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Abstract

:

Alkylsilane-derived hybrid films exhibiting excellent dynamic dewetting behaviors toward various liquids are promising, since they are smooth, highly transparent, and a low environmental burden. However, the detailed mechanism of their unique dynamic dewetting behaviors and its relation to the surface segregation of alkylsilanes during the film formation have not yet been clearly identified. In this study, we prepared various hybrid films by varying the mixing ratios of tetraethoxysilane (TEOS) and n-dodecyltriethoxysilane (C12TES) and investigated the changes in the s-CH2/s-CH3 peak strength ratios of the resulting hybrid films under dry and wet conditions by sum-frequency generation (SFG) spectroscopy. When the static/dynamic water contact angles significantly changed, it was clearly observed that the s-CH2/s-CH3 ratio of each hybrid film under dry and wet condition also changed markedly. With increasing TEOS concentration, the static contact angles became smaller, while the contact angle hysteresis tended to increase because of the increase in gauche defects at the air interface and hydrogen bonds. This finding suggests that the concentration and conformation of the alkyl chains derived from surface-segregated C12TES molecules play an important role in determining the final dewetting behaviors of the hybrid films to water.
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1. Introduction


The development of simple and durable liquid-repellent surfaces has attracted increasing attention lately, especially in the field of coating applications [1,2]. Many efforts have thus far been made to prepare omniphobic surfaces that can repel not only water but also various other liquids, such as oils and organic solvents [3,4,5,6,7,8]. For this purpose, alkylsilane-derived hybrid films that exhibit excellent dynamic dewetting behaviors toward various liquids are promising, since they offer the practical advantages of smooth, highly transparent, and low environmental burden [3]. To elucidate the detailed mechanism of the unique dynamic dewetting behaviors of alkylsilane-derived hybrid films, it is crucial to understand the detailed conditions of the alkylsilanes during the film formation. However, the relationship between the dynamic reorientation behaviors of alkylsilanes and their surface segregation state during the film formation has not yet been clearly identified.



Our previous studies have revealed that contacting liquids having different dielectric constants strongly influence the conformation state of the alkyl chains tethered to the hybrid film surfaces, and such conformational changes of alkyl chains also affect the final dynamic dewetting properties of the hybrid films [3]. It is known that infrared-visible sum-frequency generation (SFG) spectroscopy is a very powerful technique to study the conformational changes of the molecules at the surface and/or interface. SFG is a spectroscopic technique that utilizes second-order nonlinear optical effects. Although isotropic medium such as glass is SFG-inactive in the bulk due to its inversion center [9,10,11], the symmetry is broken at the interface between two isotropic media with different dielectric constants and SFG becomes active. SFG is resonantly enhanced when the incident infrared frequency overlaps with the resonant frequency of a molecular vibrational mode that is both infrared and Raman active. Therefore, SFG spectroscopy is a surface- and interface-specific vibrational spectroscopic technique that can be used to investigate the molecular orientation, aggregation, and segregation of the molecules at the surface and/or interface with high specificity in situ.



In this study, tetraethoxysilane (TEOS) and n-dodecyltriethoxysilane (C12TES) were selected to prepare a model alkylsilane-derived hybrid film. We used SFG to investigate the changes in the molecular conformations of the hybrid film surfaces, which were prepared by varying the mixing ratios of [TEOS]/[C12TES], under dry and wet conditions. We also carried out static and dynamic water contact angle (CA) measurements and investigated the relationship between the final dewetting properties and the surface segregation of the alkylsilane molecules in the topmost region close to the hybrid film surfaces. Marked changes in the SFG peak strength ratios between the dry and wet conditions of each hybrid film were clearly observed when the static/dynamic water CAs changed significantly. This result suggests that the surface segregation behaviors of C12TES molecules during the film formation may play an important role in determining the final water dewetting behaviors of the hybrid films.




2. Materials and Methods


2.1. Materials


Ethanol (EtOH, 99.5+%), deuterium oxide (D2O, 99 atom%D), and 0.01 M hydrochloric acid (HCl) were purchased from Wako Pure Chemical Industries Ltd (Osaka, Japan). Tetraethoxysilane (TEOS) and n-dodecyltriethoxysilane (C12TES) were purchased from Tokyo Kasei Kogyo. Co., Ltd. (Tokyo, Japan). All chemicals were used as received.




2.2. Alkylsilane-Derived Hybrid Film


The C12TES/TEOS hybrid films were prepared using a conventional cohydrolysis and co-condensation method according to previous reports [3,12,13]. Precursor solutions were prepared by mixing C12TES and TEOS in an ethanol/hydrochloric acid solution for 24 h at room temperature (25 ± 2 °C). The molar ratios of precursor compounds are listed in Table 1. This precursor solution was then spin-coated (2000 rpm for 10 s) onto UV-ozone-cleaned water-free synthetic fused silica plates (ϕ 30 mm × thickness 3 mm, Sigmakoki Co., Ltd. Tokyo, Japan) and glass slides (76 mm × 26 mm, thickness 1 mm for contact angle measurements) at room temperature and under a relative humidity of 40 ± 5% to yield hybrid thin films. These hybrid films were then dried in air at room temperature for more than 24 h. The thickness of the hybrid films used in this study was about 100 nm. When the hybrid samples had high C12TES ratios (#1 and #2), many cracks were observed on their surfaces, resulting in roughened and frosted appearances. However, when the values of the [TEOS]/[C12TES] ratio was 9.1 (#3) or higher, the hybrid films were transparent and flat.




2.3. The Static/Dynamic Water Contact Angles


The static/dynamic water CAs were measured using CA goniometers (Kyowa Interface Science, Saitama, Japan, Model DH501Hi for static CA measurements and model CA-V150 for advancing and receding CA measurements). The static CAs were collected using 3 μL of probe water at 25 °C. For dynamic CA measurements, approximately 3 μL of water droplet was added and withdrawn from the surface.




2.4. Sum-Frequency Generation (SFG) Spectroscopy


The details of the SFG system shown in Figure 1a utilized in this study have been reported previously [3,14]. In this experiments, the main laser source was employed a mode-locked Nd:YAG laser with a 1.06 nm wavelength, 130 mJ pulse energy, and 25 ps pulse width (PL2251-C, Ekspla, Vilnius, Lithuania), operating at a repetition rate of 10 Hz. This laser pump beam provided an optical parametric/difference frequency generation system (PG401 VIR/DFG, Ekspla, Vilnius, Lithuania) to produce an IR output that was tunable from 2.5 to 10 μm with a 300 μJ pulse energy. The tunable IR beam was overlapped with a frequency-doubled output of 532 nm from the laser at the sample surface with spatial and temporal incidence angles of 50° and 70°, respectively. Typical spectral resolution of IR is around 6 cm−1. Data were collected in 3 cm−1 increments in the region from 2800 to 3000 cm−1, and the data were averaged over 150 laser shots per points. The SFG spectra were normalized for IR and visible intensity variations. In this study, SFG spectra were measured at the air-hybrid film and the D2O-hybrid film interfaces, respectively. In the SFG measurement of the D2O-hybrid film interface, the hybrid film-coated side of the quartz substrate was placed in contact with D2O and laser beams were incident through the transparent substrate. The sample set-up of the SFG experiments under dry and wet conditions is shown in Figure 1.



The SFG output frequency    ω  S F G   =  ω  V I S   +  ω  I R     was generated at the overlapping beam area of both the incident beams, an IR beam of frequency    ω  I R     and a visible beam of frequency    ω  V I S    . The intensity of the SFG output    I  S F G     can be expressed as:


   I  S F G   ∝    |   P   ( 2 )     (   ω  S F G    )   |   2  =    |   χ  N R    ( 2 )    +   ∑  ν     χ ν     ω  I R   −  ω ν  + i  Γ ν     |   2   



(1)




where χν, ωυ, and Γυ are the strength, resonance frequency, and damping coefficient, respectively, of the ν-th vibrational mode.    χ  N R    ( 2 )      describes the non-resonant contribution to the nonlinear susceptibility, which contributes to the background signal and does not depends on the IR frequency [15].





3. Results and Discussion


Static water CAs and CA hysteresis (difference between advancing and receding CAs) of the hybrid films prepared by varying the [TEOS]/[C12TES] mixing ratios were summarized in Figure 2. As can be seen, the static CAs of the hybrid films are classified into three major regions depending on the mixing ratios of [TEOS]/[C12TES]. In the first region, the changes in static water CAs did not show a linear relationship to the mixing ratios of [TEOS]/[C12TES], and the initial values remained almost unchanged even after 690-times dilution with TEOS (#9). In the second region, rapid changes in the static CAs are observed in the interval from #9 to #14. Then, static water CAs became almost identical (about 53 ± 3°) to that of the TEOS-only film when the TEOS concentrations were high (#15–#20).



On the other hand, there is a significant decrease in CA hysteresis of the hybrid films from #1 to #6, gradually increasing as a function of the [TEOS]/[C12TES] ratios until a molar concentration ratio of 44,000 (#15), and becoming almost constant (10–13°) in the region where the molar concentrations of TEOS are higher than 44,000. It should be noted that in the higher C12TES concentration regions ([TEOS]/[C12TES] = 1 (#1)–3.7 (#2)), CA hysteresis became large due to the effects of surface roughness and defects of the hybrid films, as mentioned above.



To obtain detailed information on the molecular conformation of the hybrid film surfaces, the SFG spectroscopy under dry (air/hybrid film interfaces) and wet (D2O/hybrid film interfaces) conditions were demonstrated. Figure 3a,b show the SSP-polarized (i.e., S-polarized SFG beam, S-polarized visible beam, and P-polarized IR beam) SFG spectra of the hybrid films in the C–H stretching region (2800–3000 cm−1) under dry and wet conditions, respectively. Peaks at 2882 cm−1, 2855 cm−1, and 2945 cm−1 correspond to the symmetric stretching of the methyl (s-CH3, r+), symmetric stretching of methylene (s-CH2, d+), and Fermi resonance (FR) of the methyl groups, respectively [15,16,17]. In the case of the higher C12TES concentrations (#3 and #6), almost no CH2 peaks were observed in the SFG spectra collected under dry condition, while they were clearly detected on the hybrid films with higher TEOS concentrations (#9–#14). The absence of the CH2 peaks indicates that the alkyl chains have an all-trans and standing-up configuration at the surface, while the presence of the CH2 peaks indicates that the gauche defects in the alkane chains are introduced [18,19,20,21,22]. Thus, in the case of hybrid films #3 and #6, highly ordered hybrid films with negligible gauche defects were expected to be formed.



When the hybrid films were in contact with water (Figure 3b), marked changes in the SFG spectra in CH stretching region, as compared with those in the dry state, were observed. Although, in the case of hybrid films #3 and #16, there were no significant differences between dry and wet conditions, the difference in the relative intensities of the r+ and d+ of the SFG spectra under wet conditions seem to be different from those under dry conditions with increasing TEOS concentration, especially for the hybrid films from #10 to #14. To investigate the conformation of the surface-tethered alkyl chains and their reorientation behaviors in contact with water, the relative peak strength ratios (d+/r+) were plotted as a function of the [TEOS]/[C12TES] molar ratios (Figure 4). In order to contrast with the changes in static contact angles, we also depicted the static contact angle data shown in Figure 2. As shown, the d+/r+ ratios evaluated from the SFG spectra collected under dry conditions gradually increased with increasing TEOS concentration. The d+/r+ ratio reached its maximum at #13 where the static CA also changed significantly, and then decreased with further increasing TEOS concentration. Although the change in d+/r+ ratios showed a similar trend between the wet and dry conditions, the values of the d+/r+ ratios obtained under wet conditions were different from those under dry conditions for each film, suggesting that the molecular orientation of the alkyl chains changed upon contact with water. According to our previous studies, at the n-decyltriethoxysilane (C10TES)/tetramethoxysilane (TMOS) hybrid film interfaces, reorientation behaviors of alkyl chains were similarly observed [3]. In this case, molecular orientation of the alkyl chains changed in order to reduce the surface free energy gap with water, resulting in the preferential appearance of many gauche defects at the water interface. However, in our present case, gauche defects were detected even at the air interface, and they decreased when the film surfaces were contacted with water. This was probably due to the difference in the total amount of alkyl chains existing on the sample surfaces. Although our previous C10TES/TMOS hybrid films were fabricated with a molar ratio of [TMOS]/[C10TES] = 4:1, the present [TEOS]/[C12TES] hybrid films showing more gauche defects were prepared with much higher TEOS concentrations. Thus, the alkyl chains on the surfaces may have a disordered structure even at the air interface. In other words, at the higher TEOS concentrations, C12TES may be segregated on the surface but randomly oriented.



This hypothesis can be confirmed by comparing the intensities of the SFG spectra of the sample surfaces with and without C12TES. In Figure 5, typical SFG spectra of the hybrid film surfaces of [TEOS]/[C12TES] = 9.1 (#3), 5500 (#12), and a TEOS-only film surface were shown. As can be seen, the intensity of the SFG spectrum of the hybrid film #12 (high molar TEOS concentration) was much weaker than that of #3 (low molar TEOS concentration), indicating that the surface alkyl chains had a rather random structure. Furthermore, the SFG spectrum of the TEOS-only film surface showed almost no peaks, indicating that the ethoxy groups of TEOS dissociated completely and hardly remained on the surface in the air.



Based on the above discussions, the reorientation behaviors of alkyl chains on the hybrid film surfaces prepared with relatively higher TEOS concentrations in contact with water can be explained as follows. In these cases, the alkyl chains are considered to be segregated at the film surfaces, but they are not densely packed, even at the air interface, resulting in the formation of gauche defects. In addition, the ethoxy groups of TEOS were almost completely dissociated and then became hydrophilic parts (Si-OH). When water comes in contact with such surfaces, water molecules tend to not only interact with the hydrophilic parts but also penetrate into the alkyl chains, leading to the reorientation of the residual alkyl chains on the surfaces from a disordered structure to a slightly ordered structure. However, judging from the CA hysteresis shown in Figure 2, the former effect seems to be primarily dominated. As can be seen, CA hysteresis gradually increased with increasing TEOS concentration and remained almost unchanged over the hybrid films #13. This was probably due to the increase in the interaction between water and hydrophilic parts of the surfaces through the hydrogen bonds. These results suggest that the concentration of surface-segregated C12TES molecules may play an important role in determining the final static/dynamic water dewettability of the hybrid films. Although the hybrid films were formed by co-hydrolysis and co-condensation method from the precursor solutions, it can be concluded that the initial molar ratio of the precursor solution and the final composition of the resulting hybrid surface did not necessarily match [23,24].




4. Conclusions


We investigated the relation between the static/dynamic dewettability of the alkylsilane-derived hybrid film surfaces and their surface structures by using static and dynamic contact angle measurements and SFG spectroscopy. In this study, model hybrid film surfaces were prepared by varying the [TEOS]/[C12TES] mixing ratios. With increasing TEOS concentration, the static contact angles (CAs) became small. In addition, based on the relative peak strength ratios (d+(s-CH2)/r+(s-CH2)) observed in SFG, the alkyl chains were considered to be segregated at the film surfaces and preferentially formed gauche defects at the higher TEOS concentrations, leading to an increase in CA hysteresis. On further increasing TEOS concentration, the reorientation of the residual alkyl chains on the surfaces from a disordered structure to a slightly ordered structure upon contact with water could be confirmed. However, in this case, water may preferentially interact with the hydrophilic parts derived from the dissociation of ethoxy groups of TEOS, resulting in the further increase in CA hysteresis due to the hydrogen bonds. Therefore, the concentration of surface-segregated C12TES molecules and the conformation of their alkyl chains may play an important role in determining the final surface static and dynamic wetting behaviors of the alkylsilane-derived hybrid films. In the near future, we plan to report on the changes in molecular orientation of the alkylsilane-derived hybrid films upon contact with other probe liquids.
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Figure 1. (a) Schematic illustration of the optical setup of the SFG, and SFG measurements under (b) dry and (c) wet conditions. 
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Figure 2. Changes in the static water CAs (θs, open circle) and CA hysteresis (Δθ, filled circle) of the hybrid films as a function of the [TEOS]/[C12TES] molar ratios. [TEOS]/[C12TES] ratios = 9.1 (#3), 690 (#9), 11,000 (#13), 1,400,000 (#20). 






Figure 2. Changes in the static water CAs (θs, open circle) and CA hysteresis (Δθ, filled circle) of the hybrid films as a function of the [TEOS]/[C12TES] molar ratios. [TEOS]/[C12TES] ratios = 9.1 (#3), 690 (#9), 11,000 (#13), 1,400,000 (#20).



[image: Solids 03 00010 g002]







[image: Solids 03 00010 g003 550] 





Figure 3. SFG spectra of the hybrid films under (a) dry and (b) wet conditions (SSP). The intensities of the whole SFG spectra are normalized by the intensities of the peak at 2882 cm−1 of the symmetric stretching of the methyl group (r+) and are offset upward for clarity. 
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Figure 4. Changes in the (a) static water CAs and (b) s-CH2/s-CH3 ratios of the hybrid films under dry and wet conditions as a function of the [TEOS]/[C12TES] molar ratios. [TEOS]/[C12TES] ratios = 9.1 (#3), 690 (#9), 11,000 (#13), 88,000 (#16). 
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Figure 5. SSP-polarized SFG spectra of the hybrid film surfaces of [TEOS]/[C12TES] = 9.1 (#3), 5500 (#12), and TEOS-only film under dry conditions. 
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Table 1. The molar ratios of precursor compounds of the alkylsilane-derived hybrid films.
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	Sample No.
	TEOS

(mmol)
	C12TES

(mmol)
	[TEOS]/[C12TES]
	Water

(mmol)
	EtOH

(mmol)





	#1
	1.7
	1.7
	1
	44
	69



	#2
	3.1
	8.3 × 10−1
	3.7
	44
	69



	#3
	3.8
	4.2 × 10−1
	9.1
	44
	69



	#4
	4.1
	2.1 × 10−1
	2.0 × 101
	44
	69



	#5
	4.3
	1.0 × 10−1
	4.1 × 101
	44
	69



	#6
	4.4
	5.2 × 10−2
	8.5 × 101
	44
	69



	#7
	4.4
	2.6 × 10−2
	1.7 × 102
	44
	69



	#8
	4.5
	1.3 × 10−2
	3.4 × 102
	44
	69



	#9
	4.5
	6.5 × 10−3
	6.9 × 102
	44
	69



	#10
	4.5
	3.2 × 10−3
	1.4 × 103
	44
	69



	#11
	4.5
	1.6 × 10−3
	2.8 × 103
	44
	69



	#12
	4.5
	8.1 × 10−4
	5.5 × 103
	44
	69



	#13
	4.5
	4.1 × 10−4
	1.1 × 104
	44
	69



	#14
	4.5
	2.0 × 10−4
	2.2 × 104
	44
	69



	#15
	4.5
	1.0 × 10−4
	4.4 × 104
	44
	69



	#16
	4.5
	5.1 × 10−5
	8.8 × 104
	44
	69



	#17
	4.5
	2.5 × 10−5
	1.8 × 105
	44
	69



	#18
	4.5
	1.3 × 10−5
	3.5 × 105
	44
	69



	#19
	4.5
	6.3 × 10−6
	7.1 × 105
	44
	69



	#20
	4.5
	3.2 × 10−6
	1.4 × 106
	44
	69
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