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ABSTRACT: To effectively modify the properties of an
epoxy, branched oligomers were synthesized from �-capro-
lactone (CL) and end-functionalized to realize network pre-
cursors that can be reactively blended with the epoxy. The
ring-opening polymerization (ROP) of the CL in the pres-
ence of polyglycerol (PGL) initiator (3.9 and 9.1 mol %) and
Sn(II) 2-ethylhexanoate catalyst yielded oligomers with hy-
droxyl end-groups, which were converted to carboxylic acid
functionality by reaction with succinic anhydride. The func-
tionalized oligomers had a four-armed structure and the
molecular weight of the oligomers could be controlled by
the ratio of CL to PGL in the feed. To achieve an adequately
crosslinked network in the reactive blending, a dual-cata-
lyzed reaction scheme was employed. First the oligomer was

incorporated into the epoxy matrix in an imidazole-cata-
lyzed reaction and then the crosslinking was completed with
an acid-catalyzed ROP of the residual epoxies. Investiga-
tions showed that toughened coatings could be prepared
from the inherently brittle epoxy through proper choice of
the blending ratio of oligomer to epoxy. The blending in-
creased surface hydrophobicity at high concentrations of
functionalized oligomer, but did not have an adverse effect
on the inherently advantageous endothelial cell spreading.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 3677–3688, 2006
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INTRODUCTION

Epoxies are extensively used in the manufacture of
electronic devices because of their excellent adhesive
properties, suitable mechanical and dielectric proper-
ties, light weight, and low cost. Use of photodefinable
epoxies for high aspect ratio patterning has enabled
many innovative applications, including microfluidic
components, lab-on-a-chip instruments, miniaturized
micromotors, and scanning microprobes, besides the
conventional uses of epoxies such as coatings and
films.1–9 Surface modifications have provided good
interfacial adhesion between polymers and metalliza-
tions,10–14 allowing reliable manufacture of complex
modules frequently encountered in microelectrome-
chanical systems (MEMS)15,16 and highly miniaturized
electronics.17,18

The reliability of miniaturized electronics and the
packaging density that is ever-increasing create strict
demands on interconnections, in particular, and inter-
facial reliability including thermomechanical compat-
ibility has become an important issue.1,10,19,20 Re-

cently, we have studied the manufacture of integrated
optical waveguides and highly miniaturized build-up
modules using SU8 and other epoxies and rigid
printed wiring boards (PWBs) as substrates.10,19,21,22

Today, however, flexible PWBs are increasingly being
used in high-density applications such as smart cards,
hearing aids, displays, and portable electronics.23

Blending of brittle epoxies like the SU824 with a
phase-separating polymer is a common approach to
the toughening of epoxies. Most of the modifiers are
liquid rubbers, the carboxyl-terminated copolymer of
acrylonitrile and butadiene (CTBN) being especial
widely used.25,26 CTBN reacts with the epoxy matrix
to provide effective toughening. However, there are
some serious drawbacks to CTBN. Its unsaturated
double bonds offer sites for oxidative as well as ther-
mal degradation. Moreover, traces of carcinogenic ac-
rylonitrile may persist, preventing the use of CTBN in
biomaterials.27,28 Several studies have described the
use of nonreactive phase-separating thermoplastic
polymer modifiers.26,27,29–32 Unfortunately, toughen-
ing by nonreactive blending has too often been at the
expense of elastic modulus and thermal properties. In
contrast to this, controlled crosslinking between the
blending polymer and the brittle resin has been re-
ported to result in a tough network without the ad-
verse effects.33,34
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In an earlier research,35,36 we described the synthe-
sis and crosslinking of star-shaped poly(�-caprolac-
tone) (PCL). Others have reported that highly
branched polymers effectively flexibilize inherently
brittle epoxies.37,38 The objective of the present work
was to find out if a star-shaped PCL could be tailor-
made and functionalized to enable crosslinking with
SU8 epoxy resin. With this target in mind, we synthe-
sized four-armed CL-based oligomers and end-func-
tionalized them with carboxylic acid groups. In this
article, we describe the synthesis of the oligomers,
their reactive blending with SU8 epoxy, and selected
surface and bulk properties of spin-coated films. In
part II,39 we will report the crosslinking kinetics of the
dual-catalyzed crosslinking reaction.

METHODS

Materials

Oligomers were synthesized from �-caprolactone
monomer (CL; Solvay) in the presence of Sn(II) 2-eth-
ylhexanoate (SnOct2; Sigma) catalyst and polyglyc-
erol-3 (PGL; Solvay) initiator. According to the man-
ufacturer, the PGL contained five hydroxyl groups. CL
was dried over molecular sieves and the other mate-
rials were used as-received. Succinic anhydride (SA;
Fluka) was used in the end-functionalization. The ep-
oxy resin was SU8 (Shell) containing eight functional
groups per monomer (M� n � 7000 g/mol) and it was
diluted into a 50:50 (w/w) solution in �-butyrolactone.
Imidazole (Fluka) was used as crosslinking catalyst
(0.06 wt % of the solid content of the reaction mixture)
in the carboxylic acid reaction with epoxy. Triarylsul-
fonium hexafluoroantimonate salt solution (50 wt %
salt in polypropylene carbonate; Aldrich) was added
(2.5 wt % of the epoxy content) as an acid catalyst
precursor that decomposed to cations upon exposure
to ultraviolet light (� � 365 nm, 17 mW/cm2 for 30 s)
and catalyzed the ring-opening crosslinking reaction
of the residual epoxy groups.

Preparation of network precursors

The oligomeric PCL prepolymers were melt-polymer-
ized from CL at 150°C in a batch reactor under nitro-
gen atmosphere. The monomer was fed to the pre-
heated reactor with an appropriate amount of the PGL
initiator (3.85 or 9.10 mol %) and 0.02-mol % SnOct2
catalyst. The reaction time was 5 h and the batch sizes
were 0.5 kg. The hydroxyl end-functionalities of the
prepolymer were converted to carboxylic acid func-
tionalities by reaction with SA for 2 h at 150°C. The
prepolymer and an equimolar amount of anhydride in
relation to the hydroxyl groups were fed to the reac-
tor. No catalyst was used. Later on in the text the
oligomers are denoted as PCLX-Y, with X correspond-

ing to the number of CL units in each branch elon-
gated from the PGL core and Y corresponding to the
end-functionality (OH � hydroxyl or SA � carboxylic
acid). The reaction schemes for the synthesis and the
functionalization with carboxylic acid are shown in
Scheme 1.

Preparation of reactive blending solutions

The PCLX-SA oligomers were mixed into the epoxy
solution in 0:100, 5:95, 10:90, 20:80, 30:70, and 40:60
ratios by weight of the solids, i.e. oligomer and epoxy,
respectively. The crosslinking catalyst(s) (imidazole
and triarylsulfonium hexafluoroantimonate salt solu-
tion) were then added. The use of a dual-catalyzed
mixture was needed to achieve a high degree of
crosslinking because there was an excess of epoxy
groups in relation to the carboxylic acid groups of the
oligomers. The crosslinking reactions of the dual-cat-
alyzed solution are shown in Scheme 2.

Coating and crosslinking procedure

A solution of the network precursors (PCLX-SA oli-
gomer and epoxy resin) and the solvent was spin-
coated onto a silicon wafer at a speed of 2000 rpm for
30 s. A film thickness of 10–20 �m was formed de-
pending on the viscosity of the solution, which was
not constant because of the different molecular
weights of the oligomers. The solvent was evaporated
during the first bake at 90°C for 30 min. Simulta-
neously, the PCLX-SA reacted with the epoxy groups.
After the first bake, the coatings were exposed to ultra-
violet light, which released the acid catalyst from the
photoinitiator. The cationic ring-opening crosslinking of
the residual epoxy groups took place in the second bake
at 180°C for 60 min in a convective oven. The prepara-
tion of the coatings was carried out in a clean room (class
1000) to avoid surface contamination.

Characterization

The 1H NMR spectra were recorded on a Varian XL-
300 NMR spectrometer working at 300.032 MHz. The
samples were dissolved, at room temperature, in
CDCl3 in 10-mm NMR tubes. The sample concentra-
tion was about 1 wt % for proton. Proton decoupled
13C NMR spectra were obtained with the Varian XL-
300 NMR spectrometer working at 75.452 MHz. The
sample concentrations in 10-mm tubes were 10 wt %
in CDCl3.

The number-averaged molecular weight (M� n),
weight-averaged molecular weight (M� w), and molec-
ular weight distribution (MWD) were determined by
size exclusion chromatography (SEC) at room temper-
ature (Waters System Interface module, Waters 510
HPLC Pump, Waters 410 Differential Refractometer,
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Waters 700 Satellite Wisp, and four PL gel columns:
104, 105, 103, and 100 Å connected in series). Mono-
disperse polystyrene standards were used for primary
calibration. Chloroform (Riedel-de Haën; stabilized
with 1% ethanol) was used as solvent and eluent. The
injected volume was 200 �L and the flow rate was 1
mL/min.

Differential scanning calorimeteric (DSC) measure-
ments were carried out on a Mettler Toledo Star
DSC821 in the temperature range �100°C to 100°C for
the oligomers and 100–210°C for the crosslinked sam-
ples, at a heating and cooling rate of 10°C/min. The
glass transition (Tg) and melting (Tm) temperatures of
the oligomers were recorded during the second heat-
ing period. The residual reactivity and the Tg of the
crosslinked samples were observed from the first heat-
ing scan, during which the epoxy groups are expected
to reach complete conversion.

Dynamic mechanical analysis (DMA) was per-
formed on a Perkin–Elmer 7 Series instrument. Sam-
ples of size 2 � 10 � �0.5 mm3 were investigated in
flexural mode (three-point bending) under a temper-
ature ramp of 4°C/min at a fixed frequency of 1 Hz.
The measurements were carried out over a tempera-
ture range of �50°C to 250°C.

Scanning electron microscopy (SEM) examinations
of the cross sections of fractured polymer coatings
were carried out to obtain information about the frac-
ture mechanism of the reactively blended epoxy films
and to observe morphology. An initial crack was pre-
pared with a diamond pen on the back of a sample,
i.e., on the silicon wafer, after which a sharp bending
force was applied manually to break the sample. The
specimens were sputter-deposited with chromium,
with an EmiTech turbo sputter-coater K575-X. All the
specimens were examined with a Jeol field emission

Scheme 1 Polymerizations of (a) PCLX-OH oligomer and (b) functionalization to PCLX-SA.
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scanning electron microscope (JSM-6335F) operated at
5 kV.

The contact angles of sessile drops of distilled water,
diiodomethane, and formamide on the coating sur-
faces were measured with an Advanced Surface Tech-
nology goniometer equipped with a VCA 2500XE
video contact angle system. For each sample, the con-
tact angle value is the average of eight measurements
recorded from different locations on the sample with a
standard deviation of 1–3°. Surface free energy (�S) of
the solid surface was calculated from the contact an-
gles, using a geometric mean model.40,41 The geomet-
ric mean model was selected from models found in the
literature40–46 on the basis of our earlier evaluation of
the various models19 and the ongoing debate about
models.47–50 The volume of the liquid drop was 0.1 �L.
The surface free energy (�S) in the model is assumed to
be the sum of dispersion (�S

d) and polar (�S
p) compo-

nents. The dispersive (d) and polar (p) components for
the surface tensions (�LV) of the probing liquids
adopted here are �LV � 72.8 mJ/m2, �LV

d � 21.8
mJ/m2, �LV

p � 51.0 mJ/m2 for distilled water; �LV
� 50.8 mJ/m2, �LV

d � 48.5 mJ/m2, �LV
p � 2.3 mJ/m2

for diiodomethane; and �LV � 58.2 mJ/m2, �LV
d � 39.5

mJ/m2, �LV
p � 18.7 mJ/m2 for formamide.51

Human pulmonary artery endothelial cells (HPAE)
were obtained from PromoCell (Heidelberg, Ger-
many) and were cultured from passage 4 to passages
13–14 in defined endothelial cell growth medium-2
(PromoCell). The cells were then split once a week
using 0.1% trypsin. Trypsin was inhibited by trypsin-
neutralizing solution (TNS, PromoCell). For the exper-
iment, the cells were seeded on pristine surface and on
surfaces treated with fetal calf serum (FCS) and were
fixed after both 4- and 24-h cultures.

Fixations were carried out with 0.1M sodium caco-
dylate buffered 2.5% (w/v) glutaraldehyde (pH 7.2,
EM-grade) for 1 h at �4°C. After fixation the samples

were washed three times with the same buffer. After
dehydration in the series of solutions with increasing
amount of ethanol in water and finally twice in 100%
ethanol, hexamethyldisilazane (HMDS) was used to
preserve the original morphology of the cells.52,53 The
samples were mounted on aluminum stubs with silver
glue. Chromium was used as coating metal and the
sputter coating was done in an EmiTech turbo sputter
coater K575-X. All specimens were examined under a
Jeol field emission scanning electron microscope JSM-
6335F at 5 or 15 kV.

RESULTS AND DISCUSSION

The synthesis of crosslinkable PCL consisted of two
steps (Scheme 1). First, CL-based star-shaped oli-
gomers were polymerized. In the second step, the
hydroxyl groups of the oligomers were converted to
carboxylic acid end-functionalities by reaction with
SA. Reactive blends were prepared from the carboxy-
lic acid functionalized oligomers and epoxy, and thin
polymer films were laid on silicon substrates by spin
coating. Finally, the films were crosslinked with the
use of the dual catalyst (Scheme 2). In the follwing
subsections, we report the synthesis of the functional-
ized oligomers, the reactive blending, and selected
surface and bulk characteristics of the crosslinked
polymer blends.

Polymerization of hydroxyl end-functionalized
oligomers

The use of multihydroxyl-functionalized PGL initiator
in ring-opening polymerization (ROP) of CL enables
the preparation of star-shaped oligomers.36 The mo-
lecular weight of the oligomer varied with the ratio of
PGL to CL in the feed (Table I). Since the amount of
the SnOct2 catalyst was very low in relation to the OH

Scheme 2 Reactions of the dual-catalyzed crosslinking of PCLX-SA and epoxy.
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groups in the PGL initiator ([SnOct2]/[OH])
� �0.001–0.002), the SnOct2 must have acted as a
catalyst rather than as an initiator in this ROP, which
follows a coordination–insertion mechanism as has
been pointed out by Dong et al.,54 using comparable
reaction conditions. The role of SnOct2 as a catalyst is
in agreement with the general understanding that al-
teration of the PGL/CL ratio can be used to tailor the
molecular weight of the oligomers. 1H NMR study
showed the conversion of the CL to be close to 100%,
because there was no peak for the CL monomer
(OCH2OCOOO) at 2.63 ppm. The average number of
CL units in each arm can be determined by end-group
analysis, which can be adequately done for oligomers
by NMR. It is to be noted that, for a multiarm struc-
ture, end-group analysis yields average arm length
and not absolute length. From the low concentration
of SnOct2, we assume that the arms start to grow one
after the other as the catalyst becomes available for the
PGL hydroxyl groups. The growing branches proba-
bly create steric hindrance over some of the initiator’s
hydroxyl groups, which in turn decreases the branch-
ing below the amount expected on the basis of the
structure of the initiator. In addition, on the basis of
the roles of catalyst and initiator noted above, it is
likely that the arms are of different length. This being
the case, the end-group analysis yields only an aver-
age degree of branching and an average chain length
of the branches.

The number of arms of the star-shaped oligomers
was determined by 13C NMR analysis. Although the
1H NMR spectra are more sensitive, they cannot be
used for quantitative analysis because some peaks of
the PGL initiator overlapped the region of interest. By
way of example, the 13C NMR spectrum of the
PCL5-OH oligomer is shown in Figure 1(a). For this
oligomer, the average number of CL units per arm
was calculated to be 6.1. The calculation was based on
the integrated resonances at 173.5 and 173.3 ppm,
assigned to carbons “6” and “12” respectively, in Fig-
ure 1(a). It was expected that if all five hydroxyl
groups of the PGL initiate the polymerization reaction

of CL the number of CL units per arm would be 5.0.
Thus, the measured and predicted number of CL units
per arm did not match. The number of the CL units
(96.15 mol %) per PGL unit (3.85 mol %) in the feed
was 25, which suggests the presence of four arms
(25/6.1 � 4.1), on average, for the oligomer. In sum-
mary, only four hydroxyl groups of the five available
in the initiator were capable of initiating the ROP
reaction. This is in agreement with earlier studies car-
ried out with eight functional initiator and CL (6/8
OH groups reacted)35,36 and with six functional initi-
ator and lactide (4/6 OH groups reacted).55

DSC analysis of the star-shaped PCL oligomers was
carried out to obtain information about their structure.
The PGL initiator was amorphous, but the incorpora-
tion of CL arms resulted in a semicrystalline structure
(Table I). Oligomers PCL2-OH and PCL5-OH both
exhibited two melting endotherms. Multiple melting
endotherms are generally observed for branched poly-
mers,56–58 although the reason for this is not clear. We
propose that the star-shaped oligomers exhibit arms of
different length, each with a different ability to form
crystalline domains during solidification. As dis-
cussed earlier, the formation of arms of different
length is likely for star-shaped oligomers prepared in
the presence of low concentration of SnOct2. Previ-
ously,36 it was shown that as the proportion of CL
increases, i.e., the molecular weight increases, the ther-
mal properties of star-shaped oligomers approach
those reported59 for linear high-molecular-weight PCL
(Tg � �60°C, Tm � 60°C). This tendency was observed
here too and the thermal properties of the four-armed
oligomers were similar to those reported36 for the
six-armed oligomers of comparable molecular weight.

SEC was used to follow the influence of the
PGL/CL ratio on molecular weight. As expected, the
molecular weight could be tailored with the amount of
PGL (Table I). The ROP of CL yielded oligomers with
controlled structure and with narrow MWD in the
range of 1.2–1.3. We note, however, that the SEC in-
strument was calibrated with narrow polystyrene
standards, so that the SEC results were affected not

TABLE I
Properties of the PCLX-OH and End-functionalized PCLX-SA Oligomers

Oligomera

DSC SEC Theoreticalb

Tg (°C) Tm (°C) �Mw (g/mol) �Mn (g/mol) MWD �Mn
c (g/mol)

PGL �42 n.d.c n.d. n.d. 240
PCL2-OH �59 6,19 2780 2220 1.3 1360
PCL5-OH �60 33,40 6260 5290 1.2 3040
PGL-SA 1 – n.d. n.d. n.d. 740
PCL2-SA �41 – 6250 4110 1.5 1860
PCL5-SA �44 30,37 20300 8060 2.5 3540

a The number refers to the theoretical amount of CL units per arm; SA, succinic anhydride.
b Calculated as [CL]/[PGL] � M(CL) � M(PGL) � 5 � M(SA).
c n.d., not determined because of insolubility in the eluent.
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only by the size of the molecule but also by the struc-
ture. The values obtained by SEC thus differed slightly
from the theoretical M� n values. A trend of decreased
M� n with increased amount of PGL could nevertheless
be seen. In addition, the SEC curves of the oligomers
were symmetrical and unimodal, and no traces of
unreacted CL were detected. Hence, the tailoring of
the oligomer structure was controlled and the conver-
sion was high according to both NMR and SEC anal-
yses.

Molecular weight analysis of highly branched poly-
mers is difficult and few methods give “absolute”
values. In the case of highly controllable polymeriza-
tions such as ROP, the measured value should coin-
cide with the theoretical M� n. It is reported60 that SEC
gives a higher M� n value than multiangle laser light

scattering (MALLS), which is considered to be an ac-
curate method resulting in “absolute” value for M� n. In
addition, SEC analysis of linear polymers result in
higher molecular weight value than the analysis of
branched polymer with similar molecular weight. This
is because branched polymers assume a more tightly
packed structure than their linear counterparts, which
are used in the calibration of SEC and assume a ran-
dom coil structure. The M� n value for the four-armed
oligomers that we obtained by SEC was higher than
the theoretical M� n calculated from the feed ratio. We
attribute this to the significant difference in the hydro-
philicity of the core molecule and the CL arms, which
causes the oligomers (PCLX-OH) to assume a spatially
star-shaped rather than a tightly packed structure in
the SEC analysis.

Figure 1 13C NMR spectra of (a) PCL5-OH and (b) end-functionalized PCL5-SA oligomers.
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Carboxylic acid functionalization

The oligomers’ hydroxyl end-groups were converted
to carboxylic acid groups by reaction with SA. The
degree of functionalization was high according to
NMR analysis [cf. Figs. 1(a) and 1(b)]. The peaks in the
13C NMR spectrum for the end-group carbons of the
oligomer (CH2OCH2OOH) assigned as “1” and “2” in
Figure 1a disappeared as a result of the functionaliza-
tion. The exchange of the terminal groups was verified
by 1H NMR analysis. The carboxylic acid group
caused a peak at 2.64 ppm, which originated from the
protons attached to the two carbon atoms in the new
end-group, assigned as “7” and “8” in Figure 2(b).
Measurement of the peak intensity made possible a
quantitative analysis of the degree of functionaliza-
tion. Disappearance of the hydroxyl end-group peak
at 3.58 ppm and the value of the end-group/CL ratio
(SA/CL) led us to conclude that functionalization of
oligomers reacted with SA was complete. The SA/CL
ratio was 1/6, in agreement with the 13C NMR results.
The detailed chemical structure characterization of the
functionalized oligomer, based on the 1H/13C NMR
analyses, is shown in Figures 1(b) and 2(b). The glass
transition temperature increased with the carboxylic
acid functionalization probably owing to the increase
in intermolecular hydrogen bonding. The amorphous
nature of the PCL2 oligomer increased after the func-
tionalization and the melting endotherms disappeared

(Table I). PCL5 oligomer, however, which had longer
CL segments, continued to exhibit double melting en-
dotherms.

Reactive blending of epoxy with end-
functionalized oligomer

We anticipated that the synthesized four-armed oli-
gomer could be used to effectively toughen the inher-
ently brittle SU8 epoxy. In addition, we expected that
the use of a flexible core molecule, PGL, as initiator
rather than pentaerythritol, which has previously been
used as an initiator for polylactide polymerization,61

would enhance the plasticization effect. The end-func-
tionalization enabled reaction between the oligomer
and the epoxy resin, which has been reported to re-
duce the phase separation while giving rise to tough-
ening.33,34 Reaction-induced phase separation may,
however, still occur during the crosslinking of a two-
component reaction mixture because the solubility of
the components decreases as a function of the increas-
ing molecular weight of the network.25,62,63

DSC provided first-hand information about the
crosslinked networks. According to the DSC analyses,
the crosslinked epoxy exhibited a Tg around 180°C,
and as expected, the Tg of the reactively blended ep-
oxies was slightly lower than that. A high Tg is con-
sidered beneficial for many applications in electronics.

Figure 2 1H NMR spectra of (a) PCL5-OH and (b) end-functionalized PCL5-SA oligomers.
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Both the size of the macromolecule and the proportion
of the oligomer affected the Tg. Some of the samples
exhibited two Tg’s, indicating inadequate incorpora-
tion of PCLX-SA into the network. However, the sec-
ond Tg was weak and broad, which means that the
degree of PCLX-SA incorporation into the network
must have been considerable. Also the primary Tg

appeared as a weak peak. DMA was accordingly em-
ployed to obtain more information about the network
structure.

Thermomechanical properties

DMA has been used to detect two-phase structures in
polymer blends, providing at the same time thermo-
mechanical information.64 Here, we investigated the
network structure of the crosslinked epoxy and the
effect of the type and amount of the oligomer on the
thermomechanical properties of the reactively
blended epoxies.

The dynamic mechanical properties of the four ep-
oxies are shown in Figure 3, and the glass transition
temperatures determined from the tan � curves are
given in Table II. In a comparison of blends with 10 wt
% concentration of the oligomer, the PCL0-SA modi-
fier with smallest molecular weight provided the high-
est Tg. In addition, the elastic modulus at the glassy

state was significantly higher with PCL0-SA than with
other oligomers and the epoxy. This is attributed to
the denser crosslinking enabled with the smallest
PCL0-SA oligomer. The crosslinking densities were
evaluated from the storage modules at the rubbery
plateau according to the theory of rubber elasticity.64

The molecular weights between crosslinks (M� c) are
shown in Table II.

For all networks, the storage modulus at glassy state
did not decrease from that of the epoxy, but the Tg

decreased, indicating plasticization of the material.

Figure 3 Storage (E��) and loss modulus (E�) and tan � of the crosslinked epoxy and its crosslinked blends prepared with
10 wt % of PCL0-SA, PCL2-SA, and PCL5-SA.

TABLE II
Glass Transition Temperatures for the Selected Network
Samples as Determined from Storage Modulus Curves

Obtained by DMA

Tg (tan �)
(°C)

E���?1		 M� c (g/
mol)T � Tg T 	 Tg

Epoxy 191 1.7 � 109 1.0 � 108 50
PCLO-SA1O 165 5.0 � 109 1.7 � 108 30
PCL2-SA1O 93 2.0 � 109 1.1 � 107 300
PCL5-SA1O 167 2.0 � 109 3.0 � 107 100
PCL2-SA5 160 2.5 � 109 1.5 � 108 30
PCL2-SA2O 139 1.3 � 109 9.7 � 106 400
PCL2-SA3O 60,91 5.8 � 109 6.0 � 106 600
PCL2-SA4O 94 3.8 � 109 7.0 � 106 500
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The middle-sized oligomer (PCL2-SA) plasticized
most effectively (with 10 wt % usage). The largest
oligomer (PCL5-SA) did not enable high density of
crosslinking. Also, because of its smaller molecular
proportion in the blends in comparison with PCL0-SA
and PCL2-SA (with the fixed 10 wt % blending), the
plasticization effect was reduced and therefore the Tg

remained high.
The influence of concentration of the middle-sized

oligomer on the thermomechanical properties and the
crosslinking density is shown in Table II. With high
concentration (40 wt %) of the oligomer the storage
modulus of the blend at glassy state was significantly
increased but the Tg decreased clearly. Indirectly, this
is an indication of increased flexibility of the material.
In practice, this was observable by bending both ep-
oxy and blend-coated samples of a flexible PWB. The
epoxy-coated sample showed cracking whereas the
blend-coated samples were crack-resistant. In addi-
tion, a comparison of the loss modulus curves showed
that significantly more energy is dissipated in defor-
mation of the PCL2-SA modified blend than in defor-
mation of the brittle homogeneous epoxy. The brittle
fracture that occurs when the epoxy film is broken
changes to a more ductile for the blend with 40 wt %
of PCL2-SA as shown in Figure 4.

Depending on the crosslinking parameters (time
and temperature) and molar concentrations, a net-
work structure ranges from a homogeneous network
to a phase-separated blend. Phase-separation, how-
ever, was not investigated in this study. The two-
phased structure, resulting from the inadequate reac-
tion between the oligomer and the epoxy before the
second reaction step commenced, could be revealed
by DMA. However, the thermomechanical transitions
of the blends were too broad for drawing meaningful
conclusions about reaction-induced phase separation.
The broadness of the transitions is a common problem

with highly crosslinked polymers.65 However, the re-
action mixture was transparent initially, which indi-
cated that the components were soluble in each other.
The prebaked coatings were still transparent, which
means that the oligomers and the precrosslinked net-
work must have been soluble in the epoxy. The use of
PCL0-SA and PCL2-SA oligomers in high concentra-
tion (40 wt %) resulted in a hazy appearance after the
second step of crosslinking, indicating severe phase
separation.

Surface free energy–contact angle measurements

The properties of surfaces are of key importance in the
manufacturing of bioadaptive devices. The SU8 epoxy
has good material and processing properties and it has
been used to prepare, e.g., �-fluidic channels66 that
can be utilized in miniaturized biomedical devices like
lab-on-a-chips. After the modification, the use of the
epoxy in the fabrication of flexible integrated module
boards (IMBs),18 in particular, would be possible. Be-
cause there are many emerging applications in the
field of bioengineering, the study of the surface prop-
erties and biocompatibility of the modified epoxies is
essential.

With this end in view, one of the objective of the
present study was to determine the effect of the reac-
tive blending on endothelial cell spreading. The de-
gree of hydrophilicity of the surface has a particular
influence on biocompatibility and cell spreading,
therefore, the surface energetics has to be investigated
first.

The surface free energies and the hydrophobic (�d
sv)

and hydrophilic (�p
sv) components were calculated

from the contact angles by the geometric mean
model.40,41 The division into the above-mentioned
components allows a discussion of the hydrophilicity/
hydrophobicity evolution of the surface. The deter-

Figure 4 Comparison of the fractured surfaces of (a) the epoxy and (b) blend film (40 wt % of PCL2-SA in the epoxy).
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mined surface free energies are shown in Table III. All
the coatings were fairly hydrophobic. The blend with
30 wt % PCL2-SA was the most hydrophobic with
polarity (Xp � �p

sv/�sv) of only 1%. The coatings with
20 and 40 wt % of the PCL2-SA had lower contact
angles with water than with the other coatings, indi-
cating more hydrophilicity.

The contact angle with water for a linear PCL diol
oligomer made up of 11 CL units is about 40° and it
increases with the number of CL units.67 The four-
armed PCL2-SA oligomer has 10 CL units and could
be expected to exhibit similar or perhaps slightly
smaller contact angle with water than that reported for
the PCL diol, since it has a relatively large hydrophilic
core (the PGL initiator) and carboxylic acid end-
groups capable of forming hydrogen bonds. Assum-
ing that the contact angle between water and the end-
functionalized oligomer is roughly half that for the
cured epoxy (80.4°), we expected that the contact angle
for the epoxy would decrease with incorporation of
the oligomer, resulting in increased hydrophilic char-
acter. However, the crosslinking reactions affect the
chemistry of the incorporated network precursors,19

and the final surface properties were not simply a sum
of the surface properties of the incorporated mole-
cules.

During the first step of the dual-catalyzed crosslink-
ing, equimolar amounts of epoxy groups in relation to
acid groups were reformed to ester links between the
oligomer and epoxy resin molecules. During the sec-
ond step of the crosslinking the residual epoxy groups
were reformed to ether links between the epoxy resin
molecules. Furthermore, the hydrophilic functional
groups will be directed toward the bulk material in-
stead of the material/air interface if this is kinetically
possible, because the system strives to minimize its
total free energy. Several groups12,67,68 have noticed
that the hydrophilic groups tend to redirect into the
bulk, though they were intentionally created on the
surface. The water contact angles were higher on
blend surfaces than on epoxy surfaces and it is ex-
pected that, also here, the hydrophilic groups were
directed towards the bulk.

Cell culture

The evaluated surfaces were made as smooth as pos-
sible by the spin coating method to minimize the
influence of topography on the cell response. The av-
erage roughness of the epoxy film was earlier mea-
sured to be 0.3 nm,19 so, the effect of topography on
the cell spreading can be considered minor.

The cells grown on pristine surfaces were flat show-
ing good affinity to the reference epoxy (SU8) as well
as to most of the blend surfaces. Pretreatment with
FCS enhanced cell adhesion to the reference. Response
was poor with the highly hydrophobic coatings and
the cells appeared round emitting significantly more
filopodia than those on slightly modified surfaces.

Spreading of endothelial cells on synthetic surfaces
is difficult. We achieved almost 40% coverage with
FCS-pretreated epoxy and a pristine blend containing
20 wt % PCL2-SA, which is considered to be fairly
high coverage for a 24-h culture. Others have reported
coverage between 10% and 20% on flat polybromosty-
rene–polystyrene and poly-n-butylmethacrylate–poly-
styrene systems and more on roughened surfaces.69,70

Our preliminary tests of the biocompatibility of the
modified epoxy coatings indicate, therefore, that the
endothelial cells tolerated the evaluated materials
well. Additional biocompatibility testing will be re-
quired to gain a better understanding of behavior in
the vicinity of living tissue if implantation of such
materials is to be considered.

CONCLUSIONS

Four-armed CL-based oligomers were synthesized
and end-functionalized with SA to enable reactive
blending with the epoxy resin. The ROP of CL in the
presence of PGL initiator (3.9 and 9.1 mol %) and
SnOct2 catalyst yielded oligomers with hydroxyl end-
groups, which were completely converted to carbox-
ylic acid groups during the functionalization stage.
Thorough characterization of the oligomers showed
that their structure could be tailored in a controlled
manner by changing the ratio of initiator to mono-

TABLE III
Contact Angles of Deionized Water, Formamide, and Diiodomethane on the Crosslinked Coatings and the Calculated

Surface Free Energies

Crosslinked polymer system Water (°) FA (°) DIM (°) �sv (mJ/m2) �p
sv (mJ/m2) �d

sv (mJ/m2)

Epoxy (E) 80.4 72.2 38.6 41.6 3.7 37.9
E (95 wt %)/PCL2-SA (5 wt %) 83.0 69.2 32.6 43.2 2.4 40.8
E (90 wt %)/PCL2-SA (10 wt %) 86.2 59.2 28.7 44.8 1.2 43.6
E (80 wt %)/PCL2-SA (20 wt %) 79.0 55.3 41.1 39.8 4.8 35.0
E (70 wt %)/PCL2-SA (30 wt %) 93.3 61.5 38.5 40.9 0.4 40.5
E (60 wt %)/PCL2-SA (40 wt %) 76.1 67.6 36.7 42.3 5.6 36.7
E (90 wt %)/PCLO-SA (10 wt %) 85.8 71.1 40.8 39.2 2.2 37.0
E (90 wt %)/PCL5-SA (10 wt %) 85.5 63.5 35.7 41.7 1.9 39.8
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mer(s) in the feed. A high degree of crosslinking is
required for effective modification of the epoxy with
the oligomer. To achieve an adequately crosslinked
network, a dual-catalyzed reaction scheme was em-
ployed in which the oligomer was first incorporated
into the epoxy matrix in the imidazole-catalyzed reac-
tion. A second step was used to complete the
crosslinking and this was carried out in the acid-
catalyzed ROP of the residual epoxies. Application of
the PCL2-SA oligomer to the epoxy resulted in a no-
ticeable increase in toughness according to combined
microscopy and thermal investigations, while the Tg

was decreased only slightly. The blending increased
surface hydrophobicity and did not affect significantly
the inherently advantageous spreading of endothelial
cells. The results showed that the use of toughened
SU8 with flexible PWBs is possible, and that modifi-
cation of the surface properties makes the use in de-
vices converging on biointerfaces a feasible option.

The authors express their gratitude to Dr. Kari Lounatmaa
for the help in the cell fixation and SEM investigation and
Prof. M.D. Ismo Virtanen for the cell cultures.
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Sci 1996, 59, 1281.
60. Minaki, N.; Kanki, K.; Masuda, T. Polymer 2003, 44, 2303.

SPIN-COATED EPOXY FILM: PART I. SYNTHESIS AND CHARACTERIZATION 3687



61. Helminen, A.; Korhonen, H.; Seppälä, J. V. J Appl Polym Sci
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