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Abstract: A phosphorescent sensor based on a multi-
chromophoric iridium(IIl) complex was synthesized and char-
acterized. The construct exhibits concomitant changes in its
phosphorescence intensity ratio and phosphorescence lifetime
in response to copper(Il) ion. The sensor, which is reversible
and selective, is able to quantify copper(Il) ions in aqueous
media and it detects intracellular copper ratiometrically.

Understanding the biological and environmental roles of cop-
per(II) ion requrres robust and versatile methods for quantifica-
tion.'” This task is challenging because fast electron and energy
transfer involving paramagnetic copper centers results in strong
fluorescence quenching for most luminescent sensors.* The goal
has been to devise “turn-on” fluorescent sensors for copper(ll),
selected strategies for which include opening of a spirolactam,”
suppressmn of non-emissive electronlc transitions of a con]ugated
imine,®’ excimer formation,' photolys1s of a copper(Il) iono-
phore,'? and a displacement assay in a catalytic system for gener-
ating a fluorescent indicator."> These turn-on signals are insuffi-
cient for quantification, however. An alternative approach in-
volves sensors that display a change in the ratio of multiple emis-
s1on bands, providing quantification as a significant advantage,'*

S Few ratiometric fluorescent copper sensors are available,'”"
however, and those that do exist suffer from limited versatility,
including instability in a polar medium, long response time, and
irreversibility.

A promising approach for ratiometric Cu(Il) sensing is a plat-
form that provides dual wavelength emission following single
wavelength excitation. This effect is in apparent violation of Ka-
sha’s rule which dictates single emission from the lowest excited
state.”” The known exceptions involve phosphorescent transition
metal complexes, such as heteroleptic Ru(Il) ?'** and Re(I)**
complexes, in which limited internal conversion between two
metal-to-ligand charge transfer (MLCT) transition states accounts
for the dual emission. We previously identified multichromo-
phoric centers of phosphorescent heteroleptic Ir(II) complexes
Here, internal conversion depends strongly on lrgand structure,”
3! and dual emission occurs for both cationic®> and charge-
neutral®® Ir(II) complexes. Encouraged by these observations, we
sought to develop a phosphorescence ratiometric sensor based on
an Ir(II) construct. Phosphorescent Ir(Ill) complexes are appeal-
ing platforms because they exhibit highly efficient room tempera-
ture phosphorescence. In addition, their long lifetime emission
(typically several us) is unaffected by short-lived background
noise such as fluorescence and scattered light. As for ratiometric
detection, changes in luminescence lifetime are determined solely
by the concentration of the analyte of interest.***® A combination
of phosphorescence ratiometric signals and phosphorescence life-
time therefore offers a powerful tool for quantification of cop-
per(1l) ion.

In the present work we prepared a ratiometric copper(Il) sensor
(ZIr2) based on a multichromophoric Ir(III) complex having one
2-(2'-benzo[b]thienyl)pyridinato (btp) and two cyclometalating 2-
phenylpyridinato (ppy) ligands.* A di(2-picolyl)amine (DPA)

copper ion receptor was tethered to the btp ligand by a methylene
linker. Dual phosphorescence, green from the ppy ligands and red
from the btp ligand, occurs in the absence of copper(Il) ion, but
copper complexation to the DPA moiety preferentially quenches
red emission from the adjacent btp ligand (see photo in Support-
ing Information (SI), Figure S1). Thus, a ratiometric signal is
obtained by dual emission, with green and red bands correspond-
ing to the reference and probe signals, respectively. In addition, a
decrease in phosphorescence lifetime of the red emission can be
used to validate the copper-induced change.
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The iridium(III) complex (ZIr2) was prepared in four steps
with an overall yield of 9% (Scheme 1) and fully characterized by
a variety of spectroscopic methods (SI). A reference iridium(III)
complex without the DPA appendage was also prepared for com-
parison. The phosphorescence behavior of ZIr2 was characterized
in pH 7.0 buffer (25 mM PIPES containing <2 vol % of DMSO,
air-equilibrated) at 25 °C. The phosphorescence quantum yield of
an air-equilibrated buffer of ZIr2 was determined to be 3.0% rela-
tive to fluorescein as a standard. The steady-state phosphores-
cence spectra are characterized by an apparent dual emission in
the green (470-570 nm, /) and red (580-700 nm, Iy,) regions
emanating from the ppy and btp ligands, respectively (Figure 1a).
Addition of CuCl, (1 equiv) to the ZIr2 solution predominantly
quenched the red emission, effecting a change in the ratio of green
to red phosphorescence emission intensity (Figure 1b and SI,
Figure S3). The increase in phosphorescence intensity ratio
(Lppy/Ipp) Was ca. fourfold.

A time-resolved emission spectrum (TRES) of the ZIr2 solu-
tion was acquired with excitation at 342 nm (Figure 1c), revealing
a short-lived green (/) and a relatively long-lived red (Jiy)
emission that decays more rapidly in the presence of CuCl, (Fig-
ure 1d). The dual emission decay traces were monitored at 486
and 648 nm, corresponding to the green and red phosphorescence,
respectively. The phosphorescence trace at 486 nm was fit to a
single exponential decay with a lifetime of 0.53 us that was unal-
tered upon addition of CuCl, (SI, Figure S4). In contrast, the 648
nm emission lifetime decreased significantly in the presence of
copper(Il) ions (SI, Figure S5). The best fits for the 648 nm trace
were obtained when multiexponential decay models were applied,
which most likely reflects reversible or partial internal conversion



from and to the green-phosphorescent ppy ligands. This result is
similar to that obtained for dual-emissive Ru(II) complexes.24 A
photophysical scheme that identifies the btp ligand as being re-
sponsible for the red phosphorescence emission was derived from
quantum chemical calculations based on time-dependent density
functional theory (TD-DFT, B3LYP/6-31G**:LANL2DZ; see SI,
Table S1). Selective quenching of the red phosphorescence arises
from the proximity of the btp ligand to the paramagnetic cop-
per(I) center. The notable decrease in phosphorescence lifetime
of ZIr2 is ascribed to facile energy or electron transfer. We rule
out the latter because the phosphorescence intensity ratio (Zypy/Jyp)
was not restored to that of apo form as the temperature was low-
ered (SI, Figure S6). An average phosphorescence lifetime (7,y,)
of the 648 nm decay trace was calculated by using T, =
Saitiayt (i = 1-3)°7 with preexponential coefficients () and
time constants (7;) obtained by a triple exponential decay model,
giving 4.16+0.21 us and 2.47+0.41 us for the apo and the copper
complexed forms of ZIr2, respectively.
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Figure 1. Steady-state phosphorescence spectrum of ZIr2 in the ab-
sence (a) and presence (b) of CuCl,. Time-resolved phosphorescence
spectrum of ZIr2 in the absence (c) and presence (d) of CuCl, (hex =
342 nm). Conditions: 10 uM ZIr2 for steady-state spectra and 20 uM
ZIr2 for time-resolved spectra in pH 7.0 buffer (25 mM PIPES con-
taining <2 vol % of DMSO). Black diagonal lines in (a) and (b) are
harmonics of the excitation beam.

A phosphorescence Job’s g)lot revealed a 1:2 stoichiometry for
CuCl, and the DPA receptor’>*° of ZIr2 (SI, Figure S7). X-band
CW EPR studies of CuCl, solutions containing various amount of
ZIr2 further confirmed this stoichiometry of copper(II) complexa-
tion (SI, Figure S8). In addition, the phosphorescence spectrum of
a reference Ir(II) complex lacking a DPA arm showed no copper-
dependence, indicating that the observed phosphorescence chang-
es are due to DPA-copper ion binding (SI, Figure S9). A binding
titration isotherm plotting the phosphorescence intensity ratio
(Lppy/Inp) against increasing concentrations of CuCl, (Figure 2a)
was fit to a theoretical model based on the calculated concentra-
tion of free copper(Il) ion, which returned a Ky value of 16 uM
(refer to SI for details). Similarly, 7,,, decreased with increasing
CuCl, concentrations, leveling off at 1:2 binding (Figure 2a). This
result is consistent with the Job’s plot and X-band CW EPR titra-
tion measurements.

The copper(Il) binding and resultant change in phosphores-
cence intensity ratio and 7,,, are reversible. The phosphorescence
spectrum of the apo form of ZIr2 was restored by the addition of
100 equiv of Na,EDTA to a 1:1 mixture of CuCl, and ZIr2 (Fig-
ure 2b). The decay trace at 648 nm displayed similar reversibility
(Figure 2c). The invariance of the phosphorescence intensity ratio
and 7,,, at varying concentration of ZIr2 and its copper complex
in solution or as a suspension (pH 7.0 PIPES buffer containing <2

vol % DMSO; SI, Figures S10 and S11) confirms the robustness
of the dual signals. In addition, pH titrations of solutions of ZIr2
and its copper complex reveal the independence of the phospho-
rescence intensity ratio and 7,,, over the pH range 4.5-9.5 (SI,
Figures S12 and S13). ZIr2 exhibits excellent selectivity for cop-
per(Il) ion over biologically abundant Na', K', Mg®, and Ca*'
ions, as well as other biologically important transition metal ions,
such as divalent Cr, Mn, Fe, Co, Ni, and Zn (Figure 2d).

Figure 2. (a) Phosphorescence titration (squares for phosphorescence
intensity ratio (/py/loyp) and triangles for average phosphorescence
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lifetime (7avy) of ZIr2 with the addition of CuCl,. See Figures S3 and
S5 in Supporting Information for the raw data. (b) Reversible change
in phosphorescence spectrum of ZIr2 in response to CuCl, (red line,
Cu(Il)-free state; green line, in the presence of CuCl, (1 equiv); blue
line, after subsequent addition of Na,EDTA (100 equiv) to the mix-
ture). The inset depicts the corresponding change in phosphorescence
intensity ratio of green (470-570 nm) vs red (580-700 nm) bands. (c)
Reversible change in the phosphorescence decay trace of ZIr2 in
response to CuCl, (red symbols, Cu(ll)-free state; green symbols, in
the presence of CuCl, (1 equiv); blue symbols, after subsequent addi-
tion of Na,EDTA (200 equiv) to the mixture). Black solid lines are
fits based on a triple exponential decay model. The inset depicts the
corresponding change in the average phosphorescence lifetime. (d)
Cu(Il) ion selectivity of ZIr2 (white bar, metal-free state; grey bar, in
the presence of metal salt (100 equiv for Na", Mg®", Ca’’; 10 equiv
for Zn®*; 1 equiv for others); black bar, after subsequent addition of
CuCl, (1 equiv)). Conditions: 10 uM ZIr2 for steady-state measure-
ments and 20 uM ZIr2 for time-resolved measurements in pH 7.0
buffer (25 mM PIPES containing <2 vol % of DMSO).
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From the dual mode signal outputs we constructed a contour
map by which one can quantitate copper(I) ion using our sensor
(Figure 3). A notable feature of the map is the availability of two
readouts from a single sensor ([py/lyyp and 7,,), each of which
independently reports on the copper concentration. The limit of
copper detection (LOD) of the phosphorescence intensity ratio
and the average phosphorescence lifetime were calculated to be as
low as 35 ppb and 93 ppb, respectively (SI, Figure S14). These
values are below national primary drinking water regulation for
copper (1.3 ppm) set by U.S. EPA.*' We therefore employed ZIr2
to investigate real water samples in order to validate its ability to
quantify copper concentrations. To water samples collected in
Incheon city, Korea (SI), we added ZIr2 (10 uM). The phospho-
rescence intensity ratio and lifetime of the sample were deter-
mined to be 3.0 and 3.3 us, respectively (SI, Figure S15). These
values correspond to a copper(Il) concentration between 5.8-8.1
uM, as shown in Figure 3. The accuracy of this measurement was



validated by comparison to values obtained by conventional meth-
ods employing an ICP AES (5.6x1.5 uM) and an ICP MS
(4.7x0.8 uM).
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Figure 3. Contour map showing copper concentration as a function of
phosphorescence intensity ratio (/ppy/lp) and average phosphores-
cence lifetime (7a,) of ZIr2. Also depicted is the quantitation of cop-
per in sample A using the phosphorescence signals. At the right is a
comparison of values determined by ICP AES, ICP MS, and the pre-
sent method.
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Figure 4. Intracellular copper imaging of fixed HeLa cells treated
with 10 uM ZIr2. Cells in the lower panels were incubated with 500
uM CuCl, prior to ZIr2 treatment. (a) Differential interference con-
trast images. (b) Phosphorescence acquired through a green channel
(excitation band path = 300—-390 nm, emission band path = 510—560
nm). (c¢) Phosphorescence acquired through a red channel (excitation
band path = 400—450 nm, emission cut-on for >600 nm). (d) Colocal-
ization scatter plot of green and red channels. (¢) Phosphorescence
intensity ratio images of green and red channels. Scale bar corre-
sponds to 25 wm, and an identical scale for color mapping was ap-
plied to images (e). See Figure S16 in SI for an enlarged version.

As a final demonstration of its applicability to real problems,
we applied our new sensor to detect copper(Il) ion exogenously
introduced into HeLa cells. An MTT assay revealed that ZIr2 is
moderately cytotoxic to HeLa cells (ICso = 42 uM following in-
cubation for 12 h at 37 °C; SI, Figure S17). Nevertheless, ZIr2
could image intracellular copper(Il) ions through the generation of
ratiometric phosphorescence signals. HeLa cells were incubated
either in the presence or absence of CuCl, (500 uM, 2 h)** and
then thoroughly washed to remove extraneous CuCl, and de-
tached cells. The cell morphology was carefully examined to en-
sure that only live cells were subjected to imaging. Healthy cells
were then fixed with MeOH and treated with ZIr2 (10 uM in PBS,
0.5 h). Finally, the cells were rinsed repeatedly with fresh PBS.
Phosphorescence images were obtained through both green
(510—560 nm) and red (>600 nm) channels. As shown in Figures
4b and c, the extracellular region was not luminescent, indicating
limited leakage of the sensor and its copper complex during the
time scale of our imaging experiment (<15 min). Copper(Il)
treatment selectively quenched the red channel intensity of HelLa
cells, while the green channel images remained relatively intact.
Corresponding phosphorescence ratiometric images, as revealed
in Figures 4e, were generated by calculating 2D matrix data repre-
senting intensity ratios of the green and red images (SI). Colocali-
zation scatter plots for green and red images are diagonal (Figures
4d), which unambiguously indicates that the green and red phos-
phorescence signals originate from identical positions for both

control and copper(I)-treated HeLa cells. The only shortcoming
of ZIr2 for biological applications is its limited compatibility with
live cells. Nonetheless, ZIr2 should be useful for other tasks, such
as quantification of copper in post-mortem specimens.

To summarize, we synthesized and characterized ZIr2, the first
phosphorescent sensor for quantitating copper(Il) ion. The dual-
emissive platform based on a multichromophoric iridium(III)
complex was successfully implemented to afford a multimodal
phosphorescence change upon interaction with copper(Il). The
sensor operates nicely in pH 7.0 PIPES buffer and exhibits excel-
lent reversibility and selectivity for copper(Il) ion, with K4 = 16
uM. Its dual modality, comprising phosphorescence intensity ratio
and phosphorescence lifetime readouts, affords robust quantifica-
tion of copper ion in aqueous media. Intracellular copper ion im-
aging was also achieved by using the ratio of phosphorescence
signals acquired through green and red channels. The key advan-
tage of ZIr2 is its unique photophysical design that allows the
distinct dual emission. In addition, its long luminescence lifetime
should enhance the quality of microscopic signals by application
of time-gated acquisition.”> We anticipate that ZIr2 will be a valu-
able sensor to quantify copper in a range of media.
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