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Abstract
Microwave-assisted ring opening polymerization (ROP) of ε-caprolactone was performed using three different carboxylic 
acids as initiators. In order to determine the effect of the acidity strength of the initiators on the molecular weight and terminal 
group functionality, the acids from strongest to weakest, i.e. trifluoro acetic acid, acetic acid, and benzoic acid, were used 
as initiators. The microwave power was kept at 600 W. The chemical structure and thermal properties of the synthesized 
low molecular weight PCLs were determined using Fourier Transform Infrared Spectroscopy (FTIR), 1H Nuclear magnetic 
resonance (1H-NMR) spectroscopy, and differential scanning calorimetry (DSC). The molecular weight of the products was 
determined and compared using Light Scattering-Gel Permeation Chromatography (LS-GPC) and 1H-NMR spectroscopy. 
Their spectroscopic analyses showed that microwave-assisted polymerization is a useful technique in synthesizing the low 
molecular weight PCL without undesirable impurities. Melting points of the synthesized low molecular weight PCLs ranged 
from 52 °C to 63 °C, as determined by DSC. Their number-average molecular weights (Mn) and polydispersity index (PDI) 
were between 1.256—1.540 and 1.35—4.90 kDa, respectively. The Mn values obtained from the GPC were consistent with 
those calculated from 1H-NMR and matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-
TOF) techniques. These findings highlighted the significance of the microwave technique in obtaining low molecular weight 
PCL for drug delivery formulations.

Keywords  Microwave · Ring-opening polymerization · ROP · Acetic acid · Benzoic acid · Trifluoroacetic acid · Poly 
epsilon-caprolactone · PCL

Introduction

Polycaprolactone (PCL) is a widely used biodegradable 
polyester in biomedical applications due to its excellent 
physicochemical properties, good processability, low toxic-
ity, and easy-to-cell internalization [1, 2]. Due to its notable 

properties, many studies have been conducted on the syn-
thesis of PCL and the preparation of its blend with a broad 
range of other biodegradable polymers [3]. The molecular 
weight and degree of crystallinity of PCL greatly influence 
its physical, thermal, and mechanical properties and play an 
important role in cell internalization. PCL is a hydrophobic 
semicrystalline polymer soluble at ambient temperature in 
organic solvents and easily processed due to its low melting 
temperature and blending compatibility. These properties 
have motivated researchers to explore its potential applica-
tions as a biodegradable drug carrier [4].

On the other hand, micelles, liposomes, and lipidic nan-
oparticles are well-known anti-cancer drug carriers used 
to enhance drug efficacy by targeting cancer cells. While 
designing a nano-drug carrier system with specific target-
ing and enhanced cell internalization capability, it is cru-
cial to use low molecular weight hydrophobic polymers. 
Despite many advantages and superior properties, only a 
few researchers have prepared nanoparticles from pure PCL 
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synthesized by microwave-assisted ROP without any catalyst 
and the resultant nanoparticles had diameters higher than 
the desired sizes. On the other hand, addition of a targeting 
ligand to a drug delivery system provides the nanocarriers 
with the advantage of binding to target cells, and internaliz-
ing and promoting drug release inside the cells [5–7]. There-
fore, utilizing low molecular weight biodegradable polymers 
in the targeted drug carriers is crucial. Considering the low 
success rates in cancer therapies, designing a small-sized 
nanocarrier obtained from low molecular weight PCL which 
is synthesized safely in a non-toxic fashion, is important [8]. 
ROP of Ɛ-caprolactone (Ɛ-CL) is generally synthesized in 
bulk or in organic solvents by ionic, organocatalytic, enzy-
matic, and coordination polymerization mechanisms [2]. 
The Food and Drug Administration (FDA) has approved 
PCL and its some copolymers for use in biomedical appli-
cations. However, most of the time, metal-based catalysts, 
especially tin(II) 2-ethyl hexanoate Sn(Oct)2, are used in 
the ROP mechanism. [9, 10]. Recent studies have explored 
the solvent-free ROP of ε-caprolactone (ε-CL) using metal-
based chlorides (Mg, Sn, Zn, Al, and Sn) as initiators [11]. 
Funfuenha et al. compared the performance of n-butyltin(IV) 
chlorides and tin(II) 2-ethylhexanoate (Sn(Oct)2) as initia-
tors, observing that an increased number of chlorine atoms 
in n-butyltin(IV) chloride led to a decrease in the molecular 
weight of poly(ε-caprolactone) (PCL) under solvent-free 
conditions [12]. Although FDA has approved some metal-
based catalysts, no studies have been reported on their long-
term and physiological effects, which may create a different 
level of risk. The available information on how metal ions 
affect living organisms allow us to understand the possible 
risks and harmful effects of metal catalyst-based impuri-
ties in biomedical applications. These risks may affect the 
mammalian cells used in tissue engineering [13]. Therefore, 
there is a growing interest in using non-toxic or non-metal-
lic catalyst/initiator systems during polymerization reac-
tions of Ɛ-CL [14]. In PCL synthesis and its drug release 
applications, it is crucial to develop a safer and risk-free 
ROP method that does not require a catalyst and enables the 
achievement of low molecular weights [13, 15].

While conventional thermal polymerization methods 
have found widespread use in polymer synthesis over the 
past decade, MW-assisted ROP opens a new route providing 
a faster and more effective polymerization. In addition to 
polycondensation and free radical polymerization methods, 
ROP is also possible with microwave synthesis..The kinet-
ics observed under both microwave and thermal conditions 
demonstrate that the microwave method increases the con-
version rate up to three times compared to the conventional 
heating method [14]. Using microwaves in polymerization 
as a source of energy also offers several advantages over 
traditional thermal methods. Microwave energy is highly 
efficient, leading to faster reaction time and higher yield. 

Furthermore, it provides a more controlled and uniform 
heating, which can reduce the formation of by-products [2].

There have been various successful syntheses of poly-
meric materials using the microwave irradiation technique 
for a wide range of purposes [16]. Using non-toxic, small 
organic compounds as an initiator for the ROP reactions 
might lead to the development of safer, non-toxic and reli-
able products applicable in the biomedical field, particularly 
in drug delivery systems. Among the initiators, organic acids 
are less toxic, readily available, and inexpensive, making 
them a safer and cost-effective alternative. In addition, their 
low vapor pressures generate a mild condition for the ROP 
reactions. Different carboxylic acids, such as lactic, tar-
taric, hexanoic, propionic, citric, and 6 hydroxy hexanoic 
acid [17], as well as amino acids like glycine, proline, and 
serine, have been utilized in studies to effectively open the 
ring structure of Ɛ-CL in the presence of benzyl alcohol [18]. 
The pKa value represents the acid dissociation constant and 
indicates the acidity of a compound in solution. According 
to the literature, weak organic acids possessing pKa values 
ranging from 2 to 5 were identified as capable of catalyz-
ing the ROP reaction of Ɛ-CL. This leads to the formation 
of poly(ε-caprolactone) (PCL) with a comparatively low 
molecular weight [18–21].

Casas et al. proposed that the initiation and catalyzation 
of the ROP of Ɛ-CL could occur without using alcohol as an 
initiator [18]. They indicated that the initiation process com-
mences through either amino or hydroxy group of organic 
acids. The ROP, initiated by organic acids, is believed to 
follow a mechanism of monomer activation. This mecha-
nism entails initiation occurring through the reaction of a 
nucleophile with a proton-activated monomer, leading to the 
creation of a ring-opened mono ester compound. Thereafter, 
polymerization advances when the terminal hydroxy group 
of the growing polyester serves as a nucleophile towards 
the activated proton monomer. It is worth noting that pro-
ton-activation is a technique employed by several enzymes 
to execute their specific processes [18]. Carboxylic acid-
initiated ROP of PCL, with an weight-average molecular 
weight (Mw) lower than 5500 g/mol, was also investigated 
by Bixler et al. [22, 23]. In a separate study, succinic acid 
was used to synthesize PCL having two carboxyl groups at 
its terminals and a weight-average molecular weight of less 
than 3000 g/mol. [22, 24]. Song et.al., synthesized PCL with 
Mw value over 12,000 g/mol with a PDI values less than 1.6, 
using maleic, succinic and adipic acids. Furthermore, the 
obtained polymers were used as controlled release systems 
of ibuprofen [21].Another study utilized salicylic acid as an 
organo-catalyst and benzyl alcohol as an initiator in bulk at 
80 °C to perform the controlled ring-opening polymeriza-
tion (ROP) of ε-CL. The objective was to obtain a narrowly 
distributed PCL [25]. Functional groups, such as hydroxyl, 
carboxyl, and amino, are highly valuable due to their ability 
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to participate in multiple reactions. They also contribute to 
the enhancement of the hydrophilicity and degradability of 
polymers [26]. Additionally, these functional groups pro-
vide the polymers with mechanical, thermal, and chemical, 
properties. PCL with COOH and OH terminal groups are 
an important class of reactive biodegradable polyesters, as 
they have the capacity to react selectively with other poly-
mers which enhances the hydrophilicity and biodegradation 
properties leading to easy endocytosis. Because of these 
properties, they are preferred to be used in drug carrier for-
mulations. Considering these features, the use of pure PCL, 
obtained through a microwave-initiated polymerization pro-
cess without the need for any catalyst, and thus not contain-
ing any toxic impurities, gains importance in controlled drug 
delivery formulations.

For this purpose, we have synthesized low molecular 
weight PCL through the ROP reaction of Ɛ-CL using weak 
organic acids such as acetic, benzoic, and trifluoroacetic 
acids without using any toxic catalysts or solvents under 
microwave radiation with a maximum output of 600 W. 
Microwave assisted polymerization is a promising tech-
nique for efficient synthesis of low molecular weight PCLs 
with tuned carboxyl and/or hydroxyl terminal groups, which 
has the potential to increase the efficiency of targeted drug 
delivery systems.

Experimental

Materials

ε-caprolacton (ε-CL) (Sigma-Aldrich) was kept over cal-
cium hydride (CaH2) at room temperature for 24 h and 
then distilled under reduced pressure in an argon atmos-
phere. Tin(II) 2-ethylhexanoate (Sigma-Aldrich, 95%) was 
purified by vacuum distillation. Tetrahydrofuran, Metha-
nol, diethyl ether, benzoic acid, trifluoroacetic acid, and 
acetic acid were obtained from Sigma Aldrich and used as 
received. Unless otherwise stated, all the compounds were 
used without additional purification.

Synthesis of PCL

ε-CL was subjected to a MW-assisted ROP process using 
three different organic acids as initiator, i.e. acetic acid, 
trifluoroacetic acid, and benzoic acid, without using any 
catalysts. The synthesized compounds were named as PCL-
AA, PCL-TFA, and PCL-BA, respectively. Impact of the 
catalyst on the polymerization duration, molecular weight, 
and molecular structure was examined, employing tin(II) 
2-ethylhexanoate as a catalyst in the polymerizations of BA 
and AA. The control samples were synthesized using tin(II) 
2-ethylhexanoate, which were prepared under the same 
conditions as catalyst-free samples. The only difference 
was the addition of 6 µL of catalyst. The control samples 
with added catalyst were named PCL-AA-CAT and PCL-
BA-CAT, respectively. Table 1 shows the compositions of 
the PCL products, the total irradiation time and percent 
conversions calculated based on gravimetric results. A rep-
resentative experimental synthesis procedure for PCL-AA 
is as follows: a mixture of 25 mL (0.225 mol) of ε-CL and 
5.13 mL (0.08 mol) of acetic acid was placed in a sealed 
beaker and irradiated at 600 W microwave power for 30 s, 
then allowed to cool to room temperature. The same proce-
dure was applied for periodic irradiation times with a total 
of 9 min until a viscous mass was detected. The resulting 
polymer was dissolved in 40 mL THF and precipitated using 
deionized water under magnetic stirring at 2000 rpm for 
one hour. The precipitated product was filtered and vacuum 
dried for three days at 40 °C. Each sample underwent dif-
ferent periodic microwave irradiation time until the polym-
erization was complete (Table 1). The control samples were 
also prepared using the same procedures, and the amounts of 
Tin(II) 2-ethylhexanoate catalyst used are shown in Table 1.

Equipments and measurements

The ROP reactions of PCL were performed using a 
2,45 GHz microwave oven with a maximum output power 
of 600 W. 1H-nuclear magnetic resonance (1H-NMR) 
spectra of the polymers were recorded on a Varian model 
NMR (600 MHz) in CDCl3 and used to investigate the 

Table 1   Compositions of the 
PCL samples, total irradiation 
times, conversions and thermal 
data

*Crystallization of the samples were calculated using the melting enthalpy of the 100% of crystalline PCL, 
which was taken as 139 J/g [27]

Sample ε-CL
(mol)

AA
(mol)

BA
(mol)

TFA
(mol)

CAT​
(µL)

Irradiation 
time (min)

Conversion
(wt-%)

Tm
(oC)

ΔHm
(J/g)

Xc*
(%)

PCL-AA 0.225 0.08 ––- –– ––- 9 96.95 52.7 99.4 71.5
PCL-BA 0.225 –- 0.08 ––- ––– 9.5 77.85 62.3 106.5 76.6
PCL-TFA 0.225 –– ––- 0.12 –– 3 97.19 60.6 129.9 93.4
PCL-AA-CAT​ 0.225 0.08 –– ––- 6 4.5 96.52 55.2 120.8 86.9
PCL-BA-CAT​ 0.225 –– 0.08 ––- 6 3 99.37 46.7 88.1 63.4
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polymer structures and determine their Mn values. Gel 
permeation chromatography (GPC) was used to deter-
mine the molar mass and molar mass distribution of the 
polymers. This was achieved using a Perkin-Elmer 200 
GPC high-pressure pump, injector, and a series of THF 
columns consisting of a guard column, Styragel HR2, 
Styragel HR3, Styragel HR4E, and Styragel HR5E. The 
analysis was carried out at 25 °C using THF as a mobile 
phase with a flow rate of 0.7 mL/min. The system was 
equipped with a Wyatt Optilab differential refractive 
index detector (RI) set at 654 nm and a Dawn Heleos 
multi-angle light-scattering (LS) detector. The polymer 
solutions had concentrations ranging from 5.2 to 6.2 mg/
mL, and all the samples were filtered through a 0.45 μm 
filter before use. DSC was used for monitoring the melt-
ing behavior of the samples and the measurements were 
performed using Perkin Elmer Jade DSC and Pyris soft-
ware at a heating rate of 10 °C/min under a dynamic argon 
atmosphere (20 ml min−1). FT-IR spectra of the samples 
were recorded using Nicolet iS10 FTIR Spectrometer 
equipped with Smart Orbit high-performance diamond 
attenuated total reflectance (ATR) accessories. Meas-
urements were performed between 400–4000  cm−1 in 
transmission mode. MALDI-Mass spectra were recorded 
on a BRUKER Microflex LT instrument equipped with 
time-off-flight (TOF) analyzer and a nitrogen laser accu-
mulating 50 laser shots in dihydroxybenzoic acid as the 
MALDI matrix. Ion acceleration and mass range were up 
to + 20 kV and 500,000 m/z, respectively.

Results and discussion

FTIR analysis

The FTIR spectrum of PCL-AA is presented in Fig. 1, 
exhibiting the characteristic peaks of PCL. A broad band, 
observed at 3436.47  cm−1, is due to –OH groups. The  
peaks at 1723 cm−1 is the result of the vibration stretching 
of C = O symmetric carbonyl groups of PCL [1, 19, 28]. A 
weak absorption band of C‒H deformation vibrations of 
CH2 groups was observed at 1463 cm−1, 1375 cm−1 and 
731.93 cm−1. The peaks at 2924.44 cm−1 and 2857.90 cm−1 
belong to the C-H stretching band of CH2 groups [19]. All 
PCL samples showed identical peaks, which are in well 
agreement with the control samples (PCL-AA-CAT and 
PCL-BA-CAT)and authoritative PCL polymers. These 
results demonstrated that the microwave-assisted ROP 
of Ɛ-CL with AA, BA and TFA occurred successfully. 
Hydroxyl and carboxyl (also the benzene group of PCL-
BA and the CF3 group of PCL-TFA) groups of all PCLs 
appeared with a lower transmittance value compared with 
the peaks of authoritative PCL.

1H‑NMR analysis

Figure 2 shows the 1H-NMR spectrum of PCL-AA. The 
specific peaks of PCL were observed at 4.04 ppm (meth-
ylene protons of -O-CH2- groups), 2.03 ppm (protons of 
terminal -CH3 group), 2.28 ppm (methylene protons of 

Fig.1   FTIR spectrum of PCL-AA
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-CH2-C = O-), 2.34 ppm (methylene protons of terminal 
–CH2-COOH), 1.63 ppm and 1.36 ppm (H3 and H4 pro-
tons of methylene groups). Using acetic acid as an initia-
tor resulted in the appearance of two low-intensity proton 
signals, indicating that the ROP reaction proceeded in two 
different fashions resulting in the formation of both -CH2-
COOH (major) and -CH2OH (minor) terminal groups, meth-
ylene protons of which were identified to be at 2.34 ppm 

and 3.63 ppm, respectively. The ration of the COOH/OH 
terminal groups was determined to be 87/14 from their 
proton integrations (Fig. 2). The 1H-NMR spectrum of the 
control sample, PCL-AA-CAT (Fig. 3), synthesized using 
Tin(II) 2-ethylhexanoate, showed no significant difference 
compared to PCL-AA.

The synthesis of PCL, initiated by acetic acid, was 
successful as confirmed by both 1H-NMR and FTIR 

Fig. 2   1H-NMR spectrum of 
PCL-AA

Fig. 3   1H-NMR spectrum of 
PCL-AA-CAT sample
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measurements. The comparison of the 1H-NMR spectra of 
PCL-AA and PCL-AA-CAT showed that the ROP of Ɛ-CL 
occurred both with and without the catalyst. Thus, the syn-
thesis without a catalyst can be considered to be innovative. 
By evaluating the 1H-NMR and FTIR spectra and consider-
ing the two different chemical structures of the synthesized 
PCL using AA as initiator, we propose two different initia-
tion mechanisms (Fig. 4).

Similar results were observed in PCL synthesis using 
benzoic and trifluoroacetic acids as initiators. These samples 
were also terminated with OH and COOH groups according 
to the mechanism given in Fig. 4. The 1H-NMR spectrum 
of PCL-BA is shown in Fig. 5. The proton signal for the 
methylene group of CH2-OH appeared at 3.65 ppm, and 
the proton signal of the methylene group of CH2-COOH 
was observed at 2.4 ppm. Two different terminal groups of 
PCL obtained from the benzoic acid initiated ROP reaction 
was observed. Its 1H-NMR spectrum exhibited a doublet 

at 8.01 ppm and two triplets at 7.54 and 7.43 ppm, which 
were attributed to the aromatic protons of the phenyl ring. 
The terminal -CH2-OH and –CH2-COOH groups indicated 
that benzoic acid-initiated ROP of Ɛ-CL was formed. 1H-
NMR spectrum of PCL-BA indicated that the peak methyl 
protons of AA at 2.03 ppm disappeared (Fig. 5), while the 
phenyl protons of benzoic acid was observed in the range of 
7.4–8.0 ppm. Similarly, the proton signal of the methylene 
group of CH2-OH and CH2-COOH appeared at 3.65 ppm 
and 2.4 ppm, respectively. Their proton integration ratios 
(-CH2-COOH/-CH2-OH) was found to be 36/65 (Fig. 5), 
which was lower than that of the value for the PCL-AA. It 
was observed that the reaction with BA initiator resulted 
in relatively less terminal COOH groups compared to AA. 
Regarding PCL-BA-CAT (Fig. 6), similar proton signals 
with similar CH2-COOH/CH2-OH methylene terminal 
groups ratio were observed.

Fig. 4   MW assisted ROP of 
Ɛ-CL with different carboxylic 
acid initiator

Fig. 5   1H-NMR spectrum of 
PCL-BA
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Although the 1H-NMR spectrum of PCL-BA-CAT was 
similar to the NMR spectrum of PCL-BA, the integration 
ratio of methylene protons of the CH2-COOH and CH2-OH 
groups was different. This ratio was determined to be higher 
than that of PCL-BA (CH2-COOH/CH2-OH is 62/38). This 
result showed that the use of a catalyst creates relatively 
more terminal -COOH groups than -OH terminal group.

Yu et al. studied the benzoic acid-initiated microwave 
assisted ROP of PCL. They did not observe the methylene 
proton signals of the terminal –CH2-COOH groups in the 
1H-NMR spectrum. They also did not observe the phenyl 
group in their 1H-NMR and FTIR spectra. They used UV 
spectroscopy to identify the terminal groups as well [22]. 
On the other hand, Liu & Liu investigated the production 
of PCL using natural amino acids as initiators and analyzed 
the incorporation of amino groups into the PCL chain using 
1H-NMR technique. Additionally, amino acid incorpora-
tion was also confirmed through carboxyl group titration. 
Polymers initiated by L-alanine and L-phenylalanine amino 
acids clearly showed the formation of the -NHCO- group, 
indicating the incorporation of amino groups into the PCL 
chain, and terminal CH2OH groups were observed from the 
spectra. The phenyl moiety belonging to phenylalanine was 
also observed at 7.18 ppm through 1H-NMR analysis, pro-
viding a clear structural explanation similar to our results 
[29]. Oledzka et al. investigated the polymerization of Ɛ-CL 

using α-amino acids as initiators. Natural L-arginine and 
L-citrulline were used as α-amino acids, and the structure 
was verified using FTIR, 1H-NMR, 13C-NMR spectroscopy, 
and MALDI-TOF MS analysis. Incorporation of initiators 
into the PCL chain was found to be similar to Liu and Liu's 
study, and both studies could easily detect the amino acid 
functionalized PCL through 1H-NMR analysis [30].

Characteristic peaks of PCL were observed in 1H-NMR 
spectrum of the PCL-TFA as well (Fig. 7). Moreover, the 
peak integration ratio of CH2-COOH and CH2-OH terminal 
methylene protons was found to be different than the others 
(Tables 1 and 2).

Analysis of 1H-NMR and FTIR spectra indicated that ace-
tic, benzoic, and trifluoroacetic acids successfully resulted 
in ROP for Ɛ-CL under microwave irradiation in a short 
time to yield PCL with hydroxyl and carboxylic acid ter-
minal groups. A quantitative 1H-NMR analysis of the ter-
minal groups showed that the highest COOH/OH ratio was 
obtained with AA initiated ROP, and the catalyst did not 
affect the ratio. In BA-initiated polymerization, this ratio was 
found to be lower than that of the AA-initiated polymeriza-
tion. Regarding the polymerization initiated with TFA, equal 
amount of COOH and OH terminal groups were obtained. 
High monomer conversion was observed within 9.5 min 
without use of any catalysis (Table 1). Although all the PCL 
products were terminated with the hydroxyl and carboxylic 

Fig. 6   1H-NMR spectrum of PCL-BA-CAT​
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acid groups, the ratios of carboxylic acid to hydroxyl groups 
varied depending on the type of organic acid initiator. These 
differences were attributed to the chemical structure and the 
reactivity of the used organic acid initiators and their pKa 
values. There might be some advantages of the dependence 
on the type of the initiator for the terminal group ratio of the 
low molecular weight PCL considering its use in some pos-
sible modification reactions, such that the tunable terminal 
group ratio can be achieved by using different carboxylic 
acid initiators.

GPC analysis

The molecular weight and molecular weight distribution of 
the samples, obtained with and without the use of tin(II) 
2-ethylhexanoate catalyst, were calculated using an online 
GPC-LS system. The results of the number average molecu-
lar weight (Mn), weight average molecular weight (Mw), 
and polydispersity index (Mw/Mn) of the PCL samples are 
given in Table 2. Figure 8 illustrates the GPC-LS results of 

the PCL samples. For clearity, their only refractive index 
curves are given. THF was utilized as a mobile phase, and 
the differential refractive index detector was used to deter-
mine the specific refractive index increment (dn/dc) of the 
polymers as 0.07 ml/g. Additionally, the Mn values, calcu-
lated from the GPC results, were compared to those deter-
mined through 1H-NMR analysis (Table 2).

The GPC results indicated that PCL-AA, PCL-BA and 
PCL-TFA had Mn values of 1355 g/mol, 4900 g/mol and 
1507 g/mol, respectively. The control samples PCL-AA-
CAT and PCL-BA-CAT had average number molecular 
weights of 1590 and 3970, respectively. The lowest num-
ber average molecular weight was obtained with the acetic 
acid-initiated PCL sample (PLC-AA), which was slightly 
lower than that of the control sample obtained by a micro-
wave-assisted ROP, using a catalyst (PCL-AA-CAT). Con-
versely, the benzoic acid-initiated PCL sample (PCL-BA) 
had a relatively higher number average molecular weight 
than that of the catalyst added PCL-BA-CAT sample. The 
polydispersity indexes of the samples were between 1.26 

Fig. 7   1H-NMR spectrum of 
PCL-TFA

Table 2   Molecular weight 
of the PCL samples initiated 
by different organic acids 
determined by 1H-NMR and 
GPC-LS

Sample Mn (g/mol)
(1H-NMR)

Mn (g/mol)
(GPC-LS)

Mw (g/mol)
(GPC-LS)

PDI
(Mw/Mn)

Number of 
monomer
unit

Terminal
COOH/OH

PCL-AA 914 1355 1830 1.351 8 0.86/0.14
PCL-AA-CAT​ 1085 1590 2000 1.26 9 0.85/0.15
PCL-BA 5365 4900 6192 1.256 46 0.36/0.65
PCL-BA-CAT​ 1489 3970 5,298 1.330 12 0.62/0.38
PCL-TFA 1025 1507 2300 1.544 8 0.50/0.50
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and 1.54, indicating that all the samples had moderate 
polydispersity. Moreover, all the samples had a unimodal 
distribution, observed with the GPC chromatograms. The 
lowest dispersity was obtained with PCL-BA among the 
catalyst-free samples. The number average molecular 
weights obtained from GPC differed from that of calculated 
by 1H-NMR. MacLain and Drysdale previously proposed 
a conversion factor of 0.45 to adjust the molecular weight 
values obtained from the GPC to the actual molecular 
weight of PCL, which was achieved utilizing a polystyrene 
standard calibration as a reference and then the relative val-
ues were determined [31, 32]. In a separate study, the Mn 
values, obtained from GPC, were found to be higher than 
the results obtained from the end-group analysis [31, 33]. 
However, our LS-GPC results provided a more precise and 
absolute method for determining the molecular weight of 
PCL, without requiring a conversion factor and enabled us 
to determine the absolute Mn values. As the yields were 
clear enough, they did not require any further normaliza-
tion, which are the results of more precise and accurate 
measurements compared to the previous studies. Neverthe-
less, differences between the results obtained from GPC and 
1H-NMR still exist. These differences are considered to be 
reasonable due to the variations in the methods utilized for 
each analysis. It is essential to consider carefully the ana-
lytical techniques employed and their inherent limitations 

to obtain valid and accurate molecular weight values for a 
specific polymer system.

MALDI-TOF analysis of the PCL samples initiated by 
acetic acid and trifluoroacetic acid were recorded for sup-
porting the 1H-NMR and GPC-LS results (Fig. 9). The 
main peaks observed in Fig. 9A (m/z 995.3, 1109.1, 1223.4, 
1336.7, and 1451.7) were attributed to the acetic acid initi-
ated PCL chains with the degree of polymerization of mainly 
8, 9, 10, 11 and 12, respectively. In Fig. 9B, the series of 
main m/z peaks between 1069.5 and 1983.3 correspond to 
the degree of polymerization between 8.0 and 16.0 (molecu-
lar weight values of TFA and ε-CL are 149 g/mol and 114 g/
mol, respectively). The degree of polymerization of PCL-
TFA was higher than that of PCL-AA. These values coincide 
with the molecular weight values obtained in GPC-LS and 
1H-NMR analysis.

Differential scanning calorimeter (DSC)

The DSC curves of microwave-irradiated PCL, synthesized 
in the presence and absence of catalyst, are shown in Fig. 10 
and their melting temperature (Tm), melting enthalpy (ΔH), 
and calculated crystallinity (Xc) values [34] are given in 
Table 2. The PCL synthesized by thermal methods had a 
small melting Tm between 59–64 °C, and it is known that 
there is a decreasing crystallinity trend with decreasing 

Fig. 8   GPC-Refractive index 
chromatograms of the PCL 
products
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molecular weight [1, 35, 36]. The DSC thermograms of the 
synthesized organic acid-initiated samples showed a sharp 
melting point (Tm) between 52 and 63 °C. Similar results 
were observed when the Tm values were compared with 
PCL synthesized applying conventional heating processes. 

For example, the PCL-AA sample had a melting point of 
52.7 °C, which is lower than the melting temperature of 
thermally obtained PCLs available in the literature [1]. 
Melting temperatures of the PCL-BA and PCL-TFA prod-
ucts were 62.3 °C and 60.5 °C, respectively, where these 

Fig. 9   MALDI-TOF spectra of PCL products. A PCL-AA. B PCL-TFA
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Tm values fall within the range of the thermally synthe-
sized PCL. Yu et. al. studied the microwave-assisted ROP 
of Ɛ-CL, initiated by benzoic acid at different monomer/
initiator ratios, and reported that the obtained PCL had a 
Mw of 44,800 with a melting point of 65.9 °C [22, 36]. 
This Tm value is slightly higher than that of thermally pro-
duced PCLs [22]. The difference between Tm values was 
attributed to the higher Mn of PCL. Dzienia et al. reported 
that the melting point of PCL polymers shifted to higher 
temperatures with 10 K increase in Mn values compared 
to the polymers with Mn values lower than 20,000 g/mol. 
They also pointed out that the melting temperature of PCL 
does not change only for the polymers with Mn > 20,000 g/
mol. It is also clear from the DSC thermograms that dif-
ferent organic acid initiators yielded varying molecular 
weights and Tm values. Notably, the Tm value of the PCL 
product initiated with acetic acid (PCL-AA) is the lowest 
compared to the other samples. The Mn value of PCL-AA 
obtained from 1H-NMR and GPC is likewise the lowest. 
The melting point of PCL samples could also be influenced 
by various factors such as the dispersity index, morphology, 
size, and degree of crystalinity of the polymers [37, 38]. 
The observed changes in the melting points of our PCL 
samples are consistent with previous findings in the lit-
erature [37–40]. As a result, DSC values do not reveal a 
significant difference between the organic acid initiated low 
molecular weight polymers and there is also not a signifi-
cant difference between the microwave irradiated samples 
and thermally synthesized available PCL samples [40]. The 

overall DSC results revealed that high-quality PCL could 
also be prepared by microwave irradiation and ROP mecha-
nism within minutes without any impurities like any cata-
lyst or solvent. Instead of the traditional thermal processes, 
requiring more than ten hours, short times will be enough 
to obtain pure PCL products with low molecular weights, 
which is essential for controlled drug delivery applications.

Conclusion

In this study, we present a straightforward and effective 
approach for the synthesis of low-molecular weight PCL 
without any toxic impurities, which is safer for use in the 
human body. Our method involved a one-step ROP of Ɛ-CL 
using AA, BA, or TFA as initiators, and not requiring any 
solvent and catalyst. This approach allows for easy and 
high-yield production of PCLs with molecular weights suit-
able for biomedical applications. The development and use 
of biocompatible, non-toxic initiators are critical for their 
use in biomedical applications, as high purity and absence 
of any toxic compounds are required. Our results showed 
that each carboxylic acid initiator leads to a different reac-
tion efficiency, resulting in PCLs with different propor-
tions of -OH and -COOH terminal groups. It is worth not-
ing that the use of different carboxylic acids as initiators 
allowed fine-tuning of the terminal groups, and thus their 
reactivity. This enabled controlled polymerization con-
ditions to produce PCLs with tailored functionalities for 

Fig. 10   DSC thermogram of 
PCL-AA, PCL-TFA, PCL-BA 
and PLC-BA-CAT​
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specific biomedical applications. Low molecular weight 
PCL products with different functionalities are crucial for 
drug delivery and medical applications, as degradation 
times of PCL and nanoparticle sizes largely depend on the 
molecular weights. The safety and purity of these products 
are of outmost importance for their use in the human body. 
We anticipate that our obtained PCLs can have practical 
applications as biomaterials, with the potential use in the 
development of new biomedical technologies. We hope that 
our results are of the interest in the development of new 
biomaterials for biomedical technologies.
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