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In recent years, some organic molecules have been found to produce luminescence that does not obey
Kasha's rule in the aggregate state. This luminescence often originates from upper and the lowest energy-
excited states. However, developing more single-component compounds with anti-Kasha's rule emis-
sions and expanding their applications remains challenging. Herein, two phenothiazine derivatives are
found to have anti-Kasha's rule luminescence in the aggregate state. Studies on photophysical properties,
single-crystal structures, femtosecond transient absorption (fs-TA), and theoretical calculations indicate
that the restriction of intramolecular motions (RIM) is the mechanism for the multiwavelength emission.
Furthermore, a new luminescent Cd MOF, Cd-PTZ-db, which inherits the luminescence and structural
characteristics of the phenothiazine derivative ligand, demonstrates great potential in the detection of
hypochlorite (ClO™). This work gains a deeper understanding of the effect of RIM on luminescence in the
aggregated state, and once again proves that the rigid structures of MOFs can work as the foundation for
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1 Introduction

Most luminogens obey Kasha’s rule, according to which lumi-
nogens typically emit from the lowest excited state, indepen-
dent of the excitation energy." In contrast, some cases (e.g.,
azulenes,>* and triazine®) produce anomalous emission from
higher excited states in very dilute solutions, because of their
ultrafast radiative rate or large S,-S; energy gap. These so-
called anti-Kasha’s rule emissions are of great theoretical and
experimental importance as they avoid the additional con-
sumption associated with internal transitions and other types
of electronic internal conversion (IC) processes, thus increas-
ing the fluorescence quantum efficiency.® However, these anti-
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developing advanced solid-state emissive materials and other practical applications.

Kasha’s rule emissions are often difficult to see in neat solids
because the high concentrations of molecules in the solid-
state keep the higher excited states of molecules vibrational
and collisionally equilibrated, preventing emission from upper
excited states. Recently, several single-component luminogens
were reported to exhibit anti-Kasha’s rule emissions in solid
and crystalline states, including luminescent metal-organic
frameworks (MOFs),” but underlying mechanisms are still a
subject of debate. Some studies suggest that the reason for
solid materials exhibiting anti-Kasha’s rule emission, which
may be similar to aggregation-induced emission (AIE), is the
restriction of intramolecular motions (RIM).*° RIM reduces
non-radiative transitions and suppresses IC of these com-
pounds. Given that the rigid structures of MOFs can restrict
the molecular motion through coordination bonds between
ligands and metals’® and make them promising in AIE,'™'?
MOFs also have the potential for solid-state anti-Kasha’s rule
emission.

MOFs, as an emerging class of highly crystalline materials,
exhibit wide applications including in gas storage and separ-
ation and catalysis, etc.">™® MOFs also distinguish themselves
as a promising luminescent material,”*>* offering precise
control over their luminescence characteristics through tai-
lored ligand and metal ion designs, setting them apart from
organic luminescent materials. Furthermore, the abundance
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of reactive sites on the ligands and metal ions makes MOFs
widely applicable in the field of luminescence detection.>* >°

In this work, we have modified phenothiazine with two
methyl benzoate or benzoic acids, to form dimethyl 4,4-(10H-
phenothiazine-3,7-diyl)dibenzoate (PTZ-dbo) and 4,4-(10H-
phenothiazine-3,7-diyl)dibenzoic acid (H,PTZ-dba). PTZ-dbo
exhibits anti-Kasha’s rule emissions in the water suspension
and the solid state that are different from that in the isolated state
in tetrahydrofuran (THF) solution. Further analysis of the single
crystal structures, photophysical studies, femtosecond transient
absorption (fs-TA) spectroscopies, and theoretical calculations
indicate that large energy gaps between the two excited states of
molecules in the aggregated state under RIM allow them to emit
from upper excited singlet states. Furthermore, a new luminescent
Cd-MOF, {[Cd(PTZ-dba)]-2H,0}, (Cd-PTZ-db), is obtained by treat-
ing H,PTZ-dba with Cd** ions. Cd-PTZ-db inherits the anti-
Kasha’s rule emission and as shown in Scheme 1, Cd-PTZ-db is
able to withstand hypochlorite (ClIO™) oxidation. Its emission is
not only retained but also enhanced after the oxidation.
Remarkably, Cd-PTZ-db achieves a rapid, on-demand detection of
ClO™ in aqueous solution, with a low limit of detection of 26 nM.
In addition, Cd-PTZ-db-based strips have been successfully pre-
pared to meet the need for the convenient detection of ClO™ in
aqueous environments. In this way, this work provides a new per-
spective that RIM can also suppress Kasha’s rule, leading to
multi-coloured emission from the lowest and upper excited states
of a single-component compound in the aggregated state.

2 Results and discussion
2.1 Photophysical characteristics

Derivatives of phenothiazine are classic luminogens, and the
derivative we synthesized, PTZ-dbo, also exhibits strong fluo-
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rescence in THF solution. The steady-state emission spectra of
PTZ-dbo were investigated initially. As shown in Fig. 1a, PTZ-
dbo exhibits the characteristic aggregation-caused quenching
phenomenon, demonstrating bright luminescence in organic
solvents, but dimmed emission in aqueous suspensions.
Interestingly, as shown in Fig. 1b, as the proportion of water
increases, a short-wavelength emission at around 410 nm is
revealed, which differs from its behavior in THF solution. To
study the new emission, the excitation-wavelength-dependent
steady-state emission spectra of PTZ-dbo in the water suspen-
sion were investigated (Fig. 1c). Under excitation at 352 nm,
dual emissions consisting of short- and a long-wavelength
emissions are clearly visible, with maximum wavelengths of
410 nm and 516 nm, respectively. The relative strength of two
emission bands is strongly dependent on the excitation wave-
length, with higher energy excitations resulting in enhanced
emissions at shorter wavelengths. Additionally, in the aqueous
environment, the lifetime of the 410 nm emission is 8 ns,
which is different from the 0.4 ns of the 516 nm emission
(Fig. S17). These results strongly indicate that the dual emis-
sions of PTZ-dbo in a water suspension emanate from more
than one excited state. Similar behavior was observed with
H,PTZ-dba. In dilute THF solutions, H,PTZ-dba emits a bright
green luminescence at 525 nm, whereas in environments with
water, a faint emission at 424 nm appears (Fig. S27).

The UV-vis absorption was measured to determine whether
any intermolecular interactions or molecular changes appear
in the aggregated state. As shown in Fig. S3,f PTZ-dbo in the
solid-state maintains similar UV-vis absorption peaks to those
suspended in water and in THF solutions. The single-crystal
X-ray diffraction (SCXRD) analysis shows that PTZ-dbo crystal-
lizes in the orthogonal space group Cmc2, and consists of half
a PTZ-dbo ligand in the asymmetric unit (Fig. 2, Fig. S4 and
S5t). Powder X-ray diffraction (PXRD) patterns confirm the

Scheme 1 (a) Different energy diagrams and relaxation paths of excited state PTZ-dbo in tetrahydrofuran (THF) and water. (b) Preparation of Cd-
PTZ-db and the mechanism of the turn-on luminescence of Cd-PTZ-db in response to ClO™ (red spheres represent O atoms, and cyan spheres rep-

resent Cd atoms).
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Fig. 1 (a) Photoluminescence (PL) spectra of PTZ-dbo in different solvents with 350 nm excitation; (b) a selected part of (a); (c) excitation-wave-
length-dependent PL spectra of PTZ-dbo in water (f,, = Vwater/VTHF+waters CPTZ-dbo = 1 pg mL™2).

-

Fig. 2 2D structure of PTZ-dbo seen form b-axis (hydrogen atoms have
been omitted for the sake of clarity).

structure consistency of the powder and crystal of PTZ-dbo
(Fig. S61). Furthermore, SCXRD demonstrates no obvious
intermolecular interaction in the crystalline state as shown in
Fig. S7.7 The above results show that no intermolecular inter-
actions or molecular changes occur when aggregated; there-
fore, intermolecular interactions and molecular changes are
not responsible for multi-wavelength emissions.

These previous observations suggest that, such as AIE,
these multi-wavelength emissions from the upper excited and
lowest excited states, called anti-Kasha’s rule emissions, may
originate from RIM in the aggregate state.

Theoretically, intramolecular motion will also be restricted
by low temperature, and the intensity of the upper excited
state emission will be enhanced by lowering the temperature.
On the basis of these considerations, temperature-dependent
fluorescence spectra were recorded for PTZ-dbo and H,PTZ-
dba powders with the temperature at 77 K and 298 K, respect-
ively. As shown in Fig. 3a, PTZ-dbo exhibited a 400 nm emis-
sion with 350 nm excitation, and its intensity tripled when the
ambient temperature decreased from 298 to 77 K. However at
77 K, the emission at 525 nm decreased, indicating that RIM
at low temperatures may alter the proportion of electron tran-
sitions from different excited states. The same phenomenon
was also observed in H,PTZ-dba (Fig. 3b). The increase was
stronger compared to that of PTZ-dbo, possibly due to the
greater impact of low temperature restriction, since H,PTZ-dba
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Fig. 3 (a) Solid PL spectra of PTZ-dbo at different temperatures; (b)
solid PL spectra of H,PTZ-dba at different temperatures.

is amorphous in the solid state. Moreover, the weak emission
of H,PTZ-dba at 400 nm indicates that the ordered structure,
which can restrict the molecular motion, plays an important
role in this short-wavelength emission.

Solid-state decay curves for two molecules were recorded at
different temperatures (Fig. S87). Their fluorescence lifetimes
() of the short-wavelength emission increased as the tempera-
ture decreased from 298 to 77 K. For instance, the r of PTZ-
dbo at 298 K was 7.17 ns, while at 77 K it increased to 8.08 ns.
This indicates that the short-wavelength emission is depen-
dent on the molecular mobility. The increases in 7 and the
relative strength of the short-wavelength emission with
decreasing temperature show that restricting molecular
motions is effective in achieving anti-Kasha’s rule emission.

2.2 Anti-Kasha’s rule emission mechanism

To comprehensively investigate the luminescence properties of
the representative molecule PTZ-dbo, we preformed theoretical
calculations to simulate the photophysical properties of PTZ-
dbo, and the solid-state environment was taken into account
by tuning the range-separation parameter w.>° The compu-
tational model was based on the single crystal structure of
PTZ-dbo. Initially, the geometric structures of PTZ-dbo in the
ground state (So) and lowest singlet excited state (S;) were
theoretically optimized in the solid phase at the LC-BLYP/def2-
TZVP level. Calculated energy levels, electronic transition char-
acters, and molecular orbitals for S; and S, in the crystals of
PTZ-dbo are summarized in Fig. S9 and Table S1.f As

This journal is © the Partner Organisations 2024
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expected, there is a large difference in excitation energies (0.91
eV) between S, and S, for PTZ-dbo, which can greatly reduce
the rate of IC between S, and S;. Based on the optimized S,
structure, the oscillator strength (f) for the electronic relax-
ation from S; to the ground state (S,) was calculated to be
0.37970. A particularly surprising result is that S, has a much
larger oscillator strength (f= 0.60280) than S,, which is oppo-
site to the common belief and does not obey Kasha’s rule.
These findings demonstrate that the emission of PTZ-dbo in
the aggregate state is associated with the radiative transitions
of S, and S,. In other words, PTZ-dbo has anti-Kasha’s rule be-
havior. This unusual anti-Kasha’s rule emission may be
caused by restriction of IC of high-level excited states to the
lowest energy excited states when aggregated.

To verify the role that the restriction of the ordered struc-
ture plays in the anti-Kasha’s rule emission, the investigation
of intramolecular motion is further studied by femtosecond
transient absorption (fs-TA).>' As shown in Fig. 4a, and
Fig. S10 and S11,7 dilute solutions of H,PTZ-dba and PTZ-dbo
exhibit same absorption peaks at 578 nm under 355 nm exci-
tation, reflecting  their = monomolecular  properties.
Measurements were also conducted in their solid film states
for comparison. Fig. 4b shows the absorption peak of the
H,PTZ-dba film at 540 nm, and a time constant of 14.9 ps is
determined when fitting the kinetics to a monoexponential
function (Fig. 4c). This result coincides with the time of IC
between excited states. In contrast, it can be seen that there is
no absorption at 540 nm in the PTZ-dbo film (Fig. 4d), even
though the absorption signal is largely obscured by its pro-
nounced stimulated radiation. Since the film of H,PTZ-dba is
amorphous and PTZ-dbo can easily form a crystal structure in
the aggregated state, their different excited state absorption
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Fig. 4 (a) fs-TA spectra of H,PTZ-dba in THF; (b) fs-TA spectra of
H,PTZ-dba in the film state; (c) kinetic traces of the H,PTZ-dba film at
540 nm. The excitation wavelength is 355 nm. (d) fs-TA spectra of PTZ-
dbo in the film state. Films were prepared by natural evaporation of their
THF solution of 1 mM on a quartz substrate.
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indicates that it is RIM from the ordered structure in the aggre-
gated state that restricts the IC process.

2.3 Crystal structure and stability of Cd-PTZ-db

As a material with chemical and structural tunability, MOFs
can inherit the characteristics of organic ligands and rigid
structure of the MOF can strengthen RIM through coordi-
nation.'® To strengthen RIM, the Cd-PTZ-db complex was syn-
thesized from H,PTZ-dba and Cd>" by a solvothermal method.
Cd-PTZ-db successfully shares a similar structure and lumine-
scence properties to those of PTZ-dbo (Fig. S12t), exhibiting
multi-wavelength emission in the water suspension.

Cd-PTZ-db crystallizes in the orthorhombic space group
Pmc2, and consists of half a Cd** ion and half a PTZ-dba*~
ligand in the asymmetric unit (Fig. S13t1). Each Cd*" ion is
seven-coordinated by four carboxylate O atoms (01, 02, O1A
and 02A) from two different PTZ-dba®>" ligands and three O
atoms (03, O3A and 04) from coordinated water molecules. As
shown in Fig. S14,} each PTZ-dba’>" ligand connects two Cd**
ions, while each Cd** ion is linked by two PTZ-dba®~ ligands
and three bridged water molecules. The adjacent layers are
further connected by hydrogen bonds.

The thermal stability of Cd-PTZ-db was analyzed by thermo-
gravimetric analysis (TGA). This result indicates that the
decomposition temperature is up to 385 °C, revealing the good
thermal stability of Cd-PTZ-db (Fig. S157). The acidic and alka-
line stability of Cd-PTZ-db is investigated in aqueous suspen-
sions of pH = 1-14 for 2 days (Fig. S167).

2.4 Response to hypochlorite (CI07)

ClO™ is widely used as a powerful oxidant in water treatment,
disinfection,®® industrial manufacturing,®***> and other
areas,*® so precise control over CIO™ concentration in solvents
is crucial. Additionally, CIO™ is a reactive oxygen species (ROS)
and abnormal levels of it have been linked to diseases includ-
ing atherosclerosis®” and cancer.?® Hence, the development of
rapid and quantitative ClO~ detection methods bears
immense significance for environmental and life sciences.
Phenothiazine derivates are widely used in detecting ClO™
since the sulfur atom in phenothiazine can be oxidized by
ClO™ into sulfoxide or sulfone. As shown in Fig. 5a and b, the
short-wavelength emission of PTZ-dbo and H,PTZ-dba dis-
appears, and the 516 nm emission decreases after hypochlor-
ite (ClO™) stimulation, while the upper excited emission of Cd-
PTZ-db is not only maintained but also increased after ClIO™
stimulation, as shown in Fig. 5c. The short-wavelength emis-
sion of Cd-PTZ-db experiences a noteworthy increase as the
concentration of ClO™ increases (Fig. 5d).

To demonstrate whether the fluorescence changes of Cd-
PTZ-db were due to oxidation, some experiments were per-
formed. The cyclic voltammograms indicated that Cd-PTZ-db
can undergo oxidation (Fig S177). Infrared Fourier transform
(IRFT) spectroscopy (Fig. S181) was employed to reveal the suc-
cessful oxidation of Cd-PTZ-db through a 5 hours treatment
with NaClO, and the appearance of the new peak at 963 cm™"
is evidence of the successful oxidation of sulfur to sulfoxide.
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Fig. 5 PL spectra of PTZ-dbo (a), H,PTZ-dba (b) and Cd-PTZ-db (c) in
water before and after adding hypochlorite. (d) ClIO™ dose-dependent
luminescent spectra of complex Cd-PTZ-db suspensions under optimal
sensing conditions and (e) the calibration curve for the detection of
Clo™.

High resolution mass spectroscopy (Fig. S191) and X-ray photo-
electron spectroscopy (Fig. S201) also indicate the generation
of sulfoxide.

The consistent PXRD patterns of Cd-PTZ-db (Fig. S21f)
before and after the interaction with ClO™ confirm the stability
of Cd-PTZ-db, and the observed turn-on luminescence effect is
not due to disassociation. This stability is further corroborated
by scanning electron microscopy (SEM) images (Fig. S227).
While traditional CIO™ probes based on phenothiazine deriva-
tives mainly stem from intramolecular charge transfer, the
simulated frontier molecular orbitals of H,PTZ-dba do not
reveal obvious changes following oxidation (Fig. S237).
Therefore, the turn-on luminescence response to ClIO™ of Cd-
PTZ-db in the short-wavelength emission range is attributed to
the greater RIM from the increase of steric hindrance after oxi-
dation in stable structures.

To verify the feasibility of Cd-PTZ-db for ClO™ detection, the
luminescence intensity of the suspension was plotted against
ClO™ concentration. Fig. 5e shows that there is a linear corre-
lation between the luminescence intensity and ClO™ concen-
tration in the range from 0 to 25 pM, which can be described
as the fitting equation F = 1.23783 x 10° + 1.65 x 10*[C] ([C]
represents the detected ClO™ concentration) with the corre-
lation coefficient R* = 0.987. Meanwhile, the limit of detection
(LOD) was calculated to be 26 nM (LOD = 3§/S, &: the standard
deviation, and S: the slope of the fitted curve). Additionally,
the sensing performance of Cd-PTZ-db was compared with pre-
viously reported luminescent probes designed for CIO™ detec-
tion (Table S27). Impressively, Cd-PTZ-db stands out by provid-
ing a lower LOD. Therefore, Cd-PTZ-db can serve as a potential
method for the detection of CIO™ in aqueous environments.

Sensing selectivity constitutes an important property of any
sensing probe. As shown in Fig. 6, the selectivity of Cd-PTZ-db
for ClO™ detection against other ions in deionized water was
tested by subjecting the suspension of Cd-PTZ-db to individual
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Fig. 6 Luminescence change of the complex Cd-PTZ-db suspension
with interfering ions before and after mixing with 5 mM of NaClO.

mixtures with interfering ions, including Cl~, HSO;~, SO,>",
HCO;™, CO;*>7, BrY, Ca**, K', Mg**, Cu®, Cu", Zn**, AI’* and
Fe®', and testing their luminescence performance. The results
of these experiments show that the influence of the above ions
on Cd-PTZ-db for the specific detection of CIO™ can be neg-
lected, reaffirming its capability as an excellent probe for CIO™
detection.

The development of portable test paper strips for detection
has gained significant attention due to their advantages in
terms of rapid testing, cost-effectiveness, and user-friendli-
ness. Herein, Cd-PTZ-db-coated paper strips were prepared. As
evidenced by SEM images presented in Fig. S24a and S24b,¥
Cd-PTZ-db was successfully loaded onto the paper strips. The
detection of ClO™ on the paper strips was performed using a
spray bottle to gently spray ClO™ solution of different concen-
trations onto the paper strip. As shown in Fig. 7, the dry Cd-
PTZ-db-coated paper strip exhibits the violet luminescence
associated with the unaltered paper. When sprayed with de-
ionized water under a 365 nm UV lamp, the luminescence
diminishes. However, when sprayed with ClO™ solutions, the
Cd-PTZ-db-coated paper strips emit a cyan light, and the
luminescence intensity increases proportionally with the
increase of ClO™ concentration. Impressively, these paper
strips are capable of detecting ClIO™ at concentrations as low as
10™® M, meeting requirements set by the Food and Drug
Administration for the residual CIO™ level in food after disin-
fection. Subsequent SEM images, obtained after the reaction,
serve as conclusive evidence of the stability of Cd-PTZ-db
within the paper strips (Fig. S24c and S24d7).

s | .
\" 2 : _ ._:.‘ :
L‘”;' . %
5’* % d S0 = < =i
blank water 10 105 104 103 102

Fig. 7 Pictures of Cd-PTZ-db-coated paper strips (under a UV lamp of
365 nm) after spraying with different concentration (M) NaClO
solutions.
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3. Conclusion

In summary, we have investigated the dual emissions of two
phenothiazine derivatives, PTZ-dbo and H,PTZ-dba, and a new
2D MOF, Cd-PTZ-db. The UV-vis absorption spectroscopy and
SCXRD results demonstrate that their dual emissions do not
come from intermolecular interactions or molecular changes.
The observation of luminescence changes in the aggregated
state following excitation wavelength and temperature changes
are convincing evidence that the dual emissions emanate from
the lowest and upper excited states, and these anti-Kasha’s
rule emissions are driven by RIM, which results from their
aggregation arrangement. Calculations reveal the large energy
gaps of PTZ-dbo in the rigid environment, the presence of
which can be related to the suppression of IC of the upper
excited state to the lowest energy excited state. Moreover,
notable differences between the fs-TA spectra of H,PTZ-dba
and PTZ-dbo in solution and as films serve as evidence for the
connection between the suppression of IC and the ordered
structure. Moreover, Cd-PTZ-db withstands the oxidation of
ClO™ and possesses remarkable selectivity and sensitivity for
ClO™ detection in water with an impressive detection limit of
0.026 pM. An exciting development is the successful fabrica-
tion of portable ClO™ detection strips capable of detecting con-
centrations as low as 10°® M. This achievement demonstrates
the excellent selectivity, sensitivity, and stability of the Cd-PTZ-
db sensor used for CIO™ detection, which has substantial prac-
tical utility. The results indicate that MOFs can not only
possess the properties of organic ligands and metals but also
inherit the structure of organic crystal arrangements and
exhibit more stability. Thus, our research explores the relation-
ship between anti-Kasha’s rule emission and the restriction of
intramolecular motion in the aggregated state and opens
approaches for the design of other single-component, multi-
emissive MOFs.
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