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The recognition and sensing of aqueous chloride by synthetic receptors is a challenging task. Herein we apply the
chemosensing ensemble methodology to optically detect chloride in water at near physiological pH. Variants based on two
closely related receptors have been explored. The sensors can be obtained in situ bymixing a rhodium complex, a bidentate
N,N-chelate ligand, and a fluorescent dye in buffered aqueous solution. Upon mixing the sensor components, the rhodium
complex binds to theN,N-chelate ligand to yield a metal-based receptor. This latter associates with the fluorophore to give a
non-emissive ground-state complex. The chemosensing ensembles respond to chloride via a turn-on fluorescence signal
and can be used for optical detection of chloride down to mid-micromolar concentrations.

Introduction

Optical chloride sensors cangenerallybe classified intooneof
two groups. One approach relies on non-specific transient
interactions between an excited-state fluorophore and chloride,
which results in quenching of the emission of the fluorophore
(i.e., dynamic quenching).1 This method is ideally suited for
detection in the millimolar range, but lacks in sensitivity for
more dilute samples of less than 1 mM chloride content.1

Alternatively, chloride detection can be achieved by covalently
linking a receptor with a chromo- or fluorophore, to yield a
conjugate chemosensor.2,3 Binding ofCl- to the receptor causes
a pronounced change in the optical properties of the molecule,
which can be monitored using a suitable spectroscopic techni-
que. The conjugate approach has the advantage that the
binding site and chromo- or fluorophore can be tuned to yield
optimal signal output, sensitivity, and selectivity. On the other
hand, it often involves extensive synthetic effort and, because of
solubility restrictions, canbe limited to sensing inorganicmedia
or aqueous/organic mixtures. Furthermore, despite a growing
appreciation for theuse ofLewis-acidicmetal centers as binding

sites for receptors,4 the majority of such sensors rely on electro-
statics and/or hydrogen bonding to bind the anion, interactions
which are largely diminished in competitive polar and/or protic
solvents.5 They can therefore lack in sensitivity when substan-
tial amounts of water are present.2d

Recently,wedescribedpreliminary attempts to address some
of these issues.6 Our work was inspired by reports from the
context of medicinal chemistry that half-sandwich complexes
of the type [(η6-arene)Ru(en)(H2O)]

2þ (en=ethylenediamine)
can coordinate Cl- in water with log K values of up to 2.1.7

Accordingly, we constructed a chemosensing ensemble by
combining complex [(Cp*Rh)2(μ-OH)3](NO3) with the chelate
ligand Ferrozine (Fz) and fluorophore 8-hydroxypyrene-1,3,6-
trisulfonate in the presence of the cationic surfactant cetyltri-
methylammonium hydrogensulfate (Scheme 1). The chelate
ligand reacts with the Rh complex to give the monomeric aqua
complex [Cp*Rh(Fz)(H2O)] (1). This complex acts as a re-
ceptor for chloride. The adduct 1 3Cl

- partitions in themicelles
formed by the surfactant and quenches the fluorescence of the
dye, which is likewise bound to the micelles. As a result, one
observes a pronounced turn-off fluorimetric response. Prefer-
ential solvation of 1 3Cl

- within the micelle also causes an
apparent increase of the affinity of receptor 1 for Cl-, thereby
enhancing thedetection limits of the sensor andallowing for the
quantitative detection of chloride in water down to low micro-
molar concentrations.6
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One drawback of this approach is that it relies on surfac-
tants to function, which can limit potential applications.8We
therefore decided to explore how the various components
interact in the absence of surfactant micelles. Remarkably, it
was found that the system is switched from a turn-off
fluorescence sensor to a turn-on sensor when the surfactant
is omitted (Scheme 1). Furthermore, it was observed that the
selectivity and the sensitivity of the chemosensing ensemble
can be modulated by variation of the chelate ligand. Struc-
tural and spectroscopic studies about these sensors are
described below.

Results and Discussion

Synthesis and Characterization of Receptors 1 and 2.

Air-stable and water-soluble receptors 1 and 2 (Scheme 2)
can be prepared in situ by combining the hydroxy-bridged
rhodium(III) dimer [(Cp*Rh)2(μ-OH)3](NO3) with 2
equiv of commercially available Ferrozine or 2,20-bipyr-
idine, respectively, inMOPS buffer solution (50mM, pH
7.0; MOPS= 3-(N-morpholino)propanesulfonic acid).6

Acidity constants for monodeprotonation of the weakly
bound aqua ligands in 1 and 2 are both pKa ≈ 8.3.6,9 At
neutral pH, therefore, the receptors exist in water as
their neutral zwitterionic (1) and dicationic (2) aqua
complexes.
While both aqua- and chloro-adducts of 2 have already

been crystallographically characterized,9,10 no structural
investigations into Ferrozine, or indeed any of its metal
complexes, have appeared in the literature despite its now
widespread use as co-reagent for the spectrophotometric

determination of iron(II).11 We therefore grew crystals of
1 from pH neutral water by slow evaporation and deter-
mined its structure by X-ray diffraction analysis. The
solid-state structure is shown in Figure 1. The complex is
charge neutral and adopts a piano-stool geometry, typical
of (arene)M-aqua/chloro complexes (M=RhIII, RuII)
wherein two of the coordination sites opposite the π-
ligand are bound by a neutral N,N-chelate ligand.7,9,10

The bond lengths and angles are largely unremarkable.
Worth noting, however, is the connectivity of the Fz
ligand: the two sulfonate groups are located in the meta-
positions of the phenyl rings (see Scheme 1) and not the

Scheme 1. Chemosensing Ensembles for the Fluorimetric Detection
of Chloridea

aThe fluorescence response changes from“turn-off” in the presence of
a surfactant to “turn-on” in the absence of surfactant.

Figure 1. Ortep plot of 1 with thermal ellipsoids shown at 30% prob-
ability level. Hydrogens and co-crystallized water molecules are omitted
for clarity. Selected bond lengths: Rh-Cp*2.139(5)-2.168(4) Å; Rh-O7
2.177(4) Å; Rh-N11 2.132(4) Å; Rh-N21 2.079(3) Å.

Scheme 2. Chloride Receptors 1 and 2 and the Fluorescent Dyes 3 and 4
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para-positions, as originally proposed on the basis of IR
stretching frequencies11a and subsequently featured in
numerous publications.11,12 This substitution pattern
has been confirmed by 1H NMR spectroscopy, which
shows triplet and singlet multiplicities for the protons
of the two phenylsulfonate groups,6 as opposed to the
simple doublets that would be expected for para-substitu-
tion.

Chloride Binding and Signal Transduction.The addition
ofNaCl toMOPSbuffer solutions (50mM,pH7.0) of 1or 2
causes smooth but subtle variations in absorbance (300e λ
e 600 nm) which can be fitted to 1:1 binding isotherms, giv-
ing logK1 3Cl-=2.82(5) and logK2 3Cl-=2.80(5) (Figure 2).
For solutions of [1]tot=[2]tot=500 μM, the aqua ligands are
∼95%displacedbyCl-when [NaCl]tot=20.0mM.Theana-
tion constants are comparable to those reported for much
more elaborate receptorswhich bindCl- viamultiple hydro-
gen bonds,2 despite the former relying on the formation of
only one metal-ligand coordinative interaction. Their im-
plications for chloride sensing in water are thus very promis-
ing. However, the absorption spectra of 1 3Cl

- or 2 3Cl
- are

not sufficiently distinct from their aqua precursors for a
direct colorimetric read-out.
To signal the binding event we introduced 8-hydroxy-

1,3,6-pyrenetrisulfonate (3), a commercially available and

water-soluble fluorescent dye which emits light at 510 nm
with high quantum yield.13,14 As demonstrated in our
previous work, emission from 3 is efficiently quenched by
chloro-receptor complex 1 3Cl

-, but only when the two
are co-confined within the nanosized volume of a surfac-
tant micelle.6 Quenching was tentatively attributed to
electron transfer from the excited-state fluorophore to
1 3Cl

-. However, micellized 3 is largely unaffected by the
naked receptor 1 since the latter preferentially resides in
the bulk aqueous phase.
Without surfactant, 1 and 3 can no longer phase-separate,

and a different situationmay be envisaged: the two associate
via supramolecular interactions, leading to a non-emissive
ground-state complex.14 Chloride could then be signaled by
one of twomechanisms: (1) If the fluorophore binds directly
or nearby to the rhodium(III) center, addition of Cl- would
result in its displacement, causing an increase in fluorescence
emission.14a-c Sensors of this kind are generally termed
indicatordisplacementassays (IDAs),3,15 and theyhavebeen
successfully applied for sensing various anions16 but not, to
the best of our knowledge, for chloride. (2) Alternatively, the
complex could act as a ditopic receptor to which both 3 and
Cl- bind concomitantly.14d Provided the two sites are either
mechanically or electronically coupled, chloride recognition
would then modulate the optical properties of 3 in an
analogous way to a classical conjugate chemosensor.
The binding of receptors 1 and 2 to fluorophore 3was first

investigatedbysteady-state fluorescence spectroscopy.Ascan
be seen in Figure 3, the emission at λem=510 nm of aMOPS
buffer solution (50 mM, pH 7.0) containing 3 (12.5 μM) is
dramatically attenuated upon addition of 1 or 2. The effect is

Figure 2. Top: changes in UV/vis spectra observed upon titration of
NaCl (0-5 mM) into a solution of 2 (500 μM) in MOPS buffer solution
(50 mM, pH 7.0). Bottom: absorbance as a function of [Cl]/[2] ratio for
five selected wavelengths. The lines were obtained by fitting the data to a
1:1 binding isotherm.

Figure 3. Relative emission intensity at 510 nm (λex = 480 nm) of a
MOPS buffer solution (50 mM, pH 7.0) containing 3 (12.5 μM) and
variable amounts (0-700 μM) of 1 (]) and 2 (0). The lines were obtained
by fitting the data to the equilibrium models described in the main text.
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clearly more pronounced for dicationic receptor 2, which
reduces the fluorescence emission intensity IF to<10%of its
initial value I0 at a concentration of [2]tot = 700 μM (cf. IF/
I0 ≈ 25% for [1]tot = 700 μM). Nonetheless, both data sets
can be satisfyingly fitted to the same equilibrium model,
which considers the successive fixation of two receptors to
one fluorophore to give two non-emissive complexes. This
gives best-fit parameters of log K1 = 3.53(5) and log K2 =
2.86(4) for 1 and logK1=3.89(5) and logK2=3.20(5) for 2.
Consistently higher values for 2 likely reflect the stronger
electrostatic attraction occurring between the oppositely
charged receptor and fluorophore components.
The implied ground-state complexes between 1 and 3

were evidenced by electrospray-ionization mass spectro-
metry (ESI-MS). In negative scan mode, the mass spectra
of solutions containing 1 (100 μM) and increasing
amounts of 3 (0 e [3]tot e 2.0 mM) show peaks corre-
sponding to various 1:1 and 1:2 adducts (Figure 4),
consistent with the equilibrium model proposed from
the emission data. The 1:2 adducts dominate for [3]/[1]
ratios of e1, while 1:1 adducts and related fragments
become more abundant for [3]/[1] g1. With an appreci-
able excess of 3, however, peaks for polyanionic 2:1
adducts also start to appear, suggesting that larger ag-
gregates can form in solution.
Various binding modes can be envisaged for the asso-

ciation between the receptors 1 and 2 and fluorophore 3:
(1) 3 could coordinate directly to the rhodium(III) centers
via its hydroxyl function which, with a ground-state pKa

of 7.4,13 is already partly ionized at pH 7.0. (2) Alterna-
tively, the aromatic ring system of the fluorophore could
interact with the Cp* ligands via electrostatic attraction,
dispersive π 3 3 3π/CH 3 3 3π interactions, and/or hydro-
phobic effects, in a manner similar to that proposed for
cationic benzyl-substituted viologens14a-c and an (arene)-
RuII-based metallamacrocycle.14d

To further probe the receptor-fluorophore interactions
in the millimolar concentration range we performed

1H NMR investigations. The Cp* resonances for a series
of spectra obtained on titrating 3 into a MOPS buffer
solution (50mM, pH 7.0) of [1]tot= 1.0mMare shown in
Figure 5a. As can be seen, the system displays an un-
expectedly high level of complexity under these condi-
tions. When 3 is added, the singlet for the Cp* ligand of
1 first splits into three, one initial (b) and two new ((
and ]), peaks. On further addition, the two new peaks
then grow at the expense of the initial one, while all three are
gradually shifted to lower frequency, invoking the onset of
second-order interactions whose exchange kinetics are fast
on the NMR time scale. Taken together, this implies that a
complex equilibrium involving at least six species (including
free 1) is established upon addition of 3.
Although the structures of these species are not clear

from the above data, performing the titration with MES
buffer (50mM;MES=2-(N-morpholino)ethanesulfonic
acid) at pH 5.5 yields some useful information about the
nature of the interactions at play. As can be seen in
Figure 5b, the initial singlet now splits into only two
signals (] and b) on addition of 3, both of which then
undergo similar shift changes with increasing [3]tot to
those observed at pH 7.0. The most downfield peak from
Figure 5a (() does not appear; otherwise, the two series of
spectra are essentially superimposable.
Since the hydroxyl group on 3 is fully protonated at pH

5.5, it stands to reason that the more intense, downfield
signal (() only observed at pH 7.0 is due to a hydroxyl-
bound species (cf. the first of the two scenarios described
above). The possibility that the two new peaks (( and])
simply correspond to acidic and basic forms of the same
complex can be discounted on the basis that hydroxyl
proton exchange is typically too fast on the 1HNMR time
scale for separate signals to be observed. We therefore
suspect that the more upfield of the two new peaks (]) is
due to a sulfonate-bound species. Indeed, this is sup-
ported by Figure 5c which shows how the Cp* protons
evolve on adding the all-sulfonate analogue of 3, pyrene-
1,3,6,8-tetrasulfonate (4): Once again the initial singlet
collapses into two new peaks, the chemical shifts of which
then evolve in a remarkably similar fashion to those in
Figure 5a. We note, however, that adding up to 30 equiv
of Na2SO4 has no discernible effect on the spectra.
Accordingly, if the species which gives rise the second

Figure 4. Negative scan ESImass spectra of aqueous solutions (pH 7.0)
containing 1 and 0.5 (top), 1.0 (middle), and 5.0 (bottom) equiv of 3. The
selected assignments are made on the basis that (1) 3 is in its fully ionized,
tetra-anionic form, and (2) 2 is missing its aqua ligand.

Figure 5. Cp* resonances in the 1HNMR spectra of solutions (vvH2O/
D2O 95:5) containing 1 (1.0 mM) and variable amounts of 3 at (a) pH 7.0
and (b) pH 5.5, and (c) 4 at pH 7.0. The total concentrations of 3/4 are
(from top to bottom): 0, 1.0, 1.9, 3.7, 6.9, 12.1, 19.5, 30.8 mM.
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peak (]) does feature a RhIII-O3S interaction, it is likely
supplemented by additional attractive interactions (e.g.,
electrostatic and/or dispersive π 3 3 3π/CH 3 3 3π inter-
actions).
The Cp* peaks are all systematically shifted to lower

frequency upon addition of 3 (or 4). We interpret this as
evidence that a third,more labile bindingmode exists, and
we suspect that it involves the aromatic regions of the
fluorophore and theCp*Rhunit (case 2, vide supra). That
the two new peaks (( and]) also experience upfield shifts
furthermore suggests that more than one fluorophore can
concomitantly bind to the receptor, giving putative 1 3 32
complexes. This is consistent with the gas-phase ESI-MS
studies, which also indicated the presence of such species
in solutions with 3/1 ratios of .1.
The dicationic receptor 2 displays similar multiphasic

behavior upon addition of 3 or 4 (Figure 6). At pH7.0 two
new peaks appear (( and ]) and grow at the expense of
the initial one (b), though the species which gives rise to
the more upfield of these (]) is now formed preferentially
(cf. Figure 5).
To gain further insight into these systems, we attempted

to grow single crystals for X-ray diffraction studies. For
complexes of 3 with 1 or 2 this proved largely unsuccess-
ful, probably owing to the large number of species present
in any given mixture of the various components. We did,
however, obtain co-crystals of 4 and 2 by slowly evapo-
rating an aqueous solution (pH 7.0) containing the two
components in a 1:2 ratio, respectively. The crystal struc-
ture was solved in P1 (Z=1), and it features charge-
neutral aggregates composed of two dicationic complexes
2 and one tetra-anionic fluorophore 4. In the solid-state, 4
straddles an inversion center, while the two crystallogra-
phically equivalent half-sandwich complexes 2 lie above
and below it, both with their Cp* ligands oriented toward
the central pyrene ring system. The five-membered Cp*
rings are essentially coplanar with the 16 carbon atoms of
4 (dihedral angle: 3(1)�), and the planes are separated by
centroid-centroid distances of 3.6(1) Å, typical for π-π
stacking interactions. Interestingly, complexes 2 both
retain their aqua ligands and so direct coordination of 4
to the rhodium(III) centers does not occur in this case.

There are, however, specific O-H 3 3 3O(SO2R) and
C-H 3 3 3O(SO2R) hydrogen-bonds between protons on
the aqua and bipy ligands in 2 and the sulfonate groups
from adjacent pyrene-1,3,6,8-tetrasulfonate moieties. Si-
milar interactions also link the ion pairs to a well-defined
network of interstitial water molecules (seven per asym-
metric unit).
The dispersive π 3 3 3π interactions between 4 and 2 are

reminiscent of those previously observed in co-crystals of
3 with several cationic viologen derivatives.14a,17 The
latter were unambiguously shown to persist in aqueous
solution, although factors such as electrostatic attraction
and hydrophobic effects almost certainly contributed.We
propose that this interaction likewise exists in solutions
containing 3 and receptors 1 or 2, and that it accounts for
at least one of the binding modes observed by 1H NMR.
Indeed, given the close proximity and orientation of the
Cp* protons with respect to the shielding ring currents of
4 (Figure 7), it most likely manifests itself as the upfield
shifts which are systematically observed for all Cp* peaks
of 1 or 2 upon addition of 3. That such interactions are
likely fast on the NMR time scale is also consistent with
the fact that complexation is evidenced by changes in
chemical shift, and not by the appearance of new peaks.

Fluorescence Chloride Assay. Having established that
both receptors form non-emissive ground-state com-
plexes with 3, we investigated whether they could be used
as chemosensing ensembles for the detection of chloride.
In principle, chloride could be signaled by any combina-
tion of the two transductionmechanisms discussed earlier
(vide supra) since 3 appears to interact with the receptors
via at least three different binding modes, one of which
does not involve coordination to the chloride recognition
site on the rhodium(III) center (see Figure 7).
First, a sensing ensemble composed of 1 (500 μM) and 3

(50 μM) in MOPS buffer solution (100 mM, pH 7.0) was
prepared. Under these conditions excitation at λex = 480
nm gives rise to only weak fluorescence emission since
about 70% of the fluorescent dye is in its non-emissive
complexed form (as estimated from the successive for-
mation constants discussed earlier). Addition of Cl- (30.0
mM) then restores the original fluorescence, amounting
to an increase of about 325% in emission intensity at

Figure 6. Cp* resonances in the 1HNMR spectra of solutions (vvH2O/
D2O 95:5) containing 2 (1.0 mM) and variable amounts of (a) 3 and (b) 4
at pH 7.0. The total pyrene concentrations are (from top to bottom): 0,
1.0, 1.9, 3.7, 6.9, 12.1, 19.5, 30.8 mM.

Figure 7. Ortep plot of 22 3 4 with thermal ellipsoids shown at 30%
probability level. Hydrogens and interstitialwaters are omitted for clarity.
Selected bond lengths: Rh-Cp* 2.136(4)-2.169(4) Å; Rh-O7 2.149(2)
Å; Rh-N11 2.105(3); Rh-N21 2.108(3) Å.

(17) Wang, C.; Guo, Y.; Wang, Y.; Xu, H.; Wang, R.; Zhang, X. Angew.
Chem., Int. Ed. 2009, 48, 8962–8965.
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λem = 510 nm (Figure 8). The response is quite selective
for chloride over other relevant anions. In particular,
phosphate and pyrophosphate, both known to coordinate
Cp*RhIII centers,18 elicit only minor responses. The sensor
does succumb to the usual interference problems with the
heavier halides (Br- and I-) and pseudohalide CN-, pre-
sumably because of their superior affinity for direct coordi-
nation of the rhodium(III) center in 1 and related com-
plexes.9 Such limitations are, however, of little importance
given the low concentrations at which these anions typically
occur in nature. Acetate also provokes a turn-on signal of
about 50% of that observed for Cl-.
We have also measured the fluorescence of samples

containing variable NaCl concentrations of 0-30 mM.
Therelative emissionversus [Cl]tot profile is shown inFigure9.
The resulting data can be used as a calibration curve for the
sensingofCl-withadynamic rangeof approximately 0.1-30
mM and with lower and upper limits of quantification of
about 300 μM and 20 mM, respectively. For comparison,
the signals observed for Cl- (0-10 mM) in the presence of
NaF, NaNO3, Na2SO4, NaSal (Sal = salicylate), NaH2PO4,
Na4P2O7, NaHCO3, NaOAc, NaHCO3, NaNO3 (1.0 mM
each) are also shown. For concentrations of [Cl]tot<10mM,
the two curves are more or less superimposable. The sensor
thus appears to function well in the presence of small quan-
tities of potentially interfering electrolytes.

Finally, we examined the impact of exchanging neutral
zwitterionic receptor 1 for dicationic receptor 2. Adding
chloride to a chemosensing ensemble based on 2 elicits a
similar turn-on response, except that the fluorescence in-
tensity now increases by about 600% (cf. 325% for the
sensor based on 1). This is due to the fact that 85%of [3]tot is
initially in its complexed form prior to introducing the
analyte. Accordingly, the dynamic range is larger under
these conditions; it spans approximately 0.05-30 mM in
concentration (Figure 10). Likewise, the lower and upper
limits of quantification can be estimated at about 150 μM
and 30 mM, respectively. This improvement in sensitivity

Figure 8. Top: fluorescence emission spectra of sensing ensemble com-
posed of complex 1 (500 μM) and 3 (50 μM) in the absence and in the
presence of NaCl (30.0 mM). Bottom: relative fluorescence emission at
510 nm (λex = 480 nm) in the presence of NaCl, NaF, NaNO3, Na2SO4,
NaSal (Sal = salicylate), NaH2PO4, Na4P2O7, NaHCO3, NaOAc, NaH-
CO3, NaNO3 (30.0 mM each). The spectra were recorded in aqueous
MOPS buffer solution (100 mM, pH 7.0).

Figure 9. Relative fluorescence emission at 510 nm (λex = 480 nm) of
the sensing ensemble composed of complex 1 (500 μM) and 3 (50 μM)
upon addition of NaCl with (b) and without (O) all other anions present
at 1.0 mM. The spectra were recorded in aqueous MOPS buffer solution
(100 mM, pH 7.0).

Figure 10. Relative fluorescence emission at 510 nm (λex = 480 nm) of
the sensing ensemble composed of complex 2 (500 μM) and 3 (50 μM) in
the presence of (top) variable amounts ofNaCl and (bottom)NaCl,NaF,
NaNO3, Na2SO4, NaSal (Sal = salicylate), NaH2PO4, Na4P2O7, NaH-
CO3, NaOAc, NaHCO3, NaNO3 (30.0 mM each). The spectra were
recorded in aqueous MOPS buffer solution (100 mM, pH 7.0).

(18) (a) Smith, D. P.; Kohen, E.;Maestre,M. F.; Fish, R. H. Inorg. Chem.
1993, 32, 4119–4122. (b) Buryak, A.; Pozdnoukhov, A.; Severin., K. Chem.
Commun. 2007, 2366–2368. (c) Buryak, A.; Zaubitzer, F.; Pozdnoukhov, A.;
Severin, K. J. Am. Chem. Soc. 2008, 130, 11260–11261.
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does, however, comeat the expenseof poorer selectivity.The
chemosensing ensemble with 2 responds to other anions via
emission intensity amplifications ranging from 50%, for
salicylate, to 300%, for acetate. In particular, the signals
generated by anions such as NO3

-, SO4
-, H2PO4

-,
H3P2O7

-, and HCO3
- amount to 15-30% of the total

increase observed on adding 30.0 mM NaCl. The sensor
response observed in the presence of all other anions (1.0
mM) is also severelydampenedwith respect to that observed
for pure chloride. Theuse of 2 in the chemosensing ensemble
would therefore be advised when only small amounts of
interfering electrolytes are present.

Conclusions

We have designed a receptor-based chemosensing ensemble
for the fluorimetric detection of chloride in water at near phy-
siological pH.Aqueous chloride is a challenging analyte for this
class of sensor since it is extremelywell hydrated.Consequently,
the literature features only few examples of artificial receptors
which are capable of recognizing chloride in neutral aqueous19

or aqueous/organic media.20 Our sensor can be assembled in
situ from easy-to-prepare rhodium(III) receptors (1 or 2) and a
commercially available fluorescent dye (3), and it generates a
turn-on signal for sub- to mid-millimolar Cl- concentrations.
The limit of detection is lower than that typically observed for
optical chloride sensors based on dynamic quenching.1 How-
ever, like these systems our sensing ensemble also responds to
certain heavier halides and pseudo halides (which provoke
comparable or greater responses than chloride). It is thus not
suited for monitoring chloride in samples which contain sub-
stantial quantities of these anions. Of the two receptors we have
assessed, the sensor based on cationic 2 is more sensitive while
zwitterionic 1 affords greater selectivity; apart from the heavier
halides andpseudohalides, only acetate elicits a significant turn-
on response in the latter. The signal response and dynamic
range for the sensor based on 1 complement those of our
previously reported sensing ensemble: indeed, by adding just a
small amount of commercially available surfactant, the sensor
can be tuned to generate an turn-off signal for low- to mid-
micromolar Cl- concentrations.6 Combined, these two sensing
ensembles have a dynamic range of more than 3 orders of
magnitude (i.e., 5 μM to 30 mM).

Experimental Section

General Information. Trisodium 8-hydroxypyrene-1,3,6-tri-
sulfonate (Sigma-Aldrich), tetrasodium pyrene-1,3,6,8-tetrasulfo-
nate (Sigma-Aldrich), Ferrozine (Fz) (Acros or Sigma-Aldrich),
2,20-bipyridine (Sigma-Aldrich), 3-(N-morpholino)propanesulfonic
acid (MOPS) (Sigma-Aldrich), 2-(N-morpholino)ethanesulfonic
acid (MES) (Sigma-Aldrich) were purchased and used as received.

Complex [(Cp*Rh)2(μ-OH)3](NO3) was prepared from [Cp*RhCl-
(μ-Cl)2]2according to literatureprocedures.

21MOPSbuffer solution
(pH 7.0) was prepared with bidistilled water. Stock solutions con-
taining appropriate concentrations of all compoundswere prepared
in MOPS buffer (50 mM, pH 7.0) and stored in the refrigerator.

Physical Measurements.UV/vis spectra were recorded with a
Perkin-Elmer Lambda 40 spectrometer using quartz cuvettes
with optical path lengths of 0.1, 0.5, or 1.0 cm. Fluorescence spec-
tra were recorded on a Varian Cary Eclipse spectrophotometer
equipped with a thermostatted cell holder. 1H NMR (400 MHz)
spectrawere recordedonaBrukerAdvanceDPX400 spectrometer.
Solutions were prepared in 95/5 (v/v) H2O/D2O, and spectra were
acquired using the zggpw5 0Watergate0 pulse sequence22 for sup-
pression of the water peak. High resolution electrospray ionization
mass spectra were obtained with a Waters CapLC-coupled Micro-
mass Q-ToF Ultima ESI-instrument.

X-ray Crystallography.Diffraction intensities were measured
at 298(2) K for 1 and 100(2) K for [2]2(4) 3 7H2Oon aSTOE IPDSII
diffractometer equipped with a graphite monochromated MoKR
radiation source (λ=0.71073 Å). Data were reduced using STOE
X-Area and corrected for absorption using the integration
method.23 Structure solution, refinement andgeometric calculations
were performed with SHELX.24 Crystallographic data for 1:M=
724.60, Monoclinic P21/n, a = 16.4381(15), b = 11.4858(7), c =
17.6243(14) Å, β=117.122(6)�,V=2961.6(4) Å3,Z=4; Fcalc =
1.625 Mg m-3, F(000) = 1480; crystal dimensions 0.10 � 0.05 �
0.03mm3; μ(MoKR) = 0.773mm-1,T=298K. A total of 17903
reflections were measured in the range 2.20e θe 24.71� (hkl range
indices:-19e he 19,-13e ke 13,-20e le 20), 5043 unique
reflections (Rint=0.0737). The structurewas refined onF2 toRw=
0.0686, R= 0.0470 (3519 reflections with I > 2σ(I)) and GOF=
1.018 on F2 for 490 refined parameters and 233 restraints. Largest
peak and hole 0.371 and -0.500 e Å-3. CCDC 792102. Crystal-
lographic data for [2]2(4) 3 7H2O: M = 1595.33, Triclinic P1, a =
11.1077(11), b= 11.9281(12), c = 13.6309(14) Å, R= 77.127(8),
β= 80.898(8), γ= 75.852(8)�, V= 1696.9(3) Å3, Z= 1; Fcalc =
1.562Mgm-3,F(000)=826; crystal dimensions 0.07� 0.04� 0.02
mm3; μ(Mo KR) = 0.695 mm-1, T= 100(2) K. A total of 22193
reflections were measured in the range 2.45e θe 25.68� (hkl range
indices:-13e he 13,-14e ke 14,-16e le 16), 6454 unique
reflections (Rint=0.0497). The structurewas refined onF2 toRw=
0.0841, R= 0.0455 (5453 reflections with I >2σ(I)) and GOF =
1.086 on F2 for 478 refined parameters and 27 restraints. Largest
peak and hole 0.660 and-0.806 e Å-3. CCDC 792103.

Spectrophotometric Titration of Receptor 2 and NaCl. Stock
solutions of complex 2 and NaCl in MOPS buffer (50 mM, pH
7.0) were used to prepare a series of solutions with a constant
concentration of 2 (500 μM) and a variable concentration of
NaCl (0-5 mM). After equilibration at room temperature, the
absorption spectra were recorded in the range 300-500 nm (a
kinetic study showed that the equilibrium is reached within 1-2
min). The resulting data were fitted to a 1:1 binding isotherm
using an in-house built routine in MATLAB which implements
evolving factor analysis and a Newton-Gauss multi-non-linear
least-squares fitting algorithm.25,26 The standard deviations for
the fitted parameters (log K) were estimated using the sum-of-
squared residuals and inverted curvature matrices as obtained
from the iterative fitting processes.

(19) For selected examples see: (a) Jiang, X. C.; Yu, A. B. Langmuir 2008, 24,
4300–4309. (b) Amendola, V.; Bastianello, E.; Fabbrizzi, L.; Mangano, C.; Pallavicini,
P.; Perotti, A.; Lanfredi, A. M.; Ugozzoli, F. Angew. Chem., Int. Ed. 2000, 39, 2917–
2920. (c) Goodall, W.; Williams, J. A. G. J. Chem. Soc., Dalton Trans. 2000, 2893–
2895. (d) Parker, D.; Senanayake, K.; Williams, J. A. G.Chem. Commun. 1997, 1777.

(20) For selected examples see: (a)McConnell, A. J.; Serpell, C. J.; Thompson,
A. L.; Allen, D. R.; Beer, P. D.Chem.;Eur. J. 2010, 16, 1256–1264. (b) Hancock,
L. M.; Beer, P. D. Chem.;Eur. J. 2009, 15, 42–44. (c) Yoon, D.-W.; Gross, D. E.;
Lynch, V. M.; Lee, C.-H.; Bennett, P. C.; Sessler, J. L. Chem. Commun. 2009, 1109–
1111. (d) Nishiyabu, R.; Palacios, M. A.; Dehaen, W.; Anzenbacher, P., Jr. J. Am.
Chem. Soc. 2006, 128, 11496–11504. (e) Vickers, M. S.; Martindale, K. S.; Beer, P. D.
J. Mater. Chem. 2005, 15, 2784–2790.

(21) (a) Nutton, A.; Bailey, P. M.; Maitlis, P. M. J. Chem. Soc., Dalton
Trans. 1981, 1997–2002. (b) Kang, J. W.; Maitlis, P. M. J. Organomet. Chem.
1971, 30, 127–133.

(22) Liu, M.; Mao, X.; He, C.; Huang, H.; Nicholson, J. K.; Lindon, J. C.
J. Magn. Reson. 1998, 132, 125–129.

(23) X-Area, version 1.36; Stoe & Cie, GmbH: Darmstadt, Germany, 2006.
(24) Sheldrick, G. M. SHELX; Acta Crystallogr., Sect. A 2008, 64,

112-122.
(25) Maeder, M.; Neuhold, Y.-M. In Practical Data Analysis in Chem-

istry; Rutan, S., Walczak, B., Eds.; Elsevier Publishing Co: Amsterdam, The
Netherlands, 2007.

(26) (a) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberb€uhler, A. D.
Talanta 1985, 23, 1133–1139. (b) Gampp, H.; Maeder, M.; Meyer, C. J.;
Zuberb€uhler, A. D. Talanta 1986, 33, 943–951.
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Fluorimetric Titrations of 3 with Receptors 1 and 2. Stock
solutions of receptor and 3 in MOPS buffer (50 mM, pH 7.0)
were used to prepare a series of solutions with a constant 3
concentration (12.5 μM) and a variable concentration of recep-
tor (0-700 μM). The fluorescence emission (λex = 480 nm) at
λem = 510 nm were measured after equilibration at room tem-
perature (a kinetic study showed that equilibrium is reached
within 2 min). Data fitting was carried out as described above.

Sensing of Chloride. Concentrated solutions of NaCl were
added in 1 μL increments to a solution (3 mL) containing
receptor (500 μM) and 3 (50 μM) in MOPS buffer (100 mM,
pH 7.0). The final Cl- concentration was 30.0 mM. The
fluorescence emission (λex= 480 nm) at λem=510 nmwasmea-
sured after each addition following an equilibration period of

5 min at room temperature. Any changes in concentration of
receptor and 3were sufficiently small as to be negligible (<1%).
Control experiments with other anions were performed with
NaBr, NaF, NaH2PO4, Na4P2O7, Na2SO4, NaOAc, NaHCO3,
NaNO3, and sodium salicylate (final conc.: 30.0 mM).
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