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There has been fast-growing interest in utilizing iridium(III)–
polypyridine complexes as new luminescent sensors for
analytes, including protons,[1] halide ions,[2] metal cations,[3]

oxygen,[4] and biomolecules.[5] These complexes display
changes in their emission intensities and lifetimes upon
analyte binding. Although the emission maxima exhibit
small shifts in some cases, the emission profiles and spectral
characteristics of the luminescent probes basically remain the
same. Compared to common metal-to-ligand charge-transfer
(MLCT) emitters, such as the ruthenium(II)– and osmiu-
m(II)–polypyridine systems, iridium(III)–polypyridine com-
plexes exhibit emissive states that are very sensitive to their
ligands and local environment, resulting in distinct emission
features. However, it appears that this behavior has not been
utilized in the current array of sensors available. Whilst dual
emission is not uncommon for iridium(III)–polypyridine
complexes in glass at low temperature, it is very rare in
fluid solutions under ambient conditions.[5b,6] We believe that
an attractive approach to the development of new iridium-
(III)-based luminescent probes would be the utilization of
novel complexes that display environment-responsive dual-
emissive properties.

Herein we report a series of novel dual-emissive cyclo-
metalated iridium(III)–polypyridine complexes that serve as
luminescent sensors for various biological receptors. The
complex [Ir(ppy-CH2NH-C4H9)2(bpy-CONH-C2H5)](PF6) (1;
Hppy-CH2NH-C4H9 = 2-(4-(N-(n-butyl)aminomethyl)phen-
yl)pyridine; bpy-CONH-C2H5 = 4-(N-(ethyl)aminocarbon-
yl)-4’-methyl-2,2’-bipyridine; Scheme 1) was synthesized
from the reaction of the aldehyde complex [Ir(ppy-
CHO)2(bpy-CONH-C2H5)](PF6) (Hppy-CHO = 4-(2-pyri-
dyl)benzaldehyde) with n-butylamine in refluxing methanol,
followed by reduction with NaBH3CN. Upon irradiation, 1
exhibited intense and long-lived luminescence (Table 1).

Interestingly, it showed dual emission in fluid solutions at
room temperature, with a high-energy (HE) structured band
at about 500 nm (to = 1.1–2.5 ms) and a low-energy (LE)
broad band/shoulder at approximately 593–619 nm (to = 0.1–
0.3 ms; Table 1). The possibility of emissive impurities in the
samples was excluded on the basis of the characterization
data. In degassed nonpolar solvents such as CH2Cl2, the
emission intensity of the LE band was higher than or
comparable to that of the HE band, whilst in more polar
solvents such as CH3CN and CH3OH, it became much
weaker; in aqueous buffer the spectrum was dominated by
the HE band (Figure 1).[7] The intensities of both the HE and
LE emission features were reduced in aerated solutions, with
the former being more sensitive to quenching by oxygen. As a
result, the LE band became dominant in aerated solutions,
except in the case of aqueous buffer. Addition of trifluoro-
acetic acid (TFA) to an aerated solution of the complex in
CH2Cl2 shifted the LE emission band to a shorter wavelength
(ca. 574 nm) and the HE feature was eventually embedded
into the broad LE band. Interestingly, the amine-free
analogue complex [Ir(ppy)2(bpy-CONH-C2H5)](PF6) (1a ;
Hppy = 2-phenylpyridine) did not display dual emission in
fluid solutions (Table 1). The only broad band of this complex
at around 609–632 nm was insensitive to the presence of TFA
and has been assigned to a charge-transfer (CT) state of
mixed 3MLCT (dp(Ir)!p*(N^N)) and ligand-to-ligand

Scheme 1. Structures of complexes 1–4.
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charge-transfer 3LLCT (ppy!p*(N^N)) character. On the
basis of the spectral profiles, emission wavelengths, and
lifetimes of the two bands of 1, we have tentatively assigned
1) the HE band to a triplet intraligand 3IL (p!p*)(N^N or
N^C) excited state, and 2) the LE feature to an excited state
with high 3MLCT/3LLCT character. The latter should also
possess substantial triplet amine-to-ligand charge-transfer
3NLCT (amine!p*(N^N)) character in view of the pH-
dependent emission energy and the electron-donating proper-
ties of the secondary amine of the cyclometalating ligand.[8]

The emission spectra of 1 and 1a in glass at 77 K featured
vibronically structured and broad bands, respectively, thus
indicating that the emission originates from 3IL and 3CT
states, respectively. Our reasons for using derivatives of 1 as
luminescent biosensors are illustrated in the following
examples.

Biotin binds to the glycoprotein avidin with a very high
affinity, and the biotin–avidin interaction has been widely
utilized in immunology, in situ hybridization, and affinity
chromatography.[9] We have reported luminescent conjugates
formed between transition-metal complexes and biotin that
show enhanced emission and longer lifetimes upon binding to
avidin.[10] In this study, we have used an iridium(III)–biotin
complex [Ir(ppy-CH2NH-C4H9)2(bpy-CONH-C6-NH-
biotin)](PF6) (2 ; Scheme 1). Similar to 1, this complex
exhibited dual emission in organic solvents, with only one
structured HE band at about 492 nm in buffer at 298 K under
both degassed and aerated conditions. The photophysical data
are summarized in Table 1. The binding of 2 to avidin has
been confirmed by the 2-(4’-hydroxyazobenzene)benzoic acid
(HABA) assay. Remarkably, in the presence of avidin, the
HE emission band of the complex in aerated buffer displayed
a 52% decrease in intensity (t increased from 0.54 to 0.91 ms)
whilst a new LE shoulder at about 608 nm (t = 66 ns)
appeared in the spectrum, thereby resulting in a sharp
isoemissive point at 574 nm (Figure 2). Similar changes were
not observed using 1 or when unmodified biotin was present
in excess from the outset. In contrast to the avidin-induced
emission enhancement of other luminescent transition-metal–
biotin systems,[10] 2 showed a decrease in its HE emission
intensity and the development of an LE emission feature

Table 1: Photophysical data of complexes 1, 1a, and 2–4 in degassed
solvents at 298 K and in alcohol glass at 77 K.

Complex Medium
(T [K])

lem [nm] to
[ms]

Fem

1 CH2Cl2 (298) 498sh, 521 1.06 0.11
593(max) 0.28

CH3CN (298) 495, 523sh 1.43 0.065
612sh 0.14

CH3OH (298) 498, 523sh 1.89 0.057
619sh 0.09

buffer[a] (298) 500, 525sh 2.48 0.17
glass[b] (77) 495sh, 525, 566sh, 615sh 5.72

1a CH2Cl2 (298) 609 0.47 0.12
CH3CN (298) 614 0.27 0.061
CH3OH (298) 620 0.11 0.038
buffer[a] (298) 632 0.04 0.0084
glass[b] (77) 540 3.86

2 CH2Cl2 (298) 494(max), 523 1.92 0.24
574 0.57

CH3CN (298) 492, 518sh 2.06 0.11
601sh 0.34

CH3OH (298) 492, 517sh 2.06 0.089
603sh 0.16

buffer[a] (298) 492, 517sh 2.61 0.13
glass[b] (77) 482, 523(max), 564sh 5.20

3 CH2Cl2 (298) 495, 522sh 1.18 0.061
600sh 0.23

CH3CN (298) 490, 520sh 1.13 0.037
598sh 0.12

CH3OH (298) 492, 518sh 1.53 0.028
612sh 0.09

buffer[a] (298) 496, 523sh 1.74 0.072
glass[b] (77) 481sh, 524, 567sh, 617sh 5.71

4 CH2Cl2 (298) 491(max), 521 1.73 0.14
596 0.35

CH3CN (298) 491, 521sh 1.98 0.093
610sh 0.24

CH3OH (298) 492, 521sh 2.14 0.064
622sh 0.11

buffer[a] (298) 494, 521 sh 2.42 0.13
glass[b] (77) 482, 523(max), 569sh,

615sh
5.30

[a] Potassium phosphate (50 mm, pH 7.4) containing 30% DMSO.
[b] EtOH/MeOH (4:1 v/v).

Figure 1. Normalized emission spectra of 1 in degassed CH2Cl2 (c),
CH3CN (a), and phosphate buffer (g) at 298 K.

Figure 2. Emission spectra of 2 in aerated phosphate buffer at 298 K
upon addition of avidin.
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upon binding to the protein. On the basis of the dual-emissive
properties of this complex, this observation has been attrib-
uted to the increased hydrophobicity of the local environment
of the complex upon protein binding.

The second example is an iridium(III)–estradiol complex
[Ir(ppy-CH2NH-C4H9)2(bpy-CONH-C6-Ph-est)](PF6) (3 ;
Scheme 1) that showed similar dual-emissive properties.
This complex displayed a structured HE band at 496 nm in
degassed buffer (Table 1). However, under aerated condi-
tions, it exhibited an additional LE band of comparable
intensity at around 580 nm, as a result of the more efficient
quenching of the HE band by oxygen (Figure 3). We reason

that in such a highly polar environment, the hydrophobic
estradiol group approaches the complex core, thereby creat-
ing a local hydrophobic region which results in the appear-
ance of the LE emission band. Upon addition of estrogen
receptor a (ERa), the natural biological host for estradiol, the
LE band showed an approximately 3.3-fold increase in the
emission intensity (Figure 3). The lifetimes of the HE and LE
bands increased from 0.63 ms and 56 ns to 0.84 ms and 0.21 ms,
respectively. A control experiment using 1 did not give similar
changes, which indicates that the observation resulted from
the specific binding of 3 to a hydrophobic pocket of ERa.
Although metal complexes that show ERa-induced emission
enhancement have been reported,[5c,11] 3 is the first probe that
exhibits a change in the emission profile upon binding to ERa

as a consequence of the selective enhancement of the LE
emission.

Thirdly, we have prepared a hydrophobic complex
[Ir(ppy-CH2NH-C4H9)2(bpy-CONH-C18H37)](PF6) (4), which
contains a C18 chain (Scheme 1). As expected, this complex
showed dual-emissive properties (Table 1). Similar to 3, in
aerated aqueous buffer, 4 displayed dual emission with an LE
emission band at about 593 nm (t = 0.12 ms), whose intensity
was even higher than that of the HE band (t = 0.55 ms;
Figure 4). This LE emission feature has been attributed to the
wrapping of the complex by the very hydrophobic octadecyl
chain in the highly polar buffer medium. We have examined
the interaction of 4 with the lipid-binding protein human
serum albumin (HSA).[12] Upon addition of this protein, the

intensity of the HE emission band at about 492 nm increased
approximately 4.4 fold (t = 1.22 ms), whereas the LE emission
band did not show any difference and eventually became a
shoulder at about 576 nm (t = 0.19 ms) (Figure 4). This was
not observed using denatured albumin samples, thus revealing
that the complex interacted only with the intact protein. It is
conceivable that the octadecyl chain of the complex binds to
the hydrophobic lipid-binding cavity of the protein, thereby
increasing the exposure of the iridium(III)–polypyridine to
the polar buffer and leading to the predominant HE emission.
Interestingly, a similar emission profile (IHE/ILE = ca. 1.3:1)
was observed when b-cyclodextrin (b-CD), which binds long
aliphatic chains strongly, was added to an aerated solution of
the complex in buffer. Additionally, we have prepared
vesicles from 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) and 4. In degassed buffer, the vesicle sample
exhibited strong orange-yellow emission as a result of a
strong LE band at approximately 587 nm; the HE band at
about 504 nm was much less intense (IHE/ILE = ca. 0.3:1). This
observation is in sharp contrast to the green emission of the
complex (lem = 494 nm) in degassed buffer without the
vesicles (Figure 5). These findings indicate that 4 is localized
in the hydrophobic region of the vesicles and would serve as
an excellent probe for lipid bilayers, micelles, and lipopro-
teins.

Figure 3. Emission spectra of 3 in aerated phosphate buffer at 298 K
upon addition of ERa.

Figure 4. Emission spectra of 4 in aerated phosphate buffer at 298 K
upon addition of HSA.

Figure 5. Solutions of 4 only (left) and incorporated into DSPC vesicles
(right) in degassed phosphate buffer at 298 K upon irradiation.
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In summary, we have discovered a new class of lumines-
cent cyclometalated iridium(III)–polypyridine complexes
that show interesting environment-responsive dual emission.
The use of these complexes as biosensors is not limited;
incorporation of biological substrates into this system will
lead to new luminescent probes that would display pro-
nounced changes in their emission profiles and spectral
characteristics upon binding to their specific receptors.

Experimental Section
A mixture of [Ir(ppy-CHO)2(bpy-CONH-C2H5)](PF6) (0.11 mmol),
n-butylamine (0.44 mmol), and triethylamine (200 mL) in methanol
(50 mL) was heated to reflux under an inert atmosphere of nitrogen in
the dark for 2 h. After the solution was cooled to room temperature,
solid NaBH3CN (1.76 mmol) was added to the solution. The solution
was stirred under an inert atmosphere of nitrogen for 2 h and then
evaporated to dryness to give a yellow solid. The solid was dissolved
in CH2Cl2 (50 mL) and the solution was washed with distilled water
(30 mLF3). The CH2Cl2 layer was collected, dried over anhydrous
MgSO4, and evaporated to dryness to give an orange solid. The
product was recrystallized from CH2Cl2/diethyl ether to give 1 as
orange crystals in 81% yield. 1H NMR (300 MHz, [D6]acetone, 298 K,
relative to Me4Si): d = 9.06 (s, 1H, H3 bpy), 8.81 (s, 1H, H3’ bpy),
8.21–8.16 (m, 4H, bpy-4-CONH, H6 bpy, H3 pyridyl ring ppy), 7.97–
7.91 (m, 5H, H6’ bpy, H4 pyridyl ring, H6 phenyl ring ppy), 7.86–7.64
(m, 3H, H5 bpy, H6 pyridyl ring ppy), 7.55 (d, J= 5.6 Hz, 1H, H5G
bpy), 7.11 (dt, J= 6.2, 1.2 Hz, 2H, H5 pyridyl ring ppy), 7.03 (d, J=
7.9 Hz, 2H, H5 phenyl ring ppy), 6.38 (s, 1H, H3 phenyl ring ppy),
6.35 (s, 1H, H3 phenyl ring ppy), 3.50–3.39 (m, 4H, ppy-4-CH2NH),
2.63 (s, 3H, CH3 bpy), 2.43–2.32 (m, 6H, NHCH2CH3,
NHCH2C2H4CH3), 1.41–1.17 (m, 8H, NHCH2C2H4CH3), 0.85 ppm
(t, J= 7.1 Hz, 9H, NHCH2CH3, NHCH2C2H4CH3); IR (KBr): ñ =
3432 (N-H), 1653 (C=O), 846 cm�1 (PF6

�); positive-ion ESI-MS ion
clusters at m/z 911 [M�PF6]

+; elemental analysis calcd (%) for
IrC46H53N7OPF6: C 52.26, H 5.05, N 9.27; found: C 52.01, H 4.99, N
9.07. The synthetic procedures and characterization data for other
complexes, ionic strength dependence and temperature dependence
of the emission of 1, and details of emission titrations and vesicle
preparation are included in the Supporting Information.

Received: November 8, 2007

.Keywords: biological probes · iridium · luminescence ·
N ligands · sensors

[1] M. Licini, J. A. G. Williams, Chem. Commun. 1999, 1943.
[2] W. Goodall, J. A. G. Williams, J. Chem. Soc. Dalton Trans. 2000,

2893.
[3] a) M.-L. Ho, F.-M. Hwang, P.-N. Chen, Y.-H. Hu, Y.-M. Cheng,

K.-S. Chen, G.-H. Lee, Y. Chi, P.-T. Chou, Org. Biomol. Chem.
2006, 4, 98; b) Q. Zhao, T. Cao, F. Li, X. Li, H. Jing, T. Yi, C.
Huang, Organometallics 2007, 26, 2077.

[4] a) G. Di Marco, M. Lanza, A. Mamo, I. Stefio, C. Di Pietro, G.
Romeo, S. Campagna, Anal. Chem. 1998, 70, 5019; b) M. C.
DeRosa, P. J. Mosher, G. P. A. Yap, K.-S. Focsaneanu, R. J.
Crutchley, C. E. B. Evans, Inorg. Chem. 2003, 42, 4864.

[5] a) K. K.-W. Lo, C.-K. Chung, N. Zhu, Chem. Eur. J. 2003, 9, 475;
b) K. K.-W. Lo, C.-K. Chung, N. Zhu, Chem. Eur. J. 2006, 12,
1500; c) K. K.-W. Lo, K. Y. Zhang, C.-K. Chung, K. Y. Kwok,
Chem. Eur. J. 2007, 13, 7110.

[6] Y.-S. Yeh, Y.-M. Cheng, P.-T. Chou, G.-H. Lee, C.-H. Yang, Y.
Chi, C.-F. Shu, C.-H. Wang, ChemPhysChem 2006, 7, 2294.

[7] The absence of an LE band for 1 in aqueous buffer could be due
to the high polarity of the solvent and hydrogen-bonding
interactions of the amine moieties with water.

[8] Protonation of the amine by TFA would make it impossible for
the 3NLCT to occur. However, the highest occupied molecular
orbital (HOMO) also contains some ppy character because of
the contribution from the LLCT state. Thus, upon protonation of
the electron-donating amine group, the HOMO becomes lower
in energy, thereby resulting in a blue-shift of the LE emission
band. In contrast, the ppy ligand of 1a does not possess the
secondary amine, and thus the MLCT/LLCT emission is
insensitive to the addition of TFA. Another reason for the
TFA-induced blue-shift of the LE band of 1 is the increased
polarity of the CH2Cl2 solution because of the presence of
trifluoroacetate ions. Studies on the effects of ionic strength and
temperature on the emission of 1 are included in the Supporting
Information.

[9] M. Wilchek, E. A. Bayer, Methods Enzymol. 1990, 184, 123.
[10] K. K.-W. Lo, W.-K. Hui, C.-K. Chung, K. H.-K. Tsang, T. K.-M.

Lee, C.-K. Li, J. S.-Y. Lau, D. C.-M. Ng,Coord. Chem. Rev. 2006,
250, 1724.

[11] K. K.-W. Lo, K. H.-K. Tsang, N. Zhu, Organometallics 2006, 25,
3220.

[12] a) U. Kragh-Hansen, Pharmacol. Rev. 1981, 33, 17; b) A. A.
Bhattacharya, T. GrNne, S. Curry, J. Mol. Biol. 2000, 303, 721.

Communications

2216 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 2213 –2216

http://dx.doi.org/10.1039/a906203c
http://dx.doi.org/10.1039/b005046f
http://dx.doi.org/10.1039/b005046f
http://dx.doi.org/10.1039/b511943j
http://dx.doi.org/10.1039/b511943j
http://dx.doi.org/10.1021/om061031r
http://dx.doi.org/10.1021/ic026230r
http://dx.doi.org/10.1002/chem.200390050
http://dx.doi.org/10.1002/chem.200500885
http://dx.doi.org/10.1002/chem.200500885
http://dx.doi.org/10.1002/chem.200700530
http://dx.doi.org/10.1002/cphc.200600461
http://dx.doi.org/10.1016/j.ccr.2006.01.010
http://dx.doi.org/10.1016/j.ccr.2006.01.010
http://dx.doi.org/10.1021/om060193k
http://dx.doi.org/10.1021/om060193k
http://dx.doi.org/10.1006/jmbi.2000.4158
http://www.angewandte.org

