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A series of phenothiazine derivatives containing N-H, 3a, 3b, 3c and a N-substituted phenothiazine
derivative, 3d were synthesized. These phenothiazine derivatives exhibited good air/moisture stability
and excellent fluorescence properties. They showed excellent chromic behaviour in response to
multiple external stimuli, especially fluoride ions and the application of electric voltages. The addition of
fluoride ions to these phenothiazine derivatives induced a rapid change in the emission colour from blue
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to yellow, accompanied by significant changes in the emission intensity. This response was shown to be
highly selective to fluoride ions. Films deposited from solutions of a blend of 3a and polycaprolactone
DOI: 10.1039/d2tc04079d also demonstrated a good ratiometric sensing ability for fluoride ions. Electrochromic devices (ECDs)

fabricated from these composites exhibited reversible changes in color that depended on the applied
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1. Introduction

Driven by the increasing importance of intelligent technology,
significant progress has been made in recent times in the
development of stimuli-sensitive, ‘“intelligent” materials
for various applications, which include mimicking photo-
synthesis,"® catalysis," diverse biological applications,>”
sensing,® ! and smart windows.'>'® As highly reactive inter-
mediate species, organic radicals play an important role in the
fabrication and the characteristic properties of numerous engi-
neered, stimuli sensitive-materials. Recently, chemists and
materials scientists have given a lot of attention to long-lived,
organic radical species that have unique electronic properties
due to their magnetic spin moments arising from singly
occupied molecular orbitals."*'® However, they come with
their own set of challenges because these radicals generally

“School of Chemical Engineering, Qinghai University, Xining, 810016, China.
E-mail: zhangwd@qhu.edu.cn

b School of Science and Engineering, Shenzhen Institute of Aggregate Science and
Technology, The Chinese University of Hong Kong, Shenzhen, Guangdong 518172,
China. E-mail: zhoukun@cuhk.edu.cn

¢ Guangdong Provincial Key Laboratory of Luminescence from Molecular Aggregates
(South China University of Technology), Guangzhou 510640, China

9 State Key Laboratory of Plateau Ecology and Agriculture, Qinghai University,
Xining, 810016, China

i Electronic supplementary information (ESI) available: Experimental details,

NMR spectra for all the new compounds, cyclic voltammogram data and results

of theoretical calculations. See DOI: https://doi.org/10.1039/d2tc04079d

This journal is © The Royal Society of Chemistry 2023

tend to be very reactive, and unstable, as well as mono-stimuli-
responsive. Thus, the development of novel, long-lived, and
fast, multi-stimuli-responsive radical species is vital to the
development of applications that can exploit their unique
properties.

The phenothiazine (PTZ) unit is an electron-rich tricyclic
heteroarene, characterized by the presence of powerful electron
donors like nitrogen and sulphur atoms. PTZ materials typi-
cally exhibit relatively intense luminescence, high photo-
conductivity, and reversible oxidation."”*® The success of
PTZ-based optoelectronic devices is attributed to the stable,
heterocyclic structure of their radical cations. A region of
significant electron density, primarily localized on the sulphur
atom in the phenothiazine core scaffold, is associated with
electrophores, producing dyads and triads. This makes the
phenothiazine unit highly sensitive to oxidizing agents and is
especially susceptible to electronic substitutions at the 3, or
7-position. PTZ has tuneable redox properties and can exhibit
reversible and fast electron transfer reactions to form stable
neutral, monocation, and dication radicals.?*"** Because of the
presence of electron-rich sulphur and nitrogen heteroatoms,
and an ionization potential of 6.73 eV, phenothiazine is well
suited for the synthesis of donor-acceptor (D-A) materials with
enhanced intramolecular charge transfer (ICT) characteristics
in the ground state and photoinduced electron transfer (PET)
properties in the excited-state, which are widely used as photo-
active materials in organic electronic devices, such as organic
light-emitting diodes (OLEDs), organic field effect transistors
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(OFETs), chemical sensors, organic solar cells (OSCs), and
batteries.>*>” However, most these photoactive materials use
the protected PTZ structure (N-substituted phenothiazine deri-
vatives), in which the nitrogen atom at the 10-position (10 N-H)
is replaced by a covalent group.?*°

Because of its highest charge density and Lewis basic nature,
fluoride has received well-deserved attention from the scientific
community owing to its association with a diverse array of
biological, medical, and technological processes.*’* Since the
fluoride ion is a strong hydrogen bond acceptor, a large
number of optical sensors have been developed based on
fluoride induced deprotonation through H-bonding for detect-
ing fluoride ions. However, most of the H-bonding type fluoride
ion sensors involve expensive and lengthy synthetic protocols
and show relatively poor selectivity, especially interfered by
alkaline anions like AcO~ and H,PO, .>**° Therefore, the
development of simple organic receptors containing functional
groups or heterocyclic rings proficient for the selective detec-
tion of fluoride with high selectivity and sensitivity have
become a highly popular topic of interest to scientists. PTZ
materials are typical excited-state intramolecular proton transfer
(ESIPT) materials,® in which the acidity of the H-bond donor
within the ICT chromophores can be synthetically manipulated
to allow selective interaction with the basic fluoride. Based on
these considerations, we synthesized the phenothiazine deriva-
tives by a typical Suzuki-Miyaura coupling reaction, which were
successfully used as chemosensors for the ratiometric detection
of F~ with high selectivity and sensitivity.

Electrochromism is a phenomenon in which the colour of a
material changes reversibly depending on the redox reactions
when an electrical potential is applied. This feature is very
important for a wide range of applications such as smart
windows, screens, solar-to-fuel conversion, sensors, energy
storage, and versatile functional electrochromic displays.*”*®
In recent years, a lot of research has focused on electrochromic
materials like transition metal oxides, organic molecules
(viologens), and polymeric electrochromic materials, which
can achieve electro-induced colouration and colour switching
on the application of an external voltage.** ** Whereas, because
of the complex synthesis process and unstable radical cation,
those materials would be the limiting factor for excellent device
performance and broader applications. Therefore, we success-
fully used the phenothiazine derivatives in devices on account
of the highly stable radical cation, and they showed excellent
advantages as electrochromic materials.

2. Results and discussion
2.1 Synthesis and characterization

Precursor 2 was synthesized as described by Xiao-Qing Zhu,
et al.® 10H-Phenothiazine was suspended in glacial acetic acid
and a solution of bromine in glacial acetic acid was added
dropwise with continuous stirring to yield compound 2 as
green crystals. A typical Suzuki-Miyaura coupling reaction,
significantly modified to avoid column chromatography, was
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Scheme 1 Synthetic procedures for 3a, 3b, 3c and 3d.

carried out. Precursor 2 was dissolved in a boiling, 10: 1 mixture
of ethoxyethanol and water under a nitrogen atmosphere. Imme-
diately after that, aromatic boronic acid, potassium carbonate,
and Pd(PPh;), were added with vigorous stirring at 130 °C for
30 minutes to get the compounds 3a, 3b, and 3¢, with yields of
93%, 95%, and 92%, respectively. The peak of N-H in the
phenothiazine unit appears at 8.906 ppm (3a), 8.847 ppm (3b),
and 9.084 ppm (3c). The N-substituted phenothiazine derivative
3d was also successfully synthesized with an 86% yield
(Scheme 1). The intermediate and the target molecules were
characterized by "H and "*C nuclear magnetic resonance (NMR)
spectroscopy, high-resolution mass spectrometry (HRMS) and
elemental analyses (C, H and N).

2.2. Photophysical properties

Phenothiazine derivatives are well-known as fluorophores and
are widely used as conjugated components in luminescent
organic materials.’® As compared to the photophysical and
electrochemical properties of the N-substituted phenothiazine
derivative 3d, the derivatives 3a, 3b, and 3c provided a clear-cut
view of the characteristic properties. It was found that the
absorption maxima of 3a, 3b, and 3c increased gradually, while
their band gaps decreased. The phenothiazine derivative 3a,
modified with thienyl moieties, showed the lowest-energy
absorption peak and the major absorption band at 296 nm
was assigned to the m—-n* transitions of the aromatic rings and
the absorption peaks at 363 nm was attributed to the stronger
electron-donating character of the thiophene unit,”” while it
showed maximum emission at 476 nm (@ = 0.18, 7 = 1.43 ns)
(Fig. 1 and Table 1 and Fig. S2-S6, S12, ESI{). A similar
phenomenon was also observed for 3b (A = 338 nM, Amaxem =
461 nm, @ = 0.46, t = 4.39 ns), which means extended directions
of electron-donating moieties can affect the electron transfer
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Fig. 1 UV-Vis absorption spectra (left) and photoluminescence (PL) spec-
tra (right) of the phenothiazine derivatives in THF solutions; the extra-
polated optical band gaps () is shown as insets.
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Table 1 Photophysical data for the phenothiazine derivatives

habs” € hem’ ~ SS° @ QY*
Comp. (nm) (10°M ‘'em™) (nm) (em™) (ns) (%)
3a 363 0.27 476 6539 1.43 18
3b 338 0.40 461 7894 4.39 46
3c 360 0.20 510 8170 4.38 40
3d 351 0.22 466 7031 5.64 37

“ The longest Amax values in the UV-Vis spectra. 5 Emission maxima in
THF. € Stokes shift = 1/Japs — 1/Aem. ¢ Lifetimes in THF. ¢ Quantum
yield in THF.

process.*® Due to the growth of conjugated chains and the
introduction of the electrophilic -CN units into the structures,
the absorption spectrum of 3¢ showed maxima at 301 nm and
360 nm, and the emission spectra showed a local maximum at
510 nm (¥ = 0.40, t = 4.38 ns), which indicated a slight
bathochromic shift caused by electron transfer from the pheno-
thiazine donor to the -CN acceptor compared to 3a and 3b.

2.3 Redox properties

The electrochemical characteristics of the phenothiazine deri-
vatives were studied by cyclic voltammetry (CV) in DMF solution
(Fig. S7, ESIt). The results are summarized in Table S5, ESL
These CV curves show that all the phenothiazine derivatives
have a reversible one-electron reductions process, and the
redox potentials of 3a, 3b, 3c and 3d were measured to be
—1.15 (Euymo = —3.65 €V), —1.08 (Erumo = —3.72 €V), —1.16
(ELumo = —3.64 eV), and —1.20 V (Epymo = —3.60 €V) (vs. Fe/Fc'),
respectively (Fig. 2 and Fig. S8-S11, ESIY). Therefore, substitu-
tion with moieties with different electron-donating abilities has
very little effect on the reduction potential of the phenothiazine
derivatives and the relatively low LUMO (lowest unoccupied
molecular orbital) energy levels.”®*° However, mutual orthogo-
nalization of the substituent groups indicates that the electro-
philic -CN group is effective and even causes a shift of the
anodic reduction potential of 3c. The highest occupied mole-
cular orbital (HOMO) levels, as calculated from the LUMO
levels and the optical band gaps (3a, 2.86 eV; 3b, 2.98 €eV; 3c,
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Fig. 2 Experimental orbital energy levels and HOMO/LUMO orbital plots
of 3a, 3b, 3c and 3d.
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2.81 eV; 3d, 2.99 eV), were —6.51, —6.70, —6.45 and —6.59 €V,
respectively, mimic the trend shown by the calculated values.

2.4. Ratiometric fluoride-ion sensing properties

The combination of an anion acceptor with a chromogenic
moiety is a convenient and efficient strategy for designing a
colourimetric anion sensor, in which the targeted binding
event is manifested as a colour change visible to the naked
eye.’® Many specific photophysical behaviors of these com-
pounds for binding F~ ions were developed.**'>* Considering
the existence of the N-H bond in the phenothiazine derivatives,
we decided to investigate the response of these compounds to
fluoride anions using UV-vis and fluorescence titration experiments,
which were carried out using a solution of n-tetrabutylammonium
fluoride (TBAF), which was added to the prepared solutions (10 pM)
with a certain number of compounds every time. As shown in
Fig. 3a, the titration of 3a with TBAF (1 mM in THF) resulted in
a gradual decrease in the maximum absorption intensity at
297 nm, accompanied by the formation of a new absorption
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Fig. 3 Spectral changes in the UV/vis absorption (left) and fluorescence

(right) after the addition of TBAF. (a) and (b) 3a, lex = 365 nm, [3a] = 10 uM;

(c) and (d) 3b, Zex = 365 nm, [3b] = 10 puM; 3c, dex = 365 Nm, [3c] = 10 pM;

3d, lex = 365 nm, [3d] = 10 pM.
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peak at 438 nm. In addition, upon excitation at 365 nm, the
addition of F~ ions cause a drastic decrease in emission at
476 nm and the simultaneous appearance of two new emission
bands at 414 nm and 586 nm (Fig. 3b), which is manifested in
the emission colour changing from blue to deep yellow after
titration. This may be due to the PTZ derivative 3a undergoing
hydrogen bond formation and the subsequent deprotonation of
the N-H.>*** Compounds 3b and 3¢ also exhibited almost
identical titration behaviour (Fig. 3c-f). The UV-vis spectra of
3b (Amax = 340 nm) and 3¢ (Apnax = 360 nm) showed a gradual
decrease in the absorption intensity at 340 nm and 360 nm
respectively and the emergence of a new absorption peak in
each spectrum at 427 nm and 478 nm, which further intensi-
fied on binding of F~. A similar phenomenon was observed in
the fluorescence spectra, where the emissions of 3b (Lem =
461 nm) and 3¢ (dery = 510 nm) gradually decreased with the
addition of F~, and two new emission bands appeared in each
spectrum (3b: Aep, = 400 and 558 nm, 3¢: ey, = 450 and 593 nm)
that steadily grew with the addition of more F~ solution due to
mono-deprotonation processes.”® The behavior of the N-
substituted phenothiazine derivative 3d, as characterized by
UV-vis and fluorescence titration experiments, was significantly
different from that of 3a, 3b, and 3¢ after the addition of
fluoride ions (Fig. 3g and f). The absorption and emission
bands of 3d showed almost no change even at a F~ concen-
tration of 1 mM. This remarkable difference between the
phenothiazine derivatives and the N-substituted phenothiazine
derivative implies the existence of a strong ground state F- - -H-
N interaction for the PTZ derivatives 3a, 3b, and 3¢, which was
confirmed through DFT calculations (Fig. S13, ESIT). To better
understand the origin of the observed response of N-H to
fluoride ions, corresponding experiments were performed on
3a as a molecular model system. Upon addition of different
equivalents of TBAF to compound 3a, the N-H signal in the
phenothiazine unit that appeared at 8.906 ppm gradually
decreased, indicating the formation of a 3a-F complex
(Fig. S14, ESIt). These results also mean that an instantaneous
colour change from blue to yellow occurs, an event that allows
visible, naked eye detection of fluoride. The as-calculated
detection limits (DL), based on three times the standard devia-
tion regulation,” were 31.7 pM, 41.6 pM, and 48.5 uM, respec-
tively (Fig. $15-519, ESIY).

The anion sensing properties of the selectivity of the pheno-
thiazine derivatives were assessed by the simultaneous addition
of a certain amount of different anions suchas ¥, Cl",Br , I,
NO,~, Clo,”, BF, , PFs, AcO~, H,PO, , and SO, . Histo-
grams of (Iy/I)-1 plotted against concentrations of F~ and other
anions (Fig. 4 and Fig. S21, S22, ESIt) showed that the fluores-
cence spectra of 3a showed distinct changes both in intensity
and emission wavelength upon the addition of fluoride anions,
while other anions did not have any significant effect, except for
some slight interference due to AcO™. Similarly, due to the
differences in the basicity and the ability of the aforementioned
anions to form hydrogen bonds, 3b and 3c showed a highly
selective response to the fluoride anions (apart from a marginal
response to AcO™ anions). This anion-specific behaviour shows
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Fig. 5 The 3a based film sensors for fluoride anions under UV irradiation
(Zex = 365 nm).

that the phenothiazine derivatives 3a, 3b, and 3c can be used as
highly selective colourimetric sensors for the detection of
fluoride.

A fluoride-sensing film (Fig. 5) was fabricated from a
solution of 3a and polycaprolactone (PCL) (weight ratio: 1/
400) in THF. While this film showed blue-green luminescence
visible to the naked eye under ultraviolet irradiation (Aex =
365 nm), on exposure to a fluoride solution, a yellow lumines-
cence was observed and the detection limit was 0.1 mM (Fig.
S20, ESIt). This demonstrated the excellent potential of 3a for
optoelectronic applications as solid-state fluoride ion sensors.

2.5 Fabrication of electrochromic devices (ECDs) and
spectroelectrochemical properties

Some proof-of-concept electrochromic devices were fabricated
to explore the application of these phenothiazine derivatives.
To facilitate the observation of the colour changes and electro-
chromic behaviour of these new electrochromic composites,
fluorine-doped tin oxide (ITO)-coated glasses,*®**° because of
the good light transmission and electrical conductivity, were
used as electrodes, and 3a/3b/3c¢/3d were used as the active
components. Fig. 6 shows the observed colour changes and the
spectroelectrochemical data of the devices based on these
phenothiazine derivatives in DMF solution at different voltages.
A direct current instrument was attached to this electrochromic
device, and when the voltage was set between 0 Vand —3.5V, as
shown in Fig. 6b, a yellow colouration was observed in the
neutral state, with the UV-vis absorption maxima below 400 nm
without an applied potential. On gradually increasing the
potential from 0 V to —1.5 V, a colour change from yellow to
green could be observed, with an increase in the intensities of

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Schematic of the proof-of-concept electrochromic device; (b) photos of the ECDs under different voltages; (c) spectroelectrochemistry of 3a
in DMF solution (potential: 0 to —3.5 V); (d) spectroelectrochemistry of 3b in DMF solution (potential: 0 to —2.5 V); (e) spectroelectrochemistry of 3c in
DMF solution (potential: 0 to —4.0 V); (f) spectroelectrochemistry of 3d in DMF solution (potential: 0 to —3.0 V).

the absorption bands at 432 and 512 nm. The new species are
thought to be the radical cations produced in the electro-
chemical oxidation process.®* A deep teal color was observed
and the UV-vis absorption peak at 667 nm further intensified as
the potential was changed from —1.5 to —3.5 V. A further
decrease in the UV-vis absorption intensity was seen with a
further increase in the potential over —3.5 V (Fig. 6¢). The ECD
containing 3b appears light yellow (its original colour) at 0 V.
When the applied voltage is changed from 0 to —1.3 V, the
absorption intensities around the wavelength bands of 418 nm
and 476 nm increased due to the formation of the new radical
species, and the device colour changed to brown. Moreover,
when the potential was further changed from —1.3 to —2.5V,
the absorption intensity for wavelengths around 550 nm
increased to some extent, and the colour of the ECD changed
to dark brown (Fig. 6d). We observed that whenever the
application of the voltage was stopped, the colour recovered
to the original light yellow accompanied by absorption inten-
sities at 418 nm, 476 nm and 550 nm decreasing to those seen
originally. This demonstrated good, reversible electrochromic
switching capability (Fig. S24, ESItT). The changes in colour and
absorption intensity of 3c in the visible range of wavelengths
were similar (Fig. 6e). This shows that the phenothiazine
derivatives could function as electrochromic devices switching

This journal is © The Royal Society of Chemistry 2023

between two colours. The original ECD containing 3d, which
was nearly colourless at 0 V, turned green when the applied
voltage was changed to —2.0 V with an increase in the absorp-
tion intensity around the wavelengths of 501 nm and 655 nm.
However, on further increasing the potential to —3 V, the
intensity of the green colour decreased (due to a decrease in
absorption intensity). The proposed mechanism for the elec-
trochromism of 3a can be described in Fig. S23 (ESIt). The
colour changes of 3a can be attributed to the different oxidation
states, which were confirmed through DFT calculations.
Moreover, the ECDs fabricated from 3a, 3b, and 3¢ continued
to show reversible colour changes even after 30 cycles, while,
the performance of the ECD of 3d declined significantly after
several cycles (Fig. S24, ESIT).

3. Conclusions

In summary, a novel phenothiazine derivative material with
N-H has been synthesized and characterized. The results
showed that the PTZ derivatives 3a, 3b, and 3¢ showed good
stability and bright, intense fluorescence, which made them
suitable for the colourimetric detection of fluoride ions among
the common interferents, manifesting as a change in the

J. Mater. Chem. C, 2023, 11, 2949-2956 | 2953
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fluorescence intensity and colour (from blue to yellow).
In contrast, the N-substituted phenothiazine derivative (3d)
did not show any conspicuous change in fluorescent emissions
even after increasing the F~ concentration to 1 mM, which
implied the existence of a strong ground state F---H-N inter-
action for 3a, 3b, and 3c. With multiple redox centers and light
absorption in the visible region, the proof-of-concept of
solution-based ECDs were demonstrated successfully. The inte-
gration of two kinds of applications of the phenothiazine
derivative would provide an effective strategy for developing
applications of multi-stimuli-responsive materials. We are con-
tinuing further research and development on the detection of
fluoride anions in aqueous media, enhancing their electrochro-
mic performance, and increasing their potential applications.

4. Experimental
General

All commercially available chemicals were used without further
purification unless otherwise noted. THF was distilled from
sodium/benzophenone prior to use. Ethoxyethanol, tetrakis-
(triphenylphosphine) palladium (Pd(Ph;P),) (99%), potassium
carbonate (99%), thiophene-2-boronic acid (99%), phenyl-
boronic acid (99%), 4-cyanophenyl)boronic acid (99%) and
bromoethane (99%) were purchased from Energy Chemical
Inc. 3,7-Dibromo-10H-phenothiazine (2) was prepared accord-
ing to the literature procedures.®®

NMR spectra were measured on a Bruker Avance-600 spec-
trometer in the solvents indicated; chemical shifts are reported
in units (ppm) by assigning the TMS resonance in the
'H spectrum as 7.26 ppm, and the CDCl; resonance in the
BC spectrum as 77.0 ppm. Coupling constants are reported in
Hz with multiplicities denoted as s (singlet), d (doublet), t
(triplet), q (quartet) and m (multiplet). UV-vis measurements
were performed using a DH-2000-BAL scan spectrophotometer.
Fluorescence measurements were conducted on a FLS920 sys-
tem. The cyclic voltammetry (CV) spectra were measured using
a Metrohm PGSTAT204 set up.

All the computational calculations reported in this work
were performed using the Gaussian 09 code. The geometries for
the ground state of these compounds were optimized at the
B3LYP[3,4]-D3 hybrid functional, and the 6-311G(d,p) basis set
for 3a, 3b, 3¢, and 3d, and the 6-311+G(d,p) basis set for 3a-F.

Synthetic procedures

General procedure for the synthesis of 3a-c. 3,7-Dibromo-
10H-phenothiazine (2) (3.57 g, 10.0 mmol) was dissolved in a
boiling mixture of ethoxyethanol and water (10:1, 110 mL).
To the resulting green solution, a finely ground mixture of
arylboronic acid (28.0 mmol, 2.80 equiv.), K,CO; (7.73 g,
56.0 mmol, 5.60 equiv.) and Pd(PPh;), (200 mg, 0.17 mmol,
1.73 mol%) was added immediately under vigorous stirring.
The reaction mixture was kept under reflux conditions at 130 °C
for 30 minutes and then was allowed to cool to room tempera-
ture. The product precipitated during cooling. The suspension

2954 | J Mater. Chem. C, 2023, 11, 2949-2956

View Article Online

Journal of Materials Chemistry C

was diluted with deionized water (100 mL) to increase precipi-
tation. The crude product was filtered over a Biichner funnel,
washed with ethanol and cold acetone (3 x 30 mL each) and air
dried to give compounds 3a-c.
3,7-Di(thiophen-2-yl)-10H-phenothiazine (3a). Yellow crystals.
Yield of 93%. 'H NMR (600 MHz, DMSO): & 8.91(s, 1H, N-H),
7.44 (d, 2H, J = 4.8 Hz, ArH), 7.36 (d, 2H, J = 3.6 Hz, ArH), 7.27 (d,
2H, ] = 8.4 Hz, AtH), 7.23 (s, 2H, ArH), 7.08 (t, 2H, J = 4.2 Hz, ArH),
6.69 (d, 2H, J = 8.4 Hz, ArH); 13C NMR (151 MHz, DMSO): 6
143.1,141.1, 128.8, 128.3, 125.5, 124.9, 123.4, 122.9, 117.2, 115.3.
HRMS (APCI) m/z: [M + H]" caled for C,H;3NS;, 364.0288, found,
364.0265. Anal. caled For C,,H;;NSs: C, 66.08; H, 3.60; N, 3.85.
Found: C, 66.12; H, 3.71; N, 3.92. Fluorescence emission (in THF)
(Zex = 365 NM): Aemis = 476 nm (quantum yield @ = 0.18; lifetime,
7 = 1.43 ns).
3,7-Diphenyl-10H-phenothiazine (3b). Yellow crystals. Yield
of 95%. 'H NMR (600 MHz, DMSO): § 8.85(s, 1H, N-H), 7.58
(d, 2H, J = 7.2 Hz, ArH), 7.42-7.40 (m, 4H, ArH), 7.33-7.28
(m, 4H, ArH), 7.25 (d, 2H, J = 1.8Hz, ArH), 6.77 (d, 2H, ] = 8.4 Hz,
ArH); **C NMR (151 MHz, DMSO): § 141.4, 139.6, 134.3, 129.3,
127.3,126.4, 126.2, 124.6, 117.3, 115.3. HRMS (APCI) m/z: [M +
H]" caled for C,4H;,NS, 352.1160, found, 352.1142. Anal. caled
For C,,H;,NS: C, 82.02; H, 4.88; N, 3.99. Found: C, 82.14; H,
4.93; N, 4.06. Fluorescence emission (in THF) (/ex = 365 nm):
Jemis = 461 nm (quantum yields @ = 0.46; lifetime, 7 = 4.39 ns).
4,4’-(10H-Phenothiazine-3,7-diyl)dibenzonitrile (3c). Brown
crystals. Yield of 92%. "H NMR (600 MHz, DMSO): § 9.08(s, 1H,
N-H), 7.83 (dd, 8H, J = 24 Hz, 8.4 Hz, ArH), 7.43 (dd, 2H, J = 8.4
Hz, 1.2 Hz, ArH), 7.38(s, 2H, ArH), 6.77(d, 2H, J = 8.4 Hz, ArH);
3C NMR (151 MHz, DMSO): § 143.9, 142.0, 133.2, 132.2, 127.0,
126.8, 125.1, 119.5, 117.5, 115.4, 109.6. HRMS (APCI) m/z: [M +
H]" caled for Cy6H;5N3S, 402.1065, found, 402.1031. Anal. caled
For C,sH;sN5S: C, 77.78; H, 3.77; N, 10.47. Found: C, 78.85; H,
3.87; N, 10.56. Fluorescence emission (in THF) (lex = 365 nm):
Jemis = 510 nm (quantum yield @ = 0.40; lifetime, t = 4.38 ns).
10-Ethyl-3,7-diphenyl-10H-phenothiazine  (3d). Sodium
hydride (1.305 g, 32.62 mmol) was added to a solution of 3b
(8.76 g, 25.01 mmol) in anhydrous DMF (60 mL) in an oven-
dried 100 mL round-bottomed flask under nitrogen atmo-
sphere, which was immersed in an oil bath at 30 °C. The oil
bath was then heated to 50 °C for 1 h. A reflux condenser was
attached, and bromoethane (2.44 mL, 3.55 g, 32.6 mmol) was
added to the reaction mixture dropwise through the condenser.
The reaction mixture was then stirred for 5 h. Ice was
added, and the organic product was extracted with ethyl acetate
(3 x 40 mL). The combined organic layers were dried over
MgSO,, filtered to remove solids, and the filtrate was concen-
trated by rotary evaporation. The crude product was purified by
column chromatography with hexanes as the eluent to give 3d
as white crystals. Yield: 8.15 g (86%). '"H NMR (600 MHz,
CDCl,): 7.54 (d, 4H, J = 7.2 Hz, 8.4 Hz, ArH), 7.43-7.397.38
(m, 8H, ArH), 7.31 (t, 2H, J = 7.2 Hz, ArH); 6.96 (d, 2H, J = 8.4 Hz,
ArH), 3.40 (s, 2H, CH,), 1.48 (t, 3H, J = 7.2 Hz, CH3); *C NMR
(151 MHz, CDCl;): § 143.9, 140.0, 135.5, 128.8, 127.0, 126.5,
126.0, 125.8, 124.3, 115.2, 42.0, 13.0. HRMS (APCI) m/z:
[M + H]" caled for C,¢H,;NS, 380.1473, found, 380.1461. Anal.
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caled For C,6H,;NS: C, 82.28; H, 5.58; N, 3.69. Found: C, 82.31;
H, 5.61; N, 3.71. Fluorescence emission (in THF) (Aex = 365 nm):
Jemis = 465 nm (quantum yield @ = 0.37; lifetime, t = 5.64 ns).

Preparation of the film

Polycaprolactone (PCL) (4 g) was dissolved in 10 mL THF in a
round bottom flask at 40 °C. After the solid was completely
dissolved, compound 3a (10 mg) was added dropwise at 40 °C,
and was stirred for another 6 h. Then the solution above was
further cast on a pre-cleaned glass substrate to fabricate the
sensor films.

Fabrication of the electrochromic devices (ECDs)

The original ITO glasses were 100 x 100 x 1.1 mm and the
resistance was 10 Q. A glass cutter was used to cut the original
ITO glasses for different types of ECDs. Two ITO-coated glasses
(5 em x 2 cm) were bent with 3 M double-side tapes
(width: 4 mm, thickness: 0.5 mm) and a cavity formed between
them. Compounds 3a-3d were dissolved in DMF solution,
¢ ~ 5 x 107 M, with ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl) act as the supporting electrolyte. The
solution was injected into the cavity by a syringe, then a UV-
cured gasket was used to seal the cavity further.
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