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S1 lonic partition diagram of QS species

The ionic partition diagram of QS in Figure 2 was determined by analyzing the half-wave potential
(AY ¢112) obtained from the cyclic voltammograms (CVs) (Figure S1), considering acid-base equilibria in
aqueous solution, ion transfer of the monoanionic HQS™, and partition of neutral species (H2QS) (Figure

S2) [1, 2]. The cell composition was shown in Figure 1 (Cell I1). CVs were measured by using a four-
electrode cylindrical cell with an interfacial area of 1.0 cm?.
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Figure S1. Typical CVs measured for QS species at various pHs in the presence of tetramethylammonium

(TMAY) as an internal reference.
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Figure S2. The reaction scheme for the partition of QS species associated with the acid-base equilibrium

in the agueous phase. The subscripts w and o denote the aqueous and organic species, respectively.
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The peak separation of ~60 mV was indicative of the monovalent ion transfer across the water|DCE

interface, i.e., HQS". In this case, the Nernst equation for the ion transfer of HQS™ is described as

2.303RT.  [HQS ],
log

Mo9= A hos ~ T "9rgs,

(S-1-1)

where A‘S’¢"HQS_ is the formal transfer potential. When the dissociation or protonation of HQS™ is negligible

and the concentrations of HQS™ in both phases are equal to each other, eq. (S-1-1) is simplified to

Avg¢ = A\(,)v¢:_|QS’ (8'1'2)

Then eq. (S-1-2) is the equiconcentration boundary line of HQS" and HQS . A‘é”qﬁ;QS— was determined

from A ¢z at 5 < pH < 8 as —0.277+0.003 V. Considering that the distribution of the neutral H,QS and
acid-base equilibrium of QS species in acidic aqueous solutions, Ka: is expressed as a function of pH and
the partition coefficient (Py,qs = [H2QS],/[H,QS],y) under dilute conditions.

_ [HQS_]W[H+]W - PHZQS[HQsi]W[HJr]W

= S-1-3
T [HQS] [H,QSl, (549)
[HQS ]y,
Ka1 =—logP —log———= +pH S-1-4
PRa1 OFH,0s g [A,05], p ( )
The equiconcentration boundary line of H.QS and aqueous HQS y, is given by
pH = pKj1 + 10gPH,0s (S-1-5)

The partition coefficient (logPy,qs) of the neutral H2QS was estimated as logPyy,qs = 0.05 by taking pKa
=4.09 [3]. Eq. (S-1-4) can also be rewritten as
[HQS ], [HQS ],

log———2 = pK,; — pH + logP +log—22 S-1-6
g[HQS T PKar — P 9Ph,0s + log [H,05], ( )

From egs. (S-1-1) and (S-1-6),

AWG = AW 2.303RT H 2.303RT K. + logP +lo [HQS™ ],

) (S-1-7)

The boundary line between H2QS, and HQS , is obtained as
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W . 2303RT _ 2.303RT
Aop = Do s * TPH i (PKa1 + 10gPy,qs) (5-1-8)

In a similar manner, the boundary line between HQS  and QS%, is derived from pKa, (= 8.66 [3]).

QS Tu[H T HOS To [QS*JulH B
K2=—THos T, ~[HQS . [HQS T, (5-1-9)

HQS ], S
[[HSS_]]W =pH - pKyp — IogM (5-1-10)

log [HQS T,

From egs. (S-1-1) and (S-1-10),

. 2.303RT 2.303RT [QS*]
Avg¢ = A\éV¢HQS’ - = pH + _F (pKaZ + |Ogﬁ (S-1-11)
0

In the case of equiconcentration of QS*w and HQS , eq. (S-1-11) is reduced to

w.  w.  2303RT _ 2303RT
A 0¢ = Ao ¢HQSi - TpH + F pKaZ (8'1’12)

Finally, the boundary line of HQS w and QS*y is written as the following simple form.

pH = Koy (51-13)

S2 Speciation analysis of QS in aqueous solutions

The stoichiometry for metal complex formation with QS varies from 1:1 to 1:3 (matal:ligand)
depending on metal ions and pH conditions in the aqueous solution. The stability constants of metal

complexes () in literature are listed in Table S1 [4-6].
M™ +nQS? 5 M(QS)T"

I LICONS

Qs T (S-2-1)

where m = 1, 2, 3 and n = 1, 2. Taking into account the formation of metal hydroxides, the total

concentrations of metal ion (cwm) and ligand (c.) are given by

cm = [M] + [ML] + - - - + [ML,] + [M(OH)] + [M(OH)2] + - - - + [M(OH)n] (S-2-2)
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cL = [L]+ [ML] + 2[MLz] + 3[MLs] (S-2-3)

where

+
Kz  KauKa

11, T ) S2-4

[L]=[L]+[HL] + [HoL] = [L] (1+

The speciation of Al(II1), Zn(I1) and Cu(ll) complexes with QS were calculated as a function of pH from
egs. (S-2-1)—(S-2-4) and the stability constants of QS complexes (Table S1).

Table S1. Stability constants (8,) of QS complexes

metal ion logp l0g3: logss Ref.

AI(I) 8.95 17.43 24.58 [4]
Zn(1) 7.54 14.32 - [5]
Cu(ln 12.50 23.10 - [6]
(a) 1.0 (b) 1.0 . . T
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Figure S3. Speciation curves of Al(I11)-QS complexes as a function of pH. The total concentrations of
aluminum(111) ion and QS were taken as [AI(111)] = 1.0 x 10* mol dm™3, [QS] = (a) 3.0 x 10* mol dm™3
and (b) 2.0 x 10~* mol dm™3, respectively
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Figure S4. Speciation curves of Zn(11)-QS complexes as a function of pH. The concentrations of zinc(l)
ion and QS were taken as (a) [Zn(11)] = 5.0 x 107> mol dm~3 and [QS] = 1.0 x 10~ mol dm3, and (b) [Zn(11)]

=1.0 x 10“* mol dm~3 and [QS] = 2.0 x 10~ mol dm3, respectively.
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Figure S5. Speciation curves of Cu(11)-QS complexes as a function of pH. The concentrations of copper(l1)
ion and QS were taken as [Cu(I1)] = 1.0 x 10* mol dm™2 and [QS] = 2.0 x 10* mol dm™3, respectively.
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S3 Voltammetric responses of QS complexes at the water|DCE interface
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Figure S6. CVs measured for Al(111)-QS at pH 7.3 (red), Zn(11)-QS at pH 7.5 (blue), and Cu(I1)-QS at pH
7.3 (green). The potential sweep rate was 20 mV s, The concentrations were [Al(111)] = 1.0 x10~* mol
dm=and [QS] =3.0 x10* mol dm~3, [Zn(11)] = 1.0 x10~* mol dm™2 and [QS] = 2.0 x10~* mol dm~3, [Cu(lI)]
= 1.0 x10™* mol dm™ and [QS] = 2.0 x10~* mol dm™3, respectively.

INCIAY,

Figure S7. CVs measured in the Al(111)-QS system at pH 7.0 (black) and pH 4.9 (red). The dotted line

depicts the base electrolyte system. The potential sweep rate was 50 mV s%. The concentrations were (pH
7.0) [AI(111)] = 1.0 x 10* mol dm™ and [QS] = 3.0 x 10* mol dm3, and (pH 4.9) [AI(I11)] = 1.0 x 10~* mol
dm=and [QS] = 2.0 x 104 mol dm™3, respectively.
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Figure S8. CVs measured in the Zn(11)-QS systems at pH 7.0 (black) and pH 6.1(red). (a) The dotted line
depicts to the base electrolyte system. The potential sweep rate was (a) 50 mV s. The concentrations were
[Zn(11)] = 5.0 x 107> mol dm™ and [QS] = 1.0 x 10~* mol dm™3,

S4 Fluorescence spectra of QS complexes
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Figure S9. Excitation (dotted line) and emission (solid line) spectra of the QS complexes in agueous
solutions. The black, red, blue, and green lines depict HQS™ at pH 8.0, Al(QS);™ at pH 7.3, Zn(QS); at pH
7.5, and Cu(QS);" at pH 7.3, respectively. The spectra measured for HQS™ and Cu(QS); were shown

vertically expanded by a factor of 20 because of low emission intensities.

S8



SS.

PMF responses for Zn(QS)g‘ measured in p- and s-polarized excitation modes
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Figure S10. Potential dependences of the PMF responses for Zn(QS);™ at pH 7.0. The black and red lines

were measured by the s- and p-polarized excitation beams, respectively. The solid and dotted lines depict

the real and imaginary components, respectively.
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PM-TIRF responses for Al(111)-QS and Zn(11)-QS complexes
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Figure S11. Potential dependences of éor in the Al(111)-QS systems at pH 7.0 (black) and 4.9 (red).
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Figure S12. PM-TIRF spectra measured for (a) Al(111)-QS and (b) Zn(I1)-QS at pH 7.0. The excitation
wavelengths were (a) 376 nm and (b) 404 nm, respectively. The Raman bands around 424 nm or 460 nm
superimposed on PM-TIRF spectra were subtracted by using the spectra originating from the bulk organic

phase (dotted lines).
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Figure S13. Potential dependence of PM-TIRF spectra in the Zn(11)-QS system at pH 6.1. The blue dashed

line depicts the normalized fluorescence spectrum measured in agueous solution.
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S7. Capacitance curves and PMF responses for Zn(QC)g‘ system
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Figure S14. Capacitance curves measured for free HQS™ at pH 7.6 (red) and HQC™ at pH 8.1 (blue). The

black line depicts the base electrolyte system. The concentration of QS and QC was 1.0 x 10~* mol dm™,
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Figure S15. Capacitance curves measured for Zn(QS); at pH 7.4 (red) and Zn(QC); " at pH 7.7 (blue). The

black line depict base electrolyte system. The concentrations were [Zn(11)] = 1.0 x 10~* mol dm™ and [QS]
=[QC] = 2.0 x 10~* mol dm™3, respectively.
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Figure S16. PMF responses measured for Zn(QC);™ at pH 7.7. The solid and dotted lines depict the real
and imaginary components, respectively. The potential modulation was 30 mV at 1 Hz with a sweep rate
of 5 mV s~%. The concentrations were [Zn(11)] = 1.0 x 10 mol dm~2 and [QC] = 2.0 x 10* mol dm™3. The

excitation and emission wavelengths were 376 nm and 492 nm, respectively.
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