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W. G. Skene (12 30

Molecular electrochromes offer the benefit of structural diversification by well-known synthetic means.
However, their electrochromic performance lags behind that of their conjugated polymer counterparts.
The electrochromic performance of a combined molecular electrochrome/electrofluorochrome can be
enhanced by its covalent attachment to ITO nanoparticles via a phosphonic acid linker. A key metric of
its covalent attachment to nanoparticles via phosphonic ester and deposition on a transparent electrode
is color homogeneity over the entire electrode. This is compounded by the consistent changes in
optical transmission in the NIR (890 nm) over 8 hours of switching between the colored and bleached
states. Switching between the two colored states is also accelerated upwards of twofold, taking ca. 10 s
for >85% transmission percentage difference between each state with a contrast ratio of 6. The
electrofluorochromism is also improved when covalently binding the intrinsically fluorescent
electrochrome to ITO nanoparticles. A high contrast ratio of 94% is obtained between the intrinsic
photoemission and the quenched fluorescence upon switching the applied potential when photoexcited
at 450 nm. The fluorescence on/off ratio is maintained upwards of 2 hours of reversibly applying the

potential with the electrofluorochromism decaying only 18%, twofold less than in an operating
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Introduction

Phosphonic acids have garnered widespread acceptance in the
field of organic electronics." This is due to their capacity to
modify the work function of the electrode that enables electro-
nic devices. The covalent attachment of the acid to the trans-
parent conductive metal oxide layer leads to a phosphonate
ester-metal bond. The resulting robustly bonded monolayer
can improve the device performance of organic light emitting
diodes and photovoltaics. The covalent attachment of active
materials with esters of phosphonic acids has also been used to
improve the performance of both n- and p-type dye sensitized
solar cells (DSSCs) compared to their immobilized carboxylic
acid counterparts.>* Indeed, the efficiency of the devices can be
modulated by the alkyl chain length and the functional groups
of phosphonic acid ester monolayer attached to transparent
metal oxide electrodes.” While this approach has been readily
adopted for a range of plastic electronic devices, it has been
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electrofluorochromic device with physisorbed molecular electrochromes.

overlooked for electrochromics.” This field of study focuses on
the reversible color change with applied potential. Electrochro-
mic devices have found use in automotive light attenuating
rearview mirrors® and sunroofs, smart windows for filtering
sunlight,” privacy screens,® camouflage materials,’ displays,"°
and electronic paper'’ among many other applications.
Electrochromic devices are often reliant on conjugated
organic polymers. This is because they offer many advantages,
including color tuning contingent on structure and being
castable as films on electrodes.”> Conjugated polymers are
further electrochemically robust and can withstand extended
cycles of reversibly applied potential without degradation of the
bleached and colored states.">'* This contrasts with their
molecular counterparts that undergo electrochemical reactions
over time, resulting in both inconsistent coloration and device
performance degradation during electrochromic device opera-
tion."® This aside, accurate structure/electrochromic relationships
can be accurately established with molecular electrochromes.
Only recently has phosphonic acid immobilization via esters
been leveraged with molecular electrochromes toward improving
their electrochromism to match their polymer counterparts.'® For
example, conjugated ethylenedioxythiophenes were covalently

© 2026 The Author(s). Published by the Royal Society of Chemistry
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attached to ITO nanoparticles via phosphonic acid for enhan-
cing their electrochromic properties."”” Zenkina et al also
covalently bonded a benzyl phosphonic acid to ITO.'® This
served as an anchor for covalently coupling terpyridine ligands
for subsequent metal coordination, leading to a stable mono-
layer that changed colors between red and greenish gray over
400 cycles of applied potential with coloration efficiencies (CE)
in the 100-150 cm* C™" range. Similarly, the immobilization of
the triphenylamine electrochrome and a methylviologen ion
storage layer via phosphonic acids on the anode and cathode,
respectively, enhanced the optical contrast of the operating
electrochromic device."® Covalently immobilizing a comple-
mentary molecular electrochrome on nanostructured TiO, also
improved the stability of the operating electrochromic device,
switching between its bleached and colored states upwards of
10000 cycles without color fatigue.?® The performance of
covalently attached molecular electrochromes is on par with
other immobilization strategies that are reliant on polymers with
the advantage of precise control of the molecular structure.>* >

The virtue of immobilizing the molecular electrochromes is
that they do not diffuse from the electrode. The monomer layer
therefore adheres to the electrode, resulting in rate-deter-
mining electron transfer rather than much slower mass trans-
port.”” This results in faster switching times between the
colored states of the molecular electrochromes compared with
thin films and in solution. Indeed, an optical contrast of 65% is
possible and the switching between the colored states can be
accelerated to 3 s during 100 cycles of switching the applied
potential.'”” However, the surface coverage of a monolayer of
phosphonic acid electrochrome appended to the transparent
electrode is insufficient to provide visibly detectable changes that
are required for most applications. ITO nanoparticles (ITOy,,) are
an emerging solution to overcome this optical limitation."” This is
because they can be coated with a greater amount of electro-
chrome owing to their high aspect ratio, resulting in increased
optical contrast compared to planar electrodes. Indeed, coating
ITO,,, with phosphonic acid functionalized electrochromes and
their deposition on planar ITO electrodes have increased optical
absorbances relative to a monolayer of electrochrome deposited
uniquely on ITO transparent electrodes.>*
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Despite the advantages of phosphonic acid immobilization
of electrochromes for electrochromic enhancement, the surface
immobilization of electrochromes remains underexplored.
1 (Fig. 1) was prepared to provide insight into the property
enhancement with the covalent attachment of the combined
molecular electrochrome/electrofluorochrome to nanoparticles
deposited on the transparent electrode. Of interest is the
known intrinsic fluorescence of conjugated benzothiadiazoles
such as 1 in solution that is carried over to the solid state."
This would be ideal for evaluating whether the fluorescence of a
thin layer of immobilized 1 on ITO,, could be detected. This
opens the possibility of modulating the photoinduced emission
intensity with applied potential with desired large contrast
ratios along with taking advantage of fast rate limited electron
transfer from electrode immobilization. This is in contrast to
molecular electrofluorochromes whose electrofluorochromism
is limited to solution, and owing to diffusion kinetics, is
extremely slow (> minutes). As such, 1 was rationally designed
to be multipurpose: electrochromic, electrofluorochromic, and
an intrinsic emitter. Its electrochromism and electrofluoro-
chromism were expected to be enhanced by anchoring to ITO,y,.
Of importance, the immobilized electrochrome was expected to
absorb in the NIR with applied potential. This much sought-
after property for smart window applications is unprecedented
for immobilized electrochromes and it would be possible to
leverage it via the intramolecular transfer of the conjugated
donor-acceptor framework. The electrochromism and electro-
fluorochromism of 1 immobilized on ITO,, and deposited as a
thin layer on ITO coated glass (1pp; Fig. 2) are herein presented
to demonstrate that property enhancement is indeed possible
by covalently anchoring conjugated molecular electrochromes
to ITOyp. This is among the first reported examples of the
covalent attachment of a conjugated donor/acceptor fluoro-
phore to ITO,, for unparalleled NIR absorption along with
consistent fluorescence modulation with applied potential.
This serves to demonstrate that molecular fluorophores can
be used as electrochromes whose performance can parallel
their polymer counterparts with the advantage of precise color
and fluorescence tuning by the judicious modification of
molecular structure.

OO
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S
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Fig.1 Combined electrochrome/electrofluorochrome for covalent immobilization on ITO nanoparticles and deposition on ITO coated glass (1).
Structure of the immobilized 1 on ITO nanoparticles (1,5) along with the structurally equivalent reported compounds (Ref) for benchmarking
electrochromism and electrofluorochromism.™ Bidentate binding of 1 to an ITO nanoparticle (1,p) is arbitrarily drawn to illustrate its covalent

attachment.
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Fig. 2 XPS spectrum of the immobilized 1 on ITO, (1np) and the corres-
ponding assigned atomic oxygen. Inset: Schematic representation of the
bidentate and tridentate binding of the phosphonic acid ester to ITO
nanoparticles. Peaks calibrated to adventitious carbon.

Results and discussion
Preparation of combined electrochrome/electrofluorochrome

Three principal design elements were integrated into 1. These
were (1) the electroactive triphenylamine for reversible and
consistent redox activity (blue line; Fig. 1) to enable the
electrochromism,? (2) electronic push-pull conjugated frame-
work for both absorption and emission in the visible for
visually detectable electrofluorochromism (red line),>**” and
(3) the phosphonic acid functionalization for anchoring the
molecular electrochrome to ITO nanoparticles.”® 1 was pre-
pared as per Fig. S1 via a first Suzuki-Miyaura coupling of the
triarylamine boronic acid with dibromobenzothiadiazole and
second Suzuki-Miyaura coupling with 4-(hydroxymethyl) phenyl-
boronic acid leading to the primary alcohol derivative which was
brominated using PBr; to give corresponding bromo derivative.
The phosphonate ester group was introduced through a Michae-
lis-Arbuzov reaction, followed by acid hydrolysis, yielding the final
phosphonic acid derivative.” The identity of each product was
confirmed by conventional methods.

Immobilization

The ideal method for covalently attaching the phosphonic acid
to ITO,, was by immersing the ITO glass substrate previously
coated with ITO,; into a solution of 1. The equilibrium for the
covalent attachment via the phosphonic acid with the nano-
particles is favored by a micromolar (100 uM) concentration of
1. The physisorbed 1 was removed by rinsing the ITO,, coated
substrate with copious amounts of ethanol. The XPS survey
spectrum (Fig. S15A) of the glass substrate coated with 1
immobilized on ITO,,;, confirmed the presence of the elements
C, N, O, P, and S from the electrochrome along with In and Sn
from the ITO,, (Fig. S15 and Table S1). The P,, peak was
observed at 133.2 eV and it was assigned to the P-O of the
phosphonic ester.*® The degree of covalent attachment of 1 to
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ITO,,, cannot be unequivocally determined exclusively from the
P,, peak (Fig. S16). However, its characteristic binding energy
does confirm the covalent attachment of the phosphate to ITO
via its oxygen. This is based on the absence of a deconvoluted
peak at a higher binding energy (133.6 eV) that is characteristic
of unbound phosphonic acid.?® The covalent attachment of 1 to
the ITO,, can nonetheless undoubtedly be confirmed by the
deconvolution of the O, peak centered at 530.9 eV. Indeed,
three distinct peaks can be deconvoluted (Fig. 2) having dis-
crete binding energies of 532.8 (green), 531.6 (blue), and
530.4 eV (red). The peak at 531.6 eV is well known to correspond
to the tridentate binding of phosphonic acid to ITO as per the
inset of Fig. 2 whereas the peak at 532.8 eV is assigned to the
bidentate binding. This contrasts with weakly bound phospho-
nic acid, whose binding energies correspond to 533.8 eV.*
The O, peak at lower binding energies is assigned to the
indium-O-indium and tin-O bonds of the nanoparticles.?” The
predominance of tridentate binding is confirmed by the 1:4
peak areas of the respective bi- and tridentate O, peaks. ITO,s-
O-P and P=O0 binding can be confirmed from the collective
XPS data in accordance with the wealth of literature regarding
the covalent attachment of phosphonic acids to ITQ.**?*373¢

The wettability of the surface was also evaluated by measur-
ing the water contact angle of the covalently attached layer. The
contact angle for the unbound surface was 20°, confirming its
hydrophilicity owing to the surface hydroxyls of ITO,,. The
contact angle increased to 110° once 1 was bound to the ITO,y,.
This increase in hydrophobicity is from the coating of hydro-
phobic 1 on the surface (Fig. S28). It is worthy to note that the
coating of 1 on ITO,,, was too thin for its optical evaluation by
convention ATR-FTIR. The binding of 1 to ITO,, as per the
coordination illustrated in 1, (Fig. 1) is confirmed both by XPS
(Fig. 2 and Fig. S15-S19, and Table S1) and the change in
surface hydrophilicity by water contact angle measurements.

Cyclic voltammetry further provided sound evidence for the
covalent attachment of 1 to the working electrode. This is
according to the linear correlation of current with scan rate
(inset Fig. 3).*” The linear Randles-Sevcik relationship was
maintained even at slow scan rates of 20 mV s~'. Physisorbed
1 would desorb at this scan rate, resulting in a significant
deviation from linearity. This was indeed the case when
increasing the concentration of the immersion solution to 1
mM along with the visible orange colored film. Of interest, the
cyclic voltammogram of the optimized coating of 1 did not
change over 10 redox cycles (Fig. S21), with the reversibility
maintained even upwards of 100 redox cycles (Fig. S22). This
confirmed both the chemical stability of the triphenylamine
radical cation along with the persistent amount of immobilized
1,p. In contrast, a decrease in current would be observed for
desorption of any physisorbed 1.

Electrochromism

The performance of electrochromes (Ref; Fig. 1) in both
solution and operating combined electrochromic and electro-
fluorochromic devices has been reported.” Given their struc-
tural similarity to 1, they are ideal for benchmarking the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic voltammogram of 1 covalently attached to ITOn, (1np)
coated on conductive glass measured with LiClO4 (0.1 M) in propylene
carbonate with a silver wire reference electrode measured at 50 mV s~
Inset: dependence of anodic peak current of 1,, on electrochemical
scan rate.

performance that can be enhanced by covalently attaching the
electrochrome on the surface. The direct comparison of both
their electrochromism and electrofluorochromism is possible
given the consistent fluorophore and the common electroactive
segment. Indeed, the change in absorption with applied
potential was, as expected, for the immobilized 1,, comparable
to its as-cast physisorbed thin film counterparts. Of interest is
the absorption at 890 nm in the NIR. This is ideal for prevent-
ing solar radiation transmission in smart-window applications,
whether it be either architectural or automotive applications.
The broad absorption from the mid-visible to the NIR (Fig. 4A)
is indeed ideally suited for such applications despite the drift in
the transmission baseline owing to the electrolyte. A noticeable
difference between the immobilized 1 and its physisorbed
counterparts is the absence of charge transfer of 1 in the NIR.
This contrasts with Ref that have a broad absorption in the NIR
centered at ca. 1400 nm."” This is a result of charge separation
between the triphenylamine charge state and the terminal
electronic acceptor. Given that 1 does not have an electronic
acceptor, it is consistent that the NIR charge transfer does not
form. This aside, an advantage of the immobilization of 1 is its
consistent color of both the bleached and colored states. This is
evident in the inset of Fig. 4A with the blue hue of the radical
cation evenly distributed over the entire electrode.

The electrochromism provides sound evidence for the per-
formance enhancement with the immobilization of the electro-
chrome. For example, the change in transmission percentage
between the bleached and the blue colored states was consis-
tent over 8 hours of continuously cycling between the two states
by switching the applied potential at regular intervals. The
transmission difference (Fig. 4B) decayed by only 26% during
the 8 hours of switching. This result can be better appreciated
by comparing the electrochromism of its structurally similar

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

//“

120 ~

100 ~

Neutral Oxidized

80 +

60

40 -

Transmission (%)

oV
20

13V

600 700 800 900 1000 1100 1200
Wavelength (nm)

400 500

100 ~

80 +

60 ~

40 -

Transmission (%)

20 A

Time (hrs)

120 )

5s 10s 15s 20s 30s 40s

L 1

-

o

o
1

Transmission (%)
[e ]
o
1

=3
3

@
S

Contrast (%)

Nos
S o

©= 10 secs (90%)

l)0 10 20 30 40 50 60
Pulse (sec)

T T T T

T
0 10 20 40 50 60
Time (min.)

Fig. 4 (A) Transmission change of 1,, with applied potential between
0 and 1.2 V measured in PC with LiClO,. Inset: 1,5 in the neutral (left) and
oxidized (right) states. (B) Change in transmission percent of 1,, monitored
at 890 nm with changing the applied potential between —0.2 Vand 1.2 V at
2 min. intervals during 8 h. (C) Change in transmission percent of 1n,
monitored at 890 nm contingent on the time a potential of 1.2 V was
applied. Time intervals are reported in the figure.
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(Ref) that was deposited as a physisorbed film in an operating
electrochromic device."> The electrochrome transmission
decayed by 40% during a shorter period of time under similar
cycles of switching the potential and applied potential.

The kinetics of switching between the bleached and colored
states were also investigated to further illustrate the benefits of
electrochrome immobilization with ITO,p. To better compare
the kinetics between reported electrochromes and different
transmission percentage differences, the universal pulse method
by Padilla was used corresponding to t = 9.9 and 5.6 s for the
coloration and bleaching kinetics, respectively (Fig. $24).°® The
maximum transmission difference of 85% was obtained when
applying a potential of 1.2 V, corresponding to a contrast of 1. The
bleaching and coloration kinetics graphically derived for 95%
change in contrast were 10.2 and 19.2 s, respectively. These
kinetics are 5-10 times slower than the fastest reported kinetics
for molecular electrochromes. However, the values are faster than
their structurally similar counterparts in operating devices. Indeed,
they were twice as fast as physisorbed electrochromes along with
color homogeneity across the entire working electrode. The
kinetics are, furthermore, on par with other phosphate ester immo-
bilized molecular electrochromes when considering the smaller
transmission difference used for the switching speed measure-
ments (Table S2). Direct comparison is possible courtesy of the
universal pulse method. Coloration efficiency (CE) of the immobi-
lized electrochrome was 150 cm® C™ 7, calculated by dividing the
change in optical density (AO.D.) with charge density (Q) (Fig. S23).
The coloration efficiency is lower compared to reported tri-
phenylamines.**™*' This can, in part, be ascribed to triphenyl-
amines that typically undergo irreversible dimerization when
electrochemically oxidized, resulting in changes in both their redox
potentials and reversible coloration. This was not the case with the
covalent immobilization of 1, according to both consistent colora-
tion and cyclic voltammograms. An ion storage cathodic material
also was not used for the current study. Using such a layer is
known to enhance the performance.'?°*! Various cathodic mate-
rials are being examined to further improve the electrochromic
performance of the immobilized 1 bearing this in mind and
adopting strategies that are known to bolster CE.*>"** Nonetheless,
the collective kinetic and extended switching periods between the
bleached and colored states are sound evidence for the enhanced
electrochromism with the covalent bonding of molecular electro-
chromes to the nanoparticles. The added advantage is the increased
stability of the radical cation compared to physisorbed molecular
electrochromes. Indeed, physisorbed triphenyl radical cations react
permanently, leading to other products that change both the colored
and redox states from the pristine triphenylamines.*>*®

Electrofluorochromism

The photoemission must either be attenuated with applied
potential or undergo significant changes in the emission
wavelength to be considered electrofluorochromic. This was
evaluated by measuring the complete emission spectrum of the
immobilized fluorophore contingent on applied potential. The
emission of the immobilized 1 was first benchmarked without
applying the potential. Although the coating of 1,, was

4078 | Mater. Adv., 2026, 7, 4074-4080
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extremely thin on the ITO,, that was deposited on the ITO
electrode (vide supra), the emission could nonetheless be
observed (Fig. 5). This is courtesy of the well-known solid-
state emission of benzothiadiazoles.*” The fluorescence quan-
tum yield (®g) of 1,, (20 nm) was 0.25% compared to ®g = 65%
for Ref (R = CN) in dichloromethane."® Two noteworthy attributes
were observed with applied potential. First, the emission of 1,p
decreased with applied potential. This is consistent with the
neutral 1 being converted to its radical cation. Secondly, the
emission red-shifted and decreased with applied potential. This
emission could not be quenched, either with prolonged applied
potential or with increasing potential. The emission of the
original 1,;, could be restored upon reducing the oxidized state.
Similarly, the red-shifted emission could be regenerated upon
oxidizing the neutral state again (Fig. S25 and S26B). To further
confirm the red-shifted emission was from a unique intermediate
and not from any residual neutral state, the excitation spectrum of
the red-shifted emission was measured. The excitation of the
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Fig. 5 (A) Change in fluorescence intensity of 1,, excited and monitored
at 450 nm and 600 nm, respectively, with applied potentials of 1.1 and
—0.2 V switched at 1 min and 2 min intervals, respectively. (B) Expansion
showing emission intensity over two potential switching events.
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oxidized intermediate was quenched ca. fourfold relative to its
neutral form. This is consistent with the decrease in absorption
with applied absorption in Fig. S27A. The @4 of the red-shifted
emission was 0.27% taking into account its reduced absorption
from the excitation spectrum and correcting for the emission area
relative to the emission of the neutral 1,, and its ®g. The
advantage of the immobilized 1y, is that the red-shifted emission
cannot diffuse from the surface during the measurement.

The excitation spectrum of both the neutral and charged
states of 1,, overlapped, precluding selective excitation of the
neutral 1 and its exclusive emission. Nonetheless, the immo-
bilized 1,, was electrofluorochromic (Fig. 5A and Fig. S25,
S26A). Taking into account the red-shifted residual emission,
the electrofluorochromic contrast ratio was 95% based on the
area of emission. This value is almost twofold greater than a
structurally similar 1 whose electrofluorochromism was mea-
sured in an operating device in solution."® The contrast ratio is
also twofold greater among the highest reported electrofluor-
ochromes in operating devices.’® Although direct comparison
of structurally different electrochromes should be avoided
because of differences in intrinsic emission, the contrast ratio
is nonetheless improved with the immobilization of the elec-
trochrome on the electrode.

There are many major challenges that limit electrofluoro-
chromism, one such being the change in photoexcited emission
with applied potential. On one hand, the fluorophore must appre-
ciably emit in the solid state, especially when cast as a thin film.
Conjugated benzothiadiazoles such as 1 are ideal because of their
intrinsic high emission yield that is carried over to the solid state.
This is indeed the case with triphenylamine benzothiadiazoles of
1.%° On the other hand, the fluorophore must be immobilized on
the electrode for a maximum change in the contrast ratio. This is
because all of the immobilized fluorophores can be rapidly con-
verted to their redox state. This contrasts with when the fluoro-
phore is soluble and it must continuously diffuse to the electrode
to generate its redox state. This requires long periods of applied
potential to deplete the fluorophore. Indeed, the emission on/off
kinetics in Fig. 5B is faster than those for the structurally similar
Ref in an operating combined electrochromic/electrofluorochromic
device. The coloration time to quench the emission was fourfold
faster and bleaching time to recover the emission was 2-3 times
faster with 1,, compared to its unbound counterpart 1 when
measured in diffused controlled solution.'® Also, the contrast ratio
decreased by 26% with continuous operation of switching the
applied potential between the fluorescence on/off states at regular
intervals. These data provide sound evidence for enhancing the
electrofluorochromic performance, including accelerated kinetics
and consistent coloration, by the covalent immobilization of the
molecular electrochrome to the electrode in contrast to its physi-
sorption as a thin film layer in operating devices.

Conclusions

Immobilization of a combined molecular electrochrome and
electrofluorochrome via a phosphonic acid ester to ITO

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles improved its overall performance. Indeed, many
gains in the electrochromism are obtained by covalently attach-
ing electrochromes in comparison to their physisorbed coun-
terparts. These include consistency in the colored and bleached
states over extended periods of electrochemical cycling between
the two states, improved stability of the electrochemical mediated
state, and uniform coloration over the entire surface. Of impor-
tance, immobilization of the electrochrome prevents diffusion,
resulting in improved kinetics of switching between the two
colored states. Moreover, preventing diffusion enhances the elec-
trofluorochromism along with ensuring consistent contrast ratios
even during prolonged electrochemical switching between the two
states. The electrochromic and electrofluorochromic performance
of molecular electrochromes can be improved by covalently
attaching them to the electrode with metrics reaching those of
their polymer counterparts. Given the well-developed means of
integrating phosphonic acids and their covalent attachment to
ITO nanoparticles taken together with the tuneable colored states
possible by judiciously modifying the molecular structure, mole-
cular electrochromes are emerging as viable materials for achiev-
ing control and selected colors for operating devices.
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