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Diazonium Salt Chemistry For The Design Of Nano-Textured Anti-Icing Surfaces

Aryl diazonium salts have emerged as a new generation of robust surface modifiers for a wide range of applications. However, their use for creating anti-icing surfaces has never been investigated so far. We fill this gap by modifying nano-textured copper surfaces with aryl diazonium salts, bearing low surface energy end groups, leading to efficient anti-icing properties.

Aryl diazonium salts have stimulated a wide interest these past years as a new generation of surface modifiers being able to functionalize a large range of substrates (metals, oxides, carbon, semiconductors, polymers, etc.) [1][START_REF] Chehimi | Podvorica in Electroanalytical Chemistry[END_REF][START_REF] Ahmad | [END_REF][4][5] . Their interest lies in their ease of preparation, rapid (electro)reduction, large choice of reactive functional groups, and strong aryl-surface covalent bonding. The main mechanism for the grafting reaction is a two-stage process: (i) first, the electrochemical or spontaneous reduction of the diazonium salts generates an aryl radical that binds to the surface, and (ii) in a second step, due to their high reactivity, these radicals react with the first grafted layer to give nanometer to micrometer thick polyaryl layers. 1 In most studies, the diazonium salts have been considered as simple and efficient coupling agents between the surface and functional species. For example, they were used to attach biomolecules 6 , calixarenes, polymers 7,8 or nanoparticles 9 . The grafted aryl layers have also proved efficient in designing overlayers for corrosion control of nonnoble metals 10 , soluble graphene nanoribbons 11 or carbonaryl-metal 12 and silicon-molecule junctions 13 for molecular electronics. However, the use of the aryl diazonium salt chemistry for designing anti-icing surfaces has never been investigated so far. In this work, we propose to explore the potentialities of low surface energy aryl layers derived from diazonium salts grafted on nano-textured copper for conferring efficient anti-icing properties to the surface. Antiicing research has attracted tremendous attention recently, since ice accretion on outdoor surfaces may lead to serious disasters on power lines, pipes, and aircraft wings 14 . Current strategies for ice protection rely on de-icing technologies consisting to melt ice layer after ice accumulation on the surface. Another method consists to spray glycol-based chemicals on the iced surface. However, all these approaches require intensive resources over long periods and fall short of expectations. Alternatively, a promising way to tackle this issue is to prevent the formation of ice from onset by rendering surfaces ice-repellent, under freezing conditions 15 . To this end, extensive research has focused on hydrophobic or superhydrophobic coatings 15 , able to delay freezing and to reduce ice accumulation. However, superhydrophobic coatings anchored to the surface may undergo delamination if the bonding is not strong enough, desorption, and/or dewetting 16 . Therefore, the robustness of these coatings and their longterm stability remain a major issue for outdoor anti-icing applications 17 . The development of innovative chemical strategies for anti-icing with practical features including robust and stable interfaces, applicability to a wide range of materials, high-throughput fabrication, low-cost equipment, and being environment-friendly is thus highly desirable in order to overcome the limitations of conventional techniques. Surface functionalization of surfaces using aryl diazonium salts could meet this challenge by creating strong metal-C bonds with the surface, promoting stable interfacial links, under mild conditions 19a,20 . As a proof of concept, we chose a diazonium salt bearing perfluoro groups, 4-(heptadecafluorooctyl) benzenediazonium tetrafluoroborate, to modify the surface of nano-textured copper disks (see Figure 1). Copper was chosen here as a model substrate, widely used in a multitude of applications 18 , from door handles and electrical circuits to heat exchangers. Nevertheless, it is important to note that the surface treatment described in this paper should be easily transposable to other types of metallic surfaces.

The grafting reaction was performed at room temperature, without any energy input, providing a simple and readily scalable method to create anti-icing coatings. The modified surfaces were characterized by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). Their antiicing properties were then evaluated in a specially designed chamber with controlled temperature and humidity to determine freezing delay times. This diazonium salt-based approach opens promising perspectives for the elaboration of nanostructured surfaces with improved anti-icing properties. During the oxidation process, a thin Cu2O layer is formed that then reoxidized to form sharp, knife-like CuO oxide structures with heights of h ≈ 500 nm, as described previously 18b . The advantages of this nanostructuration method include: (i) the formation of nanostructures over large areas; (ii) the possibility to perform it on any types of surface shapes; (iii) the self-limiting character of the oxide growth mechanism, leading to the formation of uniform and thin nanostructure layers.

The spontaneous grafting of the diazonium-derived perfluoro layers at the surface of copper was performed by generating in situ the diazonium salt from the corresponding aniline and letting it react in acetonitrile, at room temperature during 24 h. Figure 2c shows that the sharp, knife-like CuO structures are maintained after surface functionalization by the diazonium salt. However, strong modifications in surface chemical composition were observed by XPS after nanostructuration and functionalization of the copper substrates. Indeed, the survey spectra (Figure 3a) show a strong attenuation of the copper and oxygen signals while the carbon content increases. Interestingly, new peaks assigned to fluorine appear (see Fig. 3a andc), indicating the covering of the copper surface by the perfluoroalkyl layers. The surface elemental compositions of all the samples are summarized in Table 1. The C1s spectrum (see Figure 3b) is strongly modified after functionalization. A main component is observed at 285 eV, related to C-C and C-H carbons from the polyaryl layer. For the bare Cu surface, the presence of this component is probably due to adventitious contamination. Two high-energy peaks centered at 292 and 293.5 eV appear after functionalization. These peaks are related to CF2 and CF3 groups. Note that as XPS is a surface-sensitive technique, the detection of the Cu2p signal in the XPS spectra of the functionalized surface indicates that the perfluoroalkyl film is thin, with a thickness <5-10 nm. The Cu2p signal is also strongly modified after the treatment, with a shift towards the high binding energies 
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Please do not adjust margins Please do not adjust margins of the Cu2p3/2 (from 932.7 eV to 934 eV) and Cu2p1/2 peaks (from 952.5 eV to 953.7 eV). This peak shift of the Cu2p signal is accompanied by the appearance of shake-up satellite peaks, characteristic of Cu 2+ . These modification of the Cu2p signal and the changes of the O1s high resolution spectra (see Fig. S3) indicate the formation of CuO and/or Cu(OH)2 on the surface of the oxidized sample, as demonstrated previously 19 . The modifications of the Auger Cu LMM high resolution spectra upon surface treatment confirm this assumption, as described in the supporting information (see Fig. S4). [a] It is to note that the fluorine signal results from two different components: one assigned to the CF2 groups grafted on Cu-PF and one due to the counter-ions BF4 -, present in all samples treated by the diazonium salts.

The influence on wettability of the nanostructuration of Cu and its functionalization by the perfluoroalkyl diazonium salt was investigated by measuring the static water contact angles (WCA) (see Figure 4) and their evolution with time (see Figure S7). The grafting of the perfluoroalkyl layers derived from diazonium salts on the bare Cu surface results in a strong increase of the WCA from 45° to 115°, in agreement with the hydrophobic character of the grafted layers. It should be noted that this WCA value is much greater than that previously reported for the grafting of trifluoromethylbenzene groups derived from diazonium salts on planar Cu surfaces (WCA = 60°). The larger WCA achieved here can be explained by the higher hydrophobicity of the heptadecafluorooctylbenzene grafted groups compared to trifluoromethylbenzene. Interestingly, the nanostructuration step enhances dramatically the contrast between the superhydrophilic unfunctionalized surface (WCA  10°) and the perfluoroalkyl-grafted surface (WCA of 158°). The anti-icing properties of the modified copper surfaces were evaluated using an experimental chamber, maintained at controlled humidity (H=30%) and temperature. Small water droplets (100 μL) were deposited on the surfaces and cooled down to -20°C, starting from an ambient temperature (18°C), at a constant cooling rate of 1,2°C/min. The freezing delay times were measured after several cycles of frosting/defrosting events. The same protocol was applied on each sessile droplet simultaneously. The freezing process was recorded by an infrared camera, placed on the top and a CCD camera, placed on the side (see the experimental setup in Fig. S5). Figure 5 shows typical curves of the temperature decrease of small droplets deposited on bare and modified copper surfaces as a function of time. For all the substrates, the cooling curves are characterized by a linear decrease of the temperature before the freezing occurs, followed by a rapid increase to 0°C, which can be associated to the phenomena of recalescence 21a . The freezing onset (at time noted t*) is determined from the moment that a jump appears in the temperature of water measured by the IR camera, that corresponds to the change in the optical appearance of the droplet observed in the CCD frames. At this special event, a crystal nucleus is born and leads to the beginning of the freezing process. The latent heat of solidification is then released until the droplet becomes completely frozen. The supercooling temperatures defined as ΔT= Tcrystallisation -Tmelting, were reached in the range of -4°C to 11.5°C. Twenty five measurements were made on each surface. A supercooling delay time defined as Δt = t* -t0, where t0 is the time when the droplet reaches the melting point 0°C, is used to compare the freezing delay times on Cu and Nano Cu-PF. Figure 6 shows the delay time Δt as a function of the number of thermal cycles. The error bar corresponds to the standard deviation ( 15 %). It appears that the Nano Cu-PF substrate exhibits higher Δt values than the Cu sample, except for the first cycle. The Nano Cu-PF sample thus exhibits improved anti-icing properties on the long term. The high Δt value observed for the bare Cu surface can be explained by the smooth nature of the clean surface, which strongly limits nucleation 21b . However, after only one freezing cycle, these properties are lost, due to fouling, and the freezing delay time decreases sharply. In contrast, the Nano Cu-PF surface displays a high durability of its freezing delay properties, during at least twenty cycles, after which it begins to decrease. The surface modification of Nano-Cu by the perfluoroalkyl diazonium salt thus results in a significant enhancement of the freezing delay time and This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins a higher stability with time. In order to distinguish the effect of nanostructuration and surface functionalization, the freezing experiments were also performed on planar Cu-PF (see Fig. S6). In absence of any nanostructuration, it appears that the freezing delay times closely follow that of bare Cu during the first 10 cycles. The enhancement of the freezing delay time observed for Nano Cu-PF can thus be attributed to the combination of nanostructuration and surface functionalization. Nevertheless, after 15 cycles of frosting/defrosting, the planar Cu-PF surface demonstrates a higher stability of its freezing delay properties than bare Cu, suggesting that the durability of the coating is imparted by the perfluoroalkyl grafted layer. In summary, we have assessed the potentialities of the diazonium salt chemistry to impart anti-icing properties to nanostructured surfaces. Nano Cu substrates were efficiently functionalized by perfluoroalkylbenzene layers, through the in situ generation of the diazonium salt from the corresponding aniline. This approach offers several advantages over conventional methods used for anti-icing: (i) it provides robust and stable interfaces based on covalent bonds between the organic coating and the surface; (ii) it can be applied to a wide range of materials using a simple process (in air, at room temperature), and (iii) it is scalable to the functionalization of large area. Although this paper focuses on a diazonium salt bearing perfluoroalkyl terminated groups, the approach could be extended to other types of aryl diazonium salts bearing different end groups. This surface functionalization strategy was shown to enhance significantly the freezing delay times of the Cu substrate over long periods of time and under several cycles of frosting/defrosting. Therefore, this aryl diazonium salts-based approach will not only pave a new way for the functionalization of nanostructured copper surfaces but also provide a general strategy to attach anti-icing coatings on various kinds of surfaces.

Figure 1 .

 1 Figure 1. Schematic representation of the two-step procedure for the preparation of CuO/Cu(OH)2 hierarchical nanostructures and their functionalization by perfluoalkylbenzene films derived from diazonium salts.

Figure 2 .

 2 Figure 2. SEM characterization of the copper disks (a) before nanostructuration; (b) after nano-structuration; (c) after functionalization by the perfluoroalkylbenzenediazonium salt and (d) high magnification image showing the blade structure of the oxide. The sharp, knife-like CuO structures, with characteristic heights, h ≈ 500 nm are maintained after surface functionalization by the diazonium salt.

Figure 3 .

 3 Figure 3. XPS spectra of bare Cu (Cu) and nanostructured perfluoroalkyl-derived Cu (Nano Cu-PF) surfaces: (a) Survey spectra (b) High resolution C1s spectra, (c) F1s spectra (d) Cu2p spectra.

Figure 4 .

 4 Figure 4. Goniometer contact angle measurement images and the corresponding water contact angle (WCA) on (a) smooth Cu; (b) smooth Cu-PF; (c) Nano Cu and (d) Nano Cu-PF. The images represent the advancing contact angles for each case.

Figure 5 .

 5 Figure 5. Temperature of sessile droplets on bare Cu (blue curve) and Nano Cu-PF (red curve), monitored by IR camera as a function of time (after 20 cycles). Typical drop profiles are shown at each step.

Figure 6 .

 6 Figure 6. Delay times of freezing as a function of the number of cycles. The grey columns report the values for bare Cu and the hatched columns represent the Nano Cu-PF surfaces.

Table 1 .

 1 Surface chemical composition (atom %) of Cu before (Cu) and after nanostructuration (Nano Cu) and functionalization (Nano Cu-PF) by the perfluoroalkyl diazonium salt, determined by XPS analysis.

	Sample	Cu	O	C	F [a]
	Cu	17	68	15	-
	Nano Cu	30	43	27	-
	Nano Cu-PF	12	24	33	31
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