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Abstract: In the present work, we initially synthesized and for the first time comparatively studied 15 
the properties of three amphiphilic copolymers based on PCL, differing in architecture, namely, two 16 
star-like copolyesters with 3 and 4 PCL arms based on glycerol and pentaerythritol as 17 
multifunctional cores/initiators, respectively, as well as a linear block copolymer based on PCL and 18 
methoxy-poly(ethylene glycol) (mPEG). Neat PCL and all copolymers were prepared in situ via the 19 
ROP of ε-CL and characterized by a combination of techniques (1HNMR/ FT-IR spectroscopy, X-ray 20 
diffraction, calorimetry, polarized optical microscopy and broadband dielectric spectroscopy). 21 
Focus has been given to the impact of copolymer structure on the crystallization, melting and glass 22 
transition and hydration of PCL. The overall recordings indicated that the different polymer 23 
architecture results in severe changes in the semicrystalline morphology, which demonstrates the 24 
potential for tuning the final product performance (permeability, mechanical). Due to their 25 
biocompatibility and low toxicity, these systems are envisaged for use in drug delivery and tissue 26 
engineering applications. 27 

Keywords: poly(ε-caprolactone); copolymers; star-like copolyesters; polymer crystallization; 28 
molecular dynamics; calorimetry; dielectric spectroscopy. 29 

 30 

1. Introduction 31 

Bio-based and biodegradable aliphatic polyesters [1], such as poly(L-lactide) [2], poly(ε-32 
caprolactone) [3], poly(alkylene succinate)s, polyglycerol hyperbranched polyesters [4] etc. serve as 33 
excellent “green” candidates for a broad range of applications (biomedical, pharmaceutical, 34 
agricultural and industrial), combining biocompatibility, renewability and generally good 35 
performance. Further improvement of their properties (mechanical performance, biodegradation 36 
rate) can be achieved by copolymerization with a variety of bio-based monomers [5],[6] or by the 37 
introduction of reinforcing materials [7]–[9]. Especially when it comes to drug delivery applications, 38 
where the release rate is severely affected by several parameters, including the glass transition, 39 
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melting point and crystallinity of the employed polyesters, it is crucial to study and potentially tune 40 
all these properties [10],[11].  41 

Poly(ε-caprolactone), PCL, the polymer of interest here, is a hydrophobic, non-toxic, 42 
biodegradable and biocompatible aliphatic polyester displaying slow in vivo hydrolysis in addition 43 
to quite high crystalline fractions [12],[13]. It also exhibits a unique compatibilizing ability with 44 
various polymers of different types, which most often results in new, modified and enhanced 45 
material properties. The known methods for the synthesis of PCL are the enzymatic or radical 46 
polymerization and the anionic, cationic or coordinated ring-opening polymerization (ROP) of ε-47 
caprolactone (CL) (Scheme 1, in the following). Several studies on PCL have focused on properties 48 
related with envisaged chemical and biomedical applications (tissue engineering, scaffolding, drug 49 
delivery). 50 

Polymer crystallization is in general assessed by widely known experimental techniques, 51 
namely calorimetry [14],[15] and X-ray diffraction [16],[17]. Any modifications in crystallinity, owing 52 
to the polymer architecture [18] and/or any filler introduction [19], impose direct impacts on the 53 
chains diffusion of the amorphous bulk-like polymer (mobile amorphous fraction, MAF). The latter 54 
are reflected on the glass transition and segmental molecular dynamics.  55 

In the present work, the three PCL-based copolymers prepared by original synthetic strategies, 56 
are studied and reported here along the lines of future applications in the fields of tissue engineering 57 
and drug delivery. For this investigation, we employed X-ray diffraction (XRD), polarized optical 58 
microscopy (POM), nuclear magnetic resonance (1H NMR), Fourier-transform infrared (FTIR) 59 
spectroscopy, differential scanning calorimetry (DSC), and isothermal water sorption in equilibrium, 60 
to study the impact of copolymer structure on the crystallization, melting and glass transition and 61 
hydration of PCL. Finally, to investigate the molecular dynamics of the local and the segmental type, 62 
we employed the advanced technique of broadband dielectric spectroscopy (BDS), characterized by 63 
quite high resolving power. The dielectric-calorimetric map for these copolymers is shown here for 64 
the first time, to the best of our knowledge. 65 

2. Experiments  66 

The bulk polymerization of ε-CL was carried out in a round-bottom flask equipped with a 67 
mechanical stirrer in a high vacuum apparatus. The catalyst THE (Sn(Oct)2) was added as a solution 68 
in toluene at a final concentration of 1 × 10−4 mole per mole of the monomer. The polymerization 69 
mixture was de-gassed and purged with nitrogen three times. The ROP reaction (Scheme 1) was 70 
carried out for 3 h at 190 °C, followed by an increase of the reaction temperature from 210 to 240 °C 71 
over a period of 90 min. The non-reacted monomers were removed through distillation by slowly 72 
applying high vacuum, to avoid excessive foaming, over a time period of 15 min. Polymerization was 73 
terminated by rapid cooling to room temperature (RT). 74 

 75 

 
Scheme 1. Schematic view of the materials under investigation, based on PCL prepared by ring opening 76 

polymerization (ROP), indicated being the estimated Mw of PCL in each case. 77 
 78 
Similarly, the ‘PCL_mPEG’ copolymer (Scheme 1, Table 1) was synthesized via ROP of ε-CL, 79 

using mPEG as the macro-initiator and TEH as catalyst (mPEG/PCL in 1:1 molar ratio). The reaction 80 
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mixture was agitated at 150 oC for 1 h in nitrogen (N2) atmosphere and under constant stirring to 81 
ensure that the alcohol was completely dissolved in CL. Then, the catalyst was added to the 82 
homogenous reaction mixture and the polymerization proceeded at 160 oC for 6 h under increased 83 
stirring and high vacuum. A similar procedure was also followed for the synthesis of the two star-84 
shaped copolymers, ‘PCL_Gly’ and ‘PCL_PE’. The amount of glycerol/pentaerythritol added to the 85 
reaction, was fixed to 1 % w/w of ε-CL. 86 

3. Results & Discussion 87 

3.1. Structural characterization 88 

The 1H NMR spectra and the corresponding peak assignments of the prepared copolymers are 89 
presented in Figure 1a. In the 1H NMR spectrum of neat PCL, the protons near the oxygen atoms [(6) 90 
in the insets to Figure 1a] are the most de-shielded, and they appear at 4.03 ppm, followed by the 91 
protons near the carbonyl group at 2.27 ppm.  92 

 
(a) 

 
(b) 

Figure 1. (a) 1H NMR spectra of PCL and the three prepared copolyesters (insets), and (b) FTIR spectra of 93 
neat PCL and the three prepared co-polyesters. Included on the plot are the molecular origins of the marked 94 
areas. 95 

The protons (3) and (5) appear at 1.61 ppm, while the peak at 1.36 ppm corresponds to the most 96 
shielded methylene protons of the chain (4). The spectra of the synthesized materials present all the 97 
aforementioned characteristic peaks of PCL. The PCL_mPEG copolymer also exhibits two new clearly 98 
visible peaks, one at 3.61 ppm attributed to the methylene protons (b), and one at 3.34 ppm due to 99 
the methyl protons (a) of the end –OCH3 group of mPEG. For PCL_Gly and PCL_PE, due to the low 100 
amount of glycerol/pentaerythritol used during synthesis, their protons are hard to distinguish in the 101 
1H NMR spectra. According to literature on glycerol esters [20], its protons appear at 4-5 ppm. 102 
Consequently, the small peaks at 4.12, 4.27 and 5.23 ppm in PCL_Gly spectrum could be attributed 103 
to the two equivalent Ha, Hb and to the Hc proton, respectively. Similarly, the peak at 4.08 ppm in 104 
the spectrum of PCL_PE is assigned to the B protons of pentaerythritol unit. 105 

In addition to 1H NMR, FTIR spectroscopy was also employed to confirm the structure of the 106 
synthesized materials. All recorded infrared spectra are shown in the comparative Figure 1b, the 107 
results verifying the successful synthesis of the copolyesters. More specifically, the main 108 
characteristic peaks of PCL are clearly distinguished; Csp3–H stretching is at the origins of the peaks 109 
located at 2950 cm–1 and 2865 cm–1, asymmetric and symmetric, respectively, whereas the stretching 110 
vibration of the C=O carbonyl group and the C–O ester group appear at 1731 cm–1 and 1175 cm–1, 111 
respectively. These findings are in accordance with previous work on caprolactone [13]. As in the 1H 112 
NMR studies, there are no major peaks associated with the added alcohols (1 %), presumably due to 113 
the similar characteristic groups and the overlapping of the polymer-related peaks with those of the 114 
alcohols. However, upon detailed examination, we can observe the increased intensity of C–H 115 
stretching absorbance peaks, as well as the appearance of a new peak at 730 cm–1 (dash-dotted area 116 
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in Figure 1b) assigned to the C–H bending vibration, potentially owing to the addition of the extra 117 
methylene groups on the polymer chain. 118 

Figure 2. (a) XRD spectra shown comparatively for all samples as received at room temperature (RT~25 119 
oC). Indicated are the main crystalline diffraction peaks and the corresponding 2θ positions. (b) Shows the XRD 120 
data for neat mPEG750, exhibiting amorphous behavior at RT.  121 

XRD measurements in Figure 2 correspond to initially prepared samples that have stayed at RT. 122 
All PCL-based samples exhibit a semicrystalline view in XRD in Figure 2a. Neat PCL demonstrates 123 
mainly 3 crystalline peaks in XRD, i.e. at the 2θ positions of 21.6o, 22.2o and 23.9o. PCL_Gly and 124 
PCL_PE demonstrate qualitatively similar XRD spectra with neat PCL. On the other hand, 125 
PCL_mPEG shows quite weak crystalline peaks, moreover, at lower 2θ positions in Figure 2a. As we 126 
will discuss in a following section (DSC), this is due to the lower and quite more wide melting 127 
temperature range of PCL_mPEG (–20 to 45 oC). Thus, the data shown in Figure 2a for PCL_mPEG 128 
at RT, correspond to a partly melted sample. In support to that, neat mPEG750 shows an amorphous 129 
XRD spectrum in Figure 2b, as its melting occurs at temperatures quite below RT. In the inset to 130 
Figure 2b we have included results by XRD for mPEG750 samples of larger Mw (2k, 5k and 10k) that 131 
are semicrystalline at RT and exhibit 2 main crystalline peaks at the 2θ of 19.3o and 23.4o.  132 

3.2. Crystallization and glass transition 133 

The thermal transitions of the polymers were assessed by DSC of the conventional mode. The 134 
respective results are shown in Figure 3, while the values of main interest are listed in Table 1. In the 135 
order of increasing temperature, all samples exhibit a glass transition step in the range from –74 to –136 
66 oC, crystallization between 10 and 35 oC and melting of crystals between 20 and 65 oC. 137 

  

Figure 3. DSC thermograms of scan 2 for all samples studied, during (a) cooling from melt and 138 
(b) subsequent heating. The heat flow values are normalized to the sample mass.  139 

Initial PCL crystallizes at 29 oC and melts at 54 oC (Table 1) producing a CF of 0.47 wt. It is clear 140 
already from a glance at the raw data of Figure 3, that PCL_Gly and PCL_PE exhibit 141 
crystallization/melting similar to PCL, with PCL_PE crystallizing/melting at slightly lower 142 
temperatures and showing slightly higher CF = 0.51 wt whereas PCL_Gly crystallizing/melting at 143 
slightly elevated temperatures and showing slightly higher CF = 0.47 wt. Interestingly, PCL-mPEG 144 
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demonstrates quite different crystallization and melting characteristics as compared to initial PCL 145 
and the rest of the copolymers. First, this sample exhibits additional crystallization and melting 146 
peaks, whereas it crystallizes in general at lower temperatures (–19 and 17 oC) and, also, melts at 147 
lower temperatures (12 and 64 oC). Tc decreases in the order of samples PCL → PCL_Gly → PCL_PE 148 
→ PCL_mPEG. This order is almost the same with that of decreasing Mw. Thus, apart from the 149 
copolymer structure, it seems that the PCL chain/arm length affects both the crystals nucleation and 150 
the lamellar packing (density). 151 

 152 
Table 1. Values of interest by DSC measurements of scan 2: crystallization and melting 153 

temperatures/enthalpies, (Tc, ΔΗc) and (Tm, ΔΗm), crystalline fraction, CF, glass transition temperature, Tg and 154 
heat capacity change during glass transition, Δcp. 155 

   conventional DSC – scan 2 

sample 

Mwa 

(g/mol) 

 

wPCL 

(wt%) 

 

Tc 

(oC) 

ΔΗc 

(J/g) 

(±1) 

CF 

(wt) 

Tg 

(oC) 

Δcp 

(J/gK) 

(±0.02) 

Tm 

(oC) 

ΔΗm 

(J/g) 

(±3) 

PCL 62k 100 29 66 0.47 –70 0.13 54 75 

PCL_ Gly 60k 99 31 65 0.47 –68 0.13 54 71 

PCL_ PE 33k 99 28 70 0.51 –66 0.14 51 75 

PCL_ mPEG 5k 48 17(–19)b 58(8)b 0.87(0.08)b –73 0.33 35/43(0)b 64(12)b 

mPEG750 750 100 0 103 0.52 –83 0.14 20 110 

a Estimated by Gel permeation chromatography (GPC). 156 
b Multiple and well separated crystallization and melting events, probably of mPEG750 (low temperatures) and PCL 157 
(higher temperatures). 158 

These results by DSC scan 2 are compatible with findings by POM during hot crystallization 159 
(from the melt) at 40 oC in Figure 4. Therein, comparing between the two star-like copolyesters, 160 
PCL_Gly consists of large crystals (higher Tc/Tm) that do not fill the polymer volume, whereas PC_PE 161 
exhibits also smaller crystals (lower Tc/Tm) filling more efficiently the polymer volume. It is worth to 162 
recall the different structure of these materials (3 and 4 –arms stars) of shorter arm lengths as 163 
compared to neat PCL, which should play crucial role on both the nucleation and the growth of 164 
crystals. Practically, the star-like copolyesters demonstrated more large crystallites as compared to 165 
neat PCL. 166 

 

Figure 4. POM micrographs for (top) neat PCL, (middle) PCL_Gly and (bottom) PCL_PE, initially melted, 167 
during isothermal crystallization at 40 oC, at the time steps of 10, 20, 30 and 60 seconds. 168 
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3.3. Molecular dynamics 169 

The raw BDS results can be seen in Figures 5,6, in the form of isothermal curves of the imaginary 170 
part of dielectric permittivity, ε΄΄, against frequency, f. The dielectric investigation involves 171 
measurements both above the Tg, to assess the dynamics related to the glass transition, i.e. the so 172 
called main α relaxation of the polymer, as well as measurements at very low temperatures (below 173 
Tg) to record effects of local molecular motions. Indeed, in Figure 5 we observe in the form of peaks 174 
of ε΄΄ three discrete types of dynamics. At T<Tg, we record the two secondary-local relaxations γ and 175 
β of PCL [21]. At T>Tg, it is expected the entrance of the α relaxation into the frequency window, 176 
however, it is not clearly visible in most of the samples (Figures 5a-c), most probably because it is 177 
exceptionally weak.  178 

  

  

Figure 5. BDS raw data in terms of the frequency dependence of the imaginary part of dielectric 179 
permittivity, ε΄΄, for (a) pure PCL and the corresponding copolymers (b) PCL_Gly, (c) PCL_PE, and (d) 180 
PCL_mPEG. The recorded relaxation processes (α, β, γ) are indicated on the plots at selected temperatures. 181 

Interestingly in Figures 5d,6b, α relaxation in PCL_mPEG is observed by bare eye, for example 182 
at –60 oC with its peak located between 101 and 102 Hz (Figure 5d) and at –40 oC (Figure 6b) between 183 
104 and 105 Hz. Considering that α relaxation is the dielectric analogue of the glass transition, the 184 
latter results come in agreement with the ‘glass transition’ strength in DSC (Δcp, Table 1). Thus, this 185 
is the case of α relaxation of mPEG. 186 

  

Figure 6. (a,b) Comparative isothermal plots of ε΄΄(f) at (a) –80 oC and (b) –40 oC for all samples. Indicated 187 
are the recorded relaxation peaks (γ, β, α). 188 
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4. Conclusions  189 

In this article, we synthesized a series of PCL based copolyesters of different architectures, 190 
namely, two consisting of 3- and 4-‘PCL arms’ star-like copolymers, and a linear block copolymer of 191 
PCL:mPEG at the molecular ratio of 1:1. Next to the successful synthesis (1H NMR, FTIR), based on 192 
the overall results of the employed techniques (DSC, XRD, POM, BDS) it was  found that CF of PCL 193 
increases in the copolymers in the order PCL ~ PCL_Gly > PCL_PE >> PCL_mPEG, whereas at the 194 
same order the Tc decreases, coinciding with the corresponding drop of Mw. The results revealed 195 
retarded nucleation in the copolymers along with changes in semicrystalline morphology. With the 196 
exception of PCL_mPEG, the single glass transition step recorded arises from PCL with CF~50 wt%, 197 
and is slightly elevated as a result of the star-like architecture. The situation in PCL_mPEG was found 198 
more complex, as the major of amount of PCL was found to crystallize (CF~90 wt%) and, thus, 199 
exhibits no glass transition, whereas the majority of mPEG750 was found severely amorphous (only 8 200 
wt% in CF) demonstrating a strong segmental mobility. BDS was employed to study the local (β and 201 
γ) and the segmental dynamics (α, related to the Tg). These results provide strong support for the 202 
main amorphous character of mPEG in the form of copolyester and the highly crystalline character 203 
of PCL, along with indications for the formation of core/shell -like structures consisting of small PCL 204 
crystallites surrounded by amorphous mPEG segments. Overall, these recordings indicated that the 205 
different polymer architecture results in severe changes in the semicrystalline morphology, which 206 
demonstrates the potential for tuning the final product performance. 207 
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