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Abstract The synthesis of some heteroleptic, cyclometa-
lated iridium(III) complexes is described. The utility of
these [Ir(ppy)2(N-N)]Cl (ppy=2-phenylpyridine and N-N=
substituted bipyridine, biquinoline, or phenanthroline)
complexes as luminescence-based sensors is assessed. The
emission intensity of an Ir(III) complex featuring the 3,3′-
Hndcbpy ligand (Hndcbpy=dicarboxylic acid-2,2′-bipyri-
dine; n=0,1,2 to indicate deprotonated, mono- and diproto-
nated species, respectively) is seen to increase in the
presence of Pb(II). Insight into the structure and analyte-
sensing capability is achieved by X-ray crystallography in
conjunction with computational modeling. Complexes
incorporating carboxylic acid-functionalized bipyridine

and biquinoline as the polypyridyl ligand show pH
sensitivity while similar phenanthroline complexes do not.

Keywords Iridium(III) . Orthometallated . Luminescence .

Lead detection . Iridium complexes . Theoretical state
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Introduction

The attractive photophysical properties of many d6 transi-
tion metal complexes have prompted study into their
potential utility in a wide variety of applications. Much of
this work has been focused on luminescent complexes of
Ru(II), which are valued for their facile synthesis, relative
photostability, and wide applicability [1, 2]. Ruthenium
polypyridyl complexes, along with complexes of less-
commonly used transition metals such as Re(I) and Os(II),
have been incorporated as luminescence-based sensors for a
variety of analytes [3]. Prior work has shown that Ru(II)
and Re(I) complexes incorporating the 3,3′-Hdcbpy ligand
exhibit an increase in quantum yield in the presence of Pb
(II). However, the quantum yields, particularly in the latter
case, are not very high [4, 5].

The synthesis and study of highly-luminescent cyclo-
metalated iridium(III) complexes have brought about great
interest in recent years [6]. Most notably, their use as
dopants in organic light emitting diodes (OLEDS) has
dramatically increased the efficiency of these devices [7].
Examples of bis- and tris- cyclometalated Ir(III) complexes
with relatively high quantum yields and lifetimes of several
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microseconds are not uncommon [8]. In spite of their
attractive photophysical properties, however, relatively little
is known about the utility of cyclometalated iridium(III)
complexes as luminescence-based sensors. This work was
to explore their potential utility as strongly emissive pH and
metal ion sensors.

Many factors govern the photophysical properties of a
luminophore [4]. In the relatively new field of luminescent
Ir(III) complexes, there is much yet to be determined. The
nature of the excited states of [Ir(ppy)2(N-N)]

+ (ppy=2-
phenylpyridine and N-N=and substituted bipyridine, biquino-
line, or phenanthroline) complexes have been discussed to
some degree, although uncertainties remain [9]. The effects of
polypyridyl ligand choice on bis-cyclometalated iridium(III)
complexes are examined here in order to assess their
potential use as sensors. Given the difficulty of designing
and synthesizing new useful ligands and getting X-ray
structures of some complexes, we conducted computational
studies to see what such modeling can tell us about structures
and sensor responses of new molecules. This should guide
the synthesis of molecules with specific sensing properties.

Experimental

Materials All solvents were reagent grade and used as
received. The 3,3′-H2dcbpy ligand was prepared according
to a literature procedure and the structure and purity were
established by NMR and melting point [10]. 1H NMR
(CD3OD, 300 MHz δ=7.353 (2 H; 5,5′), 7.942 (2 H; 4,4′),
8.370 (2 H; 6,6′). MP=260 °C (lit=262 °C). The 4,4′-dcbpy
ligand was purchased from Alfa Aesar. The 4,4′-biquinoline
ligand was purchased from Aldrich. The 4,7-dihydroxy-
1,10-phenanthroline was purchased from GFS Chemicals
and purified by methanol extraction. The 5-hydroxy-1,10
phenanthroline ligand was prepared from a literature
procedure [11] as was the 5-N(Bu)2 ligand [12]. IrCl3 was
purchased from Aesar.

[(ppy)2IrCl]2 was synthesized as previously reported
[13]. All [Ir(ppy)2(N-N)]Cl complexes were synthesized
according to well-established methods involving other
polypyridyl ligands [14]. In contrast to prior procedures,
however, the purification was carried out via acid-washed
alumina column. Eluents, added sequentially to each
successive elution, were as follows: acetone, methanol
(up to 15%), acetic acid (up to 5%), and trifluoroacetic
acid (up to 2%). The structure of the polypyridyl ligand
used in each complex is shown in Fig. 1.The studied
complexes include [Ir(ppy)2(3,3 ′-dcbpy)]Cl (1) ,
[Ir(ppy)2(4,4′-dcbpy)]Cl (2), [Ir(ppy)2(4,4′-biquinoline)]
Cl (3), [Ir(ppy)2(5-OH-1,10-phenanthroline)]Cl (4),
[Ir(ppy)2(4,7-OH-1,10-phenanthroline)]Cl (5), and
[Ir(ppy)2(5-N(Bu)2-1,10-phenanthroline)]Cl (6).

Luminescence Measurements Luminescence and excitation
spectra were measured on a Spex Fluorolog 2+2 spectro-
fluorometer. Lifetime measurements were done on a Laser
Science VSL 337 pulsed N2 (337 nm) laser decay system.
Data fitting of the decays to a sum of exponentials was
performed using nonlinear least-squares routines in
Mathcad [15] or PsiPlot [16].

All pH titrations were carried out with roughly 10 μM Ir
(III) complex in 0.1 M phosphate buffers. The pH titration
for 3 was carried out in 50:50 water:methanol to facilitate
solubility. To enhance the luminescence intensities, Pb(II)
titrations were carried out in acetone. The Pb(II) titration
was carried out by adding aliquots of an acetone solution of
lead acetate to a 10 μM solution of complex 1 in acetone.
The lead(II) solution contained an equivalent concentration
of the Ir(III) complex such that the concentration of the
luminophore was unchanged to avoid dilution corrections.

Calculations We found structures for all species with the
help of Amsterdam Density Functional (ADF2008.01)
software [17]. Structural results reported here derive from
geometry optimizations with the local density approxima-
tion (LDA) to the density functional and a Slater-type
triple-zeta polarized (TZP) basis set; for the metals a
“small”-sized pseudopotential core was adopted. We inves-
tigated gradient-corrected PBE functionals as well with the
TZP and TZ2P basis sets, and found virtually identical
structures (bond distances within 0.02 Angstroms). The
“pure” (nonhybrid) gradient-corrected functionals typically
produced slightly longer bond distances than the LDA
values.

To estimate the absorption spectra we used several
different formulations of the time-dependent density func-
tional method, a linear response theory. These include the
time-dependent density functional (TD-DFT) linear re-
sponse method as implemented in ADF with the “statistical
average of orbital potentials” (SAOP) model [18] and a
TZP basis. For electronic excitations no pseudopotential
core was invoked. Using the ADF LDA/TZP structures, we
also computed absorption spectra by TD-DFT with Spartan
[19] as well as Gaussian 03 [20] and 09 [21] software. In
these cases the B3LYP functional was employed. For the
metals Spartan used a variant of the Hay-Wadt Los Alamos
pseudopotential core and the attendant basis [22] called
LACPV* [23]. A 6–31 G(d) basis was placed on other
atoms. This produced a 712-member basis for the largest
system, Ir(ppy)23,3'-dcbpyPb(II) monocation. In Gaussian
we used B3LYP with the basis sets LANL2MB,
LANL2DZ, and a hybrid basis with LANL2DZ on the
metals and 6–31 G(d) on other atoms. We call this latter
method a B3LYP/hybrid model chemistry. The same basis
sets and B3LYP functional were used for TD-DFT
modeling of spectra, using a configuration space of 70
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single excitations. These results were qualitatively identical
with the Spartan results; the smaller basis sets predicted
excitations shifted to the blue. We were able to treat a larger
manifold of excitations in Gaussian; all spectra and MOs
reported here were done with Gaussian 09. Solvent effects
were modeled by the Polarizable Continuum Model (PCM)
of Tomasi [24].

Graphic images of orbitals were produced by modules
within ADF, Spartan 08, and Gaussian 09’s graphical
interface GaussView. Spectra were redrawn from Gaussian
data exported from GaussView 5. The reconstituted spectra
were produced using normalized Gaussian forms, each with
a width of 0.2 eV, centered at the computed transition
energy, and weighted by the computed oscillator strength.

X-Ray Structure A thin needle-shaped colorless crystal of
complex 1 (approximate dimensions: 0.31×0.10×0.08 mm)
was used for a data collection on a Bruker SMARTAPEX II
CCD diffractometer using MoKα radiation. Empirical
absorption corrections were applied with the transmission
factors ranging 0.402–0.819.

The crystal structure was solved by direct methods in
Bruker SHELXTL [25]. The final least-squares refinement
with anisotropic thermal displacement parameters for all
non-H atoms yielded the R factor of 0.0795 (wR2=0.2022)
for 9522 reflections with I>2σ(I). Hydrogen atoms were
included in calculated positions without further refinement.
The final difference Fourier map showed a peak of the
height 1.91e/Å3 located near the Ir atom.

Results and Discussion

We have been studying transition metal complexes as
sensors for both pH and metal ions, especially lead. For
lead sensors we have focused on metal complexes contain-
ing 3,3′-H2dcbpy (1). Perkovic demonstrated the utility of

this ligand on Ru(II) complexes and we have extended the
work to Re(I) complexes [4, 5]. For Ru(II) there is a large
increase on luminescence quantum yield on Pb(II) com-
plexation, which has been attributed to the increased
planarity of the 3,3'-dcbpy ligand on Pb(II) binding.
Perkovic was able to obtain the structure for the
uncomplexed Ru(II) complexes, but not the Pb(II)
complex. Nor have we been able to obtain crystals of
the Pb(II) complex with the Ru(II) or related H2dcbpy
complexes of Re(I) or Ir(III). In the absence of crystal
structures of the lead complex, not only is the increased
planarity unproved, but also the structures of the Pb(II)
complexes remain a mystery. To test the planarity
hypothesis and to determine the structure of the Pb(II)
complexes, we have conducted theoretical calculations.

Structural Modeling of Ru(II) Species The structures and
photo-physics of ruthenium complexes have been thor-
oughly studied. We began our modeling project with the
well known Ru(II) system that would allow direct compar-
ison of computed and measured properties. We computed
the structure of Ru(bpy)2Hdcbpy

+ complex using a LDA/
TZP model in the ADF program suite for comparison with
the known structure [4]. The computed torsion angles for
the 3,3'-dcbpy in this complex are NCCN=18.3° and
CCCC=26.5°, which compare well with X-ray structure
values of 15.3° and 21.1° respectively. This success led us
to use the same LDA/TZP method to search for the most
stable structure of the Pb(II) complex. Simpler Pb(II)
complexes have been thoroughly investigated; Shimony-
Livny, Glusker, and Bock [26] observe that all the Pb(II)
compounds in the Cambridge Structural Database for which
Pb(II) has coordination number 2 to 5 display hemidirected
coordination meaning that all four Pb-O bonds are in a
single hemisphere. These authors found that MP2/
LANL2DZ calculations showed that tetracoordinated Pb
(II) complexes with four NH3, PH3, AsH3, SbH3, and BiH3

all displayed hemidirection, as did Pb(II) with four OH2,
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SH2, SeH2, and TeH2 ligands. The Pb(II)(H2O)4 species
displayed a C2-symmetric bisphenoid structure with two
Pb-O bonds of lengths 2.46Å forming an angle of 147°,
and two PbO bonds of length 2.36Å forming an angle of
98°. This is roughly consistent with calculations by Arfa,
Olier, and Privat, [27] who found corresponding values of
2.43Å and 137°, and 2.32Å and 103° in B3LYP/LANL2DZ
modeling. Our corresponding LDA/TZP(medium core)
calculation on Pb(II)(H2O)4 produced values of 2.45Å
and 114° and 2.39Å and 97° – also consistent with the
other estimates. The spread in values suggests that the
structure is very soft. That is, the potential function for the
torsional coordinate is rather flat so that slight differences in
the method can give noticeably different estimates of the
location of the minimum. Regardless of the fine details, our
LDA/TZP calculations on Pb(II)(H2O)4 produce the hemi-
directed structure consistent with other calculations and the
known structures. This justifies our use of the base model
LDA/TZP to describe the hemidirectional coordination of
4-coordinated Pb(II) in our complexes.

We found a structure for Ru(bpy)23,3'-dcbpyPb in which
the carboxylic acid oxygens form a pocket for the lead. All
four carboxyl oxygens are coordinated to lead, and the Pb-
O coordination is “hemidirected,” as we found for the
simpler complexes. The hemidirection and the limitation to
coordination number four is robust. Added water does not
coordinate to the exposed face of the Pb. This is consistent
with the chemistry of lead complexes and theoretical
structural calculations described above.

This hemidirectional bonding of lead and the absence of
water coordination to the Pb(II) in the complex are
consistent features of the structure regardless of which
computational method we use. Our LDA/TZP model
produces a hemidirected structure for the coordination of
lead to carboxyl oxygens in Ru(bpy)23,3'-dcbpyPb. The
two pairs of OPbO angles are very different, 56° and 112°.
We attribute the reduction of the larger angle in the complex
relative to the Pb(II)(H2O)4 value to geometric constraints
on the position of oxygen atoms. The differences in bond
lengths are, however, not as large as in the Pb(II)(H2O)4
dication. PbO bonds making the smaller angle have bond
length 2.36Å, while the PbO bonds making the larger angle
have bond length 2.38Å.

Binding of lead reduced the NCCN dihedral angle to
14.7° and the CCCC angle to 17.3°. Thus, theoretical
results confirm the suggested planarization of the ligand as
a consequence of Pb(II) binding and supports the explana-
tion for the enhanced luminescence on lead binding with
the Ru(II) complex as a consequence of the change in
torsion angle. The coherent picture of the Ru(II) structures
gives some assurance that modeling can profitably be
applied to the analogous but more complex Ir(III) com-
plexes described below.

Structural Modeling of Ir(ppy)23,3'-Hdcbpy Since Ir(III)
complexes are frequently much more highly luminescent
than Ru(II) and Re(I) complexes, and thus may serve as a
more sensitive Pb(II) detector, we examined Ir(ppy)23,3'-
Hdcbpy and its binding to Pb(II). All prior attempts at
obtaining a crystal structure of the iridium complex with the
3,3′-dcbpy ligand capturing Pb(II) have been unsuccessful
[4, 5], so we constructed a computational model of the 3,3′-
Hdcbpy Ir(III) system and its response to Pb(II) binding.
Geometric parameters including the primary bond lengths,
bond angles, and even the torsion angle of the ring-ring
twist of the neutral Ir(III) (Pb-free) species agree fairly well
with the crystal structure.

The crystal structure (Fig. 2) shows that the geometry of
the complex is roughly octahedral. No counterion is present
so one carboxylic group of the 3,3′-dcbpy ligand must be
deprotonated to maintain charge balance. The NCCN
torsion angle about the 2,2′ axis of the substituted
bipyridine ring for complex 1 is 29.7°, which is substan-
tially larger than the 18.3° for the Ru(II) complex. By
analogy to the response of Ru(II) complex to Pb(II) capture,
it seemed likely that the substituted bipyridine ligand of the
Ir(III) complex should be similarly planarized on Pb(II)
binding and should sense Pb(II) as the Ru(II) complex does.

Table 1 shows a comparison of selected geometric
parameters for the neutral dicarboxylic acid species
obtained by X-ray crystallography with those calculated
by geometry optimization applying a variety of computa-
tion methods. Bond distances R are expressed in Å, angles
in degrees. The C-C* bond connects the substituted pyridyl
fragments in the 3,3'-Hdcbpy ligand. The torsion angles are
twists around this CC* link.

Details of the computed geometry vary with the
computational model, and depart in some cases from the
X-ray values. Gradient corrected (PBE) and hybrid func-
tional (B3LYP) produce longer metal-N and pyridyl-pyridyl

Fig. 2 ORTEP drawing of Complex 1, 30% probability ellipsoids
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bond distances than the local density functional (LDA)
predicts. Computation predicts distinct C-COO bond
lengths for the carboxylates, 1.56±0.01 Å and 1.51±
-0.01 Å , while the X-ray structure has these distances very
nearly equal., 1.52±0.01 Å. This suggests that one of the
carboxyl groups is protonated while the other is not, but we
were unable to support this in the modeling. In modeling
we found a structure in which the proton links essentially
equivalent carboxyl groups by a hydrogen bond. This is
calculated to be more stable than structures in which the
carboxyl groups are distinct, but inconsistent with the X-ray
structure’s significantly different carboxyl bond lengths.
Protonating one carboxyl and H-bonding a water molecule
to the unprotonated carboxyl group (described in the
column labeled B3LYP/hybrid:H2O) does not change the
bond lengths of the complex significantly (mean absolute
deviation in this set relative to the X-ray values remains
between 0.015 and 0.016Å.) However, it does have an impact
on the computed torsion angle. The calculations tend to
overestimate the dihedral angle, but values computed for the
B3LYP/hybrid and B3LYP/hybrid:H2O structures bracket the
experimental values.

Structural Effect of Pb(II) Binding Ir(ppy)23,3'-Hdcbpy and
Ir(ppy)23,3'-dcbpyPb

+ as modeled with the LDA/TZP, PBE/
TZP and B3LYP/hybrid model chemistries both have
approximately C2 symmetry. All methods give quite
consistent descriptions. The structure of Ir(ppy)23,3'-
dcbpyPb(II) from B3LYP/hybrid and PBE/TZP models is
shown in Fig. 3. In the lead complex, lead coordinates with
all four carboxylic oxygens; consistent with the constrained
geometry and with a general pattern observed in four-
coordinated lead complexes, the coordination is in one
hemisphere. Coplanarity is much enhanced in the dicarbox-
ylic acid-substituted bipyridyl attending Pb(II) complexation.
In PBE/TZP, the NCCN angle decreases from 32.7° for the
neutral IrdcH system to 22.6 for the Ir3,3'-dcbpyPb(II)

system, while in the B3LYP/hybrid model the torsion angle
NCCN is reduced from 27.0° to 20.5°. Because the potential
defining equilibrium torsion angle is likely to be quite soft,
we consider these estimates to be reasonably consistent.
Clearly lead binding increases planarity as expected. The Pb-
O distances in the lead-bound system alternate between two
slightly longer and two slightly shorter values, 2.37 and 2.35
Å in PBE/TZP and 2.364 and 2.351Å in B3LYP/hybrid. We
have explored the placement of waters around the lead, but
find there is little tendency to add waters to the lead atom,
already hemi coordinated by the four carboxylic oxygens,
again consistent with the preferred structures of lead
complexes discussed above.

As Pb(II) dication is bound, the CCCC torsion angle
defining the 3,3'-dcbpy ring-ring twist decreases from 34°
in the dicarboxylic acid to about 25° in the lead
dicarboxylate. The carboxylic acid oxygens in the neutral
system define a severely puckered ring (ring torsion angle
tau=49°). Pb(II) binding reduces this angle to 35°. The O-O
distances in the dicarboxylic acid are 2.25Å (within a
carboxyl group) and 3.40Å (between carboxyl groups).
Again, these results illustrate planarization of the 3,3′-
dcbpy ligand on lead complexation. We should note the
shortening of Ir-N bond lengths as Pb is bound. This must
also enhance the ligand field strength, which could have an
impact on the spectra.

Figure 3 shows the binding mode for the Pb(II) to the
3,3'-dcbpy. The staggering and inequivalence of the
carboxylate oxygens are clearly visible. The greatly
increased planarity and reduced distortion on lead binding
are clear. The Ru(II)- Pb(II) complex has a similar
staggered structure.

Independent modeling with the ADF software suite,
using pure density functionals LDA (no gradient correction)
and PBE (gradient corrected) with the TZP basis produces
comparable values for these geometric parameters. For the
dicarboxylic acid, the values obtained in ADF for the

Table 1 Geometric parameters for Ir(ppy)23,3'-Hdcbpy

Parameter X-ray LDA/TZP PBE/TZP B3LYP/hybrid B3LYP/hybrid:H2O

R(Ir-N) 2.153, 2.167 2.137, 2.141 2.217, 2.227 2.210, 2.209 2.175, 2.182

R(N-C) 1.354, 1.349 1.348, 1.356 1.373, 1.362 1.356, 1.367 1.344, 1.352

R(C-C)* 1.491 1.467 1.489 1.493 1.469

R(C-C) 1.398, 1.407 1.399, 1.400 1.412, 1.416 1.413, 1.408 1.398, 1.398

R(C-COO) 1.517,1.524 1.549, 1.499 1.567,1.521 1.567, 1.497 1.525, 1.480

R(C-O) anion 1.256, 1.259 1.240, 1.252 1.256, 1.256 1.242, 1.260 1.251, 1.252

R(C-O) neutral 1.204, 1.322 1.209, 1.341 1.216, 1.360 1.216, 1.352 1.217, 1.349

Torsion CCCC 34.5 32.5 37.1 32.5 33.2

Torsion NCCN 29.7 28.6 32.7 27.0 26.4

Lengths are in Angstroms and angles are in degrees.

Optimizations were conducted with a PCM representation of methanol solvent.
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torsion angles bracket the values quoted above within 2°.
The O-O distances within a carboxylic acid fragment
bracket the values quoted above and are within 0.02Å of
the values obtained by the B3LYP/hybrid model. The
distances between O atoms in different carboxylic acid
fragments are less well defined owing to easy twisting, but
again as Pb(II) is bound we see a substantial shortening of
the O-O distances. Thus, for ground state structures, the
LDA/TZP, PBE/TZP, and B3LYP/hybrid calculations all
lead to reasonable results.

We thought that calculations would allow an estimate of
the energy of Pb(II) binding, but getting reasonable
calculated energies proved difficult. For the ruthenium
capture of Pb2+ we may write the reaction

Ru bpyð Þ2H23; 3
0�dcbpy2þ: Sþ Pb H2Oð Þ2þ4 : S

! Ru bpyð Þ23; 30�dcbpyPb2þ: Sþ 2H2O : Sþ 2H3O
1þ: S

Here S refers to some kind of solvent model. While
structural calculations described above incorporated no
model of solvent, the energy calculations for reactions of
charged and polar systems in polarizable medium require
recognition of solvent effects. In the absence of medium
effects, the value of the energy change of this reaction as
written is +57 kcal/mol as estimated by the model
chemistry B3LYP/hybrid and including no consideration
of solvent. However if the products are taken to be the
H5O2

1+ strongly H-bonded fragments, the reaction energy
is −26 kcal/mol.

The simplest treatment of the solvent (methanol) is
provided by the polarizable continuum model. If all species
in the reaction as written above are taken to be immersed in
the polarizable continuum (using methanol’s dielectric
constant) the reaction energy becomes +86 kcal/mol.
However, if the species in methanol is assumed to be
H5O2

1+, the reaction energy is +27 kcal/mol. None of these
models of the solvent is plausible, since the specific H-
bonding interaction of water and hydronium with the

methanol medium is neglected. A more detailed treat-
ment of the solvent is required for a realistic estimate of
the energetics. We have considered a process in which
the solvent model includes clusters of six methanols,
which then solvate the separated product waters and
hydronium. The reaction energy for this elaborate model
is −5.3 kcal/mol.

We have conducted similar calculations for the reaction
of Ir(ppy)23,3'-Hdcbpy(H2O):S with Pb(H2O)4

2+:S The
most elaborate model of the medium, involving methanol
clusters, produces a reaction energy of +24 kcal/mol. We
cannot claim however that this treatment of the methanol
medium is the last word, or that the computed reaction
energies are reliable.

Proper treatment of the medium is clearly necessary but
very difficult. As our results show, the energies are highly
sensitive to the model and more elaborate modeling is
necessary. Published studies of methanol clusters with water
and hydronium ion are extensive [28] and exceedingly
complex [29]. The largest systems systematically treated by
electronic structure modeling so far have no more than four
methanols [30].

Computed Spectra We have modeled absorption spectra for
the Ru(bpy)3

2+ and Ir(ppy)2bpy cation, as well as the
dicarboxyl substituted species and the Pb(II) complexes.
For the species with carboxylic acid ligands, we found that
the SAOP/TZP model produced quite unrealistic descrip-
tions of spectra without inclusion of solvent. The predicted
low-energy transitions were far too red with some low lying
transitions involving charge transfer from the metal to the
carboxylates, an unlikely process. When solvent effects
were incorporated into the model, these anomalous tran-
sitions moved to high energies and out of the spectroscopic
range of interest. In keeping with the literature [31], we use
the TD-B3LYP/hybrid computations for all of the spectra
reported here, and incorporate solvent effects through the
PCM representation of acetone or methanol.

Fig. 3 Molecular model
of binding of Pb(II) to
complex 1
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Once again we take the well-studied Ru(II) systems as a
reference by which we can judge the adequacy of our
calculations. The HOMOs and LUMOs of the Ru(II) and Ir
(III) complexes with the 3,3′-dcbpy ligand are shown in
Figs. 4 and 5, respectively. As is widely accepted in the
literature, the lowest energy transitions in the Ru(II)
complexes are between orbitals that are largely pure d
states to π* states, although the LUMOs do contain some d
character.

While the Ru(II) HOMO is largely metal-d, the HOMO
of the Ir(III) complex contains substantial π character from
the phenylpyridine ligands as well. The Ir(III) lowest lying
transitions are a strong mixture of d-π to π*. Thus, they
involve a substantial component of interligand π-π*
character. This mixed d and π character on the initiating
orbitals no doubt accounts in part for the complexity of the
spectroscopy of these and other Ir(III) complexes relative to
similar Ru(II) complexes.

Figures 6 and 7 show the computed absorption spectra of
Ru(bpy)23,3'-Hdcbpy and Ir(ppy)23,3'-Hdcbpy and their
lead complexes. We do not include the individual state
energies and intensities as about 70 different transitions
with complex orbital parentage are used in the calculation.

The spectra are all in reasonable agreement with the
experiments. Table 2 shows the calculated and observed
data. The calculations reproduce the positions of the ligand
localized π → π* well including the molar extinction
coefficients, which are typically only about 25% low. The
visible near uv metal-ligand charge transfer transitions are
less consistent, but generally too blue by typically 2000–
3000 cm−1. For Ru(II) complexes their shifts with lead
complex are in reasonable agreement with the experimental
[4, 32], although the red shifts attending Pb(II) binding are
exaggerated for both Ru(II) and Ir(III). Especially with the
Ir complexes it is difficult to make unambiguous assign-
ment because of their complexity. For example Ir(ppy)
phen+ has a continuum of shoulder from the visible to about
300 nm. If one takes the center of this group as the state
energy, the agreement is similar to the other complexes.

Again the molar extinction coefficients are about 30% low.
The agreement in band intensities is quite remarkable, as
we had expected this to be one of the more difficult
quantities to calculate well. The orbital parentages are all
reasonable. As expected from the orbital picture, the low-
lying Ir(III) transitions contain a significant interligand π →
π* contribution along with the MLCT component.

We consider the reason for the increased lumines-
cence on Pb(II) binding. In the lead free complex, the
3,3'-Hdcbpy is highly strained and distorted from
planarity. The interpretation is that the strained ligand
has a lower effective crystal field strength than planar
bpy ligands [4, 33]. A lower crystal field lowers the d-d
state energies, which permits more efficient quenching of
the luminescence through thermal activation. Lead coor-
dination has been assumed to drive the ligand toward
greater planarity with a concomitant increase in crystal
field strength that will raise the d-d state, reduce quench-
ing, and account for the enhanced luminescence.

Our calculations strongly support the assumption that Pb
(II) binding increases the planarity of the dcbpy. Resolution
of the question of the effect on increased planarity of the
ligand on the d-d states is much more complex. To locate
the d-d states, we examined the basis sets and states with
energies below 42 kcm−1 (>240 nm), but found no
essentially pure d → d transitions for either the Ru or the
Ir complexes. There was some d character for the virtual
MOs for both Ru and Ir complexes, but mixing with ligand
MOs is extensive. In particular, the LUMOs for both the Ru
(II) and Ir(III) species are comprised mainly of π* (3,3′-
dcbpy). The findings for the HOMO and LUMO of 1 are
consistent with characterization of similar [Ir(ppy)2(N-N)]

+

species [9]. Thus, trying to ascertain the locations of the
purported d-d states responsible for the quenching of the
emission in the ligand field quenching model does not seem
to be currently possible.

Structure of the Triplet State Since the emission is
commonly considered to originate in the triplet T1, we

Fig. 4 HOMOs of
[Ru(bpy)2(3,3′-dcbpy)]

2+ (left)
and [Ir(ppy)2(3,3′-dcbpy)]

+

(right)
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optimized the structure of the triplets for DCH-water and
DC-Pb in the B3LYP/hybrid scheme, with PCM represen-
tation of methanol solvent (Table 3). The structure of the
DCH-water system triplet is significantly altered from the
ground singlet; besides alterations in the bond lengths of
the substituted bpy (consistent with the occupation of the
former LUMO), the torsion angle is considerably reduced.
Coordination of Pb2+ nearly equalizes the C-O bond
distances; as in the singlet, the hemicoordinated Pb has
nearly equal bond distances to the carboxylic oxygens.
Significantly, the torsion angle is appreciably reduced by Pb
binding in the triplet as well as the singlet species. We note
that the Ir-N shortening observed for the singlet as Pb is
bound does not occur in the triplet. The triplet state energy
for the DCH-water case is 1.90 eV; this is consistent with
the broad emission. The value for the Pb-coordinated
system is 1.68 eV, suggesting a red shift in the emission
as Pb is bound.

Experimental Results In both the Ir(III) and the Ru(II)
systems, the lowest excited state directly involves the
binding carboxylic acid groups, which may influence the
Pb(II) ion sensitivity. In the accepted model of changes in
the crystal field strength, the more muted Ir(III) results

could be attributed to a stronger crystal field of Ir vs. Ru
with a concomitant greater energy gap between the emitting
level and the lowest quenching d-d state, which results in a
smaller sensitivity to change in ligand planarity. Unfortu-
nately, due to the extensive mixing of d and π character in
the excited states, there is no clear way to ascertain what are
actually d states in the simple model. Thus, we cannot rule
out or support the d-d quenching model for Pb(II) sensing
with our calculations.

While Ir complex 1 senses lead, the Pb(II) effect on the
luminescence quantum yield is muted compared to analo-
gous Ru(II) and Re(I) complexes, and the luminescence
quantum yield is disappointingly low compared to other
orthometallated Ir(III) complexes. Figure 8 depicts the
change in emission intensity versus concentration of Pb
(II). Though the fractional change is rather small, the
titration curve demonstrates a clear increase in quantum
yield with increasing Pb(II) concentration. Fitting of
this intensity data yields an association constant Kass of
ca 0.1±0.05 μM−1, which is an order of magnitude less
than that of the analogous Re(I) complex. This poorer
binding can probably be attributed to the much larger
distortion from planarity and the inability of the Pb(II)
binding to torque the ligand into a more favorable binding

Fig. 5 LUMOs of
[Ru(bpy)2(3,3′-dcbpy)]

2+ (left)
and [Ir(ppy)2(3,3′-dcbpy)]

+

(right)
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configuration. Similarly, the lifetime of the complex in
acetone, 83 ns in the uncomplexed form increases to
99 ns in the presence of Pb(II). In contrast [Ir(ppy)2(bpy)]
Cl showed no change in emission intensity or lifetime,
even at Pb(II) concentrations orders of magnitude greater
than that of the Ir(III) complex. This result is consistent
with the lack of a lead-binding site, and shows that Pb(II)
is not a quencher of the excited state.

Figures 9 and 10 show pH titration data, respectively,
for Ir(III) complexes 2 and 3. The data sets are fit
according to previously derived equations [34]. The acid
dissociation constants for 2 determined from the fits using
two sequential protonations are 3.3 and 4.4, and that
obtained for complex 3 using a single protonation is 3.4.
It was somewhat unexpected that the data from the
complex incorporating the 4,4′-dicarboxylic acid biquino-

line ligand would be most accurately fit with a one-proton
model, given the two protonation sites on the ligand and
the use of a two-proton model for the similar bipyridyl
complex. This trend can be explained if one pKa of the
complex is lower than the range tested or if the lifetime of
the complex does not change with one of the two
protonations.

Complex 2 demonstrates a change in quantum yield
with pH; however, the overall quantum yield was
observed to be low in water or mixed solvent systems
containing as little as <10% water. Complex 3 incorpo-
rating the biquinoline ligand was synthesized in an effort
to improve upon the low quantum yield, but the same
solvent-dependent quenching behavior was observed.
Solvent-dependent emissive behavior in [Ir(ppy)2(N-
N)]+ complexes has been previously described [35], but

Ligand transitions CT/LL transitions
Complex

Wavelength (nm)

[Ru(bpy)3]
2+ Experimental 287 454

Theoretical 274 404

[Ru(bpy)2H23,3'-dcbpy]
2+ Experimental [4] 299 452

Theoretical 276 388

[Ru(bpy)2Pb3,3'-dcbpy]
2+ Experimental [4] 288 458

Theoretical 266 416

[Ir(ppy)2phen]
+ Experimental [32] 252, 265 sh 303 sh, 337 sh, 412 sh, 464 sh

Theoretical 264 380

[Ir(bpy)23,3'-H2dcby]
+ Experimental 282 372, 452 sh

Theoretical 262 370

[Ir(bpy)2Pb3,3'-dcby]
+ Experimental 266 372

Theoretical Not measured 386

Table 2 Comparison of
experimental and theoretical
wavelengths for absorptions

Table 3 Structural parameters for Ir(ppy)2dcbpy singlets and triplets a

Parameter B3LYP/hybrid-water Singlet
Ground State

B3LYP/hybrid-water Triplet B3LYP/hybrid-Pb Singlet
Ground State

B3LYP/hybrid-Pb Triplet

R(Ir-N) 2.175, 2.182 2.191, 2.199 2.210, 2.209 2.204, 2.184

R(N-C) 1.344, 1.352 1.396, 1.394 1.356, 1.367 1.403, 1.405

R(C-C*) 1.469 1.432 1.493 1.445

R(C-C) 1.398, 1.398 1.449, 1.443 1.413, 1.408COO 1.454, 1.456

R(C-COO) 1.525, 1.480 1.519, 1.474 1.567COO, 1.497 1.485, 1.479

R(C-O) anion 1.251, 1.252 1.264, 1.265 1.242, 1.260 1.284, 1.280, 1.277, 1.280

R(C-O) neutral 1.217, 1.349 1.223, 1.360 1.216, 1.352

R(O-Pb) 32.5 2.352, 2.371, 2.380, 2.363

Torsion CCCC 33.2 20.2 27.0 10.3

Torsion NCCN 26.4 19.1 2.210, 2.209 13.1

Lengths are in Angstroms and angles are in degrees.

Optimizations were conducted with a PCM representation of methanol solvent.

J Fluoresc (2012) 22:163–174 171



the magnitude of the red shift and intensity decrease upon
addition of water suggests an interaction of the water
with the carboxylic acids specific to 1–3. Figure 11
shows the effect of even small amounts of water on 1.

Complexes 4, 5, and 6 were tested for pH sensitivity.
Over the pH range 2–10 there were no emission changes.
[Ir(ppy)2(1,10-phenanthroline)]

+ complexes with substitu-
ents at the 5- or 4-and 7-positions of the phenanthroline
ligand are widely known to show remarkably diverse
emissive behavior, both in terms of emission energy and
quantum yield. Low-temperature spectra indicate that the
emission of analogous complexes can arise from a
combination of Ir(III) → phenanthroline, Ir(III) → ppy,
and π → π* (phenanthroline) transitions. With complexes
4–6, it is our belief that the electron donating -OH or -N
(Bu)2 groups on the phenanthroline ligand raise the energy
of the MLCT (phenanthroline) transition such that it is not
the dominant emission. Consequently, chelation of protons
by this polypyridyl ligand will not bring about significant
changes in the emission spectra.

Conclusions

We have assessed the applicability of [Ir(III)(ppy)2(N-N)]
complexes in lead and pH sensing applications. The
luminescence and sensing behavior are highly sensitive to
the substituent on the polypyridyl ligand but not in a
cleanly predictable fashion. Further, in contrast to the usual
high luminescence efficiency and long lifetimes of ortho-
metallated Ir(III) complexes, the complexes studied were
disappointingly short lived and inefficient.

Molecular modeling has proved a robust method for
determining the structures of the 3,3'-dcbpy complexes
bound to Pb(II) whose structures were previously unknown.
Our results confirm the predicted increased planarity on Pb
(II) binding. Calculations provide insight into the spectros-
copy properties of the excited states of the complexes and
their relationship to sensing properties. However, the
excited state manifolds are too complex for us to
unambiguously locate the d-d excited state necessary to
confirm their predicted involvement in the lead sensing
ability of 3,3'-dcbpy complexes. Calculations also demon-

Fig. 8 Effect of Pb(II) on emission intensity of complex 1 in
acetone. The solid line is the best fit to a 1:1 binding mode with
Kass=0.1 μM−1

Fig. 10 Lifetime-based pH titration of complex 3. The best fit pK is
3.4 for a single step protonation

Fig. 9 Intensity-based pH titration of complex 2. The solid line is
the best fit assuming two sequential protonations with pK1=3.3
and pK2=4.4 Fig. 11 Effect of water on emission intensity of complex 1
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strated the large excited state distortions that have been
proposed for MLCT excited state of metal complexes.
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