JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

OFF-OFF-ON Switching of Fluorescence and Electron Transfer Depending
on Stepwise Complex Formation of a Host Ligand with Guest Metal lons
Junpei Yuasa, and Shunichi Fukuzumi
J. Am. Chem. Soc., 2008, 130 (2), 566-575 « DOI: 10.1021/ja0748480
Downloaded from http://pubs.acs.org on February 8, 2009

D+0, D**+0,*

7N NN N
N={ =N N=( =N
N’_‘N-u-Ju--NI_\M
N=( =N N={ =N
N7 N/ N/ ¥

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0748480

JIAICIS

ARTICLES

Published on Web 12/20/2007

OFF—OFF—ON Switching of Fluorescence and Electron
Transfer Depending on Stepwise Complex Formation of a
Host Ligand with Guest Metal lons

Junpei Yuasa and Shunichi Fukuzumi*

Department of Material and Life Science,ion of Advanced Science and Biotechnology,
Graduate School of Engineering, Osaka khrisity, SORST, Japan Science and Technology
Agency (JST), Suita, Osaka 565-0871, Japan

Received July 2, 2007; E-mail: fukuzumi@chem.eng.osaka-u.ac.jp

Abstract: Stepwise complex formation is observed between 2,3,5,6-tetrakis(2-pyridyl)pyrazine (TPPZ) and
a series of metal ions (M™ = Sc®*, Y3*, Ho®*, Eu®™, Lu®*, Nd3*, Zn?*, Mg?*, Ca?", Ba?", Sr?™, Lit), where
TPPZ forms a 2:1 complex [(TPPZ),—M""] and a 1:1 complex [TPPZ—M"] with M™ at low and high
concentrations of metal ions, respectively. The fluorescence intensity of TPPZ begins to increase at high
concentrations of metal ions, when the 2:1 (TPPZ),—M"" complex is converted to the fluorescent 1:1 TPPZ—
M™ complex. This is regarded as an “OFF—OFF—ON" fluorescence sensor for metal ions depending on
the stepwise complex formation between TPPZ and metal ions. The fluorescence quantum yields of the
TPPZ—M"" complex vary depending on the metal valence state, in which the fluorescence quantum yields
of the divalent metal complexes (TPPZ—M?*) are much larger than those of the trivalent metal complexes
(TPPZ—M?3*). On the other hand, the binding constants of (TPPZ),—M"" (Ki) and TPPZ—M"" (K;) vary
depending on the Lewis acidity of metal ions (i.e., both K; and K; values increase with increasing Lewis
acidity of metal ions). Sc®", which acts as the strongest Lewis acid, forms the (TPPZ),—Sc3" and TPPZ—
Sc®+ complexes stoichiometrically with TPPZ. In such a case, “OFF—OFF—ON" switching of electron transfer
from cobalt(1l) tetraphenylporphyrin (CoTPP) to O, is observed in the presence of Sc®" and TPPZ depending
on the ratio of Sc** to TPPZ. Electron transfer from CoTPP to O, occurs at Sc®* concentrations above the
1:2 ratio ([Sc®*M)/[TPPZ], > 0.5), when the (TPPZ),—Sc®" complex is converted to the TPPZ—Sc®* complex
and TPPZ—(Sc®"),, which act as promoters of electron transfer (ON) by the strong binding of O,*~ with
Sc3*. In sharp contrast, no electron transfer occurs without metal ion (OFF) or in the presence at Sc3*
concentrations below the 1:2 ratio (OFF), when the (TPPZ),—Sc3" complex has no binding site available
for Oz

Introduction been a general pattern of complex formation in fluorescence

sensor, affording “OFFON” switchability (Scheme 1a). The

Fluorescence sensors for metal ions are one of the commongrescence intensity due to the 1:1 complex formation with
analytical tools for obtaining quantitative information about the o metal ion (M*) increases linearly with increasing metal
amount of those metal iods®> where a probe molecule ion concentration frm 0 M ((M™] > 0 M). In such a case

recognizes a metal ion fg emit spe:cmc fluorescence upon p,yever, those fluorescence sensors bind with metal ions within
binding of the metal ioA~> Simple 1:1 stoichiometric host only a limited concentration range of metal ions.

(probe molecules or ligandspuest (metal ions) recognition has In contrast to the simple 1:1 complex formation, a stepwise

complex formation (2:1 and 1:1) in host (probe molecules or
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converted to the 1:1 complex. This is potentially quite useful
for routine analysis of metal ions in a broad concentration rénge,
because development of detection tools for metal ions in a broad
concentration range (such asZrnin a cellular system, where
its concentration varies over a wide range front®@o 104 concentrations of metal ions f0 M ([M™] > 0 M) as the
M in some vesicles) has been highly desifed. case of fluorescence sensor (Scheme 1a). In contrast, a stepwise
The complex formation of host ligands with guest metal ions complex formation (2:1 and 1:1) between ligands and metal
also affects metal ion-promoted electron-transfer reactions fromions would afford nonlinear “OFFOFF—ON” switchability of
electron donors to acceptors. It has been reported that theelectron transfer provided that only the 1:1 metal ion complex
electron-transfer processes are accelerated by binding of metakan activate electron transfer by coordination of the products
ion complexes (Lewis acids) with the product radical anions of Of electron transfer to a vacant site of metal ion complexes

+
OFF

: he
D+A %g-n'h. A= E:F)
G b

D+ A TD“"+A"....J)+CJ
OoN

D+A—%=D*"+A" +
OFF

D+A—X=D*+A" + )
OFF OFF

o
D+A %D-nr.m J)
ON

the rates of electron transfer increase linearly with increasing

electron acceptors (Lewis bas&s)!® The Lewis acidity of metal

(Scheme 2b). It has been suggested that new frontiers of electron

ion complexes can be regulated by host ligands acting as Lewistransfer are exploited in such nonlinear dynarﬁ?cé? Nonlinear

bases81%In the case of 1:1 complex formation (Scheme 2a),

(6) A part of the preliminary results on the fluorescence sensor for &ud
Zr?* has appeared. See: Yuasa, J.; Fukuzuml, 8m. Chem. So2006
128 15976.
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J. 2003 9, 5011.
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A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part C, Chapter 11, pp
636-687. (b) Fukuzumi, S.; Okamoto, T.; Otera,JJ.Am. Chem. Soc.
1994 116, 5503. (c) Fukuzumi, S.; Itoh, S. ldvances in Photochemistry
Neckers, D. C., Volman, D. H., von'Bau, G., Eds.; Wiley: New York,
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(18) Ohkubo, K.; Menon, S. C.; Orita, A.; Otera, J.; Fukuzumi].$rg. Chem.
2003 68, 4720.

(19) We have previously reported that the Lewis acidity of scandium iotSc
increases with decreasing the nucleophilicity of the counteranion, leading
to increase the rate constant of thé'Spromoted electron-transfer reaction.
See: (a) Yuasa, J.; Suenobu, T.; Ohkubo, K.; Fukuzun@h®m. Commun
2003 1070. (b) Fukuzumi, S.; Yuasa, J.; SuenobuJ.TAm. Chem. Soc.
2002 124, 12566.

kinetics has thus far been found only in chemical reactions that
consist of many elementary reacticg?

Such “OFFOFFON” behaviors would expand the scope
of not only the availability of fluorescence techniques for routine
analysis of metal ions but also unique control of metal ion-
promoted electron-transfer reactions. However, stepwise host
(probe molecules or ligandspuest (metal ions) complex
formation has yet to be examined in fluorescence sensors for
metal ions or metal ion-promoted electron-transfer reactions.

We report herein an “OFFOFF-ON” switchable fluores-
cence sensor for metal ions and the metal ion-promoted electron-
transfer reduction of @n stepwise complex formation equilibria
of 2,3,5,6-tetrakis(2-pyridyl)pyrazine (TPPZ) with metal ions.
TPPZ used as a probe molecule and a host ligand in this work
has recently been utilized in a variety of molecular wire
complexes as a bridging ligagedl TPPZ forms a 2:1 complex
[(TPPZ)—M"*] with metal ions at high concentrations of metal
ions; this complex is converted to a 1:1 complex [TPRZ"]
at high concentrations of metal ions. Such stepwise complex
formation of TPPZ with metal ions enables “OFBFF—ON”"
switchability in metal ion fluorescence sensors and metal ion-
promoted electron-transfer reactions.

(20) Tributsch, H.; Pohlmann, LSciencel998 279 1891.

(21) Okamoto, K.; Fukuzumi, SI. Am. Chem. So@003 125, 12416.

(22) We have previously reported unusually high kinetic order in the scandium
ion (Sé*)-promoted electron-transfer reductionmbenzoquinone (Q) due
to the formation ofz-dimer radical anion complexes of Q bridged by two
and three St [Q*—(ScM),—Q, n = 2, 3]. See: Yuasa, J.; Suenobu, T.;
Fukuzumi, S.J. Am. Chem. SoQ003 125, 12090.

(23) (a) Fokin, A. A.; Schreiner, P. R.; Gunchenko, P. A.; Peleshanko, S. A;;
Shubina, T. E.; Isaev, S. D.; Tarasenko, P. V.; Kulik, N. I.; Schiebel, H.-
M.; Yurchenko, A. G.J. Am. Chem. So00Q 122 7317. (b) Fokin, A.
A.; Shubina, T. E.; Gunchenko, P. A.; Isaev, S. D.; Yurchenko, A. G.;
Schreiner, P. RJ. Am. Chem. So2002 124, 10718.

(24) (a) Marchaj, A.; Bakac, A.; Espenson, J.lhorg. Chem1992 31, 4860.
b) Bonner, T. G.; Hancock, R. A.; Rolle, F. R.; Yousif, &6.Chem. Soc.
B 197Q 314.

(25) (a) Carlson, C. N.; Kuehl, C. J.; Da Re, R. E.; Veauthier, J. M.; Schelter,
E. J.; Milligan, A. E.; Scott, B. L.; Bauer, E. D.; Thompson, J. D.; Morris,
D. E.; John, K. D.J. Am. Chem. So006 128 7230. (b) Fantacci, S.; De
Angelis, F.; Wang, J.; Bernhard, S.; Selloni, A.Am. Chem. So2004
126, 9715. (c) Flores-Torres, S.; Hutchison, G. R.; Soltzberg, L. J.; Adrun
H. D.J. Am. Chem. SoQ006 128 1513.
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Experimental Section

Materials. Scandium triflate [Sc(OT$} (OTf = OSQCF), yttrium
triflate [Y(OTf)3], holmium triflate [Ho(OTfy], neodymium triflate [Nd-
(OTH)3], europium triflate [Eu(OTH)], lutetium triflate [Lu(OTf)], zinc
triflate [Zn(OTf),], strontium perchlorate [Sr(Cl}], and TPPZ were
obtained from Aldrich. Magnesium perchlorate [Mg(G)&, barium
perchlorate [Ba(ClG),], lithium perchlorate [Li(CIQ)], and calcium
perchlorate [Ca(Clg),] were obtained from Nacalai Tesque. Cobalt-
(1) tetraphenylporphyrin (CoTPP) was prepared according to the
literature?® Acetonitrile (MeCN) used as a solvent was purified and
dried by the standard procedure[’Hs]Acetonitrile (CD;CN) was
obtained from EURI SO-TOP, CEA, France.

Spectral Measurements.Formation of metal ion complexes of
TPPZ, (TPPZ~M"" and TPPZM"t, was examined from the UY
vis spectral change of TPPZ in the presence of various concentrations
of M™ by using a Hewlett Packard 8453 diode array spectrophotometer.
Formation of the TPPZM™" complexes was also examined from the

fluorescence spectral change of TPPZ in the presence of various .
concentrations of N by a Shimadzu spectrofluorophotometer (RF- The plot of AAbJAADs. at 4 = 358 nm vs [SE'J/[TPPZ]o

5000). The monitoring wavelengths were those corresponding to the (inSet of Figure 1a) confirms the stoichiometry of (TPPZ)
maxima of the emission bands of the TPRZ™ complexes. The ~ SC' in the first step of eq 1. The absorption spectrum due to
formation of (TPPZ)—Zn?+ and TPPZZn?* complexes was examined ~ (TPPZy—Sc* (Figures 1la and 2a, blue lines) is further changed
by ESI-MS measurements. ESI-MS data were collected on an API 365 by the presence of 0-5L.0 equiv of S&" with isosbestic points
triple quadrupole mass spectrometer (PE-Sciex) in positive detection at 237 and 278 nm (Figure 2&5uch stepwise UV vis spectral
mode, equipped with an ion spray interface. The sprayer was held at achanges are ascribed to the conversion of the 2:1 complex
potential of+5.0 kV, and compressed,Mas employed to assist liquid  [(TPPZ),—ScE*] to a 1:1 complex of TPPZ with $¢ (TPPZ—
nebulization. o St (the second step of eq 1). The stoichiometry of the TPPZ
Kinetic Measurements. Kinetic measurements were performed by g+ complex in the second step of eq 1 is confirmed by the
using a Shimadzu UV-3100 PC UWis—NIR scanning spectropho- plot of AAbAAbs, atZ = 303 nm vs [S&/[TPPZ], (inset of

tometer. Rates of electron transfer from CoTPP (4.40°¢ M) to O . . .
» ) 2 Figure 2a). TPPZ also shows stepwise-tXs spectral changes,

(air saturated: 2.6 1072 M) in the presence of S¢[(0—1.2) x 103 .
M] and TPPZ (1.6x 1010 4.8 x 10 M) in MeCN at 298 K were  When the other metal ions (W: Y**, Ho®", EU, Lu®*, Nd®,

monitored by rise and decay of the absorption bands at 434 and 412ZNn*", Mg?*, C&*, B&#*, SP*, and Li") are employed instead
nm due to CoTPPand CoTPP, respectively. All kinetic measurements Of Sc* (Figures 1b-d and 2b-d; Figures S1 and S2 in
were carried out under pseudo-first-order conditions where the con- Supporting Information). This indicates that TPPZ forms the
centrations of @ S&*, and TPPZ were maintained at more than 10- 2:1 complexes [(TPPZ)-M"t] with a series of metal ions,
fold excess of the concentrations of CoTPP at 298 K. Pseudo-first- which are converted to the 1:1 complexes (TPRE™) at high
order rate constants were determined by least-square curve fits using &gncentrations of metal ions (eq3)In the case of St, which
personal computer. _ o acts as the strongest Lewis acid among a series of metal ions,
Fluorescence Quantum Yield Determination.The fluorescence TPPZ-S&" is further converted to TPPZSE*), at high
quantum yieldsd) of the TPPZ-M"" complexes were determined in concentration range of $t(8.0 x 1074 to0 1.6 x 102 M), and

reference to a fluorescence quantum yield of quinine sulfate 0.55) " PRZS
in 0.5 M sulfuric acic®® The excitation wavelength was= 349 nm. the TPPZ-(Sc"), complex fluoresces as strong as T

All ¢¢ values were determined under conditions such that TPPZ certainly (see SUPPO”'”Q Information SS).
forms the TPPZM"™ complexes in the presence of sufficient Formation of the (TPPZ)-M"" and TPPZ-M"" complexes
concentrations of metal ions. was also examined by ESI-MS measurements in stepwise
Theoretical Calculations. Density functional theory (DFT) calcula- ~ complex formation of TPPZ with Z1 in MeCNS832 The
tions were performed on an 8CPU workstation (PQS, Quantum Cube positive-ion ESI mass spectrum of TPPZ (3¢910°% M) in
QS8-2400C-064). Geometry optimizations were carried out using the MeCN in the presence of low (3.2 10~° M; Figure 3a) and
Becke3LYP functional and 6-31G** basis %ewith the restricted high (6.8 x 10°5 M; Figure 3c) concentrations of Z2h shows
Hartree-Fock formalism and as implemented in the Gaussian 03 signals atm/z +989.3 and at-601.1m/z, which correspond to
program revision C.02. {[Zn(TPPZ|(OSO,CRy)} * and{[Zn(TPPZ)](OSQCRy)} , re-

of 0—0.5 equiv of S&" are ascribed to a 2:1 complex formation
of TPPZ with Sé+ [(TPPZ)—Sc*] (the first step of eq 1).

QL
gy

TPPZ "OFF"

TPPZ-M" "ON"

Results and Discussion (30) We have also examined complex formation of TPPZ with the potentially

interfering metal ion such as Fe(ll). TPPZ also forms the complex with

Stepwise Complex Formation of TPPZ with Metal lons.
Upon addition of 6-0.5 equiv of scandium triflate [Sc(OEf)
(OTf = OSO.CR) [(0—2.8) x 107° M] to an MeCN solution
of TPPZ (5.7x 107% M), UV —vis spectral changes of TPPZ

Fe(ll) in MeCN. However, the Fe(ll) complex of TPPZ exhibits no
fluorescence. For the Fe(ll) complex of TPPZ, see: Campos-Reeza
C. S.; Smucker, B. W.; Clac, R.; Dunbar, K. Rlsr. J. Chem2001, 41,
207.

(31) The Lewis acidities of the other metal ions are not strong enough to form

the 1:2 complexes [TPPZ(M"),].

were observed with isosbestic points at 262, 276, 302, and 311(32) Formation of (TPP2)}-S&" and TPPZ-SE* is confirmed by'H NMR.

nm (Figure 1a¥.Such spectral changes of TPPZ in the presence

(26) Shirazi, A.; Goff, H. M.Inorg. Chem.1982 21, 3420.

(27) Armarego, W. L. F.; Chai, C. L. [Purification of Laboratory Chemicals,
5th ed.; Butterworth-Heinemann: Amsterdam, 2003.

(28) Crosby, G. A.; Demas, J. N. Phys. Cheml1971, 75, 991.

(29) Becke, A. D.J. Chem. Phys1993 98, 5648.
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The'H NMR signals of TPPZ exhibit a downfield shift in the presence of
0.5 equiv of Sé&", demonstrating development of positive charge by
formation of (TPPZ)—Sc*. The!H NMR signals of (TPPZ)-Sc* exhibit

a further downfield shift in the presence of 1 equiv ofSdue to the
additional binding of S¥ to yield the 1:1 complex, TPPZSc*. However,
(TPPZ)—Sc* and TPPZ-Sc* could not be detected by positive-ion ESI
mass spectrum, which may be due to multivalency of theé 8omplex of
TPPZ.
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Figure 1. UV —vis absorption spectra of (a) TPPZ (571075 M) in the presence of S¢ [0 M (red line) to 2.8x 107> M (blue line)], (b) TPPZ (4.9x
107° M) in the presence of L& [0 M (red line) to 4.0x 105 M (blue line)], (c) TPPZ (5.7x 107> M) in the presence of Zt [0 M (red line) to 3.0x
1075 M (blue line)], and (d) TPPZ (5.& 1075 M) in the presence of Ca [0 M (red line) to 2.0x 1074 M (blue line)] in MeCN at 298 K. Insets: Plots
of AAbgAADs, (a) atZ = 358 nm vs [S&T/[TPPZ],, (b) at 360 nm vs [L&T)/[TPPZ],, (c) atA = 355 nm vs [ZAH])/[TPPZ],, and (d) att = 355 nm vs
[C&2M)/[TPPZ]o. Photographs of MeCN solutions of TPPZ (20102 M) in the presence of (a) St (1.0 x 1072 M), (b) Lu®* (1.0 x 1072 M), (c) Zn**"
(1.0 x 1072 M), and (d) C&" (1.0 x 102 M) under UV light irradiation.

spectively3® Those signals have a characteristic distribution of in the 2:1 complex [(TPPZ)}-M"], in which the lowest excited
isotopomers (Figure 3a,c) that matches well with the calculated state may still be the n* triplet.37
isotopic distribution fof [Zn(TPPZ)(OSO,CRs)} t and{[Zn- The fluorescence spectral titration of TPPZ by*'Mwas
(TPPZ)](OSQCHR3)} ™ as shown in Figure 3b,d, respectively. examined under the same experimental conditions as employed
The visible fluorescence photographs of TPPZ in the presencefor the UV—vis spectral titration (Figures 1 and 2). The results
of 0.5 and more than 1 equiv of metal ions ¥§d_u3t, Zn?t, are shown in Figure 4. Typically, TPPZ shows stepwise
and C&") are shown in the insets of Figures 1 and 2, fluorescence spectral changes in response ' [§TtPPZ], at
respectively. The 1:1 complexes (TPPHE™) exhibit strong 0—-0.5 (red and blue lines) and 6-8.0 (blue and green lines)
fluorescence (insets of Figure 2). Since TPPZ itself hardly (Figure 4a) as in the case of the BVis spectral titration of
fluoresces, the fluorescence of the TPRAZ™ complexes may ~ TPPZ by S&" (Figures 1a and 2&)Such stepwise fluorescence
result from the change in the lowest excited state from th& n,  Spectral changes are also ascribed to stepwise complex formation
triplet to thesr,* singlet, which becomes lower in energy than between TPPZ and St (eq 1). The fluorescence intensity (F.
the ng* triplet due to the complexation with M acting as a L. intensity) atA = 453 nm (inset of Figure 4a) due to the
strong Lewis acid*2¢ In contrast, the (TPPZ)}M"" complexes ~ TPPZ-Sc** complex is plotted against [$d/[TPPZ],, where
hardly fluoresce (insets of Figure 1). The strong binding 6f M fluorescence intensity starts to increase a"Smwncentrations
in the TPPZ-M" complexes may be significantly weakened above the 1:2 ratio ([S¢]/[TPPZ], > 0.5). TPPZ also shows
stepwise fluorescence changes in the fluorescence spectral
(33) The crystal structure of the TPPZn2* complex has been previously titration of TPPZ by the other metal ions (Figure-4dh Figure
fcﬁgr{g‘éé‘sf& Sraf, M.; Greaves, B.; Stoeckl-Evans, Hndg. Chim. S5 in Supporting Information). There is very weak fluorescence
(34) Lewis, F. D; Reddy, G. D.; Elbert, J. E.; Tillberg, B. E.; Meltzer, J. A; due to the (TPPZ>-M"* complexes at low concentrations of
oo S S 0 et Syt Pt fons (Figures 4 and S5, blue lines). However, srong

Fujitsuka, M.; Ito, O.J. Am. Chem. So001, 123 7756.
(36) The partial structure fixation of TPPZ by complex formation witfi*M (37) The optimized structures of TPPEIg?" and (TPPZ)—Mg?* obtained by

(TPPZ-M"*) may also be ascribed to strong fluorescence of TPREZ", using DFT at the B3LYP/6-31G basis support the stronger binding of
where the rotation of coordinated pyridine rings is restricted. This rotation Mg?* in the 1:1 complex (TPPZMg?") than that in the 2:1 complex
may be less restricted in the 2:1 complexes [TPEM"),] because of [(TPPZ),—Mg?*], in which the bond length between Kfgand the pyrazine
the weaker binding of Nf in the TPPZ-(M"*), complexes than that in nitrogen in the (TPPZ}-Mg2+ complex (2.17 A) becomes shorter (2.01
the TPPZ-M"" complexes. A) in the TPPZMg2* complex (see Supporting Information S4).
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Figure 2. UV —vis absorption spectra of (a) TPPZ (5<7107° M) in the presence of St [2.8 x 1075 M (blue line) to 5.9x 105 M (green line)], (b)
TPPZ (4.9x 105 M) in the presence of L3 [1.0 x 1074 M (blue line) to 1.0x 103 M (green line)], (c) TPPZ (5.% 10°° M) in the presence of Zt
[3.0 x 1075 M (blue line) to 3.1x 1073 M (green line)], and (d) TPPZ (5.8 105 M) in the presence of G4 [5.1 x 103 M (blue line) to 7.9x 107t
M (green line)] in MeCN at 298 K. Insets: Plots of (Apbsat 1 = 303 nm vs [S&']/[TPPZ],, (b) absorbance at 330 nm vs [y, (c) absorbance at 381
nm vs [Zr¥], and (d) absorbance at 380 nm vs fCa Photographs of MeCN solutions of TPPZ (20102 M) in the presence of (a) 8t (2.0 x 1072
M), (b) Ludt (7.0 x 102 M), (c) Zrn?* (2.0 x 1072 M), and (d) C&" (2.0 x 102 M) under UV light irradiation.
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Figure 3. Positive-ion ESI mass spectra of an MeCN solution of TPPZ 385 M) in the presence of Z [(a) 3.0 x 105 M and (c) 6.8x 1075 M].
The signals at (ajn/'z 989.3 and (cyn/z 601.1 correspond t[Zn(TPPZY](OSO,CFs)} ™ and{[Zn(TPPZ)](OSQCFs)} T, respectively. Calculated isotopic
distributions are shown for ()[Zn(TPPZ)](OSO,CFs)}* and (d){[Zn(TPPZ)](OSQCR)} .

fluorescence starts to appeariat 453 nm (L#"), 1 = 432 Normalized absorbance for the titration of TPPZ by "Mt
nm (Zr¢*), andA = 429 nm (C&") (Figure 4, green lines) at  low concentrations of N is plotted against logarithm of W
high concentrations of metal ions, which are ascribed to concentrations (log[¥t]) (Figure 5a), which corresponds to the
formation of the TPPZM"™" complexes (see Supporting 2:1 complex formation of TPPZ with M. In the case of
Information S5). trivalent metal ions (S€, Y3, Ho*", EW*", Lu®t, and Nd&")
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Figure 4. Fluorescence spectra of (a) TPPZ (5207 M) in the presence
of S+ [0 M (red line) to 2.8x 10°° M (blue line) to 5.9x 107> M (green
line)], (b) TPPZ (4.9x 1075 M) in the presence of LY [4.6 x 105 M
(blue line) to 9.0x 1074 M (green line)], (c) TPPZ (5.% 107° M) in the
presence of Z& [3.0 x 1075 M (blue line) to 3.1x 10-3 M (green line)],
and (d) TPPZ (5.8« 10-5 M) in the presence of Ca [6.7 x 1074 M (blue
line) to 3.5 x 107t M (green line)] in MeCN at 298 K. The excitation
wavelengths were (&) = 315 nm, (b)4 = 355 nm, (c)A = 343 nm, and
(d) A = 324 nm. Insets: Plots of fluorescence intensity (a) at 453 nm
vs [SET)/[TPPZ]o, (b) atA = 453 nm vs [Ld'], (c) atA = 432 nm vs
[Zn?t], and (d) atA = 429 nm vs [C&"].

and Zri#*, Mg?*, and C&", acting as strong Lewis acids, those
metal ions form the 2:1 complex [(TPRZAM"™] almost
stoichiometrically with TPPZ (Figure 5a, closed circles). In such
a case, the formation constant<;Y of the (TPPZ)—Mn"*
complexes can be determined by using eq 2, wherés
absorbance of TPPZ in the presence 6ffMx = (A — Ag)(Ax
— Aog)7%, and Ag and A., are absorbance due to TPPZ and
(TPPZ)—M", respectively (for derivation of eq 2, see Sup-
porting Information S6¥8

(1 — o) 2=K,[TPPZL(2M™ ot — [TPPZL) (2)
The linear plots of (1= a)~2 vs [M™]a~! are obtained. The
K; values are (1.4t 0.1) x 10 M2 (Ho®*"), (2.4 £ 0.3) x
1000 M2 (Ew®), (2.3+ 0.2) x 1000 M2 (Ludt), (5.9+ 1.3)
x 100 M~2 (Nd®"), (2.34 0.1) x 10° M2 (Mg?"), and (5.2
+ 0.4) x 10° M~2 (C&") (see Supporting Information S%.
In contrast, the other metal ions BaSr", and Li") acting as
weak Lewis acids form the (TPPZM"™ complexes in the
presence of much more than 0.5 equiv of metal ions (Figure

5a, closed triangles). In such a case, the absorbance change (

— Ag = AAbg due to formation of the TPPZM"* complex is

(38) Absorbance of TPPZ in the presence of'MA) is derived from the sum
of absorbance due to TPPZ and (TPRZYI"" at any wavelength, which
can be expressed by eq 2 (see derivation of eq 2 in Supporting Information
S6).

(39) In the case of S¢, Y3, and Z#*, the K; values are too large to be
determined actually.

expressed by eq 3 (for derivation of eq 3, see Supporting
Information S8).

A=Ay =(A,— A x
4K [M™[TPPZ],+ 1 — \/8K1[M "TPPZ], + 1 2
4K, [M™[TPPZ], ®)

TheK; values of TPPZM"" are determined as (12 0.1) x

10" M2 (Ba2*), (7.5+ 0.4) x 10" M~2 (Sr?t), and (3.1+ 0.1)

x 10°P M~2 (Li*) from the best-fit lines for the dependence of
AAbson [M"] (Figure S1).

Plots of normalized absorbance and fluorescence intensity
due to TPPZM"" vs log [M"*] for the titration of TPPZ by
M"* at high concentrations of M are shown in Figure 5b,c,
respectively. The dependence of normalized fluorescence in-
tensity due to TPPZM"* on log[M"*] (Figure 5c) agrees with
that of normalized absorbance on log'fMl (Figure 5b). Such
absorbance and fluorescence intensity changes due to formation
of the TPPZ-M"* complex are expressed by eq 4, whére
absorbance of TPPZ in the presence oftM2[M™] >
[TPPZ}), andA; and A, are absorbance due to (TPRZM"
and TPPZM"*, respectively (for derivation of eq 4, see
Supporting Information S9).

(A—Ay) =(A,— A x
(orl) (orl,)

—K,[M™] + J KAM™]? + (4 — K)K,[TPPZL(2[M™] — [TPPZ])
(4 — K)[TPPZ],

(4)

The formation constantKg) of the TPPZM"" complex are
determined from the best-fit lines in insets of Figures 2 and
S2, where thé, values vary from (1.4- 0.1) x 1% (Sc™) to
(4.44 1.3) x 1075 (Ba?"). TheK; andK; values are listed in
Table 1 together with the absorption maxima of (TPPAN™

(A1) and TPPZM"™ (1), emission maximalg), excitation
energies AEq ), and the fluorescence quantum yielgs) (of

the TPPZ-M"" complexes?® We have previously derived the
binding energies AE) of superoxide-metal ion complexes
(Oz*~—M"") from theg,, values of ESR spectra of O—M""
complexes, which are highly sensitive to the Lewis acidity of a
series of metal ions and provide a quantitative measure of Lewis
acidity of metal iong’2 Linear correlations are observed in plots
of log K; and logK> vs AE (Figure 6, open and closed circles,
respectively). This indicates that the binding strength of metal
ion with TPPZ in (TPPZ—M"" and TPPZM"" is mainly
determined by the Lewis acidity of metal ions. Some deviations
in the linear plots of lod; and logK; vs AE indicate that the
counteranions of metal ions may also affect the binding constants

(40) Absorption maxima, fluorescence maxima, and fluorescence quantum yields
of TPPZ-M"* were determined in the presence of sufficient concentrations
of metal ions such that TPPZ certainly forms the 1:1 complexes (FPPZ
M), In the case of TPPZLi*, however, only 53% of TPPZ forms the
TPPZ-Li* complex even in the presence of 8110~ M of Li* due to
the extremely small binding constant of the TPRZ* complex. On the
other hand, absorption maxima of the (TPPZAYI"t complexes were
determined under conditions such that the 2:1 complexes [(TPRZ)"]
are not converted to the 1:1 complexes (TPRZ') as shown in Figures
1 and S1.

(41) Shannon, R. DActa Crystallogr.1976 A32 751.

(42) Fukuzumi, S.; Ohkubo, KChem-=—Eur. J.200Q 6, 4532.

(43) Fukuzumi, S.; Ohkubo, KI. Am. Chem. So002 124, 10270.
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Figure 5. (a) Plots of normalized absorbance vs log'fiyffor the titration of TPPZ by M* at low concentrations of M. Plots of normalized (b) absorbance
and (c) fluorescence intensity vs log[¥ for the titration of TPPZ by M* at high concentrations of M.

Table 1. lon Radii () and Binding Energies (AE) of O, —Metal lon Complexes, Formation Constants of (TPPZ),—M"™ (K1) and TPPZ—M"*
(Kz), Absorption Maxima of (TPPZ),—M"* (11) and TPPZ—M"" (1;), Emission Maxima of TPPZ—M"" (1.), Excitation Energies (AEy ) of
TPPZ—M", and the Fluorescence Quantum Yields (¢r) of TPPZ—M"" in MeCN at 298 K

r =2 Ki A A2 e AEyo?

metal salt R (eV) (M2 Ky (nm) (nm) (nm) (eV) oh
absence of 309
metal salt
Sc(OTf 0.81 1.00 d (1.44 0.1) x 10 325 331 453 3.16 0.022
Y(OTf)3 1.02 0.85 d (8.2+1.4)x 101 331 330 450 3.18 0.017
Ho(OTf)s 1.02 (1.4+ 0.1) x 10 (6.0+0.3)x 10°2 345 345 455 3.10 0.011
Eu(OTf) 1.25 0.82 (2.4£ 0.3) x 1010 (6.0 0.3) x 10°2 353 365 451 3.04 0.006
Lu(OTf)3 0.98 0.83 (2.3 0.2) x 100 (27+£0.1)x 101 332 330 453 3.17 0.029
Nd(OTf)s 1.11 (5.9+ 1.3) x 10 (2.94+0.3)x 102 354 380 439 3.03 0.005
Zn(OTf), 0.90 0.7t d (21+0.3)x 101! 352 379 432 3.06 0.19
Mg(CIOg), 0.89 0.65 (2.3£0.1) x 10° (9.5+5.3)x 10°5 344 362 432 3.12 0.26
Ca(ClQy), 1.12 0.58 (5.2+ 0.4) x 10° (3.7+£0.6) x 104 330 350 429 3.18 0.19
Ba(ClOy); 1.42 0.49 (1.2£0.1) x 107 (4.4+1.3)x 10°5 328 330 403 3.38 0.069
Sr(CIOy), 1.26 0.52 (7.5 0.4) x 107 (3.7+£0.7) x 104 330 341 412 3.29 0.14
Li(ClOy) 0.92 0.53 (3. 0.1) x 108 e 330 404 0.018

a Effective ion radius (coordination number8).41  Taken from ref 42¢ Taken from ref 439 Too large to be determined accuratedyoo small to be
determined accuratelyAbsorption maxima of TPPZ in the absence of metal $dltetermined from the absorption maxima and emission maxima in
MeCN. " Quinine sulfate ¢r = 0.55) in 0.5 M sulfuric acid was used as a reference.

of (TPPZy—M"" and TPPZ-M"" .44 In the case of Z#, the
binding constanti,) of the 1:1 complex (TPPZZn?") is much
larger than the other divalent metal ioftdn such a case, Zn
forms the fluorescent TPP2M"™" complex with TPPZ in water
(see Supporting Information S10).

than those of the trivalent metal complexes (TPRE).46 The
formation constants<,) of the TPPZ-M"™ complexes may not
affect the fluorescence quantum yields, because FRRZ",
which has virtually the same formation constant as that of
TPPZ-M3*, has a much larger fluorescence quantum vyield

The fluorescence quantum yields of the TPRZ™ com- (¢r = 0.19) than that of TPPZM3" (¢r = 0.005-0.022)
plexes were determined in a series of metal of¥The results ~ (Table 1).
are shown in Figure 7, where the fluorescence quantum yields Fluorescence Sensor for Metal lons in a Wide Concentra-
of the divalent metal complexes (TPPEI2") are much larger ~ tion Range. The availability of such an “OFFOFF-ON”
fluorescence sensor for detection of metal ions in a wide

(44) A series of metal ions with different counteranions are chosen in this work,
since theAE values of those metal ions have been given in ref 42,

(45) With regard to metal ion selectivity, TPPZ has a much lakgeralue for
Zn?* as compared with other biologically important metal ions such as
Mg?™ and C&" (Table 1). This means that TPPZ forms the fluorescent 1:1
complex (TPPZM") selectively with ZA" among biologically relevant
metal ions.

(46) The fluorescence quantum yields of TP may be related to the
fluorescence maxima of the TPPEI"™ complexes, because fluorescence
lifetimes of the trivalent metal complexes (TPP&c* and TPPZY?3*)
that fluoresce at longer wavelength are much shorter than those of divalent
metal complexes (TPPZMg?" and TPPZ-C&*) (see Supporting Informa-
tion S11).
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Figure 7. Visible fluorescence and fluorescence quantum yieltis df
TPPZ (6.0x 1077 M) in the presence of At (1.1 x 1072 M); Ba?" (9.9 30
x 1071 M); Sr2* (7.4 x 1071 M); Ca?" (8.8 x 101 M); Mg?* (8.2 x 1071
M); S (1.2 x 1072 M); Eu®* (1.1 x 1072 M); Y3+ (6.2 x 1073 M); -
Lu3* (4.0 x 1073 M); Ho3* (3.4 x 1073 M); Nd3*+ (2.8 x 1072 M); and @ - °
Li* (8.1 x 10" M) in MeCN at 298 K. T
= 20
concentration range is confirmed by fluorescence sensing of N . ° ]
Sct (vide infra)#748The fluorescence in the presence of various
concentrations of TPPZ (10 1075t0 5.0 x 1075 M) and Sé* . . ¢
[(0—3.6) x 1075 M] was visualized as shown in Figure 8a. 10 R .
The strong fluorescence due to the TPR™ complex was
observed in the presence of more than 0.5 equiv &f Steach . o
concentration of TPPZ? Dependence of the ratio of the . o
fluorescence intensity to the final fluorescence intenditiy) ° ,
on [S&'] is shown in Figure 8b, wher#l,, starts to increase at 0 0.5 1.0 15

(47) TPPZ also acts as the “OFPFF-ON” fluorescence sensor for other metal
ions (see insets of Figures 1 and 2).

(48) The detection limit was determined to be %010-6 M in fluorescence
sensing of St that is, detectable fluorescence was observed in an MeCN
solution of TPPZ (1.0x 107 M) in the presence of 2.&x 10°¢ M of
Sct. Although the detection limit of this system is not completely
satisfactory, our concept should be general enough to apply other

fluorescence sensors that show stepwise complexation with metal ions. Thus,

the detection limit of this system would be improved by using other probe
molecules (including derivation of TPPZ) that have high affinities for metal
ions.

(49) Formation of TPPZM"" and (TPPZ)—M"* is also dependent on the

concentrations of TPPZ and metal ions. Typically, no sufficient 1:1 complex 4.7 x 1

(TPPZ-M") is formed in the presence of low concentrations of TPPZ
([TPPZ] < 1.0 x 1076 M) and metal ions ([M*] < 1.0 x 10°® M). This
is the detection limit of this systef.

103 [Sc*, M

Figure 9. Dependence dke on [SE*] for electron transfer from CoTPP
(1.4 x 106 M) to O, (air saturated, 2.6 10~2 M) in the presence of S¢
and TPPZ [1.6x 1074 M (black closed circles), 3.2 1074 M (red closed
circles), and 4.8< 1074 M (blue closed circles)] in MeCN at 298 K.

St concentrations above the 1:2 ratio S TPPZ], > 0.5),
which is shifted to the larger value with increasing the initial
concentration of TPPZ [3.4 107> M (black closed circles),

05 M (red closed circles), and 5.2 10°°> M (blue

closed circles)f. The dependence dfl., on [SE*] (Figure 8b)
agrees with that oAAbgAAbs, on [SE*] (Figure 8c).
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OFF—OFF—ON Switching in Metal lon-Promoted Elec- of 0—0.5 equiv of S&" ([SET)/[TPPZ]y < 0.5) in a deaerated

tron-Transfer Reduction of O,. We have also examined the MeCN solution of TPPZ (4.8< 107 M) at 298 K. In the

effects of stepwise complex formation of TPPZ with metal ions presence of more than 0.5 equiv of38¢[ScH]/[TPPZ], >

in metal ion-promoted electron transfer from CoTPP td\@de 0.5), however, an efficient electron transfer from CoTPP 40 O

infra) 5° Since S&" acting as strongest Lewis acid forms the occurs to yield CoTPR The rate of electron transfer was

2:1 and 1:1 complexes stoichiometrically with TPPZ, the determined by monitoring a decrease in absorbance at 412 nm

electron-transfer reduction of @vith CoTPP was examined in  due to CoTPP and an increase in absorbance at 434 nm due to

the presence of different ratios of 8do TPPZ. CoTPP. The rates obeyed pseudo-first-order kinetics in the
No electron transfer from CoTPRE{ = 0.35 V vs SCEY* presence of large excess 0f,0PPZ, and St relative to the

to Oz (Erea = —0.86 VV vs SCEY has occurred in the presence  concentration of CoTPP (see the first-order plot in Supporting

Information S12). The pseudo-first-order rate constaid(

(50) Metal ions acting as Lewis acids also accelerate the electron-transfer

reduction of @, when metal ions bind with the product'®; see ref 42. increases proportionally with increasing Gncentration. The
(51) Fukuzumi, S.; Mochizuki, S.; Tanaka, horg. Chem.1989 28, 2459. _
(52) Sawyer, D. T.; Calderwood, T. S.; Yamaguchi, K.; Angelis, CInbrg. _Second order rate ConStan_t of electron transkey S_tarts to
Chem.1983 22, 2577. increase at S¢ concentrations above the 1:2 ratio (fSg
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[TPPZ}, > 0.5) irrespective of the initial concentration of TPPZ nor the 2:1 complex [(TPPZ)}M""] exhibits fluorescence
[1.6 x 107* M (black closed circles), 3.2 1074 M (red closed (OFF). With increasing concentrations of metal ions, the
circles), and 4.8< 1074 M (blue closed circles)] as shown in  (TPPZ)—M"" complex is converted to the 1:1 complex
Figure 9. Since S¢ complexes of TPPZ [(TPPZ)»Sc¢" and (TPPZ-M"") that exhibits strong fluorescence (ON). In the case
TPPZ-ScZ*] have no interaction with @ the promoting effects  of S&*, which acts as the strongest Lewis acid among a series
of S&* on electron transfer at 8t concentrations above the of examined metal ions, the TPPBE+ complex is further

1:2 ratio ([SE")/[TPPZ], > 0.5) are ascribed to the complex converted to the 1:2 complex [TPPZSct),] at high concen-
formation of TPPZ-Sc* with O,*~.5 The complex formation ~ tration range of St, which is also strongly fluorescent.
of Oy~ and TPPZSc" should result in the positive shift of ~ Similarly, neither TPPZ nor the (TPPZ)Sc™ complex has

the one-electron reduction potential of, &2ading to accelerate  ability to promote electron transfer from CoTPP tg, @hich

the electron-transfer reduction ob (8cheme 3c)° In contrast is thermodynamically infeasible (OFF). However, the electron
to the case of TPPZSc", (TPPZy—Sc* (and TPPZ itself) transfer starts to occur (ON) at Bcconcentrations above the
cannot bind with @, since (TPPZ)—Sc* has no binding site 1:2 ratio ([SET)/[TPPZ], > 0.5), when the 2:1 complex
for Oy~ (Scheme 3a,b). In such a case, no electron transfer (TPPZy—Sc" is converted to the 1:1 complex (TPPBc™)

from CoTPP to Qoccurs at S& concentrations below the 1:2  and the 1:2 complex is converted to TPPG&E™),, which can
ratio ([SET)/[TPPZ]y < 0.5). The 1:1 complex (TPPZScY) bind strongly with @~. Thus, TPPZ acts as unique ligands for
is further converted to the 1:2 complex [TPPECEH),] in the metal ions, enabling “OFFOFF—ON” switchability for metal
presence of a large excess ofS¢vide supra). In such a case, ion fluorescence sensors and metal ion-promoted electron-
TPPZ-(Sc"), as well as excess free Bcaccelerate the  transfer reactions.

electron-transfer reduction of,®y CoTPP (Scheme 3d), when ] .
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tion of TPPZ ([TPPZ]), because formation of the TPPZSE™),
complex is not stoichiometric judging from the small formation
constant K3 = (2.2 &£ 0.1) x 1* M™% see Supporting
Information S3]. This causes some deviations with regard to
slopes above the 2:1 ratio ([8#/[TPPZ], > 2) (Figure 9)%*

Supporting Information Available: UV —vis spectra of TPPZ
in the presence of low and high concentrations &f 81 and
S2, respectively), UVvis spectra of TPPZ in the presence of
Sc* (8.0 x 104 to 1.6 x 1072 M) and the fluorescence
spectrum of TPPZ(ScE), (S3), the optimized structures of
TPPZ-Mg?" and (TPPZ)—Mg?" calculated by DFT at the
B3LYP/6-31G" basis (S4), fluorescence titration of TPPZ by

We have demonstrated OFBFF-ON switching of fluo- Mt (S5), the derivation of eq 2 (S6), plots of @ o)™t vs
rescence and electron transfer depending on stepwise complexM™]/a (S7), the derivation of eq 3 (S8) and eq 4 (S9), visible
formation of TPPZ with metal ions (M). Neither TPPZ itself fluorescence of TPPZZn?" in water (S10), time profiles of
the fluorescence decay for TPPBGT, TPPZY?3, TPPZ
(53) We have previously reported ESR spectra pf ©S¢¢" complexes in fluid Mg?*, and TPPZC&" (S11), and first-order plot for S¢-

S G 31 o+ Suenobu, T.; Kuwahara, Y.; 1toh, - ymoted electron transfer from CoTPP tg i@ the presence

(54) The slopes would be the same irrespective of the initial concentration of of TPPZ (S12). This material is available free of charge via the
TPPZ at extremely high concentrations ofSdn which electron transfer .
is mainly promoted by excess free38cHowever, the rate of electron Internet at http://pubs.acs.org.
transfer was too fast to be determined accurately at extremely high
concentrations of Se. JA0748480

Summary and Conclusions
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