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Abstract:

Complexes based on Mn2+ ions and sulfonylcalixarene macrocycle (ThiaSO2) are being studied as 
oxygen sensors. The anionic complex [Mn₄(ThiaSO₂)₂F]⁻ exhibits oxygen-sensitive photoluminescent 
properties. Two counter anions, potassium (K+) or tetrabutylammonium (TBA+) cations, are used to 
obtain large crystals consisting of assemblies of anionic tetranuclear complexes, using a solvothermal 
process. A method for obtaining small particles from large crystals is proposed, based on dissolution 
in dimethylformamide and reprecipitation. This transformation of crystals into particles leads to a 
structural and textural reorganization that greatly enhances oxygen reactivity. Photoluminescence 
measurements are performed under controlled oxygen concentration and very good sensitivity to 
oxygen is observed in both particles, which highlights the enormous impact of structure and texture 
on luminescent properties. Particles assembled with potassium cations are highly sensitive to oxygen 
between 0 and 10%. Particles assembled with TBA cations have lower oxygen sensitivity but are 
more consistent in the 0-20 % range, which proves that structural effects finely modulate the oxygen 
sensitivity. Particle shaping tests are carried out in two polymer matrices, polystyrene (PS) and 
polyisobutyl methacrylate (PIBMA), which show that the supported particles have retained their 
properties and that the oxygen response dynamics are very fast. These complexes, which are much 
more economical than noble metal complexes, are therefore very promising candidates for oxygen 
detection. 

Introduction

Oxygen is essential for respiration and provides the energy needed for many physiological 
processes. Detecting oxygen content is important in many fields, such as analytical chemistry, 
environmental monitoring and medical diagnostics.2–6 Highly accurate, rapid and non–invasive 
monitoring of oxygen levels is an important requirement. Traditional oxygen monitoring processes, 
such as amperometry, conductimetry, and magnetic resonance techniques have certain 
disadvantages: continuous measurements are difficult and response times are limited.7–9 Sensor 

Page 1 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
2:

09
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC04437E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04437e


2

robustness and maintenance also pose problems. In contrast, the optical method is sensitive, non-
invasive and fast. One way to measure it is to use photoluminescence measurements, as certain 
polycyclic aromatic compounds10–12 and metal complexes13–17 exhibit oxygen-sensitive 
photoluminescence properties. The process is based on the collision between molecular oxygen and 
the excited electronic state of the complex, and involves a decrease in intensity and decay time.1 The 
relationship between the luminescent signal and oxygen concentration is described by the Stern–
Volmer equation, which establishes a linear dependence in the simplest case. This predictable 
behaviour forms the basis for the operation of luminescent oxygen sensors and enables accurate 
quantification of oxygen. Long decay times are well suited as quenchability increases with them. 
Well-known metal-ligand complexes include polypyridyl Ru(II), Ir(III) complexes, and Pd and Pt 
porphyrins, which are typically incorporated into polymer or sol-gel matrixes.1,2,18–31 In order to avoid 
the use of these scarce and expensive compounds, it would be advantageous to replace them with 
manganese (II) complexes.32 Many purely inorganic materials containing Mn(II) ions exhibit known 
photoluminescence properties, due to a transition between the 4T1 state and the 6A1 ground state. 
Various Mn(II) complexes have been developed, and control of the Mn(II) ion environment allows 
fine modulation of the emission properties.33–41 One such family of complexes uses macrocyclic 
ligands, sulfonylcalixarenes.33,35,42–44 In this family, an interesting complex is a tetranuclear compound 
composed of four Mn(II) ions coordinated to two p-tert-butylsulfonylcalix[4]arene (ThiaSO₂) 
macrocycles, designated K[Mn₄(ThiaSO₂)₂F], which exhibit an intense emission and a long lifetime 
(approximately 1 ms).33–35,44 In this tetranuclear system, the counter anion (K⁺) is coordinated to the 
anionic complex [Mn₄(ThiaSO₂)₂F]⁻ (Fig. 1). It is possible to form an assembly in which the 
coordinating potassium cation is replaced by a larger cation such as tetra-n-butylammonium (TBA+), 
which is not coordinating. The resulting complex, [TBA][Mn₄(ThiaSO₂)₂F] (2), exhibits 
photoluminescence that is highly sensitive to oxygen quenching .43 In fact, lifetimes of 1.8 ms and 0.7 
ms have been reported under vacuum and in air, respectively. For these complexes, the emission 
observed is that of Mn(II) ions and is caused by the ‘antenna’ effect of the sulfonylcalix[4]arene 
macrocycle. This ligand acts as a chromophore that absorbs UV excitation light and transfers energy 
from its T1 excited state to the 4T1 excited state of Mn(II) ions.

In this work, we focused on developing oxygen-sensitive photoluminescent materials from 
these complexes. We studied the Mn-KF-cryst (1) with a central fluoride and bridging potassium 
cations, as well as its cousin, the Mn-TBAF-cryst, with a central fluoride and TBA counter-cations (2). 
We then studied the transformation of large crystals of complex (1), whose solvothermal synthesis is 
best understood, into smaller particles (Mn-KF-part and Mn-TBAF-part) whose photoluminescence 
could be sensitive to oxygen. This transformation of complex (1) into particles Mn-KF-part was 
achieved by dissolution in the only solvent capable of dissolving this complex, dimethylformamide, 
followed by reprecipitation by introduction into an alcoholic solution. The influence of the presence 
of a cation (K+ or TBA+) at the time of precipitation was studied. The photoluminescence properties of 
the particles obtained (Mn-KF-part or Mn-TBAF-part) are examined, and a material is then produced 
by dispersing the particles in a polymer support matrix based on polyisobutyl methacrylate (PIBMA) 
or polystyrene (PS) compositions. 2

Experimental
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Materials and methods

Mn-KF-cryst and Mn-TBAF-cryst synthesis

Commercial chemical reagents and solvents were used without further purification. The Mn-KF-cryst 
(1) and Mn-TBAF-cryst (2) crystals were prepared based on literature synthesis.33,34,43,44 The synthesis 
of the ligand ThiaSO2 is reported.34 The alcoholic solution of the MnCl2, 4H2O salt was prepared by 
dissolving tetrahydrated MnCl2, 4H2O (25 mg, 0.126 mmol) (Alfa Aesar, Haverhill, MA, USA), in 
methanol (5 mL). Then, the ligand ThiaSO2 (25 mg, 29.45 µmol) was added to the MeOH solution. 
After, a KF water solution (10 mg, 0.172 mmol, in 0.5 mL) was added to the solution. The mixture was 
heated for 2 days in a solvothermal bomb at 170°C. After 48 h, the formed yellow crystals were 
separated from the solution and washed with a small amount of MeOH. In the synthesis of Mn-TBAF-
cryst , the KF solution was replaced by a TBA fluoride solution.

Mn-KF-part and Mn-TBAF-part synthesis

To prepare the Mn-KF-part, the Mn-KF-cryst (1) (20 mg, 9.35 µmol) was dissolved in hot DMF (200 µL) 
and the solution was poured in an alcoholic solution (MeOH 3.5 mL and water 0.9 mL). A 
precipitation reaction is observed and the particles were separated using centrifugation. To prepare 
the Mn-TBA-part, the same protocol was used but some TBA fluoride salt (32 mg, 0.122 mmol) was 
added in the alcoholic solution. 

Mn-KF-DMF-cryst (3) synthesis

To elucidate the structural differences between the starting Mn-KF-cryst (1) and the particle Mn-KF-
part, the Mn-KF-cryst (1) (20 mg) was dissolved in hot DMF (200 µL) and crystal growth of Mn-KF-
DMF-cryst (3) was done by vapor diffusion of methanol into the DMF solution of (1).

Particles- PIBMA or PS film preparation

To prepare the PIBMA film, the particles (Mn-KF-part or Mn-TBAF-part, resulting from 20 mg of the 
Mn-KF-cryst) were dispersed in a solution containing polyisobutylmethacrylate (Mw 20000), PIBMA 
(125 mg) and THF (2.5 mL). Ultrasounds were used for 10 min before to use a spin-coater to get a 
film on a glass substrate from this suspension. To prepare the PS film, the particles (resulting from 20 
mg of the Mn-KF-cryst) were dispersed in a solution containing the polystyrene solution (800 µL), and 
xylene (2.5 mL). The polystyrene solution is obtained by dissolving at 60°C for 4 hours, polystyrene 
(Mw 192000, m = 6 g), tributylphosphate 97% (200 µL) in xylene (40 mL).2

Structural Characterizations

The crystal structure was defined by an X-ray powder diffractometer (Bruker D8 Advance 
diffractometer, Bruker, Billerica, MA, USA), equipped with the Cu Kα radiation (λ = 1.54060 Å). 
Powder XRD diagrams were collected under 45 kV and 30 mA at room temperature. EDS spectra 
have been acquired on a Thermo Scientific Phenom Pharos G2 Desktop FEG-SEM. Scanning electron 
microscopy. (SEM) images of the complexes and particles were captured by the Zeiss Merlin Compact 
(Zeiss, Germany) operating at 20 kV (Centre Technologique des Microstructures de l'Université de 
Lyon). Transmission electron microscopy (TEM) was performed on a JEOL 2100F field emission 
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instrument operating at 200 kV (Centre Technologique des Microstructures de l'Université de Lyon). 
Textural characterizations were realized using nitrogen adsorption isotherms on a BelsorpMax (Bel 
Instruments, Japan). Prior to analysis, samples were outgassed under vacuum (100°C for 12 h). The 
pore size distribution and the mesoporous volume were calculated from the adsorption branch of 
the isotherms using the Barrett-Joyner-Halenda (BJH) method between P/P0 =0.42 and 0.96. The 
total porous volume was measured at P/P0 =0.98 and the surface area were determined by the 
Brunauer-Emmett-Teller (BET) approach. The microporous volume was calculated using the t-plot 
method. Non Local Density Functional Theory (NLDFT) pore size distribution was calculated using a 
cylinder model. 

Optical characterizations

The photoluminescent properties were analyzed by a home made spectrofluorometer, equipped 
with a pulsed tunable OPO laser (EKSPLA NT230, 50 Hz). The laser spot was non-focused to protect 
the sample from being destroyed under high-power light. The emission light was collected by two 
optical fibers coupled to, on one side a Kymera328i spectrograph equipped with a cooled EMCCD 
detector (NewtonEM 970) for spectral measurement and on the other side to a Jobin Yvon TRIAX320 
monochromator equipped with a cooled photomultiplier whose signal is fed to an MCS8A 
multichannel counter from FastComtec for the lifetime measurements ensuring a time resolution of 
800ps. The samples are placed inside a Linkam THMS600-PS stage in which a flow of gas is 
introduced. The gas composition can be controlled thanks to two SFC6000D-5slm mass flow 
controllers from Sensirion. The mass flow controllers are connected respectively to a nitrogen gas 
cylinder and a dry air gas cylinder. By changing the different flow the atmosphere around the sample 
can be varied continuously from a pure nitrogen atmosphere to an atmosphere containing 20% 
Oxygen. 

For the S1 and S2 movies the sample is shinned by a collimated 365 nm LED (M365L2-C2 from 
Thorlabs) working at 25mW. The sample is imaged thank to a JAI GO 2400m camera equipped with a 
Zoom 7000-2 Macro Lens from Navitar and working in full frame at 98 fps. For the first movie (Movie 
S1), the sample is placed inside the chamber of the linkam stage with a flow of nitrogen, at the 
beginning of the movie nitrogen is replaced by air and one can see the time the flow needs to 
establish. In the S2 movie the sample is under air and a 2 L/min flow of N2 getting out of a 4 mm 
diameter tubing is brought close to the sample and moved around.

Results and discussion

Synthesis of the crystals and particles

The precursor crystals (1) and (2) were synthesized by a solvothermal method in methanol at 170 °C, 
using the ThiaSO₂ macrocycle, MnCl₂·4H₂O as the manganese source, and a fluoride salt — KF for 
Mn-KF-cryst (1) and TBAF for Mn-TBAF-cryst (2), according to procedures previously reported in the 
literature (Fig. 1). In both cases, the synthesis yielded a powder composed of single crystals several 
tens of micrometers in size, regardless of the dilution of the reaction mixture or the reaction time. To 
obtain a more dispersible powder composed of smaller particles in the submicrometer range, a rapid 
precipitation method was employed. The complexes were first dissolved in hot dimethylformamide 
(DMF) and then rapidly precipitated into a methanol/water mixture. This simple approach enables 
the formation of finer particles that are readily dispersible in alcoholic media. Particles of cryst (2) 
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can also be obtained from Mn-KF-cryst (1) dissolved in DMF, followed by precipitation in a 1 M TBAF 
solution in a water/methanol mixture. The cation exchange between K⁺ and TBA⁺ follows the HSAB 
(Hard and Soft Acids and Bases) principle, considering that the anion [Mn₄(ThiaSO₂)₂F]⁻ exhibits a soft 
character. Crystals (1) and (2) show low solubility, which justifies the use of polar solvents such as 
DMF. It has previously been reported that the anion [Mn₄(ThiaSO₂)₂F]⁻, when dissolved in DMF, can 
transform into a neutral dinuclear complex of formula (ThiaSO₂)Mn₂(DMF)₄(H₂O)₂. However, for the 
particles K[Mn₄(ThiaSO₂)₂F] and TBA[Mn₄(ThiaSO₂)₂F] obtained using this procedure, mass 
spectrometry analyses confirm that no such transformation has taken place. The [Mn₄(ThiaSO₂)₂F]⁻ 
anion remains intact throughout the dissolution and re-precipitation process, indicating the 
structural stability of the manganese tetranuclear complex under the experimental conditions 
employed.

Structural Analysis of the crystals and particles 

The X-ray diffraction pattern of the Mn-KF-cryst, which shows a very intense reflection at 5.7° and 
additional peaks at 7.8°, 8.4°, and 8.9°, shows some similarities with the diagram calculated from 
single-crystal data (CCDC 824786), shown in Fig. 2a and Table S1.34 However, the peaks appear to be 
shifted to slightly higher angles (by approximately 0.4°). The experimental diffraction pattern of the 
Mn-TBAF-cryst shows a main reflection at 5.1°, followed by weaker reflections at 8.2°, 8.7°, and 10.6°. 
Similar features can be observed in the calculated diagram (Fig. 2b and Table S1), although the main 
reflection in the calculated data is shifted to lower angles (4.9°, CCDC 2034491).43 We hypothesize 
that the differences between the experimental and calculated diffraction patterns for the two 
crystals arise from the fact that the calculated patterns are based on single-crystal measurements 
performed at low temperature (100 K), without solvent loss, whereas the powder diffraction 
patterns were recorded at room temperature under ambient conditions. This behavior is common 
for this type of compound, which is capable of trapping solvent molecules. Nevertheless, it can be 
concluded that for both crystals, the overall crystal structures remain essentially identical, with only 
a slight contraction of the unit cell. The X-ray diffraction pattern of Mn-KF-part shows a doublet at 
7.5° and 8.1° (Fig. 2c), while that of Mn-TBAF-part shows three main reflections at 5.8°, 6.7°, and 7.3° 
(Fig. 2c). These patterns differ significantly from those of the starting compounds, indicating a 
structural change that occurred during particle formation. One essential change in these powder 
diagrams is the disappearance of the very intense (001) line at low angles, which reflects a change of 
organisation of the chains between them. Nonetheless, for all syntheses performed, the diffraction 
patterns of the obtained particles exhibit similar profiles, indicating that these particles consist of a 
single and identical crystalline phase. Scanning electron microscopy (SEM) images reveal 
submicrometric particles in both cases (Fig. 3). Transmission Electron Microscopy images confirm 
that the Mn-KF-part are in the form of platelets approximately 150 nm long, 75 nm wide and 15 nm 
thick (Fig. S1). Energy-dispersive X-ray spectroscopy (EDS) confirmed the presence of potassium 
cations in Mn-KF-cryst and Mn-KF-part, while a nitrogen signal, attributed to the TBA⁺ cation, was 
detected in Mn-TBAF-cryst and Mn-TBAF-part (Fig. S2). Mass spectrometry performed on both types 
of particles confirms the conservation of the [Mn₄(ThiaSO₂)₂F]⁻ anion (Fig. S3). Infrared spectroscopy 
(FTIR) also confirms the conservation of the vibrational profile between the initial crystals and the 
particles. However, it reveals the presence of residual DMF molecules in the particles, as evidenced 
by the appearance of a new band at 1660 cm⁻¹ (Fig. S4).33,45 This observation suggests that one of the 
changes between the initial crystals and the particles is related to the presence of DMF molecules. 
Nitrogen adsorption isotherms of Mn-KF-cryst and Mn-KF-part are of type I. Mn-KF-cryst has a 
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specific surface area of 65 m2/g and a porous volume of 0.08 cm3/g, (Fig. S5a, Table S2). It also shows 
that Mn-KF-part has a higher porosity compared to Mn-KF-cryst, with a specific surface area of 221 
m2/g and a porous volume of 0.36 cm3/g. A small microporous volume, from t-plot calculation, is 
noted in Mn-KF-cryst (0.01 cm3/g), which is increased to 0.03 cm3/g in Mn-KF-part. The BJH pore size 
distribution shows small mesopores in Mn-KF-part (Fig. S5b). The NLDFT pore size distribution of MN-
KF-cryst and Mn-KF-part shows a maximum around 1 nm (Fig. S5c). MnTBAF-cryst and Mn-TBAF-part 
are non-porous samples, with specific surface area of 1 and 6 m2/g, respectively. From XRD patterns, 
for both Mn-KF-part and Mn-TBAF-part, the precipitation-based preparation method leads to the 
formation of pseudo-polymorphs, in which the order of the (001) plans has been modified (Fig. 2c). 
Studies have shown that different stacking modes are observed for solvated crystal structures. This 
suggests that specific intermolecular interactions between calixarenes and certain solvents play a 
crucial role in the crystallisation process.46–50 In the case of molecular crystalline compounds, 
polymorphism is a common phenomenon that can result from various factors such as temperature, 
crystallization solvent, or crystallization rate. To elucidate the structural differences between the 
starting crystals and the particles, several single-crystal growth attempts were carried out by vapor 
diffusion of methanol into DMF solutions of the crystals. For TBAF, the obtained crystals were of 
insufficient quality for single-crystal X-ray diffraction analysis. Conversely, for the Mn-KF-cryst, a 
crystal structure Mn-KF-DMF-cryst (3) could be determined (CCDC 2516881) (Table S1, Figure S6). As 
in the initial Mn-KF-cryst structure, the Mn-KF-DMF-cryst (3) crystallizes as stacks of chains formed 
by alternating [Mn₄(ThiaSO₂)₂F]⁻ anions and K⁺ cations. However, in this case, the K⁺ ions are 
coordinated only by one oxygen atom from the sulfonyl group of the macrocycle, with their 
coordination sphere completed by two DMF molecules and one methanol molecule (Fig. S6 and 
Table S1). This pseudo-polymorph also crystallizes in the P-1 space group. The figure S7 shows 
surface contact with a probe of radius 1.2 Å (Mercury). The probe can be introduced inside the Mn-
KF-DMF-cryst (3) structure 7. It could give one qualitative indication about the potential for oxygen 
diffusion (size 3 Å) within this structure. We must bear in mind that actual porosity may differ greatly 
from the porosity calculated from crystallographic data and therefore remain very cautious when 
establishing a relationship with oxygen diffusion. Indeed, one part of cavities is certainly at least 
partially occupied by DMF molecules. Nevertheless, the powder diffraction pattern of this pseudo-
polymorph (3) does not match that obtained for the particles Mn-KF-part (Fig. 2d). By monitoring the 
evolution of the diffraction patterns of the Mn-KF-DMF-cryst (3) during solvent evaporation, we 
observe that the pattern of the Mn-KF-DMF-cryst (3) progressively approaches that of the Mn-KF-
part (Fig. 2d). This behavior indicates a very close structural relationship between the two phases, 
with the differences in the diffraction patterns most likely arising from subtle structural changes 
associated with solvent loss. The weak interactions between the anion–cation chains favor multiple 
possible stacking arrangements, leading to the formation of different polymorphs. The 
transformation from the Mn-KF-cryst (1) into Mn-KF-DMF-cryst (3) led to an assembly of the same 
clusters which are now packed in a more flexible way, because the counter cation coordination is 
changing from 2 to 1 (Fig. S6). The structure of Mn-KF-part is the product of the drying of the Mn-KF-
DMF-cryst (3).

Photoluminescent properties of particles

Mn-KF-cryst emits at 590 nm and the photoluminescence intensity shows moderate sensitivity to 
oxygen content when excited in the near UV (Fig. 4a). Mn-TBAF-cryst is highly photoluminescent and 
emit at 600 nm. In addition, luminescence is highly sensitive to oxygen (Fig. 4b). The properties of 
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particles are different compared from those of crystals. Mn-KF part emit at around 593 nm and are 
highly sensitive to oxygen concentration (Fig. 4c). The intense luminescence observed under nitrogen 
is greatly attenuated at low oxygen concentrations. Luminescence intensity decreases by 28 between 
nitrogen and air. In contrast, Mn-TBAF-part emits at around 603 nm and also show clear sensitivity to 
oxygen content (Fig. 4d). The decrease in intensity with increasing oxygen concentration is slower, 
but still considerable (factor 7). The Stern-Volmer equation is used to describe the ideal quenching 
system: I0/I = t0/t = 1+Ksv[O2]= 1+t0kq[O2] where Ksv is the Stern-Volmer constant, kq the quenching 
constant, t0 and I0 decay and intensity in the absence of oxygen, respectively. Examination of the 
intensity curves relative to the intensity in the absence of oxygen I0, I0/I (Fig. S8), confirms that the 
Mn-KF-cryst is almost insensitive to oxygen (Ksv=0.017 kPa-1). The Mn-TBAF-cryst is more sensitive 
than the Mn-KF-cryst (Ksv=0.06 kPa-1). In the case of particles, a very steep slope is observed, 
particularly for Mn-KF-part (Ksv=0.27 kPa-1 for Mn-TBAF-part and Ksv=1.32 kPa-1 for Mn-KF-part). It can 
also be seen that Stern's model is not very well suited for Mn-KF-part, as the curves are not linear, 
probably due to the presence of several populations.19 Mn-KF part are highly sensitive to oxygen 
levels < 15%. Mn-TBAF-part is less sensitive but more linear across the entire range of %O2 observed. 
The observed deviation from linear Stern-Volmer behavior, noted in the case of Mn-KF-part, suggests 
the presence of multiple emissive populations subjected to different local oxygen environments, 
likely due the particulate nature of the sensor and the presence of surface complexes directly 
exposed to oxygen and buried complexes incompletely affected by oxygen. It induces variations of 
the oxygen permeability within the particle. Such behavior is well-documented for oxygen-sensors 
and is commonly described using multi-site quenching models such as the Lehrer model. The data 
have been analyzed using a simplified Lehrer-type model assuming one oxygen-accessible emissive 
population and one effectively oxygen-inaccessible population. This assumption is supported by 
lifetime measurements, which are presented in the following paragraph, showing a long-lived 
component (tlong) that remains unchanged upon oxygen exposure (Fig. S9). In this more appropriate 
Lehrer representation, I0/I is represented as a function of [O2]-1 (Fig. 4, 2nd row, Table S3).19 In this 
case, fraction f is quenchable while fraction 1-f one is not. In Lehrer’s representation, the ordinate at 
the origin 1/f reflects the importance of the proportion of quenchable sites (92% for Mn-KF-part and 
99% for Mn-TBAF-part compared to 32% for the Mn-KF-cryst and 75% for the Mn-TBAF-cryst). The 
slope of the line is inversely proportional to the product of Ksv x f. We can then estimate that the Ksv 
ratio is equal to 2.4 kPa-1 for Mn-KF-part and 0.5 kPa-1 for Mn-TBAFpart. These values should be 
compared with those in the literature (Table S4), where Ksv values of approximately 3-4 kPa-1 are 
obtained for Pt-based compounds.51 Highly sensitive compounds such as Pd porphyrins are known 
with Ksv reaching 68 kPa-1.1,52Ruthenium polypyridyl compounds have Ksv about 1 kPa-1 and some Ir 
cyclometalated samples reach Ksv of about 27 kPa-1.25 The compounds in this work, have Ksv between 
0.5 and 2.4 kPa-1, therefore exhibit luminescence with a considerable sensitivity to oxygen, 
comparable to Pt porphyrins or Ru polypyridyl compounds, even if the values are below that of Pd 
porphyrins, or Ir cyclometalated complexes. Some organic compounds, such as polyimides based one 
present Ksv of 0.23 kPa-1,12 while Ksv of 13 kPa-1 have been observed in thianthrene based 
compounds.11 The Ksv values are certainly lower than those of the most sensitive sensors, but 
nevertheless open up very interesting prospects, especially since the cost of these compounds is 
lower around 4 orders of magnitude than that of compounds based on noble metals. 
Lifetime measurements based on oxygen content were then performed (Fig. 5 & Fig. S9). The 
measurements confirm the low sensitivity of the Mn-KF-cryst (Fig. 5a). The high sensitivity to low 
oxygen contents is evident in the Mn-KF-part (Fig. 5c), where a very rapid decay is observed even at 
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the lowest oxygen levels. The evolution of lifetimes is more regular in the case of TBAF compounds 
(Fig. 5b & 5d). The decline curves are bi-exponential. We therefore considered a first time zone tshort 
between 0 and 150 µs and a second zone tlong for longer times between 0.6 and 2.6 ms. Examination 
of the slopes of the decay curves as a function of time in a time zone (tshort corresponding to the 
initial 150 µs) confirm the sensitivity of particles to oxygen (Fig. 5, 2nd row). The slope in the tshort 
range is very sensitive to % O2 in the case of Mn-KF-part and Mn-TBAF-part and completely 
insensitive in the case of both crystals, suggesting that this is a surface phenomenon occurring over 
extremely short durations of approximately 200 µs. Very similar, bi-exponential decays have also 
been reported in the case of [Ru(2,2-bipyridine)3]2+ confined inside a metal organic frameworks53,54 or 
inside bock copolymers55 which reinforces our belief that the rapid component tshort is explained by 
surface effects. The greater sensitivity of Mn-KF-part to lower oxygen concentrations is confirmed by 
examining the evolution of this decay time, which decreases very rapidly from 150 µs to 38 µs for an 
oxygen content increasing from 0 % and 12%, then stabilizes. In contrast, for Mn-TBAF-part, the 
decrease in this time from 120 µs to 30 µs is more constant across the entire range of oxygen 
concentrations. Using the oxygen-sensitive lifetime component, Stern-Volmer analysis based on 
lifetimes yields a τ₀/τ ratio of approximately 4 at 21% O₂, corresponding to an apparent Ksv value of 
0.14 kPa-1. This confirms an efficient oxygen quenching.  Comparable τ₀/τ ratios are observed in the 
case of Ru and Ir compounds,1,25 while Pd and Pt porphyrins present τ₀/τ ratio reaching 198 and 80, 
respectively (Table S4).52 Examination of longer times (tlong between 0.6 and 2.6 ms) shows that the 
Mn-TBAF-cryst has a decay time that is very sensitive to oxygen content, and this time, of the order 
of 1.87 ms in the absence of oxygen, is consistent with the decay time of Mn2+ ions in the crystals 
observed previously (Fig. S9b).35,43 The decay in Mn-KF-cryst, of 1.68 ms, is insensitive to oxygen 
content (Fig. S9a). In the case of Mn-KF-part (Fig. S9c), the slope in this time range, 1.31 ms, is not 
sensitive to oxygen content, whereas for Mn-TBAF-part (Fig. S9d), the decay time is 1.33 ms without 
oxygen and between 0.53 and 0.70 ms in the presence of oxygen. To resume, time-resolved 
photoluminescence measurements reveal a bi-exponential decay behavior for the Mn-KF-part and 
Mn-TBA-part. Two distinct lifetime components are observed. A long-lived component on 1.3 ms is 
present under both N₂ and air atmospheres and remains essentially unchanged upon oxygen 
exposure (except for Mn-TBAF-cryst). This component is therefore assigned to emissive sites that are 
poorly accessible to oxygen and do not contribute to oxygen sensing. In contrast, a shorter-lived 
component in the microsecond range (150 µs) exhibits a pronounced dependence on oxygen 
concentration. Under N₂, this oxygen-sensitive lifetime amounts to approximately 150 µs, while 
exposure to air reduces it to about 40 µs. This behavior is associated to the active sensing component. 
The simplified Lehrer model leads to a linear representation shown in Fig. S10, with a Ksv parameter 
of 0.42 and 0.32 kPa-1 for the Mn-KF-part and the Mn-TBAF-part, respectively. The coexistence of 
oxygen-sensitive and oxygen-insensitive emissive populations is consistent with heterogeneous 
oxygen accessibility in the solid state and rationalizes both the observed bi-exponential decay 
behavior and the non-linear Stern-Volmer response, thereby justifying the use of multi-site 
quenching models such as the simplified Lehrer model. The lifetime values in Pd and Pt porphyrins 
are about 980 µs and 71 µs (Table S4).1,52 Values about 5 µs are found in Ru polypyridyls compounds 
and 480 µs with Ir cyclometalated compounds25 Thianthrene based compounds have much higher ms 
lifetimes.11 The apparent quenching constant found for Mn-KF-part and Mn-TBAF-part are of 16 and 
3 Pa-1.s-1 respectively, below values about 20-70 Pa-1.s-1 for reference Pt or Ir compounds (Table 
S4)52,56 We try to understand the difference in behavior between the two crystals Mn-KF-cryst and 
Mn-TBAF-cryst. One hypothesis lies in structural effects, such as porosity and coordination mode of 
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the counter cation in the structure. In the Mn-KF-cryst, the pores have a maximum size of 4.1 Å 
without solvent and 2.1 Å with solvent (Mercury). The Mn-TBAF-cryst has a pore size of 3.1 Å with 
solvent. The Mn4 clusters are more spaced since the counter cation TBA+ is much bigger, than K+. 
Oxygen diffusion could therefore be easier in the Mn-TBAF-cryst than in the Mn-KF-cryst. This may 
be related to the sensitivity of the decay time (tlong) with oxygen content, from 1.87 to 0.73 ms, in 
Mn-TBAF-cryst. In both particles Mn-KF-part and Mn-TBAF-part, a high sensitivity is observed in short 
times, due to surface effects. The rapid component (tshort) accounts for 95% of the decline curve in 
the case of Mn-KF-part and only 48% of the decline in the case of Mn-TBA-part. Moreover, structural 
modifications are induced upon recrystallization, related to an increased porosity, accompanying the 
solvation of chains by DMF. Indeed, the Mn-KF-DMF-cryst (3) obtained after DMF recrystallization of 
the Mn-KF-cryst (1) has a coordination mode of potassium changing from 2 to 1. The crystal packing 
of the Mn-KF-DMF-cryst (3), and then in Mn-KF-part too, is more flexible than that of the Mn-KF-cryst 
(1). While crystallographic parameters cannot be directly translated into gas diffusion properties in 
the solid state, this structural change may indicate a more flexible molecular packing, which could 
facilitate oxygen accessibility at the local scale. Regardless of crystallographic packing considerations, 
the oxygen accessibility is directly evidenced by the oxygen-dependent lifetime component (tshort) 
and the significant quenchable fraction (86%) extracted from the Lehrer analysis. Nitrogen 
adsorption measurements indicate that Mn-KF-part have a much higher porosity compared to Mn-
KF-cryst. This observation is completely coherent with the observed higher oxygen sensitivity of the 
particles Mn-KF-part. On the other hand, both Mn-TBAF-cryst and Mn-TBAF-part are found to be 
non-porous to nitrogen at 77 K while they are both sensitive to oxygen. This apparent contradiction 
could possibly be due to different flexibility depending of the temperature. It might be possible for 
the porosity of these compounds to be more flexible and blocked at 77 K, but not at room 
temperature.

Polymeric films containing Mn-KF-part or Mn-TBAF-part.

Polyisobutylmethacrylate (PIBMA) and polystyrene (PS) polymers, were used to prepare films 
on a glass substrate, containing these Mn-KF-part and Mn-TBAF-part.57,58 Images obtained by optical 
microscopy and scanning electron microscopy (SEM) show that the particles appear as aggregates of 
a few microns in PIBMA films and few tens of microns in PS films (Fig. S11). The Mn-KF-part are 
aggregated in the form of balls on the PS film. The high polarity of the particles explains why 
dispersion in these two non-polar polymers is not very favorable. In addition, classic de-wetting of 
PIBMA on glass is observed, due to the difference in surface energy between glass and PIBMA (70 
mN/m and 33mN/m). The thickness of these films is on the order of a few hundred nanometers as 
shown in SEM images after scraping the films with a razor blade (Fig. S11, 4th row). Despite the 
imperfect nature of these deposits, we wanted to verify whether these matrices disrupted the 
oxygen sensitivity of the particles they support. We observe optical properties that are preserved 
compared to those of unsupported particles (Fig. 6). The emission maximum is shifted to 608 and 
628 nm for Mn-KF-part and Mn-TBAF-part in PIBMA. The Stern-Volmer representation of the 
intensities is shown in Figure S12, with almost linear curves and Ksv values of 1.42 and 1.37 kPa-1 for 
Mn-K-part in PIBMA and PS films; Lower sensitive but more linear answer is observed for Mn-TBAF-
part in PIBMA and PS films with Ksv values of 0.37 and 0.44 kPa-1. The evolution of the intensities 
reported according to the simplified Lehrer model (Fig. 6, 2nd row) show that 95% of the sites Mn-

Page 9 of 29 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
2:

09
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC04437E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04437e


10

TBAF-part are sensitive to oxygen, with a Ksv factor of 0.67 kPa-1 in PIBMA and 0.52 kPa-1 in PS. The 
higher sensitivity of Mn-KF-part is confirmed in both PIBMA (Ksv = 1.86 kPa-1) and PS (Ksv = 1.87 kPa-1) 
with 96% of sites being sensitive (Table S3). The decay curves are shown in Fig. 7. The decay profile of 
unsupported particles is retained with a very rapid decrease in intensity in the case of films 
containing Mn-KF-part (Fig. 7a& 7b), while the decrease is more gradual with films containing Mn-
TBAF-part (Fig. 7c& 7d). Analysis of the slopes of these curves (Fig. 7, 2nd row), also shows, in the 
short term, a very rapid initial component (of the order of 60 µs for Mn-KF-part and 110 µs for Mn-
TBAF-part) which is sensitive to oxygen content. Furthermore, the decrease in this decay time is very 
noticeable for the lowest oxygen content (<12%) in the case of films containing Mn-KF-part. This 
decay is more gradual in films based on Mn-TBAF-part. The Lehrer representation of the evolution of 
the short component is shown (Fig. 7, 3rd row), with the curves t0/t as function of [O2]-1. A linear 
response is obtained from which, we can estimate the Ksv to 0.35 and 0.76 kPa-1 in the Mn-KF-part-
PIBMA and Mn-KF-part-PS films. In the case of the Mn-TBAF-part, a Ksv of 0.35 and 0.55 kPa-1 have 
been measured in PIBMA and PS films, respectively.
The response time of Mn-TBAF-part and Mn-KF-part in PIBMA or PS films is illustrated by switching 
from nitrogen and air, which shows a rapid and stable response. The response in PIBMA films 
appears to be more stable than in PS films, probably due to better particles dispersion. The evolution 
of intensities between N2 and air, can be described using the two equations:

𝐼(𝑡) = 𝐼𝑎𝑖𝑟 +∆𝐼𝑒―𝑡 𝜏recovery

𝐼(𝑡) = 𝐼0 ― ∆𝐼𝑒―𝑡 𝜏response

where response and recovery are the response and recovery times respectively.  These response and 
recovery times are approximately 0.5 s and 7 s for the two Mn-KF-part containing films and 2 s and 9 
s for the two Mn-TBAF-part containing films, as shown in Fig. 8. These response and recovery times 
(from N2 to air) can be compared to some values obtained with platinum (II) octaethylporphyrin Pt 
compound.31,59  Response and recovery times, between O2 and N2, in this compound have been 
measured at 1.4 and 1.7 s, respectively in PDMS59 or 0.3 s and 0.5 s, respectively in polymeric 
nanofibers.31 Two video provides a qualitative visualization of the dynamic response of the film in the 
case of TBAF particles in PIBMA. They show that the actual response and recovery times are shorter. 
The slow-motion film (4 times) in Movie S1, shows the Mn-TBAF- part in PIBMA sample with a flow of 
nitrogen. At the beginning of the film, the nitrogen is replaced by air. At 14 seconds (3.5 seconds in 
real time), oxygen arrives and the luminescence is rapidly quenched confirming a short response 
time. The second film (Movie S2) is a film of the Mn-TBAF-part in PIBMA sample under air, while a 2 
L/min flow of N2 from a 4 mm diameter tube is approached and moved around the sample. Bright 
areas appear instantly, indicating a very short recovery time (below 1 s). These two films clearly 
illustrate the fast reactivity of this material. Furthermore, the integration of a 5 x 5 pixel area of the 
film shows that the change in intensity between its maximum and minimum values occurs over a 
period of 300 ms (Fig. S13). It should be noted that the quoted value (~300 ms) represents an 
estimate derived from a numerical analysis of a video, already used by others auhors.11 It should be 
regarded as an upper limit rather than a standardized response time. While the current polymer films 
are sufficient to demonstrate the oxygen-sensing performance of the complexes, further 
optimization of film morphology and dispersion will be required for practical device applications. The 
study of the influence of surface condition on reactivity should be undertaken by measuring grinding 
crystals. The samples tested can withstand exposure to the laser beam for several hours without 
degradation and do not change after several months. But, long-term stability and photostability 
under continuous or repeated excitation were not investigated and remain important aspects for 
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future work.

Conclusion

The Mn(II) sulfonylcalixarene complexes based materials therefore have very interesting 
properties in terms of oxygen sensitivity. Their sensitivity is adapted for measuring high oxygen 
concentrations, as it prevents signal saturation and allows for linear and viable quantification over a 
wide range (generally between 1 and 21%). The influence of particle morphology and structure has 
an important impact on oxygen sensitivity, and obtaining particles by dissolution in 
dimethylformamide followed by reprecipitation allows both smaller and more sensitive particles to 
be obtained. Oxygen diffusion is significantly favored in this structure. The study shows that the 
choice of counter-cation, between potassium and tetrabutylammonium, in these anionic complexes, 
has also an impact on oxygen sensitivity, related to structural effects. Lower sensitivity, but more 
consistent across the entire range of oxygen concentration is observed with the 
tetrabutylammonium family. Very high sensitivity for the oxygen concentration range 0-12% is 
obtained with the potassium family. These Mn2+ sulfonylcalixarene complexes are ideally suited to 
detection applications in which conventional sensors are too sensitive and no longer linear. For 
example, they may be very suitable for monitoring oxygen concentrations in a laboratory, or 
industrial process, in the food industry, museum conservation, furnace control or aerodynamic 
studies where an oxygen sensor is used to measure partial pressure. Further work will focus on 
improving film homogeneity, substrate wetting, and large-area reproducibility to enable practical 
sensor implementations. 
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Data Availability

The data supporting this article have been included as part of the supplementary information (SI). 
Supplementary information is available. See DOI:
Supporting information: X-ray data of the Mn-KF-cryst (1), Mn-TBAF-cryst (2) and Mn-KF-DMF-cryst 
(3) after recrystallization of (1) in DMF. Specific surface area (S), porous volume Vp, mesoporous 
volume Vmeso, microporous volume Vmicro (from t plot) and porous radius rp from NLDFT, of the Mn- 
KF-cryst, Mn-KF-part, Mn-TBAF-cryst and Mn-TBAF-part. Ksv, from the Lehrer models calculated from 
intensity curves and from the short time component of the decay curves. I0/Iair and t0, and t0/tair from 
the decay curves (short times). Lifetime, Ksv, Stern-Volmer constant, kq  quenching constant, t0/tair and 

I0/Iair and response time of some reference oxygen sensors. Movie of the sample Mn-TBAF-part in 
PIBMA with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by air; Movie the 
sample Mn-TBAF-part in PIBMA under air while a 2 L/min flow of N2 getting out of a 4 mm diameter 
tubing is brought close to the sample and moved around. TEM images of Mn-KF-part. EDS analysis of 
the Mn-KF-cryst (a), Mn-TBAF-cryst (b), Mn-KF-part (c) and Mn-TBAF-part (d). Mass spectrometry of 
Mn-KF-part. FTIR spectra of the Mn-KF-cryst , Mn-KF-part (a) and Mn-TBAF-cryst, Mn-TABF-part (b). 
Nitrogen Adsorption Isotherms (a), BJH pore size distribution (b) and NLDFT pore size distribution (c) 
of the Mn-KF-cryst and Mn-KF-part. Views of the packing of the Mn-KF complex (1) and (b) the Mn-
KF-DMF complex (3) (F green, Mn purple, S yellow, O red, K blue, nitrogen blue, carbon grey). 
Mercury contact surface visualization using probes of 1.2 Å in the Mn-KF-DMF complex (3). Relative 
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photoluminescence intensity curves versus %O2 of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of 
the Mn-KF-part (c) and Mn-TBAF-part (d) at different O2%. Relative times of decay of the Mn-KF-cryst 
complex (a), Mn-KF-part (b) and Mn-TBAF-cryst (c), Mn-TBAF-part (d) at different O2% in a temporal 
zones tlong between 0.6 and 2.6 ms. Relative t0/t curves versus [O2]-1 of the Mn-KF-part (a) and Mn-
TBAF-part (b) at different O2%. Optical microscopy images (first row) of Mn-TBAF-part and Mn-KF-
part in PIBMA and PS matrixes. SEM images of Mn-TBAF-part and Mn-KF-part in PIBMA and PS 
matrixes (second row: global views; third row: detailed views; fourth row: thickness views after 
scraping with a razor). Relative I0/ curves versus %O2 of the Mn-TBAF-part and Mn-KF-part in PIBMA 
and PS matrixes at different O2%. Integration of a square of 5x 5 pixels from the movie of the sample 
Mn-TBAF-part in PIBMA with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by 
air; 
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Figures

Fig. 1: View of the ligand ThiaSO2, of the Mn-KF complex (1) and the Mn-TBAF complex (2) (F green, 
Mn purple, S yellow, O red, K blue, nitrogen blue, carbon grey).

Fig. 2: X-ray diffraction patterns of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) (compared to the 
calculated pattern from monocrystal determination) and (c) the Mn-KF-part and MnTBAF-part. X-ray 
diffraction patterns the Mn-KF-DMF-cryst (3) dried at different steps (5 minutes, 20 minutes and 12 
hours) and Mn-KF-part (d). 

Fig. 3: SEM images of the Mn-KF-cryst, Mn-KF-part, Mn-TBAF-cryst and Mn-TBAF-part.

Fig. 4: Emission spectra of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of the Mn-KF-part (c) and 
Mn-TBAF-part (d) at different O2%. I0/I curves versus [O2]-1 of the Mn-KF-cryst (a), Mn-TBAF-cryst (b) 
and of the Mn-KF-part (c), Mn-TBAF-part (d) at different O2%.

Fig. 5: Lifetime measurements of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of the Mn-KF-part (c) 
and Mn-TBAF-part (d) at different O2%. Relative times of decay of the Mn-KF-cryst complex (a), Mn-
KF-part (b) and Mn-TBAF-cryst (c), Mn-TBAF-part (d) at different O2% in the temporal zones tshort < 
150 µs.

Fig. 6: Emission spectra of the Mn-TBAF-part and Mn-KFpart in PIBMA and PS matrixes at different 
O2%.  I0/ curves versus [O2]-1, of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at 
different O2%.

Fig. 7: Decay of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at different O2%. 
Relative times of decay of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at different 
O2% in the temporal zone (tshort < 150 µs). Relative times of decay t0/t of the Mn-TBAF-part and Mn-
KF-part in PIBMA and PS matrixes at different O2% in the temporal zone (tshort < 150 µs).

Fig. 8: Response time and intensity change for the Mn-TBAF-part and Mn-KF-part in PIBMA and PS 
matrixes on switching between nitrogen and air flux.
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Table S1 : X-ray data of the Mn-KF-cryst (1), Mn-TBAF-cryst (2) and Mn-KF-DMF-cryst (3) after 
recrystallization of (1) in DMF .

Table S2 : Specific surface area, porous volume, mesoporous volume, microporous  volume of the 
Mn- KF-cryst, Mn-KF-part, Mn-TBAF-cryst and Mn-TBAF-part .

Table S3 : Ksv, from the Lehrer models calculated from intensity curves and from the short time 
component of the decay curves. I0/Iair and t0, and t0/tair from the decay curves (short times).

Table S4 : Lifetime, Ksv, Stern-Volmer constant,. kq  quenching constant, 0/air and I0/Iair and response 
time of some reference oxygen sensors.

Movie S1: Movie of the sample Mn-TBAF-part in PIBMA placed inside the chamber of the linkam 
stage with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by air.

Movie S2: Movie of the sample Mn-TBAF-part in PIBMA under air while a 2 L/min flow of N2 getting 
out of a 4 mm diameter tubing is brought close to the sample and moved around.

Fig. S1: TEM images of Mn-KF-part.

Fig. S2: EDS analysis of the Mn-KF-cryst (a), Mn-TBAF-cryst (b), Mn-KF-part (c) and of the and Mn-
TBAF-part (d).

Fig. S3: Mass spectrometry of Mn-KF part.

Fig. S4: FTIR spectra of the Mn- KF-cryst and Mn-KF-part (a) and Mn-TBAF-cryst and Mn-TBAF-part (b).

Fig. S5: Nitrogen Adsorption Isotherms (a), BJH pore size distribution (b) and NLDFT pore size 
distribution (c) of the Mn-KF-cryst and Mn-KF-part.

Fig. S6: (a) Views of the packing of the Mn-KF complex (1) and (b) the Mn-KF-DMF complex (3) (F 
green, Mn purple, S yellow, O red, K blue, nitrogen blue, carbon grey).

Fig. S7: Mercury contact surface visualization using probes of 1.2 Å in the Mn-KF-DMF complex (3) 

Fig. S8: Relative photoluminescence intensity curves versus %O2 of the Mn-KF-cryst (a) and Mn-TBAF-
cryst (b) and of the Mn-KF-part (c) and Mn-TBAF-part (d) at different O2%.

Fig. S9: Relative times of decay of the Mn-KF-cryst complex (a), Mn-KF-part (b) and Mn-TBAF-cryst (c), 
Mn-TBAF-part (d) at different O2% in a temporal zones tlong between 0.6 and 2.6 ms.

Fig. S10: Relative t0/t curves versus [O2]-1 of the Mn-KF-part (a) and Mn-TBAF-part (b) at different 
O2%.

Fig. S11: Optical microscopy images (1st row) of Mn-TBAF-part and Mn-KF-part in PIBMA and PS 
matrixes. SEM images of Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes.(2nd row: global 
views; 3rd row: detailed views; 4th row: thickness views after scraping with a razor.)
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Fig. S12: Relative I0/ curves versus %O2 of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS 
matrixes at different O2%

Fig. S13: Integration of a square of 5x 5 pixels from the movie of the sample Mn-TBAF-part in PIBMA 
with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by air.
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Fig. 1: View of the ligand ThiaSO2, of the Mn-KF complex (1) and the Mn-TBAF complex (2) (F green, 
Mn purple, S yellow, O red, K blue, nitrogen blue, carbon grey).

Ligand ThiaSO2

TBA+

K+ or TBA+

(1)

(2)
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Fig. 2: X-ray diffraction patterns of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) (compared to the 
calculated pattern from monocrystal determination) and (c) the Mn-KF-part and MnTBAF-part. X-ray 
diffraction patterns the Mn-KF-DMF-cryst (3) dried at different steps (5 minutes, 20 minutes and 12 
hours) and Mn-KF-part (d). 
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Fig. 3: SEM images of the MnThiaSO2 KF and TBAF complexes and of the MnThiaSO2 KF and TBAF 
particles.
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Fig. 4: Emission spectra of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of the Mn-KF-part (c) and 
Mn-TBAF-part (d) at different O2%. I0/I curves versus [O2]-1 of the Mn-KF-cryst (a), Mn-TBAF-cryst (b) 
and of the Mn-KF-part (c), Mn-TBAF-part (d) at different O2%.

b

c

Ksv = 0.51 kPa-1

Ksv = 2.4 kPa-1

Mn-KF-crysta

Mn-KF-part

Mn-TBAF-partd

Mn-TBAF-cryst

Page 24 of 29Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
2:

09
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC04437E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04437e


25

Fig. 5: Lifetime measurements of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of the Mn-KF-part (c) 
and Mn-TBAF-part (d) at different O2%. Relative times of decay of the Mn-KF-cryst complex (a), Mn-
KF-part (b) and Mn-TBAF-cryst (c), Mn-TBAF-part (d) at different O2% in two temporal zones (tshort < 

150 µs, tlong between 0.6 and 2.6 ms).
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tshort
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Fig. 6: Emission spectra of the Mn-TBAF-part and Mn-KFpart in PIBMA and PS matrixes at different 
O2%. I0/ curves versus [O2]-1, of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at 
different O2%.

Mn-TBAF-part -PS
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%O2=0
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Fig. 7: Decay of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at different O2%. 
Relative times of decay of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at different 

O2% in the temporal zone (tshort < 150 µs). Relative times of decay t0/t of the Mn-TBAF-part and Mn-
KF-part in PIBMA and PS matrixes at different O2% in the temporal zone (tshort < 150 µs).
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Fig. 8: Response time and intensity change for the Mn-TBAF-part and Mn-KF-part in PIBMA and PS 
matrixes on switching between nitrogen and air flux.
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Data Availability
The data supporting this article have been included as part of the supplementary information (SI). 
Supplementary information is available. See DOI:
Supporting information: X-ray data of the Mn-KF-cryst (1), Mn-TBAF-cryst (2) and Mn-KF-DMF-cryst 
(3) after recrystallization of (1) in DMF. Specific surface area (S), porous volume Vp, mesoporous 
volume Vmeso, microporous volume Vmicro (from t plot) and porous radius rp from NLDFT, of the Mn- 
KF-cryst, Mn-KF-part, Mn-TBAF-cryst and Mn-TBAF-part. Ksv, from the Lehrer models calculated from 
intensity curves and from the short time component of the decay curves. I0/Iair and t0, and t0/tair from 
the decay curves (short times). Lifetime, Ksv, Stern-Volmer constant, kq, quenching constant, t0/tair and 
I0/Iair and response time of some reference oxygen sensors. Movie of the sample Mn-TBAF-part in 
PIBMA with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by air; Movie the 
sample Mn-TBAF-part in PIBMA under air while a 2 L/min flow of N2 getting out of a 4 mm diameter 
tubing is brought close to the sample and moved around. TEM images of Mn-KF-part; EDS analysis of 
the Mn-KF-cryst (a), Mn-TBAF-cryst (b), Mn-KF-part (c) and Mn-TBAF-part (d). Mass spectrometry of 
Mn-KF-part. FTIR spectra of the Mn-KF-cryst, Mn-KF-part (a) and Mn-TBAF-cryst, Mn-TBAF-part (b). 
Nitrogen Adsorption Isotherms (a), BJH pore size distribution (b) and NLDFT pore size distribution (c) 
of the Mn-KF-cryst and Mn-KF-part. Views of the packing of the Mn-KF complex (1) and (b) the Mn-
KF-DMF complex (3) (F green, Mn purple, S yellow, O red, K blue, nitrogen blue, carbon grey). 
Mercury contact surface visualization using probes of 1.2 Å in the Mn-KF-DMF complex (3). Relative 
photoluminescence intensity curves versus %O2 of the Mn-KF-cryst (a) and Mn-TBAF-cryst (b) and of 
the Mn-KF-part (c) and Mn-TBAF-part (d) at different O2%. Relative times of decay of the Mn-KF-cryst 
complex (a), Mn-KF-part (b) and Mn-TBAF-cryst (c), Mn-TBAF-part (d) at different O2% in a temporal 
zones tlong between 0.6 and 2.6 ms. Relative t0/t curves versus [O2]-1 of the Mn-KF-part (a) and Mn-
TBAF-part (b) at different O2%. Optical microscopy images (1st row) of Mn-TBAF-part, Mn-KF-part in 
PIBMA and PS matrixes. SEM images of Mn-TBAF-part, Mn-KF-part in PIBMA and PS matrixes.(2nd 
row: global views; 3rd row: detailed views; 4th row: thickness views after scraping with a razor). 
Relative I0/I curves versus %O2 of the Mn-TBAF-part and Mn-KF-part in PIBMA and PS matrixes at 
different O2%. Integration of a square of 5x 5 pixels from the movie of the sample Mn-TBAF-part in 
PIBMA with a flow of nitrogen, at the beginning of the movie nitrogen is replaced by air 
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