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Hyperbranched polymers were modified with terminal methacryloyl groups to be used as crosslinkers.
The photoinitiated polymerization of several methacrylic monomers was examined in the presence of the
hyperbranched macromers and bis-(2,4,6-trimethylbenzoyl)-phenylphosphine oxide (Irgacure 819®) as a
photoinitiator, upon UV irradiation. The photopolymerization kinetics was systematically studied by flu-
orescence and photoDSC in real time and in situ. Six types of monofunctional methacrylic monomers, two
types of difunctional methacrylic monomers and four types of (meth)acrylate-modified hyperbranched
macromers with different structures were employed for series of photopolymerization reactions. The
Hyperbranched macromers
Photopolymerization
Fluorescence
Networks
Self-assembly

incorporation of the hyperbranched macromers allows to increase the conversion at gelation and thus,
final conversion. This behaviour is dependent on monomer and macromer nature and has been explained
as due to an increase of the free volume fraction and confirmed by fluorescence. The results indicate
that H-bonding and �-stacking induce self-assembly of hyperbranched macromers leading to reaction
induced phase separation at the highest concentration of hyperbranched macromer used.
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. Introduction

Recently, society has become aware of the necessity to reduce
r eliminate VOC (volatile organic compounds) emissions from
oating applications. These reasons together with the growing
emand for coatings in technologies and speciality applications
ave lead to chemists to look for alternatives to the traditional
olvent-based coatings. Radiation-cured coatings, by means of EB
electron beam) or UV-light, have been developed and show the
otential to replace conventional solvent-based systems that are
zone-depleting. UV-curing formulations include a photoinitiator
n the formulation which under irradiation absorbs and converts
V–visible light into reactive intermediates, such as free radicals
nd radicals ions, and/or long lived intermediates, such as acids or
ases, which initiate the photochemically driven polymerization
hat is normally completed in few seconds. Moreover, advantages
f UV-curing technology such as costs saving, high manufacturing
fficiency and environmental advantages are expected to be evalu-

ted to replace conventional methods. Today, UV-curable material
s not limited to the coating industry. It has found new applica-
ions in many other fields such as encapsulates for microelectronic
evice, silica-filler polymer composites, adhesives, sterolithogra-
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hy, dental restorative materials fillings, contact lens and optical
iscs [1].

The photoinitiated polymerization of (meth)acrylates is one
f the most efficient processes for the rapid production of poly-
eric crosslinked materials with defined properties. However,
ethacrylates are subjected to several limitations including poly-
er shrinkage, oxygen inhibition and residual insaturation which

ave deleterious effects on polymer performance and lifetime.
everal approaches have been developed to overcome these
isadvantages. One of the most promising areas of research con-
erns the improvement of macromolecular properties by changes
n the macromolecular architecture. Recently, Bowman and co-

orkers [2] have studied the photopolymerization kinetics of novel
ethacrylates which exhibit extensive polymerization in the dark

ompared to traditional acrylates and diacrylates. In the last decade
yperbranched polymers have been incorporated to the UV-curing
echnology for preparing thermoset coatings taking advantage of
he high number of reactive end-groups and their particular topol-
gy.

Hyperbranched polymers (HBP) are a kind of dendritic poly-
ers characterized by a tree-like architecture which confers them
ery different properties compared to their linear counterparts. It is
enerally accepted that the globular end-functionalized structure
ives rise to a lower degree of entanglement (lower viscosity) and
n enhancement of the end-chain effects. The structural control of
yperbranched polymers by increasing the degree of branching or

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:cpeinado@ictp.csic.es
dx.doi.org/10.1016/j.jphotochem.2008.07.002
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y modification of end-groups allows fine-tuning of the physical
roperties and thus, their applications.

HBPs have also been described in several applications, rang-
ng from processing additives [3] to thermoset system components
4,5]. A wide range of waterborne hyperbranched polyurethane
crylates have been prepared for radiation curing of aqueous
ispersions [6]. It has been shown that both hard and soft
egments contents, in addition to the generation number of
he hyperbranched polymer, can have significant effect on the
hysical and thermal properties of the aqueous dispersions [7].
aruyama and co-workers [8] reported the synthesis of photo-

ross-linkable hyperbranched poly(urethane)s containing both
erminal methacryloyl groups and carboxyl groups. Photopattern-
ng using the obtained hyperbranched polymers was achieved

ith good resolution. UV-curing behaviour of hyperbranched
oly(siloxysilane)s containing vinyl, allyl and epoxy end-groups
as extensively investigated in the presence of several pho-

oaccelerators [9]. UV-curable acrylate modified hyperbranched
olyisophthalester which exhibited high refractive index and good
iscibility with comonomer, may meet the requirements of a

repolymer used for graded-index materials [10]. Dendritic hyper-
ranched polymers have been used as tougheners for epoxy resins
11] and polypropylene [12]. The high toughening capacity of HBP

odifiers is suggested to be induced by the gradient properties
btained within the phase—separated particles. Epoxy functional
yperbranched polymers have been used to tailor interfacial
roperties of immiscible polymers [13]. The interfacial adhesion
etween fusion bonded plaques of PP and PA6 was strongly

ncreased with the addition of the HBP grafted to PP compared to
aleic anhydride grafted PP. It seems that hyperbranched poly-
ers might be a good alternative to dendrimers inasmuch as the

ormer can be produced on a large scale at a reasonable cost avoid-
ng protection/deprotection steps needed in dendrimer synthesis.
ecently, Peleshanko has reviewed recent developments in the field
f HB molecules with emphasis in the growth of this research field
n the last 5 years [14].

The potential of HBP on radiation curing has been put in evi-
ence by a wide number of applications, some of them industrially
eveloped. It is well-known that the structure of monomers influ-
nces the kinetics of the reaction and thus, the final properties
f the material. In spite of this, there is a lack of detailed kinetic
tudies of the reaction of UV-curable HBP resins. Herein, we study
he kinetics of photopolymerization of meth(acrylate)-modified
yperbranched macromers and methacrylic monomers by pho-
ocalorimetry and fluorescence.

Fluorescence has become an useful tool for monitoring dynamic
rocesses in polymer research [15]. Both intrinsic and extrinsic
uorescence have been used to investigate polymer behaviour.
ecently, our group has prepared fluorescent probes which are sen-
itive to rigidity/polarity of its microenvironment and used them for
onitoring UV-curing of acrylic monomers and oligomers in homo-

eneous and microemulsion media [16]. This fluorescence-based
ethod has revealed an interesting potential to study kinetics of

hotopolymerization as well as to study microstructure develop-
ent during photopolymerization processes [17].
In order to give an overall view, we have systematically

xamined the influence of the presence of hyperbranched
acromers (HBMm) in the kinetics of photopolymerization of

crylic monomers. Six types of monofunctional methacrylic
onomers, two types of difunctional methacrylic monomers and
our types of meth(acrylate)-modified hyperbranched macromers
ith different structures were employed for a series of photopoly-
erization reactions. The kinetic parameters were determined

y DSC and compared with fluorescence data. Thermal stability
f the HBMm crosslinked networks was measured by TGA and
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ompression modulus was determined to assess mechanical resis-
ance.

. Experimental

.1. Materials

Lauryl methacrylate (LMA), 2-hydroxyethyl methacrylate
HEMA), 2-ethylhexyl methacrylate (EHMA), butyl methacrylate
BMA), ethoxyethyl methacrylate (EEMA), octyl methacry-
ate (OMA), 1,6-hexanediol dimethacrylate (HDDMA) and
oly(ethylenglycol) dimethacrylate (PEG-DMA, Mn = 550 Da)
ere purchased from Aldrich and were purified by distillation
rior to use.

The HBPs used in this work are an aliphatic polyester Boltorn®

30 and polyesteramides Hybrane® P1000, H1500 and D2000.
30 has an ethoxylated pentaerythritol moiety as central core and
,2-bis(methylol)propionic acid (bis-MPA) as dendritic units. This
olymer has an average of three generations of MPA. Hybranes have
i-2-propanolamine as end-group and differ in the building group.
he building groups are cyclohexane dicarboxylic anhydride for
1500, 1-dodecenyl-ethyl dicarboxylic anhydride for D2000 and
htalic anhydride for P100. Hyperbranched polymer Boltorn® H30
as kindly provided by Perstorp, Sweden, and Hybrane® P1000,
1500 and D2000 were kindly supplied by DSM, The Nether-

ands. The idealized formulae of polyester H30 and polyesteramides
1000, H1500 and D2000 are shown in Figs. 1 and 2, respectively.

Photoinitiator bis-(2,4,6-trimethylbenzoyl)-phenylphosphine
xide (Irgacure 819®) was generously gifted by Ciba Spe-
ialty Chemicals, Basel, Switzerland, and used as received.
he fluorescent probe, N,N-dimethyl-[4-(2-pyrazin-2-yl-vinyl)-
henyl]-amine (DMA-2,5), was synthesized as previously described
18]. Fig. 3 shows the structure of the probe and Scheme 1 the
hotofragmentation reaction of the photoinitiator upon irradiation.

.2. Methacrylic functionalized hyperbranched polymers, HBMm

Modification of HBPs was carried out by esterification of
ydroxyl groups with methacryloyl chloride. The corresponding
yperbranched polymer (1 mmol based on hydroxyl end-groups)
nd N,N-dimethylaminopyridine (0.05 mmol) were dissolved
nder nitrogen in dry dichloromethane (tetrahydrofuran for H30)
nd triethylamine (1.5 ml) in a reaction vessel. The flask was
quipped with a drying tube and cooled on a water/ice-bath.
ethacryloyl chloride (1.5 mmol), freshly distilled, diluted with

ichloromethane was slowly added to the mixture and the solution
as then left stirring at room temperature overnight. The solu-

ion was extracted twice with aqueous HCl (2%) and NaOH (2%)
olutions, then dried over anhydrous MgSO4, filtered, and finally
vaporated, yielding a slight yellow viscous product.

The 1H NMR integral of protons in the building blocks was
sed as reference for Hybranes and the integral of methyl pro-
ons for H30. The degree of substitution and the concentration
f methacryic double bond of H30MA, P1000MA, H1500MA and
2000MA were determined by comparison of the reference inte-
ral signal with the 1H NMR integral of the terminal methacrylate
inyl moiety. Data was supported by MALDI-TOF mass spectrome-
ry. Table 1 contains data of synthesized materials.
.3. Photopolymerizable samples

Methacrylic monomers were photopolymerized in the presence
f different amounts of methacrylic end-capped hyperbranched
olymers, HBMm. The photoinitiator (1%, w/w with respect to the
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Fig. 1. Idealized structure of the h

otal weight of monomers) and the fluorescent probe (0.002%, w/w)
ere added to the samples.

.4. Polymerization proceeding and analysis

A weighted amount of these samples were placed into an alu-
inium pan in the sample holder of a Shimadzu model DSC-50 and

he temperature maintained at 10 ◦C using a cryostat Huber poly-
tat CC1, to avoid monomer evaporation. Samples were irradiated
nder nitrogen in situ with a MACAM-Flexicure portable irradia-
ion system provided with a Sylvania 400 W Hg medium-pressure
amp and twin quartz optical fiberguides. The simultaneous mea-
uring of the fluorescence of the probe and the heat evolved in the
olymerization was performed as previously described [16], using a
SC coupled to a spectrofluorimeter with a shortwave pass dichroic
eamsplitter to separate irradiation and emission wavelengths, and
ecording a complete fluorescence spectrum each 14 s. The dichroic
eamsplitter (Lambda) shows high transmission at long wave-

engths (� > 400 nm) and high reflectivity at shorter wavelengths
� < 100 nm). Fluorescence is recorded by a PerkinElmer spectroflu-
rimeter LS-50. Incident light intensity was set constant for all runs
t a value of 3 mW/cm2.

Two parameters were used to show fluorescence changes,
uorescence intensity at maximum, and the first moment of flu-
rescence, 〈�〉. The first moment of fluorescence [19], 〈�F〉, is given
y the weighted average wavenumber in Eq. (1):

�F 〉 =
∑

IF(�) �
∑

IF(�)
(1)
he heat flux was monitored as a function of time using the
SC under isothermal conditions and both polymerization rates
nd conversion were calculated as a function of time. A value of
4.7 kJ/mol was used as the theoretical heat evolved for polymer-

zation of the methacrylic double bonds [20].

1
t
w
s
a

ranched polyester Boltorn® H30.

.5. Characterization

The morphology of the photopolymerized networks was
bserved on a Philips XL30 environmental scanning electron
icroscopy (ESEM) provided of EDAX. Samples were frozen by

mmersing in liquid nitrogen, followed by mechanical fractur-
ng.

Thermogravimetry (TGA) measurements were performed in a
erkinElmer thermobalance, model TGA 7. Measurements were car-
ied out using 5 mg of sample and heated at a rate of 10 ◦C/min
nder nitrogen atmosphere. The onset degradation temperature
Ton) was defined as the initial temperature of degradation, cor-
esponding to the intersection of tangent drawn at the intersection
oint of decomposition step with the horizontal zero-line of the
G curve. The glass transition temperatures were measured by a
ifferential scanning calorimeter (Mettler823e) at a heating rate
f 5 ◦C/min, calibrated using standard procedures. Tg were deter-
ined as the midpoint of the transition.
Density measurements were performed using an AccuPyc 1330

ycnometer with a 1 cm3 sample insert. The pressures observed
pon filling the sample chamber with the helium and then dis-
harging it into a second empty chamber allows computation of
he density of the sample.

.6. Swelling of networks

In order to measure solvent absorption, the films prepared as
escribed previously were transferred into glass vials and their

nitial weight (W0) was recorded. Next, the vials were filled with

0 ml ethanol. The films were removed at regular time intervals,
he surface solvent was gently removed by a paper towel, and then
eighted until no further weight change was detected (Wt). The

welling ratio is defined as the percentage ratio between the weight
t time t and its initial weight ([Wt − W0]/W0 × 100%).
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Fig. 2. Idealized structure of the hyperbranch
.7. Compression testing

The compression modulus of the films was measured at room
emperature using a mechanical testing machine MTS Bionix
00 (Model 810, MTS Systems Corp., Eden. Prairie, MN). After

z
a
w
2
p

lymers Hybranes® P1000, H1500 and D2000.
eroing and taring the probe, sample disks of 4 mm diameter
nd 1.4 mm height were placed between parallel plates. Samples
ere compressed at a constant rate of 0.5 mm/s up to a strain of
0%. The resulting force (N) was measured as a function of the
ercent strain. The modulus (E) was calculated from the slope
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Table 1
Hydroxyl number, molecular weight and acrylic functionality of the hyperbranched
macromers

HBMm Average number of
hydroxyl end-groupsa

Mn

(g/mol)a
Average number of
methacrylic end-groupsb

H30MA 32 2300 16
P1000MA 7 1500 5
H1500MA 10 1500 6
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a good fit to experimental data for all the formulations containing
Fig. 3. Structure of the fluorescent probe.

f the best-fit line of the linear region of the stress–strain curve
t less than 10% deformation of the various samples. Results are
eported for data collected from at least three specimens for each
aterial.

. Results and discussion

The effect of the structure of multifunctional monomers on
he polymerization rate and double bond conversion has been
escribed in many reviews [21]. It was well established that
igher degree of functionality (greater number of double bonds per
onomer molecule) led to higher reaction rates, more rapid onset

f gelation and vitrification and higher density of crosslinks. How-
ver, denser networks reduce the extent of double bond conversion,
eaving a large portion of them unreacted (even 50%). The length
f the chain connecting two unsaturations in the monomers also
ffects the reaction kinetics. In contrast to more typical multifunc-
ional monomers, the hyperbranched macromers (HBMm) studied
ere have relatively high molecular weights and contain several
endant double bonds per chain (i.e., several crosslinking double
onds per molecule). Both of these features can significantly influ-
nce the overall polymerization behaviour and ultimate network
tructure. Therefore, the aim of this work was to study the kinetics
f photocrosslinking reaction of acrylic monomers and HBMm by
SC and fluorescence measurements in situ and in real time.

.1. Hyperbranched macromers

The hydroxyl end-groups of four hyperbranched polymers
ere functionalized with methacrylic reactive groups suitable for

rosslinking. The functionalization was accomplished by a base
atalyzed reaction of the hydroxyl end-groups with methacry-
oyl chloride (Scheme 2). The reaction was performed at low
emperature under nitrogen atmosphere in order to prevent pre-

ature polymerization. Different fractions of non-reactive/reactive
nd-groups were achieved depending on HBMm structure and
xperimental conditions. NMR spectroscopy was used to quantify
he conversion of end-groups. Hybrane-modified polymers have
n average of 5–6 methacrylic functionalized end-groups whereas

he polyester modified H30MA has an average of 16 methacrylic
nd-groups (from a total of 32 hydroxyl functionalities). Hydroxyl
umber, molecular weight and acrylic functionality are presented

n Table 1.

H
a

p

Scheme 1. Photofragmentation mec
2000MA 8 2000 6

a Data provided by the manufacturer for the corresponding HBP precursors.
b Data obtained by 1H NMR.

.2. Kinetics of photopolymerization

The properties of a UV-cured film depend on the resin com-
osition and also on the photopolymerization kinetics. Thus, the
olymerization behaviour of methacrylic monomers in the pres-
nce of different amounts of HBMm was investigated using both
SC and fluorescence simultaneously in real time.

Fig. 4 shows the profile of polymerization rate as a func-
ion of conversion for several monomers in the presence of the
yperbranched macromer P1000MA, obtained from photoDSC
easurement at 30 ◦C. Different behaviours may be distinguished

epending on the monomer: (a) HEMA photopolymerization shows
n unique peak, (b) LMA and BMA photopolymerization shows an
nique peak in the absence of crosslinker and in the presence of a
ertain amount of P1000MA a shoulder is developed and (c) two
eaks are observed for the rest of the formulations (EHMA and
EMA), both in the presence and in the absence of crosslinker.

An unique peak seems to be related to the photocuring of the
onomers which show higher reactivity, such as HEMA. In polymer

ynthesis, it has been known for a long time that certain monomers
uch as methacrylate and acrylate derivatives exhibit an autocat-
lytic behaviour during the polymerization process. The modified
utocatalytic model proposed by Kamal and Sorour [22] for isother-
al cure of thermosetting resins is given below by the following

quation:

dC

dt
= kCm(Cf − C)n (2)

here C is fractional conversion, k is the rate constant and m and
represent orders of initiation and propagation, respectively. The

otal order of the curing reactions, m + n, was assumed to be 2 for
inyl terminated resins [23]. This model was used to fit the exper-
mental kinetic data obtained from photoDSC.

Fig. 5 plots the experimental and theoretical conversion rate ver-
us fractional conversion for the UV-curing of HEMA in the presence
f the hyperbranched macromer P1000MA (8%, w/w). Predicted
ate constants and reaction orders are given in Table 2 for differ-
nt amounts of P1000MA. The modified autocatalytic model shows
EMA while the other studied monofunctional monomers follow
n autocatalytic reaction only during the early time of reaction.

Fig. 4(c) and (d) shows different kinetic profiles with multiple
eaks which are attributed to microgel formation [24]. The first

hanism of the photoinitiator.
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Scheme 2. Modification of hydroxyl end-groups of HBP to o

eak is attributed to the gel effect for the bulk material when
he resin was homogeneous, while the second one was due to the
utoacceleration in the microgels. It is assumed that the reactivity
f pendant double bonds is lower than that of the free unre-
cted monomer. As a result, the concentration of pendant groups
ncreases during the polymerization reaction as the concentration
f double bonds of free monomer is depleted. When the concen-
ration of pendant vinyl groups is high they begin to react giving
ise to microgel formation (local dense crosslinking) and a sec-

nd autoacceleration in the reaction rate. Many of the unreacted
endant double bonds become entrapped in the microgel regions
nd their apparent reactivity decreases due to steric hindrance
thermodynamic excluded volume effect) [25]. Further reaction
macrogelation) occurs by the chemical bonding of microgel par-

w
i
o
s
a

ig. 4. Plots of polymerization rate as a function of conversion for several monomers in t
nd (d) EEMA.
methacrylic end-capped hyperbranched macromonomers.

icles [26]. The formation of microgels is the reason for network
nhomogeneity and this can lead to a significant reduction of the

echanical strength of the material.
Table 3 collects the data of the polymerization rate at 5% con-

ersion (Rpi), the time at maximum rate of polymerization (tmax),
he double bond conversion at the maximum polymerization rate
˛tmax) and final conversion (˛F) of the photopolymerization reac-
ion using P1000MA as crosslinking agent.

The general trend is that polymerization rate increases slightly

hen monofunctional methacrylic monomers are photopolymer-

zed in the presence of different amounts (between 2 and 8%, w/w)
f P1000MA, with the exception of LMA. It is well known that �–�
tacking between aromatic rings increases molecular rigidity [27]
nd may account for the increased reactivity of the system. The

he presence of hyperbranched macromer P1000MA. (a) HEMA, (b) LMA, (c) EHMA
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Fig. 5. Comparison of modified autocatalytic model (solid line) and the experi-
mental data (gray box) for the UV-curing of HEMA in presence of hyperbranched
macromer P1000MA (8%, w/w).

Table 2
Kinetic parameters of second order autocatalytic model for photopolymerization of
HEMA in the presence of several amounts of P1000MA

P1000MA (%, w/w) k (s−1) m n r2

0 1.95 ± 0.01 0.476 ± 0.006 1.452 ± 0.005 0.998
2
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hydroxyl functionalities). The kinetic data are listed in Table 5. In

T
P
o

M

H

L

B

E

E

F

1.96 ± 0.02 0.471 ± 0.004 1.422 ± 0.008 0.995
2.01 ± 0.02 0.478 ± 0.004 1.366 ± 0.007 0.995
2.33 ± 0.02 0.500 ± 0.003 1.359 ± 0.005 0.998

ime to reach the maximum polymerization rate increases with
1000MA concentration for LMA whereas it decreases for the rest
f monomers. In the case of HEMA the reactivity increases abruptly
ith the increase of P1000MA concentration, exhibiting a twofold
igher polymerization rate with 8% (w/w) of the multifunctional

yperbranched crosslinker. Comparing the kinetics of EEMA and
EMA, which have similar structure but differ only in the presence
f a hydrogen-bond donor, the enhanced reactivity of the hydroxyl-
erminated monomer could be explained due to hydrogen-bonding

a
o
r
(

able 3
olymerization rate at 5% conversion (Rpi); time at the maximum rate of polymerization (
f the photopolymerization reactions using P1000MA as crosslinking agent (kinetic param

onomer P1000MA (%, w/w) Rpi (s−1) ˛F (%)

EMA 0 0.18 84
2 0.23 88
4 0.26 93
8 0.30 91

MA 0 0.20 100
2 0.20 84
4 0.17 82
8 0.17 84

MA 0 0.08 47
2 0.12 49
4 0.11 52
8 0.12 67

HMA 0 0.13 99
2 0.15 97
4 0.16 96
8 0.13 94

EMA 0 0.11 82
2 0.12 86
4 0.12 92
8 0.14 100

or the kinetic profiles that showed multiple peaks, the data of second peak is given in pa
tobiology A: Chemistry 200 (2008) 126–140

ffects. Hydrogen-bonding increases the relative viscosity of the
ystem, particularly during the early stage of polymerization. Inter-
olecular hydrogen bonds leads to a viscosity increase that results

n reduced termination and enhanced polymerization kinetics [28].
In general, the extent of conventional photopolymerization

eactions is affected by the presence of multifunctional monomers
nd lead to a decrease of the final conversion. This expected trend
s only observed for the UV-curing of LMA and EHMA in the pres-
nce of P1000MA, whereas the final conversion increases with
BMm concentration for BMA, EEMA and HEMA (Fig. 6). The

ast feature is explained by the enhanced mobility of the system
uring photopolymerization. This hypothesis was confirmed by
easuring the swelling ratio (Table 4). The swelling ratio of the

hotopolymerized BMA and HEMA films increases with P1000MA
oncentration.

Even though the high acrylic functionality of HBMm, the resins
n its presence have lower unsaturation concentration due to their
igher molecular weight in comparison to the monofunctional
onomers. This dilution effect of double bond concentration may

elay the gel point. Therefore, it is plausible that in these systems
ncreasing HBMm content enhances the mobility, while providing

ore accessible space for the polymerization of acrylate to occur.
his is in accordance with fluorescence results shown also in Table 3
nd explained below. As a consequence of the dilution effect of dou-
le bond concentration by increasing the amount of HBMm in the
ormulation, the rigidity of the network diminishes, vitrification
ccurs at higher degrees of conversion and the limiting conversion
ncreases. This fact seems to indicate that the accessibility to the
eactive sites, as well as the double bonds, depends on topologi-
al factors, at least in the last stages of the photopolymerization
eaction.

The kinetics of polymerization was also investigated in the pres-
nce of an aliphatic polyester hyperbranched macromer H30MA
ith an average of 16 methacrylic end-groups (from a total of 32
ll the cases, the monomer reactivity is enhanced in the presence
f this hyperbranched polyester, showing higher polymerization
ate as H30MA concentration increases for the studied monomers
HEMA, LMA, OMA and EEMA). The final conversion increases for

tmax), double bond conversion at the maximum (˛tmax) and final conversion (˛final)
eters as tgel and ˛tgel were determined by fluorescence.)

tmax (s) ˛tmax (%) tgel (s) ˛tgel (%)

64 19 205 64
65 20 277 77
60 22 268 81
57 23 221 80

67 12 – –
70 12 270 49
73 10 235 38
70 10 200 31

130 9 234 (754) 18 (41)
106 11 195 (702) 17 (46)
105 10 182 (650) 20 (54)
102 (928) 9 (60) 182 (923) 18 (67)

98 (409) 15 (50) – –
87 (363) 14 (70) 182 34
89 (373) 14 (68) 146 27
83 (346) 11 (68) 130 (793) 19 (86)

120 (564) 14 (64) 325 42
98 (549) 11 (64) 234 (663) 32 (74)
98 (546) 12 (67) 208 (702) 29 (79)
91 (537) 11 (74) 117 (728) 16 (92)

renthesis.
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Fig. 6. Polymerization rate (a) and final conversion (b) as a function of the amount of P1000MA for the photopolymerization of several monofunctional monomers.

Table 4
Swelling ratio of methacrylic films photocrosslinked with hyperbranched P1000MA

Monomer H30MA (%, w/w) Swelling ratio ˛F (%)

HEMA 0 2.41 ± 0.08 84
2 1.75 ± 0.02 88
4 2.28 ± 0.02 93
8 2.75 ± 0.08 91

BMA 0 1.43 ± 0.03 47
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Table 6
Polymerization rate at 5% conversion (Rpi); time at the maximum rate of polymer-
ization (tmax), double bond conversion at the maximum (˛tmax) and final conversion
(˛final) of the photopolymerization reaction of difunctional monomers using H30MA
as crosslinking agent (kinetic parameters as tgel and ˛tgel were determined by
fluorescence.)

Monomer H30MA (%, w/w) Rpi (s−1) ˛F (%) tmax (s) ˛tmax (%) tgel (s) ˛tgel (%)

HDDMA 0 0.43 55 48 14 195 45
2 0.52 59 47 14 221 55
4 0.61 62 44 15 364 62
8 0.64 68 45 17 390 68

PEGDMA 0 0.96 98 30 16 – –

t
t
p
f
amide)s were studied (Table 7). Fig. 7 plots polymerization rates
versus conversion for UV-curing of (a) LMA and (b) EEMA in

T
P
o

M

H

O

L

E

F

2 2.12 ± 0.13 49
8 2.79 ± 0.12 67

EMA, OMA and EEMA and decreases slightly for LMA as H30MA
ncreases. It seems to indicate that the functional end-groups of the
30MA are highly accessible for polymerization.

The copolymerization of difunctional monomers with H30MA
as also investigated (Table 6). Both polymerization rate and

onversion increase with H30MA concentration during its copoly-
erization with HDDMA due to the dilution effect of reactive

ouble bonds. In the reaction with PEGDMA, the higher length of
he spacer between the two methacrylic groups enables to obtain
igher limiting conversion than with HDDMA. This late feature is

ttributed to the lower termination rate as a consequence of the
ower rigidity of the network. In this case, the final conversion
ecreases as H30MA concentration increases.

t
T
m

able 5
olymerization rate at 5% conversion (Rpi); time at the maximum rate of polymerization (
f the photopolymerization reaction using H30MA as crosslinking agent (kinetic paramet

onomer HBMm (%, w/w) Rpi (s−1) ˛F (%)

EMA 0 0.18 84
2 0.27 98
4 0.30 99
8 0.33 98

MA 0 0.19 76
2 0.21 88
4 0.18 98
8 0.22 97

MA 0 0.20 100
2 0.24 98
4 0.28 97
8 0.28 95

EMA 0 0.11 82
2 0.13 82
4 0.14 88
8 0.13 98

20 0.21 100

or the kinetic profiles that showed multiple peaks, the data of second peak is given in pa
2 0.95 92 29 13 312 91
4 0.99 91 28 18 286 91
8 1.01 86 29 19 234 85

The influence of the nature and the unsaturation degree of
he hyperbranched macromers were analyzed by comparing pho-
opolymerization kinetics of several methacrylic monomers in
resence of a fixed amount of different HBMm (8%, w/w). Apart
rom the hyperbranched polyester H30MA, the three poly(ester-
he presence of 8% (w/w) of several hyperbranched macromers.
he early stage of photopolymerization does not change very
uch by the presence of HBMm, in contrast, the appearance of

tmax), double bond conversion at the maximum (˛tmax) and final conversion (˛final)
ers as tgel and ˛tgel were determined by fluorescence.)

tmax (s) ˛tmax (%) tgel (s) ˛tgel (%)

63 18 205 64
60 24 210 84
56 25 128 74
52 21 – –

106 17 169 31
102 16 143 (364) 25 (72)
118 18 208 (507) 37 (84)
79 (275) 15 (63) 117 (403) 24 (87)

67 12 – –
69 12 442 74
65 13 160 (585) 39 (93)
66 13 184 (676) 44 (91)

120 (564) 14 (64) 325 42
97 (532) 14 (66) 328 (720) 47 (70)
83 (426) 11 (61) 170 (560) 24 (79)
94 (397) 11 (61) 105 (520) 13 (83)
99 (195) 21 (53) – –

renthesis.
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Table 7
Comparison of kinetic parameters of the photopolymerization reaction of several monomers using a fixed amount (8%, w/w) of different HBMm as crosslinking agents

Monomer HBMm Rpi (s−1) ˛F (%) tmax (s) ˛tmax (%) tgel (s) ˛tgel (%)

EHMA – 0.13 99 99 (409) 15 (69) – –
P1000MA 0.13 94 83 (346) 11 (68) 130 (793) 19 (86)
D2000MA 0.18 98 87 (269) 16 (59) 234 (661) 50 (97)
H30MA 0.19 96 90 (352) 16 (67) 247 48
H1500MA 0.19 97 80 (363) 14 (72) 169 (507) 35 (94)

EEMA – 0.11 82 120 (564) 14 (64) 325 42
P1000MA 0.14 100 91(537) 11 (74) 117 (728) 16 (92)
D2000MA 0.13 95 94 (397) 11 (59) 170 23
H30MA 0.13 98 94 (397) 11 (61) 105 (520) 13 (83)
H1500MA 0.14 98 97 (437) 12 (67) 241 36

LMA – 0.21 100 67 12 – –
P1000MA 0.17 84 70 10 200 31
D2000MA 0.18 92 86 15 181 38
H30MA 0.28 95 66 13 184 44
H1500MA 0.22 92 71 13 129 28

For the kinetic profiles that showed multiple peaks, the data of second peak is given in parenthesis.

d (b)

t
n

p

F
m

Fig. 7. Polymerization rate versus conversion for UV-curing of (a) LMA an
he second peak in the DSC profiles strongly depends on HBMm
ature.

For a better understanding of the effect of the HBMm on
hotopolymerization kinetics of methacrylic monomers polymer-

i
n
p
E

ig. 8. Polymerization rate (a) and final conversion (b) as a function of the HBMm (at a
onomers. The abscissa axis shows the functionality referred as the average number of a
EEMA in the presence of 8% (w/w) of several hyperbranched macromers.
zation rate and final conversion are plotted as a function of the
umber of reactive groups in the HBMm (Fig. 8). The extent of the
olymerization is reduced in the presence of HBMm for LMA and
HMA, whereas the final conversion increases for the copolymer-

fixed amount of 8%, w/w) for the photopolymerization of several monofunctional
crylic groups in the periphery of the modified HBMm.
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ig. 9. Plot of the fluorescence intensity at maximum versus conversion for the p
1000MA.

zation of EEMA and any HBMm. In the experimental conditions the
nal conversion of EEMA photopolymerization is 82% and reaches
5–100% of conversion depending on the HBMm. However, the
ate of the reaction does not scale simply with the number of
crylic functionalities of the HBMm which is attributed to diffu-
ion limitations during the polymerization. Other authors [7] found
hat the combination of viscosity and concentration of unsatu-
ation provides the clear evidence that polymerization rates in
V-curable waterborne hyperbranched polymers are not simply
redictable.

.3. Fluorescence monitoring

The fluorescent probe, derivative of styryl diazine (DMA-
,5), was used for monitoring photopolymerization. Previously,

t was verified that the effect of probe concentration or probe
resence/absence had no influence on the polymerization rate.
luorescence spectra were recorded during irradiation time. The
uorimeter coupled to a DSC allows measuring a complete spec-
rum every 14 s. The home-built device provides confidence and
eproducibility to correlate conversion and fluorescence changes
uring photopolymerization of acrylic monomers doped with flu-
rescent probes.

The fluorescence intensity of DMA-2,5 increases as photopoly-
erization/crosslinking proceeds using HBMm as crosslinker

gents. This behaviour has been also observed during photopoly-
erization of mono- and difunctional monomers in bulk using this

uorescent probe, being useful for monitoring photopolymeriza-
ion in homogenous and heterogeneous systems [16]. Fluorescent
robes are sensitive to changes in the local rigidity of the medium.

n a medium in which molecular mobility is restricted, fluo-
escence emission increases due to the associated restriction in
he non-radiative relaxation pathway of the excited state of the
robe. This non-radiative process normally involves some kind of
ibrational coupling between the excited state and the environ-
ent.
Fig. 9 shows the fluorescence intensity at the maximum as a

unction of conversion for HEMA and LMA in the presence of dif-
erent concentrations of P1000MA. The fluorescence intensity at
he initial reaction time was used as an internal standard to cali-

rate any fluctuation during the curing process and from different
xperiments. The incorporation of the HBMm reduces the rigidity
f the medium during the photopolymerization process resulting
n a decrease of fluorescence intensity in the HEMA photopoly-

erization. This may be attributed to the disruption of hydrogen

e
l
r
m
T

olymerization of (a) HEMA and (b) LMA in the presence of different amounts of

onds by the addition of P1000MA enhancing the accessibility to
crylic moieties. This feature explains that the degree of conver-
ion increased with P1000MA concentration, as shown in Table 3.
oreover, the increase of fluorescence with conversion followed
linear kinetics during the whole course of the reaction. Sim-

lar behaviour was observed for HEMA formulations containing
30MA or H1500MA. Fig. 9(b) shows that the fluorescence inten-

ity at the maximum wavelength exhibits a higher increase during
he photopolymerization of LMA for the formulations containing
1000MA or H30MA compared to that in the absence of crosslinker.
his feature indicates a higher rigidity in the local environment
f the probe in the presence of HBMm and therefore, a more
estricted mobility of radicals leading to a polymer network that
ontains a higher residual amount of insaturations and trapped
adicals. This is also confirmed by the DSC kinetics profile which
howed that the reached conversion at the maximum polymeriza-
ion rate slightly decreases with HBMm concentration increases
Table 3).

Moreover, all the data fall on a single smooth curve whose slope
s much sharper at the initial stage of cure where fluorescence
ncreases steadily with conversion and then, the fluorescence inten-
ity becomes less sensitive to the photopolymerization process.
he intersection point between the two slopes in the fluores-
ence curves has been associated to the gelation point [29]. Two
inetic parameters were determined from fluorescence profiles:
gel and ˛tgel, which are compiled in Tables 3 and 5–7 for the
eries of UV-curing reactions studied here. As HBMm concentra-
ion increases the gelation occurs at lower conversion and then,
nal conversion decreases for LMA and EHMA in the presence
f P1000MA in our experimental conditions (Table 3). Whereas
he conversion ˛tgel increases with HBMm concentration for the
ormulations which reached higher final conversion as HBMm
oncentration also increases (i.e., HEMA, BMA and EEMA in the
resence of P1000MA). Fig. 10 shows a good correlation between
he final conversion determined by photoDSC and the conversion
eached at gelation determined by fluorescence. Such results sug-
est that when a system is diluted, the enhanced intramolecular
yclization consumed so many pendant groups that gelation is
elayed (or even prevented), as recently pointed out by Matya-

aszewski for the synthesis of polyacrylate networks [30]. The

xtent of intramolecular cyclization compared to intermolecu-
ar crosslinking reaction depends on the concentration of the
eagents in the system, as well as the chemical structures of
onomers and crosslinkers, as inferred from the values of ˛tgel in

able 7.
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ig. 10. Plot of ˛tgel as a function of ˛F for the UV-curing of several monofunctional
onomers in the presence of P1000MA and difunctional monomers in the presence

f H30MA.

The fluorescence intensity at the maximum wavelength ver-
us degree of conversion for EEMA photopolymerization in the

resence of P1000MA shows a more complex behaviour (Fig. 11).
hree regions are distinguished with different slopes. The initial
tage reveals a steep change of fluorescence intensity whereas a
teady increase is observed after 10–20% of conversion is attained.

third region is observed only in the presence of P1000MA and

c
r
i
s

ig. 11. Comparison of the plots of (a) fluorescence intensity at maximum versus con
hotopolymerization of EEMA in the presence of different amounts of P1000MA.

ig. 12. Changes of the first moment of fluorescence as a function of conversion for the ph
f HBMm. Solid symbols: H30MA and open symbols: P1000MA.
tobiology A: Chemistry 200 (2008) 126–140

n abrupt increase of the fluorescence intensity is detected as
onversion increases. This behaviour seems to correlate with the
xpected changes of microviscosity during microgel formation fol-
owed by an abrupt increase due to the macrogelation by reaction
etween different microgel domains. During polymerization, flu-
rescence intensity for a given value of conversion depends on
BMm concentration. This confirms that crosslinking density does
ot develop equivalently as a function of conversion and agrees
ell with the kinetic features measured by DSC. Fig. 11(b) shows

he ratio between the intensities at two wavelengths as a function
f degree of conversion for this series of UV-curing reactions. The
uorescence increases abruptly with conversion in the last stage
f EEMA photocuring in presence of P1000MA or H30MA at the
ame conversion that a second peak corresponding to microgel
utoacceleration was monitored by DSC. Fluorescence monitoring
rovides additional insight into the changing morphology of this
omplex system and are in accordance with the proposed hypoth-
sis of spatial heterogeneity.

Fluorescence monitoring of photopolymerization of difunc-
ional monomers confirmed that the role of HBMm is dependent
n the nature of the reactive monomer. In the case of HDDMA
hotopolymerization, H30MA acts as a reactive diluent decreas-

ng the viscosity of the media (fluorescence intensity decreases as
onversion. However, during PEGDMA photopolymerization, fluo-
escence increases more rapidly in the presence of H30MA than
n its absence and gives rise to a slight decrease of final conver-
ion as H30MA concentration increases. Also a good correlation

version and (b) ratio of intensities at two wavelength versus conversion for the

otopolymerization of (a) HEMA and (b) EHMA in the presence of different amounts
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ized films are shown in Fig. 14. The cross-sectional morphologies of
crosslinked HEMA networks with different amount of crosslinker
H30MA are combined together for comparison. The specimens
of pristine HEMA films are characterized by minor surface het-

Table 8
TGA parameters: the onset and the maximum temperature peak of the first degra-
dation step, T1max, along with the same for the second step, T2max, and temperature
of degradation, Td, as the temperature at 5 % weight loss

Monomer HBMm % (w/w)
of HBMm

Ton (◦C) T1max (◦C) T2max (◦C) Td (◦C)

HEMA – 0 245 363 437 253
P1000MA 2 334 361 435 274
P1000MA 8 339 358 430 291
H30MA 2 347 374 443 280
H30MA 4 313 375 434 270
S. Pedrón et al. / Journal of Photochemistry an

s found between fluorescence and photoDSC results as shown in
ig. 10.

In Fig. 12 the first moment of fluorescence, 〈�F〉, is plotted as a
unction of conversion for the polymerization of HEMA and EHMA
n the presence of HBMm. The mathematical treatment of the
xperimental data (emission spectra between 400 and 560 nm) for
alculation of the first moment has led to an accurate correlation
etween fluorescence and degree of conversion with a lower scatter
f data compared to the plots of fluorescence intensity as a func-
ion of conversion. Also, it shows high sensitivity at the range of
igh conversion which is of great interest from an applied view-
oint although monitoring of UV-curing reaction by following the
�F〉 changes seems to be less sensitive for polar monomers than
hat for non-polar monomers.

The origin of the changes in the emission spectra is rather com-
lex. In solvatochromic probes with a strong dipole moment in
he excited state the typical behaviour during a curing reaction
onsists of shifting the average emission energy towards higher
nergies due to an increasingly inefficient coupling between the
xcited state dipole and the environment. In this regard, the first
oment of fluorescence practically does not change as HEMA

hotopolymerization occurs as result of the high polarity of the
edium. However, the incorporation of P1000MA brings about

n abrupt increase of the 〈�F〉 when less than 20% of conver-
ion was reached. This behaviour is explained by a decrease of
olarity which is dependent on P1000MA feed. Here, we pro-
ose that P1000MA may cause the disruption of intermolecular
ydrogen bonds between HEMA molecules, for example due to
1000MA self-assembling by �-stacking. Therefore, the presence
f P1000MA aggregates favours a large decoupling of excited
ipole moment and the environment. However, the change of the
�F〉 with conversion depends slightly on P1000MA feed during
HMA photopolymerization. This last monomer, as commented
arlier, posses a similar structure than HEMA without the chance
o form hydrogen bonds. Therefore, the increasingly inefficient
oupling of probe excited state with the medium is attributed
o the decrease of polarity as vinyl groups disappear during the
ourse of the reaction together with the increasing rigidity of the
edium.
Using H30MA as crosslinker of HEMA the increase of the

�F〉 with conversion is lower than using P1000MA (Fig. 12a).
his may be due to the higher polarity of H30MA which posses
bout 14–16 hydroxyl groups in its periphery (the rest of 32
oieties are methacrylic end-groups) compared to P1000MA
hich has an average of 3 hydroxyl and 5 methacrylic end-

unctionalities.

.4. Morphology and thermal characterization

Most of the films obtained after UV-curing were transparent.
owever, the copolymerization of P1000MA with EHMA and LMA
s well as H30MA with EHMA resulted in translucent films. This is
n accordance with the spatial heterogeneity induced in these films
y microgel formation.

Thermal stability was analyzed by thermogravimetric measure-
ents. Fig. 13 shows TGA curves for selected networks. The general

rend is an increase of the onset degradation temperature with
PBMm in the photopolymerized films. The increases of degrada-

ion temperature may be attributed to a higher heterogeneous rigid
egion. For example, for HEMA (onset point = 244 ◦C) an increase

etween 90 and 100 ◦C is observed depending on the concentration
nd nature of the hyperbranched macromer. For comparison the
GA curves of the samples photocured with HBMm, D2000MA and
30MA, are included in the figure and show a more rapid degrada-

ion processes starting at lower temperatures. The highest thermal

E

ig. 13. TGA curves for selected networks of photopolymerized HPBMm and HEMA
n the presence of 8% (w/w) of HBMm. The hyperbranched macromers were
1000MA, D2000MA and H30MA.

tability corresponded to the materials containing P1000MA as a
esult of the aromatic rings incorporated in the structure of the net-
orks. Table 8 shows the TG parameters for the series of HEMA and

EMA obtained from the derivative of TG curves. The degradation
rocess is illustrated by the onset and the maximum tempera-
ure peak of the first degradation step, T1max, along with the same
or the second step, T2max. While the second peak becomes more
ronounced with P1000MA/H30MA content for HEMA-based net-
orks, T2max remains practically invariable. An opposite trend was

bserved for EEMA. The second peak becomes less pronounced
s H30MA content increases and T2max is shifted to lower tem-
eratures, indicating phase mixing. For each series, increasing the
ontent of HBMm the TG curves shift to higher temperatures. This
mplies that the use of HBMm may improve the thermal stability
f acrylic-based coatings.

DSC results show similar Tg for HEMA networks prepared in
resence of P1000 or H30, However, the glass transition temper-
ture of networks decreases to around 60 ◦C in comparison with
he pure HEMA (Tg = 64 ◦C). In spite of morphologies show differ-
nces depending on HBMm feed, no significant deviation from the
ure component value for Tg exhibited by the networks. P1000MA
as Tg at 95 ◦C and H30MA at 35 ◦C, in the networks the Tgs could
ot be discernible by DSC.

SEM micrographs of cryogenic fracture of HEMA photopolymer-
H30MA 8 348 379 434 280

EMA – 0 154 305 383 182
H30MA 2 187 287 374 203
H30MA 4 258 296 359 229
H30MA 8 197 298 349 196
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Fig. 14. SEM micrographs of cryogenic fracture of photopolym

rogeneities and a dense bulk phase (Fig. 14a), which is typical
n brittle fracture. Spherulite-like domains with a size less than
�m were observed in the surface (micrographs not shown). The
ross-sectional micrograph shows a bulk phase. In contrast, the
racture surfaces of HEMA-based networks are rather more coarse
nd rougher as concentration of H30MA increases, as shown in
ig. 14b–d, suggesting that the specimens break more yielding than
hat of pure HEMA. In other words, it is expected an increase of
mpact stress by the addition of UV-curable HBMm. As can be seen
rom Fig. 14d, the cured H30MA particles are enwrapped tightly
y the HEMA matrix. The crosslinking reaction between HEMA and
30MA contributes to a certain degree of improvement in the inter-

acial adhesion between the matrix and particles.
After cryogenic fracture SEM micrographs show holes in some

pecimens (see Fig. 15). At the highest used concentration of hyper-
ranched monomer, phase separation may occur resulting in a
ispersed particulate/holes structure. Reaction induced phase sep-
ration is favoured in the systems which have shown a delay in
he gel point as concentration of HBMm increases. This may allows
o obtain materials that retain the modulus at the same time that
he toughness is increased by the introduction of small micron size
eparated particles into the acrylic network [31]. Phase separation
ay be induced by differences between the reaction kinetics of

he HBMm and that of the methacrylic monomers. Moreover, the
–�* stacking interactions between phenyl groups of P1000MA
nd H-bonds can drive the molecular self-assembly process to form

lusters inside the acrylic matrix that strengthen the macroscopic
tructure. However, the toughening effect of these particles, what-
ver their nature and properties, depends on their size, interparticle
istance, particle/matrix interaction and volume fraction and needs
urther investigation.

s
f
m
d
i

d films of HEMA in presence of different amounts of H30MA.

The mechanical properties will be further studied in detail,
lthough some of these results are presented here in Table 9. Com-
ression modulus was measured for films prepared by crosslinking
EMA with different amounts of P1000MA and H30MA, before and
fter swelling in ethanol. On one hand, the compression modulus
ncreases as P1000MA feed for HEMA-based networks, accompa-
ied by an increase of density. On the other hand, swelling ratio
lso increases with HBMm concentration. This last feature indi-
ates a lower degree of crosslinking although density increases with
1000MA amount. Therefore, the enhancement of modulus and
ensity with P1000MA feed amount may be explained inasmuch as
hase separation and loss of free volume occurs. The modulus after
welling in ethanol decreases abruptly compared to non-swollen
aterials and also the lowest value of the modulus corresponds

o the swollen network containing the highest concentration of
1000MA. It has been proposed that P1000MA self-assembles giv-
ng rise to aggregates that may be partially extracted during ethanol
welling leading holes that decrease compression modulus. Using
30MA as crosslinker the compression modulus after swelling
lso decreases for the highest concentration of HBMm, although
he decrease is lower compared to that with P1000MA which

ay be attributed to the higher number of reactive end-groups in
30MA.

Self-assembly of hyperbranched polymers may account to
hange the physical properties during photocrosslinking of
ethacrylic-based networks. Besides the molecular structures, the
elf-assembly of hyperbranched polymers is affected by several
actors such as the molecular concentration and nature of the

onomer. In this paper, it is provided evidence that the gelation
elay as HBMm concentration increases plays an important role to

nduce phase separation.
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Fig. 15. SEM micrographs of cryogenic fracture of photopolymerized films of (a) HEMA + P1000MA, (b) BMA + P1000MA, (c) HEMA + D2000 and (d) OMA + H30MA. Concen-
tration of HBMm was 8 wt.%.

Table 9
Compression modulus, density and swelling ratio of HEMA-based crosslinked networks

Crosslinker HBP (%, w/w) Swelling ratio ˛F (%) Density (g/cm3) Modulus (10−6 Pa) Modulusa (10−3 Pa)

P1000MA

0 2.41 ± 0.08 84 1.2593 278 ± 65 784 ± 75
2 1.75 ± 0.02 88 1.2485 128 ± 31 912 ± 235
4 2.28 ± 0.02 93 1.2671 153 ± 55 1059 ± 59
8 2.75 ± 0.08 91 1.2757 210 ± 28 280 ± 5

2 2.42 ± 0.03 98 1.2435 162 ± 23 896 ± 128
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H30MA 4 2.77 ± 0.13 99
8 2.70 ± 0.12 98

a Compression modulus after swelling in ethanol.

. Conclusions

Fully cured networks were obtained by using hyperbranched
acromers, HBMm, as crosslinker during UV-curing of mono-

nd difunctional methacrylic monomers. Multifunctional hyper-
ranched macromers copolymerize with methacrylic monomers
llowing to overcome topological factors and vitrification
hat limit final conversion of conventional multifunctional

onomers.
The incorporation of hyperbranched macromers to UV-curable

ethacrylic monomers causes an increase of the free volume
raction as confirmed by fluorescence. As HBMm concentration
ncreases the gelation point is delayed and thus, results in an

ncrease of final conversion. This behaviour is dependent on the
oncentration and the structures of the monomers and HBMm.

good correspondence has been found between gelation point,
etermined by fluorescence, and final conversion monitored by
hotoDSC. In particular, fluorescence monitoring of UV-curing

(
(
M
0

1.2496 285 ± 64 966 ± 36
1.2323 217 ± 33 551 ± 98

nables to obtain information of the rigidity/microviscosity of the
edium during the reaction and, an abrupt increase of fluorescence

ntensity and first moment has been measured corresponding to
he microgel formation stage.

Finally, phase separation occurs at the highest used con-
entration of hyperbranched monomer, resulting in a dispersed
articulate/holes structure. Self-assembly of methacrylic-modified
yperbranched polymers may favour the photopolymerization

nduced phase separation leading to materials with enhanced
oughening characteristics.
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