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Introduction 

Poly caprolactone (PCL) is a semi-crystalline, 

hydrophobic polymer with a glass transition temperature 

(Tg) of −60 °C and melting point ranging from 59 to 64 

°C.
1
 PCL is synthesized via ring-opening polymerization 

method with using ε-caprolactone monomer and a 

variety of anionic, cationic and co-ordination catalysts.
2
 

Suitable properties of PCL including excellent 

biocompatibility, good solubility and low melting point, 

make it as an attractive carrier for development of 

controlled drug delivery systems. However 

biodegradation of PCL is slow which restricts its clinical 

application. Thus preparation of PCL copolymers is 

proposed.
3-5

 Block and random copolymers of PCL can 

be synthesized by using monomers such as 

ethyleneoxide, polyvinylchloride, chloroprene, 

polyethylene glycol (PEG), polystyrene, diisocyanates 

(urethanes), tetrahydrofuran (THF), diglycolide, 

dilactide, δ-valerlactone, substituted caprolactones, 4-

vinyl anisole, styrene, methyl methacrylate and vinyl 

acetate.
2,6

 Among these monomers, PEG is suitable to 

construct caprolactone block copolymers because of its 

hydrophilicity, nontoxicity and absence of antigenicity 

and immunogenicity.
7
 Two or three block copolymers of 

CL-PEG were utilized to develop delivery systems for 

various drugs.
5
 PCL–PEG diblock copolymers can be 

synthesized by ring-opening polymerization from 

monomethoxy-PEG (MPEG) and ε-CL in presence of a 

catalyst.
8,9

 There are two types of PCL/PEG triblock 

copolymers: PCL–PEG–PCL (PCEC) and PEG–PCL–

PEG (PECE) copolymers. Preparation of PCEC is 

similar to the synthesis of diblock copolymers, with the 

exception of using dihydroxy PEG as initiator instead of 

MPEG.
10,11

 Two steps methods were employed for 

obtaining PECE copolymers. These copolymers were 

synthesized by coupling reaction with using PCL diol 

and PEG in presence of l-lysine methyl ester 

diisocyanate (LDI) as the chain extender.
12-14

 Preparation 

of PECE from MPEG–PCL diblock copolymer by using 

isophorone diisocyanate (IPDI) and hexamethylene 

diisocyanate as coupling agent is possible too.
7
 

Molecular weight (Mw) is one of the most important 

properties of polymers. Most of the physical properties 

of polymers such as glass transition temperature, 

strength, stiffness, and viscosity are depended on their 
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Abstract 
Purpose: Polycaprolactone (PCL) is a biodegradable polyester and has attracted attention as 

a suitable carrier for development of controlled drug delivery due to its non-toxicity and 

biocompatibility. It has been reported that the biodegradability of PCL can be enhanced by 

copolymerization with PEG. Molecular weight (Mw) and CL block lengths optimization in 

a series of synthesized PCEC copolymers was the main purpose of this study. 

Methods: The composition of copolymers was designed using full factorial methodology. 

Molecular weight of used PEG (4 levels) and weight ratio of epsilon-caprolactone/PEG (3 

levels) were selected as independent variables. The PCEC copolymers were synthesized by 

ring opening polymerization. Formation of copolymers was confirmed by FT-IR 

spectroscopy as well as H-NMR. The Mn of PCEC copolymers was calculated from HNMR 

spectra. The thermal behavior of copolymers was characterized on differential scanning 

calorimeter. 

Results: Molecular weight of twelve synthesized copolymers was ranged from 1782 to 

9264. In order to evaluate the effect of selected variables on the copolymers composition 

and Mw, a mathematical model for each response parameter with p-value less than 

0.001were obtained. Average percent error for prediction of total Mn of copolymers and Mn 

of CL blocks were 13.81% and 14.88% respectively. 

Conclusion: In conclusion, the proposed model is significantly valid due to obtained low 

percent error in Mn prediction of test sets. 
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Mw.
15

 Furthermore degradation kinetics of polymers is 

highly depending on their Mw. Degradation of High 

molecular weight polyesters such as long chain PCL 

takes longer time as a result of slow erosion.
16

 In order to 

obtain suitable properties on the basis of its application, 

synthesis of PCL and its copolymers with various block 

lengths and molecular weight is desirable. 

Experimental design methodology is defined as a useful 

strategy to optimize processes variables and conditions.
17

 

Obtaining valuable required information from the fewest 

experiment is the main advantages of this approach.
18

 

Optimization of polymerization condition by means of 

factorial design methodologies has been successfully 

applied in polymer synthesis.
19-21

 Molecular weight and 

CL block lengths optimization in a series of synthesized 

poly caprolactone-ethylene glycol–caprolactone (PCEC) 

copolymers was the main purpose of this study. Full 

factorial methodology was used to determine the impact 

of two independent variables on the molecular weight of 

synthesized copolymers. 

 

Materials and Methods 

Materials 

PEG with average molecular weight of 1, 2, 3 and 4 

KDa, ε-caprolactone monomer, dichloromethane and n-

hexane was purchased from Merck chemical company 

(Germany), stannous octoate was obtained from Alfa 

Aesar, A Johnson Matthey Company (Germany). 

 

Factorial design 
The composition of copolymers was designed by full 

factorial methodology using Minitab 15 software. 

Molecular weight of used PEG (4 levels) and weight 

ratio of ε-caprolactone/PEG (CL/PEG) before reaction (3 

levels) were selected as independent variables (Table 1). 

The design consisted of 12 experimental runs. The 

number average molecular weight (Mn) of copolymers 

and CL blocks were selected as output factors.  

 

Table 1. Values of independent variable levels 

 

Synthesis of copolymers 

PCEC copolymers were synthesized by a ring opening 

polymerization of ε- caprolactone and PEG in the 

presence of stannous octoate as catalyst. Polymerization 

of PCEC was carried out in a two necked vessel 

equipped with a stirrer, a thermometer and a gas inlet 

tube. Epsilon-caprolactone, PEG with various Mw and 

stannous octoate were introduced into two necked vessel. 

The reaction mixture was stirred under dry nitrogen for 6 

hours at 130 C. After completion of polymerization, the 

vessel was connected to a vacuum for 30 minutes at 180 

°C.
22

 After cooling of reaction mixture to the room 

temperature, the synthesized copolymer was dissolved in 

dichloromethane and then isolated by precipitation with 

n-hexane. The obtained solid material was filtered and 

the residual solvent was removed under reduce pressure. 

 

Characterization of copolymers  

FTIR spectroscopy 

Fourier-transform infrared spectroscopy of PEG and 

synthesized copolymers were obtained on a Bomem 

2000 FT-IR system (Bomem, Quebec, Canada). 

Copolymers were dissolved in dichloromethane and thin 

film of this solution was casted on NaCl plate. 

 

Nuclear Magnetic Resonance (HNMR) 

HNMR spectra of copolymers in CDCl3 were obtained 

with a Bruken-Spectrospin 400 MHz spectrometer 

(Varian, Switzerland). Mn of copolymers was calculated 

from HNMR spectrums. 

 

Differential scanning calorimetery 

Thermal behavior of copolymers was recorded on a 

DSC-60 (Shimadzu, Kyoto, Japan). Thermogram of the 

samples was obtained at a scanning rate of 10°C/min 

covering temperature range of 25–200°C. 

 

Results  

Synthesis and characterization results of PCEC 

PCEC copolymers were synthesized by ring-opening 

polymerization of ε-caprolactone in the presence of PEG 

with different MW as initiator. Using PEG polymers 

with different molecular weight and varying the initial 

CL/PEG weight ratio, 12 copolymers with different Mn, 

composition and average length of the blocks were 

obtained. Synthesis of these copolymers was confirmed 

by FTIR as well as HNMR. FTIR spectrum of PEG and 

synthesized PCEC triblock copolymers are shown in 

Figure 1. An absorption band is appeared at 1731 in 

PCEC copolymers spectrum which is not observed in 

PEG spectrum. This band could be related to stretching 

vibration of carbonyl group which confirms formation of 

copolymer.
23,24

 Aliphatic CH stretching band of PEO and 

caprolactone were appeared at 2867 and 2925 cm
-1

 

respectively. As can be seen intensity of these two 

absorption bands is dependent on the weight ratio of 

CL/PEG in copolymers. Aliphatic CH stretching band of 

PEO at 2867 was decreased by increasing weight ratio of 

CL/PEG. While the absorption band of CH stretching 

vibration in CL block at 2925 was increased. Another 

absorption bands at 1104 and 1163 cm
-1 

are related to C-

O-C stretching vibration. Figure 2 demonstrates HNMR 

of synthesized PCEC triblock copolymer. According to 

this spectrum, the singlet peak at 3.61 ppm is related to 

the methylene protons of the –CH2CH2O- units in PEG 

segment of copolymers. Also two triplets at 4.03 and 2.3 

ppm and two multiplets at 1.63 and 1.40 ppm are related 

to methylene protons in PCL units. Moreover a very 

weak peak was observed at 4.2 which related to the 

methylene protons of –CH2CH2O- in PEG end units. 

DSC thermograms of PEG and PCEC copolymers with 

different CL/PEG weight ratio are shown in Figure 3 and 

4. Melting peak at 61.64°C is observed in thermal curve 

variables levels 

MW of PEG 1000 2000 3000 4000 

Weight ratio of CL/PEG 0.5 1.5 2 - 
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of PEG. DSC thermograms of PCEC copolymers 

(CL/PEG weight ratio: 1.5 and 2) exhibit two 

endotherms: The higher temperature endotherms were 

related to the melting of PEG block and the lower 

temperature endotherms were attributed to caprolactone 

blocks. Melting point of PEG segment in these 

copolymers is lower than that of the PEG homopolymer. 

Melting point shift of PEG segment to lower temperature 

in PCEC copolymers was reported by Bogdanov et al. 

previously.
25

 Copolymers with lower CL/PEG weight 

ratio (0.5) exhibited one endothermic peak which is 

related to melting point of PEG blocks. 

 

 
Figure 1. FTIR spectra of PEG(a) and PCEC copolymers 
prepared by using PEG 3000 and with different CL/PEG weight 
ratio; 0.5(b), 1.5(c) and 2(d)  

 

 

 
Figure 2. HNMR of PCEC triblock copolymer (Mw of PEG: 
3000D, CL/PEG weight ratio: 2) 

 

Molecular weight calculation of copolymers from 

HNMR spectra 

Total Mn of copolymers and Mn of CL blocks which were 

calculated from HNMR spectra are presented in Table 2. 

Number of CL and PEG repeating unit were determined 

from integral intensities of methylene protons at 4.03 and 

3.61 ppm respectively. As integral intensity of the peak 

at 4.2 ppm is attributed to four protons in PEG end unit, 

it can be possible to calculate the number of oxyethylen 

repeating unit in PEG block and also number of 

oxycarbonyl 1,5-pentamethylene repeating unit derived 

from CL ring opening. Therefore Mn of each block and 

the total Mn of copolymers were obtained from equation 

(1) in which x is the number of repeating unit in PEG 

block and y is the number of repeating unit in CL 

blocks.
22

  

Mn(PCEC)=Mn(PEG) +Mn(PCL) = 44x +114y (1) 
 

 
Figure 3. DSC thermogram of PEG 4000 D (a) and PCEC 
copolymers prepared by using PEG 4000 and with different 
CL/PEG weight ratio; 0.5(b), 1.5(c) and 2(d)  

 

 
Figure 4. DSC thermogram of PCEC copolymers (various Mw of 
PEG; different CL/PEG weight ratio: 2000; 1.5(a), 2000; 2(b), 
3000; 2(c), 3000; 1.5(d) and 3000; 0.5 (e) 

 

Full factorial analysis results 

To identify significant factors affecting the composition 

and Mn of synthesized copolymers, full factorial design 

methodology was applied to obtain a mathematical 
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model. The obtained data were analyzed to fit the 

following polynomial equation where Y is the measured 

responses, C is an intercept, A and B are constant 

regression coefficients, X1 & X2 are Mw of PEG and 

weight ratio of CL/PEG respectively. 

Y=C+AX1+BX2 (2) 

Results of full factorial analysis are presented in Table 

3. PCL length and Mn of produced copolymers were 

very significantly related to Mw of PEG and CL/PEG 

weight ratio (p<0.001). In order to study the 

simultaneous effects of variables on each response, 

three-dimensional surface plots for two responses 

versus independent variables were plotted (Figure 5). 

As is evident, both Mw of PEG and weight ratio of 

CL/PEG had positive impact on the Mn of CL blocks 

and total Mn of copolymers. Data of synthesized 

copolymers were randomly divided into training and 

test sets. Data of test set was used to evaluate the 

external predictive performance of the proposed model 

(Figure 6 and 7). Average percent error for prediction 

of total Mn of copolymers and Mn of CL blocks were 

13.81% and 14.88% respectively.  

 
Table 2. Mn of copolymers determinedusing HNMR spectra 

 
Table 3. Estimated regression coefficient for selected responses 

Response Intercept 
regression coefficient 

(Mw of PEG) 
regression coefficient 

(weight ratio of CL/PEG) 
p-value R 

Y1: Mn(PCL) -2013.6 1.08431 1732.92 < 0.001 0.947 

Y2 : Mn (total) -1384.48 2.00949 1327.34 < 0.001 0.970 

 

 
Figure 5. Surface Plot of Mn of PCL (a) and Total Mn (b) vs. CL/PEG (w/w) and Mw (PEG) 

 
 

 
Figure 6. Scatterplot of Predicted Mn (total) vs. Observed Mn 
(total) 

 
Figure 7. Scatterplot of Predicted Mn (PCL) vs. Observed Mn 
(PCL) 

Mw (PEG) CL/PEG weight ratio Mn(PCL) Mn (total) 

4000 1.5 5009.9200 7987.2533 

3000 1.5 3599.9351 6022.3135 

2000 0.5 1009.5721 2974.9694 

3000 2 5879.9184 8917.1156 

1000 2 1952.4190 2865.9842 

3000 0.5 1376.8258 4259.5355 

2000 2 3669.5094 5520.6309 

1000 1.5 1585.4067 2530.2273 

2000 1.5 3039.4823 5117.5531 

4000 2 6170.7097 9264.1935 

4000 0.5 2447.7241 7884.0000 

1000 0.5 599.4689 1782.6589 
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Discussion 
Series of PCEC copolymers with different composition 

and Mw was synthesized by ring opening 

polymerization. In this method an active hydrogen atom 

of the preformed PEG causes a selective acyl-oxygen 

cleavage of an ester group in the monomer ring and lead 

to formation of bishydroxy-diester intermediate. A step-

by-step addition of monomer units occurs with formation 

of two external polyester blocks following formation of 

this intermediate. The length of added blocks depends on 

the amount of cyclic ester monomer used in the 

polymerization process.
26

 Molecular weight and CL 

block lengths optimization in a series of synthesized 

PCEC copolymers was carried out using full factorial 

methodology. Obtaining a mathematical model for each 

response parameter with p-value less than 0.001 

indicated that the models were statistically valid. 

Moreover considering the low percent error for 

prediction of total Mn of copolymers and Mn of CL 

blocks, it might be proposed that this model has a good 

predictive power in the studied rang of variables with 

ability to be generalized for Unknown cases. 

 

Conclusion 
Based on obtained results it can be concluded that 

application of full factorial design methodologies can be 

considered as a useful strategy for molecular weight and 

block lengths optimization in synthesis process of 

triblock PCEC copolymers. 
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