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Abstract

The development of highly selective, sensitive and recyclable chemosensors for CN~ is
critical due to the widespread use of cyanide derivatives in industrial processes and its
extreme toxicity to environmental and biological systems. Herein, we report the synthesis
and characterization of a water-soluble arene ruthenium metalla-assembly specifically
designed to operate in aqueous solutions and under environmentally relevant conditions.
The arene ruthenium assembly incorporates functionalized building blocks that enable a
selective multi-site recognition of cyanide according to pH by either nucleophilic addition
or hydrogen bond interactions. The system exhibits a distinct colorimetric response upon
cyanide binding, resulting in a rapid “turn-on” color change. An excellent selectivity and
reversibility for cyanide recognition is observed over multiple cycles, with a detection limit
in the low micromolar range, thus laying the ground for the future development of sensing
technology with supramolecular metal-based assemblies.

Keywords: arene ruthenium; coordination-driven self-assembly; regenerable sensor;
cyanide detection; nucleophilic addition; ruthenium-based sensor

1. Introduction

Cyanide (CN7) is a highly toxic anion for most organisms, showing potent inhibitory
effects on essential cellular enzymes, particularly cytochrome c oxidase [1,2]. Exposure to
cyanide, even at trace levels, can disrupt cellular respiration and lead to severe physiological
damage or death [3]. Despite their high toxicity, cyanides are extensively used in industries,
including mining, electroplating and chemistry, making their presence in the environment
a significant concern [3]. Therefore, the development of rapid, selective and sensitive
detection methods for cyanide is of the utmost importance for environmental monitoring,
industrial safety and forensic analysis [4].

In this context, the World Health Organization sets the maximum permissible level
of cyanide in water at a concentration of 1.9 pM [5,6]. Traditional methods for cyanide
detection, including titrimetric, electrochemical and spectroscopic techniques, often require
sophisticated instrumentations and can suffer from time-consuming sample preparation [7].
As a strategy, chemosensing, which relies on the interaction between a molecular recep-
tor and a targeted analyte to produce a measurable signal, has emerged as a promising
approach for cyanide monitoring [8,9].
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Chemosensors offer several advantages, including simplicity, real-time detection and
the potential for high selectivity and sensitivity, thanks to molecular design. Recent ad-
vances in fluorometric and colorimetric chemosensors for the detection of cyanide have led
to the innovation of a diverse range of optical probes. These include small organic molecules
functionalized with selective recognition units such as boronic acid [10], organoborane [11],
thiourea [12], imidazolium [13], oxazine [14], porphyrin [15] and dicyanovinyl [16], each im-
proving sensitivity and/or selectivity. In addition, advances in metal-based probes [17,18],
polymer frameworks [19] and nanoparticle-integrated sensors [20], have expanded the
scope of detection strategies, exploiting structural aspects and mechanistic attributes to
improve analytical response.

The detection of cyanide via optical probes predominantly relies on two approaches.
The reaction-dependent strategy is the most widely employed. This approach exploits
the strong nucleophilicity of CN~, targeting electrophilic sites, thus shifting the equilib-
rium to cyanide adducts that produce measurable optical responses. The mechanisms can
be based on nucleophilic addition to aldehydes or ketones [21], Michael addition [22,23],
cyanide-induced cleavage reactions of spirocyclic compounds [24], cyanide-induced decom-
plexation reactions [25] or cyanide-induced cyclization reactions in imine-based sensors [26].
However, such sensors predominantly operate in organic or mixed solvents, as the strong
solvation of CN™ in water decreases its reactivity with carbonyl groups and limits their
applicability in aqueous media. In addition, a lack of reversibility and a dependence on
external energy input result in slow responsive times, reducing attractiveness.

The second strategy involves weaker interactions, where CN ™ binds to hydrogen bond
receptors to induce supramolecular optical changes [27-29]. Again, under physiological
conditions, the CN™ tends to be surrounded by water molecules, thus weakening its inter-
action with hydrogen bond donors and restricting the sensor’s applicability for biological
systems [30]. Nevertheless, CN™ remains a strong base in water, meaning that adjusting the
acidity of the donor and the working pH can increase selectivity. Therefore, incorporating
electron-withdrawing groups or metal centers to enhance the hydrogen acidity of a sensor
are effective strategies to increase selectivity and sensitivity to CN™ detection in protic
solvents [31].

In this regard, cationic Ru(IlI)-polypyridyl complexes have been effectively used as
chemosensors due to their remarkable luminescent properties [32], which make them
highly suitable for sensing [33]. Indeed, several mono and bimetallic Ru(Il) probes con-
sisting of racemic mixtures of A- and A-isomers have been developed for CN™ sensing.
For example, Li et al. [34] and Yao et al. [35] have developed Ru(Il) complexes with
carboxaldehyde-functionalized ligands, which exploit a nucleophilic attack of CN™ on an
aldehyde (Figure 1a), leading to the formation of cyanohydrin and to luminescent changes.
Furthermore, a series of Ru(II) complexes featuring imidazole-functionalized ligands have
been developed as an advanced strategy for CN~ sensing (Figure 1b) [36-39]. In these
systems, the Ru(ll) center plays a crucial role in the detection mechanism, as it facilitates
ligand preorganization by optimally positioning the hydrogen bond donor groups and
also enhances the hydrogen bond acidity, thus increasing the binding affinity for CN~ and
triggering a luminescence response.

Although significant progress has been made in optical cyanide sensing, several
obstacles remain, including intricate synthetic procedures, limited water solubility and
insufficient selectivity in aqueous media. Furthermore, challenges such as sensor instability
and decreased efficiency due to an elevated limit of detection (LOD) in protic media
continue to hinder performances and applicabilities [40-42]. Therefore, designing simple,
affordable, and highly selective and sensitive probes for cyanide detection is crucial, but
remains a difficult task.
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(a) Reaction-based sensors

(b) Binding-based sensors

Figure 1. Two ruthenium(II)-polypyridyl complexes used as optical CN™ sensors: (a) reaction-
dependent strategy; (b) hydrogen bond strategy.

In recent years, metalla-assemblies have attracted considerable attention as chemical
sensors [43—49], due to their well-defined geometries, tunable structural sizes and inherent
stability in various media [50]. Their straightforward synthesis and structural versatility,
combined with functionalized molecular components, allow selective recognition of diverse
analytes. Among them, arene ruthenium metalla-rectangles represent a promising class of
supramolecular architectures for sensing. These complexes exhibit exceptional stability in
aqueous environments, with host-guest interactions typically governed by mechanisms
such as nucleophilic addition, hydrogen bonding, -7 staking or complexation, leading
to detectable photophysical changes [51,52]. Recent advancement in arene ruthenium
metalla-rectangles have facilitated the development of sophisticated sensing platforms,
expanding their applicability, especially in aqueous media [53].

To the best of our knowledge, no metalla-rectangle or coordination cages have been
reported for the selective naked-eye detection of cyanide in water. Herein, we have
developed the first arene ruthenium metalla-rectangle for cyanide detection employing a
dual sensing mechanism that demonstrates high selectivity, sensitivity, reversibility and a
fast response under environmentally relevant conditions. This work not only contributes
to the growing field of anion sensing but also addresses the urgent need for effective
water-compatible cyanide detection strategies in industrial and environmental contexts.

2. Results

Synthesis and characterization of MRDPP: An arene ruthenium metalla-assembly
incorporating diketopyrrolopyrrole (DPP) was successfully synthesized in methanol at
room temperature. As illustrated in Scheme 1, the reaction consisted of mixing the din-
uclear complex [{Ru(p-cymene)}, {bis(2-hydroxyethyl)ethanediamide}Cl,] with silver tri-
flate in the presence of 3,6-di(pyridin-4-yl)-2,5-dihydropyrrolo [3,4-c]pyrrole-1,4-dione to
form the tetracationic complex [{Ru(p-cymene)}4{bis(2-hydroxyethyl)ethanediamide},{3,6-
di(pyridin-4-yl)-2,5-dihydropyrrolo [3,4—(3]pyrrole—l,4—dione}2]4+ (MRDPP), which was iso-
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lated in an excellent yield (98%) as its triflate salt. The MRDPP complex significantly
increases the solubility of the DPP moiety, which on its own is almost insoluble [54].
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Scheme 1. Synthesis of metalla-rectangle MRDPP.

The molecular structure was characterized by 1H, 13C NMR, DOSY (Diffusion Ordered
SpectroscopY), UV-vis (Figure 2) and mass spectrometry (Figures 51-54). MRDPP is highly
soluble in common organic solvents, including methanol, ethanol, dimethyl sulfoxide and
acetonitrile. Like other compounds containing the DPP chromophore moiety [54], MRDPP
exhibits an intense coloration with solvent-dependent UV-vis absorption bands in the range
of 450 to 700 nm (Figure 2). This optical behavior originates from a combination of 7w —
7r* transitions, made possible by the extended 7 conjugation of the DPP core and metal—-
ligand charge transfer transitions (MLCT: dg, 1y — 7t*ppp) from the Ru(II) centers to the
m-acceptor DPP unit [55]. The absorption spectra show pronounced solvatochromic effects,
reflecting the high sensitivity of these electronic transitions to the dielectric constant and the
polarity of the surrounding solvent. In polar protic solvents such as ethanol, methanol and
water, an improved ligand-centered LUMO stabilization reduces the HOMO-LUMO energy
gap, resulting in a bathochromic-shifted absorption band. On the other hand, aprotic
polar solvents such as acetonitrile provide fewer hydrogen bond interactions, leading to a
sharper and more defined absorption band centered at ~540 nm. The chromophore shows
high absorption in acetonitrile, with an extinction coefficient (¢) of 1.6 x 10* L-mol~!-cm ™!
and low absorbance in ethanol (¢ = 0.6 x 10* L-mol~'-cm™1'), while in water the ¢ is
1.08 x 10* L-mol~!-cm~!, indicating moderate molar absorptivity.
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Figure 2. UV-vis absorption spectra of MRDPP in various solvents.

It should be noted that the DPP moiety on the panels of the MRDPP metalla-rectangle
have two possible conformational arrangements, one favoring intramolecular interactions
between lactam groups with limited 7-7t stacking (anti-isomer), while the other shows
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strong m-7t stacking interactions between the DPP units (syn-isomer) (Figure S5). These
different conformations and the stereogenic nature of the ruthenium centers complicate
the '"H NMR spectrum of MRDPP (Figure S1) by reducing the symmetry and making
broad and poorly defined signals. However, the DOSY NMR spectrum shows the presence
of a single alignment of the signals (Figure S3), suggesting the formation of single-sized
assemblies, which is consistent with the proposed structures. The anti- and syn-MRDPP
conformations (Figure S5) have a similar hydrodynamic radius, thus leading to the same
diffusion coefficient and accordingly appearing as a single signal in the DOSY spectrum.
Furthermore, two characteristic peaks in the ESI-MS spectrum can be observed, both being
attributed to the intact MRDPP cation after the loss of triflate anions: [MRDPP-3CF5SO5]>*
(m/z = 673.43) and [MRDPP-4CF;3S0;]** (m/z = 467.58) (Figure S4).

Naked-eye recognition of anions by MRDPP in various solvents: To study the
solvent-dependent colorimetric sensing behavior of MRDPP, qualitative visual recognition
experiments were conducted in acetonitrile, ethanol and distilled water (+0.025% v/v
methanol) with the following anions: CN—, SCN—, F~,Cl~, Br—, 17,1057, PO43~, CO5%,
NO;~, CH3CO,~, SO42~, SO32~ and C¢H50,%~ (citrate). Anions were introduced at a
1 mM (40 eq.) concentration in the presence of MRDPP (25 uM, 1 eq.). The results revealed
a strong effect of solvent on the response. As can be observed in Figure 3, MRDPP shows
distinct solvent colors dependence: dark pink in water, bright pink in acetonitrile and
bluish gray in ethanol. Upon CN ™ addition, clear and solvent-driven color changes can be
observed, allowing selective naked-eye detection. In distilled water, the solution turned
gray; this attenuated color suggests a limited host-guest interaction, probably due to the
strong solvation and hydrogen bonding competition. In contrast, a stunning pink-to-green
shift can be observed in acetonitrile, suggesting a strong interaction between MRDPP and
CN~, facilitated by the aprotic nature of the solvent [40,56]. Ethanol produced a green-blue
shift, distinct from that in acetonitrile, possibly due to the partial contribution of the solvent
for hydrogen bonds. Interestingly, other anions do not initiate color changes in water and
ethanol. However, the loss of a large portion of the solvation energy for PO43~ and CO32~,
when moving from water and ethanol to acetonitrile, improves their interactions with
MRDPP, which also turns the solution green. Nevertheless, the strong and selective visual
response towards cyanide remains dominant in water, highlighting the capacity of MRDPP
to act as a selective colorimetric chemosensor for cyanide.

Hydrogen bond cleavage-driven cyanide sensing in distilled water: UV-visible
absorption was measured to confirm the visual effects of the initial experiments and to
gain further insights into the recognition capacity of the probe towards anions in aqueous
media. In this series of anions, the selection of biodegradable citrate is not related to water
contamination; rather, it serves as a potential chelating agent to evaluate the robustness
of the Ru(Il) assembly [57]. Carbonate and phosphate, two anions commonly present
in natural water, were selected for their basic character and their prevalence in aqueous
systems, while other anions are standard competitors in anion binding studies [8].

The MRDPP assembly has four lactam NH protons, which are potentially acidic and
can exhibit proton-donating ability. These NH protons can therefore interact with anions
either via hydrogen bond- or anion-induced deprotonation. As shown in Figure 4a, MRDPP
has a notable selectivity for CN ™ relative to other anions. MRDPP exhibits the highest UV-
vis response toward cyanide, followed by carbonate and to a lesser extent phosphate. Upon
interaction with these basic anions (pK; values: HCN =9.2, HPO,?~ =12.3, HCO32~ =10.0;
Table S1), a clear red-shift in the maximum of the absorption band from 540 nm to 595 nm
was exclusively observed with CN~, suggesting the formation of a deprotonated MRDPP
and production of HCN [58]. On the other hand, the addition of PO,3~ resulted in a
decrease in the intensity of the absorbance at 540 nm without a significant shift, suggesting
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minimal interactions. For CO32~, the response was also moderate, with a slight red-shift
from 540 nm to 547 nm accompanied by reduced intensity, as well as the emergence of a
new band around ~595 nm, suggesting deprotonation of MRDPP. These different responses
are probably due to the difference in the free hydration energy of the anions (Table S1).
The CN™ has the lowest hydration energy (—295 kJ/mol) and thus interacts more easily
in aqueous media with the NH protons of MRDPP. In contrast, PO4~ and CO32~ possess
higher hydration energies, —3888 and —2127 kJ/mol, respectively, which stabilize their
hydrated forms and reduce their availability for interaction with MRDPP in water.

MRDPP CN” SCN™ F ¢ Brf I 10,7 PO/ CO® NO;” CH,CO,” S0,% S0,% CeH:0,*
(a)

(b)

(c)

Figure 3. Visual response of MRDPP (25 uM, 1 eq.) upon addition of anions (1 mM, 40 eq.) in different
solvents: (a) distilled water (+0.025% v /v of methanol); (b) acetonitrile; (c) ethanol.
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Figure 4. (a) UV-vis absorption spectra of MRDPP (25 uM, 1 eq.) in distilled water (+0.025% v/v of
methanol) upon addition of anions (1 mM, 40 eq.). (b) UV-vis absorption spectra of MRDPP (25 uM)
in water at different concentrations of cyanide (0-800 tM). (c) Visual color changes of MRDPP (25 M)
in water upon gradual addition of cyanide (0-800 uM).

A UV-vis spectrophotometric titration was carried out in water (Figure 4b) with a
25 uM aqueous solution of MRDPP with increasing concentrations of cyanide (0-800 uM).



Inorganics 2025, 13, 357

7 of 21

From the spectroscopic data, it is clear that upon the progressive addition of CN~, the
maximum absorbance intensity at 540 nm gradually reduced and endured a bathochromic
shift (~20 nm), while simultaneously a new band at 595 nm appeared with clear isosbestic
points at 564 nm, revealing the formation of a second species in solution. Figure 4c shows
the colorimetric response of MRDPP during the CN™ titration; a pronounced color change
of the solution during the titration demonstrates the colorimetric potential of the sensor for
not only recognizing the presence of cyanide but also its concentration.

A possible explanation of the ratiometric changes in absorption is the intermolecular
process involving the lactam NH protons of MRDPP and cyanide ions (Scheme 2). A
transformation occurs from the initial complex, MRDPP, with four lactam NH protons,
to the deprotonated form of the complex and release of HCN. Deprotonation can be
considered as an electron transfer to the nitrogen atom, which increases the electron density
and induces the delocalization of the electron throughout the DPP unit and thus leads to a
more pronounced bathochromic shift [58,59]. The delocalization of electrons is facilitated
by the internal electrostatic forces between the negatively charged nitrogen of DPP and
the Ru(Il) centers via the pyridyl groups (Figure S6). The proton transfer exhibits similar
behavior to an intramolecular charge transfer, where in the absence of CN™ in solution, the
neutral amide is not considered as a donor. However, in the presence of CN—, the NH is
deprotonated and the nitrogen atom acts as a donor, while the other components of MRDPP
serve as acceptors. This delocalization of electrons explains the red-shift in the absorbance
upon addition of CN~. To validate this assumption, 'H NMR of MRDPP was conducted
in DMSO-dg with and without cyanide (Figure 5). Upon addition of four equivalents of
CN~, the NH signal (~11.7 ppm) disappeared completely. Moreover, the release of HCN
from the DMSO solution can be demonstrated by placing a pH-indicator strip on top of
the bottle, which reacts with acidic HCN vapors (Figure S7), thus further confirming the
proposed sensing mechanism.
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Scheme 2. Proposed proton transfer mechanism between MRDPP and cyanide.

The stoichiometry of the MRDPP-cyanide interactive system in water was established
via a Job plot analysis. A crossover point at 0.8 suggests a 1:4 [MRDPP]-(CN™)4 binding
system (Figure S8). Beyond this threshold, the absorbance slightly decreases. MRDPP is a
multi-site system with different functional groups, not only the acidic lactam hydrogens,
but also the positively charged dinuclear Ru(ll) bis(2-hydroxyethyl)ethanediamide clips,
adding a residual level of weak interactions with CN™ that remains detectable even after
formation of the stronger 1:4 system. Absorbance titration reveals a binding-equilibrium
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constant of 8.74 & 0.9 x 10> M~! between MRDPP and CN~ (Figure S8). This binding
constant suggests a moderate affinity of MRDPP towards cyanide in water. The detection
limit (LOD) was found to be 4.0 uM (Figure S9); this estimated value does not fall below
the WHO-permitted limit of 1.9 uM, but it is close. In general, low LOD values are obtained
in organic solvents using highly sensitive techniques such as fluorescence [60], while most
sensing systems based on absorption methods have LOD values in the upper micromolar
range [30].

MRDPP + CN™

MRDPP

NH

arene

T T v T 4 T T T T ¥ T

S
13 12 11 10 9 8 7 6 5 (ppm)

Figure 5. 'H NMR spectra (aromatic region, DMSO-dg) of MRDPP upon addition of 4 equivalents
of cyanide.

A competitive experiment was carried out by mixing MRDPP with multiple anions
(10 equivalents each) but excluding cyanide (Figure S10). This experiment showed that
the aqueous solution remains pink in the presence of SCN—, F~, Cl~, Br—, I, 1057,
PO43~, CO532~,NO3;~, CH3CO,~, SO42~, SO32~ and C¢H50,%~. On the other hand, when
10 equivalents of CN~ were added to this solution, a distinct color change from pink
to greyish-blue was observed, confirming the strong affinity and selectivity of MRDPP
towards CN ™. This result highlights that cyanide detection remains effective in the presence
of other common anions.

Determination of the pKa: Considering the proposed mechanism involving deproto-
nation of the DPP units in the presence of CN™ (Scheme 2), the pKa values of MRDPP were
assessed experimentally from potentiometric titrations. The first titration of MRDPP with
NaOH (MRDPP ata 2 x 1073 M concentration in a pH = 6.2 Britton-Robinson buffer solu-
tion) [61] provided three pKa values, pKa; = 6.8, pKay = 8.5 and pKagz = 9.4 (Figure S11a).
However, the last equivalence point was not observed, forcing us to run a second titration
at the same concentration with a different buffer solution of MRDPP (pH = 10 Britton—
Robinson buffer solution). The last pKa value was estimated at 10.3 (Figure S11b). The pH



Inorganics 2025, 13, 357

9 of 21

of the buffer solution necessary to dissolve MRDPP wasselected from the pKa values of the
bipyridyl-DPP unit (pKa; = 8.2, pKa, = 9.5), which were determined empirically via the
Chemaxon software (version 1.6.2) [62].

A spectrophotometric titration (MRDPP at a 10~* M concentration) was also performed
over a 3-to-13 pH range (Britton—Robinson buffer solutions). Then, the spectra obtained
were plotted as a function of the pH (Figure S12), providing two absorption maxima
at 520 nm for pH = 3.0 and 594 nm at pH = 13.0. From these two wavelengths, the
corresponding pKa values (6.9 and 11.3) were determined using a modified Henderson—
Hasselbalch equation. The first pKa value at 6.9 is believed to be associated with the loss of
two protons, one proton per DPP unit. Then, the remaining protons of the two DPP units
are removed, giving rise to the second pKa value at 11.3. Overall, these different titrations
are both in agreement with the proposed mechanism.

Theoretical calculations: To better understand MRDPP behavior in solution and to
validate our proposed mechanisms, DFT calculations were performed at the PBEO level of
theory on the intact MRDPP assembly [63], as well as on the deprotonated intermediates.
In all calculations, benzene was used in place of p-cymene to reduce the electron count and
thereby to minimize the computational costs.

As previously discussed, different conformations (syn- and anti-) of MRDPP can be
obtained, according to the orientation of the DPP units. DFT calculations suggest that the
syn-conformation is energetically favored by 1.24 kcal-mol~! (Table S2). The calculated
UV-vis spectrum of syn-MRDPP perfectly reproduces the experimental trace (Figure 6),
whereas anti-MRDPP shows some variations (Figure 513). Despite these negligible energy
differences, we cannot rule out a possible contribution from anti-MRDPP. Nevertheless, all
calculations were performed on the syn-MRDPP assembly and its deprotonated derivatives.
In the UV-vis of syn-MRDPP, the weak absorption at about 950 nm is described by two
transitions involving HOMO, LUMO, HOMO-1 and LUMO+1, while the absorption at
550 nm considers also higher- and lower-energy orbitals. For the shapes and energies of
the orbitals (Figure S14) and a full description of the electronic transitions (Table S3), see
the Supplementary Materials.

0.5

absorbance [a.u]

800 900 1000 1100

300 500 700 900 1100
wavelength [nm]

Figure 6. Experimental (blue) vs. theoretical (TD-DFT/PBEO, dashed red) UV-vis spectra for syn-
MRDPP. The green vertical bars represent the oscillator strengths for the main absorptions. Inset:
expansion of the less intense band appearing at about 950 nm.

The optimized structures (xyz coordinates) and the associated energies (Table S2)
can be found in the Supplementary Materials. In the syn-MRDPP assembly, the mean
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Ru-C(benzene) bond distances (2.20-2.23 A) fall in the range of reported X-ray structures
(2.11-2.24 A) [64,65]. Consequently, the Ru-centroid distances also align well with data
in the literature (1.70 A for syn-MRDPP, 1.64-1.69 A experimental) [64,65]. This further
validates our model and confirms the proposed metalla-rectangle assembly of MRDPP.
Atomic charges have been computed according to Voronoi deformation density (VDD) [66]
and Hirshfeld methods [67] (Figure S15) for the benzene analogue of MRDPP (starting
with the 4+ cation) and its deprotonated derivatives. These analyses suggest that the
first two deprotonation reactions occur “alternatively” on two DPP groups of different
bridging units.

Recyclability using iron(III) chloride: Good reproducibility and reversibility of sen-
sors are essential for industrial applications, as well as for sustainable detection technolo-
gies [68,69]. Cyanide is well known in coordination chemistry, being a strong 7-acceptor
ligand that is able to bind to many transition metals, including but not limited to Cu?*,
Ni?* and Fe3* [70]. As Fe®* is abundant and cheap, and because it forms a very stable
and non-toxic complex with cyanide [Fe(CN)g]>~ (K¢ = 7.94 x 10%3) [71], we used an FeCl,
solution to test the regeneration capacity of MRDPP (Scheme S1).

Multiple cycles were carried out in distilled water with 0.025% (v/v) methanol, al-
ternating cyanide and FeCl; solutions. A solution of CN~ (400 uM) was added to a
solution of MRDPP (25 uM); when saturation was reached (about a 30.8% decrease in the
absorbance at 540 nm), a 68 uM solution of Fe** was added, resulting in an increase in the
absorbance, showing that the complex formed between Fe** and CN~ was more stable
than the [MRDPP]**-(CN ™), adduct. A second addition of CN~ resulted, again, in a loss of
30.7% of the absorbance intensity, which was recovered after the addition of FeCls. Twelve
cycles were performed, and the ratio between the MRDPP absorbance before and after the
addition of the CN~ solution was always around 30% (Figure 7). The [Fe(CN)s]>~ complex
is yellow, showing an absorbance around 440 nm (Figure S16). After cycle 6, the concentra-
tion of [Fe(CN)]>~ increases, which causes a blue-shift in the absorbance of regenerated
MRDPP and gives a brighter color (Figure 7c). Interestingly, this change in the absorbance
did not affect the visual detection of cyanide. After the last cycle, MRDPP was isolated by
precipitation and ESI-MS spectrometry revealed a peak at m/z 467.59 corresponding to the
intact sensor [MRDPP]** (Figure 517).
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Figure 7. (a) UV-vis absorption spectra of MRDPP in the presence of CN~ over multiple cycles with
Fe3*. (b) UV-vis absorption spectra of regenerated MRDPP. (c) Visible color changes of MRDPP
during the alternance addition of CN™ and Fe3*. (d) Absorbance intensity at 540 nm after each cycle.
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Besides the in situ regeneration of MRDPP, an ex situ experiment (isolated conditions)
was also performed based on the isolation of MRDPP at the end of each cycle. The solvent
was removed under vacuum, then pure water was added to the residue, triggering the
precipitation of MRDPP as a red solid, and the water-soluble [Fe(CN )6l>~ complexes were
removed by filtration. As shown in Figure 8a,b, no loss in the efficiency of MRDPP sensing
was observed, as the absorbance remained the same over four cycles. In addition, the same
behavior of cyanide sensing was observed, as well as the visual color changes (Figure 8c),
confirming that MRDPP is a reversible, robust and reusable sensor in distilled water with
0.025% (v/v) methanol.

(a) 0.3

——MRDPP
~———cycle 1 - binding 0.30

cycle 1 - regeneration|
= cycle 2 - binding 1
~———cycle 2 - regeneration| ¢
= cycle 3 = binding

p Fe®*
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——cycle 4 - binding
——cycle 4 - regeneration|

0.20

absorbance [a.u]
absorbance [a.u]

0.15 CN™

300 400 500 600 700 800 cycles
wavelength [nm
(c) gth [nm]

Figure 8. (a) UV-vis absorption spectra of MRDPP showing the reversible response of MRDPP upon
CN~ binding and Fe3* assisted regeneration. (b) Absorbance of MRDPP at 540 nm in the presence of
CN~ before and after addition of Fe>*. (c) Color changes before and after (4 cycles).

Nucleophilic addition-driven cyanide sensing at pH 8: We have determined that
MRDPP acts as a colorimetric sensor for CN—, CO32~ and PO43~, with some degree of
selectivity towards CN™ in water, through a proton transfer mechanism. Therefore, the pH
is an important factor, and controlling the proton transfer propensity of DPP is a parameter
that can be adjusted. Indeed, the selectivity is greatly enhanced in HEPES buffer (pH 8)
solutions, in which MRDPP behaves as a selective sensor for CN~. At a slightly basic
pH, the UV-vis absorption spectra of MRDPP are only affected by the presence of CN™
(Figure 9a), in sharp contrast to the results obtained in distilled water + 0.025% v/v of
methanol (Figure 4a), where basic anions like CO52~ and PO,3~ also interact with MRDPP.
At pH 8, only the presence of CN™ induces a decrease in the absorbance intensity, with
no red-shift, suggesting that deprotonation does not occur under basic conditions and
that a different recognition mechanism is involved. At a high cyanide concentration, the
decrease in the absorbance intensities at 474 and 540 nm is accompanied with a splitting of
the absorbance band at 540 nm into two distinct maxima (Figure 9b), shifting the MRDPP
solutions from pink to gray (Figure 9c).

In distilled water, cyanide is partially hydrolyzed and an equilibrium between CN~
and HCN is at play, which overall reduces the nucleophilicity of cyanide. On the other hand,
under slightly basic conditions (HEPES buffer (pH 8)), this equilibrium mostly shifts toward
the CN~ form, thus increasing CN ™ nucleophilicity towards electrophiles and accordingly
switching the target from the NH protons of DPP to the adjacent carbonyl groups. Such
reactions of electrophilic carbonyl compounds with CN™ are known in the literature [72],
particularly with electron-deficient amides [73]. Based on this fact and facilitated by the
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presence of an electron-deficient DPP backbone and a positively charged Ru-based assembly,
the electrophilic carbonyl carbon atoms in DPP undergo 1,2-nucleophilic additions with
cyanides, resulting in the formation of cyanide adducts (Scheme 3). Under basic conditions,
intermediates I and III are unable to protonate and form stable species, so a rearrangement
occurs after the loss of OH™, generating new assemblies (Forms II and IV, Scheme 3). The
driving force of this rearrangement is the generation of more energetically stable systems
by extensive conjugation through the bipyridyl-DPP spacers. This pathway of cyanide
sensing by MRDPP was confirmed by ESI-MS spectrometry, where at four equivalents of
CN~, a peak at m/z 472.58 was observed, indicating the addition of two CN™ groups to the
system [MRDPP + 2 CN -2 OH]** (Figure S18b). Upon increasing the amount of CN~ to
25 equivalents, a new peak at m/z 477.60 was detected, corresponding to the formation of
the proposed form, IV [MRDPP + 4 CN -4 OH]**, with four cyanide groups replacing the
four oxygen atoms of DPP (Figure S18c). Therefore, by modifying the pH of the aqueous
medium, we were able to modulate the cyanide sensing mechanism of MRDPP. Under
such conditions, the detection limit of MRDPP towards CN~ was estimated to be 55.3 uM
(Figure S19). The infrared spectra of MRDPP before and after the addition of cyanides
were measured (Figure S20), showing the appearance of typical nitrile bands at 2240 and
2370 cm™ 1.
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Figure 9. (a) Variation in absorption of MRDPP (25 uM, 1 eq.) in HEPES buffer (pH 8) upon addition
of anions (1 mM, 40 eq.). (b) Variation in absorption of MRDPP (25 uM) in HEPES buffer (pH 8)
upon successive additions of cyanide (0-1250 uM). Inset: The change in absorbance at 540 nm with
different concentrations of CN™. (c) Visual color changes of MRDPP (25 uM) in HEPES buffer (pH 8)
upon titration with CN~ (0-1250 uM).

Test strip experiments: For practical application purposes, the responsiveness of
the MRDPP sensor as a chromogenic test strip in HEPES buffer (pH 8) was determined.
MRDPP-coated Macherey—Nagel filter paper was prepared by immersing the filter paper
in a pH 8 buffered solution of MRDPP (25 uM) and drying it in air for 10 min. The color of
the paper changed from pink to gray when the coated strip was dipped in a CN~ solution
(1 mM), whereas there was no color change with other anions, as shown in Figure 10a.
Test strip-based titration of MRDPP with cyanide shows an intensifying gray tone with
increasing concentrations of cyanide (50-200 uM) (Figure 10b). These simple tests suggest
that test strips using the MRDPP sensor can potentially produce, after some optimization
experiments, a low-cost colorimetric kit for cyanide detection in aqueous media.
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Scheme 3. Intermediates observed upon addition of cyanides to MRDPP in HEPES bulffer (pH 8).

Figure 10. (a) Visual response of MRDPP (25 uM)-based test strips towards various anions (1 mM) in
HEPES buffer (pH 8). (b) Test strips of MRDPP with increasing cyanide concentrations.
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3. Materials and Methods
3.1. Materials

All chemicals and solvents were purchased from Sigma-Aldrich (Darmstadt, Germany)
and used as received. [Ruy(p-cymene), {N,N’-bis(2-hydroxyethyl)oxamidate}Cl,] [74] and
3,6-di(pyridin-4-yl)-2,5-dihydro pyrrolo [3,4-c]pyrrole-1,4-dione [75] were prepared ac-
cording to reported methods. Stock solutions of salts (0.1 M), including NaCN, NaSCN,
NaF, NaCl, NaBr, Nal, NaIO3, Na3P04 ’ Na2C03 ’ NaN03, NaC2H302, Na2SO4, Nast3 ’
Na3C¢Hs50;7 and FeCls, were prepared from distilled water. Stock solution of MRDPP
(0.1 M) was prepared in MeOH. Working solutions of MRDPP and anions were obtained by
diluting the stock solutions with distilled water and 20 mM HEPES buffer (pH 8) (0.025%
v/v of methanol). Robinson—Britton buffers were prepared from boric acid, acetic acid
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and phosphoric acid solutions. The pH of solutions was adjusted using solid NaOH and
regulated with a FiveEasy METTLER TOLEDO® pH meter (Mettler Toledo, Griefensee,
Switzerland). Due to the high toxicity of HCN, which is released upon detection in water,
all manipulations should be performed under a fume hood with standard safety protocols.

3.2. Instrumentation

The 'H, B3C{'H} and DOSY NMR spectra were recorded on a Bruker Avance II
600 MHz (Bruker, Manheim, Germany) at 23 °C in MeOD and DMSO-d¢ and referenced
relative to residual solvents, 3.3 and 2.5 ppm, respectively. Multiplicities are reported in Hz
as follows: s = singlet, d = doublet, t = triplet, q = quartet and m = multiplet. Electrospray
ionization mass spectra were obtained in positive ion mode on an LTQ Orbitrap Elite in-
strument at the ISIC Mass Spectrometry Service (SSMI) in Lausanne (Switzerland). UV-vis
spectra were recorded with a thermostatted VICTOR® Nivo™ multimode plate reader
(Avantor, Dietikon, Switzerland). The infrared spectra were recorded in solid form at the
Haute Ecole Arc campus in Neuchatel using a Thermo Scientific (Reinach, Switzerland)™
Nicolet™ iD5 ATR (Attenuated Total Reflectance) coupled to a FTIR spectrometer.

3.3. Synthesis and Characterization of MRDPP

A mixture of [Rup(p-cymene),{N,N’-bis(2-hydroxyethyl)oxamidate}Cl,] (100 mg,
139.6 umol, 2 equiv.) and AgCF350;3 (71.8 mg, 279.5 pmol, 4 equiv.) in anhydrous methanol
(15 mL) was stirred at rt for 2 h. Then, the solution was filtered to remove AgCl. The 3,6-
di(pyridin-4-yl)-2,5-dihydropyrrole [3,4-c]pyrrole-1,4-dione (40.5 mg, 139.7 umol, 2 equiv.)
was added, and the solution was stirred at rt for 48 h. The solvent was removed under
vacuum, and the residue was redissolved in methanol (2 mL). Diethyl ether was slowly
added to initiate precipitation of the product as a dark-pink solid, with a yield of 98%
(168 mg, 69.8 pmol). Chemical formula: CggHggF12N12024Ru4S,s. MW = 2464.8 g-mol’l.

'H NMR (600 MHz, MeOD) 5 8.7-7.8 (m, 16H, CHpyridy1, 6-2-5.8 (m, 8H, CHp-cym),
5.8-5.4 (m, 8H, CHy.cym), 4.3-3.8 (m, 16H, CH>), 2.8 (dtd, ] = 14.9, 10.6, 3.9 Hz, 4H,
CH(CHj3)), 1.8-1.7 (m, 12H, CH(CH3),), 1.6 (m, 12H, CHj3), 1.3 (d, ] = 6.9 Hz, 12H,
CH(CHz;);). 3C NMR (151 MHz, MeOD) & 173.0 (CH,NC=0), 162.8 (HNC=Oppp),
155.6 (N=CHypyrigy1), 137.1 (=C-CNHppp), 122.8 (=C-NHppp), 120.8 (=CHpyridy1), 105.2 (=C-
C=0Oppp), 98.9 (CHp-cym), 87.5 (CHp-cym), 85.6 (CHp-cym), 84.8 (CHp-cym), 81.5 (CHp-cym),
61.9 (CH,-OH), 56.1 (N-CH3), 39.6 (CH(CH3),), 32.4 (CH(CH3),), 23.1 (CH(CH3),), 22.1
(CH(CH3),), 17.8 (CH3). ESI-MS: m/z = 467.6 [MRDPP—4CF3;S03~**, 673.4 [MRDPP-
3CF3S0; |3+,

3.4. pK,; Determination

To determine the pKa values of MRDPP, spectrophotometric and pH-metric titrations
were carried out: Spectrophotometric titration: The experiment was carried out at rt using
96-well NUNC® transparent plates (Thermo Fisher Scientific, Reinach, Switzerland) and
0.1 M stock solution of MRDPP in methanol. Robinson-Britton buffer solutions (0.04 M
each of acetic acid, phosphoric acid and boric acid) were prepared by adjusting the pH using
0.2 M of aqueous NaOH solution to obtain a pH range of 3 to 13. Then, 1.0 x 10~* M sample
solutions of MRDPP were prepared in different buffered solutions, and the absorption
spectra of the solutions were recorded. The absorbance values obtained were plotted as a
function of the pH. The pKa values were determined via the following equation [76,77].

pH = pKa — 1og<m>
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pH-metric titration: The experiment was carried out at rt using a calibrated pH meter
and 0.1 M stock solution of MRDPP in methanol. Then, a 2.0 x 10~3 M sample solution of
MRDPP was prepared by diluting MRDPP in 20 mL of Robinson—Britton buffer (0.007 M,
pH 6.6 or pH 10). A titrant solution of NaOH (0.05 M) was added dropwise under constant
magnetic stirring. The pH value and the volume of NaOH were recorded after equilibration
for 5 min. The obtained data were plotted, and the first derivative (ApH/AV) was calculated
to determine the inflection points, corresponding to the pKa values of MRDPP [78,79].

3.5. DFT Calculations

All calculations were carried out at the density functional (DFT) level of theory with
the ADF2021.102 program package [80-82]. The PBEO functional was employed for all cal-
culations. TD-DFT implemented in the ADF package was used to determine the excitation
energies: the 30 lowest singlet-singlet excitations were calculated using optimized geome-
tries. For geometry optimizations, C, N and O atoms were described through TZ2P basis
sets [triple-£ Slater-type orbitals (STOs) plus two polarization functions]; Ru was described
through QZ4P basis sets [quadruple-¢£ Slater-type orbitals (STOs) plus four polarization
functions]; and H atoms were described through TZP [triple-£ Slater-type orbitals (STOs)
plus one polarization function]. The corresponding augmented basis set was employed in
TD-DFT calculations [83]. Restricted formalism, no-frozen-core approximation (all-electron)
and no-symmetry constraints were used in all calculations. Solvent effects (water) were
simulated by employing the conductor-like continuum solvent model (COSMO) [84-86] as
implemented in the ADF suite.

3.6. General Spectroscopic Procedure

Spectroscopic measurements were carried out at 25 °C using transparent NUNC®
96-well plates. The absorption spectra were recorded at a final MRDPP concentration of
25 uM after an equilibration period of 10 min. Baseline corrections were applied using the
respective solvents as a reference. Screening experiments were performed in distilled water
and 20 mM HEPES buffer (pH 8). For the titration experiments, an initial MRDPP stock
solution of 100 uM was prepared in methanol, while a cyanide aqueous solution was used
at a concentration of 2500 uM. The titration curves were recorded and analyzed using Excel
and Prism 5.0% version software [87,88].

3.7. Detection Limit Determination

The detection limits for cyanide were determined using absorbance titration profiles
of MRDPP with cyanide. The limit of detection (LOD) was calculated using the standard
equation: LOD = 30/S, where o represents the standard deviation obtained from 10 blank
measurements and S is the slope derived from the calibration curve [89].

3.8. Calculation of Binding Constant (K)

The binding constants of MRDPP for cyanide were calculated from the absorption
titration profiles using the isotherm binding model with the following modified equation:

| Ap+ AK[CN7];
T 11 K[CNT],

where A is the observed absorbance at a given concentration of cyanide, Ay is the
absorbance of the free MRDPP, A, is the absorbance at saturation, K is the binding constant
and [CN ] is the total concentration of cyanide [90]. Titrations for the determination of
the binding constants were performed in triplicate, and the average value was reported.
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3.9. Paper Strip Experiments

Low-cost strips of test paper were prepared by dipping precisely cut strips of
Macherey—Nagel filter paper in a 25 uM solution of MRDPP in a HEPES buffer (pH 8). The
treated strips were then removed, dried in the air for 10 min and immersed in solutions of
various selected anions (1 mM). In contact with cyanide solutions, immediate visual color
changes were observed, while no significant color changes were noted even after 15 min of
exposure to other anions.

3.10. Regeneration of MRDPP

The regeneration experiments were conducted in a 100 uL well with a 25 uM MRDPP
solution and 400 pM CN~ (16 equivalents), corresponding to a signal close to saturation. To
this mixture, 68 uM of Fe3* (2.7 equivalents) was added. The mixture was left to stand for
10 min before recording the absorbance. The regeneration was carried out both in situ and
ex situ. In the in situ experiment, the sensor was regenerated by precipitation at the end of
all cycles. In the ex situ experiment, the sensor was precipitated at the end of each cycle.

Since [Fe(CN)g]?~ was soluble under the detection conditions (water + 0.025% v/v
methanol), a precipitation experiment was carried out by eliminating the solvent under
vacuum conditions, then dissolving the residue in 100 uL of water. A small amount of red
precipitation was observed, and the water was removed using a micropipette. This process
was repeated three times to ensure that no cyanide remained.

For the ex situ (isolated conditions) experiments, the precipitate was redissolved in
order to continue the following cycles using 25 uL of a solvent mixture (1 uL of methanol
and 999 uL of water).

3.11. ATR-FTIR Measurement Procedure

Each sample was placed directly onto the ATR crystal as a powder (solid form).
IR spectra were collected in the range of 4000-500 cm~!. A background spectrum was
recorded before each measurement and subtracted from the sample spectra. All spectra
were measured at room temperature.

4. Conclusions

In summary, we have developed the first arene ruthenium metalla-assembly (MRDPP)
as a selective colorimetric sensor for cyanide in water. MRDPP can be synthesized in a
single step (98% yield) and in good quantities. The sensor exhibits significant selectivity
towards cyanide, and the sensitivity was estimated to be in the micromolar range (4 pM),
in accordance with the World Health Organization’s recommended permissible level [6].
MRDPP shows medium-dependent dual mechanisms for cyanide detection: in water,
the recognition follows a proton transfer of the acidic NH to the basic CN~, leading
to a red-shift in the absorbance, while at pH 8, the sensing proceeds via nucleophilic
addition, where CN™ attacks the electrophilic carbonyl of DPP, leading to a decrease in the
absorbance intensity and the formation of a new complex. These different mechanisms
were confirmed by UV-vis spectroscopic titrations, 'H NMR and ESI-MS spectrometry.
DFT calculations were carried out to better understand the electronic structures of the free
assembly and its deprotonated forms to support our experimental observations. One of the
most remarkable aspects of MRDPP is its recyclability in water using Fe>* solution. Based
on these characteristics, MRDPP can be used for practical applications, such as on-site
cyanide detection or environmental monitoring, showing, overall, that arene ruthenium
assemblies are excellent scaffolds for producing versatile chemosensors.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /inorganics13110357/s1: Synthesis and characterization: 'H, 13C
and DOSY NMR spectra, MS spectra, detection limit plots, binding constant plots, UV —vis spectra,
DFT data, xyz coordinates. Figure S1. 'H NMR spectrum of MRDPP in MeOD; Figure S2. 3C{1H}
NMR spectrum of MRDPP in MeOD; Figure S3. DOSY NMR spectrum of MRDPP in MeOD; Figure S4.
ESI—MS spectrum of MRDPP (positive ion mode); Figure S5. Syn and anti conformations of MRDPP;
Figure S6. Delocalization of electrons through the m-system after deprotonation; Figure S7. pH-
indicator strips showing the HCN released from a DMSO solution containing MRDPP (1 mM) and
cyanide (4 mM), as control experiment (NaCN in DMSO, a drop of solution after 10 min); Figure S8.
Fit of the experimental absorbance data at 540 nm upon addition of increasing concentration of
cyanide in distilled water; Figure S9. Determination at 540 nm of the LOD for cyanide with MRDPP
(25 uM, distilled water); Figure S10. Competitive anionic binding experiments with MRDPP in
distilled water. Photograph of the MRDPP solution (25 uM) in the presence of 10 equiv. of each anions
(SCN—,F~,Cl7,Br, 17,1057, PO437, CO327, NO;3;~, CH3CO,—, 50427, 50327, C6H5O737) on the
right, and after addition to that solution of CN™ 10 equiv. on the left; Figure S11. pH titration curve
of MRDPP (2.0 x 10~3 M) titrated with NaOH (0.05 M) at rt and constant stirring in: (a) Robinson
buffer pH 6.2; (b) Robinson buffer pH 10; Figure S12. (a) UV- vis spectra of MRDPP (1 x 10™* M) in
Robinson buffer at different pHs (3-13); (b) Fit of the absorbance data of MRDPP using a modified
Henderson-Hasselbalch equation at two wavelengths (520 nm and 594 nm); Figure S13. Experimental
(blue) vs. theoretical (DFT/PBEQ) UV-vis spectra for syn-MRDPP (dashed red) and anti-MRDPP
(dashed green). Inset: expansion of the less intense band appearing at about 950 nm; Figure S14.
Frontier molecular orbitals and relative energies calculated (DFT/PBEQ) for syn-MRDPP; Figure S15.
Computed atomic charges according to Voronoi deformation density (VDD) and Hirshfeld methods
for syn-MRDPP and its deprotonated derivatives. The red arrow indicates the most charged proton,
which is removed; Figure S16. (a) UV-vis spectra of MRDPP (25 uM) in the presence of Fe3* (500 uM)
and [Fe(CN)]®~ (500 uM) in distilled water; (b) Colors of MRDPP solutions in the presence of
Fe3* and [Fe(CN)g]*~; Figure S17. ESI-MS spectroscopy of MRDPP after the recycling experiment;
Figure S18. ESI-MS spectra of; (a) MRDPP alone; (b) MRDPP after addition of 4 equivalents of
CN~ (IMRDPP(CN);]**); (c) MRDPP after addition of 25 equivalents of CN~ ([MRDPP(CN)4]**);
Figure S19. Determination at 540 nm of the LOD of cyanide with MRDPP (25 uM, HEPES buffer
pH 8); Figure S20. FT-IR spectra of MRDPP before (a) and after (b) addition of cyanides; Scheme S1.
Regeneration of MRDPP after sensing CN~, using a FeCl3 solution; Table S1. Hydratation energy
of anions and pKa values of the conjugate acids; Table S2. Energies of MRDPP (syn and anti) and
the deprotonated intermediates; Table S3. Most important contributions (>5%) of single orbital
transitions to absorptions for syn-MRDPP. Reference [91] is cited in the supplementary materials.
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