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Abstract

Objective: The objective of this study was to synthesize novel, amphiphilic, triblock, biodegradable 
polycaprolactone-polyethylene glycol-polycaprolactone (PCL-PEG-PCL) (5000–1000–1000) copolymer through 
ring-opening polymerization of ε-caprolactone (CL) using PEG as an initiator for long-acting drug delivery and 
biomedical applications. Materials and Methods: The copolymers were synthesized through ring-opening 
polymerization of ε-CL using stannous octoate as the catalyst. The resulting copolymers were characterized 
by 1H nuclear magnetic resonance spectroscopy (NMR), 13C NMR spectroscopy to determine the composition 
and end group estimation, gas chromatography (GC) for residual solvent estimation, fourier-transform infrared 
spectroscopy (FTIR) for identification of functional groups, X-ray diffraction, thermogravimetric analysis, and 
differential scanning calorimetry to analyze the thermal properties. Results and Discussion: 1H NMR spectra 
revealed ethylene groups at 1.35, 1.69, 2.43, and 4.06 ppm in PCL, while PEG displayed methylene (CH2) groups 
at 3.8 ppm. In addition, the FTIR spectra of the PCL-PEG-PCL copolymer exhibited prominent bands at 1720cm-1, 
indicative of carboxylic ester, C=O and 1175cm-1, indicative of ether, C-O, confirming the successful synthesis 
of the copolymer. PEG triblock polymer end cap analysis and molar ratio of CL:PEG for synthesized triblock 
copolymer was found to be hydroxyl end cap and 91:09, respectively. The GC results of triblock polymer were 
free of dichloromethane and water content was 0.2%. The copolymer exhibited distinct peaks at diffraction angles 
(2θ) of 21.14°, 23.45°, 20.14°, 35.8°, and 12.15°. It demonstrates that the copolymer was presented in crystalline 
form. Conclusion: Based on the data obtained, concluded that the synthesized triblock copolymer provided an 
acceptable and appropriate novel polymer for long-acting drug delivery and various biomedical applications.
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INTRODUCTION

Poly (ε-caprolactone) (PCL) and poly 
(ethylene glycol) (PEG) are biocompatible 
and biodegradable polymers widely 

investigated for biomedical applications due 
to their unique properties such as tunable 
degradation rates and excellent mechanical 
properties. Combining these polymers into 
block copolymers, such as PCL-PEG-PCL, 
offers additional advantages including improved 
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solubility, enhanced drug loading capacity, and prolonged 
circulation time in vivo. PCL-PEG-PCL copolymers are among 
the most widely used amphiphilic triblock copolymers.[1-5] 
The components include a biodegradable hydrophobic PCL 
block and a biocompatible hydrophilic PEG block, both of 
which have been authorized by the United States Food and 
Drug Administration (USFDA).[6] However, the properties 
of the resulting copolymers can be influenced by various 
reaction parameters, necessitating a systematic investigation 
to optimize the synthesis process. Structure of the PCL-PEG-
PCL (5000–1000–5000) copolymer is shown in Figure 1.

A hydrophilic block of PEG and two hydrophobic blocks 
of polycaprolactone make up the amphiphilic triblock 
copolymer PCL-PEG-PCL. It is possible to create core-
shell micelles, nanoparticles, and microparticles using 
biodegradable polyester segments and biocompatible 
PEGylated copolymers. The biodegradability of the PCL-
PEG-PCL polymer is attributed to copolymer hydrolysis, 
which produces biocompatible compounds such as caproic 
acid, succinic acid, valeric acid, and butyric acid..[2,5,7].These 
compounds are quickly broken down by the body or removed 
from it.

The USFDA has cleared the hydrophobic polyester 
polymer polycaprolactone for clinical usage because of 
its biocompatibility and biodegradability. Because PEG 
and PCL are well-known FDA-approved biodegradable 
and biocompatible polymers, they have been employed 
extensively in pharmaceutical and biomedical applications. 
Amphiphilic PCL/PEG polymer, contingent on molecular 
weight and PCL/PEG hydrophobic/hydrophilic balance, 
can form micro/nanoparticles or thermosensitive hydrogels. 
For injectable drug delivery systems, the PCL-PEG-PCL 
copolymer is a viable option because of its low toxicity, 
low opsonization likelihood, easy synthesis, and strong 
biodegradability.[1,8,9]

The aim of the present study was to synthesize a novel, 
amphiphilic, biodegradable, PCL-PEG-PCL triblock 
polymer to prepare long-acting biodegradable copolymers 
with potential applications in various biomedical fields. The 
resulting copolymer was characterized by nuclear magnetic 
resonance spectroscopy (1H NMR) for molecular weight 
determination and structural confirmation, 13C NMR for end 
group determination, X-ray diffraction (XRD) for crystalline 
properties, residual solvent estimation by gas chromatography 
(GC), Fourier transform infrared spectroscopy (FTIR) for 
functional groups, moisture content by Karl Fisher (KF) 

titration, thermogravimetric analysis (TGA), and differential 
scanning calorimetry (DSC) to analyze the thermal properties.

MATERIALS AND METHODS

Materials

All of the chemicals utilized were of analytical grade and 
were obtained from commercial sources. € caprolactone 
(CL) (98% purity), stannous octoate (Sn(Oct)2), polyethylene 
glycol with a molecular weight of 1000, diethyl ether 
(C2H5)2O), and methylene dichloride (CH2Cl2) were procured 
from Merck KGgA, Germany.

Synthesis of triblock copolymer PCL-PEG-PCL 
(5000-1000-1000)

The PCL-PEG-PCL (5000–1000–5000) triblock copolymer 
was synthesized through ring-opening polymerization of 
ε-CL with PEG as a starting molecule and stannous octoate as 
the catalyst. To initiate polymerization, 87.7 mmol of ε-CL, 
1 mmol of PEG 1000, and 1 mmol of Sn(Oct)2 were added 
to a nitrogen-filled dry round bottom flask. The reaction 
was carried out at 130°C under stirring for 24 h, followed 
by cooling to 23°C after completion of the polymerization, 
and then, the resulting triblock copolymer was separated by 
dissolving in dichloromethane and precipitating it in diethyl 
ether. The triblock polymer was purified by dissolving the 
precipitate in dichloromethane. Three purification steps 
were followed to remove the remained stannous octoate 
and contaminants. After that diethyl ether was removed by 
filtration and dried the triblock copolymer in vacuum-drier at 
ambient temperature for 24 h.[4,5,10-13] The process of triblock 
copolymer synthesis is represented in Figure 2. The structure, 
molecular weight, and functional groups of the copolymer 
were determined using 1H-NMR (Bruker spectrometer, 
Ascend 500, Top Spin 3.6.4 software) and FTIR. The yield 
was estimated by dividing the weight of the purified PCL-
PEG-PCL by the weight of starting materials utilized in the 
polymer preparation.

Figure 2: Schematic representation of the formation of 
polyethylene glycol-poly (ε-caprolactone)-polyethylene glycol 
triblock copolymer (5000–1000–5000)

Figure 1: Chemical structure of poly 
(ε-caprolactone)-polyethylene glycol-Poly (ε-caprolactone)
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Water content

The water content performed for the synthesized triblock 
copolymer. Karl Fischer titration (Volumetric titrator 915 
KF Ti-touch, Metrohm) was used for measuring the water 
content to ensure the quality and absence of water in the 
synthesized polymer.[14,15] The electrometric end point was 
reached by titrating 20 mL of dehydrated methanol (Merck) 
with the KF reagent (Merck). After a careful transfer to 
the titration vessel, the sample was stirred for 1 min and 
subsequently titrated once again with the KF reagent until the 
typical endpoint was reached.[16]

Proton 1H NMR

The copolymer was analyzed using 1H NMR (Bruker 
Ascend 500 spectrometer, Top Spin, 3.6.4 software) 
operating at 400 MHz, with CDCl3 as the solvent for the 
PCL-PEG-PCL triblock copolymer. The triblock copolymer 
average molecular weight and structural composition were 
determined by1H NMR analysis.[1] The PCL-PEG-PCL 
triblock copolymer, CL, polyethylene glycol (PG) (CL: PG) 
molar ratio was determined using 1H NMR method.[17-19]

13C NMR, or carbon-13 NMR

An end-group analysis was performed on the PCL-PEG-PCL 
triblock copolymer using 13C NMR (Bruker spectrometer, 
Ascend 500, TopSpin 3.6.4 software) at 12.5 h with 12,500 
scans.[20,21]

FTIR

FTIR spectroscopy (Agilent, Agilent Cary 630 FTIR, 
Microlab PC software) was used to assess the structure of 
PCL-PEG-PCL triblock copolymer. The FT-IR scans were 
recorded over a range of 4000–500cm-1.[22,23]

DSC

DSC conducted for synthesized PCL-PEG-PCL triblock 
copolymer on DSC analyzer (TA Instruments [Waters], 
Discovery DSC2500, Trios software). 3–5 mg of solid 
sample was weighed and transferred to the aluminum pan and 
within the temperature range of 25–350°C, dynamic scans 
were carried out in a nitrogen atmosphere at a continuous 
heating rate of 10°C/min, with a 50 mL/min flux rate.[24-26]

TGA

Thermogravimetric analysis was done for the synthesized 
PCL-PEG-PCL triblock copolymer using thermogravimetric 
analyzer (TA Instruments [Waters], Discovery TGA5500, 
Trios software). Approximately 5–10 mg of sample was 

placed on a platinum TGA pan and dynamic scans carried out 
in a nitrogen atmosphere at a flow rate of 30 mL/min, with a 
temperature range of 20–600°C and a constant heating rate of 
20°C/min. Weight variations were recorded as a function of 
temperature throughout the dynamic scans.[27-29]

XRD

PCL-PEG-PCL triblock copolymer was analyzed using 
X-ray diffractometer (Powder XRD, Malvern Panalytical, 
Empyrean-3, high score plus version 5.1a software) to know 
the crystallinity. XRD was operated at 35 mA current, 40 Kv 
voltage, and 2°C ambient temperature using Ni filter and 
CuKα line (= 0.154 nm).[30,31]

Residual solvent estimation by GC

Residual dichloromethane (CH2Cl2) present in synthesized 
triblock copolymer was analyzed by GC (Agilent 7820A, 
Open labs 2.7 software) with FID detector and HP-5 (5% 
phenyl methyl polysiloxane capillary column of 30 m × 
0.53 mm, 1.5 µm) column.

RESULTS AND DISCUSSION

Synthesis of PCL-PEG-PCL triblock copolymer

PCL-PEG-PCL tri-block copolymer was synthesized by 
ring-opening polymerization of CL in the presence of PEG 
1000. The hydroxyl end group of PEG 1000 initiated the ring 
opening.[12] The structure and composition of the synthesized 
novel PCL-PEG-PCL triblock copolymer were determined. 
Figure 2 shows the composition and structure of triblock 
copolymer. 1H NMR results [Figures 3-5] revealed that, PCL 
contained ethylene groups at 1.35, 1.69, 2.43, and 4.06 ppm, 
whereas PEG contained methylene (CH2) groups at 3.8 ppm. 
Table 1 illustrates the features of the synthesized copolymer.

The FTIR spectra of triblock copolymer PCL-PEG-PCL 
indicate the existence of carboxylic ester (C=O) and ether 
(C-O) groups, as demonstrated by prominent and intense 
bands at 1720 and 1175 cm-1, respectively, indicating 
successful copolymer synthesis [Figure 7]. The schematic of 
the copolymer synthesis process is depicted in Figure 2. The 
1H NMR peak area ratio at δ 4.2 ppm due to the presence of 
methylene groups adjacent to carbonyl group in PCL blocks 
and δ 3.8 ppm due to the presence of methylene (CH2) groups 
in PEG block and from the molecular weights of CL and EO 
repeat units was used to calculate the CL/PEG weight ratio R 
in the triblock copolymer.

The methylene protons of PCL segments (CO-CH2CH2-
CH2-CH2-) were responsible for peaks at 1.39, 1.66, and 
2.32 ppm.[9] The 90% of yield observed for the copolymers 
synthesized by ring opening polymerization. The molecular 
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Table 1: Molecular weight and composition of the triblock copolymer poly (ε-caprolactone)-poly 
(ethylene glycol)-poly (ε-caprolactone) (5000-1000-5000)

Synthesized polymer MPEG PCL/PEGa 
(theoretical)

Total Mn
a 

(theoretical)
PCL/PEGb 

(calculated)
Total Mnb 

(calculated)
TM 

(°C)c
Degradation 
temperature

PCL-PEG-PCL polymer 1000 10:1 11,000 91:09 10,500 57.8 400°C
aTheoretical value was calculated according to the feed ratio, bCalculated using the PEG block at 3.65 ppm and the integrated area ratio of 
the resonance peaks from the PCL block at 4.05 pp, cCalculated from DSC’s initial run as half of the shown tangents. PCL-PEG-PCL: Poly 
(ε-caprolactone)-poly (ethylene glycol)-poly (ε-caprolactone)

Figure 4: 1H Nuclear magnetic resonance spectroscopy spectrum of polyethylene glycol 1000

Figure 3: 1H Nuclear magnetic resonance spectroscopy spectrum of the € caprolactone
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weight (Mn) of the copolymer was further calculated by 
Mn = (1 + R) × MPEG, where MPEG

 was the molecular weight 
of PEG used and R is number of fragment present between 
polycaprolactone groups. 1H-NMR was used to identify the 
segment of PEG and determined the molecular weight of 
the PCL-PEG-PCL triblock copolymer to be 10.5 KDa.[32].

As shown in Table 1, the weight ratios of the synthesized 
copolymer CL/PEG were relatively similar to the respective 
feed compositions (91:09).

Effect of CL:Polyethylene glycol (PCL:PEG) ratio

PCL segments are shown peak δ 4.2 ppm due to the presence 
of methylene protons near the carbonyl group. In addition, 
methylene protons in the PCL backbone cause peaks at 
approximately 2.3 ppm. PEG segments often peak at δ 
3.8 ppm, which corresponds to methylene protons (−CH2) in 
the chain. Calculated the mole fractions of PEG (MP) and 
caprolactone (MC) using the peak integration (P) of each 

Figure 6: 13C Nuclear magnetic resonance spectroscopy spectrum of poly (ε-caprolactone)-polyethylene glycol-poly 
(ε-caprolactone) (5000–1000–5000) tri-block copolymer

Figure 5: 1H Nuclear magnetic resonance spectroscopy of tri-block copolymer poly (ε-caprolactone)-polyethylene glycol-poly 
(ε-caprolactone) (5000–1000–5000)
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component, where “P” stands for PEG and “C” for CL. These 
estimations are based on the copolymerization ratio and block 
length. Equation 1 and Equation 2 were used to calculate the 
molar ratio of CL to polyethylene glycol (C:P).[33]

MP = (PEG/2)/[CL+(PEG/2)] 1

MC = CL/{CL+(PEG/2) 2

Using 1H NMR spectroscopy, the ratio of CL to PEG 1000 
of the triblock copolymer PCL-PEG-PCL (5000–1000–5000) 
was determined. Figure 5 depicts the 1H NMR of PCL-PEG-
PCL triblock copolymer. The PEG block’s oxyethylene 
units’ methylene protons are responsible for the strong 
peak at 3.58 ppm. Furthermore, the methylene protons of 
the oxycarboxy-1, 5-pentamethylene units of methylene 
protons of the PCL blocks correlate with the remaining four 
peaks, which are located at 4.0, 2.24, 1.58, and 1.31 ppm. 
The PCL:PEG ratio for PCL-PEG-PCL (5000–1000–5000) 
polymer was discovered to be 91:09.

End cap analysis by 13C NMR (Carbon-13 nuclear 
magnetic resonance)

13C NMR spectroscopy was used for end group analysis of 
the PCL-PEG-PCL triblock copolymer. Figure 6 is shown 
peaks at δ 70 ppm due to the presence of hydroxy groups in 
the 13C NMR spectra of triblock polymer.

Figure 7: Fourier transform infrared spectroscopy of tri-block copolymer poly (ε-caprolactone)-polyethylene glycol-poly 
(ε-caprolactone) (5000–1000–5000)

Figure 8: Gas chromatography chromatograms of tri-block 
copolymer poly (ε-caprolactone)-polyethylene glycol-poly 
(ε-caprolactone) (5000–1000–5000)

Figure 9: Thermogravimetric analysis of tri-block 
copolymer poly (ε-caprolactone)-polyethylene glycol-poly 
(ε-caprolactone) (5000–1000–5000)
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FTIR

The ring-opening polymerization of ɛ-CL exhibited peaks at 
1720 and 1239cm-1 in the PCL-PEG-PCL triblock copolymer 
FT-IR spectra, which correspond to –C=O stretching 
vibrations [Figure 7]. The unique C-O-C stretching vibration 
of the repeated-OCH2CH2 units in PEG was determined at 
peak 1106cm-1. Furthermore, signals detected at 2941 and 
2864cm-1 were correlated with the typical absorption of C-H 
stretching bonds of -CH2CH2, comparable to those of ε-CL. 
These signals demonstrate the formation of the PCL-PEG-
PCL triblock copolymer.[9]

The functional groups of PCL-PEG-PCL (5000–1000–5000) 
copolymer were investigated using FTIR spectroscopy. The 
FTIR spectra of the PCL-PEG-PCL copolymer are shown 
evidence of carboxylic ester (C=O) and ether (C-O) groups, 
which are represented by strong and intense bands at 1720 and 
1175cm-1, respectively. Furthermore, the 3436cm-1 absorption 
band was attributed to the terminal hydroxyl groups of the 
PCL-PEG-PCL (5000–1000–5000) triblock copolymer. 
Figure 7 illustrates the FTIR spectra of triblock copolymer. 

It was clear that PCL-PEG-PCL copolymers exhibited 
characteristic peaks of both PCL and PEG components.[6,34] 
It was clear that the PCL-PEG-PCL copolymers had distinct 
peaks for both PCL and PEG components.[6,34] The results 
obtained by FTIR are similar to what is obtained by 1H 
NMR and 13C, confirming the synthesis of the tri-block 
copolymer.[24]

Residual solvent estimation by GC

The dichloromethane (MDC) was used to purify the polymer. 
MDC is a Class II solvent, which may be considered 
less hazardous and provide a lower risk to human health. 
Figure 8 shows MDC at RT 3.08 min. While no peak for 
MDC was identified in the blank sample and synthesized 
triblock copolymer [Figure 8], the US FDA’s criterion 
for residual acetone in pharmaceutical formulations is 
<600 ppm. The residual amounts of dichloromethane in 
PCL-PEG-PCL are substantially within the FDA’s permitted 
limits. The synthesized novel, biodegradable, amphiphilic, 
triblock polymer is very safe to use for various biomedical 
applications.

TGA

TGA has long been a widely established polymer analysis 
method in polymer industry. TGA was used for evaluating 
a material’s ability to withstand high temperatures. PEG is 
known to degrade at relatively low temperatures, usually 
between 200°C and 400°C. During this phase, a significant 
weight loss 23.9% corresponds to the degradation of 
the PEG segments. PCL tends to degrade at higher 
temperatures, typically above 300°C and up to around 
450°C. During this phase, a significant weight loss 71.8% 
corresponds to the degradation of the PCL segments. The 
degradation of PCL segments would contribute to further 

Figure 10: Differential scanning calorimetry of tri-block copolymer poly (ε-caprolactone)-polyethylene glycol-poly (ε-caprolactone) 
(5000–1000–5000)

Figure 11: X-ray diffraction of triblock copolymer poly 
(ε-caprolactone)-poly (ethylene glycol)-poly (ε-caprolactone) 
(5000–1000–5000)
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weight loss in this temperature range. The copolymer’s 
TGA thermogram showed further a 7.5% mass loss upon 
heating above 450°C attributed to inorganic fillers or the 
carbonaceous residue from the polymer decomposition. 
Figure 9 displays the TGA of copolymer.

DSC

The thermal properties of the synthesized triblock copolymer 
were evaluated by DSC, which was showed in Figure 10. 
Triblock copolymer has a glass transition temperature 
(Tg) of 57.8°C. The thermogram of copolymer showed an 
endothermic peak at 57.60°C, which corresponded to the 
melting temperatures of PEG and PCL blocks.[35]

XRD analysis

The copolymer exhibited distinct peaks at diffraction angles 
(2θ) of 21.14°, 23.45°, 20.14°, 35.8°, and 12.15° [Figure 11]. 
It demonstrates that the copolymer was presented in 
crystalline form.

CONCLUSION

This study illustrates successful synthesis of a novel, 
amphiphilic, and biodegradable PCL-PEG-PCL (5000–
1000–5000) triblock copolymer through ring-opening 
polymerization of ε-CL using poly (ethylene glycol) 
as a macroinitiator was successfully synthesized and 
characterized by 1H NMR,13C NMR, FTIR, XRD, GC, DSC, 
and TGA techniques. The structure of the triblock polymer 
was confirmed using 1H and 13C NMR. The CL:PG ratio 
of prepared triblock polymer was found to be 91:09 using 
1H-NMR, and 13C NMR investigations which confirmed 
the hydroxyl end caps. The TGA curve for PCL-PEG-PCL 
showed multiple steps of weight loss corresponding to the 
degradation of PEG and PCL segments. The FT-IR, 1H 
NMR, 13C NMR, and DSC results indicated that the novel, 
biodegradable, triblock PCL-PEG-PCL copolymer was 
synthesized successfully. The GC results of triblock polymer 
were free of residual solvents and are very safe to use for 
various drug delivery systems. The unique structure and 
biocompatible properties of this triblock polymer make it an 
ideal candidate for long-acting drug delivery and biomedical 
solutions.
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