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The crown ether-linked iridium(IIl) complex [Ir(ppy). (di-aza-phen)]* (1) {ppy = 2-phenylpyridine and di-aza-phen
= 4,7-di(1,4-dioxa-7,13-dithia-10-azacyclopenta-dec-10-yl)-1,10-phenanthroline (7)} has been prepared. Compound
1 exhibits a notable luminescence enhancement in the presence of Ag* in aqueous media. The analogous ruthenium-
(I1) complex [Ru(phen),(di-aza-phen))** (4) { phen = 1,10-phenanthroline}, although equally exhibiting a luminescence
enhancement in the presence of Ag*, is a far inferior sensor for Ag* than 1. The 10 times higher luminescence
enhancement (/ — l)/lp of 1 was attributed to a dominance of the emission involving the di-aza-phen ligand that is
responsible for binding to the metal ion. In contrast, the SMLCT emission of 4 does not involve the di-aza-phen
ligand but does involve the phen ligand, thus only allowing for a remote effect upon addition of Ag* ions. While 1
is a highly selective chemosensor for Ag* in the presence of many metal ions, there is a strong interference of
Hg?* that may restrict its practical use.

Introduction still required that show emission enhancement and ratiometric
shift in aqueous solution even in presence of other frequently
found metal ions.

Although ruthenium(ll) complexes have been widely
applied as probes for metal cations, inorganic anions, and
biological analyted,iridium(Ill) complexes, to the best of
our knowledge, have received little attention in chemosensor
applications, particularly for metal cation® This is as-
tounding in light of the enticing photophysical and photo-
chemical properties of iridium complexésHerein, we
present the design and synthesis of the crown ether appended
iridium(lll) complex 1, which behaves as a sensitive and
selective luminescent chemosensor forAghe idea for the
design was ignited by the fact that the LUMO bfhould

Selective and sensitive detection as well as quantification
of heavy and transition metal ions play a crucial role in
biological, chemical, clinical, and environmental applications.
Although considerable efforts have been devoted to the
elaboration of luminescence sensors for various metal ions
in the last two decadéghere are only a handful of reports
on Ag" ion sensing and even less on Agin aqueous
solution monitored by emission enhancenfecause of
the flourishing demand of silver compounds in miscellaneous
commercial sectors and their augmented industrial slddge,
severe contamination of the environment by*Ag rising.
Likewise, the interaction of Agions with essential nutrients
has further raised the awareness of its potential toxfcity.

Obviously, very reliable luminescence sensors for" Age (2) (a) Ishikawa, J.; Sakamoto, H.; Nakao, S.; WadaJHOrg. Chem
1999 64, 1913-1921. (b) Rurack, K.; Kollmannsberger, M.; Resch-
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740-3270. E-mail: schmittel@chemie.uni-siegen.de. Raker, J.; Glass, T. B. Org. Chem2001, 66, 6505-6512. (d) Tong,
(1) (a) Fluorescent Chemosensors for lon and Molecular Recognition H.; Wang, L.; Jing, X.; Wang, AMacromolecule2002 35, 7169~
Czarnik, A. W., Ed.; American Chemical Society: Washington, DC, 7171. (e) Kang, J.; Choi, M.; Kwon, J. Y.; Lee, E. Y.; Yoon,JJ.
1993. (b) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Org. Chem?2002 67, 4384-4386. (f) Yang, R.-H.; Chan, W.-H.; Lee,
Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, TCEem. A. W. M.; Xia, P.-F.; Zhang, H.-K.; Li, K. A.J. Am. Chem. Soc.
Rev. 1997 97, 1515-1566. (c) Amendola, V.; Fabbrizzi, L.; Licchelli, 2003 125 2884-2885. (g) Jia, L.; Zhang, Y.; Guo, X.; Qian, X.;
M.; Mangano, C.; Pallavicini, P.; Parodi, L.; Poggi, Boord. Chem. Tetrahedron Lett2004 45, 3969-3973. (h) Coskun, A.; Akkaya, E.
Rev. 1999 190-192 649-669. (d) Prodi, L.; Bolletta, F.; Montalti, U. J. Am. Chem. So@005 127, 10464-10465. (i) Singh, P.; Kumar,
M.; Zaccheroni, NCoord. Chem. Re 200Q 205 59-83. (e) Keefe, S. Tetrahedron2006 62, 6379-6387. (j) Shamsipur, M.; Alizadeh,
M. H.; Benkstein, K. D.; Hupp, J. TCoord. Chem. Re 200Q 205, K.; Hosseini, M.; Caltagirone, C.; Lippolis, \Bens. Actuator® 2006
201-228. (f) Rurack, K.; Resch-Genger, Ghem. Soc. Re 2002 113 892-899.
31, 116-127. (g) Callan, J. F.; de Silva, A. P.; Magri, D. C. (3) Metals and their Compounds in the #imonment Occurrence, Analysis
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mainly be localized on the azacrown ether-substituted 1,10-

phenanthroline ligand.” As a consequence, binding of metal
ions at the two azacrown ether receptor sites athould

strongly change the LUMO energy, leading to a substantial

alteration of the absorption and emission propertieks &or

a close investigation of the role of the aza-dioxa-dithia crown
ether in1, iridium complexes2 and 3 and the analogous
ruthenium complexd were prepared as well. The study of

Schmittel and Lin

they have been proven to be air stable, were carried out under a
nitrogen blanket!H NMR, 3C NMR, ESI-MS, and elemental
analyses were used to evaluate the purity of all compounds.
Synthesis of Complex 1A mixture of [(ppy)IrCl], (45.0 mg,
42.0umol) and ligand7 (62.0 mg, 91.6«mol) in CH,Cl, (10 mL)
was heated to reflux for 6 h, followed by the addition of excess of
NH4PFs; (100 mg). Stirring was continued for another 1 h. The
yellow reaction solution was washed with,® and dried with
anhydrous MgS@Q After removal of the solvent, the crude product

these complexes in the absence and in the presence of metg},4s purified by column chromatography (neutrai®d, 1% MeOH

ions provided an insightful view on the special performance
of 1 for metal ions sensing properties.

Experimental Section

General Information and Materials. H and'3C NMR spectra
were recorded in CECl, or CDCk on a Bruker Avance 400 (400
MHz). Chemical shifts are reported in parts per million (ppm).

in CH,Cl, as eluent) to yield a yellow powder as pure product (35.0
mg, 34%).

1H NMR (400 MHz, CD,Cl,): 6 8.01 (s, 2H), 7.94 (d) = 8.0
Hz, 2H), 7.84 (dJ = 6.0 Hz, 2H), 7.76-7.75 (m, 4H), 7.49 (dd,
J=6.0, 0.7 Hz, 2H), 7.06 (dtJ = 7.4, 1.2 Hz, 2H), 6.926.96
(m, 4H), 6.88 (ddd,) = 7.4, 6.0, 1.2 Hz, 2H), 6.39 (dd,= 7.4,
0.7 Hz, 2H), 3.84-3.88 (m, 8H), 3.7#3.79 (m, 8H), 3.67 (s, 8H),

Electrospray ionization (ESI) spectra were recorded on a LCQ Deca3,00-3.04 (m, 8H), 2.74-2.76 (m, 8H)13C NMR (100 MHz, CDQ-
ThermoQuest instrument. Microanalyses were performed on ancy): ¢ 168.5, 156.3, 151.9, 149.9, 149.2, 148.9, 144.4, 138.0,

Euro elemental analyzer from EuroVector.
All reagents and chemicals were received from commercial

132.2,130.8, 125.1, 124.8, 123.2, 122.6 (2C), 119.9, 112.7, 74.3,
71.1, 54.0, 32.6, 30.5. ESI-MS for {HslrNeO4S,]*: calcdm/z

sources and used without further purification. 2-Phenylpyridine was = 1179.3; foundm/z = 1179.4. Anal. Calcd for GHglrNgO4-

obtained from Aldrich; IrGJ:xH,O was obtained from ChemPur,
and bis(2-methoxyethyl)amine was obtained from Merck.

The synthesis of 4,7-dichloro-1,10-phenanthroli)? (L,4-dioxa-
7,13-dithia-10-azacyclopentadecan&), X [(ppy)IrCl]> (ppy =
2-phenylpyridine}? and the parent iridium compled’” was
accomplished according to known literature procedures. All ma-
nipulations related to Ir(lll) and ruthenium(ll) complexes, although

(4) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, S.;
Von Zelewsky, A.Coord. Chem. Re 1988 84, 85—-277. (b) Keefe,

M. H.; Benkstein, K. D.; Hupp, J. TCoord. Chem. Re 200Q 205
201-205. (c) Padilla-Tosta, M. E.; Lloris, J. M.; Manez-Mdiez,
R.; Pardo, T.; Soto, J.; Benito, A.; Marcos, M. Dhorg. Chem.
Commun200Q 3, 45-48. (d) McFarland, S. A.; Finney, N. Ehem.
Commun2003 388-389. (e) Richter, M. MChem. Re. 2004 104,
3003-3036. (f) Chow, C.-F.; Lam, M. H. W.; Wong, W.-¥Ynorg.
Chem 2004 43, 8387-8393. (g) Liu, Y.; Chouai, A.; Degtyareva,
N. N.; Lutterman, D. A.; Dunbar, K. R.; Turro, Q. Am. Chem. Soc.
2005 127, 10796-10797. (h) Coronado, E.; Galan-Mascaros, J. R.;
Marti-Gastaldo, C.; Palomares, E.; Durrant, J. R.; Vilar, R.t@ia
M.; Nazeeruddin, Md. KJ. Am. Chem. So2005 127, 1235}-12356.
(i) Nazeeruddin, M. K.; Di Censo, D.; Humphry-Baker, R.;"Gs,
M. Adv. Funct. Mater.2006 16, 189-194. (j) Haddour, N.; Chauvin,
J.; Gondran, C.; Cosnier, . Am. Chem. SoQ006 128 9693—
9698. (k) Schmittel, M.; Lin, H.-WAngew. ChemInt. Ed.2007, 46,
893-896.

(5) (a) Licini, M.; Williams, J. A. G.Chem. Commuri999 1943-1944.

(b) Lo, K. K.-W.; Chung, C.-K.; Lee, T. K.-M.; Lui, L.-H.; Tsang, K.
H.-K.; Zhu, N.Inorg. Chem 2003 42, 6886-6897. (c) Huynh, L.;
Wang, Z.; Yang, J.; Stoeva, V.; Lough, A.; Manners, I.; Winnik, M.
A. Chem. Mater2005 17, 4765-4773. (d) Lo, K. K-W; Chung C.-
K.; Zhu, N. Chem—Eur. J 2006 12, 1500-1512. (e) Ho, M.-L,;
Hwang, F.-M.; Chen, P.-N.; Hu, Y.-H.; Cheng, Y.-M.; Chen, K.-S;
Lee, G.-H.; Chi, Y.; Chou, P.-TOrg. Biomol. Chem2006§ 4, 98—
103.

(6) (a) Dixon, I. M.; Collin, J.-P.; Sauvage, J.-P.; Flamigni, L.; Encinas,
S.; Barigelletti, FChem. Soc. Re200Q 29, 385-391. (b) Tsuboyama,
A.; lwawaki, H.; Furugori, M.; Mukaide, T.; Kamatani, J.; Igawa, S.;
Moriyama, T.; Miura, S.; Takiguchi, T.; Okada, S.; Hoshino, M.; Ueno,
K. J. Am. Chem. So@003 125 12971-12979. (c) Tamayo, A. B.;
Garon, S.; Sajoto, T.; Djurovich, P. I.; Tsyba, I. M.; Bau, R.;
Thompson, M. Elnorg. Chem 2005 44, 8723-8732.

(7) The reduction of ppy ligand is at more cathodic potential. See Kim,
J. I; Shin, I.-S.; Kim, H.; Lee, J.-KJ. Am. Chem. SoQ005 127,
1614-1615.

(8) Schmittel, M.; Ammon, H.; Whrle, C.Chem. Ber1995 128 845-
850.

(9) Tanaka, M.; Nakamura, M.; Ikeda, T.; Ikeda, K.; Ando, H.; Shibutani,
Y.; Yajima, S.; Kimura, K.J. Org. Chem2001, 66, 7008-7012.

(10) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, Rl.JAm. Chem.
Soc 1984 106, 6647-6653.
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S,PFs: C, 48.97; H, 4.72; N, 6.34. Found: C, 48.81; H, 4.62; N,
5.95.

Synthesis of Complex 2Preparation of followed the same
procedure as that fdr except that ligan® was used instead at
Yield = 78%.

1H NMR (400 MHz, CD,Clp): 6 8.23 (s, 2H), 7.94 (d) = 8.0
Hz, 2H), 7.83 (dJ = 6.2 Hz, 2H), 7.76-7.76 (m, 4H), 7.50 (ddd,
J=5.9, 1.4, 0.6 Hz, 2H), 7.057.09 (m, 4H), 6.94 (tdJ = 7.4,
1.3 Hz, 2H), 6.87 (ddd) = 7.4, 5.9, 1.4 Hz, 2H), 6.41 (dd,=
7.4, 0.9 Hz, 2H), 3.763.85 (m, 8H), 3.67 (t3J = 5.6 Hz, 8H),
3.29 (s, 12H)3C NMR (100 MHz, CBCly): ¢ 168.5, 157.7, 152.1,
149.7,149.2,148.9, 144.4,137.9, 132.2, 130.7, 125.0, 124.7, 123.1,
122.7, 122.4, 119.8, 113.1, 70.0, 59.1, 52.6. ESI-MS fagHics-
IrNeO4] ™ calcdm/z = 943.4; foundmn/z = 943.3. Anal. Calcd for
CueHsoFsIrNeO4P: C, 50.78; H, 4.63; N, 7.72. Found: C, 50.85;
H, 4.38; N, 7.66

Synthesis of Complex 4Complex4 was prepared according to
the literature procedure described earlfeiccordingly, a mixture
of cis-(phen}RuCl (53.0 mg, 99.5:mol) and ligand7 (68.0 mg,
100 umol) was heated to reflux in ethanol for 24 h, followed by
anion exchange with NJPR;. The crude product was purified by
column chromatography (neutral &, 1% MeOH in CHCI, as
elutant) providing a pure red solid (98.0 mg) in 69% yield.

1H NMR (400 MHz, CDCly): 6 8.52 (dd,J = 8.3, 1.2 Hz, 2H),
8.47 (dd,J = 8.3, 1.2 Hz, 2H), 8.158.20 (m, 6H), 8.04 (s, 2H),
7.99 (dd,J = 5.3, 1.2 Hz, 2H), 7.75 (dd) = 8.3, 5.3 Hz, 2H),
7.64 (dd,J = 8.3, 5.3 Hz, 2H), 7.45 (d] = 6.4 Hz, 2H), 6.84 (d,
J=6.4 Hz, 2H), 3.8%3.85 (m, 8H), 3.753.78 (m, 8H), 3.65 (s,
8H), 2.97-3.02 (m, 8H), 2.72-2.75 (m, 8H).13C NMR (100 MHz,
CD.Cly): 6 155.5, 152.6, 150.4, 149.8, 148.5, 148.4, 136.5, 131.2
(2C), 128.5, 128.4, 126.4, 126.2, 124.5, 122.5, 112.8, 74.1, 71.0,
54.0, 32.4, 30.3. ESI-MS for [§gHe2NsO4RUS)]?™: calcdm/z =
570.1; foundm/z = 570.2. ESI-MS for [GeHe2NsO4RUS PR T:
calcd mv/z 1285.2; foundnvz 1285.3. Anal Calcd for
C56H62N804RUS‘P2F12‘1/2H20: C,46.73;H, 4.41; N, 7.78. Found:
C, 46.85; H, 4.53; N, 7.53.

Synthesis of Ligand 7.A mixture of 4,7-dichloro-1,10-phenan-
throline 6) (314 mg, 1.26 mmol) and 1,4-dioxa-7,13-dithia-10-

(11) Schmittel, M.; Lin, H.-W.; Thiel, E.; Meixner A. J.; Ammon, Balton
Trans.2006 4020-4028.



Iridium Phenanthroline Crown Ether Complex

Scheme 1. Synthesis ofl and the Molecular Structures @f-8
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azacyclopentadecan@) (700 mg, 2.78 mmol) was heated at 150  Results and Discussions

160 °C for 2 h. The crude product was dissolved in £t} (20

mL) and washed with 20% KOH solution. After it was dried with Synthesis and Characterization.The preparation ofl

anhydrous MgS@and the solvent was removed, column chroma- and the chemical structures 8 are shown in Scheme 1.

tography (silica gel, 5% MeOH in Ci€l,) was used to purify the A multistep pathway was needed to prepare the desired

crude product. A yellow oil (540 mg) was obtained as pure product jridium complex1. The important intermediate, 4,7-di(1,4-

in 67% yield. dioxa-7,13-dithia-10-azacyclopentadec-10-yl)-1,10-phenan-
H NMR (400 MHz, CDCY): 08.92 (d,J=52Hz, 2H), 7.99  w, ine 7). was synthesized by a direct reaction of 4,7-

g ;E; ;.gggdé];ri.zs:)z, 2222235882 ((;]’] ;HS)'ZZF%‘ 3?):3;3723 dichloro-1,10-phenanthrolin®) and 1,4-dioxa-7,13-dithia-

Hz, 8H). 3C NMR (100 MHz, CDC}): & 155.1, 149.9, 148.5, 1O-azacyclopentadecar@9(heated at156160°C for 2 h. _
123.6, 121.0, 112.5, 73.9, 70.9, 53.3, 32.0, 30.0. ESI-MS for Compound?7 reacted with the chloride bridged dimeric
[CaHagN404Ss + H]*: calcdmiz = 679.2; foundm/z = 679.2. iridium complex [(ppy)IrCl]2 (ppy = 2-phenylpyridine)
Synthesis of Ligand 8 The preparation of liganél was similar in CH,CI, held at reflux temperature for 6 h, followed by
to that of ligand7 except that bis(2-methoxyethyl)amine (670 mg, anion exchange with N}PF;, to yield the desired iridium
5.03 mmol) was used instead of 1,4-dioxa-7,13-dithia-10-azacy- complex1. The same procedure was used to preffazed
clopentadecane (575 mg, 65%). 3. Preparation of the analogous ruthenium complexas

IH NMR (400 MHz, CDC}): 6 8.94 (d,J = 5.2 Hz, 2H), 8.06 . X
(s, 2H). 7.19 (dJ = 5.2 Hz. 2H), 3.65 (tJ = 6.0 Hz, 8H). 3.55 accompllshed _a<1:cord|ng to the procedure that we had
described earliet:

(t, = 6.0 Hz, 8H), 3.29 (s, 12H):3C NMR (100 MHz, CDC)):

6 155.6, 149.7, 148.2, 123.9, 121.1, 113.3, 70.3, 58.9, 53.0. ESI-  Electronic Absorption Properties. UV —vis absorption

MS for [Co4H34N4O4 + H]*: calcdnvz = 443.3; foundwz = 443.3. data of complexed—4 are summarized in Table 1. The
Luminescence and UV-vis. Luminescence and Uvvis mea- absorption spectra (see Supporting Information, Figure S1)

surements were carried out with a solution containing complexes of jridium complexes1—3 in MeCN displayed intense

1—-4 (10 uM) in MeCN. The luminescence titration experiments ligand-centered LCs — x*) absorption bands of ppy at

were performed with 5.tM solution (MeCN/HO = 1:1) of 1 approximately 252255 nm forl—3 and of phen at 266 nm

and4. UV—vis spectra were measured on a Varian Cary 100 Bio 1
UV —vis spectrophotometer, and emission spectra were measureJor 3 (¢ on the order c,)f 1‘QM cm .)' In contrast to pa'lren.t.
on a Varian Cary Eclipse fluorescence spectrophotometer with complex3, the 4,7-diamino-substituted phenanthroline iri-

excitation and emission slit widths at 5 nm. All emission spectra dium complexed and2 exhibited more intense absorption
were corrected. Equivalents of metal ions (as perchlorate salts) arebands in the lower-energy region of 32850 nm € on the
always denoted according to the iridium or ruthenium complex. order of 1 M~ cm™) (see Table 1 and Figure S1). These
Electroanalytical Investigations.Cyclic voltammetry (CV) and intense absorption bands may be assigned to ligand-centered
differential pulsed voltammetry (DPV) df—4 were measured by | C (7 — 7*) transitions of7 or 8 since the free ligandg
uismtg adstanqlard thr_ee-electrofde setup (IPt l/vo(;kl)ng and Ptta(ljjxl[“aryandB also absorb in a similar region (e.gma{abs)= 335
electrode, silver wire as reference electrode) connected to a : : : :
PARSTAT 2273 Advanced electrochemical system. The experi- tnm for_?, seetSS_pportln% Ilrjioilmatlodn, ElguretSZ).?CC('\)ArI(_ilcr;lg_
ments were carried out on a 1.0 mM solutionlef4 in acetonitrile 0 preymus S u_ ies, metal-to-ligand charge transfer ( )
with 0.1 M tetran-butylammonium hexafluorophosphate as sup- and !Igand-to-llga.n.d Chafge tranSfer. (LLCT) should also
porting electrolyte. All potentials are referenced to ferrocene as contribute to the visible-region absorption baftidowever,
internal standard, witE»(Fct/Fc) = 0.39 V vs SCE (scan rate no distinct absorption bands above 400 nm were observed
100 mV s). for 1 and2, suggesting that the MLCT dr) — z* (7, 8 or

Inorganic Chemistry, Vol. 46, No. 22, 2007 9141



Table 1. Summary of Electrochemical and Spectroscopic (ti\é,
Photoluminescence) Data of Complexes4

redox data (¢o)?

E12™
(2)
1.02

= /zred

@)
—-2.62

= /zred

)
-2.10

E12™

@)
0.74

UV —vis
(nmp (log €)

255 (4.77),
352 (4.34),
375 (4.35)
252 (4.77),
348 (4.63),
374 (4.38)
253 (4.69),
266 (4.73),
372 (3.82),
4009 (3.54),
467 (2.79)
265 (5.00),
318 (4.21),
431 (4.40),
462 (sh) (4.33)

photoluminescence
(nm) (Aex)
527, 559 (375)

0.73 110 —-211 -2.6I 520, 553 (374)

0.86 ~1.80 —2.56 596 (372)

059 120 -1.8C¢ -1.9% 667 (431)

aElectroanalytical experiments were carried out in MeCN (0.1 mM
solution) with 0.1 M tetraa-butylammonium hexafluorophosphate as
electrolyte. Ferrocene was used as internal standard. All potentials are
reported with respect to the Fc/Fcouple.? UV —vis and photolumines-
cence spectra were recorded in/ MeCN solutions. The values in the
parentheses of the photoluminescence emission experiments are the excit
tion wavelengths¢ Irreversible waves.

ppy)) transition bands il and 2 are either too weak or
merged together with the LCr(— x*) transition bands.
Electrochemical Properties.The electrochemical proper-
ties of 1—4 were determined by cyclic voltammetry (CV)
and differential pulsed voltammetry (DPV), see Table 1. The
first reversible oxidation wavel;, at 0.74 \&. for 1, 0.73
Ve for 2, and 0.86 . for 3 were assigned to theS3fr*+
redox process, whereas the second irreversible oxidation
waves at 1.021.10 Vi in 1 and2 should correspond to the
oxidation of ligands7 and 8.1* Because of the electron-
donating character of the amino nitrogens in ligaddmnd
8, the I”4* oxidation potentials ofl. and2 are situated at
less anodic potential than that 8f The oxidation potential
of 4 at 0.59 . was attributed to the R&* transition,
equally shifted cathodically in comparison with its parent
complex!! Reversible reduction waves at—2.10 Vi, for
1 and2 and irreversible reduction waves at approximately
—1.80 Vi for 3 and4 may be assigned to the reduction of
the phenanthroline ligandsand8 in 1 and2 and to phen in
3 and4, respectively:! The second, more cathodically shifted
irreversible reduction waves at approximateh2.56 to
—2.62 V& in 1—3 are attributed to the reduction of the ppy
ligand, being consistent with earlier restlthe 7 — x*
energy gaps of ligandg and8 in 1 and2 were calculated
from the electrochemical data to be 3.12 eV foand 3.21
eV for 2, respectively. According to electronic absorption
data, the lower-energy absorption bands correspondtb4
(at Amax = ~350 nm) and 3.32 eV (atnax = ~374 nm) for
1 and 2, respectively. This is comparable with results
obtained from electrochemical data. Thus, we can tentatively
assign the intense absorption band4d @nd?2 at 320-450

(12) (a) Didier, P.; Ortmans, l.; Kirsch-De Mesmaeker, A.; Watts, R. J.
Inorg. Chem 1993 32, 5239-5245. (b) Calogero, G.; Giuffrida, G.;
Serroni, S.; Ricevuto, V.; Campagna Biorg. Chem 1995 34, 541—
545. (c) Di Marco, G.; Lanza, M.; Mamo, A.; Stefio, I.; Di Pietro, C.;
Romeo, G.; Campagna, 8nal. Chem1998 70, 5019-5023.
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nm mainly to ligand-centered7(or 8) LC (w — x%*)
transitions.

Luminescence PropertiesThe photoluminescence (PL)
study revealed the similarities betwegand2 but also the
differences with3 (see Supporting Information, Figure S1).
The emissions of and2 were found at higher-energy regions
than3 featuring two emission maximaf.x = 527 and 559
nm for 1 and Amax = 520 and 553 nm foR, respectively).
Because a careful characterizatioriand?2 confirmed their
purity and furthermore excitation spectra at the two emission
wavelengths were almost identical, we had to conclude that
the two emission maxima are not caused by the presence of
impurities (see Supporting Information, Figure S3). For
cationic iridium(lll) complexes containing diimine ligands,
emission commonly comes from a mixed excited-state
containing®L.C and®MLCT transitions®¢13Hence, emission
spectra featuring multiple emission maxima (or shoulders)
are often observed in iridium(lll) diimine complexes depend-
ing on the different contributions of the two componéhts3d.e
According to previous studies, PL spectra from ligand-
centeredLC(r — 7*) states often display vibronic progres-
sions and small dependence on solvent polarity and temper-
ature, while those from CT states are broad, featureless, and
sensitive to solvent polarity and temperattié?The present
study onl and2 showed that their emission was independent
of solvent polarity (see Supporting Information, Figure S4)
and temperature. When the temperature was lowered from
298 to 10 K, however, a better resolution of the vibronic
substructure and a slight blue-shift was noticed (see Sup-
porting Information, Figure S12). Thus, it can be concluded
that the emission of and?2 is caused by excited states with
dominant ligand-centered (on ligandsnd8) character ¥
LC). In agreement with this designation, recent experimental
and theoretical insight into cationic iridium complexes,
including [Ir(2-phenylpyridine)4,4-dimethylamino-2,2bi-
pyridine)](PF),* furthermore allows us to refine the assign-
ment by suggesting that the two maxima in the emission of
1 and 2 result from mixing MLCT and LC phen(—x*)
transitions, with the latter ones dominating. In contrast, the
solvent polarity dependence of the PL emissiorB8a$ in
accordance with its dominatinMLCT emission at room
temperature 413 (see Supporting Information, Figure S4).
Absorption and emission characteristics 4f were as
expected and resembled those of its parent complex and other
type of azacrown ether appended phenanthroline ruthenium
complexes?

Metal lon Binding Studies. The ability of complext to
bind metal ions was studied by electronic absorption and

(13) (a) Wilde, A. P.; King, K. A.; Watts, R. d. Phys. Chem1991, 95,
629-634. (b) Colombo, M. G.; Hauser, A.; Guedel, H. Worg.
Chem.1993 32, 3088-3092. (c) Colombo, M. G.; Hauser, A.; Guedel,
H. U. Top. Curr. Chem1994 117, 143-171. (d) Yang, C.-H.; Li,
S.-W,; Chi, Y.; Cheng, Y.-M.; Yeh, Y.-S.; Chou, P.-T.; Lee, G.-H;
Wang, C.-H.; Shu, C.-Anorg. Chem2005 44, 7770-7780. (e) Zhao,
Q.; Liu, S.; Shi, M.; Wang, C.; Yu, M,; Li, L.; Li, F.; Yi, T.; Huang,
C. Inorg. Chem 2006 45, 6152-6160.

(14) Lepeltier, M.; Lee, T. K. M.; Lo, K. K. W.; Toupet, L.; Bozec, H. L.;
Guerchais, VEur. J. Inorg. Chem2005 110-117.

(15) De Angelis, F.; Fantacci, S.; Evans, N.; Klein, C.; Zakeeruddin, S.
M.; Moser, J.-E.; Kalyanasundaram, K.; Bolink, H. J.;"@&, M.;
Nazeeruddin, M. Klnorg. Chem, 2007, 46, 5989-6001.
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Figure 1. Effects on the emission df (5.0 uM in MeCN/H,O = 1:1)
upon addition of different metal ions (100 equiv). The excitation wavelength
was set to 375 nm.

PL measurements in agueous media. The responde&df

uM in MeCN/H,O = 1:1, v/v) were interrogated in the
presence of a wide range of metal ions as their perchlorate
salts, that is, Ng K*, Mg?t, C&", B&", Cr**, Co*", Ni?t,
CWw*, Ag", zn?t, Cd*, Hg?t, and PB" (100 equiv) (see
Figure 1 and Figure S5 in Supporting Information). The
UV —vis absorption investigations showed that for a large
variety of metal ions the absorption was only significantly
changed upon addition of Agand Hg", both leading to a
decrease of the intensity of the low-energy absorption band
(320—-450 nm). A survey of the emission responselah

the presence of the same array of metal ions showed similar

results. Again, only pronounced changes were detected for
Ag' and Hg" ions, while all other metal ions led to relatively
insignificant variations. Upon addition of excess of A@.00
equiv), the emission intensity ¢ lg)/lo of 1 was enhanced
~3.4-fold (with| andl, referring to the maximum emission
intensity of1 in the presence and absence oftAgespec-
tively) and was accompanied by a pronounced red shift of
Ama{€M) to 595 nm. In contrast, the addition of #ig
quenched the emission @f(quenching efficiency= ~80%
with 100 equiv of H§"), equally showing ama{em) red
shift. The selectivity with regard to different metal ions can
be evaluated by using the rati@gsyloses) Of 1, wherelsgs)
andlosgs) refer to the emission intensity dfat 595 nm in
the presence and absence of metal ions, respectively. Th
ratio l(sesfloses) was found to be 5.7 for Agand 0.28 for
Hg?", respectively. All other metal ions revealed constant
values ofl sgsylos95)= 1.0—1.1. Control experiments with
and 3 were performed in presence of the above-mentioned
set of metal ions (100 equiv) resulting in no obvious intensity
changes in both U¥vis and emission. These results
indicated that the UWvis absorption and luminescent
emission responses tfin the presence of Agor H?" can
be attributed to their complexation with the aza-dioxa-dithia
crown ethers ofl, being consistent with the well-known
strong thiophilic properties of Agand Hg*.

For comparison, the UWvis and emission responses of
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Figure 2. Emission intensity responses df(5.0 uM in MeCN/H,O =

1:1) upon addition of 3.0, 6.0, 10, 20, 30, 50, 70, 100, 150, 200, 300, and
500uM Agt ions. Inset: The correlation between emission intensity of

at 595 nm and log [Ag]. The excitation wavelength was 375 nm.

were only induced by addition of Agand Hg". Moreover,
Ag* was the only metal ion that triggered an emission

enhancement, while HY§ quenched the emission (see
Supporting Information, Figure S6). Comparisonlaind4
exhibited that the iridium complex was >10 times more
efficient as apparent from the emission enhancement factors
((1 = 1g)/1p) for Ag* sensing, which amounted to 3.4 fbr
and only 0.3 fod. The smaller PL enhancement of ruthenium
complex4 as compared to iridium complek, after Ag
addition can now easily be rationalized. According to the
discussion above, we assign the dominant emissidhtof
a’LC (di-aza-phen?) excited state. In contrast, the emission
of ruthenium compleX is mainly attributed to the well-
known 3MLCT excited-state arising from the parent phen
ligand. Thus, binding of Ag to the aza-dioxa-dithia crown
ether sites of ligand should induce much more intense
influence on iridium complex1l than on ruthenium
complex4.

To further interrogate the binding propertieslofo Ag*™
ions, titration experiments were carried out (Figure 2). A
gradual emission enhancement and a red shift,@f{em)

were observed upon Agaddition. Moreover, a linear

correlation between the emission intensityloét 595 nm
and log [Ag'] was received (Figure 2, inset) that allowed

dhe determination of parts per million levels of Adpn in

aqueous solution. The luminescence enhancemehitcah

be rationalized by a weakening of the electron donating
ability of the nitrogen of the aza-dioxa-dithio crown ether
moiety in 1 upon complexation with Agthus altering the
photophysical properties df5¢16The red shift oflna(em)

and lower energy emission can be explained by a lowering
of the LUMO energy level upon Agbinding because the
energy gap was decreased. Interestingly, the titration also
revealed that the two emission maximalafradually merged
into one single maximum &ina(em)= 595 nm. A titration

of 1 was also performed against Hgunder the same
conditions (Figure S7, Supporting Information). The titration

the analogous ruthenium compléxwere studied with the
same set of metal ions. We observed similar results as wit
1, that is, minor alterations in th#VMLCT absorption bands

h

(16) (a) MacQueen, D. B.; Schanze, K. 5.Am. Chem. Sod 991, 113
6108-6110. (b) Lewis, J. D.; Perutz, R. N.; Moore, J. N.Phys.
Chem. A2004 108 9037-9047.
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showed that the emission intensitylfirst slightly enhanced
(<2.0 equiv); however, with larger amounts of #igadded,

the emission ofl subsequently was quenchedd.5 equiv).
Again, the merging of two emission maxima into one was
observed along with a red shift of the emission. The complex
emission intensity behavior df upon Hg" addition may

be explained by a competition between emission-enhancing
effects (decrease of the nitrogen electron donating ability
upon Hg" binding) and well-known electron- or energy-
transfer quenching effects of unbound #gons!” The
merging of the two emission maxima into one upon additon
of Ag™ or H@?" is assumed to arise from a change of the
dominating®LC emission in the metal-free form dfto a
dominating®™LCT emission in the metal-loaded forthThe
emission titration data also allowed us to evaluate and

determine the special binding modes and association con-,

stants betweed and Ag" or Hg?" by using the computer
program SPECFIT One-step association tb(Ag*), and
1-(Hg?"), was found, showing best fitting results with log
pA0 = 8.6+ 0.1 and logB™9 = 9.0+ 0.12° To confirm

the binding modes and association constants with Ag™
and Hg", 'H NMR titration and ESI-MS experiments were
performed!H NMR titration results showed that2.0 equiv

of Ag™ or Hg?" were required to reach the maximum
chemical shift change (see Supporting Information, Figure
S11), thus supporting the 2:1 (metal ibnbinding model.
With the program WIinEQNMRY! the titration data ofl
against Ad suggested a one-step formationlefAg™), with

log pA90) = 8.2, being comparable with the result from the
emission titration data. In contrast, NMR titration bfvith
Hg?" did not allow proper fitting because of a broadening
of signals. ESI-MS measurements bin the presence of
excess amounts of Agand Hg" showed bott-(M™") and
1-(M""), (see Supporting Information, Figures S9 and S10).
Although the ESI-MS results cannot be used to determine
the complexation constant, they help to identify the binding
site of the metal ions.

The results above indicate that compléxacts as a
sensitive luminescence enhancement chemosensor for Ag
in aqueous solution. The practical benefitloh the detection
of Ag™ ions was evaluated by the following two tests. First,

(17) (a) DeGraff, B. A.; Demas, J. N. Am. Chem. Sod98Q 102, 6169-

6171. (b) Hauenstein, Jr. B. L.; Mandal, K.; Demas, J. N.; DeGraff,

B. A. Inorg. Chem 1984 23, 1101-1107. (c) Hauenstein, Jr. B. L.;

Dressick, W. J.; Demas, J. N.; DeGraff, B. A Phys. Cheml984

88, 2418-2422.

This statement is consistently corroborated by a number of observations

and reasonings: (i) We observe identical spectral shape and similar

emission energy for the Agbound1 and parent comple8. (ii) 3-

MLCT emissions are known for their broad and featureless spectrum.

(iif) While 1 shows a temperature-independent emission wavelength,

the silver-loaded complex displays a strong temperature dependence

(see Supporting Information Figures S12 and S13). Apparently, larger

loadings of metal ions change the character of the emissiarfrom

3LC to 3MLCT because ligand7 becomes increasingly a better

acceptor.

(19) (a) Association constants were obtained using the computer program
SPECFIT, Global Analysis system, Version 3.0.32. (b) Conners, K.
A. Binding ConstantsWiley: New York, 1987.

(20) According to the luminescence and NMR titration results, only a one-
step model (metal/= 2:1) gave reasonable fitting results. This model
suggests that there is no strong interaction between the two bound

(18)
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Figure 3. Emission response dfin the presence of both Agand another

competing metal ion (both 100 equiv): (1)only, (2) Ag" only, (3) Ag"

and Hg", (4) Agt and N4, (5) Ag™ and K, (6) Ag™ and Mg+, (7) Ag™

and C&", (8) Ag™ and B&", (9) Agt and C&*, (10) Agt and N£*, (11)

Ag* and Céd+, (12) Ag" and Zri#t, (13) Ag™ and Cd*, and (14) Ag and
+

he interference ofl with other metal ions during the
detection of Ag ions was assessed by test series in which
the emission ofl was monitored in the presence of 100 equiv
of both Ag" and other metal ions (Figure 3). Notably, the
sensor’s luminescence was not influenced to any significant
extent, except in presence of Hgbecause of its stronger
binding ability with 1. Second, the selective and sensitive
response ol to Ag* in a physiological environment ([N&

= 145 mM, [Kt] = 5 mM, [Mg?'] =2 mM, and [C&'] =

5 mM)?? was verified. Titration ofl against Ad in presence

of these physiologically important metal ions resulted in not
only a gradual emission enhancement but also a linear
correlation between the luminescence intensit{ ahd log
[Ag*] (Figure S8, see S.1.).

Conclusions

The aza-dithia-dioxa crown-ether-appended iridium(lll)
and ruthenium(ll) complexesand4 were prepared. Both
and4 exhibited selective binding properties towardAand
Hg?" ions in aqueous media by characteristic luminescence
responses. Importantly, the iridium compléyproved to be
a far superior sensor for Aghan the analogous ruthenium
complex4. In presence of excess of Agthe luminescence
enhancement factor was more than 10 times higherlfor
than4. The larger enhancement bfis attributed to the fact
that the metal ion binding ligand dominates the emission
in 1. Moreover, larger loadings of metal ions change the
character of the emission &ffrom 3LC to SMLCT because
ligand 7 becomes increasingly a better acceptor. Reward-
ingly, the sensing of Agions with 1 worked accurately in
the presence of many competing metal ions, as well as in
physiologically relevant samples. This study should therefore
provide further impetus to investigate Ir(lll)-based chemo-
SEensors.
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metal ions addition, luminescence titrationlofvith Hg?*™ and with This material is available free of charge via the Internet at
Ag™ in physiologically relevant sample&i NMR titration of 1 http://pubs.acs.org.

with Ag*, ESI-MS of1 in the presence of excess amounts of"Ag

and Hg*, and low-temperature PL emission @fand 1-Ag™*. IC700413V
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