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Abstract

A series of new ruthenium(ll) vinyl complexes has been prepared incorporating
perylenemonoimide (PMI) units. This fluorogenic moiety was functionalised with terminal
alkyne or pyridyl groups, allowing attachment to the metal either as a vinyl ligand or
through the pyridyl nitrogen. The inherent low solubility of the perylene compounds was
improved through the design of poly-PEGylated (PEG = polyethylene glycol) units
bearing a terminal alkyne or a pyridyl group. By absorbing the compounds on silica,
vapours and gases could be detected in the solid state. The reaction of the complexes
[Ru(CH=CH-Per'™)CI(CO)(py-3PEG)(PPhs),] and [Ru(CH=CH-3PEG)CI(CO)(py-
Per'™)(PPhs);] with carbon monoxide, isonitrile or cyanide was found to result in
modulation of the fluorescence behaviour. The complexes were observed to display
solvatochromic effects and the interaction of the complexes with a wide range of other
species was also studied. The study suggests that such complexes have potential for

the detection of gases or vapours that are toxic to humans.



Introduction

The growth in interest in vinyl complexes of the heavier congeners of group 8 started
around 30 years ago’® and, since then, these versatile complexes have attracted much
attention. Although other approaches are known, the most widely used route to
ruthenium  vinyl complexes, such as the 5-coordinate = compounds
[Ru(CR=CHR’)CI(CO)(PR3).] (R = Ph, Pr)), is through the hydrometallation of alkynes by
the compounds [RUHCI(CO)(PPhs)s]** and [RuHCI(CO)(PPrs),].% Harris and Hill
reported a modification of this approach to yield the triphenylphosphine derivatives,
which avoided contamination with tris(phosphine) side products by using
[RUHCI(CO)(BSD)(PPhs),] as the precursor.l® The labile 2,1,3-benzoselenadiazole
(BSD) ligand permitted insertion of alkynes into the Ru-H bond to yield the coordinatively-
saturated products [Ru(CR=CHR’)CI(CO)(BSD)(PPhs);] (R, R* = H or alkyl/aryl
substituents).°@ Our work has focused on the analogous 2,1,3-benzothiadiazole (BTD)
complexes, including osmium examples,®® which use the cheaper BTD heterocycle.
Through the lability of the chloride and phosphine ligands (and BTD/BSD, if present),
mono-,1t12 bj-131415 gnd tridentate® donors can be coordinated to these vinyl
compounds. This provides ample demonstration of the reactivity at the metal centre,
however, the installation of the vinyl ligand through facile reaction with terminal alkynes
(also internal alkynes under more forcing conditions) allows the incorporation of further
functionality that can be influenced by the metal centre.!” Our recent work has
demonstrated the potential of this approach through the selective detection of very low
concentrations of carbon monoxide both in air'?®® and in cells,'?*¢ following work by
others in the area.'** Among other features, this contribution provides an illustration of
the versatility of such ruthenium vinyl complexes to install a fluorophore either through

coordination to the metal centre or as the substituent of the vinyl itself.

Perylenemonoimide (PMI) compounds have been demonstrated to be effective
fluorescent signalling units for use in fluorogenic sensors.’® They possess many
advantages with respect to other more classical and widely-used fluorescent molecules,
such as BODIPY (boron dipyrromethene) derivatives. For example, they display
excitation/emission wavelengths in the visible and near-IR regions of the spectrum,
which offer substantial advantages in terms of biological imaging. As well as excellent
thermal and photo-stability, PMI compounds are tolerant towards a wide range of
different reagents and are easily functionalised, for example by bromination followed by
Suzuki coupling.’® All the above characteristics are exploited here to allow the

incorporation of PMI units into divalent ruthenium vinyl complexes for application in the
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detection of a range of analytes. The use of silica supports in this work provides an
illustration of the use of these inorganic materials as an inexpensive and efficient method

for enhancing the application of colorimetric or fluorogenic chemosensors.21°

Results and Discussion

Two different approaches were used to incorporate fluorescent units into ruthenium vinyl
complexes.'? The two designs are shown in Scheme 1 and involve the fluorophore as
either the vinyl substituent or the ligand directly attached to the metal centre.
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Scheme 1. Two approaches to functionalising ruthenium vinyl complexes with

fluorogenic units. FL = fluorophore, SOL = solubilizing unit.

The benefits of mechanism A include the fact that the fluorophore is retained
within the metal complex, ensuring that the metal complex is located where fluorescence
is observed. The fluorogenic response originates from the electronic changes caused by
displacement of the ligand trans to the vinyl group by the analyte (L). This also leads to
a modulation of the colour observed in many cases. However, mechanism B can often
result in a greater fluorescence revival as the fluorophore is completely detached from
the metal centre, allowing the quenching (heavy atom effect?°) to be fully removed,
resulting in a turn-ON fluorescence response.?! A possible disadvantage of mechanism
B is that premature displacement of the fluorophore is more likely and that, once
displacement occurs, the fluorophore and the metal complex may not remain co-
localised. However, this design does allow the facile addition of other functional units
(e.g., to enhance solubility or cellular targeting) to the vinyl ligand through use of a

functionalised terminal alkyne.



Synthesis of fluorophores and solubilizing units

In order to explore both sensing mechanisms shown in Scheme 1, two new PMI
derivatives, py-per'™ and HC=C-per'™, were prepared with ethynyl and pyridyl
functionality. This was achieved starting from the 9-bromo derivative, as shown in

Scheme 2:
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Scheme 2. Synthesis of new perylene monoimide derivatives.

The synthesised compounds, py-per'™ and HC=C-per'™, were fully characterised
using *H and *C{*H} NMR and infrared spectroscopies and mass spectrometry. Both
compounds possess an imide group with a bulky aliphatic group (1-adamantyl-
ethylamine) to increase solubility and were synthesised using palladium-catalysed C-C
coupling approaches. A Suzuki reaction was used to prepare py-per'™ while HC=C-per'™
was obtained as the product of a Sonogashira coupling after a deprotection step. Both
compounds were purified using column chromatography (silica gel) and were obtained

as red solids in good yields (further details in Supporting Information).

Perylenemonoimide compounds often suffer from poor solubility and it was
considered likely that this characteristic would also be imparted to their metal complexes.
It was therefore decided to devise a solubilizing unit that could be used with both designs
shown in Scheme 1. This led to the synthesis of a structure with three polyethylene glycol
chains and this was used to generate two new pyridyl (py-PEG3) and alkynyl (HC=C-
PEG3) derivatives (Scheme 3).
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Scheme 3. Synthesis of PEGylated units suitable for use in aqueous and polar

solvents.

These solubilizing units, py-PEG3 and HC=C-PEG3, were fully characterised by
IH, 3C{*H} NMR and infrared spectroscopies and mass spectrometry. Both py-PEG3
and HC=C-PEG3, were obtained as pale yellow oils after purification by column
chromatography in DCM : MeOH mixtures. Characteristic signals were observed, such
as the 5.26 ppm singlet attributed to the terminal alkyne in the *H NMR spectrum (see
Supporting Information).

With the perylenemonoimide fluorophores and the complementary PEGylated
solubilizing units prepared, the focus moved to the synthesis of the ruthenium vinyl

complexes.

Ruthenium vinyl complexes

Two approaches were employed to synthesise the new ruthenium vinyl complexes
reported in this contribution. The most straightforward approach utilises the 5-coordinate
triphenylphosphine compounds first reported by Santos and co-workers,!?
[Ru(CH=CHR)CI(CO)(PPhs),], which are formed by the hydrometallation of alkynes by
the commercially-available tris(phosphine) compound, [RuHCI(CO)(PPhs)s]. The second

approach takes this hydride compound and converts it to the cationic bis(acetonitrile)
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adduct, [RuH(CO)(NCMe):(PPhs).]*,2¢?2 which reacts with alkynes to form
[Ru(CH=CHR)(CO)(NCMe)2(PPhs).]* 2¢ before halide addition yields the neutral
compound [Ru(CH=CHR)CI(CO)(NCMe)(PPhs);], in which the labile acetonitrile ligand
can be readily substituted.

Reaction of [RUHCI(CO)(PPhz)s] with HC=C-per'™ in dichloromethane solution
generated the 5-coordinate [Ru(CH=CH-per'™)CI(CO)(PPhs).] in situ. Addition of py-
PEG3 led to formation of the dark blue complex [Ru(CH=CH-per™)CI(CO)(py-
PEG3)(PPhs);] (S3PEG-Ru-CH=CH-per'™) in 84% vyield (Scheme 4). A singlet in the
31P{*H} NMR spectrum at 26.2 ppm indicated the presence of mutually trans phosphine
ligands. In the 'H NMR spectrum, the retention of the vinyl ligand was confirmed by
characteristic doublets (Jun = 16.3 Hz) for the Ha and H3 protons at 9.59 and 6.96 ppm,
respectively. Characteristic resonances for the perylene unit were observed between
8.02 - 8.39 ppm (aromatic) and 1.63 — 1.98 ppm (adamantyl), with a diagnostic
resonance at 5.09 ppm for the CH(Me)Ad proton. Pyridyl resonances were observed at
7.66 and 8.74 ppm, confirming the presence of the water-solubilizing unit. The carbonyl
groups were clearly visible in the *C{*H} NMR spectrum at 203.6 ppm (RuCO), and
between 166.0 - 164.6 ppm (amide and ester groups). The carbon monoxide ligand
bonded to the metal gave rise to an absorption at 1926 cm* while the ester and amide
carbonyls contributed to a broader resonance at 1734 cm™. The overall composition was
confirmed by mass spectrometry data and good agreement between calculated and
measured elemental analysis values.

The bis(acetonitrile) cation, [RuH(CO)(NCMe)2(PPhs),]BF, reacted with HC=C-
per'm in dichloromethane solution to initially yield [Ru(CH=CH-
PEG3)(CO)(NCMe).(PPhs),]BF4, before addition of [NEt]ClI gave the neutral
[Ru(CH=CH-PEG3)CI(CO)(NCMe)(PPhs)2] (Scheme 4). The labile acetonitrile ligand
was readily displaced by py-per'™ to vyield the red complex, [Ru(CH=CH-
PEG3)CI(CO)(py-per™)(PPhs)2] (3PEG-Ru-py-per'™) in 65% overall yield. The purity of
the product was indicated by the presence of only one singlet at 26.7 ppm in the 3*P{*H}
NMR spectrum, while the vinyl ligand gave rise to two doublets (Jus = 16.8 Hz) at 9.35
and 6.00 ppm for the Ha and HB protons, with the lower field resonance displaying
broadening due to coupling with the mutually trans phosphines. The presence of the py-
per™ unit was indicated by pyridyl resonances at 7.85 and 8.76 ppm as well as a
diagnostic quartet at 5.10 ppm for the CH(Me)Ad proton. Good agreement between
calculated and determined elemental analysis values confirmed the overall composition,

along with MALDI mass spectrometry data (Supporting Information).
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Scheme 4. Synthesis of ruthenium vinyl complexes.

There is considerable interest in ratiometric probes in which two fluorophores are
combined within the same molecule.?® This allows detection of an analyte through two
different emission responses. Previously, we have used the 5-(3-thienyl)-2,1,3-
benzothiadiazole (TBTD) fluorophore (Aexc = 355 nm, Aem = 500 nm) to detect carbon
monoxide in cells and in a mouse model of inflammation.*?¢¢ This fluorophore could also
be excited under two-photon conditions!? at 715 nm to allow detection of endogenous
CO at extremely low probe concentrations. It was therefore decided to explore the
installation of both the perylenemonoimide (PMI) and TBTD fluorophores within the same
complex. Treatment of [RUHCI(CO)(PPhs)s] with HC=C-per'™ in dichloromethane led to
in situ generation of [Ru(CH=CH-per'™)CI(CO)(PPhs).] (n = 2 or 3) before addition of the
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TBTD ligand, which provided the dark blue compound [Ru(CH=CH-
per™)CI(CO)(TBTD)(PPhs),] (TBTD-Ru-CH=CH-per'™) in 71% overall yield. The *H NMR
spectrum was again the most diagnostic characterisation method, displaying clear
resonances for the CH=CH-per™ unit at 9.41 (Ha), 6.94 (HB) and 5.08
(CH(Me)adamantyl) ppm as well as features between 1.5 - 2.0 ppm for the adamantyl
unit. In the same spectrum, the TBTD ligand gave rise to resonances at 7.63, 7.74 and
7.86 ppm. The overall composition was supported by MALDI data and satisfactory
elemental analysis values for the dichloromethane solvate. Substantial effort was
invested in attempts to grow single crystals of all ruthenium complexes suitable for a
structural determination, but without success. The difficulty in obtaining structural data
on PMI derivatives has been remarked upon previously.® However, the presence of
characteristic features in the NMR and IR spectra and the many established examples
of ruthenium vinyl complexes of this type ensure that there is little doubt as to the

composition of these complexes.

Photophysical characterisation

The absorbance and fluorescence properties of the synthesised compounds were
investigated in solution (Table 1). All of the PMI derivatives displayed high molar
extinction coefficients and around three times greater quenching of the fluorescence for
the complexes compared to the ligands HCEC-per'™ and py-per'™. It was also found that
the fluorescence lifetime decay values increased by 0.12 ns in the complexes over those

measured for the ligands.

Compound log € (Amax) D, % (¥2%) 71 (ns) X
(CHCl3) (CH2Cly) (CH:CIy)
HC=C-per'™ (500 nm) 4.7 90 462 1.085
py-per'™ (500 nm) 4.5 91 445 1116
3PEG-Ru-CH=CH-per'™ (575 nm) 4.7 38 474 1.078
3PEG-Ru-py-per'™ (500 nm) 4.7 29 457 1.098

Table 1. Photophysical parameters of the different PMI derivatives synthesised.

The absorption and fluorescence studies also showed that 3PEG-Ru-CH=CH-
per'™ displayed a remarkable bathochromic shift with polarity. It was also noted that the

absorption bands were broader than in the free perylenemonoimides, partly overlapping



with the emission bands. The absorption and fluorescence of 3PEG-Ru-py-per'™ was
found to depend on the solvent in the same way as its perylenemonoimide precursor py-
per'™. Complexation to a metal served to increase its solubility, rendering it slightly
soluble in organic:water mixtures, however, the fluorescence was found to be quenched
under these conditions.

In general, it was found that there was little difference in the absorption and
fluorescence behaviour of 3PEG-Ru-CH=CH-per'™ and TBTD-Ru-CH=CH-per'™. The
only exception to this was the observation of an absorption in the region 300-400 nm,
attributed to the absorption of the TBTD fluorophore (Fig. S4.2 in Supporting

Information).

After this initial evaluation of the photophysical parameters, a solvatochromic
(Figs. S2.16, S2.21, S2.26 and S2.31 in the Supporting Information) and solubility study
led to acetone being chosen as the optimal solvent for testing the response to other

analytes (Supporting Information).

The coordinated PMI complexes were screened against a series of 16 different
cations (Section S4.4 in Supporting Information). For 3PEG-Ru-CH=CH-per'™, little
change was observed apart from in the presence of Cu?* when irradiated with UV light
(Fig. S4.12 in ESI). The effect of different pH conditions was also investigated with this
PMI compound, which revealed little change until a highly basic aqueous solution (pH
12.3) was reached, likely due to chemical modification of the complex itself (Fig. S4.13.
in ESI). For 3PEG-Ru-py-per'™ there was no significant change in the fluorescence
properties except with Au®* cations (Fig. S4.14), which could be a result of the acidity of
the HAUCI, used.

Eleven different anions were screened for interactions with the perylene moiety
in the complexes. In almost all cases, little significant change was observed. An
exception was a colour change to pale blue and the observation of a red emission for
3PEG-Ru-CH=CH-per'™ with cyanide ions (Fig. S4.15). This was attributed to the n-acid
cyanide forming a complex with the ruthenium compound in a similar way to that found
with carbon monoxide.*? This result led to an investigation of the sensing potential of the
complexes with a series of n-acid analytes. It was of particular interest to explore the
detection of toxic substances found as gases or vapours as the risk of exposure is
particularly great. The detection of carbon monoxide (CO), cyanide (CN’) and a
representative isonitrile (tBUNC) was studied. Accordingly, it was found that 5 uM
solutions of the probes 3PEG-Ru-CH=CH-per'™ and 3PEG-Ru-py-per™ displayed

changes in presence of these analytes (Figures 1 and 2).



Visible light UV light
Reference CN° CO R-NC |Reference CN CcO R-NC

Figure 1. Colour (left) and fluorescence (right) responses of 3PEG-Ru-CH=CH-per'™ (5
MM) to NBusCN (50 pM), CO (bubbled for 2 minutes) and tBuNC (50 uM) in acetone

solution. Reference = acetone solution of the original complex.

Visible light UV light

Reference CO CN R-NC |Reference CO CN R-NC

e B

Figure 2. Colour (left) and fluorescence (right) responses of 3PEG-Ru-py-per'™ (5 uM)
to NBusCN (50 uM), CO (bubbled for 2 minutes) and tBUNC (50 yM) in acetone

solution. Reference = acetone solution of the original complex.

In contrast, acetone solutions of 3PEG-Ru-py-per'™ produces an increase in
fluorescence for all three analytes ([NBus]JCN, CO and tBuNC), with little differentiation
between them. The drastic colour and fluorescence changes displayed by 3PEG-Ru-

CH=CH-per'™ depending on the analyte are reflected in the quantitative data shown in
Figure 3.
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Figure 3. Absorbance (left) and fluorescence (right) spectra of 3PEG-Ru-CH=CH-per'™
(5 uM) with [NBus]CN (50 uM), CO (bubbled for 2 minutes) and tBuNC (50 pM) in

acetone solution.

Using the absorbance and fluorescence data, several titrations were carried out,
which allowed calculations to be performed to determine the limit of detection (LOD) in
solution for cyanide and tBuNC.?* A limit of detection of 0.29 uM (7.55 ug/L) was recorded
for cyanide with probe 3PEG-Ru-CH=CH-per'™ while the corresponding value for 3PEG-
Ru-py-per'™ was 0.41 yM (10.7 pg/L). For the isonitrile tBuNC, the LOD was measured
to be 0.29 uM (24.1 pg/L) for SPEG-Ru-CH=CH-per'™ and 0.12 yM (10 ug/L) for 3PEG-
Ru-py-per'™. Across all experiments, the results showed a very high sensitivity for both

cyanide and isocyanide as analytes (Section S4.5 in Supporting Information).

Silica immobilisation of the complexes

Detection of analytes, such as cyanide, in solution is important due to its common
occurrence as an environmental pollutant in ground water.?® Such applications, where
measurement is often undertaken by non-specialists, are served best by simple, low-
cost and easily-used systems, such as colorimetric methods.? The use of colour strips
has been investigated in our earlier work on carbon monoxide detection and this
approach proved successful,'?*® whether analysis was performed by the naked eye or
by an optoelectronic device.?® With this in mind, the compounds 3PEG-Ru-CH=CH-per'™
and 3PEG-Ru-py-per'™ were immobilised on a silica support backed by an aluminium
sheet (TLC, silica gel 60, Merck). The absorption was performed by dissolving the
compound (2 mg) in toluene (25 mL) and then submerging the TLC plates (5 x 5 cm) in

the solution overnight at 60 °C. The solution became colourless and successful
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immobilisation of the compound on the silica was confirmed by the bright colours

observed for the plates (Figure 4).

Figure 4. Image of the TLC plates with absorbed 3PEG-Ru-CH=CH-per'™ (left)
and 3PEG-Ru-py-per'™ (right).

In a similar way to the behaviour observed in solution, the immobilised complexes
gave rise to fluorescence changes after short periods in an atmosphere with CO gas or
when isonitrile or BrCN vapours were present. Using the apparatus shown in Figure 5,
these gases/vapours were found to lead to distinct changes in colour/fluorescence for

each analyte without the need for any solvent.

m P, = Vapour pressure
m (e{0)
CcO

-mO

Lid + modified TLC

Figure 5. Representation of the method employed to expose the modified TLCs to

different vapours or gas.

The experiments were performed for both the modified TLC plates based on
3PEG-Ru-CH=CH-per'™ and 3PEG-Ru-py-per'™ (See Section S4.5 in Supporting
Information). In order to measure the colour changes on reaction with the analyte, the
immobilised compounds were exposed to a constant stream of CO to saturate the
chamber and the changes were then studied over time. In a similar process, the TLC
plates were placed in sealed 15 mL vials with 20 pyL of tBuNC or 5 mg of BrCN at room
temperature. The response observed depended on the vapour pressure of the

compound and the interaction with the supported probe, as can be seen in Figure 6.
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3PEG-Ru-CH=CH-per'™ 3PEG-Ru-py-per'™

Visible
light

UV light
366 nm

Ctrl BrCN tBuNC CO HClI NEtg Ctrl BrCN tBuNC CO HCI NEt;

Figure 6. Qualitative response of the TLC plates modified with 3PEG-Ru-CH=CH-per'™
(left) and 3PEG-Ru-py-per'™ (right) in the presence of different vapours/gases with
measurement after 6 hours.

At constant vapour pressure, the changes of colour and fluorescence of the
immobilised compounds were found to depend on time. When studying the response to
tBUuNC, it was enough to wait for only 30 minutes to observe a significant increase in

fluorescence, with both probes reaching the saturation point after 2-3 hours (Figure 7).

Visible Visible
light light

UV light UV light
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Figure 7. Colour and fluorescence responses of immobilised 3PEG-Ru-CH=CH-per'™
(left) and 3PEG-Ru-py-per'™ (right) to tBUNC vapour over time, based on the emission
at 620 nm (Aexc = 515 nm).

In contrast, the response was completely different when evaluating the response
to BrCN, which produced only a small increase in fluorescence for the supported probe
3PEG-Ru-CH=CH-per'™, reaching a maximum after 2-3 hours (Figure 8, left). However,
in contact with BrCN vapour, the fluorescence of immobilised 3PEG-Ru-py-per'™ was

almost totally quenched after one hour (Figure 8, right).
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Figure 8. Colour and fluorescence responses of immobilised 3PEG-Ru-CH=CH-per'™
(left) and 3PEG-Ru-py-per'™ (right) to BrCN vapour over time, based on the emission
at 620 nm (Aexc = 515 nm).

The behaviour of the immobilised probes with CO were found to be very similar
to those obtained in solution, with the fluorescence increasing rapidly in the presence of
a constant stream of CO (saturated atmosphere). Saturation occurs in less than 30
minutes and the response is similar to that observed with tBuNC vapour, although with
a smaller increase in fluorescence for both of the immobilised systems (Figure 9 and
Figures 1 and 2).

Visible Visible
light light

UV light UV light
366 nm 366 nm
Ctrl 0.5 1 2 3 5 Ctrl 05 1 2 3 5
time (h) time (h)
3PEG-Ru-CH=CH-per'm 3PEG-Ru-py-perm
co & o co
0 1 zTime (h)a 0 1 211m! (h)i 5

Figure 9. Colour and fluorescence responses of inmobilised SPEG-Ru-CH=CH-per'™
(left) and 3PEG-Ru-py-per'™ (right) to a stream of CO over time, based on the

emission at 625 nm (Aexc = 515 nm).
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Conclusions

The first fluorescent ruthenium(ll) vinyl complexes based on the perylenemonoimide
(PMI) fluorophore have been synthesised and characterised and their photophysical
properties investigated. While one ruthenium example based on a perylenebisimide
design has been reported (as a photosensitizer for photodynamic therapy),?’ these
solvatochromic compounds represent the first examples of ruthenium with PMI-based
ligands. Using the inherent versatility of these compounds, both the vinyl substituent and
the coordination site at the metal centre were used to introduce the PMI fluorophore. In
order to increase the solubility and stability of the complexes in solution, two new water-
solubilizing moieties were designed and introduced through either the vinyl ligand or a
pyridyl unit. The two designs allowed sensing mechanisms based on a) modulation of
the fluorescence of the retained fluorophore through ligand substitution (3PEG-Ru-
CH=CH-per'™) and b) displacement of the fluorophore to be investigated (S3PEG-Ru-py-
per'™). In acetone solution, the compounds displayed a particular affinity for the n-acid
species investigated. This led to preliminary studies in which the probes proved effective
for the detection of several toxic analytes (isonitrile, cyanide and carbon monoxide), not
only in solution but supported on silica. In particular, the probes showed very low limits
of detection (LOD) for cyanide (0.29 uM) and tertiarybutylisonitrile (0.12 uM) in solution
and sensitive detection of these analytes as vapours in less than an hour when the

probes were immobilized on silica.
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S1 Materials and methods

Unless otherwise stated, solvents and reagents were obtained from commercial
sources and used as received. N-(2-adamantyl-ethylamine)-9-bromo-3,4-
perylenemonoimide,St triethyleneglycol monomethylether monotosylate,S?
methyl(3,4,5-monoethyltriethyleneglycol)benzoate,S* S3 (3,4,5-
monoethyltetraethyleneglycol)phenylmethanol,53  [RuHCI(CO)(PPhz)3]%® and
[RUH(CO)(NCMe)2(PPh3)2)]BF45® were prepared as described previously.
Column chromatography: SiO2 (40-63 uym). TLC plates coated with SiO2 60F254
were visualized by UV light. Aluminium sheet plates (TLC Silica gel 60, Merck)
with no dye were used for modification. NMR spectra were recorded at 25 °C
using a Varian Mercury 300 MHz and Varian Unity Inova 400 MHz. Ultraviolet—
visible (UV-Vis) and fluorescence spectra were recorded using a Hitachi U-3900
and F-7000 Hitachi Fluorescence spectrophotometers, respectively. IR spectra
were recorded with a Nicolet Impact 400D spectrophotometer. FTIR spectra were
recorded with a JASCO FT/IR-4200 fitted with a JASCO “ATR PRO ONE” ATR.
High resolution Mass spectra were obtained from a Bruker Autoflex matrix-
assisted laser desorption/ionization time of flight (MALDI-TOF) using dithranol
(DIT) or trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) as matrix. Time of Flight Mass Spectrometry (MS-TOF) was performed
on a Bruker Maxis Impact coupled to an ultra-performance liquid chromatography
device Waters Acquity (UPLC-MS-TOF).

Fluorescence decay lifetimes (1) were measured using a time-correlated
single photon counting instrument (FLS980 Series, Edinburgh instruments) with
a 510 nm pulsed LED (Edinburgh instruments, EPL-510) light source having a
177.4 ps adjusted by a deconvolution method after measuring the instrumental
response (IRF). Fluorescence quantum yields (®) were calculated by using the
same fluorimeter but provided with an integration sphere for calculating the

absolute value of this parameter.
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S2 Synthesis procedures and characterisation
Polyethyleneglycol derivatives

Synthesis of triethyleneglycol monomethylether monotosylate

0]
I CH,Cl, KOH
0] — 2b02 0
Ho~Aon* < > ¢! - 4o~ Ao
3 o) 0°C 3

Triethyleneglycol monomethyl ether (20.0 g, 121.8 mmol) and dichloromethane

(145 mL) were added to a 500 mL round bottom flask equipped with magnetic
stirrer. The homogeneous mixture was stirred at 0 °C. Freshly powdered NaOH
(19.5 g, 487.2 mmol) was added in small portions with vigorous stirring at 0-5 °C
for 1 h. Para-toluenesulfonyl chloride (27.9 g, 146.2 mmol) was dissolved in
dichloromethane (36 mL) and added followed by stirring at 0 °C for a further 3 h.
The mixture was then filtered under vacuum and extracted with dichloromethane
(3 x 200 mL) and the combined organic extracts were dried over anhydrous
Na:SOas. A pale yellow oil was obtained after filtration and evaporation of the
solvent. This oil was subjected to flash chromatography on silica, using
CH2Cl2/MeOH (25:1) as eluent, to give tetraethylene glycol monomethyl ether p-
toluene sulfonate (20.55 g, 53% yield) as a colourless oil. *H NMR (400 MHz,
CDCl3) & (ppm): 7.82 (d, J = 8.3 Hz, 2H, Ha), 7.41 — 7.31 (m, 2H, Ha/), 4.22 —
4.15 (m, 2H, S-O-CHy), 3.74 — 3.66 (m, 2H, CH2-0), 3.66 — 3.49 (m, 8H, CH2-0),
3.39 (s, 3H, CH3-0), 2.47 (s, 3H, Car-CHs). Spectroscopic data obtained agreed

well with those reported previously.S2: S3
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Fig. S2.1 'H NMR spectrum (CDClz, 400 MHz) of triethyleneglycol
monomethylether monotosylate
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Synthesis of methyl(3,4,5-monoethyltriethyleneglycol)benzoate
0
HO K,CO3 Acetone \[O/\/]’O o~
o o~ o 3
J( \/\tOTs + 70°C J( \4;0
HO
o
OH \[o/\/f

3

Methyl-3,4,5-trihydroxybenzoate (1.74 g, 9.4 mmol) and triethyleneglycol
monomethyl ether p-toluene sulfonate (12.0 g, 37.7 mmol) were added to a
suspension of K2COs (6.5 g, 47.1 mmol) in acetone (55 mL) and stirred at 70 °C
for 48 h. The solids were removed by filtration through Celite. After removal of the
acetone under vacuum, the residue was extracted with CHCIls/H20 (4 x 120 mL).
The organic layer was washed with 1N HCI aqg. and brine, successively. The
organic layer was dried over anhydrous Na>SOa. After filtration, the filtrate was
evaporated under vacuum and finally the oil was purified by column
chromatography, CH2Cl2:MeOH (50:3), to give methyl 3,4,5-tris(2-
methoxyethoxy)benzoate as a pale yellow oil. Yield 5.5 g (94%). 'H NMR (400
MHz, CDCI3) & (ppm): 7.31 (s, 2H, Har), 4.26 — 4.18 (m, 6H, CH2-O-Car), 3.91 —
3.86 (m, 7H, CH3-O-C=0 + -CH2-CHz2-), 3.83 — 3.78 (m, 2H, -CH2-CH2-), 3.77 —
3.63 (m, 19H, -CH2-CHz2-), 3.58 — 3.54 (m, 6H, -CH2-CH>-), 3.39 (d, J = 1.1 Hz,
9H, CH2-O-CHs). Spectroscopic data obtained agreed well with those reported

previously.S3
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Fig. S2.2 'H NMR spectrum (CDClsz, 400 MHz) of methyl(3,4,5-
monoethyltriethyleneglycol)benzoate
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Synthesis of (3,4,5-Monoethyltetraethyleneglycol)phenylmethanol

(0]

B e B

o, o

A suspension of LiAlH4 (1M, 2.3 mL, 2.3 mmol) in THF was slowly added to a
solution of methyl-3,4,5-tris(2-methoxyethoxy)benzoate (5.5g, 8.83 mmol) in
anhydrous THF (30 mL) under a nitrogen atmosphere at 0 °C. The resulting
suspension was stirred at room temperature for 2 h and then at 70 °C overnight.
Unreacted metal hydride was neutralized with ethyl acetate (1 mL), ethanol (1
mL) and water (10 mL), the mixture was filtered through Celite and extracted with
CH2Cl2 (4 x 75 mL). The organic layer was dried over anhydrous Na2SOa. After
filtration, the liquid phase was evaporated under vacuum giving the product as a
pale yellow oil. Yield: 4.78 (91%). *H NMR (400 MHz, CDCIz) d(ppm): 6.63 (s,
2H, Har), 4.57 (d, J = 6.0 Hz, 2H, CH2-OH), 4.18-4.11 (m, 6H, CH2-O-Car), 3.85-
3.52 (m, 43H, -CH2-CH3-), 3,37 (s, 9H, CHs3). Spectroscopic data obtained agreed

well with those reported previously.S3
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Fig. S2.3 *H NMR spectrum (CDClz, 400 MHz) of (3,4,5-
monoethyltetraethyleneglycol)phenylmethanol
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Synthesis of 3,4,5-tris(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzyl-4-
ethynylbenzoate (py-PEG3)

0™ o e RO
o~ e

DCC (N,N-dicyclohexylcarbodiimide) (381.3 mg, 1.85 mmol) was added to a
stirred solution of (3,4,5-monoethyltetraethyleneglycol)phenylmethanol (1.0 g,
1.68 mmol), isonicotinic acid (207 mg, 1.68 mmol), and 4-
(dimethylamino)pyridine [DMAP] (10.3 mg, 0.08 mmol) in CH2Cl2 (6 mL) at 0 °C.
The resulting suspension was warmed to room temperature and stirred for 2 h.
The suspension was filtered and concentrated. Purification by flash column
chromatography (with a gradient from neat DCM to DCM:MeOH 3%) afforded a
colourless liquid product (0.6 g, 51%). IR (ATR, cm): 3066, 2866 (C-H), 1728
(C=0), 1594, 1494, 1492, 1352, 1235, 1109, 942, 842, 741. *H NMR (400 MHz,
CDCIl3) 6 (ppm): 8.79 (dd, J = 4.2, 2.0 Hz, 2H, Har), 7.91 - 7.81 (m, 2H, Har), 6.68
(s, 2H, Har), 5.27 (s, 2H, Car-CH2), 4.20 — 4.13 (m, 6H, Car-O-CH2), 3.88 — 3.84
(m, 4H, O-CH), 3.79 (s, 2H, O-CH>), 3.75 - 3.71 (m, 6H, O-CH>), 3.65 (ddd, J =
9.5, 6.0, 2.0 Hz, 12H, O-CH2), 3.57 — 3.52 (m, 6H, O-CH2), 3.37 (t, J = 1.9 Hz,
9H, O-CHa). 13C NMR (101 MHz, CDCI3) d (ppm):164.9 (C=0), 152.8 (Car), 150.6
(CarH), 138.8 (Car), 137.3 (Car), 130.5 (Car), 122.9 (CarH), 108.5 (CaH), 72.3
(CH2-0), 71.9 (CH2-0), 70.8 (CH2-0), 70.7 (CH2-0), 70.6 (CH2-0), 70.5 (CH2-0),
69.7 (CH2-O), 69.0 (CH2-O), 67.6 (CH2-O), 59.0 (CHs-O). HRMS (ESI+): m/z
calcd. for Cs7Hs4014: 700.3539; found: 700.3563 (20, M+H*). m/z calcd for
Cs7Hs3NaO14: 722.3358; found: 722.3430 (40, M+Na*).

S6



8.80
8.79
8.79
8.78
7.88
7.87
7.86
6.68

&

2.0 {

T T R T

~
< “ecJc <
©

2.07

T T T T T T T T T T T T T
90 88 86 84 82 80 78 76 74 72 7.0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 3.6 34 32 3.0
f1 (ppm)

Fig. S2.4 *H NMR spectrum (CDClIz, 400 MHz) of 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl-4-ethynylbenzoate (py-PEG3)
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Fig. S2.5 3C{*H} NMR spectrum (CDCls, 101 MHz) of 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl-4-ethynylbenzoate (py-PEGS3)
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Fig. S2.6 High resolution mass spectrum (ESI+) of 3,4,5-tris(2-(2-(2-
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Synthesis of 3,4,5-tris(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzyl
isonicotinate (HC=C-PEG3)

K0 e e BTy O

o, o

N,N-dicyclohexylcarbodiimide (DCC) (381.3 mg, 1.85 mmol) was added to a
stirred solution of (3,4,5-monoethyltetraethyleneglycol)phenylmethanol (1.0 g,
1.68 mmol), 4-ethynylbenzoic acid (245.5 mg, 1.68 mmol), and 4-
(dimethylamino)pyridine (DMPA) (10.3 mg, 0.08 mmol) in CH2Cl2 (6 mL) at O °C.
The resulting suspension was warmed to room temperature and stirred for 2 h.
The suspension was filtered and concentrated. Purification by flash column
chromatography (gradient from neat DCM to DCM:MeOH 3%) afforded a pale
yellow liquid product (0.65 g, 53%). IR (ATR, cm™): 3245 (=CH), 2879 (C-H),
1718 (C=0), 1592, 1439, 1268, 1100, 858. *H NMR (400 MHz, CDCI3) d (ppm):
8.03 (d, J = 8.4 Hz, 2H, Har), 7.57 (d, J = 8.4 Hz, 2H, Ha/), 6.69 (s, 2H), 5.25 (s,
2H, Car-CH2), 4.18 (ddd, J = 8.0, 5.8, 4.4 Hz, 6H, Car-O-CH>), 3.87 (dd, J = 5.7,
4.4 Hz, 4H, O-CH>), 3.83-3.79 (m, 2H, O-CH2), 3.75 (td, J =5.1, 4.7, 1.5 Hz, 6H,
O-CH>), 3.70-3.64 (m, 12H, O-CH>), 3.58-3.54 (m, 6H, O-CH>), 3.39 (d, J = 1.7
Hz, 9H, O-CHs3), 3.26 (s, 1H, C=CH). 3C NMR (101 MHz, CDCl3) d (ppm): 165.7
(C=0), 152.7 (Car), 138.6 (Car), 132.1 (CaH), 131.1 (Car), 129.6 (CaH), 126.9
(Car), 108.2 (Car), 82.8 (C=CH), 80.2 (C=CH), 72.3 (CH2-0), 71.9 (CH2-0), 70.8
(CH2-0), 70.7 (CH2-0), 70.5 (CH2-0), 70.5 (CH2-0), 69.7 (CH2-0), 68.9 (CH2-0),
67.0 (CH2-0), 59.0 (CHs-O). HRMS (ESI+): m/z calcd. for Cs7HsaNaOaa:
745.3406; found: 745.3411 (30, M+Na*).
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Fig. S2.8 13C{*H} NMR (CDCls, 101 MHz) of 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl isonicotinate (HCEC-PEG3)
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Fig. S2.9 High resolution mass spectrum (ESI+) of 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl isonicotinate (HCEC-PEG3).
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Fig. S2.10 Infrared spectrum (ATR) of 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl isonicotinate (HC=C-PEG3)
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Perylene derivatives

Synthesis of N-(2-adamantyl-ethylamine)-9-trimethylsilylethynyl-3,4-

perylenemonoimide

o 0
o 8.% N \ / Pd(PPhy),Cl, Cul .N
o /SI\ Toluene:Et;N  5:1 = 7S‘I o Q Q o

2h 50°C

Under a nitrogen atmosphere, N-(2-adamantyl-ethylamine)-9-bromo-3,4-
perylenemonoimideS! (200 mg, 0.36 mmol), copper iodide (2 mg, 0.005 mmol)
and dichlorobis(triphenylphosphine)palladium(ll) (17.6 mg, 0.025 mmol) were
dissolved in a 5:1 mixture of toluene and triethylamine (50:10 mL). The mixture
was sealed with a septum and stirred. Trimethylsilylacetylene (90 pL, 0.6 mmol)
was added using a syringe and the reaction mixture was stirred at 50 °C. After 2
hours, the mixture was filtered through celite and evaporated to dryness. The
residue was purified by column chromatography using silica gel and a 1:2 mixture
of hexane and DCM as eluent. The product was obtained as a bright red-purple
solid and analysed by 'H NMR spectroscopy before deprotection (below). 1H
NMR (400 MHz, CDCls) d (ppm): 8.44 (dt, J = 13.4, 7.9 Hz, 2H, Har), 8.30 (d, J =
8.2 Hz, 1H, Har), 8.23 (dd, J = 6.7, 2.5 Hz, 1H, Har), 8.19 (d, J = 8.1 Hz, 1H, Ha)),
8.14 (d, J =8.1 Hz, 1H, Ha/), 8.11 (dd, J = 8.1, 2.5 Hz, 1H, Har), 7.69 (dd, J = 7.9,
1.9 Hz, 1H, Ha/), 7.63 — 7.56 (m, 1H, Has), 5.13 (g, J = 7.2 Hz, 1H, CH), 2.01 (s,
3H, 3xCH), 1.86-1.66 (m, 15H, 6xCH2+ CH3s), 0.42 (s, 9H, 3xCHz3).
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Fig. S2.11 *H NMR spectrum (CDCls, 400 MHz) of N-(2-adamantyl-ethylamine)-
9-trimethylsilylethynyl-3,4-perylenemonoimide
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Synthesis of N-(2-adamantyl-ethylamine)-9-ethynyl-3,4-perylene-
dicarboxylic acid monoimide (HC=C-per'™)

0 0 ° O O g
‘ . N AgF  24hRT ' N
‘ o DCM:MeOH 7:1 5

N-(2-adamantyl-ethylamine)-9-trimethylsilylethynyl-3,4-perylenemonoimideS:
(200 mg, 0.34 mmol) was dissolved in DCM:MeOH (14:2 mL). Then AgF (0.1 g,
0.78 mmol) was added to the solution. After stirring overnight at room

temperature, 15 mL of aqueous HCI (17%), was added to the mixture to form a
precipitate. This mixture was filtered under vacuum and the organic phase was
washed twice with HCI (17%) aqueous solution and once with water. The
combined organic extracts were dried using sodium sulfate, concentrated under
reduced pressure and the residue was purified by column chromatography using
silica gel and DCM:Hexane as eluent (8:2). The product was obtained as a red
solid (127 mg, 74%). IR (ATR, cm™): 3245 (=CH), 2879 (C-H), 1718 (C=0), 1592,
1439, 1268, 1100, 858. 'H NMR (400 MHz, CDCI3) & (ppm): 8.42 — 8.27 (m, 2H,
Har), 8.16 (d, J = 8.2 Hz, 1H, Har), 8.05 — 7.83 (m, 4H, Har), 7.56 (dd, J=7.8, 2.1
Hz, 1H, Har), 7.45 (td, J = 7.9, 2.2 Hz, 1H, Ha), 5.12 (g, J = 7.2 Hz, 1H, N-CH),
3.65 (s, 1H, C=CH), 2.12 — 1.97 (m, 3H, 3xCH), 1.96-1.63 (m, 15H, CH2+CH?3).
3C{*H} NMR (101 MHz, CDCI3z) & (ppm): 165.3 (C=0), 164.6 (C=0), [136.0,
135.5, 134.2, 131.6, 131.5, 131.0, 130.8, 129.6, 129.3, 129.1, 128.4, 127.4,
125.9, 123.5, 122.2, 122.0, 121.1, 120.5, 120.2] (CHar + Car), 84.8 (C=CH), 81.3
(C=CH), 58.1 (CH), 40.3 (CH2), 38.0 (Cq), 37.0 (CH2), 28.8 (CH), 13.2 (CH3).
HRMS (ESI+): m/z calcd for CssH3oNO2: 508.2271; found: 508.2277 (22, M+H?).
UV-Vis (CHCI3): Amax (€) = 440 nm (16300 M-t cmt); 470 nm (39000 Mt cm-?);
500 nm (48900 Mt cm); @ = 90.2 + 2 %, calculated in CH2Cl2; T (CH2Cl2, Aexc =
510 nm) = 4.62 nm, x> = 1.085.
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Fig. S2.12 *H NMR spectrum (CDCls, 400 MHz) of N-(2-adamantyl-ethylamine)-
9-ethynyl-3,4-perylene-dicarboxylic acid monoimide (HC=C-per'™).
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Fig. S2.13 3 C{*H} NMR (CDCls, 101 MHz) of N-(2-adamantyl-ethylamine)-9-
ethynyl-3,4-perylene-dicarboxylic acid monoimide (HC=C-per'™).
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Fig. S2.14 High resolution mass spectrum (ESI+) of N-(2-adamantyl-
ethylamine)-9-ethynyl-3,4-perylene-dicarboxylic acid monoimide (HC=C-per'™).
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Fig. S2.15 Infrared spectrum (ATR) of N-(2-adamantyl-ethylamine)-9-

ethynyl-3,4-perylene-dicarboxylic acid monoimide (HC=C-per'™).
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Fig. S2.16 Solvatochromism of N-(2-adamantyl-ethylamine)-9-ethynyl-3,4-

perylene-dicarboxylic acid monoimide (HC=C-per'™) investigated in 14 solvents
(water, methanol, DMSO, DMF, MeCN, acetone, EtOAc, THF, chloroform,
dichloromethane, toluene, diethylether, hexane and methylcyclohexane) of

decreasing polarity (probe concentration 10 uM) in visible light (middle) and

under UV light (bottom).
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Synthesis of N-(2-adamantyl-ethylamine)-9-(5-pyridine)-3,4-

perylenemonoimide (py-per'™)

O Na,CO, 0 O o]
ToI BuOH:H,0 — o]
4:2:1

In a 100 mL Schlenk tube under an atmosphere of nitrogen, N-(2-adamantyl-
ethylamine)-9-bromo-3,4-perylenemonoimideS (100 mg, 0.18 mmol) was
dissolved in a mixture of toluene:nBuOH (12:5 mL). Pd(PPhs)z (8.2 mg, 5 mol%)
was added under nitrogen followed by 4-pyridylboronic ester (36.5 mg, 0.18
mmol) dissolved in a mixture of toluene:nBuOH (4:2 mL). Finally, Na2COs (151
mg, 1.42 mmol) was added, dissolved in water (3.5 mL). The reaction was stirred
for 18 hours and the product was then extracted DCM:Water (100:50 mL, 3 x 100
mL DCM). Purification by column chromatography in DCM provided a red solid
(62.3 mg, 62%). IR (ATR, cm™): 2902-2849 (C-H), 1693 (C=0), 1650, 1592,
1350, 1245, 1060, 809, 753. 'H NMR (400 MHz, CDCls) d (ppm): 8.86 (s, 2H,
Har), 8.50 — 8.40 (m, 2H, Har), 8.36 — 8.18 (m, 4H, Har), 7.85 (d, J = 8.4 Hz, 1H,
Har), 7.61 — 7.46 (m, 4H, Har), 5.16 — 5.06 (m, 1H, N-CH), 2.00 (s, 3H, 3xCH),
1.86-1.66 (m, 15H, 6xCH2+CHz3). 13C{*H} NMR (101 MHz, CDCIs3) & (ppm):165.4
(C=0), 164.7 (C=0), 149.8 (Car-Nar), [148.2, 139.6, 139.5, 136.4, 136.2, 136.0,
135.8, 131.7, 131.7, 131.1, 131.0, 129.7, 129.6, 129.5, 129.4, 128.2, 127.9,
127.9, 127.4, 126.2, 125.0, 123.6, 122.8, 122.7, 122.2, 122.1, 121.3, 121.2,
120.4, 120.3] (CHar + Car), 58.1 (CH), 40.3 (CH2), 38.0 (Cq), 37.0 (CH2), 28.8
(CH), 13.2 (CH3). HRMS (ESI+): m/z calcd for C3oH33N202: 561.2537; found:
561.2542 (43, M+H"). UV-Vis (CHCI3): Amax (€) = 440 nm (13400 M1 cm1); 470
nm (29800 M1 cm1); 500 nm (34200 M cm); ® = 91.2 + 2 %, calculated in
CH2Cl2; T (CH2Cl2, Aexc = 510 nm) = 4.45 nm, x> = 1.116.
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Fig. S2-17 'H NMR spectrum (CDClz, 400 MHz) of N-(2-adamantyl-ethylamine)-
9-(5-pyridine)-3,4-perylenemonoimide (py-per'™).
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Fig. S2.18 3C{*H} NMR (CDCIls, 101 MHz) of N-(2-adamantyl-ethylamine)-9-(5-
pyridine)-3,4-perylenemonoimide (py-per'™).
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Fig. S2.19 High resolution mass spectrum (ESI+) of N-(2-adamantyl-
ethylamine)-9-(5-pyridine)-3,4-perylenemonoimide (py-per'™).
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Fig. S2.20 Infrared (ATR) spectrum of N-(2-adamantyl-ethylamine)-9-(5-
pyridine)-3,4-perylenemonoimide (py-per'™).
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Fig. S2.21 Solvatochromism of N-(2-adamantyl-ethylamine)-9-(5-pyridine)-3,4-

perylenemonoimide (py-per'™) in 14 solvents (water, methanol, DMSO, DMF,

MeCN, acetone, EtOAc, THF, chloroform, dichloromethane, toluene,

diethylether, hexane and methylcyclohexane) in order of decreasing polarity

(probe concentration 10 uM) in visible light (middle) and UV light (bottom).
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Synthesis of ruthenium complexes

Synthesis of [Ru(CH=CH-per'™)CI(CO)(py-PEG3)(PPhs)z] (3PEG-Ru-CH=CH-

per'™)
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In a 50 mL flask, [RUHCI(CO)(PPhs)3]®®> (50 mg, 0.053 mmol) was dissolved in
dichloromethane (10 mL) and treated with N-(2-adamantyl-ethylamine)-9-
ethynyl-3,4-perylene-dicarboxylic acid monoimide (HC=C-per'™) (26.7 mg, 0.053
mmol). The solution became dark blue instantly. After 30 mins, 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl-4-ethynylbenzoate (py-PEG3) (36.7 mg,
0.053 mmol) was added to the solution. After stirring for one hour, the reaction
was concentrated under vacuum and hexane added. This formed a solid
precipitate, which was filtered and washed with hexane several times to give a
dark blue product (84 mg, 84%). IR (ATR, cm™): 3066 (=C-H), 2864 (C-H), 1926
(C=0), 1734 (C=0), 1687, 1647, 1589, 1567, 1435, 1280, 1095, 1051, 849, 814,
747, 690. 'H NMR (400 MHz, CD2Cl2) & (ppm): 9.59 (d, J = 16.3 Hz, 1H, Ha),
8.74 (s, 2H, Har), 8.39 (dd, J = 15.1, 8.1 Hz, 1H, Har), 8.29 (dd, J = 17.7, 8.1 Hz,
1H, Har), 8.20 (dd, J = 20.8, 7.9 Hz, 2H, Har), 8.10 (dd, J = 8.3, 6.4 Hz, 1H, Ha),
8.02 (dd, J = 8.3, 6.5 Hz, 1H, Har), 7.66 (d, J = 8.5 Hz, 1H, Ha/), 7.58 — 7.53 (m,
12H, Har), 7.37 — 7.32 (m, 2H, Ha), 7.29 (d, J = 7.4 Hz, 6H, Ha/), 7.21 (t, J = 7.3
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Hz, 12H), 6.96 (d, J = 16.3 Hz, 1H, Har), 6.72 (s, 2H, Har), 5.28 (s, 2H, CH=CH),
5.09 (g, J = 7.3 Hz, 1H, CH), 4.19 (ddd, J = 18.8, 5.8, 4.1 Hz, 6H, CH2), 3.89 (dd,
J =5.7, 4.0 Hz, 4H, CH2), 3.82 — 3.77 (m, 2H, CH2), 3.73 — 3.58 (m, 18H, CHa),
3.54 — 3.48 (m, 6H, CH2), 3.34 (d, J = 6.4 Hz, 9H, CHa), 1.98 (s, 3H, 3xCH), 1.87-
1.63 (m, 15H, 6xCH2+CHs). 33C{*H} NMR (101 MHz, CD2Cl2) & (ppm):203.6
(C=0), 166.0 (C=0), 165.9 (C=0), 165.3 (C=0), 165.2 (C=0), 164.6 (C=0),
155.3, 153.4, 140.4, 139.2, 138.2, 138.0, 137.8, 137.3, 134.9, 134.8, 134.8,
134.5, 133.0, 132.8, 132.6, 132.2, 131.9, 131.5, 131.3, 131.2, 130.4, 130.2,
129.3, 128.8, 128.4, 128.3, 128.3, 127.9, 126.7, 126.1, 125.0, 123.8, 123.6,
123.1,121.9,121.0,120.8, 119.9, 119.0, 108.4 (CH=CH), 73.0, 72.5, 71.4, 71.1,
71.1, 71.0, 70.3, 69.6, 68.2, 59.2 (CH3), 58.1 (CH-Adam), 58.1, 40.9, 38.5, 37.6,
32.1,29.6, 23.2, 14.4, 13.5 (CHs). 3'P{*H} NMR (162 MHz, CD2Cl2) & (ppm): 26.2.
UV-Vis (CD2Cl2): Amax (€) = 520 nm (37840 M1 cm?); 575 nm (46445 M1 cm™);
® = 37.5 £ 2 %, calculated in CH2Cl2; T (CH2Cl2, Aexc = 510 nm) = 4.74 nm, x? =
1.078. Elemental Analysis: Calculated for C107H113CIN2017P2Ru 0.5CH2Cl2: C
66.6%, H 5.9%, N 1.4%. Found C 66.9%, H 6.0%, N 1.7%.
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Fig. S2.22 *H NMR spectrum (CD2Cl2, 400 MHz) of [Ru(CH=CH-
per'™CI(CO)(py-PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'™m).
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Fig. S2.23 13C{1H} NMR (CD2Clz, 101 MHz) of [Ru(CH=CH-per'™)CI(CO)(py-
PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'™).

26.23

ok LL

T T T T T T T T T T T T T T T T T T
110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70
1 (ppm)

Fig. S2.24 31P{'H} NMR (CD2Clz, 162 MHz) of [Ru(CH=CH-per'™)CI(CO)(py-
PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'™).
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Fig. S2.25 Infrared spectrum (ATR) of [Ru(CH=CH-per'™)CI(CO)(py-
PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'm).
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Fig. S2.26 Solvatochromism of [Ru(CH=CH-per'™)CI(CO)(py-PEG3)(PPhs)]
(BPEG-Ru-CH=CH-per'™) measured in 14 solvents (probe concentration 10

UM) of decreasing polarity (water, methanol, DMSO, DMF, MeCN, acetone,
EtOAc, THF, chloroform, dichloromethane, toluene, diethylether, hexane and
methylcyclohexane) in visible light (middle) and UV light (below).
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Synthesis of [Ru(CH=CH-PEG3)CI(CO)(py-per'™)(PPhz)2] (3PEG-Ru-py-

per'™)
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In a 50 mL flask, the [RuH(CO)(NCMe)2(PPhz)2)|BF456 (45 mg, 0.055 mmol) was
dissolved in DCM (8 mL) and 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl isonicotinate (HC=C-PEG3) (46 mg, 0.066
mmol) added. After stirring for 30 mins, tetraethylammonium chloride was added
to the solution. After one hour, N-(2-adamantyl-ethylamine)-9-(5-pyridine)-3,4-
perylenemonoimide (py-per'™) (33.8 mg, 0.061 mmol) was added to the solution.
The reaction was stirred for one hour and then the solvent volume was
concentrated under vacuum and diethylether added to the solution to precipitate
a solid. The precipitate was filtered and washed with diethylether (10 times) and
with hexane (twice) to provide a red, non-fluorescent product (70 mg, 65%). IR
(ATR, cm?): 3055 (=C-H), 2895 (C-H), 1926 (C=0), 1703 (C=0), 1660, 1585,
1436, 1351, 1266, 1244, 1085, 808, 734, 691. *H NMR (400 MHz, CD2Cl2) &
(ppm): 9.35 (d, J = 16.8 Hz, 1H, Har), 8.76 (s, 2H, Har), 8.39 — 8.28 (m, 4H, Ha),
8.18 — 8.12 (m, 2H, Har), 7.85 (d, J = 8.3 Hz, 2H, Har), 7.61 (dtd, J = 8.3, 4.6, 2.2
Hz, 12H, Har), 7.37 (t, J = 7.4 Hz, 6H, Ha/), 7.29 — 7.24 (m, 12H, Har), 6.99 (d, J
= 8.2 Hz, 2H, Har), 6.94 — 6.88 (m, 2H, Har), 6.73 (s, 2H, Ha/), 6.00 (d, J = 16.8
Hz, 1H, Har), 5.22 (s, 2H, CH=CH), 5.10 (d, J = 7.1 Hz, 1H, CH), 4.21-4.14 (m,
6H, CH), 3.89-3.85 (m, 4H, CH>), 3.81-3.77 (m, 2H, CH>), 3.73-3.67 (m, 6H,
CHy), 3.66-3.58 (m, 12H, CH2), 3.54 — 3.49 (m, 6H, CH2), 3.35 (s, 3H, CH3), 3.34
(s, 6H, CHs), 1.98 (s, 3H, 3xCH), 1.84-1.65 (m, 15H, 6xCH2+CHz3). 13C{'H} NMR
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(101 MHz, CD2Cl2) d (ppm): 203.6 (C=0), 167.1 (C=0), 165.6 (C=0), 164.9
(C=0), 154.6, 153.2, 145.2, 138.6, 136.5, 136.4, 136.2, 136.0, 135.0, 135.0,
134.9, 133.3, 133.1, 132.9, 132.6, 131.9, 131.3, 130.4, 130.3, 130.0, 129.9,
128.6, 128.3, 128.2, 128.2, 128.1, 127.7, 126.6, 125.7, 125.4, 124.2, 123.2,
121.0,120.8,108.1 (CH=CH), 72.9,72.5,71.3,71.1,71.0,, 70.3, 69.4, 66.8, 59.2
(CHgs), 58.4 (CH), 40.8, 38.5, 37.5, 29.5, 23.2, 14.4, 13.6 (CH3). 3'P{*H} NMR
(162 MHz, CD2Clz2) d (ppm): 26.68. UV-Vis (CH2Cl2): Amax (€) =475 nm (44142 M-
L ecm?); 500 nm (45056 Mt cmt); ® =29.5 + 2 %, calculated in CH2Clz; T (CH2Clz,
Aexc = 510 nm) = 4.57 nm, x? = 1.098. Elemental Analysis: Calculated for
C113H117CIN2017P2Ru 0.25CH2Cl2: C 68.2%, H 5.9%, N 1.4%. Found C 67.9%, H
6.3%, N 1.7%.
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Fig. S2.27 *H NMR spectrum (CD2Cl2, 400 MHz) of [Ru(CH=CH-
PEG3)CI(CO)(py-per'™)(PPhs)2] (3PEG-Ru-py-per'™).
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Fig. S2.28 13C{tH} NMR (CD2Clz, 101 MHz) of [Ru(CH=CH-PEG3)CI(CO)(py-
per'™)(PPhs)z] (3PEG-Ru-py-per'™).
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Fig. S2.29 3P{*H} NMR (CD2Cl2, 162 MHz) of [Ru(CH=CH-PEG3)CI(CO)(py-
per'™)(PPhs)z2] (3PEG-Ru-py-per'™).
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Fig. S2.30 Infrared spectrum (ATR) of [Ru(CH=CH-PEGS3)CI(CO)(py-
per'™)(PPhs)z2] (3PEG-Ru-py-per'™)).
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Fig. S2.31 Solvatochromism of [Ru(CH=CH-PEG3)CI(CO)(py-per'™)(PPhs)]
(B3PEG-Ru-py-per'™) in 14 solvents (water, methanol, DMSO, DMF, MeCN,
acetone, EtOAc, THF, chloroform, dichloromethane, toluene, diethylether,
hexane and methylcyclohexane) of decreasing polarity (probe concentration 10
MM) in visible light (middle) and UV light (bottom).

528



Synthesis of [Ru(CH=CH-per'™)CI(CO)(TBTD)(PPhs)2] (TBTD-Ru-CH=CH-

per'™)
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In a 50 mL flask, [RuHCI(CO)(PPh3)3]®®> (40 mg, 0.042 mmol) was dissolved in
DCM (8 mL) and treated with 3,4,5-tris(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)benzyl isonicotinate (HC=C-PEG3) (21.3 mg,
0.042 mmol). The solution became dark blue instantly. After 30 mins, 5-(3-
thienyl)-2,1,3-benzothiadiazole (TBTD) (9.2 mg, 0.042 mmol) was added to the
solution. After one hour, the reaction mixture was concentrated under vacuum
and hexane added to precipitate a solid, which was filtered and washed with
hexane several times to provide a dark blue powder (42.4 mg, 71%). IR (ATR,
cm1): 3046 (=CH), 2902 (C-H), 1926 (C=0), 1693 (C=0), 1654, 1595, 1435,
1350, 1271, 1093, 811, 754, 692. 'H NMR (400 MHz, CD2Cl2) & (ppm): 9.41 (d,
J = 15.5 Hz, 1H, Ha/), 8.42 (dd, J = 15.0, 8.1 Hz, 3H, Har), 8.35 - 8.27 (m, 3H,
Har), 8.18 (dt, J = 7.9, 3.4 Hz, 2H, Har), 7.86 (s, 1H, Har), 7.74 (t, J = 2.2 Hz, 1H,
Har), 7.63 (d, J = 8.3 Hz, 1H, Har), 7.59 — 7.56 (m, 2H, Har), 7.52 (m, 12H, Har),
7.40 (t, J = 8.0 Hz, 2H, Har), 7.30 (t, J = 7.4 Hz, 6H, Ha), 7.25 (d, J = 7.6 Hz, 1H,
Har), 7.18 (t, J = 7.6 Hz, 12H, Har), 6.94 (d, J = 15.6 Hz, 1H, Har), 5.08 (9, J=7.4
Hz, 1H, CH), 1.97 (s, 3H, 3xCH), 1.83-1.60 (m, 15H, 6xCH2+CHs). 13C{*H} NMR
(101 MHz, CD2Cl2) &(ppm): 204.9 (C=0), 165.9 (C=0), 165.3 (C=0), 155.4
(C=N), 154.4 (C=N), 140.9, 140.3, 137.9, 137.8, 137.7, 137.3, 134.6, 134.6,
134.5, 132.6, 132.5, 132.4, 132.2, 132.1, 131.8, 131.4, 131.1, 130.5, 130.4,
130.2, 129.3, 129.1, 129.0, 128.7, 128.3, 128.3, 128.2, 128.0, 127.8, 126.6,
126.2, 125.4, 124.9, 123.7, 123.4, 123.3, 121.9, 121.0, 120.9, 119.9, 119.1,
117.1, 58.1 (CH-Adam), 40.9 (CHz2), 38.5 (Cq), 37.6 (CH2), 32.1, 29.6 (CH), 23.2,
14.4, 13.5 (CHs). *'P{*H} NMR (162 MHz, CD2Cl2) d (ppm):26.78. Elemental
Analysis: Calculated for CssHesCIN3O3P2RuS2 2.25CH2Cl2: C 63.7%, H 4.4%, N
2.6%. Found C 63.7%, H 4.3%, N 2.8%.
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Fig. S2.32 H NMR spectrum (CD2Clz, 400 MHz) of [Ru(CH=CH-
per™CI(CO)(TBTD)(PPhs)2] (TBTD-Ru-CH=CH-per'™).
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. $2.33 13C{*H} NMR spectrum (CD2Cl2, 101 MHz) of [Ru(CH=CH-

per™)CI(CO)(TBTD)(PPha)z] (TBTD-Ru-CH=CH-per'™).
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Fig. S2.34 3'P{*H} NMR spectrum (CD2Cl2, 162 MHz) of [Ru(CH=CH-
per'™CI(CO)(TBTD)(PPhs)z] (TBTD-Ru-CH=CH-per'™).
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Fig. S2.35 Infrared (ATR) spectrum of [Ru(CH=CH-per'™)CI(CO)(TBTD)(PPhs)]
(TBTD-Ru-CH=CH-per'™).
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S3 Summary of synthesised compounds

PERYLENEMONOIMIDE DERIVATIVES (DCM):

N N
/ Y _
@]

opim® =91.2% ® = 90.2%
Py-pP T=445ns HC=C-per'™ =462 ns

RUTHENIUM COMPLEXES (DCM):

PMI-Alkyne derivatives: O 0

(0]
L 7 B o]

®=375% 1=474ns

O
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S4 Interpretation of absorption and fluorescence data
S4.1 Selection and influence of the solvents

The response for the complexes [Ru(CH=CH-per'™)CI(CO)(py-PEG3)(PPhs)2]
(B3PEG-Ru-CH=CH-per'™). was compared between different solvents of interest:

36142619
tus 3(.:0* n;o"‘*"’“ o Q
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Fig. S4.1 Results from solvatochromic studies showing the visible appearance

(above) of 5 uM solutions of 3PEG-Ru-CH=CH-per'™ in different solvents and

absorption (bottom left) and fluorescence (bottom right) spectra of 3PEG-Ru-
CH=CH-per'™ (10 uM) in different solvents.

From the absorption and fluorescence studies it was concluded that 3PEG-Ru-
CH=CH-per'™ has a remarkable bathochromic shift with polarity. In addition,
absorption bands were broader than in free perylene monoimides, being partially
overlapped with emission bands. It was also observed the presence of a
secondary emission at wavelengths above 650 nm. The fluorescence quantum
yields compared to HC=C-per'™ decreased from 90% to 38% and the
fluorescence lifetime decay associated with the perylene core increased by 0.12

ns.
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Little difference is apparent between 3PEG-Ru-CH=CH-per'™ and TBTD-
Ru-CH=CH-per'™ in absorption nor fluorescence, with the exception of the
absorption in the region 300-400 nm, where the absorption of the TBTD group

was observed:

2.5 4
8 2.0+
@ —— 3PEG-Ru-CH=CH-per™ DCM
5 —— TBTD-Ru-CH=CH-per™ DCM
n 154
o]
<
°©
(0]
N 1.0
©
£ TBTD absorption
(o]
< 05-
0.0 1

T T T T T T T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Fig. S4.2 Absorption comparison of 3PEG-Ru-CH=CH-per'™ and TBTD-Ru-
CH=CH-per'™ in DCM.

The lack of difference between 3PEG-Ru-CH=CH-per'™ and TBTD-Ru-
CH=CH-per'™, led us to focus on 3PEG-Ru-CH=CH-per'™, which was more

soluble in water mixtures, increasing the potential for application.
Similarly to 3PEG-Ru-CH=CH-per'™, the response for the complex [Ru(CH=CH-

PEG3)CI(CO)(py-per'M)(PPhz)2] (3PEG-Ru-py-per'™) was compared between

different solvents of interest:
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Fig. S4.3 Solvatochromic study of 10 uM solutions of 3PEG-Ru-py-per'™ with
appearance in different solvents above and absorption (bottom left) and

fluorescence (bottom right) behaviour in different solvents.

The absorption and fluorescence of 3PEG-Ru-py-per'™ depends on the solvent
in the same way as its perylene monoimide precursor py-per'™ but complexation
to a metal increased its solubility, rendering it slightly soluble in organic:water
mixtures, although the fluorescence was found to be quenched. In addition, the
fluorescence quantum yield decreased substantially, from 91% to 30%, while the
fluorescence lifetime decay associated with the perylene core increased by 0.12

ns compared to HC=C-per'™.
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S4.2 Carbon monoxide detection

The response to bubbling carbon monoxide (CO) through solutions of
[Ru(CH=CH-per'™)CI(CO)(py-PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'™) in DCM
are shown below in Figure S4.4. The substitution reactions observed on addition
of CO to similar complexes have already been reported by us.S” Replacing the
pyridyl group with a CO molecule led to changes in the properties of the complex;

affecting absorption, fluorescence and solubility (Fig. S4.4).

T
t.t:.osﬂ Ac&’f" A'L‘ Jourty o] I Q

ot AT W < ‘}oAjfo u\co
VFO YQ PP“3 3PEG-Ru-CH=CH-per'™
- - 0
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—— 3PEG-Ru-CH=CH-per" + CO| 3 400 4 SPEG-Ru-CH=CH-per |
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Fig. S4.4 Visible appearance (above) without (left vial) and with (right vial) CO
of 5 UM solutions of 3PEG-Ru-CH=CH-per'™ in DCM, acetone and
acetone:water (9:1) and response to CO of the same compound (10 uM) in

terms of absorption (bottom left) and fluorescence (bottom right).
It was concluded that the emission increased at higher wavelengths (region

of 620 nm) and decreased at its initial maximum (570 nm). The absorption

peaks were extended from the maximum of the initial band.

S36



For [Ru(CH=CH-PEG3)CI(CO)(py-per'™)(PPh3)2] (3PEG-Ru-py-per'™), the
behaviour was found to be substantially different with little visible difference on

addition of CO but a substantial change in absorption and fluorescence (Figure
S4.5):
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Fig. S4.5 Visible appearance (above) without (left vial) and with (right vial) CO
of 5 uM solutions 3PEG-Ru-py-per'™ in DCM, acetone and acetone:water (9:1)
and response to CO of the same compound (10 uM) in terms of absorption

(bottom left) and fluorescence (bottom right).

The fluorescence of 3PEG-Ru-py-per'™ doubled in the presence of CO, the
absorption increased too, the perylenemonoimide was substituted by CO in the
complex, this led to an increase in fluorescence, as it was checked by comparing

with py-per'™ and with the values of the fluorescence quantum yield.
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S4.3 Effect of CO and glutathione

0 o) SHH 0
HO)J\E/\/U\N N\)LOH
NH, H 0o

Glutathione (Glut) is a tripeptide present in cells (structure above), it possesses
a thiol group and acts as an antioxidant. For the purpose of detecting CO within
the cellular environment, it is important to evaluate the possible interference of
this species. The first compound to be investigated was [Ru(CH=CH-
per'™CI(CO)(py-PEG3)(PPhs)2] (3PEG-Ru-CH=CH-per'™), which showed a

modest colour change in response to the presence of CO.

control (6{0) Glut Glut+CO control Cco Glut Glut+CO
6 0
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e S pftetane 80 heat + 0% g W1

> &

acetone solution acetone:water (9:1)

Fig. S4.6 Visible appearance of 5 uM solutions of 3PEG-Ru-CH=CH-per'™ with
either no additive (control) or with bubbled CO, 0.1 mM glutathione only or 0.1
mM glutathione + bubbled CO.
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Fig. S4.7 Absorption (left) and fluorescence (right) spectra of 5 uM solutions in
acetone of HCEC-per'™ alongside 3PEG-Ru-CH=CH-per'™ with either no
additive (control) or with bubbled CO, 0.1 mM glutathione only or 0.1 mM

glutathione + bubbled CO.
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The presence of CO increased the fluorescence band at 650 nm slightly. The
absorption at 600 nm decreased in the presence of CO. The same experiment

was also carried out in acetone;water (9:1) mixtures:
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Fig. S4.8 Absorption (left) and fluorescence (right) spectra of 5 uM solutions in

water:acetone (9:1) of 3PEG-Ru-CH=CH-per'™ with either no additive (control)

or with bubbled CO, 0.1 mM glutathione only or 0.1 mM glutathione + bubbled
CoO.

The compound was found to precipitate slowly from the mixture water:acetone
(9:1). In the presence of CO, the absorption broadened and the fluorescence

shifted to the IR region, the fluorescence also increased in the presence of CO.

Data were also collected for [Ru(CH=CH-PEG3)CI(CO)(py-per'™)(PPhs)z]
(B3PEG-Ru-py-per'™) in the presence of glutathione and CO.
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Fig. S4.9 Visible appearance of 5 uM solutions of 3PEG-Ru-py-per'™ with either
no additive (control) or with bubbled CO, 0.1 mM glutathione only or 0.1 mM
glutathione + bubbled CO.
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Fig. S4.10 Absorption (left) and fluorescence (right) spectra of 5 uM solutions in
acetone of 3PEG-Ru-py-per'™ with either no additive (control) or with bubbled
CO, 0.1 mM glutathione only or 0.1 mM glutathione + bubbled CO.

When CO was passed through the solution, 3PEG-Ru-py-per'™ increased its
fluorescence until it was the same as the free ligand, py-per'™. However, the

fluorescence increased slightly more when glutathione was also present in the

media.
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Fig. S4.11 Absorption (left) and fluorescence (right) spectra of 5 uM solutions of
3PEG-Ru-py-per'™ in acetone:water (1:9) with either no additive (control) or
with bubbled CO, 0.1 mM glutathione only or 0.1 mM glutathione + bubbled CO.

The compound became red and started to precipitate except when CO was
bubbled through the solution. The absorption at 350 nm did not appear in
presence of CO and the fluorescence increased selectively with the presence of
CO.
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S4.4 Behaviour with cations and anions

Acetone solutions (20 uM) of [Ru(CH=CH-per'™)CI(CO)(py-PEG3)(PPhaz)2]
(B3PEG-RuU-CH=CH-per'™) and [Ru(CH=CH-PEGS3)CI(CO)(py-per'™)(PPhs)]
(B3PEG-Ru-py-per'™) were studied in the presence of different cations and

anions. The cations were added in water with non-coordinating counterions such

as perchlorate or triflate (except in the case of HAuCls and Pd?*).

ctrl Ag' Ni**. Sn* Cd* Zn%*' Pb* Gl Fe’* Sc3*, AF* Hg* Au®* Co* Pd* Ir** Cu*

Fig. S4.12 Visible appearance of 20 uM solutions of 3PEG-Ru-CH=CH-per'™ in
acetone with different cations (80 uM) under visible light (above) and UV, 366
nm, light (below).

The most remarkable change occurred in the presence of Cu?*, changing
the final colour and fluorescence. In addition, there was a slight increase of
fluorescence for Lewis acid cations such as Fe3* and Sn?*. This led to the effect
of different pH being investigated, which revealed no clear variation until adding

water with a pH of 12.3.

U

% N ) - 77»/‘ —— "”“ - x
' Lﬁnﬁaé. . B 16 64 7 76 8210288

Fig. S4.13 Appearance of 5 pM solutions of 3PEG-Ru-CH=CH-per'™ in

acetone:water (95:5) under different pH conditions (PBS 0.1 mM) in visible light
(left) and UV light, 366 nm, (right) after 72 hours.
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There was no significant change in fluorescence except for Au3* cations, which

may be due to its acidic nature.

e e Nt e i N |\ e ¥ N s

ctrl water Ag® Ni?* Sn* Cd** Zn%* Pb?* Cu?* Fe Sc* AP* Hg® Au®* Co? Pd* Ir* Cu*

Fig. S4.14 Appearance of 20 uM solutions of SPEG-Ru-py-per'™ in acetone
with various cations (80 uM) under visible light (above) and UV, 366 nm, light

(below).

There was no significant change except for CN-, in which the colour became
pale blue and the fluorescence reddish. This is attributed to the w-acid cyanide

forming a complex with the ruthenium compound.

BnO°- NOs; H,PO;s HSOs AcO CN- SCN-

Fig. S4.15 Appearance of 20 uM solutions of 3PEG-Ru-CH=CH-per'™ in
acetone with different anions (80 uM) under visible light (above) and UV, 366
nm, light (below).

No significant change was observed for solutions of [Ru(CH=CH-
PEG3)CI(CO)(py-per'™)(PPhz)2] (3PEG-Ru-py-per'™) but a small increase with
cyanide and acids such as H2POa4 was noted:
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Fig. S4.16 Appearance of 20 uM solutions of 3PEG-Ru-py-per'™ in acetone
with different anions (80 uM) under visible light (above) and UV, 366 nm, light

(below) after 72 hours.
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S4.5 Titrations with different analytes

In addition to CO, several other w-acid analytes were studied to investigate the
fluorescence response of the complexes. It was of particular interest to explore
the detection of toxic substances found as gases or vapours as the risk of
exposure is particularly great. The detection of carbon monoxide (CO), cyanide
(CN) and a representative isonitrile (tBuNC) was studied. In all cases the
mechanism proceeded via substitution of the pyridyl group, but there were also

significant differences in the products (Figure S4.17):
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PPh, FL-py PPhs

ON
Fig. S4.17 Scheme of the fluorescent response of probes 3PEG-Ru-CH=CH-

per'™ and 3PEG-Ru-py-per'™ to various analytes.

Below can be seen a comparison of the changes in fluorescence and colour in

the presence of these substances (Figures S4.18 and S4.19).
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Visible light UV-light (366 nm)
Reference CN° CO R-NC |Reference CN CO R-NC

3PEG-Ru-CH=CH-per'™
5uM +Analytes

Fig. S4.18 Colour and fluorescence changes for 3PEG-Ru-CH=CH-per'™ with
different analytes (20 uM of CN- or tBuNC; CO was bubbled for 15 minutes).

Visible light UV-light (366 nm)
Reference CO CN R-NC |Reference CO CN’ R-NC

3PEG-Ru-py-per™
5puM + Analytes

Fig. S4.19 Colour and fluorescence changes for 3SPEG-Ru-py-per'™ with
different analytes (20 uM of CN- or tBuNC; CO was bubbled for 15 minutes).

Several titrations were performed in solution adding a cyanide salt (NBusCN) and

a dilute isonitrile (tBuNC) solution. Absorption and fluorescence spectra were first

measured for these compounds (Figure S4.20).
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Fig. S4.20 Normalized absorption and fluorescence spectra of 3PEG-Ru-
CH=CH-per'™ on the left and 3PEG-Ru-py-per'™ on the right.

In the case of cyanide and tBuNC, the response was evaluated by titration adding
the compound in solution as a dissolved salt in acetone (NBusCN) and as a
diluted liquid (tBuNC), respectively. This allowed the calculation of an

experimental Limit of Detection (LOD).
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Titrations with cyanide
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Fig. S4.21 Absorption (left) and fluorescence (right) spectra of 3PEG-Ru-
CH=CH-per'™ with an increasing concentration of CN-.
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Fig. S4.22 Titration of 3PEG-Ru-CH=CH-per'™ with increasing concentration of
CN-. Absorption fitting for the calculation of the LOD.

The absorption spectra changed with the increasing concentration of cyanide,
showing a shift of the band from 575 to 620 nm, with a decrease in the maximum
of absorption. The variation in fluorescence was low and associated to the
increasing absorption at more than 620 nm, being overlapped
emission/absorption. The experimental LOD was found to be 0.29 yM for CN-

with a 5% of false positive-negative.5*
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Fig. S4.23 Absorption (left) and fluorescence (right) spectra of 3SPEG-Ru-py-
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Fig. S4.24 Titration of 3PEG-Ru-py-per'™ with increasing concentration of CN-.

Fluorescence fitting for the calculation of the LOD.

The absorption spectra barely changed but the emission increased by 50% from
0 to 10 uM. The experimental LOD was calculated to be 0.41 yM for CN- with a

5% of false positive-negative.S*

548



Titrations with isonitrile
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Fig. S4.25 Absorption and fluorescence spectra showing the titration of 3PEG-
Ru-CH=CH-per'™ with increasing concentration of tBuNC.
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Fig. S4.26 Titration of 3PEG-Ru-CH=CH-per'™ with increasing concentration of

tBUNC. Fluorescence emission fitting for LOD calculation.
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The absorption spectra displayed a band shift and the emission was found to
increase by 50% from 0 to 40 yuM. The experimental LOD was calculated to be
0.29 uM for tBuNC with a 5% of false positive-negative.S*
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Fig. S4.27 Absorption and fluorescence spectra for 3PEG-Ru-py-per'™ with

increasing concentration of tBUNC.
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Fig. S4.28 Titration of 3PEG-Ru-py-per'™ with increasing concentration of

tBUNC. Fluorescence emission fitting for the calculation of the LOD.

The absorption spectra showed a band shift and the emission increased by 20%
from 0 to 5 uM. The experimental LOD was 0.12 yM for tBuNC with a 5% of false

positive-negative.S*

Additionally, the effect of adding cyanide in the form of BrCN was also tested

(Figures S4.29 and S4.30) alongside the tests with the other vapours/gases. This
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compound has a remarkable vapour pressure and is easily hydrolysed to form

hydrogen cyanide:

(CN)Br + H20 — HCN + HOBr

As a consequence, the changes observed are different from adding other cyanide

salts, being a mixture of a response to acid and cyanide properties.

Fig. S4.29 A 5 uM Acetone solution of 3PEG-Ru-CH=CH-per'™ before and after
adding 2 mg of BrCN.

Fig. S4.30 A 5 uM Acetone solution of 3PEG-Ru-py-per'™ before and after
adding 2 mg of BrCN.
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S4.5 Measurements of immobilised probes

The compounds 3PEG-Ru-CH=CH-per'™ and 3PEG-Ru-py-per'™ were
absorbed onto silica supported on aluminium sheet (TLC plates with silica gel 60,
Merck). The absorption was performed using 2 mg of compound dissolved in 25
mL toluene into which TLC plates (5x5 cm) were submerged and left overnight at
60 °C. The solution became colourless and the TLC absorbed the compound
(Figure S4.31).

Fig. S4.31 Photograph of the TLC plates with absorbed 3PEG-Ru-
CH=CH-per'™ and 3PEG-Ru-py-per'™

For the supported probes the response was found to be different compared to

the solutions. For the evaluations, the tests were performed following the
procedure shown in Figures S4.32 and S4.33.

SS9

Lid +
modified TLC “

Fig. S4.32 Preparation and photos of the measurement vial using the

Vial

immobilised probes.
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P, = Vapour pressure

-

m tBuNC BrCN
m O

Lid + modified TLC

Fig. S4.33 Procedure for measuring the change in colour/fluorescence in the

presence of gases/vapours from several substances.
The response observed depended on the absorbed material and the analyte

vapour pressure/temperature; giving changes with time, as indicated in Fig.
S4.34
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Fig. S4.34 Scheme showing the changes in fluorescence of the immobilised
probes with absorbed 3PEG-Ru-CH=CH-per'™ and 3PEG-Ru-py-per'™ in

presence of different gases.

The process was found to depend mainly on the vapour pressure of the
substance/temperature and it could be followed by how it changed with time.
First, the changes were studied qualitatively in presence of the different gases for

6 hours (Figures Fig. S4.35 and Fig. S4.36).

S54



BT HE

Control BrCN BuNC

e

Control BrCN BuNC

Fig. S4.35 Immobilised 3PEG-Ru-CH=CH-per'™ under visible (above) and 366

nm UV light (below) after 6 hours exposed to different gases.

H NE .

Control BrCN tBuNC HCl

Control BrCN BuNC

Fig. S4.36 Immobilised 3PEG-Ru-py-per'™ under visible (above) and 366 nm

UV light (below) after 6 hours exposed to different gases.

The process could be followed over time by measuring in an atmosphere

saturated with these vapours at room temperature. The vials contained:

e 20 L of tBUNC
e 5mg of BrCN

The effect of these vapours was measured after different time periods between

several minutes to 5 hours to obtain changes in absorption/fluorescence.
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Tests with BrCN

Control 20 min 60 min

Control 20 min 40 min 60 min

Fig. S4.37 Images of immobilised 3PEG-Ru-CH=CH-per'™ in visible (above)
and 366 nm UV light (below) after different time periods exposed to BrCN

vapour.
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Fig. S4.38 Emission spectra (Aexc = 515 nm) of immobilised 3PEG-Ru-CH=CH-

per'™ after different time periods with BrCN vapour.

The fluorescence increases slightly, mostly in the IR region. The increase is

noticeable after half an hour and reaches its maximum after 2 hours.
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Fig. S4.39 Images of immobilised 3PEG-Ru-py-per'™ in visible (above) and 366

nm UV light (below) after different time periods exposed to BrCN vapour.
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Fig. S4.40 Emission spectra (Aexc = 520 nm) of immobilised 3PEG-Ru-py-per'™
after different time periods with BrCN vapour.

For 3PEG-Ru-py-per'™, the fluorescence decreases substantially and rapidly.
After 1 hour the fluorescence remained quenched and constant.
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Tests with tBuNC

Control 20 min 10 min 60 min

Control 20 min 40 min 60 min

Fig. S4.41 Images of immobilised 3PEG-Ru-CH=CH-per'™ in visible (above)
and 366 nm UV light (below) after different time periods exposed to tBUuNC

vapour.
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Fig. S4.42 Emission spectra (Aexc = 515 nm) of immobilised 3PEG-Ru-CH=CH-

per'™ after different time periods with tBUNC vapour.

The fluorescence was found to increase significantly. The increase is noticeable

after half an hour and reaches its maximum after 3-4 hours.
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Fig. S4.43 Images of immobilised 3PEG-Ru-py-per'™ in visible (above) and 366

nm UV light (below) after different time periods exposed to tBuNC vapour.
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Fig. S4.44 Emission spectra (Aexc = 520 nm) of immobilised 3PEG-Ru-py-per'™

after different time periods with tBuNC vapour.

The fluorescence increases substantially in the presence of tBuNC vapour. The

increase is noticeable after half an hour and reaches its maximum after 2 hours.
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Tests with carbon monoxide (CO)

Control 30 min

Control 30 min

Fig. S4.45 Images of immobilised 3PEG-Ru-CH=CH-per'™ in visible (above)
and 366 nm UV light (below) after different time periods exposed to CO gas.
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Fig. S4.46 Emission spectra (Aexc = 515 nm) of immobilised 3PEG-Ru-CH=CH-

per'™ after different time periods with CO gas.

The fluorescence increases slightly, mostly in the IR region. The increase is

substantial in less than an hour and reaches its maximum 1 hour.
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Fig. S4.47 Images of immobilised 3PEG-Ru-py-per'™ in visible (above) and 366
nm UV light (below) after different time periods exposed to CO gas.
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Fig. S4.48 Emission spectra (Aexc = 520 nm) of immobilised 3PEG-Ru-py-per'™
after different time periods with CO gas.

The fluorescence increases in the presence of CO gas. The increase is

substantial within half an hour and reaches its maximum after 2 hours.
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