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a b s t r a c t

Poly(ε-caprolactone)epolydimethylsiloxaneepoly(ε-caprolactone) (PCL-PDMS-PCL) triblock copolymers
with a wide range of block lengths (1000e32,000 g/mol) were synthesized by the ring-opening poly-
merization of ε-caprolactone using aminopropyl terminated PDMS oligomers as the initiator. Reactions
were carried out in bulk or solution at 125 ± 5 �C under the catalytic action of tin octoate. Products
obtained in high yields were characterized by FTIR spectroscopy, gel permeation chromatography, X-ray
diffraction, temperature-dependent optical microscopy, differential scanning calorimetry, atomic force
microscopy, scanning electron microscopy and static water contact angle measurements. Effect of the
polymer composition and the molecular weight of the PDMS and PCL blocks on; (i) copolymer
morphology and the extent of microphase separation, (ii) crystallization of PCL segments and (iii) surface
properties of copolymers were investigated. Regardless of the block lengths, all PCL-PDMS-PCL co-
polymers displayed well microphase separated morphologies. The extent of microphase separation,
resultant morphology and sizes of the microphases were strongly dependent on the copolymer
composition and the block lengths of both PCL and PDMS segments. Crystalline PCL microphase was
observed in all copolymers, which increased as a function of PCL content and molecular weight. Hy-
drophobicity of the copolymer surfaces was improved with increasing PDMS molecular weight, as
determined by static water contact angle measurements.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Ring opening polymerization is an important technique for the
preparation of a wide range of homopolymers and copolymers
using cyclic monomers such as; cyclic ethers, lactams, lactones,
phosphazenes and siloxanes [1e5]. Most of the important cyclic
monomers are heterocyclic; therefore the functional group in the
ring undergoes heterolysis due to its highly polarized nature. As a
result, a wide range of nucleophiles and electrophiles can be uti-
lized to initiate the polymerization of cyclic monomers [1,2]. Pol-
ycaprolactone is an interesting material that finds uses in various
applications, such as; sutures [6], reactive oligomers for the prep-
aration of shape-memory polyurethanes [7e9], biocompatible and
biodegradable scaffolding in tissue engineering [10e14], tough-
ening agents for epoxy resins [15e17] and many others [6].
Therefore, the ring opening polymerization of epsilon-caprolactone
(CL) has been extensively studied for the preparation of
polycaprolactone oligomers, homopolymers and copolymers
[6,18e22].

Ring-opening polymerization of CL has also been used for the
preparation of diblock and triblock copolymers through the use of
various mono or difunctionally terminated reactive hydroxy or
amine functional oligomers as initiators. Synthesis and character-
ization of block copolymers of polycaprolactone (PCL) with poly(-
ethylene oxide) (PEO) [23e25], polydimethylsiloxane (PDMS)
[16,21,26e31] and many others [32e37] have been reported.

PCL-PDMS-PCL triblock copolymers display interesting combi-
nation of surface and bulk properties, since they are composed of
extremely flexible, very non-polar and highly hydrophobic PDMS
blocks with a glass transition temperature (Tg) of�120 �C and rigid,
semi-crystalline PCL segments with a Tg of �60 �C and a melting
point of about 60 �C [6,21]. These copolymers, which are termi-
nated by reactive hydroxyl end groups at both ends, can also be
used as reactive oligomers for the synthesis and/or modification of
polyurethanes [38,39], polyesters [40] and polycarbonates [41].
Due to very low surface energy of the siloxane segments PCL-
PDMS-PCL copolymers have also been used as additives for the
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surface modification of polyolefins [42,43], polyamides [44], poly-
urethanes [21] and poly(vinyl chloride) [45,46].

In spite of their interesting combination of properties and po-
tential applications as reactive oligomers, surface modifying addi-
tives or toughening agents, only a limited number of reports are
available on the synthesis, characterization and structure-
morphology-property behavior of PCL-PDMS-PCL triblock co-
polymers [16,21,26e29]. Most of the work published describes
preparation and characterization of copolymers with fairly short
block lengths, mainly in 1000e3000 g/mol range [21,29]. On the
other hand it is possible to prepare PCL-PDMS-PCL triblock co-
polymers with a much wider range of block lengths, and obtain
materials with interesting bulk and surface properties. As a result
the main goal of this study was to investigate the synthesis, char-
acterization and structure-morphology-property behavior of sym-
metrical PCL-PDMS-PCL triblock copolymers, with block lengths
ranging from 1000 to 32,000 g/mol. It is important to note that
critical entanglement molecular weight (Mc) of PDMS is 24,000 g/
mol and most aliphatic ester polymers are around 4000 g/mol [47].
In earlier studies dramatic influence of PDMS oligomers with mo-
lecular weights above Mc, on various properties of segmented co-
polymers have been reported [48]. Effect of individual block lengths
and polymer compositions on morphology and properties of PCL-
PDMS-PCL copolymers were also investigated.

2. Experimental

2.1. Materials

ε-Caprolactone (CL) was purchased from Aldrich. a,u-Amino-
propyl terminated polydimethylsiloxane (PDMS) oligomers with
number average molecular weights <Mn> of 1000 (1 K), 3200 (3 K),
10,800 (11 K) and 31,500 g/mol (32 K) were kindly supplied by
Wacker Chemie, Germany and were used as received. Stannous
octoate (T-9) was obtained from Air Products. Reagent grade xylene
(mixtures of isomers), n-hexane, toluene, methyl ethyl ketone
(MEK), isopropyl alcohol (IPA) and tetrahydrofuran (THF) were
obtained from Aldrich and used without further purification.
Technical grademethanol and distilled water were used in polymer
coagulation. Number average molecular weights of amine termi-
nated PDMS oligomers were determined by end group titration
using standard hydrochloric acid and bromophenol blue indicator
in methanol. Coding of the PDMS oligomers used in this study, their
number average molecular weights and the number of dime-
thylsiloxane repeat units are provided in Table 1.

2.2. Synthesis of PCL-PDMS-PCL triblock copolymers

Ring opening polymerization reactions of ε-caprolactone were
conducted in 250 mL, three-neck round bottom Pyrex flasks
equipped with an overhead stirrer, nitrogen inlet and a thermom-
eter. Typical procedure used for the preparation of PCL-PDMS-PCL
with average block lengths of 3000 g/mol each was as follows:
3.00 g of CL, 1.60 g of PDMS-3.2K macroinitiator, 0.023 g of T-9
catalyst and 2 g of xylene were weighed into the reaction flask. The
system was heated to 125 ± 5 �C and kept at this temperature for
Table 1
Characteristics of PDMS oligomers.

Oligomer code <Mn> (g/mol) Av. [Si(CH3)2eO] repeat units (n)

PDMS-1K 1000 11
PDMS-3K 3200 41
PDMS-11K 10,800 143
PDMS-32K 31,500 423
24 h. As the reaction progressed and the viscosity of the medium
increased, 10 g of xylene was added. At the end of the reaction, the
system was cooled down to room temperature and diluted with
6.5 g of xylene to obtain a solution of about 20% solids byweight. As
shown in Table 2, depending on the block lengths and chemical
compositions, the copolymers obtained were coagulated either in
hexane, methanol or methanol/water (1/1 by volume) mixture
under strong agitation, filtered and dried in an 50 �C air oven until
constant weight.

2.3. Characterization methods

Fourier transform infrared spectroscopy (FTIR) analysis of so-
lution cast thin films on KBr pellets were performed on a Nicolet
6700 spectrometer. 32 scans were taken for each spectrum with a
resolution of 2 cm�1.1H NMR spectra of the products were obtained
on a Varian/Mercury-200 NMR Spectrometer in CDCl3 using tet-
ramethylsilane as internal Standard.

Gel permeation chromatography (GPC) was performed using a
Viscotek VE 2001 series instrument equipped with Dguard, D2500,
D4000, D5000 columns and VE3580 refractive index detector. THF
was used as the mobile phase at 35 �C at a flow rate of 1 mL/min.
Polymer samples were prepared at a concentration of 1e2 mg/mL
in THF. Molecular weights were determined using calibration
curves obtained from polystyrene standards.

X-Ray diffraction studies were conducted on a Bruker D2 Phaser
X-ray Diffractometer. 0.1542 nm Cu-Ka radiationwas used as the X-
ray beam and slit lengthwas 1mm. The scans were performed from
5� up to 80� in 3700 steps. The XRD intensities obtained were
plotted against scattering angle 2q. Profile fitting for XRD patterns
were carried out with TOPAS software from Bruker AXS. Quanti-
tative determination of the crystalline PCL phase was obtained by
fitting peak reflections for the crystalline phase and the background
reflection for the amorphous phase on XRD patterns of the co-
polymers. During fitting, specific instrumental and sample effects
were also taken into account.

Nikon Eclipse ME 600 optical microscope (OM) with a Linkam
THMS 94 heating stage was used to capture the images. The sam-
ples were heated 5 �C above their melting temperatures with 3 �C/
min heating rate. The images were recorded continuously during
heating and cooling cycles.

Thermal properties of triblock copolymers were studied using a
TA Instruments model Q100 DSC. Indium and tin standards were
used for temperature and enthalpy calibration. All measurements
were made under helium atmosphere with heating and cooling
rates of 10 �C/min. DSC thermograms were obtained between�150
and þ 80 �C, both for the first and second runs.

Atomic Force Microscopy (AFM) images were taken on a Bruker
Dimension Icon Atomic Force Microscope with ScanAsyst using
spin coated films on silica with a thickness of 40 ± 10 mm. AFM
images were obtained in standard tapping mode by using a Bruker
NCHV tip with a force constant of 42 N/m and resonance frequency
of 320 kHz.

Surface structures of the samples were examined using a field-
emission scanning electron microscope (FESEM) (Zeiss Ultra Plus
Scanning Electron Microscope) operated at 2 kV. Prior to FESEM
study, samples were coated with a thin carbon layer to minimize
charging. Inlens or backscattered electron detectors were used
instead of conventional secondary electron detectors in order to
collect elastically scattered primary electrons for detection of the
phase contrast on the samples.

Contact angles were measured on a Kruss G-10 goniometer
using 5 mL drops of deionized, triple distilled water at room tem-
perature. At least ten measurements were taken from different
points on the sample surface and the average value is reported.



Table 2
PCL-PDMS-PCL copolymers synthesized, their compositions, reaction yields and solvents used during the reaction and for coagulation. (*) Calculated from the stoichiometry.
(**) Calculated from 1H NMR.

Polymer code Reaction solvent Coagulation solvent Yield (%) PDMS* (wt %) PCL* (wt %) PDMS** (wt %) PCL** (wt %)

1-1-1 e Hexane 88.2 33.3 66.7 36.2 63.8
1-3-1 e Methanol/Water 94.7 60.0 40.0 62.7 37.3
2-3-2 e Methanol/Water 90.6 42.9 57.1 47.1 52.9
3-3-3 Xylene Methanol 87.5 33.3 66.7 37.9 62.1
3-11-3 Xylene Methanol 87.8 64.7 35.3 67.2 32.8
6-11-6 Xylene Methanol 92.0 47.8 52.2 49.5 50.5
3-32-3 Xylene Methanol 89.8 84.2 15.8 85.4 14.6
6-32-6 Xylene Methanol 92.5 72.7 27.3 73.9 26.1
16-32-16 Xylene Methanol 90.3 50.0 50.0 52.1 47.9
32-32-32 Xylene Methanol 92.1 33.3 66.7 35.0 65.0
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Polymer samples used for OM, AFM, SEM analysis and contact
angle measurements were prepared by spin coating on either sili-
con or glass substrates at 2000 rpm for 60 s by using Specialty
Coating System P6200 Spincoater. Low molecular weight co-
polymers (up to 3-3-3) were dissolved in MEK, while others were
dissolved in toluene at a concentration of 10% by weight for spin
coating. Substrates were rinsed with isopropanol prior to spin
coating. Spin coated samples were dried in a vacuum oven at room
temperature.
3. Results and discussion

The main goals of this study were; (i) controlled synthesis, (ii)
structural, thermal and morphological characterization, and (iii)
investigation of the morphology and various physicochemical
properties of PCL-PDMS-PCL triblock copolymers. For this purpose
triblock copolymers with a wide range of block lengths (between
1000 and 32,000 g/mol) were synthesized by ring-opening poly-
merization of caprolactone, using amine terminated PDMS as the
macroinitiator, in the presence of catalytic amount of tin octoate. As
shown in Fig. 1, the ring-opening polymerization reaction is initi-
ated with the attack of the highly nucleophilic amine end-groups
on PDMS to the electropositive ester carbonyl of the CL monomer,
resulting in the formation of an amide linkage, which can be easily
detected by FTIR spectroscopy. Alkoxide type oligomeric active
species propagated by attacking the CL monomers, resulting at
fairly high conversions in 24 h. PCL block lengths in the copolymers
were controlled by the initial ratio of the CL to PDMS in the reaction
Fig. 1. Synthesis of PCL-PDMS-PCL triblock copolymers by the ring opening
mixture.
Since aminopropyl terminated PDMS oligomers are used as the

macroinitiators, an amide linkage is formed between PDMS and PCL
blocks. The formation of this linkage can easily be observed by FTIR
spectroscopy. FTIR spectra of PDMS-3K oligomer and PCL-PDMS-
PCL (1-3-1) copolymer are reproduced in Fig. 2 as a general
example. FTIR spectrum of aminopropyl terminated PDMS-3K
shows a typical weak doublet around 3300 cm�1 due to amino
end groups, a very sharp eCH3 stretching at 1261 cm�1 and a well
defined doublet at 1095 and 1022 cm�1 due to SieOeSi stretching.
On the other hand, in addition to these peaks specific to PDMS, FTIR
spectra of the copolymer shows a very broad peak in
3600e3200 cm�1 region due to the presence of eOH end groups, a
very strong non-hydrogen bonded C]O peak centered at
1730 cm�1 due to the ester group in PCL and well-defined amide I
(H-bonded C]O stretching) and amide II (HeNeC]O stretching)
peaks at 1650 and 1530 cm�1 respectively.

Conventionally hydroxy terminated PDMS oligomers with fairly
lowmolecular weights, usually in 1000e3000 g/mol range are used
as macroinitiators for the synthesis of PCL-PDMS-PCL triblock co-
polymers by ring-opening polymerization [16,21,27]. In this study
we used PDMS oligomers with <Mn> values in 1000e31,500 g/mol
range. Similarly <Mn> values of the PCL end blocks in the co-
polymers were also in 1000e31,500 g/mol range. Table 2 provides a
list of the PCL-PDMS-PCL copolymers synthesized, their composi-
tions, reaction yields and the solvents used for the reaction and
coagulation. The triblock copolymers were coded according to their
respective number average block molecular weights in kg/mol,
polymerization of CL using an amine terminated PDMS macroinitiator.



Fig. 2. FTIR spectra of PDMS-3K and PCL-PDMS-PCL (1-3-1) copolymer.

E. Yilg€or et al. / Polymer 83 (2016) 138e153 141
calculated from the reaction stoichiometry. Therefore, 1-1-1 in-
dicates a copolymer with 1000 g/mol PCL and PDMS blocks,
whereas 6-11-6 indicates PCL blocks of 6000 g/mol and PDMS block
of 10,800 g/mol.

As can be seen in Table 2 yields of all polymerization reactions
were around 90%, clearly indicating very efficient initiation and
polymerization. PDMS content of the copolymers synthesized
covered a very wide range between 36.2 and 85.7% by weight. PCL-
PDMS-PCL copolymers with average block molecular weights
higher than 3000 g/mol could easily be coagulated in methanol, a
typical non-solvent for most polymers. However, to effectively
coagulate and recover the copolymers with shorter molecular
weights hexane or methanol/water mixture was used as the non-
solvent. In the last 4 columns of Table 2 PDMS and PCL contents
calculated from the reaction stoichiometry of the initial reaction
mixture and determined from 1H NMR analysis of the copolymers,
by comparing the methylene peaks in CL and methyl peaks in
PDMS, are provided. As can clearly be seen in Table 2, copolymer
compositions aimed and obtained were in very good agreement.

Average molecular weights and polydispersities (PDI) of PCL-
PDMS-PCL triblock copolymers were determined by gel perme-
ation chromatography (GPC). GPC chromatograms for all co-
polymers are provided as supplementary files. Single, symmetrical
GPC curves observed for all samples clearly showed the formation
of copolymers without homopolymer contamination. Poly-
dispersity index (PDI) values calculated for copolymers based on
lower molecular PDMS oligomers (1000e10,800 g/mol) showed a
slight increase from 1.44 to 1.80 as the overall molecular weight of
the copolymer increased. On the other hand PDMS-32K based co-
polymers displayed GPC curves which were slightly skewed to-
wards the low molecular weight end. This may be due to the slow
initiation efficiency of the PDMS macroinitiator or irregular PCL
arm growth due to very low concentration of the amine end groups
present on PDMS-32K. However, as shown in Table 2, overall con-
versions were all around 90% by weight clearly indicating forma-
tion of well-defined triblock copolymers.

Table 3 provides the average molecular weights and PDI values
of copolymers calculated from GPC using polystyrene standards,
together with the <Mn> values aimed based on the initial reaction
stoichiometry and calculated by taking into account the reaction
yield. As shown in Table 3, PDMS-32k based copolymers has
slightly higher PDI values when compared with others. This is most
probably due to the significant difference between the hydrody-
namic volumes of PCL-PDMS-PCL copolymers based on PDMS-32k
and polystyrene, which is used as the GPC standard.
3.1. X-ray diffraction analysis of PCL-PDMS-PCL block copolymers

PCL is a semicrystalline material with an orthorhombic unit cell
structure [22]. The XRD pattern of a PCL homopolymer with a
number average molecular weight of 10,000 g/mol is provided in
Fig. 3. As marked with (*) in Fig. 3, PCL has three strong reflections
at the 2Ɵ angles of about 21.4, 22.0 and 23.7�, corresponding to the
(110), (111) and (200) planes [49] and a weak reflection at 29.5 due
to (210) plane [50] of the orthorhombic crystal structure
respectively.

A very interesting feature of PCL-PDMS-PCL copolymers is their
microphase separated morphologies, regardless of the block
lengths or compositions [21,50]. As expected, in these copolymers
crystallinity of the PCL phase will be dependent on the volume
fractions and the molecular weights of the PCL and PDMS blocks
and the extent of microphase separation. XRD patterns of PCL-
PDMS-PCL copolymers with a wide range of PCL and PDMS block
lengths are reproduced in Fig. 4. It is very interesting to note from
Fig. 4-a that even PCL-PDMS-PCL (1-3-1) copolymer with 40% by
weight PCL content and very short PCL segment length of 1000 g/
mol shows PCL crystallinity as evidenced by two very small but well
defined XRD peaks at 2Ɵ 21.5 and 23.7�. As the PCL content of the
copolymer increases to 67% by weight, while keeping the PCL
segment length constant (sample 1-1-1), XRD peaks become
stronger. XRD pattern of the (3-3-3) copolymerwith PCL end blocks
of 3000 g/mol and PCL content of 67% by weight is almost identical
to that of pure PCL given in Fig. 3, clearly indicating very good
crystallinity in the PCL phase. In addition, there is a broad amor-
phous background with a maximum at 2Ɵ ¼ 12�, which is not
observed for other copolymer compositions. This peak indicates the
presence of the amorphous PDMS microphase in the system. XRD
results which show the presence of both amorphous PDMS and
crystalline PCL segments, also suggest that there is fairly good
microphase separation in PCL-PDMS-PCL (3-3-3) copolymer, which
is strongly supported by other characterization techniques as will
be discussed later.



Table 3
<Mn>, <Mw> and PDI values of PCL-PDMS-PCL copolymers obtained from GPC, together with <Mn> values based on the reaction stoichiometry (aim) and calculated from 1H
NMR.

Polymer code <Mn> (g/mol) <Mn> (GPC) (g/mol) <Mw> (GPC) (g/mol) PDI

Aim (*) calculated

1-1-1 3000 2760 3560 5140 1.44
1-3-1 5600 5100 6550 9700 1.48
2-3-2 7200 6800 11,000 17,000 1.55
3-3-3 9600 8450 14,300 22,600 1.58
3-11-3 16,800 16,070 27,100 44,900 1.66
6-11-6 23,800 21,840 25,000 42,500 1.70
3-32-3 37,500 36,900 31,000 55,000 1.77
6-32-6 43,500 42,600 45,000 79,000 1.76
16-32-16 63,500 60,400 69,000 123,000 1.78
32-32-32 93,500 90,000 85,000 145,000 1.74

Fig. 3. XRD pattern of PCL homopolymer with <Mn> ¼ 10,000 g/mol.

Fig. 4. XRD patterns of PCL-PDMS-PCL copolymers with a wide range of block lengths.
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To clearly understand the effect of PDMS mid-block molecular
weight on microphase separation and crystallization behavior of
the PCL segments, XRD patterns of PCL-PDMS-PCL block co-
polymers based on PDMS-11K and PDMS-32K were also investi-
gated. XRD data obtained is provided in Fig. 4-b and c respectively.
As can be seen in these figures (also supported by DSC and AFM
studies that will be discussed later on), the increase in PDMS mid-
block molecular weight seems to greatly enhance the microphase
separation and as a result improve the crystallization of PCL do-
mains. As shown in Fig. 4-b, PCL-PDMS-PCL (3-11-3) and (6-11-6)
copolymers display XRD patterns identical to that of pure PCL,
together with a broad peak centered at 2Ɵ ¼ 12� indicating the
continuous amorphous PDMS matrix. More interestingly, as shown
in Fig. 4-c, XRD pattern of (3-32-3) copolymer with a PCL content of
only 15.8% by weight also clearly indicates PCL crystallinity. As the
PCL block length increases to 16 K and 32 K, crystallinity of the PCL
phase also improves dramatically, as indicated by the XRD results.
Degree of crystallinity of the PCL in triblock copolymers were
calculated from the XRD patterns. Results are provided in Table 4
together with the values obtained from DSC measurements.

3.2. Investigation of the crystallization behavior of PCL-PDMS-PCL
triblock copolymers by optical microscopy

Crystalline-amorphous block copolymers display interesting
morphology-property behavior since one component can crystal-
lize at ambient while the other cannot [51]. Crystallization behavior
and extent of the crystallinity of one component will be strongly
dependent on the volume fraction and the Tg of the amorphous
domain, compatibility of the constituent blocks, block lengths and
the presence or extent of intermolecular interactions between two
blocks. In PCL-PDMS-PCL copolymers significant difference be-
tween the solubility parameters and absence of any significant
intermolecular interactions between PCL and PDMS combined with
the extremely flexible PDMS chains with very low Tg values provide
a very favorable environment for the PCL to microphase separate
and crystallize. Extent of crystallization is also dependent on the
PDMS and PCL block molecular weights. The structure of the
crystalline domains formed can easily be analyzed by optical mi-
croscopy (OM) imaging. Polarized and non-polarized OM images of
PCL homopolymer (<Mn>¼ 10,000 g/mol) are provided in Fig. 5.

PCL homopolymer has completely space filling crystalline
spherulites as an intrinsic property. Therefore, the crystal structure
of homopolymer can be used as a reference in order to investigate
the effect of copolymerization with PDMS on PCL crystallinity. The
OM images for PCL-PDMS-PCL (1-1-1) copolymer are provided in
Fig. 6.

Very interestingly, even the (1-1-1) copolymer, which has very
short PCL and PDMS block lengths of only 1000 g/mol, clearly



Fig. 5. (a) Non-polarized and (b) polarized OM images of PCL homopolymer.

Fig. 6. (a) Non-polarized and (b) polarized OM images of 1-1-1 copolymer.

Fig. 7. (a) Non-polarized and (b) polarized OM images of 1-3-1 copolymer.
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shows the PCL crystallization. When compared with pure PCL in
Fig. 5, the spherulites in copolymer (1-1-1) are larger and are
separated from each other as shown in Fig. 6. A possible reason for
such a crystal formation is probably the very short PCL chain
lengths. Another factor that should be taken into account is the
presence of PDMS mid-blocks, which act as fairly soft barriers be-
tween PCL crystals and influence the packing ability of PCL chains
during the crystallization process.

The effect of PDMS molecular weight on PCL crystallization was
further investigated by increasing the PDMS mid-block length to
3 Kwhile keeping PCL block lengths constant at 1 K. The OM images
of PCL-PDMS-PCL (1-3-1) given in Fig. 7 show that crystal sizes are
slightly smaller and crystal domains are more segregated from each
other when compared with 1-1-1 copolymer. This may be expected
by just considering the dramatic increase in the amount of PDMS in
the copolymer (from 33% to 60% by weight) and highly reduced
volume fraction of PCL. However, in spite of fairly low PCL content
and very short PCL chain lengths, formation of well defined crys-
talline PCL domains are clearly visible in Fig. 7 for 1-3-1 copolymer.
This may be attributed to improved microphase separation due to
the increased PDMS block length, resulting in better crystallization
of the PCL segments. If this assumption is valid, then when the PCL



Fig. 8. (a) Non-polarized and (b) polarized OM images of 3-3-3 copolymer.

Fig. 9. (a) Non-polarized and (b) polarized OM images of 32-32-32 copolymer.

Fig. 10. DSC thermograms for PCL-PDMS-PCL copolymers cast from solution. (a) 1-3-1,
(b) 3-32-3, (c) 3-11-3 and (d) 6-11-6.
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block length is further increased, while keeping the PDMS length
constant, the PCL crystallization is also expected to be enhanced.
OM images of PCL-PDMS-PCL (3-3-3) copolymer provided in Fig. 8,
clearly demonstrate the validity of this argument.

As can be seen in Fig. 8, as the PCL block length is increased,
crystallization is enhanced and the structures of the crystals very
much resemble that of PCL homopolymer provided in Fig. 5.
Although there is a non-uniform size distribution, the domains are
all cohesive to each other. This indicates presence of PDMS rich,
phase separated micro-regions dispersed between the crystalline
domains of the PCL phase. When 1-3-1 and 3-3-3 compositions are
compared, as expected, as the PCL fraction increases within the
copolymer, the crystallization of PCL also improves dramatically.

In order to further investigate the effect of the PDMS block
length and copolymer composition on the crystallization behavior
of PCL the OM images of PCL-PDMS-PCL (3-11-3) copolymer were
obtained. Crystallization of PCL blocks is strongly affected with an
increase in the molecular weight of the PDMS to 11 Kwhile keeping
the PCL at 3 K, since this also resulted in a significant decrease in the
volume fraction of the PCL. OM images (not provided) showed the
presence of small PCL domains distributedwithin the PDMSmatrix.
Some of the PCL blocks aggregated and formed larger crystals,
which were around 100 mm in size. Similar PCL crystallization
behavior was observed in (6-11-6) (3-32-3), and (6-32-6) co-
polymers, where an increase in the molecular weight of the PDMS
mid-block resulted in improved microphase separation and for-
mation of a continuous PDMS matrix in which PCL domains were
distributed. Since PCL blocks were confined within the PDMS ma-
trix, their crystals could not grow freely and therefore were limited
in size. Increasing the block lengths of PCL to 16 K improved the
crystallinity. Crystallization was further enhanced when PCL block
length was increased to 32 K, which also resulted in a dramatic
increase in the PCL content of the copolymer. OM images of PCL-
PDMS-PCL (32-32-32) copolymer are provided in Fig. 9. High mo-
lecular weight PCL end-blocks were able to pack more densely,
resulting in a continuous PCL crystal matrix, which more or less
resembles that of PCL homopolymer. OM analysis indicated that in
order to have continuous crystalline PCL domains the PCL fraction
of the copolymer should be kept around 65% by weight.
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3.3. DSC studies on PCL-PDMS-PCL triblock copolymers

DSC analysis of all copolymers, regardless of the PDMS or PCL
block length or copolymer composition, showed a low tempera-
%Crystallinity ¼
DHfusionPCL from DSCðJ=gÞ

.
Weight fraction of PCL in copolymer

139:5ðJ=gÞ (1)
ture PDMS glass transition around �120 �C, except for (1-1-1)
copolymer, and a broad melting endotherm in 45e60 �C
range (for PLC), clearly indicating the formation of well micro-
phase separated morphologies. For copolymers based on PDMS-
3K, 11K and 32K melting of PDMS phases were also observed.
Representative DSC thermograms for various copolymers
clearly showing both PDMS and PCL transitions are reproduced in
Fig. 10.

DSC thermogram for PCL-PDMS-PCL (1-3-1) copolymer is
reproduced in Fig. 10-a. Although the copolymer consists of fairly
short PCL and PDMS segments it is very interesting to note that it
clearly shows a well defined PDMS glass transition at �123 �C,
Table 4
Summary of the DSC and XRD results on PCL-PDMS-PCL triblock copolymers.

Polymer code PCL content (wt fraction) Tg PDMS (�C) DHfusion PDMS (J/g) DHfusion PCL (J/g) PCL crystallinity (%)

DSC XRD

1-1-1 0.667 �73.4 e 51.6 55 42
1-3-1 0.400 �123 4.45 12.9 23 43
3-3-3 0.667 �120 e 53.1 57 65
3-11-3 0.353 �110 11.6 31.7 64 45
6-11-6 0.522 �113 7.41 43.8 60 48
3-32-3 0.158 �120 21.4 7.50 34 37
6-32-6 0.273 �122 17.3 20.2 53 44
16-32-16 0.500 �123 8.80 47.2 67 59
32-32-32 0.667 �122 e 59.9 64 55
followed by a PDMS crystallization exotherm (from �85 to �60 �C)
and melting endotherm (�60 to �40 �C) and a fairly broad PCL
melting endotherm extending from 15 to 55 �C. These results
support the XRD, OM and AFM observations, which also indicate
the presence of a well defined microphase morphology for this
copolymer. DSC thermogram of (3-32-3) copolymer shown in
Fig. 10-b, shows a PDMS Tg at �110 �C and a very sharp PDMS
melting endotherm between �60 and �40 �C, together with a
broad PCL melting peak extending from 30 to 65 �C. These results
also indicate a microphase morphology for this copolymer even
though its PCL content is only 16.7% by weight. Since the PDMS
matrix in 3-32-3 copolymer is highly crystalline, Tg transition is
fairly weak, as expected. Very similar behavior was observed in the
DSC thermograms of (3-11-3) and (6-11-6) copolymers, given in
Fig. 10-c and d. It is interesting to note a dramatic reduction in the
size of the PDMS melting endotherm with an increase in PCL chain
length and amount in the copolymers based on PDMS-11K. PCL
melting endotherms also shift to higher temperatures as the PCL
segment length and content in the PDMS-11K based copolymers
are increased.

DSC analyses were performed on all copolymers and the results
obtained are summarized in Table 4. Percent crystallinity of PCL in
the copolymers is calculated by using the Equation (1), given below,
where 139.5 J/g is the estimated theoretical DHfusion value for PCL
with 100% crystallinity [52]. Experimentally, maximum crystal-
linity that can be achieved in a PCL homopolymer is reported to be
around 70% [22].
DSC results provided in Table 4 clearly indicate excellent
microphase separation in PCL-PDMS-PCL triblock copolymers
regardless of the copolymer composition or the block lengths,
strongly supporting the observations made in XRD and OM studies.
More interestingly PCL segments are able to crystallize in all co-
polymers even when they have very short block lengths of 1000 g/
mol. PCL crystallinity values obtained from DSC measurements
using Eq. (1) and through the deconvolution of the XRD patterns
are provided in the last two columns of Table 4. Both data agree
fairly well and indicate an increase in the extent of crystallinity
with an increase in the PCL block length in the copolymers, which is
expected.
3.4. AFM studies on PCL-PDMS-PCL triblock copolymers

As it is well documented, block copolymers display different
morphologies depending on the chemical structure, composition,
nature of the constituent blocks and their molecular weights [51].
When two incompatible blocks are chemically linked together, they
tend to microphase separate. The nature and extent of microphase
separation can be explained through FloryeHuggins interaction
parameter (c), which is defined as [53]:

cAB ¼ ðdA � dBÞ2V
.
RT (2)

where, dA and dB are the Hildebrand solubility parameters of the
constituent blocks, V is the average molar volume of the repeat unit
in the copolymer, R is the molar gas constant and T is the absolute
temperature. By multiplying the interaction parameter with the
average degree of polymerization (N), a numerical value (cN) is
obtained. This value can be used to estimate the degree or the
extent of the microphase separation in the block copolymer. It has
been reported by various groups that in order to obtain a well
microphase separated morphology in block copolymers the value
of (cN) must be greater than 10.5, which is usually termed as the



Table 5
Calculated cN values for (PCL)n-(PDMS)m-(PCL)n block copolymers.

Copolymer <Mn>PCL (g/mol) <Mn>PDMS (g/mol) V (cm3/mol) c n m N (2n þ m) cN

1-1-1 880 1000 91.3 0.15 7.71 13.5 28.9 4.3
1-3-1 960 3200 85.4 0.14 8.41 43.2 60.0 8.3
2-3-2 1900 2500 90.5 0.15 16.6 33.7 66.9 9.8
3-3-3 2600 3200 90.9 0.15 22.8 43.2 88.8 13
3-11-3 2630 10,800 84.3 0.14 23.0 146 192 26
6-11-6 5500 10,800 88.3 0.14 48.2 146 242 35
3-32-3 2700 31,500 80.2 0.13 23.7 425 472 61
6-32-6 5500 31,500 82.7 0.13 48.2 425 521 70
16-32-16 14,440 31,500 87.7 0.14 126 425 677 96
32-32-32 29,500 31,500 91.7 0.15 258 425 941 139
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strong segregation limit [54e56]. Increased immiscibility also re-
sults in a reduced interface between blocks and stretching of the
chains are increased [56]. Table 5 provides the segment lengths and
average repeat units for PCL (n) and PDMS (m), molar volumes,
interaction parameters (c) and (cN) values for PCL-PDMS-PCL co-
polymers, which were calculated using Eq. (2). During these cal-
culations the Hildebrand solubility parameters for PDMS and PCL
were taken as 15.0 [26] and 17.0 (J/cm3)1/2 [6] respectively and the
average molar volumes for each copolymer were estimated by us-
ing the density values of 0.965 g/cm3 for PDMS and 1.145 g/cm3 for
PCL togetherwith the copolymer compositions. R and T values were
taken as 8.314 J/mol-K and 298 K respectively.

As expected, it can easily be seen from Table 5 that extent of
microphase separation estimated by the value of (cN) increases
dramatically with an increase in the block lengths of the PCL-
PDMS-PCL copolymers. Based on the predicted (cN) threshold
value of 10.5 [54e56], as can be seen in Table 5, copolymers with
block lengths of 3000 g/mol or higher are expected to show
excellent microphase separation. However, a more interesting
observation made in this study is the presence of microphase
separation in PCL-PDMS-PCL copolymers even with very short
block lengths of 1000 g/mol, which is not the case for the con-
ventional triblock copolymers [51].

Morphological studies were carried out by AFM investigations.
AFM phase and height images of the copolymers were obtained
using spincoated films on silicon substrates. AFM images are given
at different magnifications in order to provide themost informative
images regarding the copolymer morphologies. AFM phase and
height images for PCL-PDMS-PCL (1-1-1) copolymer are repro-
duced in Fig. 11-a and b. AFM images indicate that surface of this
copolymer is completely covered by the highly crystalline PCL
Fig. 11. 3.0 � 3.0 mm2 AFM images of PCL-PDMS-PCL
segments, which constitute about 67% of the polymer composition
by weight. Although DSC studies indicate microphase separation in
bulk, since the PDMS block lengths are fairly short, their migration
to surface is very limited [57] and as a result cannot be observed by
tapping mode AFM, which is a surface sensitive technique. Average
surface roughness (Ra) value for (1-1-1) copolymer is measured to
be 15.5 nm from 10 � 10 mm2 image.

When the block molecular weight of PDMS is increased to
3000 g/mol, while keeping the PCL at 1000 g/mol, microphase
separation in the copolymer is expected to be enhanced based on
the (cN) values provided in Table 5. AFM phase and height images
of PCL-PDMS-PCL (1-3-1) copolymer are reproduced in Fig. 12.
Unlike the (1-1-1) copolymer, where the AFM images mainly show
the presence of the PCL phase, in (1-3-1) copolymer both PCL and
PDMS phases are clearly visible. As can be seen in the AFM phase
and height images provided in Fig. 12, (1-3-1) copolymer displays a
lamellar type co-continuous morphology. As expected a highly
crystalline, fibrillar PCL phase is clearly visible in the AFM phase
image. Average surface roughness (Ra) value for (1-3-1) copolymer
is determined to be 12.1 nm from 10 � 10 mm2 image, slightly
smaller than that of the (1-1-1) copolymer.

AFM phase and height images and height profile of (3-3-3)
copolymer provided in Fig. 13 clearly show the formation of a well
defined lamellar morphology. Height profile of (3-3-3) copolymer
along the yellow line (in the web version) is provided in Fig. 13-c.
Periodicity of the peaks clearly indicate fairly well organized PCL
and PDMS phases with an average layer thickness of about 25 nm.
Average surface roughness value (Ra) of (3-3-3) copolymer is
determined to be 1.22 nm from AFM studies. This is much smaller
than that of (1-1-1) or (1-3-1) copolymers, indicating a fairly well
organized, PDMS rich and smooth surface.
(1-1-1) copolymer: (a) Phase, (b) height image.



Fig. 12. 10 � 10 mm2 AFM images of PCL-PDMS-PCL (1-3-1) copolymer. (a) Phase, (b) height image.

Fig. 13. 1.0 � 1.0 mm AFM images of PCL-PDMS-PCL (3-3-3) copolymer. (a) phase image, (b) height image, and (c) height profile.
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When the PDMS segment molecular weight is further increased
to 11,000 g/mol, the bulk and surface microphase separation in the
PCL-PDMS-PCL copolymers are substantially enhanced. This is also
expected from the value of (cN), provided in Table 5, which is 26 for
(3-11-3) copolymer, much higher than the critical value of 10.5 pre-
dicted by several research groups [54e56]. Another important point
that shouldbe taken into account is theenhancedmigrationof PDMS
to the surface due to the increase in the PDMSmolecularweight [57].
Material surfaces high in PDMS content are somewhat difficult to
image using AFM. 3� 3 mm2 phase and height images of PCL-PDMS-
PCL (3-11-3) copolymer is provided in Fig. 14. Dark regions in the
height image clearly show the presence of well dispersed PCL do-
mains in a continuous PDMS matrix. This is expected since (3-11-3)
copolymer contains 67.2% by weight of PDMS. Such a morphology is
alsoverysimilar to thoseobservedon triblockPS-PBd-PS copolymers
described in the literature with similar compositions but based on
much higher segment molecular weights [51].

Phase and height images of PCL-PDMS-PCL (6-11-6) copolymer
are provided in Fig. 15. As can clearly be seen from these AFM im-
ages, a well segregated surface morphology can be observed in this
copolymer. The AFM phase image clearly shows the presence of a
co-continuous PCL-PDMS morphology, which is expected since the



Fig. 14. 3 � 3 mm2 AFM images of PCL-PDMS-PCL (3-11-3) copolymer. (a) Phase image, (b) height image.

Fig. 15. 10 � 10 mm2 AFM images of PCL-PDMS-PCL (6-11-6) copolymer. (a) phase image, (b) height image, (c) phase profile and (d) height profile.
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amount of PCL and PDMS in the copolymer is almost equal to each
 other. The dark regions in the phase image represent the PDMS rich
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domains which are accumulated as mounds due to high chain
mobility and compressibility of silicone at room temperature. Phase
and height profiles of (6-11-6) copolymer obtained from the AFM
images along the yellow lines (in the web version) are provided in
Fig. 15-c and d. As can be seen from these figures, the measurable
domain sizes are between 200 nm and 1 mm, PCL phase dimensions
are generally larger than the PDMS. Average surface roughness (Ra)
obtained from 10 � 10 mm2 AFM height image is 5.0 nm.

Similarly a co-continuous morphological behavior is observed
for the PCL-PDMS-PCL (16-32-16) copolymer as can be seen in the
AFM phase and height images provided in Fig. 16. Interestingly, in
the phase image (Fig. 16-a), surface coverage by PDMS (the darker
regions) seems to be more predominant. This is most probably due
to the much lower surface energy and extreme backbone flexibility
of PDMS resulting in better spreading on the surface when
compared to the crystalline PCL segments. Average surface rough-
ness value (Ra) obtained from 10 � 10 mm2 AFM height image is
6.5 nm, which is in the same range as the (6-11-6) copolymer.

Fig. 17 provides higher magnification AFM phase and height
images for PCL-PDMS-PCL (16-32-16) copolymer. These images
clearly show the presence of very good microphase separationwith
a narrow interphase between PCL and PDMS regions. Due to the
very high chain flexibility and low surface energy of PDMS, when
these images are closely examined it appears PCL domains are
slightly wetted by the PDMS chains, leading to a fairly thin
interphase.

AFM images of the highest molecular weight PCL-PDMS-PCL
copolymer (32-32-32) are provided in Fig. 18, where darker PDMS
domains in a continuous PCL matrix is observed. Such a
morphology is expected for (32-32-32) copolymer since PCL con-
tent of this copolymer is 67% by weight. In addition, the higher
molecular weight PCL chains can also crystallize and pack much
better, leading to improved microphase separation with a very
sharp interface between PDMS and PCL phases as can be seen in
Fig. 18-c.

SEM surface images of selected copolymers were also obtained
and compared with the AFM images. As provided in Fig. 19 SEM and
AFM images of PCL-PDMS-PCL (3-3-3) copolymer are very similar
and both clearly show the formation of a microphase separated
fibrillar morphology. Similarly the SEM and AFM images of PCL-
PDMS-PCL (6-11-6) copolymer provided in Fig. 20 clearly demon-
strate the formation of a co-continuous microphase morphology
with dark and light regions indicating PDMS and PCL phases
Fig. 16. 10 � 10 mm2 AFM (a) phase and (b) height im
respectively.

3.5. Water contact angle measurements on PCL-PDMS-PCL block
copolymers

Similar to their bulk morphology and properties, triblock co-
polymers also display surface properties which usually show strong
dependence on the chemical structure and molecular weight of the
constituent blocks, their solubility parameters and surface tension
(or surface energy) values. It is well documented that PDMS, which
has a fairly low surface energy of about 20e22 mN/m [5,58,59]
migrates towards the polymer surface leading to an enhancement
in the surface hydrophobicity [21,26,57,60e62]. Extremely low
glass transition temperature of PDMS also gives rise to high chain
mobility, which may increase the rate of migration. Therefore,
incorporation of PDMS in copolymers or blends generally results in
the formation of silicone-rich hydrophobic surfaces where the
extent of hydrophobicity is dependent on the copolymer compo-
sition and PDMS block length [57,62]. Static water contact angle
measurement is a simple but reliable technique to determine the
wetting behavior of polymeric materials. Surfaces displaying a
static water contact angle above 90� are considered to be hydro-
phobic [63,64]. Polycaprolactone (PCL) is a moderately hydrophilic
polyester and has a static water contact angle around 70�, whereas
crosslinked polydimethysiloxane rubber (PDMS) is fairly hydro-
phobic and displays a static water contact angle of 110� [62]. Images
of 5 mL water droplets on several representative PCL-PDMS-PCL
copolymer surfaces are provided in Fig. 21. Average static water
contact angles obtained from at least 10 measurements on each
sample are also provided in Table 6 for all copolymer samples.

As provided in Table 6, PCL has a water contact angle of
70.1 ± 1.4�, indicating a fairly hydrophilic surface. PCL-PDMS-PCL
(1-1-1) copolymer also displays a similarly hydrophilic surface
with a contact angle of 68.1 ± 1.7�, indicating a surface covered
mainly by PCL. This result is in excellent agreement with the AFM
images provided for the (1-1-1) copolymer in Fig. 11, which clearly
showed a surface covered with crystalline PCL. Another reason for
such a hydrophilic surface for (1-1-1) copolymer is very short PDMS
blocks, which cannot easily migrate to the surface as explained
earlier. When the PDMS center block length is increased to 3200 g/
mol, a dramatic increase in the water contact angle to 98.3 ± 1.3�

clearly shows the formation of a silicone-rich hydrophobic surface
for the PCL-PDMS-PCL (3-3-3) copolymer. As the PDMS molecular
ages for PCL-PDMS-PCL (16-32-16) copolymer.



Fig. 17. 3 � 3 mm2 AFM (a) phase and (b) height images of 16-32-16 copolymer.

Fig. 18. 10 � 10 mm2 AFM (a) phase, (b) height and 3 � 3 mm2 (c) phase and (d) height images of 32-32-32 copolymer.
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weight is further increased to 11,000 and 32,000 g/mol, regardless
of the copolymer compositionwater contact angles around 110� are
observed. These results show completely PDMS covered surfaces
similar to silicone rubber.



Fig. 19. SEM images of PCL-PDMS-PCL (3-3-3) copolymer at two different magnifications.

Fig. 20. (a) SEM and (b) AFM images of PCL-PDMS-PCL (6-11-6) copolymer.

Fig. 21. Images of 5 mL water droplets on PCL-PDMS-PCL triblock copolymer surfaces with different compositions: (a) PCL, (b) 1-1-1, (c) 1-3-1, (d) 3-3-3, (e) 3-11-3, (f) 3-32-3, (g) 6-
32-6, (h) 32-32-32.
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4. Conclusions

Poly(ε-caprolactone)epolydimethylsiloxaneepoly(ε-capro-
lactone) (PCL-PDMS-PCL) triblock copolymers with block lengths
ranging from 1000 to 32,000 g/mol and PDMS contents from 35 to
85% by weight were synthesized. Well defined triblock copolymers
with controlled molecular weights and high yields were obtained
by the ring-opening polymerization of ε-caprolactone using ami-
nopropyl terminated PDMS oligomers as the macroinitiator. Re-
actions were carried out at 125 ± 5 �C in bulk or in solution, using
tin octoate as the catalyst.

Influence of the copolymer composition and PDMS and PCL
block lengths on; (i) copolymer morphology, (ii) crystallization of
PCL segments and (iii) surface properties of the copolymers were



Table 6
Average static water contact angles on PCL homopolymer and PCL-PDMS-PCL block
copolymers.

Copolymer composition Static water contact angle (Degrees)

PCL 70.1 ± 1.4
1-1-1 68.1 ± 1.7
1-3-1 81.1 ± 2.7
2-3-2 86.1 ± 1.9
3-3-3 98.3 ± 1.3
3-11-3 110.3 ± 2.7
6-11-6 100.2 ± 1.5
3-32-3 108.6 ± 0.9
6-32-6 114.1 ± 1.0
16-32-16 110.2 ± 1.2
32-32-32 108.0 ± 0.9
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investigated. All PCL-PDMS-PCL copolymers displayed well micro-
phase separated morphologies regardless of the polymer compo-
sition or the molecular weights of PDMS and PCL blocks. The extent
of microphase separation and the characteristics of the microphase
morphology of the copolymers obtained were strongly dependent
on the copolymer composition and PDMS and PCL block lengths.
PCL microphases always displayed crystallinity, extent of which
was mainly determined by the copolymer composition and the
molecular weights of the PCL and PDMS blocks as revealed by OM
and XRD analyses. Copolymer surfaces obtained displayed
enhanced hydrophobicity with increasing PDMS molecular weight.

PCL-PDMS-PCL triblock copolymers obtained are terminated by
hydroxyl groups on both ends. As a result they can be used as
reactive oligomers for the preparation of novel segmented poly-
urethanes, polyesters or other systems. They can also be used as
tougheners for epoxy networks. Since PCL is fairly miscible with a
large number of polymers, another important application may be
their use as surface modifying additives for polymeric materials, to
improve biocompatibility or hydrophobicity and reduce coefficient
of friction.
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