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Abstract

Ir(1ll) Complexi based Phosphorescence and
Electrogenerated Chemiluminescence Dual

probe for the Detection of Mercurylon

Hayoung Rhee

Major in Organic Chemistry
Department of Chemistry
Graduate School

Seoul National University

Mercury, one of the mogtrevalent toxic metal elements, poses sewigks for
human health ancenvironment. Thus, various molecular probes have been
developed for the colorimetric and fluorometric detection of mercury. Nevertheless,
it is still urgent to develop eost effectiverapid, selective and sensitive probe for

the detection ofmercury(ll)ion.



In this study, we designed sevdrélll) complexbased phosphoresceraral
electrochemiluminescencedual mode chemodosimeters which possess
phenylpyridine (ppypr phenylisoquinoline (piggas main ligansland acetylacetone

asancillary ligand in commonfor theselective detection ahercury(ll)ion.

Acetylacetonate ancillary ligand gbrobe 1 reaced with mercury(ll) ion
selectively, inducing phosphorescenceamement with concomitabtue shiftof
the emission spectra. Meanwhilegercury(ll) ion selectively quechel the
phosphorescence ofrobe 2. In addition, we proposed a twstep sensing
mechanism througtine comparisonf NMR spectra of the prokén the dsenceand
presenceof mercury(ll) ion. Mass analysis and crystallographic determination
further supported that acetylacetonate readily reactsmattcury(ll)ion, followed

by the dissociation of mercutsicetylacetone frorr(lll) complex.

These probes further showed selectiextrogenerated chemiluminescence
(ECL) responses, quenching upon the additiormefcury(ll) ion. ECL based
chemosensors have been widely studied for their several advantages, such as the
possibility of beinga poweful candidate fompoint-of—care (POC) detection, high
sensitivity and simple analytical procedoreovet probe9 showedthe bestECL
propertywi t h a good | inear c¢ oofmecurg(l)yionavith bet ween

a low limit of detection (LOD)@as 1D pM.

Keywords: Cyclometalatedi(Ill) Complex, Acetylacetone, Chemodosimeter,
Phosphorescence, Electrogenerated Chemiluminescence (HZLl3, mode,

Mercury(ll) ion
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A. Background

A.1. The Fundamentals of Fluorescenc&ensors

CO—C+0 =
Signalling Binding
subunit subunit

Signal: Fluorescence quenching or
enhancement and/or color changes

Figure 1. Anionchemosensors based on the bindingsitgmaling subunit approach.

Many chemical sensors follow the approach of the covalent attachment of signaling
and bindingsubunis' (Fig. 1). The bindingubunitof a chemosensor issite that

can accommodate chemical species by noncovalent interactions. The noncovalent
interactions in the binding site usually utilize electrostatic attractions, hydrogen
bonding andcoordinationto metalions. The role of the signalinsubunitis to
translde chemical information taking place at the molecular level intoteservable
signal. For examplerhodamine, pyrene, bodipy, fluorescein are wetknown

fluorophores that are commordynployedas signaling units.
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Figure 2. Schematic diagram ohemodosneter. An anion reacts with chemodosimeter and remains

covalently attached or catalyzes a chemical reaction.

Chemodosimetri@pproachon the other handnvolves the use of specific
chemicaltransforméions inducedy the presence of target molecu(€fy. 2). This
covalent bonding approach generallyirreversible,presening some advantages
such as highly selective reactivisynd possibility to reflect ecumulative response

related directly to the concentration of the analytes

Fluorogenic Principles of Sensing

Fluorescence detection has been usednsivelyas a versatile tool in analytical
chemistry, ibchemistry, cell biology, ettThere areseveralfluorogenic principles

of sensinganalytes Generally, an electron in the ground stabsorbs light, which
induces theexcitationto the lowest unoccupied molecular orbital (LUMO) and then
goes to the highest occupied molecular orbital (HOMO), releasing the excess of
energy as lightThis process coul@ither be dsturbed or accelerated bgeveral

mechanisms.

First, photoinduced electron transfereR is one of the mostommonly
appliedmechanismmto modulate fluorescence propgr(Fig. 3). After an electron

absorbs light and excites to a higher energy lahel,electroncan migrateto an



orbital of anothempart of a molecule or another electeanoccupytheorbital which
was originaly a ground state tdblock the emission of lightin other words,
fluorescencejuenching occurs because the transittom the excited to the ground

statetakes placdollowing a nonradiative path

ettt === m—mmm—————————o o —————
LUMO d—PeT

| LUMO

= hv
LUMO
HOMO HOMO

Excited  PeT—quenching |

Fluorophore moiety :

Excited  PeT—quenching |

Fluorophore moiety :

Excited PeT-quenching |
Fluorophore moiety

Figure 3. Schematic molecular orbital diagram of the fluorescence off/on switch including the PeT

process.

SecondForster Resonance Energy TransteRET) is a nonradiative process
in which an excited dye don (usually a fluorophorejransfersenergy to a dye
acceptor in the ground state through leragge dipoledipole interactions(Fig. 4).
To design FRE¥bhased ratiometric fluorescent probes, some design criteria
involving energy donors, acceptors, andkdéirs should be considsd. (1) The
absorption spectrum of the donor should be separated from that of the acceptor in

order toensure independent excitation at the absorption wavelengths of the donor



and acceptor, respectively. (2) The emission spectrurthefdonor should be
resolved from that of the acceptor for high accuracy in rfeasurement of
fluorescence intensity ratio&) The donor fluorophore and the acceptor dye should
have comparable brighgss, which may impart two weleparated emission bas

with comparable intensities before and after the interaction with an analyte. (4)
Appropriate linkersare nededto avoid static fluorescence quenching due to close
contact of donor and acceptor dyes in aqueous environment. (5) A near perfect

energy trasfer efficiency should be achieved in the energy transfer platform.

Moreover, intramolecular charge transfer (IC&)cited state intramolecular
proton transfer (ESIPTYormation of excimer, etare also commonly exploited

sensing mechanisms for the wgsof ratiometric fluorescent probes.

FRET

A&7 =D

donor RW.

JAbsorption Emission Absorption  Emission
(Donor) (Donor)  (Acceptor) (Acceptor)

Normalied absorption

Normalied intensity

J(2)

460 480 500 520 540 560 580 600 620
Wavelength, nm

Figure 4. Schematic of thd-6rster Resonance Energy TransfERET) process.This figure was

adapted from reference 11 with permissiGopyright 2013 American Chemical Society.



A.2. Principles of Electrochemiluminescace (ECL)

Electrochemiluminescence, also called electrogenerated chemiluminesc&le
involves the generation of radical species at electrode surfaces, which undergo
electron transfer reactions to form erd states that generate lighthe first
detailed ECL stuiéswere reportedhy Hercules and Bard et &f,in the mid-1960s,

and now it has become a vgrgwerful analytical techniqute.

ECL has attracted much attention because it provides several advantages over
conventional analyticatools. ECL requires no extra light source, offering the
possibility of miniaturizing the detection device and allowpoint—of—care (POC)
detection as a resufurthermoreelectrochemistry enables highly sensitive method

and no background signals withw limit of detection'

General Reaction Mechanisms

Conventional reaction mechanism of ECL
electron transfer reaction between an oxidized and a reduced species, both of which
be generated at an electrode by alternatsirmmu of the electrode potential. The
general annihilation mechanism is stated below:

I Ao E2QAAQAMOEITAAOOT AA
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Thisprocess can occur onlyhen the ECL emittett () produces stable radical cation

(' B andradicalanion { ¥ sufficiently.

In addition, it is possible to generate ECL in a single potential step using a
coreactant. A coreactant is a compound that can produce a reactive intermedia
such as a strong reducing or oxidizing ag®rten appropriate potential is applied
For example, oxalate ior#(/ ) was the first coreactant discoveredy Bar d’ s
group?! Through this typical coreactant ECL systetime strong reductar#/ ¥
prodwedby the oxidation o / , oxidizesthe luminophoreand thisprocesss
of ten r ef er rHeddcto” procéssAnotherarpartaneexample of an
“0Xx i éreduatom’e c or e a cHHmapylamimesd Ot # i( # (# (. ).

The key reaction stefier general ECL luminophores with 0 hreoutlined below:
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The oxidationo# Ot an occur via a - Eraactanlthyt i ¢ r ou
4 0 bs well as by direct reaction 4f0 ht the electrod&. Upontheoxidation,4 0 !
initially produces a shodived 4 0 !% which rapidly deprotonates to generate a
strongly reducing radical spies4 0 %13 Thenthis4 0 Areactswith - ¥to form an

excited-state species, °.



A.3. Mercury (Il) lon Sensors

Heavy metal ions are of great concern, not only among chemists, biologists and
environmentalistdyut alsancreasingly among the general population who are aware

of many disadvantages associated with them. Especially, mercury is one of the most
toxic ions known thatloes not havany vital or beneficial effects and therefore is

consistently reeiving consideable attentiort?

Traditional quantitativeanalysis ofmercury(ll)ion employ sveral methods,
including mass pectrometry, gas chromatograpbpd plasmaatomic emission
spectrometry. However, these techniques often require expespivgmentand
involve sophisticated anme-consumingprocedures. Alternatively, fluorescence
technology habeen studied widely owing to its simplicity, sensitivity and simple
manipulation. Thus, during the last couple of decades, considerable efforts have been
made to develp smalkmolecule fluorescent sensorthat can selectively detect

mercury(ll)ion. > 6

Some of the notable strategies $etective detection of mercit}) ion are as
follows and depicted in Figh. Soto et al. developed chromogenic macrocycle
reagentwhich converts its color from red to yellow in the ggace of mercury(ll)
ion (Fig.5a).!” In 2000, Savage ell. studieda series of macrocyclic ligasdvith
appended chromophores and fluorophores for selective metal ion chemo@€igsors
5b). While the majority of theprobes are based on the coordination of multiple
nitrogen oxygenand sulfuratomsto metal ion,in 2008, Koide et & described a

new methodology basl on the reactivity of merculy) ion with alkynes.They



showed that the fluoresaee intensity of fluorescein witmalkyne functional group
was enhancelly oxymercuratioriollowed byB—elimination reaction (Fighc). Kim
et al?reported a coumarilerived alkyne based luminescent probe operating in the

presence of substoichiometeamounts of mercury(ll) iogFig. 5d).
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Figure 5. Examples of various sensing strategies for the detection of mercury(ll) ion.

As shown inFig. 6%}, a molecular beacon was reportddr re-usable
electrochemical sensor for mercury(ll) ioRecognition of mercury(ll) iorby T
(thymine—Hg?*~T complex formationinduced a conformational changd the

molecular beacomto a hairpin structureThis foldingbrought danglinderrocene



into a close proximity with an electrode surfacapsng an electron transfer and

generating current.

(A) N\‘N' HO O>__§ ‘
0—P=0 / N@N \ 0=P—0
—@"‘ﬁo ) NVeam I
1 i
(B) - - - c

Au

e
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@ T-Hg?-T 3‘-HS-(CHZ):-ATTCTTTCTCCCCTGTTTGTT-ferrocene-5’
@ Cysteine HS ™ VWEC

Figure 6. (A) Formation of THg?*~T base pair. (B) Schematic description of the electrochemical

sensor for HY ion detectionThis figure was adapted from reference 39 with permis€opyright

2009 The Royabociety of Chemistry.



A.4. Excited State Photophysics of Cyclometalated Ir(lIl)

Complexes

(T
Ca, |
s D
C’I\N
L N
Ir dm (e,)
Ligand m* r
Ligand' «*
R EEE
ol ol O ul u
2 2 A Al 3 =
3| = A
Ir dm (ty,)
Ligand'©
Ligand'

Figure 7. The construction of excited stateis molecular orbital interactions: MC, metakntered
ligand-field state; LC, ligandcentered state; MLCT, metab-ligand chargetransfer state; LICT,

ligand-to ligandchargetransfer state; L and Henote different ligands of a heteroleptic Ir(lll) comgple

The photophysical processes of typichketeroleptic Ir(lll) complexes are
schematically depicted irFig. 7. The phosphorescence emissiaf iridium
complexesarise from thepopulation of thdigand-centered KC) and metaHo—
ligand chargetransfer MLCT, Ir - ligand)transition statedn addition to these

transitions, strong sphorbit coupling (SO exerted by thé&idium core facilitats

10



transitions of singlet MLCT and LC toiplet states yielding four electronic states:

the singlet and triplet MLCTHALCT and*MLCT) or LC (*LC and3LC) transition
statesThis phenomenon occurs because the singlet transitieustdergoes highly
efficient intersystem crossirtg the triplet transition stat®!LCT and LCelectronic

states are strongly coupled because they share a common LUMO located on the

cyclometalag¢dligand?? %

11



B. CyclometalatedIr(lll) Complexi basedChemodosimeters

for Mercury(ll) lon

B.1. PhotoluminescencebasedProbes

B.1.1. Introduction

Mercury isone of the mogprevalent toxic metal elements, whigbses severe risks

for human health and the environment. Mercury easily passes through biological
membranes such as skin, respiratory, and gastrointestinal tissues, leading to digestive,
cardiac, kidneys, and lung damages and especially permanent dartiagedntral

nerve system. The gradual accumulation of mercury in human body also induces

HunterRussell syndrome, Zlh ei mer ' s and #Mi namata di seas:é¢

According to numerous researchdgpfescent small moleculEasedsensors
offer an attractive approadb trace neurotoxic mercufy) ion. In 1970s, several
papers about acetylacetone derivatives ofcomg(ll) ion were reported>? In
addition, ®sme mercurll) ion probes based onr(lll) complexes, that were
predicted to have some kind of reaction nwmercury(ll)ion and acetylacetone
hawe been published, successivély?® However, no exact mechanism or any

crystallographic determination wedéescoveed to date.

Herein,we report acetylacetonato Ir(lll) complexes for the selective detection
of mercury(ll) ion via phosphorescence and electrogenerated chemiluminescence
dual techniques antheir mercury(ll) ion sensing mechanism throutith NMR,

mass spectrand crystal data

12



B.1.2. Results and Discussion

Spectroscopic property

The photophysical properties of the prolkesd2 were investigated using UWis
absorption and photoluminescence spectroscopies including titration studies with
mercury(ll)ion. As shown in Fig8, the phosphorescence intensitylgfLO niM in
acetonitrie/water = 9/1| «x = 400) increased gradually with concomitdlue shift

from 600 nm to 52hm. The enhancement reached plateau, #feenddition of3
equivalens of mercury(ll) ion. It is worth noting that the spectroscopic change
occurred almost instantaneously. We also found that the phosphorescence changed
in astepwise manner. The ratio of the intensity at 521 niimatoatt00 nm (k24/1s00)
showed only a smalthange wkn 3-9 niM of the mercury(l) ion was added,
followed bya stiff-enhancing region of-80 nM of mercury(ll) ion A good linear
relationship between the phosphorescence intensity ratio andettwairy(ll) ion
concentration was observed in the stffihancing region (80 niM), which hal a
higher coefficient of determination fRvalue tharthat of2. The estimated limit of

detection (LOD) was as low as 73 nM.

13



Meanwhile, the phosphorescence intensit ¢£0 M in acetonitrile/water
= 9/1,1 &x = 400) decreased at 525 nm until 4 equintdeof mercury(ll) ion was
added (Fig9). 2 as well showed a small change whe® &M of mercury(ll) ion
was added andevealeda gradualdecrementafter the addition of 40 M of
mercury(ll) ion.A 35-fold decrenent proposetlOD of 160nM. Again, the spectral

changes were found to be instantaneous after the additioarotiry(ll)ion.

(a) (b)

200

—_—1 2.54
—Hg03eq
Hg0.6eq

150 - Hg09eq 2.0

Hgl2eq
Hz 15eq

Intensity (a.u.)

R*= 0399
y=0.0980 x-0.556
10 15 20 2% 30 35

T T T T 1 T T T T T T
500 550 600 650 700 0 20 40 60 80 100

Wavelength (nm) Concentration (M)
Figure 8. (a) Titration curves of (10 nM) in the presence of various amounts ofHgn (0-30 iV,
instant) inCHsCN/water (9/1). (b) Phosphorescence intensity changégXdnM) upon the addition
of Hg?* ion (0-100 nM). Inset: Plot of d21/ls00 vs [Hg?*] (9-30 niM) showing the linear relationship.

LOD =73 nM.
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Figure 9. (a) Titration curves o2 (10 mM) in the presence of various amounts of4tpn (0-40 iV,
instant) inCHsCN/water (9/1). (b) Phosphorescence intensity chang241d niM) upon the addition
of Hg?*ion (0-40 mM). Inset: Plot of 425 vs [Hg?*] (12-40 nM) showing the linear relationshihOD

=160nM.

B 521nm

Intensity (a.u.)

[Hel/[1]+[Hg]

Figure 10.J o b’ s 1phddi§* iof & 521 nm and 600 nm in GEN/water (9/1).

[1] + [Hg?] =5.0 x 16° mol L™. | ex= 400 nm.

On the basis of the Job’'s plot experi me

and mercury(ll) ion wasconfirmed (Fig. 10). It exhibited maximum
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phosphorescence intensity near mole fraction of 0.33, which implies 2:1 binding

stoichiometry of the probe to mercury(idn.

(a) (b)

300 | NI Competing ion I Competing ion
I Competing ion + He'™

[ competing ion + Hg ™

100 -

PL intensity (a.u.)
-
&
S

[
noneAg Al Ca Cd Co Cu Fe K MgMn Na Ni Pb Zn noneAg Al Ca Cd Co Cu Fe K MgMn Na Ni Pb Zn

Analyte Analyte

Figure 11. Phosphorescence responses ofl (@0 niM) and (b)2 (10 mM) to 50nM of various netal
ions (black) and additional 58M of Hg?* ion (red).

Selectivity Test

Competition assay was performedftirther evaluate the interference of other metal
ions (Fig. 1). The phosphorescenigensitiesof 1 and2 in the presence of various
metal ions (50vM), such as Ag AlI**, C&*, Cd*, Co?*, CW, Fe*, K, Mg?*, Mn?*,

Na", Ni?*, PB¥*, and Zi*, were nearly the same, indicating that these
chemodosimeters display high selectivity toward mercury(ll) ion. Therthe
presence of competing ions, BM of mercury(ll)ion was treated additionalgnd

it brought the enhancement and decrement of the phosphoresifehcand 2,
respectively, implying that the other cations cannot interfere the reaction bétween

2 and mercury(ll) ion. In addition, the reason of the phosphorescence change

16



seemed hardly related to the metal coordination since zinc ion, known as a good

Lewis aciddid not react with the probes.

Mass analysis

Thenwe carried out ESIMS and MALDKTOF analysis to confirm the product
formed after the addition omercury(ll) ion. Before addingmercury(ll) ion,
molecular ion peakof 1 and2 appeared at 684.218 and 600.116 (m/z), respectively.
After the addition of even amall amount ofnercury(ll) ion (0.5 equivalent) the
molecular ion peakcompletely disappeared. In the case2pfthe major peak
appeared at 501.093 (myzyhich corresponds to (ppy*. In addition, the nmior
peakwas shown at 542.120m/z), representig (ppy}lr*(CHsCN). Massspectral
data ofl was similar to that o2. The major peak appeared at 585.114 (m/z) which
corresponds to (Acppy}*™ (Ac = acetyl)and the additional minor peak at 626.141
(m/z), which represents (Acppyl) *(CHsCN).

Control experiments
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>
=+ =
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Inspired by MS results, we synthesized two additi@oahpounds(Acppy)lr(pic)

(3) and (ppyilr(pic) (4) (pic = picolinic acid)to confirm whethemcetylacetonate

17



ligand is associatedwith the reaction with mercufll) ion. As expeded,
phosphorescence of these two picolinatbl)rcomplexes did not show any spectral
changes even after the addition of 10 equivalentsastury(ll)ion (Fig. 12). These
results clearly showed that acetylacetonerd@sponsible forthe reaction with

mercury(ll)ion.

Furthermore, we synthesized (Acpg§()CHsCN)2 (5) from the dimer form of
Acppy (see Experimental SectjorAs shown in Fig.13, the phosphorescence
spectrum was found to be almost identical to thdt téated withmercury(ll)ion,
indicating that the reaction dfwith mercury(ll) ion results in the decomposition to

(Acppy)klr(CHsCN)2, and this decomposition process is a key of the sensing

mechanism.

(a) (b)

@
=]

—
——Hg5eq
——Hgl0eq

Intensity (a.u.)
Intensity (a.u.)
e & %

N
=]
.

-
=]
L

T T T T T T T T
500 550 600 650 700 750 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

Figure 12. Phosphorescence intensity changes o8 (40 nM) and (b)4 (10 mM) uponthe addition of
Hg?* ion (0-100miv).
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Figure 13. Normalizedphosphorescendatensity of1 upon the addition of 56M of Hg?* ion and5.

Crystallography

No crysté structure determination of(lll) complex reacted witimercury(ll) ion
has been published to date. As shown in Hgthe structure of (ppyy* complex
was unambiguously vealed on the basis of a singteystal X-ray diffraction
analysis® It is definite that acetylacetone of théll) complex was detached right
after the addition ofmercury(ll) ion, forming cationic Ir(lll) complex and

acetylacetonanercury complex as a result.

19



Figure 14. Singlecrystal X—ray structure of after the addition of 0.5 equilentof Hg?* ion (thermal

ellipsoids are drawn at 50% probability level). Color code: C, grey; N, blue; H, white; Ir, dark blue.

NMR study

In order to gain deeper understanding abdhe sensing mechanism, NMR
spectroscoig experiments in CECN were performedAs shavn in Fig. 5, Ha
proton (5.3 ppm)of 1 clearly disappeared, whereas ptotons(1.76 ppm shifted
downfield. In addition, the NMR spectrum dfin the presence of mercury(ll) ion
wasvery similar to that 05, which was also shown in the contexperimentgFig.

13). 2 showed a similar pattern change of the NMR spectrum after the addition of
mercury(ll) ion (Fig. ). We confirmed thathe shifted i protons appeared at the

same position as the mixture of acetylacetone and mercury(ll) ion.

20
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Figure 15. Comparison of NMR spectra af 1 + 5 equivalents of Hg ion and5.

o: acetonitrile (solventip: water,a: Ha, ¢: Hp, - : acetytH, x: CHsCN (Ir coordinated)

;ULUJJI.* |

s | LW ..WL

acac + Hg (l1) J' -

11 10 9 8 7 6 5 4 3 2 1 0

Figure 16. Comparison of NMR spectra @f 2 + 5 equivalents of Hg ion and acetylacetone + 5

equivalents of HY ion. o: acetonitrile (solvent)y: water,a: Ha, ¢: Ho
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The Job’ ' landmerauty(ll)fioo (FiglO) reveakdthat a mercury(ll)
ion tends to coordinate with two acetylacetonate ligaBdsides a single crystal
structure of mercury(ll) coordinating with two molecules of 2,2@&Bamethy
3,5-heptanedione has been repode#32® Therefore, we propose a twaiep
sensing mechanism. In the first step, acetylacetonate readily regctsescury(ll)
ion, i nevitably f or mi ngdiketene stractues dwhiahl carbo
has weaker coor di ndiketone gpidlybissociatesyranfllif he n, t he

complex to generate cationiglll) complex as shown in Scherhe

Weakened Ir-O bond

I‘/
I
N ~

\\('_u}

2

(U: Hg . 0=\ Hg
=/ H T T o=
o=(, ¥ o=({ Hg

Schemel. The expectedensingnechanism of acetylacetonat@ll) complexedor Hg?* ion.

B.1.3. Conclusion

We developed new phosphorescence chemodosimeters basg@t)ocomplex for
the selective detection @hercury(ll) ion. The phosphorescenagensities were
enhanedor suppressed by the associatiomrcury(ll)ion for the probe 1 and2,

respectivelyIn addition, we uncovered the sensing mechanism that acetylacetonate
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rapidly reacts with mercury(ll) ion, inevitally inducing the dissociation of

acetylacetonatenercurystructurefrom the originallr(lll) complex.

B.1.4. Experimental Section

Materials and methods

All the chemicals wear purchased fronsigma-Aldrich Corp., Tokyo Chemical
IndustryandAcros Organics and were used without further purification. Analytical
thin layer chromatography was performed using Merck silica gel 60 F254 on
aluminium foil. SiliaFlasf P60 (236400 mesh) from SILICYCLE was used for
stationary phase in chromatographic sepanatAll the *H and*3C NMR spectra
were obtained using Bruker Advance DRX0 or Agilent 406MR DD2 Magnetic
Resonance System. Che mhpgpai(in COG,CD:CNor ( &)
DMSO-ds). Absorption spectra were recorded BackmanDU 800 Seriesand
fluorescence emission spectra were measured in JASG&E56@ spectrometer. The
solutions of theprobes 1, 2 and9 for all the photophysical experiments were prepared

in 2 mM stock solution in DMSO and stored in a refrigeratofddheruse.
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Synthesis of compounds

Scheme2. a) Pd(PP}s, K2COs, THF, HO, reflux; b) IrCkxH 20, 2-ethoxyethanol, kD, reflux; c)
acetylacetone, N€Gs, 2—ethoxyethanol, 50 °C; d) picolinic acid, b&0z, 2—ethoxyethanol, 50 °C; e)
AgBF4, acetonitrile, reflux. (THF = tetrahydrofuran)

Synthesis of6

4—Acetylphenyl boronic acid (892 mg, 5.44 mmoBbRomopyridine (660 mg, 4.18
mmol), tetrakis(triphenyl phosphine)palladium (144 mg, 0.125 mmol) a@DK
(1733 mg, 12.5 mmol) were dissolved TiHF (15 mL) and KO (15 mL). The
mixture was refluxed at 80 °C for 5 h and was cooled down to room temperature.

The residue was extracted with &Hb and the organic layer was dried over
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anhydrous NgQ,, filtered and evaporated under reduced pressusdfood the

crude product. Then it was purified by silica gel column chromatography with
hexane and ethyl acetate. The product was obtained as a white solid with an isolated
yield of 72 % (580 mg)*H NMR (300 MHz, CDC, §): 9.23 (dd, J = 0.8, 2.3 Hz,
1H),9.29 (dd, J = 2.3, 8.3 Hz, 1H), 8:@006 (m, 2H), 7.85 (dd, J = 0.8, 8.3 Hz, 1H),
7.54-7.47 (m, 3H), 2.67 (s, 3H).

Synthesis of 7

Compound6 (310.4 mg, 1.58 mmol) and iridium chloride hydrate (189 mg, 0.63
mmol) were dissolved in2thoxyethanol (9 mLand HO (3 mL). The mixture was
refluxed for 24 h and cooled to room temperature. Then water (50 mL) was added
and the resulting reddish orange precipitate was filtered to give a crude

cyclometalatedi(lll) chlorobridged dimer with an isolated yield of%(152.5 mg).

Synthesis of #

Compound? (96.5 mg, 0.08 mmol), acetylacetone (39.4 mg, 0.39 mmol) and
NaCQ; (41.3 mg, 0.39 mmol) were dissolved irethoxyethanol (1 mL) in a round
bottom flask. The mixture was heated and stirred at 50 °C for 1 hréldeation
mixture was then cooled down to room temperature, and extracted twice witth, CH
The combined organic layer was dried over anhydrouS®aand filtered. Volatiles

were removed under reduced pressure. The residue was purified by silica gel colum
chromatography with dichloromethane and methanol. The product was obtained
after ether was added and the red orange solid was filtered with an isolated yield of

80 % (87.5 mg)*H NMR (300 MHz, DMSGds, 3): 8.50 (d, J = 5.5 Hz, 2H), 8.31
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(d, J = 8.0 Hz, 2H), 8.06 (t, J = 7.7 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 7.53 (t, J = 6.5
Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 6.61 (s, 2H), 5.29 (s, 1H), 2.26 (s, 6H), 1.74 (s,
6H); 3C NMR (75 MHz, DMSGds, 8): 198.37, 184.77, 166.53, 150.64, 148.64,
147.13, 138.91, 136.18, 131.57, 124.37, 124.28, 121.98, 120.83, 100.91, 28.65,
26.86;HRMS (FAB) m/z: [M}' calc. for GiH271rN-O4 684.1600, found 684.1602.

Synthesis 0f3%*

Compound’ (264.1 mg, 0.16 mmol), picolinic acid (60 mg, 0.49 mmol) angCda

(52 mg, 0.49 mmol) were dissolved ire2hoxyethanol (3 mL) in a rourdottom

flask. The mixture was heated and stirred at reflux for 24 h. The reaction mixture
was then cooled down to room temperature, and extracted wiBIl£Hhe organic

layer was ded over anhydrous NaQ: and filtered. The residue was purified by
silica gel column chromatography with dichloromethane and methanol. The product
was obtained after ether was added and the orange solid was filtered with an isolated
yield of 83 % (188.5 m)g*H NMR (300 MHz, DMSGds, 8): 8.60 (d, J = 5.5 Hz,

1H), 8.39 (t, J = 7.0 Hz, 2H), 8.48.10 (m, 2H), 8.05 (d, J = 8.4 Hz, 2H), 8-0193

(m, 2H), 7.7%7.60(m, 3H), 7.53 (t, J = 6.1 Hz, 2H), 7.46 (dd, J = 8.1, 1.4 Hz, 1H),
7.37 (t, J = 6.5 Hz, 1H), 6.78, 1H), 6.59 (d, J = 1.3 Hz, 1H), 2.32 (s, 3H), 2.26 (s,
3H); 3C NMR (75 MHz, DMSQds, 3): 198.35, 198.32, 172.17, 166.76, 165.98,
151.32, 149.98, 149.60, 149.54, 149.33, 148.77, 148.47, 146.99, 139.44, 139.10,
139.10, 137.14, 136.67, 131.16, 130.709.69, 128.17, 125.17, 124.85, 124.82,
124.54, 122.59, 122.56, 121.27, 121.23, 26.96, 26i1B8/S (FAB) m/z: [M]" calc.

for CazaH24IrN304 707.1396, found 707.1398.

26



Synthesis of 5

A solution of dichlorobridged Ir dimei7 (65 mg, 0.04 mmol) and silver
tetrafluoroborate (19 mg, 0.1 mmol) in acetonitrile was refluxed for 12 h under
nitrogen atmosphere. The AgCl formed as ajgduct was removed through

Celite® filtration. The resulting solution was evaporated then chromapbgd over

silica gel with acetonitrile as an eluent to gizeyellow orange: Yield = 80 % (42

mg) *H NMR (400 MHz, CRCN, &) : 9.18 (m, 1H), 8.16 (n
Hz, 1H), 7.60 (m, 1H), 7.47 (dd, J = 8.1, 1.7 Hz, 1H), 6.57 (d, J = 1.5 Hz, 13), 2
(d,J=3.4Hz, 6H}C NMR (75MHz,CCN, &) : 197.86, 165.57,
142.95, 139.43,136.99, 129.81, 124.85, 124.16, 123.39, 121.02, 119.87, 25.79, 0.77,
HRMS (FAB) m/z: [M— BFs— 2CHsCN]* calc. for GeHaolrN2O, 585.1154, found

585.1155.

Synthesis of 8

Compound8 was synthesized analogously #pusing phenylpyridine (271.6 mg,
1.75 mmol) instead d and iridium chloride hydrate (200 mg, 0.7 mmol). Yield =
67 % (250 mq)

Synthesis of %

Compound2 was synthesized analogously kpusing compoun@ (150 mg, 0.14
mmol) instead o7 and acetylacetone (42 mg, 0.4 mmol). Yellow solid: Yield = 82 %
(138 mg)'H NMR (300 MHz, DMSGds, 3): 8.48 (d, J = 5.2 Hz, 2H), 8.13 (d, J =
8.0 Hz, 2H), 7.93 (dd, J = 11.1, 4.3 Hz, 2H), 7.68 (d, J +Z,®H), 7.39 (t, J = 6.5

Hz, 2H), 6.77 (t, J = 7.1 Hz, 2H), 6.60 (t, J = 7.3 Hz, 2H), 6.07 (d, J = 7.4 Hz, 2H),
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5.26 (s, 1H), 1.72 (s, 6HC NMR (75 MHz, DMSGds, 8): 184.43, 168.02, 148.23,
147.86, 145.54, 138.36, 133.07, 128.80, 124.43, 122.9278,2019.33, 100.78,
28.70;HRMS (FAB) m/z: [M]* calc. for GsH.4lrN,O, 600.1389, found 600.1390.

Synthesis of 4

Compound4 was synthesized analogously 3pusing compoun@ (30 mg, 0.03
mmol) instead of7 and picolinic acid (10 mg, 0.08 mmol). Yal solid: Yield =

80 % (29 mg)H NMR (300 MHz, DMSGds, d): 8.53 (d, J = 5.4 Hz, 1H), 8.20 (t,

J = 8.0 Hz, 2H), 8.18.04 (m, 2H), 7.967.86 (m, 2H), 7.81 (t, J = 8.2 Hz, 2H), 7.66
(d, J = 4.8 Hz, 1H), 7.58 (dd, J = 13.4, 5.8 Hz, 2H), 7.37 (t, J = 6.3 Hz712 (t,
J=6.3Hz, 1H), 6.94.82 (m, 2H), 6.78 (t, J = 7.4 Hz, 1H), 6.71 (t, J = 7.3 Hz, 1H),
6.26 (d, J = 7.4 Hz, 1H), 6.07 (d, J = 7.3 Hz, B}, NMR (75 MHz, DMSGds, ):
172.17, 168.27, 167.36, 151.55, 150.40, 148.75, 148.52, 148.10, 147.78%, 145
144.53, 139.15, 138.58, 138.58, 132.45, 132.25, 130.12, 129.44, 129.44, 128.03,
125.29, 124.69, 123.76, 123.43, 121.63, 121.38, 119.82, 1HIRMS (FAB) m/z:
[M]* calc. for GgH20rN3O, 623.1185, found 623.1186.

B.1.5. Supporting Information

Single Crystal Xi ray Diffraction Studies

Single crystals of &H22IrN4 [(ppy)2Ir(CHsCN),] were grown by slow vaporization
method. A suitable crystal was selected onto a nylon loop with Pafatboit and
mounted on Agilent SuperNova, Dual, Cu at home/n&iaisS2 diffractometer. The

crystal was kept at 293.0(4) K during
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Ay . A tot al number of 10459 O6kefll4dctOid®ri g W
with 1° steps (w scan) SheldT$oftware tisingidiréctur e wa s
methods and refined using least squares minimization refinement package of OLEX2.

CCDC 1576742 contains the supplementary crystallographic data of this paper.

These data can be obtained free of charge from the Cambridge Crystailogratah

Centre viavww.ccdc.cam.ac.uk/data request/cif

Table 1. Crystallographic Data and Structure Refinemafdarmation for (ppyilr(CHsCN)2.

Identification code (ppy)lIr(CHsCN)2
Empiricalformula CaeH22IrN4
Formula weight 582.67
Temperature/K 293.0(4)

Crystal system monoclinic
Space group P2J/c

alA 14.9543(4)

b/A 20.0441(5)

c/A 9.0693(2)

al”’ 90

B/ ° 103.535(3)
y/° 90

Volume/A2 2642.98(12)

z 4

peadg/cn? 1.464

pu/ mm 9.905

F(000) 1132

Crystal size/mrh 0.1 x 0.05 x 0.05
Radiation CuKa (A = 1.54184)
20 range for data collection/® 6.078 to 147.946
Index ranges -18hgs B0 kx 241Ix< 7
Reflections collected 10459
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Independent reflections
Data/restraints/parameters
Goodnessof-fit on P
FinalRindexes[k2 o (| ) ]

Final R indexes [all data]

5203 [Rnt = 0.0220,Rsigma= 0.0253]
5203/0/258

1.07

R1=0.0346, wR = 0.0949
R1=0.0385, wR=0.0977
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B.2. Electrogenerated ChemiluminescencBrobes

B.2.1. Results andDiscussion

ECL property

We further designed and synthesized adn(lll) complex possessing -1
phenylisoquinoline (pig) growpas main ligand (9), which is well known for
exhibiting better ECL property thdr(lll) complexes possessingihenylpyridine
(ppy) grougs as main ligangl This phenomenon is due to the difference of LUMO
energy levels ofr(lll) complexes, which should be lower than the LUMO of TPA
radical for efficient electron transfer. Isoquinoline, which is a stronger electron
withdrawing grop than pyridine stabilizes the LUMO level, resulting in better

electron transfer followed ke formation otheexcited staté®

As predided among threér(lll) complexesZ, 2, 9), the prob& showed the
highest ECL intensity and turoff ratio (Fig. 17). Therefore, firther ECL

experiments were mainly conducted wéth
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Figure 17. Comparison oECL intensitesof 1, 2 and9 before and after the addition of Mdon (80

nmM) in CHsCN/water (9/1)
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Figure 18. (a) ECL intensity of 10vM of 9 upon the addition of Hg in CHsCN/water (9/1v/v, 30
mM TPA, and 0.1 M TBAP as a supporting electrolyte). The potential was swept at a Pt disk electrode
(diameter: 2 mm) over the rangeld4 V vs Ag/AgCl (scan rate: 0.1 V/gh) ECL intensity of 16V

of 9 upon the addition of Hg showing the linearity.

ECL measurements were performad acetonitrile/water = 9/Isolution

mixture of 10nM of 9 and 30 mMof TPA as a coreactantith 0.1 M TBAP as a
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supporting electrolyte. As shown in Fitf, the ECL intensity decreased gradually
until the concentration ahercury(ll)ion reached 46M. A good linear relationship
was observed over the range e#10 nM and the estimated limit of detection was

170 pM (signatto—noise (S/N) ratio=3, n=3).

1 and2 as well showed the decrement of the ECL intensity untii@0of
mercury(ll) ion was added (Fig. 19). In this case, a double amount of mercury(ll)
ion were needed for saturation compare@.tmterestingly, the ECL intensity df
decreased exponentialiyon the addition of mercury(ll) ion. The estimated limit of

detection was 1.9 nM and 0.78 nM fbrand 2, respectively, which appear to be

much smaller than the LOD determined by photoluminescence.

(a) (b)

10 R’ =0.990
y =1.08 exp(-0.0373 x) + 0.0100

R'= 0990
02{ y=1-0.018x

§ 1w 2 3 a8 50
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o
w

Rel. ECL intensity (a.u.)
o
n

e
o
L

T T T T T T T T T T 0.0 T T T T T T T T
0 10 20 30 40 50 60 70 80 S0 100 o 10 20 30 40 50 60 70 80
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Figure 19.(a) ECL intensity of 10mM of 1 upon addition of H¢f ion (0-100 M) in CHsCN/water
(9/1 viv,100 mM TPA, and 0.1 M TBAP as the supporting electrolyfée potential was swept at a
Pt disk electrode (diameter: 2 mm) over the range®V vs Ag/AgCl (scan rate: 0.1 V/s). LOD = 1.9
nM. (b) ECL intensity of 10nM of 2 upon the addition of Hg ion (0-80 nM) in CHsCN/water (9/1
v/v, 30 mM TPA, and 0.1 M TBAP as the supporting electrolyiée potential was swept at a Pt disk
electrode (diameter: 2 mm) over the rang&.8 V vs Ag/AgCl (san rate: 0.1 V/s). Insellot of ECL

intensity vs [Hg'] (0-50 mM) showing the linear relationship. LOD = 0.78 nM.
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Selectivity Test

A selective binding assaf 9 was carried out as shown in F&f. The ECL intensity
certainly decreased only ihg presence ahercury(ll)ion. Othervarious metal ions
(50nM), such as Ag AI**, C&*, Cd*, Ca*, Cu*, Fe*, K*, Mg?*, Mn?*, Na', Ni*,

P, and Zi*, resulted in small changestime ECL intensitesof 9.

1.04

0.5

Rel. ECL intensity (a.u.)

0.04
noneHg Ag Al Ca Cd Co Cu Fe K MgMnNa Ni Pb Zn

Analyte

Figure 20. ECL responses & (10nmM) int he pr e s e n ¢ e? ianfand¥dioug rvetalidns H g
in CHsCN/water (9/1).

Cyclic Voltammetry

The probesl, 2 and9 showed ECL quenching in the presencenefrcury(ll) ion.
This phenomenon might be inevitable as thH&lEprocess can occur only when
proper oxidation is allowed. However, the results of cyclic voltammgy)
showed that after the additionragrcury(ll)ion, no significant oxidation peaks were

observed compared to the CVs befadgingmercury(ll) ion (Fig. 21). Therefore,
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we can conclude that the proper oxidation does not occur after the addition of

mercury(ll)ion, whichmanifests as auppressionf the ECL intensity.
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Figure 21. Cyclic voltammogram of (&}, (b) 1+ Hg?* (1 equivalent), (c2, (d)2 + Hg?* (1 equivalat),
(©)9, (f) 9+ HF* (1 equivalent) irCHsCN.
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B.2.2. Conclusion

We developed a series oflll) complexes possessing acetylacetonate ancillary

ligands. After the addition ofmercury(ll)ion, the ECL intensites of theprobes 1, 2

and9 weresuppresseithstantaneouslyEspeciallyt he observed ECL turn
of 9 was remarkable compared@nd2 owing to theproperLUMO energy level

of phenylisoquinoline
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B.2.3. Experimental Section

Electrochemical and electrochemiluminescenmeasurements

Electrochemicastudy was performed with a CH Instruments 650B Electrochemical
Analyzer (CH Instruments, Inc., TX, USA). ECL spectra were gained using a
chargecoupled device (CCD) camera (LN/CCD 1#BB/VSAR, Princeton

I nstrument s, NJ, USA) wWHC wsihg ligusl N.nThel nt ai ned
ECL intensity profile was obtained using a lexsltage photomultiplier tube (PMT)
module (H6780, Hamamatsu photonics K. K., Tokyo, Japan) operated at 1.4 V. A
250 nmL—sized ECL cell was directly mounted on the CCD or PMT moduth wi
home-made mounting support during the experiments. All the ECL data were
collected via simultaneous cyclic voltammetry. The ECL solutions commonly
contained triG—propyl)amine (TPA, Sigmaldrich, MO, USA) as a coreactant and

0.1 M tetrabutylammonium pehlorate TBAP, TCI) as a supporting electrolyte in
acetonitrile CHsCN, spectroscopy grade, ACROS). Especially, TPA was selected
as it has been widely studied and known on its electrochemical properties. The ECL
measurements were carried out under antboemditions. The electrochemical
measurements were referenced with respect to an Ag&fgrence electrode in
organic solvents, or to an Ag/AgCl in agueous media. Especially, the potential values
measured under organic conditions were calibrated aghi@staturated calomel
electrode (SCE) using ferrocene as an internal referef@e:(Ec) = 0.424 V vs
SCE). Pt working electrode was polished with 0.05 M alumina (Buehler, IL, USA)
on a felt pad followed by sonication in 1:1 mixed solution of deionizattmand
absolute ethanol for 5 min. Then it was dried by dfitae N gas for 1 min. All the
solutions were not reused. The reported ECL values were obtained by averaging the

values of at least three repetitive experiments with a good rdlabiyclic
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voltammetry (CV) wasapplied to individual solutions in order to investigate

electrochemical oxidative and reductive behaviors.

Synthess of compounds

2

Scheme3. a) Pd(PP¥)4, K2COs, THF, RO, reflux; b) IrChxH 20, 2-ethoxyethanol, kD, reflux; c)
acetylacetone, N&Os, 2-ethoxyethanol, 50 °C. (THF = tetrahydrofuran)

Synthesis of1L0

1—chloroisoquinoline (1000 mg, 6.1 mmol), boronic acid (964 mg, 7.9 mmoal),
tetrakis(triphenyl phosphine)palladiu®08 mg, 0.18 mmol) andK,COs; (2480mg,

18 mmol) were dissolved in THF3Q0 mL) and HO (30 mL). The mixture was
refluxed at 80 °C for 5 h and was cooled down to room temperature. The residue was
extracted with CbLCl, and the organic layer was dried over anhydrousSRa

filtered and evaporated under reduced pressure to afford the crude product. Then it
was purified by silica gel column chromatography with hexane and ethyl acetate.
The product was obtained as a white solid with an isolated yield of 93 % (1170 mg).
IH NMR (300 MHz,CDCl;, 8.4 (d, J = 5.7 Hz, 1H), 8.13 (d, J = 8.5 Hz, 1H),
7.90 (d, J = 8.2 Hz, 1HY..65-7.75 (m, 4H)7.50-7.59 (m, 4H).

Synthesis ofl1
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Compoundl10 (1170 mg, 5.7 mmol) and iridium chloride hydrate (682 mg, 2.28
mmol) were dissolveih 2—ethoxyethanol (18 mL) and:B (6 mL). The mixture

was refluxed for 24 h and cooled to room temperature. Then water was added and
the resulting reddish orange precipitate was filtered to give a crude cyclometalated

Ir(1ll) chlorobridged dimer with arsolated yield of 70 % (1035 mg).

Synthesis 0f9*

Compound11 (500 mg, 0.38 mm@] acetylacetoneld5 mg, 1.15 mmdland
NaCOs (196 mg, 1.85mmol) were dissolved in-2thoxyethanol§ mL) in a roune-

bottom flask. The mixture was heated and stirred at 50 °C for 1 h. The reaction
mixture was then cooled down to room temperature, and extracted twice witth, CH
The combined organic layer was dried over anhydrouS®aand filtered. Voldles

were removed under reduced pressure. The residue was purified by silica gel column
chromatography with dichloromethane and methanol. The product was obtained
after ether was added and the red orange solid was filtered with an isolated yield of
78 % (440mg).*H NMR (400 MHz, DMSGdds, 3): 8.95 (d, J = 8.0 Hz, 2H), 8.34

(d,J = 6.4 Hz, 2H), 8.19 (d, J&0 Hz, 2H), 8.148.09 (m, 2H), 7.82 (m, 6H), 6.84

(t, J = 7.1 Hz, 2H), 6.56 (t, J = 7.2 Hz, 2H), 6.12 (d, J = 7.1 Hz, 2H), 5.25 (s, 1H),
1.67 (s, 6H);®*C NMR could not be obtained because of poor solubittigMS

(FAB) m/z: [M]* calc. for GsH27IrN2O, 700.1702, found 700.1704.
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