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Abstract

:

Polystyrene (PS)/Gold (Au) is used for a wide range of applications, including composite nanofibers, catalysis, organic memory devices, and biosensing. In this work, PS films were deposited on silicon substrates via a spin coating technique followed by treatment with argon (Ar) plasma admixed with ammonia (NH3), oxygen (O2), or tetrafluoroethane (C2H2F4). X-Ray photoelectron spectroscopy (XPS) analysis revealed modified surface chemistry for Ar/O2, Ar/NH3, or Ar/C2H2F4 plasma treatment through the incorporation of oxygen, nitrogen, or fluorine groups, respectively. Size-controlled magnetron sputter deposition of Au nanoparticles (NP) onto these plasma-treated PS films was investigated via XPS and AFM techniques. The interaction of the Au NPs, as probed from the XPS and AFM measurements, is discussed by referring to changes in surface chemistry and morphology of the PS after plasma treatment. The results demonstrate the effect of surface chemistry on the interaction of Au NPs with polymer support having different surface functionalities. The XPS results show that significant oxygen surface incorporation resulted from oxygen-containing species in the plasma itself. The surface concentration of O increased from 0.4% for the pristine PS to 4.5 at%, 35.4 at%, and 45.6 at% for the Ar/C2H4F4, Ar/NH3, and Ar/O2, respectively. The water contact angle (WCA) values were noticed to decrease from 98° for the untreated PS to 95°, 37°, and 15° for Ar/C2H2F4, Ar/NH3, and Ar/O2 plasma-modified PS samples, respectively. AFM results demonstrate that surface treatment was also accompanied by surface morphology change. Small Au islands are well dispersed and cover the surface, thus forming a homogeneous, isotropic structure. The reported results are important for exploiting Au NPs use in catalysis and sensing applications.
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1. Introduction


Polystyrene (PS) is a polymer material that is extensively used in industry due to its low cost, cyclability, and excellent physical–chemical properties, such as being lightweight and having chemical and mechanical stabilities [1]. PS is used for different applications, including food packaging [2], transparent solid tools [3], and thermal insulators [4]. This polymer is hydrophobic in nature; however, for some specific applications, hydrophilic PS is needed for use as a biosensing platform [5], surface protection, or smart coatings [4].



A promising technique for the modification of chemical and physical properties of polymer surfaces without impacting the bulk material is plasma treatment [6,7,8]. Although plasma treatment is frequently used, there is still some debate over the relative significance of the many plasma–polymer interactions that take place at the surface that can result in the production of free radical sites. Oxygen plasma treatment has been widely reported to increase the wettability and adhesion of polar polymers such as PS [9]. Nonetheless, the effect of different plasma treatments is rarely reported. Exploring different plasma chemistries would allow us not only to tune the surface hydrophilicity but also to graft other chemical groups that could keep the surface hydrophobic yet allow their use for different purposes.



A variety of techniques, including wet chemistry, electro-plating, sonochemistry, and dewetting, have been employed by researchers to alter or coat the surface of polymers with metal nanoparticles [10,11,12,13]. Recently, nanosized patterns with enhanced structural stability were produced on gold surfaces using reversible addition–fragmentation chain transfer (RAFT) PS [14]. Indeed, gold (Au) nanoparticles (NPs) are attracting a lot of interest due to their unexpected and high catalytic properties [3,15,16,17]. It was reported that Au NPs’ size, shape, and support where the particles are attached/setting influence the catalytic activity of these NPs [18,19,20]. In some cases, the choice of support determines the type of Au NP application. For example, metal oxides, such as TiO2, CeO2, etc., are widely chosen as supports for Au NPs in catalytic oxidation and photo-catalysis applications [21,22,23,24]. Furthermore, carbon/polymer materials, with thiol [25,26] or amine functionalized surfaces [27,28], are another type of Au NP support for bio-sensing applications. In addition, Au NPS can also be attached to proteins (amino-acid structure with amine and carboxylic groups) for fighting cancer cells [29,30,31]. The anchoring of Au nanoparticles onto hydrophilic or hydrophobic polymer surfaces was investigated for the development of a virus-sensing platform [32]. Another study explored wettability and surface-enhanced Raman scattering in PMMA and PS free-standing films incorporated with embedded Au NP [33].



It is worth mentioning that the link between Au NPs and different chemical environments is crucial for improving the performance of these NPs for a given application. Although Au NPs are widely used in the applications mentioned above, the understanding of Au NPs’ interaction with different functional groups has not been thoroughly investigated yet [31,34,35,36].



In this work, the interaction of Au NPs with amine, carboxylic, and fluorine functionalized surfaces was probed. The plasma surface modification of PS film, grafted with amine or carboxylic, or fluorine groups, was explored as a platform for Au NP deposition via the physical vapor deposition technique. XPS and atomic force microscope were employed as powerful surface characterization tools to probe the Au NP surface upon deposition on PS, both without and after plasma treatment. The results demonstrated evidence of Au interaction in different chemical environments. The findings add valuable information to the Au NPs/support interaction types owing to specific surface chemistries, which have implications in catalysis and sensing applications.



Initially, spin-coated PS film surfaces were modified using low-pressure plasma generated by electrical discharges in argon/ammonia (Ar/NH3), argon/oxygen (Ar/O2), or argon/tetrafluoroethane (Ar/C2H2F4) gas mixtures. The plasma treatments were conducted under controlled conditions, thus preserving the PS surface, while incorporating various chemical groups for different gas mixtures. The surface of PS films, before and after the treatment, was characterized using X-ray photoelectron spectroscopy (XPS) and contact angle measurements. Then, Au NP was deposited over PS films with no plasma treatment or after treatment in specific plasma conditions. This was followed by extensive XPS analysis to investigate the Au NPs’ interaction with PS before and after surface modification.




2. Experimental Details


2.1. Spin Coating of Polystyrene Films


The polymer used in this study was polystyrene (PS) (MW 280,000) received from Borealis Stenung sund, Sweden. As a solvent for PS, anhydrous toluene (99.8% purity, Sigma Aldrich) was arranged. For complete dissolution, the PS solution in toluene was heated at 50 °C for 2 h. From solution with 3% dissolved PS, films were spin-coated onto silicon (100) coupons, with nominal dimensions of 20 × 20 mm2, at 3000 rpm speed. As determined using a profilometer, PS films with thickness values in the 150–200 nm range were produced.




2.2. Plasma Treatment


The low-pressure plasma setup used for Au NP deposition over the PS films is schematically illustrated in Figure 1. The discharge was generated between two plane electrodes with the substrate placed on ground electrode (lower electrode) at a distance of 4 cm from the RF electrode. The discharge was ignited in gas mixtures containing argon and molecular oxygen, ammonia, or tetrafluoromethane at 10 and 25 sccm flow rates, respectively. The RF plasma power was maintained at 20 W, and the deposition process was carried out for 5 min. The experimental conditions have been listed in Table 1.




2.3. Au NPs Deposition


Gold nanoparticles (Au NPs) were deposited onto PS films before and after plasma treatment via DC sputtering. The Au target (99.999% in purity, 2 in. diameter) was sputtered using Argon flux of 10 sccm at 9 W power and 5 × 10−3 mbar working pressure for 10 s each time. The equivalent thickness as measured by the quartz crystal micro-balance was ~1 nm each time and for all samples. Such thickness allows for the formation of well-dispersed Au NPs. Table 1 depicts the experimental conditions for plasma treatment of PS surfaces and subsequent DC sputtering of Au NPs.




2.4. Materials Characterization


For surface chemistry analysis, XPS measurements were carried out using K-Alpha, (Thermo Scientific, East Grinstead, UK) with monochromatic (Al Kα) X-ray beam. The beam spot area was 300 × 300 μm, and the spectrometer was equipped with a flood gun for charge compensation. As a reference, the C 1s line of 284.5 eV was used to correct the binding energies for any charge energy shift. Shirley background was subtracted from the spectra and the signals, whereas symmetric Gaussian functions were used during the peak-fitting procedure on Casa XPS software version 2.3.25. The thicknesses of the films were estimated using a DEKTAK VEECO 8 profilometer. Condensation experiments and contact angle measurements were made to determine wettability. The contact angle measurements were performed using a KSV CAM101 instrument consisting of a single compact unit equipped with a FireWire video camera of 640 × 480 pixels resolution, a test stand, a standard syringe, and an LED source. The contact angle was measured using a wetting liquid. The experiments were performed at room temperature by placing a drop of 50 µL liquid (corresponding to a spherical drop of 500 µm radius) on the surface.



The surface morphology of the samples was characterized using atomic force microscope (AFM) operating in the contact mode (NanoWizard II BioAFM).





3. Results and Discussion


The fabrication process for the Au NPs/functionalized PS is shown schematically in Figure 2. It is noteworthy that the spin-coating method was used to deposit PS with an average thickness of 200 nm, which serves as the base polymer in the proposed fabrication process. First, the silicon substrate is immersed in acetone and then isopropanol for ultrasonic vibrations for 5 and 2 min, respectively. The main objective of this cleaning step is to avoid any contribution of surface contamination to the surface functionalities. The clean surface is essential for the next step when the PS suspension is spinning and cast onto the substrate to achieve a uniform film. During the next step, the PS film surface is treated with different plasma types to introduce a desirable functional group over the surface. This is accomplished by exposing the PS support film to an RF plasma with the parameters listed in Table 1. As the final step, a conformal gold layer with a thickness of about 1 nm is deposited on the functionalized PS film.



The SEM image of the PS film (Figure 3) shows a smooth surface, which will be further examined under AFM in the following section. The film thickness, as estimated from the diamond stylus-based contact profilometer, was ~180 nm. The PS film was chosen as a virgin platform for the attachment of different chemical groups since it contains only carbon and hydrogen and is easy to be functionalized at low temperatures. Due to the very low thin and smooth film, surface morphology could not be revealed. The area shown in Figure 3 represents a small polymeric segment protruding out of the otherwise very smooth film. The edge of the flake-like feature also confirms the film thickness to be sub-micron.



XPS survey spectra of the untreated and plasma-modified PS films are presented in Figure 4. The carbon element is omnipresent for all samples at 285 eV binding energy (the binding energy is charge corrected in all the XPS spectra). The untreated PS film exhibits the presence of 99.6% carbon at the surface, implying it is contamination-free since it only consists of aromatic and aliphatic carbon as well as hydrogen (not detectable by XPS). After plasma treatment, a strong nitrogen peak at 401 eV is detected that accounts for 0.8, 7.5, and 2.2 at.% nitrogen of the surface atomic composition after Ar/C2H4F4, Ar/NH3, and Ar/O2 plasma treatments, respectively. The area of oxygen peak at 531 eV is noticed to increase from 0.4% for pristine PS surface to 4.5, 35.4, and 45.6 at%, respectively, upon modification with Ar/C2H4F4, Ar/NH3, and Ar/O2 plasma. After Ar/C2H4F2 plasma treatment, a strong intense new peak is observed at 688.0 eV that may be associated with F 1s with 69.7 at% of all the elements. The relatively low nitrogen content suggests the presence of nitrogen atoms only on the extreme upper level of the modified PS surface with presumably a few nanometers depth. This is due to the fact that the depth of analysis in the case of the XPS technique is limited to ~10 nm, considering the photoelectron take-off angle in the spectrometer to be 90°. It may be surprising that the relative amount of oxygen is also more important than that of nitrogen after Ar/NH3 plasma treatment. However, plasma treatment activates the surface via the generation of free radicals and other charged species. These species can react with the surface and/or with other molecules present in the atmosphere of the plasma chamber, and later with ambient air once the substrate is exposed to the atmosphere during post-plasma treatment storage. The surface chemistry evolution will depend on the environment to which the surface is exposed to after plasma treatment [34]. In that case, post-treatment exposure to air or water, for instance, may yield significantly different surface chemistries for the same plasma-modified surface [37]. The film surface chemistry and composition, as estimated by XPS, before and after plasma treatment, are graphically presented in Figure 4b.



A comparison of the carbon peaks before and after plasma treatment is made, as shown in Figure 5. Untreated PS only exhibits one large peak caused by the C-C aliphatic chains and -C=C bonds from the phenyl ring [38]. Another minor peak, a satellite π-π* peak that is common in aromatic polymers, can be seen at a high binding energy of ~291.0 eV [39]. The carbon peak in the plasma-treated samples shows a noticeable change in shape, indicating the development of several functional groups at the surface. It is possible to identify functional groupings by breaking down the observed peak into two or more constituent component peaks, as indicated in Figure 5. When NH3 is added to argon plasma, NHx-based species are produced that interact with the PS surface [40,41]. The component in the C1s signal at the binding energy (BE) of 284.6 eV was much decreased in intensity by ammonia addition; however, the components at about BE ≈ 286 eV and BE ≈ 288 eV was strongly increased. The peak positions as well as the intensities of the subpeaks are too high to be interpreted as NH and NH2 groups. The peak positioned at 287 eV may be more likely to be assigned as carbonyl functional groups (C=O and O-C-O) formed during the post-plasma phase. Figure 5c demonstrates how the inclusion of fluorine leads to the attachment of various functional groups, including CF3, CF2, and C-HF [8,42]. Figure 5d revealed a set of four distinct peaks appearing because of the Ar/O2 treatment process. The maximum of each peak was shifted toward higher energies with respect to the hydrocarbon signal at 284.6 eV, which is consistent with the formation of oxidized units in the polymer chains [43]. The peak at 286 eV reveals the presence of carbonyl groups (C=O) at the surface yet may equally relate to carbon associated with two oxygen atoms (e.g., O-C-O). The peak at 289 eV corresponds to carbon in acid and ester groups (O-C=O). Finally, the spectrum showed a shakeup energy peak at 291.8 eV, accounting for the π-π* bond, which is assigned to the undamaged benzene ring in the PS surface [43].



To assess the effect of plasma treatment on the wetting characteristics of PS films, water contact angle (WCA) measurements were performed on all the samples. The WCA values for untreated and plasma-modified PS films are showcased in Figure 6. The WCA values were noticed to decrease from 98° for the untreated PS, to 95°, 37°, and 17°, respectively, for the PS film surfaces treated with Ar/C2H2F4, Ar/NH3, and Ar/O2 plasma. This reduction in the contact angle values reveals a progressive transformation in the PS surface wettability from strongly hydrophobic to weak hydrophobic or even hydrophilic. It is a well-known fact that the water-repellent tendency of a solid surface depends on two factors: (i) the surface chemistry and functionality and (ii) the surface micro/nano morphological features. Since the surface morphology was practically not affected in our experiments, the modification of contact angles due to plasma treatment may be attributed to the incorporation of nitrogen/oxygen-based groups into the film surfaces, as already confirmed from XPS analysis. The PS-treated film surface produced many free radicals, such as -OH, -COOH, and -C=O, which increased the polarity of the films, increasing their hydrophilicity and lowering the water contact angle value. Matouk et al. already demonstrated that a DBD treatment of cellulose nanocrystals surface with Ar /NH3 plasma produced polar functional groups, such as C-O/C-N, C=O/O=C-N, that in turn, cause an increase in the film hydrophilicity [43].



The TEM micrographs of Au NPs deposited onto the PS are shown in Figure 7a,b. In some regions (Figure 7a), one can observe the agglomeration of Au NPs with different size distributions. The microstructure recorded at the substrate edge (Figure 7b) demonstrates the presence of isolated Au NPs, thus indicating an inhomogeneous type of Au NP deposition at the PS support surface.



The Au NP-supported PS film surfaces with distinct chemistries were thoroughly investigated as support surfaces to determine the nature of their mutual interactions. Even though Au is classified as a poor catalyst because of its chemical inertness towards the chemisorption of reactive molecules, its nanoparticles are extremely active because of the creation of metal/oxide interfaces. The localized surface plasmon resonance (LSPR) effect, which causes electron injection from the Au NP to PS conduction band for subsequent reduction of the adsorbed molecular oxygen, is one potential mechanism for photocatalytic activity enhancement during organic molecule photodegradation. Through oxidation of the organic molecule, the electron-deficient Au is gradually restored to its metallic condition [44].



Figure 8 shows the XPS Au 4f core level spectra for the Au NPs deposited on either untreated or plasma-modified PS films. For the untreated PS film, the Au 4f peak, located at 84.1 eV, represents Au in the metallic state [43,45]. This implies that every sample of the Au NPs is in a charge-neutral, bulk-like state. There was no shift in the XPS Au 4f peak position arising from Au NPs deposition on the Ar/C2H2F4 plasma modified PS surface, thus suggesting that there is no evidence of any chemical interaction between the Au NPs and the PS support polymer with fluorine groups. However, a negative binding energy shift of about 0.2 eV for the Au 4f peak was noticed in the case of Au NPs deposited on Ar/NH3 plasma functionalized PS film. On the other hand, a positive binding energy shift of about 0.2 eV for the Au 4f peak was also measured in the case of Au NPs deposited over Ar/O2 plasma-treated PS.



In principle, such a shift toward low binding energies for an Au metal may be related either to (i) an electron screening effect due to variations in Au cluster size with film thickness variation or (ii) an electron donation from the PS films with amine groups to the Au. Since the size of Au NPs deposited on PS film before and after Ar/NH3 plasma treatment is the same, the effect of electron screening can be ruled out. Therefore, this shift toward low binding energy is evidence of strong interaction between Au NPs and the amine groups present in the Ar/NH3 plasma-treated PS films. Indeed, an electron donation from amine groups toward Au NPs has already been reported [26,46]. For the high energy shift (about 0.2 eV) of the Au 4f band compared to Au NPs attached to PS, one can assume an electron donation from the Au NPs cluster to the oxygen/carbon group. Such a shift toward high binding energies has already been observed in the case of Au NPs deposited on oxygen plasma-treated carbon nanotubes [47].



Figure 9 presents AFM area scans for the different Au/PS film surfaces. The 200 nm × 200 nm scan areas reveal that the coatings comprised fine-grained, nanosized, and homogeneously distributed Au NPs. In general, the particles do not form larger clusters within layers nor tend to align into higher-order patterns. Such a result suggests immobilized adsorption of sputtered blocks of the target material with no subsequent surface diffusion due likely to the low substrate temperature. It is deduced that the deposition cycle devised for this work produces smooth films having a granular structure with root-mean-square (RMS) value typically below 1 nm and highly isotropic spatial characteristics with anisotropy ratio (Str) being above 0.83. It is noteworthy that surface roughness is highly correlated with the concentration of the particles, and a high number of particles per unit area results in smoother deposits due to enhanced filling of surface voids.



The reference sample (untreated PS film), shown in Figure 9A, is found to be the smoothest among all the films prepared, revealing homogeneity in surface patterns. Figure 9B reveals that DC sputtering alone (no plasma treatment of the PS film) yields the flattest structure with nanoparticles having 5–15 nm diameter. Small Au islands are well dispersed and cover the surface forming a homogeneous, isotropic structure. Ar/NH3 plasma treated PS film (Figure 9C) also constitutes of fine-grained structure with area density and average size for the Au NPs of 960 µm−2 and ~10 nm, respectively, and a surface coverage of ~5% of the examined area. According to previous observations, high particle concentration implies low surface roughness (0.331 nm). Ar/O2 plasma treated PS film supporting Au NPs (Figure 9D) is found to exhibit a coarse grain structure with a low particle area density of ~380 µm−2, although the average nanoparticle size (19–26 nm), relative surface coverage (9.7%), and surface roughness (0.632 nm) were significantly greater. The surface morphology of the Au NPs/PS film (Ar/C2H2F4 plasma modified), as shown in Figure 9E, appears similar in morphology to that presented in Figure 9D, with similar anisotropy ratio (0.92–0.94) and mean NPs size of the order of ~20 nm.




4. Conclusions


Spin-coated polystyrene (PS) films, when subjected to plasma treatment in different gas mixtures, have different functional groups incorporated onto their surface depending on the plasma gas mixture, without any disruption to the surface morphology. Plasma treatment leads to improvement in film hydrophilicity due to chemical modification of the PS film surface. Among oxygen (O2), ammonia (NH3), and tetrafluoroethane (C2H2F4) added to argon (Ar), the Ar/O2 plasma treatment is more efficient towards rendering PS hydrophilic, while plasma treatments with Ar/NH3 and Ar/C2H2F4 gas mixture show almost similar results for any improvement in film hydrophilicity. Such change may be primarily attributed to the oxygen groups and surface roughness present on the surface of films treated in the Ar/O2 plasma, as supported by XPS and AFM analyses. XPS analysis showed that Au NPs’ sputter deposition onto plasma-modified PS films induced a chemical shift in the metallic Au NPs peak positioned at 84.1 eV. This is direct evidence of interaction between Au NPs and different chemical groups attached to the PS surface. Moreover, it was found that Ar/NH3 plasma led to a low binding energy shift, whereas Ar/O2 plasma treatment resulted in a high binding energy shift. Such a shift may be attributed to electron donation and acceptance from Au NPs in case of high and low binding energy shifts, respectively. Au/PS films with tailored surface energy and degree of hydrophilicity have strong potential for use in catalysis and sensing applications involving certain nanopatterns.
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Figure 1. Schematic illustration of the low-pressure plasma treatment setup used for as-deposited PS films. 
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Figure 2. Schematic view of spin-coated PS deposition on Si substrates (1) followed by plasma treatment (2) and gold NP deposition (3). 
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Figure 3. Top view SEM image of PS film deposited on Si substrate. 
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Figure 4. (a) XPS Survey spectra (b) elemental composition of as-deposited PS and PS after plasma treatment. 
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Figure 5. High-resolution spectrum of the C 1s signal of (a) pristine PS, (b) Ar/NH3, (c) Ar/C2H2F4, and (d) Ar/O2 plasma-treated samples. 
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Figure 6. Water contact angle values for the as-deposited (untreated) and functionalized PS films after plasma treatment in argon (Ar) gas admixed with tetrafluoromethane (C2H2F4), ammonia (NH3), and oxygen (O2). 
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Figure 7. (a) Au NP clusters formed on the as-deposited PS surface and (b) few isolated Au NPs. 
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Figure 8. XPS Au 4f core level spectra of deposited on as made PS and plasma treated PS within argon (Ar) gas admixed with tetrafluoromethane (C2H2F4), ammonia (NH3), and oxygen (O2). 
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Figure 9. AFM images of Au NPs sputtered on a PS-coated silicon wafer (200 × 200 nm2 scan area): (A) PS film, (B) Untreated Au NPs/PS, (C) Ar/NH3 plasma-treated Au NPs/PS film, (D) Ar/O2 plasma-treated Au NPs/PS film, and (E) Ar/C2H2F4 plasma-treated Au NPs/PS film. 
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Table 1. Experimental conditions for plasma treatment of polymeric substrates and subsequent DC sputtering of gold nanoparticles.
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Sample ID

	
Plasma Treatment: 20 W, 5 min

	
Gold Nanoparticles




	
Pressure [mbar]

	
Reactive Species in Gas Mixture Ar:X

10:25 [sccm]






	
As made

	
-

	
-

	
9 W, 10 s, 30 sccm Ar flux, 5 × 10−3 mbar




	
Ar/O2

	
0.35

	
O2




	
Ar/NH3

	
0.90

	
NH3




	
Ar/C2H2F4

	
0.35

	
C2H2F4
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