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Abstract: This work deals with the development of water-soluble optical sensors based on ruthe-
nium(Il) tris(diimine) complexes that exhibit high molar absorptivity and are emissive in aqueous
media. Palladium-catalyzed arylation of polyamines with 3-bromo-1,10-phenanthroline (Brphen)
and [Ru(bpy)z(Brphen)](PFs): (bpy = 2,2"-bipyridine) was explored to prepare Ru?*" complexes with
1,10-phenanthrolines (phen) substituted by linear polyamines (PAs) at position 3 of the heterocycle
([Ru(bpy)2(phen-PA)](PFe)2). The most convenient synthetic pathway leading to the target molecu-
lar probes includes the preparation of phen—PA ligands, followed by ruthenium complexation using
cis-Ru(bpy)2Cl. Complexes bearing a polyamine chain directly linked to phenanthroline core are
emissive in aqueous media and their quantum yields are comparable to that of parent
[Ru(bpy)s](PFe)2. Their structure can be easily adapted for detection of various analytes by modifi-
cation of amine groups. As an example, we prepared the emissive complex Ru(N2P2phen) which is
suitable for the dual channel (spectrophotometry and luminescence (ON-OFF probe)) selective de-
tection of Cu?* ions at the physiological pH levels with limits of detection (LOD) by spectrophotom-
etry and fluorescence spectroscopy equal to 9 and 6 uM, respectively, that is lower than the action
level in drinking water for copper as prescribed by the US Environmental Protection Agency.

Keywords: chemosensor; luminescence; Ru tris(diimine) complexes; 1,10-phenanthroline; cupric
ions

1. Introduction

The design and synthesis of abiotic molecular systems capable of signaling various
guest molecules or ions by changing optical properties has spurred tremendous research
efforts [1]. Being optimized, these molecular probes have many advantages, such as real-
time and rapid colorimetric response, and/or beneficially exploit the high sensitivity and
environmental versatility of photoluminescence spectroscopy. However, many
chemosensors already reported suffer from various drawbacks such as slow response,
poor chemical or photostability, irreversibility, short lifetimes, low solubility, and/or low
quantum yields in aqueous media. While most analytical applications concern aqueous
solutions, the optical sensoring techniques in this media are still underdeveloped, because
the synthesis of water-soluble receptors is generally laborious and their solubility in aque-
ous medium is not easily predictable. A common strategy to increase water solubility of
aromatic molecules, which consists of the introduction of charged functional groups, such
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as carboxylates, sulfonates, or ammonium [2,3], is only of limited value for developing
chemosensors, in particular for metal ions, because these donor groups can serve as alter-
native ligand sites for ions that strongly deteriorates selectivity.

Recently, water-soluble polyamine ionophores incorporating hydrophilic diethoxy-
phosphoryl-substituted amide moieties were developed by our groups (Scheme 1) [4]. The
synthetic approach to these chromogenic chelators involves the selective Pd-catalyzed
amination reaction (step 1) followed by their N-alkylation with alkyl halides bearing di-
ethoxyphosphoryl moieties such as [(2-bromoacetylamino)methyl]phosphonic acid di-
ethyl ester (1) (step 2). This strategy could be expected to be useful for a variety of chro-
mogenic units due to the wide substrate scope of both steps involved in the reaction se-
quence. In this work, we report on the synthesis of chemosensors bearing mixed ligand
([Ru(bpy)2(phen)]>*-type complexes as signaling groups.

Step 1: Selective arylation of polyamines

Hal /KLN%
Arormatie /<\N/>\ Pd(dba),/Ligand NH O\ H i NH,
chromogenic| * g \H/n NH, ——(————>

base Aromatic
chromogenic
unit

unit

Hal=CLBr,I , "=/ o [\ n=01,2

Step 2: N-alkylation of the polyamine unit

fﬁNﬁ\
NH H /n NH,

base Aromatic
+ RBr —> | chromogenic

1 unit

R = -CH,C(O)NHCH,P(O)(OEt),

In this work:

H

0~_N-_P(O)OEt),
To
N

/ SR N PO)oED,

Ru(N2phen) Ru(N2P,phen)

Scheme 1. Synthetic approaches to chemosensors with polyamine ionophores and the structures of
complexes investigated in this work.

The stable and biocompatible ruthenium(ll) tris(diimine) complexes (diimine = bpy,
phen, terpyridine) have attracted considerable attention as luminophores and been ex-
plored in labeling, sensing, and imaging of various gases (dioxygen [5], nitric oxide [6],
and carbon monoxide [7]), biological analytes (DNA, sugars, methylglyoxal, thiols, and
amino acids) [8-10], and anions [11-19]. In contrast to most organic dyes, these complexes
can exhibit a high brightness [20] in aqueous media, in part due to the electrostatic repul-
sive interactions that prevent the aggregation of these charged species in aqueous media.
Nevertheless, structure/sensing efficiency relationships in this series of indicators are still
less well understood compared to common organic dyes, in part because these com-
pounds are hardly accessible. For most of the reported complexes with phen ligands, the
ionophore unit is located at the most reactive positions of the heterocycle, namely, 4/7 and
5/6, and attached to the signaling group by C=0, -CH=N-, or imidazole linkers.
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1,10-Phenanthrolines, which bear ionophores directly connected to the aromatic scaf-
fold, are promising ligands for development of chemosensors, as analyte uptake could be
expected to exert a strong impact on both the photophysical and electrochemical proper-
ties of the corresponding ruthenium(Il) complexes, thus allowing for multichannel detec-
tion of analytes. The only reported examples of such chelators are the complexes contain-
ing mixed-donor (N, O, S) macrocycles (i.e., crown-ether-type receptors fused at the cen-
tral six-membered ring via positions 5 and 6 or attached at positions 4 and 7 of the heter-
ocycle, or azacrown-type derivatives bearing two macrocycles attached at positions 4 and
7 of the phenanthroline ring) [21,22]. On the other hand, the emissive properties of ruthe-
nium(II) tris(diimine) complexes with aminophenanthroline ligands are strongly depend-
ent on the position of the amino-substituent attached to the heterocycle, and emission
quantum yields of complexes involving 4-substituted phen ligands are expected to be low
[23,24]. This could be detrimental for the sensibility of chemosensors. In contrast, the in-
troduction of the amino substituents in the 3- or 5-position of the 1,10-phenanthroline ring
results only in a small decrease in luminescence quantum yields compared to that of the
parent complex [Ru(bpy)z(phen)](PFe)2, while the brightness of the complexes with the 3-
substituted ligands is comparable to that of the parent complex. In these Ru* complexes,
the signaling and receptor units are directly connected, and HOMO is localized on the
aminophenanthroline ligand [24]. As a consequence, analyte binding by the nitrogen atom
of the substituent should strongly affect the HOMO energy, leading presumably to signif-
icant modulation of the absorption and emission properties. We were interested in pre-
paring complexes bearing polyamine ionophores, which are widely used in detection and
are efficient for binding both cationic and anionic analytes depending on the degree of
their protonation and can be easily adapted to the analyte structure using functionaliza-
tion of amino groups. Various synthetic approaches were investigated to propose a relia-
ble approach to the preparation of these molecular probes (Scheme 2).

< :( \HNH
RouteC

_~""2. N-functionalization N complexation

= NI
W, NH NH;

3. N-functionalization
_—

/

Ru(Nyphen) Ru(N,P,phen)
Ru’ N /

XN N
,N N, —NH NH; = diamine or polyamine residue X )
2PFg 2 /

\ /7 \ 7 ° . d - 7NH/ \N/ — = target ionophore
N = 2 \

Ru(Brphen) /\OT ~ (

Scheme 2. The three tested synthetic routes for the preparation of Ru(NxPxphen).

After preparing Ru(N2Pzphen) and Ru(Nzphen) in reasonable yield, the optical prop-
erties of these chromophores in aqueous media were investigated followed by studies of
their proton sensitivity and sensing properties towards metal ions. It was demonstrated
that despite a high brightness of both complexes, only Ru(NzPzphen) allows for dual chan-
nel optical detection of Cu?* ions in aqueous media including tap water.

2. Materials and Methods
2.1. Reagents

Unless otherwise noted, all chemicals and starting materials were obtained commer-
cially from Acros (via Fisher Scientific, Illkirch, France) and Aldrich-Sigma Co. (via Merck
Co., Darmstadt, Germany) and used without further purification. Preparative column chro-
matography was carried out using silica gel 60 (40-63 pum) from Merck Co. (Darmstadt,
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Germany). Dioxane was distilled successively over NaOH and sodium under argon, CH2Cl
and CH3CN were distilled over CaH>, chloroform was distilled over P-Os, and MeOH was
used freshly distilled. [(2-Bromoacetylamino)methyl]phosphonic acid diethyl ester (1) was
obtained according to a known procedure [25]. Pd(dba): was synthesized according to a
known method [26] and used without recrystallization. 3-Bromo-1,10-phenanthroline (2)
was synthesized according to the procedure in [27] and purified by column chromatog-
raphy followed by recrystallization from boiling acetone. N1, NV-(ethane-1,2-diyl)diethane-
1,2-diamine (5e) was prepared by treatment of tetraethylenepentamine dihydrochloride
with 2.5 M solution of KOH in methanol. The starting complex, cis-Ru(bpy):Clz, was syn-
thesized from RuCl3:3H20 according to a known method [28].

2.2. Apparatus

The pH measurements were carried out using Mettler Toledo apparatus with a com-
bined electrode LE438. The electrode was calibrated with commercial buffers (pH = 4.01
and 7.00). UV-Vis spectra were registered with an Agilent Cary 60 device in quartz cu-
vette (Hellma, / = 1 cm). Fluorescence spectra were obtained with a Horiba Jobin Yvon
Fluoromax-2 apparatus in quartz cuvette (Hellma, I = 1 cm). Luminescence quantum
yields were determined relative to Ru(bpy)s(PFe)2 in aerated acetonitrile according to a
standard procedure [29].

H, 3P, and 1¥*C NMR spectra were registered with a Bruker Avance-400 spectrometer
in chloroform-di, methanol-ds, or acetonitrile-ds using the residual signals of chloroform,
CHD:0D, or acetonitrile-d: as internal standards. *C spectra of Ru(Il) complexes were not
collected due to the rather low solubility of these compounds. Accurate mass measure-
ments (ESI-HRMS) were performed with a Thermo Scientific Orbitrap Elite high-field or-
bitrap hybrid mass spectrometer. MALDI-TOF mass spectra were registered on a Bruker
Daltonics Autoflex II mass spectrometer in the positive ion mode with a dithranol matrix
and polyethyleneglycols as internal standards. FTIR spectra were registered on Nicolet iS
5 and Bruker Vector 22 spectrophotometers. Micro-ATR accessory (Pike) was used in or-
der to register the FTIR spectra of polycrystalline solid complexes. The limit of detection
(LOD) of Cu(Il) ions was determined by UV-Vis and fluorescence spectroscopies using
the 30 method [30].

2.3. Synthesis

Synthetic procedures, characterization of the compounds, and their IR and NMR
spectra are given in the Supplementary Materials.

2.4. Protonation and Complexation Studies

Protonation and complexation studies were performed at room temperature. The so-
lutions were prepared with double-deionized high-purity water (18.2 M(Q) cm) obtained
from a Millipore Simplicity apparatus. Solution concentrations and other experiment con-
ditions are given in the corresponding figures and tables. Protonation studies were con-
ducted in a glass beaker equipped with magnetic stirrer and pH-electrode adding HCl (4
or 0.01 M) or KOH (5 or 0.01 M) to the solutions of complexes. Metal-binding experiments
were conducted by a manual addition of the aliquots of metal salt solutions by a Hamilton
syringe to a solution of chemosensor placed in a quartz cuvette. All metal salts used were
perchlorates of general M(ClO4).-xH20 formula. Caution: although no problems were experi-
enced, perchlorate salts are potentially explosive when combined with organic ligands and should
be manipulated with care and used only in very small quantities.

The Hg(ClO4)2 solution was prepared in acetonitrile (HPLC, Merck) to avoid hydrol-
ysis of the salt. Aqueous solutions of metal perchlorates were prepared with concentra-
tions approximately 1000-fold of that of the ligands in order to decrease the influence of
the medium changes on the spectra of the studied solutions. Stability constants were cal-
culated using nonlinear least squares analysis by means of HYPERQUAD software [31]
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after factor analysis of the combined data sets [32]. The goodness of fit was assessed
through the scaled standard deviation of the residuals (s), which has an expectation value
of unity in the absence of systematic errors assuming a correct weighting scheme. The
results were checked by plotting calculated molar extinction graphs (Figure S15). The cal-
culated species distribution diagram for the Ru(Nz2Pzphen)/Cu?* system in water is shown
in Figure S16.

3. Results and Discussion
3.1. Synthesis

The molecular probe Ru(NzPzphen) can be obtained from available 3-bromo-
1,10-phenanthroline (2) according to a three-step reaction sequence involving (i) the
nucleophilic substitution of the bromine atom by a polyamine; (ii) the complexation
of the phen chelator by cis-Ru(bpy)2Clz; (iii) the N-alkylation of this compound by
bromide 1. These reactions can be performed in various orders (Scheme 2). The
amination can be placed before (Routes A and C) or after (Route B) the complexa-
tion of the phen ligand by ruthenium(II). Moreover, the N-functionalization can oc-
cur before the complexation (Route C) or in the last step of the synthetic scheme
(Routes A and B).

The substitution of the bromine atom of the 1,10-phenanathroline ring by a
polyamine is a challenging step in all of these synthetic approaches due to the rather
low reactivity of such bromides in the nucleophilic substitution reactions. Palla-
dium or copper catalyst is often required to perform these reactions, but both 1,10-
phenantroline and polyamines are known to form stable complexes with these met-
als that can interrupt the catalytic cycle.

Preliminary experiments were performed using a more reactive and non-chelat-
ing primary amine, benzylamine (Scheme 3). The results of amination of 3-bromo-
1,10-phenanthroline (2) (Route A, step 1) are summarized in Table 1.

<\_/:< _\FNH C
NH, N N
3

Pd(dba),/L5
tBuONa
dioxane, reflux

54%

(1) cis-Ru(bpy),Clz
MeOH, reflux
(2) NH4PFg, H0O

88%

Route A /_@
< ; N NH
\ N/ N=
Y —

\ N/ Ni\ Br --:Rlslzr—N\ /
2 Route B N
(1) cis-Ru(bpy),Cl, @ Ru(Bnphen)
MeOH, reflux NH,
(2) NH4PFs, Ho0 Pd(dba),/BINAP
94% tBuONa

dioxane, reflux
60%

Ru(Brphen)

Scheme 3. Synthesis of the aminophenanthroline-ruthenium complex Ru(Bnphen).
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Table 1. Amination of 3-bromo-1,10-phenanthroline (2) with benzylamine .
Pd(dba),/Ligand
" NH, base, dioxane, reflux
2 3 4
Josiphos series:
ol e o), e e
L1 L2 L3 L4 L5 L6
Yield, % 2
Entry Ligand (Pd)/Ligand (mol %) Base 3 =< 2

13 - - Cs2C0Os 4 05 0
236 - - Cs2C0Os 4 0 100

3 BINAP 7 2/4 tBuONa traces 100

4 BINAP 7 2/25 tBuONa traces 100

5 BINAP 7 10/10.5 tBuONa 30 (28) 70

6 BINAP 7 10/10.5 tBuONa 30 70

7 BINAP 7 10/25 Cs2COs 4 <15 85

8 BINAP 7 10/10.5 KsPOs4 4 0 100
98 BINAP 7 10/10.5 tBuONa 16 80
10 L1 10/10.5 tBuONa 35 60
11 L2 10/10.5 tBuONa 0 100
12 L3 10/10.5 tBuONa 35 65
13 L4 10/10.5 tBuONa <15 85
14 L5 10/10.5 tBuONa 60 (54) 30
15 L6 10/10.5 tBuONa 60 (50) 30

1 Reaction conditions: 2 (0.25 mmol), Pd(dba)z, the ligand, and the base (1.5 equivalents) were vig-
orously stirred in dioxane (2.5 mL) at reflux for 16 h under inert atmosphere. A complete conversion
of the starting bromide (NMR monitoring) was achieved in all experiments. 2 Determined by NMR
spectroscopy. The isolated yields are given in parenthesis. 3 The reaction was performed in DMF at
140 °C without addition of Pd(dba)z. * Two equivalents of the base was used. > No conversion of the
bromide was observed. ¢ Cul (2 equivalents) was added instead of Pd(dba)z. 7 2,2"-bis(diphe-
nylphosphino)-1,1’-binaphthyl. 8 Reaction was performed in toluene using 3 equivalents of amine.

As expected, compound 2 did not react with benzylamine in DMF at 140 °C
(entry 1), in contrast to the more reactive 1,10-phenanthrolines bearing halogen sub-
stituents at positions 4 or 7, which do react with amines under these conditions
[33,34]. Copper- and palladium-catalyzed amination of 3-bromo-1,10-phenanthro-
line (2) were reported, but only for a few nucleophiles with enhanced NH acidity
such as imidazole, carbazole, phenoxazine, or diarylamines [35-38]. Addition of
Cul [36,39] in the reaction under study afforded exclusively the dehalogenated
product, phen (4) (entry 2). Catalysis with palladium complexes under standard
conditions (Pd(dba)/BINAP, tBuONa, dioxane, and reflux) [40-44] also gave only
this dehalogenated product (entry 3), and even a huge excess of ligand failed to
suppress this reduction (entries 3 and 4), which is commonly observed as a side
reaction in palladium-catalyzed C-N coupling [45,46]. Chelation of palladium with
phen is likely to interfere, as it may hamper proper control of the coordination shell
of the metal by the diphosphine ligand. Noteworthy is the fact that the more steri-
cally hindered bromo-substituted 2,9-dimethyl-1,10-phenantrolines in the reactions
with primary amines did not cause such problems [47].



Chemosensors 2022, 10, 79

7 of 22

Meanwhile, increasing the Pd(dba)2 loading up to 10 mol% resulted in the for-
mation of target compound 3, though only as a minor product in 28% yield (entry
5). Further experiments in which the base and the solvent were varied along with
increasing amounts of the amine and BINAP failed to provide any essential im-
provements (entries 6-9). Among many ligands tested (listed in Tables 1 and S1),
only some of the expensive ones belonging to the Josiphos family, like L5 and L6,
afforded the desired coupling product 3 (entries 10-15) in reasonable yields
(50-54%; Table 1, entries 14 and 15). Fortunately, further complexation of amino-
phenanthroline 3 to cis-Ru(bpy)2Cl> was straightforward and gave the target com-
plex Ru(Bnphen) in 88% yield (Scheme 3, Route A).

We also explored an alternative procedure (Route B in Scheme 3) consisting of
the prior preparation of complex [Ru(Brphen)(bpy)2](PFs)2 (Ru(Brphen)) followed by
the amination reaction. In this case, the phen chelator could not compete with the
diphosphine ligand in the catalytic cycle, as it was engaged in a stable Ru complex.

The Ru(Brphen) complex was prepared in 94% yield and introduced in the
amination reaction with benzylamine using the relatively cheap Pd(dba):/BINAP
catalytic system. This coupling was also accompanied by the reductive debromin-
ation leading to the [Ru(phen)(bpy):](PFs)2 complex. The target compound,
Ru(Bnphen), was isolated in 60% yield following this approach, which was twice
as much as the yield obtained for the amination of bromide 2 using BINAP (Table
1, entry 5) and slightly better than the results obtained with the best L5 and L6 lig-
ands (Table 1, entries 14 and 15). Nevertheless, the separation of the two highly
polar complexes by column chromatography turned out to be laborious, especially
in a scaled-up synthesis where the pure compounds were obtained only after three
consecutive chromatographic runs. Thus, Route A, involving the amination of the
ligand, was chosen for the preparation of polyamine derivatives.

Bromide 2 was reacted with unprotected polyamines because the reactions of
linear primary and secondary polyamines with aryl halides are known to be
chemoselective and lead to the N-functionalization of only the primary amino
groups [48]. The catalytic reactions of bromide 2 by chelating polyamines 5a-e,
which differ by the number of nitrogen atoms and by length of the alkyl chains,
were performed using the most efficient ligand, L5, by increasing the amount of the
polyamines 5a-e up to 3 equivalents (and even to 10 equivalents in the case of vol-
atile diaminoethane 5a) to diminish the consecutive coupling reactions leading to
N,N’-bis(heteroaryl)-substituted products 7 (Scheme 4).

For all studied amines 5a-e, the complete conversion of starting bromide 1 was
achieved within 24 h when the reaction was performed with 10 mol% of Pd(dba):
and tBuONa in dioxane at reflux. However, the target products 6a-e were isolated
in only moderate yields (32—46%) due to the competing reduction and amination of
the second primary amino group of 6a-e, which produced polyamines 7. To dimin-
ish the yields of bisheteroarylated products, the amount of starting polyamine 5b-
e was increased up to 5 equivalents Unfortunately, separation of the product from
an excess of polyamine was much more complicated under these conditions in com-
parison with the reactions described above, and several consecutive chromato-
graphic columns were required resulting in product loss. Only for 6b did we man-
aged to increase the isolated yield up to 55% under these conditions.

Noteworthy was that the diarylated polyamines 7b and 7e could be obtained
in good yields (52% and 39%, respectively) conducting the coupling reactions with
0.5 equivalents of the corresponding polyamines. This novel type of ambidentate
bis(phenanthroline)—polyamine triads hold promise for development of sensors
and supramolecular coordination polymers, which have recently attracted increas-
ing interest [49].
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Scheme 4. Pd-catalyzed synthesis of 1,10-phenanthroline-polyamine chelators 6a-e and 7b,e.

Next, the N-alkylation of amine 6a with diethyl ((bromoacetylamino)me-
thyl)phosphonate (1) was investigated. This reaction can also be performed using
either the free chelator 6a or the corresponding ruthenium(II) complex (Scheme 5).
The N-alkylation of amines (Route C) is a classical method of synthesis, although it
is well known for its rather poor selectivity and the undesired formation of quater-
nary ammonium salts due to the fact of overalkylation. Moreover, in our case, a
competitive alkylation of the aromatic amino group was also observed as a side
reaction. After optimization of the reaction conditions, the target product 8a was
obtained in 50% yield in chloroform at 40 °C using DIPEA as a base. The yield of
Ru(N:Pzphen) prepared from this chelator and cis-Ru(bpy)2Cl2 was only 70% due
to the losses incurred from the high solubility of complex 8a in all organic solvents
and aqueous media.

Therefore, we tried to increase the selectivity of the N-alkylation by conducting
the reaction with the Ru(Nzphen) precursor, assuming a reduced nucleophilicity of
the aromatic amino group compared to that exhibited by the free phenanthroline
derivative as a consequence of electronic and steric effects (Route A). The complex
Ru(Nzphen) was prepared in 71% yield by reacting phenanthroline 6a with cis-
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(bpy)2RuCl2 before converting the reaction product with bromide 1 in the presence
of DIPEA in chloroform. Unfortunately, the desired complex, Ru(NzPzphen), was
obtained in 36% yield only after tedious chromatographic purification.

Ly \Nﬁ

NH,

P(OEt)z
1) crs Ru(bpy)zCIz
reﬂux
NH PF
Route A 4PFg, H0
DIPEA. Route C oute
CHCI3, 40°C

_ PlO)EN, 7 \ H NH,
:SJL /—P(O)(OEt),
/ \ K
<_N>:N_%

8a 50%

Ru(Nzphen) 94%

H o Q
BI‘/\[(N\/P(OEt)z
(1) cis-Ru(bpy)2Cla o 1
MeOH, reflux
(2) NH4PFg, HO DIPEA, CHCI3 40°C
70% 36%

_PONOED,

~

(0]
>\/\P(O)(OEt)z
(0]

Ru(N,P,phen)

Scheme 5. Synthesis of chemosensor Ru(N2Pzphen).

Thus, the insertion of a metal atom at the last step (Route C, Scheme 1) was the
least resource- and time-consuming procedure among those explored, though com-
parable product yields can be obtained using other routes. It is worth noting that
this synthetic pathway can be readily adapted for the synthesis of various visible
light-active transition metals (Ru, Ir'", Re!, Os!, Fe!, Co", and Pt"), if screening of
chromogenic molecular probes would be needed.

The examples of the functionalization of Ru?* complexes reported in this work
unambiguously demonstrate that synthetic strategies based on introduction of the
target substituent in the pre-formed Ru?* complexes (“chemistry-on-the-complex”)
[50] are of limited scope and hardly applicable to the preparation of complexes
bearing ligands with any polar functional groups if the chromatographic purifica-
tion of target product is required in the synthesis. According to our experience, the
synthetic post-modification of the already assembled Ru?* precursor could be of
practical use only when the involved transformations are selective enough to afford
the desired ruthenium complex after its precipitation from the reaction mixtures.
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3.2. Optical Properties of Ru(N2phen) and Ru(N:P2phen)

Ru(Nzphen) and Ru(NzPzphen) are soluble in water at pH 0.5-12 and in 0.03
M HEPES solution under physiological conditions (pH = 7.4). Their spectroscopic
data in aqueous media are summarized in Table 2.

The electronic absorption spectra of both compounds in pure water were similar
and typical for mixed ligand Ru(bpy)2(phen)-type complexes. For both compounds,
the m-7t* ligand-centered electronic transitions gave rise to intense bands in the 250-300
nm range [51,52]. The spectra also displayed characteristic broad absorption bands in
the visible region that were assigned to the overlapping spin-allowed metal-ligand
charge transfer (MLCT) and to interligand bpy/phen-based charge transfer (LLCT)
transitions. The shape of the visible absorption bands was more complicated than that
observed for [Ru(bpy)s](PFs)2. Their broadening was likely the result of an increased
number of MLCT and LLCT transitions in these unsymmetrical heteroleptic complexes
[23]. An additional absorption maximum appearing in the 300-350 nm region presum-
ably corresponded to ligand-ligand 7z-7t* transitions involving bipyridine and the ami-
nated phenanthroline ligands [53]. As shown in Table 2, all bands were quite intensive
which is welcome in view of further use in optical sensing.

Similar to many related ruthenium complexes [54], Ru(Nzphen) and
Ru(N:zPzphen) are bright luminophores (Table 2). In aerated HEPES solutions, the
emission spectrum for each complex showed a broad band extending over approxi-
mately the 500-700 nm range with a maximum at 601 nm. The shape of the absorption
and emission bands as well as the quantum yields were concentration independent
within the limits of the experimental method, which is indicative of the absence of sig-
nificant aggregation in solution. The luminescence quantum yields of 4% and 3% for
Ru(Nzphen) and Ru(NzPzphen), respectively, are roughly the same as those reported
elsewhere for the parent [Ru(bpy)s]?** chromophore in aqueous media (4.2%) [54] and
aerated acetonitrile (3.2%) [55].

Table 2. Photophysical data for Ru(Nzphen) and Ru(NzPzphen).

P Brightness,
Complex (loé o)1 Aem,nm D, %2 B (A =450 nm),
M-1cm13

285 (4.64)

Ru(Nzphen) 350 (4.07) 601 b 4 396
450 (3.99)
285 (4.82)

Ru(N:Pzphen) 350 (4.30) 601 3 415
450 (4.10)

! Molar extinction coefficients (¢) are expressed in M-! cm-!. 2 Quantum yields were deter-
mined in 0.03 M HEPES aerated solutions (pH =7.4) using [Ru(bpy)s]?* in aerated acetonitrile
(@ =3.2%) as a standard (Aex =450 nm) [55]. 3 B = D(A) € (A) [20].

Both of the complexes studied have proton sensitive sites at the periphery of phe-
nanthroline ring. Such complexes attracted constant interest as potential working ele-
ments of pH sensors. A wide range of new applications with specific demands justifies
the development of novel pH-sensing concepts. The complexes with bipyridine lig-
ands bearing hydroxy, sulfonic, and carboxylic groups or involving pyridine, imidaz-
ole, or calix [4] arene residues were investigated as luminescent molecular probes of
pH levels [56,57]. Some of them were also successfully used in the development of pho-
tochemical-sensing devices [58-60]. To our knowledge, the reported Ru(II) complexes
with phenanthroline ligands bearing the proton sensitive sites are limited to coordina-
tion compounds with 5-amino- [61] and 4,7-dihydroxy-1,10-phenanthrolines [62].
While the emission of the first compound is almost independent of pH, the
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luminescence of the hydroxy-substituted derivative varied in a wide pH range that
was used to develop optical pH sensor devices for pH measuring in an unusually
broad range of acidity levels [58].

We briefly investigated the acid-base behavior of Ru(Nzphen) and Ru(NzP2phen)
by performing UV-Vis and luminescence titrations of these complexes in the range of
pH 1-12 (Figures 1 and S1-S8).
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Figure 1. Evolution of the electronic absorption spectra of the compound Ru(Nzphen) ([Ru(Nzphen)]et
=33 uM) (a) and Ru(NzPzphen) ([Ru(NzPzphen)]wt =21 uM) (b) as a function of pH. The range of pH
1-12 was investigated for both complexes, but only the region of pH changing (see insets) are shown
in the figure. Insets show the pH dependence of the absorbance at Aabs = 336 nm.

The protonation of the nitrogen atom separated from the light absorbing aromatic
moiety by a saturated NCH2CH: linker had a rather weak influence on the light ab-
sorption by the complexes Ru(Nzphen) and Ru(N:2Pzphen) despite the presence in the
linker of the nitrogen atom directly bonded to chromogenic unit and capable of the
intramolecular hydrogen binding of protonated sites. Surprisingly, in the electronic ab-
sorption spectra of both complexes, only the band with the maximum at 350 nm was
progressively blue-shifted from 350 to 346 nm upon gradual addition of hydrochloric
acid. In contrast, the bands presumably corresponding to the lowest-energy MLCT
transitions in the visible region (400-550 nm) were almost independent on pH. Similar
changes in electronic adsorption spectra were reported for {Ru(bpy)z[4-(4-hydroxy-
phenyl)-2,2"-bipyridine]}(PFe)2 and tentatively explained assuming that the pH-sensi-
tive site is not attached to the ligand involved in formation of the ground and exited
states [63]. To obtain deeper insight into the electronic properties of our complexes,
basic DFT computations were performed (Figure 2).
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Figure 2. The schematic representation of the calculated energy levels in Ru(phen), Ru(Nzphen), and
Ru(N:2Mezphen) (a) and isodensity plots of the HOMO and LUMO orbitals for these complexes (b).
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The DFT calculations with the Firefly quantum chemistry package [64], which
is partially based on the GAMESS (US) [65] source code, were used to model the
structure of the complexes. The B3LYP functional with the STO 6-31G(d,p) basis
set was used in the calculations for all elements except ruthenium, for which the
Stuttgart valence basis set and pseudopotential were employed [66]. The ami-
dophosphonate fragment of Ru(NzPzphen) was replaced by a smaller methyl group
and the corresponding complex was labeled Ru(N2Mezphen). The optimized ge-
ometries of complexes Ru(Nzphen) and Ru(N:2Me:zphen) are depicted in Figures
520 and S21 (see Supporting Materials). The metal atom had a distorted octahedral
geometry and bonded to three chelate groups. The key structural parameters (i.e.,
Ru—Nphen, Ru—Nbpy bond length, and dihedral angles between ligand planes) of the
chromogenic unit changed only slightly when alkyl substituents were introduced
at the nitrogen atom of 1,10-phenanthroline ligand.

The isodensity plot of their HOMO and LUMO orbitals and the diagram show-
ing their energy levels are shown in Figure 2 and compared to those of the parent
complex [Ru(bpy)z(phen)]?>*. Comparing the frontier orbitals of amino-substituted
complexes to those of parent Ru(phen), one can notice that only in the last complex
are both HOMO and HOMO-1 localized mainly on the Ru atom, while in other com-
plexes the contribution of 7 orbitals of phen ligand is much more significant and
dependent on the substitution pattern of the phenanthroline ring. The LUMOo and
LUMOs orbitals of all complexes were constructed mainly of 7t orbitals of bipyri-
dine ligands, and only LUMO:s and LUMO+4 (not shown in Figure 2, see Tables 52
and S3) consisted of 1 orbitals of the aminophenanthroline ligand. Thus, the ligand
to ligand charge transfer transition is supposed to give rise to intensive bands and
can be red-shifted compared to the parent Ru(phen) complex. The absorption
bands in the 340-360 nm region of the electronic absorption spectra of these com-
plexes could correspond to MLCT transitions or an LL’ transition with participation
of the phenanthroline 7t orbitals. To obtain deeper insight into the studied question,
correct modeling of the exited states of Ru?* complexes is required, which can only
be performed by sophisticated methods beyond the popular TD-DFT approach
and, therefore, is beyond the scope of our work focusing on practical aspects of
their use in analytic chemistry.

To determine the apparent protonation constants, numerical data fitting of
spectrophotometric titration curves was performed using the HypSpec program
(Figures S1-S3 and S5-S7) [30]. The best fits for both complexes were obtained
when the UV-Vis titration data were processed with a single equilibrium model
(L + H* 5 LH) that confirmed that the nitrogen atom directly linked to the phenan-
throline ring cannot be protonated in aqueous medium. The refined values are col-
lected in Table 3, together with the literature data for 1,2-diaminoethane (5a) [67]
and the previously reported chemosensors 9 and 10 both bearing the same iono-
phore unit as the studied Ru(Nz2Pz2phen) (Figure 3) [68,69]. The distribution dia-
grams and electronic absorption spectra of the complexes, Ru(Nzphen) and
Ru(N:zPzphen), and their monoprotonated forms calculated using the HypSpec pro-
gram are shown in Figures S3 and S7, respectively.



Chemosensors 2022, 10, 79

13 of 22

P(O)(OEt), P(O)(OE),
(EtO)2(O)R ( (EtO)Q(O)P\\

NH OKNH
SN
C

HN NH O

- 989

HN  NH, NN X

5a 9 10

Figure 3. Structure of relevant compounds (i.e., 5a, 9, and 10) for which protonation constants have
been reported in the literature. The corresponding values are summarized in Table 3.

Table 3. Apparent protonation constants or pK. of Ru(Nzphen), Ru(N2P2phen), 5a, 9, and 10 *.

Entry Compound pKa Reference
1 Ru(N:zphen) 9.13(7) this work
9.9-10.22
2 > 6.8-7.5 [67]
3 Ru(N:zPzphen) 2.02(1) this work
4 9 2.26(1) [68]
5 10 2.11(1) [69]

1 UV-Vis spectrophotometric measurements. [ = 0.1 M KCl, T = 298.2(2) K. 2 The interval of the re-
ported values are shown, see Reference [67].

As it can be seen from Table 3, the protonation of Ru(Nzphen) and Ru(N:zPzphen)
occurs in separate pH ranges, in full agreement with the expected lower basicity of
nitrogen atoms of Ru(NzPzphen) due to the presence of two electron-withdrawing sub-
stituents. It is noteworthy that under physiological conditions, Ru(Nzphen) predomi-
nantly exists in the monoprotonated form while the polyamine chain of Ru(NzPzphen)
is not protonated.

Comparing Ru(Nzphen) with 1,2-ethanediamine and Ru(NzPzphen) with dyes
9 and 10 bearing the same receptor unit (Figure 3), it can be concluded that the
presence of a signaling group and its nature (organic vs. [Ru(bpy)z(phen)]?* chro-
mophore) has only a weak influence on the acidity of the studied compounds, de-
spite the positive charge of Ru(ll)-based signaling group, which can be explained
by separation of the protonated nitrogen atoms from this signaling group by ami-
noethylene linkers.

The emission of the complexes Ru(Nzphen) and Ru(N:2Pz2phen) remained vir-
tually constant over a wide pH range (pH = 0.5-10) (Figures S4 and S8). However,
it diminished quickly and in a similar manner for both complexes in more basic
solutions probably due to the fact of their partial decomposition under irradiation
in the presence of strong bases, as it was already reported for the [Ru(bpy)2(5-ami-
nophenanthroline)](PFes)2 complex [61]. We assumed that the protonation of the pol-
yamine chain had a negligible effect on the emission properties of the complexes
due to the lack of efficient photoinduced electron transfer (PET) process from the
side-chain amine groups to the [Ru(bpy)2(phen)]** moiety as already reported for
aliphatic amines and ruthenium—polypyridyl complexes [70]. It is noteworthy that
this is in contrast to the behavior of the analogous compound 9 bearing the same
polyamine chain attached to the 6-quinolinyl signaling group in which the proto-
nation of the nitrogen atom leads to the increase in fluorescence intensity [68].

Thus, Ru(Nzphen) and Ru(NzPzphen) can be considered suitable dyes for spec-
troscopic monitoring of various analytes in aqueous media due to the fact of their
high solubility and brightness. The low basicity of Ru(NzPzphen) is favorable for
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sensing metal ions at physiological pH (pH = 7.4), avoiding the competitive proto-
nation of the ionophore under nearly neutral conditions.

3.3. Detection of Metal Cations in Solution

The sensing properties Ru(NzPzphen) were evaluated at a constant pH of 7.4
in HEPES buffered (c = 0.03 M) aqueous solutions. Firstly, UV—Vis absorption and
emission spectra were recorded before and after the addition of 15 equivalents of
18 different metal perchlorate salts to the same Ru(NzPzphen) solution (Figures 4
and S10). Among all tested cations (i.e., Li*, Na*, K¥, Mg?, Ca%, Sr?*, Ba?, Mn?*, Fe?,
Co%, Ni*, Cu?, Zn?, Ag*, Cd?, Hg?, Pb?, Al**, and Cr®"), only Cu?* induced an im-
mediate change in the electronic absorption spectrum in the UV region (Figure S12),
together with a partial but significant quenching of the luminescence (Figure 4) that
could be detected instrumentally but also visually. The detection of Cu?* ions,
which are abundant in tap water and many food products, attracts considerable
attention [71-74] due to the harmful effects of this metal on human health [75,76].
Sensing of Cu?* by related [Ru(bpy—ionophore)(bpy):] complexes in which the sig-
naling and receptor moieties are separated by an alkyl group was also investigated
and led to the conclusion that emission quenching proceeds via the energy transfer
rather than the electron transfer mechanism [77,78].

0.5 -
L, Li*, (Na*), 0.4
K, Mg“. Ca?, Sr?*, .
o5 A8\ Ba¥, AI*, Cr¥* Mn?, R
3 / ¥ Fe?*, Co?, Niz*, Ag*, 2 L, Li*, (Na*),
g \\Dl”, Pb* | Hg?, Cd?* £ 03 1 K*, Mg?, Ca?, Sr?*,
2z " 3 Ba?, AlI*, Mn?*, Cr,
2 S Fe2* Co?*, Ni?*, Ag®,
g \ 802 Zn*, Hg?, Cd**, Pb?*
£ \ <
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Cu?*
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Figure 4. Fluorescence (a) and absorption spectra (b) of the Ru(NzPzphen) solution before and after
addition of 15 equivalents of metal perchlorate salts. [Ru(N2Pzphen)]et = 5.4 uM, pH = 7.4, [HEPES]
=0.03 M, and [M™]tot = 81.0 uM for each metal ion. Aex =450 nm.

As shown in Figures 5a,b, S11 and S13, the competitive binding study revealed
that Cu?* could effectively be monitored in the presence of other metal ions includ-
ing Co%, Ni%, Zn?, Ag*, Cd?, Hg?, Pb?, and Al

E ] ] ] T 008 ]
s 1.0 E
€ 43 g oos
2 s
o g 004
5§ 06 ]
£ 5 003

04 -]
E < 002
g 02 001
2 o0 || || || || 0

S1  Ss2 S3 sS4 S5 S6 s7 S8 s1  s2 S3 s4 S5 S6 s7 S8
(a) (b)

Figure 5. Cross-selectivity studies of metal ion binding by the ligand Ru(N:P2phen)
([Ru(N2P2phen)] = 5.4 uM, pH = 7.4, [HEPES] = 0.03 M, and Aex = 450 nm) using fluorescence spec-
troscopy (a) and electronic absorption spectroscopy (b): (51) intensity at 600 nm (a) and absorption
at 326 nm (b) of the Ru(NzPzphen) solution; (S2) intensity at 600 nm (a) and absorption at 326 nm
(b) of the Ru(NzPzphen) solution after addition of Cu? ([Cu*]wt = 81 uM, 15 equivalents); (S3)
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intensity at 600 nm (a) and absorption at 326 nm (b) of the Ru(NzPzphen) solution after addition of
Li%, (Na"), K*, Mg¥, Ca?, Ba*, and AI** ([M"]wt =81 uM, 15 equivalents of each metal ion); (54) spec-
trum of the Ru(NzPzphen) solution after addition of Li*, (Na*), K*, Mg?*, Ca?, Ba?", AI** ([M"*Jwot = 81
uM, 15 equivalents of each metal ion), and Cu?* (15 equivalents); (S5) intensity at 600 nm (a) and
absorption at 326 nm (b) of the Ru(NzPzphen) solution after addition of Mn?, Co?*, Ni?**, and Zn?"
([M"]wt =81 uM, 15 equivalents of each metal ion); (56) spectrum of the Ru(NzPzphen) solution after
addition of Mn?, Co?", Ni*, Zn?* ([M"]wt = 81 uM, 15 equivalents of each metal ion), and Cu?
([Cu?tot = 81 uM, 15 equivalents); (S7) intensity at 600 nm (a) and absorption at 326 nm (b) of the
Ru(N2P2phen) solution after addition of Ag*, Hg?, Cd?, and Pb? ([M"]wt = 81 uM, 15 equivalents
of each metal ion); (S8) intensity at 600 nm (a) and absorption at 326 nm (b) of the Ru(NzPzphen)
solution after addition of Ag*, Hg?, Cd*, Pb* ([M"™]wt = 81 uM, 15 equivalents of each metal ion),
and Cu? ([Cu?]wt = 81 uM, 15 equivalents).

The selectivity did not change with time and can be explained by a higher af-
finity of Ru(Nz2Pz2phen) for Cu?* compared to other metal ions. The titration experi-
ments showed that the stability constant of the bimetallic {Cu[Ru(Nz2Pzphen)]}*
complex was as low as log = 4.2 (1), and more than 20 equivalents of copper are
required to saturate the receptor (Figures 6 and S14).
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Figure 6. (a) Evolution of the fluorescence spectrum of the Ru(N2P2phen) solution upon addition of
Cu(ClOs)2 (0-23 equivalents) ([Ru(NzPzphen)]wt = 5.4 uM, pH =7.4, [HEPES] = 0.03 M, ([Cu?'Jwot = 0—
128 uM and Aex =450 nm). (b) Changes in the fluorescence intensity with [Cu?*Jwt/[Ru(NzPzphen)]eot
ratio at Aem = 600 nm. [Cu®Jwt concentrations for each point: 1-0; 2-5.2; 3-20.7; 4-31.0; 5-41.3; 6-51.5;
7-61.7; 8-71.8; 9-86.9; 10-102.0; 11-128.0 uM.

However, with a detection limit (LOD) of 9 and 6 uM, as estimated by absorp-
tion and emission spectrophotometry, respectively, Ru(NzPzphen) can be used for
the analysis of tap water, because the copper action level in drinking water is fixed
at 20 uM by the US Environmental Protection Agency (US EPA) [79]. Interestingly,
despite its rather low affinity to Cu?* ion, the sensibility of Ru(Nz2Pzphen) is compa-
rable to other organic molecular probes, including chemosensors 9 [68] and 10 [69],
as a consequence of its high brightness in aqueous media. It is also worth noting
that chemosensors based on luminescent ruthenium tris(diimine) complexes have
previously been reported, and some of them displayed lower detection limits
[19,80-87].

Unfortunately, all our attempts to grow single crystals of the copper(Il) com-
plex of Ru(NzPzphen) failed. Hence, structural information on the complex was
gained by combining UV-Vis, FTIR, and ESI-HRMS analyses of the sample pre-
pared by the treatment of the Ru(Nz2Pzphen) chemosensor with one equivalent of
Cu(ClOs)2 in methanol and the evaporation of the solvent to dryness.

The ESI-HRMS signal corresponding to the [Cu+Ru(N:zPz2phen)-2H]* species
confirmed the formation of 1:1 copper adduct (Figure S17). A hypsochromic shift
of the absorption maximum observed for Ru(Nz2Pz2phen) after addition of Cu?*ions
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in electronic absorption spectrum, presumably indicates that the coordination of
the aromatic nitrogen atom to Cu?* was observed under studied conditions.

Coordination of the amide groups was inferred from FTIR spectra collected in
the 1500-1700 cm- region for {Cu[Ru(NzP:phen)]}** and Ru(NzPzphen) (Figures
S18 and S19). The amide I (vc-o = 1669-1671 cm-') and amide II (dcnu = 1524-1531
cm™) bands of the ligands were present in the spectrum of Ru(NzPzphen) (Figure
518). The vc-o vibration energy is diagnostic for the extent of mt-electron delocaliza-
tion. The amide I band appears in the 1615-1625 cm-! region when the carbonyl
oxygen atom is bound to a metal [88], whereas coordination of the deprotonated
nitrogen atom (the amidate binding mode) produces a red shift of the v-o vibration
mode down to ~1580 cm™. In our case, the spectral interpretation is intricate owing
to the overlap of several other bands in this region. Nevertheless, we can safely
conclude that the vc-o stretching modes appear in the 1635-1590 cm™! region, indi-
cating that most probably the oxygen atom of the amide group is coordinated to
the metal center (Figure 7).

Figure 7. Schematic presentation of binding mode of Ru(N2P2phen) ligand in coordination shell
of copper(Il) ion.

The importance of the functionalization of the primary amine group for Cu?*
complex formation was demonstrated in comparative studies of Cu?* binding by
Ru(N:zPzphen) and Ru(Nzphen) chelators. Both the UV-Vis and emission spectra of
Ru(N:zphen) were insensitive to the presence of Cu?* ions, even when these ions
were present in the studied solution in large excess (30 equivalents), which indi-
cates that the diaminoethylene residue of Ru(Nzphen) does not ligate any metal
ions in aqueous media (Figure S9). The lower affinity of Ru(Nzphen) to Cu? ions
compared to that of Ru(N2P2phen) can likely be explained by the protonation of its
probably primary amine group at physiological pH (Table 2) and a decrease in the
number of donor groups in the receptor unit. Thus, the electron-withdrawing am-
ide groups may be expected to play a decisive role in the complexation of Cu?*ions
while the selectivity of this ligand probably resulted from a rather low metal affin-
ity of diaminoethane fragment bearing heteroaromatic substituent (1,10-phenan-
throline) at the nitrogen atom.

Ru(NzPzphen) would be suitable for the real-time dual-channel (UV-Vis ab-
sorption and fluorescence spectroscopies) analysis of tap water. It is noteworthy
that most of the so far reported luminescent [Ru(diimine—ionophore)(diimine)z]
conjugates exhibited negligible changes in their electronic absorption properties
upon addition of Cu?*ions [19,80-87,89]. The markedly enhanced spectral response
of Ru(NzPzphen) can be directly ascribed to the conjugation of the ionophore with
the 1,10-phenanthroline core. Another important advantage of the newly synthe-
sized chemosensor is the presence of the phosphonate anchoring groups that do
not participate in the coordination of the copper atom (Figure 7) and can be used in
developing photochemical sensing devices.
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4. Conclusions

3-Polyamine-substituted 1,10-phenanthtrolines are now available from commercial
starting compounds in one step. These compounds were prepared by the selective Pd-
catalyzed amination of 3-bromo-1,10-phenanthroline by PAs. These ditopic ligands are of
interest for developing bimetallic supramolecular polymers and molecular probes. In this
work, synthetic approaches to their Ru** complexes were investigated to prepare emissive
complexes for sensing applications. We also demonstrated using Ru(Nzphen) as a repre-
sentative example that parent Ru?* complexes bearing PA receptors can be modified by
diethyl ((bromoacetylamino)methyl)phosphonate to obtain water-soluble molecular
probes. The target complex Ru(N:2Pzphen) was also prepared using a stepwise modifica-
tion of [Ru(bpy)2(Brphen)](PFe)2 to compare “chemistry-on-the-complex” and “chemis-
try-on-the-ligand” synthetic approaches. These studies demonstrated that the functional-
ization of ligands is more convenient in the synthesis of Ru? complexes with hydrophilic
functional groups.

The optical and sensing properties of the water-soluble Ru(NzPzphen) complex were
investigated and compare to those of the parent Ru(Nzphen). The Ru(NzPzphen) complex
allows for selective double-channel detection of the Cu?*ion at physiological pH by mon-
itoring simultaneously the absorption changes and the phosphorescence turn-off (ON—
OFF probe) of the test solution. Among all tested cations (i.e., Li*, Na*, K, Mg?, Ca?¥,
Srz+, Ba?, Mn?, Fe?, Co?, Ni%, Cu?, Zn*, Ag*, Cd?, Hg?, Pb?, Al*, and Cr®), only
Cu? induced an immediate change in the electronic absorption spectrum in the UV
region, together with a partial but significant quenching of the luminescence that
could be detected instrumentally but also visually. The LOD of Cu?, determined by
spectrophotometry and fluorescence spectroscopy, was equal to 9 and 6 pM, respectively.
The importance of functionalization of the primary amine group for sensing was
demonstrated in comparative studies of Cu? binding by Ru(N:P2phen) and
Ru(N:zphen) chelators. Ru(NzPzphen) can be used for the analysis of tap water and hold
promise in the development of photochemical sensing devices due to the presence at the
periphery of the phenanthroline ligand of two phosphonate anchoring groups.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/chemosensors10020079/s1, Synthetic prosedures, Figure S1: Spec-
trophotometric titration of Ru(Nzphen) ([Ru(Nzphen)] =33 uM, I=0.1 MKCl, pH =5.7-11.6), Figure
S2: Absorbance changes with pH at A = 367 nm for Ru(Nzphen), Figure S3: (a) UV-vis spectra of
Ru(Nzphen) and [Ru(Nzphen)H]* in water calculated using Hyperquad program [31]. (b) Species
distribution diagram for the Ru(Nz2phen)/H* system in water calculated using Hyperquad program
[31], Figure S4: Fluorimetric titration of Ru(Nzphen) ([Ru(Nzphen)] =11 uM, I=0.1 M KCl, Aex =450
nm, pH = 5.7-10.5), Figure S5: Spectrophotometric titration of Ru(NzPzphen) ([Ru(NzPzphen)] = 21
uM, I = 0.1 M KCl, pH = 1.0-9.2), Figure S6: Absorbance changes with pH at A = 330 nm for
Ru(NzPzphen), Figure S7: (a) UV-vis spectra of Ru(NzPzphen) and [Ru(N:Pphen)H]* in water cal-
culated using Hyperquad program [31]. (b) Species distribution diagram for the Ru(Nz2Pzphen)/H*
system in water calculated using Hyperquad program [31], Figure S8: Fluorimetric titration of
Ru(NzPz2phen) ([Ru(NzPzphen)] = 6.6 uM, I = 0.1 M KCl, Aex = 450 nm, pH = 1.1-9.3), Figure S9:
Evolution of fluorescence spectrum of Ru(Nzphen) upon addition of Cu(ClOs)2 (0-30 equivivalents)
([Ru(Nzphen)] = 11 uM, 0.03M HEPES buffer, pH=7.4, Aex = 450 nm), Figure S10: Fluorescence spec-
tra of Ru(NzPzphen) ([Ru(NzPzphen)] = 5.4 uM, 0.03M HEPES buffer, pH=7.4, Aex = 450 nm) before
and after addition of 15 equivalents of metal perchlorates ([M"]wt = 81 uM for each metal ion); (b)
Normalized fluorescence intensity of the studied solutions at Aem = 600 nm, Figure S11: Cross-selec-
tivity studies of metal ion binding by ligand Ru(N2P2phen) ([Ru(N2P2phen)] =5.4 uM, 0.03M HEPES
buffer, pH=7.4, Aex = 450 nm) using fluorescence spectroscopy: (S1) emission spectrum of
Ru(NzPzphen); (S2) emission spectrum of Ru(N:zP2phen) after addition of Cu?* (15 equivalents,
[Cu?*tot = 81 uM); (S3) emission spectrum of Ru(Nz2Pzphen) after addition of Li*, (Na*), K*, Mg?*, Ca¥,
Ba*, AP ([M™]wt = 81 uM ,15 equivalents of each metal ion); (54) emission spectrum of
Ru(NzP:2phen) after addition of Li*, (Na*), K*, Mg?, Ca?, Ba?, Al* ([M"]wt =81 uM ,15 equivalents
of each metal ion) and Cu?* ([Cu?]wt = 81 uM, 15 equivalents); (S5) emission spectrum of
Ru(N2Pz2phen) after addition of Mn?*, Co%, Ni%, Zn?" ([M"]wt = 81 uM, 15 equivalents of each metal
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ion); (S6) emission spectrum of Ru(NzPzphen) after addition of Mn?*, Co?, Ni*, Zn?* ([M"]ewt = 81
uM, 15 equivalents of each metal ion) and Cu?* (15 equivalents, [Cu?Jwt = 81 uM); (S7) emission
spectrum of Ru(Nz2Pzphen) after addition of Ag*, Hg?, Cd?, Pb? ([M"*]wt = 81 uM, 15 equivalents of
each metal ion); (S8) emission spectrum of Ru(NzPzphen) after addition of Ag*, Hg?, Cd?, Pb*
([M"*]iot =81 uM, 15 equivalents of each metal ion) and Cu?* (15 equivalents, [Cu?Jwt =81 uM), Figure
S12: a) Absorption spectra of Ru(NzPzphen) ([Ru(N:zPzphen)] = 5.4 uM, 0.03M HEPES buffer,
pH=7.4) before and after addition of 15 equivalents of metal perchlorates ([M"*]twt = 81 pM); (b) Ab-
sorbance of the studied solutions at A = 380 nm, Figure S13: Cross-selectivity studies of metal ion
binding by ligand Ru(N2P2phen) ([Ru(Nz2Pzphen)] = 5.4 uM, 0.03M HEPES buffer, pH=7.4) using
UV-vis spectroscopy: (S1) emission spectrum of Ru(N:Pzphen); (S2) emission spectrum of
Ru(NzPzphen) after addition of Cu? ([Cu®Jwt = 81 uM, 15 equivalents); (S3) emission spectrum of
Ru(N2Pz2phen) after addition of Li*, (Na*), K*, Mg?, Ca?, Ba?*, AI3* ([M"*]wt = 81 uM, 15 equivalents
of each metal ion); (S4) emission spectrum of Ru(NzPzphen) after addition of Li*, (Na*), K*, Mg?,
Ca?, Ba%, APP* ([M™]wt = 81 uM, 15 equivalents of each metal ion) and Cu?* ([Cu?'Jwt = 81 uM, 15
equivalents); (55) emission spectrum of Ru(NzPzphen) after addition of Mn?', Co?", Ni*, Zn?* ([M" et
=81 uM, 15 equivalents of each metal ion); (56) emission spectrum of Ru(NzPzphen) after addition
of Mn?, Co?, Ni%, Zn? ([M"]wt = 81 uM, 15 equivalents of each metal ion) and Cu?" ([Cu?]ewt = 81
uM, 15 equivalents); (S7) emission spectrum of Ru(N2Pz2phen) after addition of Ag*, Hg?, Cd?, Pb?"
([M™]tot = 81 uM, 15 equivalents of each metal ion); (58) emission spectrum of Ru(Nz2P2phen) after
addition of Ag?, Hg?, Cd?, Pb?" ([M™]wt =81 uM, 15 equivalents of each metal ion) and Cu?* ([Cu?*Jewot
=81 uM, 15 equivalents), Figure S14: (a) Evolution of UV-vis spectrum of Ru(NzPzphen) upon ad-
dition of Cu(ClO4)2 (0-18) equivalents) ([Ru(Nz2Pzphen)] = 5.6 uM, 0.03M HEPES buffer, pH=7.4).
(b) Changes of absorbance with [Cu?Jwt /[ Ru(N2P2phen)]et ratio at A = 326 nm upon addition of
Cu(ClO4)2 (0-18), Figure S15: (a) UV-vis spectra of Ru(NzPzphen)?* and [Ru(NzPzphen)Cu]* in wa-
ter calculated using Hyperquad program [31], Figure S16: Species distribution diagram for the
Ru(N2Pz2phen)/Cu?* system in water calculated using Hyperquad program [31] (Model for calcula-
tion: LSLH*; Cu?*+LS[CuL]*; Cu?*SCu(OH)*SCux(OH)2*SCu(OH)2), Figure S17: HRMS (ESI)
spectrum of the {Cu[Ru(N2P2phen)]}(CIO4)2 complex, Figure S18: FTIR spectrum of Ru(N2P2phen)
(neat), Figure S19: FTIR spectrum of complex {Cu[Ru(NzPzphen)]}(ClOs)2 (neat), Figure 519: FTIR
spectrum of complex {Cu[Ru(NzPzphen)]}(ClOs4)2 (neat), Figure S20: The structure of Ru(Nzphen)
complex obtained by full geometry optimization at B3LYP/6-31G(d,p) level, Figure S21: The struc-
ture of Ru(N2Mezphen) complex obtained by full geometry optimization at B3LYP/6-31G(d,p) level,
Figures 522 —545: NMR spectra of new compounds, Figure S46: FTIR spectrum of Ru(Bnphen)
(neat), Figure 547: FTIR spectrum of Ru(Nzphen) (neat); Table S1: Optimization of the amination
reaction conditions, Table 52: Calculated isodensity plot of the HOMO and LUMO orbitals for com-
plex Ru(Nzphen), Table S3: Calculated isodensity plot of the HOMO and LUMO orbitals for com-
plex Ru(N2Mezphen).
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