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PREFACE

Electronic packaging is a multidisciplinary task requiring engineering skills oriented to
electrical, mechanical, thermal, metallurgical, and chemical design together with a mastery of 
manufacturing, interconnections, and reliability. With the growing importance of electronic 
packaging in the manufacturing of advanced devices, a better understanding of the interfacial 
compatibility of materials is becoming more and more crucial. Dissimilar materials are needed to 
establish highly miniaturized electronic packages and several critical interfaces are inevitable. Good 
interfacial adhesion of dissimilar materials requires chemical, physical, and mechanical
compatibility, which cannot be achieved without modification of bulk and surface properties of the 
materials. This report, which comprises three different but closely related studies, describes the
fundamental understanding and practices necessary for achieving epoxy-derived materials with
enhanced properties. A reactive blending approach was employed and thorough characterization of 
the blends was made by multidisciplinary experimental methods.

As new technologies emerge, it becomes increasingly clear that polymeric materials will be
found at nearly all levels of the electronics manufacturing. Polymers have many chemical, physical, 
and mechanical properties that recommend them for the manufacture of components, packages, and 
functional assemblies. Polymers are also cost-effective, lightweight, tailorable, and easily
processable in comparison to metals and ceramics. Epoxies are increasingly being used in 
electronics, but their applicability is often limited by their inherent brittleness. A number of 
approaches have been reported for overcoming the brittle behavior; one of these approaches is the 
reactive blending of epoxy with oligomeric network precursors such as described here. Reactive
blending, although it is an effective way to modify the bulk and surface properties of a polymer
simultaneously, depends on a well-controlled crosslinking reaction, which determines the resulting
network structure.

The use of polymers as films in electronic devices has created technological interest in the 
study of thin films (in microelectronics) and thick films (in PWB level and optical waveguides). 
During the exposure of operational electronic devices to changing environments, for example,
interfacial stresses arise from various origins, including the mismatch in thermomechanical
properties. A means to characterize selected thermal properties of films in-situ by non-destructive 
methods is thus of great interest. 

With the trend to miniaturized electronics continuing, interfacial compatibility requires special 
emphasis. Here, to improve the interfacial compatibility, we undertook to improve epoxy-derived 
materials and in particular their thermal, mechanical, and optical properties. In future, interfacial 
compatibility will also cover interactions between synthetic materials and living tissue, and
biocompatibility evaluations will become important in the materials science. Biocompatibility
assessment is touched on in this report but restricted to a preliminary study carried out with
endothelial cells and an investigation of their spreading on pristine and modified materials. The
information obtained in the course of this research thus also demonstrates our interest in the 
manufacturing of bioadaptive devices. 
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ABSTRACT OF THE REPORT 

Epoxies find wide use in electronics manufacturing, but their applicability is often limited by 
their inherent brittleness. In this study, epoxy resin, SU8, was modified through reactive blending to 
enhance both its surface and bulk properties. For the purpose, novel star-shaped poly( -
caprolactone) (PCL) oligomers were synthesized and functionalized to enable crosslinking reaction
between epoxy and oligomer. Thorough characterization of the oligomers confirmed that their 
structure could be tailored in a controlled manner by adjustment of the ratio of initiator to
monomer(s) in the feed. Effective modification of the epoxy with the oligomer demands that a high 
degree of crosslinking be achieved. To ensure this, a dual-catalyzed crosslinking reaction was 
utilized and investigated by the model-free reaction kinetics evaluation method. The crosslinking 
conditions were optimized to allow the incorporation of a large amount of oligomer into the epoxy 
while minimizing the reaction induced phase separation. The modified material was then used to 
prepare films in the thickness range of a few micrometers. Thermal properties of such films are
difficult to determine but need to be known for the assessment of interfacial compatibility.
Spectrophotometry with a temperature option was employed in a novel way to provide information
about the thermal properties of films. The thermal properties were inferred from the optical
characterization data. When the aim of the manufacturing is bioadaptive devices, especially in 
implanted devices, the properties of surfaces and biocompatibility become important. Contact angle
measurements were carried out to follow the effect of reactive blending on the surface free energy
of the films, and it was discovered that the hydrophobicity is slightly increased. The morphology of 
seeded endothelial cells indicated biocompatibility.
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1. INTRODUCTION 

Epoxies are extensively used in the manufacture of electronic devices due to their excellent 
adhesive properties, suitable mechanical strength and dielectric properties, light weight, and low 
cost. Use of photodefinable epoxies for high aspect ratio patterning has enabled many innovative 
applications including micro fluidic components, lab-on-a-chip instruments, miniaturized
micromotors, and scanning micro probes besides the conventional uses of epoxies such as coatings 
and films.1-9 Previously, 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 
(PWB) as substrates.10-13 The ever-increasing packaging density creates strict demands on the 
reliability of miniaturized interconnections, in particular, and interfacial compatibility and adhesion
have become important issues.1,12-14

Surface modifications have provided good interfacial adhesion between polymers and 
metallizations,12,15-18 allowing reliable manufacture of the complex modules frequently encountered
in microelectromechanical systems (MEMS)19,20 and highly miniaturized electronics.21,22 Although 
interfacial adhesion of epoxies can be effectively enhanced through various modifications, their use
in flexible assemblies continues to be limited by their intrinsic brittleness.23 Today, flexible PWBs
are increasingly being used in high-density applications such as smart cards, hearing aids, displays
and portable electronics.24 However, the use of epoxies in flexible assemblies demands adequate 
modification of their thermomechanical properties.

Blending of brittle epoxies 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 thermal degradation. Moreover, traces 
of carcinogenic acrylonitrile may persist, preventing the use of CTBN in biomaterials.27,28 Several 
studies have described the use of non-reactive phase-separating thermoplastic polymer
modifiers.26,27,29-32 Unfortunately, toughening by non-reactive 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 reported to result in a tough network 
without the adverse effects.33,34

In earlier paper,35 we described the synthesis and crosslinking of star-shaped poly( -
caprolactone). Others have reported that highly branched polymers effectively flexibilize inherently
brittle epoxies.36,37 The objective of the present work was to find out if a star-shaped poly( -
caprolactone) could be tailor-made and functionalized to enable crosslinking with SU8 epoxy resin. 
With this target in mind, we synthesized four-armed -caprolactone based oligomers and end-
functionalized them with carboxylic acid groups. In part I of this series of three papers, we describe 
the synthesis of the oligomers, their reactive blending with SU8 epoxy, and selected surface and 
bulk properties of spin coated films. One of the properties studied was the compatibility of the 
blend film with endothelial cells. In part II we will report the crosslinking kinetics of the dual-
catalyzed crosslinking reaction, and in part III we will introduce a novel method to determine the 
glass transition temperature of polymer films.
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2. MATERIALS AND METHODS 

2.1 Materials 

Oligomers were synthesized from -caprolactone monomer (CL; Solvay) in the presence of 
Sn(II)2-ethylhexanoate (SnOct2; Sigma) catalyst and polyglycerol-3 (PGL; Solvay) initiator.
According to the manufacturer the PGL contained five hydroxyl groups. CL was dried over
molecular sieves and the other materials were used as received. Succinic anhydride (SA; Fluka) was 
used in the end-functionalization. The epoxy resin was SU8 (Shell) containing eight functional 
groups per monomer ( nM = 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. Triarylsulfonium
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 ( =365nm, 17 mW/cm2 for 30 s) and catalyzed the ring-opening 
crosslinking reaction of the residual epoxy groups. 

2.2 Preparation of network precursors 

The oligomeric poly( -caprolactone) (PCL) prepolymers were melt-polymerized from CL at
150 C in a batch reactor under nitrogen atmosphere. The monomer was fed to the preheated 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 five hours and the batch sizes were 0.5 kg. The hydroxyl end-
functionalities of the prepolymer were converted to carboxylic acid functionalities by reaction with 
succinic anhydride for two hours at 150 C. The prepolymer and an equimolar amount of anhydride
in relation to the hydroxyl groups were fed to the reactor. No catalyst was used. Later on in the text 
the oligomers are denoted as PCLX-Y, with X corresponding to the number of CL units in each 
branch elongated 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.
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Scheme 1.  Polymerizations of (a) PCLX-OH oligomer and (b) functionalisation to PCLX-SA.
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2.3 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 solution) 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-catalyzed solution are shown in Scheme 2. 
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R2 R1
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1. reaction+

O

R2

O
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+
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Polymer network

O
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Scheme 2.  Reactions of the dual-catalyzed crosslinking of PCLX-SA and epoxy.

2.4 Coating and crosslinking procedure 

A solution of the network precursors (PCLX-SA oligomer and epoxy resin) and the solvent 
was spin coated on a silicon wafer at a speed of 2000 rpm for 30 s. A film thickness of 10 to 20 m
was formed depending 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 minutes. Simultaneously the PCLX-SA reacted with the epoxy groups. After the first 
bake, the coatings were exposed to ultraviolet light, which released the acid catalyst from the 
photoinitiator. The cationic ring-opening crosslinking of the residual epoxy groups was catalyzed in 
the second bake, which occurred at 180 °C for 60 minutes in a convective oven. The preparation of 
the coatings was carried out in a clean room (class 1000) to avoid surface contamination.

2.5 Characterization

The 1H NMR spectra were recorded on a Varian XL-300 NMR spectrometer working at 
300.032 MHz. The samples were dissolved in CDCl3 in 10-mm NMR tubes at room temperature.
The sample concentration was about 1% by weight 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% by weight in CDCl3.

The number-averaged molecular weight ( nM ), weight-averaged molecular weight ( wM ), and 
molecular weight distribution (MWD) were determined by room temperature size exclusion
chromatography (SEC) (Waters System Interface module, Waters 510 HPLC Pump, Waters 410 
Differential Refractometer, Waters 700 Satellite Wisp, and four PL gel columns: 104, 105, 103, and 
100 Å connected in series). Monodisperse 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 µl and the flow rate was 1 ml min-1.
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Differential scanning calorimeter (DSC) measurements were carried out on a Mettler Toledo 
Star DSC821 in the temperature range -100–100°C for the oligomers and 100–210°C for the 
crosslinked samples, both 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 heating period. The
residual reactivity and the Tg of the crosslinked samples were observed from the first heating scan, 
during which the epoxy groups are expected to reach complete conversion.

Dynamic mechanical analysis (DMA) was performed on a Perkin-Elmer 7 Series instrument.
Samples of size 2 10 ~0.5 mm3 were investigated in flexural mode (three-point bending) under a
temperature ramp of 4 C/min at a fixed frequency of 1 Hz. The measurements were carried out over 
a temperature range of -50–250 C. The reported glass transition temperatures correspond to the 
maximum of the loss angle (tan ) and the slope of the storage modulus (E’).

Scanning electron microscopy (SEM) examinations of the cross-sections of fractured polymer
coatings were carried out to obtain information about the fracture mechanism of the reactively 
blended epoxy films and to observe morphology. An initial crack was prepared 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
scanning electron microscope (JSM-6335F) operated at 5 kV. 

The contact angles of sessile drops of distilled water, diiodomethane, and formamide on the
coating surfaces were measured with an Advanced Surface Technology Inc. goniometer equipped 
with a VCA 2500XE video contact angle system. For each sample, the contact angle value is the 
average of eight measurements recorded from different locations on the sample with a standard 
deviation of 1-3º. Surface free energy ( S) of the solid surface was calculated from the contact 
angles using a geometric mean model.38,39 The geometric mean model was selected from models 
found in the literature38-44 on the basis of our earlier evaluation of the various models13 and the 
ongoing debate about models.13,45-48 The volume of the liquid drop was 0.1 µl. The surface free
energy ( S) in the model is assumed to be the sum of dispersion ( S

d) and polar ( S
p) components.

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.49

Human pulmonary artery endothelial cells (HPAE) were obtained from PromoCell
(Heidelberg, Germany) 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 experiment the 
cells were seeded on pristine surface and on surfaces treated with fetal calf serum (FCS) and fixed 
after both four- and 24-hour cultures.

Fixations were carried out with 0.1 M sodium cacodylate buffered 2.5% (w/v) glutaraldehyde
(pH 7.2, EM-grade) for one hour 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.50,51 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 
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sputter coater K575-X. All specimens were examined under a Jeol field emission scanning electron 
microscope JSM-6335F at 5 or 15 kV.

3. RESULTS AND DISCUSSION

The synthesis of crosslinkable poly( -caprolactone) consisted of two steps (Scheme 1). First, 
CL-based star-shaped oligomers were polymerized. In the second step, the hydroxyl groups of the 
oligomers were converted to carboxylic acid end-functionalities by reaction with succinic 
anhydride. Reactive blends were prepared from the carboxylic 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). Below we report the synthesis of the 
functionalized oligomers, the reactive blending, and selected surface and bulk characteristics of the 
crosslinked polymer blends. 

3.1 Polymerization of hydroxyl end-functional oligomers 

The use of multi-hydroxyl functionalized PGL initiator in ring-opening polymerization (ROP) 
of CL enables the preparation of star-shaped oligomers.35 The molecular weight of the oligomer
varied with the ratio of PGL to CL in the feed (Table 1). Since the amount of the SnOct2 catalyst
was very low in relation to the OH groups in the PGL initiator ([SnOct2]/[OH]) = ~0.001-0.002 mol 
mol-1), 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.52 using 
comparable reaction conditions. The role of SnOct2 as a catalyst is in agreement with the general 
understanding that alteration of the PGL/CL ratio can be used to tailor the molecular weight of the
oligomers. 1H NMR study showed the conversion of the -caprolactone to be close to 100%, 
because there was no peak for the CL monomer (-CH2-COO-) 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 multi-arm structure, 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 probably create steric hindrance over some of the initiator’s hydroxyl
groups, which in turn decreases the branching 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 average 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 Fig. 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 ppm and 173.3 ppm, assigned to carbons “6” and “12” respectively, in Fig. 
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 summary, 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 carried out with 8-
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functional initiator and -caprolactone (6/8 OH groups reacted)35 and with 6-functional initiator and
lactide (4/6 OH groups reacted).53
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Figure 1. 13C NMR spectra for (a) PCL5-OH and (b) end-functionalized PCL5-SA oligomers.

DSC analysis of the star-shaped PCL oligomers was carried out to obtain information about 
their structure. The PGL initiator was amorphous, but the incorporation of CL arms resulted in a 
semicrystalline structure (Table 1). Oligomers PCL2-OH and PCL5-OH both exhibited two melting
endotherms. Multiple melting endotherms are generally observed for branched polymers,54-56

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
discussed above, the formation of arms of different length is likely for star-shaped oligomers
prepared in the presence of low concentration of SnOct2. Previously,35 it was shown that as the 
proportion of CL increases, i.e., the molecular weight increases, the thermal properties of star-
shaped oligomers approach those reported57 for linear high-molecular-weight PCL (Tg = -60°C, Tm
= 60°C). This tendency was observed here too and the thermal properties of the 4-armed oligomers
were similar to those reported35 for the 6-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 1). The ROP of CL yielded 
oligomers with controlled structure and with narrow MWD in the range of 1.2 to 1.3. We note,
however, that the SEC instrument was calibrated with narrow polystyrene standards, so that the
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SEC results were affected not only by the size of the molecule but also by the structure. The values
obtained by SEC thus differed slightly from the theoretical nM  values. A trend of decreased nM
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 -caprolactone were 
detected. Hence, the tailoring of the oligomer structure was controlled and the conversion was high 
according to both NMR and SEC analyses. 

Table 1.  Properties of the PCLX-OH and end-functionalized PCLX-SA oligomers.

   a The number refers to the theoretical amount of CL units per arm.

Oligomera,b
DSC

Tg ( C) Tm ( C)
SEC

wM  (g mol-1) nM  (g mol-1) MWD
Theoretical

c
nM  (g mol-1)

PGL -42 - n.d. 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

   b SA refers to succinic anhydride. 
   c Calculated as [CL]/[PGL] x M(CL) + M(PGL) + 5 x M(SA). 
  n.d. = not determined because of insolubility in the eluent.

Molecular weight analysis of highly branched polymers is difficult and few methods give 
"absolute" values. In the case of highly controllable polymerizations such as ROP, the measured
value should coincide with the theoretical nM . It is reported58 that SEC gives a higher nM  value 
than multi-angle laser light scattering (MALLS), which is considered to be an accurate method
resulting in “absolute” value for nM . 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 random coil structure. The nM  value for the 
four-armed oligomers that we obtained by SEC was higher than the theoretical nM  calculated from 
the feed ratio. We attribute this to the significant difference in the hydrophilicity 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.

3.2 Carboxylic acid functionalization

The oligomers' hydroxyl end-groups were converted to carboxylic acid groups by reaction with 
succinic anhydride. The degree of functionalization was high according to NMR analysis (compare
Fig. 1a and 1b). The peaks in the 13C NMR spectrum for the end-group carbons of the oligomer
(CH2-CH2-OH) assigned as “1” and “2” in Fig. 1a disappeared as a result of the functionalization. 
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
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the new end-group, assigned as “7” and “8” in Fig. 2b. Measurement of the peak intensity made
possible a quantitative analysis of the degree of functionalization. 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 succinic anhydride 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 Figs. 1b and 2b. 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 functionalization and the melting endotherms disappeared (Table 1). PCL5 
oligomer, however, which had longer CL segments, continued to exhibit double melting
endotherms.
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Figure 2. 1H NMR spectra for (a) PCL5-OH and (b) end-functionalized PCL5-SA oligomers.

3.3 Reactive blending of epoxy with end-functionalized oligomer 

We anticipated that the synthesized four-armed oligomer could be used to effectively toughen 
the inherently 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,59 would enhance the plasticization effect. The end-functionalization 
enabled reaction between the oligomer and the epoxy resin, which has been reported to reduce the
phase separation while giving rise to toughening.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 increasing molecular weight of the 
network.60-62

DSC provided first-hand information about the crosslinked networks. According to the DSC 
analyses, the crosslinked epoxy exhibited a Tg around 180°C, and the blends with 10 wt.-% of 
PCL0-SA, PCL2-SA, and PCL5-SA had Tgs of about 130°C, 160°C, and 60°C, respectively. As
expected, the Tg of the reactively blended epoxies was slightly lower than that of the 
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homogeneously crosslinked epoxy, though the Tg of the blend prepared with PCL2-SA was still 
fairly high. A high Tg is considered beneficial for many applications in electronics. Both the size of 
the macromolecule, and the proportion of the oligomer affected the Tg. The crosslinking kinetics 
will be studied in detail in Part II63 and the other effects on Tg in Part III.64 Some of the samples
exhibited two Tgs, indicating inadequate incorporation of PCLX-SA into the network. The second 
Tg was weak and broad, however, 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. Dynamic
mechanical analysis was accordingly employed to obtain more information about the network
structure.

3.4 Thermomechanical properties

Dynamic mechanical analysis (DMA) has been used to detect two-phase structures in polymer
blends providing at the same time thermomechanical information.65 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 storage (elastic) modulus curves (E’) of the modified epoxies are shown in Figure 3, and 
the glass transition temperatures determined from the curves are given in Table 2. In a comparison
of blends with 10 wt.-% concentration of the oligomer, the PCL0-SA modifier with smallest
molecular weight provided the highest Tg. In addition, the elastic modulus at the glassy state was 
significantly higher with PCL0-SA than with other oligomers. This is attributed to the denser
crosslinking enabled with the smallest PCL0-SA oligomer. The modulus of the other blends did not 
decrease from that of the epoxy, but the Tg decreased, indicating a softening of the material. The
influence of oligomer concentration on the elastic modulus is shown in Figure 4 with PCL2-SA 
used as the example. When the amount of modifier was increased up to 20 wt.-% the elastic 
modulus decreased slightly, but, surprisingly, with 30 and 40 wt.-% the modulus increased.

Table 2. Glass transition temperatures for the selected network samples as determined from storage modulus curves
obtained by DMA.

Tg (1)
°C

Tg (2)
°C

Epoxy 100 -
PCL0-SA10 35 95
PCL2-SA10 35 65
PCL5-SA10 40 -
PCL2-SA5 25 100
PCL2-SA20 35 70
PCL2-SA30 -5 60
PCL2-SA40 0 -

The primary analysis was made on the E’-curve, which yielded Tg values significantly lower 
than analysis of either the tan-  or the E’’-curve would have given. The later curves were not used 
because the transitions in the curves were too broad for meaningful determination of Tg. The
broadness of the transitions is a common problem with highly crosslinked polymers.66 To
circumvent this problem, we introduce a novel method to characterize the Tg of polymer films in 
Part III.64 Close examination of the E’-curves did nevertheless reveal the existence of two glass 
transitions and a two-phase structure for most of the samples.
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Depending on the crosslinking parameters (time and temperature) and molar concentrations, a 
network structure ranged from a homogeneous network to a phase-separated blend. The two-phase 
structure revealed by DMA indicated that the oligomers had not reacted well enough before the 
second reaction step commenced. Initially the reaction mixture was transparent, which indicated 
that the components were soluble in each other. The pre-baked coatings were still transparent, 
which means that the oligomers and the pre-crosslinked network must have been soluble in the
epoxy. The use of PCL0-SA and PCL2-SA oligomers in high concentration (40 wt.-%) resulted in a 
hazy appearance after the second step of crosslinking indicating severe phase separation. 

igure 3. Storage moduli (E’) of the crosslinked epoxy and its crosslinked blends prepared with 10 wt.-% of PCL0-SA,

e E’.
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3.5 SEM examination of the fracture surfaces of films 

SEM examination was carried out to obtain further i
th

domains can be expected to phase-separate during the second step. The more hydrophilic 
PCL2-SA domains in relation to epoxy resin separate forming spheres to minimize their surface
energy. Nevertheless, SEM examination of fractured coating surfaces did not unambiguously
support phase separation, but rather incorporation of the modifier into a more or less continuous
network. The DMA investigation indicated softening of the blends. In fact, the fractured coating
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surfaces showed that a brittle fracture occurs when the homogeneous epoxy (Fig. 5a) is broken and
a more ductile fracture appears as the content of oligomer is increased (Fig. 5b). Further evidence
for successful toughening by reactive blending was obtained from DMA analyses (see above). In 
particular, a comparison of the loss modulus curves showed that significantly more energy is 
dissipated in deformation of the PCL2-SA modified blend than in deformation of the brittle 
homogeneous epoxy. 

Epoxy Si A) E/PCL2-SA(40%) SiB)

Figure 5. Comparison of the fractured surfaces of (a) the epoxy and (b) blend film (40 wt.-% of PCL2-SA in the
poxy).

face free energy – contact angle measurements

e manufacturing of bioadaptive devices. 
he degree of hydrophilicity of the surface has a particular influence on biocompatibility and cell 

sprea

oligomer made up of 11 CL units is about 
40° and it increases with the number of CL units.  The four-armed PCL2-SA oligomer has 10 CL 
units

e

3.6 Sur

The properties of surfaces are of key importance in th
T

ding. Contact angle measurements made with deionized water, diiodomethane (DIM), and 
formamide (FA) were carried out on the crosslinked coatings. 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 (see Table 3 for the results). The division into the above-mentioned
components allows a discussion of the hydrophilicity/hydrophobicity evolution of the surface. All
the coatings were fairly hydrophobic. The blend with 30% PCL2-SA by weight was the most
hydrophobic with polarity (Xp = p

sv/ sv) of only 1%. However, the development of the water 
contact angles, and the hydrophobicity, was not directly proportional to the amount of added 
oligomer. The coatings with 20 and 40 wt.-% of the PCL2-SA had lower contact angles with water 
than the other coatings, indicating more hydrophilicity.

The contact angle with water for a linear PCL diol
67

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. Assuming 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 character. However, the crosslinking reactions 
affect the chemistry of the incorporated network precursors,13 and the final surface properties were 
not simply a sum of the surface properties of the incorporated molecules. 
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Table 3. 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.-%)/PCL0-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

During the first step of the dual-catalyzed crosslinking, equimolar amounts of epoxy groups in 
relation to acid groups were reformed to ester links between the oligomer and epoxy resin 
molecules. During the second 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 instead of the material/air interface if this is kinetically
possible, because the system strives to minimize its total free energy. Several groups16,67,68 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 expected that, also here, the hydrophilic groups were directed towards the bulk.

3.7 Cell culture 

Such factors as surface free energy (hydrophobicity/hydrophilicity), surface charge, and
topography influence the cell response on a substrate. Coverage of a synthetic material with a layer 
of human endothelial cells, which have inherently good blood compatibility, is a promising way to 
improve its biocompatibility. 69-71 With this end in view, one of the objective of the present study 
was to determine the effect of the reactive blending on endothelial cell spreading. Surfaces were
made as smooth as possible by the spin coating method to minimize the influence of topography on 
the cell response. The average roughness of the epoxy was earlier measured to be 0.3 nm,13 so, the
effect of topography on the cell spreading can be considered minor.

The cells grown on pristine surfaces were flat showing good affinity to the reference epoxy as 
well as to most of the blend surfaces. Pretreatment with fetal calf serum enhanced cell adhesion in 
the case of epoxy. Response was poor with the highly hydrophobic coatings, however, evidently 
because of the too strong denaturizing of the protein on those surfaces. Cells on the hydrophobic 
surfaces were round and emitted significantly more filopodia than those on slightly modified
surfaces.

Spreading of endothelial cells on synthetic surfaces is difficult. We achieved almost 40%
coverage with pretreated epoxy and a pristine blend containing 20% PCL2-SA by weight, which is
considered to be fairly high coverage for a 24-hour culture. Others have reported coverage between 
10 and 20% on flat polybromostyrene-polystyrene and poly-n-butylmethacrylate-polystyrene
systems and more on roughened surfaces.72,73 Our preliminary tests of the biocompatibility of the 
modified epoxy coatings indicate, therefore, that the endothelial cells tolerated the evaluated 
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materials well. Additional biocompatibility testing will be required to gain a better understanding of 
in the vicinity of living tissubehavior e if implantation of such materials is to be considered. 

4. CONCLUSIONS 
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y matrix in the imidazole-catalyzed reaction. A second step was used to complete the
crosslinking and this was carried out in the acid-catalyzed ring-opening polymerization of the
residual epoxies. Application of the PCL2-SA oligomer to the epoxy resulted in a noticeable
increase in toughness according to combined microscopy and thermal investigations, while the Tg
was decreased only slightly. Despite the reactivity between the oligomer and the epoxy, DSC and 
DMA analyses indicated some reaction-induced phase separation. This could not be verified by 
SEM examination of the fracture surfaces of the blends, however. 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 th
m
feasible option. 
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1. INTRODUCTION 

Epoxy resin-derived materials are extensively used in electronics manufacturing. An 
unfortunate characteristic of epoxy resins, however, is the rigidity of the crosslinked network, which
limits their applicability. As a means to overcome this problem, the modification of the mechanica
properties of epoxies has been extensively investigated.1-3 Typically, reactive rubbers or 
thermoplastics are incorporated into the epoxy matrix. Depending on the degree of chemical
interaction between the resin and the modifier polymer, reaction-induced phase separation may
occur and alter the network structure significantly, with effect on the thermomechanical pro
14 The modified material can be studied by means such as dynamic mechanical analysis, differential
scanning calorimetry, and scanning electron microscopy.1,3,4 However, t
network during crosslinking, the kinetics of the reaction need to be studied as well.

Both isothermal and nonisothermal methods have been used for the analysis of reaction 
kinetics. As well, relatively simple models hav
reactions are complex. For example, a number of chemic
crosslinking of a thermosetting resin, as the ma
highly crosslinked solid. These changes undergone in multi-step
calculation of activation energy a complex problem. Indeed, activation energies and pre
factors can be determined only for simple systems. In addition to the probable chang
mechanism during the crosslinking, the rate of solid-state reactions is affected by factors s
mass transport of the reactants and the vitrification of reacting species.15-20

The complexity of a reaction can be taken into account by using two-step m
however, the model-fitting approaches are not very effective in describing the crosslinking of 
epoxies.22 Vyazovkin,23 starting from the isoconversional methods introduced by Friedmann,24

Ozawa,21 and Flynn and Wall,25 has proposed an alternative approach that allows the apparent 
activation energy to be determined as a function of the extent of conversion and/or temperature
without assuming a particular form of the reaction model. Assuming a simple superposition of the
individual reactions of a multi-step mechanism, one obtains the conversion-dependent apparent
activation energies. It is also assumed that all reactants have been converted into a product with full
conversion (  = 1) at the end of the reaction. In addition, the process must not involve
simultaneously exothermic and endothermic reactions or competing reactions, and it should not be 
partially diffusion controlled. With these boundary conditions taken into account, the advantages of 
the model-free analysis, i.e. simplicity and the avoidance of the erroneous choice of a kinetic model,
can be put to work. Despite the evident advantages of the model-free analysis, there is an ongoing 
debate about the theoretical justification.26-31 Nevertheless, it is gaining acceptance as the thermal
analysis community actively debates the best way to determine the reaction kinetics of complex 
systems.16,17,26-31

In the present study, we examine the reaction kinetics of a dual-catalyzed mixture of an epoxy 
and our previously synthesized4 oligomer, utilizing the model-free kinetic approach. The focus is on 
the bulk material because of the limitations of the conventional DSC method.32 In the Part III5 of 
this series we will introduce a novel method to determine the glass transition temperature of a spin 
coated polymer film which will overcome these limitations.

l

perties.6-

o understand the evolving 

e been employed to simulate reactions. Often the
al and physical changes occur during the

terial is transformed from a viscous liquid to a 
reactions make the accurate

-exponential
es in reaction

uch as

odels.21 In general, 
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2. MATERIALS AND METHODS 

2.1 M

2.2 C

oups can be assumed.

2.3 M

aterials

The -caprolactone-based and carboxylic acid end-functionalized oligomer (PCL2-SA) that was 
synthesized in Part I4 was mixed with epoxy resin (SU8; Shell) in a grinding mortar. The ratio of 
oligomer to epoxy was 20:80 by weight. Imidazole (0.06 wt.-% of the solid content; Fluka) or 
triarylsulfonium hexafluoroantimonate (TH) (2.5 wt.-% of the epoxy content; Aldrich) or both 
together were added as catalyst. The TH was provided as a salt in polypropylene carbonate in ratio
50:50 by weight. Imidazole catalyzes the reaction between carboxylic acid and epoxy groups, and 
the TH salt acts as an acid-catalyst precursor that decomposes to cations upon ultraviolet light 
exposure, and catalyzes the ring-opening polymerization of residual epoxies. 

haracterization methods 

Differential scanning calorimetry (DSC) measurements were carried out on a Mettler Toledo 
Star DSC821 in the temperature range of 80–240°C used for the kinetic analysis, at heating rates of 
2, 5, 10, and 20°C/min. The degree of crosslinking evaluated from the results of the kinetic study 
was compared to the results obtained by thermal analysis for the samples crosslinked according to a 
predefined baking program. The residual reactivity and the glass transition temperature (Tg) were
determined from the first heating scan that was recorded in the temperature range of -50–240°C at a 
heating rate of 10 C/min, during which complete conversion of the epoxy gr

odel-free kinetic analysis

Differential scanning calorimetry (DSC) was used to obtain information about the reaction 
rate. With very few exceptions the rate of a reaction increases with temperature. The relation
between the rate constant, k, and temperature, T, was first proposed by Arrhenius: 

k = Ae -E/RT.         (1)

The constant A is called the pre-exponential factor, E is the activation energy and R is the gas 
constant. Kinetic analysis of an epoxy crosslinking reaction, i.e. a cure, is usually based on the
measurement of heat flow by DSC, which is proportional to both overall heat release and cure rate 
according to Eq. 2: 33

)()( fTkQ
dt
dQ

dt
dQ

curecure ,      (2) 

where dQ/dt is the heat flow, t is the time, Qcure is the total heat released when an uncured sample is 
brought to complete cure, d /dt is the cure rate,  is the extent of a monomer conversion to a 
crosslinked network, k(T) is the Arrhenius rate constant, and f( ) is the reaction model. The extent
of cure, , is determined by integrating the heat flow curve. The temperature dependence of the rate 
constant is introduced by replacing k(T) with the Arrhenius equation, which gives 

)(
)(
fAe

dt
d RT

E

.        (3)
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The pre-exponential factor, itionally determined from
othermal experiments converting Eq. 3 to its logarithmic form, Eq. 4, to solve for A and E:

A, and the activation energy, E, are trad
is

RT
Ak

303.2
logg 1010 .       (4)

The determination of activation energy is an important objective of any kinetic
investigation. However, if the activation energy is determined according to the procedure presented
above, the result is a single set of global Arrhenius parameters for the whole process. This makes 
the simulation of multi-step reactions problematic. The model-free approach allows the apparent
activation energy to be determined as a function of the extent of conversion and/or temperature
without the assumption of a particular form of the reaction model. For non

E

isothermal conditions,
hen the temperature varies with time with a constant heating rate, =dT/dt, Eq. 3 can be 

lo

w
represented as: 

)(
)(
feA

dT
d RT

E

.        (5)

Too often a single-step kinetic Equation 5, taking f( ) in one of its various reported models,34

is forced to fit the data. However, the use of an improper model can seriously impair the outcome of 
a kinetic evaluation.35 For the epoxy cure, the reaction order model (1- )n and the autocatalytic cure

m nodel (1- )  are the most frequently used. It is generally accepted, however, that the epoxy cure 
 involves several reaction mechanisms and/or rate limiting stages

each with a different set of Arrhenius parameters.

roviding that the 
heating rates are not extreme. For multi-step reactions, activation energy can vary with the heating
rate an differential
method proposed by Friedmann  may result in erroneous values of activation energies because of 

d a non-linear approximation method for the temperature integral. Vyazovkin 
nd Sbirrazzuoli  calculated, for a set of n experiments carried out at different but constant heating 

inimum of the function 

m
is a multi-step reaction that likely

Conventional isoconversional methods assume that the reaction rate at constant extent of
conversion is only a function of temperature. This holds for single-step reactions p

d the subsequent reaction path, thus leading to different extent of conversion. The
24

poor resistance to experimental noise. The use of the integral methods21,25 is therefore preferred.22

However, the integral methods also require corrections.36 To overcome the inaccuracies of the 
conventional approximation routines associated with the isoconversional methods,21,24,25

Vyazovkin23 develope
22a

rates, the m

n n
jiTEI , ),(

i ij ijTEI1 , ),(
      (6)

with

T E
)(

RT dTeTEI
0

),( ,       (7)

which must be evaluated numerically. In Equation 6, the indexes i and j denote different 
n is the total number of heating rates,  is the conversion, and I is the temperatureheating rates, 
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integral. According to this empirical method, the activation energy can be evaluated at any given 
value of  for multi-step kinetics. Although the exact physical foundation of the above approach is
till under debate, its application has produced viable results. 

3. RESULTS AND DISCUSSION

reaction was 127.1 J/g. The acid-catalyzed reaction started at about 125 C and the
action enthalpy was 176.5 J/g. The dual-catalyzed reaction started at about 80 C. It can be 

ed that one of the catalysts has synergistic e
us at the present momen rosslinking

tudies cannot be considered as simply additive. Moreover, the reaction enthalpies for the separate 
act

ng. The kinetic study was 
perform

control, the middle part (II) to the transport of matter, and the 
igh conversion tail (III) that shoots up to the structural control. In regime I, the activation energy 
eclines steeply (in particula ed since the
onversion is temperature de ersion thus
orresponds to increasing temperature and more thermal activation is brought to enhance the motion

reactive species. In regime II, there is enough thermal activation for the reaction and the mass
ort controls the reaction. In regime III, no thermal activation is sufficient for the reaction to 

roceed in the network because the reactive species are structurally bound.

ed ring-opening polymeriz

s

The crosslinking reaction under investigation involves two successive reactions: (1)
imidazole-catalyzed reaction between PCL2-SA and the epoxy and (2) acid-catalyzed ring-opening
etherification of the residual epoxy groups. The two reactions were examined separately before
analysis of the dual-catalyzed mixture.

According to the DSC analysis, the imidazole-catalyzed reaction started near 100 C and the
enthalpy of the
re
assum ffect on the other but their exact role is not clear
to t. In other words, the information obtained from the separate c
s
re ions cannot be determined from an analysis of the dual-catalyzed mixture because partial
overlapping of the reactions exists with fast thermal scans. We note, too, that the total heat released
in the reaction sequence is less than what one might expect from the data of the individual reactions. 
Thus, the activation energy value(s) provided by the model-free kinetic analysis were considered to 
be apparent rather than absolute. The kinetic information obtained from the model-free analysis is 
used as an approximation for the overall reaction sequence, which can be used, with caution, in 
determining the process conditions needed to obtain a “fully” cured coati

ed with only one oligomer, PCL2-SA, and one PCL2-SA/epoxy blend (20:80 ratio by 
weight), which means that the information obtained must again be applied with caution in 
interpreting the kinetics of blends with the other oligomers (PCL0-SA and PCL5-SA) synthesized 
in Part I and the kinetics of blends with different ratios of reactants.

The results of the model-free analyses are shown in Figure 1 for the acid-catalyzed
crosslinking of the epoxy, in Figure 2 for the imidazole-catalyzed crosslinking of the PCL2-SA with
epoxy, and in Figure 3 for the dual-catalyzed crosslinking of the mixture. In the separate reactions,
the apparent activation energy for the crosslinking falls into three regimes as the reaction evolves.
These regimes are assumed to represent a change in the physical limiting factor of the reaction,
while the actual reaction mechanism remains the same. It is proposed that the regime of low
conversion (I) is due to the reaction
h
d r in the imidazole-catalyzed reaction), as would be expect
c pendent. The apparent activation energy at increasing conv
c
of the
ranspt

p

3.1 Acid-catalyz ation of the epoxy 

Results of the kinetic analysis of acid-catalyzed crosslinking of epoxy are shown in Figure 1.
In the conversion range of about 0-5%, the crosslinking process is expected to be reaction
controlled; in the region of 5-90% the mass transport becomes limiting. As the reaction proceeds 
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and the molecular weight of the epoxy network increases, the viscosity of the material starts to
increase resulting in gellation, vitrification, and the formation of highly crosslinked solid epoxy.
This affects the apparent activation energy by decreasing it–a 37-39generally observed phenomenon.
The decrease in apparent activation energy does not mean that the reaction rate is increased because 
this is not an isothermal situation. The structural changes hinder the reacting species from
contacting each other as the m gel and eventually to a
solid. It is likely therefore, that the reaction rate 
struc

than the glass transition temperature of the material under investigation there is no significant 
struc

aterial deforms from liquid-like to vitrified
decreases as the structural control takes over. The 

tural effects grow stronger as the reactive fragments are both physically and chemically bound 
into the forming network, and the glass transition temperature of the evolving network increases.
The marked increase in the activation energy above ~90% conversion (Fig. 1) is assumed to result 
from this structural hindrance of the reaction. As long as the experimental temperature is higher

tural effect. This fact favors the use of a nonisothermal rather than an isothermal analysis in 
studying the curing kinetics. It is also reported that the heating rate in a nonisothermal analysis 
should be high rather than low to minimize the effects of structural change on the analysis.40

However, for sequential reactions starting at different but nearby temperatures, it may be better to 
use lower heating rates to minimize the overlapping of reactions, as will be demonstrated below in 
the discussion of the dual-catalyzed reaction.

The activation energy was close to 125 kJ/mol before the structural control started. The 
structural control above 90% conversion causes uncertainty in the kinetic evaluation when the 
model-free approach is used.40 However, the steep increase in apparent activation energy (  > 90%) 
is assumed to result from trapping of the growing epoxy macromolecules within the network and 
loss of mobility of their functional groups (epoxy rings). Note that the term apparent activation 
energy is used here because it is a function of the reaction mechanism itself and the structural
changes. The fundamental reaction mechanism is assumed to remain the same (ring-opening 
polymerization of the epoxy groups into covalent ether bonds) and the observed changes in the 
apparent activation energy are induced by the structural changes.

Conversion

Heat flow Activation energy

T [230°C]

T [143°C]

120 140 160 180 200 220 240 °C
20 40 60 80 %

Figure 1. Kinetics of acid-catalyzed epoxy reaction.
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Dunne et al.41 proposed that the residuals of the photo-initiator they employed in their study 
decompose into acids that catalyze the reaction at temperatures above 180 C. This results in a 
second enthalpy release from the continuing reaction of the epoxy rings. For a sample that was not 
exposed to ultraviolet light, we also noticed a reaction at around 190 C, which is assumed to start 
because of thermal decomposition of the remains of triarylsulfonium hexafluoroantimonate catalyst
precursor. This would explain the appearance of a shoulder on the heat flow curve during the epoxy 
cure (see Fig. 1). 

3.2 Imidazole-catalyzed PCL2-SA reaction with epoxy 

Regime I in imidazole-catalyzed reaction is broader than regime I in acid-catalyzed reaction. 
This is as expected since the reaction rate is much faster (compare the simulated isothermal curves 
in Figs. 1 and 2), and higher conversions are therefore achieved within a narrower temperature
interval. The Tg for the imidazole-catalyzed blend was evaluated to be 124 C, and most of the
crosslinking reaction took place above that temperature during the nonisothermal analysis. Regimes 
II and III are clearly seen for the reaction. However, the transition from regime I to II is not as 
sharp. There is an indication of structural effects around the final degree of conversion above 95%.
Between 40 and 90% conversion the apparent activation energy remains close to 90 kJ/mol, which 
is att

gure 2. Kinetics of imide-catalyzed PCL2-SA/epoxy reaction.

ributed to mass transport control. The decrease in the apparent activation energy in the low-
conversion zone is also reported by other workers.42 Despite the uncertainties in the above-
presented results they were of value in choosing the appropriate process conditions (see Part III5).

Activation energyHeat flow
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3.3 The dual-catalyzed reaction 

is we mean that the PCL2-SA may not be entirely incorporated into the network 
through chemical bonding but rather physically entrapped. In fact, the apparent activation energy 

gative, which indicates that increase in 
temp e reaction rate at the expense of the rate of the acid-catalyzed reaction. We
concl

r
heating rates (<2 /min) be used for enhanced separation of the successive reactions. The model-free
isoconversional approach helped us to control the complex reactions of the blend cure, but the
reactions are too complex for a complete kinetic understanding by this approach.

igure 3. Kinetics of the dual-catalyzed PCL2SA10/epoxy reaction.

We report here the results of the dual-catalyzed reaction of the PCL2-SA and epoxy, but 
emphasize that the reactions were not entirely successive but exhibited some overlapping, as shown 
in Figure 3. To minimize the effect of the overlapping, only the information obtained from the
slowest heating rates was used in the kinetic analysis. As was noted above, the successive reactions
can be assumed to influence each other, preventing the overall reaction from reaching full
conversion. By th

for the imidazole-catalyzed reaction was found to be ne
erature decreases th
uded that proper crosslinking of the reaction mixture must occur during the imidazole-

catalyzed reaction to ensure covalent incorporation of PCL2-SA within the polymer network before
the epoxy reaction. This means that, in the real process, the reaction needs to be carried out in two 
distinct steps. When the reaction mixture is not acid-catalyzed before the first baking step, i.e. if the
reaction mixture is not exposed to ultraviolet light at the outset, the imidazole-catalyzed reaction 
can be carried out at elevated temperatures, which need to be above the Tg of the crosslinked sample 
to prevent the diffusion effect. The Tg for the sample was determined to be 64 C. In the preparation 
of coatings for the studies to be presented in Part III, the first step in the baking process was carried 
out at 90 C for 90 minutes.

Obtaining an improved physical meaning for the kinetic analysis would require that slowe
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3.4 Verification of crosslinking conditions

ause the cured film swelled in acetone. However, the simulated
othermal conversion curves show that at 90°C baking, 90% conversion is achieved at 80 minutes

for the

this way showed
at the epoxy did indeed react to the full conversion, since no residual reactivity was detected. The

total heat of reaction for the epoxy crosslinking when no oligomer was incorporated was 176.5 J/g. 
With use of the dual-catalyst system without exposure of the blend to ultraviolet light, only the 
reaction enthalpy for the reaction between PCL2-SA and epoxy was detected. From this we inferred 
that the acid catalyst remained inactive until the exposure and effected only the reaction of epoxy 
groups.

Combination of the imidazole-catalyzed pre-crosslinking with the cationic ring-opening 
reaction of the residual epoxies in the dual-catalyzed two-step baking process resulted in the 
formation of solvent resistant coatings. The blends showed some residual reactivity, however. The 
reaction enthalpy was attributed to the continuing reaction of residual epoxies and the conversion of 
the overall reaction was determined to be 96% (6.5 J/g / 176.5 J/g) assuming that the first reaction
had reached full conversion. The simulated isothermal conversion curves were in agreement in 
suggesting that a one-step bake for 60 minutes at 180 C is not sufficient to provide the full
conversion. On the basis of the DSC analysis of the PCL2-SA/epoxy that showed only minor
residual reactivity after crosslinking in the two-step baking process, and on the basis of the kinetic 
analysis, it is inferred that full conversion could be achieved with the proposed prolonged baking of 
90 minutes. We note that with incomplete reaction between the oligomer and epoxy during dual-
catalyzed crosslinking there is a strong tendency for a reaction-induced phase separation. This is 
because the molecular weight of the network increases rapidly when the pre-bake is followed by 
UV light activation of the cationic ring-opening catalyst and the second polymerization of the 

sidual epoxy groups at elevated temperature. Indeed, both the dynamic mechanical and the DSC 
nalyses carried out in Part I suggested a phase separation. However, where a second Tg was 

strong chemical interaction between the

To determine whether the results of the kinetic analysis were in agreement with the thermal
properties of the crosslinked samples, a thermal analysis of the networks was carried out by DSC.
Glass transition temperatures and the existence of residual reactivity were examined. The most
important thermal properties are presented in Table 1 along with the swelling results. Lack of 
residual reactivity and increased Tg did not ensure solvent resistance as was shown with some of the 
coatings. We note that a given reaction can reach its full conversion, i.e. the full degree of 
crosslinking, in the blends of different stoichiometric amounts of the reactants, but the density of 
the crosslinking may be insufficient so that the loosely incorporated chains do not prevent solvent 
penetration into the network. 

In the absence of the catalysts, the reaction mixture did not show any reaction judging from 
the intactness of the Tg and the lack of any released heat of reaction. In the presence of imidazole,
the PCL2-SA oligomer reacted with epoxy and reached full conversion in a single-step crosslinking
bake carried out at 180 C for 60 min. This was also demonstrated by the model-free kinetic
analysis, as shown in the simulated isothermal conversion curves (Fig. 2). The pre-bake condition 
(90 C for 30 min), in contrast, resulted in two residual reaction enthalpies. Either way, in the
presence of only the imidazole catalyst the PCL2-SA/epoxy mixture did not provide adequate
density of networking bec
is

imidazole-catalyzed reaction.

According to the simulation (see Fig. 1), the acid-catalyzed epoxy reaches almost full 
conversion during a 60-minute bake at 180 C. DSC analysis of a sample baked in
th

re
a
detected, it was weak and broad, which indicated a fairly
hases and thus negligible phase separation.p
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Table 1. DSC and swelling results for the crosslinked PCL2-SA/epoxy coatings.

Polymer systemA,B

Imidazole Photo-

initiator

Tg
1

(°C)

Tg
2

(°C)

Residual reaction (°C)

during thermal scan 

Swelling in

acetoneE

Epoxy resin No No 38 - No Yes

Epoxy/PCL2-SA10 No No 39 - No Yes

Epoxy/PCL2-SA10 Yes No 124 - No Yes

Epoxy/PCL2-SA10 Yes Yes 162 (59) Slightly (180-220) No

Epoxy/PCL0-SA10 Yes Yes 131 (66) No No

Epoxy/PCL5-SA10 Yes Yes 57 - No No

EpoxyC No Yes 131 - Significantly (140-220) No

EpoxyD No Yes 180 - No No
A The number after PCL refers to the number of theoretical CL units per branch of the polymer, SA refers to the
succinic acid functional end-group and 10 refers to the weight percent of modified polymer in the epoxy.
B Crosslinking was carried out at 180 °C for 60 minutes.
1,2 Refer to the glass transition temperatures of the crosslinked mixture that were detected during the heating scan (-50 –
220 °C).
C Crosslinked at 90 °C for 30 minutes.
D Crossl ked at 180 °C for 60 minutes.
E The cr

igomer was analyzed by a model-free kinetic method. The results obtained from separate
investigations of the two reactions helped in determining the proper conditions for crosslinking.
Unde

in
osslinked coatings were immersed in acetone for 30 minutes and scratched with a wooden spatula. If the coating

was removed or deformed by the spatula “Yes” was entered to indicate poor chemical resistance.

4. CONCLUSIONS 

The reaction kinetics of the dual-catalyzed reactive blending of brittle epoxy with flexible four-
armed ol

rstanding of the crosslinking process enabled minimization of the reaction-induced phase 
separation while maximizing the amount of incorporated oligomer. The reaction was complex, 
however, and the reaction mechanism as well as the physical controlling factor changed during the
dual-catalyzed reaction. The apparent activation energy of the reaction was observed to fall into 
three regimes as a function of conversion. It is proposed that regime I represents reaction control, 
the middle part (the regime II) the mass transport, and the high conversion tail (the regime III) the
structural control. The results of thermal analysis of the crosslinked samples were in agreement with 
the results of the kinetic analysis and on the basis of the results the overall crosslinking process 
could be optimized to realize good-quality films.
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1. INTRODUCTION 

The polymeric films applied in electronics and optoelectronics frequently appear in the 
thickness range of a few micrometers and study of thick film coatings is thus of technologica
interest. One property that has been extensively studied with a variety of polymer films is the glass
transition temperature (Tg).1-4 A method to characterize simultaneously thickness, and selected 
thermal and optical properties of polymeric films in-situ by a non-destructive method would be of
great use.

When temperature increases and crosses t
is enhanced particularly in amorphous domains, creating a significant increase in the free volume of 
the polymer.5 The increase in free volume underlies the many changes in properties that are 
associated with the glass transition (Tg). Calorimetry is the preferred measurement technique for
glass transition studies sin
Unfortunately, conventional differential scanning calorimetry (DSC) instruments are of only limited
use for studies of thin films; samples are so th
measurement is typically beyond the limits of co
methods have been reported for measuring the Tg of thin films, inc
reflectivity,8-10 interferometry,11 Brillouin light scattering,12 and positron annihilat
knowledge the use of a spectrophotometer to determine the thermal properties has not been 
reported.

The surface structure of a polymer differs significantly from the bulk structure
that the thermal properties in the vicinity of an interface differ from those of the bulk
of interfacial interactions determines the structure near the interface. The higher the ordering
structure the less mobile are the chains and, reportedly the Tg increases.11,14

interfacial interaction decreases upon moving away from the interface, the
eventually reaches a value characteristic for the bulk of the material.10,12,15 The
interfacial interactions is heavily affected by the polymer chemistry, and no general thickness can 
be given at which the thermal analysis results in the bulk Tg rather than the film Tg. Reports in the 
literature2,6-8,11,13,14,16 suggest that films thicker than 100 nm usually represent bulk properties. It
should be added that the Tg value measured for a film is an average of the Tg values at the outmost
surface layer and in the bulk. Hence, it is mandatory to report the exact thickness of the analyzed 
film along with the thermal properties.

Our ultimate goal was to develop an epoxy-derived material with toughened mechanical
properties and suitable refractive index for use in optical waveguides. In pursuit of this goal we 
utilized a commercial epoxy, which was in need of modification because of its intrinsic brittleness.
We synthesized a four-armed oligomer and blended it reactively with the epoxy (Part I17). The
crosslinking kinetics of the blend was then studied to understand the evolution of the network (Part
II18). Our aim in this third part is to show that a spectrophotometer equipped with a temperature
option can be used to determine the glass transition temperatures of polymer films in the thickness
range of a few micrometers. With this method we should more easily be able to characterize films
because the measurement is carried out non-destructively, the construction of the instrument is
simple, and independent values for refractive index and film thickness are provided simultaneously. 

l

he glass transition zone of a polymer, chain mobility

ce it yields values for the thermodynamic properties of a material.

in tha
nventional DSC instruments.1 A variety of other 

t the required level of sensitivity for the

luding ellipsome 6,7try,  X-ray
ion13. To our

, which means
. The amount
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 As the effect of 
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magnitude of the 
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2. EXPERIMENTAL

2.1 M

he epoxy solution (SU8) was composed of epoxy resin (Epikote-157; Shell) and -
butyrolactone (Aldrich) solvent. The solvent was added in different amounts to adjust the viscosity 
of the

min at 90 °C, then for 90 minutes at 160 °C in a convective oven) was carefully chosen 
to ensure good film quality, i.e. minimized phase separation17,18 and film stress19. All coatings were 
prepar

2.4 Optical characterization 

established; the details of the method can be found in.20 Briefly, reflectance spectra were collected 
from the sample from normal and 70  angles of incidence and the absolute reflectance spectrum 
was obtained by comparing the sample spectra with a previously measured reference spectrum. We
used a silicon wafer, which has well known optical characteristics, as the reference. In addition to 
the reference, the determination of optical constants demands material modeling software, which is 

aterials

The PCLX-SA oligomers17 were mixed into the epoxy solution in 0:100, 10:90, 20:80, 30:70, 
and 40:60 ratios by weight of the solids, and imidazole (0.06 wt.-% of the solid content) and
triarylsulfonium hexafluoroantimonate salt (2.5 wt.-% of the epoxy content) were added as
catalysts. T

material, which enabled the control of film thickness in spin coating.

2.2 Preparation of spin coated films 

The solution was spin coated on a polished silicon wafer substrate (4 inches in diameter) at a 
speed of 2500-3500 rpm for 30 s. Optimum film thickness (6 m) in respect of the measurement
was obtained by adjusting the spinning speed and tailoring the viscosity of the solution with the 
solvent. After the coating, the samples were pre-baked at 90 °C for 90 min to remove the solvent
and, simultaneously, the reaction between carboxylic acid and epoxy commenced. This pre-bake 
condition was selected on the basis of the findings in Parts I and II. The pre-cured coating was then 
exposed to ultraviolet light (365 nm, 17 mW cm-2) for 40 s. The two-step crosslinking bake process
(first for 90

ed in a clean room to avoid surface contamination.

2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) examinations were used in the study of film
morphology. Cross-sectional investigation of fractured films was performed. In the sample
preparation, an initial crack was prepared on the silicon wafer side of the sample with a diamond 
pen, 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 under a Jeol field emission scanning electron microscope (JSM-6335F) 
operated at 5 kV. 

A FilmTek 4000 fiber-optic based spectrophotometer from Scientific Computing International 
was used in the optical characterization. The reflectance spectra were collected in the 450–1650 nm 
wavelength ( ) range from normal and oblique (70°) angles of incidence. The FilmTek tool 
includes a heating chuck, which enables measurements at temperatures up to 200°C. The
temperature range employed was 25–200°C and the heating rate was 1 C/min.

2.5 Determination of refractive index

The use of spectrophotometry to determine refractive indexes by the two-angle method is well
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used to generate a simulated reflectanc of a predetermined layer structure (if 
ultiple films are present) and material models.  The material models are dispersion formulas

cribing the variation in the refractive index of the material as a function of the 
avelength within the measured wavelength range.20 Here, the Cauchy model21,22 was used as the

dispe

imums at wavelengths
that are obtained from Eq. 1, 

e spectrum on the basis
20m

capable of des
w

rsion model for the polymeric films. A regression on the unknown model parameters was then
performed to minimize the error function of the experimental and simulated reflectance spectra.

2.6 Determination of film thickness 

The reflectance spectrum obtained for a given material exhibits max

m
(max) nd )cos(2        (1)

where m = 1, 2, 3, …, n is the refractive index of the film, d is the thickness of the film, and  is the
angle between the normal of the film and the ray of light reflected from the film. Taking the
wavelengths at two maxima, and subtracting one from the other using Eq. 1, yields Eq. 2 for the
film thickness (d),

)cos()(2 '
0

0

i

i

n
i

d       (2)

where i = the number of complete cycles from 0 to i, the two wavelength peaks that define the i
cycles. For two adjacent maximums i is 1. If n is known, the determination of thickness is 
straig

he thermal properties of the polymer film, the glass transition temperature (Tg) and the out-
al expansion (CTE), were determined from the obtained thermal

dependence of the refractive index and film thickness, respectively. Beaucage et al.24 used 
ellips

of two linear parts,
 divided the curve

d performed a linear fit for each part. The residuals were
it. Temperatures were scanned and the sum of the residuals 

as c

htforward.23 In the present study, however, a new material was characterized and for the 
simultaneous determination of d and n the above mentioned dispersion formulas had to be
employed.21,22 With the two-angle measurement, the film thickness and refractive index could be
determined independently20.

2.7 Method to determinate thermal properties 

T
of-plane coefficient of therm

ometry with a temperature option to obtain the refractive index and thickness as a function of 
temperature, and used the change in slope of the n-T and t-T curves to determine the Tg of a
polystyrene film. In a similar way, we used the independently measured n-T and t-T curves to 
provide the Tg of the supported films. A Matlab  code was composed to enable automatic
calculation of the point of change in the slope. At this point the fit, composed
was expected to give the minimum error of the experimental data. The program
into two parts at a given temperature an
ollected to determine the error of the fc

w alculated at each point of temperature. The point at which the change in slope appeared was 
taken as the glass transition temperature of the film. The point itself was the minimized sum of the 
residuals of the linear fit. The coefficient of out-of-plane thermal expansion (CTE) for the films,
derived from the temperature dependence of the film thickness, was calculated both below and
above the Tg.
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3. RESULTS AND DISCUSSION

We report the results of a simultaneous characterization of the refractive index and thickness 
of polymeric films as a function of temperature, obtained in a spectrophotometric study of spin
coated films on silicon wafer. The results are utilized to determine the Tg and the out-of-plane
coefficient of thermal expansion (CTE) of the film. The films were prepared from the reactive
lending mixtures reported in Part I and in accordance with the optimized crosslinking process

Part II, which are expected to result in minimal reaction-
induced phase separation. Figure 1 shows the morphology of a film prepared from PCL2-SA/epoxy 
mixtu

h.

le PCL2-SA (10 wt.-% in the epoxy) 
wn only in the wavelength

the sample at selected wavelengths are given in 

Figure 2. Simulated and measured reflectance spectra of sample PCL2-SA (10 wt.-% in the epoxy).

b
deduced from the results reported in

re. Since no evidence of phase separation was seen in SEM examination of any of the films, a 
single Tg was expected for eac

A)  B)Polymer

Figure 1. SEM images of the fracture surface of PCL2-SA (20 wt.-% in the epoxy) film showing the fracture of a
tough material and the absence of phase separation with (a) 1500 and (b) 10 000 magnifications.

The simulated and measured reflectance spectra for samp
at 27°C are shown in Figure 2. For the sake of clarity the spectra are sho
range of 1000-1650 nm. Refractive indexes for
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Table 1. Refractive ind  various wavelengths.ex for sample PCL2-SA (10 wt.-% in the epoxy) at

Wavelength n at 25°C 
633 nm 1.581
830 nm 1.572
1300 nm 1.565
1550 nm 1.564

Table 2 summarizes the results obtained from the spectrophotometry measurements. As can 
be seen change in the oligomer (PCL0SA, PCL2SA, or PCL5SA) did not have a significant effect
on the refractive index. As expected, however, increase in the amount of PCL5-SA lowered the 

fractive index, when oligomer of low polarizabilire
reflectance in optical waveguides,

ty replaced the aromatic epoxy matrix. For total 
the refractive index of the core material must be higher than that 

o e The appropriate index difference between core and cladding for a 
waveguide varies with the geometry of the waveguide, the angle of incidence of the ray, and the 
wavelength employed. Use of SU8 epoxy as core polymer, with the modified material as cladding 
polymer, could provide a mean to build integrated optical waveguides on printed wiring boards.25 In 
addition, we previously showed in Part I that the reactive blending toughens the epoxy-derived 
material, which makes it possible to use the material together with flexible substrates.

Table 2. Summary of the results obtained from spectrophotometry measurements utilizing the temperature option. The
refractive index is given at the wavelength of 633 nm. The coefficients of thermal expansion are given in out-of-plane
direction.

Sample n at 25°C d at 25°C (nm) Tg (°C) CTET<Tg (ppm) CTET>Tg (ppm)

f th cladding material.

Epoxy 1.584 6451 174 182 236
PCL0-SA10 1.580 6113 126 202 240
PCL2-SA10 1.581 6096 141 182 242

20 1.571 5819 109 214 317P
P

CL2-SA
CL2-SA30 1.566 5868 83 237 346

PCL5-SA10 1.580 6011 138 212 321
PCL5-SA40 1.561 5848 95 388 474

3.1 Glass transition temperature and film thickness

Employment of the temperature option of the spectrophotometry enabled in situ and non-
destructive characterization of the Tg and thermal expansion of a film on a silicon wafer. The
refractive index as a function of temperature for sample PCL2-SA (20 wt.-% in the epoxy) is 
presented in Figure 3. The change in the slope can be seen and the sum of residuals is shown in the 
inset of the figure. The minimum is located at 109°C, which is defined as the Tg. Other films were 
analyzed in the same manner. Spectrophotometric analysis of the reference epoxy film gave a Tg
(174°C) comparable to that obtained earlier by DSC (180°C).17 Likewise, the Tg values provided by 
the spectrophotometer for the blends (10 wt.-% oligomers in epoxy) were in agreement with the
results obtained earlier by DMA17 and DSC.18 The values were different but the trend was
comparable. The minor differences between the DSC and spectrophotometry results for the blends
were as expected: in this study we utilized the optimized crosslinking process described in Part II,18

which resulted in better incorporation of the modifier into the evolving network and the appearance 
of a single Tg. In Parts I and II double Tg values were encountered. 

2-SA (10 wt.-%
lear transition 

Figure 4 shows the film thickness as a function of temperature for sample PCL
in the epoxy). Although the scattering of the results could be kept to a minimum, no c
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point was . Hence,
the T  the films was calculated from the n-T data, and the thickness curve was used only to
determine thermal expansion behavio ab determined Tg.

function of ture for sam CL2-SA (20 in the epoxy). T t shows
curve a function erature. In ting the curv divided into two at each
linear erformed fo arts.

Figur
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Figure 3. Refractive index as a tempera ple P wt.-% he inse
the error of the
temperature and

fitting as
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of temp
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e 4. Film thickness as a function of temperature for sample PCL2-SA (20 wt.-% in the epoxy).
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3.2 Determination of thermal expansion

Calculations of the coefficient of thermal expansion (CTE) are based on the measured
change in the thickness of the film. In the temperature range of 130-160°C, the CTET<Tg, i.e. below 
the Tg, was calculated to be 182 ppm/°C in the out-of-plane direction and 135 ppm/°C in the in-
plane direction for reference material that was a crosslinked SU8 epoxy film. The calculation of the
in-plane coefficient of thermal expansion (CTE1) is based on linear elastic theory and the 
assumption that the material is transversely isotropic.7 Then, with use of the determined out-of-
plane coefficient of thermal expansion (CTE2), the CTE1 can be calculated from equation 3: 

CTE1 = -0.5  (CTE2 - CTEv)      (3) 

where the value for the volumetric CTEv below Tg was obtained from the literature for the SU8.26

The linear elastic theory is assumed to be valid for highly crosslinked epoxy in the glassy state. The 
CTET>Tg value, i.e. above the Tg, was calculated only for the out-of-plane direction (236 ppm/°C)
and the temperature range for the calculation of CTET>Tg was 180-188 C. The analyzed film cannot
be considered to be free of process-induced stresses. Stress is formed at the interface of silicon and
epoxy during the high-temperature crosslinking bake (at 180 C). At elevated temperature, the
initially liquid-like epoxy converts to rigid and reacts with the silicon substrate, developing an 
adhesion to it. During the cooling down to room temperature, however, higher CTE of the epoxy 
than of silicon (13 C/ppm) causes in-plane stress, reportedly at a level of about 6 MPa.27 Although 
the material is expected to be isotropic when appearing as a free standing film or as a very thick 
coating on a substrate that exhibits comparable thermal behavior, in-plane stress is likely to cause
behavior that is far from isotropic. The CTE values determined in this study do not, therefore,
represent bulk values but the actual properties of a particular film with known thermal processing 

istory.

ter they were subjected to a thermal cycling ( T = 
75°C). Feng and Farris26 report a CTE value of 87ppm/°C based on a thermal-mechanical analyzer 
(TMA). They determined the Tg ( 220°C) from the tan-  curve obtained from DMA26 and showed 
later19 that the Tg of SU8 is highly dependent on the crosslinking conditions, assuming any value 
between 50 and 238°C. It is clear that the achieved density of the network also affects the thermal
expansion behavior. It is mandatory, therefore, to report the exact crosslinking conditions when 
describing the thermal properties of thermosets.

The out-of-plane CTEs for the other materials are given in Table 2. No significant differences 
in the CTE values are observed between the epoxy and the modified polymers with low 
concentration of the modifier, but increase in the level of incorporated modifier increases the CTE 
values significantly. This is reasonable since the modifier has a four-armed structure with flexible -
caprolactone-based side chains, which can be expected to assume low packing density and 
enhanced mobility in comparison with the rigid reference epoxy. 

Closer examination of the thickness-temperature curves revealed that they were composed of 
four parts. The two large linear parts that appeared around the Tg were used in the CTE calculations.
In addition to the linear parts, there were low and high-temperature tails. For a reason not entirely
clear to us, the high-temperature tail is systematically curved downward above 190 C. The low 
temperature tail is presumed to result from the relief of process-induced in-plane stress as the 

h

The in-plane CTET<Tg determined here for the epoxy was higher than values presented in the
literature. Lorenz28 determined a CTE value of 52 ppm/°C by measuring the bow response of a 20-

m-thick coating layer on Al and Si substrates af
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temperature increases. Probably the curved upper tail is also related to the difference in thermal
behavior of the substrate and the supported film.

4. CONCLUSION 

Knowledge of the thermal properties of polymeric films is important for a deeper 
understanding of interfacial compatibility. The characterization of thin supported films tends to be
difficult by conventional methods. Here, spectrophotometry was used to provide consistent 
information about the optical parameters and film thicknesses of polymeric coatings. Employment
of the temperature option of the spectrophotometer made possible the determination of Tg and the 
out-of-plane coefficient of thermal expansion. The thermal characterization could be carried out
non-destructively and as an in situ measurement from a silicon wafer. The values obtained were in
agreement with literature values. It was found that the crosslinked SU8, which is considered 
isotropic, actually behaves unisotropically when appearing as a supported film in the micrometer
thickness range. We propose spectrophotometry as a complementary method of thermal analysis to 
DSC and DMA for the characterization of polymeric materials. All these methods provide essential 
information about the materials and none is capable of replacing the others. In addition, the optical 
characterization showed that the reactively blended epoxy material possesses properties that give it 
potential use in the manufacture of integrated optical waveguides. 
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