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2

Abstract

High molecular weight poly[(butylene succinate)-ran-(ɛ-caprolactone)] copolyesters 

(PBS-ran-PCL) were synthesized in a wide composition range and compared with significantly 

lower molecular weight samples synthesized previously. DSC and WAXS showed that these 

copolyesters are isodimorphic (i.e., each crystalline phase contains a small amount of the second 

comonomer) as they able to crystallize in the entire composition range, display a pseudo-

eutectic point, and their unit cell dimensions are a function of composition. Copolymers close 

or away from the pseudo-eutectic point exhibited a single crystalline phase, i.e., PBS-rich or 

PCL-rich crystalline phase. At the pseudo-eutectic point, both phases are able to crystallize in 

double crystalline banded spherulites, as demonstrated by Polarized Light Optical Microscopy 

(PLOM) studies. An increase in molecular weight of the copolyester does not influence Tm and 

Tc significantly, as their values are determined by the randomness of the comonomer 

distribution. However, crystallinity values are higher for lower Mw copolymers because of their 

faster crystallization rate. Copolymers with higher Mw exhibited higher Tg values as expected 

for random copolymers that are characterized by a single phase in the amorphous regions. 

Therefore, changing composition and molecular weight, a remarkable separate control over Tg 

and Tm values can be achieved in these copolyesters. SAXS results revealed that the lamellar 

thickness lc decreases with composition at each side of the eutectic point. Comonomer exclusion 

limits the length of crystallizable sequences; as a result, the lamellar thickness values do not 

significantly vary with Mw in the range studied here. At the pseudo-eutectic copolyester 

compositions, the cooling rate determines for both series of samples (low and high Mw) if one 

or two crystalline phases can develop: only PCL-rich crystalline phase, only PBS-crystalline 

phase or both crystalline phases. This behavior was studied in detail by DSC, in situ 

WAXS/SAXS and PLOM. Our studies demonstrate that these biodegradable copolymers are 

versatile materials, whose properties can be tuned by composition, molecular weight and 

thermal history to better target specific applications.

Keywords: Poly(ɛ-caprolactone), Poly(butylene succinate), random copolyesters, molecular 

weight, isodimorphism, cooling rate dependence.
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1.  Introduction

Crystallizable random copolymers display a wide variety of properties depending on the 

chemical structure of the two comonomeric units and their composition. Considering two 

potentially crystallizable components, three different cases are possible, which have been 

recently reviewed. 1

The first case is that of total comonomer inclusion inside the crystal unit cell, or co-

crystallization in the entire composition range. A plot of melting temperature versus 

composition yields a straight line that follows a simple rule of mixtures. These copolymers are 

denoted as isomorphic. 2, 3 In the case of copolyesters, very few cases of isomorphism have been 

reported, 4-7 and they occur when the chemical structure of both comonomers are very similar. 

The second case occurs when the chemical structure of the two constituent comonomers 

differ more than in the previous case. A competition between exclusion and inclusion (inside 

the crystal lattice) of the minor comonomer component with respect to the major comonomer 

component is established during crystallization. But in these copolymers, there is always a small 

amount of inclusion of the second comonomer within the crystal unit cell of the majority 

comonomer. As a result, the copolymers crystallize in the entire composition range and are 

classified as isodimorphic. This means that two crystalline phases are formed with crystal 

structures that resemble those of the parent homopolymers. When the melting temperature is 

plotted as a function of composition, a pseudo-eutectic point is observed. To each side of the 

eutectic, only one crystalline phase is formed, that is rich in the major component with limited 

inclusion of the second comonomer. We have recently found that at the eutectic point, two 

crystalline phases can co-exist depending on the thermal history, with crystalline unit cells 

Page 3 of 43

ACS Paragon Plus Environment

Submitted to Macromolecules

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



4

resembling those of the parent homopolymers.1 Several isodimorphic random copolyesters have 

been recently studied. 8-18

The third and final case is that of total exclusion of the minor comonomeric units and it 

is the most frequently reported case, when the chemical structures of the comonomers are very 

different from one another. For random copolyesters, this behavior has been reported by Soccio 

et al. in poly(propylene isophthalate-ran-propylene succinate)19 and poly(propylene 

isophthalate-ran-propylene adipate). 20 

Aliphatic biodegradable polyesters, such as poly (butylene succinate) (PBS) and poly 

(ε-caprolactone) (PCL) have received much attention since they are potentially biodegradable 

and may contribute to reduce environmental pollution caused by plastic waste. 21, 22 The 

combination of PCL and PBS as random or block copolyesters, has been used to design new 

materials with improved behavior and performance. 23, 24 The mechanical and functional 

properties of semicrystalline polymers depend on structural and morphological features that are 

controlled by their molecular weight and crystallization conditions during processing. 25, 26 To 

enhance product performance of random copolyesters for specific applications, it is essential to 

know in detail how the molecular weight and composition influence their main properties. 

Recently, we synthesized poly[(butylene succinate)-ran-(ɛ-caprolactone)] s (PBS-ran-

PCL) by enzymatic  ring opening polymerization. The copolyesters obtained had low molecular 

weights (in most cases the weight average molecular weight was lower than 6000 g/mol), but 

they displayed a remarkable isodimorphic behavior. 27 In this work, higher molecular weight 

poly (butylene succinate-ran-caprolactone)s (PBS-ran-PCL) copolyesters were prepared in a 

wide composition range by changing the synthetic strategy to a direct transesterification/ROP 

and polycondensation route. A detailed comparison between the results obtained with the 
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5

presently synthesized high molecular weight copolyesters (denoted HMw BSxCLy, where x and 

y are the molar % of BS and CL units respectively) and our previous series of  copolyesters 

with lower molecular weight (denoted LMw BSxCLy) 27 is presented. 

Cao et al. 28 also prepared PBS-ran-PCL copolymers with a similar synthetic approach. 

However, to the best of our knowledge, this is the first time that the non-isothermal 

crystallization and thermal transitions of these copolymers have been studied as a function of 

molecular weight. In the current investigation, non-isothermal crystallization of HMw BSxCLy 

and their parent homopolymers are studied by means of polarized light optical microscopy 

(PLOM), differential scanning calorimetry (DSC), in situ simultaneous synchrotron wide angle 

X-ray scattering (WAXS) and small angle X-ray scattering (SAXS). We investigate the role of 

molecular weight and composition on the thermal properties, structure and crystallization of 

these random copolyesters. Additionally, we have found remarkable results at the pseudo-

eutectic composition by varying the cooling rate from the melt, so that the formation of one or 

two crystalline phases can be controlled.

2. Experimental  

Materials 

Dimethyl succinate (DMS), 1,4-butanediol (BD), titanium tetraisopropoxide (TTP) 

catalyst, and -caprolactone (CL) were purchased from Aldrich company.  All materials were 

used as received. 
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6

Synthesis of HMw BSxCLy  

Concisely, for the BS51CL49 a three-necked 50 ml flask was charged with 1.46 g (10 

mmol) of dimethyl succinate (DMS), 1.38 g (15 mmol) of 1,4-butanediol (BD), and 1.140g (10 

mmol) of -caprolactone. DMS /CL mixtures at molar ratios of 90/10, 80/20,70/30, 60/40, 

55/45, 50/50, 45/55, 40/60, 30/70, 20/80 and 10/90, were used so the whole range of 

compositions was essentially covered. 

Scheme 1. Synthetic route for the preparation of HMw BSxCLy.

The mixture was left under mechanical stirring in a thermostatized silicon oil bath until 

the temperature stabilized at 160 °C and the medium became homogeneous. Then 0.16 µl 

(0.0005 mmol) of TTP with the TTP/ɛ-CL molar ratio equal to 0.005 % were added under gentle 

agitation at 50 rpm. The transesterification/ROP reaction was conducted for 4h and finally the 

polycondensation was performed under gradually reduced pressure to a final value of 0.1 mm 
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7

Hg at 190 ºC for around 3 h. The high molecular weight values are possibly due to the high 

vacuum applied during the polycondensation step. The same process was carried out for the 

synthesis of the corresponding homopolyesters PBS and PCL using DMS and ɛ-CL as 

respective feeds. Scheme 1 shows the route leading to HMw BSxCLy copolyesters using TTP 

catalyst.

Table 1. Synthesis results of the copolymerization of butylene succinate and ɛ-caprolactone. 

Polyester Compositiona

(BS/CL mol/mol)
Molecular weightb

(g/mol )
Microstructurec

(S-centered triads content)

Feed Found Mn Mw Ð BSB BSCL/CLSB CLSCL R

     PBS 100/0 100/0 7500 21470 2.9 - - - -

BS91CL 
9 90/10 91/09 8790 21640 2.5 1 21 78 1.08

 BS78CL 
22 80/20 78/22 6580 18000 2.7 4 23 73 1.03

BS66CL 
34 70/30 66/34 7830 19700 2.5 9 37 54 1.05

BS62CL 
38 60/40 62/38 9750 27300 2.8 9 38 53 1.05

BS55CL 
45 55/45 55/45 8970 24700 2.7 10 39 51 0.98

BS51CL 
49 50/50 51/49 7400 23500 3.1 17 45 41 1.00

BS45CL 
55 45/55 45/55 8000 17300 2.2 20 43 37 1.03

BS38CL 
62 40/60 38/62 11000 24300 2.2 25 47 28 1.05

BS34CL 
66 30/70 34/66 10000 29900 2.2 27 50 23 1.08

  BS27CL 
73 20/80 27/73 11540 28700 2.5 31 48 21 1.05

BS11CL 
89 10/90 11/89 6300 19500 3.1 55 40 5 0.98

    PCL 0/100 0/100 5400 17400 3.2 - - - -

a Composition of the feed and the resulting polymer as determined by 1H NMR.
b Number and weight average molecular weights and dispersities estimated by GPC against PMMA standards.
c Copolyester microstructure determined by NMR; R is the degree of randomness which should be 1 for a fully statistical 
distribution of the comonomeric units.
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8

Table 1 shows molecular weight and microstructural data for the synthesized 

copolyesters in the presence of TTP catalyst. The microstructure of the prepared copolyesters 

is essentially random as judged by the triads contents and R values given in Table 1. NMR 

results confirm the chemical structure of copolyesters. 1H and 13C NMR spectra, of the   BS51CL 
49

copolyester are shown in Figure SI-1 (see Supporting Information), and the spectra of the entire 

series are compared in Figure SI-2. 

The weight average molecular weights (Mw) of the HMw BSxCLy copolyesters are in the 

range 17000- 30000 g/mol with dispersities (Đ) between 2.2 and 3.2. Overall, the Mw of HMw 

BSxCLy copolyesters are approximately four times higher than most of the similar copolyesters 

previously synthesized by enzymatic (CALB) ROP copolymerization (LMw BSxCLy) in our 

previous work (see Table SI-1). 27

Nuclear Magnetic Resonance (NMR)

The 1H NMR and 13C NMR spectra were operated at 300.1 and 75.5 MHz respectively, 

on a Bruker AMX-300 NMR instrument. The samples were dissolved in deuterated chloroform 

and TMS was used as internal reference. Quantitative 13C NMR spectra were recorded applying 

an inverse gated decoupling pulse sequence to avoid nuclear Overhauser effect (NOE) 

enhancement of the 13C NMR signals, and using long delay times. The composition of -

caprolactone repeating unit present in  was estimated from methylene proton resonance BSxCL 
y

integrals of CH2 (1) and CH2 (4). Moreover, the sequence distributions of BS and CL repeating 

units were calculated based on 13C NMR signals of the methylene group CH2 (b) in Figure SI-

1. 
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9

Gel Permeation Chromatography (GPC)

Molecular weight properties were measured by Gel Permeation Chromatograms (GPC) 

that were acquired at 35 °C with a Waters equipment, a refraction index detector and poly 

(methyl methacrylate) (PMMA) standards. The samples were chromatographed with 0.05 M 

sodium trifluoroacetate-hexafluoroisopropanol (NaTFA-HFIP) using a poly(styrene-co-divinyl 

benzene) packed linear column at a flow rate of 0.5 ml/min. 

 Thermal behavior 

Differential Scanning Calorimetry (DSC) experiments were performed using a Perkin 

Elmer 8500 calorimeter equipped with a refrigerated cooling system Intracooler 2P, under a 

nitrogen atmosphere flow of 20 ml/min and calibrated with high purity indium and tin standards. 

Samples crystallization experiments were hermetically sealed in standard aluminum pans and 

tested according to the following protocol: Samples were heated from room temperature to 30 

°C above their melting temperature (Tm) and held at this temperature for 3 min to erase thermal 

history. They were then cooled to -60°C and reheated again to 30 ºC above their Tm. 

Measurements were done at two different scan rates, 20 °C/min and 10 °C/min, with the purpose 

of evaluating the scan rate effect on melting and crystallization behavior. The melting 

temperature Tm was determined from the second scan as the temperature of the main peak in the 

DSC curves.

 To determine the glass transition temperature (Tg), samples were heated from room 

temperature to 140 °C (for BS-rich samples) or 90 °C (for CL-rich samples) at a rate of 10 

°C/min. They were then cooled using the ballistic cooling option of DSC 8500, which cools the 

sample at an average nominal rate of approximately 160 ºC/min) to   -90 °C. Finally, the sample 

was heated to 140 °C (for BS-rich samples) or 90 °C (for CL-rich samples) at a rate of 20 
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10

°C/min. The glass transition temperatures, Tg, were calculated from the DCS scans as the 

midpoint of the heat capacity change.

X-ray diffraction

The samples were examined under non-isothermal conditions by simultaneous in situ 

WAXS/SAXS performed at beamline BL11-NCD at the ALBA Synchrotron radiation facility, 

in Barcelona, Spain. The samples in DSC pans were placed in a Linkam THMS600 stage 

coupled to a liquid nitrogen cooling system. Firstly, they were heated at 10 °C/min from room 

temperature to 30 °C above the melting temperature Tm and held for 3 min to erase their thermal 

history. Secondly, the samples were cooled down to -60 ºC at a rate of 10 ºC/min and held at 

this temperature for 5 min. Thirdly, the samples were heated up to 30 ºC above the melting point 

at 10 ºC/min rate. During the mentioned protocol, SAXS/WAXS spectra were recorded every 

10 seconds.  

WAXS and SAXS scans were taken periodically at two scans per degree centigrade.  

The energy of the X-ray source was 12.4 keV (λ = 1.0 Å). In the WAXS configuration, the 

sample-detector (WAXS detector, Rayonix LX255-HS with an active area of 230.4×76.8 mm 

(pixel size: 44 μm2)) distance employed was 15.5 mm with a tilt angle of 27.3°. In the case of 

the SAXS configuration, the sample-detector (SAXS detector, Pilatus 1M (from Dectris)) had 

an activated image area of 168.7×179.4 mm2, a total number of pixels of 981×1043, 172×172 

µm2 pixels size , frame rate of 25 frames/sec, and the distance employed was 6463 mm. The 

intensity profile was output as the plot of the scattering intensity vs scattering vector, q=4πsinθλ-

1, where λ is the X-ray wavelength (λ = 1 Å) and 2θ is the scattering angle. The scattering vector 

was calibrated using silver behenate (SAXS) and chromium (III) oxide (WAXS).
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11

Polarized Light Optical Microscopy (PLOM)

A polarized light optical microscope, Olympus BX51 equipped with an Olympus SC50 

digital camera and in combination with a Linkam TP-91 hot stage was used to observe spherulite 

development. Films with around 10 μm thickness were prepared by melting the samples in 

between two glass slides. For non-isothermal experiments, the samples were first heated to 30 

°C above their melting point Tm to erase their thermal history and then they were crystallized 

from the melt by cooling to 20 ºC below their crystallization temperature Tc at 10 °C/min. 

Results and Discussion 

The thermal behavior of the samples was explored by non-isothermal DSC experiments. 

The samples were first heated to a temperature high enough to erase their thermal history, and 

then they were cooled at 10 ºC/min. After this controlled cooling, their melting behavior was 

recorded in the DSC second heating scans shown in Figure 1a. The previous cooling runs as 

well as the calorimetric data derived from all the DSC non-isothermal runs can be found in the 

Supplementary Information (see Figure SI-3 and Tables SI-2 and SI-3).

Figure 1a shows that these random copolymers are able to crystallize in the entire 

composition range, even for compositions close to equimolarity. As demonstrated by NMR, the 

copolymers are random (see Table 1, values of R=1 indicate complete randomness). Only 

isomorphic or isodimorphic random copolymers can crystallize in the entire composition range. 

However, Figure 1b illustrates that the melting point follows a pseudo-eutectic trend with 

composition indicating that the HMw PBS-ran-PCL copolymers are isodimorphic.1, 3 In the 

HMw  sample, there are two melting temperatures and two crystallization temperatures BS45CL 
55
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12

indicating the presence of two crystalline phases at the eutectic point, i.e., a PCL-rich and a 

PBS-rich crystalline phases. 

Figure 1b also illustrates the tremendous versatility of these random copolyesters. 

Thanks to their isodimorphic character, their melting point can be tailored by changing 

composition with a variation of 100 ºC. 

In isodimorphic copolymers, the comonomer that constitutes the major phase typically 

crystallizes with the unit cell of its corresponding homopolymer, but including a small number 

of comonomer units of the minor second component within the crystal lattice. There is always 

a competition between comonomer exclusion and comonomer inclusion in isodimorphic 

copolymers. Their behavior is typically dominated by a higher amount of comonomer exclusion 

but comonomer inclusion is indispensable for crystallization in the entire composition range.

 According to WAXS results (see Figure 1c), to the left side of the pseudo-eutectic point, 

only PBS-like crystals are formed and to the right side of this point, only PCL-like crystals are 

found. The indexation of the WAXS patterns can be found in the Supporting Information along 

with WAXS data taken at different temperatures (see Figures SI-7 and Table SI-4 and Table SI-

5). In HMw  copolymers, for the composition that corresponds to the eutectic point (BSxCL 
y

), two crystalline phases (PBS-rich crystalline phase and PCL-rich crystalline phase) BS45CL 
55

were found that correspond to those observed by DSC (See figure SI-3 and table SI-2). 
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Figure 1. (a) DSC second heating runs at 10 ºC/min for the indicated HMw samples. (b) Peak 
melting temperature as a function of composition, the dashed vertical line indicates the pseudo-
eutectic composition. (c) WAXS diffraction patterns taken at -60 ºC after cooling from the melt 
at 10 ºC/min. (d) d-spacings obtained from the WAXS results presented in (c) as a function of 
composition. 
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The d-spacings observed in the WAXS profiles registered at -60 ºC versus CL unit 

content are plotted in Figure 1d. At -60 ºC, d-spacings for PBS-rich crystalline phases arising 

from (020) and (110) planes, as well as those for PCL-rich crystalline phases corresponding to 

(110) planes, display an increasing trend with comonomer content. These increases correspond 

to changes in unit cell sizes that reflect a certain degree of comonomer inclusion that takes place 

within the crystal unit cells of the corresponding crystal phases of these random copolymers. 

The d-spacings observed in the WAXS profiles registered versus CL-unit content at -60 ºC and 

25 ºC are compared in Figure SI-8.  

The results presented in Figure 1 are fully consistent with the isodimorphic character of 

the HMw PBS-ran-PCL copolymers. These results are qualitatively similar to those obtained 

previously by us with LMw PCL-ran-PBS copolymers.27 The specific differences observed 

between low and high Mw copolymers are discussed in the next section.

We studied the effect of copolymer composition on the spherulitic texture of HMw PCL-

ran-PBS copolyesters. Figure SI-5 shows PLOM micrographs during non-isothermal 

crystallization, after spherulites had impinged on each other for HMw copolymers. The 

incorporation of comonomer units has a strong impact on nucleation of the majority phase 

spherulites. Increasing the amount of comonomer unit content leads to the formation of a higher 

concentration of spherulites with smaller sizes, indicating an increase in nucleation density. 

These results are very similar to those obtained previously with LMw  27 In both cases,  BSxCL 
y.

adding comonomer enhances nucleation density during non-isothermal crystallization, thereby 

decreasing spherulitic size. 

HMw BS45CL55 is a random copolymer whose composition corresponds to the pseudo-

eutectic point. This is the only copolymer from those HMw random copolyesters prepared in 
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this work that exhibited a double crystalline morphology. We have previously found that only 

those copolymers at the pseudo-eutectic point or pseudo-eutectic region are able to exhibit 

double crystallization. 1, 16, 27, 29

Figure 2a shows PBS-rich spherulites after the HMw BS45CL55 sample was cooled from 

the melt and held at 20 ºC for 2 h. At this temperature, the PCL-rich crystals are in the melt (see 

Figure 1a and 1b), and negative ring banded PBS-rich spherulites fill the microscope field. 

Therefore, upon cooling from a single phase melt, the PBS-rich phase is the first to crystallize 

forming spherulitic templates. These impinging spherulites contain lamellar crystals of the PBS-

rich phase with amorphous interlamellar regions of copolymer chains. A schematic diagram 

representing these spherulites is also included in Figure 2a, only the crystalline PBS-rich 

lamellae growing radially are represented. 

Figure 2b shows the result of quenching the sample shown in Figure 2a from 20 ºC down 

to -25 ºC, a temperature at which the PCL-rich phase can crystallize within the intraspherulitic 

region of the PBS-rich phase (i.e., within the interlamellar regions of the spherulite). The 

crystallization of the PCL component can be observed in Figure 2b, as the birefringence 

increases in the sample and the spherulitic structures look brighter (compare the close up 

spherulite shown in Figure 2a, before PCL crystallization with that in Figure 2b, after PCL-rich 

crystals are formed).

The PBS-rich phase crystals templates the crystalline superstructural morphology (blue 

lamellae in schematic model of Figure 2a), and the PCL-rich crystals can only form upon 

cooling from the melt (see red inner lamellae in Figure 2b) inside the pre-formed templates. 

Hence, in Figure 2b we have examples of double crystalline spherulites. 
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Figure 2. PLOM micrographs for HMw BS45CL55 copolymer with schematic models: (a) the 
sample was cooled from the melt and held at 20 ºC for 2h, (b) micrograph taken after the 
sample was quenched rapidly from 20 ºC to -25 ºC and held 20 min at -25 ºC, and (c)  sample 
was reheated to 20 ºC. In the schematic models (bottom left hand side), the blue lines indicate 
PBS-rich lamellae while the red lines correspond to PCL-rich lamellae and the pink 
background indicates the amorphous regions of homogeneous mixtures of copolymer chains.
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Similar double crystalline superstructures have been observed in PBS-ran-PBAz 

copolyester at the pseudo-eutectic composition 29 and in weakly segregated or melt mixed block 

copolymers. 30, 31 

Figure 2c shows the morphology after the sample was reheated up to 20 °C to melt the 

PCL-rich phase crystals. The field remains full with PBS-rich phase spherulites as expected 

since the molten PCL-rich phase is within the intraspherulitic regions of the PBS phase. 

Influence of molecular weight on crystallization and melting

In this work, only one of the prepared compositions fell within the eutectic point (i.e., 

HMw ), as signaled by the presence of two crystalline phases.1 When the composition BS45CL 
55

was changed to BS38CL62 (i.e., 7 molar % more CL units in the copolymer with respect to the 

eutectic composition), then only the PCL-rich crystalline phase was formed. On the other hand, 

when it was changed to BS51CL49 (i.e., 6 molar % less CL units than the eutectic composition) 

just the PBS-rich crystalline phase was formed, see Figure 1. 

In the LMw  case, three copolymers were inside the eutectic region ( , BSxCL 
y BS45CL 

55

, and ) as for these copolyesters two characteristic crystallization and melting BS48CL 
52 BS54CL 

46

peaks were observed.27 These three copolyesters span a CL composition range of 11 molar %. 

Therefore, lower molecular weights apparently cause a widening of the pseudo-eutectic region 

in these isodimorphic systems. However, more compositions would have to be prepared to 

confirm this trend.

A comparison between the non-isothermal crystallization and melting of both sets of 

samples can be observed in Figure 3. As it is well known, in homopolymers, Tm values increase 

with chain length until they saturate at high molecular weights. Figure 3 clearly shows that in 
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these random copolyesters, both Tc and Tm are not affected by the changes in molecular weight. 

This result can be explained as in random copolymers, the comonomeric content and its 

distribution can dominate the crystallizable sequence selection during crystallization. 12, 32 As 

both types of copolymers are nearly perfectly random, the size of the average crystallizable 

sequence is clearly much lower than the lowest Mw copolymer chain length.  

Figures 3c and 3d show how the enthalpy of crystallization and melting (normalized by 

the content of the crystallizable phase) depend on copolymer composition. Figure 3e plots the 

degree of crystallinity (obtained from the DSC heating scans) as a function of composition. Two 

important observations can be made from these plots. 

Firstly, the degree of crystallinity displays a pseudo-eutectic point when plotted as a 

function of composition. This is a consequence of the influence of comonomer exclusion during 

crystallization. As the amount of comonomer increases for a particular crystalline phase (either 

PBS-rich or PCL-rich crystalline phases), comonomer exclusion (which predominates over 

comonomer inclusion) interferes with crystallization, as the length of crystallizable sequences 

(which can include a limited number of the second comonomer units) decreases. As a 

consequence, the degree of crystallinity decreases when the minority comonomer content 

increases for any given crystalline phase.

Secondly, Figures 3c-3e show that the lower molecular weight samples can develop a 

higher degree of crystallinity than the higher molecular weight copolymers. This is due to their 

higher non-isothermal crystallization rate, which stems from the faster diffusion of smaller 

molecules.

The crystallinity of copolyesters has been determined by dividing the observed heat of 

fusion ΔHm by the theoretical value for 100% crystalline polymer. The theoretical  values 𝛥𝐻0𝑚
for PBS and PCL are 110.3 and 139.5 J/g, 33, 34 respectively. The data for the copolymers plotted 
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in Figure 3e show that the crystallinity levels are sensitive to molecular weight, as well as, to 

the copolymer composition. 
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Figure 3. Composition dependence of (a) peak crystallization temperature Tc (b), peak 
melting temperature Tm, (c) crystallization enthalpy ΔHc, (d) melting enthalpy ΔHm, and 
(e) crystallization degree Xc of the indicated samples.

 

Influence of molecular weight on Tg 
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Random copolymers form a single phase in the melt and in the amorphous state. They 

exhibit a single Tg that depends on composition. Figure 4 shows how the Tg, in both copolymer 

groups (low and high molecular weight), is a strong function of composition and molecular 

weight. For both homopolymers and random copolymers, Tg values increase with molecular 

weight until they saturate at a limiting molecular weight value. This trend is explained by the 

higher fraction of chain ends present in lower Mw polymers that can increase the free volume. 

As the Mw increases the effect of chain ends is diluted and it becomes negligible for very long 

chains. 35 

In random copolyesters, Tg is usually a monotonic function of composition that can be 

predicted by semi-empirical equations. In this work, the Gordon-Taylor equation36 (i.e., 

Equation 1), was found to adequately describe the experimental data for both types of samples 

(LMw and HMw)

𝑇𝑔,𝑐𝑜𝑝𝑜 =   
𝑤1 𝑇𝑔,1 + 𝑘(1 ― 𝑤1) 𝑇𝑔,2𝑤1 + 𝑘(1 ― 𝑤1)

Eq.1

where Tg,1 and Tg,2 are the glass transition temperature of the homopolyesters, w1 the respective 

mass fraction of one of the components and k the Gordon-Taylor parameter. 

PBS and PCL homopolymers were used for comparison purposes only. In the case of 

PCL, the values of Mw do not differ much (16.3 and 17.4 kg/mol) but their dispersities are quite 

different (2 and 3.2 for the low and high Mw samples respectively). This may explain the 

differences in Tg observed in Figure 4, as the PCL sample with a lower dispersity probably 

contains a higher density of chain ends. 

In the case of PBS homopolymer, even though the differences in Mw between the 

samples are larger than in the case of PCLs, the observed difference in Tg is very small. We do 

Page 20 of 43

ACS Paragon Plus Environment

Submitted to Macromolecules

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



21

not have an explanation for this result. It should be considered that as the crystallinity increases 

(the homopolymers have crystallinity degrees around 50%), determination of Tg values by DSC 

become increasingly difficult, especially if a rigid amorphous phase develops in the material. 

Further studies would be needed that are outside the scope of the present investigation. 

As shown in Figure 4, the Gordon-Taylor equation fits well the experimental data with 

k = 0.62 for HMw samples and k =0.23 for LMw samples. The term k in Equation 1 is a parameter 

whose value depends on the change in thermal expansion coefficient (α) of the components as 

they change from the glassy (amorphous) to the liquid (rubbery) form, during the glass 

transition. Accordingly, k = (V2/V1)(Δα2/Δα1)36, where V represents the specific volume at the 

corresponding Tg. By the Simha-Boyer law 37 (Δα.Tg = constant) we obtain k ≈ (V2Tg1/V1Tg2) 38. 

As far as we are aware, density values for the PBS and PCL homopolymers at the glass transition 

temperatures are not available. Further studies would be needed to understand in detail the 

differences in k values beyond a simple fit parameter 39, however, they are beyond the scope of 

the present study.

If a comparison is made between Figure 3b and Figure 4, a very interesting characteristic 

of isodimorphic random copolymers can be appreciated. These copolymers allow a separate 

control of Tm and Tg, both as a function of composition and molecular weight. While in 

homopolymers both Tm and Tg follow similar empirical correlations as molecular weight 

increases, in isodimorphic copolymers Tg is a function of Mw while Tm is independent of Mw, as 

long as the average length of the crystallizable sequences is smaller than the molecular weights 

of the random copolymers under consideration. 
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Figure 4. Glass transition temperature as a function of composition 
for the indicated samples. The inset plots show the Mw values of the 
samples.

Influence of composition on lamellar thickness 

Figures 5a-5d show SAXS diffractograms for all HMw and LMw PBS-ran-PCL 

copolymers and parent homopolymers measured at -60 ºC, after the samples were cooled from 

the melt at 10 ºC/min. In all cases, a single scattering peak can be observed. This reflection 
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arises from the X-ray scattering produced by lamellar stacks within the spherulitic structures in 

the sample. From the position of this peak, the long period (L) can be calculated.

In two samples (LMw BS45CL55 and HMw BS45CL55), no SAXS signal was detected, as 

these samples crystallize a very small amount (approximately 10% or less) during cooling at 10 

ºC/min and there was probably not enough lamellar stacking or the long period was so large (as 

the sample is 90% amorphous) that it fell at angles that are too low for detection.

Figure 5e shows a plot of the lamellar stacks long period determined at -60 ºC as a 

function of composition for HMw and LMw copolyesters. For both HMw and LMw BS-ran-CL, 

there is an increase in long period in the PBS rich phase, as the amount of CL units increase in 

the copolymer. On the right hand side of the pseudo-eutectic point the trend in the data is not 

so clear in terms of long period values (as they depend on crystallinity, see below). 

Another important result is that the long period (Figure 5e), which is inversely 

proportional to crystallinity, is higher for the HMw samples in the PBS rich phase, as they 

contain a higher amount of interlamellar amorphous regions (i.e., the Xc values are lower for 

HMw copolymers as shown in Figure 3e). While Figure 3b showed how Tm values exhibited 

almost no difference between low and high Mw samples (for HMw samples Tm values are slightly 

higher than for LMw copolymers), the crystallinity in HMw copolymers (Figure 3e) was 

substantially lower than for low Mw copolymers.

The average crystalline lamellar thickness, lc, of LMw and HMw PS-ran-PCL samples at 

-60 ºC were calculated by the approximation: lc=L.Xc (where Xc is the crystallinity degree and 

L the long period) and plotted as a function of CL-content in Figure 5f. It can be observed that 

the lamellar thickness values, within the experimental errors of the measurements, are quite 

similar between low and high Mw samples (the lamellar thickness are slightly higher, only about 
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1 nm difference, for HMw copolymers in consistency with the Tm values trend plotted in Figure 

3b). 

The lc values for PBS-rich and PCL-rich copolymers decrease with increases of 

comonomer unit content and in contrast, the intervening amorphous layer thickness, la, values 

(la = L-lc) increase with comonomer content. These trends in la and lc are fully consistent with 

the changes of Tm and Xc values as a function of composition presented in Figure 3. In fact, for 

both series of copolymers, la and lc values also exhibit a pseudo-eutectic-like behavior as a 

function of composition. The results can be explained if we consider that as comonomer content 

increases in each phase (i.e., PCL rich crystalline phase or PBS rich crystalline phase) exclusion 

of the second comonomer predominates. Comonomer exclusion limits the average length of the 

crystallizable sequences and therefore the lamellar thickness (lc) decreases. Comonomer 

exclusion also limits the amount of crystals that can be formed and the degree of crystallinity 

decreases with CL units content while L and la increase.

Moreover, Figure 5f shows that the molecular weight (in the range explored here) does 

not affect the lamellar thickness values (lc). These results support our conclusion that in these 

isodimorphic random copolymers, the random sequence of linear crystallizable chains controls 

the length of the crystallizable sequences (which is always smaller than the average chain length 

of LMw copolymer chains), and therefore the thickness of the lamellae formed. As a 

consequence, Tm values do not significantly change (as they are directly proportional to the 

lamellar thickness values, as predicted by the Gibbs-Thompson equation), when the molecular 

weight of these random copolyesters is increased from the low Mw to the high Mw copolymer 

series.
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Figure 5. SAXS diffractograms for (a) HMw-PBS-rich phases, (b) HMw-PCL-rich phases, (c) 
LMw-PBS-rich phases and (d) LMw-PCL-rich phases at -60 ºC. (e) Long period values as a 
function of composition for HMw and LMw BS-ran-CL. (f) Average lamellar thickness (lc) and 
amorphous layer thickness (la) for HMw and LMw BS-ran-CL. Solid lines are drawn to guide the 
eye. 
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Influence of the cooling rate on non-isothermal crystallization for compositions close and 

at the pseudo-eutectic point 

In order to better understand the sequential and coincident crystallization processes at 

and near the pseudo-eutectic point, rate-dependent experiments were performed. Figure 6a, 6b, 

and 6c show cooling scans from the melt at different cooling rates corresponding to the 

following HMw copolymers: ,  and , respectively. These  BS51CL 
49  BS45CL 

55 BS38CL 
62

compositions are located left of the pseudo-eutectic point, at the pseudo-eutectic point, and right 

of the pseudo-eutectic point. Subsequent heating scans performed at the constant rate of 20 

°C/min are shown in Figures 6d, 6e, 6f. Similar experiments were performed with the LMw 

samples, and they are presented in the Supplementary Information (Figure SI-6) and 

commented below when relevant.

At the pseudo-eutectic point of HMw copolyesters, Figure 6b shows that when the 

 copolymer is cooled at a very slow rate (0.5 and 1 °C/min), only the PBS-rich phase BS45CL 
55

can crystallize, as indicated by the subsequent DSC scan (see Figure 6e), where a single melting 

peak (with some bimodal character) at temperatures higher than the melting point of the PCL-

rich phase can be observed. In this sample, when the PBS-rich phase has enough time to 

crystallize during cooling, it inhibits the crystallization of the PCL-rich phase at lower 

temperatures. This is probably due to confinement effects, as the PBS-rich phase crystallizes 

from the melt into well-develop spherulitic superstructures (of small size according to PLOM 

observations, see Figure SI-5) formed by radially growing PBS-rich lamellae. Upon further 

cooling, the PCL-rich lamellae would have to crystallize in the interlamellar regions of these 

PBS-rich spherulitic templates. Similar results were obtained for poly[(butylene succinate)-ran-
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(butylene adipate)] 16 and poly[(butylene succinate)-ran-azelate] copolymers at the pseudo-

eutectic point. 40
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Figure 6. For HMw copolyesters,  (a), (b), and (c) cooling scans BS51CL 
49 BS45CL 

55 BS38CL 
62

to -60 °C at different cooling rates and (d), (e), (f) are subsequent heating scans performed at 
20 °C/min for each copolyester. 

At the pseudo-eutectic region, LMw copolyesters exhibited some differences with HMw 

samples. When the cooling rate was either slow or intermediate (1, 5 and 10 ºC) both PBS and 

PCL-rich phases were able to crystallize, as indicated by the subsequent DSC scans (see Figures 
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SI-6 in the Supplementary Info). However, the amount of PCL-rich phase formed was still 

dependent on the cooling rate. As the cooling rate decreased, the amount of PBS-rich phase 

formed was much higher than that of PCL-rich phase. This increased ability of the PCL-rich 

phase to crystallize can be ascribed to the lower Mw of these copolyester samples which have 

demonstrated higher crystallization ability compatible with their increased Xc values in 

comparison to HMw samples (Figure 3e).

The DSC cooling scans for HMw samples in Figure 6b performed at 5 ºC/min shows a 

bimodal crystallization exotherm. When the subsequent heating DSC scan is examined in 

Figure 6e, the sample that was cooled at 5 ºC/min shows a clear but small melting peak at around 

10 ºC, that corresponds to the melting of the PCL-rich phase. Notice the absence of cold 

crystallization before the PCL-rich crystals melt. At higher temperatures, a cold crystallization 

exotherm (which could be incomplete as a result of an overlap with the PCL-rich crystalline 

phase melting endotherm) of the PBS-rich phase can be observed, followed by the melting of 

the PBS-rich phase crystals. The DSC evidence clearly indicates that at 5 ºC/min, both PBS and 

PCL-rich phases are able to crystallize, but judging by their normalized melting enthalpies, the 

PBS-rich phase can crystallize much more (for PBS-rich phase ΔHm=24 J/g and PCL-rich phase 

ΔHm=5 J/g). A similar bimodal crystallization behavior occurred during cooling for 

compositions at the pseudo-eutectic region for LMw copolyesters in Figure SI-6 b, c and d that 

were performed at 1 ºC/min and 5 ºC/min cooling rate. 

Figure 7a shows PLOM micrographs taken during cooling from the melt at 5 º/min for 

the  HMw copolymer sample, whose composition corresponds to the pseudo-eutectic BS45CL 
55

point. At 0 ºC, a series of well-defined negative spherulites (with sizes close to 10 m) with 

clear Maltese crosses can be seen, that correspond to the PBS-rich phase (as this is the first 
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component to crystallize, as corroborated by WAXS results presented below), surrounded by a 

melt of copolyester chains. Upon further cooling, at around -10 ºC, the PCL-rich phase starts to 

crystallize and additional small birefringent structures (circa 2 m) were observed (together 

with small changes in the birefringence of the pre-existing spherulites, indicating that some PCL 

crystallization must have occurred inside the PBS-rich spherulitic templates, in analogy to 

Figure 2). Finally, at -30 ºC, two populations of spherulites coexist (although they are difficult 

to appreciate in Figure 7a, because of the scale of the micrograph), some are bigger (12 m 

aprox) and are the double crystalline spherulites formed during cooling from the melt filled with 

both PBS-rich and PCL-rich lamellae. The second type are much smaller spherulites formed at 

temperatures of -10 ºC and lower, which must also correspond to double crystalline spherulites, 

although they may contain a higher population of PCL lamellae because they were formed at 

lower temperatures.
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(a) 5 °C/min

  

(b) 10 °C/min

  

(c) 20 °C/min

  

Figure 7. PLOM micrographs taken during cooling from the melt at different cooling rates for 
the HMw  copolyester sample (whose composition corresponds to the pseudo-eutectic BS45CL 

55

point): (a) 5 ºC/min, (b) 10 ºC/min, and (c) 20 ºC/min. The white scale bar is equal to 20 µm. The 
white circles in Figure 7b were drawn to highlight the presence of the few PBS-rich spherulites 
that were formed.

As the cooling rate increases to 10 ºC/min, the subsequent heating scans (performed 

always at 20 ºC/min) in Figure 6e show cold crystallization exotherms below the melting 

0 °C -30 °C-10 °C

-10 °C -30 °C -60 °C

20µm 20µm 20µm

-5 °C -15 °C -30 °C

20µm 20µm 20µm

20µm 20µm 20µm
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transition of the PCL-rich phase melting. Figure 7b shows three PBS-rich phase spherulites 

(white circles were drawn to guide the eye) at higher temperature (-5 ºC) and at -15 ºC smaller 

birefringent structures appear that must correspond to PCL-rich phase spherulites. As WAXS 

experiments will demonstrate below, only PCL-rich crystals are detected at this cooling rate (10 

ºC/min). 

At an even higher cooling rate of 20 ºC/min, for both HMw and LMw copolyesters, the 

PBS-rich phase cannot crystallize at all during cooling, and only PCL-rich crystals are formed 

(see Figure 6b and 7c for the only HMw pseudo-eutectic composition copolymer; and Figures 

SI-6b, SI-6c, SI-6d for the 3 LMw pseudo-eutectic composition copolymers). The birefringent 

structures formed at 20 ºC/min, Figure 7c, corresponding to PCL-rich crystals are very small, 

with sizes barely discernible by PLOM.

In these interesting eutectic copolyester samples (HMw  shown in Figures 6b BS45CL 
55

and Figure 7 and LMw , ,  shown in the Supplementary BS54CL 
46  BS48CL 

52 BS45CL 
55

Information), the control of the cooling rate is crucial, as the crystallinity and type of crystals 

formed strongly depend on this parameter. 

Similar experiments were performed for two other copolymer samples, HMw BS51CL49 

whose composition fall to the left of the pseudo-eutectic point in Figure 1b, and HMw BS38CL62, 

whose composition fall to the right of the pseudo-eutectic point. In both cases, only one phase 

was able to crystallize (i.e., the PBS-rich phase in HMw BS51CL49 and the PCL-rich phase in 

HMw BS38CL62) and the increase in cooling rate just caused a shift of the crystallization 

exotherm to lower temperatures as expected (together with a reduction in crystallization 

enthalpy), see Figures 6a and 6c. The subsequent heating scans are shown in Figures 6d and 6f 
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(performed at a constant heating rate of 20 ºC/min). The expected melting of the corresponding 

crystallizable phase (only one phase) can be observed, as well as cold crystallization in samples 

rapidly cooled. Parallel results were found for LMw samples outside the pseudo-eutectic region 

and are shown in the Supplementary Information (see Figures SI-6a, 6e, 6f and 6j).

In summary, the crystallization of the PBS-rich and PCL-rich crystal phases have a 

strong dependence on cooling rate at the pseudo-eutectic point for both LMw and HMw 

copolymers. If the cooling rate is low enough (lower than 5 ºC/min), as the PBS-rich phase 

forms first during cooling from the melt, it produces spherulitic templates that had time to fully 

develop during slow cooling. The PCL-rich phase would have to crystallize within the PBS-

rich interlamellar space and this does not happen in the HMw copolymers, because of 

confinement effects. 

When the cooling rate is intermediate (5 ºC/min), the PBS-rich phase can still form 

spherulitic templates (as indicated in Figure 7a), but they may not be as well structured as those 

formed at lower cooling rates, and the PCL-rich phase is able to develop some crystallinity. At 

a faster cooling rate of 10 ºC/min, only a few spherulites of the PBS-rich phase can form 

(marked by white circles in Figure 7b), and the PCL-phase crystallizes at lower temperatures 

and constitutes the majority of the crystal phase of the material. 

At cooling rates of 20 ºC/min and faster, the PBS-rich phase cannot crystallize at all 

during cooling, giving the PCL-rich phase the possibility to develop some crystallinity during 

cooling (see Figure 7c). Upon subsequent heating, the PCL-rich phase can undergo cold-

crystallization and enhances its crystallinity content. At even higher temperatures, the PBS-rich 

phase cold-crystallizes while the PCL-rich crystals melt.  
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Figure 8. (a), (b), and (c) are WAXS patterns and (d), (e), and (f) are SAXS patterns during 
heating at 10 ºC/min (after cooling from the melt at 10 ºC/min) for the indicated copolyesters.

We performed in situ synchrotron SAXS/WAXS experiments for the 3 selected HMw 

samples shown in Figure 6. These experiments were performed only at 10 ºC/min during both 

cooling and subsequent heating from the melt. The results obtained during heating at 10 ºC/min 
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(i.e., second heating, as the samples were first molten and then controlled cooled from the melt 

at 10 ºC/min) are presented in Figure 8, where selected diffractograms were chosen for a series 

of temperatures.

In the case of the two HMw copolymer samples at each side of the pseudo-eutectic point, 

WAXS demonstrates that only one type of crystals is present, i.e., PBS like crystals for the 

BS51CL49 sample and PCL like crystals for the BS38CL62. These results are consistent with the 

previously discussed DSC data (Figure 6d and 6f, see the curves at 10 ºC/min). SAXS curves 

for these same copolymers also exhibit the expected behavior, as the SAXS maximum shifts to 

lower q values (higher long periods) as temperature is increased (see Figure 8), until the sample 

completely melts and a single phase isotropic melt is obtained. 
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Figure 9. Long period values obtained from the SAXS maxima as a function of temperature 
during cooling for HMw copolyester compositions close and at the pseudo-eutectic point. 
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The most interesting results are those obtained for the copolymer composition at the 

pseudo-eutectic point, i.e., the HMw  copolyester sample. Figure 8b should be read BS45CL 
55

from bottom to top, as the sample was being heated, and it should be compared with Figure 6e 

(i.e., specifically with the DSC heating trace performed at 10 ºC/min). 

Firstly, it is interesting to note that according to WAXS data, the PCL-rich phase is the 

only one whose crystallization can be detected during cooling at 10 ºC/min (see WAXS patterns 

taken during cooling at 10 ºC/min in Figure SI-7a), since the low temperature WAXS traces 

only show reflections that correspond to PCL (see the selected temperatures of -50, -25, -18, -

10 and 0 ºC in Figure 8b). The DSC cooling curve, on the other hand, in Figure 6b shows a 

bimodal exotherm, that we interpret as arising from the crystallization of the PBS-rich 

component first (at higher temperatures) and then of the PCL component, at lower temperatures. 

However, the WAXS data shows that if such crystallization from the PBS phase occurs, it 

cannot be detected by WAXS. This is probably due to the lateral size of the crystals, which are 

too small for WAXS detection. However, PLOM results shown in Figure 7b, also evidenced 

the presence of a very small population of spherulites at -5 ºC, suggesting that a small amount 

of PBS-rich crystals are indeed formed during cooling from the melt, in accordance with the 

DSC data presented in Figure 6b. 

The DSC heating scan in Figure 6e does show the melting of both phases during heating, 

but there is a strong cold crystallization exotherm located in the range -10 to 0 ºC, where WAXS 

evidences the crystallization of the PCL-rich crystalline phase (Figure 8b). In fact, at 

temperatures of -50 ºC, the WAXS trace in Figure 8b indicates a very low degree of crystallinity 

for the PCL-rich phase (as judged by the area under the crystalline reflections). Such degree of 
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crystallinity increases upon heating in a consistent way as the PCL-rich phase undergoes cold 

crystallization. 

The PBS-rich phase only starts to crystallize during heating at 10 ºC, a temperature at 

which, according to DSC data (Figure 6e), PCL is in the process of melting. WAXS also shows 

a strong decrease in the PCL (110) reflection at 10 ºC (Figure 8b). Therefore, a comparison 

between DSC and WAXS indicates that there is an overlap between the melting of the PCL-

rich phase and the cold crystallization of the PBS-rich phase.

Figure 8e shows the SAXS patterns as a function of temperature during heating of the 

BS45CL55 sample at 10 ºC/min. Even though a single SAXS peak can be observed for all 

temperatures, the trend in peak position and widths of the curves changes with temperature. The 

biggest change occurs above 0 ºC, when the PCL-rich crystals start to melt and new PBS-rich 

crystals are formed by a cold-crystallization process. 

Figure 9 plots the long periods obtained from the SAXS maxima as a function of 

temperature for the three samples examined. The increase in long periods with temperature is a 

common trend observed in semi-crystalline materials, as lamellar crystals tend to reorganize by 

thickening during heating (at temperatures below their melting points). At temperatures where 

partial melting occurs, the long period increases, typically more rapidly, as the average distance 

between lamellae increases as the fraction of molten polymer increases.

The sample whose composition is at the pseudo-eutectic point shows in Figure 9 a clear 

transition region, where the long period briefly decreases with temperature, exactly at the 

temperature region where PCL-rich crystals melt and PBS-rich crystals form. At temperatures 

below the transition, the long period is dominated by the PCL-rich lamellar crystals and above 
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the transition by the PBS-rich lamellar crystals, as the comparison with the other two 

copolyester samples clearly suggests. The results are consistent with WAXS, DSC and PLOM 

results.

Conclusions

The HMw synthesized copolymers are also isodimorphic, as our previously prepared 

analogous LMw copolyesters. Nevertheless, the effect of molecular weight is very interesting. 

We found that Tc and Tm values, as well as lamellar thickness values, are insensitive to large 

molecular weight variations as they are determined by the average lengths of the crystallizable 

sequences which in turn are a function of the randomness of the comonomer sequence 

distribution and hence their selection during crystallization. However, both the crystallinity 

degree (as well as the long period values which depend on it) and the Tg of the copolymers did 

vary significantly with increases in molecular weight, as their values depend on the entire chain 

length and chain mobility. Therefore, changing the molecular weight of the copolymer affords 

separate control over Tg and Tm depending on composition. 

The copolymers display spherulitic superstructures whose nucleation depends on copolymer 

composition. At the pseudo-eutectic point, HMw BS45CL55 copolyester was the only double 

crystalline copolymer, whose PBS-rich phase forms space filling spherulites at higher 

temperatures that template the superstructural morphology of the copolymer. These PBS-rich 

phase spherulites contain radial lamellar stacks. After cooling down to lower temperatures, the 

PCL-rich phase crystallizes in the interlamellar (intraspherulitic) amorphous regions with newly 

formed lamellae.
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Comonomer exclusion limits the average length of the crystallizable sequences and 

therefore lc decreases when comonomer addition increases at each side of the pseudo-eutectic 

region. Comonomer exclusion also limits the amount of crystals that can be formed and the 

degree of crystallinity also decreases with comonomer content while la increases at each side of 

the pseudo-eutectic region. 

In the specific cases of the HMw BS45CL55, LMw BS54CL46, LMw BS48CL52 and LMw 

BS45CL55 copolyesters (whose compositions correspond to the pseudo-eutectic point or region), 

our results indicate that the cooling rate can determine which phase can crystallize and also if a 

single phase or two phases are formed. Very low cooling rates (below 5 ºC/min) lead to the 

formation of only PBS-rich crystals in HMw, although for LMw both PBS-rich and PCL-rich 

phases can crystallize. Intermediate cooling rates allow the formation of double crystalline 

spherulites composed by PBS-rich and PCL-rich lamellae in both HMw and LMw copolyesters. 

Finally, for both HMw and LMw copolyesters when heating rates are as high as 20 ºC/min, only 

PCL-rich crystals can form. In this way, the morphology and thermal transitions of this 

copolyester at the pseudo-eutectic composition can be tailored for specific applications.
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Supporting Information

Complementary NMR characterization data (Figures SI-1 and SI-2), DSC Data (Figures SI-3 

and SI-4), Polarized light Optical Micrographs (Figure SI-5) and effect of cooling rates on 

thermal properties (Figure SI-6) and WAXS (Figure SI-7), and WAXS data as a function of 

copolymer composition (SI-8). Tables SI-1–SI-5 report GPC, NMR, calorimetric and X-ray 

diffraction data.
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