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ABSTRACT: Multiam star polyesters were synthesized by growing poly(e-caprolactone) (PCL) arms from hyperbranched polyesters
cores of different molecular weight and used as polymeric modifiers in UV-curable cationic formulations based on a biscycloaliphatic
epoxy resin. The effect of the multiarm stars on the curing kinetics has been investigated by real-time FTIR. The thermal-mechanical
properties of the photocured thermosets have been studied with calorimetry and dynamomechanical and thermogravimetric analysis.
Impact strength tests have been performed to assess their effect on the toughness of the cured materials. An accelerative effect of these
modifiers has been observed as a consequence of the participation of the hydroxyl groups of the modifiers in the cationic curing of
the epoxy resin. A modest increase in toughness accompanied by a decrease in the glass transition are observed, as a consequence of
the incorporation of the modifiers into the network structure, leading to homogeneous, in situ reinforced materials. © 2013 Wiley Peri-
odicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40005.
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INTRODUCTION Liquid rubbers and thermoplastics were firstly used as additives
to increase the fracture toughness of thermosets but the ther-
momechanical properties and the processability is greatly
compromised.® Recently, hyperbranched polymers (HBP) have
been proposed as alternative polymeric modifiers for thermoset-
ting formulations.”™"* The dendritic structure of HBPs makes
these modifiers very promising in terms of processability
because of the low entanglement that leads to low viscosities in
comparison to linear polymers.'* By partial or complete modifi-
cation of their numerous hydroxyl terminal groups, it is possi-
ble to tune their interaction with the matrix or facilitate their
covalent linkage to the epoxy matrix, which can lead to phase-
separated or homogeneous morphologies.'>'® The presence of
non-modified reactive groups in the HBP shell can improve the
interaction in the interphase between the separated particles
and the matrix.

The widespread use of thermosetting epoxy resins in many
industrial applications such as coatings, adhesives, molding
compounds, or composites, can be explained by a combina-
tion of attractive properties, such as their thermomechanical
behavior, their chemical and environmental stability and their
good processability.! In addition, they are highly versatile
because of the great variety of available curing agents and
organic and inorganic modifiers and fillers that can be used to
improve their properties.” Bisphenol A resins are by far the
most widely used epoxy resins, but cycloaliphatic epoxy resins
possess some superior properties such as high arc resistance,
low viscosity, high heat deflection temperatures, and excellent
weatherability," which make them a better choice depending
on the application, such as photocurable cationic formula-
tions.”™® However, a major drawback of cycloaliphatic epoxy
resins is their brittleness, caused to their high crosslinking  The reports on the toughening of cycloaliphatic epoxides are
density, and the rigidity of the polymeric backbone, which  scarce and the field is still open for research. A variety of modi-
may place strong restrictions and design constraints in their  fiers such as high-viscosity CTBN rubbers,'”'® poly(ethyleneph-
application.” talate),'” inorganic fillers such as nanosize silicon dioxide®

© 2013 Wiley Periodicals, Inc.
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or carbon nanotubes,”' oligofluorosiloxanes,” reactive copoly-
mers,” or multiarm hyperstars®* have been tried with different
degrees of success. We recently reported a two-fold increase in
the impact strength of thermally cured cycloaliphatic epoxides
using a hyperbranched poly(glycidol) partially modified with
end undecenoyl chains.'® The use of reactive hyperbranched
polymers in the UV curing of cycloaliphatic epoxides has also
been reported,'***’ producing in most cases a toughness
increase at the expense of reducing the glass transition tempera-
ture Ty and the elastic modulus.

Multiarm stars are another class of dendritic polymers that can
be used as polymeric modifiers for epoxy thermosets, with simi-
lar advantages to those of hyperbranched polymers, because of
their compact dendritic structures. Karger-Kocsis et al.?®
reported a significant toughness increase in vinyl ester—urethane
hybrid formulations using hyperbranched star-like polyethers as
modifiers. Morell et al.* synthesized multiarm stars with
poly(e-caprolactone) arms and hyperbranched poly(glycidol)
core and used them in cationic epoxy formulations, which
resulted in a significant increase in toughness. Acebo et al.*°
reported the synthesis of multiarm stars with poly(e-caprolac-
tone) arms and hyperbranched poly(ethyleneimine) core and
their use in anionic epoxy formulations, showing a complex
effect on the impact strength depending on the arm length and
core size. Multiarm stars with hyperbranched aromatic-aliphatic
polyester core and poly(methyl methacrylate-b-hydroxyethyl
methacrylate) arms with different copolymeric sequence and
composition have been used as polymeric modifiers in UV-
cured and thermally cured biscycloaliphatic formulations,** but
a decrease in both the strain at break and elongation at break
were reported.

In this article, we report the synthesis modified Boltorn™ type
hyperbranched polyesters of different core size modified by
growing poly(e-caprolactone) arms (HX-PCL) and used them
in cationic UV-curable formulations based on a biscycloaliphatic

Table I. Composition of the Formulations
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HBP (Boltorn H20/H30/H40) HBP-¢-CL

Sn(oct), 130°C
Scheme 1. Synthesis of multiarm stars with Boltorn cores and poly(e-cap-
rolactone) arms.

epoxy resins (CE). The photocuring of these formulations has
been monitored by real-time FTIR. The thermal and dynamo-
mechanical properties have been measured using differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and dynamic-mechanic thermal analysis (DMTA). Mechanical
tests have been performed to determine the impact strength of
the resulting thermosets. The morphology of the materials has
also been investigated by electron microscopy (SEM).

EXPERIMENTAL

Materials

The hyperbranched polymers Boltorn H20 (M,, = 1747 g/mol,
16 OH), Boltorn H30 (M,, = 3500 g/mol, 32 OH), and Boltorn
H40 (M,, = 7316 g/mol, 64 OH) were donated by Perstorp and
were used as received. ¢-Caprolactone (¢-CL), distilled under
vacuum, tin (II) 2-ethylhexanoate [Sn(oct),], bis-cycloaliphatic
diepoxy resin 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexyl
carboxylate (CE, 126 g/eq) and triphenylsulfonium hexafluor-
oantimonate (PI, [Ph;S]™ [SbEs]”) were purchased from
Sigma-Aldrich.

Synthesis of Multiarm Stars (H20-PCL, H30-PCL, and
H40-PCL) (Scheme 1)

About 5 g of the HBP and the required proportion of ¢-CL in
order to obtain 10 eq &-CL per each eq OH of HBP (ratio 1 :
10 eqOH : ¢-CL) (Table I) were mixed at room temperature in
a two-necked flask with stirring under inert atmosphere.

CE HX-PCL PI
Formulation Xeq (X1079) Wt% Xeq (X1079) Wt% Xeq (X1079) Wt%
Neat 7.86 99.01 0.00 0.00 1.78 0.99
H20-PCL (%)
5% 7.49 94.34 2.52 472 1.70 0.94
10% 7.15 90.09 481 9.01 1.62 0.90
20% 6.56 82.64 8.82 16.53 1.49 0.83
H30-PCL (%)
5% 7.49 94.34 3.58 472 1.70 0.94
10% 7.15 90.09 6.75 9.01 1.62 0.90
20% 6.56 82.64 12.39 16.53 1.49 0.83
H40-PCL (%)
5% 7.49 94.34 2.63 472 1.70 0.94
10% 7.15 90.09 5.02 9.01 1.62 0.90
20% 6.56 82.64 9.20 16.53 1.49 0.83

In percentage by total weight (%wt) of the mixture and equivalent ratio (Xeq) in eq/g of mixture of the relevant species.
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Figure 1. "H RMN spectrum of Boltorn H20 core modified with poly(e-
caprolactone) arms (H20-PCL) in CDCl;.

Afterwards, the initiator (Sn(oct),) was added to the solution
mixture and the flask was immersed in a thermostatic oil bath
at 130°C during 24 h. Later, the product was precipitated in
diethyl ether. Finally, the polymer was filtered and dried under
vacuum at 45°C for 2 days. '"H NMR (400 MHz, CDCls, ppm;
Figure 1): 4.20 [-CH,—O-CO-, (A)], 4.0 (-CH,—OCO-, 5), 3.5
(<CH,—OH, 5), 3.30-3.70 [-CH,—O— and —CH,—OH, (B)],
2.20 (<CH,—COO, 1 and 1'), 1.60-1.40 (~CH,—, 3, 3’ and 4, 4'),
1.30 (<CH,—, 2 and 2/), and 1.05-1.15 [-CHs, (C)].

Sample Preparation
Mixtures were prepared by adding the required amount of HBP
(5, 10, and 15 parts per hundred parts of resin, phr) to the epoxy
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resin (CE) and gently heating (ca. 80°C) until the HBP was dis-
solved and the solution became clear. After cooling down, 1 phr
of the PI were added in reference to the CE resin (Table I) and
the solution was homogenized by mechanical stirring. The struc-
tures of CE and PI and the idealized structure of the multiarm
stars are shown in Scheme 2.

The samples were photocured in a UV oven (Vilber Lourmat
Bio-Link Crosslinker) equipped with 6 lamps of 8 W each emit-
ting 365 nm wavelength UV radiation. The samples for
dynamic-mechanical thermal analyses (DMTA) (30 X 8 X 1
mm?’) were prepared by pouring the liquid formulation into a
polypropylene mold with a 1 mm Teflon spacer. A dose of 12
J/lcm® was applied on both sides of the samples in order to
ensure complete activation of the photoinitiator. The samples
for impact strength tests (25 X 12 X 2.5 mm’) were photo-
cured in a polypropylene mold with a 2.5 mm Teflon spacer. A
dose of 36 J/cm® on each side of the samples was used in this
particular case. After demolding, the samples were subsequently
post-cured during 2 h at 180°C. Finally, the samples were pol-
ished to flat prismatic rectangular shape before the analyses.

Characterization

'"H NMR spectra were obtained using a Varian Gemini 400
MHz Fourier-Transform (FT) Nuclear Magnetic Resonance
(NMR) spectrometer. In total, 16 scans with a 1.0 s relaxation
delay (D1) were averaged over a sampling period of 1 min for
the acquisition of the "H-NMR spectra. CDCl; was used as sol-
vent and TMS as internal standard.

The kinetics of photopolymerization was determined by real-time
(RT) FT-IR spectroscopy, employing a Thermo-Nicolet 5700 FTIR
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Scheme 2. Chemical structures of (a) idealized multiarm star, (b) bis-cycloaliphatic diepoxy resin (CE), and (c) triphenylsulfonium hexafluoroantimo-

nate (PI).
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Table II. Summary of Structural Characteristics and Thermal Properties of the Multiarm Stars

Star Dl:’arma PCLarmsb ,\/’nC (9/m0|) Tg (OC) Tm (OC) Xc (%) T5%d (OC) Tmaxd (OC)
H20-PCL 15 11 20600 -54.5 50.7 49.7 302 344
H30-PCL 11 29 38700 -57.6 49.5 48.3 288 347
H40-PCL 16 41 73630 =852 51.8 50.2 287 352

@Degree of polymerization of the PCL arms (DP,m) determined by *H NMR spectroscopy.

b Average number of PCL arms per molecule determined by *H NMR spectroscopy.

¢ Average number molecular weight of the obtained stars calculated by *H-NMR spectroscopy.
dTemperature of a 5% of weight loss and maximum rate of weight loss calculated by thermogravimetry.

device. Epoxy group conversion was followed in real-time upon
UV exposure, by monitoring the decrease in the bands at 789 and
748 cm™' corresponding to the epoxy ring deformation. A
medium pressure mercury lamp equipped with an optical guide
was used to induce the photopolymerization (light intensity on
the surface of the sample was about 5 mW/cm™ ). Variation in
the experimental conditions (light intensity, humidity, and tem-
perature) caused slight differences in the kinetic curves. For this
reason, all the conversion curves contained in the figures were per-
formed on the same day and under the same conditions and thus
good reproducibility was obtained. All the polymerization reac-
tions were performed at room temperature at constant humidity
(25-30%). The conversion during photocuring (oyvrrr) was
calculated using the following equation:

1-A7 )
UV FT—IR *T (1)
where A7 is the normalized absorbance of the epoxy band at a

given time and A? is the initial absorbance.

DMTA analyses were carried out with a TA Instruments DMA
Q800. Single cantilever bending was performed on prismatic
rectangular samples. The apparatus was operated dynamically,
at 2°C/min, from 40 to 250°C. The frequency of application of
the force was 1 Hz and the amplitude of the deformation 10
um. The T, value was assumed as the maximum of the loss fac-
tor curve (tan 9J).

Rheometric measurements were carried out in the parallel plates
(geometry of 25 mm) mode with an ARG2 rheometer (TA
Instruments, UK, equipped with electrical heated plates, EHP).
Complex viscosity (1*) of the pure multiarm stars was recorded
as function of angular frequency (0.05-100 rad/s) with a con-
stant deformation of 50% at 60, 70, and 80°C.

Thermogravimetric analysis (TGA) was performed with a MET-
TLER TGA/SDTA 851 instrument between 30 and 800°C at a
heating rate of 10°C/min in air.

The cryofracture of the specimens were done under liquid
nitrogen. Afterwards, the samples were metalized with gold and
observed by SEM using a scanning electron microscopy Jeol
JSM 6400.

The impact test was performed at room temperature by means
of a Zwick 5110 impact tester, according to ASTM D4508-10
using rectangular samples. The pendulum employed had a
kinetic energy of 1 J.
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RESULTS AND DISCUSSION

Synthesis and Characterization of HX-PCL Multiarm Star
Polymers

The multiarm star polymers synthesized in this work were pre-
pared by the so-called “core first” strategy using Boltorn type
polyesters of different weight as the core. Poly(e-caprolactone)
arms were grown from the hydroxyl groups of the hyperbranched
core using Sn(Oct), as catalyst.’® The proportion of &-CL to OH
groups in the polymerization mixture was set to 10 for all the
polymers with the objective of obtaining stars with similar arm
lengths. However, it was reported that the degree of modification
in H40-PCL polymers was lower than expected because not all
the OH were able to initiate the polymerization of e-CL.**

To fully characterize the synthesized stars, we determined the
degree of polymerization (DP) of the arms by "H NMR spec-
troscopy. Figure 1 shows as an example the spectrum of H20-
PCL with the corresponding assignments. The intensity of the
signals 5 and 5" are commonly used to determine the DP of the
arms in multiarm stars,” but in our case the overlapping of sig-
nal 5 with methylene signals of the core molecule (B) did not
allow to perform in this way the calculation. Thus, we selected
the signal at 2.3 ppm, assigned to the methylene protons 1 and
1’ of the repeating and final e-caprolactone units and the signal
at 4 ppm, assigned to the methylene 5 of the repeating unit.
The difference between the former and the latter gave the con-
tribution of the final ¢-caprolactone unit. Dividing this value by
the intensity of signal 5 and adding the final unit, the DP of the
e-caprolactone arms was calculated for each multiarm star. As
can be seen in Table II, although this polymerization has a liv-
ing character and the feed molar ratio &-CL /OH was 10 in all
cases, a higher degree of polymerization than expected was
achieved. It can be hypothesized that some OH groups were not
able to initiate the polymerization of ¢-CL, which could be
attributed to the interaction between OH groups by hydrogen
bonding or to topological restrictions that rendered some
hydroxyl groups inactive. Thus, the following step was to calcu-
late the number of arms in each multiarm star. In order to do
so, we used the global intensity of the broad signals correspond-
ing to methyl groups of the core molecule (C) at 1-1.3 ppm
divided by 3 and the intensity of the signal 5, which corre-
sponds to a methylene in the arms, divided by 2 and by the
number of these methylene units in the arm (DP,,s — 1), and
we related them to the number of OH and CHj; in the core
molecule given in the data sheet of Boltorn polyesters. All these
calculations are only approximate because the large and highly
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Figure 2. TGA curves of the pure multiarm stars synthesized in N,

atmosphere.

branched structure of these molecules disturbs the relaxation
times of the protons and broadens the signals corresponding to
the core structure, but they were comparable to the values
obtained by "*C-NMR spectroscopy recorded in quantitative
conditions. As observed in Table II, the number of arms was
lower than the predicted by the number of OH in the HBP
core. Taking into account the arm length, the actual number of
arms and the original ¢-CL/OH feed ratio, it can be verified
that all the &-CL was polymerized. The number of arms reached
a maximum for H30-PCL (29 of 32 possible) and therefore, the
arms had a lower DP. From the molecular weight of the core
and the number of arms and their DP, average molecular
weights in number were calculated for all the synthesized struc-
tures and reported in Table II.

Table II also summarizes the most relevant thermal properties of the
multiarm stars, determined by calorimetry and thermogravimetry.
As can be seen, semicrystalline polymers were obtained in all cases,
with similar degrees of crystallinity X, regardless the differences in
DPyrms. The values of T, and T, were in the range of linear poly(e-
caprolactone). The Ty of the hyperbranched core could not be deter-
mined given its small weight proportion in the multiarm stars. No
significant differences were observed between the different multiarm
stars giving similar values to those measured for poly(e-caprolac-
tone) multiarm star with hyperbranched poly(glycidol) as the core
and arms of a DP,,,, near to 10.%° Thus, the influence of the core in
the crystalline character of the stars seems to be negligible.

The results of the thermogravimetric analysis of the multiarm
stars are summarized in Table II and Figure 2. Table II shows
that on increasing the core size, the onset temperature of the
decomposition process decreased, but the temperature of the
peak of the maximum degradation increased. Figure 2 shows a
two-step degradation pattern of the multiarm stars. The ester
groups in the arms and core structure experiment degradation by
a f-elimination process, giving rise to different fragments that
are lost in two different processes. The first step would corre-
spond to the degradation of the arms and the second could be
related to the degradation of the core molecule. We verified that
the thermal degradation of the HBP core occurred at a tempera-
ture similar to the second degradation peak of the multiarm star.
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The frequency-dependence of the complex viscosity of the mul-
tiarm stars was determined at different temperatures. All formu-
lations showed a Newtonian behavior, with a constant value of
complex viscosity in the selected frequency range. Table III
collects the complex viscosity of the HX-PCL stars at tempera-
tures of 60, 70, and 80°C. As expected, the viscosity decreased
on increasing the temperature. However, there was not a clear
dependence on the molecular weight of the star. The viscosity
of the multiarm stars depends not only on the molecular
weight but also on the DP of the arms, as put into evidence in
a previous study.”® This is also evidenced in the present case,
where it is observed that H30-PCL star had an intermediate
molecular weight but the viscosity is the lowest because it pos-
sessed that shortest arm length, as seen in Table II.

Photocuring Kinetics of CE Resin with Different Proportions

of HX-PCL

Cationic photocuring and thermal curing of CE resin with a
variety of polymeric modifiers has been studied in the
past,!»!62426273433 The presence of reactive hydroxyl groups in
the mixture accelerates the photocuring process because of their
participation in the cationic ring-opening of epoxides by the
activated monomer (AM) mechanism.>®?” Decker et al.
reported that even the absorbed environmental moisture was
capable of accelerating the curing process, making it possible to
reach complete cure even at room temperature in dark condi-
tions after photoirradiation.” However, one must take into
account the concurrence of other factors that have the opposite
effect, such as 1) the availability of the reactive hydroxyl groups,
depending on the modifier composition, topology, structure
and molecular weight, 2) the mobility of the reactive species
formed by reaction of the polymeric modifiers and 3) the pres-
ence of ether groups in the modifier structure. Therefore, some
possibilities clear accelerative effect can been
observed,'>*® a clearly decelerative effect’** or a complex com-
bined effect depending on the amount of polymeric modifier.”>

arise: a

Figure 3 shows that the addition of H20-PCL produced a grad-
ual accelerative effect on the photocuring of the CE resin. It is
hypothesized that the catalytic effect of reactive hydroxyl groups
is predominant over other structural and composition factors.
The addition of H30-PCL and H40-PCL also produced an
accelerative effect, but the effect was less gradual as the molecu-
lar weight of the modifier increased. If the effect of the different
modifiers is compared, it is observed that H40-PCL and H30-
PCL produced a stronger effect than H20-PCL, which can be
rationalized by 1) the higher amount of available hydroxyl
groups of H40-PCL in comparison with H20-PCL in the former

Table III. Complex Viscosity (1*) of HX-PCL Measured at Different
Temperatures

" (Pa-s)
Temperature (°C) H20-PCL H30-PCL H40-PCL
60 5.64 5.07 6.78
70 3.78 3.31 4.65
2.59 2.26 3.09
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Figure 3. FTIR curves representing conversion as function of irradiation time for neat CE resins and modified formulations with different proportions
of H20-PCL, H30-PCL, and H40-PCL and the comparison for the formulations containing a 10% of all the modifiers.

case and 2) the shorter arm length of H30-PCL in comparison
with H20-PCL in the latter case, leading to lower mobility
restrictions.

Table IV compares the extent of the photocuring process of the
different formulations. It is observed how on increasing the
amount of modifier, the degree of conversion achieved
increased. This effect was more gradual and evident with H20-
PCL, in agreement with the effect in the curing kinetics, as dis-
cussed above. The samples were not able to reach complete cur-
ing because of the occurrence of vitrification, which made it
necessary a subsequent thermal postcuring to complete the
polymerization. Decker et al.” showed that a dark postcuring at
room temperature under high relative humidity conditions
could lead to complete conversion of epoxy groups, because of
the absorption of water and its participation via the AM mecha-
nism, resulting in significant chain termination and transfer
processes and a reduction in the crosslinking density of the
cured material. In this case, though, the samples for DMA and
TGA analysis were postcured shortly after photoirradiation, fol-
lowing the cure schedule described in “Sample Preparation” sec-
tion in order to overcome vitrification and achieve complete
curing, and to maximize the crosslinking density and the T
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Table IV. Conversion of Epoxy Groups from FTIR Spectra after Photo-
curing (oyyprr) and Thermal Mechanical Data of the Prepared
Thermosets

Sample auv FTIR (%) Tan 6 (°C) Tso, (°C)
Neat 63 186 324
H20-PCL (%)
5 72 168 298
10 80 162 301
20 85 145 324
H30-PCL (%)
5 75 152 309
10 80 151 292
20 88 150 291
H40-PCL (%)
5 80 173 265
10 84 153 302
20 87 146 298

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40005
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Figure 4. Tan 0 against temperature for the neat and modified materials
(right).

Thermal and Thermomechanical Properties of the
Thermosets

The glass transition temperature of the cured materials was
determined by DMTA, as the peak temperature of tan 6. The
plot of tan J against temperature is represented in Figure 4 and
the peak temperature is reported in Table IV.

The addition of either modifier produced a gradual decrease in
glass transition temperature, as illustrated as for H20-PCL in
Figure 4. It is observed a shift down to lower temperatures of
the tan ¢ peak, which is an indicative of the mechanical relaxa-
tion of the network and is closely related with the glass transi-
tion. This is not as clearly deduced from the data shown in
Table IV. Indeed, the tan 0 curves broadened with the addition
of the modifiers, especially H30-PCL and H40-PCL, which
made it difficult to determine a nominal value of T, and put
into evidence a somewhat heterogeneous network structure with
a disperse distribution of crosslinking density that may be
caused by the covalent incorporation of the modifier into the
network structure.

Similar results were obtained for cationic cured DGEBA formu-
lations using a multiarm star with a hyperbranched poly(glyci-
dol) core,” and using H30 as modifier.’® First of all, one must
take into account the high solubility of PCL in epoxy matrices,
especially in cycloaliphatic formulations, which makes it possi-
ble to obtain homogeneous materials. Second, the terminal
hydroxyl groups of the PCL arms can form covalent linkages
with the network structure due to their participation in the cat-
ionic curing of epoxides by the AM mechanism.*® When a
hydroxyl group reacts with a tertiary oxonium cation, the chain
growth is stopped and a proton is transferred to a monomer,
which turns into a secondary oxonium cation that can propa-
gate the polymerization, generating in turn another hydroxyl
group. In consequence, the participation of the end hydroxyl
groups of the PCL arms in the curing may result in a decrease
in crosslinking density and a loosening of the network structure,
thus resulting in a decrease in glass transition temperature.

However, the calculated T, values using a standard rule of mix-
tures such as the Fox equation (results not shown) were signifi-
cantly lower than the experimental ones. Such deviations are
commonly observed in phase-separated modified thermosets'
but they are also present in homogeneous materials, as we
recently reported.”® The materials were homogeneous, as was
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confirmed later by SEM microscopy and, indeed, no secondary
relaxation corresponding to the appearance of a second phase at
low temperatures was observed. It can be hypothesized that the
incorporation of the modifiers into the network structure pro-
duced significant mobility restrictions arising from the highly
crosslinked hyperbranched core and the presence of physical
entanglements between the poly(e-caprolactone) arms and the
crosslinked thermosetting network, as reported previously for
poly(ethyleneimine) modified hybrid epoxy networks.*

Figure 5 compares the thermal stability of the obtained materials
and the characteristic temperatures of 5% weight,
reported in Table IV. It was expected a certain decrease in thermal
stability on increasing the proportion of star in the formulation,
caused by the growing amount of ester groups in the modifier.
However, Table IV shows no well-defined trend in Tso,.
Figure 5 it is observed, overall, that the use of the different modi-
fiers somewhat increased the thermal stability of the cured materi-
als, especially on increasing the molecular weight of the modifier.
Indeed, with H20-PCL only the material with a proportion of

Tso, are

In

Weight (%)

300

400
Temperature (°C)

Figure 5. TGA curves for the different materials obtained at 10°C/min
under air atmosphere.
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Figure 6. Impact strength dependence of thermosets containing different
amounts of the modifiers.

20% of the modifier had a higher thermal stability, whereas with
H40-PCL a 5% of the modifier was sufficient to increase the ther-
mal stability.

Mechanical Properties of the HX-PCL Modified Thermosets
We recently demonstrated that multiarm PCL stars with hyper-
branched poly(glycidol) core could improve the impact strength
of cationic epoxy thermosets to a higher extent than linear PCL,
while retaining better thermomechanical properties.”” Multiarm
PCL stars with hyperbranched poly(ethyleneimine) core have
also been synthesized and used in anionic epoxy formulations,
with a positive effect on impact strength depending on the arm
length and hyperbranched core size.”® Figure 6 shows the results
of the impact strength measurements of the neat and modified
formulations. An optimum effect with 10% of H20-PCL was
obtained, although the net increment is small.

It is acknowledged that hyperbranched polymers that undergo
phase separation during curing are capable of producing a sig-
nificant enhancement in impact strength®'>!® due to the
stress concentration in the area surrounding the particles and
an effective stress transfer to the particles, leading to the activa-
tion of several energy absorption mechanisms such as shear
yielding of the matrix in the vicinity of the particles and cavita-
tion of the particles. In homogeneous systems, an in situ
reinforcing mechanism caused by a loosening and flexibilization
of the network structure is held accountable for, most of the
times, a discrete enhancement in impact strength.** An
enhancement in impact strength has been reported for
UV-cured cationic epoxy formulations modified with hyper-
branched polymers undergoing phase separation during cur-
ing”’ but a certain improvement has also been observed in
homogeneous materials.'>*® In previous works,'>'® we observed
that an excessive compatibility between the modifier and the
polymeric modifier prevented phase separation and therefore
the toughening effect was very limited. In this case, homogene-
ous materials were obtained, therefore one could only expect
such a modest increase in toughness, produced by an in situ
reinforcement.
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In Figure 7, the SEM micrographs of the fracture surfaces of the
neat and modified material with H20-PCL after impact tests are
shown. As suggested previously in “Thermal and Thermome-
chanical Properties of the Thermosets” section 3.3, homogene-
ous materials were obtained, without evident traces of phase
separation From the smooth fracture surfaces it can also be
inferred that all the materials had a similar brittle fracture,
which was to be expected taking into account the above
reported values of impact strength. The fracture surfaces
appeared to be only slightly rougher in the case of the modified
materials, indicating a somewhat enhanced matrix shear yield-
ing in agreement with the discrete enhancement in toughness
discussed above.

CONCLUSIONS

Multiarm star copolymers were synthesized by cationic ring-
opening polymerization of &-caprolactone from hyperbranched
aliphatic polyesters of different molecular weight as a core.
These multiarm star polymers obtained were used as polymeric
modifiers of UV-cured cycloaliphatic epoxy resin.

The presence of these modifiers accelerated the photocuring pro-
cess because of the participation of the end hydroxyl groups of the
poly(e-caprolactone) arms in the cationic curing of epoxides by
the activated monomer (AM) mechanism. The effect was more
significant with the higher molecular weight modifier (H40-PCL)
than with the lower molecular weight modifier (H20-PCL).

Homogeneous materials were obtained, with a modest decrease
of the glass transition temperature because of the incorporation
of the modifiers into the network structure and the subsequent
loosening and flexibilization of the network structure.

Only H20-PCL had a measurable positive effect on the impact
strength of the modified thermosets, while the others did not
produce a clear decrease or increase in this property. This discrete
effect arises from the fact that the materials are homogeneous
and only an in situ reinforcement of the matrix may take place.

Figure 7. SEM micrographs of the fracture surface of the (a) neat material
and modified materials with (b) 5%, (c) 10%, and (d) 20% of H20-PCL.
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