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The chemical sensing of metal ions is important in environmental monitoring and biomedical diagnostics.
Iridium(i) metalloligand-based coordination polymers (CPs) containing Cd(i): [Cd{Ir(ppy)(dcbpy)},] (1),
[Cd{Ir(ppy)(dcbpy)}>(H20),]-8H,0 (1-H,0), [Cdx{Ir(dfppy).(dcbpy)}sl-DMF (2) and [Cd{Ir
(bt)o(dcbpy)}ol-DMF (3) have been synthesised and their chemical sensing properties towards metal ions
determined. Framework 1 shows selectivity for Fe** over other common metal cations with a detection

Received 4th April 2025,
Accepted 24th June 2025

DOI: 10.1039/d5dt00813a

limit of 32 uM and quantitation limit of 96 pM. Upon soaking in water 1 transforms into 1-H,O, changing
the coordination geometry at Cd(i) and distorting the structure of the cation sensing site. Surprisingly, the
structural distortion of 1-H,O results in improved selectivity for Fe**, potentially due to the narrowing of
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Introduction

Chemical sensing is important for monitoring in the environ-
ment by detecting pollutants and ensuring the safety of living
organisms. Coordination Polymers (CPs) are crystalline
materials formed by the self-assembly of organic linkers and
inorganic metal ions or clusters. CPs are particularly suited as
chemical sensors due to their periodic networks and adjusta-
ble pore diameters, enabling the material to be tailored
towards specific organic and inorganic analytes with high
selectivity." Luminescence is a sensitive mode of detection that
can be introduced at either the organic or inorganic com-
ponent, although incorporating intrinsically luminescent
ligands provides greater versatility in CP design.”?
Luminescent ligands typically consist of organic aromatic com-
ponents whose photophysical properties are translated into
the resulting CP.*

An alternative is the use of organometallic transition metal
complexes that may be substituted for purely organic linkers if

“School of Chemistry, The University of Melbourne, Parkville, Victoria, 3010,
Australia. E-mail: carol. hua@unimelb.edu.au

bSchool of Life and Environmental Sciences, Deakin University, Waurn Ponds,
Victoria 3216, Australia. E-mail: t.connell@deakin.edu.au

tElectronic supplementary information (ESI) available: Crystallographic and
structural details, powder XRD, thermogravimetric analysis and ATR-FTIR
spectra. CCDC 2419286 (1), 2419283 (2), 2419285 (3) and 2419284 (1-H,0). For
ESI and crystallographic data in CIF or other electronic format see DOI: https:/
doi.org/10.1039/d5dt00813a

1656 | Dalton Trans., 2025, 54, 11656-11666

pores inside the CP precluding the diffusion of large metal ions to the sensing site.

suitable functional groups are incorporated for further metal
coordination. Cyclometalated iridium(m) complexes have
received increasing attention as so called metalloligands;’
octahedral coordination geometry and modular synthetic
routes combine to provide access to bidentate (linear or bent),
tridentate (both two and three dimensional orientations) and
higher denticity (tetra-, penta- and hexadentate) linkers.®®
Cyclometalated Ir(m) complexes also boast attractive photo-
physical properties compared to related d°® transition metal
luminophores (such as polypyridyl ruthenium(u) complexes),
including efficient light harvesting, tuneable emission wave-
length, high phosphorescent quantum yields and long excited
state lifetimes.® CPs synthesized with Ir(m) metalloligands as
selective luminescent chemical sensors have received relatively
limited attention.'®™> One example used a heteroleptic metal-
loligand to yield highly luminescent [Zn{Ir
(ppy)2(dcbpy)},]-3DMF-5H,0 (where Hppy = 2-phenylpyridine,
H,dcbpy = 2,2-bipyridine-4,4’-dicarboxylic acid, and DMF =
N,N'-dimethylformamide), which effectively detected nitroaro-
matic explosives at ppm levels.® Homoleptic metalloligands
were  alternatively used to  produce  [Cda{Ir(ppy-
CO,)3}2(DMF),(H,0),]-6H,0-2DMF (where Hppy-CO,H = 4-
(pyridin-2-yl)benzoic acid), explored as a multi-responsive
luminescent sensor for Fe**, Cr,0,”", and ATP*~ in aqueous
media."®

Herein, we disclose a family of cadmium(u) CPs containing
heteroleptic Ir(m) metalloligands with 2-phenylpyridine
(Hppy), 2-(2,4-difluorophenyl)-pyridine (Hdfppy) and 2-phenyl-
benzothiazole (Hbt) cyclometallating ligands. The d'° elec-
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tronic configuration of Cd(u) results in varied coordination
geometries, although its larger size relative to zinc(u) prefers
6-coordinate, and we were interested in exploring the combi-
nation of Ir(m) metallolinkers with Cd(u). The cyclometalating
ligand of the Ir(m) complex dictates the luminescent properties
of the resulting supramolecular materials. All frameworks con-
tained a crown-ether like macrocyclic cavity within the struc-
ture that appears capable of sensing metal ions.
Luminescence quenching of the frameworks with metal ions
was assessed and found to be selective for sensing Fe** both in
DMF and aqueous media. The differences in selectivity could
be attributed to changes in cavity properties.

Experimental section
General considerations

All chemicals and solvents were used as obtained without
further purification. The iridium(m) metalloligands [Ir
(ppy)2(Hdcbpy)] and [Ir(bt),(Hdcbpy)] were synthesised accord-
ing to a previous procedure.'” NMR spectra were acquired on a
Bruker Avance 400 spectrometer; '"H NMR spectra were
acquired at 400 MHz. All spectra were recorded at 298 K, and
chemical shifts were referenced to residual solvent peaks and
quoted in parts per million relative to tetramethylsilane.
Fourier Transform Infrared spectra were measured on a Bruker
Alpha spectrometer between 4000-400 cm™' with 4 cm™
resolution for 32 scans. Thermalgravimetric analysis was con-
ducted on a PerkinElmer TGA instrument using ceramic cruci-
bles as sample holders under high-purity nitrogen at a flow
rate of 20 L min~". The samples were heated up to 450 °C with
a temperature increment of 10 °C min~". Microanalysis was
carried out at the Chemical Analysis Facility - Elemental
Analysis Service in the Department of Chemistry and
Biomolecular Science at Macquarie University, Australia.

Single crystal X-ray diffraction data was collected on the
MX2 beamline at the Australian Synchrotron.'®'® Single crys-
tals were transferred directly from the mother liquor into
immersion oil and placed under a stream of nitrogen at 100 K.
Exceptionally, crystal structure data of 1 was collected on a
Rigaku Oxford Diffraction Synergy-S diffractometer equipped
with CuKa radiation. Single crystals were mounted directly
from the crystallization medium into immersion oil and
measured at 270 K. Crystal structures were solved by direct
methods using the program SHELXT?® and refined using a full
matrix least-squares procedure based on F* (SHELXL),*" within
the Olex2 GUI program.?* The solvent mask in Olex2 was used
for structures with diffuse solvent electron density that were
unable to be modelled. Larger than expected residuals were
observed due to absorption effects from the heavy Ir(m) and
Cd(u) ions. In the structure of 1, a potential disorder around
the Cd(u) ion is indicated by its large U, values and elonga-
tion along neighbouring atoms. Additionally, since the crystal
data for 1 were collected at 270 K, the elongated anisotropic
displacement of the Cd(u) ions could also be attributed to
thermal motion.

This journal is © The Royal Society of Chemistry 2025
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[Ir(dfppy).(Hdcbpy)]. H,dcbpy (62 mg, 0.256 mmol) in
ethanol (30 mL) was added to a solution of [Ir(dfppy),Cl],
(148 mg, 0.122 mmol) in dichloromethane (50 mL). Excess
sodium acetate (~0.5 g) was then added. The suspension was
heated at 70 °C for 16 h in the dark under an inert atmosphere
(Ny). The mixture was cooled to ambient temperature and con-
centrated under reduced pressure, then redissolved in a
minimum of 4:1 water: ethanol and filtered through Celite.
Solution pH was adjusted to ~3 with 1 M HCI solution, cooled
to 4 °C and stirred for 2 h before the solid was collected by fil-
tration. This process was repeated to yield the product as an
yellow powder (58 mg, 29%). 'H NMR (400 MHz, d,-DMSO) §
9.30 (s, 1H, dcbpy-H), 8.29 (d, J = 8.4 Hz, 1H, pyridyl-H),
8.02-8.09 (m, 3H, dcbpy-H, pyridyl-H), 7.74 (d, J = 5.4 Hz, 1H,
pyridyl-H), 7.22 (t, J = 6.4 Hz, 1H, pyridyl-H), 6.99 (t, J = 10.3
Hz, 1H, phenyl-H), 5.59 (d, J = 6.5 Hz, 1H, phenyl-H) ppm. '*C
{'"H} NMR (100 MHz, d¢-DMSO) § 164.7, 163.0 (dd, J = 208.3
Hz, 14.1 Hz), 162.5 (d, J = 6.9 Hz), 160.4 (dd, J = 213.6 Hz, 13.6
Hz), 155.7, 153.9 (d, J = 6.7Hz), 151.4, 150.1, 141.8, 140.2,
128.5, 127.5, 124.9, 124.6, 123.5 (d, J = 19.0 Hz), 113.2 (d, J =
17.9 Hz), 99.3 (t, J = 26.8 Hz) ppm.

[Cd{Ir(ppy).(dcbpy)}.] (1). [Ir(ppy).(Hdcbpy)] (5.0 mg,
0.00672 mmol) and Cd(NO;),-4H,0 (1.2 mg, 0.0336 mmol) were
dissolved in a mixture of DMF (0.7 mL) and water (0.3 mL) then
heated at 100 °C for 24 hours resulting in the formation of an
orange crystalline solid. The solid was filtered and washed with
DMF before being air dried to obtain the product as a bright
orange crystalline solid (3.9 mg, 55%). Elemental analysis (%):
cale’d for [CgsHosCdIryNy30,0]-11.23H,0: C 43.48, H 5.12, N
7.94; found: C 43.48, H 5.07, N 7.92.

[Cd{Ir( ppy).(dcbpy)}.(H,0),]-8H,0 (1-H,0). [Cd{ir
(ppy)a(decbpy)}] (1) (3.5 mg, 0.00335 mmol) was soaked in
water (1.0 mL) over three days to yield yellow needles
(2.3 mg, 42%). Elemental analysis (%): calc’d for
[CesH4sCdIr,NgO;0]-4.4H,0: C 47.67, H 3.34, N 6.54; found: C
47.85,H 3.28, N 6.54.

[Cd,{Ir(dfppy).(dcbpy)}sDMF  (2).  [Ir(dfppy),(Hdcbpy)]
(5.5 mg, 0.00672 mmol) and Cd(NO;),4H,0 (1.2 mg,
0.0336 mmol) were dissolved in a mixture of DMF (0.7 mL)
and water (0.3 mL) and heated at 100 °C for 24 hours resulting
in the formation of a yellow solid. The solid was filtered and
washed with DMF before being air dried to obtain the product
as a crystalline yellow solid (6.6 mg, 55%). Elemental analysis
(%): calc’d for [Ci30H79Cd,Fq6lryN;,047]-7.8H,0: C 45.15, H
2.58, N 6.44; found: C 45.26, H 2.58, N 6.68.

[C{Ir(bt)-(dcbpy)},}DMF (3). [1x(bt)s(Hdcbpy)] (5.8 mg,
0.00672 mmol) and Cd(NO;),-4H,0 (1.2 mg, 0.0336 mmol)
were dissolved in a mixture of DMF (0.7 mL) and water
(0.3 mL) and heated at 100 °C for 24 hours resulting in the for-
mation of a yellow solid. The solid was filtered and washed
with DMF before being air dried to obtain the product as a
crystalline yellow solid (4.4 mg, 67%). Elemental analysis (%):
calc’d for [CgpHs5CdIr,N;6040S,4]-5.1H,0: C 47.80, H 3.34, N
6.88, S 6.22; found: C 47.80, H 3.30, N 6.88, S 6.07.
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Optical spectroscopy

All spectroscopic measurements were collected at ambient
temperature. The emission spectrum of [Ir(dfppy),(Hdcbpy)]
was collected as a dichloromethane solution (25 pM) on a Cary
Eclipse fluorescence spectrometer. Metalloligands and Cd(u)
CPs were mounted on quartz slides and solid state emission
spectra collected using a Cary Eclipse fluorescence spectro-
meter with the appropriate attachment. Solution and solid
state emission spectra were corrected for the variation in
instrument sensitivity over the wavelength range of the
measurements, using a correction factor established using a
quartz halogen tungsten lamp of standard spectral irradiance.

Suspensions of 1 (0.07 mM, DMF), 3 (0.035 mM, DMF) and
1-H,0 (0.012 mM, Milli-Q water) were prepared by dispersing
ground powder into solution. Absorption spectra were
recorded on a Cary 60 UV-visible spectrophotometer between
200-800 nm. Emission spectra of suspensions were recorded
on a Cary Eclipse fluorescence spectrometer but not corrected
for variations in instrument sensitivity. For luminescent metal
ion sensing experiments, stock solutions of 1 (0.043 mM,
DMF), 3 (0.043 mM, DMF) and 1-H,0 (0.031 mM, water) were
prepared by dispersing ground powder into solution. Stock
solutions of [Ir(ppy).(dcbpy)] (0.043 mM, DMF) and metal ions
were prepared in either DMF (0.010 M, M(NO3;),, where M =
Mg**, AI**, Mn*", Fe**, Co™*, Ni**, Cu®*, Zn*", Cd*", La**, Ce*",
Nd**, Ga*" and Pb*") or aqueous solution (0.01 M, M(NO3),,
where M = Mg”*, AI**, Mn*", Fe**, Co™*, Ni**, Cu®*, zn**, cd*",
La*", Ce®", Nd**, Fe**and Pb>"). An aliquot of [Ir(ppy).(dcbpy)]
or CP stock solution (1 mL) was added to a quartz cuvette fol-
lowed by addition of the metal ion solution in matching
solvent (2 pL). The metal ion sensing experiments were con-
ducted in DMF for 1 and 3 and in water for 1-H,O. The result-
ing solution was mixed thoroughly and then luminescence
measured. Sensitivity measurements used a stock solution of 1
(0.98 mM, DMF).

Time resolved emission measurements employed a custom
time-correlated single photon counting system. A cavity
dumped Ti:Sapphire laser oscillator with a repetition rate of
181 kHz generated 50 femtosecond duration pulses at 795 nm.
A second harmonic generation crystal converted the laser
pulses to 390 nm to excite each of the samples. Sample emis-
sion was collected and directed onto a single photon counting
detector (Becker and Hickl, HPM-100-07). A 550 nm long-pass
cut-off filter was employed to separate sample emission from
laser scatter. Emission was recorded at magic angle. Data was
collected at a count rate of 900 counts per second, well under
the pile-up error threshold for the measurement.

Results and discussion
Framework synthesis and structural characterization

Three heteroleptic Ir(m) metalloligands containing different
cyclometallating ligands (Hppy = 2-phenylpyridine, Hdfppy =
2-(2,4-difluorophenyl)-pyridine and Hbt = 2-phenylbenzothia-
zole) were incorporated into a series of Cd(u) coordination
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polymers (CPs, Fig. 1a). Each metalloligand was heated
with Cd(NOj;),-4H,0 under solvothermal conditions in a
mixture of N,N'-dimethylformamide (DMF) and water at 100 °C
for 24 hours to yield the corresponding Cd(u) CP;
[CA{Ir(ppy).(dcbpy)},] (1) was obtained as orange crystals
whilst  [Cd{Ir(dfppy).(dcbpy)}sJDMF  (2) and [Cd{Ir
(bt),(dcbpy)},]-DMF (3) were both obtained as yellow crystals.
The Ir(m) centre in the metalloligands displayed a distorted
octahedral geometry in all structures, regardless of the functio-
nalisation of the cyclometalating ligands with typical Ir-N and
Ir-C bond lengths (ESI, Table S21).>* The purity of the bulk
phase was confirmed using powder X-ray diffraction (PXRD)
for all compounds (ESI, Fig. S1-S47).

The Cd(u) centres in 1 and 2 are similar, exhibiting six
O-donors from four Ir(m) metalloligands in a distorted octa-
hedron (Fig. 1b). Typical Cd(u)-O bond lengths of 2.08(1)-2.69
(1) A are present (ESI, Table S31).2* Two of the Ir(ir) metalloli-
gands are bound to the Cd(u) centre through bidentate carbox-
ylate groups, whilst the other two Ir(m) metalloligands have
carboxylate groups binding in monodentate manner. The
other oxygen atom from the carboxylate is non-coordinating
and involved in a C-H:--O intermolecular bonding interaction
(dct1..0 = 3.14(2) A) with a phenyl ring hydrogen from the
cyclometalating ligand of an adjacent Ir(ur) metalloligand. The
fluorine atoms on the cyclometalating ligand in 2 enable the
formation of an additional C-F---O non-covalent interaction
(do-pi..r = 3.159(9) A) with a hydrogen on the functionalised
2,2"-bipyridine ancillary ligand of an adjacent Ir(ur) metalloli-
gand. In contrast to frameworks 1 and 2, [Cd{Ir
(bt),(dcbpy)},]-DMF (3) reveals an 8-coordinate Cd(u) centre
with O-donors from four carboxylate groups all bound in a
bidentate manner to yield a distorted square anti-prism
coordination geometry (Fig. 1b). Framework 3 contains Cd(u)-
O bond lengths of 2.252-2.781 A (ESI, Table S31). Each 1D
chain in 1-3 contains alternating enantiomer pairs of Ir(u)
metalloligands and are oriented perpendicular to its neigh-
bours (Fig. 1c, Fig. S57).

The packing of 1 and 2 features 1D chains in an AAA
fashion with the Ir(ur) metalloligands having z-stacking inter-
actions with adjacent chains (Fig. 2). When viewed along the a
axis, 1D chains appear cross-shaped, with each neighbouring
chain having the same orientation. Adjacent rows of stacked
1D chains slightly differ in 2 when compared to 1 with an
offset arrangement and closer packing of the chains. The
packing in framework 3 is intriguing as the 1D chains associ-
ate only along a 2D plane with the aromatic moieties from the
Ir(m) metalloligand on the periphery of the 2D sheets (Fig. 2).
The different packing in 3 is caused by several factors: the
additional steric bulk of the benzothiazole heterocycle, a chal-
cogen bonding interaction between the sulfur and an electron
deficient carbonyl group (ds..o = 3.036(2) A), as well as a
n-stacking interaction from the benzothiazole heterocycle and
a phenyl ring from an adjacent bt ligand (d,_ = 3.979 A). Each
of the Cd(u) CPs contains accessible voids calculated from the
crystal structure (1: 30.0%, 2043.63 A%; 2: 17.3%, 1147.09 A% 3:
23.1%, 1619.40 A’) which were correlated using thermo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Ir(m) metalloligands used for the synthesis of Cd(i) CPs, (b) coordination geometry of Cd(i) ions in synthesized CPs 1-3 and (c) the 1D
chains of frameworks 1 and 3. Atom colours are depicted as follows: cadmium = green, iridium = maroon, sulfur = orange, nitrogen = blue, carbon

= black, oxygen = red. Hydrogen atoms are omitted for clarity.

gravimetric analysis (ESI, Fig. S10-S131). An 11% mass loss is
observed below 200 °C corresponding to the liberation of H,O
and DMF solvent molecules (used during the synthesis of the
coordination polymers) from within the voids of 1 and 3. A
~5% mass loss is observed below 200 °C for 2, which reflects
the additional steric bulk afforded by the dFppy ligand. The
differences observed between the percentage of accessible
voids can be attributed to desolvation of the crystals as the
TGA measurements are conducted on dry powders. The lower

This journal is © The Royal Society of Chemistry 2025

accessible void space in 2 compared to 1 is due to the
additional steric bulk afforded by the fluorine atoms on the
cyclometallating ligand.

Previous studies on CPs containing Ir(m) metalloligands
with Cd(u) have included an isostructural series of frameworks;
[Cda{Ir( ppy-CO,)s}>(DMF),(H,0),]-6H,0-2DMF,  [Cda{Ir(ppy-
CO,)s}»(DMA),(H,0),]:0.5H,0-2DMA  (DMA =  dimethyl-
acetamide), [Cd3{Ir( ppy-CO,)s}2(DEF),(H,0),]-8H,0-2DEF
(where Hppy-CO,H = 4-( pyridin-2-yl)benzoic acid, DEF = N,N'-

Dalton Trans., 2025, 54, 11656-11666 | 11659
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Fig. 2 The packing of the 1D chains for 1, 2 (shown along the a axis) and 3 (along the c axis).

(a) o3 s
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(d)

Fig. 3 Crystal structure of 1-H,O showing (a) coordination environment around the Cd(i) centre, (b) 1D chain, (c) the structure packing and (d) the
water molecules within the void. Atom colours are depicted as follows: cadmium = green, iridium = maroon, nitrogen = blue, carbon = black,
oxygen = red, hydrogen = pink (only shown for water molecules, other hydrogens are omitted for clarity).
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diethylformamide)."® The homoleptic Ir(m) metalloligand
yielded 3D frameworks containing 1D channels along the b
axis, which were explored as luminescent sensors for Fe** and
Cr,0,°". The two crystallographically distinct Cd(n) centres
both contain an octahedral coordination environment. All
reported structures contained solvent molecules bound to the
axial position of Cd(u), in contrast with 1-3 that contain only
carboxylate groups in the Cd(u) coordination sphere. Another
study with Cd(u) CPs incorporated the heteroleptic [Ir
(dfppy).(Hdcbpy)] metalloligand also used in this study to
yield [Cd,(p,-Cl){Ir(dfppy),(dcbpy)}s-DMF-H,0] and [Cd,(p,-
Br),{Ir(dfppy),(dcbpy)}s-DMF-H,0]." Both  frameworks
contain a bridging Cd,X, (X = Cl, Br) motif linked by the Ir
(m) metalloligand to obtain a 2D network. An octahedral
coordination environment for Cd(u) is also observed, with
coordination to four O-donors and two bridging Cl atoms. A
zig-zag network is formed along the b axis, occurring due to
the orientation of coordinating carboxylate groups in the Ir
(mx) metalloligand.

View Article Online
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Soaking 1 in water over three days yielded a change in
crystal morphology and colour from orange block crystals to
yellow needles yielding a new structure [Cd{Ir
(ppy)a(dcbpy)}a(H,0),]-8H,O (1-H,0, Fig. 3). It is unclear
whether a single-crystal-to-crystal transformation or dis-
solution and recrystallisation at room temperature has
occurred. In contrast with the original structure 1, the Cd(u) in
1-H,0 features a regular octahedral coordination sphere with
two axially coordinated water molecules and four O-donors
from carboxylate groups bound in a monodentate fashion
(Fig. 3a). Typical Cd(n)-O bond lengths of 2.239(2)-2.336(2) A
are observed whilst the Ir(m) metalloligand remains
unchanged. The 1D chain of 1-H,O features the Ir(ur) metalloli-
gand orientated above and below the Cd(u) centres with the A
and A enantiomers each respectively positioned only on one
side of the Cd(iu) centre. The orientation of the Ir(ur) metalloli-
gand in 1-H,O is in contrast to the perpendicular orientation
of neighbouring Ir(m) metalloligands in 1-3 (Fig. 3b). The
packing of 1D chains in 1-H,O features a zig-zag type inter-

Fig. 4 The "macrocycle” motif (highlighted in yellow) featured in frameworks 1, 1-H,0, 2, 3. Atom colours are depicted as: cadmium = green,
iridium = maroon, sulfur = orange, nitrogen = blue, carbon = black, oxygen = red, hydrogen = pink (only included for water molecules, other hydro-

gens are omitted for clarity).

This journal is © The Royal Society of Chemistry 2025
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action when compared to the cross-shaped packing of 1
(Fig. 3c). Four water molecules located within the voids in 1-
H,0 are involved in a hydrogen bonded network with the Cd
(1) coordinated water molecules and unbound oxygen atoms of
the ancillary ligand carboxylates (dog1...0 = 2.730(9), 2.732(9),
2.75(1) A, Fig. 3d, ESI, Table S6). Conversion from 1 to 1-H,0
reveals a significant reduction in accessible void space from
30% to 13.0% (411.14 A®), respectively. The reduction in acces-
sible void space is reflected in the TGA data with only a 5%
mass loss observed below 100 °C (Fig. S111). The mass loss at
low temperature for 1-H,O is reflective of the loss of only water
molecules as opposed to both DMF and H,O in 1.
Transformation upon soaking in water was specific to frame-
work 1 and may be hindered by the greater steric bulk of the
[Ir(bt),(Hdcbpy)] metalloligand in 3. A similar phenomenon
has previously been observed for the single-crystal-to-
crystal transformation of Ir(m) metalloligand CPs, [Cd,(p,-
Cl),{Ir(dFppy),(H.dcbpy)}- DMF-H,0] and  [Cd,(p,-Br){Ir
(dFppy).(Hodcbpy)}s DMF-H,0] where coordination of H,O
also occurred at the axial Cd(u) positions."?

All of the synthesised CPs contain a common crown ether-
like macrocycle motif containing the same atoms with two Ir
(1) metalloligands of opposing chirality and two Cd(u) centres
(Fig. 4). The dimensions of the macrocycle void vary with Ir(ur)
metalloligand; 1 (4.42(2) x 7.18(2) A); 1-H,O (5.594(9) x 5.052
(8) A); 2 (6.94(1) x 4.311(9) A); 3 (6.455(3) x 4.581(3) A).
Different degrees of distortion of the macrocycle were
observed; a planar arrangement of ancillary ligands was
observed in 1-3 but these are offset in 1-H,O (Fig. 4). The
planar macrocycle is in contrast with the distorted macrocycle
in 1-H,0 where the dcbpy®~ ligands are offset from each other
by approximately 2.2 A. The distortion in the 1-H,0 macrocycle
can be inversely correlated to the degree of distortion around
the octahedral Cd(u) centre in frameworks 1-3. The greater dis-
tortion in the Cd(u) coordination geometry for 1 and 2 (with
Continuous Shape Measure parameters of 6.850 and 8.640
respectively, where the larger number indicates a greater devi-
ation from ideal values) results in planar macrocycles (ESI,
Tables S4 and S5%). The lower degree of distortion from an
ideal octahedron in 1-H,O (Continuous Shape Measure para-
meters of 0.236) results in a more distorted macrocycle due to
the coordination of two water molecules on the axial positions
of the Cd(u) ion (Fig. 4).

Photophysical properties and chemical sensing

Luminescence spectroscopy of the iridium(u) metalloligands
and associated frameworks were investigated both in solution
and the solid state (Fig. 5, Table 1). Changing the cyclometalat-
ing ligand correspondingly altered the metalloligand emission
properties. The electron withdrawing fluorine substituents in
[Ir(dfppy).(Hdcbpy)] caused a hypsochromic shift in emission
(4so1 = 552 nm, Table 1) relative to the unsubstituted [Ir
(ppy)2(Hdcbpy)] (A4ser = 613 nm). The smaller hypsochromic
shift exhibited by [Ir(bt),(Hdcbpy)] (4so1 = 573 nm) results from
decreased charge-transfer character to the triplet excited
state.’” Solid state spectra of all iridium(m) metalloligands

11662 | Dalton Trans., 2025, 54, 11656-11666

View Article Online

Dalton Transactions

(

QO
~—

0.75

05

0.25

Normalized Emission

—

O

~
-

0.75

05

0.25

Normalized Emission

400 500 600 700 800

(

(¢
~

0.75

05

Normalized Emission

400 500 600 700 800
Wavelength / nm

Fig. 5 Luminescence spectra of iridium(i) metalloligands in dichloro-
methane solution (25 pM, 350 nm excitation, blue trace), solid state
(380 nm excitation, green trace) and as cadmium(i) CPs (380 nm exci-
tation, red trace) for (a) [Ir(ppy)2(Hdcbpy)l, (b) [Ir(dfppy).(Hdcbpy)] and
(c) [Ir(bt)>(Hdcbpy)l.

exhibited a similar bathochromic shift in emission maxima
resulting from packing interactions in the crystal lattice.>*
Once incorporated into a supramolecular framework, emis-
sion maxima conversely underwent a hypsochromic shift.
Framework 1 exhibited a very small shift relative to the solid
state metalloligand spectra (Acp = —6 nm, Table 1) but this was
more pronounced for both 2 and 3 (Acp = —30 and —36 nm,
respectively). Similar changes in emission energy are observed
in other experimental reports of CPs comprising iridium(ur)
metalloligands and either magnesium(u) or cadmium(u),

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of emission properties for Ir(i) metalloligands and Cd(i) CPs

Iridium(m) complex [Ir(ppy).(Hdcbpy)] [1r(dfppy).(Hdcbpy)] [Ir(bt),(Hdcbpy)]

Solution maxima (4se, NM) 613 552 573

Solid state maxima (g5, NM) 622 572 604

Aem (nm)* 9 20 41

CP 1 1-H,0 2 3

CP emission maxima (Acp, nm) 616 553 542 568

Acp (nm)? -6 —69 -30 -36

7 (ns) 113.8 14.5 N/A® 92.3
520.2 263.8 345.2

“Energy difference between Ags and Agol. b Energy difference between Acp and Ag. © Not acquired.

attributed to destabilization of the LUMO once the ancillary
ligand is deprotonated."®* Increased rigidity of the Ir(m)
complex within the CP may also result in the observed hypso-
chromic emission shift.”® Comparing the luminescence of 1
and 1-H,O, both containing the same [Ir(ppy).(Hdcbpy)]
metalloligand, revealed a significant difference in emission
maxima (Acp = 616 and 553 nm, respectively, Table 1). It is un-
likely that this large hypsochromic shift is caused by different
electronic effects on the dcbpy ancillary ligand as Cd(u) coordi-
nation is consistent across samples. Instead, it may result
from differences in the packing throughout the lattice - rigido-
chromic effects will result in a blue shift.**” Rinsing a solid
sample of 1-H,O with ethanol caused a visible colour change
from yellow to orange. This colour change coincided with a
bathochromic shift in emission towards the original spectra
obtained for 1, suggesting desolvation of the water molecules
(ESI, Fig. S1471). Emission lifetimes were measured for 1, 1-
H,O0 and 3, revealing bi-exponential decays all featuring a long-
lived component (z,) consistent with a triplet excited state, as
expected from the Ir(um) metalloligands (Table 1, Fig. S15-
$171).%® Lifetime was sensitive to both cyclometalating ligand
(z» = 520.2 and 345.2 ns for 1 and 3, respectively) and frame-
work morphology (7, = 520.2 and 263.8 ns for 1 and 1-H,O0,
respectively).

Crown ethers are well known to strongly bind metal ions,*’
and we surmised that the similar macrocycle motif present in
the prepared frameworks might provide an advantageous
binding pocket for sensing metal cations. Fortuitously, the
X-ray crystal structures reveal 1D channel voids (occupied by
DMF molecules) adjacent to the macrocycle that may enable
guest diffusion into the macrocycle. Furthermore, the ben-
zothiazole sulfur atom in framework 3 points toward these
channel voids and may provide an additional site for sensing
metal ions. Frameworks 1, 1-H,O and 3 were carried forward
into sensing experiments as they could be reliably synthesised
in good yields and dispersed in DMF solutions with minimal
change to emission spectra (ESI, Fig. S19, S38 and S54f%).
Emission was then monitored in the presence of increasing
amounts of the following metal cations (as nitrate salts): Mg>",
A13+’ M1’12+, Fe3+’ C02+, Ni2+’ Cu2+’ Zl’12+, Cd2+’ La‘“, Ces+’ Nd3*
and Pb>".

This journal is © The Royal Society of Chemistry 2025

Framework 1 exhibited a preference for small hard trica-
tions - emission was heavily quenched by Fe*" (I/I, I% = 0% at
[Fe*'] = 0.0020 M) and AI** (I/I, 1% = 50% at [AI*'] = 0.0029 M,
Fig. 6a). Fe** is prevalent in a range of biological processes,
including an irreplaceable role in muscle and brain function,
respiration and regulating homeostasis®**™* and is important
in environmental systems.** Notably, detection of Al is rare
due to its poor coordination ability, strong hydration, and lack
of spectroscopic characteristics.>® Conversely, larger hard
metal ions of La**, Ce’", Nd** and Pb** (outermost 5d and 6d
orbitals) minimally quench emission (I/I, I% > 80%).
Borderline metal cations (Co**, Ni**, Cu®", Zn** and Cd*>") also
poorly quenched 1’s emission (I/I, 1% > 70%), consistent with
weaker interaction with the O-donors present in the crown-
ether like cavity. The loss of selectivity of 3 (Fig. 6b) as a chemi-
cal sensor could partly be attributed to larger cavity size (6.455
(3) A x 4.581(3) A, compared to 4.42(2) A x 7.18(2) A in 1).
Furthermore, spectral shape undergoes significant changes
with the addition of most metal ions irrespective of the
amount of quenching (ESI, Fig. S55-S68f). The emission
maxima of 3 (4 = 528, 567 nm, uncorrected) underwent a sig-
nificant bathochromic shift in the presence of AI**, zn**, Cd*",
La*", Ce’", Nd** and Pb** (typically between 585-630 nm) with
either loss or modulation of the vibronic substructure,
suggesting interaction between the sulfur atom on the outside
of the cavity with metal ions. Further increase of metal ion
concentration ([M] > 0.001 M) did not result in quenching of
the new emission character.

The size of solvated metal ions depends on a range of
factors, including M-O bond distance (d), ionic radius (r) and
preferred coordination geometry. Small ions may readily fit
inside the cavity (size of hydrated AI*" du;_o = 1.89 A and rys-
= 0.55 A); the shortest axis in 1 is 5.94(2) A. Similarly, compar-
ing octahedral hydrated Fe** (dpes_o = 2.00 A and rges- = 0.66 A
(ref. 36)) with the Jahn-Teller effects in octahedral Cu**
(dcur—o = 1.96 A and 2.28 A and ey = 0.62 A and 0.94 A for
equatorial and axial positions, respectively) may account for
the differences these two metal ions exhibit for quenching the
emission of 1 (I/I, 1% = 73% at [Cu®'] = 0.0029 M). We sub-
sequently tested Ga®" to verify ion size effects given the
similar size (dggs-o = 1.96 A and rg.- = 0.62 A (ref. 36)) and
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Stern—Volmer plot for 1 upon the addition of Fe3* in DMF and (d) lumine-

scence quenching of 1-H,O by metal ions. Luminescence quenching experiments are displayed as I/l at [M] = 0.0029 M, where | is the intensity
after the addition of metal ions, and I is the initial luminescence intensity.

coordination of the hydrated cation with Fe®'. Emission
spectra of 1 upon addition of Ga®* displayed clear quenching
(I, ™% = 19% at [Ga®*] = 0.0029 M, ESI, Fig. S34%).
Importantly, whilst cavity size determined the availability of
metal ions at the macrocyclic binding site, the mechanism of
luminescence quenching may differ between ions. Previous
studies have attributed Fe** quenching to competitive absorp-
tion with the Ir(m) metalloligand,'® and whilst AI** ions do not
exhibit visible absorption bands, they can induce large absor-
bance changes when bound to crown ethers.***”°

Additional emission quenching experiments over a larger
concentration range were carried out for AlI**, Fe** and Ga®'.
Stern-Volmer plots were constructed to determine the quench-
ing rate; Io/I = Ksy[M] + 1, where I is the initial intensity, I is
the intensity after the addition of metal salt, [M] is metal ion
concentration, and Kgy (M™") is the Stern-Volmer quenching
constant (ESI, Fig. S34-S367).*° Increasing [AI*'] revealed a
linear trend consistent with dynamic quenching of the CP
excited state (ESI, Fig. S331) with a calculated Kgy = 1300 M,
as well as detection and quantitation limits of 56 uM and
170 pM, respectively. In contrast, both Fe** and Ga®" exhibited

11664 | Dalton Trans., 2025, 54, 11656-11666

non-linear quenching of emission from 1 (ESI, Fig. S35-S367)
indicative of a static quenching component that may result
from preconcentration of metal ions within the cavity. Fitting
a linear slope at low Fe*' concentrations ([Fe**] < 0.5 mM, R* =
0.991) gave a Stern-Volmer quenching constant Kgy = 5.432 x
10° M~ (Fig. 6¢), detection limit of 32 pM and quantitation
limit is 96 pM. The Fe** detection limit obtained in this study
compares well with other metal-organic framework (MOF)
chemical sensors, with reported detection limits between 4.05
x 107> and 200 uM (ESI, Table S77).

Effective chemical sensors that operate in aqueous con-
ditions are necessary, given the prevalence and importance of
monitoring metal ions in biological systems. The chemical
sensing of 1-H,O towards a range of metal ions was assessed
(Fig. 6d). The distorted macrocycle in 1-H,O resulted in
improved selectivity towards Fe*" (I/l, I% = 0% at [Fe’'] =
0.0029 M), with minimal fluorescence quenching from the
other metal ions tested. We additionally tested whether 1-H,O
was sensitive to detecting Fe>* but observed minimal emission
quenching (ESI, Fig. S52t). The improved selectivity of 1-H,O
for Fe** was initially surprising given the stepped distortion

This journal is © The Royal Society of Chemistry 2025
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and wider dimensions of the macrocyclic cavity when com-
pared to 1. Closer inspection of the packing structure revealed
that the channels in 1-H,O are closer packed compared to the
more open accessible channels of 1, likely resulting in the
improved selectivity of 1-H,O for Fe** when compared to 1
(ESI, Fig. S697).

The use of 1, 1-H,0 and 3 as crystalline powders suspended
in solution limits their reusability as chemical sensors.
Improved recycling is critical given both the cost of iridium
and the current synthetic method that provides only small
batches (milligrams of pure product). Incorporating Ir(im)
metalloligand containing CPs into films may offer greater re-
usability; an appropriate substrate should be both environ-
mentally friendly and degradable, such as cellulose acetate,
which has been used recently as a solid support for gas separ-
ations and environmental remediation.*"*>

Conclusion

In summary, we have successfully synthesized four Cd(n)
CPs containing Ir(m) metalloligands: [Cd{Ir(ppy).(dcbpy)},]
(1),  [CAH{(r(ppy)(debpy)bo(H,0),}8H,0  (1-H,0), [Cdy{Ir
(dfppy)a(dcbpy)}s]- DMF (2) and [Cd{Ir(bt),(dcbpy)},]-DMF (3). 1
showed good selectivity for Fe’" in organic solvent, with a
detection limit of 32 pM and a quantitation limit of 96 puM,
whilst 1-H,0 displayed even greater selectivity for Fe*" over
other metal ions in aqueous systems. The selectivity of 1 and
1-H,0 may result from the size and hardness of the metal ion
complementing the physical properties of the crown-ether like
cavity and packing of the networks in the supramolecular
structure. We attribute the reduced Fe** selectivity in 3 to both
its larger cavity size and additional interactions between metal
ions and the sulfur atom in the benzothiazole heterocycle of
the Ir(w) cyclometalating ligand. This study highlights how Ir
(u1) metalloligands can be used to tune the photophysical pro-
perties of the resulting CPs. It further rationalises how the
chemical selectivity of supramolecular sensors may be tuned
through complementary cavity properties, which may be con-
trolled during CP synthesis.
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