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Abstract:



Hydrophobic magnetic nanoparticles (NPs) consisting of undecanoate-capped magnetite (Fe3O4, average diameter ca. 5 nm) are used to control quantized electron transfer to surface-confined redox units and metal NPs. A two-phase system consisting of an aqueous electrolyte solution and a toluene phase that includes the suspended undecanoate-capped magnetic NPs is used to control the interfacial properties of the electrode surface. The attracted magnetic NPs form a hydrophobic layer on the electrode surface resulting in the change of the mechanisms of the surface-confined electrochemical processes. A quinone-monolayer modified Au electrode demonstrates an aqueous-type of the electrochemical process (2e-+2H+ redox mechanism) for the quinone units in the absence of the hydrophobic magnetic NPs, while the attraction of the magnetic NPs to the surface results in the stepwise single-electron transfer mechanism characteristic of a dry non-aqueous medium. Also, the attraction of the hydrophobic magnetic NPs to the Au electrode surface modified with Au NPs (ca. 1.4 nm) yields a microenvironment with a low dielectric constant that results in the single-electron quantum charging of the Au NPs.
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Introduction


Chemically functionalized nanoparticles (NPs) can be associated with modified electrode surfaces and used to enhance electrochemical, photoelectrochemical or bioelectrochemical processes [1,2]. Functionalized magnetic NPs were used for separation of bioaffinity complexes [3,4] and for the construction of magnetic nanostructures [5]. Also, the functionalized magnetic NPs or microparticles were used for labeling of biomaterials, such as oligonucleotides or antigens/antibodies, that allowed designing new DNA-sensors [6,7] and immunosensors [8,9]. Recently, functionalized magnetic particles were employed for the ON-OFF switching of bioelectrocatalytic processes [10,11]. Also, the rotation of functionalized magnetic particles on electrode supports was used to amplify bioelectrocatalytic reactions [12,13] and biosensing processes such as DNA or antigen-antibody interactions [14,15] and cancer cells analysis [16]. Recently, we reported on the reversible blocking of the electrochemical and bioelectrocatalytic processes at electrodes by attraction of the hydrophobic magnetic NPs to the electrode surface [17,18]. The magnetic NPs (average diameter 5 nm) modified with long alkyl chains form, upon their attraction to the electrode, a hydrophobic thin film on the conductive support. This thin film results in a low capacitance of the double-charged layer and complete blocking of diffusional electrochemical processes. Magnetic retraction of the hydrophobic magnetic NPs regenerates a bare electrode surface, which allows the duffusional electrochemical process. Reversible attraction/retraction of the hydrophobic magnetic NPs to/from the electrode surface provides a means to reversibly deactivate/activate the duffusional electrochemical processes. In the present study we report on the effect of hydrophobic magnetic NPs attracted to the electrode, by means of an external magnet, on the mechanisms of electrochemical processes at monolayer-functionalized electrodes, namely on the quantized electron transfer to surface-confined quinone units and Au NPs.




Experimental section


Chemicals and materials


Undecanoic acid, cystamine (2,2′-diaminodiethyldisulfide), 2,3-dichloro-1,4-naphthoquinone, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), and all other chemicals were purchased from Sigma or Aldrich and used without further purification. Monoamino-functionalized Au-nanoparticles (ca. 1.4 nm) containing a single triphenylphosphine ligand functionalized with 1,3-propane diamine were purchased from Nanoprobes (U.S.A.). Magnetic nanoparticles, Fe3O4, coated with undecanoic acid shell were synthesized according to the published procedure with the difference that only a single capping layer was generated on the surface of the nanoparticles [19]. Ultrapure water from NANOpure Diamond™ (Barnstead) source was used throughout all the experiments.




Chemical modification of electrodes


A Au-coated (50 nm gold layer) glass plate (Analytical μ-Systems, Germany) was used as a working electrode. Cystamine was self-assembled on the electrode as a monolayer to yield the amino-functionalized Au surface as described before [20,21]. The resulting amino-functionalized Au electrode was reacted with 2,3-dichloro-1,4-naphthoquinone in boiling ethanolic solution for 3 minutes and thoroughly rinsed with ethanol and water to yield the amino-naphthoquinone monolayer (1) at a modified electrode as described before [21]. 11-Mercaptoundecanoic acid (1 mM ethanolic solution) was self-assembled on the Au electrode overnight to yield the carboxylic-functionalized Au surface. The resulting modified Au electrode was then reacted overnight with the amino-functionalized Au NPs (1 μg mL-1) in 0.1 M HEPES-buffer, pH = 7.2, in the presence of EDC, 10 mM, to yield the Au NPs-functionalized interface.




Electrochemical and microgravimetric measurements


Cyclic voltammetry and linear sweep voltammetry measurements were performed using an electrochemical analyzer (model 6310, EG&G connected to a personal computer with EG&G 270/250 software). The measurements were carried out at ambient temperature (25 ± 2°C) in a conventional electrochemical cell consisting of a modified Au working electrode assembled at the bottom of the electrochemical cell, a glassy carbon auxiliary electrode and a saturated calomel electrode (SCE) connected to the working volume with a Luggin capillary. All potentials are reported with respect to this reference electrode. Phosphate buffer (0.1 M, pH 7.0) was used as a background electrolyte for the electrochemical measurements. The undecanoic acid-functionalized magnetic NPs were added to the cell in a toluene solution (0.5 mL, 1 mg mL-1) yielding an upper organic solution layer immiscible with the aqueous electrolyte solution. The undecanoic acid-functionalized magnetic NPs were attracted to the modified Au electrode surface from the upper organic layer by positioning a 12 mm diameter magnet (NdFeB/Zn-coated magnet with the remanent magnetization of 10.8 kG) below the bottom electrode. The hydrophobic magnetic NPs were removed from the electrode surface and re-transported to the organic phase by positioning the external magnet on the top of the electrochemical cell. Argon bubbling was used to remove oxygen from the solutions in the electrochemical cell. The cell was placed in a grounded Faraday cage. A QCM analyzer (Fluke 164T multifunction counter, 1.3 GHz, TCXO) and quartz crystals (AT-cut, 9 MHz, Seiko) sandwiched between two Au electrodes (area 0.196 cm2, roughness factor ca. 3.2) were employed for the microgravimetric analyses in air.





Results and discussion


The magnetic NPs were prepared according to the literature procedure using undecanoic acid as a hydrophobic capping layer [19]. The undecanoic acid-functionalized NPs are freely suspendable in organic phases, such as toluene, and form a stable homogenous suspension (a magnetic fluid [22,23]). TEM and AFM images of the NPs indicated that the average diameter of the magnetic NPs is ca. 5 nm [17]. The saturation magnetization of the NPs at room temperature was determined to be ca. 36.4 emu g-1[17].



The deposition of the magnetic NPs on the electrode surface as a thin film turns the interface into a hydrophobic medium that blocks diffusional electrochemical reactions at the electrode surface [18]. Surface-confined redox species should be still accessible to the electrical contact, and thus, their electrochemical response can be observed in the presence of the magnetic NPs on the electrode surface. However, the electrochemical processes on the functionalized interfaces in the presence of the hydrophobic magnetic NPs occur in the dry non-aqueous microenvironment generated by the thin film of the magnetic NPs. Thus, the magneto-controlled deposition of the hydrophobic NPs on modified electrode surfaces could, in principle, result in the significant change of the mechanisms of the electrochemical processes.



This concept was experimentally proved by studying the electrochemical processes of the quinone (1) monolayer-functionalized electrode in the absence and in the presence of the hydrophobic magnetic NPs on the electrode surface, Figures 1(A) and 1(B), respectively. The cyclic voltammogram of the system with the hydrophobic magnetic NPs retracted from the electrode surface is depicted in Figure 1(C), curve (a). It consists of a redox wave at E° = -0.41 V corresponding to the reversible reduction of the quinone monolayer (1), 2.2×10-11 mole cm-2. The surface-confined character of the electrochemical reaction corresponding to the quinone units is supported by the linear increase of the peak currents with the increase of the potential scan rate. When the hydrophobic magnetic NPs are attracted to the electrode surface, the cyclic voltammogram shows, however, two waves corresponding to the electrochemical process of the immobilized quinone (1), E1° = -0.465 V; E2° = -0.630 V, Figure 1(C), curve (b). Also, a significant decrease in the capacitance current is observed under these conditions. The peak currents of the quinone reduction waves increase linearly with the increased potential scan rate indicating that the electron transfer occurs on a surface-confined species.


Figure 1. Magneto-controlled reversible translocation of the hydrophobic magnetic NPs between an organic phase, atop the aqueous electrolyte, and the electrode surface: (A) The magnetic NPs are retracted from the electrode surface and the electrode is activated towards the aqueous-type electrochemistry of the surface-confined quinone (1). (B) The electrode surface is blocked by the hydrophobic magnetic NPs attracted to the electrode by the external magnet, while the surface-confined quinone (1) reveals the non-aqueous type electrochemistry. (C) Cyclic voltammograms of the system consisting of the surface-confined quinone (1): a) When the hydrophobic magnetic NPs are retracted from the electrode surface. b) When the hydrophobic magnetic NPs are attracted to the electrode surface. Data were recorded at room temperate under Ar in a biphase system composed of 0.1 M phosphate buffer, pH 7.0 (lower phase) and toluene with the magnetic NPs, 0.5 mL, 1 mg mL-1, (upper phase). The effective electrode area is ca. 0.3 cm2. Potential scan rate is 100 mV s-1.
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It is well known that in an aqueous medium the electrochemistry of quinones shows a single redox wave corresponding to the (2e-+2H+)-electrochemical reduction, whereas in dry non-aqueous solutions (e.g., in acetonitril, dichloromethane, or dimethylformamide) quinones show two consecutive redox waves corresponding to the (1e-)-reduction steps each [24]. The addition of water to non-aqueous solvents (sometimes traces of water in non-aqueous solvents) results in the protonation of anionic reduced states of quinones and it changes the electrochemical process of quinones, typical to dry non-aqueous environment to the mechanism characteristic for aqueous solutions [24]. The two almost equal redox waves corresponding to the electrochemical process of the immobilized quinone (1), E1° = -0.465 V; E2° = -0.630 V, demonstrate that the attraction of the hydrophobic magnetic NPs to the electrode surface provides a non-aqueous medium near the electrode surface, which is sufficiently dry to prevent protonation of the reduced anionic states of the quinone. The effective hydrophobic blocking of the electrode support by the functionalized magnetic NPs is attributed to the partial carrying of toluene solvent by the hydrophobic nanoparticles [18]. The co-adsorbed toluene presumably forms a continued oil film that renders the interface into an organic phase microenvironment, which acts as a barrier for proton transfer. Thus, stepwise single-electron transfer to the monolayer-immobilized quinone units is demonstrated in the presence of hydrophobic magnetic NPs. Retraction of the hydrophobic magnetic NPs from the electrode surface to the upper toluene phase yields aqueous environment on the electrode surface, thus resulting in the aqueous-type of the quinone electrochemistry, Figure 1(C), curve (a). Magneto-induced cyclic attraction and retraction of the hydrophobic magnetic NPs to and from the quinone-functionalized electrode surface resulted in the reversible changes of the mechanism of the electrochemical process.



The control of the dielectric properties of electrode surfaces, and particularly of the surrounding of metal nanoparticles by means of the hydrophobic magnetic NPs allows the controlled switchable single-electron charging of the Au nanoparticles. The quantized (single electron) charging of metal NPs is a fundamental phenomenon. Single electron charging of metal nanoparticles at measurable potential steps, ΔE, is possible for small monodisperse metal nanoparticles provided that ΔE ≫ kBT, where ΔE = e/C (C is the capacitance of a single nanoparticle and e is the charge of electron). The single electron-charging phenomenon was observed for Au clusters protected by hydrophobic monolayers and in organic solvents of low dielectric constants [25-28]. The single-electron charging of metal nanoclusters on surfaces was accomplished by the addressing of single nanoparticles with a scanning tunneling microscopy tip [29], or by the electrical charging of nanoparticles arrays [30,31], consisting of small, monolayer-protected metal nanoparticles such as Au or Ag. Hydrophobic magnetic NPs were employed as a micro-heterogeneous environment for the single-electron charging of Au nanoparticles associated with a Au electrode surface. When the hydrophobic magnetic NPs are retracted from the Au NPs-functionalized electrode surface, the modified interface is in direct contact with the aqueous electrolyte solution, Figure 2(A), and the linear sweep voltammogram demonstrates the capacitance current characteristic to the aqueous environment, Figure 2(C), curve (a).


Figure 2. Magneto-controlled quantum charging of the Au NPs associated with a Au electrode in the presence of hydrophobic magnetic NPs and two-phase liquid solution: (A) Magnetic NPs are retracted from the electrode surface. (B) Magnetic NPs are attracted to the electrode surface. (C) Linear sweep voltammograms recorded in the presence of: a) Magnetic NPs retracted from the Au nanoparticles/thiol monolayer-functionalized electrodes. b) Magnetic NPs attracted to the Au nanoparticles/tiol monolayer-functionalized electrode. The data were obtained under Ar in a biphase system consisting of 0.1 M phosphate buffer, pH 7.0, and toluene with the hydrophobic magnetic NPs, 0.5 mL, 1 mg mL-1. The effective electrode area is ca. 0.8 cm2. Potential scan rate 1 mV s-1. The arrow shows the direction of the potential sweep.
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The hydrophobic magnetic NPs attracted to the electrode surface provide a microenvironment of low dielectric properties, and hence the low capacitance of the Au NPs allows their quantized charging, Figure 2(B). The linear sweep voltammogram corresponding to the quantized charging of Delta; equally separated, Delta; E = 100 ±5 mV, and the charge associated with each wave is almost identical, 6.4 ±0.3 μC. Knowing the surface coverage of the Au NPs (determined by microgravimetric measurements), and the total charge associated with each quantized charging step, it was possible to estimate that ca. 1 ±0.05 electrons are charging each Au NP in the array in each of the cathodic quantized steps. The removal of the hydrophobic magnetic NPs from the electrode surface resulted in the exposure of the Au NPs to the aqueous environment, Figure 2(A), thus resulting in the larger capacitance of the Au NPs. Under these conditions the quantum charging is not observed, Figure 2(C), curve (a). The reversible attraction and retraction of the hydrophobic magnetic NPs to and from the modified interface provides a method for the magneto-switchable single electron charging of a Au NPs array.




Conclusions


The present study has described a new method to control the mechanism of electrochemical reactions on modified electrode surfaces, namely to achieve quantized single-electron charging processes for molecular redox species (surface-confined quinone units) and metal NPs. We demonstrated that the mechanism of the electrochemical process of the quinone-modified electrode could be altered from an aqueous-type redox process to an organic-phase mechanism upon the attraction of the hydrophobic magnetic NPs to the electrode. The analysis of the results has implied that the assembly of the hydrophobic magnetic NPs on the electrode surface yields an isolating thin film that prevents the transport of protons/water molecules to the quinone-modified electrode surface. This property was attributed to the co-adsorption of toluene molecules to the hydrophobic magnetic NPs that results in an impermeable for H+/H2O thin film on the electrode. Also, a low dielectric constant of the hydrophobic microenvironment provided by the attracted magnetic NPs allows the quantized electron transfer to the Au NPs associated with the electrode surface. Reversible attraction and retraction of the hydrophobic magnetic NPs to and from the electrode surface allow the magneto-controlled quantized and continues charging of the molecular redox units and metal NPs, respectively.
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