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Systematic photophysical, thermal and
electrochemical analysis of a series of
phenothiazine cored conjugated aromatic unit
appended D—n—A based high-solid state
luminescent materials: their applications in
reversible mechanofluorochromic and volatile
acid sensingf

Bhaswati Sarkar, Edamana Prasad ‘2 * and Ramesh L. Gardas 2 *

The advancement of unique, organic materials possessing exclusive solid-state photoluminescence properties is
in high demand due to their noteworthy contribution to materials chemistry and technology. Considering this, a
class of novel scissor shaped phenothiazine (PT) derivatives, named PT-Cn—(Ar), where n = 2, 12 and Ar =
phenyl, naphthyl, anthracenyl, phenanthryl, and pyrenyl units, have been synthesized, which show divergent
fluorescence emission characteristics in a variety of solvents by virtue of their twisted intramolecular charge
transfer (TICT) state. Among the studied PT derivatives, naphthyl and pyrenyl derivatives generate an unusual
blue-shifted aggregation-induced emission (AIE) in the THF—water binary mixture due to the suppression of the
TICT state. Interestingly, among all the products, only the phenyl derivative shows reversible mechanofluoro-
chromic (MFC) behavior, where it offers cyan to yellowish-green emission upon mechanical agitation and
fumigation concurrently. Mechanistic inspection derived from P-XRD indicates loss in crystallinity, generating
redshifted emission upon mechanical pressure. The SEM study shows two distinct morphologies of the MFC
material before and after applying the mechanical force. Furthermore, the MFC characteristic has been verified
by single-point energy calculations using DFT. Also, a narrow bandgap (E) value and lower excited state singlet
(Sy) and triplet (T;) energy gaps (AEsts) derived from DFT calculations for anthracene and pyrene derivatives
suggest their potential in organic photovoltaic cells. Furthermore, reversible acid-sensing behavior has been
demonstrated by a model PT derivative PT-C2—(Pn),. Additionally, the high electrochemical stability of the
derivatives up to 200 cycles suggests a feasible structural engineering approach for fabricating stable redox-
active organic materials for redox flow batteries and OLEDs.

by mechanical agitation and exhibit mechanofluorochromic (MFC)
behavior.®*° Numerous materials with MFC characteristics such as

Fabrication and synthesis of novel organic molecules having super-
ior solid-state luminescence are highly demanding because of their
remarkable contribution in the area of materials science and
technology viz., fluorescent probes and switches," memory
devices,” data storage devices,” organic light-emitting diodes
(OLEDs),* and optoelectronic devices.” They can also be stimulated
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organometallic compounds and typical organic dyes have been
established.**™ Compared to metal-based MFC materials, which
suffer from commercialization challenges owing to the high price
and the toxicity of noble metals, organic compounds turn out to be
favorable alternatives due to their facile synthetic strategy. These
types of materials have attracted special attention from researchers
because of their bright potentiality in security inks,"® 3D
printing,"””'® memory chips," and mechanosensors®**' as they
are susceptible to shearing, pressing, ball milling, and grinding,
causing a variation in the fluorescence emission color.

However, conventional organic luminophores become feebly
emissive in their solid-state as they disperse their excited-state
energy in a non-radiative pathway because they have a
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considerable amount of m-m stacking in their aggregated state,
termed as aggregation caused quenching (ACQ).>*>* Consequently,
ACQ characteristics heavily hinder the practical applicability of MFC
materials.>® Tang and co-workers have successfully addressed this
shortcoming by inaugurating the concept of aggregation-induced
emission (AIE). The non-planar skeleton of AlEgens diminishes the
n-7 stacking by restricting intramolecular rotation (RIR), resulting
in the enhancement of emission in their aggregated state.’**’
Hence, AIE active molecules are highly appreciable for developing
MFC materials. Mechanofluorochromic responses usually instigate
from the alteration of physical structures. They are primarily reliant
on molecular packing arrangement, the conformation of molecules
in their solid-state, and the intermolecular interactions in the
molecule.”®** Furthermore, the dependence of MFC properties on
the molecular packing arrangement in the solid-state can be finely
tuned by several structural changes, like the incorporation of heavy
atoms, halogen atoms, and alkyl or aryl units, the inclusion of
heteroatoms and positional changes, and use of a donor-acceptor
skeleton, which cause discrete intermolecular interactions.'*>*

Organic frameworks having donor-acceptor (D-A), donor-n—-
acceptor (D-n-A), or donor-acceptor-donor (D-A-D) are uti-
lized to produce highly emissive solid-state materials which can
demonstrate MFC properties. The combination of non-planar
twisted AIE active units, attached in an organic donor-acceptor
framework, leads to very high fluorescence emission in their
aggregated state by diminishing face-to-face interactions
between the aromatic rings. Consequently, they can be easily
converted into different metastable states upon mechanical
stimuli by assuming more planarity.>>” Phenothiazine (PT)
is a well-known core having potentiality in device formation viz.
chemosensors,*® solar cells,*® OLEDs,"® and thermally activated
delayed fluorescence (TADF) materials.*! The PT-cored organic
materials are also one of the highly desirable components as
MFC materials resulting from their strong electron-donating
character due to the “S” and “N” atoms and an unusual
butterfly shape of the middle heterocyclic ring.*>
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Phenyl, naphthalene, anthracene, phenanthrene, and pyrene
units act as electron acceptors when connected with a highly
influential electron donor unit, viz. the PT core. In this article, we
have designed and synthesized (D-n-A) isomers by appending
aromatic chromophores with increasing conjugation to a PT moiety
via a vinylidene linkage, to obtain PT-Cn—(Ar), where n = 2, 12 and
Ar = phenyl (Ph), naphthyl (Nap), anthracenyl (An), phenanthryl
(Pn), and pyrenyl (Pr) units. We have hypothesized that the non-
planar donor and highly conjugated chromophoric units can act as
a D-n-A system, and by virtue of the butterfly conformations of the
PT core, it can act as a MFC material. The attachment of the donor
PT unit having different chromophores with extended conjugation
acting as an acceptor possibly influences the donor-acceptor char-
acter and the molecular packing modes in different derivatives,
resulting in distinct photophysical and electrochemical character-
istics. Also, the size of the alkyl chain length on the N atom of the PT
core has been altered to investigate whether there is any effect on
their MFC properties.

Photophysical properties have been investigated in detail
using UV-vis and fluorescence spectroscopy. AIE phenomena of
the PT derivatives also have been investigated. Besides, their
thermal and electrochemical properties have been investigated.
Furthermore, their MFC properties have been studied by UV-
vis, fluorescence, P-XRD, FT-IR, TCSPC, and SEM. Moreover, a
DFT study has been performed to understand the electronic
structures of the derivatives and to get an in-depth view of the
mechanochromism mechanism of the studied PT derivatives.
Additionally, reversible volatile acid, trifluoroacetic acid (TFA),
sensing has been investigated. This study shows a new possi-
bility for the development of mechanofluorochromic, organo-
electric, and solid-state volatile acid sensors.

Results and discussion

Scheme 1 presents the structures and the synthetic strategy of a
set of novel scissor-shaped divinyl MFC materials, for example,

@[ D R-Br, Tol : Hy0 (1:1, viv) @ :@ POCI; (1.15 equiv) @ Kj/

110 °C, Reflux DMF, 100 °C
Overnight, 95-97% 16 h, 65%
8a: R = Ethyl 7a:R= Ethyl
8b: R = Dodecyl 7b: R = Dodecyl
CBry (2.2 equiv.) Ar-B(OH), (2.5 equiv.)
_ PPhy(4equiv) @[ @/\( K,CO3 (5-5.5 equiv.) @ KE/\r
DCM, 1t, 10 min Pd(PPhs), (0.08 equiv.)
96% Tol : MeOH (3:1, viv)
6 80°C, 36 h, 68-91% 1-5 PT-Cn-(Ar),
1 2 3 4 5
1,2 a. R = Ethyl

1,2 b. R = Dodecyl

Scheme 1 Synthetic pathway of the PT derivatives.
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PT-C2—(Ph), (1a), PT-C12-(Ph), (1b), PT-C2-(Nap), (2a), PT-
C12-(Nap), (2b), PT-C2-(An), (3), PT-C2-(Pn), (4) and PT-C2-
(Pr), (5) (Chart 1) using Suzuki-Miyaura cross-coupling of
commercially available aryl-boronic acid (Ar-B(OH),) and
dibromovinyl-10-alkyl-10H-phenothiazine.** The PT-derivatives
were synthesized using literature procedures (ESI) and charac-
terized using 'H NMR and ">C NMR spectroscopy, and ESI-
mass spectrometry (Fig. S1-S36, ESIt).

Photophysical properties

To study the photophysical properties of PT derivatives, UV-Vis
and fluorescence measurements were carried out. Fig. 1 shows
the normalized electronic absorbance and emission spectra of
10 pM DCM solution of the PT derivatives. Here, Fig. 1(a) shows
an absorption band in the range of 250-340 nm of various
chromophores having a very high probability of electronic
transition, which can be assigned to m-n* (Sy-S,) transitions
from the various chromophoric components. Additionally, the
other absorption bands having a low probability of electronic
transition in the range of 340-460 nm could be ascribed to the
n-n* (S¢-S,) transition.**

This transition arises due to the twisted ground state inter-
molecular charge transfer taking place between the non-planar
donor (D) PT and the acceptor (A) (Ar) (viz. Ph, Nap, An, Pn, and
Pr). The phenyl appended PT derivatives, PT-C2—(Ph), and PT-
C12—(Ph),, exhibited a maximum absorption wavelength, 4.y,
of 299 nm, whereas a 14 nm redshift was detected in PT-C2-
(Nap), and PT-C12—(Nap),, which could be due to the extended
conjugation of the acceptor unit. However, PT-C2—(An),, PT-
C2-(Pn), and PT-C2-(Pr), demonstrated high energy mn-m*
(So-S,) transitions, in the range of 234-290 nm largely as a
result of the higher energy necessitated for the electrons to
circumnavigate across the larger aromatic rings, i.e., An, Pn and
Pr units, and also could be the result of the sterically bulky
nature of An, Pn and Pr units.*>"*°

ey P T
Swepagss

1a.R = Ethyl
1b.R = Dodecyl

2a = PT-C2-(Nap),
2b = PT-C12-(Nap),

1a = PT-C2-(Ph),
1b = PT-C12-(Ph),

Chart 1 Fluorophores synthesized in the present work.
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3=PT-C2-(An), 4=PT-C2-(Pn),
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Sharp CT bands were noticed for PT-C2—(Ph),, PT-C12-
(Ph),, PT-C2-(Nap),, PT-C12-(Nap),, PT-C2—(An),, and PT-
C2—(Pr),. In contrast, a weak and broad ground state CT band
centered at 365 nm was observed in PT-C2—(Pn),. This can be
explained in terms of the dihedral angle between PT and the Ar
units. The dihedral angles between the PT unit and Ar units are
relatively small in PT-C2-(Ph),, PT-C12-(Ph),, PT-C2-(Nap),,
PT-C12-(Nap),, PT-C2-(An),, and PT-C2—(Pr), (Fig. S37 and
Table S1, ESIt), while larger dihedral angles between the PT
unit and Pn have been detected in PT-C2-(Pn),. It is well
recognized that the smaller the dihedral angle between the
donor and acceptor, the stronger the electronic coupling.*® The
CT band in the visible region, i.e., 405 nm, for PT-C2—(An),,
results from the low-lying excited state leading to a low energy
band gap (3.03 eV) (Fig. S37 and Table S1, ESIt) as obtained
from DFT calculations.

Usually, the functionalized PT core turns into a twisted
intramolecular charge transfer state (TICT) from its locally
excited state (LE) by virtue of its “butterfly-like” conformation
having two terminal planar phenyl rings, and the central ring
being in a to some extent flattened boat form in polar solvents.
This TICT emission results in more prolonged wavelength
emission than LE emission, causing a significant Stokes shift.
Fig. 1(b) shows the dual emission from the PT derivatives where
the high energy emission corresponds to the emission from the
locally excited (LE) state and the low energy emission corre-
sponds to the TICT state. PT-C2—(Ph), and PT-C12-(Ph), show
emission maxima at ca. 524 nm with shoulder peaks at 579 and
581 nm, respectively. Similarly, an emission peak appears for
PT-C2-(Nap), and PT-C12-(Nap), at ca. 547 nm, accompanied
by a shoulder peak at ca. 585 nm. Both PT-C2-(An), and PT-
C2—-(Pn),, containing identical structural isomers (anthracene
and phenanthrene), show a different pattern of emission
spectra, while PT-C2-(Pr), shows similar emission spectra to
PT-C2-(An),. The emission maxima for PT-C2-(Pn), were

2a.R = Ethyl
2b.R = Dodecyl 3

5= PT-C2-(Pr),

Mater. Adv.,, 2022, 3, 2871-2883 | 2873
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Fig. 1 (a) Normalized UV-Vis absorption spectra and (b) emission spectra of PT-C2—(Ph), (g, = 381 nm), PT-C12-(Ph); (g, = 370 nm), PT-C2-(Nap),

(Zex = 381 nm), PT-C12—-(Nap), (Agx = 381 nm), PT-C2—(An), (Agx = 405 nm), PT-C2—(Pn), (Agx = 365 nm) and PT—-C2—(Pr); (Agx = 372 nm), measured in

ca. 10 uM in DCM solution.

observed at 533 nm containing one shoulder peak at 579 nm,
whereas both PT-C2-(An), and PT-C2-(Pr), exhibited a sharp
emission band at 594 and 601 nm, respectively, along with a
shoulder peak at 548 nm (Table 1).

The unmodified PT core exhibits a very poor quantum yield
of 0.0016 in cyclohexane because of its forbidden electronic
transition and the non-radiative decay resulting from the non-
planarity of the molecule.”” However, it is noteworthy that
when the PT core is in conjugation with the simple Ph unit,
the emission quantum yield (¢y) value increases remarkably.
Among all the luminogens, PT-C2—(Ph),, PT-C12—(Ph),, and
PT-C2—(Pn), show higher values of photoluminescence quan-
tum yields (@) of 0.41, 0.43, and 0.44, respectively, in DCM.*®
The combination of the high value of the lifetime component
(t2) and its considerable contribution (B,) shows significant
TICT characteristics, resulting in the high fluorescence lifetime
(t¢) of PT-C2—(Ph),, PT-C12-(Ph), and PT-C2-(Pn),, whereas
the former component (t,) represents the LE properties (Table
S2 and Fig. S38, ESIT). In general, phenanthrene derivatives
show shorter fluorescence lifetimes (from 20 ns to 45 ns) and
higher ¢¢ values (from 0.14 to 0.3) than unsubstituted phenan-
threne. This can be explained by the breakage in symmetry in
the substituted phenanthrene.*” In contrast, PT-C2-(Nap),,
PT-C12—(Nap),, and PT-C2—(Pn), show relatively lower values
of quantum yields (0.15, 0.114, and 0.17).°>*! Also, k,, is ca. six
times higher than k&, in PT-C2—(Nap), and PT-C12-(Nap), and
four times higher in PT-C2-(Pn), because of the unrestricted
rotation of the diaryl units in their solution state (Fig. S38 and
Table S2, ESIt). The negligible ¢¢ value of 0.07 of PT-C2-(An),

Table 1 Photophysical properties of PT derivatives

could be attributed to the drastic luminescence quenching as a
result of the strong mn-n stacking by the An units in PT-C2-
(An),, which results in two times more k,, and five times less k;
values than PT-C2-(Pn), (Table S2, ESI{).>*> Additionally, sub-
stantial Stokes shift values were observed for some of the PT
derivatives, making them promising candidates for super-
resolution microscopy.®® The lower value of FWHM in PT-C2-
(Ph), and PT-C12-(Ph), indicates that it can produce images
generated by highly pure emission spectra.

Solvatochromism

It is well-recognized that phenothiazine-appended D-n-A based
fluorophore molecules impart a significant dipole moment that
leads to TICT and consequently could be superior candidates
for acquiring MFC organic materials.*® Also, the excited-state
dipole moment of D-n-A based chromophores is susceptible to
solvent polarity, and hence to gain an insight into the D-n-A
conjugated systems of PT derivatives, UV-visible absorption,
and fluorescence emission spectra were recorded by varying the
polarity from cyclohexane (CHX), benzene (Benz) toluene (Tol),
tetrahydrofuran (THF), and dichloromethane (DCM) to
dimethyl sulfoxide (DMSO). It is evident from Fig. S39 (ESI¥)
that, in the cases of both PT-C12-(Ph), and PT-C12—(Nap),, the
absorption spectra redshifted with an increase in solvent
polarity, whereas minor changes were observed in the cases
of PT-C2—(Ph), and PT-C2-(Nap),. This can be ascribed to the
effect of the alkyl chain on the donor ‘N’ atom enhancing the
electron transfer by its +I effect. PT-C2—(An), and PT-C2—(Pn),
show ca. 16 and 47 nm redshifts, respectively, when the polarity

FWHM
Compd “ABS Amax & [10*] [nm] (M ™" em™") “Ep, Amax (nm) Onset/S; [nm eV '] Stokes shift (cm ™ *) Aonset” (nm), Eg (eV) [f] ¢ (nm)
PT-C2-(Ph), 299 (2.42), 381 (1.34) 524, 581 453/2.74 7163 436, 2.84 0.41 75
PT-C12-(Ph), 290 (1.67), 370 (0.85) 524, 579 422/2.94 7943 434, 2.86 0.43 74
PT-C2—(Nap), 279 (4.03), 315 (2.84), 381 (2.0) 546, 585 459/2.70 7932 446, 2.78 0.15 114
PT-C12-(Nap), 281 (2.2), 311 (1.4), 381 (1.17) 547, 583 444/2.79 7965 442, 2.80 0.14 114
PT-C2-(An), 253 (16.5), 405 (2.23) 548, 601 421/2.94 8024 465, 2.67 0.07 121
PT-C2-(Pn), 253 (10.6), 315 (2.8), 365 (1.57) 533, 579 443/2.80 8635 435, 2.85 0.44 103
PT-C2-(Pr), 280 (5.80), 359 (4.21) 548, 594 443/2.80 11255 461, 2.69 0.17 112

“ Measured in DCM (107° M). ?
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Fluorescence quantum yields were recorded using Coumarin 152 as a standard in cyclohexane solution.
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Fig. 2 Emission spectra of (a) PT-C2-(Ph),, (b) PT-C12—(Ph),, (c) PT-C2—(
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Nap),, (d) PT-C12~(Nap),, (e) PT-C2~(An), and (f) PT-C2~(Pn), and (g) PT-

C2-(Pr), in solvents (cyclohexane (CHX), benzene (Benz), toluene (Tol), DCM, THF and DMSO) of varying polarities (1gx = 370 nm).

increases from cyclohexane to DMSO, indicating a substantial
ground state CT in PT-C2-(Pn),. In contrast, minor changes
were observed in the absorption spectra of PT-C2-(Pr),
(Fig. S39, ESIT), which is assigned to its insensitivity to the
solvent milieu (Table S1, ESIT). Emission maxima (Fig. 2) of the
PT derivatives show significant redshifts of 52, 55, 102, 90, 118,
126, and 98 nm for PT-C2-(Ph),, PT-C12-(Ph),, PT-C2-(Nap),,
PT-C12—(Nap),, PT-C2-(An),, PT-C2—(Pn),, and PT-C2—(Pr),,
respectively, accompanying broadening in the vibronic spectra
with an increase in the solvent polarity from cyclohexane to
DMSO, which indicates excited state TICT from the non-planar
donor PT to the Ar units.”® The highest redshift in PT-C2—(An),,

© 2022 The Author(s). Published by the Royal Society of Chemistry

PT-C2-(Pn),, and PT-C2-(Pr), in DMSO could be attributed to
the high excited-state dipole moment (u.) and comparatively
large planarity in the PT core (Fig. 2 and Table S1, ESI{).”® The
photographs of the derivatives in the solvents mentioned above
are shown in Fig. S40 (ESIt).

Aggregation-induced emission

Incorporating non-planar PT units with highly planar conju-
gated aromatic Ar (Ph, Nap, An, Pn, and Pr) units can facilitate
emission in their aggregated state by virtue of their non-planar
frameworks. In a polar solvent, a molecule with a twisted
conformation results in a TICT emission peak at a longer

Mater. Adv,, 2022, 3, 2871-2883 | 2875
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wavelength when compared to LE emission, producing a
significant Stokes shift. Also, the TICT emission peak gets further
enhanced due to the AIE effect. By considering this, AIE properties
have been explored via absorption (Fig. S41, ESIT) and emission
spectroscopy (Fig. 3). Since the PT derivatives are readily soluble in
THF but insoluble in water, the successive increase of the water
fraction (fi, (%)) in the THF solution of PT derivatives triggers the
nanoaggregate formation.

In this study, absorption spectra showed a significant red
shift along with the broadening in the spectra beyond f,, >
70%, attributed to the poor solubility of the luminogen

View Article Online
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generated from substantial heterogeneity in its microenviron-
ment, which turned the monomeric form into its aggregated
form. Moreover, the tailing observed beyond the f,, range of 70—
95% in the absorption spectra at the more extended wavelength
range suggested the ‘Mie scattering effect, signifying the
formation of nano-aggregates at higher water fractions.>®
Traditionally, AIE-gens are emissive exclusively in their
aggregated state, while all the PT derivatives synthesized here
demonstrate AIE activities even in their solution state as a
result of the combined effect of LE and CT emissions.”® The
emission spectra of both the phenyl derivatives were altered in
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W
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Fig. 3 Emission spectra of (a) PT-C2-(Ph), (gx = 365 nm), (b) PT-C12-(Ph), (Zgx = 368 nm), (c) PT-C2—-(Nap), (lgx = 377 nm), (d) PT-C12-(Nap),
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different water fractions (f,, (%)) (luminogen conc. 10 pM).
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THF with increased f,, (%) values (Fig. 3(a) and (b)), resulting in
1.3 times emission enhancement when f,, (%) = 95 and 50 for
PT-C2—-(Ph), and PT-C12-(Ph),, respectively. Furthermore,
there is a drop in the emission intensity beyond the f,, (%)
value, which might be due to the formation of low emissive
amorphous aggregates (Fig. S42 and S43, ESI).*® Similarly,
both PT-C2—-(Nap), and PT-C12—(Nap), (Fig. 3(c) and (d))
demonstrate high-intensity fluorescence emission initiating
from the LE state of ca. 548 nm in pure THF with slight changes
up to 70% water fraction. However, a new emission maximum
of ca. 536 nm with a 12 nm hypsochromic shift is generated due
to the formation of nanoaggregates for 90% water fraction with
2.79 times emission enhancement as compared to the emission
in 100% THF solution. Although above 90% water fraction, a
slight drop in intensity was observed due to the development of
large aggregates (Fig. 3(c)).”” The observation also shows an
aggregation-induced unusual blue-shift in PT-C2—(Nap), and
PT-C12-(Nap),, which might be due to the inhibition TICT in
the aggregated state of the naphthyl derivatives.”® In general,
the AIE effect leading to a blue shift are relatively less compared
to those which exhibit a red shift upon aggregation. Among PT-
C2-(An),, PT-C2-(Pn), and PT-C2—(Pr), (Fig. 3(e), (f) and (g))
both the anthracene and pyrene derivatives show emission
from the CT state, whereas phenanthrene shows emission from
the LE state. In contrast to other derivatives, PT-C2—(An), alone
shows ACQ phenomena, upon increasing the water fraction.
This can be attributed to the enhanced n—r interaction in their
aggregated state, which diminishes the fluorescence emission
generating a non-radiative pathway.

Thermal properties

To investigate the thermal stability of the PT derivatives,
thermogravimetric analysis (TGA) has been carried out under
a nitrogen atmosphere (Fig. S44, ESIt). The result shows that
PT-C2-(Ph),, PT-C2-(Nap),, PT-C2-(An),, PT-C2—(Pn),, and
PT-C2—(Pr), have thermal decomposition temperatures (7gs)
of 281, 344, 132, 397 and 264 °C, respectively, at 5% weight loss
as shown in Fig. S44 (ESIt). Interestingly, in between two
isomeric chromophores PT-C2-(An), and PT-C2-(Pn),, the
latter exhibited higher stability than the former one, even the
higher among all the PT derivatives. This can be attributed to
the result of a complicated interference of numerous (oppo-
sitely directed) cyclic conjugation energy effects.”®

Electrochemical properties

To explore the oxidation and reduction potential and to evalu-
ate the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the as-synthesized
luminogens, cyclic voltammetry (CV) (Fig. S45-S65, ESIt)
experiments have been carried out. These compounds were
dropcast onto a carbon working electrode, whereas silver and
platinum wires were used as the reference and counter electro-
des, respectively. The electrochemical characteristics of the
luminogens were inspected using 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) solution as an electrolyte con-
sisting of DCM (CH,Cl,) at room temperature under a nitrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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atmosphere. Ferrocene (Fc) dissolved in DCM was taken as an
internal standard.

The cyclic voltammograms of naphthyl, phenanthrene, and
pyrene derivatives have shown two (one-electron) oxidation
potentials. In contrast, phenyl and anthracene derivatives have
shown three (one-electron) oxidation potentials, which are
rational for highly electron-rich organic materials.®® The
HOMO energy levels of the PT derivatives have been deter-
mined from the onset oxidation potentials (Eqx) derived from
differential pulse voltammograms (DPVs), using the relation
Euomo = — Eox — 4.8 eV (against F¢/Fc'). Also, the LUMO energy
levels have been determined from the optical band gaps (E,,
solution) and the appropriate HOMO energy values (Erymo =
Enomo + Eg, €V). The oxidation and reduction onsets and the
corresponding HOMO and LUMO energy levels are listed in
Tables S3 and S4 (ESIf), which lie in the ranges of —5.03 to
—5.00 and —2.36 to —2.16 eV, respectively. PT-C2—(An),, having
higher HOMO/LUMO energy levels than the other PT deriva-
tives leading to the low energy gap and the high oxidation
potential of 1.57 eV, proves that this compound can behave as a
super-oxidant for solar energy purposes as compared to the
other derivatives studied here.®'"®® Hence, the cyclic voltammo-
grams recognize that all the PT derivatives are comparatively
more stable than PT-C2-(An), to oxidation.

To further understand the electrochemical stability, all the
PT derivatives were treated with 200 charging-discharging
cycles at a scan rate of 200 mV s~ * (Fig. 4). It can be seen that
they are electronically highly stable up to 200 cycles. However,
PT-C2-(Pr), has shown moderate stability up to 200 cycles.
Hence, by virtue of the high thermal stability up to 264-397 °C
and electrochemical stability of the PT derivatives they are
potential candidates as organic electrode materials for redox-
active organic materials in electrochemical energy devices,
redox flow bBatteries, and organic light and organic light-
emitting diodes.**7°

Mechanofluorochromic properties

Combining a highly conjugated planar diaryl unit with a non-
planar PT unit accelerated the accomplishment of prominent
solid-state emissive derivatives, which might be responsive to
external stimuli. In search of the mechanoresponsive proper-
ties of the as-synthesized products, the switching of their solid-
state emission was examined by employing mechanical force
using a mortar and pestle. The mechanofluorochromic proper-
ties were explored in detail using UV-vis, fluorescence, lifetime,
and powder XRD and SEM measurements in the solid states;
however, among the seven PT derivatives (Fig. 5-7 and Fig. S66,
S67, ESIT), only PT-C2-(Ph), predominantly showed appreci-
able mechanofluorochromic behaviour. PT-C2—(Ph), displayed
a grinding-prompted 13 nm bathochromic shift. Consequently,
the cyan emission changed to a yellowish-green color with
an enhanced emission intensity upon grinding under 365 nm
UV light. The changes in absorption in their solid states
were recorded for the pristine, ground, and fumed samples
(Fig. S67, ESIY).
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Fig. 5

PT-C2-(Ph), displayed well-structured absorption maxima
at 401 nm in the pristine and fumed states. However, signifi-
cant broadening was noticed in its absorption spectra for the
ground sample compared to its pristine state (Fig. S67, ESIY).
To check the reversibility of its mechano-responsive behaviour,
when the ground PT-C2—(Ph), was kept under DCM vapor, the
emission color and the emission maxima reverted to their
original position (Fig. 5 and 6). Again, after regrinding, the
color changed from cyan emission (491 nm) to yellowish-green
(504 nm) (Fig. 6). Additionally, the absorption maxima of
ground PT-C2-(Ph), returned to its original absorption at
401 nm upon fuming with DCM vapor. Furthermore, it has
been seen that upon grinding, the fluorescence lifetime of the
ground sample has been enhanced. This can be attributed to
the improved interaction between phenothiazine (PT) phenyl
(Ph) and PT-long alkyl chain noncovalent interactions®® (viz.
n-n, C-H- - -1 and C-H- - -H-C) (Fig. 6(c), Table 2 and Table S5,
ESIY).

Generally, molecular assemblies play a crucial role in the
solid-state emission of organic materials. To achieve an in-
depth understanding of the molecular packing arrangement
under mechanical force, a diffraction pattern was recorded
(Fig. 7(a)) in its different solid states. Pristine PT-C2-(Ph),
displayed a very intense and sharp diffraction pattern, signify-
ing a well-organized crystalline character. Conversely, ground
PT-C2-(Ph), demonstrated a substantial decline in the diffrac-
tion peaks and the absence of a few peaks compared to its
pristine state. This result showed the loss of crystallinity upon
grinding.”" The happening can be explained as the mechanical
force demolished the ordered stacking in the pristine solid, and
a disordered arrangement prevails in the ground state.

2878 | Mater. Adv, 2022, 3, 2871-2883
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Images of PT-C2-(Ph), solids in different states (pristine (left), ground/fumed (right)) under 365 nm light and normal light.

However, the diffraction peaks recovered when fumigated
under DCM vapor, which indicates that the disarrangement
of molecular packing returned to the ordered crystalline form.
This result indicated that the less crystalline ground state is a
metastable phase. Due to increased molecular mobility, a stable
crystalline phase will develop upon fuming with solvent
vapors.”>”® Furthermore, it can be concluded that the re-
emergence of deep green fluorescence emission upon fumiga-
tion is mainly due to retrieving its original crystalline state.

Furthermore, to study the effect of mechanical pressure on
the morphological structure of PT-C2—(Ph),, an FE-SEM image
was taken before and after grinding of the sample (Fig. 7(b) and
(¢)). It can been seen that the pristine sample shows a cluster
type arrangement. In contrast, there is a breakage in the cluster
part upon grinding, and the sheet-type surface has been
detected.

Acidochromism

The lone pair electron on the ‘N’ atom that belongs to the
phenothiazine core of the PT derivatives is proficient in acid
detection due to the protonation response of the derivatives.'
By considering this, as a model acid, highly volatile TFA
detection has been carried out using absorbance and fluores-
cence spectroscopy (Fig. 8).

For demonstrating the sensing response towards TFA, PT-
C2—-(Pn), has been chosen as a sensor due to having a high
quantum yield. For understanding the effect of TFA on
the electronic spectra of PT-C2-(Pn),, it has been treated with
the commercially available TFA solution in CHCI; solution
(conc. 10> M) as shown in Fig. 8.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and (c) ground (PT-C2-(Ph),-G) states.

Fig. 8(a) shows that the CT band having absorbance maxima
at 366 nm starts diminishing with an increase in the TFA
concentration generating a new absorption peak at 518 nm,
having an isosbestic point at 456 nm.”* The isosbestic point
indicates the formation of the protonated PT-C2-(Pn), (PT-C2-
(Pn),H"), which are in reactive equilibrium with the
pristine one.

Table 2 Photophysical properties of PT-C2—(Ph), solid in their different
states (pristine, ground, and fumed)

Emission

/’{Pristine/;“Fumed j-Grindecl Tf(pristine/Fumed) Tf(Grinded) A/la

Compound (nm) (nm)  (ns) (ns) (nm)

PT-C2-(Ph), 491 504 4.19 6.29 13

Where A/la = }'Grinded - )“Pristine/}'Fumed-

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) P-XRD patterns of the pristine, ground, and fumed samples of PT-C2-(Ph),, SEM images of PT-C2-(Ph), in its (b) pristine (PT-C2-(Ph),-P)

Additionally, the emission intensity of PT-C2—-(Pn),
starts decreasing drastically upon concurrent addition of TFA
(10-100 pL) (Fig. 8(b)), showing a blue-shifted emission at the
higher concentrations of TFA. The quenching of emission
intensity is attributed to the photoinduced electron transfer
process.”” The quenching efficiency of the emission maxima for
PT-C2—(Pn), in its solution state is 99% (Fig. 8(b)). Also, it has
been seen that the addition of triethylamine (TEA) into the
resulting solution of PT-C2-(Pn), and TFA demonstrates rever-
sible color and intensity changes (Fig. 8(c)).

For checking the capability of PT-C2-(Pn), as a solid-state
acid sensor, the thin film of PT-C2-(Pn), was treated with an
increased amount of TFA vapor (Fig. 9(a)). Before adding TFA,
the film eliminates highly bright greenish-yellow light. How-
ever, it was seen that at 0.29 ppm of TFA vapor, the emission
intensity was quenched by 67% (Fig. 9(b)). Also, for checking

Mater. Adv,, 2022, 3, 2871-2883 | 2879
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the reusability of the TFA sensor, when it was treated with TEA
vapor, the fluorescence intensity reverted to its original color
and intensity within a second (Fig. S68, ESIT).

Additionally, for further confirmation about the protonation
process, the 'H NMR spectra of PT-C2-(Pn), have been
recorded before and after the addition of TFA. When the TFA
(1.5 equiv.) was added dropwise into a CDCl; solution of PT-
C2-(Pn),, the aromatic peaks assigned as the PT core peaks
vanished immediately accompanied by a drastic color change
from bright greenish-yellow to magenta. At the same time, the
peaks assigned for the Pn unit become broad, structureless,
and downfield shifted. Also, a significant shift of the ethyl
proton directly attached with the N atom shows a substantial
downfield shift from 3.7 to 5 ppm (Fig. S69, ESIt). However,
when the resulting solution was treated with an excess amount
of TEA, all the proton peaks of the PT core and the ethyl protons

View Article Online

Materials Advances

attached with the N atom of the PT core reappeared in their
original positions and structures. Hence, the above discussion
indicates that the protonation process is the driving force for
the proton sensing of the derivative. Therefore, the effective
quenching of the emission of PT-C2—(Pn), at its solution and
solid-state confirms that this can act as a potential solid-state
TFA sensor.

Density functional theory

To gain insight regarding the structural aspects by investigating
the geometries and the electronic states in the ground-state
density functional theory (DFT) has been studied. The ground-
state optimization of the PT derivatives was conducted by
employing B3LYP as the basis set and 6-311+g(d,p) as the basis
function (Fig. S70, ESIt). The value of the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular
orbital (LUMO), and the HOMO-LUMO gaps are shown in
Table S1 (ESIT). The HOMO for all of the PT derivatives, ie.,
PT-C2-(Ph),, PT-C12-(Ph),, PT-C2-(Nap),, PT-C12-(Nap),,
PT-C2-(An),, and PT-C2—(Pr),, is mainly localized on the PT
unit slightly extending to the terminal Ar units through the
vinylic spacer. In contrast, the LUMO is fully localized on the
acceptor Ar units. Remarkably, in the case of PT-C2-(An), and
PT-C2—(Pr),, the HOMO exists in an end-to-end manner, which
reveals the existence of higher electronic communication.”®
However, PT-C2-(Pn), having well-separated HOMO-LUMO
indicates a better donor-acceptor character.”® The HOMO
energies obtained from DFT calculation for PT-C2-(Ph),, PT-
C12—(Ph),, PT-C2-(Nap),, PT-C12-(Nap),, PT-C2—(An),, PT-
C2—-(Pn), and PT-C2—(Pr), are —5.35, —5.33, —5.33, —5.32,
—5.31, —5.38, and —5.31 eV, respectively. In comparison, the
energies for the LUMO of the molecules mentioned above are
-1.70, —1.69, —1.85, —1.84, —2.28, —1.85, and —2.21 €V,
respectively. Furthermore, the HOMO-LUMO gaps determined
for mentioned PT derivatives are 3.65, 3.64, 3.48, 3.48, 3.03,
3.53, and 3.10 eV, respectively. The HOMO level of each
chromophore is almost the same irrespective of the extent of
n-conjugation. Conversely, the LUMO levels of the compounds
slightly differ from each other, where PT-C2—(An), shows the
lowest LUMO value. Consequently, the lowest LUMO value of
this compound results in a decrease of the HOMO-LUMO gap,
which is also supported by the experimental results obtained
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Fig. 9 Emission spectra of the (a) PT-C2-(Pn), film on titration with known amounts of TFA. (b) Concentration versus quenching efficiency [QE (%)]

under increased TFA vapor concentration.
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demonstration).

from CV (Tables S3 and S4, ESIt). These results can be
attributed to the fact that although anthracene and phenan-
threne are geometrical isomers, anthracene having a zigzag
conformation shows the lowest optical band gap value com-
pared to phenanthrene because of its lower resonance stabili-
zation values.®®

Additionally, to institute a proficient structure-property
correlation, time-dependent density functional theory (TD-
DFT) calculations at the theory level of PBE1PBE/6-311+g(d,p)
have been executed on fully optimized structures of the deri-
vatives to investigate the excited-state energy levels and electro-
nic transitions (Fig. S70, ESIt). Theoretical outcomes are in line
with the experimentally observed absorption spectra. The high
value of oscillator strengths producing the absorption band at a
longer wavelength indicates high CT possibility in most deri-
vatives. In contrast, the lower value of oscillator strength
noticed in PT-C2—(An), shows feeble CT phenomena.

To improve the power consumption efficacy in organic solar
cells, increasing the light absorption and decreasing the energy
loss by triplet recombination and exciton dissociation are
compulsory. Therefore, it is essential to decrease the singlet-
triplet energy gap (AEsr), predominantly for the narrow-
bandgap organic compounds that govern the T; energy of the
device, which can efficiently suppress triplet recombination
and attain insignificant exciton dissociation driving force.”®

Hence, to investigate the potentiality of the present deriva-
tives in organic photovoltaics fabrication, the excited state
singlet (S;) and triplet (T;) energy gaps (AEgy) have been
calculated (Table S1, ESIT). The AEgy values for PT-C2-(Ph),,
PT-C12-(Ph),, PT-C2-(Nap),, PT-C12-(Nap),, PT-C2—(An), and
PT-C2-(Pn), and PT-C2-(Pr), were found to be 0.88, 0.87, 0.77,
0.77, 0.59, 0.76, 0.63 eV, respectively. Hence, both PT-C2-(An),
and PT-C2—(Pr), having narrow bands and lower AEgy values
compared to the other derivatives might have better perfor-
mance in organic photovoltaics.

Furthermore, to gain an in-depth insight into the MFC
characteristics of PT-C2—(Ph),, single-point energy calculations
were executed by utilizing the B3LYP/6-311+g(d,p) level of
theory by fluctuating the dihedral angles (between phenothia-
zine and phenyl ring (C3-C15-C16-C18, ¢ = —8°)) from —5° to
—100° (Fig. 10). According to Lu et al, the increased dihedral

© 2022 The Author(s). Published by the Royal Society of Chemistry

)2 has been shown for colour change

angle results in a highly twisted conformation of the
molecule.”®”77®

Fig. 10(a) shows the derived result from where the energy
changes (AE) have been plotted against dihedral angles (¢). The
experimentally obtained results show that the fluorescence
emission maxima of the compound have been redshifted upon
grinding. This observation indicates the lessening of the optical
bandgap. The dihedral angles obtained for the fully optimized
equilibrium conformers are —8° and 174° respectively.
Fig. 10(a) also shows the reduction in the bandgap when the
dihedral angle was <10°; subsequently, it indicates the con-
version of a comparatively less twisted conformation upon
mechanical agitation on the compound. Hence, insights
achieved through theoretical calculations have drawn the trig-
gering mechanism of the experimentally detected fluorescence
changes upon mechanical agitation, which drives through
conformational changes in the molecules, resulting in red-
shifting of the emission maxima (Fig. 10(b)).

Conclusions

A set of novel scissor-shaped divinyl MFC materials has been
synthesized. Among all the fluorophores, PT-C2-(Ph),, PT-
C12—(Ph),, and PT-C2-(Pn), appear as highly fluorescent
solid-state emitters, wherein in the cases of the former two,
the non-fluorescent phenyl in conjugation with the weakly
fluorescent PT core, shows the highest emission quantum
yields. In contrast to the conventional fluorophore, PT-C2-
(Nap),, PT-C12-(Nap),, and PT-C2—(Pr), demonstrate the
blue-shifted AIE phenomenon, which is rare in the literature.
All the derivatives show high thermal and electrochemical
stability even up to 200 cycles. Surprisingly, only the phenyl
derivative displays discrete reversible fluorescence emission
color changes from cyan (491 nm) to yellowish-green
(504 nm) under mechanical agitation and solvent fumigation,
undergoing declination of crystallinity; hence it is a potential
candidate for the MFC material. The phenanthrene derivative
shows high acid-sensing capability even in its solid-state. Also,
the anthracene and the pyrene derivatives having lower AEgr
show potential for possible use in organic photovoltaics. The
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results taken together showed that phenothiazine with a highly
conjugated extended aromatic core can be a potential candidate for
security disk application, vapor sensing, acid-sensing, and redox-
active organo-electric and organic photovoltaic devices.
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