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Abstract: Star-shaped poly(ε-caprolactone) (PCL) polymers were synthesized and 
fully characterized by gel permeation chromatography, matrix-assisted laser 
desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) as well as 
1H NMR spectroscopy. First a series of four-armed PCLs with different molecular 
weights was prepared and analyzed with the mentioned analytical techniques 
revealing that the applied ring-opening polymerization was controlled and defined 
star-shaped polymers could be synthesized. Subsequently, also the synthesis of 
six-armed PCL polymers was investigated with the conclusion that also these star-
shaped polymers could be prepared in a controlled fashion. 

 

Introduction 
Star polymers can be defined as polymers with a given number of arms that are 
linked together via a low-molecular-weight core molecule. One of the characteristics 
of such polymers is their smaller hydrodynamic volume in solution compared to linear 
analogues. This peculiar behaviour results in interesting physical properties including, 
e.g., lower crystallinity and lower melt viscosity (see, e.g., Kim et al. [1]) if compared 
to the corresponding linear systems. Furthermore, the higher end-group functionality 
of star-shaped macromolecules compared to linear polymers of the same molecular 
weight offers the possibility of covalent attachment of functional groups and/or other 
polymers to a higher extent. Especially star-shaped poly(ε-caprolactone)s (PCLs) 
have gained large attraction due to their possible applications in the biomedical field 
based on the biodegradability and biocompatibility of PCL [2,3]). Star-shaped PCL 
polymers are, therefore, widely studied in the literature including, e.g., amphiphilic 4-
arm star-shaped block copolymers of poly(ε-caprolactone) and poly[4-(2-benzyloxy-
ethyl)-ε-caprolactone] [4] or dendritic star-block copolymers [5]. Other examples 
include the study of four-armed poly(ε-caprolactone)-block-poly(ethylene oxide) block 
copolymers with respect to their micellar behaviour or their swelling properties (see, 
e.g., Jo et al. [6] and Jing et al. [7]). Whereas Jo et al. prepared only one 4-armed 
PCL with stannous octoate as catalyst and pentaerythritol as co-initiator, Jing et al. 
synthesized and characterized (by GPC as well as 1H NMR) a series of 4-armed 
PCLs using the same co-initiator but ZnEt2 as the catalyst. Moreover, recently 3- and 
4-armed PCLs were prepared, characterized by MALDI-TOF MS and discussed to be 
useful materials for biodegradable coatings and adhesives [8]. However, to the best 
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of our knowledge, no detailed study on the synthesis and full characterization 
(including MALDI-TOF MS) of a series of four-armed PCLs to investigate the control 
over the ring-opening polymerization of ε-caprolactone with stannous octoate as 
catalyst and pentaerythritol as co-initiator is reported in the literature. Moreover, the 
synthesis and detailed characterization of defined six-armed PCLs based on dipenta-
erythritol as the co-initiator is only briefly described (see, e.g., ref. [9]). Therefore, we 
describe here the synthesis and full characterization of four- and six-armed poly(ε-
caprolactone)s with the result that the performed stannous octoate catalyzed ring-
opening polymerizations were controlled in terms of the obtained molecular weights 
and molecular weight distributions. 
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Fig. 1. Synthesis of 4-arm star-shaped poly(ε-caprolactone) polymers 
 
Results and discussion 
In order to obtain a series of 4-arm star-shaped polymers with different molecular 
weights, polymerizations of ε-caprolactone with pentaerythritol as co-initiator were 
performed in bulk at 130°C for 8 h. Fig. 1 shows schematically the synthesis of 
polymers P1 - P4 as well as their structure. 
Monomer to initiator (M/I) ratios of 20, 40, 60 and 80 were stirred at 130°C for 15 min 
to obtain a homogeneous reaction mixture before stannous octoate was added 
(n(cat) = 1/20 of n(OH-functional groups). Pentaerythritol was used as co-initiator for 
these polymerizations. 
All polymerizations were monitored in time by gel permeation chromatography (GPC) 
revealing an increase of the molecular weight in time and narrow molecular weight 
distributions, as it can be expected for controlled polymerization techniques. Fig. 2, 
left, displays the monitoring of the reaction with a M/I ratio of 60 (polymer P3) in time 
as an example. Fig. 2, right, displays GPC results of polymers P1 - P4 after workup. 
Narrow and symmetrical molecular weight distributions were obtained and an in-
creasing molecular weight with increasing M/I ratio was observed indicating the 
control over the polymerization system. Analytic data of all synthesized polymers are 
summarized in Tab. 1. 
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Fig. 2. left: Monitoring the synthesis of polymer P3 by GPC in time; right: GPC curves 
of the final polymers P1 - P4 
 
Tab. 1. Analytical data of the synthesized star-shaped polymers; Mn (GPC) obtained 
using linear poly(ethylene glycol) calibration 

 Mn (GPC) PDI (GPC) Mn (MALDI) Mn (NMR) Mn (theory)

P1 2150 1.09 2520 3200 2420 
P2 3600 1.14 4570 5250 4700 
P3 4650 1.19 6400 7550 6990 
P4 5650 1.19 8300 10400 9230 
P5 2850 1.17 4510 4650 4250 
P6 4330 1.19 7680 8100 7670 

 

 
Fig. 3. Dependence of the number-average molecular weight (Mn) on the initial mono-
mer (M) to initiator (I) ratio for polymers P1 - P4 
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It is obvious that especially the molecular weight values obtained by GPC are lower 
than the theoretically expected molecular weights (cf. Fig. 3). This can be explained 
by the fact that the resolution of the separation of star-shaped polymers by GPC is 
rather limited [10] since the hydrodynamic volume of star-shaped polymers can be 
considered as independent of their arm number (if all arms bear the same molecular 
weight). Furthermore, an underestimated molecular weight from GPC measurements 
due to a smaller hydrodynamic volume of star-shaped macromolecules if compared 
to their linear analogues can be expected (see, e.g., Hatada et al. [11] or Gnanou et 
al. [12]). Nevertheless, it is possible to apply GPC for the comparison of molecular 
weights of a series of star-shaped polymers if the number of arms is constant for the 
investigated system and even to obtain linear correlations between targeted and 
observed molecular weights (see, e.g., ref. [13]). This behaviour is detailed in Fig. 3, 
where the number-average molecular weight (Mn) values obtained by different 
measurement techniques are plotted against the M/I ratio for polymers P1 - P4. GPC 
Mn values show a too low molecular weight due to the calibration of the system with 
linear standards and a linear correlation between theoretical and experimental 
molecular weight values was found as expected for the above-described reasons.  
In order to circumvent the mentioned GPC calibration problems, 1H NMR as well as 
MALDI-TOF MS were applied to investigate the synthesized polymers. Fig. 4, left, 
displays the 1H NMR spectrum of polymer P4 with all peaks assigned. The integral of 
the end-group signal f decreased (compared to the polymer-related integrals a - e) 
with increasing molecular weight of the polymers and was utilized to calculate the 
molecular weight of polymers P1 - P4. 
Fig. 3 reveals a linear correlation of calculated number-average molecular weights 
obtained from 1H NMR and targeted molecular weights (M/I ratio). This linear 
correlation is a further proof that the polymerizations were well controlled. Moreover, 
polymers P1 - P4 were investigated by MALDI-TOF MS. Mn values obtained from 
these measurements are given in Tab. 1 and are plotted against the initial monomer 
to initiator ratio in Fig. 3. Also here a linear correlation was observed. However, the 
higher-molecular-weight polymers showed a slightly lower molecular weight than 
expected from theory. This might be explained by a mass discrimination effect during 
the MALDI experiments of the higher-molecular-weight polymers since it was 
especially difficult to analyze polymer P4 by MALDI-TOF MS. 
 

 
Fig. 4. left: 1H NMR spectrum of P4 in CDCl3 with all signals assigned; right: MALDI-
TOF MS spectrum of P1 with end-group assignment (matrix: dithranol) 
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Fig. 4, right, shows the MALDI-TOF MS spectrum of polymer P1 with corresponding 
end-group assignment clearly proving the structure of the obtained polymers. In this 
case an average repeat unit number of 5 was found per polymer arm, which is in 
perfect agreement with the theoretically expected value. Similar assignments were 
also possible for polymers P2 - P4. Summarizing the analytical results, we can 
conclude that a defined set of 4-arm star-shaped polymers was synthesized and fully 
characterized. The different measurement techniques independently proved that the 
polymerization of ε-caprolactone was controlled due to the fact that linear correlations 
were observed for targeted and obtained molecular weight values (cf. Fig. 3). All 
applied techniques have their pros and cons: 1H NMR cannot provide polydispersity 
indices but gives absolute molecular weight values whereas GPC provides only 
relative molecular weight values but also PDIs. MALDI, as an absolute analytical 
technique, can provide both PDI and Mn values but difficulties were observed for the 
higher-molecular-weight polymers. Therefore, only the combination of all techniques 
allowed a complete and comprehensive analysis of these polymers.  
Having proven that defined star-shaped polymers can be obtained by the ring-
opening polymerization of ε-caprolactone with pentaerythritol as initiator we also 
investigated the synthesis of 6-arm star-shaped poly(ε-caprolactone) polymers by 
applying dipentaerythritol as the initiator. Two polymers with different molecular 
weights were synthesized (P5 and P6). Their analytical data are shown in Tab. 1 and 
their structure is schematically depicted in Fig. 5, left. For these polymers similar 
conclusions can be drawn as for the 4-arm polymers. The molecular weight obtained 
by GPC is underestimated by a factor of two if compared to 1H NMR and MALDI-TOF 
MS for the same reasons as described above. GPC revealed narrow molecular 
weight distributions indicating controlled polymerizations (cf. Fig. 5, right). Moreover, 
MALDI-TOF MS end-group analysis clearly showed the expected structure of P5 and 
P6. Fig. 6 shows the MALDI-TOF MS end-group analysis of polymer P5 with an 
average repeat unit number of 5 ε-caprolactone units for each polymer arm. 
 

 
Fig. 5 left: Chemical structure of 6-arm star-shaped polymers P5 and P6; right: GPC 
traces of 6-arm star-shaped poly(ε-caprolactone)s P5 and P6 
 
Therefore, we can conclude that it is possible to prepare and fully characterize star-
shaped poly(ε-caprolactone)s with different architectures and molecular weights as it 
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was shown in the above-discussed examples. The discussed polymers are inter-
esting materials for future research, since star-shaped block copolymers on the basis 
of these PCL stars might show interesting micellar behaviour.  
 

 
Fig. 6. MALDI-TOF MS spectrum of P5 with end-group assignment (matrix: dithranol) 
 
Experimental part 
 
Materials 
All reagents were used without further purification unless stated otherwise. Solvents 
were purchased from Biosolve Ltd. (Valkenswaard, The Netherlands). Dithranol, 
stannous octoate and ε-caprolactone were purchased from Aldrich (Oakville, On, 
Canada). The narrowly distributed poly(ethylene glycol) standards for GPC cali-
bration were obtained from PSS (Mainz, Germany). 
 
Instrumentation 
All MALDI experiments were carried out on a Voyager-DE™ PRO Biospectrometry™ 
Workstation time-of-flight mass spectrometer using reflector mode for operation. All 
spectra were obtained in the positive ion mode. Ionisation was performed with a 337 
nm pulsed nitrogen laser. Samples were prepared with dithranol as matrix as de-
scribed previously [14].  
NMR spectra were measured on a Bruker Mercury 400 NMR spectrometer in CDCl3. 
The chemical shifts were calibrated to tetramethylsiloxane. 
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Gel permeation chromatograms were measured on a Waters GPC system consisting 
of an isocratic pump, solvent degasser, column oven, 2414 refractive index detector, 
717plus autosampler and Styragel HT 4 GPC column with precolumn installed. The 
eluent was dimethylformamide with 5 mM NH4PF6 as additive at a flow speed of 0.5 
mL/min and a column temperature of 50°C. Narrowly distributed linear poly(ethylene 
glycol) standards were used for calibration. 
 
Synthesis of 4-arm poly(ε-caprolactone)s P1 - P4, and 6-arm poly(ε-caprolactone)s 
P5 - P6 
Polymerizations leading to P1 - P4 were performed with 20.00 g (20.60 mL, 0.18 mol) 
of monomer for 8 h, whereas polymerizations leading to P5 - P6 were performed with 
1.00 g (1.03 mL, 8.75 mmol) for 3 h. The initiator amount was calculated according to 
the respective M/I ratios. The monomer, ε-caprolactone, and the initiator, penta-
erythritol for P1 - P4 and dipentaerythritol for P5 - P6, were added to a flask and 
stirred at 130°C for 15 min in order to obtain a homogeneous solution. Subsequently, 
the polymerization was started by adding the catalyst, stannous octoate (n(cat) = 
1/20 of n(OH-functional groups)). After the reaction time was elapsed the very 
viscous reaction mixtures were cooled to room temperature in an ice bath to stop the 
polymerization. The polymers were purified from residual monomer and catalyst by 
precipitation from a concentrated dichloromethane solution into ice-cold heptane 
resulting in powdery products for P2 - P6 and a waxy solid for P1. All yields were in 
the order of > 95%. The corresponding analytical data are thoroughly described in the 
article text.  
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