Iridium(1ir) bis-terpyridine complexes incorporating pendent
N-methylpyridinium groups: luminescent sensors for chloride ions
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Isomeric bis-terpyridine complexes of iridium(1r) incorp-
orating meta- or para-N-methylpyridyl substituents at
the terpyridine 4'-position display long-lived luminescence
in solution which is quenched by chloride ions to very
different extents.

Molecular luminescent sensors which display long-lived emis-
sion are of interest in the analysis of bioactive ions or molecules
in solution, since their emission may be discriminated readily
from scattered light and shorter-lived background fluorescence
normally present in biological and clinical samples.! Lifetimes
in excess of about 1 pus are desirable for this purpose. Amongst
the ions of importance in vivo is chloride, which occurs at
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relatively high concentrations (100 mM extracellular and 5-75
mM intracellular) and has crucial functions, for example in
the control of osmotic pressure. Recently, we have reported
iridium(mr) bis-terpyridine complexes which emit in the visible
following near-UV excitation, with lifetimes in the range 1-10
us in air-equilibrated aqueous solutions at room temperature. >
In particular, the incorporation of a pendent pyridyl group
on the 4'-position of the terpyridine (1) led to pH sensitive
emission: both the lifetime and intensity were reduced by a
factor of >8 upon protonation of the pyridyl nitrogen, owing
to mixing of the shorter-lived, higher-lying d-n* state with the
emissive n-* state.®

The preparation of the structurally related complexes 2 and
3, which incorporate pendent N-methylpyridinium groups,
is reported here, together with preliminary results on the
quenching of their luminescence by chloride ions. Two syn-
thetic routes were investigated, as shown in Scheme 1. Complex
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Fig. 1 Room temperature luminescence spectra of isoabsorbant, air-
equilibrated, aqueous solutions of (a) complex 3; (b) 3 in the presence
of CI™ (0.045 M); (c) complex 2; (d) 2 in the presence of C1™ (0.045 M),
expanded in the inset. In each case, /=0.1 M KNO;, 4., =366 nm.

1 was prepared as described previously® and methylation
of the pendent pyridyl nitrogen was accomplished by reaction
with excess methyl iodide, leading to the desired complex 2
after purification by chromatography on a short column of
silica.* An alternative method was investigated for complex
3: ligand L* was first prepared by a procedure analogous
to that described in the literature® for L', involving base-
catalysed condensation of 3-pyridinecarboxaldehyde with two
equivalents of 2-acetylpyridine, followed by ring closure with
ammonium acetate. Subsequently, selective N-methylation of
the pendent pyridine was achieved by reaction with excess
methyl iodide in acetonitrile solution to generate the iodide salt
of L3, which precipitated as a pale yellow solid. No evidence
of competitive alkylation of the other three, more sterically-
hindered nitrogen atoms was observed. Ion exchange with
aqueous KPF, led to the more organic-soluble hexafluoro-
phosphate salt of L3, and reaction with (ttpy)IrCl; {ttpy =
4'-(4-methylphenyl)-2,2': 6" ,2"-terpyridine} gave the required
complex 3 after purification by column chromatography.f

Luminescence spectra of air-equilibrated aqueous solutions
of the complexes are shown in Fig. 1, together with the spectra
in the presence of chloride ions. The emission maximum
and spectral profile of complex 3 resembles that of the parent
Ir(ttpy),** complex. The temporal decay of the emission, moni-
tored at 510 nm, revealed biexponential kinetics, the major
component having a lifetime of 5.8 (£0.2) ps and that of the
minor component 1.4 (+£0.2) ps.I From the magnitudes of
the pre-exponential factors, the proportions of the two com-
ponents were reversed when the emission was monitored at
470 nm. We attribute the long- and short-lived components
to ligand-centred emission from the tolyl-terpyridine and N-
methylpyridyl-terpyridine ligands respectively, based on the
behaviour of related homoleptic complexes. Thus, the parent
Ir(ttpy),>* complex displays an emission maximum of 505 nm
and a lifetime of 6.2 (£0.2) us under the same conditions.
In contrast, the complexes containing pyridyl substituents on
each of the terpyridines emit at rather higher energy, with an
additional band centred at 470 nm not present in Ir(ttpy),**
(and closely resembling the unsubstituted Ir(terpy),** complex),
probably due to less extensive conjugation compared to the
tolyl system.>® The lifetime is also consistently shorter for
these complexes (1.1 £0.2 ps for the bis-3-pyridyl complex)
and similar to that of the shorter-lived component here. Dual
emission, whilst unusual, is not unprecedented for complexes of
iridium(ir) with diimine ligands.’

The emission intensity of complex 2 was lower than that of
an isoabsorbant solution of 3, by a factor of about 8 (Fig. 1);
the lifetimes of the two components were also substantially
shorter (1.7 and 0.3 £ 0.1 ps). The lower intensity and shorter
lifetimes for complex 2 may be attributed to the direct con-
jugation of the alkylated pyridine nitrogen with the terpyridine,
which will serve to make the ligand more electron-deficient,
lowering the energy of the higher-lying d-n* state and thus
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Fig. 2 Stern—Volmer plot of the dependence of the emission intensity
of complex 3 (A, 510 nm, A, = 366 nm) on chloride ion concentration
(I=0.1 M KNO;,).

favouring mixing with the emissive m—n* state. Such mixing
of charge-transfer excited states can promote deactivation, as
reported previously for complex 1, where protonation led to
an 8-fold decrease in intensity and lifetime for this reason.® In
complex 3, the charge-transfer state is expected to lie at higher
energy, since the pyridine nitrogen is not in conjugation with the
terpyridine in this system.

N-Alkylquinolinium ions are well known to possess fluores-
cence which is quenched selectively by addition of halide ions,
an effect believed to occur by charge transfer from the halide to
the singlet excited state of the electron-poor cation.® Since the
emission in the iridium complexes is primarily ligand-centred,
sensitivity to halide might then be expected for complexes
incorporating N-alkylpyridinium units. Addition of aqueous
potassium chloride solution led to partial quenching of the
emission for both complexes. For complex 3, no change in the
spectral profile was observed. The Stern—Volmer plot (Fig. 2)
was approximately linear at low chloride concentrations (0-20
mM, K, ! = 34 mM), but displayed marked negative curvature
at higher concentrations (vide infra). The addition of chloride
also led to a reduction in the lifetimes of both components of
the emission, but to differing extents. The site of interaction
of the chloride ion with the complex is expected to be the
N-methylpyridyl substituent; the emission from the pyridyl-
substituted ligand does indeed display the greater sensitivity
to chloride, decreasing by a factor of 6 over the chloride con-
centration range 0-0.1 M, compared to a more modest 2.5-fold
reduction in the emission lifetime of the tolyl-terpyridine
ligand.§ That the latter is affected by added chloride, even
though the homoleptic complex Ir(ttpy),®" is insensitive to
halide ions, is indicative of a thermally-activated equilibration
of energy between the excited states of the two ligands at room
temperature. The lower sensitivity of the tolyl-terpyridine
ligand to chloride then reflects the thermal activation necessary
for energy transfer from the excited state of this ligand to that
of the pyridyl-substituted ligand at higher energy, upon which
the chloride acts. Under such conditions where a quencher
is acting on two species both emitting at the observed wave-
length, the Stern—Volmer plot is expected to curve downward
(as observed here) due to the increasing fractional contribution
of the more weakly quenched species at higher concentrations.q

The effect of other common anions at similar concentrations
was also investigated. Bromide and iodide quenched the
luminescence efficiently as expected, but nitrate, sulfate, di-
hydrogen phosphate, hexafluorophosphate and tetrafluoro-
borate were found to have no effect. A modest quenching effect
was observed for acetate (about 20% of that of chloride) whilst
tartrate gave rise to only a very small reduction in the intensity
of emission.

Complex 2 displayed a much steeper dependence on chloride
concentration: 20 mmol dm™* was sufficient to reduce the
intensity of emission at 505 nm by a factor of 3. In this case,
quenching was accompanied by a marked change in the form
of the spectrum, with a red-shift in the emission maximum,



apparently associated with the onset of a new emission band
centred at 540 nm (inset to Fig. 1). A more complex temporal
decay of the emission was observed in the presence of chloride,
which could not be fitted satisfactorily to a double exponential
equation and the Stern—Volmer plot displayed marked negative
curvature even at very low chloride concentrations. Clearly, this
complex exhibits a more profound interaction with chloride;
exciplex formation is a possibility, the dissociative ground state
of which would lead to a red shift, as observed.” The more
complicated behaviour of this complex, its substantially weaker
emission even in the absence of quencher (Fig. 1), together with
its maximum sensitivity to chloride lying at concentrations
lower than those typically of relevance in practical applications,
makes it a less attractive system than its meta isomer 3.

In summary, complex 3 exhibits luminescence which is
sensitive to chloride at physiologically relevant concentrations
(K,,”'=34 mmol dm®). In contrast to typical fluorescent
sensors, the emission occurs on the microsecond timescale.
Both the intensity and the lifetime are perturbed by chloride
with good selectivity over many other anions, rendering this
complex a potential sensory system for chloride.
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Notes and references

1 Samples for time-resolved measurements were excited at 355 nm
using a Nd:YAG laser and the luminescence detected with a photo-

multiplier tube (Hamamatsu R928) and recorded using a digital
storage oscilloscope. Decays were fitted to an equation of the form
1, = Aiexp(—kit) + Aexp(—k,t), where k; and k, are the first order
decay constants from which the lifetimes were obtained together with
an estimate of the relative contributions of the two components from
the pre-exponential factors A4,.

§ Stern—Volmer plots of the dependence of the lifetimes of the
two components on chloride ion concentration are provided in the
ESL.¥

§ The use of a modified Stern—Volmer equation to estimate two
quenching constants is discussed in the ESL.{
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