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In a trend for sustainable engineering and functionalisation of surfaces, we explore the possibilities of gas phase processes to deposit nanocomposite films. From an analysis of pulsed plasma polymerisation of maleic anhydride in presence of nanocellulose whiskers, it seems that thin nanocomposite films can be deposited with various patterns. By specifically modifying plasma parameters such as total power, duty cycle, and monomer gas pressure the nanocellulose whiskers are either incorporated into a buckled polymer film, or single nanocellulose whiskers are deposited on top of a polymeric film. The density of the latter can be controlled by modifying the exact positioning of the substrate in the reactor. The resulting morphologies are evaluated by optical microscopy, AFM, contact angle measurements and ellipsometry.

INTRODUCTION

Chemical and topographic surface modifications allow to specifically control the interaction of solid bodies with their environment, influencing biological activity, friction coefficients, wear resistance, wetting phenomena and eventually surface transport properties. Organic thin films offer wide possibilities for surface functionalisation as they are soft and can be structured at lengthscales from the micro-to nanoscale range. Established techniques include self-assembly of block copolymers [1], or lithography [2][3]. As an alternative for conventional wet-chemical processes such as Langmuir-Blodgett and spin coating, plasma polymerisation has lower environmental impact and offers good flexibilty. It is therefore preferred as a solvent-free, low temperature technique that can be used in combination with a wide variety of substrates. The resulting polymer layer typically has high homogeneity and stability, depending on the degree of crosslinking. In addition, an amount of chemical functional sites can be maintained within the film through strict control of the deposition parameters. Additional features can be presented into plasma deposited organic films in combination with photolitographic patterning [4], doping [5] or interferometry [6].

In this research, we aim to design thin films with variable patterns, by incorporating nanocellulose as a renewable component into a plasma polymer film. The simultaneous processing of a relatively large fraction of natural materials contributes to more sustainable use of the available forest-based resources. Plasma polymerisation of maleic anhydride (MA) films is of particular interest for different applications [7][8][9][10], and often used as a platform for biosurface engineering [11]. However, relatively low energy inputs are required, and pulsed plasma processes [12] induce MA polymerisation by a radical chain growth mechanism [13,14]. At the same time, the formation of reactive species within the plasma allows for possible interactions with other chemical moieties. As such, the co-deposition of polymer mixtures may be efficient for the formation of copolymers [15]. Also natural and renewable resources may be candidates to introduce in plasma films: e.g, cellulose has a stable glucose skeleton backbone and carries reactive hydroxyl groups at the side. After hydrolysis of cellulose pulps, nanocomponents such as nanocellulose whiskers can be separated with extremely high mechanical strength and stiffness [16,17]. At present, these nanocomponents are favourably used as reinforcement in polymeric composites [18,19] or film formation [20,21], but their ability for topographical structuring plasma films remains unexplored. In this report, we present the first results on the co-deposition of a plasma nanocomposite film and possibilities to create topographical patterns in combination with MA as a model monomer. In the context of sustainable design, we believe that others candidates as monomer could include biopolymers such as proteins or wood extractives. In order to tune the morphology of patterned nanocomposite films, we specifically focus on the specific control of the experimental plasma deposition conditions.

EXPERIMENTAL DETAILS

Nanocellulose whiskers (NW) were produced by sulphuric acid hydrolysis of microcrystalline cellulose, as reported by Bondeson et al [22]. The NW were subsequently freeze-dried and mixed with maleic anhydride (MA) monomer in a weight percent (wt.-%) ratio of 1/200 MA/NW. The powder mixtures were contained in reactor tubes connected to the inlet of a low-temperature vacuum r.f. plasma reactor as described before [23]. Under evacuation of the plasma reactor, the monomer vapor was introduced in the reactor by sublimation at a constant flow rate of approximately 1.6 x 10 -9 kg s -1 . The plasma was initiated through a high frequency generator and was applied for a total time of 30 min at pulse frequency 816 Hz.

The morphology of the polymerized films onto silica substrates was studied for following parameters of the pulsed plasma process: (i) plasma wave power output P p = 10 to 60 W at constant reflected power of maximum 2 W, (ii) duty cycles DC = t on / (t on + t off ) = 2, 25, 50 and 100 %., and (iii) monomer gas pressures between 0.1 to 0.2 mbar, or 0.2 to 0.4 mbar were applied by control of the vacuum in the reactor. Upon completion of deposition, the frequency generator was switched off while the monomer feed continued flowing for about 2 min prior to venting to atmospheric pressure and unloading the samples.

The morphology of resulting films on silica substrates were evaluated under atmospheric conditions by optical light microscopy (Leitz Metallux II, Wetzlar, Germany) and AFM measurements in tapping mode (Nanoscope IV, Digital Instruments). Tips with stiffness k = 48 N m -1 and resonant frequency f o = 190 kHz were used (Nanoworld, type NCLR). The images were captured at an amplitude ratio of 1.2, scanning rate of 0.88 Hz and 512 data points per line. The thickness d and optical constant n of the plasma films were estimated by ellipsometry (Multiskop M-033k001, Physik Instruments). The cross-section of the He-Ne laser beam (632.8 nm) has a spot size of about 1 mm 2 and measurements were averaged over three places on the sample. Static contact angle measurements were taken on DSA 100 system (Krüss, Hamburg Germany), depositing 2 l high-purity water drops. The droplets were fitted with a tangent method and three independent measurements were done on films deposited on silicon substrates.

RESULTS AND DISCUSSION

First, the plasma reactor was evacuated to ultra low vacuum (0.1 to 0.2 mbar), and different morphologies of plasma deposited nanocomposite films were studied by varying plasma powers and duty cycles, as presented in Figure 1. Under mild conditions (P p = 20 W, DC = 2 %), the substrate is completely covered by a film that incorporates the NC and polymerized MA. According to elipsometry and AFM image analysis, the patterned film has an average thickness about d = 90 to 100 nm. More severe plasma conditions with plasma power of P p = 60 W and higher duty cycles DC = 25, 50 or 100 % result in less homogeneous films with single deposits that provide a locally patterned film, or multiple deposits that provide a film pattern through interferences controlling the local film orientation. The resulting film deposits are consequently somewhat thicker (d = 120 to 150 nm), and present a larger wavelength of the pattern. Continuous plasma depositions with DC = 100 % often provide thick inhomogeneous and degraded nanocomposite films, as also frequently experienced for pure MA plasma films [9,12]. This is likely due to monomeric fragmentation [24]. The contact angles measured on the nanocomposite film are 10 to 20°. Based on these experiences, the plasma conditions seem to control the formation of different morphologies controlled by metastable physical processes including buckling and dewetting, as further evaluated elsewhere in combination with chemical surface analysis [25].

Second, the plasma reactor was evacuated at medium vacuum (0.2 to 0.3 mbar) in combination with gently heating the monomer powder tube to about 35°C during the experiment. As such, nanocomposite films with fibrous morphologies were obtained, as presented in Figure 2. When putting the substrate at different positions in the reactor along the gas flow direction (i.e. length or direction) and parallel with the copper coil, the density of the deposited fibers varied with substrate location. The deposits were more dense near the entrance of the monomer gas feed (approximately 16 cm lateral distance from the monomer tube) and density gradually decreased towards the exit near the cold trap (approximately 20 cm lateral distance from the monomer tube). These morphological changes may possibly be caused by differences in the equilibrium ratio of NW to MA in the monomer gas mixture along the polymerization reaction in the reactor. However, the separated flux of NC and MA can not be controlled in the present setup. The contact angles measured on different positions on the substrate varied randomly between 38 and 45°, not uniquely correlating to the density and mostly depending on the presence of NC that dominates the hydrophilicity.

Further analysis of the fibrous deposits gives interesting insight in the possible interactions of MA + NW mixtures along the gas flow. A scratch test on the deposited plasma film indeed confirms that a MA polymeric film adheres to the substrate and the NC are on top of it as fibrous structures (Figure 3). However, the thickness of the MA film varies over the substrate length, and is about 22 ± 3 nm thick near the gas entrance (in agreement with the deposition of a pure MA film), and decreases in thickness to about 10 ± 2 nm near the outlet, according to AFM measurements. This indicates that the MA monomers preferentially polymerize within the plasma and deposit on the substrate, while its concentration in the monomer gas stream consequently decreases gradually over the reactor length in favour of the NC concentration. The deposited fibers have a height of 60 to 80 nm above the surface, a width of 500 nm and length of 2 to 2.5 µm, according to AFM. Ellipsometry measurements indicate a thickness d = 50.2 ± 2 nm, and a refractive index n = 1.58 for the overall film. The different thickness measurements agree amongst each other and indicate that the fibers are partly incorporated and mostly on top of the plasma polymerized MA film. Some detailed micrographs give better insight into the behaviour of the freeze-dried nanowhiskers in presence of MA gas and a plasma reaction. Two different features can be distinguished, i.e. defibrillation observed near the reactor entrance with presumably high MA monomer concentration (Figure 4a) and crystal aggregation near the reactor outlet with presumably lower MA monomer concentration (Figure 4b). Initially, the freeze-dried NC are compacted and the powdery aggregates likely defibrillate into single fibers while carried in the monomer gas stream, before they are deposited on the substrate. Therefore, the MA gas may act as a dispersing medium that carries the NC aggregates and further defibrillates them by diffusion of the monomer gas from the borders towards the centre of the agglomerate. As the MA monomer concentration decreases along the reactor length while being polymerized, the interactions between the individual NC fibrils become more important and crystallite aggregates possibly form. It is known that elementary nanofibrils have strong tendency to coagulate and aggregate into secondary nanofibrils via lateral co-crystallization: this process was discovered as an irreversible aggregation of small nano-crystallites [26]: the secondary nanofibrils then further coagulate into nanofibrillar bundles that form lamellas, bands or layers of cellulose at several micrometer scales.

CONCLUSIONS

We demonstrated that patterned nanocomposite films can be created by a gas phase process.

As such, maleic anhydride films can be patterned during pulsed plasma polymerization by introducing nanocellulose whiskers (NW) in the monomer powder. For a fixed amount of nanowhiskers, the film morphologies can be adjusted by tight control of total plasma power, duty cycle, and monomer gas pressure. A regular thin film pattern is created at critical operation conditions of 20 W and duty cycles of 2 %, while more severe plasma deposition parameters cause locally coarse film structures and/or degraded structures. Depending on the control of the reactor pressure, a fibrous film is obtained with controllable features and densities depending on the substrate location in the reactor, including either defibrillation or crystal-like aggregates. Overall, the interest in this patterning method relies in the possibility to incorporate renewable resources into a plasma polymer film. We believe that the morphology is controlled by metastable nature of the visco-elastic polymer films, depending on the deposition conditions. 
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 1 Figure 1. Morphologies of nanocomposite films with MA + 200 wt.-% NW under different plasma deposition conditions (0.1 to 0.2 mbar), including (a) P p = 20 W, DC = 2%, (b) P p = 20 W, DC = 50%, (c) P p = 20 W, DC = 100 %, (d) P p = 60W, DC = 2%.
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 234 Figure 2. Morphologies of nanocomposite films with MA + 200 wt.-% NW under different plasma deposition conditions (0.2 to 0.3 mbar), at different locations along the substrate (optical microscopy, inset AFM 50 x 50 µm 2 ).
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