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Magnifying the turn-on luminescence and
electrical conductivity via the coupling effect of
oxidation, metal ion adhesion and pressure within
Mn"-MOFs+

Ting-chang Shi, 2 Zhi-hui Li,1 Zhiyue Dong,? Ming-Hua Zeng (2 **° and
Hai-Bing Xu (=) *?

A metal-organic framework (MOF), Mng—BTDB—MOF (Mn1, BTDB = 4,4'-(1,2,5-benzothiadiazole-4,7-diyl)
bis-benzoic acid), exhibits enhancement of turn-on luminescence through the restriction of intra-
molecular vibration (RIV) mechanism, retaining its crystallinity and porosity. As expected, a 1.8-, 3.6-,
455-, and 164.4-fold emission enhancement respect to that of Mnl by suffering from respective
pressure, oxidation, the introduction of ng+, and the above three strategies totally, are observed, indicat-
ing their coupling effects on luminescence sensor. The results of density functional theory calculations
reveal that the introduced metal ions trigger the RIV of BTDB by reducing the changes of the dihedral
angle between the ground and excited states, suppressing nonradiative energy exhaustion, and thus mag-
nifying turn-on luminescence. Furthermore, through stepwise fine-tuning the intricate physical and elec-
tronic structure associated with oxidation and the introduction of Zn?* under 20 MPa, the electrical resis-
tivity is dramatically improved from <107 S cm to 4.4 x 1078 S cm. It is the first time to systematically
magnify the luminescence, along with electrical resistivity, by employing the coupling effects of multiple

rsc.li/frontiers-inorganic

Introduction

Stimulus responsive materials (SRMs) respond to environ-
mental changes through chemical and/or structural transform-
ations, triggered by interactions at solid-gas or solid-liquid
interfaces." SRMs span from organic polymers to porous in-
organic solids, such as metal-organic frameworks (MOFs).>”
On the one hand, MOFs can undergo post-synthetic modifi-
cation (PSM) without compromising the overall framework
integrity. On the other hand, the inorganic and the organic
moieties, even some guest molecules, within the MOFs, can
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external stimuli on MOFs, thereby highlighting their adaptabilities as sensors and electronics.

provide platforms to emit or induce luminescence.””® The reco-
gnition/binding events with guest substrates confined by
tunable pore sizes and functional pore surfaces, which can be
transduced into external optical signals, render MOFs as a new
type of luminescent sensing material for the rapid detection of
hazardous chemicals at trace concentrations.®” To date, most
of the sensing procedures are based on fluorescence quench-
ing, and strategies for the recognition of analytes through
turn-on sensing behavior, especially using the coupling effect
of more than two stimuli, are scarce.

The luminescence performance of MOFs can be affected by
many environmental factors,® including physical (pressure)’
and chemical stimuli (ions,'*™"* solvents,*™** pH,'® gases,'”"'®
and more'®?%). However, unlike other luminescent materials,
the intrinsic porosity, large surface area, and strong adsorption
affinity of MOFs can effectively enrich guest species. Guest ana-
Iytes can interact with the host framework through weak van
der Waals interactions,” hydrogen bonding,*® and coordi-
nation bonds, thus effectively altering the luminescent inten-
sity and/or color of the host by changing its excited-state
energy, non-radiation pathway and efficiency.>®

Herein, we designed a porous Mn}-BTDB-MOF (Mnl,
btdb = 4,4'-(1,2,5-benzothiadiazole-4,7-diyl)bis-benzoic acid) as
an SRM based on the restriction of intramolecular vibration

This journal is © the Partner Organisations 2024
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Scheme 1 Strategies for designing metal-BTDB-MOFs with a turn-on
sensing behaviour based on the coupling effect of oxidants, metal ions,
and pressure.

(RIV) mechanism using the following strategies (Scheme 1): (1)
linkers, such as BTDB-containing sulfur or nitrogen atoms as
soft bases, favor the anchoring of metal ions, increasing the
steric hindrance to suppress the vibration of BTDB;* (2)
immobilization of the vibrator of BTDB via grinding or press-
ing prevents nonradiative excited energy dissipation;*® (3)
through PSM such as oxidation without perturbing the parent
framework;* the interactions among metal ions (nodes) and
the electron pairs of the adjacent N of BTDB within oxidized
MOFs (Mnl') are stronger than those of the original one,
thereby magnifying the turn-on luminescence by RIV.>’ As
expected, the emission enhancement of Mn1 suffers from
respective stimuli, such as pressure, oxidation, and addition of
metal ions, and is much lower than that under multiple stimu-
lus through the RIV mechanism. Density functional theory
(DFT) calculations reveal that the introduced metal ions not
only decrease the changes in the dihedral angles between the
ground and excited states of BTDB, dramatically magnifying
the luminescence intensity, but also reduce the band gaps
of emissive transitions, red-shifting the emissive bands.
Moreover, associated with oxidation, followed by the introduc-
tion of Zn>* under 20 MPa, the electrical resistivity is dramati-
cally improved from <107"7 S ¢m to 4.4 x 10% S em. It firstly
employs three strategies, synergistically magnifying turn-on
luminescence and electrical conductivity, affording great pro-
spects of MOFs as sensors and electronics for environmental
applications.

Results and discussion

As shown in Table S1,f although several works based on using
BTDB as the linker to construct M-BTDB-MOFs (M = Mn, Pd,
Zr) have been reported, due to different components (auxiliary
bridging ligand) inducing various coordination modes of
metal ions and bridging modes of the linker, the versatile
topological structure and porosity of the M-BTDB-MOFs could
be provided. For instance, three-dimensional Mn}-BTDB,-MOF
together with two-dimensional Pb™-BTDB-MOF were previously
employed as luminescent sensors for the detection of both
highly toxic metal ions, even oxidizing anions with ppb detec-
tion limits in solution through luminescence quenching.®!
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Also, a luminescent Zr{-BTDB,-MOF exhibits an unpre-
cedented detection limit in aqueous solutions for organic
amines with ultralow detection limits, which was driven by
hydrogen bonding interactions between the linker and the
hosted amines. The selective recognition of different amines
depends on their protonation in aqueous, inducing lumine-
scence quenching for aromatic amines, enhancement for ali-
phatic amine, and negligible changes for pyridine.>* On the
other hand, the in-depth exploration of turn-on sensing behav-
ior through coupling effects within MOFs and its potential on
electrical conductivity remain unexplored.

Crystal structure and characterization

The synthetic procedure (Fig. S1f), crystallographic data
(Table S2%), selective bond lengths (Table S31) and angles
(Table S4t), together with the crystal structure of Mn1 (CCDC
23098967), were analyzed in details. In the structure (Fig. 1a),
the Mn** ion adopts a vacant octahedron coordination with
five carboxylate oxygen from five btdb, bridged by carboxylate
groups through p*n'n'n' modes, formation of an 1D Mn"
chain along the b direction, in which the intra Mn---Mn dis-
tances are within 3.79-5.23 A, and the intra-chain Mn—,-O-
Mn angle is 120.92°. The 1D Mn" chains are linked one to
another via ligands and construct a 3D framework with
various pores, leading to the formation of a wave-like shape
along the g-axis with the smallest and largest apertures of 3.4
and 4.1 A, respectively (Fig. S21). The void volume that is gen-
erated after the removal of the coordinating DMF molecules is
25.6% of the total volume, as estimated by PLATON, accommo-
dating lattice guest molecules (Fig. S47).

After oxidation, the vibrating satellite peak of Mn 2p in the
XPS spectrum disappears (Fig. 2b, left), and the binding
energy fitted by the Mn 3s orbital shifts to 6.20 eV from 5.40
eV (Fig. 2b, right),”® confirming that the valence of Mn" in
Mn1 transfers into Mn™ in Mn1’, broadening and strengthen-
ing the vibration in the range of 1300-1604 cm™", which is
attributed to the enhanced strength and symmetry of the
coordination bonds between the carboxylate groups and Mn**
(Fig. S37). Similar PXRD patterns of Mn1 before and after oxi-
dation, matching the simulated one of single crystal, confirm
the chemical stability (Fig. 1c). Combining the results of TG,
the desolvated frameworks were generated by heating Mn1 at
170 °C for 4.5 h and Mn1’ at 250 °C for 10 h (Fig. S41); N,
absorption isotherm under 77 K was used to characterize the
porosity of their networks (Fig. S5t), which shows a reversible
type II isotherm, indicating the permanent micro-porosity.
Gradually increasing the pressure, a little hysteresis between
absorption/desorption curves suggests a small amount of
meso-porosity in the desolvated material.** The saturated
uptake is 96.27 and 63.83 cm® g™, and the BET surface area is
estimated as 184.66 and 13.07 m®> g~' for Mn1 and Mn1/,
respectively. Through the equation Vijq = Py X V,qs X Vin/RT, the
total pore volume is calculated as 1.49 x 10~ and 9.87 x 107>
cc g7', and the pore diameter is less than 1.79 and 1.62 nm
at 0.99 atm for Mn1 and Mnl’, respectively. Additionally,
the molecular formula of Mn1' is deduced as Mn]'-

Inorg. Chem. Front., 2024, 1, 3418-3425 | 3419
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Fig. 1 The asymmetric unit of Mnl with the atomic numbering scheme (thermal ellipsoids at 50% probability) (a), and the perspective views of the
3D framework of Mn1 (b). The corresponding high-resolution XPS spectra of Mn 2p and Mn 3s signal deconvolution and PXRD patterns before and

after oxidation (c).
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Fig. 2 Rapid detection of PAA (a) and Hg(ClO,), (b) by Mn1 under UV irradiation with naked-eye limitation.

BTDB-0.3H,0:0.4DMSO-I” based on the TGA (Fig. S4t) and
titration measurement (Fig. S6t).

Optical property

Solid state BTDB and Mn1 exhibit similar absorption bands at
ca. 257 nm, 307 nm, and 385 nm, assigned as the n-n* tran-
sitions. Upon irradiation within the corresponding absorption

3420 | Inorg. Chem. Front, 2024, 1, 3418-3425

bands from 278 to 363 nm, Mn1 exhibits a green luminescence
centered at ca. 523 nm, attributed to the n*-r transitions of
the ligand (Fig. S71).

Metal ion sensor. Due to the potential coordination bonding
of the free S or N atoms in BTDB, facilitating the sensor per-
formance of metal ions, a series of parallel experiments were
set up by immersing Mn1 crystals into DMF solutions of

This journal is © the Partner Organisations 2024
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different metal salts (Ag", Zn>*, Hg>") with the same molar con-
centrations during the same period, and luminescent tests
were conducted on dried solid samples under 1., = 336 nm,
inducing an obvious turn-on luminescence by RIV (Fig. S8T).
On the one hand, the typical peaks of PXRD consistent with
the simulated one (Fig. S9f) confirm a stable framework
during metal ion sensing. On the other hand, since the pore
diameters of Mn1 are much larger than the chosen metal ions,
all the introduced metal ions could enter into the pore
channel. Neglecting the subtle effect of anions on the lumine-
scence intensity (Fig. S8dt), a more intensive enhancement of
luminescent intensity with respect to that of original Mn1 was
observed in perchlorate than that of nitrate (Fig. S8t) since
one metal ion would link more than one N/S in different
BTDB. Moreover, besides the 19- and 14-times emission
enhancement by the introduction of AgClO,/AgNO; into Mn1,
the luminescent spectra red shift from 523 nm to 605 nm
(Fig. S8aft).

Oxidation sensor. According to a previous work, H,O, was
firstly considered as a candidate for Mnl oxidation, but
different PXRD before and after oxidation indicate the destruc-
tion of the original framework integrity (Fig. S10t). Then, the
weaker oxidant I, was selected to generate Mn’, confirmed by
the valence of Mn" to Mn™ by XPS (Fig. 1b), with the original
framework integrity by similar PXRD (Fig. 1c). The optimal
approach came to Mn1 soaked in a solution of I, in DMSO/
H,O (v/v = 1:1) (Fig. $111),® where DMSO promotes the dis-
solution of I,, and the presence of water induces the reaction
I, + H,O = HI + HIO. It is the HIO actually as the oxidant that
converts Mn" into Mn™, confirmed by the increase in the
acidity (Fig. S12t), which magnifies the luminescence intensity
to 3.6-times compared with that of Mn1 (Fig. S131) due to the
stronger interactions between Mn™ than Mn" and electron
pairs of nitrogen atoms in BTDB, triggering stronger emission
intensity under UV irradiation by the RIV mechanism.

Pressure sensor. The powders of Mnl trigger turn-on
luminescence by RIV under different degrees of pressure, and
three things could be found: (i) increasing the pressure on
powders up to 40 MPa, 1.8-times luminescence enhancement
with respect to that of the original Mn1 could be achieved
(Fig. S14aft); (ii) keeping the pressure at 40 MPa for 5 seconds
or lasting or 2 h, the luminescence intensity remains almost
unchanged (Fig. S14bft); (iii) the luminescence intensity of
Mn1' under 40 MPa significantly magnifies to 21.2 times com-
pared with that of Mn1 (Fig. S14ct), inducing a bright blue
emission under UV irradiation (Fig. S15%).

Two kinds of coupling sensor. According to the above dis-
cussion, only 1.8-times luminescence magnification under 40
MPa pressure and a 3.6-fold intensity enhancement relative to
that of Mn1 after oxidation was observed for Mn1, whereas the
luminescence intensity significantly climbed to 21.2-times
compared with those of original Mn1 under oxidation and 40
MPa pressure. Similarly, 65.7-times luminescence enhance-
ment was obtained by the introduction of Zn(ClO,), into Mn1;
further, under 40 MPa pressure, 73.3-folds luminescence mag-
nification was observed (Fig. S16af). Replacing Mn1 with

This journal is © the Partner Organisations 2024
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Table 1 Relative emission intensity and wavelength of Mnl under oxi-

dation, metal ions, pressure (40 MPa) and their coupling sensing at ey =
336 nm at room temperature

RI/ RI/ RI/
Factor (dem/nm) DF (Aem/mm)  TF (Aem/nm)
Blank  1/523 — — — —
p 1.83/523 O+P 21.2/520 — —
o 3.64/524 O+Ag"  22.2/606 O+Ag' +P  26.6/606
— — O+Hg* 146.1/544 O+Hg" +P 164.4/544
— — 0+7Zn** 92.6/531 O+Zn*" +P 103.7/531
Ag' 18.7/605 Ag'+O  23.9/612 Ag'+O+P  26.7/613
Hg?*  47.2/544 Hg>'+0 152.5/544 Hg?'+0+P 158.9/544
Zn** 65.7/531 Zn**+0O 94.1/531 Zn>*+O0+P  104.6/532
Fe?* 8.4/521  Fe’*+0 32.9/515 Fe’'+0+P  59.4/514

RI = relative intensity; DF = double factors; TF = triple factors; O =
oxidation by I, in DMSO/H,O0, P = pressure at 40 MPa, — = none.

Mnl’, 92.6-times enhancement of luminescence under Zn**
adhesion and 103.7-folds further under 40 MPa pressure
appeared (Fig. S16bt). All these facts suggest a coupling effect
on the luminescent sensor. Using AgClO, and Hg(ClO,),
instead of Zn(ClO,), in the above experiments, the resultant
coupling effect on turn-on luminescence is presented
(Fig. S177). Interestingly, as shown in Table 1, there were some
differences dependent on the order. For instance, first oxi-
dation Mn1 into Mn1’, then metal ion adhesion (MnOM, M =
Ag®, Zn**, Hg?"), or introduction of metal ion into Mn1, fol-
lowed by further oxidation (MnMO), were studied, and it was
found that the coupling effect on turn-on luminescence
between MnOM and MnMO was different, where the latter was
slightly more obvious than the former.

Three kinds of coupling sensors. As shown in Table 1,
luminescence enhancement occurred from Mn1 to MnP, MnO
and last MnOP of about 1 to 1.8-, 3.6- and finally to 21.2-times;
if altering the order from MnZn to MnZnP, MnOZn, and
MnOZnP, 65.7- to 73.3-, 92.6-, and total 103.7-times lumine-
scence magnification was achieved. Anyway, three kinds of
coupling sensors were presented in the above operations, and
the total luminescent enhancement slightly depended on the
order of the triggers (Fig. S18at). Interestingly, even the intro-
duction of the famous luminescent quencher of Fe*' into
Mn1,%® and further cooperation of oxidation and pressure led
to at least 60-times luminescence enhancement (Fig. S18b¥),
confirming RIV as the dominant mechanism for luminescence
enhancement within Mn1. For the coupling of oxidation and
metal ions adhesion, we deduced that some of the free S in
BTDB interacts with the metal ions; such a conclusion was
also confirmed by the Raman spectroscopic study in a previous
work.*”

Rapid detection of hazardous chemicals with naked eyes

Fluorescence detection technology with high sensitivity and
simple operation has been widely developed.’®** Among
common toxic heavy metal ions, Hg>" easily causes various dis-
eases, even death.’® The peroxidation value is usually used as
a determination of the quality and deterioration of foods made

Inorg. Chem. Front,, 2024, 11, 3418-3425 | 3421
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of fat, such as swill-cooked dirty oil; the higher the peroxi-
dation value, the more the rancidity.** Thus, developing a
rapid and accurate fluorescence detection approach with
naked eyes is significant and important.

As shown in Table 1, luminescence enhancement from Mn
to MnO, MnOHg and the last MnOHgP is 1- to 3.6-, 146.1-, and
finally to 164.4-times; if altering the order from Mn1 to MnHg,
MnHgO, and MnHgOP, 1- to 45.5-, 152.5-, and total 158.9-
times luminescence magnification were also observed
(Fig. S19at). All these facts suggest that using Mn1 as a sensor
for Hg®" possesses superior sensitivity. Herein, to realize the
quick detection of peroxyacetic acid (PAA) and Hg(ClO,),, we
carry out the sensing operation by the addition of a drop of
hazardous chemicals of DMF solutions into the 10 mg
powders. Then, the powders were laid and further dried
through filter paper. Under 365 nm UV lamp irradiation, 10~
M for PAA and 10> M for Hg*" could be easily detected by a
bright blue emission with naked eyes (Fig. 2). Also, the consist-
ent PXRD patterns before and after detection (Fig. S9 and 207t)
confirmed a stable framework during the sensing procedure.
Although such turn-on luminescence for PAA and Hg(ClO,),
detection was rapid and sensitivity, the selectivity was still to
be solved. Since the introduced metal ions could enter into the
channels of Mn1 and they have strong interactions with the
electron pairs of adjacent N of BTDB, the cyclic performance
of materials under various conditions is inferior (Fig. S217).
Anyway, the rapid detection with ultralow detection limits of
Mn1l with naked eyes is promising for probing the local
environment, such as pressure as well as toxic and oxidizing
species, which has important environmental and humanitar-
ian implications.

Density functional theory calculations

To further explore the RIV mechanism and the abnormal
luminescence enhancement of the quencher Fe*" ions as well
as the red-shift phenomenon after introducing Ag" ions, we
adopted a methodology inspired by previous literature,
wherein density functional theory (DFT) calculations were per-
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formed on H,BTDB (H,L) and H,L@Ag" /H,L@Zn**/H,L@Fe*",
respectively (Fig. S22 and Tables S5-121).>> The results show
that before introducing Zn**, the dihedral angle between the
benzene ring and the thiadiazole group is 38.20° in the
ground state and 18.04° in the excited state of H,L, with a
change of 20.16° between the ground and excited states. After
introducing Zn**, the dihedral angle of the ground states
decreases to 23.84° and one of the excited states is 21.57°, with
a significant reduction of 2.27° (Tables S9 and 10%). This
demonstrates that the introduction of Zn** significantly sup-
presses the dihedral vibration of H,L, thus supporting the
rationality of the RIV mechanism. As for H,L@Fe, the dihedral
angle between the benzene ring and the thiadiazole group is
29.43° in the ground state and 30.17° in the excited state, indu-
cing a change in the dihedral angle that is 0.74° (Tables S11
and 127) smaller than that in H,L@Zn (2.27°) (Fig. 3a). On the
other hand, the low-lying excited states with similar energy
gaps of Fe* facilitate internal conversion and vibrational relax-
ation, thus quenching the Iluminescence. Thus, the
cooperation between efficiently preventing RIV and lumine-
scence quenching makes the luminescence enhancement of
Fe**@Mn1 (8.4 times) lower than that of Zn>*@Mn1 (65.7
times, Table 1).

Furthermore, the DFT calculations on the frontier mole-
cular orbitals (MOs) of H,L (Tables S5 and 61) and H,L@Ag"
(Tables S7 and 81) show that the HOMO and LUMO energies
are —5.99 eV and —3.34 eV before the addition of Ag', giving a
band gap of —2.66 eV between the MOs. After the introduction
of Ag", the HOMO and LUMO energies become —12.44 eV and
—9.94 eV, reducing the band gap between MOs to —2.50 eV
(Fig. 3b), thus red-shifting the emission bands.

Electrical conductivity modulation

Unlike the previous concept of introducing unpaired electrons
into the redox hopping strategy, we emphasize the synergy
strategies of both oxidation and guest-promoted transport.**
Through stepwise fine-tuning the intricate physical and elec-
tronic structure,*>** a pronounced enhancement of the elec-

(b)
I Hovo [ Luvo [ HOMO-LUMO
12+ -12.444590
— -9.940870
>
2 g
>
0
[} -5.993306
c
W -3.336115
2657191 -2.503720

r T T 1

H,L Ag'@H,L

Fig. 3 The angle change (4) between the ground state and excited state benzene-thiazole in H,L (a); the lowest level energy value of the HOMO

and LUMO of H,L and Ag*@H,L (b).
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Fig. 4 A-axis-aligned 2D structure of Mn1 (a), and conductivity of Mn1 under Zn?* adhesion/oxidation spectra (b).

tric conductivity of Mn1 upon oxidation and subsequent intro-
duction of metal ions was observed. On the one hand, the
d-electron configuration of Mn>" in Mn1 is fully occupied,
without unpaired electrons. After oxidation, the Mn®" in Mn1’
creates an unpaired electron, which participates in electron
conduction along with the c-axis of the lattice, thus magnifying
the electrical conductivity (Fig. 4a). On the other hand, accord-
ing to the hard-soft acid-base theory, Zn>* being a relatively
soft metal ion easily experiences n-d conjugated bonds with
the softer S or N atoms in BTDB, further optimizing the electri-
cal conductivity.

As shown in Fig. 4b and Tables S13-15,7 the value of resis-
tance of Mn1 exceeds the maximum range of our high-impe-
dance meter with a maximum detection limit of 10" Q cm.
Excluding the effect of adsorbed I, for electrical conductivity
(Fig. S237), after the oxidation of Mn1 into Mn1’' under a
pressure of 20 MPa, the electrical conductivity reaches 2.68 x
10™° S em™". On the further introduction of Zn>" into Mn1’
then under 20 MPa, it climbs up to 4.4 x 107® S em™
(Fig. S24-261). The above findings highlight the remarkably
tunable effect of Mn-MOF on the conductivity under different
chemical environments, bolstering their potential applications
in sensing circuits and other electronic domains.*’

Conclusions

We designed a porous MnJ-BTDB-MOFs (Mn1) as SRMs based
on the RIV mechanism with its original crystallinity and poro-
sity to realize turn-on luminescence through the coupling
effect among oxidation, metal ions adhesion and pressure.
Since magnifying the luminescence by the coupled stimulus is
much higher than that by the respective one, the rapid detec-
tion of Hg>" by naked eyes with ultralow detection limits is
operative and practicable. Benefiting from the smallest
changes in the dihedral angle, which effectively prevents non-
radiative energy exhaustion by RIV, an obvious enhancement
of turn-on luminescence still could be observed by the intro-
duction of the luminescence quencher of Fe**. Also, the intro-
duced metal ions lower the band gaps of emissive transitions,

This journal is © the Partner Organisations 2024

red-shifting the emission band by the introduction of Ag'.
Beside magnifying the turn-on luminescence, we also dramati-
cally improved the electrical conductivity of Mn1 by the above
coupled stimulus, highlighting the adaptability of MOFs in
diverse external stimulus, which is beneficial for applications
of sensors and electronics.
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