
Radiation Curing of Hyperbranched Polyester Resins

MATS JOHANSSON, THIERRY GLAUSER, GIANLUCA ROSPO, ANDERS HULT

Department of Polymer Technology, Royal Institute of Technology, S-100 44 Stockholm, Sweden

Received Received 26 January 1999; accepted accepted 13 June 1999

ABSTRACT: A research area that has obtained increasing interest during the last
decade concerns improvement of macromolecular properties by changes in the macro-
molecular architecture. One group of these materials is dendritic polymers, which are
highly branched structures exhibiting very different properties compared with linear
polymers. One potential application for these polymers is as radiation curable thermo-
set resins. This article describes a study where the use of an aliphatic hyperbranched
polyester as a base for new radiation curable thermoset resins. The hyperbranched
polyesters have been characterized with respect to cure rate and final mechanical
properties compared with conventional resins. It is shown that hyperbranched polyes-
ters can be used as versatile scaffolds for various radiation curable resin structures.
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INTRODUCTION

Radiation curing of thermoset resins is a tech-
nique with growing importance for thermoset ap-
plications because it offers improvements com-
pared with thermal systems with respect to pro-
cessing and environmental properties.1 Radiation
curing can be performed with different techniques
such as, for example, UV2 or high-energy electron
beam (EB)3 radiation. UV curing in most cases
demands an initiator molecule, which decomposes
when it is irradiated with UV light, forming ini-
tiating species. The formulation of the resin/initi-
ator mixture must be adjusted to obtain a suitable
optical density for the application. Thicker geom-
etry’s are difficult to cure due to shielding effects
unless the initiation system is photobleaching, i.e.
the initiator is transformed to species with less
absorption in the UV range. EB curing4,5 via free
radical polymerization differs from UV curing
mainly through the initiation process. No initia-

tor is needed in the EB process because the initi-
ating species are formed by cleavage of a bond
located on the monomer. This makes the initia-
tion more nonspecific and also leads to a more
homogeneous network because the initiation ap-
pears evenly throughout the system. The initiat-
ing radical is also connected to the binder resin
why the efficiency of the crosslinking is slightly
enhanced. The main advantage with high-energy
electron beams is the possibility to cure thick, up
to 2.5 cm, samples. A drawback is higher sensi-
tivity towards oxygen inhibition compared with
UV curing.

Another research area that has obtained much
attention during the last decade is dendritic poly-
mers, comprising of dendrimers and hyper-
branched polymers.6–8 Dendritic polymers are a
group of polymers made from ABx-functional
monomers giving a backbone structure with nu-
merous branching points. These polymers are
also characterized by a large number of end-
groups, which greatly affects the properties. Sev-
eral intriguing properties, such as low solution
viscosity and high solubility compared with linear
polymers, have been described for these poly-
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mers.9,10 Hyperbranched polymers have espe-
cially been considered for material consuming ap-
plications because they are more easily produced
in larger scale compared with dendrimers. Sev-
eral applications such as rheological additives11

and toughening agents12 have been suggested for
hyperbranched polymers. The use of hyper-
branched polymers as thermoset resins13–15 have
also been described.

This study deals with the use of hyperbranched
polyesters as base for new thermoset resins and
the applicability of them in radiation curing sys-
tems both by themselves and in mixtures with
conventional resins.

EXPERIMENTAL

Materials

The hyperbranched polyester, Boltorn, was used
as base for the resins and was supplied by Per-
storp AB, Sweden. Ebecryl 600 (EB600) was sup-
plied by UCB, Belgium. Irgacure 184 was sup-
plied by Ciba-Geigy. All other reagents were pur-
chased from Aldrich or Lancaster and were used
as received.

Equipment

Infrared spectra were recorded on a Perkin-Elmer
Spectrum 2000 FTIR. FT-Raman was recorded on
a Perkin-Elmer Spectrum 2000 FT-Raman. Dy-
namic mechanical properties were measured with
a Polymer Laboratories’ dynamic mechanical
thermal analyzer (DMTA). H1-NMR spectra were
recorded on a Bruker 250 MHz using CDCl3 as
solvent using the solvent signal as reference.

UV curing was performed either on a Primarc
Ltd. MiniCure equipped with two 80-W/cm, me-
dium-pressure Hg-lamps or a Fusion UV Curing
System Model F300 equipped with Fusion elec-
trodeless bulbs standard type BF9 (Lamp power
300 W/inch, 1800 Watts total). EB curing was
performed with a pulsed sweeping electron beam,
which was produced by a microton accelerator
with an energy of 6.5 MeV and a current of 80 mA.
The dose calibration of the instrument was per-
formed with a Risø calorimeter. The temperature
during cure of the thick specimens was measured
with a thread thermocouple and recorded by
a Combilab equipment from Chipzobit Digi-
talteknik AB, Sweden.

Synthesis

Synthesis of Methacrylate Functional
Hyperbranched Polyesters

Six different hyperbranched polyester resins, 1–
6, with different fractions of methacrylate groups
as terminal units have been synthesized.

A hydroxyfunctional hyperbranched aliphatic
polyester (Boltorn, 4G-OH) based on 2,2-bis(hy-
droxymethyl)propionic acid (bis-MPA) as AB2-
monomer and etoxylated (5EO/penta) pentaery-
tritol (PP50) as core, was used as base for all
resins. The polyester had a bis-MPA:PP50 ratio of
60:1 (theoretically 64 OH-groups/molecule) and
was used as received. The degree of branching
was }0.45 as determined with 13C-NMR.16 More
extensive descriptions of the synthesis and char-
acterization of the hyperbranched polyesters are
described elsewhere.17,18

Resins 1– 6 were all synthesized according to
the same general procedure as described for resin
1 below, with the only difference the amount of
methacrylic anhydride (Fig. 1). Data on resins 1–
6 are listed in Table 1.

Synthesis of Polyester 1. Boltorn, 4G-OH, (30 g,
263.1 mmol-OH), pyridine (12.48 g, 157.9 mmol),
and N,N-dimethylaminopyridine, DMAP (0.64 g,
5.26 mmol) were dissolved in 100 ml acetone.
Methacrylic anhydride (12.17 g, 78.93 mmol) was
mixed with 50 ml acetone and slowly added to the
reaction vessel. The reaction mixture was left
stirring at ambient temperature for 12 h. The
completion of the reaction was seen by the disap-
pearance of the anhydride peak (1764 cm21) in
the FTIR spectra of the reaction mixture. The
acetone was evaporated and the residue dissolved
in 50 ml CH2Cl2. The solution was then extracted
with 2 3 20 ml 2M HCl and 2 3 20 ml 10%

Table I Data on Polyesters 1–6

Resin
No.

Mtheor (g/mol)
(Based Functionality
Found by H-NMR)

Methacrylate
Functionality

(% 65%)
(Found by H-NMR)

1 8600 30 6 5
2 9300 45 6 5
3 9900 60 6 5
4 9100 35 6 5
5 9100 35 6 5
6 9100 40 6 5
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NaHCO3 solutions. The solution was then dried
with anhydrous MgSO4, filtered, and finally the
CH2Cl2 was evaporated yielding a clear colorless
highly viscous resin.

FTIR (cm21): 3400 (OH), 1734 (ester carbonyl),
1638 (methacrylate unsaturation). 1H-NMR* (d,
ppm): 6.1 (–C5CH2, cis to methyl), 5.6 (–C5CH2,
trans to methyl), 4.2 (–CH2–O–CO–), 3.7 (–CH2–
OH), 1.9 (–CH3, methacrylate), 1.2 (–CH3, bis-
MPA). All peaks are broad polymer peaks, hence
the inexact shift values. The integrals were used
to determine the degree of methacrylation with
an accuracy of 65%.

UV Curing

UV Curing: Comparison Between Different
Functionality of the Resin

UV cured films of resins 1– 3 were prepared by a
general procedure. One gram resin was mixed
with 3% (w/w) free-radical photoinitiator (Irga-
cure 184, 1-benzoylcyclohexanol) and }0.5 g ace-
tone. Films of each solution were then drawn on
glass plates with a 60 mm applicator and left for
15 min to let the solvent evaporate. The films
were then cured by 10 successive passes through
the MiniCure with a band speed of 12.4 m min21.

UV Curing: Effect of Dose and a Comparison
Between Resin 4, EB600, and Mixtures Thereof

UV-cured films of resin 4, EB600, and a 50/50
(w/w) mixture of resin 4 and EB600 were pre-
pared by a general procedure.

The resins were mixed with 4% (w/w) Irgacure
184 as initiator and 20% (w/w) solvent (acetone or
butyl acetate). Films were then drawn on a glass
plate using a 60-mm applicator and left for 15 min
to allow the solvent to evaporate. The UV curing
of samples were then performed with the Fusion
lamp at a band speed of 25.2 m min21 correspond-
ing to a dose of 100 mJ cm22 per pass. Films cured
with 100, 200, 300, 400, or 500 mJ cm22 respec-
tively were prepared of each mixture. The final
film thickness was 30 6 5 mm.

EB Curing

Thin Films

EB-cured films of resin 5, EB600, and a 50/50
(w/w) mixture of resin 5 and EB600 were pre-
pared by a general procedure.

The samples were mixed with 50% (w/w) of
butyl acetate and films drawn on glass plates

with a 60-mm applicator and left for 15 min to
allow the solvent to evaporate. The films were
then EB-cured by four successive sweeps of 25
kGy each, giving a total dose of 100 kGy. Samples
of all cured films were removed with a scalpel in
order to measure the different film properties.

Thick Samples

Three different mixtures containing EB600 and 0,
10, or 20% (w/w) of resin 6 were prepared and
cured as thick samples. The mixtures were placed
in 14-ml glass vials (f 2 cm) and cured from the
side by four successive sweeps of 25 kGy each,
giving a total dose of 100 kGy. The temperature
during cure was monitored with a thread thermo-
couple placed in the center of the sample. Test
specimens for mechanical testing (2 3 2 3 40 mm)
were cut from the center of the cylinder.

Characterization of Cured Samples

Residual unsaturation was determined with FT-
Raman spectroscopy monitoring the unsaturation
peak at 1635 cm21. The mechanical properties of
the films were measured in tensile mode with a
DMTA at a frequency of 1 Hz and a heating rate
of 2°C min21. The test specimens from the thick
samples were studied with a double cantilever
geometry.

RESULTS AND DISCUSSION

Synthesis

The results show that it is relatively easy to make
resins with different functionality based on the
same base polyester. The methacrylation of the
hyperbranched polyester worked well when low
fractions of methacrylation were aimed for, i.e.
30%. The conversion was reduced when aiming
for larger fractions of end-groups modified to
methacrylates, probably due to steric hindrance.
The main problem arose in the purification step
where the two phases were difficult to separate in
the extraction step, resulting in poor yields. The
reproducibility of the synthesis is limited to 65%
as seen when comparing two identical batches.
This also resulted in subsequent differences in
mechanical properties of the cured films. Prema-
ture gelation is also a risk when increasing the
functionality.
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UV Curing: Comparison Between Different
Functionality
Very different network properties can be obtained
for resins based on the same hyperbranched poly-
ester as backbone of the resin as seen by a com-
parison of cured resins 1, 2, and 3 in Figure 2.

The Tg, measured as the tan(d-peak value, in-
creases from 110°C for resin 1 to 160°C for resin 3
at the same time as the transition becomes wider.
This indicates that a higher crosslink density is
obtained when increasing the functionality, but
also indicates that the network becomes more

Figure 1 Schematic description of the resin synthesis.
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inhomogeneous. The amount of residual unsat-
uration also increases from 5% for resin 1 to 20%
for resin 2 and 30% for resin 3. This can be at-
tributed to reduced mobility of the methacrylate
groups with increasing Tg, i.e. with increased
functionality. A small amount of postcuring dur-
ing the DMTA-scan can be seen for resin 3 as a
peak in the curve above ambient temperature.

UV Curing: Effect of Dose

A more extensive study on UV curing of resin 4
was performed to see how this kind of resin be-
haved with respect to property evolution as a
function of dose and in homogeneous mixtures
with conventional resins. Resin 4 was cured pure
and in mixtures with a conventional acrylate
resin, EB600, which is an acrylated glycidyl ether
of bis-phenol-A.

Figure 3 presents the amount of residual un-

saturation as a function of dose for either pure
resin 4, a mixture of 50% resin 4 and 50% EB600,
or pure EB600. It is shown that the rate of poly-
merization is as fast as, or even faster for samples
containing resin 4 compared with pure EB600. All
samples have however a similar final amount of
residual unsaturation. The results show that
although resin 4 is a methacrylate, it cures at
a comparable rate to an acrylate. The fast
crosslinking of the hyperbranched polymer indi-
cate that the end-groups are highly accessible for
polymerization and not trapped in the network.

Cured films of EB600 present a narrow Tg-
transition above ambient temperature as seen in
Figure 4. The polymerization is limited by vitrifi-
cation effects, i.e. the mobility of the nonreacted
acrylate groups is reduced at a certain point of
crosslinking. The mixtures containing resin 4 ex-
hibit a much wider transition, i.e. a much more
polydisperse network. It can be speculated that
the methacrylate end-groups in this network
structure can react easier with other groups ei-
ther intra- or intermolecularly.

EB Curing

EB-cured films of resin 5, EB600, and a 50/50
(w/w) mixture of resin 5 and EB600 exhibit a
similar behavior to the UV-cured samples with
the difference that the transitions are shifted
slightly upwards in temperature (Figure 5). The
nature of EB-curing allows for a small additional
amount of crosslinking because the initiating rad-
ical is formed from the resin itself rather than
from an added initiator.

EB-curing can, however, easily be performed
on much thicker samples to obtain a different

Figure 2 E9 versus temperature for UV-cured films of
resins 1 (■), 2 (‚), and 3 (Œ).

Figure 3 Residual unsaturation versus dose for mix-
tures different pure resin 4 (white), a mixture of resin
4 and EB600 (50/50, w/w) (gray), and pure EB600
(black).

Figure 4 Tand versus temperature for UV-cured
films based on different resins; pure resin 4 (3), a
mixture of resin 4 and EB600 (50/50, w/w) (■), and pure
EB600 (‚).
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thermal history. It has been shown previously
that the sample geometry has a large effect of the
final properties of the crosslinked polymer.19 The
sample geometry will have an effect on the heat
dissipation rate from the sample, i.e. the reaction
heat will induce a temperature rise which in the
case of a thick specimen will be higher than in the
case of a thin sample.

Samples of pure EB600, a 90/10, and an 80/20
(w/w) mixture of EB600 and resin 6 were EB-
cured as thick specimens while monitoring the
temperature to see the effect of temperature on
the final properties. Figure 6 shows the tempera-
ture during cure in the thick specimens. The re-
sults show that the temperature rises steeply af-
ter the first sweep and reaches a level of 160°C for
pure EB600 and lower with increasing amount of
resin 6. The reduction in maximum temperature
(Tmax) with increasing amount of resin 6 can be

explained by the lower reaction enthalpy for
methacrylates compared to acrylates.20 The max-
imum temperature in all cases exceeds the Tg of
the formed polymer why vitrification effects can
be assumed to have less importance for thick
specimens.

Figure 7 shows the Tg for the different bulk
samples as determined by the tand peak value.
The Tg for pure EB600 has increased signifi-
cantly, from 110 to 155°C, when compared with
the film geometry. When blended with hyper-
branched resins, the Tg of the cured sample de-
creased, which is the opposite of the behavior
noticed for blends cured as films. The hyper-
branched resins reached a high conversion in all
geometries, whereas EB600 had to be cured as a
thick specimen to obtain full cure. Therefore, the
softening effect was not seen in the case of thin
film geometries because EB600 had not reached
full cure. The amount of residual unsaturation
was around 6% in all thick samples, i.e. close to
the detection limit, which also confirms the high
degree of cure. The aliphatic backbone of the hy-
perbranched resin induces a softening of the sys-
tem, which is seen when comparing systems with
the same amount of cure.

CONCLUSIONS

It has been shown that hyperbranched polyesters
are versatile scaffolds for the synthesis of hyper-
branched methacrylate functional polyester res-
ins for radiation curing (UV or EB). Very different
properties can be obtained by varying the func-
tionality of the hyperbranched resins. The hyper-
branched resins polymerize readily with small

Figure 6 Temperature during cure of thick speci-
mens of different resins; pure EB600 (■), a mixture of
resin 6 and EB600 (10/90, w/w) (h), and a mixture of
resin 6 and EB600 (20/80, w/w) (‚).

Figure 5 E9 versus temperature for EB-cured films
based on different resins; pure resin 5 (3), a mixture of
resin 5 and EB600 (50/50, w/w) (■), and pure EB600
(‚).

Figure 7 Tg versus fraction of resin 6 in mixtures
with EB600.
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amounts of residual unsaturation after curing.
The methacrylate end-groups are accessible for
polymerization, i.e. they have enough mobility to
react to a high conversion. The networks based on
hyperbranched resins are inhomogeneous com-
pared with networks formed on a conventional
difunctional monomer (EB600).
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14. Pettersson, B.; Sörensen, K. Proceedings of the
21st Waterborne, High Solids & Powder Coatings
Symposium, New Orleans, Louisiana, 1994, p 753.

15. Malmström, E.; Johansson, M.; Hult, A. Adv Pol
Sci 1999, 143, 1.

16. Malmström, E.; Trollsås, M.; Hawker, C. J.; Johan-
sson, M.; Hult, A. Polym Mater Sci Eng 1997, 77(2),
151.

17. Malmström, E.; Johansson, M.; Hult, A. Macromol-
ecules 1995, 28, 1698.

18. Hult, A.; Johansson, M.; Malmström, E.; Sörensen,
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