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Abstract

Photoactive carbon quantum dots (CQDs) are promising modifiers for waterborne
polyurethane acrylate (WPUA) coatings, but their effect on UV-curing kinetics de-
pends on how they interact with the photopolymerizable matrix. This study evalu-
ates the influence of CQDs surface chemistry, photoluminescence quantum yield
(QY), and incorporation route on curing behavior and final coating properties. Two
CQDs with distinct QY values (=23% and ~62%) but similar surface functional
groups were incorporated into WPUA dispersions via aqueous-phase addition and
acetone pre-dispersion. Photo-DSC analysis revealed that CQDs broadened curing
profiles, increased peak time from 4.2 s to 13.7-44.5 s, and reduced C=C conver-
sion from 92.8% to 50.8-77.9%. A semi-quantitative analysis indicated that curing
retardation arises from combined competitive UV absorption and route-dependent
mobility restrictions induced by CQDs—WPUA interactions. Despite reduced con-
version and gel content (97.8% to 83-93%), CQDs improved coating performance,
increasing tensile strength from 4.3 MPa to 6.1-6.6 MPa (=40-53%), and thermal
stability (T,g,) from 298.2 °C to 309.1 °C. The incorporation route affected cur-
ing and properties in a CQDs-dependent manner, while QY differences produced
only minor kinetic effects, indicating that surface chemistry and matrix interactions
govern the response more strongly than photoluminescence. Under air, selected for-
mulations suggested an apparent attenuation of oxygen inhibition, consistent with
auxiliary CQDs photoactivity. Hansen solubility parameter analysis further revealed
a contraction of the solubility sphere, indicating a more constrained network with
improved solvent resistance. CQDs act as multifunctional modifiers that tune curing
efficiency and coating performance through surface functionality and incorporation
route.
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Introduction

Growing environmental awareness and steadily tightening regulations on volatile
organic compound (VOC) emissions have accelerated the global transition from sol-
vent-borne to more sustainable coating technologies [1]. Within this frame, ultravio-
let (UV) curing has emerged as a compelling alternative because it enables rapid film
formation with reduced energy demand and, when properly formulated, a substan-
tially lower environmental footprint relative to conventional thermally cured systems
[2]. Under irradiation by a suitable light source, UV-curable formulations generate
highly crosslinked networks within seconds to minutes, delivering coatings with high
hardness, chemical resistance, and robust mechanical performance [3—5]. Neverthe-
less, many UV-curable systems still rely on reactive diluents or low-molecular-weight
monomers to achieve workable viscosities, raising concerns about volatility, odor,
skin sensitization, and potential toxicity [6]. Consequently, designing UV-curable
coating platforms that maintain high performance while minimizing VOC-related
risks remains a central challenge in modern surface-coating technologies.
Waterborne polyurethane acrylates (WPUA) represent a particularly promising
class of materials that combine the advantages of aqueous polymer dispersions with
the rapid curing capability of UV-induced free-radical photopolymerization [1, 7]. In
these systems, polyurethane chains bearing pendant acrylate groups undergo cross-
linking under UV irradiation, forming networks with enhanced mechanical strength,
thermal stability, and chemical resistance. Because water serves as the continuous
phase, WPUA systems exhibit significantly lower VOC emissions than their solvent-
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borne counterparts [8]. For these reasons, UV-curable WPUA coatings have been
widely explored for applications in wood finishing, electronics, printing inks, textile
finishing, and industrial protective coatings [4, 9]. The curing behavior and final prop-
erties of WPUA systems, however, are strongly dependent on formulation parameters
such as photoinitiator concentration, oligomer functionality, dispersion particle size,
and the presence of additives or nanostructured fillers [1].

One important limitation of conventional UV-curable formulations is their reli-
ance on organic photoinitiators to generate reactive radicals upon irradiation [1].
Although photoinitiators are effective in initiating polymerization, their photolysis
can produce low-molecular-weight fragments that may volatilize, migrate to the
coating surface, or become permanently entrapped within the cured matrix, raising
long-term environmental and toxicological concerns [6, 10]. These limitations have
motivated considerable research into alternative or complementary strategies, includ-
ing the incorporation of functional nanomaterials that can modulate light absorp-
tion, participate in radical generation, and influence network formation during UV
curing [1, 8]. Several inorganic UV-active nanoparticles, including TiO, nanorods,
ZnO nanoparticles, and carbon nanotubes, have been incorporated into photocurable
matrices to explore multifunctional roles [8, 11, 12]. However, concerns about their
cytotoxicity, poor dispersibility in aqueous media, and limited tunability of surface
chemistry have motivated the search for carbon-based alternatives.

Carbon quantum dots (CQDs) have emerged as a versatile class of carbon-based
nanomaterials with unique and tunable optical and physicochemical properties [13].
CQDs are nanoscale carbon particles, generally smaller than 10 nm, that exhibit strong
photoluminescence, excellent photostability, low cytotoxicity, and an abundance of
surface functional groups (including hydroxyl, carboxyl, and amine moieties) that
confer good dispersibility in aqueous media and promote interfacial interactions with
polar polymer matrices [14]. Under UV irradiation, CQDs can participate in photore-
dox processes, acting both as electron donors and acceptors, and have been shown to
generate reactive oxygen species (ROS), including singlet oxygen ('O2) and superox-
ide anion radicals (O2* —), via energy-transfer mechanisms [9, 15]. These photochem-
ical properties suggest that CQDs may actively modulate free-radical polymerization
when incorporated into UV-curable formulations, a hypothesis that has been only
partially investigated, particularly in waterborne systems.

The few studies that have incorporated CQDs into photopolymerizable matrices
have primarily focused on demonstrating property improvements, such as enhanced
photoluminescence, antibacterial activity, or mechanical reinforcement [1], without
providing mechanistic insight into how CQDs properties govern curing kinetics.
Crucially, no prior work has attempted to decouple the contributions of photolumi-
nescence quantum yield (QY) from those of surface functional group chemistry on
the photopolymerization behavior of a WPUA system. This distinction is not merely
academic: it has direct implications for CQDs materials design, since photolumines-
cence and surface chemistry can be independently tuned through precursor selection
and the synthesis route. Furthermore, the stage at which nanoparticles are introduced
into a waterborne polyurethane dispersion, whether during prepolymer formation,
prior to phase inversion, or during aqueous dispersion, profoundly affects the degree
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of nanoparticle—polymer coupling achieved. Nevertheless, this process parameter has
been largely overlooked in the WPUA nanocomposite literature [16].

Additionally, the effect of oxygen on CQDs-containing UV-curable systems
remains largely unexplored. In conventional free-radical photopolymerization, atmo-
spheric oxygen acts as a potent radical scavenger, forming low-reactivity peroxy
radicals that reduce propagation efficiency and final conversion, especially in thin
coatings [17]. Given that CQDs generate ROS under UV irradiation, they may par-
tially compensate for this inhibitory effect by providing auxiliary radical sources, a
possibility that has not been examined in waterborne photopolymerizable formula-
tions. To address these open questions, the present work investigated the influence of
two structurally distinct CQDs (CQD-Eda — derived from citric acid and ethylenedi-
amine, QY = 62%; and CQD-Spr — derived from Spirulina biomass, QY =~ 23%) on
the UV-curing behavior and physicochemical properties of WPUA coatings.

The two types of CQDs exhibited similar surface functional group compositions
but substantially different quantum yields, enabling, for the first time in a WPUA sys-
tem, a direct experimental comparison that decouples the effects of optical emission
characteristics from those of interfacial chemistry on photopolymerization kinetics.
Special attention was given to: (i) how CQDs surface chemistry and photolumines-
cent properties modulate curing kinetics as assessed by photo-differential scanning
calorimetry (photo-DSC); (ii) how the nanoparticle dispersion route (aqueous phase
addition versus organic solvent pre-dispersion prior to phase inversion) controls
the extent of polymer—nanoparticle coupling and its downstream consequences for
mechanical performance, thermal stability, and solvent resistance; and (iii) whether
CQDs can attenuate oxygen inhibition through photosensitized ROS generation
under UV irradiation. The results are expected to provide mechanistic insights into
the dual role of CQDs as both passive nanofillers and photochemically active species,
and to establish rational design guidelines for CQDs-containing UV-curable water-
borne coating formulations.

Materials and methods
Materials

Polycaprolactone diol (PCL, Mw = 2000 g/mol, hydroxyl value 56.3 mg-KOH/g),
hexamethylene diisocyanate (HDI, > 99% purity), 2,2-bis(hydroxymethyl)propionic
acid (DMPA, 98%), dibutyltin dilaurate (DBTDL, 95%), methyl ethyl ketone (MEK),
triethylamine (TEA, > 99.5%), pentaerythritol triacrylate (PETA), 2-hydroxy-4'-(2-
hydroxyethoxy)—2-methylpropiophenone (Irgacure 2959®), ethylenediamine (EDA,
>99.5%), citric acid (CA, 98.5%) and quinine sulfate (>98%, used as a fluorescence
quantum yield standard) were obtained from Sigma-Aldrich (USA). Dried Spirulina
biomass in powder form was supplied by Galena Quimica ¢ Farmacéutica LTDA
(Campinas, Brazil). Prior to use, DMPA and PCL were dried under vacuum (1330 Pa)
at 90 °C for 4 h to remove residual moisture, which could interfere with the isocya-
nate reactions during prepolymer synthesis. All solvents were of analytical grade and
used as received. Ultrapure water (>18.25 MQ-cm) was used in all experiments.
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Synthesis of CQDs

Different routes synthesized two types of CQDs with distinct photoluminescent prop-
erties to evaluate the influence of their surface chemistry and optical characteristics
on the UV-curing behavior of the waterborne polyurethane acrylate (WPUA) matrix.
The first type, denoted CQD-Eda, was prepared by microwave-assisted pyrolysis of
CA and EDA, following the procedure reported by Dall Agnol et al. (2023) [9]. The
second type, denoted CQD-Spr, was obtained by thermal pyrolysis of Spirulina bio-
mass at 300 °C for 2 h using a heating rate of 10 °C/min, as described by Dall Agnol
et al. (2021) [14]. The use of two distinct precursor systems, one synthetic (CQD-
Eda) and another biobased (CQD-Spr), was intended to produce CQDs with different
surface functional group densities, nitrogen contents, and quantum yields, thereby
allowing an independent assessment of the role of photoluminescent properties ver-
sus surface chemistry on the photopolymerization behavior of the WPUA system.

Synthesis of WPUA/CQDs nanocomposites

WPUA/CQDs nanocomposites were synthesized in a dry four-necked flask equipped
with a mechanical stirrer, reflux condenser, oil bath, dropping funnel, and nitrogen
inlet. Briefly, PCL and HDI were reacted in the presence of DBTDL catalyst (0.03
wt.% relative to total HDI and PCL) at 80 °C for 4 h under a nitrogen atmosphere
and constant stirring (180 rpm) to yield an isocyanate-terminated (—-NCO) prepoly-
mer. An inert atmosphere was necessary to prevent moisture-induced side reactions
with the isocyanate groups. Subsequently, DMPA was added, and the reaction was
continued at 80 °C for an additional 2 h. MEK was introduced to control the viscosity
of the medium throughout the synthesis. PETA was then added as the acrylate func-
tional crosslinker, and the reaction was extended for 3 h until the -NCO absorption
band (approximately 2270 cm™ ") had essentially disappeared, as monitored by FTIR
spectroscopy. The reaction temperature was subsequently reduced to 45 °C, and TEA
was added to neutralize the -COOH groups of the prepolymer over 45 min, yielding
an ionomer that could be dispersed in water. Phase inversion was then performed by
dispersing the neutralized prepolymer under vigorous stirring (1100 rpm) for 30 min
into either (i) aqueous solutions containing 1.0 wt% CQDs (CQD-Eda or CQD-Spr),
or (ii) pure water, when the CQDs had been pre-dispersed in acetone and incorpo-
rated into the system prior to phase inversion. A CQDs-free formulation (0.0 wt.%)
was also prepared as the reference sample. The stoichiometric molar ratio employed
was HDI/PCL/DMPA/PETA/TEA = 3.5:1:1:1:1.2, corresponding to an NCO/OH
index slightly above stoichiometry to ensure complete urethane bond formation and
maximize acrylate end-capping efficiency. Residual solvents were removed by dis-
tillation under reduced pressure at 60 °C for 2 h. The solid content of the resulting
dispersions was approximately 30 wt.%. The complete experimental design is sum-
marized in Table 1.

@ Springer



675 Page 6 of 30 Polymer Bulletin (2026) 83:675

Table 1 Composition of the WPUA-based formulations as a function of CQDs type, content, incorporation
stage, and photoinitiator addition

Sample ID CQDs type CQDs content Photoinitiator CQDs
(Wt.%) (3.0 Wt.%) addition
step
WPUA-0" - 0.0 Yes -
WPUA-0" - 0.0 No
WPUA-Eda,q. CQD-Eda 1.0 Yes Dispersed
WPUA-Edaj,, CQD-Eda 1.0 No in aqueous
WPUA-Sprigqs) CQD-Spr 1.0 Yes ﬁf‘gﬁlﬁlg‘gr'
WPUA-Spriyg) CQD-Spr 1.0 No inversion)
WPUA-Eda,, CQD-Eda 1.0 Yes Dispersed
WPUA-Eday,,, CQD-Eda 1.0 No in acetone
WPUA-Spries CQD-Spr 1.0 Yes g;‘;sre“’
WPUA-Sprye.) CQD-Spr 1.0 No o ersion

CQD-Eda and CQD-Spr identify the CQDs prepared from CA/EDA and Spirulina biomass,
respectively. In the sample IDs, “aq” indicates addition to the aqueous phase during phase inversion,
and “ac” indicates dispersion in acetone before phase inversion. The symbols “+” and “—” indicate the
presence and absence of photoinitiator, respectively (3.0 wt.% when present). Boldface and italics have
no additional experimental significance

Preparation of UV-cured films

After synthesis, the photoinitiator Irgacure 2959® was added to the prepared disper-
sions at a concentration of 3.0 wt% relative to the ionomer content, and the mixture
was mixed for 5 min. Films were cast onto Teflon plates, dried at room temperature
in the dark for 24 h, and then at 40 °C for 72 h. Control films without a photoinitiator
were also prepared to evaluate the CQDs’ intrinsic photochemical activity. The dried
films (average thickness ~ 30 um) were irradiated at room temperature under a 100
W UV-lamp (365 nm) for 2 min.

Structural analysis and photoluminescent properties of CQDs

Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer Impact
400 spectrometer over the wavenumber range of 4000—400 cm ™', using 64 scans at
a resolution of 4 cm™ . All measurements were performed in attenuated total reflec-
tance (ATR) mode using a diamond crystal positioned at a 45° incidence angle. UV—
Vis absorption spectra were obtained using an Evolution 60S spectrophotometer
(Thermo Scientific) over the wavelength range of 200-600 nm. Photoluminescence
emission spectra were recorded using a PerkinElmer LS 45 fluorescence spectrom-
eter with a fixed excitation wavelength of 360 nm; emission was collected from 350
to 600 nm. A quartz cuvette with a 1 cm optical path length was used for all optical
measurements. The photoluminescence quantum yield (QY) of each type of CQDs
was estimated by a relative method, comparing the integrated PL emission intensity
and the absorbance at 360 nm of the CQDs dispersions against those of a quinine
sulfate reference solution (0.1 M H,SO,, QY = 54%) at progressively increasing
concentrations, as described in Ref. [14]. Hydrodynamic particle size distributions
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were determined at 25 °C by dynamic light scattering (DLS) using a Delsa™ Nano
Series analyzer (Beckman Coulter) equipped with a 30 mW diode laser (A = 658 nm)
operating at a fixed scattering angle of 165°.

Characterization of WPUA/CQDs nanocomposites
Chemical structure

The chemical structure of the neat WPUA and WPUA/CQDs nanocomposite films,
both before and after UV curing, was evaluated by FTIR spectroscopy using a Perki-
nElmer Impact 400 spectrometer (4000-400 cm !, 64 scans, resolution of 4 cm™') in
ATR mode (ATR, diamond crystal at 45°). The reduction in the intensity of the C=C
stretching band at approximately 1640 cm™ ' and the out-of-plane bending vibration
of the acrylate group at 810 cm™' upon UV irradiation were used as qualitative indi-
cators of the photopolymerization degree. Differences in the FTIR profiles of the
CQDs-containing films were analyzed to assess potential interactions between the
nanoparticle surface groups and the WPUA matrix.

UV-curing behavior by photo-differential scanning calorimetry (photo-DSC)

The UV-curing behavior of the formulations was characterized by photo-DSC using
a DSC Q2000 calorimeter (TA Instruments) coupled to a photocalorimetric accessory
(Omnicure S2000) equipped with a 100 W mercury arc lamp operating in the 320—
500 nm wavelength range. The incident light intensity at the sample surface was cali-
brated to 50 mW/cm? prior to the experiments. Approximately 5 mg of each uncured
film was placed in an open aluminum pan and analyzed isothermally at 25 °C under a
continuous flow (50 mL/min) of either dry nitrogen (inert atmosphere) or compressed
air (oxidative atmosphere). The use of two distinct curing atmospheres was intended
to evaluate the role of oxygen in the photopolymerization process and the potential
of CQDs to generate radicals via reactive oxygen species. The degree of C=C double
bond conversion (o) at time ¢ was calculated from the ratio of the measured reaction
enthalpy to the theoretical enthalpy for complete conversion, according to Eq. 1 [3].

AH,

a= 1
h ( )
AHB eor

where AH, is the exothermic enthalpy released up to time #, and AH,"*" is the theo-
retical enthalpy for full acrylate conversion, estimated from Eq. 2:

86 X Functionality

th
AHO eor - .
Mw eor

2

where M " is the theoretical molecular weight of the prepolymer, 86 kJ/mol is the
theoretical enthalpy released by the complete polymerization of one mole of acrylate
C=C bonds, as commonly adopted in Photo-DSC studies of acrylate-based systems
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[4], and fis the acrylate functionality, considered as 3 due to the three acrylate groups
of PETA. The instantaneous polymerization rate (R;,) was obtained from Eq. 3.

_da _ (dH/dY)

P~ 4t ~ AHf)heor 3)

where do/dt is the rate of conversion, and dH/dt is the heat flow measured by the
calorimeter at constant temperature. The time of the maximum heat flow (peak) and
the total enthalpy of the exothermic event (AH) were also recorded as additional
parameters to characterize the curing profiles of the different formulations.

Gel content

The gel content of the UV-cured films was determined by Soxhlet extraction into
toluene, following a standard gravimetric procedure. After irradiation, the films were
cutinto 2 cm X 2 cm pieces and weighed (initial dry weight, W¥,). The specimens were
then placed in baskets made of 200-mesh stainless steel net and subjected to continu-
ous extraction in toluene for 48 h at the solvent reflux temperature, approximately
110 °C, to remove the soluble uncrosslinked fraction. After extraction, the samples
were dried at 30 °C for 72 h and reweighed (/,). The gel content (%) was calculated
according to Eq. 4:

_ W
%Gel = w—o X 100% 4)

Thermal characterization

The thermal behavior of the nanocomposite films was evaluated by differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC measurements
were performed on a DSC Q2000 (TA Instruments) under a nitrogen atmosphere
(50 mL/min) and a heating rate of 10 °C/min. Samples of 10-15 mg were sealed in
hermetic aluminum crucibles and subjected to the following thermal program: first
heating from —80 °C to 200 °C, isothermal hold at 200 °C for 3 min (to erase ther-
mal history), cooling to —80 °C, isothermal hold for 3 min, and second heating to
200 °C. Thermal transitions were identified from the second heating scan to ensure
the elimination of any residual stress or physical aging effects. The glass transition
temperatures of the soft-segment (T,gs) and the relaxation enthalpy of the hard-seg-
ment domains (T, ) were determined from the midpoint of the heat capacity step and
the peak position of the endothermic transition, respectively.

TGA measurements were carried out using a TGA-50 instrument (Shimadzu) over
the temperature range of 25-800 °C, under a N, atmosphere (50 mL/min) and a heat-
ing rate of 10 °C/min. The temperatures corresponding to 10% and 50% weight loss
(T gv, and T, ) were used as reference parameters to assess the onset of thermal deg-
radation and the midpoint of the main decomposition stage, respectively. The residual
char yield at 800 °C was also recorded as an indicator of carbonaceous residue forma-
tion, which is particularly relevant for CQDs-containing systems.
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Mechanical properties

Tensile properties, including tensile strength (o,,,,) and elongation at break (g,), were
determined using an Emic DL2000 universal testing machine equipped with a 500 N
load cell at a crosshead speed of 100 mm/min, in accordance with ASTM D638.
Specimens with nominal dimensions of 100 x 10 X 3 mm were tested. Shore A hard-
ness was determined according to ASTM D2240 using a Bareiss analog durometer
on 6 mm-thick compression-molded plates, with a contact time of 3 s per reading.
All mechanical tests were conducted at 23 °C using a minimum of five specimens
per formulation, and the results were reported as mean + standard deviation. Statisti-
cal analysis was performed using the individual replicate values. Differences among
formulations were evaluated by one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test, considering a significance level of p<0.05. Statistical compari-
sons were performed independently for each property.

Swelling behavior

Water uptake was evaluated as a measure of the hydrophilicity and swelling resis-
tance of the cured films. Three specimens per formulation (20 cm x 20 cm X 30 pm)
were dried in a circulating air oven at 60 °C for 48 h to obtain the initial dry weight
(W,). The dried specimens were then immersed in distilled water at room tempera-
ture, and the wet weight (W,,) was recorded after 48 h. Excess surface water was
removed with absorbent paper immediately before weighing. Water uptake (WU, %)
was calculated using Eq. (5):

W, - W
WU = 22" 4 100% (5)
Wa

Higher water uptake values indicate a more hydrophilic network, which can result
from lower crosslinking density, the presence of unreacted hydrophilic groups, or the
incorporation of polar nanoparticles. Results are reported as mean + standard devia-
tion of triplicate measurements.

Surface free energy

The surface free energy (yg) of the cured films was evaluated using the Owens—Wendt
method [18]. Static contact angles were measured with a SEO® Phoenix100 (Korea)
goniometer at 23 £+ 2 °C, using four probe liquids with well-characterized surface
tension (y;), dispersive (non-polar) (y; ), and polar (y, ") components [9]: distilled
water, diethylene glycol, dimethyl sulfoxide (DMSO), and hexadecane. These liquids
were selected to provide a range of polar and non-polar interactions, enabling reliable
fitting of the Owens—Wendt equation. Droplet volumes were fixed at 2 pL to mini-
mize gravitational deformation of the sessile drop. Contact angles were measured at a
minimum of 10 independent locations on each film surface, and average values were
used to calculate surface energy components.
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Hansen solubility parameters (HSP)

The HSP of selected cured films was determined using a solvent screening approach
with a set of 34 solvents spanning a wide range of physicochemical characteristics,
including protic and aprotic, polar and non-polar species, and different hydrogen-
bonding capacities, covering a broad region of the Hansen solubility space [19, 20].
For each test, approximately 10 mg of film was immersed in 3 mL of the test sol-
vent in a sealed glass vial to prevent evaporation, and the vial was kept at 45 °C for
20 days.

The three Hansen solubility parameters (dispersive, dp; polar, dp; and hydrogen-
bonding, &), together with the interaction radius (Ro), were estimated through
numerical optimization of experimental solubility data within the Hansen space.
Unlike conventional deterministic classification approaches, the present method
adopts a probabilistic framework, treating solubility as a continuous phenomenon.

Experimental data, originally encoded as soluble (1), partially soluble (0.5), and
insoluble (0), were reformulated as a binary response, with partially soluble systems
receiving reduced statistical weight. This procedure preserves the physical continuity
of the solubility transition while avoiding artificial class segmentation.

The Hansen parameters (3p, Op, Oy, Ro) were obtained by minimizing objective
functions that combine geometric consistency with probabilistic reliability using the
free solubility software (https://solubility-g8rrrnnvebehyhle2qfSnl.streamlit.app/)
[21]. In particular, multiple complementary loss functions were evaluated, includ-
ing geometric penalties, log-loss, Brier score, and margin-based functions, ensuring
robustness of the solution with respect to the optimization criterion. To reduce sen-
sitivity to initialization and local minima, global and local optimization algorithms
were employed, and the final parameter set was selected based on overall perfor-
mance across these criteria. In this approach, polymer—solvent affinity is quantified
using the Relative Energy Difference. The R, represents the Hansen distance between
the solvent and the optimized solubility center. Rather than adopting a strict threshold
(RED = 1), the RED was mapped to a solubility probability using a logistic function,
enabling a continuous interpretation of compatibility consistent with experimental
observations near the solubility boundary [21]. Thus, solvents located near RED ~ 1
are associated with intermediate probabilities, reflecting swelling or partial dissolu-
tion, whereas solvents far from the boundary correspond to well-defined soluble or
insoluble behavior. This probabilistic reinterpretation preserves the geometric struc-
ture of Hansen space while providing a more realistic description of polymer—solvent
interactions.

The methodology was applied to WPUA-0+ and WPUA-Eda(ac+) films as rep-
resentative systems, enabling the evaluation of microstructural changes induced by
CQDs incorporation, including shifts in the Hansen solubility center and contraction
or expansion of the interaction radius. This approach allows a direct and physically
interpretable assessment of how compositional modifications affect the polymer—sol-
vent interaction landscape.

@ Springer


https://solubility-g8rrrnnvcbchyhlc2qf5nl.streamlit.app/

Polymer Bulletin (2026) 83:675 Page 11 0of 30 675

Results and discussion
Structural analysis and photoluminescent properties of CQDs

The two types of CQDs were synthesized by distinct routes, yielding materials with
different photoluminescence quantum yields (QYs) and different relative surface
elemental compositions. CQD-Eda, produced by microwave-assisted pyrolysis from
citric acid (CA) and ethylenediamine (EDA), exhibited an average hydrodynamic
diameter of 12.9 + 8.2 nm and a high QY value of approximately 63% under excita-
tion at 360 nm (Fig. 1a). CQD-Spr, obtained by thermal pyrolysis of Spirulina bio-
mass, a structurally complex mixture of proteins, lipids, and carbohydrates, showed
a somewhat smaller average particle size (10.9 £ 9.6 nm) but a markedly lower QY
of approximately 23%. The substantial difference in QY between the two types of
CQDs can be rationalized in terms of their core structures. The use of CA and EDA
as precursors for CQD-Eda provides a controlled nitrogen-doped carbonization
pathway that promotes the formation of well-defined, highly conjugated sp* carbon
domains, which are responsible for efficient radiative recombination [13]. In contrast,
Spirulina’s heterogeneous composition leads to a broader distribution of fluorescent
surface states and structural defects, resulting in a higher density of non-radiative
recombination pathways and, consequently, a lower QY [14].

FTIR analysis confirmed that both types of CQDs bear similar surface functional
groups: —OH/~NH (3406—3065 cm™ !, associated with the presence of water, alcohol,
phenol, and amine); C—H stretching (2960 cm ™', related to CH, and CH; groups);
aromatic conjugated C=C (1550 cm™'); C=0 (1651 cm'); C=N (1629 cm™'); N-H
bending and C—N stretching (1520 cm™!, associated with amide groups); phenolic
C-OH (1270 ecm™'); C—O stretch of carboxylate ions (1375 cm™!); C—H bending
(1430 cm™!); C—O single bond (1093 cm™'); and aromatic C—H (904 c¢m™') func-
tional groups [9, 14, 22]. The presence of carboxyl, hydroxyl, carbonyl, and nitrogen-
containing groups is particularly relevant because these moieties may contribute to
hydrogen bonding and polar interactions with urethane, carbonyl, and carboxylate
groups of the WPUA matrix [9].

In addition to the identification of functional groups by FTIR, the X-ray photo-
electron spectroscopy (XPS) surface elemental composition and zeta potential values
previously reported for CQD-Eda [9] and CQD-Spr [14] are summarized in Table 2.
CQD-Eda exhibited higher relative O and N surface contents, whereas CQD-Spr
showed a predominantly carbon-rich surface, reflecting the different precursor sys-
tems and carbonization routes. The zeta potential values in water were also distinct,
with CQD-Eda presenting a slightly negative value (—7.21 mV) and CQD-Spr a posi-
tive value (+15.5 mV). These results show that, despite presenting similar functional
groups as determined by FTIR, the two CQDs differ in their relative surface elemen-
tal composition and colloidal surface charge.

The photoluminescence properties of the CQDs were investigated by UV—vis
absorption and fluorescence spectroscopy. As shown in Fig. 1¢c, CQD-Eda exhibited
two well-defined absorption bands at 250 and 350 nm, whereas CQD-Spr showed a
dominant absorption peak at 250 nm accompanied by a tail extending into the visible
region. In agreement with previous reports [9, 14], the absorption at 250 nm can be
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attributed to m—m* transitions of aromatic C=C domains, while the band at 350 nm,
or the extended absorption tail in the case of CQD-Spr, is associated with n—x*
transitions of C=0 and C-N functional groups. These oxygen- and nitrogen-con-
taining moieties are typically located at the CQDs surface, whereas the C=C bonds
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Table 2 Surface elemental composition and zeta potential of CQD-Eda and CQD-Spr
CQD C (%) N (%) O (%) Zeta potential in water (mV) Ref
CQD-Eda 39.2 17.2 43.6 =72 9]
CQD-Spr 67.5 9.8 22.7 +15.5 [14]
a) b)
[} [}
Q o
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S S
= =
£ £
(2] : (2]
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Fig.2 FTIR spectra of the neat WPUA and WPUA/CQDs nanocomposites (a) before and (b) after UV
curing

are mainly associated with the graphitic core [22]. Upon excitation at 360 nm, both
CQDs exhibit a strong photoluminescence emission centered at ~450 nm. Consis-
tently, their aqueous dispersions appeared light yellow under visible light and dis-
played intense blue fluorescence under UV irradiation (360 nm), as shown in the
inset of Fig. 1c. Notably, the broader absorption profile of CQD-Spr, characterized
by the extended absorption tail into the visible region rather than a discrete band
at 350 nm, suggests enhanced spectral overlap with the 365 nm curing lamp. This
feature indicates that CQD-Spr may compete more effectively with the photoinitiator
across a wider wavelength range during irradiation, which is particularly relevant to
the photopolymerization kinetics discussed in Sect. "Photopolymerization behavior".

Chemical structure of WPUA/CQDs nanocomposites

FTIR spectroscopy was employed to confirm the chemical structure of the films,
assess structural changes induced by UV curing, and detect potential interactions
between CQDs and the WPUA matrix. The spectra of both neat WPUA and WPUA/
CQDs films (Fig. 2) displayed characteristic absorption bands consistent with
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the expected polyurethane-acrylate architecture: 3360-3420 cm ' (N-H stretch-
ing), 2955-2865 cm ™' (CH, and CHj stretching), 1738-1637 cm™!' (C=0 stretch-
ing), 1525 cm™' (C-N and N-H bending of urethane groups), and 1238 cm ! and
1151 em ™! (C—O-C asymmetric deformation) [9, 23]. The complete disappearance
of the free-NCO absorption band (expected near 2270 cm™') in all films confirmed
that the prepolymer synthesis was complete and that no residual isocyanate function-
ality was present prior to photocuring. The presence of bands at 1640 cm™' (C=C
stretching), 960 cm™! (=CH, wagging), and 810 cm ' (=CH out-of-plane bending)
in the pre-cured films confirmed the successful incorporation of reactive acrylate
C=C double bonds into the polyurethane chains [4, 24]. After UV irradiation, a pro-
nounced reduction in the intensity and relative area of the C=C bands at 1640 and
~810 cm ™! was observed, reflecting consumption of C=C bonds through free-radical
crosslinking [25].

No distinct new bands attributable to CQDs incorporation were resolved in the
FTIR spectra of the nanocomposite films. This outcome is expected given the low
CQDs loading (1.0 wt%) and the substantial spectral overlap between CQDs func-
tional groups (hydroxyl, carboxyl, amine) and pre-existing WPUA bands. Although
interfacial interactions between CQDs and the polymer matrix may occur [9], they
are difficult to quantify at 1.0 wt% loading by ATR-FTIR alone.

Photopolymerization behavior

The photopolymerization kinetics of the WPUA and WPUA/CQDs systems were
investigated by photo-DSC under both inert (N,) and oxidative (O,/air) atmospheres
at a UV irradiance of 50 mW/cm? (Fig. 3). The polymerization profiles (Fig. 3a—d)
and conversion rate curves (Fig. 3e-h) for all formulations follow the characteristic
behavior of diffusion-controlled free-radical photopolymerization: an initial rapid
increase in rate driven by efficient radical generation and high monomer mobility, fol-
lowed by a progressive deceleration as the developing crosslinked network restricts
molecular diffusion of both radicals and unreacted double bonds, which is the so-
called Trommsdorff or gel effect [26, 27]. The neat UV-cured reference (WPUA-0")
achieved maximum conversions of 92.8% (N,) and 99.4% (O,), with peak rates at
4.2 and 3.3 s, respectively. Although the conversion under O,/air was slightly higher
than under N,, this apparent increase was treated cautiously and was not used as
mechanistic evidence of oxygen-promoted polymerization, since molecular oxygen
is known to inhibit free-radical photopolymerization by scavenging carbon-centered
radicals [17].

The formulations without photoinitiator (Irgacure 2959®) were used to assess the
auxiliary photoactive contribution of CQDs. WPUA-0~ showed only residual conver-
sion under UV irradiation, reaching 6.8% under N, and 4.9% under O,. In contrast,
CQD-containing formulations without a photoinitiator achieved substantially higher
conversions, ranging from 19.4% to 57.9% under N, and from 17.1% to 37.2% under
O,. These results show that CQDs contribute to photoinduced conversion even in the
absence of Irgacure 2959®. However, since these conversions remained lower than
those obtained with the conventional photoinitiator, CQDs are better described as
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Fig. 3 (a-d) Photo-DSC thermograms and (e~h) C=C conversion (a) as a function of irradiation time
for WPUA-Spr and WPUA-Eda systems under inert (N,) and oxygen (O,) atmospheres
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auxiliary photoactive species rather than efficient standalone photoinitiators in this

WPUA system.

In the presence of a photoinitiator, all CQDs-containing formulations showed
broader exothermic peaks, delayed peak maxima, and lower final conversions than
WPUA-0" (Table 3). To separate the main contributions to curing retardation, the
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Table 3 Photo-DSC curing parameters of the neat WPUA and WPUA/CQDs nanocomposites under inert
(N,) and oxygen (O,) atmospheres (UV intensity 50 mW/cm?)

Sample ID N, atm 0O, atm
AH (J/g) Peak maximum (s) a(%) AH(J/g) Peak maximum (s) (%)

WPUA-0" 5.87 30.1 6.8 421 344 49
WPUA-0" 79.42 42 92.8 85.03 33 99.4
WPUA-Spr,q,  49.56 28.1 57.9 31.78 32.8 37.2
WPUA-Spr,qsy  45.01 15.6 52.6 41.26 16.9 48.3
WPUA-Spr,.,  40.74 33.9 47.6 31.38 39.2 36.7
WPUA-Spr.y  65.02 13.7 76.1 56.41 17.4 65.9
WPUA-Eda,,., 29.51 345 34.5 14.60 455 17.1
WPUA-Eda,q,,) 66.65 16.5 779 61.32 16.8 71.7
WPUA-Eda,., 16.57 445 19.4 20.57 38.2 24.1
WPUA-Eda,.., 43.46 224 50.8 49.44 12.4 57.8

Photo-DSC data were interpreted using three descriptors: the total conversion pen-
alty, the route-dependent conversion difference, and the auxiliary CQDs photoac-
tive contribution. The total conversion penalty under N, was defined as Aa,,,,; =
O wpUA-01 ~ %wpuA-cQD 81Ving 40.2 percentage points for WPUA-Spr ), 16.7 for
WPUA-Spr(ye1), 14.9 for WPUA-Eda,,,), and 42.0 for WPUA-Eda,.,. Since the
CQDs type and loading were kept constant within each pair, the aqueous/acetone
difference was taken as a route-dependent descriptor associated with CQDs disper-
sion, CQD-WPUA interfacial association, hydrogen bonding, and restricted acrylate-
chain mobility. For CQD-Spr, acetone incorporation increased the conversion from
52.6% to 76.1% under N, and from 48.3% to 65.9% under O,. Conversely, for CQD-
Eda, acetone incorporation decreased the conversion from 77.9% to 50.8% under N,
and reduced it under O,, though less markedly. These opposing trends indicate that
the incorporation route affects curing via CQDs-specific matrix interactions rather
than solely through optical screening.

The delayed curing of CQDs-containing formulations therefore results from a bal-
ance among optical, physical, and photoactive effects. Optically, CQDs absorb part
of the incident UV radiation and compete with photoinitiator for photon absorption,
reducing the effective radical generation rate [12, 23]. Physically, oxygen- and nitro-
gen-containing groups on CQDs surfaces can interact with urethane/acrylate-rich
domains through hydrogen bonding and polar interactions, increasing local micro-
structural constraint and reducing the mobility of acrylate-terminated chains [4, 9,
24, 26]. However, the effect is not purely inhibitory. The absence of a direct corre-
lation between photoluminescence QY and curing behavior indicates that emission
efficiency alone does not govern the Photo-DSC response. Instead, UV absorption,
surface chemistry, dispersibility, interfacial association, and photoinduced charge- or
energy-transfer processes must be considered together. This interpretation agrees with
recent reports showing that CQDs and related carbon nanomaterials can participate in
light-mediated polymerization through photoredox pathways, Type I surface-bound
photoinitiating groups, and surface-mediated radical formation [28-31]. Specifically,
Kiitahya et al. and Luo et al. described CQDs/carbon nanomaterials as photocata-
lytic or photoinitiating platforms for radical polymerization [28, 29], Li et al. dem-
onstrated Type I photoinitiation from CQDs bearing surface oxime ester groups [30],
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and Lyu et al. showed quantum-dot-mediated acrylate polymerization through triplet
energy transfer followed by surface-assisted radical generation [31]. Although the
CQDs used here are not designed Type I photoinitiators and are not semiconductor
CQDs, these studies support the broader mechanism in which nanoscale dot surfaces
contribute to radical-generating photochemical pathways.

The oxygen response also fits this optical-physical-photoactive framework. Oxy-
gen inhibition was evident in most CQDs-containing formulations, as shown by
the conversion decrease of WPUA-Spr,,, from 76.1% under N, to 65.9% under
O, and of WPUA-Eda,q, from 77.9% to 71.7%. In contrast, WPUA-Eda,,., and
WPUA-Eda,.,, showed no clear conversion decrease under O,, suggesting an
apparent attenuation of oxygen inhibition. This behavior is consistent with the pho-
toinitiator-free controls and with the reactive oxygen species (ROS) generation previ-
ously demonstrated for WPU/CQD-Eda coatings, including singlet oxygen detected
by 1,3-diphenylisobenzofuran (DPBF) bleaching [9]. Therefore, CQDs-mediated
energy or electron transfer pathways may generate additional reactive species under
oxidative conditions, partially counterbalancing oxygen inhibition without implying
oxygen-promoted polymerization. Accordingly, the net curing response of WPUA/
CQDs coatings reflects the competition among UV screening, incorporation-route-
dependent mobility restriction, and auxiliary CQDs photoactivity, with the domi-
nant contribution varying with CQDs surface chemistry, dispersion route, and curing
atmosphere [28-31].

Thermal characterization

DSC and TGA examined the thermal behavior of neat WPUA and WPUA/CQDs
films. DSC curves obtained during the second heating scan (Fig. 4a) revealed two
thermal transitions in all samples: a glass transition of the soft PCL segments (7 yss)
near —30 °C, and a relaxation of hard-segment domains (7},;) near 40 °C, consistent
with the segmented microstructure of polycaprolactone-based polyurethanes [27].
No additional melting or crystallization events were detected within the analysis
range. A slight increase in 7,5 was observed after UV curing and following CQDs
incorporation, indicative of reduced segmental mobility resulting from both cross-
link formation and nanoparticle—matrix interactions [9, 23]. For the hard-segment
relaxation, the uncured reference (WPUA-0") showed a low-enthalpy endothermic
transition (AH = 1.37 J/g, T}, = 41.2 °C). UV curing increased the enthalpy of this
transition (WPUA-0", AH = 2.60 J/g, T, = 40.6 °C), reflecting changes in the pack-
ing and short-range order of hard-segment domains induced by crosslinking and
local structural rearrangements. The incorporation of CQD-Spr resulted in a mod-
est increase in enthalpy (WPUA-Spr ), AH = 2.72 J/g, T, = 40.3 °C), whereas
CQD-Eda produced a more pronounced effect, with a substantial increase in enthalpy
accompanied by a further decrease in the transition temperature (WPUA-Eda,,.),
AH=6.85J/g, T;,; = 38.8 °C). These results suggest that CQD-Eda interacts strongly
with the hard-segment domains, possibly through hydrogen bonding between CQDs
carboxyl/amine groups and urethane carbonyl or N-H moieties [9].

TGA results (Fig. 4b) revealed a three-stage degradation pattern characteristic of
segmented PCL-based polyurethanes [32]: (i) decomposition of urethane bonds in
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Fig. 4 (a) DSC and (b) TGA curves of cured neat WPUA and WPUA/CQDs nanocomposites
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rigid segments (250380 °C); (ii) degradation of soft segments, crosslinked domains,
and residual ester groups (380—480 °C); and (iii) decomposition of carbonaceous
residues and CQDs-derived thermally stable structures above 480 °C [32]. The tem-
perature at 10% weight loss (7',.,) increased from 270.9 °C for the uncured material
(WPUA-0") to 298.2 °C after UV curing (WPUA-0"), consistent with the well-estab-
lished correlation between crosslink density and thermal stability in acrylate networks
[33]. Incorporation of 1.0 wt.% of CQD-Eda acetone-dispersed (WPUA-Eday,,)
further increased T, to 309.1 °C, an improvement of ~11 °C relative to the neat
UV-cured film. This enhancement can be attributed to hydrogen bonding and polar
interactions between CQDs surface groups and the WPUA chains, which restrict
backbone mobility and increase the activation energy for bond scission [23]. In con-
trast, WPUA-Spr .., showed a less pronounced improvement, reflecting its weaker
interfacial integration, as evidenced by its smaller effects on curing kinetics and DSC
transitions. Interestingly, when water-dispersed CQDs were incorporated during the
phase inversion process, the resulting films exhibited a lower onset decomposition
temperature than those prepared with CQDs dispersed in acetone. This behavior can
be attributed to differences in interfacial interactions and crosslinking density within
the polymer network [23]. However, the temperatures at 50% weight loss are com-
parable across all samples, indicating that the overall thermal stability is not signifi-
cantly affected. Instead, the presence of CQDs appears to enhance stability primarily
during the initial stages of degradation, in agreement with the DSC results [34].

Physical-mechanical properties

The mechanical properties, hardness, gel content, and water absorption of all films
are summarized in Table 4. UV curing produced a dramatic transformation in the
mechanical behavior of the neat WPUA: hardness increased from 56.1 + 0.8 Shore
A (WPUA-0") to 80.8 £ 1.9 Shore A (WPUA-0"), tensile strength from 2.9 + 0.6 to
4.3 + 0.3 MPa, while elongation at break decreased sharply from 451.4 + 60.1% to
41.9 £+ 2.3%. This stiffening is a direct consequence of the formation of a densely
crosslinked acrylate network [27], as confirmed by the high gel content (97.8%) and
the reduction in water absorption from 33.9% to 16.1%.

CQDs-containing UV-cured films showed lower gel content than WPUA-0* (83—
93%), consistent with the reduced conversion measured by Photo-DSC, indicating
partial inhibition of acrylate crosslinking [8]. Despite this lower covalent crosslink
density, CQDs-containing formulations showed higher hardness and, in some cases,
higher tensile strength than WPUA-0*. Shore A hardness reached 94.1 + 1.3 for
WPUA-Spr(ac*) and 94.0 + 3.1 for WPUA-Eda(ac"), while tensile strengths of 6.6 =
1.4 and 6.1 £ 1.2 MPa were achieved, respectively. This improvement in mechanical
properties, despite lower gel content, can be explained by the contribution of physi-
cal nanoparticle-matrix interactions (hydrogen bonding, polar coupling) to the net-
work’s overall load-bearing capacity [4, 9]. The reinforcement was more pronounced
for acetone-dispersed CQDs than for water-dispersed CQDs, directly reflecting the
tighter polymer—nanoparticle integration achieved by the former route [9, 32].

Water absorption values for CQDs-containing films (30.6-37.6%) were higher
than that of WPUA-0" (16.1%), which can be attributed to the hydrophilic surface
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groups of CQDs that increase the affinity of the network for water. Although some
acetone-incorporated CQDs films showed numerically lower water absorption than
their aqueous-dispersion counterparts, these differences were not statistically sig-
nificant among the CQDs-containing formulations. Therefore, the water absorption
results indicate that CQDs incorporation increases the hydrophilic character of the
films, whereas the effect of the incorporation route on water uptake should be inter-
preted as a tendency rather than a statistically confirmed difference.

Surface free energy

Surface free energy values determined by the Owens—Wendt method are presented
in Table 5. The non-cured WPUA-0" exhibited a relatively high surface energy (yg
= 38.3 mN/m) dominated by its polar component (ys& = 24.3 mN/m), attributable
to the hydrophilic ionic groups (carboxylate and urethane moieties) concentrated at
the film surface [9]. After UV curing (WPUA-0"), the total surface energy decreased
modestly to 35.8 mN/m, with a slight increase in the polar component (yg& = 25.3
mN/m) and a decrease in the dispersive component (ys° = 10.5 mN/m). This change
reflects the increased crosslink density following photopolymerization of PETA,
which restricts the surface mobility of hydrophilic groups and promotes a slightly
more hydrophobic character [5, 35].

Incorporation of CQDs produced only minor changes in surface free energy:
WPUA-Spr ,-y and WPUA-Eda,, ., exhibited values of 36.3 and 36.4 mN/m, respec-
tively, comparable to WPUA-0". This finding is consistent with the inherently
shallow sampling depth of contact angle measurements (~1-2 nm), which reflects
predominantly the chemistry of the outermost film surface rather than the bulk. The
persistently higher polar contribution (ys® > ysP) in all samples confirms that polar
interactions dominate the surface behavior of these materials regardless of CQDs
incorporation [33, 36]. The differences in swelling behavior observed among for-
mulations (Table 4) are therefore more likely to be related to changes in the internal
network microstructure and hydrophilicity than to variations in surface polarity [23].

Table 5 Contact angle (0) and surface free energy (yg) of the neat WPUA and WPUA/CQDs nanocompos-
ites, with their respective dispersive (ysD) and polar (YsP ) contributions

Sample ID Contact angle (6, °C) Surface free R?
energy (mN/m)
Water Dieth-  Dimethyl Hexadecane Ys YsD YSP
ylene sulfoxide
glycol
WPUA-0" 684 308+ 365+1.8 25.0+04 38.3 13.9 243 0.987
+0.8 0.7
WPUA-0" 734 389+ 378+1.7 20.0=+1.1 35.8 10.5 253 0.970
+12 09
WPUA-Spryc+ 712 40.0+ 393+£0.6 19.1+09 363 11.9 24.4 0.978
+1.1 1.3
WPUA-Eda,, 70.1 40.7+ 413+£08 192+0.7 36.4 12.6 23.7 0.991
+1.8 0.8
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Solubility parameters using optimized RED approach

The solubility behavior of WPUA-0" and WPUA-Eda,, films was evaluated using
Hansen solubility parameters (3p,, Op, 0y) and the interaction radius (R,) obtained
through numerical optimization. The experimental response included insoluble (0),
partially soluble (0.5), and soluble (1) systems, enabling the identification of a tran-
sition region between compatible and incompatible solvents. The Relative Energy
Difference (RED = Ra/Ro) was used as a continuous descriptor of polymer—solvent
affinity, highlighting gradual changes in compatibility rather than a sharp boundary,
in accordance with recent probabilistic interpretations of the RED criterion in Hansen
solubility theory [21]. Compared to WPUA-0", the WPUA-Eda,, system exhibits a
reduced number of fully compatible solvents and a higher concentration of borderline
(0.5) responses, indicating a more selective and restrictive solubility domain after
CQDs incorporation. The evaluated solvents and corresponding classifications are
summarized in Table 6.

The estimated HSP values for the neat WPUA-0" were & = 20.68, 3, = 10.73,
8, = 9.29 MPa!”?, with an interaction radius R, = 12.46 MPa'”?. These values are
consistent with those reported for polycaprolactone-based polyurethanes [9, 38, 39],
supporting the reliability of the fitting procedure. Upon incorporation of CQD-Eda
(WPUA-Eday,), a subtle but systematic redistribution of the HSP components was
observed: 8, increased to 20.90 MPa'?, whereas &, and §,; decreased to 9.03 and
7.64 MPa'”2, respectively. The increase in 8, reflects the contribution of the aromatic
sp?-carbon domains of the CQDs core to dispersive van der Waals interactions within
the network. Simultaneously, the decrease in dy; indicates a lower contribution from
hydrogen-bonding interactions. The decrease in §p suggests that polar CQDs surface
groups are sequestered through interfacial hydrogen bonding with the matrix rather
than contributing as free polar entities [9]. This suggests that incorporating CQDs
modifies intermolecular interactions within the polymer matrix without significantly
altering its overall hydrogen-bonding capability.

The most significant finding is the contraction of the interaction radius from R, =
12.46 to 8.44 MPa'”?, corresponding to a narrowing of the solubility sphere (Fig. 5).
This reduced R, indicates that WPUA-Eda,,., is compatible with a more restricted
range of solvents, reflecting a more constrained and rigid polymer network. This
behavior is entirely consistent with the mechanical, thermal, and Photo-DSC results:
CQDs incorporation reduced chain mobility, increased network rigidity, and thereby
restricted solvent accessibility. Analogous reductions in solubility sphere size upon
structural modifications have been reported in thermoplastic polyurethane systems
[38, 39]. The narrowing of the solubility sphere also has practical implications for
coating formulation: it means that WPUA-Eda,, films would exhibit better resis-
tance to a broader range of industrial solvents than neat UV-cured WPUA, an attri-
bute of considerable relevance for protective coating applications.

Principal component analysis (PCA) was applied to correlate curing behavior and
final properties of the WPUA/CQDs systems using conversion, peak time, gel con-
tent, and tensile strength as variables. PC1 and PC2 explained 78.7% and 15.8% of
the total variance, respectively, for a total of 94.5%, indicating that the system’s main
trends are well represented in two dimensions. The remaining variance (PC3 and
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Table 6 Suitable and non-suitable solvents in solubility tests and their solubility parameters [19, 37]

Solvent Solubility parameters (MPa'”)
Sy Op Oy WPUA-0"  WPUA-Eday,,,
1 Diethyl ether 14.5 2.9 5.1 0 0
2 Hexane 14.9 0.0 0.0 0 0
3 Diethylamine 14.9 2.3 6.1 0 0
4 Methanol 15.1 12.3 22.3 0.5 0
5 Acetonitrile 15.3 18.0 6.1 0 0
6 Triethylamine 15.5 0.4 1.0 0 0
7 Acetone 15.5 10.4 7.0 0.5 0
8 Propan-2-ol 15.8 6.1 16.4 0 0
9 Ethanol 15.8 8.8 19.4 0 0
10 Methyl ethyl ketone 16.0 9.0 5.1 1 0
11 N-dibutylamine 16.2 4.5 8.0 0 0
12 Hexadecane 16.3 0.0 0.0 0 0
13 Diethylene glycol 16.6 12.0 20.7 1 0
14 Cyclohexane 16.8 0.0 0.2 0 0
15 Tetrahydrofuran 16.8 5.7 8.0 1 0
16 1,2-Propanediol 16.8 9.4 233 0 0
17 Glycerol/ethanol 60/40 16.8 10.8 253 0 0
18 Octan-1-ol 17.0 33 11.9 0 0
19 Diethylene glycol/m-cresol 70/30 17.0 9.9 18.4 1 0
20 Triethanolamine 17.3 22.4 233 0 0
21 Glycerol 17.4 12.1 29.3 0 0
22 N,N-dimethylformamide 17.4 13.7 11.3 1 1
23 Xylene 17.8 1.0 3.1 1 0
24 Chloroform 17.8 3.1 5.7 0.5 0.5
25 DMSO/ethanol 80/20 17.9 14.9 12.0 1 0
26 Toluene 18.0 1.4 2.0 1 0
27 m-Cresol 18.0 5.1 12.9 1 1
28 Water 18.1 12.9 15.5 0.5 0.5
29 Dichloromethane 18.2 6.3 6.1 1 1
30 Benzyl alcohol 18.4 6.3 13.7 0.5 0.5
31 Dimethyl sulfoxide 18.4 16.4 10.2 1 0
32 Dioxane 19.0 1.8 7.4 1 1
33 Chlorobenzene 19.0 43 2.0 1 1
34 Pyridine 19.0 8.8 5.9 1 1

The Relative Energy Difference (RED) was calculated from optimized Hansen solubility parameters.
Instead of using a strict RED = 1 threshold, RED was treated as a continuous measure of interaction,
and solubility was encoded probabilistically (0 = insoluble, 0.5 = partially soluble, and 1 = soluble), with
partially soluble systems accounted for through weighted contributions

PC4, <6%) is associated with minor effects and was not considered for interpretation.
PC1 is mainly related to curing efficiency, with positive contributions from conver-
sion and gel content and a negative contribution from peak time. PC2 is primarily
associated with tensile strength, reflecting the mechanical performance of the cured
networks and indicating that mechanical properties are not directly coupled with cur-
ing efficiency.
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Fig. 5 Hansen solubility sphere calculated from the HSPs and R, values for WPUA-0" (blue sphere)
and WPUA-Eda,.,, (green sphere). Blue circles, black circles, and red triangles represent soluble,
insoluble, and partially soluble solvents, respectively, as listed in Table 6

As shown in Fig. 6, the neat WPUA system is positioned at high PC1 values,
indicating higher conversion and gel content. The WPUA-Spr ., sample is shifted
along PC2, indicating improved tensile strength, while WPUA-Spr ., appears at
negative PC2 values, suggesting lower mechanical performance. The Eda-modified
systems exhibit intermediate behavior, with WPUA-Eda,,,.) located near the origin
and WPUA-Eda,,,., shifted towards lower PC1 values, indicating reduced curing
efficiency. The PCA reveals that curing behavior and mechanical performance are
partially decoupled, with the final properties being influenced by both curing kinetics
and CQDs—matrix interactions.

Conclusion
This study demonstrated that CQDs act as multifunctional modifiers in UV-curable

WPUA coatings, affecting curing kinetics and final properties. The incorporation
of CQDs reduced the C=C conversion from 92.8% (WPUA-0") to 50.8%—77.9%
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Fig.6 Principal component analysis (PCA) biplot of WPUA/CQDs systems based on conversion, peak
time, gel content, and tensile strength. The first two principal components (PC1 and PC2) account for
78.7% and 15.8% of the total variance, respectively

(=16-45% reduction), while increasing the peak time from 4.2 s to 13.7-22.4 s
(=3-5x longer), indicating curing retardation caused by competitive UV absorp-
tion and route-dependent mobility restrictions. However, photoinitiator-free con-
trols showed that CQDs are not merely passive UV filters, but auxiliary photoactive
modifiers under irradiation. Despite lower degrees of conversion and gel content
(97.8% — 83-93%), CQDs-containing systems exhibited improved mechanical and
thermal performance. Tensile strength increased from 4.3 MPa (WPUA-0") to 6.1
6.6 MPa (=40-53% increase), and thermal stability (T ) increased from 298.2 °C
to 309.1 °C (=+11 °C). These results highlight the dominant role of nanoparticle—
matrix interactions in reinforcing the network, compensating for reduced covalent
crosslinking. The comparison between CQDs types revealed that differences in pho-
toluminescence quantum yield (=23% vs =~62%) had only a minor impact on curing
behavior, confirming that surface chemistry, rather than optical emission, governs
the system’s response. In addition, the incorporation route strongly influenced per-
formance, with acetone-dispersed CQDs leading to more pronounced kinetic effects
and superior mechanical reinforcement. CQDs incorporation introduces a trade-off
between curing efficiency and performance, which can be strategically tuned through
nanoparticle surface functionality and processing route. These findings provide prac-
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tical guidelines for designing CQDs-modified UV-curable coatings with enhanced
mechanical and thermal properties.
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