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ABSTRACT: The hydrolytic degradation process and degradation product patterns of biodegradable homo- and
copolyesters of 1,5-dioxepan-2-one (DXO) and ε-caprolactone (CL) were monitored by electrospray ionization
mass spectrometry (ESI-MS). The degradation product patterns were compared to mass loss, molecular weight
changes, copolymer composition, and pH changes after various hydrolysis times. Water-soluble oligomers up to
heptadecamer were identified after hydrolysis of hydrophilic PDXO, while only oligomers up to hexamer were
detected after hydrolysis of the more hydrophobic PCL. The product pattern of DXO-CL-DXO triblock copolymer
mainly consisted of DXO-based oligomers, whereas the CL/DXO multiblock copolymer degradation product
pattern contained DXO and CL oligomers as well as oligomers containing both DXO and CL units. The DXO-
rich oligomers, however, dominated the product patterns. ESI-MS gave valuable insights into the hydrolysis
process of hydrophobic and hydrophilic polyesters and showed that hydrophilicity of the polymer as well as
copolymer architecture both greatly influenced the water-soluble degradation product patterns.

Introduction

Continuous progress in the synthesis of aliphatic polyesters
such as polylactide (PLA), poly(ε-caprolactone) (PCL), polyg-
lycolide (PGA), and various copolymers has led to a broad array
of materials with sophisticated architectures and controlled
properties.1 Water-soluble hydroxyacids and their oligomers are
commonly formed as degradation products when aliphatic
polyesters are hydrolyzed.2 The nature and amount of these
products influence the biocompatibility during the use in
biomedical applications. Gas chromatography-mass spectrom-
etry (GC-MS),3–5 high performance liquid chromatography
(HPLC),5,6 and capillary zone electrophoresis (CZE)7,8 have
been used to monitor the water-soluble products liberated during
the hydrolytic and enzymatic degradation of polyesters. Re-
cently, electrospray ionization mass spectrometry (ESI-MS) has
proven itself as a useful analytical tool for analysis of individual
(co)polyester oligomers released during the hydrolysis. The
structure of the end groups and repeating units of oligomers
may also be inferred from the mass spectra. Oligomers formed
during degradation of PLA,9,10 poly(ε-caprolactone-δ-valero-
lactone),11 poly(ε-caprolactone-L-lactide),11 poly(butylene suc-
cinate-co-butylene sebacate/adipate),12 and poly(hydroxyal-
kanoates) and their synthetic analogues as well as their
copolymers and blends13–15 have been analyzed by ESI-MS.
The application of mass spectrometry to evaluate the changes
in chemical composition for different PLA, PCL, and PGA
copolymers during hydrolytic degradation has also been re-
ported.16

In previous work we used GC-MS to analyze monomeric
hydroxyacids formed during hydrolysis of various poly-
(ester-ether)s.17,18 It was shown that migration of monomeric
hydroxyacids from the material, a potential cause of inflam-
matory responses in the body, was controllable through mac-

romolecular design.17 In this work, focus was shifted toward
the water-soluble oligomers, another potential factor which may
influence the cytotoxicity.19 Our hypothesis was that the water-
soluble degradation product patterns are highly dependent on
the hydrophilicity of the polyester and its oligomeric degradation
products as well as the arrangement of the hydrophilic units in
the copolymer. Homo- and copolymers of hydrophobic PCL
and hydrophilic poly(1,5-dioxepan-2-one) (PDXO) were, thus,
exposed to hydrolytic degradation for up to 147 days. Water-
soluble oligomers released into the degradation medium were
identified on the basis of ESI-mass spectra to evaluate the effect
of hydrophilicity and macromolecular structure on the water-
soluble degradation product patterns.

Experimental Section

Materials. ε-Caprolactone (CL) (Aldrich, Germany) was dried
and distilled over calcium hydride (CaH2) at reduced pressure before
use.1,5-Dioxepan-2-one (DXO) was synthesized via a Bayer-
Villiger oxidation according to the literature.20 Purification of DXO
was performed by recrystallization from dry ether and two
subsequent distillations under vacuum. Prior to the final distillation,
the monomer was dried over CaH2 for 24 h. All monomers were
stored in an inert atmosphere in an Mbraun MB150B-G-I (Ger-
many) glovebox before use. Chloroform (BergmanLabora, Sweden)
stabilized with 2-methyl-2-butene was dried over CaH2 for at least
24 h and distilled under vacuum in an inert atmosphere just before
use. The cyclic tin alkoxide initiator 1,1,6,6-tetra-n-butyl-1,6-
distanna-2,5,7,10-tetraoxacyclodecane was synthesized from dibu-
tyltin oxide and 1,2-ethanediol as described in the literature.21

Polymerization Technique. The reaction vessels were silanized,
and all glassware and syringes were flame-dried prior to use. The
synthesis of the CL and DXO homopolymers and the CL/DXO
copolymers (triblock and multiblock) were performed as described
in literature.21,22 The first monomer, initiator, and chloroform were
added to the reaction vessel in an inert atmosphere and were allowed
to react until complete conversion via ring-expansion polymerization
before the second monomer was added. Only CL and DXO were
added for the synthesis of the homopolymers and allowed to react
completely. DXO was added as the first monomer for the multiblock

* Corresponding author: Ph +46-8-790 82 74; Fax +46-8-20 84 77;
e-mail: aila@polymer.kth.se.

† Royal Institute of Technology.
‡ Polish Academy of Sciences.

3547Macromolecules 2008, 41, 3547-3554

10.1021/ma800365m CCC: $40.75  2008 American Chemical Society
Published on Web 05/06/2008



copolymers and CL as the second monomer, whereas the reaction
order was reversed for the triblock copolymer. The obtained
polymers were precipitated in a 95:5 mixture of cold hexane and
methanol. Films from the triblock and multiblock copolymers and
the homopolymers were prepared by dissolving the polymers in
chloroform and thereafter solution-casted into thin films (0.1 mm)
on glass plates. The solvent was evaporated, and the films were
allowed to dry under vacuum for at least 1 week before analysis.

Hydrolysis. The different polymers were subjected to hydrolytic
degradation in deionized water at 37 °C. Approximately 10 mg of
polymer and 5 mL of water were added to a 20 mL glass vial. The
sample vials were sealed with septa and placed in a thermostatically
controlled incubator with temperature set to 37 °C and rotation to
60 rpm. Vials were withdrawn from the test environment after 1,
7, 21, 49, and 147 days of degradation. The remaining solid polymer
was dried to constant weight under reduced pressure for 2 weeks,
and the water fractions were analyzed for water-soluble oligomers
by ESI-MS. Triplicate samples were withdrawn and analyzed after
each aging time.

ESI-MS and ESI-MS/MS Analysis. Electrospray mass spec-
trometry analysis was performed using a Finnigan LCQ ion trap
mass spectrometer (Finnigan, San Jose, CA). The polyester samples
were dissolved in a water/methanol system (2:1 v/v), and the
solutions were introduced to the ESI source by continuous infusion
using the instrument syringe pump at a rate of 3 µL/min. The ESI
source of the LCQ was operating at 4.5 kV, and the capillary heater
was set to 200 °C. Nitrogen was used as nebulizing gas. For ESI-
MS/MS experiments the ions of interest were isolated monoiso-
topically in the ion trap and collisionally activated. The helium
damping gas present in the mass analyzer was acting as collision
gas. The significant voltage range RF amplitude was set to a value
that caused the peak height of the parent ion to decrease by at least
50%. The analyses were performed in negative-ion mode.

Mass Loss. The mass loss of the polymer samples was
determined by comparing the dry weight (md) after hydrolysis with
the initial weight (m0) according to eq 1. The samples were dried
for 2 weeks at reduced pressure (0.5 × 10-3 mbar) before
determination of the dry weight.

∆md )
m0 -md

m0
× 100 (1)

Nuclear Magnetic Resonance (NMR). The composition of the
materials was determined using 1H NMR by comparison of the
peak intensities of the comonomers (δCL ) 2.30 ppm and δDXO )
3.75 ppm). The average sequence lengths of the multiblock
copolymers were determined by 13C NMR spectroscopy and
calculated according to the equations23
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1H NMR and 13C NMR were obtained using a Bruker Advance
DPX-400 nuclear magnetic resonance spectrometer operating at 400
and 100 MHz, respectively. 5 mg samples for 1H NMR and 100
mg samples for 13C NMR were dissolved in 1 mL of deuteriochlo-
roform (CDCl3) in a 5 mm diameter sample tube. Nondeuterated

chloroform was used as an internal standard (δ ) 7.26 ppm for 1H
NMR and δ ) 77.0 ppm for 13C NMR).

Size Exclusion Chromatography (SEC). The molecular weights
of the polymers after polymerization and after different hydrolysis
times were determined by SEC. N,N-Dimethylformamide (Fischer,
Sweden) was used as the eluent with a flow rate of 1.0 mL/min.
The injection volume was 50 µL. The instrument comprised a
Waters 717 Plus autosampler and a Waters model M-6000A solvent
pump equipped with a PL-EMD 960 light scattering evaporative
detector, two PLgel 10-mm mixed B columns (300 × 7.5 mm)
from Polymer Laboratories, and one Ultrahydrogel linear column
(300 × 7.8 mm) from Waters, connected to an IBM-compatible
computer, were used. Polystyrene standards with narrow molecular
weight were used for calibration. Millennium software version 3.20
was used for data processing.

Differential Scanning Calorimetry (DSC). The thermal proper-
ties of the materials were examined using a DSC (Mettler Toledo
DSC 820 module) under nitrogen atmosphere. Approximately 5
mg of the polymer was encapsulated in a 40 µL aluminum cap
without pin. Samples were heated under a nitrogen gas flow of 50
mL/min from -65 to 80 °C at a rate of 10 °C/min. The samples
were then cooled from 80 to -65 °C at a rate of 10 °C/min before
being heated again from -65 to 80 °C at a rate of 10 °C/min. From
the first heating scan, the melting temperatures, Tm, were noted
as the maximum values of the melting peaks and the midpoint
temperature of the glass transition was determined as the glass
transition temperature, Tg. When determining the crystallinity of
the copolymers, it was assumed that the only contribution to the
heat of fusion was from CL units. PDXO has earlier been shown
to be a fully amorphous polymer having a Tg between -35 and
-40 °C.20 The approximate crystallinity of the copolymers was
calculated according to the equation

wc )
∆Hf

∆Hf
0

(4)

where wc is the degree of crystallinity, ∆Hf is the heat of fusion of
the sample, and ∆Hf

0 is the heat of fusion of 100% crystalline
polymer. 139.5 J/g was used as ∆Hf

0 value for PCL.24

Results and Discussion

Homo- and copolymers of caprolactone (CL) and 1,5-
dioxepan-2-one (DXO) were subjected to hydrolytic degradation
in deionized water for up to 147 days. The hydrolytic degrada-
tion and especially the effect of copolymer composition and
architecture on the degradation process were followed by
monitoring the water-soluble degradation products by ESI-MS.
In addition, mass loss, molecular weight, copolymer composi-
tion, and pH were determined after various degradation times.
The polymer type, copolymer compositions, average block
lengths, and molecular weights are presented in Table 1. The
polymer names are denotations of their structure and copolymer
composition; i.e., M-C60D40 is a multiblock copolymer com-
prising 60% CL and 40% DXO.

Structural Characterization of Water-Soluble Degrada-
tion Products by ESI-MS. After different hydrolysis times the
water fractions were analyzed by electrospray ionization mass

Table 1. Polymers and Their Characteristics Prior to Hydrolysis

polymer composition (%) average block lengthb

polymer name polymer architecture CL DXO CL DXO Mn
c (g/mol) PDIc Tm

d (°C) wc
d (%) Tg

d (°C)

H-D100 homopolymer 0 100 5 500 1.6
H-C100 homopolymer 100 0 17 500 2.0 66.0 72.6
M-C60D40 multiblock 62a 38a 7.3 4.1 20 600 1.9 53.6 49.9 -49.7
M-C75D25 multiblock 74a 26a 11.6 3.1 17 200 2.1 56.7 55.4 -54.6
T-C60D40 triblock 62a 38a 19 500 2.3 60.0 45.0 -45.7
a Determined by 1H NMR using δCL ) 2.30 ppm and δDXO ) 3.75 ppm. b Determined by 13C NMR. c Determined by DMF SEC calibrated with narrow

MWD polystyrene standards. d Determined by DSC from the first heating scan.
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spectrometry (ESI-MS) to identify the water-soluble degradation
products formed during the hydrolysis of homo- and copoly-
esters of 1,5-dioxepan-2-one and ε-caprolactone. The expected
hydrolysis products are the oligomers terminated by hydroxyl
and carboxyl end groups and their respective monomeric
hydroxyacids.

ESI-MS Analysis of Water-Soluble Oligomers and Hy-
drolysis Products of PDXO. Parts a and b of Figure 1 show
negative ESI-MS spectra of the low molecular weight com-
pounds that had migrated from poly(1,5-dioxepan-2-one) (PDXO)
homopolymer (H-D100) to water after 1 day and after 21 days
of hydrolysis, respectively.

The figure clearly shows how the water-soluble product
pattern changes as the hydrolysis proceeds. The mass spectrum
acquired after 1 day shows increasing signal intensities for the
oligomers as a function of increasing molecular weight (Figure
1a), whereas the concentration of oligomers with lower molec-
ular weight increases as a function of hydrolysis time (Figure
1b). The low original molecular weight and short hydrolysis
time, together with the significant increase in the number-
average molecular weight and decrease in the polydispersity
index observed for H-D100 after only 1 day in water (see the
Molecular Weight Changes section), support the conclusion that
the compounds detected after 1 day are low molecular weight
oligomers originally present in the sample and not degradation
products formed due to hydrolysis. The shift of the signals
toward lower mass range shows that the hydrolytic degradation
process progressed rapidly over the 21 day period leading to
formation of shorter oligomers (Figure 1b).

Figure 2 shows ESI-MS spectrum of H-D100 hydrolysis
products after 21 days in two spectral expansions of m/z 50-500
(Figure 2a) and m/z 820-1450 (Figure 2b). One main set of
anions was observed with a peak-to-peak mass increment of
116 Da (labeled A). This series correspond to 3-(2-hydroxy-
ethoxy)propanoic acid (at m/z 133) and its water-soluble
oligomers terminated by carboxyl and primary hydroxyl end
groups. The general chemical structure of the oligomers is also
presented in Figure 2.

Two additional series of anions, labeled B and C, were present
predominantly in the low mass range. With the exception of

some ions from B series at the low mass range, these series
generally had significantly lower abundance (especially for series
C). These series of anions are probably formed by fragmentation
of 3-(2-hydroxyethoxy)propanoic acid oligomers (series A),
which occurs during the ionization process in the ESI-MS
spectrometer and do not correspond directly to real hydrolytic
degradation products of PDXO. These products can be formed
by the cleavage of an -CH2-O-CH2- ether bond with transfer
of a hydrogen atom and formation of the product ions: one
bearing a carboxyl and an unsaturated end group and the other
terminated with carboxyl and hydroxyl end groups, series B
and C, respectively (Scheme 1). The formation of unsaturated
(Scheme 1, pathway a) and hydroxyl (Scheme 1, pathway b)
end groups due to the ether bond cleavage was previously
reported in the case of fragmentation of PEG oligomers.25

Figure 1. Negative ESI-MS spectra of water-soluble compounds
migrating from poly(1,5-dioxepan-2-one) to water after (a) 1 day and
(b) 21 days degradation at 37 °C.

Figure 2. Expanded ESI-mass spectra of water-soluble degradation
products of poly(1,5-dioxepan-2-one) after 21 days of hydrolytic
degradation at 37 °C in the mass range (a) m/z 50-500 and (b) m/z
820-1450.

Scheme 1. Possible Fragmentation Pathway of DXO Oligomers
to (a) Unsaturated and (b) Hydroxyl-Terminated Products

during the ESI-MS Analysis
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Confirmation of the Structure of the Hydrolysis Products
by ESI-MS/MS. Additional insight into the structure of
individual oligomer chains is achieved by multistage mass
spectrometry (MSn), where the molecular ion of interest is
separated from all other ions formed during ionization and
further fragmented. The structural assignment of the obtained
water-soluble PDXO degradation products was confirmed by
the ESI-MS/MS experiments which were performed for the two
anions at m/z 1293 and m/z 1231 selected from the series A
and B, respectively (Figure 3a,b).

The fragmentation of the ion at m/z 1293, which may occur
from both sides of the oligomer, produces two sets of fragment
ions (see fragmentation pathway in Figure 3a). According to
the assigned structures, the main series of product ions at m/z
1231, 1115, 999, 831, 767, 651, and 535 correspond to the DXO
oligomers containing unsaturated and carboxyl end groups. The
product ions at m/z 1177, 1061, 945, 829, 713, and 597 (with
low intensities) correspond to the DXO oligomers containing
hydroxyl and carboxyl end groups. Thus, the fragment ion at
m/z 1231 corresponds to the oligomer formed by the expulsion
of a neutral molecule (62 Da), and the further fragmentation of
this ion proceeds, mainly via ether bond cleavage, and creates
a set of product ions which also contain unsaturated and carboxyl
end groups (product ions at m/z 1115, 999, 831, 767, 651, and
535; see fragmentation pathway Figure 3a and Scheme 1a).25

The series of product ions at m/z 1177, 1061, 945, 829, 713,
and 597 (with low intensities) are formed by hydrogen rear-
rangement mechanisms via a six-membered intermediate,
preferentially from carboxyl side, and leads to the selective
cleavage of the -O-CH- bond between the two monomer
units in the macromolecule (see fragmentation pathway Figure
3a). A similar fragmentation pathway was previously reported

for poly[(R,S)-3-hydroxybutyrate-co-hydroxyhexanoate] copoly-
ester.26

The formation of unsaturated end groups by the ether bond
cleavage was demonstrated by ESI-MS/MS experiment provided
for the parent ion at m/z 1231 selected from the series B (Figure
3b). The exclusive fragmentation via -O-CH2- ether bond
cleavage was observed, shoving the higher susceptibility of ether
bond with respect to ester bond cleavage under the fragmentation
conditions (Figure 3b, Scheme 1a).

ESI-MS Analysis of Water-Soluble Hydrolysis Products
of PCL. Figure 4 shows the ESI-MS spectrum of water-soluble
degradation products of poly(ε-caprolactone) (PCL) homopoly-
ester H-C100 after 147 days of hydrolytic degradation. One set
of singly charged anions with a peak-to-peak mass increment
of 114 Da, which is equal to the molecular weight of the CL
repeating unit, is observed in the mass range m/z 50-900 in
this spectrum. The signals observed correspond to the 6-hy-
droxyhexanoic acid (signal at m/z 131) and its water-soluble
oligomers with 2-6 repeating units terminated by carboxyl and
hydroxyl end groups. Longer oligomers might also be formed
during the hydrolysis, but due to the hydrophobic nature of PCL,
they are not water-soluble and thus not detected by ESI-MS. A
large difference in the product pattern is, thus, observed
compared to the ESI-MS spectra of PDXO hydrolysis products,
where water-soluble products with molecular weights up to 1990
g/mol, i.e., oligomers with 17 DXO units, were observed. As
the upper mass range of the ESI-MS was 2000 g/mol, it is likely
that even longer DXO oligomers are water-soluble and present
in the water fractions.

The ESI-MS/MS experiment performed for the molecular
anions at m/z 701 selected from ESI-MS of water-soluble
degradation products of poly(ε-caprolactone) (Figure 4) as well
as the fragmentation experiment (ESI-MS3) performed subse-
quently for the ion at m/z 359 presented in Figure 5 confirmed
the structural assignments above. The fragmentation of the
selected anions of CL oligomers occurs by the hydrogen
rearrangement mechanism, preferentially from the carboxyl side,
and leads to the selective cleavage of the -O-CH- bond
between the two monomer units in the oligomer. Thus, the
fragment ion at m/z 587 corresponds to the CL oligomer product
ions terminated by hydroxyl and carboxyl end groups which
are formed by the expulsion of 5-hexenoic acid (114 Da) from
the carboxyl side (see fragmentation pathway in Figure 5). The
subsequent fragmentation experiment of the anion at m/z 359
and corresponding MS3 mass spectrum is also presented in
Figure 5. The further fragmentation of this anion also occurs
from the carboxyl side and leads to the formation of two ions:
CL dimer (hydroxyl- and carboxyl-terminated, signal at m/z 245)
and 6-hydroxyhexanoic acid (signal at m/z 131).

Figure 3. ESI-MS/MS spectra of DXO oligomers: (a) an oligomer at
m/z 1293 terminated by hydroxyl and carboxyl end groups selected
from the series A (Figure 2) and (b) an oligomer at m/z 1231 terminated
by unsaturated and carboxyl end groups selected from the series B
(Figure 2).

Figure 4. Negative ESI-MS spectra of water-soluble degradation
products of poly(ε-caprolactone) after 147 days of hydrolytic degrada-
tion at 37 °C.
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ESI-MS Analysis of Water-Soluble Hydrolysis Products
of the CL/DXO Copolyesters. Figure 6a-c shows three
spectral expansions of the ESI-mass spectra of the water-soluble
products obtained after 147 days of hydrolytic degradation of
CL/DXO copolyesters with different architectures: (a) triblock
DXO-CL-DXO with 60% CL (T-C60D40), (b) multiblock
CL-DXO with 60% CL (M-C60D40), and (c) multiblock
CL-DXO with 75% CL (M-C60D40). The ESI-mass spectrum
of the water-soluble degradation products of T-C60D40 (Figure
6a) is similar to the spectrum obtained for the water-soluble
degradation products of H-D100 (compare Figure 1 and Figure
6a). The set of anions observed in this spectrum correspond to
the water-soluble DXO oligomers terminated by carboxyl and
primary hydroxyl end groups. These results together with the
decreasing DXO content determined by NMR clearly show that
the DXO side blocks were preferentially hydrolyzed. Figures
6b,c demonstrate the ESI-mass spectra of water-soluble products
of multiblock copolyesters with different composition, i.e.,
M-C60D40 and M-C75D25. Besides the signals corresponding
to the DXO oligomers, signals corresponding to oligomers
containing both CL and DXO units terminated by hydroxyl and
carboxyl end groups were observed in these spectra. Moreover,
in each mass spectra signals corresponding to oligomers
terminated by unsaturated and carboxyl end groups formed
probably under the ionization condition were detected (Scheme
1). The assignments of the peaks observed in the expanded
region of the negative spectra (Figures 6a-c) are reported in
Table 2.

Additionally, in the low mass range of ESI-mass spectra of
water-soluble products of each copolyester, signals correspond-
ing to 3-(2-hydroxyethoxy)propanoic acid (at m/z 133) and its
fragmentation product (at m/z 71), 6-hydroxyhexanoic acids (m/z

131) as well as small amounts of 6-hydroxyhexanoic acid
oligomers with hydroxyl and carboxyl end groups were detected
(Figure 7). Independently of architecture or composition of
copolyesters studied the detected water-soluble products were
enriched with DXO and DXO/CL oligomers with low number

Figure 5. ESI-MS3 experiments of the hydroxyl- and carboxyl-
terminated CL oligomer anion at m/z 701 selected from ESI-mass
spectrum of water-soluble degradation products of poly(ε-caprolactone)
(Figure 4).

Figure 6. Expanded region m/z 1040-1320 of the ESI-mass spectra
of the water-soluble products of (a) T-C60D40, (b) M-C60D40, and
(c) M-C75D25 obtained after 147 days of hydrolysis at 37 °C.

Table 2. Calculated m/z Values for Assumed Chemical
Compositions for the Peaks Observed in the Expanded Regions

of the Negative ESI-Mass Spectra of the Water-Soluble
Degradation Products of CL/DXO Copolyesters with Different

Architectures

negative ions m/z observed
in ESI-mass spectra of
CL/DXO copolyesterschemical compositions of

hydrolytic degradation
products of CL/DXO

copolyesters
products of hydrolytic

degradation
products of

fragmentation

DXO9 1061
CL/DXO8 1059
CL2/DXO7 1057
CL3/DXO6 1055
CL4/DXO5 1053
DXO10 1177 1115
CL/DXO9 1175 1113
CL2/DXO8 1173 1111
CL3/DXO7 1171 1109
CL4/DXO6 1169 1107
DXO11 1293 1231
CL/DXO10 1291 1229
CL2/DXO9 1289 1227
CL3/DXO8 1287 1225
CL4/DXO7 1285 1223
CL5/DXO6 1283
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of CL units. The ESI-MS results are, thus, in agreement with
the significant decrease in DXO content detected by NMR.

It is known that in the case of applying the ESI-MS technique
for the analysis of mixtures containing hydroxyacids and their
oligomers the intensities of the signals corresponding to the acids
are lower than the intensities of the signals of their respective
oligomers. In order to estimate oligomer and hydroxyacid
content quantitatively, separated calibration for acid and respec-
tive oligomers would be necessary. However, the mass spec-
trometry analysis confirmed that both hydroxyacid oligomers
as well as their respective monomeric hydroxyacids are formed
during hydrolytic degradation of CL/DXO copolyesters. The
ESI-mass spectrometric determination of the structures of water-
soluble oligomers released into the degradation medium was
supported by NMR and SEC analysis of the degraded samples.

Mass Loss. The mass loss for the different polymers during
hydrolysis is shown in Figure 8. Copolymer composition and
polymer architecture both influenced the mass loss. The ho-
mopolymer of DXO (H-D100) exhibited the largest mass loss
with 40% mass loss already after 7 days of degradation. This
is explained by the hydrophilic and amorphous character of
PDXO, which facilitates water uptake and subsequent hydroly-
sis, and the low initial molecular weight of H-D100. Because
of the low molecular weight and hydrophilicity, many water-
soluble oligomers are present in the material already before the
hydrolysis. New water-soluble oligomers are also more rapidly
formed by hydrolysis of PDXO. The PCL homopolymer showed
a small mass loss of only 2% after 147 days of degradation. In
contrast to PDXO, the hydrophobic and semicrystalline material
properties of PCL suppress water absorption, and therefore the
degradation rate is substantially reduced.

For the copolymers with the same composition, i.e., 60% CL
and 40% DXO, the polymer architecture clearly affected the
degradation rate. The triblock copolymer, T-C60D40, exhibited
twice as high mass loss compared to the multiblock copolymer
after 147 days. This is due to the long DXO blocks in the
triblock copolymer which like PDXO are amorphous and
hydrophilic and therefore more susceptible toward hydrolysis
compared to the short DXO blocks in the multiblock copolymer.
These mass loss results are in accordance with previous studies
on these materials in phosphate buffer at pH 7.4 and 37 °C.17

Although the difference decreased with hydrolysis time,
M-C75D25 unexpectedly showed a somewhat larger mass loss
compared to M-C60D40. The initially slightly lower molecular
weight and higher polydispersity of M-C75D25 could be one
reason for the somewhat faster mass loss compared to M-C60D40.

pH. The pH of the sample solutions after different hydrolysis
times was measured, and the results are shown in Figure 9. This
gives an indication of the amount of hydroxyacids released to
water. In accordance with ESI-MS and mass loss results the
largest pH decrease was observed for H-D100 and T-C60D40.
The pH of H-D100 decreased from 7.0 to 6.6 already after 1
day in water, while pH of the other samples remained unchanged
during the first day. This is explained by the high water solubility
of DXO oligomers also shown by ESI-MS analysis. The sample
solutions of these polymers showed a continuous decrease in
pH and reached 4.5 for the triblock copolymer after 147 days.
For the multiblock copolymers, pH started to decrease after 21
days of degradation and reached 5-5.5 at the end of the study.
The sample solution of the homopolymer of PCL showed a
small pH decrease from 7 to 6.6 between 49 and 147 days. The
overall faster degradation rate of H-D100 and T-C60D40
combined with larger solubility of DXO oligomers induced
larger amounts of water-soluble acidic compounds and hence a
larger decrease in pH.

Copolymer Composition. 1H NMR was used to monitor the
changes in copolymer composition during hydrolysis. The results
are presented in Figure 10. The two flanking DXO blocks in
the triblock copolymer were preferentially hydrolyzed with
preservation of the intermediate CL block. Already after 7 days

Figure 7. Expanded region (low mass range) of the ESI-mass spectra
of the water-soluble products of (a) T-C60D40, (b) M-C60D40, and
(c) M-C75D25 obtained after 147 days of hydrolysis at 37 °C.

Figure 8. Mass loss profiles for the different CL/DXO polymers during
hydrolysis.

Figure 9. pH of the sample solutions during hydrolysis.
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the DXO content had decreased from 38% to 20%. At the end
of the study, after 147 days, the DXO content of the triblock
copolymer had decreased to only 9%, whereas the multiblock
copolymer with the same composition, i.e., M-C60D40, still
had a DXO content of 30%. The DXO content of M-C75D25
had decreased from 26% to 15% at the end of the study. In
general, although the multiblock copolymers showed a continu-
ous decrease in DXO content, their composition was consider-
ably less affected by the hydrolysis compared to the triblock
copolymer. These results are in correlation with previously
reported results after hydrolysis of CL/DXO copolymers in
phosphate buffer.17 In addition, similar results have also been
reported for caprolactone/valerolactone copolymers.11

Molecular Weight Changes. Figure 11 shows the molecular
weight of the studied homo- and copolyesters as a function of
hydrolysis time. During the first 7 days of hydrolysis the
molecular weight increased for all the polymers, probably due
to the release of water-soluble oligomers. This is endorsed by
the large initial decrease in polydispersity index (PDI) for all
materials after 1 day of degradation as presented in Figure 12.
Largest initial increase in molecular weight was observed for
T-C60D40 and H-D100 which indicates that mainly DXO
oligomers were released. In accordance these two polymers also
showed the largest decrease in PDI. However, after 7 days the

molecular weight of all polymers continued to decrease at
approximately the same rate, although slightly slower for
H-C100. The PDI values of the various polymers showed a
continuous decrease during the first 47 days where after the
values were less affected with the exception of the triblock
copolymer which exhibited a fluctuating PDI with time.

Conclusions

Hydrolytic degradation products of DXO and CL homo- and
copolymers were established at the molecular level by electro-
spray ionization multistage mass spectrometry. One main series
of oligomers with a peak-to-peak mass increase of the corre-
sponding repeating unit was observed in the spectra of the
respective homopolymers. The oligomer patterns shifted toward
the lower mass range with increasing degradation time. A large
difference in the water-soluble fraction was observed between
the PCL and PDXO homopolymers. Oligomers up to hepta-
decamer were detected after hydrolysis of more hydrophilic
PDXO, while only oligomers up to hexamer were detected after
hydrolysis of hydrophobic PCL. This demonstrates the consider-
ably higher water solubility of the DXO oligomers, which
facilitates the rapid mass loss during hydrolysis. Even longer
DXO oligomers are expected to be found in the water fraction,
but the molecular weight of these oligomers is above the upper
mass range of the ESI-MS. The ESI mass spectrum obtained
from the triblock copolymer was similar to the spectrum of the
PDXO homopolymer degradation products, showing preferential
hydrolysis of DXO blocks, which was confirmed by NMR
results. The hydrolysis of multiblock copolymers resulted in
formation of DXO, CL, and “mixed” DXO/CL oligomers, where
DXO-rich oligomers dominated in the product patterns. ESI-
MS gave valuable insights into the hydrolysis process of CL
and DXO homo- and copolymers with different hydrophilicities
and architectures. The ESI-MSn fragmentation experiments
enabled determination of molecular masses and structures of
fragment ions of mass-selected oligomers containing ether and
ester linkages. In addition to the primary hydrolytic degradation
products, i.e., oligomers terminated by hydroxyl and carboxyl
end groups, partial oligomer fragmentation in the ESI mass
spectrometer was observed which resulted in the formation of
unsaturated and carboxyl-terminated products. The exclusive
fragmentation via -O-CH2 ether bond cleavage observed for
DXO oligomers showed higher susceptibility for ether bond with
respect to ester bond cleavage under the fragmentation experi-
ments.

Acknowledgment. This research work were supported by Marie
Curie Transfer of Knowledge Fellowship of the European Com-
munity’s Sixth Framework Programme under Contract No. MTKD-
CT-2004-509232 and by Polish Ministry of Science and Higher
Education Project No. 3 T08E 022 30. The authors also gratefully
acknowledge The Swedish Foundation for Strategic Research (Grant
No. A302:139) for their financial support of this work.

References and Notes

(1) Albertsson, A.-C.; Varma, I. K. Biomacromolecules 2003, 4, 1466–
1486.

(2) Hakkarainen, M. AdV. Polym. Sci. 2002, 157, 113–138.
(3) Hakkarainen, M.; Karlsson, S.; Albertsson, A.-C. Polymer 2000, 41,

2331–2338.
(4) Hakkarainen, M.; Albertsson, A.-C. Macromol. Chem. Phys. 2002,

203, 1357–1363.
(5) Hakkarainen, M.; Albertsson, A.-C.; Karlsson, S. Polym. Degrad. Stab.

1996, 52, 283–291.
(6) Kanesawa, Y.; Tanahashi, N.; Doi, Y.; Saito, T. Polym. Degrad. Stab.

1994, 45, 179–185.
(7) Abe, H.; Matsubara, I.; Doi, Y.; Hori, Y.; Yamaguchi, A. Macromol-

ecules 1994, 27, 6018–6025.

Figure 10. DXO content of the different CL/DXO copolymers after
different hydrolysis times.

Figure 11. Molecular weight changes of the different linear CL/DXO
polymers during hydrolysis.

Figure 12. Changes in polydispersity index (PDI) of the different linear
CL/DXO polymers during hydrolysis.

Macromolecules, Vol. 41, No. 10, 2008 Homo- and Copolyesters of PDXO and ε-Caprolactone 3553



(8) Vidil, C.; Braud, C.; Garreau, H.; Vert, M. J. Chromatogr., A 1995,
711, 323–329.

(9) Trimaille, T.; Gurny, R.; Moller, M. J. Biomed. Mater. Res. 2007,
80A, 55–65.

(10) Osaka, I.; Watanabe, M.; Takama, M.; Murakami, M.; Arakawa, R.
J. Mass Spectrom. 2006, 41, 1369–1377.

(11) Fay, F.; Linossier, I.; Langlois, V.; Renard, E.; Vallee-Rehel, K.
Biomacromolecules 2006, 7, 851–857.

(12) Rizzarelli, P.; Impallomeni, G.; Montaudo, G. Biomacromolecules
2004, 5, 433–444.

(13) Scandola, M.; Focarete, M. L.; Adamus, G.; Sikorska, W.; Baranowska,
I.; Swierczek, S.; Gnatowski, M.; Kowalczuk, M.; Jedlinski, Z.
Macromolecules 1997, 30, 2568–2574.

(14) Focarete, M. L.; Scandola, M.; Jendrossek, D.; Adamus, G.; Sikorska,
W.; Kowalczuk, M. Macromolecules 1999, 32, 4814–4818.

(15) Handrick, R.; Reinhardt, S.; Focarete, M. L.; Scandola, M.; Adamus,
G.; Kowalczuk, M.; Jendrossek, D. J. Biol. Chem. 2001, 276, 36215–
36224.

(16) Li, S.; Dobrzynski, P.; Kasperczyk, J.; Bero, M.; Braud, C.; Vert, M.
Biomacromolecules 2005, 6, 489–497.
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