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ABSTRACT: Because of advantageous features such as
shorter reaction times, greater yields, limited generation of
by-products and relatively easy and straightforward scale-
up, microwave-assisted synthesis has become a very
appealing tool in organic synthesis. Conversely, its imple-
mentation in the context of the synthesis of biomaterials
for biopharmaceutical applications has been more limited.
The present work reports on the fast and efficient micro-
wave-assisted synthesis of poly(ethylene glycol) (PEG)-ini-
tiated poly(e-caprolactone) diols (PCL) by the ring-opening
polymerization (ROP) of e-caprolactone using stannous oc-
tanoate as catalyst. Since the PEG content in the synthe-
sized copolymers was extremely low (0.2–1.9%), products
were highly hydrophobic and displayed the intrinsic ther-

mal properties of pure PCL. As opposed to the more time-
consuming conventional thermally-driven synthesis that
usually demands 2–3 h, the microwave technique resulted
in intermediate to high molecular weight PEG-PCL deriva-
tives within 10–15 min. The influence of different parame-
ters affecting the synthetic process, namely monomer-to-
initiator ratio, reaction time, catalyst concentration and the
presence, type, and concentration of solvent were thor-
oughly investigated. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 000: 000–000, 2010

Key words: biomaterials; high molecular weight poly(e-
caprolactone) diol; ring opening polymerization (ROP);
microwave-assisted polymer synthesis (MAPS)

INTRODUCTION

Features such as molecular weight and molecular
weight distribution govern the performance of poly-
mer-based drug delivery systems both in vitro and in
vivo. Paradoxically, the industrial production of syn-
thetic polymeric biomaterials is usually characterized
by limited reproducibility.1 In this context, to assure
reproducible, scalable and cost-viable synthetic pro-
cedures, novel synthetic approaches are demanded.
For example, the bacterial production of poly(hy-
droxyalkanoate)s in large scale has been extensively
investigated.2 An additional (and not negligible)
issue pertains to the impact that the emission of
gases (e.g., CO2) and heat associated with these syn-
theses may have on the environment. Thus, sustain-

able chemistry has emerged as a new philosophy in
synthetic chemistry that aims to minimize (i) the use
of nonrenewable resources and solvents, (ii) the gen-
eration of toxic secondary products, (iii) the energy
consumption, and (iv) the emission of gases.3,4

In the 1990s, the microwave radiation technology
came out as a new and powerful synthetic tool in or-
ganic chemistry. Its most appealing features are (i)
shorter reaction times, (ii) greater conversion percen-
tages and reaction yields, (iii) limited formation of by-
products, and, due to radiation homogenously distrib-
uted, (iv) the relatively easy scale-up without detri-
mental effects.5 In addition, when one of the reagents
is liquid and can perform also as solvent, reactions can
be conducted under solvent-free conditions.

The microwave-assisted synthesis of biomaterials
for pharmaceutical and biomedical applications has
been much more sparse.6 Having expressed this, the
solid expertise gained in the organic synthesis field
motivated applied chemists to explore the potential
of microwaves in the synthesis of ceramics7 and
polymers.4,8

Poly(e-caprolactone) (PCL) is a highly hydropho-
bic and semicrystalline polyester that, owing to its
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proven biocompatibility and biodegradability, has
found extensive applications in the biomedical
field.9,10 PCL implants display high permeability to
both hydrophilic and hydrophobic drugs, becoming
a very versatile platform for the design of drug
delivery systems.11–13 Because of a higher hydropho-
bicity and more limited water permeability than
other polyesters (e.g., poly(lactic acid), PLA) PCL
withstands better the hydrolytic biological environ-
ment14,15 and sustains the release of the loaded
drugs over more prolonged times.16 Moreover, PCL
displays relatively low glass transition and melting
temperatures of �60�C and 60�C, respectively.17

These thermal properties were exploited to produce
drug-loaded implants employing relatively simple
processes 18,19. For example, our group has reported
on the production of PCL (14 kDa) implants by a
melt-molding/compression technique for the sus-
tained release of gabapentin 20,21 and topotecan.22

Also, the development of a growth hormone-loaded
injectable implant has been addressed.23

Previous works have described the synthesis of
PCL by microwave-assisted ring opening polymer-
ization (ROP) of e-caprolactone (CL) using diverse
initiators and catalysts.24–26 Since CL is liquid and
displays a tan d value of � 0.35,27 most of the reac-
tions were conducted under bulk conditions; tan d
values between 0.1 and 0.5 indicate a moderate abil-
ity to absorb the microwaves, this phenomenon lead-
ing to effective dielectric heating.4 In general, the
molecular weights obtained were relatively low or,
conversely, the times employed for the reaction were
comparable with those used under conventional
thermally driven methods. For example, Barbier-
Baudry and coworkers produced PCL with molecu-
lar weights between 2.9 and 14.1 kDa employing
irradiation times between 2 and 90 min, the optimal
irradiation time being � 45 min.24 Poydispersity
indexes ranged between 1.3 and 2.2. In a more effi-
cient synthetic setup, Liao et al. described the pro-
duction of PCL homopolymers with molecular
weights as high as 124 kDa and PDI values in the
1.2–1.8 range.23

Aiming to investigate the versatility of this tech-
nology to develop block copolymers that display
tunable hydrophilic-lipophilic balance (HLB), the
present work reports on the microwave-assisted syn-
thesis of poly(ethylene glycol) (PEG)-initiated syn-
thesis of intermediate to high molecular weight
poly(e-caprolactone) diols (PCL-PEG-PCL) under bulk
or solvent conditions. PEG is a hydrophilic poly
(ether) commonly copolymerized with very hydro-
phobic biomaterials to increase their hydrophlicity
and degradability in the physiological environment;
the HLB can be tailored by adjusting the molar ratio
between both components. For example, we recently
reported on the microwave-assisted synthesis of

relatively hydrophilic PCL-PEG-PCL amphiphiles
employing PEG initiators of molecular weights
between 6 and 20 kDa.28 Then, the molecular impli-
cations governing the encapsulation of the antitu-
berculosis drug rifampicin within flower-like poly-
meric micelles were investigated.

The goal of this study was to gain further insight
into the key parameters that govern the polymer-
ization process. In this context, the synthesis of
highly hydrophobic PCL diols employing a low-
molecular weight bifunctional initiator, namely
PEG with a molecular weight of 400 Da, was inves-
tigated. Since the final products contained
extremely low PEG contents (0.2–1.9%), they were
expected to display the properties of pure PCL
diols and not of the more hydrophilic PCL-PEG
amphiphiles.27 A simple method was used to estab-
lish the areas in the oven cavity with the maximum
irradiation and the optimal dimensions of the reac-
tion vessel; multimode domestic ovens display a
less homogeneous distribution of the microwaves
than professional equipment. The influence of
monomer-to-initiator ratio, reaction time and the
presence, type and concentration of solvent were
evaluated.

MATERIALS AND METHODS

Materials

e-caprolactone (CL, Aldrich) and stannous (II) 2-hex-
ylhexanoate (SnOct, catalyst, Sigma) were used as
received. Poly(ethylene glycol) of average molecular
weight 400 Da (PEG400, Aldrich) was dried with
molecular sieves 3A (Sigma) at least 24 h before use.
Analytical-grade N,N-dimethylformamide (DMF,
Sintorgan, Argentina) and dimethylsulfoxide
(DMSO, Sintorgan, Argentina) were dried with mo-
lecular sieves. Other solvents were of analytical
grade and were used as received.

Microwave apparatus

The apparatus used for the polymerization was a
household microwave oven (WhirlpoolTM, radiation
frequency 2.45 GHz, potency 800W) with 5 power
levels. Conventional multimode ovens graduate the
irradiation power by means of ‘‘on/off’’ cycles of the
magnetron (pulsed irradiation).4 Basically, the po-
tency is maintained constant at 800W though the du-
ration of the ‘‘on’’ and ‘‘off’’ periods in the cycle is
modified according to the power level employed.
The energy distribution in different positions inside
conventional ovens is often not homogeneous. To
determine the energy pattern distribution (EPD), a
filter paper was embedded in CoCl2 solution, dried
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and then irradiated in longitudinal and crosswise
positions under different oven powers.29

Microwave-assisted polymerization

Different PCL-PEG400-PCL triblocks displaying a
general molecular structure HO-(CH2-CH2-CH2-
CH2-CH2-CO-O)n-(CH2-CH2-O)36-(CO-CH2-CH2-CH2

-CH2-CH2-O)n-H were synthesized by the ring-open-
ing polymerization (ROP) of CL, catalyzed by SnOct.
This catalyst has been approved by the US FDA for
use in biomedical devices and as stabilizer in food
industry.30 The reaction mixture (5–10 g) containing
monomer, initiator, catalyst and solvent (when
needed) was poured into a glass vial (10 mL, 20 mm
diameter, 50 mm height) and irradiated under
power 1 during 10 min; power 1 combines ‘‘on’’ and
‘‘off’’ cycles of 6 and 24 s, respectively. One reaction
was conducted under power 2 (12 and 18 s for ‘‘on’’
and ‘‘off’’). Different monomer-to-initiator molar
feeding ratios (M/I) were used to produce copoly-
mers of different molecular weight (TableT1 I). Catalyst
concentrations were usually 3.5% (weight percentage
to CL). However, to investigate the effect of the con-
centration on the polymerization process, a series of
copolymers employing SnOct in the 0.8–5.3% range
was synthesized. Reactions were conducted in open
vials and the weight loss monitored. Due to the fast
polymerization rate, a fast and pronounced viscosity
increase was observed. Aiming to maintain the vis-
cosity relatively low and favor the total conversion
of the monomer, reactions were also conducted in
solution (1–40 wt % DMF or 5 wt % DMSO) and the
results were compared to those obtained in bulk.
Under these conditions, evaporation was also negli-
gible (<1%). To conduct reactions under pressure, a
hermetic reaction vessel (1.25 cm internal diameter,
3.85 cm height, � 4.7 cm3 volume) made of poly(vi-
nyl chloride) (PVC) was used; PVC is transparent to
microwave radiation. To isolate the product, the
crude material was dissolved in acetone at 60�C,
precipitated in distilled water, washed several times
with distilled water, and dried at room temperature.
All the products were white to yellowish powders.

Characterization

NMR spectroscopy

Proton nuclear magnetic resonance (1H NMR) spec-
tra were obtained on Bruker 300 MHz NMR spec-
trometer from deuterated chloroform (CDCl3,
Aldrich) solutions, at room temperature. PCL/PEG
molar ratios and number molecular weight, Mn (1H
NMR), were calculated by taking the ratio between
the integration area of the peaks of PEG (4H, multip-
let, 3.65 ppm) and PCL (2H, triplet, 2.30 ppm) (see

below). Monomer conversion percentages (% Con-
version) were estimated according to % Conversion
¼ Mn (Theor.)/Mn (1H NMR) � 100, where Mn

(Theor.) and Mn (1H NMR) are the molecular
weights calculated from the M/I molar feeding ratio
(theoretical) and the average number-molecular
weight determined by 1H NMR, respectively.

Molecular weight analysis

Number- and weight-average molecular weights (Mn

and Mw) and molecular weight distributions (poly-
dispersity, PDI ¼ Mw/Mn) were determined by gel
permeation chromatography (GPC) using a Knaüer
GPC instrument (Berlin, Germany) provided with a
refractive index detector. A set of 50 Å, 100 Å, and
M2 (Phenomenex Inc, Torrance, CA, USA) and 104

Å (Waters, Inc, Milford, MA) columns ultrastiragel
column, conditioned at 25�C was used to elute
samples at 1 mL/min HPLC-grade tetrahydrofuran
(THF) flow rate. Polystyrene standards (Polymer
Laboratories, Shropshire, UK) were used for calibra-
tion. Samples were filtered by 0.22 lm Teflon filters
before the analysis.

FT-IR spectroscopy

Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet Avatar 360 FTIR spectrometer.
The samples were prepared by solvent casting from
chloroform solutions on NaCl windows.

Thermal analysis

Differential scanning calorimetry (DSC) was per-
formed in a Mettler TA-400 differential scanning cal-
orimeter. The samples were sealed in 40-lL Al-crui-
cible pans. All runs were conducted from 25� to
100�C at 10�C/min under nitrogen atmosphere. The
melting temperature (Tm) and degree of crystallinity
were determined considering that the enthalpy of
melting (DHm) of 100% crystalline PCL is 139.5 J/g.31

RESULTS AND DISCUSSION

To produce highly hydrophobic block copolymers
that display thermal properties similar to those of
pure PCL, a low molecular weight initiator, namely
PEG 400 Da, was used. The goal of the preliminary
experiments was to establish the EPD inside the
oven cavity. Conventional fixed-frequency micro-
wave heating often leads to uneven heating.28 The
different color patterns revealed in the CoCl2-soaked
paper indicated the zones of maximum irradiation
and consequently greatest temperature28; CoCl2 is
pink and blue when wet and dry, respectively. A
high-intensity central band (38 mm wide) and two
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side bands of weaker intensity were observed
[SchemeS1 1(A)]. Not surprisingly, the distance
between the bands (6 cm) was similar to one half of
the wavelength (12.5 cm for 2.45 GHz). This EPD
was repeated in both the longitudinal and the cross-
wise direction. On the basis of this, the optimal
dimensions and position of the reaction vessel inside
the cavity were adjusted to enable the homogeneous
irradiation of the whole sample. This is a central
issue that was not addressed by other research
groups employing domestic equipment for polymer
synthesis. In general, it is assumed that the maxi-
mum heating performance takes place in the center
of the cavity, though this would need to be estab-
lished prior to any synthesis. In addition, the irradia-
tion potency is often calculated by taking the ratio
between the power level and the maximum potency
of the oven; e.g., when a power level of 5 (out of 10)
in an oven of maximum potency 800 W is used, an
‘‘average irradiation potency’’ of 400 W is informed.
However, multimode ovens usually irradiate at a
constant potency and the power is graduated by
changing the duration of alternating ‘‘on’’ and ‘‘off’’
times and not by controlling the irradiation po-

tency.4 This calculation methodology is unreliable
and misleading. Thus, this procedure should be con-
ducted in every new domestic oven employed for
synthesis. This phenomenon also stresses the fact
that the reaction conditions could be nonreproduci-
ble when different ovens are used.

The experimental conditions (M/I, reaction time,
type of solvent and concentration) used in this work
and the molecular properties of the synthesized PCL
diols are summarized in Table I. By increasing the M/
I feeding ratio, increasingly longer terminal PCL
blocks were produced. The synthesis of block copoly-
mers by using an active-hydrogen compound as ini-
tiator in the ring-opening polymerization of CL has
been widely investigated. Following the conventional
synthetic route, triblock copolymers consisting
of PCL-PEG-PCL with different hydrophilic-to-
hydrophobic ratio were successfully synthesized32,33;
some of these macrodiols were used as precursors in
polyurethane formulations. In a previous study,
Abraham et al. investigated the final composition of
reaction mixtures of low molecular weight diethyle-
neglycol-initiated (DEG) PCL34 and triethyleneglycol-
initiated (TEG) PCL35 by means of 1H NMR. Findings

TABLE I
Synthesis Conditions, Theoretical, and Experimental Molecular Weight Values of the Different PCL Diols Synthesized

Under Bulk and Solvent Conditions

Polymer M/Ia Solvent
Solvent

content (wt%)
Irradiation
time (min)

Theoreticalb

Mn (kDa)
Mn

c

(kDa)
Mn

d

(kDa)
Mw

d

(kDa)
PDId

(Mw/Mn)

P1 193 – – 10 22.4 23.9 20.1 31.7 1.6
P2 315 10 36.4 39.0 31.1 47.3 1.5
P3* 328 4 37.8 49.4 19.0 27.7 1.5
P4 628 10 72.1 68.0 33.3 51.4 1.5
P5 1140 10 130.5 89.8 36.9 60.3 1.6
P6 1139 14 130.4 118.8 40.4 64.2 1.6
P7 1137 30 130.2 130.6 16.4 30.1 1.8
P8 1138 60 130.3 120.8 18.0 34.5 1.9
P9 1228 14 140.6 40.3 2.8 6.6 2.5
P10 1228 14 140.6 121.5 29.0 44.3 1.5
P11 1226 14 140.4 129.1 29.1 48.3 1.7
P12 1178 14 134.9 64.2 2.9 7.3 2.4
P13 191 DMSO 5 10 21.5 18.5 8.8 15.4 1.8
P14 160 DMF 1 10 18.7 19.3 16.0 26.0 1.6
P15 185 5 10 21.5 18.5 18.5 29.5 1.6
P16 177 10 10 20.7 18.8 16.5 29.9 1.8
P17 200 20 10 23.2 22.6 15.1 23.6 1.6
P18 195 30 10 22.7 23.2 12.2 19.8 1.6
P19 176 40 10 20.5 9.2 6.7 8.7 1.3
P20 426 30 10 49.0 24.7 13.1 18.7 1.4
P21 940 30 10 107.6 86.0 15.8 25.2 1.6
P22 968 30 20 110.9 91.0 22.4 39.1 1.7
P23 1670 30 10 191.0 114.0 23.0 33.3 1.4
P24** 1775 30 10 202.9 225.0 31.5 44.0 1.4

* Power level was 2 (out of 5 levels).
** Reaction conducted in a closed PVC vessel.
a M/I: feeding monomer-to-initiator molar ratio.
b Molecular weight determined according to the molar feeding ratio M/I.
c Number-molecular weight as determined by 1H NMR.
d Molecular weight and PDI as determined by GPC.
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indicated the presence of very low concentrations of
free DEG,33 though no free TEG.34 Accordingly, we
envisioned high conversion extents that would result
in the formation of HO-PCL-PEG-PCL-OH disubsti-
tuted species. In addition, the presence of a PEG cen-
tral segment enabled the calculation of the Mn by 1H
NMR (Fig.F1 1). It is important to remark that for espe-
cially high M/I ratios, the integration of the relevant
peaks in 1H NMR spectra could result in significant
deviations. Hence, NMR was used as a complemen-
tary technique for molecular weight analysis and not
as the ultimate one.

First, reactions were conducted under bulk condi-
tions in an open vessel setup [Scheme 1(B)]. FT-IR
spectroscopy revealed the presence of the character-
istic bands of the polyester (e.g., carbonyl vibration
band at 1724 cm�1). The thermal behavior was
investigated by DSC. All the products exhibited the
characteristic semicrystalline nature of PCL.19 Tm

values were in the 53–64�C range and the degree of
crystallinity between 14 and 48% (data not shown);
the higher the molecular weight, the lower the
degree of crystallinity obtained. When copolymers of
intermediate molecular weight (up to 36 kDa, M/I <
315) were prepared in bulk, very high monomer
conversions (� 100%) were obtained (Table I, P1-P4).
For example, P1 and P2 presented Mn (1H NMR) of
23.9 and 39.0 kDa, respectively, while the theoretical

values were 22.4 and 36.4 kDa. The absence of the
characteristic peak of free CL in 1H NMR spectra at
4.25 ppm (Fig. 1) was also confirmed.36 GPC analysis
revealed the presence of unimodal molecular weight
distributions and, often, relatively low PDI values
(<1.6) (Fig. F22). Also, Mn values measured by GPC
were in full agreement with 1H NMR data. These
results indicated that a 10 min irradiation was
enough to complete the polymerization. When M/I
ratios greater than � 315 were intended irradiating

Scheme 1 (A) Determination of the EPD in the oven cavity by means of the CoCl2-soaked paper. (a) Upper view of the
setup employed to evaluate the irradiation pattern inside the oven cavity. (b) Irradiation pattern in the microwave oven
employed during the study. The shade areas represent areas of maximum temperature (CoCl2 turns from pink to blue).
(B) Reaction setup in an open glass vial. (C) Reaction setup in a closed PVC reactor. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]AQ5

Figure 1 1H NMR spectrum of PCL diol (sample P4). The
signals employed for the calculation of Mn are indicated.
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over 10 min, Mn (1H NMR) (and conversions) gradu-
ally decreased with respect to the theoretical values.
For example, P5 showed a % conversion of approxi-
mately 69%. GPC-measured molecular weights were
even smaller, at least when a 10 min irradiation was
used (e.g., P5); the higher the M/I was, the greater
the gap between NMR and GPC data. To further
investigate the effect of the irradiation time on the
polymerization, four reaction mixtures of similar
composition (M/I ¼ 1137–1140) were irradiated over
10–60 min (P5-P8). A slightly longer irradiation time
of 14 min led to a clear increase of the monomer
conversion from 69% (P5) to 91% (P6). On the other
hand, molecular weights (GPC) remained smaller
than the theoretical ones. Then, irradiation times lon-
ger than 14 min lead to a further decrease of the
chromatographic molecular weight (Fig.F3 3); e.g., Mw

values of P6 and P8 were 64.2 and 34.5 kDa, respec-
tively. These findings were in full agreement with
previous reports 35,37 and would suggest that a ther-
mal degradation process takes place upon micro-
wave overexposure. It is worth stressing that all the
samples were analyzed by GPC, showing always
unimodal patterns. Also, elution peaks belonging to
low molecular weight fractions were not observed. It
should be remarked though, that no additional evi-
dence of this degradation process is available. On
the other hand, an identical reaction mixture irradi-
ated over more than 14 min rendered lower molecu-
lar weight copolymers. Thus, it seems reasonable to
assume that at certain time point (when almost all
the monomer has been consumed), the probability of
generating new ester bonds decreases pronouncedly,
while the chance of chain scission concomitantly
increases.

Sample weights were monitored over time to es-
tablish any potential monomer evaporation. Results
indicated that no monomer was lost (<1 wt %);
the boiling point (BP) of CL is 253�C, far above the

reaction temperature (150–160�C). These observa-
tions suggested that the deleterious effect on the mo-
lecular weight could not be attributed to monomer
evaporation. On the other hand, the decrease of the
Mn (1H NMR) with respect to the theoretical value
indicates that the monomer conversion is incom-
plete. Since CL residues are totally eliminated dur-
ing the purification process, they are not observed in
1H NMR (Fig. 1) and GPC (Fig. 2) analyses of the
purified copolymers. Conversely, nonreacted CL
was apparent in the chromatograms of high molecu-
lar weight crude products. Moderate to noticeable
deviations of GPC data from average molecular
weights calculated by 1H NMR for high molecular
weight polymers synthesized by ROP have
been previously described for PLA-PEG-PLA38 and
PCL-PEG-PCL triblocks27 and poly(trimethylene)
carbonate (PTMC)39 and PTMC-PEG-PTMC copoly-
mers.40 Zhang et al. suggested that a lower conver-
sion extent for LA/PEG M/I ratios greater than 200
and a sharp Mn (GPC) decrease would stem from
more limited reaction rates37 (see below). In this
work, the fast and sharp viscosity increase observed
after 10–20 s irradiation together with the decreasing
CL concentration could explain the pronounced
decline of the reaction rate, especially for high M/I
ratios.37 In a more recent work, the decrease of Mn

(GPC) with respect to theoretical and 1H NMR val-
ues together with a high % conversion was attrib-
uted to monomer homopolymerization, this phe-
nomenon being more pronounced for growing M/I
ratios.38 Storey and Taylor suggested that in the ab-
sence of initiator (e.g., ethylene diol), the SnOct-cata-
lyzed homopolymerization of CL could be initiated
by water traces that are introduced with the cata-
lyst.41 In this context, it is expected that the sharp
increase of the M/I feeding ratio could favor this sec-
ondary polymerization pathway over the primary

Figure 2 GPC chromatograms of copolymers P5-P8.
Products showed unimodal molecular weight profiles and
relatively low PDI values usually < 1.9.

Figure 3 Mn (h) and Mw (n) as a function of MW irradi-
ation time for copolymers with initial M/I molar ratio of
� 1140 (samples P5–P8).
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one. In other words, high conversions associated
with a drop in the chromatographic molecular
weight could be only explained by a homopolymeri-
zation route. Having expressed this, in the case of
copolymers displaying also a decrease of the Mn (1H
NMR) (and the calculated % conversion), a com-
bined detrimental effect of viscosity growth (and
slower polymerization rate) and homopolymeriza-
tion seem to undermine the attainment of higher
molecular weights.

To evaluate the combined effect of radiation
power and exposure time on the ROP, two copoly-
mers of similar M/I ratio were synthesized under
different conditions; P2 (M/I ¼ 315) and P3 (M/I ¼
328) were exposed to power levels of 1 and 2 for 10
and 4 min, respectively. Mn and Mw (GPC) values
were substantially higher for P2. These results
strongly suggest that, once the minimum irradiation
power is achieved, the reaction time is a more cru-
cial parameter. As previously reported, excessive
power usually leads to polymer thermal degradation
and a reduction of the final molecular weight.37,38

Another key parameter is the catalyst concentra-
tion. P9-P12, four PCL diols with similar theoretical
molecular weight (135–140 kDa), were synthesized
in the presence of increasing catalyst concentrations.
The increase of the catalyst concentration from 0.8%
to 1.2% led to a clear increase of Mn and Mw (GPC)
from 2.8 to 29.1 kDa and from 6.6 to 44.3 kDa,
respectively, (Fig.F4 4). A higher conversion extent was
also found (29–86%). This molecular weight growth
was accompanied by a sharp decrease of the PDI. A
further increase to 3.7% led to an additional growth
in Mw, while Mn remained almost unchanged. In
addition, the conversion grew to 92%. Then, 5.3%
catalyst resulted in a sharp decrease of the molecular
weight (P12). 1H-NMR also evidenced a clear

decrease of the monomer conversion for 0.8 and
5.3% SnOct. These findings indicated that the opti-
mal catalyst concentration for the synthesis of these
copolymers would range between 2 and 3% and that
is higher than the reported by other authors.23 It
should be mentioned though that these reactions
were conducted under different conditions.23 Molec-
ular weights determined by 1H NMR for P10 and
P11 showed relatively high conversion extents, indi-
cating that for the production of PCL-PEG-PCL
diblocks and triblocks, higher catalyst concentrations
might be required.11,42

Regardless of the synthetic approach employed,
the reproducible synthesis of large polymer amounts
represents a challenging goal. To assure the mainte-
nance of low viscosity and, thus, enable greater con-
version extents, we were interested in exploring the
effect of solvent type and concentration on the poly-
merization progress. It is worth stressing that, to the
best of our knowledge, this study is the first investi-
gating the microwave-assisted ROP of CL under sol-
vent conditions.

The ability of a molecule to translate electromag-
netic energy into heat at a given frequency and tem-
perature is determined by the loss tangent (tan d).4

The higher the tan d, the more efficient the radiation
absorption and the faster the heating are. Thus, sol-
vents with tan d > 0.5, 0.1–0.5, and < 0.5 are consid-
ered as high-, medium-, and low-absorbing com-
pounds. To study the effect of this parameter on the
synthetic performance, two solvents displaying rela-
tively high boiling point (BP), though sufficiently
different tan d were primarily considered: (i) DMSO
(tan d ¼ 0.825, BP ¼ 189�C) and (ii) DMF (tan d ¼
0.165, BP ¼ 153�C). Thermally driven ROP reactions
usually take place at temperatures above 120–
150�C.11,23,41 Because of the higher capacity of
DMSO to absorb microwaves, faster reaction rates
and higher polymerization efficiencies than those
attained with DMF were expected. P13 and P15, two
PCL copolymers with M/I of 191 and 185, respec-
tively, and exposed to 10 min irradiation were syn-
thesized with the addition of 5% solvent (DMSO
and DMF, respectively). Results indicated that the
polymerization performance in DMF (P15) was simi-
lar to that observed under bulk conditions (see P1),
Mn and Mw (GPC) values being 18.5 and 29.1 kDa. A
similar behavior was observed with 10% DMF (P16).
In contrast, 5% DMSO (P13) led to lower molecular
weights; e.g., Mn and Mw (GPC) of 8.8 and 15.4 kDa,
respectively. DMSO is relatively stable under ther-
mal treatment, though it decomposes into dimethyl-
sulfide, dimethyldisulfide, bismethylthiomethane,
water, and formaldehyde upon prolonged heating.43

In contrast, DMSO decomposes very rapidly under
the extremely energetic microwave conditions.42 This
behavior is intimately associated with its high

Figure 4 Mn (h) and Mw (n) as a function of the catalyst
concentration for copolymers with initial M/I molar ratio
of 1178–1228 (samples P9–P12).
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absorbing properties. In this context, DMSO over-
heating could probably explain the smaller molecu-
lar weights obtained. Even though DMF was also
reported to react in the presence of Pd catalysts
under microwave irradiation,44 the milder conditions
of the present study did not lead to any apparent
decomposition. To gain further insight into the effect
of the solvent, in advance, reactions were conducted
with increasing DMF concentrations. The synthesis
of copolymers displaying moderate molecular
weight (� 20 kDa) in up to 30 wt % DMF were also
efficient; note the relatively good agreement between
the theoretical and the experimental molecular
weights of polymers P17 and P18 (Table I). Contrary
to this, when DMF concentrations greater than 30%
were intended, a pronounced deleterious effect was
apparent. For example, a polymer with theoretical
Mn of 20.5 kDa (P19) showed experimental Mn val-
ues of 9.2 and 6.7 kDa by 1H NMR and GPC, respec-
tively, (Table I). These findings not only indicated a
smaller degree of polymerization, as expressed by
the lower molecular weight, but also a dramatically
smaller monomer conversion. A similar trend was
found with increasing M/I ratios, even when 30%
DMF was used; e.g., reaction mixtures with theoreti-
cal molecular weights of 49.0 (M/I ¼ 426; P20), 107.6
(M/I ¼ 940; P21) and 191.0 kDa (M/I ¼ 1670; P23)
led to Mn (1H NMR) values of 24.7, 86.0, and 114.0
kDa, respectively. In addition, GPC showed even
smaller molecular weights, consistent with a homo-
polymerization pathway (see below). This behavior
was similar to the one shown for copolymers with
relatively high M/I and synthesized in bulk (see
above). The performance of the polymerization
was slightly improved with longer reaction times.
For example, P21 (M/I ¼ 940, Mn ¼ 107.6 kDa) and
P22 (M/I ¼ 968, Mn ¼ 110.9 kDa) were irradiated
over 10 and 20 min, respectively. The generated
copolymers displayed 1H NMR values of 86.0 and
91.0 kDa, conversion extents being � 80%. In addi-
tion, a moderate increase of the chromatographic
molecular weight for a longer irradiation was
observed. It is worth mentioning that reactions
were conducted in open vials to minimize the
pressure rise. This procedure was supported by
the fact that reaction times were relatively short
and that the temperature of the reaction mixture
usually rose up to 130–150�C, a temperature range
slightly below the BP of DMF. It is worth stressing
that also under solvent conditions, negligible
weight losses (<1%) were recorded. In any event,
it has been clearly shown that the synthesis of
copolymers displaying moderate molecular weights
can be conducted even with DMF contents as high
as 30%. A slight molecular weight decrease
between P1 (bulk) and P18 (30% DMF), two
copolymers with almost identical M/I, could be

attributed to the introduction of additional water
amounts present in this hygroscopic solvent, this
water favoring the secondary polymerization path-
way (homopolymerization).

Previous investigations showed that reactions
conducted in closed reaction vessels could be faster
and more efficient.4 If the reaction is conducted
under atmospheric pressure in an open vessel, the
heating process is conditioned by the solvent boiling
point and the rate enhancement is more limited; the
superheating effect is up to 40�C.4 In an attempt to
conduct the ROP under pressure and evaluate the
enhancement of the reaction efficiency, open glass
vials were replaced by a sealed PVC reactor
[Scheme 1(C)]. In general, polymers are transparent
to MW-radiation.45 Results indicated that the lower
viscosity generated in presence of 30% DMF
enabled the complete monomer conversion (P24).
On the other hand, it is worth mentioning that GPC
data deviated remarkably from NMR, Mn and Mw

(GPC) values being 31.5 and 44.0 kDa, respectively.
These findings support that homopolymerization is
the preferred polymerization pathway when very
high M/I molar ratios are reacted. When a higher
dilution (>40%) was explored in a closed reactor
setup, the polymerization efficiency decreased even
further (not shown). In this framework, longer irra-
diation times could lead to a recovery of the poly-
merization extent and to higher chromatographic
molecular weights. These aspects need to be further
investigated and the conditions for the synthesis of
high molecular weight PEG-PCL copolymers under
solvent conditions conveniently fine tuned. In any
case, the range of molecular weights attained in this
work (Mw up to 64.0 kDa) would enable the fast and
efficient production of derivatives with a broad
range of molecular weights, HLB values and physi-
cochemical and mechanical properties. These bio-
materials could fit a variety biomedical applications,
from those requiring relatively low mechanical
properties (e.g., micro and nanoparticles 27,46 for
drug delivery), to mechanically challenged systems
such as nanofibers47 and to tissue engineering
scaffolds.48

Finally, scale up is an intrinsic challenge of MAPS.
In the present work, the polymerization of five identi-
cal reaction mixtures (in the same irradiation session)
was intended. However, no polymerization took
place. In this context, we are assessing additional
modifications that could be performed to the oven to
improve the ability to synthesize greater batches.

CONCLUSIONS

The PEG-initiated ring-opening polymerization of
CL under microwave irradiation was successfully
carried out under bulk and solvent conditions.
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Polymers with molecular weights (as determined by
GPC) as high as 64.0 kDa were obtained. This syn-
thetic approach could be also exploited to synthesize
PCL derivatives displaying different molecular
architectures; e.g., mono-, bi-, and trifunctional
initiators would result in diblock, triblock and star-
shaped PCL molecules. Studies underway are
focused on (i) the synthesis of PCL derivatives
employing other heterogeneous initiators and (ii) the
design of a continuous flow reactor for the scaling
up of the polymer synthetic process.
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