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ABSTRACT: Supramolecular assembly is shown to provide control
over excited-state chloride release. Two dicationic chromophores
were designed with a ligand that recognizes halide ions in CH2Cl2
and a luminescent excited state whose dipole was directed toward,
12+, or away, 22+, from an associated chloride ion. The dipole
orientation had little influence on the ground-state equilibrium
constant, Keq ∼ 4 × 106 M−1, but induced a profound change in the
excited-state equilibrium. Light excitation of [12+,Cl−]+ resulted in
time-dependent shifts in the photoluminescence spectra with the
appearance of biexponential kinetics consistent with the photorelease
of Cl−. Remarkably, the excited-state equilibrium constant was
lowered by a factor of 20 and resulted in nearly 45% dissociation of
chloride. In contrast, light excitation of [22+,Cl−]+ revealed a 45-fold increase in the excited-state equilibrium constant. The data
show that rational design and supramolecular assembly enables the detection and photorelease of chloride ions with the potential
for future applications in biology and chemistry.

■ INTRODUCTION
The important role halide ions play in chemistry and biology
has inspired research into halide sensing.1−10 The contactless
nature of luminescent sensors is particularly attractive for
fundamental study and has led to the rational design of
chromophores that specifically recognize halides. Amides and
functional groups capable of hydrogen bonding have, in
particular, been shown to recognize halide ions present in
solution.11−13 In spite of the remarkable advances in halide
sensing, receptors that reversibly bind and then promote
controlled halide release have not been developed.
To date, halide release is limited to transition-metal

complexes that utilize reactive excited states for photoaquation
of a halide ligand, as in nonluminescent PtIV complexes.14 For
example, ultraviolet or d−d excitation of [PtBr6]

2− in water
results in Br− release with a quantum yield (ϕ) of 0.4.15−18

Similarly, illumination of [PtCl6]
2− also gave the aquation

product and free Cl−, but the mechanism was complicated by
additional redox chemistry.19,20 Seminal work in the 1970s on
the thermal and photochemical release of ligands from CrIII

complexes, such as [Cr(NH3)5Cl]
2+, revealed preferential

photoaquation reactions that differed from the thermal
aquation.21 For [Cr(NH3)5Cl]

2+, photoaquation primarily
causes the release of NH3 (ϕ = 0.35) and only minimal Cl−

release (ϕ = 2 × 10−4).21 Adamson’s empirical rules for these
reactions have been used to design transition-metal complexes
that preferentially release halide from the metal coordination
sphere upon illumination.22 For example, trans-[Cr(en)2Cl2]

+

undergoes photoaquation of a chloride ligand with a ϕ from
0.32 to 0.35 in acidic aqueous solution.23 The corresponding

cis- and trans-[Co(en)2Cl2]
+ complexes show similar photo-

chemistry but with a much lower efficiency (ϕ from 10−3 to
10−4).24,25 Significantly, this ligand-field photochemistry is
irreversible and therefore differs from this report.
Herein two chromophores were designed that exploit

receptor properties for supramolecular association with halide
and excited-state characteristics relevant for reversible halide
release. The chromophores shown in Figure 1 include a
common ligand for halide coordination and a net charge of 2+
for electrostatic attraction. The second important design
element is the orientation of the excited-state dipole. In
chromophore [Ru(dtb)2(daea)]

2+ (12+), the metal-to-ligand
charge-transfer (MLCT) excited-state dipole is directed toward
the halide binding site, while for [Ru(btfmb)2(daea)]

2+ (22+), it
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Figure 1. Proposed supramolecular assembly structure of 12+ or 22+

and chloride (green sphere). The dipole orientation is indicated for the
excited states of 12+ (pink) and 22+ (red).
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is directed away. This orientation had no significant influence
on the ground-state halide association but did have a profound
influence on the photoluminescence (PL) of both excited
states. In the case of 12+, the excited-state equilibrium constant
for chloride association was 20 times smaller than that of the
ground state, and light excitation of the adduct [12+,Cl−]+

resulted in photorelease of the chloride ion. In the case of 22+,
no evidence for chloride release was observed, but rather a 45-
fold increase in the equilibrium constant was determined
through the Förster cycle. Hence, supramolecular assembly can
be utilized to recognize and photorelease chloride, behavior
that may one day enable additional applications such as
quantifying halide transport across artificial and natural
membranes relevant to seawater desalination and cystic fibrosis
related diseases.26−28

■ EXPERIMENTAL SECTION
Materials. Dichloromethane (CH2Cl2; Burdick and Jackson,

99.98%) was used as received. Argon and nitrogen gas (Airgas,
99.998%) were passed through a Drierite drying tube before use.
Ammonium hexafluorophosphate (NH4PF6; Sigma-Aldrich, ≥ 98%),
tetrabutylammonium chloride (TBACl; Sigma-Aldrich, purum ≥97%),
tetrabutylammonium perchlorate (TBAPF6; Sigma-Aldrich, for elec-
trochemical analysis , ≥ 98%), sodium tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate [NaB(ArF)4; ArkPharm, 97%], and
ruthenium trichloride hydrate (Oakwood Chemicals) were used as
received. NMR solvents were purchased from Cambridge Isotope
Laboratories, Inc. Ru(dtb)2Cl2·2H2O and Ru(btfmb)2Cl2 were
synthesized according to a literature procedure.29,30 All other
chemicals were obtained from commercial distributors with a
minimum purity of 98% and used as received. All solutions were
purged with argon for at least 30 min before all electrochemical,
titration, and transient PL experiments.
NMR. Characteristic NMR spectra were obtained at room

temperature on a Bruker Avance III 400 or 500 MHz spectrometer.
Solvent residual peaks were used as internal standards for 1H [δ 2.50
for dimethyl sulfoxide (DMSO), δ 1.94 for CD3CN, and δ 5.32 for
CD2Cl2] and 13C (δ 39.52 for DMSO) chemical shift referencing.
NMR spectra were processed using MNOVA.
Mass Spectrometry. Samples were analyzed with a hybrid LTQ

FT (ICR 7T; ThermoFisher, Bremen, Germany) mass spectrometer.
UV−Vis Absorption. UV−vis absorption spectra were recorded

on a Varian Cary 60 UV−vis spectrophotometer with a resolution of 1
nm.
Steady-State PL. Steady-state PL spectra were recorded on a

Horiba Fluorolog 3 fluorimeter and corrected by calibration with a
standard tungsten−halogen lamp. Samples were excited at 450 nm.
The intensity was integrated for 0.1 s at 1 nm resolution and averaged
over three scans. The PL quantum yields were measured by an
optically dilute method using [Ru(bpy)3][PF6]2 in acetonitrile (Φ =
0.062) as a quantum yield standard.31

Time-Resolved PL. Time-resolved PL data were acquired on a
nitrogen dye laser with excitation centered at 500 nm. Pulsed-light
excitation was achieved with a Photon Technology International (PTI)
GL-301 dye laser that was pumped by a PTI GL-3300 nitrogen laser.
PL was detected by a Hamamatsu R928 photomultiplier tube optically
coupled to a ScienceTech model 9010 monochromator terminated
into a LeCroy Waverunner LT322 oscilloscope. Decays were
monitored at the PL maximum and averaged over 90 scans.
Nonradiative and radiative rate constants were calculated from the
quantum yields, Φ = kr/(kr + knr), and lifetimes, τ = 1/(kr + knr).
Transient PL. Transient PL data were obtained on the nitrogen

dye laser described above. Excited-state decay traces were obtained
every 10 nm from 560 to 770 nm and averaged over 60 scans. The
amplitude of each PL decay after a specific time delay from the laser
pulse (45 ns to 3 μs at given intervals) was plotted versus the
wavelength, and the data were normalized to give the transient PL
spectra shown in Figure 3.

Excited-State Equilibrium. The solutions to the rates in eqs 1
and 2 are described elsewhere.32−34 Because PL does not report on the
concentrations of the excited-state complexes 12+ and [12+,Cl−]+, the
constants a and b were introduced for the appropriate conversion.
Values for k1 and k2 were obtained in the absence or presence of 200
equiv of chloride. At these boundary conditions, the time-resolved PL
traces displayed first-order kinetics, indicating that only one emissive
species was present.

Electrochemistry. Square-wave voltammetry was performed with
a BASi Epsilon potentiostat in a standard three-electrode cell in a
CH2Cl2 electrolyte. The cells consisted of a platinum working
electrode and a platinum mesh as an auxiliary electrode. A nonaqueous
silver/silver chloride electrode (Pine) was used as a reference electrode
that was referenced to an internal ferrocene (724 mV vs NHE)35 or
decamethylferrocene (Me10Fc) standard (250 mV vs NHE).36 The
experiments were performed with 1.0 mM ruthenium solutions in 0.1
M TBAClO4.

Halide Titrations. UV−vis, PL, and time-resolved measurements
were performed in CH2Cl2 using approximately 10 μM solutions of
12+ and 22+. Titration measurements were performed for each of the
spectroscopies using TBACl through additions of 0.25 equiv.
Throughout all titrations, the concentration of ruthenium complexes
remained unchanged. In order to do so, a stock solution of each
complex with an absorbance of ∼0.1 at 450 nm in the desired solvent
was prepared. The stock solution was transferred into a spectrophoto-
metric quartz cuvette (5 mL). A titration solution was then prepared
with 25 mL of the complex’s stock solution. TBACl was added to the
stock solution to obtain the desired concentration of halide. These
solutions were then titrated to the quartz cuvette.

The 1H NMR titrations were performed using a Bruker Avance III
500 MHz spectrometer equipped with a broad-band inverse probe
with a 1 mM ruthenium complex in 600 μL of a deuterated solvent,
and 0.20 equiv of TBACl was added in 10 μL additions. The
ruthenium concentration was kept unchanged throughout by the
preparation of a titration solution that contained both the desired
complex and the desired halide. Each spectrum was averaged over 16
scans.

Data analysis for all experiments was performed using OriginLab,
version 9.0. Data fitting was performed using a Levenberg−Marquardt
iteration method. Benesi−Hildebrand-type analysis was performed in
Mathematica, version 10.

Synthesis. daea. To 1.0 g (3.7 mmol) of 4,4′-dimethylester-2,2′-
bipyridine in 20 mL of methanol was added 5 mL (5.15 g, 49 mmol)
of 2-[(2-aminoethyl)amino]ethanolamine. The mixture was refluxed
for 4 h. After cooling, ∼25 mL of acetone was added to the resulting
mixture, which was then filtered on a sintered-glass frit. The precipitate
was washed with a copious amount of acetone and dried in an
evacuated oven overnight at 150 °C to yield the title compound as a
white powder (1.1 g, 72%). 1H NMR (500 MHz, DMSO-d6): δ 8.93
(t, J = 5.6 Hz, 2H), 8.86 (d, J = 5.0 Hz, 2H), 8.79 (d, J = 1.6 Hz, 2H),
7.85 (dd, J = 5.0 and 1.7 Hz, 2H), 4.48 (t, J = 5.3 Hz, 2H), 3.44 (q, J =
5.5 Hz, 4H), 3.38 (q, J = 6.3 Hz, 4H), 2.72 (t, J = 6.5 Hz, 4H), 2.60 (t,
J = 5.8 Hz, 4H). 13C NMR (126 MHz, DMSO-d6): δ 164.63, 155.51,
150.03, 142.99, 121.99, 118.25, 60.47, 51.51, 48.39, 39.52.

[Ru(dtb)2(daea)](PF6)2 (1
2+). To a 10 mL glass microwave vial was

added Ru(dtb)2Cl2·2H2O (100 mg, 0.14 mmol), daea (70 mg, 0.17
mmol), and 5 mL of water containing 3 drops of concentrated HCl.
The mixture was heated under microwave radiation by an Anton Paar
Monowave 300 at 150 °C for 10 min. The mixture was brought to
room temperature and filtered on a sintered-glass frit. The filtrate was
then neutralized with sodium bicarbonate and stirred for 15 min. A
saturated aqueous NH4PF6 solution was then added, and the formed
precipitate was filtered on a sintered-glass frit and washed with water.
The precipitate was then dried under vacuum to give the desired
product (127 mg, 67%). 1H NMR (CD3CN, 500 MHz): δ 9.02 (s,
2H), 8.48 (dd, 4H), 7.84 (d, 2H), 7.73 (d, 2H), 7.55 (d, 4H), 7.42
(dd, 2H), 7.35 (dd, 2H), 3.56 (t, 4H), 3.51 (m, 4H), 2.85 (t, 4H), 2.73
(t, 4H), 1.41 (s, 18H), 1.39 (s, 18H). HRMS (ESI-MS). Calcd for
C56H76N10O4P2Ru1F12Na1 ([M + Na]+): m/z 1367.28. Found: m/z
1367.43.
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[Ru(btfmb)2(daea)](PF6)2 (2
2+). To a 50 mL round-bottomed flask

was added Ru(btfmb)2Cl2 (200 mg, 0.26 mmol), daea (110 mg, 0.26
mmol), AgNO3 (90 mg, 0.53 mmol), and 16 mL of water/ethanol
(1:1, v/v). The mixture was purged with N2 for 30 min and then
refluxed for 5 h under N2. After cooling, the mixture was filtered and
the solvent was removed from the filtrate, giving a red solid. The solid
was dissolved in minimal water (about 3 mL) and precipitated by the
addition of a saturated aqueous NH4PF6 solution. The solid was
collected by filtration, washed with excess water, and dried under
vacuum. The title compound was finally obtained as a dark-red solid
(128 mg, 35%). 1H NMR (CD3CN, 500 MHz): δ 9.02 (s, 2H), 8.96
(s, 4H), 8.18 (s, 2H), 7.97 (dd, 4H), 7.87 (d, 2H), 7.74 (m, 6H), 3.72
(m, 8H), 3.24 (t, 4H), 3.11 (t, 4H). HRMS (ESI-MS). Calcd for
C44H40F12N10O4Ru ([M]2+): m/z 551.10429. Found: m/z 551.1049.
This complex as isolated was not soluble in CH2Cl2, which

prevented its characterization in that solvent. To enhance the solubility
in CH2Cl2, ion metathesis to the B(ArF)4 salt was performed following
a previously published procedure.37,38 Briefly, a 95% yield of
[Ru(dtfmb)2(daea)](NO3)2 was assumed for the solid obtained
from the reaction mixture after evaporation, as described above.
This solid was dissolved in minimal water (5 mL), and NaB(ArF)4
(200 mg, 2 equiv relative to the predicted ruthenium yield) in
methanol (3 mL) was added, causing a precipitate to form. The solid
was collected by filtration and washed with excess water. All
subsequent experiments were performed using the B(ArF)4 salt of
the complex.

■ RESULTS AND DISCUSSION

The diamide ligand for halide recognition shown in Figure 1 is
abbreviated as daea and was synthesized by refluxing 4,4′-
dimethylester-2,2′-bipyridine in the presence of a large excess
of 2-[(2-aminoethyl)amino]ethanol in methanol for 4 h.
Microwave irradiation of this ligand with Ru(dtb)2Cl2 (dtb =
4,4′-di-tert-butyl-2,2′-bipyridine) in water gave complex 12+,
which was further isolated as the PF6

− salt. Complex 22+ was
obtained by refluxing the daea ligand with Ru(btfmb)2Cl2
[btfmb = 4,4′-bis(trifluoromethyl)-2,2′-bipyridine] and silver
nitrate in water/methanol (1:1) for 5 h. Ion metathesis was
finally performed to obtain 22+ as a B(ArF)4 salt (Figures S1−
S6). All subsequent experiments were performed in CH2Cl2.
Square-wave voltammetry was used to determine the RuIII/II

and ligand-based reduction potentials. Because of the electron-
withdrawing btfmb ligand, the RuIII/II potential of 22+ was
found to be 300 mV more positive than that of 12+, and the first
ligand-based reduction potentials were −880 and −470 mV
versus NHE for 12+ and 22+, respectively (Figure S7).
The use of 1H NMR spectroscopy provided insight into the

coordination environment of the chloride ions. Anions are
known to affect the local magnetic environment of neighboring
nuclei, such that the chemical shift can report on the specific
location of a halide ion.39−42 Tetrabutylammonium chloride
titrations into solutions of 12+ and 22+ showed that the 3,3′
protons on the daea ligand, as well as the amide protons,
displayed significant downfield shifts, while the other
resonances remained unchanged (Figures S8 and S9). These
downfield shifts saturated after 1 equiv of chloride was added,
pointing toward a one-to-one stoichiometry. The 1H NMR data
indicate that a single chloride ion binds to the two amide
groups and the acidic H atoms of the bipyridine ligand, which
elongates the C−H and N−H bonds and thereby reduces the
electron density at these protons, causing downfield shifts of
the signals.40 This behavior has been observed for halide self-
assembly to related chromophores.40,41,43

The UV−vis absorption spectra of 12+ and 22+ in CH2Cl2
were typical of ruthenium polypyridyl complexes (Figure 2).

The broad absorption from 400 to 500 nm was ascribed to
metal-to-ligand charge-transfer (MLCT) transitions, while the
features at or below 300 nm were assigned to ligand-centered π-
to-π* transitions. Upon absorption of visible light, both
complexes displayed room temperature PL with maxima at
665 and 600 nm for 12+ and 22+, respectively.
Chloride titrations into solutions of 12+ or 22+ induced

significant spectral shifts in the MLCT absorption band that
saturated after about 1 equiv, consistent with strong ion pairing
of chloride (Figure 2). A Benesi−Hildebrand analysis revealed a
large equilibrium constant of 3.9 × 106 M−1 for 12+ (Figure
S10).40,44 An accurate Keq determination for 22+ was hindered
by precipitation of the chromophore and potential ligand
substitution at high chloride concentrations; however, the
absorption changes over the chloride concentration allowed
were in good agreement with that of 12+ from which a value of
4 × 106 M−1 was estimated (Figure S11). Supramolecular
assembly was also observed with Br− and I−, but excited-state
reactivity complicated further analysis with these halides.
Additionally, experiments in more polar solvents such as
CH3CN revealed ground-state equilibrium constants that were
systematically 1−2 orders of magnitude smaller (6.7 × 104 M−1

for 12+ with Cl−) than those observed in CH2Cl2, which has
also been observed for related compounds.41

The steady-state PL spectra also shifted in energy as chloride
was titrated into the solution. In the case of 12+*, the PL
maximum blue-shifted and increased in intensity with increased
Cl− concentrations to about 1 equiv. Previous reports have
attributed related excited-state interactions to halide-induced
planarization of the two pyridyl rings.30,45 For 22+*, the excited
state was localized on the btfmb ancillary ligand (as discussed
below), and a red shift in the PL was observed upon chloride
titration. The red shift was accompanied by a change in the PL

Figure 2. Absorption and PL changes of 12+ (top) and 22+ (bottom)
upon titration of chloride from 0 to 2.3/2.4 equiv in CH2Cl2. Insets
show the normalized PL shifts upon titration of chloride.
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intensity, but precipitation and potential ligand substitution at
higher chloride concentrations precluded a more detailed
analysis. Indeed, precipitation in these experiments was
observed as a baseline shift in the delta absorbance spectrum
(Figure S11), which was also concurrent with a moderate
growth at 570 nm that could correspond to ligand
substitution.43,46 Both of these results contribute to the
decrease in PL intensity.
The fact that the supramolecular assembly of chloride ions

caused a PL blue shift for 12+* and a PL red shift for 22+* can
be understood based on the location of the associated halide
ion relative to the excited-state dipole. For this class of
chromophores, Blakley and Dearmond have shown that the
charge-transfer dipole is directed toward the ligand that is most
easily reduced.47 The first reduction potential of 12+ is −880
mV versus NHE, which compares favorably to that of the
related [Ru(bpy-CONHEt)3]

2+ (−880 mV vs NHE)48 but not
that of [Ru(dtb)3]

2+ (−1000 mV vs NHE).49 Therefore, in 12+,
the excited-state dipole is directed toward the daea ligand, and
the luminescent excited state was well formulated as
[RuIII(daea−)(dtb)2]

2+*, with the dipole directed toward the
halide binding site. Hence, halide self-assembly in the excited
state is formally described with an anionic ligand that
destabilizes the excited state, resulting in a blue shift in PL.
In contrast, the electron-withdrawing groups in 22+ lower the

reduction potential to −470 mV, which compares reasonably
with the −530 mV first reduction of [Ru(btfmb)3]

2+.50 The
excited state of 22+ is hence well formulated as [RuIII(daea)-
(btfmb−)(btfmb)]2+*. Hence, halide supramolecular assembly
involves a ligand that is not directly aligned with the charge-
transfer dipole that stabilizes the excited state, resulting in a
red-shifted PL spectrum.
Pulsed-light excitation provided PL decays that were well

described by a first-order kinetic model and yielded lifetimes of
τ = 1.18 and 1.36 μs for 12+ and 22+, respectively. Chloride
titration studies with 12+ led to the appearance of biexponential
kinetics (Figures S12 and S13). At large chloride concen-
trations, a single-exponential decay was again recovered with τ
= 1.33 μs. Quantum yield measurements performed in the
absence and presence of excess chloride allowed the radiative
and nonradiative rate constants for excited-state decay to be
determined (Table 1). This analysis revealed that the increased

lifetime and PL intensity associated with Cl− assembly to 12+

resulted from an approximately 2-fold change in the non-
radiative rate constant. The analogous titration study with 22+

was frustrated by precipitation and potential ligand substitu-
tion; however, no evidence for biexponential excited-state
relaxation was observed.

The PL spectrum recorded at fixed delay times after pulsed-
light excitation were measured and found to be very
informative. Representative data are shown in Figure 3 for
12+ and 22+ with 1 equiv of chloride, abbreviated as [12+,Cl−]+

and [22+,Cl−]+, respectively. In the case of 12+, the PL spectrum
measured 3 μs after excitation was considerably red-shifted
from that measured at a 45 ns delay time. Spectra recorded at
intermediate times showed a continuous spectral shift to lower
energy. These transient data are consistent with light excitation
resulting in Cl− release followed by reequilibration.
For 22+, the addition of chloride did not affect the time-

resolved PL, which was well described by a first-order kinetic
model throughout the titration. Transient PL experiments of
22+ with 1 equiv of chloride did not show any time-dependent
color change. It should be noted that the PL spectra measured
in these transient experiments were different from the steady-
state spectral data in Table 1 and Figure 2, which were
corrected for the fluorimeter spectral response.
A square scheme with ground- and excited-state equilibria is

proposed like those commonly used to understand photoacid/
base chemistry (Figure 4).30,32−34,51 The ground-state equili-
brium is associated with the excited-state equilibrium through
light absorption to yield the thermally equilibrated photo-
luminescent excited state. The differential rate equations for the
two excited-state species A* and B*, where A is either 12+ or
22+ and B is either [12+,Cl−]+ or [22+,Cl−]+, are given in eqs 1
and 2. The analytical solutions for these equations have been
derived elsewhere32−34 and were used to fit the experimental
data. An interesting point is that the rate constants extracted
from a biexponential fit do not correspond to relaxation of the
two excited states present (i.e., k1 and k2) but rather report on
the entire equilibrium system and, hence, provide the excited-
state equilibrium constant, K*eq.

* = − + * + *
t

k k k
d[A ]
d

( )[A ] [B ]12 1 21 (1)

* = − + * + *
t

k k k
d[B ]
d

( )[B ] [A ]21 2 12 (2)

Application of this kinetic analysis to 12+* gave the forward (k12
= 1.8 × 1011 M−1 s−1) and reverse (k21 = 9.1 × 105 s−1) rate
constants that correspond to K*eq = 1.7 × 105 M−1, which
differs from that of the ground state by a factor of 20 (Keq = 3.9
× 106 M−1).
It should be emphasized that this analysis is for the thermally

equilibrated excited state, and the rate constant for chloride
dissociation in the initially formed Franck−Condon excited
state may be much larger because relaxation back to the
luminescent excited state occurs with the transfer of
considerable electron density from the daea ligand back to
the metal. The kinetic data are, nevertheless, important for
understanding the behavior of the luminescent excited state.
For example, 500 ns after photoexcitation of [12+,Cl−]+, about
45% of the excited states have dissociated chloride (Figure
S14).
Complex [22+,Cl−]+ displayed remarkably different excited-

state behavior than [12+,Cl−]+. In the time-resolved PL, the
decay kinetics remained first-order even after the addition of
chloride. Also, photoexcitation of the ion-paired complex did
not result in time-dependent shifts in the PL spectra.
Nonetheless, with regard to the red shift of the PL between
22+ and [22+,Cl−]+, an increased equilbrium constant is
expected. This was confirmed through Förster cycle analysis,

Table 1. Photophysical Properties of Complexes 12+, 22+, and
Their Chloride Ion-Paired Analogues in CH2Cl2

λmax (nm)

Abs PL τ (μs) ϕPL

kr
(×104 s−1)

knr
(×105 s−1)

12+ 474 665 1.18 0.061 5.2 8.0
[12+,Cl−] 471 640 1.33 0.12 6.8 4.80
22+ 459 600 1.36 0.095 7.0 6.7
[22+,Cl−] 469 630 1.78a b b b

aEstimated from the time-resolved PL of 22+ at 1 equiv of chloride.
bUnable to be determined because of precipitation of the complex at
high chloride concentrations.
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which showed a 45-fold increase in the excited-state equilibrium
constant (Table 2).

The supramolecular assembly of chloride ions resulted in
excited states that either retained, [22+, Cl−]+*, or released,
[12+, Cl−]+*, chloride ions. The former are useful for chloride
sensing,1,2,12,13 while the latter may be exploited for
delivery.52−57 The photorelease described here has the
advantage of rapid release of Cl− in about 150 ns. The self-
assembly of the photoreleased Cl− was advantageous for signal
averaging with pulsed lasers but is not ideal for many other

applications. For biological and desalination applications,26−28

halide self-assembly must occur in water, where irreversible
release may be desired. The supramolecular assembly described
here takes advantage of the Coulombic attraction of the
dication chromophore and halide anion, as well as the
hydrogen-bonding properties of the daea ligand. The low
dielectric constant of the organic solvent utilized here enhances
the Coulombic attraction, and for application in aqueous
environments, the halide recognition ability of the ligand would
require enhancement. The difference in the ground-and
excited-state equilibrium constants, combined with advances
in halide sensing in water,1 suggests that fine-tuning can be
realized.

■ CONCLUSIONS

Two ruthenium chromophores, 12+ and 22+, exhibited very
different excited-state behaviors in the supramolecular assembly
with chloride. When the excited-state dipole was directed away
from the daea halide receptor ligand, as was the case for
[22+,Cl−]+, the equilibrium constant for chloride assembly in
the excited state was greater than that in the ground state. In
dramatic contrast, when the excited-state dipole was oriented
toward the chloride anion, as was the case for [12+,Cl−]+, the
excited-state equilibrium constant was reduced by a factor of 20

Figure 3. Transient PL spectra obtained at 45 ns (purple square) and at longer (purple to red) time delays after pulsed 500 nm laser excitation of 12+

(left) and 22+ (right) in the presence of 1 equiv of chloride. The PL spectra of the non-ion-paired complexes are also given for reference (black
triangle, dashed line). The bold black arrow indicated the spectral shift expected for chloride self-assembly. The colored arrow indicates the time-
dependent spectral shift.

Figure 4. Square scheme for ground- and excited-state equilibria of 12+ (left) and 22+ (right) in the presence of chloride. The blue shading indicates
the location of the electron in the MLCT excited state, while the green sphere represents chloride. Förster cycle analysis was used to calculate K*eq
for 12+ and 22+. The calculated K*eq for 1

2+ is consistent with kinetic analysis from the square scheme.

Table 2. Equilibrium Constants for 12+ and 22+ with Chloride
in the Ground and Excited States

Keq Keq* k12 k21

(M−1) (M−1) (×1011 M−1 s−1) (×105 s−1)

[12+,Cl−]+ 3.9 × 106 1.7 × 105 1.8 9.1
[22+,Cl−]+ 4 × 106 a 1.9 × 108 b c c

aThe uncertainty was larger for this equilibrium because of
precipitation of the complex at high chloride concentrations.
bEstimated using a Förster cycle. cThere was no spectroscopic
evidence for differing ground- and excited-state equilibria, precluding
kinetic analysis.
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from that of the ground state, which resulted in the rapid loss of
the chloride ion upon light absorption. Preliminary results show
that this approach is generalizable across the halide series,
although excited-state reactivity was observed with iodide.
However, such reactivity can be avoided through tuning of the
excited-state reduction potentials.
Most practical applications of this advance would require

aqueous conditions. The compounds presented herein are
unlikely to even bind halides from water because halide binding
is inversely proportional to the solvent dielectric constant.3

Indeed, about a 2 order of magnitude decrease in the
equilibrium constant was found here when the solvent was
changed from dichloromethane (ε = 8.9) to acetonitrile (ε =
37.5), which is in agreement with previous findings.41

Transposition to water (ε = 80.1) presents further challenges
because favorable solvent−solute interactions must also be
overcome.58 However, significant advances in halide binding in
water and organic solvent−water mixtures have been achieved
through the use of rigid receptor ligands and supramolecular
complexes such as cavitand, where the local polar environment
is controlled at the molecular level.58−60 Utilization of these
supramolecular complexes with the correctly tuned excited-
state properties could one day lead to enhanced anion binding
or photorelease in polar solvents. Overall, these data and
analysis show that with appropriate synthetic design,
chromophores that rapidly release or completely retain a
chloride ion when excited with visible light can be realized in a
fluid solution.
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