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A new water-soluble iridium(ir) diimine complex with appended sugar was synthesized and
characterized. The electrochemiluminescent behavior of the new complex in aqueous buffer was first
studied and the ECL signal was found to be much higher than that of [Ru(bpy);]** at a Pt working
electrode. Tri-n-propylamine (TPA) and antibiotics were determined by the ECL of the iridium(r)
complex in aqueous buffer at the Pt electrode and the method was found to show good sensitivity and
reproducibility. The new iridium(1r) complex was found to display good solubility in aqueous solution
and a strong ECL signal at the Pt electrode, which might open up the possibility of its application in

analysis.

Introduction

Electrochemiluminescence (ECL) has been paid considerable
attention during the past several decades because it offers lower
background noise, higher detection sensitivity, a wide dynamic
linear range and requires simple and inexpensive instrumentation
in comparison with other methods." Among luminescent d°
transition-metal complexes, tris(2,2'-bypyridine)ruthenium(i)
([Ru(bpy)s]**) has become the most thoroughly studied ECL
active molecule in both aqueous and nonaqueous solution since
the first report in 1972 by Bard,? and it has been applied for the
detection of amino acids,® oxalate,* antibiotics,’® clinical medi-
cines,® DNA” and so on.! Glassy carbon (GC), gold, and plat-
inum have been the working electrodes of choice for ECL
studies.® Although the ECL signal of [Ru(bpy);]** was relatively
weak at a Pt electrode usually employed as a working electrode in
the analytical studies, it provides good reproducibility and is easy
to prepare.” Thus it is urgent to develop new ECL probes to
improve the ECL sensitivity at a Pt electrode in aqueous buffer
for analytical applications.

Recently iridium(i) cyclometalated derivatives with high
photoluminescence efficiency have attracted considerable
interest.’” In comparison to the most commonly used ruth-
enium(1r) complexes (¢ = 0.042, T = 0.64 pus for [Ru(bpy)s]** in
deaerated aqueous solution)," they possess relatively long
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excited-state lifetimes, much higher emission efficiency and
sensitivity, making them promising materials for electricity-to-
light conversion in ECL reactions.'? There are some reports on
the ECL of iridium(1m1) cyclometalated complexes in nonaqueous
solution, and it was found that the ECL efficiency of iridium(im)
cyclometalated complexes was much higher than that of the most
commonly used ruthenium(ir) complexes in organic solvent,?®3
but to our knowledge, no investigation has previously been
reported on the ECL behavior and application of iridium(ii)
complexes in aqueous solution because most iridium(ir) complexes
are only soluble in organic solvent.

In this paper, a new water-soluble iridium(in) complex
(Scheme 1) with appended sugar was synthesized and charac-
terized. The ECL behavior of the complex in aqueous buffer was
studied and the ECL signal was found to be much higher than
that of [Ru(bpy)s]** at the Pt electrode. Tri-n-propylamine (TPA)
and antibiotics were determined by the ECL of the iridium(i)
complex in aqueous buffer at the Pt electrode and the method
showed good sensitivity and reproducibility. These results
provided information for future ECL studies and an efficient
ECL system for analytical applications.

cr [Ir(pq)y(bpy-sugan)]*

Scheme 1 Chemical structure of the new water-soluble iridium(ii)
complex.
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Experimental
Materials

Anhydrous iridium(in) chloride was purchased from Alfa Aesar
Chemical Co. 1-Thio-beta-D-glucose tetraacetate was purchased
from J&K Chemical Co. 2-Phenylquinoline (pq) and TPA were
purchased from Aldrich Chemical Co. Ampicillin and erythrocin
(98%) were purchased from Aladdin Chemical Co. Other
chemicals were of analytical grade and used as received. The bpy-
sugar ligand was prepared according to the literature proce-
dures.™ The stock solutions were stored in a refrigerator and
diluted to a series of concentrations with double-distilled
water (DDW) before use. The pH of the phosphate buffer
solution (PBS) was adjusted with concentrated NaOH or phos-
phoric acid.

Synthesis of [Ir(pq)(bpy-sugar)]Cl

A mixture of 2-ethoxyethanol and water (3 : 1, v/v) was added to
a flask containing IrCl; (1.0 eq) and pq (2.5 eq). The mixture was
heated to reflux for 24 h. After cooling, the solid precipitate was
filtered to give the crude cyclometalated iridium(i) chloro-
bridged dimer. The solution of cyclometalated iridium(im)
chloro-bridged dimer (1.0 eq) and bpy-sugar (2.0 eq) in CH,Cl,—
MeOH (30 mL, 1 : 1 (v/v)) was heated to reflux for 12 h under N».
The solution was then evaporated to dryness under reduced
pressure, after which the residue was repeatedly dissolved in
about 5 mL ethanol and the white precipitation was filtered off to
give the orange-yellow solid (yield 61%). The identities of the
complex were confirmed by satisfactory '"H NMR spectroscopy,
elemental analysis and ESI mass spectrometry. '"H NMR (400
MHz, DMSO): 6y 8.56 (m, 4H, quinoline), 8.41 (d, 1H, J =9.0
Hz, quinoline), 8.35 (s, 1H, quinoline), 8.28 (t, 2H, J = 6.4 Hz,
bipyridyl), 7.99 (t, 2H, J = 5.8 Hz, bipyridyl), 7.94 (q, 2H,
benzene), 7.70 (d, 1H, J = 5.7 Hz, quinoline), 7.57 (d, 1H, J= 5.6
Hz, quinoline), 7.43 (m, 2H, quinoline), 7.16 (m, 6H, benzene),
6.82 (t, 2H, J = 6.4 Hz, quinoline), 6.43 (t, 2H, J = 8.2 Hz,
bipyridyl), 5.29-4.93 (b, 7H, OH), 4.67 (s, 1H, OH), 3.98, 3.95 (d,
J =13.4 Hz, 2H, alkyl), 3.83 (m, 2H, alkyl), 3.76 (d, 1H, J =9.1
Hz, alkyl), 3.67 (m, 2H, alkyl), 3.58 (d, 1H, J = 9.1 Hz, alkyl),
3.45-3.40 (2H, overlap with solvent peak, alkyl), 3.02 (m, 8H,
alkyl). ESI-MS: m/z (%): 1173.3 (100) [(M—CI)*]. Anal. Calcd (%)
for Cs4HsyCIIrN4O10S,:2.5H,0: C 51.73, H 447, N 4.58.
Found: C 51.73, H 4.70, N 4.29.

Methods

Cyclic voltammetry (CV) was performed with a Model CHI 660
electrochemical analyzer (Shanghai Chenhua Apparatus
Company, China), using a three-electrode cell consisting of a 2
mm-diameter Pt, Au or GC working electrode (Shanghai
Chenhua Apparatus Company, China), a Ag/AgCl reference
electrode and a Pt wire counter electrode. ECL signals were
recorded by a Model MCDR-A multifunctional chemistry
analytical processing system (Xi’an Remex Electronic and
Technological Co., Xi’an, China). All electrochemical and ECL
experiments were referenced with respect to a Ag/AgCl electrode
(0.20 V vs. NHE). A voltage of —600 V was supplied to the
photomultiplier tube (PMT). The ECL spectrum was collected

on a Sanco 970 CRT spectrofluorometer by applying a static
potential of 1.2 V. Before each experiment, the Pt working
electrode was subjected to repeated scanning in the potential
range of —0.65 to 1.2 V (vs. SCE) (for a Au electrode, the
potential range is from —0.5 to +1.4 V (vs. SCE)) in a phosphate
buffer (0.1 M), until reproducible voltammograms were
obtained, and was then rinsed with DDW. The glassy carbon
electrode was treated prior to use by polishing with 0.3 pum R-
alumina (Linde), followed by rinsing with DDW and sonication
for about 1 min, and was then finally rinsed under a stream of
DDW. The ferrocenium—ferrocene couple (FeCp,™) was used as
the internal reference for the electrochemical studies of the new
complex.’® Emission lifetime measurements were performed
using a conventional nanosecond pulsed laser system. The exci-
tation source used was the 355 nm output (third harmonic, 8 ns)
from a Spectra-Physics Quanta-Ray Q-switched GCR-150-10
pulsed Nd-YAG laser (10 Hz). Luminescence decay signals were
detected by a Hamamatsu R928 photomultiplier tube and
recorded on a Tektronix Model TDS-620A (500 MHz, 2 GS s™1)
digital oscilloscope.

Results and discussion
Absorption and photoluminescence

The newly synthesized [Ir(pq).(bpy-sugar)]Cl has a good solu-
bility in water. The electronic absorption spectra of the complex
in water were mainly dominated by very intense high-energy
absorption bands at ca. 266 and 319 nm, and a comparatively less
intense low-energy band at ca. 336 and 432 nm, which tailed off
to ca. 510 nm (Fig. 1). With reference to previous spectroscopic
studies on related cyclometalated iridium(i) diimine systems,'®
these absorption bands with extinction coefficients in the order of
10* dm?*-mol~' cm™' were ascribed to spin-allowed @ — m*
intraligand ('IL) transitions of the cyclometalating ligands or
substituted bpy ligand. The less intense low-energy absorption
bands were likely to originate from the dm(Ir) — w*(ligand)
spin-allowed metal-to-ligand charge-transfer ('"MLCT) transi-
tion. Similar assignments for the related cyclometalated iridiu-
m(1) diimine systems are also reported in the literature.'® The
weak absorption tails at ca. 510 nm were tentatively assigned as
a spin-forbidden *MLCT dm(Ir) — m*(ligand) transition, char-
acteristic of the cyclometalated iridium(in) diimine systems.'®
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Fig. 1 UV-vis absorption spectrum of [Ir(bq),(bpy-sugar)]Cl in water.
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Fig. 2 Emission spectrum of [Ir(pq),(bpy-sugar)]Cl in aqueous solution
(solid line), ECL spectrum obtained by applying a static potential of 1.2 V
(dashed line) and ECL signals obtained by CV scan (0-1.4 V, scan rate:

0.1 V s7') using filters (circle symbols) of 10 uM complex and 20 mM TPA
in 0.15 M PBS (pH 7.5).

There were no obvious changes in the electronic absorption
spectra of the new complex in water stored in the dark for 24 h,
which showed that the stability of the new iridium(iir) complex in
aqueous solution was good.

[Ir(pq)2(bpy-sugar)]Cl was found to emit strongly at room
temperature upon excitation with both UV and visible light in
aqueous solution with emission maxima at ca. 557 nm (Fig. 2).
With reference to previous spectroscopic studies on other related
cyclometalated iridium(im)-pq systems,’ the excited state of this
complex was likely to possess *IL (t — 7*)(pq~) character and
perhaps some *MLCT (drm(Ir) — m*(pq~)) character as well.
[Ir(pq).(bpy-sugar)]Cl exhibited a long emission lifetime (t = 1.0
us) in deaerated fluid aqueous solution at 298 K, indicating that
its emissive state should involve predominant *IL (7 — 7*)(pq")
character. Similar features have been observed in related iridiu-
m(1)-pq systems.'” The luminescence quantum efficiency of the
complex in deaerated and aerated aqueous solution was about
three times higher than [Ru(bpy);]Cl, (@ryawy = 1.0), which
would make it more sensitive in analytical and biochemical
applications.

Electrochemistry of [Ir(pq).(bpy-sugar)]*

Due to the low solubility of [Ir(pq),(bpy-sugar)]Cl in acetonitrile,
a metathesis reaction afforded the iridium(i) complex as the
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E/V

Fig.3 Cyclic voltammogram of [Ir(pq),(bpy-sugar)]” in acetonitrile (0.1
M "BuNClQy). Scan rate: 0.1 V s7.

PF¢ salt. The study of the electrochemical properties of the new
iridium(tr) diimine complex was then conducted at a GC elec-
trode in acetonitrile solution (0.1 M "BuyNPFy) by cyclic vol-
tammetry. The complex showed rich electrochemical behaviour
with redox couples in the cyclic voltammogram (Fig. 3). The new
iridium(rr) complex showed an oxidation couple at ca. +1.21 V
which was assigned as the oxidation of iridium(III), similar to
other related iridium(iir) complexes.'® The oxidation couple was
a little lower than the Ru®*/** redox couple of [Ru(bpy)s]** (E, =
1.26 V vs. Ag/AgCl).* The redox chemistry showed that the peak
current ratio (ip,/ipc) and peak separation (AE,) were 1.95 and 88
mV at a scan rate of 0.1 V s7!, this indicated a quasi-reversible
one-electron-transfer system. The complex exhibited three quasi-
reversible reduction couples at around —1.57 V, —1.82 V and
—2.07 V, as shown in Fig. 3. It was likely that these waves were
associated with the reduction of the diimine and cyclometalating
ligands with reference to previous studies.'® Under the experi-
mental conditions, the reversible couple FeCp, ™ gave a ip,/ij, of
I and AE, of 65 mV irrespective of the scan rate.

Electrochemiluminescence of [Ir(pq).(bpy-sugar)]*/TPA

Like the [Ru(bpy)s]**/TPA system,?® the [Ir(pq).(bpy-sugar)]*/
TPA system in phosphate buffer also generated ECL signals at
a Pt electrode as shown in Fig. 4. The ECL signal was found to
occur at about 1.0 V and increase with increasing potential,
finally forming a peak at about +1.2 V where the iridium(iir)
complex was oxidized, and then the signal decreased. The ECL
signal generated from the present system was mainly produced
by the reaction of the oxidized complex, [I'V(pq).(bpy-sugar)]**,
with the TPA radical. This indicated that the mechanism of the
ECL waves followed the classic oxidative reduction coreactant
mechanism, where oxidation of TPA generates a strongly
reducing species TPA'.** The emission excited state was
produced from the reaction of directly oxidized iridium(ii)
complex at the electrode surface with the TPA" radical. The
obtained ECL spectrum of the [Ir(pq)»(bpy-sugar)]"/TPA system
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Fig.4 Cyclic voltammograms (B) and corresponding ECL signals (A) of
[Ir(pq)2(bpy-sugar)]* (a) and [Ru(bpy)s]** (b) at a Pt electrode in 0.15 M
PBS (pH 7.5) containing 10 uM complex and 20 mM TPA. Scan rate: 0.1
V s~'. Inset: ECL peak intensity of [Ir(pq)»(bpy-sugar)]* as a function of
pH.
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at the Pt electrode by applying static potential was characterized
by a broad emission band as shown in Fig. 2. The ECL signals
were also recorded by CV scans with filters (Fig. 2). The ECL
wavelength maximum for both the two methods was about 571
nm. Compared to the luminescence, the ECL spectrum was
shown to be slightly broader in shape with a small red shift of 14
nm for An.x. This was probably due to an inner filter effect as
a result of the high concentration of complex needed to obtain
measurable ECL in addition to the difference in resolution
between the two instruments where the spectra were collected.*

The effect of pH on the ECL intensity was investigated using
a Pt working electrode as shown in the inset of Fig. 4. The
concentration of the iridium(m) complex was 10 pM, and the
concentration of TPA was 20 mM. The effect of pH on the ECL
intensity was studied from pH 6.0 to 9.5. As the pH of buffer
solution was increased, the ECL intensity of the iridium(im)
complex was found to increase first and reach a maximum value
at about pH 7.5, then decrease gradually. The ECL intensity of
the iridium(ir) complex at pH 7.5 was found to be almost three
times higher than that at pH 6.0 as shown in Fig. 4. The profile
was similar to a previous report for the [Ru(bpy)s;]**/TPA
system.?? The solution pH must be sufficiently high to promote
the deprotonation of TPAH and TPA™ and lower than 9 to
prevent the effect of hydroxide ions. Hence, pH 7.5 was
employed as the optimal pH value for both the new iridium(ir)
complex and [Ru(bpy)s]**.

Fig. 5 shows the dependence of ECL intensities on the
concentrations of TPA from 0.001 mM to 20 mM. The ECL
intensity of the iridium(1r) complex was found to increase with
increasing the TPA concentration. At the same conditions, the
ECL intensity of the iridium(ir) complex was much larger than
that of [Ru(bpy);]** within the studied concentration range of
TPA. When the TPA concentration was 20 mM, the ECL
intensity of the iridium(i1) complex was about 5 times higher
than that of [Ru(bpy);]** as shown in Fig. 4. This was probably
due to the more hydrophilic properties of the new iridium(iir)
complex with the appended sugar group. Because the hydrophilic
head is adsorbed on the Pt electrode surface,?® an enhancement
of oxidation current of the complex and ECL intensity will occur
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Fig.5 The dependence of ECL intensities on the concentrations of TPA
at a Pt electrode. Solution: 0.15 M PBS (pH 7.5) containing 10 uM
complex and different concentrations of TPA. Scan rate: 0.1 V s7'. a,
[Ir(pq)2(bpy-sugar)]*; b, [Ru(bpy)s]**. Inset: loglgcr as a function of
log[TPA].

(Fig. 4). The log-log plot for the iridium(ir) complex and
[Ru(bpy)s]** at the studied concentration range of TPA were
logl = 5.883 + 0.703logC (R = 0.997) and log/ = 4.963 +
0.622logC (R = 0.998), respectively. The results show that the
slope and intercept of the iridium(i) complex are larger than
that of [Ru(bpy)s]**, which demonstrates that the ECL of the new
iridium(mr) complex is more sensitive to TPA than [Ru(bpy)s]**.

Meanwhile, the effect of complex concentration on the ECL
intensity was studied in the presence of 20 mM TPA at the Pt
working electrode. The ECL intensity of both the iridium(i)
complex and [Ru(bpy);]** was found to increase with increasing
complex concentration. The iridium(mr) complex showed
a stronger ECL signal than [Ru(bpy)s]** at the studied concen-
trations of complex from 1 uM to 50 uM, and the ECL intensity
of the iridium(i) complex was found to be about 5 times
stronger than that of [Ru(bpy);]** as the concentration of
complexes was 10 pM. The results demonstrate that the new
iridium(1r) complex showed a much stronger ECL signal than
the classical [Ru(bpy);]**/TPA system at the Pt working elec-
trode, which would make it more sensitive in analytical appli-
cations.

ECL behavior of the [Ir(pq).(bpy-sugar)]/TPA system in
aqueous buffer at the GC electrode was also investigated, and the
ECL intensity was found to be about two times higher than that
of [Ru(bpy);**/TPA. The ECL intensity of the [Ir(pq).(bpy-
sugar)|*/TPA system in aqueous buffer at a Au electrode showed
no obvious advantages over the [Ru(bpy);]**/TPA system. The
above results suggest a higher effectivity of Pt compared to a Au
electrode. This is mainly because Pt is usually a better catalyst for
the oxidation of organic species such as TPA in acidic or neutral
media. The adsorption of the hydrophilic head of the complex on
the electrode surface would not only facilitate the oxidation of
the complex, but also inhibit the growth of the oxide layer,
meaning that the catalytic effect of a Pt electrode was significant
for the oxidation of TPA.?***

Determination of TPA

Since Leland and Powell have suggested tripropylamine (TPA)
as a co-reactant,??® extensive research has been focused on the

3.5+
3.4+
3.3
3.2

3.1+

Log/ ., fa.u.

3.0+
2.9
2.8

T T T

T M T T T T T
90 -85 80 75 -7.0 -65 -6.0
Log[TPA] / M

Fig. 6 Calibration plot for the detection of TPA with a [Ir(pq).(bpy-
sugar)]" ECL probe at a Pt electrode. Solution: 50 mM PBS (pH 7.5)
containing 0.1 mM [Ir(pq),(bpy-sugar)]* and different concentrations of
TPA. Scan rate: 0.1 Vs,
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Table 1 Linear range and LOD for TPA and antibiotics

Linear Correlation LOD RSD of peak
Analytes range coefficient  (S/N = 3) height (n = 5)
TPA I nM-1 M 0.991 0.1 nM 4.3%
Erythromycin 1 nM-0.5 uM  0.994 0.2 nM 2.4%
Ampicillin 3nM-1pM  0.990 1 nM 3.3%

sensitive determination of TPA.?® Fig. 6 illustrates a typical log-
log calibration plot for the detection of TPA based on the ECL of
[Ir(pq)2(bpy-sugar)]* in phosphate buffer at a Pt electrode. The
linear concentration range was found to extend from 1 nM to 1
UM (R = 0.991) and the limit of determination (LOD) was found
to be 0.1 nM with a signal-to-noise ratio of 3. The RSD of ECL
peak height (n = 5) was 4.3%, which showed that the repro-
ducibility of ECL signal based on a [Ir(pq).(bpy-sugar)]* probe
in phosphate buffer at a Pt electrode for the detection of TPA
was good. The results demonstrate that the determination of
TPA using ECL of the new iridium(iir) complex is much more
sensitive than [Ru(bpy)s;]*" in aqueous buffer at a Pt electrode
previously reported to have a LOD of 20 nM.*#

Determination of antibiotics

Erythromycin is an important macrolide antibiotic used in clin-
ical applications for the treatment of bacterial infections. It has
been paid extensive attention to achieve a sensitive determination
and [Ru(bpy);]** has been used as an ECL probe in most of the
studies.?® In our study, the limit of detection for erythromycin
was found to be 0.2 nM with a signal-to-noise ratio of 3 based on
the ECL of [Ir(pq).(bpy-sugar)]* (0.05 mM) in 50 mM phosphate
buffer (pH 7.5) at a Pt electrode. The calibration curve was linear
over the range from 1 nM to 0.5 uM and the RSD of peak height
was found to be 2.4% (n = 5). It was more sensitive than the
previously reported ECL determination of erythromycin based
on [Ru(bpy)s]**.?” In addition, the method has also been devel-
oped for the determination of ampicillin. The detection limit
(S/N = 3) was found to be 3 nM with a linear range from 3 nM to
1 mM and the RSD of peak height was 3.3% (n = 5). All data are
shown in Table 1. The results show that the determination of
TPA and some antibiotics based on the new iridium(1r) complex
in phosphate buffer is sensitive, and its ECL signal shows good
reproducibility at the Pt electrode.

Conclusions

In this paper, a new water-soluble iridium(i) complex was
synthesized and characterized. ECL behavior of the new iridiu-
m(11) complex in phosphate buffer was first investigated and it
was found that the ECL intensity of the new iridium(ir) complex
at the Pt electrode was much stronger than that of [Ru(bpy)s]**.
The sensitivity for TPA was much higher than that previously
reported using [Ru(bpy)s]** in phosphate buffer. This new water-
soluble iridium(ir) complex was also successfully tested for the
detection of two common antibiotics. The results show that the
new iridium(1r) complex provides a strong ECL signal with good
reproducibility in aqueous buffer, which might open up its
analytical application as an ECL probe.
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