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Oriented external electric fields are now emerging as “smart effectors” of chemical changes. The key challenges in experimentally studying electrostatic catalysis are (i) controlling the orientation of fields along the reaction axis and (ii) finely adjusting the magnitudes of electrostatic stimuli. Surface models provide a versatile platform for addressing the direction of electric fields with respect to reactants and balancing the trade-off between the solubility of charged species and the intensity of electric fields. In this mini-review, we present the recent advances that have been investigated of the electrostatic effect on the chemical reaction on the monolayer-functionalized silicon surfaces. We mainly focus on elucidating the mediator/catalysis role of static electric fields induced from either solid/liquid electric double layers at electrode/electrolyte interfaces or space charges in the semiconductors, indicating the electrostatic aspects is of great significance in the semiconductor electrochemistry, redox electroactivity, and chemical bonding. Herein, the functionalization of silicon surfaces allows scientists to explore electrostatic catalysis from nanoscale to mesoscale; most importantly, it provides glimpses of the wide-ranging potentials of oriented electric fields for switching on/off the macroscale synthetic organic electrochemistry and living radical polymerization.
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INTRODUCTION
At present, increasing attention has been paid to use oriented electric fields as “smart reagents” to catalyze non-electrochemical reactions, namely, electrostatic catalysis (Shaik et al., 2016; Ciampi et al., 2018). The concept is that a controllable electric field enables chemists to control catalysis/inhibition (Meir et al., 2010) of chemical/biological reactions at will and hence establishes a new approach to future chemistry and biology, from the adjustment of enzyme activity in biological processes (Warshel et al., 2006; Fried et al., 2014) to the manipulation of barrier heights of chemical reactions (Zhang et al., 2018a; Wang et al., 2019) or functions of molecular devices (Foroutan-Nejad et al., 2016; Jaroš et al., 2019). However, electrostatic catalysis application is still in its infancy in experimental investigations but massively applied in theoretical predictions. This is because the intrinsic feature of an electric field as a vector suffers from limitations in adjusting the orientation of an electric field against the reaction axis and gauging the precise strength of the electric field applied on the reactions. Furthermore, electrostatic effects are predominant in the gas phase and progressively attenuate with an increasing polarity of media, whereas the solubility of charged residues is poor in non- or less-polar solvents (Gryn'ova et al., 2013; Gryn’ova and Coote, 2013). Therefore, one needs to address two challenges for extending electrostatic catalysis to practical reactions: (i) controlling the direction and strength of an external electric field at will and (ii) balancing the trade-off between the solubility of charged species and the magnitude of electric fields.
It was not until 2016 that Coote et al. provided a proof of concept that an electric field could accelerate a carbon–carbon bond-forming reaction through scanning tunneling microscope-break junction (STM-BJ) experiments (Aragonès et al., 2016); this nanoscale technique was subsequently selected as a versatile platform to trigger some chemical changes by controlling the orientation and intensity of electric fields deliberately (Xiang and Tao, 2016; Zang et al., 2019). Although this offered the possibility of using easily accessible model systems to explore electrostatic catalysis phenomena experimentally, the proposed STM-BJ surface system is not on a practical scale, and only limited molecules/specific reactions are employed to match this experimental setup; for example, some single-molecule junctions are constructed based on gold–carbon bond formation (Hong et al., 2012; Starr et al., 2020). To realize electrostatic catalysis beyond individual molecules, one must be able to devise monolayer surface systems by coupling interested molecules to the sturdiness of a solid device (Chia et al., 2001; Gooding and Ciampi, 2011). The semiconductor silicon electrode, technologically the most relevant electrode material of our age (Ball, 2005; Ciampi et al., 2010), is still promoting the rapid development of electrochemistry (Choudhury et al., 2015; Vogel et al., 2017), molecular electronics (Rakshit et al., 2004; Vilan and Cahen, 2017), quantum computing (Hill et al., 2015; Tosi et al., 2017), and spintronics (Flatte, 2009; Jansen, 2012). The major reasons for selecting a silicon electrode for the electrostatic catalysis study are as follows: (i) well-developed approaches are available for preparing monolayers on silicon electrodes; (ii) it has excellent photoelectrochemical properties in the electrode–electrolyte interface (Rajeshwar, 2007); and (iii) it is easily accessible for surface-sensitive X-ray spectroscopic characterizations with the Si/C contrast (Ciampi et al., 2009). These advantages have made the silicon electrode an ideal platform for investigating electrostatic catalysis in mesoscale processes. The functionalization of silicon substrates and semiconductor electrochemistry will be briefly introduced below for readers to appreciate how the electrostatic effect works on monolayer films. Specifically, we present a detailed summary on the advances of electrostatic catalysis of redox and non-redox reactions on functionalized silicon electrodes, suggesting the electric fields can be used as “smart reagents” for regulating organic surface synthesis and switching ON/OFF the nitroxide-mediated polymerization.
ASSEMBLY OF ORGANIC MONOLAYERS ON SILICON SURFACES
Silicon surface models provide us with an efficient strategy to address the orientation of external electric fields with respect to reactants as well as balance the discrepancy between the solubility of charged species and the magnitude of external electric fields. Our focus is first dedicated to the preparation of stable silicon monolayer films, minimizing/avoiding the formation of silicon oxides during measurements and ensuring the catalytic effects of electric fields. When it comes to preparation of chemically well-defined organic monolayers on silicon electrodes, numerous protocols are available to prepare Si-C, Si-O, and Si-N bound layers (Ciampi et al., 2010; Gonçales et al., 2020). Specifically, Si-C bound surface modifications are one of the most common covalent attachments on a silicon electrode. To obtain the robust Si-C linked monolayers and hence exact electron-transport studies, the insulating silicon oxide layers on silicon substrates typically need to be passivated by chemical etching in either fluoride-containing solution (Chabal et al., 1989; Niwano et al., 1992) or alkaline aqueous (Zhang, 2007; Clark et al., 2010), leading to the formation of hydrogen-terminated (Si-H) silicon surfaces. The resulting Si-H surfaces are unequivocally attractive to the attachment of molecular monolayers by wet chemical routes. This is because the Si-H functionality possesses some intriguing properties; for instance, it can be prepared easily (Higashi et al., 1990), has short-term tolerance to atmosphere and aqueous media (Linford et al., 1995), and shows inert reactivity toward common organic media (Bateman et al., 1998). Two methods widely used in the prevent of silicon oxide formation were introduced in this review: (1) insertion of an unsaturated molecule (i.e., alkenes and alkynes) into Si-H bonds, which is known as hydrosilylation (Ciampi et al., 2010), and (2) formation of a Si-C linkage on non-oxidized Si-H surfaces, which can be carried out by thermal-triggered hydrosilylation under appropriate conditions (Linford and Chidsey, 1993; Linford et al., 1995). In contrast, photochemical irradiation can also promote hydrosilylation of unsaturated compounds via homolytic cleavage of Si-H bonds at room temperature (Terry et al., 1997; Stewart and Buriak, 1998). The relevant procedures will be detailed in the below sections.
NON-IDEAL VOLTAMMOGRAMS IN SEMICONDUCTOR ELECTROCHEMISTRY
Scientists occasionally encountered non-ideal voltammograms [anti-thermodynamic inverted redox peaks and <90.6 mV full width at half maximum (FWHM) value] while dealing with redox reactions that occur in semiconductor electrodes (Bolts and Wrighton, 1979; Zhang et al., 2016). The current signal obtained from an electrified interface was always treated as an indicative of an overall rate; hence, these non-idealities were immediately disregarded as electrochemical flaws or artifacts. We recently found that these non-ideal electrochemical phenomena can be reproduced and are not flawed data; they are the manifestations of an electrostatic interplay between surface charged species and space charges in the semiconductors. Zhang et al. studied the nitroxide’s electrochemical behavior in solvents of different dielectric constants by tethering 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) monolayers to the lowly doped Si(100) electrode (Zhang et al., 2016). The cyclic voltammograms (CVs) with only sweeps toward the anodic direction were recorded under illumination, and the light source was immediately switched off at the anodic vertex. For example, a normal oxidized wave is usually observed under illumination as shown in Figure 1A, but a very sharp reduced peak appeared instantly while switching off the light, which is tentatively ascribed to formation of a space-charge barrier for electrons to enter the semiconductor, hence affecting the electronic band of silicon electrode and bending extent of conduction/valence bands by surface positively charged species (Zhang et al., 2016; Vogel et al., 2017). Therefore, a reduction peak appeared at a potential which is more anodic than oxidative, which is the result of an electrostatic effect between oxoammonium (oxide of nitroxide) and semiconductor space charge. Subsequently, we found that the FWHM is largely dependent on the surface coverage of electroactive units; that is, its values drop from 142 to 55–75 mV at ferrocene-modified poorly doped Si(111) electrodes when ferrocene’s densities change from 2.9 × 10−10 to 1.7 × 10–10 mol cm−2, respectively (Vogel et al., 2017). These consequences are attributed to the fact that the dominating electrostatic forces are converted from repulsive interactions between ferrocenes (142 mV FWHM) to attractive interactions between ferrocenium and space charges (55–75 mV FWHM). As can be seen from Figure 1B, the outcomes can be further verified by the fitted Frumkin interaction parameter (G), describing that the extent of attractive and repulsive interactions between molecules (Laviron, 1974) is directly related to the FWHM values. G is defined zero when there is no interaction involving electroactive redox probes. The band-bending degree in the depleted semiconductor space charge is greatly relied on the external stimuli; for example, the band would bend more while the external illumination intensity is increasing (Zhang et al., 2016) or the surface-confined redox probe (Vogel et al., 2017) is decreasing, suggesting that the electrostatic interaction on the surface-tethered species is in favor of attractive forces, with the G value increasing above zero. On top of this, the effect of space charge on the electrostatic interaction becomes more evident with the decrease of the solvent’s dielectric constant. These findings provide us with immediate implications for a comprehensive understanding of kinetic and thermodynamic analyses of charge transport at the electrified semiconductor/liquid interface (Vogel et al., 2019), as well as enable one to get more insight into electrostatic effects on chemical reactivity (Zhang et al., 2018a).
[image: Figure 1]FIGURE 1 | (A) A non-ideal “peak inversion” voltammogram is induced on the TEMPO monolayer modified poorly doped Si(100) electrode when the illumination is switched off at the anodic vertex (0.4, 0.5, or 0.6 V) in 0.1 M dichloromethane/tetrabutylammonium perchlorate (DCM/TBAClO4). The simulated CVs (symbol), calculated FWHM values, and refined self-interaction parameter G are also indicated. (B) Simulated CVs for a reversible one-electron redox couple where both species are strongly adsorbed on the electrode surface. The Frumkin “G” term that leads to the isotherm under equilibrium is varied between −0.9 and 0.9, suggesting the extent of the electrostatic interactions can be parametrized by simply introducing changes to the Frumkin G factor. The electrode area is set to 0.28 cm2, surface coverage is 2 × 10−10 mol cm−2, and the voltage sweep rate is 100 mV s−1. (C) Shifts of the experimental [image: image]as a function of the Lewis basicity of the electrolyte anions. The experimental values of [image: image] are obtained from the CV data of the TEMPO monolayer in acetonitrile solution containing different tetrabutylammonium salts. The indicated error bars were calculated based on 95% confidence limit of the mean with six repetitive measurements for each electrolytic system. (D) CVs for TEMPO prepared on lowly doped Si(100) electrodes: redox waves in dark (black line) and their underpotential shifts under illumination (red line).
THE ELECTROSTATIC EFFECT ON REDOX ELECTROACTIVITY
Persistent organic free radicals have been extensively studied in chemistry and biology (Fischer, 2001), and TEMPO and nitroxides have attracted interests in the study of electrostatic catalysis as theoretical models (Gryn'ova et al., 2013; Gryn’ova and Coote, 2013). In spite of the reversible and stable one-electron electrochemical process of TEMPO oxidation in both aqueous and organic media, experimental works investigating the electrochemical behavior of nitroxide monolayers are rare, which is ascribed to the difficulty in preserving the open-shell state of radicals during the modification procedures (Niermann et al., 2006). Ciampi’s group established a two-step procedure to prepare TEMPO monolayers on Si(100) electrodes and protect their unpaired electrons (Zhang et al., 2016). Clean Si(100) wafers are first etched with degassed 40% aqueous ammonium fluoride to generate hydrogen-terminated Si(100) [Si(100)-H], followed by the functionalization of Si(100)-H via thermal hydrosilylation of 1,8-nonadiyne to produce alkyne-terminated monolayers at 160°C (Ciampi et al., 2007; Ciampi et al., 2009). The final TEMPO monolayers are obtained by Cu(I)-catalyzed alkyne-azide cycloaddition reactions (Meldal and Tornøe, 2008) between acetylene-functionalized Si(100) surfaces and azido group-functionalized TEMPO molecules. This surface system is used to explore the effect of electrostatic interactions between grafted TEMPO moieties and electrolyte anions or space charge in the semiconductor on the redox electroactivity of nitroxide monolayers. When TEMPO molecules are tethered to a highly doped silicon electrode, the apparent formal potential [image: image] of a surface nitroxide/oxoammonium redox couple is closely related to electrolyte anions, and it moves progressively anodically in the sequence HSO4− (330 ± 2 mV) < NO3− (341 ± 9 mV) < ClO4− (406 ± 4 mV) < CF3SO3− (429 ± 1 mV) < PF6− (446 ± 8 mV). With the exception of HSO4−, the magnitude of the displacement in [image: image] shifts positively gradually with the decrease of the anions’ Lewis basicity (Figure 1C). The stronger than expected basicity of HSO4− compared with the other anions can be rationalized by the formation of a stabilizing H-bond with the 1,2,3-triazole ring. The displacement in [image: image] can be interpreted by the Lewis acid–base reaction (i.e., oxoammonium–electrolyte anion interaction), and this force leads to a reduction in the thermodynamic cost for oxidizing TEMPO. Consequently, the electrochemical activity of TEMPO monolayers can be predictably manipulated by simply changing the electrolytes. Conversely, for immobilizing nitroxide radicals on the poorly doped Si(100) electrode, there is an internal electric field induced by the semiconductor space charge, which can be applied to drive the redox reaction of TEMPO contrathermodynamically. To our best knowledge, the kinetic barrier of depleted dark semiconductor electrodes can be effectively controlled, or even removed, upon illumination with different energies; in particular, the formed internal electric field in the space-charge region of semiconductors can predictably tune the electroactivity of redox species attached to the electrode surface, hence implying the electrostatic aspect in the semiconductor electrochemistry. Figure 1D reveals the effect of electrostatic interactions between the tethered oxoammonium and the semiconductor space charge on the kinetic and thermodynamic parameters of surface TEMPO redox reactions; for instance, compared to the faradaic response in the dark, the illuminated current–voltage curves of TEMPO electrochemical reactions present a 1500-fold higher electron transfer kinetics as well as around 500 mV more negative [image: image] and decreased FWHM values. Furthermore, the extent of electrostatic effect within the solid/liquid electric double layer and the semiconductor space charge is possibly measured by characterizing the changes in the voltammetric response.
ELECTROSTATIC CATALYSIS OF ALKOXYAMINE CLEAVAGE
Beyond utilizing electric fields to catalyze redox (Zhang et al., 2016) or single-molecule (Peiris et al., 2019) reactions on silicon substrates, chemists are devoted to the goal of catalyzing non-redox reactions by applying an external electric field. Alkoxyamines are arguably the prime precursors in the field of nitroxide-mediated polymerization, design of smart materials, and theranostics (Audran et al., 2014). However, they require either relatively high temperatures or high-energy irradiation to trigger their homolytic process with either unfortunate consequences of unwanted side reactions or carcinogenesis of living cells, respectively. Electrochemically controllable C-ON cleavage is recently reported using electricity as an alternative stimulus of alkoxyamines’ decomposition at room temperature (Zhang et al., 2018a), indicating that the electrochemical cleavage of alkoxyamines is sensitive to electrostatic environments such as molecular structure and the supporting electrolytes and solvents (Hammill et al., 2019; Noble et al., 2019). The magnitude of the electrostatic effect on the homolytic cleavage of alkoxyamines is quantified by the formation of an alkoxyamine molecular junction in the STM-BJ setup. In contrast, it can also undergo a one-electron electrochemical oxidation to form an unstable cation radical intermediate, which rapidly fragments into a nitroxide and a carbocation, implying a sequential electrochemical–chemical–electrochemical (ECE) process. With the aid of digital simulations and quantum computations, a series of voltammetric experiments indicate that the collapse of the alkoxyamine cation radicals is largely influenced by electrostatic environments (i.e., solvents, ion-pairing, and electrolytic concentration) in the electrolytes. Importantly, when the alkoxyamines are grafted on the silicon surface, one can control the number of fragments by changing the anodization time of applied positive biases, suggesting a versatile approach for generating in situ active nitroxides and carbocations used to regulate chemical synthesis. For example, we have covalently attached an alkoxyamine derivative to a Si(100) surface and applied an anodic bias to trigger its decomposition into a diffusive nitroxide radical and a surface-tethered carbocation (Zhang et al., 2018b). Different from the abovementioned thermal-induced hydrosilylation, acetylanylated Si(100) was prepared by reacting Si(100)-H with 1,8-nonadiyne by UV light-assisted hydrosilylation under an argon atmosphere. Subsequently, the synthesized alkoxyamines were attached to alkyne-functionalized Si(100) via a Cu(I)-catalyzed “click reaction”; as can be seen from Figure 2 (red path), a stable alkoxyamine monolayer can be switched into a highly reactive carbocation surface under a positive bias stimuli and the in situ electrogenerated surface-confined carbocations immediately trap the preexisting nucleophiles (i.e., ferrocenemethanol), which is characterized by using the cyclic voltammogram with an obvious ferrocene redox signature. By changing the anodization time applied upon alkoxyamine monolayers, one is able to control the density of active carbocations and hence the coverage of a formed redox probe tagged monolayer. This proof-of-concept experiment expands the electrostatic effect to the regulation of organic electrosynthesis (Norcott et al., 2019).
[image: Figure 2]FIGURE 2 | Light-assisted (365 nm) hydrosilylation of 1,8-nonadiyne to passivate a Si(100)-H surface and covalent attachment of alkoxyamines via “click” reactions to yield an alkoxyamine monolayer. (Red route) Anodization of the alkoxyamine monolayer in the presence of the nucleophile ferrocenemethanol leads to release of TEMPO diffused in the electrolyte and formation of a redox-tagged monolayer by the reaction between ferrocenemethanol and the putative surface-tethered carbocation monolayer. (Blue route) External electric fields (EEFs) triggered decomposition of alkoxyamines to generate active carbon-centered radical monolayers for initiating the living radical polymerization. The polymerized process can be terminated by recombining the diffusive TEMPO while switching off EEFs.
CONCLUSIONS AND PERSPECTIVES
Since the first experimental evidence about the electrostatic catalysis of the C–C bond formation at individual-molecule interfaces (Aragonès et al., 2016), using oriented electric fields as smart catalysts to catalyze chemical synthesis provides scientists with a novel idea to revolutionize conventional reactions catalyzed by specific catalysts (Shaik et al., 2016; Ciampi et al., 2018). Although the development of electrostatic catalysis has already attracted wide attention, research using electrostatics as an effector of chemical changes is still in its infancy. Most work on electrostatic effects so far has been limited to theoretical investigations and individual-molecule studies because of the orientation and strength issues; therefore, the development of versatile platforms to control the orientation and intensity of an external electric field at will is an extremely attractive approach toward electrostatic catalysis experiments. Functionalization of the semiconductor silicon surface takes the developing trajectory of the electrostatic effect from controlling chemical bonding study at the nanoscale to manipulating chemical reactions at the mesoscale. In this review, we have summarized the progress of electrostatic catalysis based on a monolayer-functionalized silicon surface, and the contents include 1) developing the wet chemistry methods for preparing stable monolayers on silicon electrodes; 2) revealing the effect induced by space charge on the non-ideal voltammetric behaviors in the semiconductor electrochemistry; 3) studying the effect of electrostatic interactions on the electrochemical reactivity of a redox nitroxide monolayer; and 4) finding the stability of the C-ON bond in alkoxyamine being affected by the electrostatic environments in electrolytes. These experiments are, however, unlikely to be of practical value toward chemical reactions at preparative scale (Klinska et al., 2015; Zhang et al., 2020).
The prospects of electrostatic catalysis is to establish the static electric field as a “smart reagent”—a catalyst or inhibitor (Meir et al., 2010) in a broad range of chemical reactions; this will bring the concept of electrostatic catalysis into the realm of chemical methods that are both clean and green and able to process workable quantities of materials. With the knowledge that the electroactivity of nitroxide radicals can be tuned by electrostatic forces, it may aid the development of electrocatalytic heterogeneous systems coupled to the homogeneous reactions of surface-confined monolayers (Zhang et al., 2016; Che et al., 2018). For example, the heterogeneous oxidation potential of bromide to bromine is driven contrathermodynamically by up to 500 mV under illumination while tethering the redox mediator of TEMPO monolayers to poorly doped silicon electrodes compared with that of grafting TEMPO molecules on highly doped silicon surfaces. The development of polymerization strategies is also of great current significance in both fundamental studies and industrial applications of surface polymers. Electrostatically controllable C-ON homolysis of alkoxyamine molecules present a new perspective for future surface grafting methodology controlled by the electric fields in the absence of initiators, stabilizers, and dispersants, which is much less hazardous than the traditional thermal- and irradiation-triggered polymerizations. Specifically, the blue path in Figure 2 illustrates that one is able to prepare an alkoxyamine monolayer on a silicon surface and dissociate it to tethered carbon-centered radicals and free nitroxides diffused in an electrolyte bulk when an external bias is switched on. The generated carbon radical will initiate living polymerization when there are unsaturated monomers, and propagation will be stopped by recombining nitroxides to form a tethered alkoxyamine when the field is switched off. Overall, all of these findings allow expanding our understanding of electrostatic forces over chemical reactivity (Shaik et al., 2018) and enable one to design a smart electrostatic switch to govern chemical changes deliberatively.
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