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A B S T R A C T

In this work, the low-cost and highly transparent poly(vinyl alcohol) (PVA) is utilized as the starting polymer to 
react with the 4-formyltriphenylamine (TPA) via acetalization reaction, preparing TPA-containing poly(vinyl 
acetal) (PVA-TPA). After casting on the ITO-coated glass and undergoing an electrochemical coupling reaction, 
the resulting cross-linking polymer (c-PVA-TPA) still exhibits high transparency and colorless appearance in the 
neutral state, which is beneficial for electrochromic applications. The cross-linking c-PVA-TPA electrochromic 
electrode exhibited an orange-brown and navy-blue appearance in the first and second oxidation stages, with 
quick response capability in the bleaching process in the first and second stages of only 1.2 s and 1.5 s, 
respectively. Furthermore, the gel-type electrochromic devices (ECD) of c-PVA-TPA also revealed prompt 
switching behavior, with tc and tb of 1.7 s and 2.0 s, respectively, and a coloration efficiency of about 360.5 cm2 

C− 1, which is superior to the structure-related electrochromic polyamide (TPB-PA). Furthermore, it also 
demonstrated electrofluorochromic characteristics by a 34.6-fold contrast ratio.

1. Introduction

Electrochromism (EC) is an attractive research and application to the 
world because it is an absorption-mode display that would not cause 
damage to our naked eyes [1]. Owing to the no light stimuli in EC dis
plays, plenty of researchers focus on the development of versatile ma
terials to develop and improve the EC properties, such as small organics 
(viologens) [2–4], inorganics (WO3 and VOx) [5], metal complexes 
(Prussian blue) [6–8], and conjugated polymers (PEDOT and PANI) 
[9–11]. Triphenylamine (TPA), a well-recognized fourth-generation EC 
material, is a widely used molecular architecture in designing versatile 
small molecules or polymers owing to their low oxidation potential, 

redox reversibility, and tunable color change by introducing specific 
counterparts or functional groups [1,12]. Furthermore, depending on 
the different π-bridge length or structure between two or more electro
active nitrogen centers, the formation of the intervalence charge transfer 
(IVCT) would result in the NIR wavelength absorption when partially 
oxidized by the electronic coupling between oxidized and non-oxidizzed 
electroactive centers [13,14]. To achieve this unique optical modula
tion, complex molecular design and synthesis are essential. Typically, 
high temperatures, precious metal-catalyzed (such as Pd(OAc)2 and 
Pd2(dba)3), or expensive ligands (such as X-Phos and Pt-Bu3) are 
employed to synthesize the well-designed electrochromic molecules or 
monomers (Scheme 1). For polymeric EC materials, further 
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polymerization processes, such as polycondensation or electrodeposi
tion, are necessary to acquire the derived polymers subsequently. For 
example, polyamide EC materials usually exhibit a colorless appearance 
in the neutral state to achieve the gratifying colorless-to-color EC 
feature; however, the target TPA-based monomers and polymers also 
need complicated synthesis procedures, utilize expensive chemicals, and 
sometimes require high polymerization temperatures. Although the 
electrodeposition method could make the EC materials generate an 
intrinsic mesoporous conformation, which is beneficial to the diffusivity 
of the counter ions, quite a percentage of the starting materials would be 
wasted in preparing the EC electrode. Besides, the resulting conjugated 
polymer films usually reveal an inevitable drawback of accompanying 
dense color in the neutral state. Therefore, it is imperative to streamline 
complex synthesis pathways and design and develop a cost-effective, 
scalable, straightforward preparation strategy, yet the resulting redox- 
active materials perform remarkable EC behaviors. In a complete 

assembly EC device, the working electrode (electrochromic layer) 
operates in tandem with a counter electrode that provides the comple
mentary redox (charge-balancing) reaction [1,15]. Viologens are 
frequently employed as cathodically supplemental counterparts to 
broaden the color range and enhance electrochemical stability in the 
TPA-based EC materials [16]. Between these electrodes is an electrolyte 
that supplies counter ions and ensures ionic conductivity while 
remaining electronically insulating. Liquid electrolytes offer high ionic 
conductivity and rapid switching but pose challenges in leakage, 
encapsulation, and long-term dimensional stability. Gel electrolytes 
reduce leakage, improve mechanical integrity, and enable flexible or 
laminated form factors.

Poly(vinyl alcohol) (PVA) is a well-commercialized polymer with a 
competitive price (c.a. $1.61/kg) that has widely gained significant 
attention due to its unique characteristics, including excellent film- 
formability and adhesion, high biocompatibility, and water-soluble 

Scheme 1. General synthesis routes of the conventional triphenylamine-based electrochromic materials and the comparison with this work.
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properties owing to the numerous hydroxyl groups (-OH) along its 
backbone [17,18]. PVA is generally synthesized through the hydrolysis 
of polyvinyl acetate (PVAc), and the hydrolysis degree could be tuned to 
produce PVA with varying properties. As the hydroxyl groups on its 
backbone, PVA offers remarkable opportunities for modification and 
functionalization, making it particularly valuable in various electro
chemical systems, such as an electrode modifier [19–21], separator 
material [22–25], and binding agent [26–29]. Besides, PVA can be 
further processed to produce polyvinyl acetal with various aldehyde- 
containing compounds to undergo acetalization reaction, such as poly
vinyl butyral (PVB) and polyvinyl formal (PVF) [30,31]. The resulting 
polyvinyl acetals can preserve high transparency and strong bonding 
strength with many materials, coupled with their excellent optical and 
mechanical properties, making them pivotal in automotive and con
struction as a laminated interlayer material [32–34]. Recently, polyvi
nyl acetals have expanded their ability to be applied in electrochemical 
processes as polymer electrolytes [35–39]. Yang and Song et al. devel
oped a solid polymer electrolyte (SPE) for EC devices via cross-linking 
reaction of PVB with 3-glycidoxypropyltrimethoxysilane (KH560) to 
play as a safety glass layer with a highly transparent feature simulta
neously, and the ionic conductivity of the resulting electrolyte reached 
1.51 × 10− 4 S cm− 1 [35]. Wang et al. prepared PVB-based SPE by adding 
silica as an additive, and it could achieve an ionic conductivity as high as 
1.78 × 10− 4 S cm− 1 [36]. To our knowledge, few researchers utilize 
redox-active poly(vinyl acetal) structures in electrochemical or EC ap
plications as the working electrode. Hence, the motif of this work en
deavors to develop low-cost TPA-based EC material, reduce the 
synthetic process, and limit toxic synthetic starting materials and cata
lysts to achieve eco-friendly features. Herein, PVA was chosen to be the 
base polymer and modified by the commercially available 4-formyltri
phenylamine to undergo acetalization utilizing p-toluenesulfonic acid 
monohydrate (p-TSA) as the eco-friendly, non-toxic catalyst and 
dimethyl sulfoxide (DMSO) as a less-toxic and green solvent to obtain 
TPA-containing poly(vinyl acetal) (PVA-TPA) [40–42]. This approach 
could substantially reduce the synthetic procedures and toxic and 
environmentally harmful chemicals, and only requires a mild reaction 
temperature of 60 ◦C (Scheme 1). A following solid-state electro
chemical coupling reaction on PVA-TPA film was conducted to form the 
cross-linked type EC material, c-PVA-TPA, which exhibits comparable 
properties to the structure-related conventional tetraphenylbenzidine 
(TPB)-based EC polyamide (TPB-PA). This result implies the promise of 
this facile, eco-friendly, and low-cost material as an up-and-coming 
candidate for practical use, such as a smart automotive window, as a 
laminated interlayer EC material.

2. Results and discussions

2.1. Synthesis, characterization, and the basic properties of PVA-TPA

TPA-PVA was prepared by the commercially available PVA (BP-17, 
Mw: 84,000–89,000; hydrolysis degree: 86% ~ 89%) and 4-formyltri
phenylamine at a mild reaction temperature of 60 ◦C for four hours 
with DMSO and p-TSA as the solvent and catalyst, respectively. This 
approach simplified and mitigated synthetic routes and reaction tem
perature, reducing toxic and expensive chemicals. To characterize the 
acetalization degree of PVA-TPA, it is necessary first to calculate the 
actual hydrolysis degree of the commercialized PVA. In the 1H NMR 
spectrum (Fig. S1), the 1.22 to 1.55 ppm signals are assigned to the PVA 
backbone’s methylene group (–CH2–) with an integral value of 1.0, and 
the signals from 1.89 to 2.02 ppm are the methyl group of the side-chain 
acetate group (–OCOCH3) with an integral value of 0.22. Hence, the 
hydrolysis degree of the PVA used in this study could be estimated as 
0.85. Next, the acetalization of the TPA-functionalized polyvinyl acetal 
could be calculated using the following equation: 

Acetalization (%) =
SH of acetal × 4

S1.10 to 2.00 ppm × 0.82 × 0.85 

Where S is the integral area value, 0.85 is the hydrolysis degree, and 
0.82 is the integral ratio of methylene groups in the PVA backbone and 
the methyl group of the side-chain acetate. In Fig. 1, the signals from 
1.10 to 2.00 ppm were assigned to the polymer backbone’s methylene 
groups and the methyl groups of the side-chain acetate, and the proton 
signal at 5.44 ppm was ascribed to the acetal’s proton. According to the 
equation, the degree of acetalization could be estimated to be 63.3%, 
and it is not easy to achieve a complete or high acetalization degree 
because the acetalization reaction is reversible [41]. Therefore, an 
acetalization degree of 63.3% is considered a good level of functional
ization. Besides, after the acetalization reaction, the FTIR spectra also 
revealed that the hydroxyl peak of PVA at 3304 cm− 1 would be weak
ened, and the characteristic C-O-C peak of acetal would generate at 
1107 cm− 1, as shown in Fig. S2. The resulting PVA-TPA revealed 
enhanced solubility in the common organic solvents, such as 1,4- 
dioxane, tetrahydrofuran (THF), dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO), and dimethylacetamide (DMAc), as tabulated in 
Table S1, compared with the pristine PVA, which usually could dissolve 
only in THF, DMSO, and water. Besides, the PVA-TPA exhibited higher 
thermal stability than the pristine PVA, which manifested higher 5 wt% 
and 10 wt% mass loss temperatures (Td [5] and Td [10]) of 325 and 
330 ◦C, respectively (Fig. S3 and Table S2). Due to incorporating aro
matic moieties in the polymer structure, the glass transition temperature 
(Tg) of PVA-TPA could be increased to 137 ◦C, while the pristine PVA 
revealed a Tg of 78 ◦C (Fig. S4). Some references also reported the same 
trend: using aromatic or bulky moieties, the Tg would increase after 
acetalization [43,44]. In the mechanical test shown in Fig. S5, although 
PVA-TPA would show a larger Young’s modulus (1033.5 MPa) than the 
pristine PVA (822.7 MPa), it would exhibit a brittle feature, with the 
elongation at break being only 4.5%.

To analyze the cost-effectiveness of PVA-TPA, we compared a 
structure-related TPB-based polyamide (TPB-PA), as shown in Scheme 1. 
All the unit prices of the chemicals were obtained from CAS SciFinder. 
According to the reference, we can approximate and evaluate the cost of 
the conventional TPB-PA, and the synthesis route is depicted in Scheme 
S1 [45,46]. As tabulated in Table S3, the starting diamine monomer 
(TPB-2NH2) for TPB-PA had an extremely high cost of 211,000 USD/kg, 
leading to a high price to produce one kilogram of TPB-PA with 150,415 
USD/kg. In contrast, PVA-TPA only required 716 USD to produce one 
kilogram of the product. We also listed the toxicity assessment of the 
solvents and chemicals used, and the chemicals used in this work had 
lower toxicity than those used to produce TPB-PA (Table S4). Therefore, 
PVA-TPA revealed a promising, low-cost, and eco-friendly EC material.

2.2. Observation of the electrochemical coupling reaction

To undergo the solid-state electrochemical coupling reaction, the 
PVA-TPA polymer film was drop-coated on the ITO-coated glass with a 
thickness of ca. 350 nm, as depicted in Fig. S6. At the first cycle of the 
cyclic voltammetry (CV), PVA-TPA did not show a prominent oxidation 
peak as the potential increased to 1.20 V, while two corresponding 
reduction peaks were observed at 0.72 V and 0.61 V in the reverse scan, 
as illustrated in Fig. 2a. At the second CV scan, the onset oxidation po
tential (Eox, onset) was decreased from 0.87 V to 0.68 V, implying that the 
benzidine moiety was formed via the electrochemical coupling reaction 
and increased the highest occupied molecular orbital (HOMO) level 
from − 5.23 eV to − 5.04 eV (vs. Fc/Fc+, Eox, onset = 0.44 V); and two new 
oxidation potentials generated as observed at 0.87 V and 1.16 V. This 
phenomenon is the same as the electrodeposition method to prepare 
polymeric EC materials, where the occurrence of the lower Eox, onset and 
the generation of new oxidation peaks typically accompany the coupling 
reaction [47,48]. In the differential pulse voltammetry (DPV), similar 
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consequences also occurred: only one oxidation peak was observed at 
the first scan at 1.02 V, attributed to the oxidation reaction of the TPA 
moiety; a broad and low oxidation peak at the second DPV scan 

appeared, as depicted in Fig. 2b. When the CV scans increased to twenty 
cycles, the shape of the CV profiles became steady and showed no 
noticeable change in the current (Fig. S7). The resulting polymer film is 

Fig. 1. 1H NMR spectrum of PVA-TPA in DMSO‑d6. (600 MHz).

Fig. 2. (a) Solid-state electrochemical coupling test using cyclic voltammetry at a scan rate of 50 mV/s. (b) Differential pulse voltammetric profiles from 0.0 to 1.2 V 
at an increment of 4 mV, pulse width of 25 ms, pulse period of 0.2 s, and pulse amplitude of 50 mV. All the electrochemical measurements were conducted in 0.1 M 
TBABF4/MeCN and 1 × 1 cm2 of platinum plate as the counter electrode. (c) Schematic presentation of the solid-state electrochemical coupling reaction.
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seen as fully transformed to the TPB structure, suggested as a cross- 
linked conformation (Fig. 2c), named c-PVA-TPA. The resulting DPV 
profile of c-PVA-TPA displayed a broad oxidation peak from 0.50 V to 
1.20 V, and the reversible DPV profile exhibited two reduction peaks 
that merged at 1.04 V and 0.91 V (Fig. S8). Similarly, the CV profile 
revealed a clear oxidation potential at 1.09 V with two reduction couples 
at 0.72 V and 0.61 V owing to the weak electron-coupling ability be
tween the two electroactive nitrogen atoms in the TPB moiety.

In addition to the electrochemical characteristic changes, UV–vis- 
NIR spectroscopy was also utilized to investigate the optical behaviors of 
structural transformation. As illustrated in Fig. 3a, before the coupling 
reaction, the onset wavelength (λonset) was at 348 nm, and the distinct 
π–π* transition of the TPA moiety appeared at 311 nm. After the 
coupling reaction, the λonset was significantly bathochromic to 403 nm, 
suggesting a smaller bandgap (Eg

Opt) value of 3.08 eV than that of PVA- 
TPA (3.56 eV). A new absorption peak appeared at 356 nm, attributed to 
the TPB moiety’s π–π* transition. Note that the main absorption after the 
coupling reaction was located in the UV region, making the resulting c- 
PVA-TPA still reveal a highly transparent and colorless appearance. To 
confirm the formation of the cross-linking structure we supposed, the 
polymer films were coated on ITO glasses and immersed in concentrated 
sulfuric acid (H2SO4) before or after the electrochemical coupling re
action to observe the solubility difference. In Fig. 3a, the PVA-TPA film 
was completely dissolved in the concentrated H2SO4 with a yellow color, 
leaving only the ITO glass substrate in the vial. On the other hand, the c- 
PVA-TPA film could only peel off from the ITO glass substrate and float 
in the concentrated H2SO4 instead of being dissolved in it, demon
strating the cross-linked structure of c-PVA-TPA. Intriguingly, the color, 
whether the PVA-TPA solution or the c-PVA-TPA film in the concen
trated H2SO4, would change to a yellow or orange appearance because 
the TPA or TPB moieties could undergo the chemical oxidative reaction 

in the presence of the concentrated H2SO4.

2.3. Electrochromic behaviors of c-PVA-TPA

The PVA-TPA and c-PVA-TPA films coated onto ITO glass substrates 
were analyzed using the spectroelectrochemical technique to evaluate 
their electrochromic behaviors. The c-PVA-TPA films were prepared 
after twenty cycles of CV scans from PVA-TPA and measured directly 
without further purification. For comparison, a structure-related TPB- 
PA was utilized (Scheme 2), and the corresponding CV diagram was 
depicted in Fig. S9. First, the pristine PVA-TPA film was used to observe 
the absorption changes during the coupling reaction with the different 
applied potentials in situ, and each applied potential was kept for two 
minutes to ensure reaching a steady state. In its neutral state, the PVA- 
TPA film appeared colorless and transparent with CIELAB values of L* =
98.10, a* = 0.65, and b* = 0.37. Fig. 3b displays that the UV–vis-NIR 
spectra did not change when the applied potential was from 0 V to 0.90 
V and exhibited the same profiles as the neutral state. Subsequently, the 

Fig. 3. (a) UV–vis-NIR spectra of the PVA-TPA and c-PVA-TPA films in the neutral state. The inserted photos were the PVA-TPA and c-PVA-TPA films immersed in 
concentrated sulfuric acid. Spectroelectrochemistry of (b) PVA-TPA and (c) c-PVA-TPA at different applied potentials in 0.1 M TBABF4/MeCN and 1 × 1 cm2 of 
platinum plate as the counter electrode; each applied potentials were kept for two minutes to ensure reaching the steady state. (d) Photos of the appearance of 
electrochromic behaviors for the c-PVA-TPA film.

Scheme 2. Chemical structure of the conventional TPB-based polyamide, 
TPB-PA.
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characteristic absorption peaks emerged at 351 nm, 486 nm, 700 nm, 
and 1350 nm at 1.0 V, and the 700 nm absorption peak could increase 
further when raised to 1.20 V, while the absorption peaks at 486 and 
1350 nm decreased gradually. The distinct absorption peak at 1350 nm 
could be distinguished as the mixed-valence (or intervalence charge 
transfer, IVCT) absorption of the TPB+ moiety caused by the charge 
delocalization between two redox centers and the biphenyl bridge in the 
first oxidation state. Thus, the fast structural transformation makes it 
difficult to observe the pristine absorption or chromic color of the 
oxidized TPA moiety. After the electrochemical coupling reaction, the c- 
PVA-TPA film also revealed a highly colorless and transparent appear
ance, with the CIELAB values being L* = 98.75, a* = 1.19, and b* =
0.51.

In comparison, the conventional TPB-based polyamide (L*, 93.47; 
a*, − 1.56; b*, 2.46) in the same thickness revealed a higher b* value 
than that of the c-PVA-TPA film, resulting in a slightly yellowish film 
appearance. The optical spectra of c-PVA-TPA started changing at the 
low driving potential of 0.80 V, gradually generating the absorption 
peaks at 486 nm and 1350 nm and decreasing at 351 nm until 1.0 V, and 
the film appearance would change from colorless to orange-brown ap
pearances (L*, 78.49; a*, 19.74; b*, 23.14) (Fig. 3c and d). When 
applying a further driving potential to 1.20 V, the distinct IVCT ab
sorption would reduce owing to the fully oxidized TPB2+ moiety not 
being able to have mix-valence ability, and the absorbance at 700 nm 
would increase substantially to perform a navy-blue appearance (L*, 
53.50; a*, − 13.94; b*, − 7.23). Thus, this approach could achieve the 
excellent processability of the PVA-TPA and preserve the original 
transparent and colorless features after the electrochemical coupling 
reaction, making c-PVA-TPA a gratifyingly promising EC material.

Subsequently, the EC behaviors of the resulting c-PVA-TPA were 
further investigated and compared to the structure-related TPB-PA. To 
reach 90% of ΔT% at 486 nm in the coloring process in the first 
oxidation stage, the c-PVA-TPA film needed 6.8 s with a coloration speed 
(νc, 90%) of 11.4% s− 1, which is comparable to the TPB-PA one that 
performed a 5.4-s coloring time (tc) with a νc, 90% of 14.0% s− 1, as 
depicted in Fig. 4a. If calculating to 95% of ΔT% in the coloring process, 
although c-PVA-TPA still required a longer coloration time (tc, 95%: 9.3 s) 
than TPB-PA (tc, 95%: 8.8 s), within this 5% of ΔT%, c-PVA-TPA required 
a shorter time of 2.5 s than that of TPB-PA (3.4 s), leading to comparable 
νc, 95% values of c-PVA-TPA (8.8% s− 1) and TPB-PA (9.0% s− 1). Both c- 
PVA-TPA and TPB-PA displayed rapid bleaching capability with similar 
bleaching times (tb, 90%) of 1.8 s in the bleaching process.

In the second oxidation stage, we monitored two different wave
lengths of c-PVA-TPA at 486 and 700 nm. In Fig. S10, the transmittance 

changes at 486 and 700 nm revealed a longer tc, 90% of 8.9 s, compared to 
that in the first oxidation stage, and a shorter tb, 90% of 1.5 s. Further
more, Supporting Videos 1 and 2 presented that c-PVA-TPA performed 
remarkable color reversibility from colorless (neutral state) to brown 
appearance (first oxidation stage) or even to navy-blue appearance 
(second oxidation stage) and fast response capabilities.

In addition, different from the results of the response capability, the 
coloration efficiency (ηCE, cm2 C− 1) of c-PVA-TPA (199.8 cm2 C− 1) 
displayed a higher value than TPB-PA (171.4 cm2 C− 1) at 486 nm in the 
first oxidation stage, as illustrated in Fig. S11, indicating that c-PVA-TPA 
required less current consumption than TPB-PA at the same optical 
density and exhibited an energy-saving feature. To elucidate this phe
nomenon, electrochemical impedance spectroscopy (EIS) was applied to 
analyze the charge-transfer resistance (Rct, Ω) and the diffusivity of the 
counter ions (D, cm2 s− 1) [49–51]. As shown in Figs. 4b and S12, both c- 
PVA-TPA and TPB-PA exhibited similar Rct values of 35.9 Ω and 34.0 Ω 
in the first oxidation stage, indicating that the ability of the electron 
transfer was similar within these two materials; meanwhile, c-PVA-TPA 
had a ten times larger D value (45.2 × 10− 15) than TPB-PA (4.5 ×
10− 15). We speculated that the polarity group in the c-PVA-TPA back
bone (such as hydroxyl and ester groups) and the conformation via the 
electrochemical coupling reaction facilitated the migration of the 
counter ions within the polymer matrices, making c-PVA-TPA with a 
higher ηCE (199.8 cm2 C− 1) value than the structure-related TPB-PA (ηCE 
= 171.4 cm2 C− 1).

2.4. Electrochromic and Electrofluorochromic devices

To conduct the feasibility for the practical applications, c-PVA-TPA 
was further fabricated as the gel-type EC devices (ECD) using 0.1 M of 
TBABF4 as the supporting electrolyte and 0.03 M of heptyl viologen (HV) 
as the counter cathodic EC material in the dry propylene carbonate (PC) 
with 10 wt% of PMMA. The CV profile of c-PVA-TPA revealed only one 
oxidation potential at 1.46 V (Fig. S13), but even so, the two corre
sponding reduction peaks at 1.18 V and 0.95 V still could be observed, 
similar to the case of the pristine film. For comparison, the CV profile 
and spectroelectrochemical spectra of the TPB-PA-based ECDs were also 
measured and provided in Figs. S14 and S15 to distinguish the exact first 
oxidation potential. As depicted in Fig. 5, the prepared c-PVA-TPA ECD 
did not show an apparent absorption in the visible region in the neutral 
state, displayed a colorless and transparent appearance, and could be 
activated at 1.10 V, then started gradually increasing absorption with 
distinct peaks at 486 and 1425 nm. The reduced HV’s generated ab
sorptions at 385, 605, 665, and 735 nm. When reaching 1.40 V, the 

Fig. 4. (a) Response times of the c-PVA-TPA and TPB-PA films at 486 nm. (b) Electrochemical impedance spectroscopy of the c-PVA-TPA and TPB-PA films in the 
first oxidation state. (Inserted circuit is the Randles equivalent circuit, where Re: electrolyte resistance; Cdl: double-layer capacitance; Zw: Warburg resistance; Rct: 
charge-transfer resistance).
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peaks at 486 and 1425 nm exhibited a maximum absorbance value and a 
decrease after being applied to 1.50 V. Therefore, the potential of 1.40 V 
could be regarded as the end of the first oxidation potential of the c-PVA- 
TPA ECD. In the second oxidation stage, the distinct absorption at 700 
nm of the fully oxidized c-PVA-TPA would be merged with the absorp
tion of the reduced HV and display a broad absorption band from 500 to 
1000 nm, revealing a deep blue appearance. As a reference, TPB-PA with 
the structure-related tetraphenylbenzidine-based electrochromic 
composition of c-PVA-TPA was also fabricated as the gel-type ECD to 
compare the EC behaviors. Fig. 6a and b reveal that c-PVA-TPA and TPB- 
PA performed similarly tc, 90% values of 1.7 and 1.8 s, respectively. 

Interestingly, in the bleaching process, c-PVA-TPA ECD exhibited a 
quicker response time of tb, 90% of 2.0 s, just half of the tb, 90% for TPB-PA 
ECD (3.9 s). The results were different from the findings in the pristine 
films, suggesting that in the limited electrolyte system, the poly(vinyl 
acetal) structure could facilitate imparting a higher impact on the 
counter ion diffusion to generate a more significant difference in the 
bleaching process than the bulk electrolyte system. In addition, the ηCE 
of c-PVA-TPA also exhibited a larger value (360.5 cm2 C− 1) than the 
TPB-PA ECD (312.2 cm2 C− 1), as shown in Fig. 6c. In the long-term 
switching stability test, the c-PVA-TPA ECD also displayed a gratifying 
retention of up to 90% of ΔT% after 60,000 s (1,000 cycles); in com
parison, TPB-PA ECD exhibited a retention of 96% stability (Fig. 6d and 
e). These findings confirm that the prepared c-PVA-TPA by this facile 
approach is low-cost and eco-friendly and could perform comparable or 
even superior EC properties to the conventional ones.

The TPA moiety usually shows non- or weakly emissive behaviors in 
the solid or film states, while it could perform highly emissive when 
functionalized appropriately. The TPB moiety demonstrated good pho
toluminescence (PL) properties in the family of TPA derivatives in the 
solid and film states [52,53]. Hence, the c-PVA-TPA might be expected 
to show emissive behavior in the film state and be applied in electro
fluorochromism (EFC). First, we investigate the PL properties of the 
original PVA-TPA in the various organic solvents. As shown and listed in 
Fig. S16 and Table S5, PVA-TPA revealed similar maximum absorption 
wavelengths around 300 nm in the different organic solvents, attributed 
to the π-π* transition of the TPA moiety. Subsequently, two emission 
peaks emerged at 367 nm and 440 nm for all cases in the emission 
spectra, where the former one could be attributed to the distinct emis
sion of the TPA moiety, and the latter might result from the excimer 
formation or aggregation of TPA moieties [54,55]. The solution-state 
relative quantum efficiency (ΦQY) values also exhibited the low energy 

Fig. 5. Spectroelectrochemistry of c-PVA-TPA ECD at different applied poten
tials. (0.1 M of TBABF4 as the supporting electrolyte and 0.03 M of heptyl 
viologen (HV) as the counter cathodic EC material in the dry propylene car
bonate (PC) with 10 wt% of PMMA; active area: 2 × 2 cm2).

Fig. 6. Response times of (a) c-PVA-TPA ECD and (b) TPB-PA ECD at 486 nm. (c) Plots of the optical density at 486 nm versus current consumption and slopes are 
defined and calculated as coloration efficiency. Switching stabilities of (d) c-PVA-TPA ECD and (e) TPB-PA ECD at 486 nm for 1000 cycles (cycle time: 60 s). (0.1 M of 
TBABF4 as the supporting electrolyte and 0.03 M of heptyl viologen (HV) as the counter cathodic EC material in the dry propylene carbonate (PC) with 10 wt% of 
PMMA; active area: 2 × 2 cm2).
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conversion, with only 2.0% to 4.8% and without significant changes, 
resulting from the intramolecular motions causing the emission 
quenching. As in the film, the photograph of PVA-TPA taken under UV 
365-nm irradiation displayed blue emissive behavior; nevertheless, the 
c-PVA-TPA film after the electrochemical coupling reaction exhibited 
highly green emissive behavior, as shown in Fig. 7a. Thus, the EFC 
characteristic of the c-PVA-TPA device was evaluated, and the compo
sition of the c-PVA-TPA EFC device (EFCD) was the same as the c-PVA- 
TPA ECD. In the neutral state, the c-PVA-TPA EFCD revealed a broad 
emission peak around 500 nm, and the intensity decreased dramatically 
at 1.10 V, indicating a high response in the emission intensity under the 
applied potential. Finally, the emission intensity would be quenched at 
1.40 V with an intensity contrast ratio of 34.6, as illustrated in Fig. 7b. 
Supporting Video 3 presents that the resulting EFCD displayed rapid 
emission quenching and reversibility behavior during the redox process. 
In summary, we demonstrate that TPA-containing poly(vinyl acetal) 
electrode material, after a solid-state electrochemical coupling reaction, 
could be applied not only in the EC application with comparable prop
erties to the structure-related conventional TPB-PA but also in the EFC 
application with a gratifying intensity contrast ratio.

3. Conclusion

In this study, a low-cost and eco-friendly facile approach for pre
paring EC materials was judiciously designed and developed. The ace
talization of PVA with 4-formyltriphenylamine was performed at a mild 
reaction temperature (60 ◦C) using a non-toxic acid catalyst (p-TSA) and 
the green, less-toxic solvent DMSO. The resulting PVA-TPA polymer 
achieved a respectable acetalization degree of 63.3% with high thermal 
stability. A solid-state electrochemical coupling reaction via CV scan
ning was employed for EC electrode preparation, gratifyingly trans
forming the TPA into TPB moieties without wasting starting materials 
and requiring additional purification processes for the pristine film 
preparation or during ECD fabrication. The prepared c-PVA-TPA film 
demonstrated EC performance comparable to, or even better than, the 
structure-related polyamide of TPB-PA, offering similar response capa
bilities and a higher ηCE value. Additionally, the c-PVA-TPA ECD 
exhibited superior response capabilities (tc, 90% = 1.7 s, tb, 90% = 2.0 s) 
and higher ηCE (360.5 cm2 C− 1) values than the TPB-PA ECD (tc, 90% =

1.8 s, tb, 90% = 3.9 s, ηCE = 312.2 cm2 C− 1), along with excellent 
switching stability. Beyond EC applications, c-PVA-TPA also displayed 
EFC features, achieving an intensity contrast ratio of 34.6. These 

features open scalable application pathways in areas such as smart 
architectural and automotive glazing (multi-level solar/IR modulation), 
anti-counterfeiting and encrypted dual-mode (color and fluorescence 
changes) security elements, wearable or environmental visual in
dicators, underscoring the universality, sustainability, and translational 
potential of this approach. In conclusion, these findings highlight the 
facile, eco-friendly, cost-effective, and scalable multifunctional material 
potential for emerging practical applications.

4. Experimental section

4.1. Preparation of TPA-containing poly(vinyl acetal)

Partial hydrolysis PVA (BP-17, Mw: 84,000–89,000; hydrolysis de
gree: 86% ~ 89%) and DMSO were added into a 50-mL flask and heated 
to 100 ◦C. After PVA dissolved and cooled down to 60 ◦C, p-TSA and 4- 
formyltriphenylamine were added with an equivalent ratio of 0.6 and 
0.1 (compared to the hydroxy groups of PVA). The reaction was stirred 
for four hours, and the solution was precipitated into water to afford a 
fiber-like precipitate. The crude product was undergoing Soxhlet 
extraction with MeOH overnight. The pale gray product (PVA-TPA) was 
dried in the vacuum oven at 80 ◦C for one day.

4.2. Film preparation and oxidative coupling reaction

PVA-TPA was dissolved in DMAc with a concentration of 2.0 mg 
mL− 1, and 400 μL of the solution was drop-coated on a 30 × 25 mm2 

area of ITO-coated glass (AimCore Technology Co., Ltd., 7 Ω), then the 
solvent was removed in the vacuum oven, as depicted in Scheme S2. The 
prepared polymer electrode with a size of 5 × 25 mm2 polymer film 
underwent an oxidative coupling reaction to form a cross-linked PVA- 
TPA (cPVA-TPA) polymer film (The film-state electrochemical mea
surements were all in the three-electrode electrochemical cell using 0.1 
M TBABF4 in acetonitrile as the electrolyte, Ag/AgCl as the reference 
electrode, and 10 × 10 mm2 of Pt plate as the counter electrode) for the 
film-state electrochemical measurements without further purification 
process.

Supporting information

Coloration efficiency of the polymer film, thermal properties, solu
bilities, electrochemical measurements, photoluminescence spectra of 

Fig. 7. (a) Photographs of the PVA-TPA and c-PVA-TPA films under UV 365-nm irradiation. (b) Photoluminescence spectra of c-PVA-TPA EFCD at different applied 
potentials, irradiated at 356 nm. (0.1 M of TBABF4 as the supporting electrolyte and 0.03 M of heptyl viologen (HV) as the counter cathodic EC material in the dry 
propylene carbonate (PC) with 10 wt% of PMMA; active area: 2 × 2 cm2).
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the PVA-TPA in the solution state, and the calculation method for the 
diffusion coefficient.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.susmat.2025.e01703.
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