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Electrochromic (EC) smart windows are considered a profitable energy conservation technology in
residential and commercial buildings. These windows can dynamically adjust their opacity or tint in
response to external factors such as temperature, sunlight, or user input. External bias produces charged
species capable of absorbing light in the electromagnetic spectrum, eventually regulating heating,
cooling, and lighting inside buildings. Another fundamental property of EC devices is their ability to store
charge from input currents. Here, three new classes of tetrabenzofluorene derivatives are reported,
which show excellent EC properties in terms of EC contrast (40-50%), coloration efficiency (above 100
cm? C™1), and response time (5 s). Furthermore, EC devices function in three states: solid, solution, and
gel states, and can also store the applied charge proficiently. The devices showed excellent cycling

Recei N . stability (300 cycles), capacity retention (95-100%), and moderately slow discharging; i.e., the solid-state
Aig:;i% ‘71;(: M:::?Zbgzuo 3 device produced an open circuit potential close to 1.2 V and discharged to 0.6 V in 2000 s. Moreover,

the charging and discharging process can be monitored visually by the change in color of the EC
DOI: 10.1035/d3ta06726b material. The design strategy, synthesis, detailed optical, electrochromic, and spectroelectrochemical

rsc.li/materials-a characterization, proof-of-concept smart window fabrication, and energy storage studies are presented.
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1. Introduction

The increasing demand for cooling commercial and residential
buildings and modern lifestyle choices has contributed to high
energy consumption. Reducing energy usage in cooling build-
ings is crucial for lowering energy bills and mitigating the
environmental impacts associated with increased energy use,
including greenhouse gas emissions and resource depletion.
Global warming and climatic changes are the major concerns
the current era faces. The growing demand for developing cost-
effective and high-performance energy storage technologies has
gained scientific attention and produced remarkable progress
in electrochemical energy storage technologies." Various
organic-inorganic hybrid materials, small molecules, metal
oxides, and conjugated polymers have emerged, which function
as electrode materials for batteries or supercapacitors.> Hence,
developing energy-efficient technologies that regulate heating
and cooling at low energy expenditure is critical.

In this direction, electrochromic (EC) molecules that can
switch their optical properties, such as absorbance or trans-
mittance, in response to external potential are highly explored
because they absorb light in the UV-visible and NIR regions of
the electromagnetic spectrum, thereby controlling the lighting
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as well as solar heat gain inside buildings.* As technology
advances, researchers successfully integrate energy storage
functionality and electrochromic properties in a single unit. The
EC device (ECD) can store charge from input currents and
reutilize this stored energy to power electronic appliances.
Combining energy storage and electrochromic technology
aligns with sustainability goals by lessening reliance on fossil
fuels, enhancing energy efficiency, and boosting renewable
energy integration.* Several research groups have developed
these EC energy storage devices using metal oxide-based or
viologen derivatives.>®

However, inorganic materials provide better performance in
terms of capacitance and performance; their band gap tuning is
challenging, making it difficult to tune the optical properties of
electrochromes. Thus, organic EC materials are widely explored.”
Various design strategies have been developed to create new EC
materials to improve the contrast ratio, coloration efficiency, and
stability of the devices for real-time applications. This can be
achieved by controlling the extent of conjugation, tuning the
molecular backbone planarity by creating or relieving the steric
hindrance, incorporating donor-acceptor units in the building
blocks, copolymerization with electroactive heteroatom units,
and forging composites by integrating with chromophore
units.*** Though quick responsive, developing high contrast,
wide color change, and highly reversible ECDs with energy
storage properties is still challenging.

In this work, we developed three new classes of multifunc-
tional smart molecules capable of absorbing UV-visible and NIR

This journal is © The Royal Society of Chemistry 2024
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rays, showing electrochromism and energy storage properties.
Electrochromes function in three states: solid, solution, and gel.
The energy storage characteristics of the newly synthesized
molecules are thoroughly studied and found to be highly effi-
cient in terms of capacity retention (95-100%), coloration effi-
ciency, and EC contrast. To the best of our knowledge, no
research groups have reported the energy storage and EC
properties of tetrabenzofluorene (TBF) derivatives; viologen and
amine derivatives are small molecules showing such multi-
functionality. Moreover, no report has been published investi-
gating the effect of positional isomers in electrochromism.
Here, we report the synthesis, electrochemical, optical, and
energy storage properties of TBF-based regioisomers and
acceptor-donor-acceptor (ADA) EC molecules.

2. Results and discussion
2.1 Design principles

The synthesis of three novel solution-processable extended -
conjugated anodically coloring electrochromic organic small
molecules is reported, which switch their color from a trans-
parent to a vibrant colored state. The optical absorption of the
molecules in the neutral state can be controlled by fine-tuning
the conjugation length of the molecular backbone, which
depends upon the energy levels of the highest occupied
molecular orbital (HOMO) as well as the lowest unoccupied
molecular orbital (LUMO). The TBF molecule was taken as the
core unit because the conjugation in the core molecule plays an
essential role in modifying the optical band gap. Compared to
conjugated polymers, using small molecules as the core can
precisely bring the neutral state absorption in the UV region.
The extent of the conjugation can be enhanced by inte-
grating suitable heterocycles with the core. Thiophene deriva-
tives are found to be an efficient class of EC moieties due to
their redox nature; thus, thiophene units were incorporated into
the molecular backbone. The equilibrium geometry, steric
hindrance, dihedral angle between the core and the substituent,
and the functional unit's electronic effects are crucial in
defining the optical band gap. So, two positional/regioisomers,
2-thienyl and 3-thienyl derivatives, were attached to the TBF
unit to examine the absorption profile in the neutral state.
Compared to the 2-thienyl, the 3-thienyl group may deliver
a blue shift in the absorption due to the decrease in effective
conjugation length resulting from the orientation of the thio-
phene ring by disrupting the planarity of the molecules. Apart
from these positional isomers, an ADA system was also created
to investigate the impact of such systems on coloration effi-
ciency and EC contrast. This was accomplished by integrating
electron-withdrawing acetyl groups in the fifth position of the 2-
thienyl derivative of TBF. Thus, the 2- and 3-thienyl derivatives
of TBF act as the donor systems; however, the introduction of
the acetyl moiety produces an electron-withdrawing effect on
the electron-rich bisthiophene-TBF unit and results in an A-D-
A system. Another significant factor that one should consider
while designing the electrochrome is solubility. Solubility plays
an important role in device fabrication.'"¢ 2-Ethylhexyl
groups were chosen because they will provide solubility and are
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Fig. 1 The design strategy of electrochromic tetrabenzofluorene
derivatives via band gap tuning by increasing conjugation, anchoring
with thiophene derivatives, and improving the solubility by incorpo-
rating branched alkyl groups.

large enough to produce a steric effect on the electrochrome,
and the design strategy towards the synthesis of TBF-based
electrochromes is shown in Fig. 1.

The above-mentioned geometrical arrangement of the
regioisomers was verified by optimizing the geometries using
density functional theory (DFT) calculations, and the optimized
geometries are illustrated in Fig. S30.T In TBFT1, the dihedral
angle between the tetrabenzofluorene core and the 3-thienyl
substituent is 21.13° and 20.47°, which is higher than the
dihedral angle between the core and 2-thienyl substituent (6.83°
and 0.04°) in TBFT2. This higher dihedral angle in TBFT1
substantiates the out-of-plane orientation of the 3-thienyl
substituent in a different plane. Meanwhile, in TBFT2 and
TBFT3, the core and the substituents are in the same plane,
leading to an enhanced conjugation. Thus, compared to TBFT1,
the 2-thienyl substituted derivative, TBFT2, will have an
extended conjugation since it has a relaxed geometry. Further-
more, the alkyl groups also strain the geometry due to their
bulkiness, as we can see that the bond angles between C2 and
C1 are in the range of 127° in all these structures. Thus, the
geometry optimization results are in agreement with the ex-
pected orientation of the molecules.

2.2 Synthesis of electrochromes

Electrochromes TBFT1-3 were synthesized according to the
procedure shown in Scheme 1. The two regioisomers of TBF
(TBFT1 and TBFT2) and ADA systems (TBFT3) are synthesized
by hooking an electron-withdrawing 5-acetyl-2-thienyl group.
The TBF core (1) was synthesized following the previously re-
ported procedure (Scheme S17).?”** Since compound 1 has poor
solubility, it is subjected to alkylation with a branched alkyl
chain, 2-ethylhexyl group, and compound 2 was obtained. It was
then subjected to bromination using N-bromosuccinimide
(NBS) in N,N-dimethylformamide (DMF) solvent, and TBF-Br
was obtained with an 80% yield. Finally, the redox-active
heterocycles were incorporated into TBF-Br through a series of
Suzuki-coupling reactions using the corresponding boronic
acids and tetrakis(triphenylphosphine)palladium(0) as the
catalyst. The synthetic details are provided in the experimental
section in the ESI.f These molecules were purified and
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acceptor units enhanced the absorbance of TBFT3 (¢ = 86 900
m~ ' em™"). Consequently, the color of the neutral species varied
from transparent/colorless (TBFT1), pale yellow (TBFT2), and
bright yellow (TBFT3).

The fluorescence spectra of the compounds are recorded and
depicted in Fig. 2b. The emission intensities of TBFT1 and

Bt ES TBFT2 are similar, whereas TBFT3 showed less fluorescence;
CHy these observations can be illustrated due to the higher rate of

5 S S . . . . . . . . .
/ ~ m non-radiative emission compared to radiative emission in
J— I TBFT3. In TBFT3, the presence of electron-withdrawing groups

TBFTI TBFT2 TBFT3 i ) ’ :
75% 85% 57% in the TBF core may decrease the quantum yield by increasing
(X=3-thienyl (X =2-thienyl (X =S-acetyl-2- the non-radiative pathway. However, TBFT1 and TBFT2 gave
boronic acid) boronic acid pinacol  thienyl boronic . .

ester) acid) outstanding quantum yield values. Both the molecules have

Scheme 1 Synthetic route for the preparation of the electrochromes
TBFT1-3.

characterized by "H and "*C (1D and 2D) NMR spectroscopy,
ATR-FTIR, and mass spectrometry (Fig. S1-27 and S29%). The
thermal stability of the compounds is studied using thermog-
ravimetric analysis (TGA). The regioisomers, TBFT1 and TBFT2,
are stable up to 400 °C, as seen in Fig. S28.7 However, the ADA
system TBFT3 is thermally stable up to 350 °C, and the insta-
bility above 350 °C may be due to the decomposition of acetyl
groups.

2.3 Photophysical studies

The UV-visible absorption spectra of the electrochromes in
chloroform are depicted in Fig. 2a. Due to the dihedral angle
resulting from the out-of-plane frontage of the 3-thienyl group,
the conjugation length across the molecular backbone (TBFT1)
reduced and shifted the absorption in the UV region, centred at
390 nm as intended. At the same time, TBFT2 and TBFT3 absorb
in the visible region with an absorption maximum (Anax) of
403 nm and 433 nm, respectively. As expected, the acceptor
moieties in TBFT3 improved the conjugation and produced
a red shift in the absorption. The absorbance values at A;,ax of
TBFT1 (molar extinction coefficient, ¢ = 68 000 m ™' cm™") and
TBFT2 (e = 65200 m~ ' cm ') are nearly the same, whereas the

quantum yields of above 0.80 and lifetime values of more than
1.5 ns, compared to TBFT3. The photophysical parameters such
as absorption and emission maxima, quantum yield (®y), life-
time (t), radiative rate constants (k;), and non-radiative rate
constants (k,;) are summarized in Table 1.* The photophysical
studies suggest that the molecules TBFT1 and TBFT2 can be
useful in fabricating light-emitting devices.

2.4 Spectroelectrochemical studies

Electrochemical studies were performed in a 3-electrode setup
using 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) as the supporting electrolyte, a glassy carbon working
electrode, a calomel electrode as the reference electrode, and Pt
wire as the counter electrode in dichloromethane (DCM)
solvent. The cyclic voltammograms (CV) of the compounds are
given in Fig. 2¢c, and all three compounds showed two reversible
redox couples in the potential range of 0-2 V. The onset
oxidation potentials of the first oxidation peak of TBFT1-3 are
1.26, 1.25, and 1.36 V, respectively. Furthermore, the electro-
chemical stability of the compounds is examined by recording
CV for continuous 300 cycles, and the results confirm the
excellent stability of the molecules (Fig. S327). The differential
pulse voltammograms (DPV) of the compounds are given
in Fig. S31,7 and the CV of the compounds at different scan
rates is shown in Fig. S33.1 The redox potentials and the cor-
responding HOMO and LUMO values are calculated and briefed
in Table 1.°
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Fig. 2 (a) Absorption and (b) emission spectra of TBFT1-3 in DCM (path length of the cuvette, [ =1 cm, 1 x 10> M). The excitation wavelength
(Aex) =390 nm for TBFTL, Aex = 403 nm for TBFT2, and e, = 433 nm for TBFT3. (c) Cyclic voltammograms of TBFT1-3 (1 x 103 M) in DCM using
0.1 M TBAPF¢ as the supporting electrolyte, a glassy carbon electrode as the working electrode, Pt wire as the counter electrode and a calomel

electrode as the reference electrode.
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Table 1 Optical, photophysical, and electrochemical data of TBFT1-3
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Compounds  Aaps [NM]  Aem [Nm]  E,“[eV]  Eo[eV] HOMO? [eV] LUMO‘ [eV] & t[ns]  &°[s7Y] Ko [s77] Kilknr
TBFT1 390 432 2.93 1.26 —5.27 —2.34 0.86 1.54 5.58 x 10°  9.13 x 10’  6.11
TBFT2 403 446 2.83 1.25 —5.26 —2.43 0.83 153 5.42 x 10°  1.12 x 10°  4.84
TBFT3 433 497 2.60 1.36 —5.37 —2.77 0.42 1.49 2.82 x 10°  3.96 x 10°  0.72

“ Optical band gap was calculated from the absorption onset. b The HOMO energy levels are calculated from the tangential onset of oxidation

ox cyclic voltammetry using the equation: Egomo = [—(Eox — Ei + 4.8)] eV. evels are estimated from the optica
Eox*®") by cycli 1 ry using the equation: E Eonset _ pleroeene  4.8)] ev. © LUMO level i d f he optical
bandgap and HOMO values.? ¢ Fluorescence quantum yields are determined using quinine sulfate as the standard (&; = 0.546 in 0.1 N H,SO,).
¢ Radiative decay constant, k, = ®y/r./ Non-radiative decay constant, k,, calculated by using the equation, t = 1/(k; + kp,)."

The HOMO values of the regioisomers TBFT1 and TBFT2 are
similar, —5.27 eV and —5.26 eV, respectively. However, their
LUMO levels differ, —2.34 eV for TBFT1 and —2.43 eV for TBFT2.
This difference in energy levels is reflected in their band gap
values (Eg). Compared to TBFT1, TBFT2 has a lower E, value
(2.83 eV), shifting the absorption maxima of the latter to
a higher wavelength region (403 nm) with a pale-yellow color in
the neutral form. Consequently, TBFT1 with a higher E, value
absorbs in the lower wavelength region (390 nm) and appears
transparent or colorless. Accordingly, the difference in the
energy levels of the regioisomers is reflected in their neutral
state color. The presence of an electron-withdrawing group in
TBFT3 further reduces the E; value to 2.60 eV and shifts the
absorption maxima even higher to 433 nm. The compound
appears as a bright yellow color in the neutral state. Function-
alizing the core with different moieties produces molecules with
different E, values due to the electronic effects of the substitu-
ents, and as a result, the molecules will have a distinct visual
appearance.

The EC properties of the molecules were examined in situ by
recording the optical transitions in the UV-visible and near-
infrared (NIR) regions upon varying the potential from 0 to
2 V. The spectroelectrograms of the electrochromes are depicted
in Fig. 3, and the inset shows the photograph of TBFT1-3 in the
neutral and colored states. As seen in Fig. 3a-c, the neutral
species (at 0 V) absorbs in both UV and visible regions corre-
sponding to c-c* and to w-m* transitions, respectively. Upon
oxidation, the absorbance of electronic transitions of TBFT1-3
in the UV-visible region began depleting, whereas a new broad
absorption band started ascending at around 625 nm, 653 nm,
and 635 nm, respectively, as seen in Fig. 3a-c. These new
absorption bands indicate the formation of EC radical cations.

An interesting and unexpected aspect of the newly formed
species is they have two distinct energy transitions in the visible
range since the neutral species absorption does not subside
completely upon oxidation. The visual appearance of these
charged species varies based on the absorption range of these
two-band absorptions. For example, in TBFT1, the neutral state
Amax 1S at 390 nm, which confirms the molecule's colorless
nature and the radical cations’ A, is around 625 nm. So, there
will not be any color mixing happening in the oxidized species,
and this ultimately results in a blue-colored charged state. On
the other hand, TBFT2 and TBFT3 are colored in the neutral
state, and the applied potential impacts the formation of

This journal is © The Royal Society of Chemistry 2024

colored species with different absorption wavelengths, eventu-
ally leading to a prominent color mixing.*

In the oxidized state, TBFT2 absorbs around 400 nm and
653 nm and finally gives away a bluish-green color due to the
combination of pale yellow and blue. TBFT3 visually appears to
be a bright green due to the combination of bright yellow and
blue. This two-band absorption is rare because it involves
controlling two energy transitions in the visible region; one
should be short, and the other has to be long-wave absorption.
More significantly, the deep valley between these two energy
transitions at around 500 nm further benefits the fine-tuning of
the green color.”

Therefore, it is evident from the spectroelectrochemical
studies that by fine-tuning the conjugation by creating a dihe-
dral angle strain (TBFT1) we can devise an EC system that can
switch its color from a transparent or colorless state to a vibrant
blue color. These sorts of materials are incredibly essential for
the fabrication of smart windows. On the other hand, TBFT3,
the ADA system made by anchoring the molecular backbone
with two electron-withdrawing acetyl groups, resulted in
a bright yellow-colored neutral species capable of undergoing
two-band energy absorption and delivering a vibrant green-
colored state. The materials that trade their optical states
from one color to another are potential contenders for simu-
lating sunglasses. Therefore, it is noteworthy that the structural
design approach helps to concoct two different types of systems
by coupling with simple heterocycles and their derivatives.

The above-mentioned visual appearance of each color was
further analyzed by using the absorption spectra of electrodes to
obtain the CIE color space values (L*a*b*) calculated using
a colorimeter. For TBFT1, the a* and b* components obtained
are —1 and 4 for the neutral species (CIE: 0.32 and 0.34) and —7
and —45 for the charged state (CIE: 0.18 and 0.20). These
numerical values affirm the colorless neutral state and blue
color of the oxidized form. TBFT2 in the oxidized state delivers
negative values for both a* and b* and proves its bluish-green
appearance (CIE: 0.19 and 0.28), and in the ADA system
(TBFT3), the a* value recedes from —14 to —43 upon oxidation
and ascertains the yellow (CIE: 0.42 and 0.50) to green color
(CIE: 0.31 and 0.58) change. The L*a*b* values and CIE coor-
dinates of the electrochromes in neutral and colored states are
summarized in Table S1,7 and for a better understanding of the
color tuning, the CIE chart of the compounds is also provided in
Fig. S44.F

J. Mater. Chem. A, 2024, 12, 8972-8981 | 8975
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Fig. 3 Spectroelectrochemistry of (a) TBFTL, (b) TBFT2, and (c) TBFT3
in 0.1 M TBAPF¢ in DCM at applied potentials carried out with a Pt mesh
working electrode, Pt wire counter electrode, and Ag/Ag* quasi
reference electrode.

The optical properties of the electrochromes have also been
examined in the NIR region,”>* and the absorption spectra are
presented in Fig. 3a-c. From the NIR spectra, it is evident that
oxidation of TBFT1-3 resulted in the formation of a broad
energy transition centered around An.x of 1230 nm, 1270 nm,
and 1240 nm, respectively, which indicates the formation of
a low energy charged species, called bications. Thus, the spec-
troelectrochemistry experiments confirm the EC behavior;
moreover, all three electrochromes can absorb light in the UV-
visible and NIR regions. These features are essential for smart
windows because they can reduce heating inside the buildings

8976 | J Mater. Chem. A, 2024, 12, 8972-8981
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by absorbing the NIR region and also provide a protective shield
from harmful UV light.
The reaction mechanism of the color change is given below,

TBE-Ar — TBF-Ar™ — TBE-Ar**
+et +et

Here, TBF-Ar can be TBFT1/T2/T3; in the neutral state, the
molecule does not have any charge and possesses colorless
(TBFT1) or yellow colored (TBFT2 and TBFT3) due to its
absorption in the UV and UV-visible region respectively. On
oxidation, the molecule loses electrons and forms correspond-
ing radical cations, TBF-Ar"", with a different color due to the
absorption of the newly formed species in the visible region.
Further oxidation of the radical cationic species produces
a bicationic species, TBF"".

2.5 Electrochromic contrast

To demonstrate the optical contrast of the electrochromes, the
percentage transmittance changes (AT%) and optical densities
(AOD) of all the molecules were calculated in the neutral and
colored states. By using the following equations, the optical
modulation can be determined in terms of transmittance
modulation or absorbance modulation: AT = Theutral — Teolor
(wWhere Theural and Teolor are the transmittances at the neutral
and oxidized states) and AA = Acolor — Aneutral (Where Acolor and
Apeutral are the absorbances at the fully oxidized and neutral
states).>> AT% values were plotted over the wavelength range of
350-750 nm, and the transmittance change is shown in Fig. 4a.
The less conjugated molecule, TBFT1, gives a more significant
shift in the transmittance value of 53% at 624 nm compared to
its positional isomer (TBFT2: 48% at 653 nm) and the ADA
system (TBFT3: 44% at 635 nm). AOD of the compounds is
calculated using the equation AOD = In(Tyeutral/Tcolored)- The
AOD of TBFT1 at 625 nm is 1.06, TBFT2 is 0.98 at 653 nm, and
TBFT3 is 0.73 at 645 nm. All three electrochromes give a high AA
value (>0.3), and TBFT1 offers a higher value of 0.42 compared
to TBFT2 and TBFT3 (Fig. S397).

2.6 Response time and coloration efficiencies

A vital quality of EC molecules that one should consider while
developing smart devices for real-time applications is their

f\/f y TBF-T1
40 V2 52%
// 625 nm

_ o
S v\ [\f‘?{/ 47%
< 0 '\\ [ 653 nm

TBF-T3
44 %
635 nm

, = l TBF-T2
TR | ] ——TBFT1
1\ | 1 ——TBrT2||
20 YW/ / ——TBFT3
207 AR
4

375 450 525 600 675 750 0 10 20 30 40 50 60
lime (s)

Wavelength (nm)

Fig. 4 (a) Percentage transmittance changes (AT%) of the molecules
at various wavelengths and (b) EC switching (potential switched
between 0-2 V) of TBFT1-3 at radical cation's wavelengths in 0.1 M
TBAPFg in DCM measured using a Pt mesh as the working electrode, Pt
wire is taken as the counter electrode and Ag/Ag* as the quasi refer-
ence electrode with a switching time of 5 s. The coloration time (t.)
and fading time (t;) of the electrochromes are marked in the figure.
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coloration efficiency (CE (n)) and the switching time. CE of an
electrochrome can be defined as the ratio of change in optical
absorbance (AA4) for a definite amount of charge injected per
unit area (Q), i.e., coloration efficiency () = A4/Q cm® C™* and
the switching time or response time refers to the time required
by an electrochrome to completely change from a colored to
a neutral state or vice versa.*® The CE of TBFT1-3 is determined
by conducting tandem chronoabsorptometry/chro-
nocoulometry experiments (Fig. S411) in an EC cuvette using
a Pt mesh as the working electrode, Ag/Ag" as the quasi-
reference electrode, and Pt wire as the counter electrode in
DCM using 0.1 M TBAPF, as the supporting electrolyte.

The electrode potential is swapped between 0 and 2 V with 5-
and 10 seconds intervals and the resultant optical changes are
monitored as a function of time at the radical cation wavelength
of TBFT1-3 and are depicted in Fig. 4b and S43,7 respectively.
The color change of the solution-based devices is videographed
and provided in the ESI.t TBFT1-3 switches efficiently between
the neutral and the colored state with a transmittance change
(AT%) of 52%, 47%, and 44%, respectively. The coloration
efficiency of TBFT1-3 is calculated from the optical density
difference and charge involved in the particular electrochemical
reaction, and the CE of all three ECs is in a similar range and
estimated to be 106, 103, and 100 cm® C ' for TBFT1-3,
respectively.

2.7 Device fabrication

The materiality of electrochromes in next-generation smart
materials exclusively relies upon the nature of the electrolyte

(a) Solution State

(b) Gel State

Spacer.

FTO coated glass
FTO coated glass (Electrode 1)
(Electrode 2)

(@)
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medium, the electrodes, and, most importantly, the material's
capability to function in all forms. Thus, to explore the potential
of the synthesized smart molecules, we tested the functioning of
the electrochromes in three states: solution, gel, and solid state.
A simple two-electrode configuration was adopted for device
fabrication.?”*®

As shown in the first column of Fig. 5, the solution state
ECDs are fabricated by assembling the two FTO-coated glass
plates (2.5 cm x 2.5 cm, resistivity = 10 Q sq ') and a spacer
(250 pm). The components are sealed using UV-curable resin,
and the FTO plates function as electrodes. The effective
dimension of the device is 1.5 cm x 2.3 cm X 0.25 mm. A
solution of the active component, ie., the electrochromes
solution (1 x 107> M) and supporting electrolyte (0.1 M
TBAPF), is injected into the space using a syringe, followed by
applying the potential and the photographs of the device before
and after applying potential are shown in Fig. 5d, g and j. The
second column of Fig. 5 illustrates the device working in a gel
state. EC gel was prepared by dissolving the respective active
material (TBFT1-3), polymethylmethacrylate (PMMA), and
TBAPF; in a solvent mixture containing acetonitrile (ACN) and
propylene carbonate (PC) in a ratio of 0.02:6.98:3:70:20 by
weight through continuous stirring and mild heating. A frame
of double-sided adhesive tape was placed on the conductive side
of a pristine 2 cm x 2 cm FTO-coated glass slide. The EC gel was
spread inside the frame, and the second FTO glass face-down
was placed on the gel-coated slide. The two electrodes were
then compelled together. Aluminum foils were used on both
sides of the device as electrical contacts to connect to the
external power supply.

(¢) Solid State

Fig. 5 Schematics of typical EC devices (a) solution state, (b) gel state, and (c) solid state, where FTO substrates are used as the electrode
material, the TBFT1-3 as the anodically coloring active material, and TBAPF¢ as the supporting electrolyte. Solution-based devices: (d) TBFTL, (g)
TBFT2, and (j) TBFT3; gel state: (e) TBFTL, (h) TBFT2, and (k) TBFT3; solid state: (f) TBFT1, (i) TBFT2, and (I) TBFT3.

This journal is © The Royal Society of Chemistry 2024
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Similarly, we fabricated the solid-state device by spin-coating
the active material on the conducting FTO surface (third
column of Fig. 5). A solution of the electrochrome in DCM
solvent (1 mg in 0.5 mL DCM) was prepared. The spinning time
was set to 50 seconds, and the rotation per minute (RPM) was
set to 110-150 and increased to 1000 rpm for 30 seconds. The
FTO substrate was then placed on the spinning disc and
switched on the vacuum pump. The rotor was switched on, the
compound solution was dispensed on the center of the
substrate using a dropper, and the resultant EC layer was dried
under vacuum at 25 °C for 4 hours. The gel electrolyte was
prepared by mixing TBAPFs: PMMA : ACN: PCinaratioof3:7:
70 : 20 by weight. The spacer was then placed on top of the spin-
coated FTO, followed by applying the electrolyte gel and sand-
wiching the second FTO. Aluminum foils were used on both
sides of the device for electrical contacts.?” The color change is
similar to that observed using a 3-electrode system. In solid-
state devices, the active material can be coated on the
substrate through different techniques, such as spin coating,
drop-casting, or dip-coating. We followed the spin coating
technique in the device fabrication and drop casting method in
energy storage studies to validate these diverse device fabrica-
tion techniques. The device fabrication and studies indicate
that these molecules can be effectively used as electrochromes
in smart windows and other display applications.

2.8 Energy storage studies

The energy storage properties of the ECDs originate from their
ability to store charge from the input current.*® To evaluate the
energy storage characteristics, cyclic voltammetry, open circuit
potential (OCP), and galvanostatic charge-discharge (GCD)

View Article Online
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configuration. In this direction, three types of devices were
fabricated: (1) the active material was dropcast on the FTO, (2)
Nafion was coated on the top of the drop cast layer, and (c) the
active material was embedded within a matrix containing
PMMA and TBAPF; (gel state). We fabricated two types of solid-
state devices: one with a Nafion coating to prevent the delami-
nation of the active material and the other without any addi-
tional coating to test the stability and activity of the
electrochromes. In the first two cases, an electrolyte gel con-
sisting of PMMA and TBAPF, in ACN and PC with a ratio of 3:
7:70:20 by weight was applied on the top of the dropcast EC
layer (or EC layer coated with Nafion), and then the conducting
side of the second FTO was placed. The gel state device was also
constructed following the fabrication methods described in
Section 2.7. The CVs of the devices at different scan rates are
measured and illustrated in Fig. S45-47;f as the scan rate
increases (5-500 mV s '), the current and the area under the
curve increase, and in addition to this, the rectangular shape of
the CV loop (Fig. 6a) and the triangular shaped GCD curves
(Fig. 7a-c) suggest electric double layer capacitor (EDLC)
behavior of the devices.** A small IRg,, was found in all GCD
curves, originating from the equivalent series resistance, which
includes the interface resistance between the electrolyte and
electrode and external contact points.** The specific capacitance
Csp was calculated (Table S21) from the GCD curve using the
equation, Cs, = IAt/mAV, where I, At, m, and AV represent
discharging current, discharging time, the mass of the active
material, and potential window, respectively.*® We obtained the
highest Cy, value, 34.72 mA h g~', from the TBFT1 dropcast
layer device with a Nafion coating and 33.07 mA h g™ from the
TBFT2 device in the dropcast form. However, not much research
has been reported on organic small molecules as multifunc-

experiments were carried out wusing a two-electrode tional EC systems with energy storage ability to compare our
63 10
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Fig. 6 (a) CV loops obtained from the supercapacitor, (b) current vs. square root of scan rate, and (c) OCP of devices fabricated using TBFT1 in
the dropcast form. Photographs of the ECD (d) connected to a multimeter after withdrawing the externally applied current, (e and f) during
discharging (LED light on) test; the two ECDs in the gel state were connected in series.
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Fig. 7 Galvanostatic charge—discharge curves of the supercapacitors TBFT1-3 (at a current density of 10 A g™%) in the (a) gel state, (b) dropcast
form, and (c) dropcast form with a Nafion coating. Cycling stability (300 cycles of continuous charging and discharging) of the supercapacitors

derived from TBFTL in the (d) gel state (c.d. 20 A g™3), (e) dropcast form

findings and define our molecules’ efficiency and materiality.
Liu et al. synthesized alkynyl-containing viologen derivatives as
the EC unit, and it could serve as the energy storage property
with a discharge capacity of 63.6 mA h g~*.3* Similarly, Sun et al.
and Zhao et al. also studied the charge storage properties of EC
viologen and obtained a discharge capacity of 72.2 mAh g ' and
areal capacitances of 1.25 mF cm™>.3** However, polymeric or
hybrid electrochromic systems have seemed to deliver better
energy storage properties.>**** In this direction, our research
group is currently focusing on developing EC hybrid materials
to improve energy storage.

The charge storage performance and operational stability of
the ECDs were estimated by executing GCD experiments for 300
cycles, and the devices in all forms displayed excellent perfor-
mance in terms of rapid charging and discharging, capacitance
retention (95-100%), and reversibility, as shown in Fig. 7d-f,
S51 and S52.1 Moreover, the energy stored in the device can be
reutilized to power other electronics; ECD was coupled to
a multimeter to prove this. On withdrawing the power supply,
the device could hold a potential of 1.34 V, as seen in the
multimeter reading (Fig. 6d). When a red light-emitting diode
(LED) is connected to a charged device, it emits red light (Fig. 6e
and f), and the intensity of the light diminishes as the ECD
returns to its original state when the stored energy is completely
spent. These observations are affirmed by measuring the
devices' open circuit potential (OCP) after charging (Fig. S48-
S507). ECD composed of TBFT1 in all forms provided appealing
OCP; the gel state device took 2000 seconds to self-discharge
from 1.15 V to 0.83 V. Similarly, the dropcast device potential
dropped from 1.24 V to 0.63 V (Fig. 6b), and the dropcast layer
with the Nafion coating device produced an OCP of 1.28 V and
dropped to 0.48 V in the same period. However, in the gel state,

This journal is © The Royal Society of Chemistry 2024

(c.d. 10 A g}, and (f) dropcast form with a Nafion coating (50 A g74).

TBFT2 and TBFT3 had OCPs of 0.61 V and 0.49 V, which were
reduced to 0.44 V and 0.38 in 2000 seconds. This slow dis-
charging of the devices in the gel state is due to the charged
species, presumably tangled within the gel matrix. The results
of the GCD and electrochemical experiments infer that the
solid-state device with and without the Nafion coating delivers
comparable results; thus, the active material does not require
any supporting layers to achieve extra stability to the device. The
OCPs of the other ECDs are tabulated in Table S2.}

3. Conclusions

We have presented a structural design strategy for developing
a unique class of UV to NIR absorbing, anodically coloring, and
soluble EC molecules with energy storage properties by
anchoring highly conjugated TBF with two regioisomers of
thiophenes (TBFT1 and TBFT2) and an electron acceptor 5-
acetyl-2-thienyl moiety (TBFT3). The regioisomers displayed
distinct EC properties in terms of color; i.e., the 3-thienyl group
shifted the absorption towards the UV region and delivered an
electrochrome, which is colorless in the neutral state and blue-
colored in the oxidized form. In contrast, the 2-thienyl
substituted derivative (TBFT2) enhanced the conjugation and
thus became pale yellow-colored in the neutral state and blue-
green upon oxidation. The ADA system, the TBFT3, showed
prominent two-band absorption in the visible region and fur-
nished a vibrant green color on oxidation. Thus, these electro-
chromes form a potential contender for constructing UV-visible
and NIR-absorbing protective smart windows and screens for
regulating solar heat gains or cooling down buildings. The EC
contrast of all the molecules is more than 40%, with quick
reversibility, and the CE is above 100 cm”® C™'. The molecules
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deliver electrochromism in solid, solution, and gel states,
thereby enhancing their pertinence. The devices in solid and gel
forms can efficiently store imported energy and deliver the
stored energy efficiently to power other electronic gadgets, as
demonstrated by the LED lighting experiments. The devices
discharge very slowly, from 1.2 V to 0.6 V in 2000 s, and show
outstanding cycling stability and capacitive retention (95-
100%). The new invention reported here, consisting of fused
polyaromatic molecules, may revitalize the field of concocting
multifunctional ECDs for electrochemical energy storage
applications. Our research is currently focused on creating
efficient EC molecules with all essential qualities of the EC
system with energy storage traits by producing TBF-based small
organic molecules and organic-inorganic hybrid systems.
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