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Phosphorus(V) corroles incorporating electron-withdrawing groups and m-extended meso-aryl fluorophoric substituents
(P1 and P2) were synthesized and characterized using various basic spectroscopic tools including '"H NMR, 3'P NMR, and ESI

mass spectrometry. The P(V) corroles demonstrated selective fluoride ion (F) sensing by distict colorimetric and

fluorometric changes among a series of anions, with detection limits of 0.39 uM for P1 and 0.34 uM for P2. Spectroscopic

techniques including FT-IR, ESI mass spectrometry, along with electrochemical measurements, established a 1:1 binding

stoichiometry between the corrole and F-through hydrogen bonding interactions. Computational studies (DFT and TD-DFT)

supported the experimental observations. The practical application of these sensors was established through solid-state

detection and smartphone-assisted RGB analysis. Furthermore, P1 and P2 functioned as effective photocatalysts for the

aerobic oxidation of sulfides to sulfoxides using molecular oxygen as the sole oxidant. Mechanistic investigations revealed

the involvement of molecular oxygen in the photocatalytic cycle. These findings highlight the dual functions of P(V)

corroles as both sensitive F- probes and efficient photocatalysts.

Introduction

The detection of environmental pollutants and biological
species has attracted significant attention due to the critical
need for quantitative analysis in environmental monitoring and
public health.! Among these, anion sensing, particularly F
detection is of great importance. F ion, the smallest anion with
a high charge density, has been extensively researched due to
its significant role in numerous biological, industrial, and
medical applications. While trace amounts of F- offer health
benefits, such as promoting dental integrity and bone
mineralization, excessive exposure can lead to severe health
complications, including fluorosis, urolithiasis, neurotoxicity,
and carcinogenic effects.23 The potential toxicity of F-
underscores the critical need for highly sensitive, real-time
detection methodologies capable of quantifying even trace
amounts, thereby enabling effective exposure monitoring and
health risk prevention.* Among the various techniques
developed for anion sensing, chemical sensors offer distinct
advantages, including operational simplicity and efficient
detection capabilities. Notably, multifunctional colorimetric
sensors enable anion identification through observable
changes in the analyte, facilitated by selective binding
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interactions.>® Designing sensor molecules with the capability
of NIR excitation/emission, greater stability in the sensing
environment and reproducibility is of notable contemporary
importance.!

Sulfur-based organic compounds, such as sulfides, sulfoxides,
and sulfones, constitute important structural motifs in
numerous natural products, biologically active molecules,
medicinal agents, agrochemicals, and advanced organic
materials.” Sulfoxide functional groups serve as crucial
structural motifs in synthetic organic chemistry®® and
pharmacologically active compounds, featuring prominently in
commercially approved drugs such as omeprazole, modafinil,
and sulindac.1%12 Significant methodological advances have
emerged in recent decades for sulfoxide synthesis,
encompassing  hydrogen peroxide-mediated  oxidation,
transition metal-catalyzed transformations, organocatalytic
conversion and photochemical oxidation methods. However,
those methods require stoichiometric chemical oxidants and
metal catalysts.’31> To address these challenges, metal-free
catalytic systems utilizing molecular oxygen have emerged as a
sustainable alternative for sulfoxide synthesis.®

Corroles are synthetic analogues of porphyrins that have
emerged as particularly important macrocyclic compounds due
to their unique structural and photophysical properties.l”
Similar to porphyrins, corroles are tetrapyrrole macrocycles
with an 18-m-electron aromatic system. However, their
structure features a smaller 23-atom core due to a direct
connection between two pyrrole rings.’® Corroles exhibit
distinctive coordination chemistry along with enhanced optical
characteristics, including broader absorption and emission in
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the Vvisible spectrum and larger Stokes shifts. These
advantageous properties have enabled their successful
application across multiple fields, including catalysis,
photodynamic therapy, cellular imaging, solar energy
conversion, and chemical sensing applications.'®2?2 Corrole-
based complexes have been studied for detecting a wide range
of substrates and efficient photocatalysts for organic
conversions, due to their favorable photophysical and redox
properties.?> In recent years, significant progress has been
made in designing p-block corrole-based sensors, showcasing
their sensing abilities. Lodeiro and co-workers have
investigated different gallium(lll) corroles for identifying
cyanide and F ions.?* Michalska and co-workers developed a
silicon(lV) corrole incorporated PVDF membrane, which
functions as a fluorescence "turn-on" sensor for F- detection.?®
Similarly, Lvova and co-workers developed a paper-based
optode incorporating silicon(IV) corrole specifically for
detecting F~ ions.?® Elements under groups 14 and 15 have
established properties of redox activity. Mahammed et.al
employs phosphorus corroles as triplet-state photosensitizers
for the Aza Henry reaction (oxidative coupling of
benzylamine).?’ Literature reports have explored bismuth(lll)
corrole and antimony corrole complexes as effective
photocatalysts for singlet oxygen-mediated sulfoxidation
reactions.?82°

Chart 1: Structures of P1 and P2

Behind this backdrop, we have synthesized two phosphorus(V)
corroles (P1 and P2; Chart 1), incorporating meso-substituents
with electron-withdrawing (4-cyanophenyl) and m-extended
(pyrene) characteristics, tailored for dual applications.
Phosphorous corroles are highly fluorescent and have been
widely known for their application as photosensitizers, imaging
probes in biological applications, sensors and photocatalysts.
These synthesised P(V) corroles function as highly selective
chemosensors for the detection of F- ions. Among a panel of
tested anions, F- elicited a distinguishable color change, which
was systematically investigated through UV-Vis. spectroscopy,
steady-state fluorescence titrations, and electrochemical
measurements. The experimental findings were further
substantiated by DFT and TD-DFT calculations. In addition, P1
and P2 exhibited pronounced catalytic efficiency in the
sulfoxidation of thioanisole under environmentally benign
conditions. These results underscore the potential applicability
of phosphorus corroles in both anion sensing and sustainable
catalysis.

Experimental section

General Information

2| J. Name., 2012, 00, 1-3

All the chemicals we used for the preparation of phasphoraus
corrole and tetrabutylammonium salts wereQgurehasedofrorm2aaia
and SRL chemicals. Tetrabutylammonium cyanide salt was
purchased from Sigma Aldrich. Pyrrole was distilled by vacuum
distillation and used for the reaction. HPLC grade solvents were used
for UV-Vis., CV and PL analysis.

Physical measurement

The proton (*H), carbon (*3C) and phosphorous (3!P) NMR were
recorded on Brucker Avance NEO instrument at 400MHz, 100MHz
and 162MHz respectively. All the NMR spectra were recorded at
room temperature using CDCl; and DMSO-d; as solvents according
to their solubility. TMS was used as an internal standard for *H and
13C NMR and phosphoric acid as an internal standard for 3P
measurement. The molecular ion peak of P(V) corroles and P1+ F
complex has been analysed by ESI mass spectrometry (LCMS,
6230BOTF, positive mode). FT-IR measurements were done by using
SHIMADZU, IRTRACER 100 in ATR mode.

Electronic and electrochemical characterisations

The UV-Vis. spectrum was measured in double beam UV
spectroscopy (LMPS-UV1900S) using a quartz cuvette (1cm path
length) and all the titrations were done by using DCM as solvent.
Emission measurements and titrations also been studied in DCM.
Fluorescent spectrometer (FP-8300) was used to analyse the
photoluminescence behaviour of the catalysts using acetonitrile as
solvent. The fluorescent lifetime measurement of the excited state
was done by a photoluminescence spectrometer (FLS100). The
electrochemical experiments (Origalys) were done by using an
electrode system containing glassy carbon (working electrode),
platinum wire (supporting electrode), Ag-AgCl (reference electrode)
and 0.1M tetrabutylammonium hexafluorophosphate as supporting
electrolyte in DCM.

DFT calculation

The electronic structure of the phosphorous corroles was optimized
using the Gaussian 16 program. The structural optimization and TD-
DFT calculations were performed with the hybrid Bocke’s 3-
parameter Lee-Yang-Parr level of theory (B3LPY). The Pople’s 6-
31G(d,p) basis set was used for all atoms present.3031

Synthesis of Phosphorous corrole [P1 and P2]

The free base corroles were synthesised by following the reported
procedure3?33 To synthesis P1, 5,10,15-tris(4-cyanophenyl) corrole
was dissolved in degassed pyridine, followed by the careful addition
of POCl; and refluxed for 30 minutes. After completion of the
reaction, the solvent was removed and the crude was subjected to
column chromatography to get pure P1 as a pink solid. P2 is also
synthesised by the above-mentioned procedure by using the ligand
5,15-di(4-cyanophenyl)-10(1-pyrenyl)corrole.

Spectroscopic data of P1: Yield 81%. Chemical formula
[CaoH25N70,P]. UV-Vis. (DCM): Amax(€); 416 (57076), 523 (5000), 560
(7307), 596 (15307). FT-IR (cm™): 3442 (vo.), 2922 (vc=c),2227
(Veen), 1602 (veen), 1072 (vew), 825 (8c—p), 561 (vp.o).tH NMR (400
MHz, DMSO-d;) 6 9.42 (d, J = 6.5 Hz, 2H), 8.93 (t, J = 8.0 Hz, 2H), 8.85
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(d, J = 7.4 Hz, 2H), 8.68 (d, J = 7.4 Hz, 2H) 8.43 (d, J = 8.1 Hz, 4H),
8.32 (s, 8H), -0.93 (s, 2H). 3P NMR (162 MHz, DMSO-dj): & -189 (s).
ESI mass: m/z (Calcd. 663.16) 630.95. [(M-20H+H)]*.

Spectroscopic data of P2: Yield 79%. Chemical formula
[CasHa7NO,P]. UV-Vis. (DCM): Amax(€) 412 (60615), 523 (7461), 561
(11384), 598 (22000). FT-IR (cm): 3443 (vou), 2920 (vec),2227
(Vesc), 1600 (vean), 1070 (ven), 823 (8c—n), 551 (vpo). *H NMR (400
MHz, DMSO-d,) & 9.41 (d, J = 6.6 Hz, 2H), 8.87 (d, J = 7.5 Hz, 2H),
8.80 (s, 2H), 8.68 (d, J = 7.9 Hz, 1H), 8.58 (d, / = 4.1 Hz, 1H), 8.52 (d, J
=9.1 Hz, 1H), 8.45 (s, 5H), 8.30 (d, J = 8.5 Hz, 6H), 8.23 (d, J = 7.4 Hz,
1H), 8.13 (d, J = 15.3 Hz, 1H), 7.81 (s, 1H), 7.53 (d, J = 9.3 Hz, 1H),
7.39 (d, J = 13.3 Hz, 1H), -0.64 (d, J = 3.6 Hz, 1H), -0.82 (s, 1H). 31P
NMR (162 MHz, DMSO-dg): 6 -189 (s). ESI mass: m/z (Calcd. 762.19)
761.1. [M-H]".

Results and discussion

Synthesis, characterisation and structural optimization. The free
base corrole ligands and the Phosphorous corroles P1 and P2 were
synthesised by following the reported procedure. 3233 The solution
of free base corrole in pyridine was degassed and followed by the
drop-wise addition of POCl;. The mixture was refluxed for 30
minutes and the pure phosphorous corrole (P1/P2) was obtained by
column chromatography. The successful formation of the
phosphorous complexes was confirmed by NMR (*H and 3!P NMR)
and ESI mass spectrum (Figure $1-S5). Both P1 and P2 show sharp 'H
NMR signals in the expected region. The B-pyrrolic protons of P1
appeared as four distinct signals in the range 9.42-8.68 ppm and the
meso phenyl protons resonate at 8.43-8.32 ppm. The presence of
axial hydroxy groups was confirmed by the peak at -0.93 ppm (2H),
the upfield shift due to the ring current effect of corrole.3* The B-
pyrrolic protons of P2 resonated in the range of 9.41-8.84 ppm,
while the B-pyrrolic protons, phenyl protons, and one pyrenyl
proton exhibited overlapping signals at 8.45-8.30 ppm. The pyrene
protons displayed characteristic resonances at 8.68—8.82 ppm (3H)
and 8.23-7.39 ppm (5H). The axial -OH group in P2 exhibits two
distinct NMR signals at -0.65 ppm and -0.82 ppm, indicating the
symmetry disruption caused by pyrenyl unit. The 3P NMR shows the
peak at -189.41 and -189.11 ppm for P1 and P2 respectively, which
confirms the P(V) centre. The ESI mass spectrum of P1 showed a
peak centered at m/z 630.9 corresponding to the [(M-20H+H)]*
peak. The molecular ion peak of P2 was centered at m/z 761.1,
corresponding to the [M-H]* peak.

The optimized geometries of P1 and P2 were obtained by DFT
using B3LYP/631G(d,p)
minimized structures and their side view are shown in Figure S6 and
a few selected wavelengths are listed in Table S1. The observation

calculation levels. The energetically

on the meso-phenyl ring shows that the pyrene unit in P2 is
orthogonally oriented to the corrole core unit when compared to
the phenyl unit in the P1 corrole. The energy level diagram shows
energetically well-separated Frontier orbitals. The topologies show
symmetric HOMO and asymmetric LUMO orbitals in both P1 and P2.
The 1 electron cloud occupied the entire molecule in the HOMO-
LUMO molecular orbitals. On close observation, the HOMO contains

This journal is © The Royal Society of Chemistry 20xx
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electron density on the corrole core and in LUMO, it 'K%e%c/%\n'ﬁéec%on

e

the corrole core as well as 5, 15 meso-phenyPrings).1039/D5NJ02527C

-2.61352 | ymo

~
b
w

-5.3304 -5.13453 HOMO

(P1) (P2)
Figure 1: HOMO-LUMO energy level diagram of P1 and P2.

Photophysical studies. The absorption and emission measurements
were analysed in different solvents (Figure S7). The absorption and
emission wavelengths, molar absorptivity and Stokes shifts are listed
in Tables S2 & S3. The Soret band appeared in the range of 415-422
nm for P1 and 412-422 nm for P2. The energetically lower Q bands
were shown characteristics peak in the range of 523-605 nm for
both P1 & P2. The former range is attributed to the higher-energy
and more allowed Soret band and the latter to lower energy and
symmetry-forbidden Q bands of the corrole core. Along with a
typical absorption profile of corrole, m-n* transition of pyrene was
obtained at a shorter wavelength (238-337 nm) for P2. All the peaks
including m-nt* transition of pyrene red shifted in highly polar DMF.
Concentration-dependent UV-Vis. and emission studies were carried
out for the P2 molecule to explore the excimer properties, and it
was not prominent due to the higher intensity Soret band at the
excimer expected region. The band assigned to the transition of
pyrene was not perturbed significantly and can be attributed to the
orthogonal orientation of the pyrene units concerning that of the
corrole molecular plane.3® The TD-DFT calculations were carried out
to get deeper
theoretically obtained absorption spectrum well correlated with the

insights into the electronic transitions. The
experimental spectrum (Figure S8a & 8b). The major transitions and
their respective oscillator strengths are given in Table S4. The major
contributions of the possible transitions revealed that non-
Gouterman orbitals are also involved in the electronic transitions.
The emission spectrum of P1 and P2 in different solvents shows an
emission peak along with red-shifted vibrational shoulder band. The
emission profile shows an emission peak in the range of 603-614 nm
and a shoulder peak in the range of 660 to 674 nm for the
compounds P1 & P2 respectively. The Stokes shift between the
week Q band and the emission maxima depicts that the emission is
fluorescence in nature and not phosphorescence. The emission
behaviour of P1 and P2 was investigated under nitrogen atmosphere

J. Name., 2013, 00, 1-3 | 3
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at a low temperature of —10 °C (Figure S9). No new emission peaks
were observed, indicating the absence of phosphorescence under
these inert and low-temperature conditions. To get deeper insight
into the photophysical properties, time-resolved fluorescent decay
measurements were carried out in DCM. -Both P1 and P2 fitted to a
single exponential decay and the excited state lifetime of P1 was
calculated as 3.2 ns and 3.1 ns for P2 (Table S5).

Photo-bleaching experiment:

The photostability of P1 and P2 was evaluated via photo-bleaching
experiments. Solutions of P1 and P2 in DCM were irradiated with
blue LED light (100 W, total light dosage: 180 J cm~2) for 30 minutes.
The changes in the Soret band absorption were monitored using UV-
Vis. spectroscopy.

(a) (b)
" k,,=8.4x10°S" d 0.21 k,=5.9x107s" "
= 02 =
2 201
Z 01 E
0.0 0.01 &
0 0 20 30 0 10 20 30

Time (min) Time (min)
Figure 2: Photo-bleaching graph of time vs. In(A/A,) for P1(a) and
P2(b).

The photodegradation rate constants were determined from the
slope of the plot of irradiation time vs. In(Ao/A) (Figure 2). The
photodegradation quantum yield was calculated as 2.0 for P1 and
1.6 for P2 using equation 2.1. A comparative analysis of the
photodegradation rate constants and photodegradation quantum
yields indicates that P2 exhibits superior photostability relative to
P1. This enhanced stability is attributed to the extended mn-
conjugation of pyrenyl unit.3®

Electrochemical studies. The redox behaviour of compounds P1 and
P2 was investigated by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) using DCM as solvent and TBAPFg (0.1M)
as the supporting electrolyte. Electrochemical measurements were
performed at a scan rate of 100 mVs™. The anodic and cathodic
peak potentials are summarized in Table 1. Both P1 and P2 exhibited
irreversible first oxidation processes, occurring at +0.92 V and +0.88
V, respectively, while their first reduction was found to be
reversible, with potentials at —0.97 V and -0.98 V, respectively
(Figure S10).
potentials suggests that the nature of the 10-meso substituents

The minimal variation observed in these redox

exerts only a marginal influence on the redox characteristics of P(V)
corroles. the experimentally derived HOMO-LUMO
energy levels and the associated electrochemical energy gaps (AE)

Moreover,

showed agreement with theoretical predictions.

Table 1: Oxidation, reduction potential of corrole, Electrochemical
energy levels and energy differences.

Corrole | Eox Ered Evomo® | Eumo® | AEC

4| J. Name., 2012, 00, 1-3

P1 +0.92, +1.40, | -0.97, 528 | -3.66, 4 L62
+1.8 171 DOI: 19.1039/D5NJ02527
P2 +0.88, +1.43, | -0.98, -5.24 -3.88 1.46
+1.76 -1.69
%Epomo = - [(Eox - Eypalferrocene)) + 4.8]; "ELUMO = - [(Ejeq -

Eij(ferrocene)) + 4.8]; AEC = HOMO-LUMO.

Colorimetric response. Owing to the pronounced chromatic
sensitivity of the corrole chromophore toward various binding
species, numerous corrole-based colorimetric sensors have been
developed. Consequently, it is important to evaluate the
colorimetric response of P(V) corroles toward a range of anionic
analytes. Given that P(V) corroles contain electron-withdrawing
meso-phenyl substitutes, we speculated that this characteristic
could enhance its binding affinity toward anions. In this context,
receptors P1 and P2 were systematically tested against a panel of
anions, including CI~, 15, NOs~, CN~, HPO,2", Br~, OH~, and F~ in DCM
at RT. All the anions were taken as their tetra butyl ammonium salts.
Notably, the addition of F- ions induced a distinct and rapid color

transition from pinkish-violet to green (Figure 3).

(L1

2 towards various

f" » F = A 1 7
lank NO; Cl Br r clo, HSO, F
¥ =¥ o H--’Uk;»h,_t__
ez
r NO, coy  HSOg '8 OH  SCN
P

2R RRRNEN

Figure 3: Colorimetric response of (a) P
anions.

Optical spectroscopy. Following the initial colorimetric screening,
the interaction between phosphorus(V) corroles and F was
thoroughly examined through UV—Vis. spectroscopic titrations. The
titration data indicated a slight attenuation in the Soret band
intensity, while significant spectral changes were evident in the Q-
band region, including a pronounced bathochromic shift. The Soret
band of P1 exhibits a bathochromic shift of 10 nm upon the addition
of 8 equivalents of F~, whereas in the Q-band region, the absorption
maximum shifts from 592 nm to 604 nm (Figure S11). P2 displays a
similar pattern of spectral changes, with the Soret band shifting
from 411 nm to 421 nm and the intense Q-band also red-shifting to
604 nm (Figure 4). These spectral changes in P2 reach saturation
upon the addition of 13 equivalents of F~. These observable spectral
transitions strongly suggest the formation of a stable complex
between the corrole receptor and the F ion. The red shift can be
attributed to two key factors: (1) charge-transfer interactions
between the electron-deficient corrole macrocycle and the electron-
rich F- anion, and (2) the formation of a ground-state complex.3”

The experimental findings are further compared with the theoretical
outcomes. The HOMO-LUMO energy levels indicate that the P(V)

This journal is © The Royal Society of Chemistry 20xx
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corrole + F- adducts reside at a higher energy Slevel compared to the
P(V) corroles, suggesting reduced stability and enhanced chemical
reactivity of the adducts (Figure S12 & Table 2). Examination of the
HOMO-LUMO energy gap reveals that the decreased band gap
additions, with the
bathochromic shift detected in the experimental UV—Vis. spectra.

0.8 —P2 0.2

observed after anion correlates  well

59? nm

7 0.1

0.6+

"0 600 700 |
Wavelength (nm)

0.4+

0.2-

Absorbance (a.u)

400 500 600 700 800
Wavelength (nm)

Figure 4: Absorption changes of P2 upon F addition; inset shows
changes in the Q band region.

Furthermore, the coordination of F ions to the sensing probe
induced an increase in polarization, as evidenced by a notable rise in
the dipole moment upon complexation.3® The electronic transitions
of P(V) corrole + anion adducts were obtained from the TD-DFT
analysis, the major transitions and the respective oscillator
strengths were listed in Table S4. The theoretical UV-Vis. spectrum
also exhibits the red shift in the Q band as shown in Figure S8c & 8d.

Table 2: HOMO / LUMO energy levels, energy difference, total
energy and dipole moment.

Corrole | HOMO LUMO aAE Total energy | Dipole

/ Hartree moment
P1 -5.3304 -2.7890 2.55 | -2412.6 4.93
P1+F- -2.3863 -0.0348 2.34 | -25125 5.67
P2 -5.1345 -2.6135 2.52 | -2703.9 2.50
P2+F- -2.2720 -0.0318 2.23 | -2803.8 7.05

2AE = HOMO - LUMO

Fluorescence experiments. Figures 5a & S13a show the spectrum of
P(V) corroles with the gradual addition of F-in DCM. P1 and P2 show
emission peak maxima at 608 nm and 610 nm respectively. The
gradual addition of F- to the P(V) corroles leads to a decrease in the
fluorescence intensity along with a 5 nm blue shift. The decrease in
the emission intensity owing to the adduct formation between the
electron-rich anions and the P(V) corrole. The quenching in emission
intensity of P1 attained saturation at 4.5x10°M F- concentration and
P2 attained saturation at 5.5x10°M concentration of F. The inset
graph shows the linear relationship between [F-] and I/l (figure 5a
& S13a). The shift in the emission wavelength is not involved in the
emission color change, which accorded well with the chromaticity

This journal is © The Royal Society of Chemistry 20xx
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plot (Figure 5b & S13b). The titre values obtaingd from the
fluorescence titration and the correspondingCanion0ésneentrations
were used to construct the Benesi—Hildebrand plot (Figure 6a & S
13c). A graph of 1/[M] versus 1/[lp — 1] was plotted, and the
association constants (K,) were calculated using Equation 2.2. The
calculated K; values are 4.1 x 103 for the P1+F titration and 6.3 x 103
for the P2+F-. The significant difference in the association constants
indicates strong binding interactions between the P(V) corrole and
the anion.

For practical relevance, a sensor must exhibit high sensitivity,
capable of detecting even trace levels of the target analyte. In this
context, the LOD was determined by plotting the variation in
emission intensity as a function of increasing anion concentration.
The slope of the linear region of the plot was used to calculate the
LOD based on Equation 2.3. The calculated LOD and LOQ are
summarized in Table 3. The LOD was found to be 0.101 ppm for P1
and 0.089 ppm for P2, both of which are significantly lower than the
permissible F- intake limit established by the WHO (100.7-150.1
ppm).3° These results demonstrate that P1 and P2 possess high
sensitivity for F- detection, as evidenced by their low LOD values and
high K,.

620

)31
M= | B o
—~ 3000+ 610nm {o.s 0.8 C{/ 540
;: 0.6 , g 06 [ \,‘sn&u
z 2000 . |1|9|/,.45(\'| ] 500 " . 580
z Addition of F- ” 044\ 500
£ \
= 1000 "‘
= 024 \
480
0 : . : 0.0 460
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Figure 5: (a) Changes in emission spectrum of P2 upon F- addition;
inset shows graph of [F]/uM vs I/lp; (b) Chormtacity diagram of
fluorometric titration of P2.

The changes in the emission spectra of P1 and P2 upon the
introduction of various anions was investigated. Notably, only F-ions
induced a significant quenching of emission intensity, demonstrating
the high selectivity of P1 and P2 for F sensing (Figure 6b & 6c).
Competitive experiments were performed to know the interference
of various anions. The fluorescence quenching behavior of F- was
evaluated in the presence of various competing anions. The
emission quenching induced by F- remains unaffected, indicating
negligible interference from other anions and confirming the high
sensitivity of the system toward F- ions (Figure 6d & S13d). Since the
detection limits of these receptors are significantly lower than the
WHO standards, their performance was evaluated in comparison to
previously reported fluoride sensors for better assessment (Table 4).
The comparison table clearly shows that the synthesized
phosphorus-based corrole probes offer better fluoride sensing
performance.

Table 3: Association constant, LOD, LOQ and binding ratio of P(V)
corroles + F-adduct.
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P1+F 4.1x103 0.39(0.101) 1.18 (0.545) 1:1
P2+F 6.3x103 0.34 (0.089) 0.44 (0.206) 1:1
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Figure 6: (a) B-H plots obtained from emission spectral data for P2.
Changes in the emission spectrum of (b) pl1 and (c) P2 with the
addition of various anions. (d) Interference effect of various anions
on the emission intensity of P2.

Effect of F- sensing under various environmental conditions and
recyclability. The stability and reliable sensing ability under different
environmental conditions, such as varying temperatures, exposure
to visible light, and reversibility make P1 & P2 suitable for practical
applications. Photostability was evaluated under blue light
irradiation, chosen due to the strong absorbance of corrole
complexes in the blue region. P1 / P2 with a concentration of 0.013
mM was exposed to 50 W blue LED light for 30 minutes. Absorption
changes were periodically monitored at 5-minute intervals using UV-
Vis. spectroscopy. Following each interval, F- was introduced to
assess the retention of sensing capabilities. The plot of absorption at
the Soret band versus time confirmed negligible variation, indicating
excellent photostability and sustained F- sensing performance after
light exposure (Figure 7a & S14a). Thermal stability was also
assessed by subjecting the corrole probes dissolved in DCM to a
temperature range from 20°C to 50°C. UV-Vis. analysis revealed
consistent absorbance across the tested temperatures, confirming
thermal robustness. Furthermore, upon F- addition, both visual and
spectroscopic  changes uphold the high sensitivity and
responsiveness of the P(V) corroles under the examined conditions
(Figure 7b & S14b). The addition of a few drops of water to the
P1/P2 + F complex caused an immediate and reversible
transformation back to the P1/P2 corroles. This reversible behaviour
was clearly confirmed through both colorimetric changes and
spectroscopic analysis, as shown in the corresponding figures
(Figure 7c & S14c).
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Table 4: Comparison table of LOD value with

previously reported

literature.
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Ceriumoxide Colourimetric | 0.64 Toothpas | 44
NP / te / water

Fluorometric sample
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Hydroxyaryl Colourimetric | 0.5 - 46
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Mechanism. The fluorescence quenching observed in P1 and P2 is
primarily attributed to ground-state complex formation between
the corrole receptor and the F- anion, which was evident from the
change in UV-Vis. spectrum upon anion addition. The quenching
mechanism may proceed via either static or dynamic pathways. The
Stern-Volmer graph was plotted between Io/l vs. [F]. S-V plots
display a linear correlation between the o/l ratio and increasing F~
concentration, suggesting a static quenching process (Figure S15).
To further confirm, time-resolved fluorescence measurements were
performed in DCM, both in the absence and presence of F~ ions
(Figure 8a). Static quenching does not affect the fluorescence
lifetime, whereas dynamic quenching involves a change in the
lifetime. The fluorescence decay curves for the P (V) corrole and the
F~ adducts were well-fitted to a single-exponential decay profile,
and the excited-state lifetimes did not show any pronounced
difference (Table S5), confirming that the quenching is static in
nature. Moreover, static quenching typically does not result in
significant bathochromic shifts in the absorption spectra of the
receptor. Consistently, UV-Vis. titration experiments of P(V) corroles
with Frevealed only minor redshifts in the Soret and Q bands.*®

The binding stoichiometry between the P(V) corrole and F~ was
determined using Job’s plot analysis. Although a 1:2 binding mode
was initially anticipated due to the two possible axial coordination
sites, the molar fraction at 0.5 indicated a 1:1 binding ratio between
the P(V) corroles and the F (Figure 8c & S16a). Supramolecular
chemosensors typically operate through interactions such as
hydrogen bonding, acid-base interactions, and anion—rt interactions.
In this system, the observed colorimetric and fluorometric
responses may result either from the replacement of axial -OH by
the addition of F- [P(V)corrole-F] or hydrogen bonding between the
axial —OH group of the P(V) the F ion
[P(V)corrole(OH)...F]. The regeneration of the sensing probe upon
the addition of water or methanol to the P(V) corrole—anion

corrole and

complex not only demonstrates the reversibility of binding but also
supports the involvement of hydrogen bonding interactions
between the P1/P2 and F~ (Figure 9). The ESI mass spectrum of the
P1+F adduct in DCM shows a peak at m/z 680.5 corresponding to
the hydrogen-bonded complex [P(V)corrole(OH)...F] (Figure 8b). The
ESP diagram was obtained from the DFT analysis. The possibility of
F- binding to the axial -OH was evidenced by the potential mapping
(Figure S17).

This journal is © The Royal Society of Chemistry 20xx
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Figure 8: (a) Time-resolved fluorescence decay spectrum of P(V)
corroles before and after F-addition. (b) ESI mass spectrum of P1+F
(c) Job’s plot for the complex formation between P1 + F. (d) FT-IR
spectrum P (V) corrole, before and after the F- addition.

The FT-IR spectra were recorded to gain further insight. After F-
addition, a broadening of the —OH stretching peak was observed
along with a slight shift to lower frequencies.*® Specifically, for P1,
the —OH stretching frequency shifted from 3458 cm™ to 3433 cm™,
and for P2, from 3472 cm™ to 3430 cm™ (Figure 8d). Electrochemical
studies were also conducted in DCM at room temperature. During
electrochemical titration, an anodic shift in the oxidation potential
was observed, with the oxidation peak moving from 0.8 V to 1.0 V
upon 0 to 4 equivalents of F~ addition (Figure S16b). These spectral
changes provide additional evidence for hydrogen bonding
interactions between the P(V) corrole and the F~ anion.

Figure 9: Schematic representation of sensing mechanism.

Real-time applications

Solid state F- detection. To investigate the practical applicability the
solid-state detection of F~ was achieved using silica gel as a
substrate. The sensor P1/P2 was dissolved in DCM and added to
silica gel (100-200 mesh size) and evenly distributed. Exposure to a
DCM solution containing F- ions, the colour changed from pinkish
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violet to green and the fluorometric changes were evidenced by
qguenching emission as illustrated in Figure 10a.

Smartphone-assisted fluoride sensing. Although the presence of F-
ions can be visually detected through perceptible color changes,
quantitative  analysis  typically
spectrometric techniques. Given the distinct colorimetric response

necessitates  cost-intensive
of P(V) corroles upon F- binding, a smartphone-assisted colorimetric
detection method was employed, following a previously established
(025 - 2
equivalents) were added to 30 uM solution of P1 in DCM, and the
resulting color changes were captured using a smartphone camera

protocol.’%1 Incremental volumes of F solution

for each addition. The corresponding RGB values for each color
transition were extracted using a freely available RGB detector
application. Each image was uploaded to the application to
determine the RGB values. Visual observation alone is inadequate
for precise analysis; therefore, a calibration curve was constructed
using RGB measurements at varying F~ concentrations. The plotted
data revealed a linear correlation for the G/B ratio versus [F7] (R =
0.9628) (Figure 10b). The detection limit was calculated using the
slope of the linear regression. An analogous approach was adopted
for P2, where the G/B ratio versus F- concentration was similarly
evaluated to assess its detection performance (Figure S18). The LOD
was calculated as 404 pM for P1 and 301uM for P2.

(a) (b)1:6
sEgEniiy-

1.2
0.8 - R?  =0.9236
Slope = 10949.3
- " LOD =301 uM
0.00000 0.00004 0.00008
[F-1/M

Figure 10: (a) solid-state sensor of P2; colorimetric (top) and
fluorometric (bottom) changes by F- addition (b) Graph of [F] in P2
solution vs. G/B; the inset figure represents the color by the addition
of F.

Reactivity as catalysts. Phosphorus corroles are well-documented
for their photosensitizing properties and ability to generate reactive
oxygen species (ROS). Accordingly, the synthesized P(V) corroles
were evaluated for their catalytic performance in the blue light-
induced sulfoxidation of thioanisole (Scheme 1). Thioanisole (0.4
mmol) and P(V) corrole (1 mol%) were taken in a 10 ml test tube,
dissolved in 0.25 ml of DCM followed by the addition of 2ml ethanol
and the reaction mixture was closed with the septum and stirred
under blue light exposure, the sulfoxide formation was confirmed by
H and 3C NMR analysis (Figure S19 & S$20). Both P1 and P2
exhibited efficient catalytic activity under visible light irradiation. In
acetonitrile, only 45% conversion of thioanisole was observed,
whereas complete substrate consumption occurred in ethanol (<
70%). P2 demonstrated superior catalytic efficiency compared to P1,
primarily due to its enhanced photostability and greater singlet
oxygen generation, attributed to the extended mn-conjugation
conferred by the pyrene moiety. The singlet oxygen quantum yield
was determined using a direct method with DPBF as a singlet oxygen

8| J. Name., 2012, 00, 1-3

scavenger. A mixture of P(V) corrole (P1 or P2) apd, DPBF-was
irradiated with red light (650 nm), and th@Qesaltihng/BetrEsse’in
DPBF absorbance was monitored over time (0-50 s). The reduction
in absorbance correlated directly with the amount of 10, produced.
The calculated singlet oxygen quantum vyields for P1 and P2 were
22.5% and 27%, respectively, supporting the better catalytic
performance of P2. Complete substrate conversion was achieved
within 7 hours under optimal conditions.
o]

S
. Catalyst
O/ Air, hv ™~
8 hrs, RT

Scheme 1: Sulfoxidation of thioanisole

w

Control experiments conducted in the absence of light or catalyst
showed no product formation, highlighting the indispensable roles
of both photocatalysts and light in the reaction. Additionally,
reactions carried out under a nitrogen atmosphere resulted in no
observable product, underscoring the essential involvement of
molecular oxygen. The reaction proceeds well without the addition
of any chemical oxidants, suggesting that atmospheric oxygen acts
as the sole oxidant in this transformation (Scheme 2).

To investigate the involvement of singlet oxygen in the reaction
mechanism, quenching experiments were performed. Various
radical quenchers including DMSO, DABCO, sodium azide and
benzoquinone were subjected to the optimised reaction condition.
In the presence of DMSO and benzoquinone, only a minimal
suppression of sulfoxidation was monitored.

[P(V) corrole]* 0,

[P(V) corrole] %0,

[P(V) corrole] - P1 & P2

Scheme 2: Proposed mechanism of sulfoxidation.

The addition of 2 equivalents of singlet oxygen quenchers, such as
DABCO and sodium azide to the standard reaction conditions
resulted in significant suppression of sulfoxide formation, indicating
that the oxidation proceeds via a singlet oxygen-mediated pathway
(Scheme 2). Notably, even upon extending the reaction duration to
24 hours, no further oxidation of the sulfoxide to sulfone was
detected, demonstrating selectivity in the product formation.

Conclusions

In conclusion, we have developed two phosphorus(V) corrole
derivatives (P1 and P2) and investigated their dual functionality as
fluorescent sensors for F~ detection and as photocatalysts for

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 11


https://doi.org/10.1039/d5nj02527c

Page 9 of 11

oNOYTULT D WN =

N — O

uly, 20250 anieadss!
2w

[9,]

blished an,3Qd)
© ® N O

har

sulfoxidation reactions. Both derivatives exhibited high sensitivity
and selectivity toward F~ detection via colorimetric and fluorometric
responses. The sensing mechanism was identified as static
fluorescence quenching, supported S-V plot and time-resolved
fluorescence decay results. The mode of interaction between P1/P2
and F~ was established to involve hydrogen bonding, as
corroborated by ESI-MS, FT-IR, and DFT studies. The stability and
performance of the P(V) corroles under various environmental
conditions affirm their practical applicability. Notably, their
detection efficiency was demonstrated in both solution and solid-
state formats, including silica gel-based assays and cost-effective,
smartphone-assisted RGB analysis highlighting their promise for
real-world sensing applications. Furthermore, the strong
fluorescence and photostability of the P(V) corroles enabled their
application as efficient photocatalysts for the oxidation of
thioanisole. The reaction was conducted under mild conditions,
employing ethanol as a solvent, visible light as an energy source,
and atmospheric oxygen as the oxidant. Ongoing research is focused
on expanding the substrate scope and application of this
methodology to diverse oxidation reactions, including those
involving oxygen atom transfer (OAT).
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