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ABSTRACT: This work explores the correlation between
information obtained from optical and electrochemical spectrosco-
py�specifically impedance-derived electrochemical capacitance
spectroscopy (ECS)�applied to castor oil-derived hybrid poly-
mers. The organic−inorganic hybrid polyurethane, called t-
urethanesil_CO, was synthesized via a mild, catalyst-free sol−gel
route and characterized by using FTIR spectroscopy, 29Si nuclear
magnetic resonance, and thermogravimetric analyses. ECS analysis
provided unprecedented information about the electronic structure
of t-urethanesil_CO through the chemical capacitance (Cq)
response as a function of the applied potential, which is
proportional to the experimental pseudocapacitive density of states
(DOS). A Gaussian-shaped DOS profile was observed, character-
istic of noncrystalline materials. Furthermore, light-assisted ECS�performed under continuous photoirradiation�revealed an
enhancement in the Cq response, attributed to electron occupancy of excited states, consistent with the population of excited states
under photoirradiation. To further investigate the optical-electronic interplay, the polymer was doped with photoactive
polyoxometalate H3PW12O40 (HPWA). The resulting PWA@t-urethanesil_CO exhibited potential shifts in the Cq profile and the
emergence of new features under light-assisted ECS, indicating the formation of new electronic states within the polymer matrix
arising from strong interactions with the dopant and their reduced specie W5+, respectively. These findings highlight light-assisted
ECS as a powerful in situ probe of the electronic structure in optically active hybrid materials.
KEYWORDS: urethanesil, polyoxometalate, photochromism, electronic structure,
impedance-derived electrochemical capacitance spectroscopy

■ INTRODUCTION
Polymers derived from renewable sources are highly desirable
owing to their biodegradability, which significantly reduces
their environmental impact when compared to conventional
fossil-based polymers. Among the available sustainable
resources for polymer production, vegetable oils stand out as
a compelling choice due to their widespread availability in
nature, cost-effectiveness, and versatile applications, such as
coated fertilizers,1,2 tissue regeneration membranes,3 bio-
lubrification, as well as metal removal.4 In this context, castor
Oil (CO) is a natural vegetable oil classified as a triglyceride
ester, extracted from the seeds of Ricinus communis L
(Euphorbiaceae family), commonly known as the castor
plant. Academic and industrial interest in this natural oil has
experienced significant growth. According to Ma et al.,5 global
production of CO stands at 500.000 tons annually. Notably,
prominent companies such as BASF and Ford have already
utilized CO derivatives in the development of foams-based
materials, as highlighted by Singh et al.6

The unique structural composition of CO, characterized by
the presence of hydroxyl groups (−OH), contributes to its
enhanced solubility in polar solvents, increased viscosity, and
chemical stability.7−9 These attributes position CO as a
promising candidate for eco-friendly polymer synthesis.
Furthermore, −OH groups enable various reactions, mainly
with an isocyanate group (−N�C�O), facilitating the
formation of polyurethanes ([−HN−COO−]n).

Polyurethanes based on CO find applications in bioadhe-
sives,10 surface coating for wood and steel,11 and coating for
corrosion resistance12 and fertilizers.2,13 While CO-based
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polyurethanes exhibit remarkable attributes such as hydro-
phobicity, adhesion, thermal stability,14 and hardness,15 they
typically suffer from limited flexibility and lack of transparency,
which can hinder their application in fields like photonics and
optoelectronics. To overcome this limitation, Becchi and
collaborators12 developed organic−inorganic polymer films,
commonly referred as organic−inorganic hybrid films, by
incorporating CO with 3-aminopropyltriethoxysilane (APTES)
and tetraethoxysilane for various coating applications. Their
work demonstrated excellent adhesion, hardness, and, notably,
transparency. Several other studies have also explored the
integration of alkoxysilanes with CO in the development of
organic−inorganic polymers films;16−19 however many of these
researches have not provided clear guidance regarding
photophysical and electronic properties that could lead
applications in other fields of material science, such as
photonics and optoelectronics devices. This limitation is
significant as the performance of such devices largely depends
on the understanding and control of these properties.

In this context, the present study aims to synthesize CO-
derived hybrid polyurethanes, with a focus on the synthetic
route, structural characterization, and evaluation of their
optical and electronic properties through correlation between
photoluminescence and electrochemical capacitance spectros-
copy (ECS)�the latter being applied for the first time to a
hybrid polymer of the urethanesil type. In a previous work, the
sol−gel methodology was proposed as a viable strategy for
obtaining CO-derived hybrid urethanesil.20 Unlike conven-
tional synthetic routes, this inorganic polymerization process

eliminates the need for a catalyst, employs eco-friendly solvents
such as water and ethanol, and involves fewer procedural steps.
Furthermore, we introduce a recent electrochemical approach
that enables the in situ measurement of the electronic density
of states (DOS) of hybrid polyurethane structures by using a
three-electrode conventional setup. This methodology is based
on the measurement of the Cq-property of chemical structures
and has been successfully employed to reveal the DOS of
various nanomaterials, including copper oxide nanofilms,21

CdTe quantum dots,22 graphene,23 and electroactive pep-
tides24 (see Section S1 of the Supporting Information for
detailed information).

Additionally, for exploring advanced properties related to the
photoelectronic features of this polymeric structure, we have
also developed a light stimuli-responsive material by
incorporating a photochromic compound into organic−
inorganic polyurethane. Materials exhibiting photochromism
demonstrate a reversible optical response to light and have a
broad range of established and potential technological
applications. These include optical lenses,25,26 smart win-
dows,27,28 ultraviolet ray detection29,30 blue dosimeters indoor
environments,31 and optical data storage.32,33 Phosphotungstic
acid (H3PW12O40−HPWA), which is a well-known inorganic
photochromic compound, is a polyoxometalate with photo-
reduction properties triggered by ultraviolet and near-visible
light irradiation.34−36 The optical response results from the
reduction of W6+ to W5+, followed by the potential occurrence
of a photoinduced proton transfer.

Figure 1. (a)Formation reaction of the t-urethanesilpropyltriethoxysilane (t-URPTES_CO) prepolymer. FTIR spectra (b) in the range of 2000−
2400 cm−1 and (c) in the carbonyl absorption region of CO, ICPTES, and t-URPTES_CO after 18 and 24 h of reaction.
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The metastable chemical species, commonly referred to as
“tungsten bronze”, then absorbs visible light through d−d
transition and intervalence charge−transfer transition (IVCT
W5+ → W6+).34−36 When the matrix acts as a proton donor
group, several authors have emphasized its crucial role in the
stabilization and reversibility of the process, indicating that
these materials depend critically on a strong interaction
between the PWA polyanion and the neighboring proton
donor groups.35,37,38 In this context, we aim to embed HPWA
into the CO organic−inorganic hybrid and to demonstrate,
through characterization techniques, the significant interac-
tions facilitated by the presence of −NH functional groups
distributed within the network. In 2017, Cruz and collabo-
rators39 presented a related example of HPWA in hybrid
polymer with −NH groups. They developed a photochromic
material using recycled poly(ethylene terephthalate) (PET) as
a substrate and an organic−inorganic hybrid based on
Jeffamine-D230 and ICPTES. Their study demonstrated a
photochromic response and an enhanced reversible behavior
with increasing temperature in the PWA-doped hybrid host
matrix.

In contrast, the present work provides compelling evidence
of the interplay between the optical and electronic properties
of doped CO-based hybrid polymers, which exhibit promising
characteristics for the development of light-responsive films
driven by photochromism and intrinsic photoluminescence. To
reach these conclusions, an approach was employed that
correlates insights obtained from optical spectroscopy and
time-dependent techniques, including infrared and Raman

spectroscopy, UV−vis and photoluminescence spectroscopy,
and cyclic voltammetry and ECS. Notably, ECS was applied�
for the first time�to assess the pseudocapacitive electronic
DOS of these hybrid polymeric materials via Cq measurements.
This study thus represents a valuable contribution to the
development and electronic characterization of versatile
organic−inorganic hybrid polymeric structures derived from
naturally sourced compounds such as CO. The main findings
from the synthesis and characterization of these innovative
materials are presented in the following section.

■ RESULTS AND DISCUSSION
CO-Based Triurethanesil Film [t-urethanesil_CO]. This

section examines the structural properties of the t-urethane-
sil_CO film and its intermediates and provides relevant
insights into the photophysical processes involved, based on
electrochemical and electronic characterization of this polymer
structure.

A significant advantage of this study is the synthesis of an
organic−inorganic hybrid under mild conditions, utilizing low-
toxicity solvents and a catalyst-free process through the sol−gel
methodology. This methodology is the highly favorable route
for inorganic polymerization with alkoxysilanes due to its
ability to be conducted at room temperature using either water
or ethanol as a solvents. The formation of the silicon network
relies on the hydrolysis and condensation of alkoxysilane
precursors. Following hydrolysis, which is favored under acidic
or basic conditions, consecutive condensation reactions occur,

Figure 2. (a)Schematic representation of hybrid polymer network produced, t-urethanesil_CO. (b) FTIR spectrum at the carbonyl absorption
region and (c) 29Si MAS NMR spectrum of t-urethanesil_CO, showing T1 (14.90%), T2 (56.01%) and T3 (24.55%) units.
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leading to the formation of siloxane composed of −Si−O−Si−
linkages.40−42

As depicted in the condensation reaction illustrated in
Figure 1a-Step I-, the (−N�C�O) group of 3-
(isocyanatepropyl)triethoxysilane (ICPTES) reacts with
−OH groups from glycerol triricinoleate (the major
component in the composition of CO), leading to the
formation of urethane bonds (−HN−COO−). The pro-
gression of this reaction was confirmed by FTIR spectroscopy
(Figure 1b). Specifically, the disappearance of the 2276 cm−1

band after 24 h of reaction, attributed to the ν(−N�C�O)
group, indicates the consumption of ICPTES.

Furthermore, the emergence of a new band in the carbonyl
region suggested the formation of the urethane bond. The
FTIR spectra at the carbonyl absorption region of CO and t-
URPTES_CO after 18 and 24 h of the reaction exhibit a
vibrational frequency at 1700 cm−1, corresponding to
stretching of the amide group ν(O�C−N−, amide I) (Figure
1c). The shift in the band around 1723 cm−1 may be attributed
to the overlap of the urethane ester group’s carbonyl vibration
ν(O�C−O−) with other carbonyl functions present in CO,
which also contribute to the band around 1745 cm−1.7,8

Following the hydrolysis and condensation of the t-
URPTES_CO polyurethane prepolymer, covalent bonds are
formed between silanes (−Si−O−CH2CH3) present in the
structure, resulting in the formation of an organic−inorganic
polyurethane polymer with unique properties.

The formation of the organic−inorganic cross-linked t-
urethanesil_CO via sol−gel is schematized in Figure 2a-Step
II-. Deconvolution of the infrared absorption bands in the
carbonyl region reveals three distinct bands (Figure 2b). In
contrast to t-URPTES_CO, the band at 1690 cm−1

experienced a minor wavenumber shift, indicating hydrogen-
bonded interurethane domains involving amide I (O�C−
N−) and a lower energy shift of the urethane ester group (O�
C−O−). Notably, an additional band is observed at 1631
cm−1, attributed to an ordered hydrogen bond of amide I.43

Moreover, the polymerization of t-URPTES_CO through
the (−Si−O−CH2CH3) groups was examined via solid-state
NMR. The 29Si magic angle spinning (MAS) NMR spectrum
of t-urethanesil_CO displays distinct signals from the T1 (δ
−50.4 ppm), T2 (δ −59.5 ppm), and T3 (δ −69.3 ppm)

environments (Figure 2c). The notation “Tn” (where n = 0, 1,
2 and 3) corresponds to the number of oxygen in the silicon
bridge R Si( OSi) (OCH CH )n n2 3 3 .

The polycondensation ratio of the organic−inorganic
network, represented as c (c = 1/3(%T1 + 2 %T2 + 3 %T3)),
was estimated from relative areas of the 29Si NMR spectrum,
resulting in a value of c ≈ 67%. This estimation indicated a
dominance of T2 units within the network, with a noncrystal-
line domain centered at 2θ = 20°, as shown in Figure S3a of
the Supporting Information.44−46 In the 29Si NMR spectrum,
narrow peaks at δ −46.8 and δ −54.0 ppm suggested possible
residual monomers and oligomers following the condensation
process. However, these remnants appear to have a negligible
influence on the overall thermal stability of the network, as
revealed by thermogravimetric analysis shown in Figure S3b.
Details of the X-ray diffraction and thermogravimetric analyses
are provided in Section S2 of the Supporting Information
document.

Furthermore, electrochemical measurements were per-
formed on the t-urethanesil_CO hybrid polymer with the
primary aim of analyzing its electrochemical and electronic
properties. Initially, cyclic voltammetry (CV) was conducted,
revealing a capacitive response with a pair of quasi-reversible
waves within the potential window ranging from −0.3 to +0.6
V versus silver (Figure 3a). These signals are believed to stem
from the −NH component of the network structure,
potentially undergoing electron-induced proton transfer (R−
NH ⇆ R−N− + H+ + e−).47,48 Weak peaks in the CV response
of the carbon electrode display significant changes in the
electric current and potential after modification with the hybrid
polymer (Figure S4a).

From the CV results, the formal potential was estimated to
be EF/e = 0.0675 V, which is the potential representing the
midpoint of the redox waves and the equilibrium potential of
the electrochemical process associated with them. Subse-
quently, ECS was conducted using this formal potential as the
bias potential. The impedance-derived capacitance response is
illustrated in a Nyquist plot, which depicts a semicircle-shaped
response correlating the real component of the capacitance
(C′) with the imaginary component (C″). Figure 3b presents
the Nyquist plot for t-urethanesil_CO, showing that C′ at low

Figure 3. Electrochemical characterization of t-urethanesil_CO: (a) cyclic voltammogram (CV) using 0.2 mol L−1 H2SO4 as the electrolyte; (b)
complex capacitive spectrum (Nyquist diagram) illustrating the film’s response measured at the formal potential EF/e; (c) profile of Cq-response as
a function of the electrode potential (∝ to the density-of-states function) of t-urethanesil_CO.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.5c00826
ACS Appl. Electron. Mater. 2025, 7, 8034−8044

8037



frequencies, graphically where the semicircle closes, is
approximately 11.5 μF cm−2. This capacitance, named
electrochemical capacitance C( ), can be quantified in terms
of the chemical capacitance Cq of the polymer structure, which
has an electronic origin and characterizes the pseudocapacitive
behavior of the polymeric film, including its redox activity.
From the perspective of quantum rate theory (QRT),49,50 in
dynamic equilibrium conditions in an electrolyte environment,
the electrostatic capacitance (Ce) contribution is equivalent to
the chemical, such as Ce ∼ Cq, and thus C Cq. In addition,
the frequency associated with this capacitance is considered to
be the equilibrium angular frequency (ω0), which presently
was measured as 6.29 rad s−1. According to the experimental
approach derived from QRT (Section S1 in the Supporting
Information), ω0 is the angular frequency at which the t-
urethanesil_CO polymer films return close to their electronic
equilibrium condition under electrical perturbation.

Likewise, Cq can be derived from the impedance data when
the angular frequency associated with the complex capacitance
function C*(ω) tends to 0 (ω → 0), as described in Equation
S2 of the Supporting Information. Under these conditions, C′
at ω0 correspond to Cq. Then, measurements were conducted
at this constant frequency, ω0 = 6.29 rad s−1, to observe the Cq-
response as a function of the electrode potential (Figure 3c).

In that sense, Cq originates from a volumetric distribution of
nanometer sites exhibiting redox activity, specifically involving
electron transfer processes. Thus, it is appropriate to describe
this capacitance as being associated with a pseudocapacitive
electronic DOS within a micrometer-scale volume.51,52

Accordingly, Figure 3c can be interpreted as a representation
of the DOS of the polymeric material at room temperature.
The plot reveals an asymmetric response, peaking at −0.036 V,
corresponding to the energy state distribution of an assembly
of molecular units composing the polymer films. This
distribution takes into account the thermal broadening effect
on the energy levels, following the relation Cq ∝ f(1 − f),
where f is the Fermi−Dirac distribution. Notably, this profile
type obtained from the Cq-response is predominantly
associated with the theoretical description of the electronic
structure in noncrystalline molecular solids.53,54 Similarly, the
in situ Cq-response was evaluated for the urethanesil_CO-
modified working electrode under light exposure (λ of 405 nm
and optical power of 64 mW) (Figure 4, red dot). This
response maintained the same asymmetric profile but shifted
toward higher Cq values. A noteworthy feature of t-
urethanesil_CO is its optical responsiveness characterized by
blue emission, as shown in (Figure S5b,d)�that is, under
exposure to a specific light source, the electrons of the material
are promoted to higher energy states and subsequently relax,
emitting blue light�although 405 nm is not the maximum
excitation wavelength, it still has sufficient energy to populate
accessible excited states, as estimated in Section S4 of the
Supporting Information.

Therefore, the increase in Cq, without a significant change in
the overall profile shape, is attributed to the electron
occupancy of pre-existing excited states that become accessible
under illumination. From a theoretical perspective, the
chemical capacitance Cq is directly proportional to the density
of electronic states (DOS) near the Fermi level.21 It reflects the
number of energy states available for electron occupation.
Thus, an increase in Cq indicates a higher density of accessible
states involved in electrons redistribution processes�consis-

tent with the population of excited states under photo-
irradiation.55−57

By observing the DOS response recorded under both
conditions�without and with photoexcitation�it can be
concluded that the observed changes in Cq are due to electron
occupancy of excited states rather than the emergence of new
states. This interpretation is further supported by the fact that
no significant modifications in the profile shape were observed.

The correlation between optical excitation and Cq supports
the interpretation of light-assisted ECS as a powerful in situ
probe of the electronic structure in materials.

Notably, when the light is turned off (Figure 4, gray dot),
the DOS profile is fully restored, demonstrating the reversible
photodynamic behavior of the polymer structure. This
behavior highlights the potential of the Cq response in t-
urethanesil_CO as a promising signal for a logic system driven
by physical stimuli, such as light, which can be translated into
binary logic outputs (0 or 1).

Building on the previous findings, the next step of the study
was to observe the behavior of the hybrid polymer when
employed as a host matrix for intrinsically photosensitive
materials such as photochromic species. The incorporation of
these materials could enhance the polymer’s light responsive-
ness and offer further confirmation of its electronic structure,
as analyzed through ECS.
Smart Light-Responsive Film [PWA@t-Urethanesil_-

CO]. The current section examines the changes in the
electrochemical and electronic properties of t-urethanesil_CO
upon incorporation of the dopant polyoxometalate
H3PW12O40−HPWA, referred to as PWA@t-urethanesil_CO.
First, CV data presented in Figure 6a showed a significant
increase in current density for PWA@t-urethanesil_CO
compared to the undoped polymer, suggesting the preparation
of a potential solid electrolyte from the doping of the polymer
network. The homogeneous embedding of the HPWA was
further supported by micrographs and elemental analysis via X-
ray energy-dispersive spectroscopy (EDS) (Figure 5).

Upon estimation of EF/e = 0.186 V, a Nyquist plot was
obtained, revealing a notable increase in the value of the Cq-
response (Figure 6b). Hence, from its semicircle-shaped
response, it is possible to observe that the value of Cq was
approximately (270 ± 50) μF cm−2, which was calculated as

Figure 4. Profile of Cq-response as a function of the electrode
potential (∝ to the density-of-states function) of t-urethanesil_CO
before (blue circle), under (red circle), and after (blue circle) light
irradiation with λ of 405 nm and optical power of 64 mW.
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the average of the three independent electrodes. This value is
at least 20 times greater than that of t-urethanesil_CO,
demonstrating the gaining of the pseudocapacitive features as a
result of the doping. HPWA is a heteropolyacid containing

metallic centers (W6+) that participate in reversible redox
reactions involving the transition between oxidation states of
tungsten (W6+ ⇆ W5+). When the polymeric film is doped
with HPWA, these redox-active centers are distributed

Figure 5. Scanning electron micrographs of (a) t-urethanesil_CO and (b,c) PWA@t-urethanesil_CO on the surface of the working electrode of
screen-printed carbon electrodes (SPCEs). The morphology of the electrode surface after modification with the hybrid polymers is clearly
observed. Additionally, the homogeneity of the HPWA doping is qualitatively demonstrated by the elemental mapping (d−h). (i,j)
Semiquantitative elemental analysis by EDS. Theoretical weight percentage of tungsten: 7.6.

Figure 6. Electrochemical properties of PWA@t-urethanesil_CO (orange line): (a) cyclic voltammogram (CV) within the potential window of
−0.3 to +0.8 V, (b) Nyquist diagram measured at the formal potential EF/e, (c) profile of Cq-response as a function of the electrode potential (∝ to
the density-of-states function) and compared with the host matrix (blue line).
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throughout its volume, giving rise to a pseudocapacitive
effect.58−60 This redox process contributes an additional
component of electronic capacitance, which accounts for the
significant increase in the electrochemical performance of the
doped polymeric film.

In this case, the Nyquist plot also provided the equilibrium
angular frequency, ω0 = 43.3 rad s−1, for PWA@t-
urethanesil_CO. At this fixed ω0, the Cq-response as a function
of the electrode potential was obtained in the same electrolytic
solution. As explained previously, this response is associated
with the pseudocapacitive electronic DOS of the structure
immobilized over the electrode.

Accordingly, Figure 6c shows an Cq-response with a
maximum within the same potential window as t-urethane-
sil_CO when HPWA is embedded into the structure. In
addition to the significant increase in magnitude, the response
differs substantially from the undoped host, displaying a
distinct shift of its maximum�corresponding to the Fermi-
level of the structure�toward more positive potentials, 0.152
V. These changes in the Cq profile suggest a modified
electronic structure of the polymer matrix, likely due to the
emergence of new electronic states arising from interactions
with the HPWA dopant.

Further evidence for this interaction between the PWA
anion and the polymer host is provided by the FTIR spectrum
of PWA@t-urethanesil_CO, particularly in the carbonyl
absorption region, supporting the interaction of polyanion
with the −NH moiety. In the undoped polymer, the amide I
band�associated with strongly ordered hydrogen bonding�
appears at 1631 cm−1. Upon incorporation of the PWA anion
into the hybrid matrix, this band exhibits a blue shift to 1665
cm−1 (Figure S6b). This shift is attributed to the formation of
disordered hydrogen bonds between the amide I moieties and
the oxygen atoms of the PWA anion. Such disordered
interactions typically reduce the hydrogen bond strength,
allowing greater vibrational freedom of the −C�O groups and
consequently increasing their vibrational frequency.

Therefore, the structural correlation mentioned above
suggests the possibility of evaluating the photophysical
behavior of this doped polymer structure through light-assisted
ECS, serving as a powerful in situ probe of the material’s
electronic structure.

Exposure of PWA@t-urethanesil_CO to light at λ = 405 nm
resulted in the emergence of two characteristic absorption
bands in the visible region (Figure 7a). The first band,
appearing between 710 and 800 nm, is attributed to IVCT
(WA

5+−O−WB
6+ ⇆ WA

6+−O−WB
5+). The second, higher energy

band around 480 nm is assigned to d−d transition of new W5+

species due to the d1 orbital.61 The same light dose was used to
collect the Cq-response versus potential plot (DOS), as
presented in Figure 7b. It showed a shift of the original
maximum toward higher values of Cq and lower potentials,
0.034 V. Additionally, a new contribution emerged at the
negative potential, peaking at −0.027 V.

From Cq analyses, it is suggested that the new contribution
arises from a polymer moiety interacting with a highly reduced
PWA unit, such as PW W O6

5
6
6

40
9[ ]+ + . The higher values of Cq

(ranging from 192 to 233 μF cm−2) indicate a process
predominantly occurring within the polymer matrix, driven by
the incorporation of the reduced PWA anion. This behavior is
likely associated with electronic transitions involving newly
formed states linked to W5+ centers as well as IVCT processes.

The partial reduction of tungsten atoms in the PWA
framework�manifested by the coexistence of W5+ and
W6+�may result in the shift of the electrochemical response
of PWA@t-urethanesil_CO toward more negative potentials.
Hence, the presence of a higher concentration of W5+ centers
within the PWA structure appears to be correlated to more
negative potential regions, reflecting enhanced redox activity
within the hybrid material.

In this context, these results presented in Figure 8a,b also
propose the PWA@t-urethanesil_CO-doped polymer as a
potential material for data storage, with “0” representing the
electronic structure without light exposure and “1” represent-
ing light exposure. The innovative aspect is that being a
common chromism mediated by light, these changes can be
evaluated through the experimental electronic structure
obtained via ECS. Therefore, the kinetics of this response
were analyzed. When assessing the relaxation of the photo-
chromic process, both UV/vis spectroscopy and ECS indicate
a decline in the reduced species W5+. While UV/vis
spectroscopy demonstrates a consistent tendency toward
decreasing the electronic transitions triggered by W5+ presence,
the DOS analysis reveals a relaxation behavior without a clear
tendency to recover the initial electronic structure, at least until
300 min. Even an unknown process might be triggered during
this relaxation time. Interestingly, a follow-up study conducted
1 week later on the same sample revealed that PWA@t-
urethanesil_CO exhibits a partial recovery of its electronic
structure (Figure S8). This doped polymer, derived from CO,
shows potential for applications as a semireversible logic gate
system using a light-assisted ECS response. Therefore, this
approach�based on the correlation between information
obtained from optical and electrochemical spectroscopic
methodologies�can be considered a powerful tool for in
situ exploring the electronic and photophysical properties of
chemically complex systems such as photo-chromic or -active
and polymer structures.

■ CONCLUSION
In summary, this study reported the synthesis of organic−
inorganic hybrid polymers, namely, the undoped t-urethane-
sil_CO and its polyoxometalate-doped PWA@t-urethanesil_-
CO, via a catalyst-free sol−gel route. The use of biobased
precursors as CO and mild processing conditions aligns well

Figure 7. Optical and electronic characteristics of PWA@t-
urethanesil_CO: (a) UV/vis spectrum; (b) profile of the Cq-response
as a function of the electrode potential (∝ to the density-of-states
function), before (orange dots) and after (violet dots) irradiation
exposure (λ = 405 nm; optical power = 64 mW).
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with sustainable development goals, highlighting the potential
of these materials for future green technologies.

Impedance-derived ECS provided the first experimental
insights into the electronic structure of an organic−inorganic
hybrid urethanesil. Moreover, the light-assisted ECS reveals the
in situ population of excited electronic states, demonstrating its
relevance as a probe of the electronic structure in optically
active materials.

To further investigate the interplay between the optical and
electronic properties of CO-derived hybrid polymers and to
confirm their accessible electronic features, t-urethanesil_CO
was embedded with the polyoxometalate HPWA�a distinct
active compound based in photochromism. The resulting
PWA@t-urethanesil_CO exhibited pronounced modifications
in both ECS and light-assisted ECS profiles�such as potential
shifts and the emergence of new features�indicative of new
electronic states arising from strong interactions between the
polymer and the PWA units and their reduced species.

All in all, these findings demonstrate that the combination of
optical and electrochemical spectroscopies offers a robust in
situ approach for probing the electronic and photophysical
properties of complex systems, including photochromic,
photoactive, and polymer-based materials. This strategy
opens new avenues for experimentally accessing the electronic
structure of optically active materials under ambient
conditions.

■ EXPERIMENTAL SECTION
Materials. Castor oil (CO, supplied by A. Azevedo Brazil), (3-

isocyanatepropyl)triethoxysilane (ICPTES, 95.0%, Sigma-Aldrich);
tetrahydrofuran (THF, 99.9%, Sigma-Aldrich), ethanol (EtOH,
99.5%, Merck), hydrochloric acid (HCl, 37.0%, Merck), potassium
chloride (KCl, 99.9%, Sigma-Aldrich), potassium hexacyanoferrate-
(III) (K3[Fe(CN)6], 99.0%, Sigma-Aldrich), and phosphotungstic
acid hydrate (HPWA−H3PW12O40·H2O, 99.0%, Sigma-Aldrich) were
used as reagents and solvents in their as-received state without further
purification. Solutions were prepared with high-purity deionized water
(Millipore, 18.2 MΩ cm at 25 °C). A phosphate buffer solution at pH
7, used as the supporting electrolyte, was prepared by dissolving
disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O, 10
mmol L−1, Sigma-Aldrich) and potassium dihydrogen phosphate
(KH2PO4, 2 mmol L−1, Sigma-Aldrich).
Methods. Preparation of Triurethanesilpropyltriethoxysilane

Prepolymer [t-URPTES_CO]. ICPTES was added to a mixture of
CO in a 3:1 molar ratio with THF in a v/v ratio of THF/CO as 1:4.
The mixture was heated under reflux and stirred for 24 h at 82 °C
(thermostatic bath set as 17 °C). Following THF evaporation, t-
URPTES_CO was obtained as a viscous pale-yellow liquid and then

transferred to a covered glass bottle and stored at 10 °C away from
direct light exposure.

Syntheses of a CO-Based Triurethanesil Film [t-urethanesil_CO]
and Doped with Phosphotungstic Acid [PWA@t-Urethanesil_CO].
For the t-urethanesil_CO film, 3 g of the t-URPTES_CO prepolymer
was mixed with 4 mL of EtOH and 200 μL of HCl 0.05 mol L−1

under stirring. The mixture was then poured into a polystyrene case
and subjected to a heat treatment at 40 °C for 48 h. To produce
PWA@t-UR_CO, 300 mg of PWA was solubilized in 4 mL of EtOH
and added to 3 g of t-URPTES_CO.

FTIR-ATR Spectroscopy. Samples were analyzed using a spec-
trophotometer (Thermo Scientific Nicolet iS5) in the frequency range
of 4000−600 cm−1, with 32 scans and a spectral resolution of 2 cm−1.
The attenuated total reflectance module (Thermo Scientific iD3
ATR) integrated with a germanium crystal was employed.

Raman Spectroscopy. Raman spectra were obtained using a
micro-Raman spectrometer (Horiba, LabRam HR Evolution) with
excitation at a 633 nm laser. The spectra were collected in the
wavenumber range of 600−1200 cm−1 with a spectral resolution of
1.2 cm−1, using samples in both powder and films.

Solid-State Nuclear Magnetic Resonance. 29Si magic-angle
spinning (MAS) NMR spectra were collected by using a spectrometer
(Bruker Avance III HD 400WB) equipped with a triple resonance
probe at a spinning frequency of 10 kHz and a relaxation delay of 5 s.
Integrated areas of signals were calculated by spectral deconvolution
using PeakFit and Lorentzian−Gaussian as the band shape.

X-ray Powder Diffractometry. Diffraction pattern analysis was
performed at room temperature using a diffractometer (Shimadzu
LabX XRD6000) with 2θ ranging from 4° to 70°, at a step of 0.02°
and 5° min−1 scanning rate. A Cu Kα radiation source (1.54184 Å)
was used.

UV−Visible Spectroscopy. Absorbance spectra were recorded in
the range of 250−800 nm using a UV/vis/NIR spectrophotometer
(Agilent Varian Cary 5000) with samples approximately 1 mm thick.
Transmission measurements were conducted by using a dual-beam
UV/vis/NIR spectrophotometer (PerkinElmer Lambda 1050)
equipped with a 150 mm integrating sphere accessory and a
photomultiplier tube detector. For total transmission measurements,
the film samples were mounted on the transmission port of the
integrating sphere, with the (Spectralon USRS-99-020) reflectance
standard placed on the backport. The diffuse transmission was
recorded by removing the reflectance standard from the backport.
Both total and diffuse transmission spectra were weighted by the CIE
C standard spectral power density and integrated over the range of
380−780 nm. These values were subsequently used to calculate the
haze factor (diffuse transmission/total transmission) and luminous
transmittance (total transmission).62,63

Photoluminescence Spectroscopy. Excitation and emission
spectra were measured at room temperature using a spectrofluor-
ometer (Horiba Scientific Fluorologo-3 model FL3-22) in frontal-face
acquisition mode. A 450 W xenon arc lamp served as an excitation

Figure 8. Evolution of the reversion of the photochromic process measured through (a) UV/vis spectra and (b) Cq-response with respect to the
potential plot from 0 to 300 min.
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source. Emission spectra were recorded with an excitation wavelength
of 320 nm over a spectral range of 350−750 nm, employing a 1 nm
slit width and integration time of 0.2 s. The spectra were corrected for
the photomultiplier’s optical spectral response. Excitation spectra
were obtained at an emission wavelength of 417 nm within the
spectral range 250−400 nm using the same slit width and integration
time. The spectra were adjusted for the lamp’s spectral intensity
distribution using a reference detector.

Thermogravimetry. Thermogravimetric curves were obtained
using a TA Instruments TGA-Q500 module with a sample mass of
8.0 mg on a platinum crucible under an N2 atmosphere at a flow rate
of 60 mL min−1. The temperature ranges from 30 to 800 °C with a
heating rate of 10 °C min−1.

Field Emission Gun Scanning Electron Microscopy. The micro-
graphs were acquired as well as the X-ray EDS analyses were
performed using a field emission scanning electron microscope
(JEOL, JSM-IT500HR) equipped with a Schottky field emission gun,
operating with an electron beam at 18 keV and a current of 0.17 nA.
The samples were analyzed on the surface of the working electrode of
SPCEs.

Electrochemical Measurements. The electrochemical experiments
were performed using a portable potentiostat (PalmSens4) with a
frequency response analyzer, adapted to a DSC connector for Screen-
Printed Carbon Electrodes (SPCEs, Dropsens 110). The SPCEs
consisted of a carbon working electrode (diameter 4 mm), a carbon
counter electrode, and a silver pseudoreference electrode on ceramic
substrates (length 33 mm; width 10 mm; height 0.5 mm). Activation
of the SPCE’s surface was reported by Saciloto et al.64 using cyclic
voltammetry (CV) between −1.0 and 1.5 V versus silver in 0.1 mol
L−1 phosphate buffer solution pH 7, with a scan rate of 0.1 V s−1 until
a stable signal was obtained (∼100 cycles). To confirm the
electrochemical activation, CV was performed in 0.005 mol L−1

K3[Fe(CN)6] in 0.5 mol L−1 KCl solution at the same scan rate.
Postactivation, SPCEs were washed with high-purity deionized water
and air-dried at room temperature. The working electrode was
modified by coating with a viscous suspension of t-urethanesil_CO or
PWA@t-urethanesil_CO using a glass rod of similar diameter and left
to dry overnight at room temperature. The CV of the modified
electrodes was carried out using 0.2 mol L−1 H2SO4 as the supporting
electrolyte within a potential window of −0.3 to 0.4 V versus silver
and a scan rate of 0.1 V s−1.

Impedance-Derived Electrochemical capacitance spectroscopy.
Measurements were performed by applying a sinusoidal potential bias
equivalent to the formal potential of the interface, with a root-mean-
square (RMS) potential amplitude |V| of 10 mV over a potential bias
V measured concerning the Fermi-level potential of the electrode. The
frequency range scanned was from 1 MHz to 1 Hz, with the
corresponding angular frequency ω calculated as ω = 2πf, where f is
the frequency in Hz. The capacitance response of the polymer film
was obtained from the raw impedance data using the relation C*(ω)
= 1/jωZ*(ω), where C*(ω) and Z*(ω) represent the complex
capacitance and impedance functions, respectively, ω is the angular
frequency, and j is the imaginary unity j 1= . Real (C′) and
imaginary (C″) capacitance components were obtained using the
equations C′ = Z″/(ω|Z|2) and C″ = Z′/(ω|Z|2), where Z′ and Z″
corresponds to the real and imaginary impedance components, and |Z|
is the impedance modulus. In this sense, the response of chemical
capacitance (Cq) of the interface corresponds to the value of C′ as the
frequency tends to zero or graphically in the capacitive Nyquist plot
(C″ vs C′) at the value of C′ where the semicircle-shaped response
closes. Additionally, impedance measurements were recorded for a
fixed angular frequency ω0, associated with Cq and while sweeping the
potential from −0.5 to 0.4 V vs the silver electrode. This aimed to
examine the variation of Cq concerning the potential, which allows
access to the pseudocapacitive electronic density-of-states (DOS) of
the polymer interface, as explained in more detail in Section S1 of the
Supporting Information document.
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