Published on 24 June 2025. Downloaded on 4/3/2026 12:53:49 AM.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
11056

Received 14th May 2025,
Accepted 17th June 2025

DOI: 10.1039/d5dt01134e

Osmium-—terpyridine complexes linked with
stilbene-coupled naphthalene, anthracene, and
pyrene moieties act as multichannel sensors for
F~ and Hg?* via non-classical interactions+

Tanusree Ganguly, Tuhin Abedin and Sujoy Baitalik = *

Fluoride (F7) and mercuric (H92+) ion sensing behaviours of homoleptic Os(i)—terpyridine complexes
coupled with stilbene-appended naphthalene, anthracene and pyrene motifs have been thoroughly inves-
tigated here through the intermediacy of multiple non-covalent interactions such as CH---F hydrogen
bonding, anion—n and cation—= interactions. The interaction event is monitored by absorption, steady
state and time-resolved emission, and *H, *°F and **C NMR spectroscopy. The stilbene units in the com-
plexes enable trans—trans (t—t) to cis—cis (c—c) photoisomerization upon exposure to light, accompanied
by substantial reorientation of their molecular backbone. In order to examine the efficiency of the confor-
mational change in the ion binding characteristics, both anion and cation sensing investigations are also
conducted on the c-c form of the complexes. Substantial alteration in sensing efficacy is indeed
observed on passing from the t-t to the c—c forms of the complexes, highlighting the role of confor-
mation changes in the ion—receptor interactions. The ion sensing efficacy of the trans—trans (t—t) forms is
found to be higher relative to their cis—cis (c—c) counterparts. Parallel to the experimental study, compu-
tational investigations were also conducted on the t—t and c—c conformers of the complexes to elucidate
various non-covalent interactions that are operative during the interplay among the complexes with both

rsc.li/dalton F~and Hg?" ions.

Introduction

Supramolecular interaction has garnered considerable atten-
tion in numerous areas at the forefront of chemistry and
biology.l'6 Non-covalent interactions, viz. van der Waals forces,
hydrogen bonding, electrostatic, cation-n, CH-x, anion-n and
n-n stacking interactions, to name a few, govern the assembly
and functionality of such supramolecular architectures.””®
Although weak, these interactions play a fundamental role in
preserving the essential structures of vital biological molecules
like DNA, RNA, and proteins.”**> The significance of these
weak interactions has also opened up new frontiers in the field
of supramolecular chemistry of ions encompassing both anion
and cation recognition, sensing, and transport.*>°

Designing of phosphorescent materials emitting in the
near-infrared (NIR) and IR region is now gaining great atten-
tion for their potential applications in biology, chemistry, and
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technology.”’ > NIR light, by virtue of its low interference and

invisibility, could be safely used for sensing of specific anions
and cations in biological systems.>’' Chemosensors, often
constructed through covalent or non-covalent coupling of
binding sites and signaling subunits, operate as meticulously
designed molecular systems. When suitably designed, these
systems are capable of transforming guest binding interactions
into recognizable signals accompanied by considerable
changes in the absorption, emission and redox
behaviours.> ! Among the various output signals, those stem-
ming from modifications in emission spectral characteristics
are particularly compelling, and quite a large number of chro-
mogenic and fluorogenic chemosensors have already been
documented for sensing of selected anions and cations.**"*

In this work, our main objective is to utilize NIR-emissive
receptors that are capable of multi-channel recognition of
selected anions and cations through the intermediacy of
various non-covalent interactions. In order to accomplish our
objective, we employed herein a new class of our recently
reported Os[(tpy-pvp-X),](ClO4), complexes consisting of a
polyaromatic unit such as anthracene, naphthalene and
pyrene at the 4’ position of the terpyridine moiety having an
absorption and emission spectral window in the visible region

This journal is © The Royal Society of Chemistry 2025
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and stretching into the NIR domain (Chart 1).*® By virtue of
the presence of extended =-conjugation via stilbene units
together with polyaromatic hydrocarbons, the present com-
plexes are expected to recognize specific anions and cations
through the intermediacy of multiple non-covalent inter-
actions, viz. hydrogen bonding, cation-r, CH-x, anion-t and
n-n stacking interactions. We would like to mention that the
complexes are highly soluble in polar aprotic solvents like
MeCN and DMSO while being sparingly soluble in aqueous
medium.

Upon complexation with the Os** ion, the terpyridine and
other aromatic protons within the complex backbone are
expected to become acidic to some extent, enabling them to
participate in C-H---A™-type (A = anion) hydrogen bonding
interactions with anions.”’** Anion recognition and sensing
are paramount due to their pivotal roles in chemical and
biological processes. Due to its relevance in environment
and biology, we have focused herein on designing effective
chemosensors for F~. A diverse array of receptor motifs incor-
porating hydrogen bond donors, such as NHyrea/thioureas
NHimidazole/pyrrole/indole; NHamide and Othenol/catechol; have been
extensively utilized as the primary binding motifs in the
design of chemosensors, with their mechanisms and functions
thoroughly explored in numerous reviews.*>>' Now, by virtue
of having a delocalized m-acidic electron cloud, the present
complexes are expected to interact with selected anions
through anion-n interactions.’>* Relative to the ubiquitous
cation—-n interactions, the anion-n interactions are less
explored due to their ostensibly counterintuitive nature. Since
these interactions are mostly dependent on the distance,
anion-n interactions are comparatively weaker than the
cation-n interactions because the van der Waals radii of
anions are larger than those of cations.>>*® Leveraging the

+2

+2

+2

[Os(tpy-pvp-pyr)21(Cl04), (3)

Chart 1 The ChemDraw structures of the Os(i) complexes.
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favourable photophysical and electrochemical properties,
coupled with the presence of multiple acidic C-H protons and
electron-rich m-electron delocalized polyaromatic motifs, the
anion-sensing characteristics of the complexes are comprehen-
sively investigated in this work through multiple optical chan-
nels and spectroscopic techniques.

Among the heavy metals, mercury (Hg) poses significant
health and environmental risks due to its toxic, persistent, and
non-biodegradable nature.”’>° Once released into the environ-
ment, mercury can accumulate into the ecosystems and con-
taminate soil, water, and food chains. This bioaccumulation of
Hg can lead to severe health issues in humans, including
neurological damage, kidney failure, Minamata disease, and
developmental disorders, particularly when exposure occurs
through contaminated water or seafood.®®®’ Due to these
dangers, regulatory agencies such as the World Health
Organization (WHO) and the Environmental Protection
Agency (EPA) enforce strict limits on mercury levels to mini-
mize its harmful effects on both human health and the
environment.®>%® Optical detection methods, such as fluo-
rescence and colorimetric changes, are highly convenient
due to their simplicity and sensitivity, with fluorescent probes
offering the key advantage of intracellular detection.®*™®° The
presence of polyaromatic moieties within their architecture
makes the present complexes rich in n-electron density.
Consequently, interaction with cationic moieties is likely to be
energetically favourable. Additionally, cation-r interactions
should also be operative, governed by electrostatic forces
and cation-induced polarization.”® Cation-r interactions are
crucial in fields like chemistry, biology, and materials science,
playing significant roles in processes such as steroid biosyn-
thesis, acetylcholine receptor binding and ion selectivity in
potassium channels.”*”’* Initially thought to be purely electro-
static, these interactions also involve induction, dispersion,
and covalent contributions, particularly in transition metal
cation-n systems.”"”>7® While studies predominantly focus on
main group cations like Li, Na, and K, transition metal based
cation-r interactions, especially with M>*-..q systems, are less
explored due to the complexity of their open-shell electronic
structures.”*®* Despite some research on transition metal-
polyaromatic hydrocarbon complexes,®*®” their untapped
potential in the field of toxic metal sensing offers a promising
avenue for advancing detection technologies. Due to the toxic
nature of the Hg** ion, we have concentrated on developing
chemosensors specifically tailored for its detection. Although
there is documentation of cation-n and very few instances of
anion-x interactions in metal complexes,””** to the best of
our knowledge, there are no reports of such interactions based
on Os(u)-terpyridine type complexes. This is the first report
wherein the present Os-terpyridine complexes display simul-
taneous anion-n and cation-r interactions with F~ and Hg”",
respectively.

Incorporation of a stilbene unit makes room for the ¢—c
photoisomerization upon shining light which in turn will
reorient the conformation of the polyaromatic moieties within
the complex backbone.’*” Thus, it is quite expected that the
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extent of both anion-n and cation-rn interactions will change
among the two isomeric forms of the complexes. To this end,
we will also thoroughly investigate the anion and cation
sensing experiments with the cis-form of the complexes. In
conjunction with experimental demonstration, computational
analysis using density functional theory and time-dependent
DFT has been executed to obtain the electronic properties of
the molecular systems and the mode of ion-receptor
interactions.

Experimental section
Materials

Reagent grade chemicals and solvents used in the present
investigation are purchased from local vendors. Tpy-pvp-X (X =
naphthalene, anthracene, and pyrene) ligands are prepared
and characterized using our reported method.”

Synthesis of the metal complexes

The homoleptic Os(u)-terpyridine complexes are synthesized
upon refluxing K,0sCls and the respective ligand (tpy-pvp-X)
in a 1:2 ratio under an argon atmosphere in an ethylene
glycol medium, followed by their ion exchange with sodium
perchlorate (NaClO,). Purification of the complexes is accom-
plished by column chromatography and recrystallization from
appropriate solvent(s). The detailed synthesis and characteriz-
ation of the complexes have been meticulously discussed in
our recently reported literature.*®

Instruments and physical methods

Details of instruments and physico-chemical measurements
are provided in the ESL.{

Results and discussion

Overview of the photophysical, electrochemical and
photoisomerization behaviours

The synthesis, characterization, and photophysical, electro-
chemical and photoisomerization behaviors of the Os(u) com-
plexes were previously reported by our group.’® A brief
summary of the photophysical, electrochemical and reversible
trans—cis photo-isomerization behaviours of the complexes is
again narrated here for the sake of the readers. All three com-
plexes display an intense band at ~500 nm, corresponding to
singlet Os(d) — tpy(n*) charge transfer (*MLCT) transitions,
and a broad and weaker band beyond 500 nm due to
{'[0s"(dn)®] — °[0s"(dn)*tpy(n*)']} charge transfer (*MLCT)
transitions. The peaks within 400-314 nm indicate
mixed MLCT and ILCT transitions, while the intense bands
below 300 nm are attributed to n-n* transitions. Upon exci-
tation in the 'MLCT region, all complexes exhibit a single
broad, structureless phosphorescent band in the NIR
range (736-756 nm) at RT, dependent on the polyaromatic
hydrocarbon moiety. The lifetimes of the complexes lie in the
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range of 84.5-112.5 ns. Electrochemical studies reveal a revers-
ible 0s*>*/0s** oxidation within the domain of 0.93-0.96 V and
multiple reduction peaks for terpyridine units at —1.10 to
-1.85V.

The complex undergoes ¢-t to c-c isomerization due to the
presence of an ethylenic double bond, upon irradiation with a
500 nm light source. A gradual decrease in the absorption of
MLCT and ILCT band intensities occurs and the spectral lines
are found to pass through clear isosbestic points. The emis-
sion intensity varies with the nature of the substituent, either
increasing or decreasing, while the emission maximum
remains unchanged. The time taken to saturate varies between
19 and 542 min, depending on the substituent. Reversible c-c
to ¢-t isomerization is also feasible upon irradiation with
270 nm light, wherein the complex almost reverts back to its
initial ¢-¢ state which is again monitored via absorption and
emission spectroscopy. Finally, substantial modulation of the
rate of photo-isomerization was also achieved via oxidation
with ceric ammonium nitrate as well as reduction with metal-
lic sodium.

Anion sensing behaviours of the complexes

The anion sensing characteristics of 1-3 are systematically
investigated in MeCN via different optical channels and spec-
troscopic techniques. Tetrabutylammonium (TBA) salts of F,
ClY, Br, I, CN7, AcO™ and H,PO,  are utilized for this
purpose. The absorption and emission spectral responses of
the complexes in the presence of the studied anions are
depicted in Fig. 1 and Fig. S1, S2 (ESI}). Amongst the anions,
F~ induces the maximum change while the remaining anions
are unable to induce any detectable change in their spectral
profile.

To acquire quantitative insight about the receptor-anion
interplay, we performed titration experiments upon gradual
addition of F~ and monitored the changes via absorption and
emission spectroscopy (Fig. 2). In the absorption spectra, a
decrease in the absorbance of the MLCT and ILCT bands
occurs with a concomitant increase in the n—r* band intensi-
ties for both 2 and 3. For 1, a simultaneous increase in the
absorbance of both ILCT and n-n* bands takes place together
with a small decrease in the absorbance of the MLCT bands.
The decrease in the absorbance of the MLCT band is the
maximum for 2, while minimum for 1. All the spectral lines
pass through one or more isosbestic points indicating the
presence of two or more species in equilibrium with one
another. Complete saturation occurs upon addition of 92
equivalents of F~. On the emission side, upon excitation at
450 nm, the emission intensity of the peak at ~740 nm slightly
decreases with concomitant rise of a new peak at ~530 nm for
all three complexes. The peak in the shorter wavelength region
is generally due to the ligand-centred emission arising out of
the deactivation of the ’ILCT state, while the lower energy
band at a longer wavelength (~740 nm) emerges due to de-
activation from the *MLCT state.”® Continued addition of F~
results in enormous intensification of the shorter wavelength
peak and ultimately saturates at 92 equiv. An increase in the @

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Absorption (left) and emission (right, 4ex = 450 nm) spectra of 2 in MeCN (1.0 x 107> M) in the absence and presence of studied anions as

their TBA (tetrabutylammonium) salts.
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Fig. 2 Absorption (left panel) and emission (1o, = 450 nm) (right panel) titration profiles of the t—t forms of 1-3 in MeCN upon gradual addition of
F~. Insets of the figures in both left and right panels indicate the estimation of binding constants.

value is also noticed for the F~ saturated solutions. We have
also measured the lifetime values of the complexes upon F~
addition and the corresponding decays are illustrated in
Fig. S3 (ESI}). The lifetime values are seen to decrease in the

This journal is © The Royal Society of Chemistry 2025

case of 1 and 2, while it increases for 3, albeit to a very small
extent.

We have also carried out the titration experiments in predo-
minantly water medium as well as on a solid surface. Due to
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solubility limitation of the present complexes in pure water, we
prepared a 1: 10 MeCN-H,O (v/v) solution of two complexes {1
(naphthalene) and 2 (anthracene)} and executed their anion
sensing behaviours (Fig. S4, ESIt). A gradual decrease in absor-
bance along with a small red-shift of the "MLCT band is
observed in both cases. On the emission side, a decrease in
intensity of the *MLCT band occurs together with a systematic
increase in intensity of the 'ILCT band. Similarity in terms of
trend in the spectral profiles is observed in both the media,
although the extent of change in MeCN-H,O0 is comparatively
less than that in pure MeCN. The lesser change in both the
absorbance and emission spectral profile is probably due to
the trapping of F~ by the water molecules. We have also
measured the lifetime values of the complexes upon F~
addition and the corresponding decays are illustrated in
Fig. S5 (ESIf). The lifetime value increases for 1, while it
decreases for 2. We also dropcast all three complexes on the
quartz surface and recorded their emission spectra in both
their free and anion bound states and presented them in
Fig. S6 (ESIf). Substantial enhancement in the emission inten-
sity of the *MLCT band takes place in all three complexes in
the presence of only F~ among the studied anions. For the
anthracene derivative, intensification of the *ILCT also occurs.
The emission behavior of the complexes in the solution state,
on the other hand, is found to be opposite relative to their
solid state with the exception of the anthracene derivative,
wherein intensities of both *ILCT and *MLCT increase, albeit
to different extents.

To elucidate the probable mode of interaction, a "H NMR
titration experiment is executed upon systematic addition of
F~ to the DMSO-d; solution of 1 and the corresponding profile

Ha He Hz
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is displayed in Fig. 3. It is observed that the signals due to Hj,,
He and H; undergo significant downfield shift and the extent
of shift varies between 0.1 and 0.3 ppm. The well-resolved
doublets for the Hg proton, initially observed at 9.13 ppm,
split into two new doublets at 9.21 and 9.09 ppm. As F~ is
gradually added, one of the doublets shift towards the up-field
region while the other one towards the downfield region as
shown in Fig. 3. Change in multiplicity is also observed for Hy,
Hy, Hy4, Hyy and Hyg protons, which undergo an up-field shift,
resulting in the formation of a multiplet. The ethylenic
protons, Hy and Hy,, also exhibit a slight up-field shift. The H;
proton experiences a small up-field shift, while the Hs proton
undergoes a small downfield shift. Upon complexation with
0s>", the terpyridine and other aromatic protons within the
complexes acquired acidic properties, facilitating their involve-
ment in hydrogen bonding interactions with incoming F~
guests. The observed chemical shifts in selected proton signals
in the presence of F~ ions could be due to the occurrence of a
combination of non-covalent interactions, including CH:--F
hydrogen bonding, CH-x, and anion-r interactions. It is to be
noted that the integration count of the total number of
protons in the F~ saturated spectrum increases relative to its
initial form which is indicative of some sort of association
among the complex molecules.

To investigate the mode of receptor-anion interaction, we
also conducted 'F NMR titration experiments by gradually
adding the anthracene (2) derivative to a DMSO-dg solution of
TBAF. The corresponding spectral profiles are shown in Fig. S7
(ESI). Free TBAF exhibits a strong singlet at —106.9 ppm,
corresponding to the F~ ion. Upon addition of the complex,
the singlet peak undergoes a slight upfield shift and gradually

Hy+Hg+Hqq
+Hq4+Hqg
Hyz+Hq3+
His H
H 3
17 Hg+H1o
ey

92 equiv.‘/\
»

40 equiv. J\

I\

20 equiv. JL

Hgy Hy
1 .. A
T L T b T ' T L) T L T e T L T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
d/ppm

Fig. 3 'H NMR spectral titration of the t—t form of 1 upon incremental addition of TBAF (tetrabutylammonium fluoride) in DMSO-d.
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diminishes, indicating the formation of the complex---F~
adduct. Notably, no additional peaks appear during the titra-
tion, confirming the absence of covalent attachment of fluo-
rine to the complex backbone. Thus, the '°F NMR spectral ana-
lysis strongly supports the occurrence of non-classical inter-
actions between the complexes and F~ ions.

We further determined the binding constants (K) for the
receptor-anion interactions by analyzing the absorption and
emission titration data of the ¢-¢ form of the complexes, using
eqn (S1) (ESIf) for 1:2 stoichiometry (inset of Fig. 2 and
Fig. S4, ESIf). The resulting K values are summarized in
Table 1 and found to vary within a small range of 1.2-4.2 x
10*. Additionally, the detection limits of the complexes for F~
are calculated that range between 1.0 x 107® and 8.5 x 10°® M
{Table 1 and Fig. S8, S9 (ESI})}.

An increase in the integration count of the total number of
protons in the "H NMR spectrum of complex 1 prompted us to
conduct the dynamic light scattering (DLS) experiments
{Fig. 510 (ESI{)}. The DLS spectra are acquired in MeCN for
the free as well as F~ saturated forms of the complexes. It is
seen that the size of the particle increases from 3-84 nm to
23-460 nm on addition of F~. Taking into consideration that
no additional solvent is used in the DLS experiment, the possi-
bility of solvent-induced aggregation is eliminated. Therefore,
the aggregation primarily occurs due to non-covalent inter-
actions drawing the molecules closer together, effectively
increasing their size. As aggregation is known to enhance
emission through the restriction of intramolecular motions
(RIM), the observed increase in emission intensity upon F~
addition can be attributed to this phenomenon. Despite an
increase in the total integration count of the protons, no evi-
dence for the formation of a dimer-type adduct is observed.
Consequently, the results of both NMR and DLS experiments
clearly suggest the formation of aggregates mediated by F~
ions.

Since the conformation of the molecules significantly alters
on moving from the ¢t to the ¢-c form, it is expected that the
extent of different non-classical interactions would also be
substantially modified. To this end, we investigated the anion
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sensing characteristics of the ¢-¢ form of the complexes and
compared them with their ¢~¢ counterparts. The absorption
and emission spectral change in the c-c form of the complexes
is monitored upon stepwise inclusion of F~ (Fig. 4). A closer
inspection reveals that there is a marked difference in the
spectral pattern of the c—c form relative to the ¢—¢ isomer of the
respective complex. In the absorption spectra, F~ addition
leads to an increase in absorbance of the MLCT and ILCT
bands along with a small decrease in the =-n* band intensity.
Interestingly, the spectral window stretches up to ~1000 nm in
the case of 1 and 3 in the presence of F~. Again, all the spectral
lines pass through clear isosbestic points, indicating that two
or more species are in equilibrium with each other. Spectral
saturation takes place upon addition of ~86 equiv. of F~ for
the c—c form of the complexes. In the emission spectra, the ¢-¢
forms of the complexes display two bands at ~500 and
740 nm. The former peak is attributed to the ligand centred
(ILCT) emission, while the peak at 740 nm corresponds to the
MLCT emission. Upon F~ addition, the MLCT peak intensity
gradually decreases while that of the ligand-centered band
increases. We have also measured the lifetimes of the F~-satu-
rated c-c forms of complexes, wherein a small decrease in life-
time is noticed for all cases, albeit to different extents {Fig. S11
(ESTT)}.

To elucidate the probable mode of interaction, a "H NMR
titration experiment is also executed on the ¢-c form of 2 upon
systematic addition of F~ in DMSO-d, and the corresponding
profile is displayed in Fig. 5. We have already provided the 'H
NMR spectra of the anthracene derivative (2) due to photoi-
somerization in our previously reported manuscript.’® It is
observed that two sets of proton peaks exist: the residual
proton signals of the complex moiety due to their ¢-t form and
the proton peaks arising out of their isomerised c-¢ forms.
Fluoride addition affects both types of protons in the NMR
spectrum. The protons associated with Hj  at 9.60 ppm and H:
» at 9.47 ppm experience a downfield shift to 9.90 and
9.67 ppm, respectively. The multiplet corresponding to He and
Hg, having their chemical shift position within 9.17-9.08 ppm,
also shifts downfield, resulting in two doublets at 9.44 and

Table 1 Equilibrium constants (K) and detection limits for 1-3 towards F~ and Hg?* in MeCN and 1:10 MeCN-H,O (v/v)

Binding constant

Detection limit/M

F~ Hg>" F~ Hg™"

Compounds Absorption Emission Absorption Emission Absorption Emission Absorption Emission
MeCN

1(t-t) 4.2 x10* 4.1 x10* 4.8 x10* 4.7 x10* 1.3x1077 8.5%x107° 1.7x1077 3.2x107°
2(t-t) 3.6 x10* 3.5 x 10" 2.7 x10* 3.4x10% 1.6 x 1077 2.0x1077 7.9x1077 6.5x1077
3(t-t) 3.2 x10* 3.1 x10* 3.6 x 10* 3.9 x 10* 7.8x1077 4.9x1077 4.0x1077 2.9x1077
1(c-c) 3.4 x10* 3.6 x 10" 2.9 x 10* 2.7 x10* 41x1077 2.4x1077 5.6 x1077 3.9x1077
2(c-c) 2.9 x 10* 2.7 x10* 3.4 x10* 3.3 x10* 7.1x1077 6.0 x107’ 3.1x1077 1.6x1077
3(c—c) 2.4 x10* 2.2 x 10" 2.1 x10* 2.4x10% 9.5x1077 9.2x1077 1.2x107° 1.0x107°
1:10 MeCN-H,0 (v/v)

1(t-t) 7.9 x10° 1.2 x10* 5.8 x10° 3.6 x10° 1.0x107° 2.5x107° 1.0x107° 1.0x107°
2(t-t) 7.2 x10° 9.1 x10° 4.9 x 10° 4.2 x10° 3.3x107° 1.9%x107° 9.3x107° 2.4x107°

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Absorption (left panel) and emission (lex = 450 nm) (right panel) titration profiles of the c—c forms of 1-3 in MeCN upon gradual addition of
F~. Insets of the figures in both left and right panels indicate the estimation of binding constants.

9.31 ppm. The H, proton at 8.56 ppm experiences a slight
downfield shift, forming a multiplet within the 8.88-8.76 ppm
range. A significant downfield shift from 8.13 to 8.51 ppm also
takes place for the H;s proton (singlet linked with the ¢—¢
form of the anthracene moiety). Interestingly, apart from the
H,;s, most of the protons associated with the anthracene
moiety undergo an up-field shift accompanied by changes in
their multiplicities. Upon addition of up to 25 equiv. of F~, the
Hy and H;y protons associated with the ethylenic bond
exhibit a slight up-field shift from their initial positions of
6.87 and 6.65 ppm to 6.75 and 6.48 ppm, respectively.
However, upon the addition of 84 equiv. of F~, they undergo a
pronounced downfield shift to 7.16 and 6.75 ppm, respectively.
The observed down-field shift of the abovementioned protons
is probably due to C-H:--F hydrogen bonding interactions. The
peaks due to terpyridine protons (H;-Hg) undergo both up-
field and downfield shifts together with a change in their mul-
tiplicities, indicating the occurrence of some sort of inter-
actions among the complex moiety and the incoming F~. The
observed shifts in selected proton signals in the presence of F~
can be attributed to the interplay of various non-classical inter-
actions, including CH---F hydrogen bonding, as well as CH-n
and anion-m interactions. A significant increase in strain is

1062 | Dalton Trans., 2025, 54, 1056-1069

induced across the complex backbone on moving from their ¢-
t to c—c forms. Consequently, the extent of C-H---F~ interaction
between the different protons with incoming F~ will alter on
passing from ¢-t to c—c analogues.

We also determined the binding constants (K) for the recep-
tor-anion interactions in the ¢-¢ form of the complexes by ana-
lyzing their absorption and emission titration data and upon
employing eqn (S1) (ESIt) for 1:2 stoichiometry (presented in
the inset of Fig. 4). It is observed that the values of K for the ¢-
¢ forms are lower compared to those for their analogous t-t
isomers and the observed values for the c—c forms lie in the
order 1 > 2 > 3. The enhanced sensitivity of the ¢-¢ forms of the
complexes over their ¢c-¢ isomers towards F~ is also reflected in
the extent of change in their absorption and emission spectral
profiles. This lowering of the binding value most probably
arises due to the increased strain generated in the c—c form of
the complexes. The limits of detection towards F~ in the ¢
forms of the complexes are also calculated and found to range
between 2.4 x 1077 and 9.5 x 10~° M, which are lower than
those of their analogous ¢t isomers {Table 1 and Fig. S12
(ESTH)}.

To obtain direct proof for the occurrence of non-covalent
interactions, we conducted DFT calculations on the ¢t as well

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 'H NMR spectral titration of the c—c form of 2 upon incremental addition of TBAF (tetrabutylammonium fluoride) in DMSO-d.

as c-c forms of the complexes and calculated the energy values ively). Next, we computed the energy due to interaction with F~
associated with each mode of interaction (Fig. 6). We first opti- at some specified positions of the complex. We mainly con-
mized the ground state geometry of 1 in both of its -t and ¢-¢  sidered two types of non-covalent interactions, viz. CH:--F~
states and calculated their energy values (A and D, respect- hydrogen bonding and anion-n interactions. Initially, geome-
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Fig. 6 Calculated energy diagram showing decrease in the energy of the 1..-F~ complex adduct due to CH---F~ and anion—x interactions in the t—t
and c—c forms of 1.
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tries involving only CH---F~ interactions within the terpyridine
and styrylbenzene moieties are optimized. Four feasible
CH---F~ interactions (B and E) are identified, and their energy
values are found to decrease relative to their free forms. This is
followed by optimization of geometries including both F -x
and CH---F interactions within the single entity (C and F). The
energy is lower than the rest of the optimized structures, indi-
cating that the increase in non-covalent interactions stabilizes
the complex---F~ adduct. Although the energy of the complex
decreases upon F~ addition, there is no much energy differ-
ence between the different isomerized states of the complex.

Cation sensing behaviours of the complexes

Since the complexes possess a delocalized =n-electron cloud
throughout the entire complex backbone, we are also inter-
ested in investigating the cation sensing characteristics of the
complexes. The cation sensing behaviours of 1-3 are systemati-
cally investigated in MeCN via different optical channels and
spectroscopic techniques. We tested for a wide variety of
cations, viz. Li*, Na*, K*, Be*", Mg>", Ca*", Zn*", Cd** and Hg*",
wherein a significant change in their absorption and emission
spectra is exhibited by Hg”* only {Fig. 7 and Fig. 513, S14
(ESIT)}.

Fig. 8 shows the change in the absorption and emission
spectra of the acetonitrile solution of the complexes upon
addition of HgCl,. In the absorption spectra, a gradual
decrease in absorbance of the MLCT band is unanimously
observed in all three complexes while a small increase in
absorbance of the mixed ILCT and n-n* band takes place in
the case of 1 and 3 only. All the spectral lines pass through
one or more isosbestic points, indicating that two species are
in equilibrium with each other. Interestingly, a broad band
arises in the NIR region of ~700-1100 nm for 1. Regarding
their emission properties, 1 and 3 demonstrate a gradual
decrease in emission intensity, while 2 exhibits an increase in
emission intensity. Notably, the emission maximum (4pax)
remains unchanged for all three complexes. The lifetimes of
the Hg>*-saturated solutions of the complexes are also
measured. It is observed that Hg>" induces a significant
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decrease in lifetime values of 1 and 3, while a minor increase
is noticed for 2, with respect to their ¢-¢t analogues {Fig. S15
(ESI)}. The observed change in spectral properties could be
due to non-classical interaction between the n-electron cloud
of the complex backbone and the Hg>" ion.

We also executed the cation sensing behaviours of two com-
plexes {1 (naphthalene) and 2 (anthracene)} in 1:10 MeCN-
H,O (v/v) in the presence of Hg>". A gradual decrease in absor-
bance along with a small red-shift (~6 nm) of the "MLCT band
is observed in both cases {Fig. S16 (ESI{)}. In the case of emis-
sion, the intensity also decreases systematically upon gradual
addition of Hg®>" to the complex solutions. The extent of
change in their spectral profiles is found to be relatively less
compared to that in MeCN. We have also measured the life-
time of the complexes wherein the value decreases for both 1
and 2 {Fig. S17 (ESI{)}. Again, we dropcast all the three com-
plexes on the quartz surface and recorded their emission
spectra in both their free and cation-bound states {Fig. S18
(ESI})}. Substantial quenching of *MLCT emission takes place
in all three complexes in the presence of only Hg®" among the
studied cations.

To obtain direct proof for the cation-n interactions, we also
recorded the *C NMR spectrum of the t~¢ form of 1 in DMSO-
ds upon addition of 95 equiv. of Hg** {Fig. S19 (ESI{)}. It is
noticed that most of the ">*C NMR peaks of the Hg**-saturated
solution are shifted towards the downfield region by
~0.20-2.71 ppm. This observation is probably due to the drag-
ging of electron density from the C°” units in the complex
framework by the Hg®" ions. This change in the ">C NMR peak
position clearly indicates the occurrence of some sort of non-
covalent interactions between the complex cation and Hg",
thereby leading to the formation of a 1---Hg*" adduct.

We also carried out the DLS study of the complexes in their
Hg*"-saturated forms to speculate any change in the particle
size upon addition of the cation {Fig. S20 (ESIT)}. Surprisingly,
the particle size increases from 3-84 nm to 102-146 nm, indi-
cating the occurrence of some sort of association upon
addition of Hg”* ions. As previously discussed, since no other
solvent is involved, the observed increase in particle size is

2x10°
2x10°%4
1,Li" Na" K", Be?,
1x1 06_ ngY Ca‘z, anY Cd‘Q
5x10°1
0 ; ,
600 700 800 900

A/nm

Fig. 7 Absorption (left) and emission (right, Aex = 500 nm) spectra of 1 in MeCN (1.0 x 10> M) in the absence and in the presence of studied

cations.
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Fig. 8 Absorption (left) and emission (right, e, = 500 nm) spectral changes upon incremental addition of Hg?* to the t—t form of 1-3 (1.0 x 107> M)
in MeCN solution. Insets of the figures in both left and right panels indicate the estimation of binding constants.

solely due to the addition of Hg?", which in turn induces some
sort of association. This aggregation arises from non-covalent
interactions that bring the molecules closer, increasing their
size.

Since the structural orientations of the complexes are sig-
nificantly altered on moving from the ¢-¢ to the c-¢ form, we
are also interested in investigating the efficacy of the c—c form
of the complexes to interact with the Hg>" ions. The changes
are again monitored by absorption and emission spectroscopy
(Fig. 9). It is of interest to see that the nature of the change in
the absorption spectra is substantially altered, wherein the
MLCT and ILCT bands lose their intensity together with a
small increase in the absorbance of the n-n* bands. All the
spectral lines again pass through an isosbestic point, indicating
that two or more species are in equilibrium with one another.
In the emission spectra, when excited at 450 nm, 1 and 2
exhibit a decrease in the emission intensity of the MLCT band,
while the ligand-centered band remains unaffected. In contrast,
for 3, an increase in the intensity of the MLCT band takes place
with a concomitant decrease in that of the ligand-centred
band. The lifetime of the complexes is found to decrease upon
addition of Hg”" to their c-c forms {Fig. S21 (ESI{)}.

This journal is © The Royal Society of Chemistry 2025

To quantitatively evaluate the receptor—cation interactions,
binding constants (K) are determined by analyzing the absorp-
tion and emission titration data of the complexes {inset of
Fig. 9 and Fig. S16 (ESIT)}, utilizing the 1:2 binding model as
described by eqn (S1) (ESIf). While for the ¢-t forms, the
binding constants lie in the range of 3.6 x 10°-4.8 x 10%, for
the respective c-c forms, they lie in the range of 2.1-3.4 x 10*
(Table 1). The data clearly indicate that the K values for recep-
tor-mercury (Hg”") interactions in their c-c forms are consist-
ently lower relative to their corresponding ¢-t isomers. This
decrease in binding affinity can be attributed to the structural
changes induced during c-c isomerization, which likely alter
the spatial arrangement and electronic environment of the
binding site, reducing its ability to interact strongly with ions.
The order of the binding constants is 1 > 3 > 2 for the ¢-¢ form,
while for the c-c form, the order is 2 > 1 > 3. This reflects the
influence of polyaromatic hydrocarbon substituents on the
receptor’s binding efficacy, suggesting that both steric and
electronic effects play a critical role in modulating the recep-
tor’s cation recognition capabilities. The detection limits of
the complexes towards Hg”" are also found to be substantially
higher in the ¢-t form (1.0 x 107> to 7.9 x 1077 M) compared
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with their ¢-c isomers (1.6 x 1077 to 1.2 x 10~° M) {Table 1 and
Fig. $22-24 (ESIt)}.

To obtain direct evidence for the occurrence of non-
covalent interactions, we also conducted DFT calculations on
the ¢-t as well as the ¢-c form of the complexes and estimated
the corresponding interaction energy values (Fig. 10). The
electrostatic potential (ESP) plots of complex 2 are generated
for both t-t and c—c states to identify electron density distri-
bution across the complex backbone (Fig. S25, ESI}). The elec-
tron-dense region is indicated by green colour while the elec-
tron-deficient regions are designated by blue colour.
Subsequently, the ground-state geometries of complex 2 in
both conformations are optimized, and their respective energy
values (A and B) are calculated. Following this, we evaluated
the interaction energy associated with the n-electron cloud of
the complex and Hg>" at the identified electron-dense regions
(C and D). The results indicate that the Hg>'-n-interaction
decreases the overall energy of the adduct, ultimately stabiliz-
ing at a significantly lower energy compared to its initial state,
although not much variation is observed upon moving from
the ¢-t to the ¢—c form.

Conclusions

With regard to our sustained interest in designing prospective
molecular sensors and switches that function in the near-infra-
red (NIR) domain, we employed herein a new array of homo-
leptic Os(u)-terpyridine complexes coupled with stilbene-
appended naphthalene, anthracene and pyrene motifs for the
simultaneous recognition of a selective anion and cation. The
complexes are found to selectively sense F~ among a wide
range of anions and Hg>" amongst the cations via multiple
optical channels and spectroscopic techniques. The results of
absorption and steady-state and time-resolved emission experi-
ments together with "H, '*C, and '’F NMR spectroscopic ana-
lyses and dynamic light scattering (DLS) experiments unequi-
vocally demonstrate strong association among the complexes
and F~ as well as Hg”>" ions. These interactions arise from a
sophisticated interplay of non-classical forces, including
CH---F hydrogen bonding, CH-r, anion-x, and cation-r inter-
actions, and through-space electrostatic attraction between the
complex and the F~ and Hg”" ions.

The stilbene units in the complexes enable t—¢ — ¢—c photoi-
somerization upon exposure to light, which subsequently
reorients the conformation of the stilbene-coupled polyaro-
matic moieties within the complex framework. In order to
examine the efficiency of conformational changes in the ion
binding characteristics, both anion and cation sensing investi-
gations are also conducted on the ¢-¢ form of the complexes.
Substantial alteration in sensing efficacy is indeed observed on
passing from the ¢t to the c-c form of the complexes, high-
lighting the role of conformation changes in the ion-receptor
interactions. In conjunction with experimental demonstration,
computational analysis using density functional theory has
been executed to elucidate the mode of ion-receptor interplay.

This journal is © The Royal Society of Chemistry 2025
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In essence, the present Os(u)-terpyridine complexes act as
potential multichannel sensors working in the NIR domain.
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