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The in-situ photopolymerization of acrylated epoxidized soybean oil (AESO) and vanillin dimethacrylate
(VDM) with a photoinitiator (2,2-dimethoxy-2-phenylacetophenone) (DMPA) is studied by using electron
paramagnetic resonance (EPR) and near-infrared (NIR) spectroscopy methods. A correlation between a
concentration of free radicals deduced from EPR spectra and double bond conversion peak area deduced from NIR
spectra as a function of UV-irradiation time for the investigated polymer composite is detected. The observed
correlation is agreed well with the prediction of photopolymerization and photodegradation phenomena within a
complex systems theory approach.

Keywords: photopolymerization, photodegradation, UV light, irradiation, polymers, composite, EPR

spectroscopy, IR spectroscopy, structure, properties, complex systems theory.

Received 06 October 2025, Accepted 12 June 2026, Published 22 June 2026.

Introduction

The process of photopolymerization of acrylated
epoxidized soybean o0il (AESO) and wvanillin
dimethacrylate (VDM) with and without a photoinitiator
(PD) (2,2-dimethoxy-2-phenylacetophenone) (DMPA) has
been recently studied by positron annihilation lifetime
spectroscopy (PALS), infrared (IR) and electron
paramagnetic resonance (EPR) spectroscopy [1-4]. The
effect of aromatic rings in AESO-VDM series on the local
free volume and diffusion properties of polymer matrix [1,
2] and photopolymerization and photodegradation

processes [3, 4] in the cured polymers after long-term UV
light exposure have been reported.

In this work, a kinetics of photopolymerization of
AESO:VDM (1:0.5) with PI is studied by using EPR and
NIR spectroscopy during UV-irradiation. The obtained
results showed a correlation between a concentration of
free radicals deduced from EPR spectra and double bond
conversion peak area deduced from NIR spectra as a
function of irradiation time for the investigated polymer
composite. A complex systems theory approach was used
to clarify the observed phenomena.
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I. Experimental

The in-situ photopolymerization of the AESO:VDM
(1:0.5) with PI sample was done with UV lamp (365 nm).
The flux density at the sample surface was 22 mW/cm?.
The EPR measurements were carried out on the Varian E4
spectrometer, X-band at constant frequency ~9.47 GHz.
For the NIR experiment, the sample was measured in a
fiber-coupled cuvette holder BW Tek with two optical
fiber cables of diameter 100 pm connected to BW Tek
detector (Sol. 2.2) and light source BPS 2.0 with the
spectral range (350-2600 nm). The NIR spectra were
registered in the wavenumber range 4500-9200 cm!. The
intensity of the absorption band at 6172 ¢cm™ reflects the
degree of double bond conversion (DBC), i.e.,
consumption of monomers (AESO, VDM), during the
photopolymerization; and thus, the area of this band was
taken as a controlled parameter deduced from the NIR
spectra.

II. Results and Discussion

2.1. EPR and NIR data.

The time constant of radical decay (often denoted as
7) expresses how quickly the concentration of radicals in a
system decreases due to their decay (termination or
recombination). If we consider the simple case of
bimolecular radical termination: R- + R- — product R, the
rate of radical decay is: —d[R-]/dt = k[R-]?, where [R'] is
the concentration of radicals, %, is the termination rate
constant.

The time constant is defined as the characteristic time
for the radical concentration to decrease. For this second
order reaction, it can be approximated as: 7 =1/(k; [R]o),
where [R]o is the starting concentration of radicals, k; is
the termination rate constant. Let’s denote k, expressed in
the value per second, as a radical decay rate constant (i.e.,
the pseudo-first-order rate constant for radical decay).

The dependence of the concentration of free radicals
and the radical decay rate constant (k) according to EPR
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Fig. 1. The dependence of the concentration of free
radicals (closed squares) and the radical decay rate
constant (k) (open circles) according to EPR data for
the AESO:VDM (1:0.5) with the photoinitiator (PI)
during the photopolymerization process as a function
of UV-irradiation time.

data for the studied polymer AESO:VDM (1:0.5) with the
photoinitiator (PI) during the photopolymerization process
as a function of UV-irradiation time is presented in Figure
1. The concentration of free radicals was estimated
according to the recorded EPR spectra as a peak area and
the rate constant k& was calculated by extrapolating this
peak area as a function of time. A typical representative of
the EPR spectrum measured is shown in Figure 2.

The dependence of the concentration of free radicals
according to EPR data and the peak area of DBC (doble
bonds conversion) of double bonds C=C according to NIR
data for the AESO:VDM (1:0.5) with the photoinitiator
(PI) during the photopolymerization process as a function
of UV-irradiation time is presented in Figure 3. A typical
representative of the NIR spectrum measured is shown in
Figure 4.

A correlation between a concentration of free radicals
and double bond conversion (DBC) peak arca as a
function of UV-irradiation time for the investigated
polymer composite is detected. In particular, after zero
time when reaction is started, there is a minimum
concentration of free radicals and maximum of DBC peak
area. With increasing of UV-irradiation time, the
concentration of free radicals increases and DBC peak
area decreases. A feature nearby 55 s (a maximum
concentration of free radicals and a plateau of minimum
of DBC peak area) could be due to the efficient decay
(termination or recombination) of free radicals as shown
by the rapid decreases of the radical decay rate constant
(k) in Figure 1.

In the previous study [3,4], the EPR results showed
that irradiation leads to maximum radical generation due
to photoinitiator activation, whereas in the absence of
light, the radicals gradually decay through polymerization
and termination reactions, resulting in a decreased radical
concentration. This finding is now supported by the
observed correlation between formation of free radicals
and double bonds conversion during photopolymerization.
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Fig. 2. The representative EPR spectrum for the
AESO:VDM (1:0.5) with the photoinitiator (PI).
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Fig. 3. The dependence of the concentration of free
radicals according to EPR data and the peak area of
DBC (doble bonds conversion) of double bonds C=C
according to NIR data for the AESO:VDM (1:0.5)
with  the  photoinitiator ~ (PI)  during the
photopolymerization process as a function of UV-
irradiation time.

2.2. Complex systems theory approach.

The conceptualization of physical and chemical
systems through the framework of complexity theory
constitutes a major conceptual turn in contemporary
physical science. Emerging in the mid-twentieth century,
this framework was shaped by attempts to explain
collective behavior, phase transitions, and the spontaneous
emergence of order in systems composed of many
interacting elements [5]. A decisive contribution was
made by Ilya Prigogine, whose theory of dissipative
structures showed that systems maintained far from
thermodynamic  equilibrium may undergo self-
organization rather than simple relaxation, thereby
extending the scope of classical thermodynamics [5-8]. In
parallel, Hermann Haken developed synergetics as a
mathematical language for describing coherent
macroscopic behavior arising from nonlinear interactions
among many components [9]. These ideas were later
reinforced by stochastic thermodynamics, which recast
irreversibility in terms of trajectory-level fluctuations and
their relation to entropy production [10-12]. Within this
framework, the  Jarzynski  equality = connects
nonequilibrium work fluctuations with equilibrium free-
energy differences, whereas the Crooks fluctuation
theorem makes the time-directionality of driven processes
explicit by relating the probability of a trajectory to that of
its time-reversed counterpart under the reverse protocol
[10, 11]. Taken together, these results provide a rigorous
basis for interpreting temporal asymmetry in observed
dynamics as a quantitative manifestation of dissipation
and nonequilibrium behavior.

The mathematical frameworks of non-linear
dynamics, chaos theory, and fractal statistics further
expanded the capacity to quantitatively analyze complex
systems whose locally deterministic dynamics can
nevertheless generate irregular, unpredictable, and
emergent macroscopic behavior [13, 14]. As emphasized
in the National Academy of Sciences colloquium on self-
organized complexity, such systems commonly exhibit
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Fig. 4. The representative NIR spectrum for the
AESO:VDM (1:0.5) with the photoinitiator (PI).

fractal statistics, scale invariance, and power-law
distributions [15]. These properties are often quantified
through scaling measures such as the generalized Hurst
exponent and fractal dimension, the latter being a central
construct in Mandelbrot’s formulation of fractal geometry
[16, 17]. Rather than remaining at a purely
phenomenological level, complexity theory seeks to
explain how relatively simple microscopic interaction
rules give rise to self-organizing macroscopic structures
across multiple spatial and temporal scales [14, 18].

In contemporary materials science and chemical
physics, the application of complexity theory to self-
organized phenomena is particularly relevant to the study
of photopolymerization. Photopolymerization is a light-
driven curing process in which irradiation generates
reactive species that rapidly convert liquid monomer —
oligomer formulations into highly cross-linked polymer
networks. Because this transformation is sustained by
continuous external energy input and proceeds through
coupled reaction, diffusion, thermal, and optical
feedbacks, it can be understood as a nonequilibrium
dissipative process. Under UV irradiation, the system
passes through a rapid sequence of nonlinear
physicochemical changes, including radical generation,
heat release, viscosity growth, diffusion limitation, and
gelation, which collectively govern the emergence of the
final polymer network structure [18-21]. The dynamics of
this network formation, as well as the subsequent
structural evolution and photodegradation of the polymers
under prolonged UV exposure, represent critical areas of
study for understanding the complete lifecycle of these
complex driven systems [4].

The transition from a disordered liquid formulation to
a cross-linked solid network is accompanied by a
pronounced reduction in configurational freedom and
local free volume, together with the emergence of an
increasingly constrained and topologically heterogeneous
structure [22, 23]. This network-forming process is
governed by a tightly coupled interplay among reaction
kinetics,  diffusion-controlled termination, oxygen
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inhibition, and localized exothermic heat generation [21,
24]. As free-radical photopolymerization advances, rising
viscosity and restricted chain mobility promote
autoacceleration, commonly known as the Trommsdorff-
Norrish effect, because bimolecular termination becomes
increasingly suppressed while propagation remains
operative [18, 25]. The resulting spatiotemporal
temperature heterogeneities and dissipation patterns may
therefore be interpreted as macroscopic manifestations of
the underlying microscopic network self-organization [20,
21].

The concept of self-organized criticality, introduced
by Bak, Tang, and Wiesenfeld, states that certain driven
dissipative systems can evolve toward critical regimes
characterized by avalanche-like relaxation, scale
invariance, and power-law statistics [26, 27].
Photopolymerization is not a self-organized critical
system in the strict sense, since it is a transient and
continuously driven curing process; nevertheless, the
stages of gelation and vitrification exhibit analogous
features of critical-like restructuring, manifested in abrupt
changes in network connectivity, mobility, and relaxation
behavior during cure [18, 20]. In polymerizing networks,
these transformations are accompanied by anomalous
dielectric relaxation and pronounced multiscale thermo-
kinetic fluctuations, which have been documented both in
curing studies and in recent multifractal analyses of
photopolymerization signals [28, 29]. Accordingly, time-
series irreversibility provides a suitable quantitative
framework for probing self-organization in such
dissipative  chemical systems, because temporal
asymmetry can be inferred directly from experimental
trajectories by data-driven methods based on visibility
graphs or ordinal patterns, without requiring a fully
specified mechanistic model [30, 31].

Several complementary classes of estimators have
been developed to detect and quantify irreversibility in
empirical time series. Symbolic approaches compare the
statistics of short ordinal patterns with those of their time-
reversed counterparts; in this context, the permutation-
pattern framework introduced by Bandt and Pompe
provides a simple and computationally efficient
representation that is robust to monotonic amplitude
transformations and does not require arbitrary amplitude
binning [32]. Building on this idea, Zanin et al. proposed
an irreversibility measure based on pairing each
permutation pattern with its reversed analogue and
quantifying the discrepancy between the corresponding
ordinal distributions by means of the Kullback-Leibler
divergence, showing that this construction is temporally
local, statistically testable, and rapidly convergent in
practice [33]. In parallel, visibility-graph approaches
transform a time series into a network in which vertices
correspond to observations and edges encode mutual
visibility relations between them [34, 35]. Within this
framework, Lacasa et al. showed that the Kullback-
Leibler divergence between the in-degree and out-degree
distributions of a directed horizontal visibility graph
provides a consistent estimator of time irreversibility for
stationary processes, and that, in nonequilibrium steady
states, it constitutes a lower bound on entropy production
[30]. Lacasa and Flanagan subsequently extended the
formalism to non-stationary signals, demonstrating that
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visibility-graph-based irreversibility measures can remain
finite and informative even in settings where conventional
reversibility tests become problematic [36]. Donges,
Donner, and Kurths further complemented the degree-
based approach by introducing tests based on retarded and
advanced local clustering coefficients, thereby probing
short-range topological asymmetries and revealing
nonlinear temporal structure beyond simple drift or trend
effects [37].

These approaches have already been applied across a
wide range of empirical domains, including sleep
electroencephalography [38], heart-rate variability [39],
climate variability and sea-surface-temperature dynamics
[40], financial time series [41], and electromagnetic
turbulence in non-thermal plasmas [42], with a recent
review summarizing the broader methodological
landscape [43]. Furthermore, the translation of complex
network methods into materials science has proven highly
effective for characterizing structural and dynamic
transformations, such as the plastic deformation dynamics
in metals [44]. More recently, these network-based
analytical frameworks have been successfully combined
with spectroscopic and positron annihilation techniques to
probe the complex microstructural evolution during
photopolymerization [3]. To the best of our knowledge,
however, such irreversibility estimators have not yet been
used to monitor an in-situ chemical self-organization
event such as UV photopolymerization. This context is
especially demanding because the process spans, within a
single thermal record, quasi-equilibrium fluctuations
before irradiation, a strongly nonequilibrium exothermic
autoacceleration stage, and a slow relaxation regime after
gelation and vitrification. Since the three estimators
employed here capture different structural facets of
temporal asymmetry — global amplitude asymmetry, local
topological asymmetry, and amplitude-invariant ordinal
asymmetry their combined wuse can disclose
complementary stages of the reaction, including the onset
of nonequilibrium dynamics, the peak of autoacceleration,
the crossover to diffusion-controlled behavior, and the
approach to a new quasi-stationary state.

The present work fills this gap. We record the in-situ
temperature trajectory during UV photopolymerization of
AESO:VDM (1:0.5) with PI formulation and analyze it
with a sliding-window combination of the three
irreversibility estimators. Our central contribution is to
show that time irreversibility is a robust, multiscale
hallmark of photopolymerization self-organization, that
each of the three measures carries a distinct and physically
interpretable signature of the wunderlying radical-
chain/diffusion kinetics, and that their combination
provides a compact, model-free description of the
transition from the liquid monomer mixture, through the
Trommsdorff exotherm, to the vitrified crosslinked
network.

2.3. Visibility graph analysis and network
topological asymmetry.

The visibility graph algorithm, originally proposed by
Lacasa et al. [34] and heavily expanded for the assessment
of non-stationary processes by Lacasa and Flanagan [36],
provides a deterministic, parameter-free geometric

transformation of a univariate time series into a complex
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network. This transformation successfully preserves the
inherent dynamical properties, fractal characteristics, and
non-linearities of the original signal within the topological
architecture (nodes and edges) of the resulting graph.

Given a recorded time series of highly resolved
temperature fluctuations, denoted mathematically as an
ordered set of real-valued data points X = {x;, x5, ..., Xy}
observed at strictly ordered discrete times ¢4, t,, ..., ty, the
NVG constructs an undirected graph comprised of exactly
N nodes. Each specific node i € [1,N] represents a
specific temporal observation x;. The fundamental
connectivity rule dictates that two nodes i and j (assuming
chronological order where t; < t;) are connected by an
edge if and only if a straight “line of sight” can be drawn
between their corresponding data points on a standard
Cartesian plot without intersecting any intermediate data
point. Mathematically, this convexity criterion establishes
that for any intermediate node k existing between i and j
(t; <ty < t;), the amplitude value x; must strictly satisfy
the following geometric inequality:

?;:Z (% — x2)-

xk<xi+

(1

Because the unidirectional flow of time intrinsically
establishes an ordered sequence of events, the seemingly
undirected edges of the resulting visibility graph can be
mathematically parsed into directed edges. An edge
connecting node i to node j (i < j) is logically classified
as an “advanced” (or outgoing) link from the specific
perspective of node i, pointing forward toward the future
states of the system. Conversely, this exact same edge is
classified as a “retarded” (or incoming) link from the
perspective of node j, pointing backward toward the past
historical states. This elegant directed formulation permits
the explicit decomposition of standard, well-understood
complex network properties into past-directed and future-
directed components, facilitating a highly sensitive
evaluation of time-reversal symmetry.

Network degree asymmetry: The degree of a single
node in a network, denoted as k;, represents the total
number of visibility connections it possesses to other
nodes. Under the time-directed framework proposed by
Donges et al. [37], the total degree is explicitly partitioned
into the retarded degree k; (the total number of
connections to past observations where j < i) and the
advanced degree k{* (the total number of connections to
future observations where j > i), such that the
fundamental relation k; =k} + ki holds true. By
computing the empirical probability distributions of the
retarded and advanced degrees across a designated
temporal window — denoted functionally as P(k"™) and
P(k%), respectively — the physical reversibility of the
system's thermal dynamics can be statistically assessed.

Local clustering coefficient asymmetry: To capture
deeper, higher-order topological correlations and local
geometric rigidity, the local clustering coefficient C; is
similarly decomposed. In graph theory, the standard
clustering coefficient measures the probability that two
randomly selected neighbors of node i are themselves
directly connected (forming a visible triangle). The time-
directed retarded local clustering coefficient C; evaluates
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this connectivity density exclusively among the past
neighbors of node i, determining how tightly clustered the
system’s history was. The advanced local clustering
coefficient C{* evaluates the connectivity exclusively
among future neighbors, assessing the density of
upcoming thermodynamic states. The corresponding
empirical probability distributions are denoted as P(C")
and P(C%).

To establish a singular, quantitative index of time
series irreversibility based on these extracted network
topologies, the KL divergence — a foundational metric of
relative entropy — is computed to precisely determine the
statistical distance between the advanced and retarded
probability distributions. The KL divergence for the
degree distribution, denoted in this study as Distgeg, is
calculated using the standard formulation:

Dyt [PGT) 1| P(k)] = Distaeg = X P(kM) In[20]. 2)

Similarly, the specific KL divergence for the
clustering coefficient, denoted as Distjyst, 1S computed
iteratively between P(C%) and P(C"). If the underlying
physico-chemical process is perfectly reversible and
resting at equilibrium, the future and past network
topologies will be statistically indistinguishable, and the
probability distributions will map onto each other
perfectly, yielding a theoretical KL divergence
approaching exactly zero. Any positive deviation from
zero strictly signifies the mathematical presence of time
irreversibility, acting as a highly robust, non-linear
indicator of non-equilibrium dynamics, entropy
production, and deterministic phase transitions occurring
within the curing polymerizing medium.

2.4. Permutation patterns and ordinal probability
divergence.

As a highly complementary measure of system
complexity, the symbolic dynamic approach based on
permutation patterns provides an exceptionally noise-
robust and computationally efficient method for
quantifying time series irreversibility at the micro-
structural scale. Originally conceptualized by Bandt and
Pompe for measuring time series complexity [32], and
subsequently adapted specifically for irreversibility
testing by Zanin et al. [33], this method evaluates the
asymmetric prevalence of specific ordinal microstates
occurring in standard chronological order versus their
exact time-reversed geometric counterparts.

The application of the permutation pattern algorithm
requires the strict initial definition of an embedding
dimension, denoted as dg, which dictates the length of the
ordinal sequences to be continuously extracted from the
original time series. The raw time series of temperature
fluctuations X is systematically partitioned into heavily
overlapping vectors of length dp. For each individual
vector, the actual physical data points are sorted in
ascending amplitude order, and the specific sequence of
their original temporal indices is recorded as the
“permutation pattern” (often referred to as the ordinal
symbol). Because there are exactly dy! mathematically
possible ways to uniquely order dj distinct values, the
infinite continuous state space of the time series is
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effectively discretized into a highly manageable, finite
state space consisting of exactly dg! unique symbolic
microstates.

The profound essence of the irreversibility test
proposed by Zanin et al. [33] lies in the deliberate pairing
of time-reversed patterns. Every single permutation
pattern generated by the sequence has one, and only one,
specific time-reversed counterpart. For a chosen
embedding dimension of dg = 3, which generates 3! = 6
possible distinct patterns, the sequences can be logically
paired according to their strict temporal symmetry. For
example, a monotonically increasing thermal pattern
represented by the ordinal sequence (0,1,2) physically
represents a strict, uninterrupted temperature rise over
three consecutive measurements. Its exact time reversal is
the monotonically decreasing pattern (2,1,0),
representing sequential cooling. The other discrete
mathematical pairings include (1,0,2) < (2,0,1) and
(1,2,0) & (0,2,1).

A completely reversible, stationary thermodynamic
process mandates that the empirical probability of
observing any specific permutation pattern must perfectly
equal the probability of observing its exact time-reversed
counterpart over a sufficiently large sampling window. If,
for instance, P(0,1,2) # P(2,1,0), it proves that the
statistical properties of the system are heavily dependent
on the specific direction of time flow, confirming that the
physical signal is definitively irreversible and generating
entropy.

To mathematically aggregate this localized ordinal
asymmetry into a single, comprehensive statistical metric
for the evaluated time series window, the KL divergence
is once again employed. The specific divergence is
computed between the total probability distribution of all
forward permutation patterns, denoted Pf, and the overall
probability distribution of their corresponding time-
reversed patterns, denoted P,.:

P(i)
Pr(

dg! o
D[P 11 B.] = 5% P () In | 3)
In the specific context of the AESO:VDM
photopolymerization reaction, calculating the KL
divergence of these permutation patterns provides an

ultra-sensitive  gauge of local thermodynamic
directionality. A sharp, well-defined rise in this
permutation metric unambiguously indicates that certain
micro-scale energetic trajectories — such as ultra-fast,
sharp temperature spikes driven by radical propagation
followed by heavily constrained, slow cooling curves —are
completely dominating the temporal landscape. This
ordinal dominance is a direct, unavoidable consequence of
the highly exothermic nature of the non-linear cross-
linking cascade occurring far from equilibrium.

To synthesize the diverse analytical frameworks
employed in this study, Table 1 provides a comprehensive
overview of the three complexity estimators, their
corresponding extracted mathematical properties, and
their specific diagnostic roles in tracking the structural
evolution of the polymerizing matrix.

2.5. Sliding-window framework for resolving
transient dynamics.

Both the advanced visibility graph methodology and
the permutation pattern framework derive their powerful
statistical metrics from a defined, static set of data points.
However, the AESO:VDM photopolymerization process
is an explicitly, violently transient phenomenon; the
structural  architecture, local free volume, and
thermodynamic properties of the matrix are evolving
constantly from the exact millisecond the UV lamp is
engaged until terminal vitrification. To accurately and
continuously track the system’s rapid transition between
different thermodynamic states, the various irreversibility
measures must be computed dynamically rather than
globally.

This dynamic resolution is meticulously achieved via
a systematic, algorithmically defined sliding-window
approach. A finite fragment of the localized temperature
fluctuation time series is completely isolated within a
predefined temporal window (e.g., of a designated length
w = 500 seconds). Within the strict confines of this
specific window, the complete suite of complexity
measures — the advanced and retarded degree
distributions, the advanced and retarded local clustering
coefficient distributions, and the forward and reversed
permutation pattern distributions — are rigorously
calculated. Once the three distinct KL divergence metrics

Table 1.

Summary of the computational complexity methods, their extracted mathematical properties, and their specific
diagnostic purposes in the analysis of the photopolymerization process.

Analytical Method

Extracted Mathematical
Property

Specific Purpose in the
Photopolymerization Study

Natural Visibility Graph

Network Degree Asymmetry

Identifies large-scale connectivity shifts,
macroscopic symmetry breaking, and

Permutation Patterns

(NVG) (Distqeg) macro-structural quasi-phase transitions.

. Assesses localized topological rigidities,

NVG Clustering Clustezgligi tAsyn)lmetry immediate physical defect formation, and
clust the restriction of local degrees of freedom.
Ordinal Probability Captures micro-level thermodynamic flow,

Divergence (Distperm)

localized thermal irreversibility, and the
strict directionality of entropy production.

Sliding-Window Dy,
Framework

Continuous Iterative Relative
Entropy

Continuously tracks the progression of self-
organization and physical state changes
across all reaction stages in real-time.
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(Distgeg, Distcyyst, Distperm) are extracted for this initial
window, the boundary of the window is shifted forward in
time by a highly specific, predetermined step size (e.g.,
At = 1 second). The mentioned parameters have been
used to get the presented in this study results.

This precise computational procedure is repeated
iteratively and continuously until the entirety of the
experimental time series is completely exhausted. The
resulting mathematical output is a novel set of secondary
time series that directly describe the chronological
evolution of the system’s macroscopic irreversibility over
the course of the reaction. By directly correlating the
dynamic trends of these extracted complexity measures
against the raw profile of the original temperature data, the
precise temporal moments of self-organization, structural
constraint, and distinct quasi-phase transitions within the
AESO:VDM matrix can be isolated, quantified, and
mechanistically interpreted with unparalleled accuracy.

2.6. Network geometry and macroscopic structural
reorganization.

The comparative dynamics mapping the raw
temperature fluctuations against the visibility-graph-
derived irreversibility measures — specifically the KL-
divergence of the network degree (Distgeg) and the local
clustering coefficient (Dist,st) presented in Figure 5 —
provide a breathtaking topological translation of this
complex physical process.

35t — I I3 s
& 30} — Distaust 4
o 2 &

Sl 3
g 813
g 25} ala
: P
[—1
20r |
) . . ) . 10
1000 2000 3000 4000 5000
t(s)

Fig. 5. Comparative dynamics mapping the raw in-situ
temperature fluctuations against the visibility-graph-
derived irreversibility —measures, specifically the
Kullback-Leibler divergence of the network degree
(Distgeg) and the local clustering coefficient (Distyys;) for
the AESO:VDM (1:0.5) with the photoinitiator (PI).

Prior to irradiation (t < 3100 s), the graph topology
derived from the baseline thermal noise remains largely
symmetric: the probability of future-directed (advanced)
links closely matches that of past-directed (retarded) links,
yielding Distgeg values clustered near 0.1 and Distjyst
values around 0.8. Within the visibility-graph framework,
such weak asymmetry is consistent with a near-reversible
baseline regime in which no pronounced temporal
directionality is  expressed in  the  thermal
microfluctuations.

Once the UV lamp is switched on, both Distgeg and
Distoust exhibit pronounced and highly structured
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increases. Although the temperature responds almost
immediately at t =~ 3100 s, the strongest peaks of the
irreversibility measures are shifted to the subsequent
interval t =~ 3200-3800 s, that is, to the stage of cooling
and structural relaxation. This delay is consistent with the
known sequence of free-radical photopolymerization, in
which light-induced initiation is followed by rapid
network formation, diffusion-controlled relaxation,
gelation/vitrification, and autoacceleration of the
Trommsdorff-Norrish ~ type [18, 20, 28]. This
interpretation is also chemically plausible for
AESO:VDM systems, because AESO contributes flexible
aliphatic segments, whereas VDM introduces rigid
aromatic methacrylate units; increasing the VDM fraction
has been shown to reduce local free volume and alter
network packing in the cured matrix [2, 45, 46].

In Figure 3, the surge in Distg,g — reaching an extreme
peak at t =~ 3600 s — indicates that the broad hierarchical
structure of the temperature profile has become highly
skewed and temporally biased. The rapid heating phase
followed by a slower, structurally constrained dissipation
phase guarantees that the high-temperature graph nodes
created shortly after initiation “see” very far into the future
(possessing exceptionally high advanced degree) but look
back onto a drastically different, flat past. This massive
network asymmetry reflects the macroscopic self-
organization of the sample: the fluid convective dynamics
that completely governed heat transfer in the liquid past
are irrevocably replaced by conductive heat transfer
moving laboriously through a solidifying, rigid polymer
lattice.

Concurrently, in Figure 5, the sharp, monumental rise
in Dist st — peaking at t =~ 3600 s — highlights an intense,
unavoidable localization of irreversible physical events.
The local clustering coefficient evaluates the connectivity
of immediate, localized topological neighborhoods. In the
strict physical context of the AESO:VDM matrix, this
localized mathematical asymmetry corresponds directly to
the localized formation and Kkinetic trapping of
orientational defects. Because the polymerization
proceeds at an exceptional velocity under the high flux
density of 22 mW/cm?, the growing polymer chains and
the bulky, sterically hindering aromatic VDM rings
become violently trapped before they can physically relax
into their optimal, low-energy spatial configurations.
These permanently trapped orientational defects
drastically alter the local dielectric and thermodynamic
relaxation behavior of the material, which translates
directly into highly localized, strictly direction-dependent
thermal fluctuations. The Disty,s metric essentially
quantifies the rapid topological “locking” of the polymer
matrix as free volume diminishes catastrophically, and
steric hindrance from the VDM rings forces the transition
toward a highly stressed glassy state. By t =~ 3900 s, as the
matrix vitrifies completely and the thermal profile enters
its slow, linear, diffusion-controlled rise, both network
metrics crash back down to baseline, indicating that a new,
solid-state equilibrium has been achieved.

2.7. Ordinal asymmetry and microstate
thermodynamic irreversibility.

While visibility graphs capture macroscopic
geometric shifts in the thermal time series, permutation
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patterns explicitly evaluate the prevalence of specific
chronological sequences (microstates) versus their exact
mathematical time-reversals. The comparative dynamics
utilizing the KL-divergence based purely on permutation
patterns (Distperm), presented in Figure 6, provide the
most granular, noise-resistant view of the thermodynamic
entropy production occurring within the polymerizing
matrix.
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Fig. 6. Comparative dynamics mapping the raw
temperature fluctuations against the ordinal probability
divergence (Distpery) derived from permutation patterns,
illustrating the microstate thermodynamic irreversibility

and entropy production within the polymerizing matrix for
the AESO:VDM (1:0.5) with the photoinitiator (PT).

The application of this ordinal measure to the light-
switching-on stage reveals a distinct, massively sustained
peak in ordinal irreversibility. Prior to t <3100 s, Distperm
rests near 0.01, indicating high reversibility of the liquid’s
thermal noise. Exactly correlating with the massive
thermal spike and subsequent exponential cooling curve,
Distperm erupts into a broad, jagged peak, maintaining
values between 0.20 and 0.30 within
t =3200-3800 s. During the absolute height of the radical
propagation and subsequent autoacceleration, the local
temporal profiles of energy generation and dissipation
become strictly, undeniably unidirectional.

An ordinal permutation pattern such as (0,1,2) —
physically representing sequential localized heating as a
new covalent bond forms and violently releases enthalpy
— will occur with exponentially higher frequency than its
exact time-reversed cooling counterpart (2,1, 0) over the
chosen short embedding dimension. This profound ordinal
divergence is a direct, undeniable signature of
microscopic self-organization. Because the chemical
system is continuously driven far from thermal
equilibrium by the continuous 365 nm photon flux, it
continuously produces systemic entropy. The permutation
pattern analysis definitively demonstrates that the
structural evolution of the AESO:VDM copolymer is
absolutely not a smooth, continuous thermodynamic
transition, but rather a violent sequence of highly
deterministic, irreversible micro-events that force the
system along a singular arrow of time.

Furthermore, as the interpenetrating polymer network
reaches the critical gel point and rapidly approaches total
vitrification, the reaction kinetics fundamentally shift
from being chemically controlled to diffusion-controlled.
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The highly rigid nature of the AESO-VDM cross-links
dictates that wunreacted monomers, photoinitiator
fragments, and live macroradicals become physically
immobilized within the narrowing lattice. The
permutation irreversibility measure correlates tightly and
perfectly with this physical immobility; as the system
rapidly loses its internal degrees of freedom, the available
pathways for thermal dissipation become highly restricted
and specific, drastically exacerbating the mathematical
disparity between forward and reverse ordinal patterns.

2.8. Summary remarks
The rigorous application of these sophisticated

complexity measures to the AESO:VDM
photopolymerization process yields profound insights that
extend far beyond the realm of theoretical

thermodynamics. The proven ability to precisely quantify
both the exact moment and the physical magnitude of
structural quasi-phase transitions — using purely non-
invasive, continuous temperature fluctuation data —
presents a highly transformative analytical paradigm for
optimizing biobased polymer manufacturing and resin
formulation.

By systematically utilizing the sliding-window
irreversibility metrics (Distgeg, Distpyst, and Distperm) as
an active feedback mechanism, materials researchers and
chemical engineers could theoretically calibrate the UV
flux density, the initial AESO:VDM stoichiometric molar
ratio, and the exact photoinitiator concentration to achieve
a more controlled, gradual evolution of network
complexity [47-49]. Rather than forcing the bio-resin
system into an instantaneous, violent quasi-phase
transition laden with permanent kinetic traps, the
manufacturing parameters can be precisely tuned to
minimize the extreme peaks of the KL-divergence
profiles. A lower, broader, and smoother divergence curve
would definitively signify a more reversible, equilibrium-
adjacent curing process. This controlled trajectory would
allow the growing polymer chains adequate time to
undergo vital structural relaxation, optimizing their free-
volume distribution and minimizing internal stress before
terminal vitrification is achieved.

The exhaustive evaluation of the in-situ
photopolymerization of the AESO:VDM system through
the rigorous framework of complexity theory brilliantly
elucidates the profound relationship between macroscopic
observables and microscopic self-organization. By
interpreting localized temperature fluctuations not merely
as random thermal noise, but as a rich, deeply informative
thermodynamic state-space, the analysis successfully
isolates the intricate signatures of mnon-equilibrium
dynamics. Ultimately, the synthesis of non-linear network
methods, symbolic dynamics, and physical chemistry
offers a robust, non-invasive methodology for tracking the
exact temporal progression of polymer vitrification,
paving the way toward advanced additive manufacturing
techniques that leverage the complex self-organizing
kinetics of macromolecular assembly.

Conclusion

A kinetics of photopolymerization of the AESO:VDM
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(1:0.5) with the photoinitiator (PI) DMPA was studied by
using EPR and NIR spectroscopy during UV-irradiation.
The obtained results showed a correlation between the
concentration of free radicals deduced from EPR spectra
and double bond conversion peak area deduced from NIR
spectra as a function of irradiation time. The observed
correlation is agreed well with the prediction of
photopolymerization and photodegradation phenomena
within the complex systems theory approach.
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’Kuiscokutl HayionanbHui eKkoHOMiuHUIL yHigepcumem imeni Baouma I'emvmana, Kuis, Yxpaina,

8Kaynacwxuti mexnonoeiunuti ynisepcumem, Kaynac, Jlumea;
*Herescokuil ynicepcumem Ben-I'ypiona, beep-Illesa, Ispainy

JocmimxeHo  ¢ortomoiiMepu3anito  akpmioBaHol  emokcujoBaHoi  coeBoi  omi  (AESO) Ta
BanimiHAnMeTakpuwiaty (VDM) 3 ¢poroininiatopom (2,2-numerokcu-2-deninaneropeHonom) (DMPA) in-situ 3a
JIOTIOMOTOI0 METOJIiB EJIEKTPOHHOTO mHapaMarHiTHoro pesoHancy (EPR) Ta Omwxupoi iHppauepBonoi (NIR)
CIIEKTPOCKOTIIi1. BUSBIEHO KOpEIsIif0 MK KOHIIEHTPALIEI0 BUTBHUX paJuKaiB, BU3Ha4eHOIo 3i criekTpiB EPR, Ta
IUTOLICI0 MKy MEepeTBOPEHHs MOJBIHHHX 3B’s3KiB, Bu3Ha4deHOW 3i crmekTpiB NIR, sk ¢yHkuito vacy YO-
ONPOMIHEHHS UL TOCITJDKYBAHOTO TTOIMEPHOTO KOMIO3UTY. CriocTepexyBaHa KOPEIsllis Z00pe y3romKy€eThes 3
MIPOTHO30M sIBUI (hoTonoiMepr3anii Ta Gporoaerpananii y Mexxax IiIxoy Teopii CKIIaJJHUX CHCTEM.

Kurouosi ciioBa: dhorononimepusanis, potoaerpanaris, yasTpadioneToBe CBITIO, ONPOMiHEHHS, MOIIMEPH,
xommo3ut, EITP criextpockomis, IY cnekrpockormisi, CTpyKTypa, BIACTHBOCTI, TEOPisl CKIAHUX CUCTEM.
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