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ABSTRACT 

The transfer mechanism and adsorption state of water-soluble 8-quinolinolate complexes were 

studied at the water|1,2-dichloroethane interface by electrochemical and spectroelectrochemical 

techniques. The interfacial affinities of the metal complexes of 8-hydroxyquinoline-5-sulfonate 

(QS) were estimated as Al(QS)3
3− , Cu(QS)2

2−   > Zn(QS)2
2− . Potential modulated fluorescence 

spectroscopy revealed the potential-driven process of fluorescent QS complexes, where Al(III) and 

Zn(II) complexes were transferred across the interface accompanied by the adsorption at the 

aqueous side of the interface. The adsorption state and preferential molecular orientation of these 

complexes were analyzed in detail by polarization-modulation total internal reflection 

fluorescence (PM-TIRF) spectroscopy. The PM-TIRF results showed that the square-planar 1:2 

complexes, Al(QS)2
−  and Zn(QS)2

2− , were oriented relatively in parallel to the interface and 

approximately identical to the aqueous species. The adsorption behavior of the Zn(II) complex of 

tridentate 8-hydroxyquinoline-2-carboxylate (QC) ligand was also investigated, and Zn(QC)2
2− 

exhibited a strong interfacial affinity with intermediate spectral features between the aqueous and 

organic species. 
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1. Introduction 

The interfacial region between two immiscible solutions is a two-dimensional reaction field 

with a thickness of a few nm, where the physicochemical parameters such as density, polarity and 

electric potential etc., are significantly modified from those of the adjacent bulk phases [1, 2]. The 

interfacial reactivity of charged species is often influenced by specific hydration/solvation and 

dynamics in the interfacial region. The interfacial mechanism has been studied by a variety of 

surface-sensitive spectroscopy and electrochemical approach [3-5]. The ionic partitioning and 

charge transfer reactions at the interface can be driven as a function of the Galvani potential 

difference between two phases (∆o
wφ). Therefore, the electrochemical approach such as ion transfer 

voltammetry is a useful method to analyze the interfacial mechanism of charged species [6-8]. The 

spectroelectrochemical technique uncover further detail of the interfacial mechanism by 

combining the quantitative electrochemical control of charge transfer reaction and highly-selective 

spectroscopic characterization of interfacial species. The fluorescence-based techniques, such as 

potential-modulated fluorescence (PMF) [9, 10] and polarization-modulation total internal 

reflection fluorescence (PM-TIRF) techniques [11], have advantages with respect to sensitive 

analysis of potential-driven dynamic behavior and in situ characterization of interfacial species, 

respectively. In these techniques, the undesirable charge transfer of nonfluorescent species is 

entirely negligible, and the sensitive detection of target fluorescent species is readily conducted by 

selecting the excitation and emission wavelengths. PM-TIRF spectroscopy, for instance, 

elucidated the potential-induced aggregation mechanism of anionic porphyrins at liquid|liquid 

interfaces through selective detection of interfacially formed J-aggregates [12]. 

8-Hydroxyquinoline (HQ) and its derivatives are widely-used chelating agents for 

spectrophotometric determination of various metal ions [13]. Aluminum(III), magnesium(II) and 
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zinc(II) quinolinolato complexes, particularly, show pronounced fluorescence properties although 

a free ligand emits weak fluorescence. The metal quinolinolato complexes have also been 

functionalized in organic light emitting devices [14, 15]. In terms of separation chemistry, the 

facilitated ion transfer (electrochemical solvent extraction) of metal ions by the lipophilic HQ has 

been studied at liquid|liquid interfaces under electrochemical control, where a slight partitioning 

of ligands into the aqueous phase occurs, accompanied by the complexation homogeneously, and 

finally, the metal complexes are transferred into the organic phase [16-19]. The selective transfer 

of metal complex with hydrophilic ligands into the organic phase can also be achieved by applying 

an appropriate Galvani potential difference. It is known that the liquid-liquid partitioning of metal 

complexes is affected by pH (hydrolysis of metal ion and protonation of ligand), concentrations of 

metal ion and ligand, net charges, and so on. The complicated heterogeneous mechanism of metal 

complexes including ion transfer and adsorption processes, thus, has rarely been studied in detail 

[20, 21]. 

In the present study, the adsorption behavior of water-soluble 8-quinolinolato complexes 

with Al(III), Cu(II), and Zn(II) was examined at the polarized water|1,2-dichloroethane (DCE) 

interface. The interfacial mechanism of fluorescent complexes with Al(III) and Zn(II) were 

characterized in detail by PMF and PM-TIRF techniques. The effect of molecular geometry on the 

interfacial behavior was also investigated by employing bi- and tridentate ligands. 

 

2. Experimental 

2.1. Electrochemical cell 

8-Hydroxyquinoline-5-sulfonic acid (H2QS), monohydrate (TCI, EP, >98.0%) and 8-

hydroxyquinoline-2-carboxylic acid (H2QC) (Aldrich, ≥98.0%) were used as received. The 
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aqueous solutions of metal complexes were prepared by dissolving appropriate amounts of 

chelating ligand and metal chloride, aluminum(III) chloride (Sigma-Aldrich, 98%), zinc(II) 

chloride (Nacalai Tesque, GR, ≥98%), and copper(II) chloride dihydrate (Wako, ≥99%). The 

purified water by a Milli-Q system (Millipore, Direct-Q3UV) and DCE (Nacalai Tesque, HPLC 

grade, ≥99.7%) were saturated with each other and used for solution preparation. The compositions 

of the electrochemical cells are represented in Figure 1. The supporting electrolytes were 1.0×10−2 

mol dm−3 LiCl (Cell I) or Li2SO4 (Cell II) for the aqueous phase and 5.0×10−3 mol dm−3 

bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BTPPATPFB) for 

the organic phase, respectively. BTPPATPFB was prepared by metathesis of 

bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) (Aldrich, 97%) and lithium 

tetrakis(pentafluorophenyl)borate ethyl ether complex (TCI, > 70%). All other reagents were of 

analytical grade or higher. The pH condition was adjusted by the addition of HCl (Cell I), H2SO4 

(Cell II), LiH2PO4/LiOH buffer or H3BO3/LiOH buffer. 

 
Figure 1. Schematic representation of the electrochemical cells. 

2.2. Spectroelectrochemical analysis 

The spectroelectrochemical cell was analogous to one reported previously [10]. The 

water|DCE interface with an interfacial area of 0.50 cm2 was polarized by a four-electrode 
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potentiostat (Hokuto Denko, HA-1010mM1A). The Galvani potential difference (∆o
wφ  ≡ φw− φo) 

was estimated by taking the formal transfer potential (∆o
wφ°') of tetramethylammonium ions as 

0.160 V [22]. All experiments were carried out in a thermostated room at 298±2 K. The water|DCE 

interface was illuminated in total internal reflection (TIR) from the organic phase by a cw laser 

diode either at 404 nm (Coherent, CUBE 405-50C) or at 376 nm (Coherent, OBIS 375LX-50). 

The angle of incidence (ψi) was ca. 75°. A Fresnel rhomb half-wave plate (Sigma Koki) was placed 

to select the linear polarization angle of the excitation beam. The fluorescence signal from the 

interfacial region was measured perpendicularly to the interface by an optical fiber and a 

monochromator equipped with a photomultiplier tube (Shimadzu, SPG-120S). 

The PMF study was carried out by analyzing the fluorescence signal from the interfacial 

region as a function of ac potential modulation. The PMF signal was analyzed by a digital lock-in 

amplifier (NF LI5640) for dc-potential sweep mode, while a frequency response analyzer (NF 

FRA5022) was employed for frequency dependence analysis at a given ∆o
wφdc. Details of the 

analytical procedure are described elsewhere [9]. 

In the PM-TIRF experiment, the linear polarization of an excitation beam was periodically 

modulated between p- (parallel to the plane of incidence) and s-polarizations (perpendicular to the 

plane of incidence) at 13 Hz by a liquid crystal retarder (LCR) (Thorlabs, LCC1111T-A or 

LCC25/TC200) [11, 12]. The polarization modulation efficiencies (Pm) of LCR, i.e., the fraction 

of the p- or s-polarized component in the excitation beam under respective light modulations, were 

obtained as 0.95 at 404 nm and 0.85 at 376 nm, respectively, indicating that 5 % and 15 % of the 

s-polarized component remain in the p-polarized mode of LCR or vice versa. The PM-TIRF signal 

(∆Fp-s) is defined as 

∆Fp-s = Fm
p  − Fm

s  = (2Pm− 1)(Fp − Fs)                                                                                  (1) 



7 

 

where Fm
p  and Fm

s   are the modulated fluorescence intensities measured with p- and s-polarized 

excitation modes, Fp and Fs are the fluorescence intensities arisen from the species oriented at the 

interface under p- and s-polarized excitations, respectively. The modulated fluorescence signal 

from the interfacial region was analyzed by a digital lock-in amplifier (NF, LI5640) as a function 

of periodic polarization modulation of the incident beam. 

 

3. Results and discussion 

3.1. Ionic partitioning and Adsorption behavior of QS species 

The interfacial behavior of QS species was analyzed by electrochemical and 

spectroelectrochemical techniques. The charged state of the QS ligand and its ion transfer feature 

at the water|DCE interface are highly dependent on the pH condition. The ionic partition diagram 

of QS in Figure 2 was obtained by analyzing the voltammetric data based on the transfer 

mechanism consisting of acid-base equilibria in the aqueous phase, ion transfer processes, and 

partition of neutral species (see Supplementary material: S1) [23-25]. The electrochemical analysis 

indicated that the transferring charged species across the water|DCE interface was the monoanionic 

HQS− with ∆o
wφHQS−

°'   = −0.277±0.003 V at 3 < pH < 9.5 (Supplementary material: Figure S1). The 

partition coefficient (logPH2QS) of the neutral H2QS was determined as logPH2QS = 0.05 by taking 

literature values of pKa1 = 4.09 and pKa2 = 8.66 [26]. Under the present experimental conditions, 

the quantitative complexation of metal ions with QS ligands occur in the aqueous solution because 

of the high stability of their complexes. The formation constants (βn) are logβ1,Al = 8.95, logβ2,Al 

= 17.43, logβ3,Al = 24.58 for Al(III) complexes [27], logβ1,Zn = 7.54, logβ2,Zn = 14.32 for Zn(II) 

complexes [28], and logβ1,Cu = 12.50, logβ2,Cu = 23.10 for Cu(II) complexes [29], respectively. As 

described in Supplementary material: S2, the dominant species are, respectively, Al(QS)3
3− , 
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Zn(QS)2
2− and Cu(QS)2

2− at pH > 7, where no clear current peak for the ion transfer across the 

interface was observed within the potential window of cyclic voltammograms (CVs) even at the 

formal transfer potential of HQS− (Supplementary material: S3). Figure 3 shows the capacitance 

curves of the QS complexes measured at the water|DCE interface. The capacitance was increased 

at ∆o
wφ  < −0.10 V for each QS complex by the adsorption of negatively-charged species. 

Considering the charge on the complexes, their interfacial affinities around at −0.15 V were 

estimated as Al(QS)3
3−  ≈ Cu(QS)2

2−  > Zn(QS)2
2− . In the Zn(QS)2

2−  system, the zinc(II) center 

coordinated with water molecules in the axial position [30-32] and it could lead to the enhancement 

of the hydrophilicity of Zn(QS)2
2−, i.e., low interfacial affinity. On the other hand, the metal centers 

are hardly hydrated in the Al(QS)3
3− and Cu(QS)2

2− systems. 

 
Figure 2. Ionic partition diagram for QS species across the water|DCE interface. The 

concentration of total QS species was 1.0 × 10−4 mol dm−3. The solid boundary lines were 

obtained from the mechanistic analysis described in Supplementary material: S1. The subscripts 

w and o indicate the aqueous and organic species, respectively. 
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The ion transfer and adsorption processes of the fluorescent Al(III) and Zn(II) complexes 

were further studied by PMF spectroscopy (cf. Supplementary material: S4). Figures 4a and 5 

show the potential dependence of the PMF responses for Al(QS)3
3− and Zn(QS)2

2−, respectively. In 

the Al(III)-QS system, the real (∆Fre) and imaginary (∆Fim) components of PMF were obtained as 

negative and positive signs at ∆o
wφ < −0.25 V. The negative ∆Fre and positive ∆Fim signals for 

anionic species relate in principle to (i) quasi-reversible anion transfer across the interface and/or 

(ii) adsorption at the aqueous side of the interface. The PMF response associated with (i) quasi-

reversible ion transfer (ΔFt) is a linear function of the faradaic ac current (if,ac) [10]. 

∆Ft = 
4.606εΦI0

jωzFS cos ψi
if,ac                                                                                                            (2) 

 

Figure 3. Capacitance curves measured for Al(QS)3
3−  at pH 7.3, Zn(QS)2

2− at pH 7.5 and 

Cu(QS)2
2− at pH 7.3. The black dotted line relates to the neat water|DCE interface. The initial 

concentrations in Cell I were (Al(III)-QS) [Al(III)] = 1.0 × 10−4 mol dm−3 and [QS] = 3.0 × 10−4 

mol dm−3, (Zn(II)-QS) [Zn(II)] = 1.0 × 10−4 mol dm−3 and [QS] = 2.0 × 10−4 mol dm−3, (Cu(II)-

QS) [Cu(II)] = 1.0 × 10−4 mol dm−3 and [QS] = 2.0 × 10−4 mol dm−3, respectively. 
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where ε, Φ and I0 are the molar absorption coefficient, the fluorescence quantum yield and the 

excitation photon flux, respectively. S is the interfacial area. The real and imaginary components 

of ΔFt are expressed by 

∆Ft,re = 
4.606εΦ I0

zFS cos ψi
�

∆o
wφacσω−3/2

(Rct + σω−1/2)2 + (σω−1/2)2�                                                               (3) 

∆Ft,im = −
4.606εΦ I0

zFS cos ψi
�

∆o
wφac�Rct +σω−1/2�ω−1

(Rct + σω−1/2)2 + (σω−1/2)2�                                                            (4) 

where Rct and σ are the charge transfer resistance, the Warburg term, respectively. In the latter 

case (ii), PMF associated with the adsorption from the aqueous side (∆F a
 w) is proportional to the 

ac modulated surface coverage (θ ac
 w ) [9]. 

∆F a
 w = 2.303ε ΦI0Γs

wSθ ac
w                                                                                                    (5) 

θ ac
 w = 

bwzF 
RT

�
∆o

wφac�ka,dc
w  c0

wαw(1− θ dc
w ) − kd,dc

w (αw − 1)θ dc
w �

ka,dc
w  c0

w + kd,dc
w  + jω

�                                         (6) 

 

Figure 4. (a) Potential and (b) frequency dependences of the PMF responses for Al(QS)3
3− at 

pH 6.8. [Al(III)] = 3.0 ×10−4 mol dm−3 and [QS] = 9.0 ×10−4 mol dm−3 in Cell II. (a) The 

amplitude of potential modulation was 10 mV with a sweep rate of 5 mV s−1. (b) The frequency 

response analyses were conducted at −0.30 V (blue) and −0.33 V (red), respectively, with an ac 

amplitude of 50 mV. The excitation and emission wavelengths were 404 nm and 508 nm, 

respectively. 
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where Γs
w, α,  c0

w and θ dc
w  are the saturated interfacial concentration, overall transfer coefficient for 

adsorption process, the bulk concentration and the dc surface coverage, respectively. bw∆o
wφac is a 

portion of the Galvani potential difference for the adsorption process. ka,dc
w  and kd,dc

w  are the dc 

components of the adsorption and desorption rate constants at given potentials, respectively. The 

real and imaginary components of ∆Fa
w are represented by 

∆Fa, re
w  = 

2.303ε ΦI0Γs
wSbwzF 

RT
�
∆o

wφac(ka,dc
w  c0

wαw(1 − θ dc
w ) − kd,dc

w (αw − 1)θ dc
w )�ka,dc

w  c0
w + kd,dc

w �
ka,dc

w  c0
w + kd,dc

w  + jω
� 

                                                                                                                                              (7) 

∆Fa, im
w  = −

2.303ε ΦI0Γs
wSbwzF 

RT
�
∆o

wφac(ka,dc
w  c0

wαw(1− θ dc
w ) − kd,dc

w (αw − 1)θ dc
w )ω

ka,dc
w  c0

w + kd,dc
w  + jω

�               (8) 

Eqs. (3), (4) and (7), (8) indicate that ∆Fre and ∆Fim are negative and positive values for anionic 

species, respectively, for both (i) and (ii) cases. The complex plane plot, however, exhibits 

characteristic features for each process, i.e., (i) linear and (ii) semicircle responses [9]. The 

frequency response analysis of PMF was performed to elucidate the interfacial process of Al(QS)3
3− 

(Figure 4b). The PMF responses in a linear fashion was measured in the second quadrant (∆Fre < 

0, ∆Fim > 0) at −0.33 V, indicating the ion transfer process of anionic Al(QS)3
3− across the interface. 

At −0.30 V, the complex plane plot was expressed as a distorted semicircle in the second quadrant 

which associated with the adsorption process at the aqueous side of the interface. The distortion of 

the semicircle response at lower frequencies results from the overlapping of transfer signals [9]. 

In the Zn(II)-QS system, the PMF responses at pH 7.0 associate with the interfacial process 

of Zn(QS)2
2−, in which the weak and intense PMF responses (∆Fre < 0, ∆Fim > 0) were observed 

centered at −0.23 V and −0.34 V, respectively (Figure 5). The complex plane of the weak PMF 

response at −0.25 V exhibits a semicircle shape in the second quadrant (Figure 5, inset), indicating 
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the adsorption process of Zn(QS)2
2− at the aqueous side of the interface. The intense PMF response 

around −0.34 V could be attributed to the ion transfer of Zn(QS)2
2−, which is supported by the 

significant increase in the total fluorescence intensity from the interfacial region as discussed in 

Section 3.2. In addition, the PMF intensity for the adsorption of Zn(QS)2
2− at −0.30 V < ∆o

wφ < 

−0.20 V was varied with the light-polarization of the incident beam, where the larger PMF signals 

were measured by the s-polarized incident beam (Supplementary material: S5). The light-

polarization dependence of PMF relates to the molecular orientation of the fluorescent species 

adsorbed at the interface [33]. The adsorption state of the QS complex including molecular 

orientation is discussed in detail through the PM-TIRF analysis in Section 3.2. 

3.2. Characterization of adsorption species at the water|DCE interface 

 

Figure 5. Potential and (inset) frequency dependences of the PMF responses for Zn(QS)2
2− at 

pH 7.0. 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 2 mV s−1. The frequency response 

analysis was conducted at −0.25 V with an ac amplitude of 20 mV. [Zn(II)] = 5.0 × 10−5 mol 

dm−3 and [QS] = 1.0 × 10−4 mol dm−3 in Cell II. The excitation and emission wavelengths were 

404 nm and 525 nm, respectively. 
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The effects of pH and potential on the adsorption state of the interfacial species were 

studied in the Al(III)-QS systems at pH 7.0 and 4.9 through the PM-TIRF analysis. The dominant 

species in the aqueous phase is Al(QS)3
3− at pH 7.0 (Al(QS)3

3−:Al(QS)2
− = 86:8), whereas Al(QS)2

− 

is the major species at pH 4.9 (Al(QS)3
3−: Al(QS)2

−: Al(QS)+ = 6 : 59 : 28). Figure 6 shows the 

potential dependences of the PM-TIRF response (∆Fp-s) measured in the Al(III)-QS system. The 

negative ∆Fp-s magnitude was maximized around at −0.33 V, where the intense PMF response was 

observed (cf. Figure 3a). The ∆Fp-s  signal was steeply weakened at ∆o
wφ < −0.33 V, and the 

synchronous enhancement of Ftotal, which is mainly associated with increase of fluorescent species 

in DCE, indicated the ion transfer of Al(III)-QS complex. In the Al(III)-QS system, the 

fluorescence signal arisen from the centrosymmetric Al(QS)3
3− molecule is not affected by the 

modulation of the linear light-polarization even if Al(QS)3
3− is adsorbed at the interface. Therefore, 

the non-zero ∆Fp-s  signals relate to the adsorption process of the square-planar 1:2 complex 

(Al(QS)2
−) at the interface although the abundance of Al(QS)2

− is rather small, ~8%. Considering 

the planar Al(QS)2
− with the excitation dipole moment in quinoline ring, the average orientation 

angle (θOR) of Al(QS)2
− can be estimated from ∆Fp-s  and Ftotal [11]. The θOR value at −0.25 V < 

∆o
wφ < −0.20 V was approximately constant at 63±2° (Supplementary material: S6). The magnitude 

of negative ∆Fp-s  signals was relatively increased at pH 4.9, where the orientation angle was 

determined as θOR = 67 ± 3° at −0.25 V < ∆o
wφ < −0.20 V. 

In order to further characterize the interfacial species, the wavelength-dependence of ∆Fp-s, 

i.e. PM-TIRF spectrum, was measured at given potentials. The PM-TIRF spectrum corresponds to 

fluorescence spectrum of the interfacial species oriented at the interface. Undesirable Raman 

scattering from the water-saturated DCE phase on the optical path was subtracted in the PM-TIRF 



14 

 

spectra (Supplementary material: S6). The baseline subtracted PM-TIRF spectra for Al(III)-QS 

complexes are shown in Figure 7. The maximum wavelengths (λmax) of the PM-TIRF spectra are 

summarized in Table 1. The PM-TIRF maximum at pH 7.0 was found around 496 nm. The spectral 

features were similar to those measured in the aqueous solution at pH 4.9 where the major species 

is Al(QS)2
−. These results exhibited that Al(QS)2

− adsorbed at the interface is detectable with a high 

selectivity in the PM-TIRF measurement. It should be noted that Al(QS)3
3− would also be adsorbed 

at the interface, but the spherical Al(QS)3
3− molecule is not responsible for PM-TIRF signal. At pH 

4.9, the PM-TIRF maximum was red-shifted from 496 nm for the bulk aqueous species to >501 

nm. Since the adsorption of the cationic 1:1 complex, Al(QS)+, which is one of the minor aqueous 

species (28%), occurred hardly in the negative potential region, the observed red-shift of PM-TIRF 

spectra could be related to the π-π stacking of QS ligands of Al(QS)2
− at the interface [34-36]. 

 

Figure 6. Potential dependence of ∆Fp-s and Ftotal for the Al(III)-QS complex systems at pH 7.0 

(black) and 4.9 (red). The potential sweep rate was 2 mV s−1. The excitation and emission 

wavelengths were 376 nm and 492 nm, respectively. The concentrations in Cell II were (pH 

7.0) [Al(III)] = 1.0 × 10−4 mol dm−3 and [QS] = 3.0 × 10−4 mol dm−3, and (pH 4.9) [Al(III)] = 

1.0 × 10−4 mol dm−3, [QS] = 2.0 × 10−4 mol dm−3, respectively. 
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Table 1. PM-TIRF maxima (λmax) of Al(III)-QS complexes at the water|DCE interface. 

 pH 4.9  pH 7.0 
 ∆o

wφ / V λmax / nm  ∆o
wφ / V λmax / nm 

interface −0.11 503  −0.08 494 
 −0.21 503  −0.18 496 
 −0.31 501  −0.28 496 
aqueous phasea  496   493 
organic phasea  456   478 

aThe fluorescence maximum wavelengths in the aqueous and organic phases. 
 
In the case of the Zn(II)-QS system, the negative ∆Fp-s  signals in the negative potential 

region were observed at different pHs, where the major species in the aqueous phase were the 

anionic Zn(QS)2
2−  at pH 7.0 and neutral Zn(QS) at pH 6.1, respectively (Figure 8a, see also 

Supplementary material: S2). The ∆Fp-s intensity was dependent on ∆o
wφ at both pHs indicating 

 

Figure 7. PM-TIRF spectra for Al(III)-QS complexes at (a) pH 7.0 and (b) 4.9 at the water|DCE 

interface. The blue and red dashed lines refer to normalized fluorescence spectra measured in 

the aqueous and organic solutions. The excitation wavelength were 376 nm. The concentrations 

in Cell II were (a) [Al(III)] = 1.0 × 10−4 mol dm−3 and [QS] = 3.0 × 10−4 mol dm−3, and (b) 

[Al(III)] = 1.0 × 10−4 mol dm−3 and [QS] = 2.0 × 10−4 mol dm−3, respectively. 
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that the ∆Fp-s  responses originate from Zn(QS)2
2− adsorbed at the interface. In a similar manner to 

Al(QS)2
−, the average orientation angles of the excitation dipole of Zn(QS)2

2− at −0.25 V < ∆o
wφ < 

−0.20 V were determined as 65±2° at pH 7.0 and 70±2° at pH 6.1, respectively (Figure 8a, inset). 

The negative ∆Fp-s  signals were maximized around −0.31 V, which is lightly less negative 

 

Figure 8. Potential dependence of (a) PM-TIRF signals at 525 nm and (b) PM-TIRF spectra at 

pH 7.0 for the Zn(II)-QS system. (a) The red and black lines were measured at pH 6.1 and 7.0, 

respectively. The potential sweep rate was 2 mV s−1. (Inset) θOR vs. ∆o
wφ plots. (b) The blue 

dotted line refers to normalized fluorescence spectra measured in aqueous solution. The 

excitation wavelength was 404 nm. [Zn(II)] = 5.0 × 10−5 mol dm−3 and [QS] = 1.0 × 10−4 mol 

dm−3 in Cell II. 
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potential than −0.34 V of the ion transfer of Zn(QS)2
2− observed in the PMF experiments. The 

∆Fp-s  intensity was weakened after the ion transfer of Zn(QS)2
2−. The PM-TIRF spectra of Zn(II)-

QS complexes at pH 7.0 are shown in Figure 8b (cf. Table 2). The spectral characteristics of PM-

TIRF spectra were not significantly affected by the potential, but the PM-TIRF intensity was 

enhanced at −0.31 V. The PM-TIRF spectra at pH 6.1 were analogous to those measured at pH 7.0 

(Supplementary material: S6). The contribution from the neutral 1:1 complex, Zn(QS), was not 

quantitatively-assessed because of similar spectral features between Zn(QS) and Zn(QS)2
2− [37]. 

The potential-dependent PM-TIRF responses, however, indicate that the charged Zn(QS)2
2−  is 

adsorbed with a hydration state similar to the aqueous species. 

Table 2. PM-TIRF maxima (λmax) of Zn(II) complexes at the water|DCE interface. 

 Zn(QS)2
2−  Zn(QC)2

2− 
 ∆o

wφ / V λmax / nm  ∆o
wφ / V λmax / nm 

interface 

   −0.08 584 
−0.14 526  −0.18 584 
−0.24 524  −0.28 584 
−0.31 522  −0.33 567 

aqueous phasea  523   645 
organic phasea  −   562 

aThe fluorescence maximum wavelengths in the aqueous and organic phases. 
 

The interfacial behavior of the Zn(II)-QC complex was examined as a control system to 

assess the influence of coordination geometry. The free QC ligand with pKa1 = 3.94 and pKa2 = 

9.98 exists as HQC− around pH 7 and the complexation with Zn(II) takes place quantitatively [38]. 

The major species of the Zn(II)-QC system under neutral and alkaline conditions is a divalent 1:2 

complex, Zn(QC)2
2−, of which two tridentate QC ligands occupy six coordination sites of the zinc 

center. In the capacitance curves, Zn(QC)2
2− exhibited a significant adsorption at −0.20 V < ∆o

wφ < 
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0.10 V, whereas only the slight adsorption responses were observed in the PMF measurement (see 

Supplementary material: S7). The PMF response is rather weakened for “strong” adsorption 

process because of an irreversible ac potential-dependence. The similar signal lowering of the 

adsorption response has been reported in the protoporphyrin IX system with the high surface 

activity at the water|DCE interface [39]. In contrast to the PMF response, the intense ∆Fp-s signals 

 

Figure 9. The potential dependences of (a) PM-TIRF signals at 590 nm and (b) PM-TIRF 

spectra measured for Zn(QC)2
2− at pH 7.5. (a) The potential sweep rate was 2 mV s−1. The 

excitation wavelength was 404 nm. [Zn(II)] = [QC] = 1.0 × 10−4 mol dm−3 in Cell II. (b) The 

blue and red dotted lines refer to normalized fluorescence spectra measured in the aqueous and 

organic solutions. 
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were observed for Zn(QC)2
2−  as shown in Figure 9a, in which the negative ∆Fp-s  magnitude 

increased synchronously with increasing Ftotal at ∆o
wφ < −0.30 V. The PM-TIRF maxima at ∆o

wφ > 

−0.33 V showed intermediate λmax values between the fluorescence maxima in the bulk aqueous 

(645 nm) and organic phases (562 nm) (Figure 9b and Table 2), while the spectral feature at −0.33 

V was close to that of the organic species. These PM-TIRF results manifest the adsorption state of 

Zn(QC)2
2− modified at the interface depending on ∆o

wφ, and the spectral shifts could reflect the 

specific polarity of adsorption plane in the interfacial region. Considering no clear spectral shift 

for Zn(QS)2
2− approximately identical to the aqueous species with axial hydration (Figure 8b), 

these contrastive PM-TIRF results indicate that the adsorption state of metal complexes is highly 

affected by the coordination geometry. 

 

4. Conclusions 

The present results for the water-soluble 8-quinolinol compound demonstrated that the 

interfacial mechanism and adsorption state were affected by metal center, charged state, 

coordination geometry, and so on. The PMF and PM-TIRF studies achieved the mechanistic 

analysis of the potential-driven process as well as the direct characterization of the adsorption state 

of the fluorescent Al(III) and Zn(II) complexes. The PMF analysis elucidated these anionic 

complexes were transferred across the interface accompanied by the adsorption at the aqueous side 

of the interface. In addition, the adsorption state and molecular orientation of the square-planar 1:2 

complexes, Al(QS)2
−  and Zn(QS)2

2− , were analyzed with high selectivity by PM-TIRF 

spectroscopy. The interfacial species of the 1:2 complexes were analogous to the aqueous species 

with axial hydration. In the Zn(II) complex system, the effect of coordination geometry on the 

adsorption state was highlighted by comparing the bidentate QS ligand with the tridentate QC. The 
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spectroelectrochemical results indicated a relatively strong interfacial adsorption of Zn(QC)2
2− 

with the intermediate state between the aqueous and organic species. These results suggest that the 

hydration and solvation of the interfacial species play a crucial role in the adsorption behavior of 

metal complexes. The present experimental approach will provide insights into the developments 

in separation science with functional ligands and heterogeneous reaction system where metal 

complexes with specific orientation at the interface form self-assembled layers or highly ordered 

supramolecular structures. 
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