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Transparent solid-state platforms for molecular solar thermal storage systems (MOST) are highly attractive for
overcoming the intermittency of solar energy while enabling efficient light-matter interactions. Herein, we
report the development of transparent photoactive polymer nanofiber composites based on azobenzene-
functionalized polycaprolactone (PCL) processed via electrospinning and subsequently infiltrated with low-
molecular-weight chitosan. A design of experiments (DOE) approach enabled the fabrication of uniform, bead-
free nanofibers with an average diameter of 133 + 23 nm, leading to a significant increase in surface area
and wettability. Vacuum-assisted impregnation with a dilute chitosan solution effectively filled inter-fiber voids,
reduced refractive index mismatches, and yielded highly transparent nanofiber composites. Importantly, the
azobenzene photoactivity was preserved in the solid state, displaying reversible Trans—Cis—Trans photo-
isomerization under alternating UV and visible light irradiation and maintaining stable performance over more
than 100 charge-discharge cycles. The incorporation of chitosan further modulated the thermal back-
isomerization kinetics, extending the lifetime of the metastable Cis state. These results demonstrate a robust
and transparent polymer nanofiber platform for solid-state MOST energy storage, with potential relevance for
energy-related coatings and optically active materials.

1. Introduction renewable source. [1]

Addressing this challenge requires the development of materials

The use of solar energy as an alternative to traditional energy sources
is one of the most widely used technologies worldwide. Nevertheless,
due to the intermittent nature of this energy source, exemplified by the
mismatch between peak production and demand (also known as “The
duck curve”), the study and development of systems for its storage is
currently a major challenge. In particular, photoactive materials capable
of storing energy under light stimulation are a very promising alterna-
tive for this purpose. This has sparked a growing interest in developing
technologies capable of storing excess solar energy received during the
day for use when sunlight is unavailable. Efficient solar energy storage is
therefore a pivotal requirement for enabling the full transition to this
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capable of efficiently capturing, converting, and storing solar energy in
usable forms. [2] Despite its position as the most abundant renewable
energy resource, solar power currently accounts for only 5.53% of global
electricity production, although rapid growth is projected in the coming
decades. [3] In this context, photofunctional materials that can interact
with light through absorption, conversion, or storage processes have
emerged as promising solutions. These materials exhibit tailored phys-
icochemical properties that enable efficient light harvesting and energy
storage, offering viable pathways to mitigate the intermittency of solar
energy. [4-6]

Among photofunctional systems, azobenzene-based compounds
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have attracted considerable attention as key components of molecular
solar thermal (MOST) energy storage technologies. MOST systems store
solar energy through the reversible Trans-Cis photoisomerization of
molecular photoswitches, allowing energy to be trapped in a metastable,
high-energy state and subsequently released as heat on demand. [7] In
azobenzene derivatives, the stored energy is associated with the
conformational change around the N=N bond, with the Cis isomer
persisting for time scales that depend on the activation barrier for
spontaneous Cis-to-Trans thermal back-isomerization. Upon discharge,
the Cis isomer relaxes to the thermodynamically stable Trans configu-
ration, releasing the stored energy as heat. This reversible and control-
lable process makes azobenzene-based MOST systems particularly
attractive for addressing the temporal mismatch between solar energy
supply and demand. [8]

The efficiency and kinetics of azobenzene-based energy storage
processes are strongly influenced by the surrounding chemical envi-
ronment, which can modulate both the amount of stored energy and the
rates of photocharging and discharging. For example, solvatochromic
effects in azobenzene derivatives demonstrate that molecular in-
teractions with the surrounding medium can significantly alter photo-
isomerization behavior. Energy storage performance can be enhanced
through intra- or intermolecular interactions that stabilize the Trans
isomer or destabilize the Cis isomer. [9] Computational studies have
shown that intramolecular hydrogen bonding and n-n stacking in-
teractions present in the Trans state are disrupted upon Cis isomeriza-
tion, leading to increased energy storage. In addition, even weak
interactions, such as London dispersion forces, have been shown to
stabilize specific isomeric states and further enhance the energy storage
capacity of azobenzene compounds. [9,10] However, these effects are
most commonly observed in solution, which limits practical applica-
bility due to handling, containment, and scalability challenges. Incor-
porating azobenzene-based photoswitches into solid-state matrices is
therefore a critical step toward improving the usability and technolog-
ical relevance of MOST systems. [11]

In this regard, polymer-based photofunctional materials offer sig-
nificant advantages, including mechanical flexibility, processability,
and tunable chemical and physical properties, making them well-suited
for solid-state MOST platforms. [12] A landmark demonstration of this
concept was reported by Hu et al., who fabricated the first azo-based
fabric composite for solid-state MOST applications by impregnating a
flexible fabric template with a photoliquefiable azobenzene (PLAZ) de-
rivative, achieving solvent-free charging through a photoinduced solid-
to-liquid phase transition. [13] This pioneering work established the
feasibility of integrating azobenzene photoswitches into flexible textile
substrates for practical energy storage, laying the conceptual ground-
work for subsequent fiber and nanofiber-based MOST platforms. To
advance these systems, electrospun polymer nanofibers have emerged as
an ideal solid-state matrix, offering significantly increased specific sur-
face area and a highly interconnected porous morphology capable of
optimizing light-matter interactions. Among candidate polymers, pol-
ycaprolactone (PCL) is a biodegradable polyester widely recognized for
its flexibility, durability, biocompatibility, and excellent processability
via electrospinning. [14] This fabrication technique utilizes a high-
voltage electrostatic field to generate ultrafine fibrous networks. [15]
Importantly, PCL can be readily functionalized through covalent
attachment of azobenzene derivatives, as previously reported, enabling
the integration of photoresponsive units into the polymer backbone.
[16] The electrospinning process further allows fine control over
nanofiber properties by adjusting parameters such as polymer concen-
tration, feed rate, applied voltage, and tip-to-collector distance.

Despite these advantages, electrospun nanofiber mats are typically
opaque, which represents a major limitation for optical and solar energy
storage applications. Opacity arises from multiple factors, including
intrinsic material properties, mat thickness, and refractive index mis-
matches at the fiber-air interfaces, which lead to significant light scat-
tering and absorption within the nanofibrous structure. [17] As a result,
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light-matter interactions required for efficient azobenzene photo-
isomerization are hindered, making transparency a critical yet chal-
lenging requirement for electrospun materials intended for optical
applications. [18]

Two main strategies have been proposed to improve the trans-
parency of electrospun nanofiber mats. The first involves reducing mat
thickness by decreasing electrospinning time, thereby limiting fiber
accumulation on the collector and reducing light scattering. [19-21]
While this approach can effectively enhance optical transparency, it
often compromises mechanical integrity and handling due to the
reduced thickness of the resulting mats. To overcome this limitation, a
complementary strategy focuses on preserving mechanical robustness
while enhancing optical properties through pore filling. This approach
involves infiltrating the inter-fiber voids with a secondary polymer,
which smooths surface topography, reduces refractive index mis-
matches, and mitigates light scattering.

This pore-filling strategy has been successfully demonstrated using
intrinsically opaque thermoplastic polyurethane nanofiber mats
impregnated with polymethylmethacrylate or polydimethylsiloxane,
achieving significant improvements in transparency while maintaining
structural integrity. [21] In this context, chitosan, a natural poly-
saccharide obtained from the partial deacetylation of chitin, emerges
as a particularly attractive candidate for nanofiber impregnation. Chi-
tosan combines biocompatibility, biodegradability, and excellent film-
forming ability with a high density of functional groups, such as
amino and hydroxyl moieties, which can promote intermolecular in-
teractions with polymer matrices. [22] These features make chitosan
well-suited for pore-filling applications in electrospun nanofiber net-
works, offering a sustainable route to enhance transparency while pre-
serving nanoscale architecture and mechanical stability. Herein, we
report the design and characterization of azobenzene-functionalized
PCL nanofibers as a transparent solid-state platform for molecular
solar thermal energy storage. PCL was covalently modified with azo-
benzene units to introduce photoresponsive energy storage functionality
and subsequently processed into nanofibers via electrospinning. A
design of experiments (DOE) methodology was employed to optimize
electrospinning parameters and obtain nanofibers with high surface area
and controlled morphology. The initially opaque PCL-Azo nanofibers
were then subjected to vacuum-assisted impregnation with a chitosan
solution to enhance optical transparency, yielding transparent PCL-
Azo-chitosan nanofiber composites. This work contributes to the un-
derstanding of solid-state MOST systems and demonstrates a transparent
photoactive polymer platform with potential relevance for energy
storage, optically active coatings, flexible electronics, smart materials,
and sensing applications. [23-29]

2. Experimental section
2.1. Materials

All reagents were of analytical grade and used as received unless
otherwise stated. Polycaprolactone (PCL, Mw = 80,000) and chitosan
samples of low (degree of acetylation, DA ~ 25%), medium (DA ~ 30%),
and high molecular weight (DA ~ 25%) were obtained from Sigma-
Aldrich. Dichloromethane (DCM), chloroform (CHL), dimethylforma-
mide (DMF), methanol, acetic acid, and deuterated chloroform (CDCls)
were purchased from Merck S.A. 4-Phenylazobenzoyl chloride (98.0%)
was obtained from TCI America via SAGU Ltda. Dichloromethane was
dried by distillation over calcium hydride (CaHz) and stored over mo-
lecular sieves prior to use. All aqueous solutions were prepared using
Milli-Q water with a resistivity of 18.2 MQ-cm.

2.2. Synthesis of PCL-Azo

Azobenzene-functionalized polycaprolactone (PCL-Azo) was ob-
tained via esterification of the terminal hydroxyl groups of PCL
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following a previously reported procedure, with minor modifications.
[16] Briefly, 5.0 g of polycaprolactone were dissolved in 50 mL of dry
dichloromethane (DCM). In parallel, 2.5 mg of 4-phenylazobenzoyl
chloride (0.05 wt% relative to PCL) were dissolved in 10 mL of DCM,
using a slight excess of the azobenzene derivative to promote complete
functionalization of the terminal hydroxyl groups. The azobenzene so-
lution was then added dropwise to the PCL solution, and the reaction
mixture was stirred at room temperature for 24 h. The resulting PCL-Azo
was precipitated in cold methanol to remove unreacted azobenzene
derivative, collected by filtration, and dried under vacuum. The isolated
yield of PCL-Azo was 88%.

2.3. Electrospinning

PCL-Azo nanofibers were prepared by adapting previously reported
electrospinning methodologies [30] and optimizing the processing pa-
rameters through a design of experiments (DOE) approach using pristine
PCL. The optimized electrospinning conditions obtained for PCL were
subsequently applied to the fabrication of PCL-Azo nanofibers. PCL was
dissolved in a solvent mixture of chloroform (CHL) and dime-
thylformamide (DMF) at a volume ratio of 60:40. The polymer solutions
were prepared at an overall concentration of 8 wt% and magnetically
stirred overnight to ensure complete dissolution and homogeneity.
Electrospinning was performed using a single-needle electrospinning
setup (Linari Engineering s.r.l.) in a controlled chamber maintained at a
temperature of 24 + 5 °C and a relative humidity of 40 + 5%. The
polymer solution was loaded into a syringe equipped with a 25G blunt-
tip metal needle prior to electrospinning. A design of experiments (DOE)
methodology was employed to identify the combination of processing
parameters that yielded homogeneous, bead-free electrospun PCL
nanofibers with minimal average diameter. The selected processing
variables were tip-to-collector distance (cm), applied voltage (kV), and
solution flow rate (mlL h™!). Each parameter was evaluated at three
levels, as summarized in Table 1. The polymer concentration and the
working ranges of the electrospinning parameters were selected based
on previously reported studies. [31-33]

Based on the selected parameters, a total of 16 experiments were
conducted using the DOE methodology, as detailed in the Supporting
Information (SI). The experiments were performed in randomized order
to minimize systematic errors. The response variables evaluated were
the average fiber diameter (nm) and its standard deviation. Fiber di-
ameters were determined from field-emission scanning electron micro-
scopy (FESEM) images. Statistical analysis of the experimental design
and data was performed using Minitab 21 software (version 21.4.2). The
optimal electrospinning conditions identified for the preparation of PCL-
Azo nanofibers were a solution flow rate of 1.0 mL h™}, an applied
voltage of 20 kV, and a tip-to-collector distance of 15.6 cm. To obtain
wrinkle-free nanofiber mats, the electrospun fibers were mounted and
stretched using a custom 3D-printed PLA frame (Fig. S1).

2.4. Preparation of transparent PCL and PCL-Azo nanofibers composites

Electrospun nanofiber mats were rendered transparent through an
impregnation process using chitosan solutions. To maintain the nano-
fiber mats under tension during impregnation, 3D-printed PLA frames
were employed (Fig. S1). The stretched nanofiber mats mounted on the
rectangular frames were placed face-down in plastic Petri dishes and
treated with aqueous chitosan solutions of low, medium, and high

Table 1

DOE parameters for optimization of nanofibers diameters.
Parameter -1 0 1
Distance (cm) 10 15 20
Voltage (kV) 20 23 25
Pump Flow (mL h™%) 0.5 0.8 1.0

Reactive and Functional Polymers 227 (2026) 106857

molecular weight. For the impregnation process, 1 mL of chitosan so-
lution at concentrations of 0.25%, 0.50%, 0.75%, 1.00%, 1.25%, or
1.50% (w/v), prepared in 1% (v/v) aqueous acetic acid, was dispensed
onto the nanofiber mats. The samples were subsequently placed in a
vacuum oven at 25 °C for 24 h to promote infiltration of the solution into
the inter-fiber voids and allow gradual solvent evaporation, resulting in
the formation of transparent nanofiber composites. Following impreg-
nation, the resulting films were removed from the Petri dishes and
immersed in 100 mL of 1 M aqueous NaOH under gentle orbital stirring
for 1 h to neutralize residual acetic acid. The composites (denoted PCL-
Azo-Chi) were then thoroughly washed with 100 mL of distilled water
and dried overnight between two glass plates in a forced-convection
oven at 45 °C for 24 h.

2.5. Photoisomerization and cycling performances

The photoisomerization behavior of azobenzene units within the
PCL-Azo-Chi composites was monitored by UV-visible spectroscopy by
tracking the absorption band at 330 nm, which corresponds to the Trans
isomer of azobenzene. Upon UV light irradiation, the intensity of this
band decreased because of the Trans-to-Cis photoisomerization process.
The reverse Cis-to-Trans isomerization was induced either photochemi-
cally under blue light irradiation or thermally in the dark, in both cases
leading to a recovery of the absorption band at 330 nm. The cycling
stability of the reversible Trans—Cis—Trans isomerization in PCL-Azo—Chi
composites was evaluated by alternating irradiation at 365 nm (UV, 9
mW/ sz) for 1 min and 475 nm (blue light, 3 mW/! crnz) for 10 min over
100 consecutive cycles, all irradiation cycles were conducted with a
distance of 3 cm between the material and the light source. Preliminary
kinetic tracking at 10-s intervals confirmed that 1 min of UV exposure is
sufficient to reach the Trans-to-Cis photostationary state. While the
reverse Cis-to-Trans isomerization is also largely complete within 1 min
of blue-light exposure, a conservative 10 min discharge period was
employed during cycling to ensure full recovery of the Trans isomer and
prevent cumulative baseline shifts over 100 cycles. Light intensity was
measured using Newport Model 1815-C optical power meter.

2.6. Characterization

2.6.1. Proton nuclear magnetic resonance ( g NMR)

'H-NMR spectra were recorded on a Bruker AVANCE III HD 400
spectrometer operating at 400 MHz. Approximately 10 mg of each
sample were dissolved in 500 pL of deuterated chloroform (CDCls) to
obtain clear solutions, which were transferred to NMR tubes and
analyzed using 64 scans.

2.7. Field emission scanning electron microscopy analysis (FESEM)

The morphology of the electrospun nanofibers (NFs) was examined
using a FEI QUANTA FEG 250 field-emission scanning electron micro-
scope (FESEM). Prior to imaging, the samples were sputter-coated with a
10 nm gold layer to enhance surface conductivity. Fiber diameter dis-
tributions were determined by measuring approximately 400 fibers from
the FESEM images using Image-J software.

2.7.1. Water Contact angle

Water contact angle measurements were performed using an optical
contact angle goniometer (Data Physics OCA20 system) equipped with a
high-resolution CCD camera. Data acquisition and analysis were carried
out using SCA 20 software (Data Physics Instruments). Water and
glycerol contact angles were measured by depositing droplets of 10.0 +
0.2 pL onto the sample surface. Both the sample stage and the dispensing
syringe were maintained at 25.0 °C during the measurements. Each
sample was measured in triplicate, and the reported values correspond
to the average of the three measurements.
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2.7.2. BET surface area determination

The specific surface area and cumulative pore volume of the nano-
fibers were determined from nitrogen adsorption-desorption isotherms
using a Micromeritics 3Flex instrument. Prior to analysis, the samples
were degassed at room temperature for 12 h using a Micromeritics
SmartVacPrep system. Nitrogen adsorption-desorption measurements
were performed at 77 K over a relative pressure (P/Po) range of 0.00 to
1.00. The specific surface area was calculated using the Bru-
nauer-Emmett-Teller (BET) multipoint method, while the cumulative
pore volume was determined using the Barrett-Joyner-Halenda (BJH)
model.

2.7.3. Determination of light transmittance and emission spectra
UV-visible absorption spectra were recorded using a Cary 60 UV-Vis
spectrophotometer over the wavelength range of 250-800 nm at 25 °C.
The optical transparency of nanofiber mats, before and after chitosan
impregnation, was evaluated by measuring UV-visible transmittance
spectra within the same wavelength range and at the same temperature.
All samples were measured as free-standing films mounted directly into
the spectrophotometer holder, without the use of supporting glass or
quartz substrates. A fully blocked light beam was used as the 0%
transmittance reference, while air was used as the 100% transmittance
reference. To assess sample homogeneity, transmittance measurements
were collected from three different regions of each material. Emission
spectra were recorded using a Horiba Jobin-Yvon FluoroMax-4 spec-
trofluorometer equipped with a Quanta-¢ integrating sphere.

2.7.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a Perki-
nElmer STA 6000 simultaneous thermal analyzer. Measurements were
carried out over a temperature range from 25 to 900 °C at a heating rate
of 10 °C min " under a nitrogen flow of 20 mL min~! to ensure an inert
atmosphere. Data were processed using Pyris Thermal Analysis software
(PerkinElmer, version 13.4.0.0036).

2.7.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were carried
out using a Mettler-Toledo DSC 821e instrument. The thermal protocol
consisted of five consecutive steps: (1) heating from 25 to 130 °C at a
rate of 10 °C min’l; (2) isothermal hold at 130 °C for 5 min; (3) cooling
from 130 to —80 °C at a rate of —10 °C min’l; (4) isothermal hold at
—80 ‘;C for 5 min; and (5) heating from —80 to 10 °C at a rate of 2 °C
min~ .

2.7.6. Computational studies methods

The molecular structures of azobenzene-modified poly(capro-
lactone) nanofibers (PCL-Azo) and chitosan (Chi) were investigated
using density functional theory (DFT) calculations. To balance chemical
representativeness and computational cost, model systems consisting of
one caprolactone monomer functionalized with an azobenzene unit and
two glucosamine monomers were employed to represent PCL-Azo and
Chi, respectively. Geometry optimizations were performed in the gas
phase at the B3LYP-D3BJ/6-311G(d,p) level of theory, [34-36] as
implemented in the Gaussian 16 software package. [37] The B3LYP

o
o) . cl
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functional combined with Grimme's D3 dispersion correction, has been
widely used to investigate the structural, energetic, and interaction
properties of azobenzene-based compounds [38,39] and their in-
teractions with polymeric systems. [40] Thermochemical data,
including reaction enthalpies and Gibbs free energies, were obtained
from vibrational frequency calculations. The Trans—Cis isomerization
reaction energy of the PCL-Azo model was calculated as the energy
difference between the optimized Trans and Cis conformations, which
differ in the C-N=N-C dihedral angle (Fig. 1). This isomerization pro-
cess was evaluated for three different systems: azobenzene alone (R1),
PCL-Azo in the absence of chitosan (R2), and PCL-Azo in the presence of
chitosan (R3). In addition, the interaction energy between PCL-Azo and
Chi was calculated as:

AEi = Epcrazo+chi — (Epcr-azo — Echi) (€H)

where Epcr_azo+chi>» EpcL—azo Chi corresponds to the total electronic en-
ergies of the interacting PCL-Azo/Chi system, isolated PCL-Azo, and
isolated Chi, respectively. Noncovalent interactions between PCL-Azo
and Chi were analyzed and visualized using the NClIplot software. [41]

2.7.7. Atomic force microscopy (AFM)

Atomic force microscopy (AFM; JPK NanoWizard 3, Bruker Nano
GmbH, Berlin, Germany) was used to obtain both topographical and
local elastic modulus maps. Measurements were performed in Quanti-
tative Imaging (QI™) mode in air, with a setpoint force of 1.2-1.7 nN.
Force—distance curves were acquired at each with a resolution of 256 x
256 pixels. PPP-CONTSAuD-50 cantilevers (NANOSENSORS, Neuchatel,
Switzerland) were employed, with nominal dimensions of 225 pm
length, 48 pm width, and 1 pm thickness, a resonance frequency of ~57
kHz, and a nominal spring constant within 0.01-1.87 N/m. Young's
modulus values were extracted by fitting the approach portion of each
force-distance curve using the Hertz contact model. A triangular pyra-
midal indenter geometry with a half-angle to face of 20° was assumed,
together with a Poisson's ratio of 0.5. Data processing and mechanical
fitting were carried out using JPK Data Processing software (Bruker
Nano GmbH).

3. Results and discussion
3.1. Synthesis of PCL-Azo

Commercially available PCL was functionalized with an azobenzene
derivative through esterification of the terminal hydroxyl group using 4-
(phenylazo) benzoyl chloride in dry dichloromethane, affording the
photoactive polymer PCL-Azo (Fig. 1).

The amount of azobenzene employed for PCL functionalization was
calculated based on the number of terminal hydroxyl groups per mole of
polymer, resulting in a theoretical loading of 0.0425 wt% relative to
PCL. To maximize the degree of esterification, a slight excess of azo-
benzene derivative (0.05 wt%) was used during the reaction. Successful
chemical modification of PCL was confirmed by 'H NMR spectroscopy
(Fig. 2A). The characteristic resonances of the PCL backbone are
observed at 1.38-1.65 ppm (m, 4H, -CH>-), 2.31 ppm (t, 2H,
—COOCH>-), and 4.03 ppm (t, 2H, -COCH>-). In addition, new signals

o (6]
J/U\/\/\J/OJ\@
N
1
PCL-Azo N

O

Fig. 1. Schematic representation of the synthesis of azobenzene-functionalized polycaprolactone (PCL-Az0).
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Fig. 2. 'H NMR spectra a) pristine polycaprolactone (PCL) and b) azobenzene-functionalized polycaprolactone (PCL-Azo).
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corresponding to the aromatic protons of the azobenzene moiety appear
in the range of 7.40-8.40 ppm (Ar—H), confirming the incorporation of
the photoactive unit. Notably, the signal associated with the terminal
hydroxyl group of PCL at 3.45 ppm is significantly reduced after func-
tionalization, providing further evidence of successful esterification and
formation of the PCL-Azo structure.

3.2. Electrospinning of PCL-Azo

Nanofibers with larger diameters are known to scatter a higher
amount of light due to their increased ability to act as physical obstacles,
resulting in reduced transparency in electrospun materials. [18]
Accordingly, the electrospinning parameters were adjusted to minimize
the average nanofiber diameter, thereby increasing the specific surface
area and facilitating a more uniform polymer impregnation. Improved
infiltration reduces refractive index mismatches and minimizes inter-
facial voids within the nanofiber network, both of which are major
contributors to light scattering. Consequently, reducing nanofiber
diameter not only enhances surface area but also improves optical ho-
mogeneity, promoting greater transparency and more efficient light
interaction with photoactive components such as azobenzene. To ach-
ieve this, a design of experiments (DOE) approach was applied using
pristine PCL to identify the optimal electrospinning conditions prior to
processing PCL-Azo. Three variables were considered: (1) the tip-to-
collector distance, (2) the applied voltage, and (3) the solution flow
rate. The average nanofiber diameter was selected as the response
parameter to be minimized. This optimization strategy aimed to produce
nanofibers with the smallest possible diameter while avoiding
morphological defects such as bead formation, thereby facilitating
subsequent impregnation and the fabrication of transparent nanofiber
composites. Representative FESEM images of the PCL nanofibers ob-
tained under the different experimental conditions are shown in Fig. S2.
All samples exhibited uniform, bead-free nanofibers, indicating that the
electrospinning process was well controlled across the explored
parameter space. The average nanofiber diameters ranged from
approximately 130 to 180 nm, with narrow diameter distributions
observed in all cases. A summary of the diameter measurements
extracted from the FESEM analysis for each experimental condition is
provided in Table 2.

Based on the results summarized in Table 2, the optimal operating
conditions for minimizing nanofiber diameter were identified and are
reported in Table 3. These conditions were subsequently applied to the
electrospinning of the PCL-Azo system. As shown in Fig. 3, the resulting
PCL-Azo nanofibers exhibited a uniform, bead-free morphology with an
average diameter of 133.25 nm. Notably, the experimentally measured

Table 2
Average diameters with standard deviation for DOE methodology study.
Experiment Flow Voltage Distance Average Standard
Number rate kV) (cm) Diameter deviation
(mL (nm) (nm)
h™)
1 0.8 25 15 130 24.4
2 0.5 23 15 137 24.8
3 1.0 20 10 153 37.6
4 0.8 23 10 164 88.1
5 0.5 20 10 180 31.8
6 0.8 23 15 140 30.4
7 1.0 23 15 148 28.1
8 0.5 25 10 180 36.1
9 0.5 20 20 172 36.6
10 1.0 25 20 155 84.1
11 1.0 25 10 165 30.1
12 0.8 20 15 147 39.6
13 0.8 23 20 157 28.9
14 0.8 23 15 135 28.4
15 1.0 20 20 138 33.9
16 0.5 25 20 165 85.1
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Table 3
DOE-optimized conditions with theoretical diameter compared to that obtained
experimentally for the PCL-Azo system.

Parameter Optimized Theoretical Experimental Error
parameters optimized measured (%)
response by DOE response (Fiber
(Diameter of diameter)
fibers)
Flow rate
(mLh™Y) 0.99
Voltage
20.07 129.89 nm 133.25 + 22.78 2.59
(kV)
Distance 16.29
(ecm)

fiber diameter (Table 3) closely matched the value predicted by the DOE
model, with a deviation of only 2.59%, as determined by SEM analysis
(Fig. 3). This close agreement confirms the reliability of the DOE
approach and its applicability to the PCL-Azo system. Since the devel-
oped methodology enables the reliable fabrication of homogeneous,
bead-free nanofibers with reduced diameters, the optimized electro-
spinning parameters were subsequently applied to prepare samples for
the immersion treatments aimed at enhancing optical transparency.

3.3. Water contact angle and BET analysis

Water contact angle measurements were performed to evaluate the
time-dependent wettability of electrospun PCL nanofiber mats. A
comparative analysis was conducted between mats composed of opti-
mized small-diameter nanofibers and those fabricated with larger fiber
diameters. The results are summarized in Table 4, which correlates
contact angle values with the corresponding surface area and pore vol-
ume of the nanofiber mats. At the initial measurement (0 min), nano-
fiber mats with the largest average diameter exhibited a high contact
angle of 137.86°, reflecting the intrinsically hydrophobic nature of PCL.
[42] In contrast, mats composed of optimized low-diameter nanofibers
showed a lower initial contact angle, which progressively decreased
over time, indicating infiltration of the liquid droplet into the nano-
fibrous structure. This behavior demonstrates that reduced fiber diam-
eter enhances the penetration of polar liquids into the mat. Such time-
dependent wetting behavior was not observed for nanofiber mats with
larger diameters, where the contact angle remained essentially constant.
These results indicate that decreasing fiber diameter promotes solvent
impregnation within the nanofiber network, likely due to an increase in
specific surface area and the generation of a surface energy gradient that
favors wettability. [43] This enhanced wetting behavior is a critical
factor for achieving efficient polymer infiltration and, ultimately,
improved optical transparency.

Nitrogen adsorption-desorption isotherms (Fig. S4-S5) were used to
analyze the textural evolution of electrospun PCL nanofiber of the two
diameters. Both samples exhibited type IV isotherms with H3-type
hysteresis loops, characteristic of mesoporous materials with slit-
shaped pores arising from the random packing of fibers. This behavior
indicates that the porosity of the mats is predominantly governed by
inter-fiber voids rather than internal porosity within individual fibers.
Quantitatively, the specific surface area increased from 4.77 to 20.80
mz/g following optimization (Table 4), consistent with the reduction in
average fiber diameter from 532 + 151 nm to 133 + 23 nm. This in-
crease reflects the larger external surface exposed by thinner fibers. In
parallel, the total pore volume increased from 0.013 to 0.056 cm®/g,
indicating a more open fibrous architecture. BJH pore size distribution
analysis revealed a dominant pore diameter in the range of 15-30 nm for
both samples, confirming the presence of a mesoporous domain. The
essentially unchanged pore size distribution, combined with the
increased surface area and pore volume, suggests that the optimization
process primarily enhanced pore density and external surface
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Fig. 3. FESEM micrographs of PCL-Azo nanofibers obtained under optimized electrospinning conditions, showing the average fiber diameter and diameter

distribution.

Table 4
Initial (0 min) and 10 min contact angles, surface area, and pore volume pa-
rameters for mats with different fiber diameters.

Nanofiber Contact Contact BET Surface Pore

diameter PCL angle (°) angle (°) Area (m?/g) Volumen

(nm) 0 min 10 min (cm®/g)
137.86 + 137.83 +

532.28 + 151,28 0.06 0.05 4.7671 0.013231

133.25 + 22.78 810.232)1 40.3 +1.19  20.7978 0.055864

contribution rather than altering the intrinsic pore geometry of indi-
vidual fibers.

These results further corroborate the enhanced wettability of the
optimized nanofiber mats discussed above, demonstrating that modifi-
cations in the textural properties of the material enable effective
impregnation with polar solvents. As summarized in Table 4, a sub-
stantial increase in specific surface area is observed as the average fiber
diameter decreases, accompanied by a simultaneous increase in total
pore volume. Both effects are expected to favor the subsequent trans-
parency treatment by facilitating solvent infiltration throughout the
nanofiber network. In general, an increase in surface area has been
associated with enhanced wettability in porous materials, as surface
characteristics such as roughness, surface energy, porosity, and struc-
tural organization play a critical role in wetting behavior. Higher surface
area is often correlated with increased roughness and porosity, which
can promote liquid penetration and spreading. The trends observed here
are consistent with these reports, confirming that the optimized nano-
fiber architecture promotes improved wettability and infiltration, in
agreement with the experimental results discussed above. [44]

To further corroborate the observed changes in wettability, the
surface energy of the nanofiber mats was evaluated based on contact
angle (6) measurements. The contact angle is determined by the equi-
librium shape of a liquid droplet on a solid surface and depends on the
balance between the liquid-vapor surface tension (yz,), the solid—vapor
surface free energy (ys,), and the solid-liquid interfacial energy (ys). The
relationship among these interfacial energies is described by Young's
equation. [44]

Vsv = Vsl = YIVACOS(H) @

Glycerol contact angle measurements provide an effective criterion
to assess the hydrophobic or hydrophilic character of the nanofiber
surfaces. Contact angle values higher than 90° indicate nonwettable,
hydrophobic surfaces, as observed for PCL nanofiber mats with larger
fiber diameters. In contrast, surfaces exhibiting contact angles below 90°
are considered wettable and hydrophilic. [44]

Contact angle measurements were used to estimate the surface en-

ergy of the nanofiber mats using glycerol as the probe liquid. Glycerol
has a surface tension of 64 mN m ! at 20 °C. [45] Surface energy values
were calculated by applying the Kwok-Neumann model: [46].

cos (0)= -1+ 2\/?675(7”—7”)2 @)
v

where, f is a constant with a value of 0.001247. [46]

Table 5 summarizes the contact angle and surface energy values of
PCL nanofibers with different average diameters, as calculated using the
Kwok-Neumann model. The data reveals a clear increase in surface
energy as fiber diameter decreases, confirming that PCL nanofibers with
smaller diameters exhibit higher wettability compared to those with
larger diameters. As shown in Fig. S6 and Table 5, the systematic
reduction in contact angle, along with the corresponding increase in
surface energy, demonstrates the enhanced hydrophilicity of the opti-
mized nanofiber mats. Importantly, nanofibers with reduced and opti-
mized diameters facilitate the infiltration of polar solvents into the
fibrous network, which is a key requirement for achieving optical
transparency through the proposed impregnation strategy.

3.4. Obtaining transparent nanofiber composites by immersion treatment
in polymer solution

Given the intrinsic opacity of electrospun nanofiber mats, optical
transparency was achieved by reducing light reflection through an
impregnation strategy based on the replacement of air pockets within
the fibrous network. This approach involves immersing the nanofiber
mats in a polymer solution, allowing the polymer to infiltrate the inter-
fiber voids and thereby reduce refractive index mismatches within the
material. White PCL nanofiber mats were immersed in a 1% (v/v) chi-
tosan/acetic acid aqueous solution containing different chitosan con-
centrations (0.25, 0.50, 0.75, 1.00, 1.25, and 1.50% w/v) and molecular
weights (low, medium, and high). Vacuum was applied during the
impregnation process to remove trapped air from the nanofiber network,
promoting effective infiltration of the polymer solution into the pores
and inter-fiber spaces. The impregnated mats were subsequently dried at
25 °C for 24 h. Representative images of the nanofiber mats after im-
mersion, vacuum treatment, and drying using low-, medium-, and high-
molecular-weight chitosan are shown in Fig. 4. Samples treated with
low-molecular-weight chitosan exhibited significantly higher trans-
parency compared to those impregnated with medium- and high-

Table 5
Contact angle and surface energy of PCL nanofibers with different diameters.

Nanofiber Diameter (nm) Contact Angle (°) Surface Energy (mJ/m?)

532.28 +151.28
133.25 + 22.78

133.3 + 2.86 3.88
35.92 + 2,02 53.79
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Chitosan molecular weight used

Medium

Fig. 4. Images of nanofiber mats after treatment with chitosan solutions of different molecular weights: high (yellow), medium (white), and low (green). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

molecular-weight chitosan solutions. This behavior suggests that low-
molecular-weight chitosan solutions possess a greater ability to infil-
trate the pores and air pockets within the nanofiber mats, whereas
higher-molecular-weight solutions are less effective. The observed
dependence on molecular weight can be attributed to the increase in
solution viscosity with increasing chitosan molecular weight at a fixed
polymer concentration. [22] Accordingly, low-molecular-weight chito-
san was selected for all subsequent experiments.

UV-Vis transmittance spectra of nanofiber composites obtained after
immersion treatments using chitosan solutions with concentrations
ranging from 0.25 to 1.50% w/v, together with the corresponding
transmittance values at 600 nm as a function of chitosan concentration,
are presented in Fig. 5. Fig. 5a shows the optical transmittance of pris-
tine PCL nanofiber mats and mats treated with chitosan solutions over
the wavelength range from 200 to 800 nm. Untreated nanofiber mats
exhibit very low light transmittance across the visible region, reflecting
their intrinsically opaque nature. After impregnation with chitosan so-
lutions, a pronounced increase in transparency is observed throughout
the visible spectrum. Increasing the chitosan concentration in the
impregnating solution leads to a progressive enhancement in trans-
mittance, reaching a maximum value of approximately 87% at 600 nm
for a chitosan concentration of 1.00% w/v. Further increases in chitosan
concentration result in a slight decrease in transparency, with trans-
mittance values of 84% and 82% obtained for 1.25% and 1.50% w/v
solutions, respectively. At low chitosan concentrations, the amount of
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polymer infiltrated into the nanofiber network is likely insufficient to
fully occupy the inter-fiber voids, resulting in incomplete refractive
index matching. As the chitosan concentration increases, a greater
number of polymer chains penetrate the available pores, effectively
reducing light scattering and increasing transparency. This effect rea-
ches an optimum at intermediate concentrations. At higher concentra-
tions, the slight decrease in transmittance can be attributed to the
increased viscosity of the chitosan solutions, which hinders efficient
infiltration into the nanofiber mat. It has been reported that chitosan
solutions exhibit an exponential increase in apparent viscosity, yield
stress, and storage modulus with increasing polymer concentration,
particularly in acidic media, due to enhanced intermolecular in-
teractions and chain entanglements. [47,48] Based on these results,
immersion treatments of PCL-Azo nanofiber mats were performed using
1 mL of a 1.00% w/v chitosan solution. Photographs of the nanofiber
mats before and after impregnation (Fig. 6) clearly illustrate the tran-
sition from an opaque to a transparent material upon treatment.

The thermal properties of the nanofiber mats, chitosan films, and the
resulting composites were analyzed by thermogravimetric analysis/
differential thermal analysis (TGA/DTA) and differential scanning
calorimetry (DSC), as shown in Fig. 7a and Fig. 7b, respectively. The
thermal degradation profile of chitosan exhibits two main weight-loss
stages. The first stage, occurring around 100 °C, is attributed to the
evaporation of physically absorbed water, consistent with the hygro-
scopic nature of the chitosan polymer chains. [49] The second
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Fig. 5. a) UV-Vis transmittance spectra of pristine nanofiber mats and composites obtained after immersion treatments with chitosan solutions at different con-
centrations (0.25-1.50% w/v). b) Evolution of the optical transmittance at 600 nm as a function of chitosan concentration in the impregnation solution.
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Fig. 6. Photographs of PCL-Azo nanofiber mats a) before and b) after chitosan impregnation. Pictures of the composite after recharging are present in the Sup-

plementary information (Fig. S10).
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Fig. 7. a) TGA/DTA profiles of chitosan films, PCL-Azo nanofibers and PCL-
Azo-Chi composite and the corresponding derivative curves. b) DSC thermo-
grams of chitosan film, PCL-Azo nanofibers and PCL-Azo-Chi composite.

degradation step, observed near 300 °C, corresponds to the thermal
decomposition of the chitosan backbone into volatile products. In
contrast, the PCL-Azo nanofiber mat displays a single major weight-loss
event centered around 400 °C, which is associated with the thermal
degradation of the polycaprolactone main chain. [31] Notably, the PCL-
Azo-Chi composite exhibits both degradation events characteristic of
chitosan and PCL-Azo. This behavior is more clearly resolved in the DTA

curves, which show distinct thermal transitions corresponding to each
component. The presence of both degradation processes in the com-
posite confirms the successful incorporation of chitosan within the PCL-
Azo nanofiber matrix, resulting in a hybrid material that retains the
thermal signatures of its individual constituents.

In the DSC thermograms, the chitosan film does not exhibit any
thermal transitions within the 0-100 °C temperature range. In contrast,
both the PCL-Azo nanofiber mat and the PCL-Azo-Chi composite display
endothermic melting transitions associated with the crystalline domains
of PCL, with melting temperatures (T,) of approximately 55 °C and
60 °C, respectively. [16] The presence of this melting transition in the
composite further confirms the incorporation of PCL within the PCL-
Azo-Chi system, in agreement with the FTIR analysis (Fig. S7). Subse-
quently, the impregnated samples were analyzed by FESEM to gain
further insight into the nanostructural modifications induced by the
impregnation process and to verify the retention of PCL-Azo nanofibers
within the composite structure. To this end, the transparent PCL-Azo—-
Chi composite was treated with 30 mL of a 1% (v/v) acetic acid aqueous
solution for 24 h to selectively dissolve the chitosan phase, thereby
isolating the nanofiber component. As shown in Fig. 8, the resulting
structure clearly reveals the presence of PCL-Azo nanofibers after chi-
tosan removal, confirming that the fibrous network is preserved within
the composite. Slight morphological changes were observed, including
an increase in the average fiber diameter, which can be attributed to
partial swelling during the treatment and/or the presence of residual
chitosan still associated with the PCL-Azo nanofibers. The existence of
residual chitosan was further confirmed by FTIR analysis (Fig. S8).

In parallel, a second PCL-Azo-Chi composite sample was cryogeni-
cally fractured by immersion in liquid nitrogen to expose the cross
section and examine the internal morphology after the chitosan-based
transparency treatment. Representative SEM micrographs of the frac-
tured sample (Fig. 9), reveal the lateral cross-sectional view of the
transparent composite. The images show an asymmetric thickness across
the cross-section, with regions of higher thickness (green arrow) and
lower thickness (red arrow). This thickness gradient is attributed to the
impregnation process, likely arising from the dropwise application of
the chitosan solution onto the upper surface of the nanofiber mat during
treatment, which results in a nonuniform distribution of the impreg-
nating polymer through the thickness of the composite.

3.5. Surface morphology and nanomechanical analysis by AFM

To gain deeper insights into how the vacuum-assisted infiltration of
chitosan modifies both the surface features and the mechanical prop-
erties of the mats at the nanoscale, Atomic Force Microscopy (AFM) was
conducted in Quantitative Imaging (QI"™) mode. This methodology al-
lows for the simultaneous collection of high-resolution topographical
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Fig. 9. SEM micrographs of the cross-section of the PCL-Azo-Chi composite.

maps and local elastic responses by recording discrete force-distance
curves at every pixel coordinate. The quantitative values extracted for
the pure chitosan matrix, the untreated photoactive mat, and the filled
composite are summarized in Table 6.

When comparing the PCL-Azo,Chi, and PCL-Azo-Chi samples,
distinct variations are observed in both their local mechanical behavior
and surface profiles. (Fig. 10). The pure Chi samples exhibit an average
Young's modulus of 32.27 + 1.90 MPa, alongside remarkably low
average roughness (R;) and RMS roughness (R,) values of 3.81 + 0.07
nm and 8.10 + 3.16 nm, respectively. This demonstrates that the cast
chitosan reference forms a highly homogeneous, flat, and continuous
surface layer, resulting in a narrow distribution of the elastic modulus
due to highly uniform and stable contact interface between the AFM tip
and the polymer surface.

In contrast, the untreated electrospun PCL-Azo nanofiber mat ex-
hibits the lowest local stiffness, yielding an average Young's modulus of
8.07 + 4.43 MPa. This lower modulus is typical for open, non-
compacted electrospun networks where individual fibers can slide or
deflect under localized indentation tip forces. Although the surface
topography of PCL-Azo is highly irregular characterized by an elevated
R, of 181.00 £ 5.66 nm and a R, of 314.30 & 4.67 nm, the standard
deviations across separate image frames remain small. This confirms
that while the fiber-mesh surface is intrinsically rough, its overall
morphologic distribution is highly reproducible across the sample
layout. The noticeable standard deviation in the local Young's modulus
of PCL-Azo (4.43 MPa) stems from regional variations in fiber

Table 6
Nanomechanical properties and surface roughness parameters obtained via AFM
for Chi, PCL-Azo, and PCL-Azo-Chi samples.

Sample Young's Modulus Average Roughness RMS Roughness
(MPa) (R, nm) (Rq, nm)
PCL-Azo 8.07 £ 4.43 181.00 + 5.66 314.30 £+ 4.67
Chi 32.27 £ 1.90 3.81 £ 0.07 8.10 + 3.16
PC(];-‘[;?ZO- 50.31 + 18.28 92.97 + 34.72 175.07 + 48.77

10

orientation, suspended inter-fiber voids, and geometry changes as the
sharp AFM tip encounters the curved cylindrical profiles of individual
nanofibers.

Interestingly, the impregnated PCL-Azo-Chi composite sample ex-
hibits the highest average Young's modulus among all three systems,
reaching a value of 50.31 + 18.28 MPa. This pronounced increment in
stiffness provides direct quantitative evidence that filling the inter-fiber
macro-pores with a secondary chitosan phase successfully reinforces the
electrospun architecture, restricting individual fiber displacements and
establishing compact interfacial networks. Concurrently, the composite
records intermediate roughness parameters (R,=92.97 + 34.72 nm and
Ry = 175.07 + 48.77 nm), demonstrating that the pore-filling polymer
effectively smooths out the deep valleys of the original nanofiber
network.

The higher standard deviations observed for both the mechanical
and morphologic values of the PCL-Azo-Chi composite reflect a more
structurally heterogeneous surface landscape. In this composite mate-
rial, the AFM tip scans across a complex layout consisting of exposed
rigid fiber junctions, highly compact fully impregnated regions, and
shallow polymer depressions. This localized heterogeneity changes the
contact area, effective indentation depths, and tip-sample interactions
across different regions, yielding a broader but representative distribu-
tion of the local elastic modulus measurements.

3.6. Study of properties and photoactivity of chitosan-treated PCL-Azo-
Chi composites

Fig. 11 presents the UV-Vis transmittance spectra of four different
materials: a chitosan film, a chitosan-treated PCL nanofiber composite
(PCL NFs-Chi), a chitosan-treated PCL-Azo nanofiber composite (PCL-
Azo0-Chi), and an untreated PCL nanofiber mat. This comparison allows
the individual contributions of each component to the optical response
of the system to be evaluated. All samples except the untreated PCL
nanofiber mat exhibit high optical transmittance in the visible region
between 800 and 400 nm. Below 400 nm, a progressive decrease in
transmittance is observed for all chitosan-containing materials. This
behavior can be attributed to the optical properties of chitosan, as
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Fig. 10. surface morphology and nanomechanical mapping obtained in QI™ mode: (A) Topography and Young's modulus map of untreated PCL-Azo nanofibers
mats; (B) Topography and Young's modulus map of pure Chi; (C) Topography and Young's modulus map of the infiltrated PCL-Azo-Chi composite mat.

confirmed by the spectrum of the pure chitosan film, which shows a
marked reduction in transmittance in the 400-300 nm region, followed
by nearly complete absorption below 220 nm. This response is a char-
acteristic feature of chitosan-based films and is consistent with previous
reports. [50].

Fig. 12 shows the UV-Vis absorption spectra in the 250-400 nm
range for the azobenzene derivative dissolved in acetone, the chitosan-
treated PCL nanofiber composite, a chitosan film, and the PCL-Azo-Chi
composite. The azobenzene derivative exhibits an absorption
maximum at 325 nm, which is also observed in the PCL-Azo-Chi com-
posite, although with a slight bathochromic shift to 330 nm. This shift is
attributed to the different molecular environment experienced by the
azobenzene unit when covalently bound to the polymer matrix.
Importantly, this absorption band is absent in both the chitosan film and
the chitosan-treated PCL nanofiber composite, confirming that the
spectral feature originates exclusively from the azobenzene

11

chromophore.

The photoisomerization capability of the azobenzene units within
the composite material was evaluated by monitoring UV-Vis absorption
spectra during alternating light irradiation. Fig. 13 presents the spectra
of the PCL-Azo-Chi composite before irradiation, after UV charging and
after blue-light LED discharging. Initially, the composite exhibits a
strong absorption band at approximately 330 nm, characteristic of the
allowed 7—7" transition of the thermodynamically stable Trans isomer.
Upon exposure to UV Light (365 nm) for 1 min, this 330 nm band un-
dergoes a pronounced decrease. Concurrently, a broader, lower-
intensity absorption band emerges in the visible region centered near
450 nm. This new feature corresponds to the dipole forbidden n—z"
transition of the Cis isomer, confirming the efficient isomerization from
the Trans to the Cis state. Subsequent irradiation with blue light (475
nm) for 10 min reverses these spectral changes. The absorption band
centered at approximately 330 nm reappear, confirming the occurrence
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Fig. 11. UV Vis transmittance spectra of chitosan film, PCL nanofibers, treated
PCL and PCL-Azo composites.
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Fig. 12. UV-Vis absorption spectra of a chitosan film, azobenzene in acetone
solution, and chitosan-treated PCL and PCL-Azo nanofiber composites.

of the reverse Cis-to-Trans isomerization process. [51]

Notably, the absorbance intensity before and after the irradiation
cycle remains essentially unchanged, indicating that the photo-
isomerization process induced by alternating UV and blue light is highly
reversible and does not lead to detectable photodegradation. To further
evaluate the photostability of the composite, the disappearance and
reappearance of the absorption band at 330 nm, corresponding to the
Trans isomer, were monitored over 100 consecutive irradiation cycles.
The samples were alternately exposed to UV light at 365 nm for 1 min
and blue light at 475 nm for 10 min, allowing assessment of the long-
term stability of the azobenzene units within the composite matrix.
The results of the cycling experiment are shown in Fig. 14, which pre-
sents the evolution of the absorbance intensity at 330 nm as a function of
the number of irradiation cycles. The material exhibits a stable and
reproducible absorbance response throughout 100 cycles, with no sig-
nificant loss in the absorbance difference between the charged (Cis) and
discharged (Trans) states. This behavior demonstrates that both the
Trans-to-Cis and Cis-to-Trans photoisomerization processes remain
highly reversible and stable under repeated cycling, confirming the
excellent photostability and robustness of the PCL-Azo-Chi composite.
To evaluate performance under competitive illumination, preliminary
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Fig. 13. UV-Vis absorption spectra of the PCL-Azo—Chi composite recorded
under UV irradiation (365 nm) and after subsequent blue light irradiation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 14. Trans—cis-trans photoisomerization cycles of the PCL-Azo-Chi com-
posite under alternating irradiation at 365 nm (UV, 1 min) and 475 nm (blue
light, 10 min). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

tests were conducted using broad-spectrum White LED sources.
(Fig. S11) Exposure resulted in a rapid photostationary state favoring
the Trans isomer. This is driven by the high sensitivity of the Cis-to-Trans
back-reaction, which we observed can be efficiently triggered by low-
energy blue LED irradiation at an irradiance of just 3 W/m?2. Under
broad-spectrum light, this highly efficient visible-light-induced
discharge readily outcompetes the UV-driven Trans-to-Cis conversion.
Consequently, while the developed composite provides a stable matrix,
future implementation under natural sunlight (AM 1.5G) will require
integrating core-modified azobenzenes—such as ortho-functionalized
derivatives [11] designed to decouple the 7—z" and n—z" transitions
to mitigate this low-energy discharge. [4,8]

In addition to the photoinduced switching behavior, the thermal Cis-
to-Trans back-isomerization of the azobenzene-containing materials was
systematically investigated in the absence of irradiation. To generate the
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metastable Cis-rich state, both samples were initially irradiated with UV
light at 365 nm for 1 min and subsequently stored in the dark, with the
recovery of the Trans isomer monitored over time by the increase in
absorbance at 330 nm. The study was performed on both the PCL-
Azo-Chi nanofiber composite and the PCL-Azo film containing the same
azobenzene content in order to evaluate the effect of nanofiber
morphology and chitosan incorporation on the thermal relaxation
process.

As shown in Fig. 15A, both systems exhibited a progressive increase
in normalized absorbance at 330 nm, confirming spontaneous thermal
Cis-to-Trans isomerization in the dark. Nevertheless, clear differences in
the relaxation kinetics were observed between the two materials. The
PCL-Azo film displayed a faster recovery of the Trans state, reaching
approximately 70% of its initial absorbance within 5 days, whereas the
PCL-Azo-Chi composite recovered only about 45% during the same
period, indicating a significantly slower thermal relaxation process in
the nanofibrous composite. Furthermore, the PCL-Azo film approached
its maximum absorbance after approximately one week, while the PCL-
Azo-Chi composite required nearly two weeks to reach equilibrium.

To quantitatively analyze the thermal relaxation behavior, the
experimental data were fitted using a pseudo-first-order kinetic model
(Fig. 15B-D), and the extracted kinetic parameters are summarized in
Table 7. This model accurately reflects the physical mechanism of the
system, as the thermal Cis-to-Trans back-isomerization is fundamentally
a unimolecular process driven by the spontaneous conformational
relaxation of individual azobenzene units, meaning the reaction rate is
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Table 7

Pseudo-first-order kinetic constants, global rate constants, and half-life values
associated with the thermal Cis-to-Trans back-isomerization of PCL-Azo film and
PCL-Azo—Chi composite in dark conditions.

Material A, Rate Rate Global Rate Half-
constant constant constant life (t;,
first 4 h after 4 h ™ )

(™ (™ h

PCL-Azo- 0.504 0.01554 0.00678 0.00519 133.55

Chi
PCL-Azo 0.477  0.01513 0.01199 0.00853 81.26
Film

dependent solely on the population of the metastable Cis state. [51,52]
The global rate constants obtained from the full kinetic profiles were
0.00853 h™* for the PCL-Azo film and 0.00519 h™! for the PCL-Azo~Chi
composite, corresponding to calculated half-lives (t1/2) of 81.26 h and
133.55 h, respectively. These results demonstrate that the incorporation
of chitosan and the formation of the nanofibrous architecture substan-
tially retard the thermal back-isomerization process.

Interestingly, kinetic analysis revealed a two-step thermal relaxation
behavior for both materials (Fig. 15C-D). During the initial 4 h, the
apparent rate constants were higher compared to the overall process and
remarkably similar between the two systems (0.01513 h™! for the PCL-
Azo film and 0.01554 h™! for the PCL-Azo-Chi composite). This com-
parable early-stage recovery indicates that the intrinsic Cis-to-Trans

—— PCL-Azo-Chi
06 Linear Fit before 4 hours
’ Linear Fit after 4 hours

_ k=0.01554 h"!
<-o08 k=0.00678 h™'
<
c
-

-1.0

-1.24— r v r r r
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Time (h)
D
—— PCL-Azo Film
Linear Fit before 4 hours

-0.6 Linear Fit after 4 hours

08 k=0.01513 h"!
<
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Fig. 15. Thermal Cis-to-Trans back-isomerization kinetics of PCL-Azo film and PCL-Azo-Chi composite monitored by UV-Vis spectroscopy at 330 nm after UV
irradiation (365 nm, 1 min). (A) Evolution of normalized absorbance over time. (B) Global pseudo-first-order kinetic fitting for both materials. (C) Early-stage kinetic
fitting (0—12h) for PCL-Azo—Chi composite. (D) Early-stage kinetic fitting (0-12 h) for PCL-Azo film. The extracted kinetic parameters are presented in Table 7.
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isomerization dynamics are not initially altered by the composite ma-
trix. This initial fast step likely corresponds to the relaxation of azo-
benzene moieties situated in microenvironments with higher free
volume, where localized mobility remains unrestricted.

Once these highly mobile populations discharge, the kinetics pro-
gressively diverge. At longer relaxation times (>4 h), the process slows
considerably, yielding a second-stage rate constant of 0.01199 h~! for
the film and a markedly lower 0.00678 h™! for the composite. This
pronounced reduction suggests that the remaining Cis isomers in the
composite reside in highly restricted domains in PCL-Azo-Chi compos-
ite. In these regions, the chitosan-containing nanofibrous matrix and
localized intermolecular interactions impose severe steric and diffu-
sional limitations on the segmental mobility required for molecular
rearrangement. Consequently, Chitosan might extend the lifetime of Cis
isomer by kinetically restricting the degrees of freedom available for
back-isomerization within the confined polymer environment.

The slower thermal relaxation observed in the PCL-Azo-Chi com-
posite is attributed to interactions between chitosan and the PCL-Azo
system, which can restrict molecular mobility within the nanofiber
matrix. The polycationic nature of chitosan is known to influence
polymer organization and viscoelastic properties, thereby hindering
conformational rearrangements. [32] In this context, chitosan may
interact with the azobenzene moieties through hydrogen bonding or
other noncovalent interactions, extending the lifetime of the Cis state
through confinement effects within the polymeric matrix. This
confinement decreases the degrees of freedom of the azobenzene units,
limiting the molecular motions required for efficient thermal Cis-to-
Trans back-isomerization. [53]

Additional intermolecular interactions involving the polymeric
nanofiber matrix may further contribute to this effect. Hydrogen
bonding between hydroxyl groups of chitosan and the N—=N moiety of
the azobenzene derivative [54] as well as van der Waals interactions
with the PCL backbone, can modify the local chemical environment and
reduce molecular freedom. As previously reported, the incorporation of
chitosan and the solid-state confinement of azobenzene-based systems
increase the viscoelastic response of the medium, thereby restricting
molecular mobility and slowing Cis-to-Trans isomerization kinetics.
[52,55] Therefore, the prolonged thermal relaxation observed for the
PCL-Azo-Chi composite is more accurately associated with kinetic hin-
drance caused by matrix confinement and reduced configurational
freedom, rather than intrinsic stabilization of the Cis isomer. This
behavior is particularly relevant for long-term molecular solar thermal
energy storage applications, where extending the lifetime of the meta-
stable photocharged state is highly desirable. In a broader context,
recent advances in azobenzene-based MOST materials have highlighted
the importance of both molecular design and device integration for
achieving practical solar thermal storage. A comprehensive review by
Xu et al. has underscored the critical role of polymer architecture,
cycling stability, and solid-state confinement in determining real-device
performance. [56] In parallel, the development of phase-change azo-
benzene derivatives capable of simultaneously storing photon energy
and phase-transition enthalpy has demonstrated that molecular engi-
neering strategies can substantially boost the total stored energy density.
[57] Compared to these approaches, the present work offers a distinct
and complementary pathway: by embedding azobenzene units within a
transparent biopolymer nanofiber composite, we achieve optical
accessibility, robust cycling performance over 100 charge-discharge
cycles, and extended Cis-state lifetime, all within a processable and
sustainable platform.

To evaluate the emission quantum yields of PCL-Azo, the PCL-
Azo-Chi composite, and the corresponding blank samples, emission
spectra were recorded upon excitation at 300 nm (Fig. 16). Based on
these measurements, the emission quantum yield of azobenzene within
the different polymeric matrices was estimated. In all cases, the emission
quantum yield of azobenzene was found to be lower than 107, in good
agreement with previously reported values for azobenzene-based
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Fig. 16. Emission spectra of PCL-Azo film and PCL-Azo-Chi composite.

systems. [58] This extremely low emission efficiency indicates that
nonradiative decay pathways strongly dominate the excited-state
deactivation process, which is consistent with the well-known photo-
isomerization behavior of azobenzene derivatives. Notably, a compari-
son of the absorbed photon flux reveals that the PCL-Azo—Chi composite
absorbs a higher number of photons than the PCL-Azo film under
identical excitation conditions. This enhanced absorption can be
attributed to a combination of factors, including the intrinsic absorption
of chitosan at 300 nm and the increased optical transparency of the
composite, which promotes more efficient light penetration and light-
—matter interaction within the material. As a result, a larger fraction of
incident photons can effectively interact with the azobenzene moieties
embedded in the composite matrix.

3.7. Computational analysis

Fig. 17 shows the optimized Cis and Trans conformations of azo-
benzene, PCL-Azo, and PCL-Azo in the presence of chitosan (Chi). For all
three systems, the Trans isomer corresponds to the most stable geometry,
characterized by a C-N=N-C dihedral angle close to 180°. In contrast,
the Cis conformations exhibit dihedral angles of approximately 9°, with
slight deviations observed in the presence of chitosan (Fig. 17c). A
perfectly planar Cis configuration (0° dihedral angle) is sterically inac-
cessible due to repulsion between adjacent hydrogen atoms on the
phenyl rings. The Trans-Cis isomerization energies (AErans cis), reac-
tion enthalpies (AHrtrans cis), and Gibbs free energies (AGrrans cis)
calculated for the three model reactions are summarized in Table 8.
Comparable thermodynamic values were obtained for R1 (azobenzene)
and R2 (PCL-Azo), with AErans cis values of approximately 12 kcal
mol L. In contrast, the Trans—Cis isomerization in R3 (PCL-Azo in the
presence of chitosan) is less energetically favorable, with AErans cis
values in the range of 6 to 10 kcal mol ™. This trend indicates that in-
teractions with chitosan reduce the thermodynamic driving force for
Trans-to-Cis isomerization of PCL-Azo. In particular, the AHrrans cis
values become less favorable in the presence of chitosan, reflecting
stabilization of the Trans state through intermolecular interactions.
Nevertheless, entropic contributions partially compensate for this effect,
so that the overall AGrmps cis remains negative, allowing photo-
isomerization to proceed while increasing the relative stability and
lifetime of the Cis isomer. These results are consistent with the experi-
mentally observed slower thermal back-isomerization kinetics in the
PCL-Azo-Chi composite.

The interaction energy between PCL-Azo and chitosan (Chi) was also
calculated for both the Trans and Cis conformations of PCL-Azo
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Fig. 17. Optimized Cis (left) and Trans (right) geometries of (a) azobenzene, (b) PCL-Azo in the absence of chitosan, and (c) PCL-Azo in the presence of chitosan.

Table 8
Thermochemical outcomes for the Trans—Cis isomerization energy reaction of
azobenzene and PCL-Azo in the absence and presence of chitosan (Chi).

Azobenzene (R1)
(kcal mol ™)

PCL-Azo (R2)
(kcal mol™ 1)

PCL-Azo in presence
of Chi (R3)
(kcal mol™)

AEgans s 12.1 12.2 5.9
AHyans_is 121 12.2 5.9
AGyans_cis  12.6 12.8 10.0

interacting with Chi. For the Trans conformation, a favorable interaction
energy of 2.4 kcal mol ! was obtained, whereas for the Cis conformation
the interaction energy was positive (7.6 kcal mol™1), indicating an
energetically unfavorable interaction. The nature of these interactions
was further analyzed using noncovalent interaction (NCI) analysis, as
shown in Fig. 18. In both systems, the interaction interface between PCL-
Azo and Chi is dominated by weak dispersive interactions, represented

a) Non-covalent interactions for the
cis PCL-Azo in presence of Chi

¥

.
Einteraction =7.6 kcal/mol

S i (\ }d (G . —
4 4 > ” "

by green regions, which are characteristic of van der Waals forces.
However, a clear difference is observed between the two conformations.
When Chi interacts with the Cis conformation of PCL-Azo (Fig. 18a), a
larger number of repulsive regions (yellow surfaces) appear at the
interface. In contrast, for the Trans PCL-Azo-Chi system (Fig. 18b), two
localized attractive interactions (blue regions) are observed. These
correspond to a hydrogen bond between the carbonyl group of the PCL-
Azo moiety and the amino group of chitosan, as well as a nonconven-
tional hydrogen bond involving the n-system of the azobenzene ring and
a hydrogen atom from a chitosan hydroxyl group. The presence of these
stabilizing interactions rationalizes the more favorable interaction en-
ergy calculated for the Trans conformation and explains the preferential
interaction of chitosan with Trans-PCL-Azo over its Cis counterpart.
Overall, these computational results support the experimental observa-
tions by highlighting the critical role of steric confinement. The sub-
stantial repulsive regions observed at the interface of the Cis PCL-Azo-
Chi system (Fig. 18a) indicate that the rigid chitosan matrix imposes
severe spatial restrictions on the metastable state. Rather than

b) Non-covalent interactions for the
trans PCL-Azo in presence of Chi

Einteractlon =-2.4 kcal/mol

Fig. 18. Non-covalent interaction of Cis (a) and Trans (b) PCL-Azo in presence (b) of Chi.
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thermodynamically suppressing the back-conversion, this tight molec-
ular environment acts as a physical barrier, kinetically trapping the
azobenzene moiety and severely hindering the large-scale conforma-
tional rearrangement necessary to reach the transition state. This
matrix-induced restriction of molecular mobility provides a robust
structural explanation for the significantly slower thermal back-
isomerization and extended Cis-state lifetime experimentally observed
in the composite system.

The DFT model employed in this work represents a simplified local
molecular environment composed of one azobenzene-modified capro-
lactone unit interacting with two glucosamine units. Therefore, the
calculations do not explicitly account for macroscopic effects associated
with polymer chain length, chain entanglement, semicrystalline do-
mains, long-range cooperative interactions, or the heterogeneous
morphology of the electrospun nanofiber matrix. Expanding the quan-
tum mechanical model to incorporate these extended macromolecular
features would render the calculations computationally prohibitive at
the employed level of theory. Consequently, the calculated thermody-
namic parameters should be interpreted qualitatively rather than as an
exact representation of the bulk material. Despite these limitations, the
model provides valuable molecular-level insight into the local non-
covalent interactions and confinement effects introduced by chitosan,
which reduce the molecular degrees of freedom of the azobenzene
moieties and contribute to the experimentally observed extension of the
Cis-state lifetime in the PCL-Azo-Chi composite system.

While the developed nanofiber matrix exhibits excellent optical
properties and kinetic stabilization, the terminal-group functionaliza-
tion of high-molecular-weight PCL (80,000 g/mol) inherently limits the
macroscopic energy storage capacity. Based on our computational
analysis (Table 8), the enthalpy of isomerization for the azobenzene core
is ~ 50.6 kJ/mol (12.1 kcal mol_l). Consequently, the theoretical en-
ergy density of the pure chromophore is approximately 242 J/g. At our
theoretical loading of 0.0425 wt%, the estimated energy storage density
of the bulk composite is restricted to ~ 0.1 J/g. This value is low
compared to state-of-art bulk phase-change MOST materials, which can
exceed 200 J/g [56,57]; however, this extreme dilution is a critical
factor in achieving the reported 87% optical transmittance. High chro-
mophore loadings in solid-state matrices often lead to aggregation and
phase separation, which induce severe light scattering and opacity.
Consequently, this system serves as a proof-of-concept demonstration
that biopolymer impregnation can yield a transparent, confinement-
driven platform, establishing a baseline for future iterations that uti-
lize side-chain functionalized polymers to increase loading without
sacrificing optical clarity.

To experimentally verify this macroscopic energy storage, Differen-
tial Scanning Calorimetry (DSC) was performed on the UV-irradiated
composites. However, no exothermic heat release corresponding to the
Cis-to-Trans back-isomerization was observed during the thermal cycles
(Fig. S9). This lack of a measurable signal is a direct consequence of the
system's architectural limits. Specifically, the combination of a minimal
absolute stored energy (= 0.1 J/g) and a release of over an extended,
confined timeframe (t;,52 > 133 h) yields a continuous instantaneous
heat flow that falls completely below the detection threshold of standard
calorimetric instrumentation.

4. Conclusions

The development of transparent, photoactive nanocomposites was
successfully achieved by integrating azobenzene-functionalized poly-
caprolactone (PCL-Azo) nanofibers with a chitosan matrix. Optimizing
the electrospinning parameters yielded uniform, low-diameter nano-
fibers (133.25 + 22.8 nm), increasing the specific surface area and
facilitating efficient vacuum-assisted polymer infiltration. This pore-
filling strategy effectively minimized refractive index mismatches
within the fibrous network, enabling high optical transmittance (~87%
at 600 nm) while preserving the structural integrity and reversible

16

Reactive and Functional Polymers 227 (2026) 106857

Trans-Cis-Trans photoisomerization capabilities of the solid-state
platform.

Crucially, the composite matrix significantly modulates the thermal
back-isomerization kinetics of the azobenzene units, substantially
extending the lifetime of the metastable Cis state. This delayed relaxa-
tion is driven by severe space-confinement rather than thermodynamic
stabilization. The rigid chitosan-filled nanofibrous architecture imposes
a prominent physical barrier, drastically restricting the molecular de-
grees of freedom required for large-scale conformational rearrangement.
Computational noncovalent interaction (NCI) analysis mathematically
validates this steric trapping, demonstrating substantial repulsive in-
teractions at the matrix interface that kinetically hinder the back-
conversion process.

While the terminal-group functionalization strategy limits the
macroscopic energy storage capacity to approximately 0.1 J/g, this
extreme chromophore dilution represents a deliberate trade-off required
to prevent aggregation and achieve exceptional optical clarity. Conse-
quently, this system serves as a highly stable, transparent, and
confinement-driven proof-of-concept for molecular solar thermal
(MOST) energy storage. It establishes a robust structural baseline for
future designs utilizing side-chain functionalized polymers to increase
energy density without sacrificing the high visible-light transmittance
essential for adaptive coatings and optically functional platforms.
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