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ABSTRACT: A highly selective luminescent chemosensor for Cr** A=
in aqueous solution was assembled by a low-selectivity luminogenic

receptor with Cu® as a metal quencher. Three tetranitrogen

chelating sites were integrated into the multichannel receptor with a
tris(1,10-phenanthroline)ruthenium(II) luminophore at the core.
This receptor (2) exhibits chelating affinity for many transition- ONOPHORE _ g
metal cations, among which Cu** efficiently quenches the emission.
The further addition of Cr** into the Cu®'-titrated solution of 2
results in a metal-exchange reaction and a sensitive turn-on
luminescence response highly selective over other metal cations. OFF
The quencher displacement sensing strategy in this design can be a

simple but efficient approach for OFF—ON luminescent sensing of

metal cations that inherently lack selective ligands.
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B INTRODUCTION

Fluorescence response offers distinct advantages for molecular
sensing in terms of simplicity, high sensitivity, and visual
observation. The development of fluorescent chemosensors
(FCSs) for transition-metal cations has been a subject of
intensive interest because of the diverse b1010g1ca1 or
environmental relevance of these metal species. ! However, for
many transition-metal cations, the rational design of efficient
FCSs remains challenging because it is not straightforward to
achieve high selectivity of the designed receptor. It is a major
way to base high selectivity on a tailored receptor/ligand, which
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usually causes the most labor in the design of these FCSs. Occurrs “ Ei N @
Different from most of the developed sensing systems OFF

operating via the direct metal—ligand interaction between the

receptor and target cation, some recent examples of FCSs for
transition-metal cations have been designed through a metal
displacement approach.>™* Sensing via metal displacement
usually results in a distinct improvement in the selectivity at the
expense of sensitivity due to the shielding function of the fill-in
metal. It is theoretically possible to design a highly selective
FCS on the basis of a less selective fluorogenic ligand, on the
condition that a suitable templating cation is available. Many
transition-metal cations are usually known as efficient
fluorescence quenchers, whereas a turn-on fluorescent sensing
mode is in general preferred. This problem can be well settled
in FCSs based on metal displacement because a turn-on
fluorescent response is easily obtained by displacement of the
metal quencher on a fluorogenic ligand.® It is therefore possible

approach, as illustrated in Figure 1. Following this outlined
principle, a highly selective FCS can be designed by the
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Figure 1. Illustration of the transformation from a nonselective
fluorogenic receptor (P,) to a selective OFF—ON FCS (P,) for metal
cations through quencher displacement. K, K,, and K; represent the
binding constants for the interference (M,), quencher (M,), and target
(M;) metal cations, respectively; K; < K, < Kj.

sophisticated combination of an untailored fluorogenic ligand
with a suitable metal quencher. Most desirably, this may be an
efficient approach for turn-on fluorescent sensing of those
transmon metals lacking selective ligands.

3* plays an essential role in human nutrition® but is also an
env1ronmenta1 pollutant related to various industrial and

to realize both highly selective and turn-on fluorescent sensing
of transition-metal cations by a quencher displacement

-4 ACS Publications  © 2012 American Chemical Society

Received: May 6, 2012
Published: November 14, 2012

dx.doi.org/10.1021/ic3009267 | Inorg. Chem. 2012, 51, 13103-13107


pubs.acs.org/IC

Inorganic Chemistry

Scheme 1. Fluorogenic Ligands Investigated

(1) RuCl3-nH,0, (CH,0H),, 190°C
(2) NH,4PFg, H,0

agricultural concern.’ Because Cr** is a paramagnetic cation
lacking selective chelands, the design of highly selective OFF—
ON FCSs for Cr’* has long been a challenging task. Among the
reported OFF—ON fluorescent Cr** sensing systems,”® only a
very few rhodamine-based chemodosimeters,” which utilize a
spirolactam ring-opening reaction for sensing, display high
selectivity toward Cr’* in aqueous solution. As a proof-of-the-
principle of the proposed sensing strategy based on quencher
displacement, a highly selective turn-on luminescent chemo-
sensor for Cr’* in aqueous solution is designed in this study.

B MATERIALS AND METHODS

General Remarks. 8-Quinolinecarbaldehyde, o-phenylenediamine,
piperidine, RuCl;-nH,0, and NH,PF4 were purchased from Sigma-
Aldrich Co., Ltd. §,6-Diamino-1,10-phenanthroline was purchased
from Tokyo Chemical Industry Co., Ltd. They were used without any
further purification. All other reagents were of analytical grade or
better and were used without further purification. Stock solutions (1.0
X 1072 mol/L) of the sulfate salt of Ni**, the nitrate salts of Mg**,
Ba*, Zn?*, Fe*, Ag’, and Cr*, and the chloride salts of other
investigated metal jons were prepared in aqueous solutions. Stock
solutions (1.0 X 10™* M) of 1 and 2 were prepared in aqueous
solutions in amber volumetric flasks. Stock solutions (1.0 X 107 M) of
L-cysteine, glutathione, L-cystine, and rL-homocysteine in redistilled
water were kept at +4 °C and used within 48 h.

'H and *C NMR spectra were recorded on a Bruker Avance II 400
MHz NMR spectrometer. Chemical shifts are reported in parts per
million (ppm) relative to the residual dimethyl sulfoxide (DMSO)
peak (2.50 ppm in 'H NMR and 39.43 ppm in '*C NMR), and
coupling constants (J) are reported in hertz (Hz). Electrospray
ionization mass spectrometry (ESI-MS) spectra were recorded on a
Bruker ESQUIRE-3000" mass spectrometer. X-ray photoelectron
spectroscopy (XPS) spectra were recorded on a VG ESCA LAB MK-2
instrument. Absorption and fluorescence spectra were recorded on a
Hitachi U-3900 ultraviolet—visible spectrophotometer and a Hitachi F-
7000 fluorophotometer, respectively. The emission decay lifetimes
were acquired with a Horiba Jobin Yvon FluoroMax-4 TCSPC time-
resolved fluorophotometer.

Compound 1. A mixture of 8-quinolinecarbaldehyde (392 mg, 2.5
mmol), o-phenylenediamine (108 mg, 1.0 mmol), and piperidine (1.0
mL) in ethanol (30 mL) was refluxed under an N, atmosphere for

about 8 h to give a red solution. The reaction mixture was
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, 1.5% MeOH/CH,CL,) to give 1 as
an orange solid. Yield: 228 mg, 59%. The selected spectroscopic data
of 1 are as follows. "H NMR (400 MHz, DMSO-d,, ppm): & 8.89 (d,
1H, ] = 4.4 Hz), 8.73 (d, 1H, ] = 4.4 Hz), 8.46 (d, 1H, ] = 8.4 Hz),
830 (d, 1H, J = 8.0 Hz), 8.11 (d, 1H, ] = 8.0 Hz), 7.96 (d, 1H, ] = 7.2
Hz), 7.80 (t, 2H, ] = 8.0 Hz), 7.66—7.58 (m, 2H), 7.44—7.45 (m, 2H),
7.39 (t, 1H, J = 8.0 Hz), 7.29—7.20 (m, 2H), 6.95 (d, 1H, J = 7.2 Hz),
5.87 (s, 1H, N=CH), 5.76 (s, 1H, N=CH). *C NMR (100 MHz,
DMSO-dg, ppm): & 153.59, 151.61, 150.20, 146.29, 145.22, 143.51,
137.08, 136.79, 136.01, 134.71, 133.07, 130.82, 130.46, 128.23, 127.99,
127.89, 127.08, 126.59, 126.56, 122.89, 122.44, 122.18, 122.05, 119.67,
111.22. ESI-MS: m/z 387.3 ([M + H]"). It should be noted that the
structure of 1 is unsymmetric because of the formation of an
intramolecular hydrogen bond (C—H:N) in DMSO-dj.

Compound PhenDQ. A mixture of 8-quinolinecarbaldehyde (392
mg, 2.5 mmol) and S$,6-diamino-1,10-phenanthroline (219 mg, 1.0
mmol) in ethanol (30 mL) was refluxed under an N, atmosphere for
about 8 h to give a red solution. The reaction mixture was
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel, 10% MeOH/CH,Cl,) to give
PhenDQ as a yellow solid. Yield: 263 mg, 54%. The selected
spectroscopic data of PhenDQ are as follows. 'H NMR (400 MHz,
CDCl,, ppm): 6 925 (d, 2H, J = 7.6 Hz), 9.19 (d, 4H, ] = 4.2 Hz),
9.13 (d, 2H, ] = 4.0 Hz), 8.36 (d, 2H, ] = 8.4 Hz), 7.95 (d, 2H, ] = 8.4
Hz), 7.80—7.72 (m, 6H), 7.61 (q, 2H, ] = 4.2 Hz). *C NMR (100
MHz, DMSO-d,, ppm): § 11608, 122.55, 123.18, 123.81, 126.97,
127.30, 128.92, 130.47, 130.50, 130.68, 138.01, 143.94, 144.82, 148.31,
150.09, 151.47. ESI-MS: m/z 489.1 ([M + H]*).

Compound 2. A mixture of RuCly-nH,0 (12 mg, 0.056 mmol)
and PhenDQ (77 mg, 0.158 mmol) in ethylene glycol (30 mL) was
refluxed under an N, atmosphere for about 4 h. After the addition of
saturated aqueous NH,PF (75 mL) with stirring at room temperature,
the mixture was stirred at the same temperature for 5 min. The
obtained brown precipitate was collected by filtration, dried under
reduced pressure for 1 h, and purified by recrystallization from
MeOH/CH,Cl, to give 2 (86 mg, 82%). The selected spectroscopic
data of 2 are as follows. XPS: Ru (3d, 280.6 eV, 3P;, 461.0 eV), C (s,
284.5 €V), N (1s, 398.4 eV), F (1s, 684.5 eV), P (2p, 134.5 eV). 'H
NMR (400 MHz, DMSO-dg, ppm): § 9.26 (d, 6H, ] = 4.4 Hz), 8.90
(d, 6H, J = 7.2 Hz), 8.68 (d, 6H, ] = 8.4 Hz), 8.30 (d, 6H, ] = 8.4 Hz),
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8.14 (d, 12H, J = 4.4 Hz), 7.95 (d, 6H, J = 8.0 Hz), 7.87—7.81 (m,
18H). *C NMR (100 MHz, DMSO-dg, ppm): § 151.95, 151.69,
150.90, 146.03, 144.75, 138.29, 131.29, 128.96, 127.41, 126.73, 126.69,
122.81, 63.25. ESI-MS: m/z S$71.63 [Frag/2] (Figure Sl in the
Supporting Information, SI).

Investigation on the Binding Affinity of 2 toward Cu?** and
Cr**. To evaluate the binding affinity of 2 toward Cu** and Cr*,
continuous titrations of 2 with Cu®" and Cr** were investigated by
fluorophotometry, respectively. On the basis of the assumption that
only the 1:3 binding adducts were yielded in the titration of 2 with
excess Cu’* or Cr*', the dissociation degree (a) could be calculated via
plots of the titration curves (Figure S2 in the SI). The cumulative
formation constant (f3;) for the complexes of 2 with Cu** or Cr*" is
calculated using eq 1,

b= (1-a)C,
37 aCy(Cy — 3C, + 3aC,)? (1)

where a is the dissociation degree calculated and C; and C,; are the
initial concentrations of compound 2 and the investigated metal
cations, respectively. However, because multiple products are involved
in the metal-binding reactions of the trifurcate receptor 2 and
calculations based on the luminescence signals of larger error bands are
possible, considerable deviations might be involved in the calculation
results. Accordingly, the computed values of the cumulative formation
constants were reported in a semiquantitative manner.

B RESULTS AND DISCUSSION

Design of the Luminogenic Receptors. A simple
tetranitrogen ligand 1 (Scheme 1), obtained by the reaction
of 8-quinolinecarbaldehyde with o-phenylenediamine, was
investigated at first. Ligand 1 shows its chelating affinity for a
variety of metal cations, among which Cu®', Hg*, Fe*, and
Ag* quench the fluorescence of 1 (Figure 2). Job plots confirm
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Figure 2. Absorption (A) and fluorescence (B) responses of 1 (10
uM) upon the addition of different metal cations (10.0 equiv) in
aqueous solution. The investigated cations include K*, Ca®, Ba*,
Mg2+' A13+‘ Zl’l2+, Cd2+, Cu2+, C02+, Ni2+, Mn2+, Fe3+' Cr3+’ Pb2+’ Ag+,
and Hg** (pH 5.6; buffered by 0.02 M NaOAc/HOAc; excitation
wavelength = 310 nm).

the 1:1 binding stoichiometry between ligand 1 and most of the
tested transition-metal cations such as Fe®*, Cr**, Cu®', and
Hg”". In order to increase the quenching ability of Cu**, ligand
1 was fused with tris(1,10-phenanthroline)ruthenium(II),
Ru(phen);*, to create a multichannel luminogenic receptor 2
(Scheme 1). Ru(phen);*" is a suitable acceptor for the
quinoline-dominated fluorescence, and its emission was
reported to be efficiently quenched by chelation of Cu".*" 2
was expected to act as a sensitive platform for quencher-

displaced luminescent sensing based on the following reasons:
(1) Emission of the Ru(phen),*" core can be sensitized by the
six quinoline antennae through fluorescence resonance energy
transfer (FRET) and efficiently quenched by three quenchers.
This will result in a sensitive luminescence response upon
switching between its OFF and ON states when it is excited in
the ultraviolet region. (2) The integration of three binding sites
into the receptor molecule will substantially enhance its binding
efficiency for the target cations.

Quenching Effect of Cu?** on the Luminescence of 2.
Similar to 1, 2 also exhibits a chelating ability for many
transition-metal cations, as indicated by its absorption
responses (Figure S3 in the SI). The absorption band of the
Ru(phen);** moiety appears at around 473 nm, which shows a
high degree of overlap with the emission band of the quinoline
group. Because of efficient FRET from the quinoline groups to
the Ru(phen),** luminophore, emission of 2 (4, = 590 nm)
can be excited within a broad wavelength region from 250 to
480 nm. Figures 3A and 4A show the luminescent response of 2
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Figure 3. (A) Emission spectra of 2 (10 M) in the presence of 10.0
equiv of metal cations in aqueous solution. (B) Traces of the emission
spectrum of the Cu?*-titrated solution of 2 (2, 4.0 uM; Cu®*, 40 uM)
upon the addition of different amounts of Cr** (pH 5.6; buffered by
0.02 M NaOAc/HOAG; 4., = 473 nm).

1.4
A A

.
b

-
o

o
o3

[==]
(=]
=

o
Py

Relative emission Intensity

=]
ka2

B L B W L
A R A R A AN R AR RN RO

o
o
I

Cr3+ N A A N AR AR AR AR SRR
Mg'ﬂ' B S s S e e
Caz‘L B S S o S A e S S Sy

Ba bl R

Ag+ R R A A A AR R AR AR AR

ng‘*‘ D R A T A SR
T T D T A R N DR

..\..
24 5

Ph

o2 S T T S T S ey

Ky
cut i
APt
Wizt

&
)
=]

M

K+

Figure 4. Luminescence responses of 2 (10 uM) toward different
metal cations (10.0 equiv) before (A) and after (B) reaction with 3.0
equiv of Cu** in aqueous solution (pH 5.6; buffered by 0.02 M
NaOAc/HOAG; Ay/Aey = 473 nm/590 nm).
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upon the addition of various metal cations. Indeed, the
emission of 2 in aqueous solution is dramatically quenched
by Cu®* at a low concentration level of 107> M.

Phenomena and Mechanism of Cr** Sensing. The
quenching effect of Cu®" is not susceptible to the coexistence of
other metal cations except for Cr’* (Figure 4B). Continuous
titration experiments indicate the 1:3 binding stoichiometry for
both complexes of 2 with Cu** and 2 with Cr** (Figure S2 in
the SI). The cumulative formation constants (f;) for Cu** and
Cr** were computed to be at the 10" and 10" M~ levels,
respectively, which reveals that Cr’* has a stronger binding
preference for 2 than Cu**. Indeed, the stoichiometric addition
of Cr** into the Cu®*-titrated solution of 2 rapidly restores the
luminescence of 2, while no similar response is observed upon
the addition of K,Cr,0, or K,CrO, (Figure SS in the SI). The
final emission spectrum is exactly the same as that of the direct
Cr**-titrated product of 2. The mass spectrum shows that a 1:3
complex of 2 with Cr** is formed after the addition of Cr**
(Figure S6 in the SI). The resulting luminescence recovery is,
hence, explained in terms of displacement of the Cu®*
quencher. The quencher displacement mechanism was further
supported by titration of the Cu*'-chelated sensing ensemble
(Cus-2) with excess cysteine. Because of the high binding
affinity of Cu®* with cysteine, the reaction of Cus-2 with
cysteine also leads to a gradual recovery of the emission of 2
(Figure S).
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Figure 5. Emission spectra of Cuy-2 (2, 10 uM; Cu®, 50 uM) in the
absence (a) and presence of bioactive sulfur-containing species (0.10
mM) including L-cysteine (b), glutathione (c), L-cystine (d), and L-
homocysteine (e) in aqueous solution buffered at pH 7.0 by 0.02 M
K,HPO,/KH,PO, (excitation wavelength: 473 nm).

Luminescent Detection of Cr**. The developed sensing
system was successfully applied to the detection of Cr’* in
aqueous media. Solution emission of Cu;-2 increases rapidly
and substantially upon the addition of Cr’*. A stable emission
response can be achieved within 10 min at near-neutral pH
(Figure S8 in the SI). Figure 3B shows the spectral evolution of
Cu;-2 upon the addition of Cr(NO,); at pH S5.6. Under the
metal displacement mechanism, the range of linear correlation
between the relative emission intensity and Cr** concentration
is affected by the amount of Cu** added. In general, an increase
in the amount of Cu®" results in a larger linear range but a
lower sensitivity for Cr’*. Nevertheless, Cr** can be easily
detected at the micromolar level on a fluorospectrometer. For
example, luminescent titration of Cr’* in aqueous solution
under 473 nm excitation could establish detection with a limit

down to 66 nM, which is comparable to the physiologically
relevant concentration of Cr** (120 nM).> A lower detection
limit can be obtained when excited in the ultraviolet region
because of a more sensitive response. Compared with the
recommended permissible limit of chromium at 1075 M,° high
sensitivity of this Cr’* sensing system ensures its potential
applications.

The performance of the developed Cr** sensing system was
further evaluated in the presence of other coexisting metal
species. The presence of 0.10 mM K, Ca**, Ba®*, Cd**, Hg*',
Ag', Mn*, Ni**, Co’*, Fe’*, Pb**, or Zn*" causes no obvious
interference (Figure 6). Remarkably high selectivity is shown in
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Figure 6. Influence of coexisting metal cations (100 M) on the
luminescence response of Cuy-2 (2, 4.0 uM; Cu**, 40 uM) to Cr** (20
#M) in aqueous solution (pH 5.6, buffered by 0.02 M NaOAc/HOAG;
Aex/Aem = 473 nm/590 nm). The luminescence recovery ratio was
defined as the ratio of the Cr**-caused emission enhancement to the
Cu**-induced emission decrease.

luminescent sensing of Cr’*. It is interesting that the
coexistence of AI** or Mg** induces a slight enhancement of
the sensing response, although the direct addition of A" or
Mg** into the solution of Cuy-2 does not result in a turn-on
luminescence response (Figure 4B). Because the emission of
the direct adduct of 2 with Cr’* is not affected by the further
addition of AI** or Mg** (Figure S10 in the SI), the coexistence
of A" or Mg** was suggested to facilitate the quencher
displacement process at a low concentration of Cr**. Standard
addition experiments confirmed that Cr’* in synthetic samples
could be determined with satisfactory recoveries (96—105%) at
the micromolar level (Table S3 in the SI).

B CONCLUSION

In summary, we have developed a highly selective luminescent
chemosensor for Cr** based on a quencher displacement
mechanism. The chemosensor was assembled by a less selective
luminogenic compound with Cu®" as the metal quencher, and it
displays sensitive emission enhancement upon the addition of
Cr’* in aqueous solution. Our research exemplifies that
quencher displacement can be an efficient approach for
selective OFF—ON fluorescent sensing of transition-metal
cations that inherently lack selective ligands. The Ru(phen);*'-
centered luminophore is demonstrated as a versatile and
sensitive platform for this sensing mode because of its easy
integration of multiple binding sites and the high quenching
effect by Cu**.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on November 14, 2012,
with the emission of receptor 2 defined incorrectly throughout
the paper and Supporting Information. The corrected version
was reposted on November 21, 2012.
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