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Abstract. Three different, multifunctional acrylic monomers were photopolymerized in a matrix of poly(lactic acid), PLA,
using 2-hydroxy-2-methyl-1-phenyl-propan-1-one as a photoinitiator. The kinetics of the photopolymerization of monomers
in PLA, studied with Fourier Transform Infrared Spectroscopy, has been compared to analogous processes of pure
monomers under the same conditions (room temperature, air atmosphere). Additionally, poly(ethylene glycol) was added
to acrylate/PLA blends as plasticizer.The highly crosslinked networks obtained were characterized by FTIR and optical
microscopy. The amount of insoluble gel has been estimated gravimetrically. It was found that the studied systems are characterized by very high polymerization rate, moreover, efficient grafting of polyacrylates on PLA takes place. The observed
morphology indicates the heterogeneity of formed networks. The glass transition temperature of PLA in studied blends has
been determined by differential scanning calorimetry.
Keywords: polymer blends and alloys, interpenetrating polymer networks, poly(lactic acid), polyacrylates

1. Introduction

renewable resources e.g. biopolymers. Such polymers exhibit useful properties of traditional plastics
and can be organically recycled because of their
biodegradability. This process includes the distribution and hydrolysis of polymers in wastewater,
anaerobic digestion with biogas production and
decomposition with the participation of oxygen,
occurring directly in soil or in compost. Production
and usage of biodegradable polymers is a competitive solution to high standards of environmental
protection – relatively expensive methods of mechanical recycling of packaging waste from traditional
plastics and the need for their transportation, collection and segregation into homogeneous polymers
[1, 2].
An example of biopolymer commonly used worldwide is poly (lactic acid)/ polylactide (PLA), which
has excellent application properties. PLA is energy

Synthetic polymers such as polyethylene, polystyrene, poly (vinyl chloride), polyacrylates, polyesters and many other commercial macromolecular
products are mainly obtained from fossil fuels.
They are broadly applied in practice because of
their numerous advantages such as durability, flexibility, resistance to water and chemical compounds.
They are lightweight and easily processed, and also
have good mechanical properties as well as possibility of various modifications.
However, their utilization is not a trivial task. Problems of waste management have led researchers
and manufacturers to develop effective methods of
manufacturing of materials offering an alternative
to conventional plastics. Moreover, the rising fossil
fuel prices and shrinking of its resources motivate
the investigators to search for materials from
*
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saving, non-toxic, biocompatible and biodegradable; it has good thermal processability and rheological properties. However, for special applications, it should be modified by several additives (such
as fillers, fibers). Numerous recent works were
devoted to PLA modification [3–5].
For instance, PLA in mixture with polysaccharides:
starch and cellulose fibers lowers the production
cost and reduces the time of biological decomposition. Increase of rigidity and higher heat resistance
of PLA can be achieved by introduction of inorganic fillers such as talc, mica, glass. Improved
resistance to tensile load is associated with the addition of rubber to PLA. Nevertheless, the problem of
incompatibility occurs during mixing of PLA with
other polymers such as styrene based rubbers, thus,
modified polymers containing functional groups or
compatibilizers have to be used additionally.
In the case of PLA modified with polyacrylates, and
especially with poly(methyl methacrylate), the films
obtained from these blends are transparent, have
higher glass transition temperature but lower crystallinity degree in comparison to pure PLA. Polycarbonates improves PLA the thermal stability and
the resistance to cracking when stretched [1, 6].
A common feature of polymer blends is the presence of a continuous phase of one polymer in which
other components are dispersed. Depending on the
degree of dispersion and on the chemical properties
one can obtain real solutions or colloidal systems.
Different physical properties of compositions can
be obtained by polymer mixing in the molten state.
Such manufacturing depends e.g. on the ingredient
types and their interactions, stability of the mixture
and its morphology. Research of the crystalline
phases (in the case of semicrystalline polymers),
observations of the blend structure and defects, heterogeneity of multicomponent polymeric films are
carried out using precise optical methods.
There is still a lack of information of the possibility
of PLA modification using ultraviolet radiation,
contrary to other polymers [7–9].
Photo(co)polymerization is a polymer synthesis
method induced by photon absorption of the substrate. The products of photopolymerization are protective polymer coatings on the surface of various
materials such as wood, metal, paper, glass, ceramics [10, 11]. Photografting, photocrosslinking or sur-

face properties modification are other broadly used
processes occurring upon electromagnetic radiation. The process of initiation of photochemical
reactions requires the application of efficient photoinitiators [12–14].
The chemical structure of monomer used in photopolymerization has essential influence on the
properties of product obtained. Depending on the
monomer functionality one can obtain linear polymers (from monomers containing one double bond
or cyclic group in molecule) or the form of a spatially cross-linked networks (from multifunctional
monomers) [15].
The main advantages of multifunctional monomers
polymerization is high speed of process that takes
place at low, room temperature in air atmosphere
(without the necessity of removing oxygen) and in
the absence of organic solvents. Due to these features, photochemical manufacturing of materials is
classified as an environmentally friendly technology.
Poly(lactic acid) as biodegradable and commercially available polymer found numerous applications in the production of food packaging. PLA is a
good candidate for replacement of poly(ethylene
terephthalate), PET – basic material for drink bottles, which is not susceptible to biological decomposition. However, PLA is characterized by a relatively high gas permeability compared to PET. Thus,
intensive studies are devoted to improvement of its
barrier properties. One of the possibilities of PLA
modification is the preparation of blends with other
components. The aim of our work was to obtain and
characterize the interpenetrating polymer network
based on poly (lactic acid) and polyacrylates capable to crosslinking.

2. Experimental part
2.1. Chemicals

The following chemicals were used:
–"polymer – poly(lactic acid) PLA (2002 D, NatureWorks, USA) with average molecular weight
!200 000;
–"monomers: pentaerythritol triacrylate (PETA, M =
298 g/mol), pentaerythritol tetraacrylate (PETeA,
M = 352 g/mol), dipentaerythritol pentaacrylate
(DPEPA, M = 524 g/mol) – all from Polyscience
Inc, Warrington, PA, USA;
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Figure 1. The chemical structure of poly(lactic acid), PLA (a); photoinitiator – Darocur 1173 (b); plasticizer – PEG (c) and
monomers: PETA (d), PETeA (e) and DPEPA (f)

–"photoinitiator 2-hydroxy-2-methyl-1-phenylpropan-1-one (DAROCUR 1173, Ciba, Switzerland);
–"solvent – chloroform (Polish Chemical Reagents,
POCH S.A., Poland),
–"plasticizer – poly (ethylene glycol), PEG 1000
(Mv = 1000 g/mol, Polish Chemical Reagents,
POCH S.A., Poland).
All materials were used as received. The chemical
structures of all studied compounds are shown in
Figure 1.
Number of functional groups per monomer molecule is: 3 in PETA, 4 in PETeA, 5 in DPEPA and
functionality (calculated as number of C=C bonds
per 1 kg of monomer) is: 10.07 in PETA, 11.36 in
PETeA and 9.54 in DPEPA.

plates (from KBr for FTIR spectroscopy or from
glass for microscopic observations and for determination of gel amount). Additionally, 10% wt. plasticizer was introduced for improvement of the sample flexibility. Simultaneously, the films of pure
monomers with 5 wt% initiator were also prepared.
After solvent evaporation at room temperature and
careful drying (also at room temperature) in the
dark, the solid blends were UV-irradiated for curing.
The samples of the same thickness (~10 µm) have
been chosen for all experiments.

2.3. Photopolymerization conditions
The high pressure mercury vapor lamp, HPK 125 W,
Philips has been used for polymerization. The
wavelength range and intensity of the incident light
at the sample level was 248–578 nm and 16.65 W/m2,
respectively.
The following conditions were applied: time of irradiation – maximum 5 minutes, air atmosphere and
room temperature (20°C). The home-made device
equipped with a photographic shutter has been
applied for short curing times. It allows exposure to

2.2. Sample preparation
Pure PLA films were obtained from 3 wt% solution
in chloroform. IPN films were prepared by mixing
the monomers and photoinitiator with polymer solution. 1:1 weight ratio of polymer to the monomer
and 5 wt% concentration of photoinitiator were used.
After mixing, solution was poured onto leveled
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the sample for a split second (since 1/60 s). The
polymerization kinetics were monitored by FTIR
spectroscopy. The film thickness was about 0.02 mm.

Microscopy at accelerating voltage of 5 kV. All
specimens were coated with thin layer of gold.

2.7. Differential Scanning Calorimetry
DSC measurements were carried out in helium
atmosphere in the temperature range of 20–250ºC
using Diamond DSC power compensation type
(Perkin-Elmer). Indium was used for calibration.
The following conditions were applied: flow rate –
20 ml/min, heating and cooling rate – 200ºC/min,
sample weight – ca. 5 mg. The glass transition temperature of PLA (Tg) was obtained from the inflection point on DSC curve (second run).

2.4. FTIR spectroscopy
FTIR spectra with 2 cm–1 resolution were recorded
using Genesis II spectrophotometer (Mattson, USA)
in range of 400–4000 cm–1. The number of scans
was 32. The spectra analysis i.e. baseline correction, normalization, band intensity calculation has
been done using WinFirst 3.57 software (Mattson
Instruments).
The absorption band at 809 cm–1, attributed to =C–H
bending vibration, was chosen for monitoring the
course of photopolymerization. The conversion
degree (X, %) has been calculated by Equation (1)
on the basis of the number of consumed double
bonds:
At
Conversion degree 3 , 4 5 a1 2 b ·100,
A0

2.8. Gel amount and grafting degree
Gel content in obtained IPN films was determined
gravimetrically, according to Equation (2):
Gel 3 , 4 5

(1)

mg
· 100,
m0

(2)

where mg is weight of insoluble gel and m0 is total
weight of initial sample.
After curing and weighting, the samples were dissolved in chloroform: soluble part (sol) was extracted
and separated from insoluble fraction. The extraction has been done first in chloroform at room temperature for 24 hours, then, in Soxhlet apparatus in
boiling chloroform for 24 hours.
The separated gel was dried in vacuum oven to a
constant weight. The amount of gel is an average of
at least three values.
Taking into account that the weight ratio of PLA to
acrylate was always 50:50, the amount of grafted
PLA (so-called grafting degree) has been obtained
from the Equation (3):

where At/A0 is the ratio of absorbance of the band at
809 cm–1 in the spectrum of the sample after t time
of reaction to the absorbance of unirradiated sample. This ratio corresponds to the amount of unreacted double bonds.
The maximum rate of polymerization was obtained
from the slope of the linear part of recorded kinetic
curve (where the conversion degree was plotted vs
time of reaction).

2.5. Optical microscopy
Samples of unmodified and modified films of PLA
were observed under the inverted research microscope Nikon ECLIPSE TE 2000S in the bright field
technique using the Hoffman modulation contrast
(HMC) allowing the enhancement of specimen contrast. The magnification was 100#. The most representative images of samples were taken using a
microscopic digital camera. Transfer of microscopic image on the computer screen was possible
due to the specialized program of documentation
and analysis of microscopic image ELEMENTS Ar
NIS 2.30.

Grafting degree 3,4 5

gel amount250
·100,
50
(3)

3. Results and discussion
3.1. Spectral characterization of reagents

FTIR spectra of reagents used in this work are presented in Figures 2 and 3. Poly(lactic acid) spectrum contains characteristic absorption bands at
2800–3000, 1300–1500 and 756 cm–1 which can be
assigned to methylene groups (stretching and defor-

2.6. Scanning Electron Microscopy

Morphology of the samples was observed using
LEO1430 field-emitting Scanning Electron
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Figure 2. FTIR spectra of virgin reagents: PLA (a), photoinitiator – Darocur 1173 (b) and plasticizer – PEG (c)

mation vibrations, respectively). Strong, sharp
peaks at 1757 cm–1 due to carbonyls and 1186,
1094 cm–1 attributed to C–O–C groups appear (Fig-

ure 2a). Only very small, residual hydroxyl band at
!3500 cm–1 can be seen.
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Photoinitiator (Figure 2b) spectrum exhibits intensive
hydroxyl absorption (with maximum at 3460 cm–1),
bands at 2800–3100 range, at 1597, 1446, 1367,
958, 716 cm–1 assigned to aliphatic and aromatic
C–H (stretching and bending), 1673 cm–1 (carbonyl)
and 1171 cm–1 (C–O–C vibrations).
Plasticizer (PEG) spectrum is relatively simple:
broad hydroxyl band is centered at about 3400 cm–1,
methylene at 2874, 1458, 1351, 1250, 950 and
843 cm–1 (stretching and deformation) and ether
(strong) at 1113 cm–1 (Figure 2c). Additionally, two
low intensity peaks appear at carbonyl region
(1721, 1639 cm–1) indicating some internal impurities.
As expected, the spectra of tri- tetra- and pentacrylate monomers are very similar because they con-

tain the same type of functional groups (Figure 3).
The methyl/methylene (2800–3000 cm–1 stretching
region), carbonyl (1726 cm–1) and ether (1000–
1200 cm–1) bands exist in all acrylate spectra. The
broad hydroxyl band (3300–3700 cm–1) is also seen
in all spectra, although OH groups are not originally
present in PETeA structure. The other characteristic
bands, appearing at 1634, 1468, 985 and 809 cm–1,
can be assigned to C=C stretching, C–H deformation
(in-plane), C–H deformation (out-of plane) and
=C–H bending vibrations, respectively.
The distinct difference appears in the stretching
methylene range: the ratio of intensities of 2962 to
2898 cm–1 bands (A2962:A2898) decreases with an
increase of functional groups in monomer molecule
(Figure 3a). It changes in the following order:

Figure 3. FTIR spectra of three acrylate monomers in 2600–3800 cm–1 (a) and 700-1900 cm–1 (b) ranges (DPEPA – black,
PETA – red, PETeA – green)
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(A2962:A2898)(PETA) = 1.452 >
(A2962:A2898)(PETeA) = 1.279 >
(A2962:A2898)(DPEPA) = 0.976

The mechanism of photopolymerization of multifunctional monomers is described as a free-radical
chain reaction [10, 12, 15]. During the first stage of
process, photosensitive initiator absorbs quanta of
radiation and undergoes excitation followed by the
creation of initiating species, usually free radicals.
The initiation is mainly dependent on the photoinitiator absorption coefficient, the quantum yield of
radicals formation and the intensity of radiation.
The next step is propagation, when active radicals
react with monomer molecules leading to chain
growth. Because the multifunctional monomers contain a few functional groups, the macromolecules
become highly branched, moreover, a high rate of
reaction is characteristic for such systems. Particularly, the first period of polymerization is fast, then
process slows down due to crosslinking and vitrification. Formed network contains a significant
amount of trapped or ‘frozen’ radicals and unreacted double bonds. The probability of their further
reaction is limited (because of segmental mobility
restrictions) but is possible. The final conversion is
strongly dependent on the mobility of the functional
groups, which is also determined by the slow relaxation processes occurring at room temperature even
in the dark. The termination is a radical recombination or diffusion-controlled reaction.
The differences in the kinetics and efficiency of the
acrylates photopolymerization in PLA in this study
are connected mainly with different structure and
reactivity of monomers because the conditions of
curing were kept constant. The monomers differ
mainly in their functionality (expressed as the amount
of functional groups per molecule or as the number
of double bounds per kilogram of monomer) and
branching degree. As the viscosity of monomers is
very high, the inhibiting action of oxygen is reduced
because of its negligible diffusion.

The second modification is seen in 1115 cm–1 band
attributed to ether type vibrations – the highest
intensity of this band is observed for DPEPA containing six C–O–C groups in molecule, contrary to
PETeA and PETA (four C–O– bonds/molecule).
The band at 809 cm–1, due to =C–H bending vibrations has been selected for monitoring the progress
of photopolymerization.

3.2. General observations concerning IPN
preparation
The solutions of acrylate/PLA and acrylate/PLA/
PEG blends (containing also photoinitiator) in chloroform as well as solid films obtained after solvent
evaporation were completely transparent.
The photopolymerization in all studied systems
started immediately after exposure to UV. Process
underwent with high efficiency in a few minutes.
We decided to finish the kinetic studies after 5 minutes of UV-irradiation although the conversion of
double bond was not completed. Longer exposure
could be dangerous for IPN specimens because of
possibility of photodegradation process. The application of photographic shutter allowed the observation of subtle changes in the first period of photopolymerization and distinguishing the variation
between the PLA containing different monomers.
The obtained samples of acrylates cured in PLA
matrix were translucent, rigid and very brittle, thus
poly(ethylene glycol), PEG, was added for plasticization. The course of monomers photopolymerization in the presence of PEG has been also determined.
Figure 4 shows FTIR spectra of acrylate+PLA
blends before (black lines) and after 5 minutes UVirradiation (red curves). In all cases the bands characteristic for both components exists. As predicted,
the main changes after photopolymerization occur
at bands attributed to double bonds in acrylate
monomers: at 1635, 1409, 986 and 809 cm–1. The
differences in other absorption bands caused by
photocuring are negligible. No new additional peak
which could indicate that any other reactions take
place.

3.3. Kinetics of polymerization of acrylate
monomers alone and in PLA matrix
The rate of polymerization was evaluated by FTIR
spectroscopy on the basis of the band at 809 cm–1,
which is attributed to the double bond vibrations in
acrylate monomer. Examples of absorbance decrease
in FTIR spectrum of photopolymerized PETeA and
PETeA in PLA film are shown in Figure 5. Analysis
of other bands attributed to unsaturated groups (e.g.
1634, 1409 cm–1) leads to the same conclusions.
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Figure 4. FTIR spectra of acrylate/PLA networks before irradiation (black) and obtained after 5 min photopolymerization
(red); PLA/PETA (a), PLA/DPEPA (b) and PLA/ PETeA (c)

Because of the lack of induction period, the inflection point has not been observed on the plot of con-

version degree versus exposure time (Figure 6),
thus, the maximum polymerization rate, Rpmax, was
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Figure 5. Changes of C=C band during 5 min photopolymertization of PETeA (a) and PETeA in PLA matrix (b)

obtained from the slope of straight-line part of these
kinetic curves for the beginning period of reaction.
Photopolymerization of tri-, tetra- or penta-acrylate
monomers (Figure 6a) as well as photocuring of
these reagents in PLA matrix, occurs rapidly (Figures 6b and 6c). The shapes of conversion curves
are similar for DPEPA, PETA and PETeA.
In the case of polymerization of monomers alone,
the highest polymerization rate has been observed
up to approximately 10 seconds (Figure 6a). At this
time the conversion degree achieved already 50%
but the final conversion (after 5 min of exposure)
does not exceed 80%. The course of photopolymerization is similar and kinetic curves partially overlap.
The main kinetic parameters are listed in Table 1.
As one can see, Rpmax slightly decreases with the
increase of functional groups for monomers photopolymerized alone, thus, 50% conversion is
reached fastest in PETA (after 2 s) and lowest in
DPEPA (13 s). For that reason, needed dose for
50% conversion is relatively low (below 220 J/m2).
After approximately 50 seconds, the polymerization significantly slows down and finally, after
about 2 minutes of exposure, a plateau is observed.
Such behavior is in accordance to results obtained
previously for these monomers in similar conditions [11, 16].
Photopolymerization rates of acrylates in PLA films
(Figure 6b) are lower than those previously observed
without polymeric matrix. Unexpectedly, the highest Rpmax among these three specimens was observed
for PETeA in PLA. The maximum rate can be
ordered as follows:

Figure 6. Kinetics of photopolymerization of acrylates (a),
acrylates in PLA matrix (b) and acrylate/PLA/
PEG formulations (c); presence of photoinitiator – 5 wt%, process conducted in air atmosphere
at room temperature upon a HPK lamp

Rpmax(PETeA + PLA) > Rpmax(DPEPA + PLA) >
Rpmax(PETA + PLA)
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course of reaction in nonplasticized PLA. Rpmax values are even higher than those for monomers cured
alone (Table 1). 50% conversion is achieved after
about 5, 60 and 70 s of UV action in PETA +
PLA + PEG, PETeA+PLA+PEG and DPEPA +
PLA + PEG, respectively. Assuming that polymer
plasticization facilitates the polymerization process
because of higher mobility of acrylate monomers
and radicals in PLA blends, we can conclude that
the best plasticizing effect was found in the network
containing PETA. The formation of IPN in this formulation is saving-energy process (83 J/m2).
The order of Rpmax in ternary blends is reversed
comparing to the previously indicated for nonplasticized systems:

Since, the 50% conversion degree in these formulations is reached after longer irradiation time (comparing to !10 s for pure monomers) i.e. at !40, 70
and 150 s in PETeA + PLA, DPEPA + PLA and
PETA + PLA, respectively. Therefore, the energy
necessary for fifty percentage conversion is high
(ca. 650–2580 J/m2). The final efficiency is also
lower for all monomers in the blends (below 70%
for DPEPA + PLA or PETeA + PLA and about 60%
for PETA + PLA). It clearly indicates that acrylate
photopolymerization is hampered in the PLA network, which is obviously caused by the trapping of
growing macroradicals in polymer matrix, which is
in glassy state in the room temperature.
Plasticization of PLA by PEG causes an increase of
polymerization rate in the first step compared to the

Rpmax(PETA + PLA + PEG) >
Rpmax(DPEPA + PLA + PEG) >
Rpmax(PETeA + PLA + PEG)

Table 1. The parameters characterizing the kinetics of polymerization of acrylate monomers (alone), acrylate
monomers in PLA and acrylate + PLA + PEG ternary systems obtained from FTIR
Sample
PETA
PETeA
DPEPA
PETA + PLA
PETeA + PLA
DPEPA + PLA
PETA + PLA + PEG
PETeA + PLA + PEG
DPEPA + PLA + PEG

Rpmax
[%··s–1]
2.7
2.3
1.6
1.0
2.1
1.3
10.0
3.0
7.7

X(5’)
[%]
77
73
74
59
68
67
94
73
62

t(50%)
[s]
2
10
13
155
39
72
5
62
69

It means that plasticizer increases the rate of phtotopolymerization and this effect is particularly high
in the case of PETA + PLA + PEG system where
additionally the great conversion degree (exceeding
90%) was found (Figure 6c).
The conversion degree is strictly connected to the
number of unreacted acrylate bonds in formed IPN
(Table 2), which is the largest in the case of PETA +
PLA (nonplasticized) and DPEPA + PLA + PEG.
However, the amount of unsaturations can be reduced
by the heating of interpenetrating network above
glass transition temperature in which post-polymerization takes place owing to improvement of
macrochain mobility and reactivity [17].

D(50%)
[J/m2]
33
167
216
2581
649
1199
83
1032
1149

Rpmax – maximum polymerization rate; X(5’) – final conversion
degree after 5 min UV action, t(50%) – time needed for 50% conversion; D(50%) – dose needed for 50% conversion of monomer.
Formulations and reaction conditions: acrylate to PLA ratio = 1:1,
5%(m/m) Darocur 1173, 10%(m/m) PEG placticizer, UV-source –
HPK lamp, incident intensity – 16.65 W/m2, air atmosphere and
room temperature.

Table 2. The amount of gel [%] formed in acrylate monomers, acrylate monomer + PLA blends and acrylate + PLA + PEG,
estimated grafting degree of PLA and number of unreacted double bonds after 5 minutes of photoreaction (conditions as in Table 1).
Sample
PETA
PETeA
DPEPA
PETA + PLA
PETeA + PLA
DPEPA + PLA
PETA + PLA + PEG
PETeA + PLA + PEG
DPEPA + PLA + PEG

Total amount of gel
[%]
99.5
99.7
100.0
96.6
94.4
88.8
93.3
98.8
74.8

Gel containing PLA
[%]
–
–
–
46.6
44.4
38.8
43.3
48.8
24.8
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Degree of PLA grafting
[%]
–
–
–
93.2
88.8
77.6
86.6
97.6
49.6

Number of unreacted C=C
[%]
23
27
26
41
32
33
6
27
48
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3.4. Gel formation of pure acrylate monomers
and in PLA matrix
The acrylate monomers applied for preparation IPN
are known as crosslinking agents. In fact, the efficiency of gel formation in our system is very high.
An insoluble gel was formed in both cases: during
photopolymerization of acrylate monomer alone as
well as in PLA matrix (also in the presence of plasticizer). The values of percentage amount of gel
after 5 min photocuring are listed in Table 2.
One can observe, that gel content exceeds 50% in
all polyacrylate/PLA specimens (although the amount
of introduced monomer is always 50%). It clearly
indicates that PLA, which does not undergo photocrosslinking when is exposed alone, has to participate in photoprocesses in the presence of acrylate
monomers. Two possibilities should be taken into
consideration: first, most probable, is physical entanglement of PLA macrochains in the rapidly formed
acrylate system. This way interpenetrating polymer
network is formed. Second option is photografting
process of increasing acrylate molecule onto PLA
chains. It suggests that created free radicals (from
initiator photolysis or growing acrylate macroradicals) are able to abstract hydrogen atom from PLA.
The simple recombination of two types of macroradicals (PLA and polyacrylate) forms the graft or
random copolymer. Direct grafting is also probable
because HPK lamp emits high energy radiation and
some free macroradicals can be generated in PLA,
which can further react with acrylate monomer,
recombine with any other (macro)radical or undergo
chain transfer reaction (onto polyacrylate). Another
possibility of formation of covalent bonds between
both network constituents is possibility of ester
exchange (transesterification) between ester PLA
groups and hydroxyl groups present in PETA and
DPEPA:

ing degree, expressed as the amount of PLA involved
in this process, is very high (Table 2). The highest
amount of gel was found in PETA + PLA (96.6%),
which allows determining the grafting degree of
PLA equal to 93.2%. Both remained samples, are
characterized by slightly lower PLA grafting degree:
88.8 and 77.6% in PETeA&+&PLA and DPEPA&+
PLA, respectively. One can conclude that the higher
functionality of acrylate monomer negligibly hampers the efficiency of photografting onto PLA,
which is probably caused by the competition of very
efficient crosslinking of multifunctional monomer.
The added plasticizer slightly modifies the photocrosslinking process of acrylates/PLA blend. The
total amount of gel formed after 5 minutes exposure
is continually very high (!75–99%), which evidently indicates that besides of acrylates also PLA
and PEG molecules are entangled and trapped in
IPN.

3.5. Glass transition temperature (Tg)
Pure PLA sample exhibits the glass transition at
56ºC. Moreover, DSC curve contains the crystallization peak above 150ºC. Pure polyacrylates
(PETA, PETeA and DPEPA) do not show the glass
transition under the applied conditions (temperature
range: from –50 to 220ºC). It can be caused by high
crosslinking density in these samples – the crosslinking usually strongly depresses the chain mobility.
In the composition of PLA with polyacrylates, an
increase of Tg by about 15–18ºC is observed. It is an
evidence of restricted chain mobility. As was suggested above, PLA macromolecules are entangled
or even covalently bound to crosslinked acrylates
(resulting of grafting).
PEG is a flexible polymer characterized by very
low glass temperature (below 0ºC) and develops
flexibility to other polymers. The plasticization
effect is generally attributed to the increase of free
volume facilitating macromolecular movements.
However, the introduction of PEG (as plasticizer) to
PLA+polyacrylate blend only slightly decreases the
glass transition temperature.
The plasticization of PLA has been the subject of
several works [18–21] but the mechanism is still
controversial. Blending of polymers containing functional groups induces intermolecular interactions
and excess volume formation. Owing to terminal
hydroxyl groups, PEG chains can participate in

RCOOR$ + R%OH  RCOOR% + R$OH
where RCOOR$ is PLA and R%OH is PETA,
DPEPA or polyPETA, polyDPEPA.
Transesterification is also possible between PLA
macromolecules and PEG which contain hydroxyl
end-groups. Moreover, monomers containing OH
groups (PETA and DPEPA) can directly participate
in the additional curing with PEG and PLA.
Assuming that the monomer in the blend was completely crosslinked, one can conclude that the graft-

88

Kaczmarek and Vukovi!-Kwiatkowska – eXPRESS Polymer Letters Vol.6, No.1 (2012) 78–94

Table 3. Glass transition temperature of PLA in studied systems determined from DSC curves
Sample
PLA
PETA + PLA
PETeA + PLA
DPEPA + PLA
PETA + PLA + PEG
PETeA + PLA + PEG
DPEPA + PLA + PEG

Interesting images were found for samples containing additionally PEG as plasticizer, which is a semicrystalline polymer (Figure 7e–h).
The structure of PLA containing PEG (plasticizer)
is rather homogeneous (Figure 7e). Only small inclusions are rarely observed. Comparing images of
pure PLA (Figure 7a) and PLA + PEG (Figure 7e)
one can conclude that just PEG is responsible for
these small imperfections.
PEG formed spherulitic structures (more or less
regular) in matrix of PLA and its IPN with PETeA
and DPEPA (Figures 7g and 7h). The size range of
these crystallites is from few to 200 µm. The morphology of PETA + PLA + PEG specimen (Figure 7f) is rather dissimilar to both others plasticized
networks: protrusions of different diameters (from
twenty to above 200 µm) appear. This different morphology partially explains the different behavior of
this sample upon UV action.
As was demonstrated (Figure 6c), the highest curing
rate and conversion degree was found in this case. It
suggests that observed morphological structures are
characterized by other molecules arrangement (probably less ordered), consequently the plasticizing
effect is more evident. Probably, the hydroxyl groups
from PETA and PEG interact, which retards the
crystallization of plasticizer. Although OH groups
are also present in DPEPA but this monomer is
more branched, therefore, steric hindrances can
make difficult hydrogen bonding formation. In consequence, the rate and efficiency of PETA polymerization in PLA + PEG are higher than those for
DPEPA in PLA + PEG.
The specific details of samples structure have been
also observed by SEM. The chosen examples are
shown in Figure 8. Pure PLA and polyacrylates are
relatively uniform with exception of PETA+PLA
(Figure 8b). An altered, more heterogeneous morphology was found in the case of ternary blends:
polyacrylate+PLA+PEG (Figure 8e-h).
It is necessary to remind that photographs in Figure 8
present the surface morphology of the samples,
which can be different from internal structure. The
surface of samples composed of acrylates, PLA and
PEG is not smooth, some protrusions of different
sizes are observed. It indicates that under top layer
heterogeneous domains (connected to crystallization and phase separation) were formed.

Tg [ºC]
56
71
73
74
68
69
67

hydrogen bonding and act as ‘flexible crosslinks’.
The other model is based on the dissolving the polymer in excess PEG, however, it needs higher plasticizer concentration (in our case it was only 10% wt).
Although higher amount of PEG usually enhances
polymer plasticization, the opposite effect can be
observed when phase separation occurs. In studies
by Piotrowska et al. [18] it was described that the
phase separation occurred also during the crystallization in poly(L-lactide) plasticized with poly
(propylene glycol).

3.6. Samples morphology
The microstucture of PLA and its interpenetrating
networks with three polyacrylates was observed by
means of optical microscopy (Figure 7). Pure PLA
forms homogeneous, clear film, typical for one
component systems. Only small defects can be
observed on PLA microphotographs. In microscopic magnification, crystalline forms of PLA are
not seen. Probably, the size of crystalline structures
are to small for observation under optical microscope.
The structure of polyacrylate + PLA networks (Figures 7b–e) is more diversified, which indicates sample heterogeneity, in spite of the homogeneity of solutions used for film preparation. It means that phase
separation occurs just after solvent evaporation,
however, the clear phase border is not distinguished
on microscopic images. In all studied acrylate/PLA
films, small inclusions and regions of different morphology are observed. The size of single grains dispersed in PLA is ca. 5–10 µm. Larger particles, indicating the possibility of their aggregation, can be
also seen, particularly in PETA + PLA sample (Figure 7b). However, it should be pointed out that the
size of phase-separated domains is controlled by the
network density determined by the high functionality of acrylates.
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Figure 7. Microphotographs of PLA (a) and photopolymerized blends: PETA&+&PLA (b), PETeA&+&PLA (c) and DPEPA&+
PLA (d) as well as PLA&+&PEG (e) and photopolymerized ternary blends: PETA&+&PLA&+&PEG (f), PETeA&+&PLA&+
PEG (g) and DPEPA&+&PLA&+&PEG (h)
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Figure 8. SEM images of PLA (a) and photopolymerized blends: PETA&+&PLA (b), PETeA&+&PLA (c) and DPEPA&+&PLA (d)
as well as PLA&+&PEG (e) and photopolymerized ternary blends: PETA&+&PLA&+&PEG (f), PETeA&+&PLA&+&PEG (g)
and DPEPA&+&PLA&+&PEG (h)
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On the other hand, surface morphology determines
the useful properties of thin polymeric films applied
as packaging materials.
Finally it should be mentioned, that networks morphology strongly depends on the conditions of their
preparation. It was observed in the case of three
components mixture (acrylate&+&PLA&+&PEG) obtained
by casting from a common solvent. Slow drying in
air atmosphere led to formation of relatively large
crystalline structures of PEG in network, while the
fast drying in vacuum caused generation of numerous tiny spherulite precursors. Nevertheless, they
are often covered by a layer of PLA, which forms a
kind of surface ‘skin’.

Table 4. Hansen solubility parameters of PLA, poly(methyl
acrylate), PMA, and poly(methyl methacrylate),
PMMA from literature data (PMA and PMMA
were chosen as a model compounds for studied
polyacrylates) [22–24].

3.7. Miscibility considerations
The IPN heterogeneity observed in microphotographs suggests the component separation just
after solvent evaporation from PLA/acrylate mixture. The prediction of component miscibility is possible comparing Hildebrand solubility parameters
(") [22].
The literature values of solubility parameters of
PLA and poly(methyl acrylate) or poly(methyl
methacrylate) [22–24], chosen as a model compounds for polyacrylates obtained from multifunctional monomers, are listed in Table 4.
The differences arising from experimental error (or
from different testing method) are rather broad.
From cited data, total solubility parameter ('total) of
PLA is 19.28–21.73 and the 'total range for PMA/
PMMA is comparable: 19.1–22.6 (J/cc)0.5. According to Hansen’s theory, the more detailed analysis
can be done using partial solubility parameters concerning dispersion forces ('d), polar forces ('p) and
hydrogen bonding ('hb) [23, 24]. From Table 3 it is
seen, that also the partial solubility parameters of
PLA and model acrylate polymers have values in a
similar range. It suggests that both polymers, thus,
the components of our networks, should be miscible according to the theory.
As reported earlier, the photopolymerization of
components characterized by a lack or limited miscibility led to the lower conversion degree comparing to compatible mixture [11, 17].
On the basis of microscopic studies, we can conclude that phase separation occurs in the mixture of
monomer + PLA already during film preparation
because of differences in molecular weight of poly-

mer and acrylates. Heterogeneity stays after photopolymerization since the NET structure becomes
very rapidly inflexible. However, it was proved and
explained based on the thermodynamic theory that
crosslinking reduces the effective driving force for
macrophase separation [25].
On the other hand, the lack of full miscibility is not
inconvenient – as it has been reported, the good
physical properties of IPN can be obtained from
heterogeneous systems [26].

Polymer

PLA

PMA
PMMA

!d
!p
!hb
!total
Reference
[(J/cc)0.5] [(J/cc)0.5] [(J/cc)0.5] [(J/cc)0.5]
15.80
8.7
11.10
21.10
[23]
17.40
7.6
10.50
21.70
[23]
17.61
5.3
5.80
19.28
[22]
16.85
9.0
4.05
19.53
[22]
18.50
9.7
6.00
21.73
[22]
17.10
1.5
8.40
19.10
[24]
18.60
10.5
7.50
22.60
19.10
6.5
3.90
20.50
[24]
15.60
10.5
5.20
19.50

4. Conclusions

In summary we can conclude that interpenetrating
polymer networks of different morphological structures can be obtained using tri- tetra- and pentaacrylate monomers for photopolymerization in poly(lactic acid) matrix. The polyacrylate/PLA IPN’s are
heterogeneous – the inclusions and aggregates of
different size have been observed under optical
microscope.
Numerous factors influence the rate of photopolymerization besides of mixture composition: functionality of monomer, components miscibility and
phase separation, intermolecular interactions, crystallinity, macrochain flexibility and mobility. Moreover, it was found that the initial sample morphology
has strong effect on polymerization and photocuring
kinetics influences the final network structure and
properties.
On the basis of FTIR kinetics studies, it was found
that PETeA exhibited the highest rate of reaction in
nonplasticized PLA, whereas PETA photopolymerized fastest in PLA in the presence of PEG. It can be
concluded that the number of functional groups and
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chemical structure of monomers plays an important
role in the course of photopolymerization of acrylates in PLA matrix. Moreover, the decrease of PLA
crystallinity in ternary composition facilitates the
photopolymerization.
Gravimetric estimation of insoluble gel amount
proves that a significant amount of PLA (!50–90%)
participates in the photocrosslinking process. It
means that full-IPN has been obtained resulting of
competitive processes. The following mechanisms
of interpenetrating network formation have to be
taken into account: physical entanglement and
chemical reaction because PLA becomes insoluble
(only few % sol fractions were obtained from most
samples). Chemical reactions comprise the grafting,
simple recombination of macroradicals from both
polymeric components as well as transesterification
between PLA and monomer containing hydroxyl
groups (PETA, DPEPA).
The benefits of this photochemical process are high
rates, relatively high conversion degrees, conditions
acceptable for industry (room temperature, air atmosphere). In plasticized networks, PEG crystallites
were created, what was the reason of insufficient
plasticization effect.
FTIR spectroscopy appeared as a convenient, powerful tool for the investigation of photopolymerization kinetics of multifunctional acrylate monomers
alone, in linear polymer matrix as well as in plasticized formulations.
The plasticization effect by addition of PEG has
been rather weak. In the case of ternary blends, the
various factors influence the final properties of networks depending on the polymerization kinetics
(composition, plasticizer presence, phase separation, partial crystallization of components and high
crosslinking degree).
Finally, it should be added, that owing to the high
efficiency of crosslinking, these networks composed
of polyacrylate/PLA (1:1) can be recommended as
protective surface layers, which are simultaneously
ecological materials. The studies of IPN with lower
amount (< 50%) of acrylate in PLA matrix will be
conducted in the future for finding the optimal content for good physical/mechanical/barrier properties and biodegradability.
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