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Abstract
In this work, the influence of aromatic rings on the local free volume of cured mixtures of acrylate epoxidized soybean oil 
(AESO) and vanillin dimethacrylate (VDM) was investigated. Cross-linking took place under the influence of UV light in 
the presence or absence of a photoinitiator. The local free volume and its homogeneity were characterized using the Positron 
Annihilation Lifetime Spectroscopy (PALS) technique. It was found that increasing the content of VDM, which contains 
aromatic rings, caused a decrease in the local free volume of the cured polymer network, with consequences for the diffusion 
properties of the polymer, which were tested for the case of water. Another consequence of increasing the content of VDM 
was a decrease in the conversion of double bonds in the finally cured samples, characterized by near-infrared spectroscopy 
(NIR). This finding illustrates a case where the decrease in free volume is not necessarily related to an increase in the 
crosslinking density of the polymer, but is a consequence of the presence of an increase in the occupied volume of aromatic 
rings in the volume of the polymer.

Keywords  Biopolymers · Photopolymerization · Crosslinking · Positron annihilation lifetime spectroscopy · Free volume · 
Diffusion properties

Introduction

Photopolymerization is a process that changes the structure 
of monomers and oligomers after exposure to light, often 
in the ultraviolet or visible region of the electromagnetic 
spectrum. These changes are manifested structurally, most 
often by hardening of the material due to cross-linking. The 

advantages of this process are low energy consumption, 
high efficiency, low level of produced emissions of volatile 
organic compounds and a large number of applications not 
only in common areas such as coatings, inks and adhesives, 
but also in high-tech domains, such as microelectronics, 
optoelectronics, laser imaging, stereolithography and nano-
technology [1–4].
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The application of photopolymers as adhesion matri-
ces for enzymes immobilization is the subject of current 
research in biosensor systems, as it has been shown that 
enzyme immobilization to the surface of polymer and its 
sensitivity and selectivity are influenced by the microstruc-
ture of the polymer [5]. This type of matrix was also studied 
from the point of view of the local free volume in some 
recent works, but it was a mutual comparison of the proper-
ties for hardened samples of a different composition [6, 7]. 
Changes in the intermolecular space of acrylate epoxidized 
soybean oil (AESO)-based samples during photopolymeri-
zation, as well as the characterization of the free volume 
properties of the final network from the point of view of 
the amount of added vanillin dimethacrylate (VDM) with 
aromatic rings and presence of photoinitiator, which affect 
the local free volume, have not been studied so far. Only a 
study was carried out that related to the characterization of 
the properties of the final AESO-VDM copolymer network 
with molar ratios of 1:0.5 from the point of view of the cor-
relation of local free volumes with the operating parameters 
of highly sensitive biosensors [8]. Thus, a more detailed 
analysis of the effect of the amount of comonomer with aro-
matic rings is missing, which affects the local free volume 
between the chains of the network, which results in a change 
in the diffusion properties of the polymer network. At the 
same time, the work [8] shows that AESO-VDM copoly-
mers (without the addition of a photoinitiator) have the most 
favorable amperometric properties of the studied materials 
used as an immobilization matrix for the construction of 
biosensors. For their potential use in bioelectrodes, a more 
detailed study of these materials from different perspectives 
is therefore interesting.

Local free volume and its changes in solids can be stud-
ied by a variety of standard techniques that are applicable 
at different dimensional scales or degrees of order. Posi-
tron annihilation lifetime spectroscopy (PALS) is one of the 
sensitive techniques for the investigation of cavity dimen-
sions in the 0.1–50 nm scale and thus also for investigating 
the microstructure [9, 10]. The technique is based on the 
measurement of positron or positronium (the bound state of 
an electron with a positron, Ps) lifetimes. The triplet state 
of the positronium, the ortho-positronium (o-Ps), is crucial 
for determining the size of local free volumes. Using this 
technique, it is possible to characterize not only the final 
polymer network after curing via its free-volume properties 
[11], but also the course of the local free volume during 
the cross-linking process, which accompanies the course of 
photopolymerization [12].

A certain problem in determining the real size of the local 
free volume in the liquid phase using the PALS technique 
is the so-called “bubble effect” [13–15]. In this case, the 
positronium probe creates its own cavity, a bubble, by its 
movement, and then the lifetime of the probe overestimates 

the real dimensions of the intermolecular spaces. However, 
in the case of time dependence of o-Ps lifetimes observed in 
the liquid phase of the investigated samples, when relative 
lifetime changes are involved, it is not necessary to consider 
the contribution of the bubble effect in the monomers.

Our goal was to investigate the microstructural character-
istics of potentially suitable photopolymers, based on natural 
oils, as enzyme adhesion matrices in biosensor systems with 
an emphasis on information on local free-volume during the 
course of sample crosslinking, and final cross-linked poly-
mers as a consequence of the chemical composition. We 
mean the influence of the photoinitiator and the amount of 
VDM comonomer with aromatic rings responsible for stack-
ing π–π interactions that affect the network structure and the 
local free volume.

Briefly, in other words, the aim of the work is to investi-
gate how the number of aromatic rings of the VDM comono-
mer in AESO and the presence of a photoinitiator influence 
the course of the photopolymerization reaction and the final 
properties of the network from a free volume point of view.

Experimental

Examined Samples

The input materials used for photopolymerization were sets 
of 8 viscous solutions containing acrylated epoxidized soy-
bean oil (AESO) and vanillin dimethacrylate (VDM) with 
molar ratio of monomers: AESO:VDM 1:0, 1:0.25, 1:0.5, 
1:1, and with or without the addition of a photoinitiator (PI), 
i.e. 2,2-dimethoxy-2-phenylacetophenone (DMPA). 3 mol% 
of PI, calculated from the total molar amount of all mono-
mers, was used. AESO and DMPA were purchased from 
Sigma-Aldrich. VDM was purchased from Specific Poly-
mers. The addition of VDM into the AESO leads to a higher 
viscosity of the mixture [16–20]. The chemical structure of 
the used monomers and PI is shown in Table 1.

Illumination of Samples

A Jaxman U1 LED light source in the UV region at 365 nm 
was used to photopolymerize a series of AESO/VDM sam-
ples. To ensure constant light intensity over time an adjusted 
LED power supply through an E36106A stabilized current 
source (Keysight Technologies) was used. The light inten-
sity was measured and adjusted using an Ophir Photonics 
StarLite meter with a PD300-UV probe.

PALS

For the purposes of PALS measurements, a silicone cham-
ber was made for the sample with an inner diameter of 
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15 mm and a height of 3 mm corresponding to the geom-
etry of the sample. The bottom part of PALS chamber con-
tained a quartz glass window for UV light and the upper 
part was covered by a protective film from Kapton. In our 
experiments, a “sample-positron source-reference sample” 
sandwich arrangement was used. Such an arrangement of 
the investigated sample from only one side of the positron 
source was chosen due to the precise definition of the light 
intensity in the sample, which was illuminated from one 
side. Thus eliminating the possibility of interference of pos-
sible small differences of synthesis in two different inde-
pendent volumes was eliminated. A more detailed view of 
the mentioned arrangement is in Figure S1 in the SI.

Defect-free aluminium was used as a reference in a sand-
wich arrangement. The PALS spectrometer consisted of two 
scintillation detectors 25.4B12/2 M-Q-BAF-X-N (Scionix, 
The Netherlands), a digital acquisition system based on the 
DRS4 V5 digitizer (PSI, Switzerland) and Q-PALS software 
[21, 22].

The chamber for the sample together with the positron 
source and the Al reference sample was placed between the 
detectors. It was measured at a room temperature of 20 °C. 
The source of positrons was radioactive sodium 22Na with 
an activity of approx. 2 MBq. The time resolution of the 
spectrometer was approx. 330 ps (full width at half maxi-
mum of resolution curve). The time resolution function of 
the spectrometer was determined using defect-free Al. The 
annihilation in the positron source and Kapton foils was also 
included in the analyses of the time spectra.

Lifetime spectra consist of several components with dif-
ferent average lifetimes, which are associated with differ-
ent processes of annihilation, both direct and annihilation 

of the bound state of an electron and a positron, the so-
called positronium, Ps. The bound state of Ps can be in the 
ortho and para states (o-Ps and p-Ps, respectively) which 
differ in their spin and lifetime. Generally, the measured 
lifetime spectra for polymers, the shortest lifetime is asso-
ciated with p-Ps annihilation, a longer component with 
annihilation in the bulk, smaller cavities and defects of 
the polymer chain, and a long lifetime is associated with 
pick-of annihilation of o-Ps in large cavities. In materials 
such as polymers, an orthopositronium localized in a pore 
interacts with an electron from the wall of cavity such 
that the electron annihilates with the positron from o-Ps 
by a two-photon annihilation process (“pick-off” annihila-
tion) with shortened lifetime, compared to vacuum value 
(142 ns). This shortened orthopositronium lifetime is pro-
portional to the pore size.

The measured lifetime spectra were analyzed using the 
LT program [23], LT Polymers™ version. In our case, 
spectra consisting of four components, but only the longest 
one, associated with the pick-off process of o-Ps annihila-
tion, were investigated in more detail. The shorter com-
ponents were related to the direct annihilation in the Al 
reference (fixed at 166 ps) and to the annihilation of p-Ps 
(fixed at 125 ps) in the polymer. The ratio of the intensities 
of the o-Ps and p-Ps components was fixed at 3:1. LT pro-
gram allows the evaluation of lifetime spectra in discrete 
or continuous mode.

A frequently used correlation between the lifetime of 
ortho-positronium and the size of free volumes is the semi-
empirical quantum–mechanical Tao-Eldrup model [24, 
25], based on which the radii of spherical local free vol-
umes and the volume of free volume holes are determined. 

Table 1   Chemical structure of used monomers and photoinitiator [16]

Materials Chemical structure

Acrylated epoxidized soybean oil (AESO)
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The idea of spherical cavities in polymers is a considerable 
simplification of the real situation, but it is sufficient for a 
relative comparison of the samples. The relationship (1) 
follows from the Tao-Eldrup model:

where τo-Ps represents the ortho-positronium lifetime in 
nanoseconds, R is the radius of the spherical cavity in nm 
and ∆R is a parameter interpreted as the thickness of the 
electron layer and at the same time as an empirical con-
stant, determined from annihilation measurements of various 
porous substances. Its value is 0.166 nm. The size of the 
spherical cavity is calculated as follows:

Swelling

Material samples were weighed on a VWR Semimicro balance 
SMG 425i laboratory balance (with a maximum weight of 42 g 
and the smallest fraction of 0.01 mg) and then placed in water 
(CHROMASOLV™, type LC–MS Ultra from Honeywell/
Riedel–de Haen) with relative molecular weight Mr = 18.0153 
gmol−1 and closed (20 °C). After approximately six hours, 
the samples were removed from the water, dried with a paper 
towel and then weighed again. After weighing, the samples 
were again immersed in water. This procedure was repeated 
several times until the samples reached the saturated state.

NIR Spectroscopy

The series of the samples without and with PI was measured 
in a fiber-coupled cuvette holder BW Tek with two optical-
fiber cables of diameter 100 μm connected to BW Tek detec-
tor (Sol. 2.2) and light source BPS 2.0 with the spectral range 
(350–2600 nm). The spectra were registered in the wavenum-
ber range 4500–9200 cm−1.

Thermocouple Temperature Measurements

Temperature measurements during photopolymerization 
were carried out using a measurement system developed 
at the Institute of Physics of the SAS [26]. T-type ther-
mocouples (Omega Engineering) record the temperature 
every 1 s. The temperature-measuring thermocouple had 
a measuring tip 4 mm away from the inner edge of the 
silicon chamber used in PALS measurement and at half 
the height of the sample space. Such prepared PALS 
chamber was placed above the UV light source identi-
cally to the PALS measurement.

(1)�
o−Ps = 0.5

{
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R

R + ΔR
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Results and Discussion

The effect of aromatic rings on the free volume proper-
ties and the consequences on the diffusion properties of 
the polymer network has been studied from several per-
spectives. First, the time evolution of crosslinking as a 
function of the amount of VDM was monitored using 
temperature and free-volume changes. In the second step, 
the free-volume properties of the cured biopolymers were 
characterized using the PALS technique and the results 
were confronted with the degree of crosslinking using NIR 
spectroscopy. In the last step, the consequences of the bulk 
properties of networks with different VDM contents on 
their diffusion properties for water were studied.

In Situ Polymerization Monitoring by Thermocouple 
(TC)

The in situ temperature measurement of the continuously 
irradiated AESO and AESO/VDM-based samples with-
out or with PI provides information about the kinetics. 
These experiments were carried out in PALS chamber with 
a fixed thermocouple (TC) in the middle of the reaction 
system and UV light from the bottom side (Fig. S1 in SI). 
Due to two reaction systems with or without PI, two dif-
ferent flux densities of 0.7 and 22.2 mWcm−2 of UV light 
were used, respectively, to achieve a similar temperature 
response.

In the case of the temperature response via TC, the 
released reaction heat is influenced by the absorption of 
light during irradiation and cooler aluminium edges of 
the sample chamber. Therefore, the absolute value of the 
released reaction heat is not so easy to determine. How-
ever, apart from these contributions, the time dependence 
of the temperature response is a very sensitive approach 
to study the progress of the photopolymerization (Fig. 1).

The course of the photopolymerization consists of the 
start of the reaction after switching on the light (wait-
ing time until triggering of reaction), the acceleration of 
the reaction to the maximum polymerization rate (Rmax) 
followed by a decrease in the reaction rate the so-called 
auto-deceleration. In addition, it is important to take 
into account the photoinitiated self-catalytic process of 
acrylates studied by Jagtap and More [27]. The saturated 
state with constant temperature of the cured sample at the 
end of illumination was obvious for AESO-based samples 
without PI (Fig. 1b). Moreover, in this case of samples 
without PI, with higher light intensity used in curing, the 
effect of the influence of UV light absorption by phenyl 
groups (present in the VDM component of the copolymer) 
was observed. The saturation temperature of the cured 
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state increased with increasing VDM concentration due to 
increased absorption of UV light. Finally, after switching 
off the UV light, the final cured sample was thermalized 
to room temperature.

The acceleration and deceleration time of a reaction was 
characterized by the rate of the temperature change (dT/dt) 
in Fig. S2 of SI. The times at inflection point and the maxi-
mum of the time dependence of sample temperature during 
photopolymerization corresponding to the maximum and the 
zero crossing of the 1st derivative of the (dT/dt) are given 
in Table 2.

Recently, the in situ study of the AESO and the compa-
rable composition of AESO-VDM-based samples without 
PI by real-time photorheometry showed that AESO exhibits 
faster reaction compared to the samples containing VDM 
[16] which is in agreement with our finding tmax (Table 2).

In Table 2, the faster reaction of AESO with addition 
of VDM at the beginning (tIP) than pure AESO sample 
implies that VDM with high absorption of UV light and 
faster diffusion of VDM than AESO increases its partial 

reactivity in the mixture AESO-VMD. In addition, different 
reactivity of acrylate and methacrylate groups can also take 
part in the photocrosslinking and formation local structural 
inhomogeneities.

In the case of tmax, AESO-VDM samples with or without 
PI confirmed that an increasing amount of VDM slowing 
down the reaction reflecting via increasing tmax. This finding 
was also found in the study of AESO-VDM samples with-
out PI by Lebedevaite et al. [16]. It can also be concluded 
that despite the lower light intensity, a series of samples 
with PI has a higher reactivity due to the presence of PI and 
increasing concentration of VDM leads to slowing down of 
reaction (tmax).

In Situ Photopolymerization Monitoring by PALS

Due to the specificity of the PALS technique, which does 
not allow the in-situ examination of fast processes lasting 
seconds or minutes directly, the course of crosslinking was 
investigated during intermittent illumination of the samples 
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Fig. 1   Time dependence of temperature response of TC for a  series 
of AESO-based samples with PI (a) and without PI (b). The UV light 
was switched on at the time of 0 s. The second arrow shows the time 
of switching off the UV light (for one sample only, for clarity). How-

ever, in the case of the AESO-VDM2 1:0.5 sample without PI, the 
light was turned off a bit later than 4000 s, i.e. out of the shown time 
scale, therefore the temperature jump is not visible

Table 2   Characteristic time at the inflection point tIP and the maximum tmax of the steep increase of the reaction corresponding to the maximum 
and the zero crossing of 1st derivate of the time dependence of temperature (dT/dt)

with PI AESO AESO-VDM3 1:0.25 AESO-VDM2 1:0.5 AESO-
VDM1 
1:1

tIP [s] 58 37 48 49
tmax[s] 144 108 112 118

without PI AESO AESO-VDM3 1:0.25 AESO-VDM2 1:0.5 AESO-
VDM1 
1:1

tIP [s] 30 28 28 28
tmax[s] 400 595 620 650
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in our case. During the defined exposure time, the sample 
was partially cross-linked, which was followed by the meas-
urement of lifetimes corresponding to the given degree of 
cross-linking. This process of intermittent irradiation was 
repeated until the material was completely cured. The moni-
tored progress of the photopolymerization using the PALS 
technique according to the above method gives mainly data 
on the progress of the reaction in the later slow stages. How-
ever, the main output of these experiments is the charac-
terization of the local free volumes of the cured samples 
by PALS. We note that it is also possible to reconstruct the 
time course of short-lived processes using PALS. However, 
this requires a considerably longer total measurement time 
and large amounts of samples (monomers). Due to the larger 
number of samples to be investigated, we chose a more eco-
nomical option with thermocouples that also capture the 
initial rapid stages of the reaction.

Photopolymerization was carried out directly in the PALS 
chamber with a quartz window and fixed ultraviolet light 
from the bottom part of the sample chamber with a wave-
length of 365 nm (see Fig. S1 in SI).

The irradiation conditions for the samples with the 
photoinitiator were as follows: the flux density of the 
light source at the glass window was 0.7 mW/cm2 with 
a periodically repeated illumination time of 1000 s. In 
the case of the samples without the PI, the flux density 
was 22.2  mW/cm2 and the periodic illumination time 
was 4300 s. The course of changes in the o-Ps lifetimes 

reflecting the cross-linking changes was approximated 
by the exponential functions (see Fig. 2 and Table 3) for 
quantitative mutual comparison between the courses of the 
reaction of individual samples.

In the case of samples with a photoinitiator, crosslinking 
was comparatively faster than in the samples without PI. 
Therefore, a lower intensity of illumination was used for 
the series of samples with PI. This approach allowed us to 
better emphasize the differences in the time courses of cross-
linking of individual samples. In Fig. 2a), the dependence 
of o-Ps lifetimes on the total irradiation time designed as 
“time” (or total light energy absorbed in the sample volume 
designed as “light energy”) for the samples with PI displayed 
a fast reaction. At the beginning of illumination, the fast 
crosslinking, reflected by significant changes in the lifetimes 
of o-Ps, was followed by a slow crosslinking, given by slight 
changes in the lifetime of o-Ps.

On the other hand, in Fig. 2b), the courses of τo-Ps for a 
series of samples without PI showed the postpone crosslink-
ing stage and post-curing stage for which the one exponential 
function displayed the best fit. In Table 3, the time constants 
of the crosslinking stage confirmed that the samples with PI 
exhibit faster reactions compared to the samples without PI. 
In addition, for both groups of materials with and without PI, 
a large amount of VDM showed a slowing of the reactions.

It is worthwhile to explain the connection between time 
and light energy from Fig. 2(a) and (b). This is explained 
in the SI.

Fig. 2   The course of photopo-
lymerization for the samples 
with (a) and without (b) the 
photoinitiator (PI) investigated 
via o-Ps lifetime. Two x scales, 
total irradiation time as “Time” 
(top X-axis) and light energy 
absorbed in the sample volume 
as “Light energy” (bottom 
X-axis), are displayed
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Table 3   Time constants of the exponential fit for biopolymer samples without and with photoinitiator (y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0)

with PI AESO AESO-VDM3 1:0.25 AESO-VDM2 1:0.5 AESO-VDM1 1:1

t1 [103 s] 0.6 0.8 0.1 1.7
t2 [104 s] 1.3 1.3 0.9 9.5

without PI AESO AESO-VDM3 1:0.25 AESO-VDM2 1:0.5 AESO-VDM1 1:1

t1 [103 s] 5.4 3.5 3.3 6.8
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Moreover, it is important to take into account that the 
polymerization runs in the relatively thick samples, in which 
light absorption also plays a role, specifically for these sam-
ples. Therefore, the reduced light intensity is in the volume 
of the sample at the side of the positron source. As an exam-
ple, it can be stated that the radiant flux measured at the 
entrance quartz window was 1.056 mW for a liquid sample 
and after curing of the 3 mm thick sample was 5.5 µW, at 
the sample outlet. The implications of this absorption on net-
work quality will be discussed further in the section on cured 
samples. At this point, however, we can say that the geom-
etry of the measurement shows that positrons penetrated into 
the sample in the region of the sample facing away from 
the light are characterized by slower changes in the local 
free volumes compared to thermocouples, due to the lower 
intensity of the light. Therefore, the characteristic response 
times monitored by PALS are significantly longer than those 
of thermocouple measurements. This means that the lifetime 
of o-Ps is strongly influenced by the slow polymerization 
processes just on the sample side at the positron source due 
to the low intensity of light.

Thus, these time dependences of lifetime changes are an 
interesting manifestation of the intrinsic shrinkage of the 
local free volumes and reflect the inhomogeneity of the time 
course of the reaction in the bulk of the coarse samples.

Characterization of Cross‑Linked Samples

NIR Spectroscopy

The series of samples, from PALS experiments, was meas-
ured in the middle of cured discs. The intensity of the 
absorption band at 6172 cm−1 reflects the degree of double 
bond conversion, i.e. consumption of monomers (AESO, 
VDM), during the photopolymerization. In Fig.  3, an 
increased amount of VDM in AESO-based cured samples 
without and with PI showed reduced monomer conversion 
(AESO, VDM). Lower conversion of double bonds suggests 
lower cross-linked structure which supports in situ study of 
photo-networking of AESO-VDM samples without PI by 

real-time photorheometry [16] where an increased amount of 
VDM decreases the value of storage modulus (G´) indicating 
the lower crosslinking density. In the case of the unstudied 
AESO-VDM samples containing PI by real-real time pho-
torheometry, the comparable trend can only be assumed.

Moreover, the cured samples with PI (Fig. 3a) exhib-
ited higher conversion compared to the samples without PI 
(Fig. 3b). In both cases of biopolymer AESO-VDM samples 
with and without PI, the increasing amount of VDM leads 
to the lower conversion of double bonds. However, we are 
not able to distinguish the acrylate and methacrylate double 
bonds by NIR.

This finding of decreased conversion of the double bond 
groups with increasing amount of crosslinking agent VDM 
may be ascribed to different reactivity of the acrylate and 
methacrylate double bonds and faster diffusion of VDM than 
AESO which may cause the formation of local inhomoge-
neities during networking. To look deeper into the mecha-
nisms of AESO-VDM network formation requires further 
investigation.

PALS

Figure 4 shows the measured ortho-positronium lifetimes 
in the samples and their dependence on vanillin dimeth-
acrylate concentration cVDM for sets of cured samples with 
and without a photoinitiator. In Fig. 4, the samples with a 
photoinitiator showed shorter lifetimes (by approximately 
0.1 ns) compared to samples without a photoinitiator.

More reduced τo-Ps of the samples with and without PI 
correlates with lower conversion, registered via NIR spectra 
(Fig. 2a, b). Also, large τo-Ps of all samples without PI corre-
lates with the lower conversion of monomers. These findings 
from both techniques, NIR and PALS, are important for the 
possible explanation of the internal structure of investigated 
biopolymers but they still require further studies of network 
formation. The reduction of τo-Ps with an increase in the 
amount of VDM may be due to the aromatic rings which 
increases the packing efficiency of the cross-linked structure 
due to stacking π–π interactions and does not necessarily 

Fig. 3   NIR spectra of biopoly-
mer samples: with photoinitiator 
(a) and without photoinitiator 
(b)
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mean a higher crosslink density. However, in the case of 
the samples without PI, in addition to this main effect of the 
aromatic VDM rings on the local free volume, there is also 
the reduced conversion of co-monomers recorded by NIR, 
which results in a generally larger free volume in compari-
son with samples with PI.

Table 4 shows the initial lifetime value τ0 of the monomer 
mixture, τf the final o-Ps lifetime after crosslinking and vhf is 
the corresponding value of the approximate spherical cav-
ity according to relation (2). Evaluation of data was done 
without dispersion.

Evaluations of the time spectra were also made con-
sidering the dispersion of the lifetimes of the o-Ps. Since 
there is a direct interconnection between the o-Ps lifetime 
of the cavity size, e.g. via the TE model, the distribu-
tion of lifetimes can be interpreted as a manifestation of 
the size distribution of the cavities in the material under 
study. The extraction of dispersion from lifetime spectra is 
associated with certain complications related to the need 
for a higher number of pulses in the spectrum under evalu-
ation, its temporal stability of measurements, the choice 
of an appropriate evaluation program, etc. The LT pro-
gram allows to determine the dispersion of the lifetime 
distribution of the selected component and the type of the 

distribution is default, it is a lognormal distribution [23]. 
This implies some predetermined constraints and subjec-
tive influences on the resulting distribution of free-volume 
cavity sizes. Despite these limitations, however, it is at 
least possible to estimate the basic relative differences 
between the samples regarding the homogeneity of the 
crosslinking in terms of the formed free-volume cavities. 
Thus, given the complexity of the approach, the absolute 
values of the obtained dispersions will not be discussed 
further but only the basic trends between samples (rela-
tional comparisons) will be compared concerning the 
VDM concentration and the presence of PI.

The homogeneity of the cross-linked material was char-
acterized using the dispersion of o-Ps lifetime distribution 
(Fig. 5). The dispersion indicates only small difference in 
the homogeneity of the crosslinking due to the influence 
of the composition and the presence of the photoinitiator 
as well as the intensity of the illumination on the final state 
of the network. It can be concluded that the presence of the 
photoinitiator and also the lower concentrations of VDM (up 
to 1:0.5) causes a hint of the reduction of the cavity sizes 
dispersion. For higher concentrations of VDM (1:1), there 
is the re-growth in the inhomogeneity of the structure. This 
trend is also repeated in the samples with PI, where there 

Fig. 4   o-Ps lifetime vs. the 
amount of VDM for a series of 
cured biopolymer samples with 
photoinitiator (a) and without 
photoinitiator (b)
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Table 4   Characteristic o-Ps lifetimes for the liquid state (τ0) and final cured sample (τf) as well as their calculated values of local free volume 
(vhf) according to Eq. (2) for the samples with and without photoinitiator

Samples with PI τ0 [ns] τf [ns] vhf [nm3]

AESO 2.53 ± 0.02 2.38 ± 0.02 0.133 ± 0.002
AESO-VDM3 1:0.25 2.56 ± 0.03 2.32 ± 0.03 0.127 ± 0.003
AESO-VDM2 1:0.5 2.50 ± 0.02 2.35 ± 0.02 0.130 ± 0.002
AESO-VDM1 1:1 2.54 ± 0.03 2.23 ± 0.02 0.118 ± 0.002

Samples without PI τ0 [ns] τf [ns] vhf [nm3]

AESO 2.57 ± 0.03 2.48 ± 0.01 0.144 ± 0.001
AESO-VDM3 1:0.25 2.52 ± 0.03 2.37 ± 0.03 0.133 ± 0.003
AESO-VDM2 1:0.5 2.50 ± 0.03 2.35 ± 0.03 0.131 ± 0.003
AESO-VDM1 1:1 2.55 ± 0.03 2.35 ± 0.02 0.131 ± 0.003
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is an indication of higher sample homogeneity (narrower 
dispersion).

This finding of the increased heterogeneity in the samples 
without PI is in correlation with lower conversion of double 
bonds obtained in NIR spectra.

The observation of repeated dispersion minima in Fig. 5 
for both groups of samples, with and without PI, for VDM 
concentration about 1:0.5 somewhat complicates ideas 
about the properties of the samples and the effect of VDM 
concentration on the free-volume structure. Although this 
is a minor effect, it is worth noting in further studies of 
these systems. It is possible that at higher VDM concen-
trations (1:1) the effect of a higher amount of unreacted 
double bonds in the AESO-VDM copolymer measured by 
NIR spectroscopy may be ascribed to the phase separa-
tion. Thus, the phase separation could be the reason of 
increased heterogeneity of the structure. This will be the 
subject of further studies.

Effect of Sample Thickness on the o‑Ps Lifetime 
and the Formation of Ps

In our series of samples, it was found that a sample thick-
ness of 3 mm already affects networking. The intensity 
of UV radiation in the material on the side away from 
the light is lower compared to the side at the light source 
which is the standard side tested with positrons in our in-
situ experiments. In Fig. 6, the cavities are larger (τo-Ps) 
and the concentration of cavities (Io-Ps) for the side away 
from the light is lower than on the side of the sample close 
to the light source. This finding confirms less crosslinked 
structure from the side away from the light source. Fur-
thermore, this different light intensity along the sample 
thicknesses also affects the reaction rate (SI, Fig. S6), 
which may be a likely source of increased network inho-
mogeneity. These findings could be related to the three or 
two stages of crosslinking (fast crosslinking, i.e. accelera-
tion, networking, post-curing) of samples with PI in time 
(approximated by fast and slow components in Fig. 1a) and 
by increasing dispersion.

Illustrative linear fits for the lifetimes indicate that 
with increasing VDM concentration, the effect of struc-
ture inhomogeneity between the investigated sides of the 
sample increases. This heterogeneity of the structure in 
the volume of the sample also affects the dispersion of the 
void size expressed through the dispersion of lifetimes, 
which is large for the highest concentration of VDM. This 
could be the subject of further investigation.

Sorption and Desorption of Water in the Cured 
Samples

The process of water diffusion into and out of the samples 
was investigated from two perspectives. In the first approach, 
the initial and final state was examined from the point of 
view of the amount of water that was absorbed in the net-
work of the investigated materials, i.e. standard swelling 
using water. The dependence of the swelling parameter on 
the composition of the sample was investigated. The second 
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Fig. 6   The VDM concentration 
dependence of the lifetime of 
o-Ps (a) and intensity of o-Ps 
(b) for continuously illuminated 
samples with PI obtained from 
thermocouple measurements
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approach included also taking into account the time depend-
ence of water sorption and desorption expressed through the 
time change of the weight of the samples. The purpose of 
this approach was to estimate the diffusion coefficient of the 
investigated materials.

The diffusion properties of materials are directly depend-
ent on the free volume properties of the network. The inter-
connection between the cavities allows the transport of 
substances into and out of the material. Investigation of the 
diffusion properties of water in the studied matrices will 
allow to extend the comprehensive knowledge of the proper-
ties of AESO-VDM biopolymers, in aqueous environments, 
since one of their applications is also as retention matrices 
for enzymes in biosensors that operate in aqueous environ-
ments [7, 8].

Figure 7 shows the time course of water sorption for all 
samples, with and without a photoinitiator. The param-
eter mt/m0 represents the increase in weight of the samples 
compared to their original weight, where mt is the weight 
of the sample at time t (the weight of the swollen sample) 
and m0 is the weight of the original sample (i.e. the sample 
before swelling, without water).

The S parameters, commonly used to characterize the 
swelling ability of a polymer in a given solvent, are given 
in Table 5. S is defined as:

 (in %), where Mswollen is the maximal weight of the sample 
saturated in solvent and Mdry is its weight after drying. In 
our case, we put m0 = Mdry.

In Fig. 8, with the increasing concentration of VDM 
in the samples, the maximum water sorption decreases. 
Table 5 shows the reduction in swelling ability, where the 
S parameter ranges from 0.60 to 0.88. The explanation 
can be made, for example, that with the increasing pro-
portion of VDM, linear or branched regions are formed 
in the cross-linked structure, which is more resistant to 
absorbing water than the cross-linked structure. This 
was observed in the study of cross- and linear-linked 

(3)S = 100(Mswollen − Mdry)∕Mdry

poly(N-isopropylacrylamide) (PNIPAM) in aqueous solu-
tions where cross-linked networks exhibited much larger 
water absorption than single-chain swelling [28].

On the other hand, we can also consider the effect 
of a reduced local free volume of cured sample with an 
increase in the concentration of VDM, which reduces the 
local free volumes of the network, slow down diffusion 
into the volume, and reduce the ability to sorb water into 
the sample volume.

The second approach to the investigation of sorption 
and desorption of water in the samples with different con-
tent of VDM and photoinitiator was to investigate the time 
dependence of the weight of water in the samples in order 
to estimate the diffusion coefficient for water in cross-
linked polymers. The diffusion coefficient (D) is a con-
stant that characterizes how easily a substance can diffuse 
into the environment. It depends on the temperature, the 
viscosity and the size of the diffusing particles [29]. In our 
case, the diffusion coefficients for individual samples were 
determined by a procedure that is briefly explained in the 
following paragraph and described in more detail in the 
work [8] in appendix S1. The dependence of the measured 
sample mass m on time t was used to evaluate the diffusion 
constant of water molecules absorbed in the sample (D) 
using the concept of the mean first transit time τ. In the 
desorption process, a particle is present in the sample at 
time t = 0 and then diffuses until it hits the boundary and 
evaporates. The probability of survival of a particle in the 
sample at time t is P(t). Then τ is defined as:

We further assume that P(0) = 1 represents the probabil-
ity that the particle is definitely in the system. P(t → ∞) = 0 
represents the probability that the particle is certainly not 
present in the system and -dP(t)/dt represents the prob-
ability density, that the particle leaves the sample at time t. 
In the one-particle approximation, we consider that water 
molecules do not limit each other. Thus, the mass of the 
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Fig. 7   Time dependence of 
reduced weight mt/m0 for swol-
len samples with photoinitiator 
(a) and without photoinitiator 
(b). Solid lines correspond to a 
2-exponential fit
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sample mt at time t depends linearly on the survival prob-
ability P(t), which we can write as:

where m0 and m∞ represent the initial and final values for 
desorption (wet and dry samples). The numerical integra-
tion of the obtained P(t) is τ, which can be used to estimate 
the diffusion coefficient D of water in the investigated sub-
stances at laboratory temperature (20 °C) [28]:

where d is the thickness of the sample. The relation applies 
to thin cylindrical samples with a radius R >  > d, which is 
satisfied in our case. The water absorption can be described 
by a similar process in which the vacancies diffuse from the 
sample. Then we arrive at the survival probability:

where mmin, mmax denote minimum and maximum mass of 
the sample at the beginning of the swelling and of the satu-
rated state, respectively. The diffusivity of the water mole-
cules and of their vacancies is the same in the single particle 
approximation, so we obtain it again from Eq. (6).

Figure 9 represents normalized water sorption curves 
P(t) according to Eq. (7). The mean first transit time τ 
integrated numerically from these curves gives in the dif-
fusion coefficient according to relation (6). The results for 
the samples with or without PI depending on the VDM 
concentrations are shown in Fig. 10. It can be concluded 
that the magnitude of the diffusion coefficient for water has 

(5)P(t) =

(

m
t
− m∞

)

(

m0 − m∞

)

(6)D =
d
2

12�

(7)P(t) =

(

m
max

− m
t

)

(

m
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) ,

a decreasing trend with an increase in the concentration of 
VDM and also decreases with the presence of PI.

The values of the D coefficients obtained for desorption, 
calculated from the curves, according to formula (5) are 
of similar order and are presented in the SI together with 
further auxiliary data (Table S1, S2, Fig. S3–S5).

The deviations of D determined during desorption from 
the values obtained from sorption are because the boundary 
conditions of both experiments were not completely identical. 
Desorption took place spontaneously in the air with non-zero 
air humidity, so the curves converged to a higher final weight 
value. On the other hand, the initial value of the weight of the 
matrix and absorbed water during the desorption process was 
burdened by a possible deficit of the weight of the matrix due 
to the leaching of unreacted parts out of the matrix during 
swelling.

Conclusions

In-situ reaction courses were measured during intermittent 
illumination by the PALS technique for biopolymer AESO-
VDM samples with different concentrations of VDM and 
with or without PI. It was found that the samples with the 
addition of a photoinitiator reduced the local free volume 
significantly faster than the samples without PI and the sam-
ples with the increasing concentration of VDM decelerate 
crosslinking. In order to clarify the course of the reaction in 
the initial stages, the course of the reaction was also meas-
ured during continuous illumination using thermocouples 
(TC) in the same geometry of the samples as in the PALS 
measurements. It was revealed that increasing amount of 
VDM in AESO-based samples with or without PI acceler-
ates the reaction at the beginning which also reflects more 
or less phase separation via tIP. But increasing values of 
tmax in a series of AESO-VMD samples with or without PI 

Table 5   The swollen characteristics of the investigated polymer samples with and without photoinitiator. Swellability of a series of investigated 
samples with and without PI

Samples with PI M(t)max/M0 (g/g), swell S, %

AESO 1.00809 0.809
AESO-VDM3 1:0.25 1.00708 0.875
AESO-VDM2 1:0.5 1.008 0.706
AESO-VDM1 1:1 1.00702 0.720

Samples without PI M(t)max/M0 (g/g), swell S, %

AESO 1.00769 0.795
AESO-VDM3 1:0.25 1.00806 0.755
AESO-VDM2 1:0.5 1.00756 0.728
AESO-VDM1 1:1 1.00622 0.598
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confirmed that higher amount of VDM causes slowing down 
of reaction.

Both, TC and PALS time measurements showed the slow-
est course of reaction for the highest concentration of VDM 
in the AESO-VDM sample.

Next, the free volume characteristics (PALS), the con-
version of double bonds (NIR) and experiments with water 
sorption and desorption with the evaluation of the diffusion 

coefficient for the final cured AESO-based samples with or 
without PI were mutual compared.

PALS

As the concentration of vanillin dimethacrylate increased, 
the size of the free volumes in all samples in the cross-linked 
state decreased from 0.133 to 0.118 nm3 with a photoinitia-
tor and from 0.144 to 0.131 nm3 without a photoinitiator.

Samples with the addition of a photoinitiator showed 
smaller sizes of free volumes in the cross-linked state com-
pared to samples without the addition of a photoinitiator, 
which implies that the photoinitiator has an effect not only 
on the speed of the photopolymerization itself but also on 
the final microstructural properties of the hardened material.

PALS measurements showed different cross-linking 
homogeneity on the side of the sample near the light source 
and on the opposite side, for 3 mm thick samples with PI.

This finding is a consequence of different absorption of 
light in the investigated materials. Absorption of UV light in 
these samples causes different light intensities in the area of 
the ongoing reaction and thus different cross-linking speeds. 
This was manifested mainly in samples with PI due to the 
biphasic nature of the course in the decrease in the lifetime 
of o-Ps. On the side of higher light intensity, the holes are 
smaller and there are probably more of them, as indicated 

Fig. 8   The VDM concentra-
tion dependence of S parameter 
for samples with photoinitiator 
(a) and without photoinitiator 
(b)
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of mass ratio (mmax-mt)/
(mmax-mmin) for samples with 
photoinitiator (a) and without 
photoinitiator (b) at the process 
of sorption
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by the higher value of the intensity of o-Ps formation. As 
the concentration of VDM increased, the effect of inhomo-
geneity of the structure between the examined sides of the 
samples increased.

NIR Spectroscopy

Showed that increasing concentration of VDM causes low-
ering conversion of C=C double bonds for both types of 
biopolymer samples, with and without PI. Moreover, biopol-
ymer samples with PI were more cross-linked, indicating 
higher conversion of C=C double bonds. From this point of 
view, pure AESO + PI should have the highest conversion of 
double bonds and thus the maximum crosslinking.

Sorption and Desorption of Water

It was found that an increased concentration of VDM in the 
samples, slowing down the water sorption process which 
correlates with the formation of reduced local free volumes 
in the network (PALS). The S parameter determined from 
the sorption curve (initial and final weight value) generally 
decreased with increasing VDM concentration. Probably, 
the presence of aromatic rings in parts of the network from 
VDM reduced the local free volumes in the network, which 
prevented water sorption more in the samples with a rich 
representation of VDM compared to pure AESO. Such 
an explanation is more realistic than the idea that the low 
swellability (small S parameter) is caused by a high cross-
link density, which in our case would be inconsistent with 
the NIR finding.

The water diffusion coefficients for the investigated sam-
ples were determined from the sorption and desorption 
curves. Here, the magnitude of the diffusion coefficient has 
a decreasing trend with the increased concentration of VDM, 
which is in accordance with the above mentioned findings.

It can be concluded that VDM admixtures as well as the 
presence of a photoinitiator affect (reduce) the size of free-
volume cavities, the quality of crosslinking (crosslink den-
sity) and diffusion properties, which were tested on water.

The control of these parameters opens a possibility 
to adapt the biopolymers to be an optimal matrix for the 
immobilization of different in-size biomolecules (large or 
very small).

In summary, by using different amounts of vanillin 
dimethacrylate and with or without a photoinitiator it is 
possible to vary the local free volume and diffusion prop-
erties in the AESO-VDM biopolymers which are used as 
enzyme-immobilizing matrix.
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