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Abstract:

 Modifying the chemistry of a surface has been widely used to influence interfacial properties of a material or nature of interaction between two materials. This article provides an overview on the role of polyfunctional molecules, specifically silanes, in surface modification of polar surfaces (bearing soft nucleophiles). An emphasis on the mechanism of the reaction in the presence of adsorbed water, where the modifying reagents are hydrolysable, is discussed. To highlight the complexity of the reaction, modification of paper with trichlorosilanes is highlighted. Preparation of hydrophobic cellulosic paper, and structure–property relations under different treatment conditions is used to highlight that a monolayer is not always formed during the surface modification. Gel-formation via step-growth polymerization suggests that at the right monomer:adsorbed water ratio, a monolayer will not form but rather self-assembly driven particle formation will occur leading to a textured surface. The review highlights recent work indicating that the focus on monolayer formation, is at the very least, not always the case but gel formation, with concomitant self-assembly, might be the culprit in understanding challenges associated with the use of polyfunctional molecules in surface modification.
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1. Introduction


Molecules containing two or more reactive moieties are defined as polyfunctional (“polyvalent” in gel formation discussions) molecules. The properties of such molecules are typically dictated by their functional groups, and as such, are expected to react stochastically with multiple units a singly functionalized reagent, except in presence of a site-selective catalyst. In the presence of polyfunctional reagent(s), the stochastic nature of the reaction between the two species can yield different products depending on the ratio of both reagents [1,2,3,4,5,6,7,8,9,10,11]. Silane reagents in the form of Xn-Si-(R)4−n, (where; R = alkyl/organic fragment, X = halide or other reactive species; Figure 1) are examples of polyfunctional molecules bonding reaction commonly used for surface modification [12,13,14]. In addition, organofunctional silanes behave as hybrids between silica and organic materials making them one of the best choice for coupling agents [15,16,17,18,19,20,21,22,23]. Silanes, as surface modifying reagents, are known to readily chemisorb on most materials to either form entangled covalent networks, cross-linked monolayers or, in the case of silanols on hydroxylated surfaces, monolayers derived from hydrogen-bonding networks (Figure 1).


Figure 1. Schematics examples of the different commonly used siloxane reactions reported in literature [12,13,14]. Reaction of a hydroxylated surface with an alkyl silane to either form a covalent bond (a,b) or, in the case of siloxanes, form a hydrogen bond (c).
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1.1. Surface Modification


The surface chemistry of a material plays an essential role in determining its properties since these surfaces dictate intra- and inter-material interactions and/or interfacial stimuli response to the material—the basis of many smart materials and materials applications. Surface modification, which can be achieved by etching [24], chemical treatment [25,26], or physical treatment [27,28], provides the opportunities to tune optical, electrical, [29,30,31,32,33,34,35] and interfacial [36,37,38] material properties. Owing to the availability of reactive groups, mostly soft nucleophiles or electrophiles, most polymer surfaces can be readily modified through chemical grafting by simply exposing the material to an appropriate reagent(s) [1,7,8,9,14,15,17,18,19,20,21,22,39,40,41,42,43,44,45,46,47,48,49,50,51,52].



The use of silanes for surface modification dates back to the 1940s when it was discovered that the use of materials like polyester and urea to manufacture silicate glass-reinforced composites produced unreliable composites due to their sensitivity to humid environments [18]. This led to the use of silanes that are capable of changing the surface affinity to water vapor [18] without affecting mechanical properties of the materials. Ever since their discovery, silanes have been widely used in the manufacture of composites, and also for various coatings applications [53,54]. Trialkoxysilanes are the most commonly used coupling agents in composite manufacturing due to favorable compatibility with many polymer resins [19]. Besides being chemisorbed, silanes can also interact with polymeric surfaces like cellulose through hydrogen bonding. Abdelmouleh et al. reported the use of silane coupling agents to modify cellulose in an ethanol/water mixture [17]. They then quantitatively studied the behavior of cellulose fibers upon treatment with the silanes and found that, as expected for hydrolyzed silanes, washable physisorbed layers are formed. Upon thermal treatment of the reaction mixture, a chemisorbed (non-washable) coating was realized, and they suggested that temperature was an essential component for the chemical reaction to occur (Figure 2a–d) [17]. Further advances were reported by Pallandre et al. [40] describing the fabrication of flat surfaces by nanoscale chemical patterns obtained from lithography and gas phase silane monolayers (Figure 2e,f). Pallandre et al. reported a method where lithographically generated masks were used to define binary nano-patterns on silicon wafers (Figure 2e,f). In this report, Pallandre et al. indicate that a monolayer was being formed on regions that were not masked, as seen in Figure 2e,f, for the Atomic Force Microscopy analysis of the silane treated silicon wafers. Other studies have followed with different indirect observations, and so far the use of polyfunctional silanes, especially the trichlorosilanes, is often seen as complicated.


Figure 2. (a–d) Silane coupling agents used in the study of cellulose interactions with silanes and evolution study of the C=O peaks of sample treated with different silane concentrations with respect of the ethanol/water mixture [17] (Reprinted from ref. [17], Copyright Langmuir 2002); (e,f) Schematic of the path taken to produce nano patterned substrate and surface analysis of silane treated silicon wafers [40] (Reprinted from ref. [40], Copyright American Chemical Society 2004).
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1.2. Surface Modification by Silane Treatment on Polymers


Surface modifications by silane treatments have been recently used to introduce chemically reactive functional groups onto polymer substrates [11,24,55,56]. Careful selection of the head groups and alkyl chain components can result in desirable wettability properties, adhesion characteristic, and surface composition. Silane surface treatment can generate self-cleaning surfaces and decrease surface contaminants [57,58,59]. The alkyl groups of the organosilicon are, sometimes, hydrolyzed to form silanol-containing species, via a four-step reaction: (1) hydrolysis of the head groups, (2) condensation/oligomerization of the hydroxylated products, (3) hydrogen bonding between the oligomers and surface-bound water, and, (4) covalent linkages formed with the substrate during drying or curing [60]. The degree of polymerization significantly depends on the amount of water, which may corresponding to; (a) added water, (b) water present in the substrate, or (c) adventitiously adsorbed water (more details on surface water is discussed in the following sections) [61]. Alkyl silanes reacts with polymers, leading to the attachment of the trialkoxylsilane group onto the polymer backbone. The silane is then available for further reaction with moisture to crosslink and, therefore, stabilize into a three dimensional structure [14,60]. This interesting feature finds many useful applications for paints, coatings, biological devices, electronics and reinforcement of thermosets. Wong et al. reported a bioinspired self-repairing slippery surfaces by pressure-stable Omniphobic materials [62], and this work was extended for use with paper by Glavan et al. Wong and coworkers described the phenomenon as a formation of a uniform silane monolayer attached to the surface of cellulose, based on the reactivity of silane with hydroxyl groups. Their work was expanded to the use of hydrophobic paper infused with perfluoropropylether to create slippery surfaces via SLIPS (Slippery Liquid Infused Porous Surfaces) (Figure 3).


Figure 3. (a) Representation of cellulosic material response upon lubricant surface treatment; (b) chemical surface treatment of SLIPS; (c) SEM high magnification images of surface texturing after treatment; and (d) hysteresis contact angle for hexadecane on SLIPS surfaces [62]. (Reprinted with permission from ref. [62]; Copyright Nature 2011).
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2. Silanes in Textile Applications


Surface modification techniques have been widely employed for improving textile functional performances, such as softness, dyeability, wettability, lubricity, anti-winkle and anti-microbial properties for decades [49,63,64,65,66,67,68,69,70]. Surface modification techniques in textiles are divided into: chemical, mechanical, or combined methods. Normally, such modification is accomplished through the padding or the exhaust process, spraying, plasma treatment, and layer-by-layer assembly [68,71,72,73]. Silane chemistry has attracted particular interests in textiles surface modification especially for hydrophobic property. In 1945, the first patent on textile surface treatment was filed by Norton [74]. This patent described the use of alkyl silane to modify the surface wetting properties of textiles [74]. Since then several methods have been reported for the application of silanes in textiles for surface modification [44,49]. A common technique used is the spraying technique due to its simplicity and high water contact angles upon treatment. Spraying technique involves silanes dissolved in organic solvents or solvent/water mixtures, then the prepared solution is directly sprayed onto the fibers [75]. For natural fiber based fabrics, however, spraying only results in a surface coating as the inside of the cell walls remains untreated [20], mainly due to the need for higher diffusion time for the silane to penetrate into the dense fiber cell walls. Other methods reported involves immersion of the textiles in a silane mixture for the sol-gel process [76]. This method requires post treatment processing like padding and/or heat treatment. In this process, silane mixtures are transferred from aqueous solution phase to the fabric surface, both the fiber surfaces and cell walls are modified with the silanes sol-gel solution. This technique although simple, it takes time for the hydrolysis and condensation to proceed to an appreciable degree. It has been hypothesized that the penetration of silane into the cell walls is influenced by the molecular size of silane as well as the aging of the hydrolyzed silane solution. In this case, diffusion of silanes into the cell walls will be limited or prevented entirely if the molecular size of the silane increases due to fast condensation of silanols [20]. The treatment of fiber walls can change the properties of the cell walls, and as a result the performance or properties—like the whiteness (e.g., cotton color due to heat treatment) and strength of natural fabrics. Zhou et al. reported a super-hydrophobic polyester fabric made of a crosslinked polydimethylsiloxane elastomer containing silica nanoparticles and fluorinated alkyl silane by dip coating and curing (Figure 4a) [44]. They demonstrated that the treated fabric has remarkable durability against repeated machine washes and excellent stain resistance (Figure 4b,c). Properties imparted to textiles using silane solution include water repellence, soil/dirt resistance, wrinkle resistance, anti-bacteria, anti-static, UV-protection, flame retardation, and improvement of dyeability, among others [21,49,51,65,77]. The main problem, however, is that most of these methods do not offer permanent modification and the fabric tends to lose the new property upon laundering or use.


Figure 4. (a) Procedure to prepare the silica particles and super-hydrophobic fabrics; (b) the picture of water droplet (10 μL each) on the untreated polyester fabrics; (c) the picture of water droplet on treated polyester fabrics; (d) SEM image of pure polyester fabric; and (e) SEM image of silica/PDMS/FAS treated fabric[44]. Reprinted with permission from ref. [44]; Copyright Wiley Online Library 2012.
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3. Silane in Polymer Chemistry


3.1. Biomimetic


Nature provides a library of methods for surface engineering, for example, the mesmerizing surfaces on beetles, plants, and lizards living in xeric environments. These interesting properties serve as inspiration to create and improve material surfaces. Advances in surface modification have led to the formation of affordable and reproducible devices that can be applied in areas like biology, electronics, adhesives, and, coatings. The Stenocara gracilipe, also known as the desert Namib Beetle, has the ability to harvest water from fog in otherwise dry, desert, environments. This behavior is possible due to the microstructure of the beetles wings, which has hydrophilic bumps that allows the adhesion of water while the valleys are hydrophobic allowing flow of the collected water into its mouth. Reported works on surface modification indicates that silanes are prone to form a monolayer when exposed to cellulosic surfaces. We, however, recently showed that by tuning the ratio of the surface area, hence the amount of surface adsorbed water, relative to vapor phase silane, the reaction of paper with trichlorosilanes does not give monolayers but rather leads to formation of chemisorbed polysiloxane gel particles [78]. We validated the formation of oligomer gel particles, which occurs through reaction of silane with bound water on cellulose by characterizing the resulting new texture on the surface treated paper [78]. We further support the possibility of gel-particle formation through the gel-formation coefficient (Equation (1)) where the ratio of the two polyvalent reactants, in this case water (bivalent) and trichlorosilane (trivalent) are pre-disposed to gel given the right concentration ranges. Reaction of the trichlorosilane and water should lead to a polymeric material through step-growth type mechanism, hence, at low-degrees of polymerization, the formed material would be too small to image (Carother’s paradox). The presence of a hydrophobic tail on the silane should induce micellar-like assembly of the reacting species leading to, in an ideal case, spherical structures (due to surface energy minimization) on the surface of the material. This assembly process should also depend on the hydrophobicity of the tail, and we showed that, in fact, perfluorinated silanes form particles on the surface of the paper faster than the non-fluorinated analogs.


[image: there is no content]



(1)







The branching coefficient (Equation (1)) takes into account the following parameters for any two monomers containing reactive moiety “A” and reactive moiety “B”: (i) ratio of the number of reactive moieties A to B (r), (ii) probability of finding either the A ([image: there is no content]) or B ([image: there is no content]) moieties in the polymerized material, and (iii) the probability of finding an unreacted group ([image: there is no content]) [79].




3.2. Cellulose Surface Chemistry


Cellulose chemistry has been studied for many years and yet until recently, the surface modification of cellulose was not fully understood. We reported a surface polymerization process using perfluorinated alkyl silane reagent on a high grammage (~165.74 g/m2) paper [37]. Surface analysis of treated paper with Scanning Electron Microscopy (SEM) showed that particles (Figure 5d) were formed on the surface. Paper was treated with a trichloro(1H, 1H, 2H, 2H perfluorooctyl)silane with or without heated reaction allowed to proceed for different reaction times. Surface particulates were seen only after vapor deposition on a high grammage paper (Figure 5c). These particulates increased in size, as well as their surface coverage, with increased reaction time (Figure 5d). Wetting properties of treated paper varied with size and/or surface coverage of the surfaces by the gel particles as shown in the trend of the contact angle for different reaction times performed with fluorinated organosilane with a highest value of 120° ± 2°, n = 10 (Figure 5f).


Figure 5. (a) Representation of dessert Namib beetle and its wing micro structure; (b) schematics of silane gas-phase treatment; and (c) native high grammage (~165.74 g/m2) paper image before silanization. (d) Upon salinizing the surface of the high grammage paper, small particles are seen when reacting the surface with a fluorinated silane; (e) Infrared analysis of control and silane treated paper; (f) Contact angles and particle size of treated paper [78].
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3.3. Bound Water


Intra- and inter-molecular interactions determine the state and behavior of materials and systems. Among its unusual, if not unique, properties of water, the ability to form hydrogen bonds makes water one of the most effective and common solvents in nature. As water comes in contact with surfaces of hydrophilic or polar materials, the structure of water at the interface differs from the bulk, and interferes with mechanical and chemical behaviors of surfaces and materials (Figure 6a). Therefore, the interfaces in exposure to water or humidity gain significant importance not only to control mechanical and chemical behavior of surface and material, but also to explore new applications [6,54,80,81,82,83,84,85,86]. Even though understanding of this bound water layer remains incomplete, it has been shown that the changes in structure of water are dominated by hydrogen bond networks and its dynamic evolution [82,87,88,89].


Figure 6. (a) Schematic of surface bound water of cellulose based on the water adhesion and water amount at the surface of cellulose; (b) Hypothesized reaction pathway of silane to water and cellulose to form a macro-monomer [99].
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The first few layers of water that are chemically adsorbed on the surface of material are known as freezing bound water because its configuration and behavior resembles ice, especially due to restricted motion of the molecules [87,90,91,92]. Following layers of water associated with this first bound water layer is called non-freezing bound water and behaves distinctly different from the bulk water even though its intermolecular interactions are weaker than the ones of non-freezing water (Figure 6a).



It is therefore clear that not only is the bound water layers, but also the surface of material(s), affected by any hydrophilic and/or hydrophilic interactions at the interface. The extent of the influence both on the bound water and the materials’ surface, however, depends on the strength of interaction, and therefore on the properties of the material [93]. In oxide and hydroxide systems, strong hydrogen bonds between hydroxyl and oxygen atoms between the oxide surface and the water molecules significantly interfere with the surface structure because water molecules penetrate into the structure and, in some cases, result in swelling at the surface [83,94,95]. Similarly, surface of polymers with charge or functional groups capable of hydrogen bonding (e.g., hydroxyls, carboxyls, and, amines) are affected by the presence of water and, therefore, forms strong bound water layers [82,91,92,96]. Strong affinity to hydrogen bonding, hence favorable secondary interactions, draws water towards the inside/core of a porous/fibrous structure, weakening the interactions between polymer chains leading to swelling. Plasticizing effect of bound waters often leads to lowering of the Young’s modulus (mechanical strength) of polymeric materials [3,97,98]. Fibrous polymeric materials like cellulose contain multiple layers of water, which interact with the silane surface treatment before it allows the external molecules to be attached the cellulose fibers, as shown in Figure 6b. In some hydrogels, however, bound water layer let to higher Young’s moduli (stronger mechanical properties) as compared to the ones filled only with bulk water [6]. In another example, the presence of bound water on surfaces was reported to prevent fouling of materials, thus used to promote antifouling properties of surfaces [80,84].





The bound water content may be reduced in vacuum or high temperature environment and increased by exposing to water vapor, aqueous environment or humidity. Even though the bound water content on surfaces may be tuned to some extent, its effect should be considered during any step of processing or application because of adsorption of adventitious water molecules from ambient conditions.




3.4. Surface Roughness


Vapor deposition of silane introduces a roughness level that significantly affects wetting properties [61,100]. The hydrophobicity (or in general non-wettability) of a solid surface is heavily dependent on the surface energy and the roughness (micro-structure) of the surfaces. The widely used Young’s equation indicates that the contact angle (θ) of a droplet is a function of three interfacial energies, as shown in Equation (2), namely solid–liquid (γSL), solid–vapor (γSV), and liquid–vapor (γLV).


[image: there is no content]



(2)







The Young’s equation is, however, only applicable to contact angle of droplet on flat, chemically stable, and, homogeneous surfaces. The interaction between a rough surface and probe liquid leads to misinterpretations based on the Young’s equation since, in some cases, the γSL is only a fraction of the total footprint of the droplet. A majority of surfaces are not ideally flat, and may offer only a fraction (higher than or less than predicted) of the solid material to be in contact with the probe liquid in the so-called Cassie (less contact area with the material) or Wenzel (higher contact area with the material) state (Figure 7). By modifying the Young’s equation, Wenzel proposed a new model (Equation (3)) by introducing the roughness factor, (r), defined as the ratio of the actual area of the surface in contact with the liquid to its geometrically projected area.
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(3)






Figure 7. Schematic of water droplet behavior on a smooth (a) and rough surface (b).
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According to Wenzel’s theory, (i) reducing surface energy (γSV), and (ii) increasing the roughness of a hydrophobic surface will increase the hydrophobicity (contact angle) of a surface. As discussed before, polyfunctional molecules for cellulose surface modification with lowest surface energy are the –CF3 groups, which can provide large water contact angle (120°-147°) [58,78,101]. The roughness factor r is defined as:
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(4)




where Srd is the roughness parameter. Since r is always >1, increasing roughness of hydrophilic surface (θ < 90°) leads to increased hydrophilicity while increasing roughness for hydrophobic surfaces (θ > 90°) leads to increased hydrophobicity. Incorporating increased roughness and low surface energy, higher hydrophobicity of surface can thus be achieved. Most of the methods to alter the surface chemistry, however, also modify both the surface topography and/or morphology In 2013, Song and Rojas gave a good overview of current methods to make hydrophobic paper[100], which include: (1) Chemical grafting to decreasing the surface energy by modifying the surface chemistry and change the surface topography simultaneously; (2) micro/nano-particle by loading the nano particles to the cellulose fiber to change the surface topography and change the surface energy post-treatment; (3) sol-gel processing; (4) electrospinning and electrospraying, and (5) using nano cellulose and cellulose composite to fabricate papers.







4. Summary


An understanding of the role of polyfunctional molecules, here silane, in engineering surface properties is reviewed. With high demand of affordable devices and/or materials, paper is expected to play an essential role in low cost device manufacturing, with surface engineering of cellulose being central to that objective. Methods involving the use of polyfunctional molecules in surface modification of cellulose have high potential impact in low cost surface treatment. Potential applications from surface modification with polyfunctional molecules include bio-analytical tools, medical devices, electronics, and adhesion, among others. Covalent bond formation between the silane component and the matrix of the interface material, allows the molecule to form networks producing “micelle like” particulates on the materials surface with concomitant change in wetting properties.
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