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Abstract

:

Initiated chemical vapor deposition is a unique solvent-free and completely dry vapor-phase deposition technique used to synthesize organic polymer films. In this process, an activated initiator, monomer, and carrier gas are introduced into the reaction chamber simultaneously. This technique has been widely adopted. However, if the monomer and initiator are introduced into the chamber in stages—allowing gas-phase monomer deposition and condensation first, followed by initiator introduction and controlling the monomer partial pressure to be higher than the saturated vapor pressure—non-spherical polymer nanoparticles with dome-like shapes can be obtained. This advanced iCVD technique is referred to as the “Condensed Droplet Polymerization Approach”. This high monomer partial pressure gas-phase deposition is not suitable for forming uniformly composed iCVD films; but interestingly, it can rapidly obtain polymer nanodomes (PNDs). Using CDP technology, Franklin polymerized multifunctional nanodomes in less than 45 s, demonstrating a wide range of continuous particle size variations, from sub-20 nanometers to over 1 micron. This rapid synthesis included a variety of functional polymer nanodomes in just a matter of seconds to minutes. This review discusses the crucial process conditions of the Condensed Droplet Polymerization (CDP) Approach for synthesizing PNDs. The main focus of the discussion was on the two-step method for synthesizing PNDs, where the nucleation mechanism of PNDs, factors influencing their size, and the effect of pressure on the distinct condensation of monomer vapor into polymer nanodomes and polymer films were extensively explored.
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1. Introduction


1.1. The Technical Background of CDP Synthesis Technique and the Significance of Synthesizing PNDs


Chemical vapor deposition (CVD) is a process in which the substrate is exposed to one or more volatile precursors that react and/or decompose on the substrate surface to create the desired thin film deposit [1]. Initiated chemical vapor deposition (iCVD) is a versatile technique that allows for solvent-free and completely dry vapor-phase deposition [2]. It offers numerous advantages, including the ability to achieve conformal and uniform fabrication over large surface areas. One of its key features is the real-time control it provides over the thickness and nanostructure of the deposited films [3]. In the field of nanomaterials synthesis, iCVD has garnered significant attention due to its superior capabilities in synthesizing various nanomaterials, including 1D, 2D, and 3D materials [4]. Specifically, in the realm of 1D materials, iCVD enables the fabrication of nanoparticles, nanowires, nanotubes, nanoribbons, and similar forms [5,6,7]. These materials possess unique properties and find extensive applications in electronics, energy storage, sensors, and biomedical engineering [8,9,10].



The solvent-free and dry nature of iCVD allows for precise control over the composition and structure of the deposited polymer films, eliminating the need for post-deposition solvent removal steps and reducing the risk of contamination. Substantial research has emerged on the utilization of iCVD for polymer film applications on various substrates [11,12,13,14]. Notably, Karen K. Gleason and her team have made significant contributions in this area, particularly in the field of conformal polymer coating technologies. They have provided detailed insights into the synthesis process and system construction of polymer CVD [15,16,17,18,19].



The integration of iCVD synthesis with functional material design has fostered a burgeoning interdisciplinary field that combines materials science with microbiology [20,21]. This emerging field focuses on exploring the interactions between materials and microorganisms at the interface.



In the realm of biological applications, the design of materials with optimal biocompatibility and fouling resistance is of paramount importance. Biocompatibility refers to the ability of a material to interact with living systems without causing adverse reactions, while fouling resistance refers to the material’s ability to prevent the accumulation of biological substances on its surface. Achieving optimal biocompatibility and fouling resistance necessitates a deep understanding of the complex interactions between materials and microorganisms, as well as precise control over material properties at the molecular level. Polymer nanodomes (PNDs) offer significant potential in drug delivery. They serve as effective drug carriers, safely encapsulating drug molecules within their sturdy polymer structures, protecting them from environmental factors such as humidity and light. PNDs can be tailored for controlled drug release, gradually delivering drugs to target tissues or cells by adjusting their size, shape, and polymer properties to meet specific therapeutic needs. Additionally, PNDs can be surface-modified for targeted drug delivery, adhering selectively to specific cells or tissues, enhancing drug precision while minimizing impact on healthy tissues. PNDs are typically biocompatible, causing minimal adverse reactions in biological systems, making them valuable for in vivo applications [22,23,24,25,26].



Polymeric nanoparticles can be synthesized using various techniques, such as emulsification (solvent displacement or diffusion) [27]. The latest technique for obtaining semi-spherical polymeric nanoparticles involves their polymerization through the method of initiated chemical vapor deposition [28].



In fact, current technology has advanced to the point where it is possible to synthesize nanoparticles on substrates with various shapes, such as nanodroplets, hemispheres, and domed shapes. The resulting deposit can encompass a range of materials including metals, semiconductors, alloys, and nanocomposites. The advanced iCVD polymers now have the capability of controlled anisotropy in the physical structure and chemical composition and are expected to pave the way for interface engineering toward innovative nanoparticle designs. Currently, polymer nanoparticles with a hemisphere (domed) shape, known as PNDs, are receiving significant research attention. This innovative nanoparticle design holds the potential to enhance drug delivery and improve the efficacy of precision medicine, showcasing remarkable attributes in drug delivery and biocompatibility. The size and shape of PNDs could potentially be critical factors influencing the stability and solubility of encapsulated cargo, facilitating membrane transport, and extending circulation time to enhance safety and efficacy in nanoparticle drug delivery systems.




1.2. Advantages of CDP Synthesis Technique for PNDs Formation Compared to Others


The traditional method for PNDs synthesis is emulsion polymerization, in which a low-water-soluble monomer is introduced into water along with a water-soluble initiator and surfactants. In these methods, stepwise polymerization occurs at the interface between two liquid phases, driven by the minimization of interfacial free energy, resulting in predominantly spherical PND shapes. However, the use of solvents poses several additional drawbacks, including limitations on the chemical functionalities achievable with solubilized or emulsified monomers, the use of often toxic solvents or surfactants, and the need for costly additional purification steps to obtain a pure product (e.g., for nanomedicine). Furthermore, the requirement for purification extends the already time-consuming PNP synthesis protocols, which could take several days.



However, the CDP synthesis method introduces a novel approach that does not require the use of templates or solvents, similar to the iCVD (initiated chemical vapor deposition) technique. This method utilizes free radical polymerization to synthesize robust polymer nanodomes (PNDs) from vapor-phase reagents. In contrast to traditional methods, CDP does not rely on solvents or templates, thereby expanding the range of available shapes and chemical functionalities for PNDs. Moreover, CDP operates as a solvent-free system, eliminating the need for additional purification steps, enabling the rapid, one-step synthesis of high-purity PNDs, aligning with the principles of the iCVD technique.



Therefore, CDP technology offers advantages in PNDs synthesis over traditional techniques by being template-free, solvent-free, and reducing synthesis time. However, this technology has not been emphasized as extensively as it deserves.




1.3. Basic Steps of CDP Synthesis Process


The CDP preparation process can be summarized as follows: Initially, in a custom iCVD reactor, a fluorinated thin-film base layer was prepared on silicon (Si) wafers (Pure Wafer) using PFDA as the monomer. The silicon wafer was placed in the reactor chamber, which was maintained at a pressure of 400 mTorr, and a temperature-controlled stage kept at 35 °C. Subsequently, PFDA monomer vapor was delivered into the reactor chamber through a needle valve at a flow rate of 0.15 sccm, and argon carrier gas, as well as tert-butyl peroxide (TBPO), were introduced into the chamber through mass flow controllers at rates of 2.00 sccm and 0.60 sccm, respectively. A filament array was positioned approximately 3 cm above the substrate stage and heated to 300 °C to thermally decompose TBPO into tert-butoxyl and methyl radicals. These radicals initiated the thin-film polymerization upon contact with PFDA molecules adsorbed to the silicon wafer.



The subsequent step in CDP, which serves as the final phase, involves the rapid polymerization of liquid monomer droplets to solidify them into robust polymer nanodomes. To achieve this, TBPO was supplied to the reactor chamber at a rate of 1.8 sccm. Inside the chamber, the heated filament array at 300 °C decomposed TBPO into tert-butoxyl (TBO) and methyl radicals. These TBO and methyl radicals reacted with the nanoscale condensed droplets, initiating a free radical polymerization process that solidified the droplets into polymer nanodomes within a mere 45 s. Following this, the reactor chamber was evacuated and any unreacted materials were removed, resulting in high-purity PNDs, as shown in Figure 1.



In summary, the essence of the CDP method lies in controlling the formation of nanoscale, hemispherical condensed droplets and subsequently rapidly solidifying them into robust polymer nanodomes. This process is not dependent on the base layer material and can also be directly applied to the synthesis of PNDs on silicon substrates.



In Figure 1C, small blue circles represent precursors in the vapor phase. Precursor monomer flow is delivered to the deposition chamber. In Step 1 of CDP, nanoscale condensation is accomplished only by the introduction of monomers into the gas phase, whereas volatile initiators, such as tert-butyl peroxide, are not introduced. Monomers physiosorb onto the substrate to be coated, and the filament above the reaction chamber is not enabled. The temperature of the substrate is kept at around 20–40 °C to promote monomer physisorption.





2. Condensation of Monomer Vapor into CDP: The Essential Requirement of Pressure above Saturation Vapor Pressure


Under conditions where the substrate temperature is lower than the ambient temperature and the surface energy is low, the condensation of water droplets can occur. Inspired by this phenomenon, Tao [30] first observed intriguing occurrences during the iCVD synthesis process when the pressure exceeded the monomer’s saturation vapor pressure. In such cases, the monomer vapor not only deposits on the substrate as a film but also undergoes gas-phase condensation to form droplets, which subsequently polymerize into non-spherical particles. However, achieving a pressure that surpasses the saturation vapor pressure is vital for the synthesis of PNPs (polymer nanoparticles).



In Figure 2, depositions were conducted on Teflon FEP-coated surfaces. In Figure 2d, the size of the polymer nanoparticles is around 5 μm, and the size of the PNPs increases with time. However, the shape of the polymer particles does not exhibit a uniform spherical crown morphology. On the other hand, from the image, it can be observed that during the nucleation stage, droplet coalescence occurs in the monomer condensation deposition process. Regarding the condensation of the monomer, it will be discussed later.



Inspired by Tao, Franklin [30] also adjusted the Pm/Psat ratio to be greater than one, resulting in PNPs instead of a polymer film. Monomer droplets were deposited on the surface of pPFDA. In the left image (at a 400 nm scale), taken during the first step of iCVD, the monomer vapor deposited and condensed to form PNDs that exhibited a noticeable hemispherical shape, as shown in Figure 3. This could be attributed to Franklin not directly depositing monomers on a silicon wafer substrate, but instead synthesizing a hydrophobic pPFDA film [31] first and then depositing the monomers, leading to polymer particles that were closer to a dome shape.



For depositions conducted beneath monomer saturation (Pm/Psat < 1), smooth films were observed from the cross-sectional view of the polymer film (Pm/Psat = 0.72) in Figure 4. Gupta [32] also mentioned that if the monomer pressure is kept below the saturation pressure, polymerization results in dense polymer films.



When monomer deposition occurs under gentle pressure conditions, the enhanced diffusion of monomers towards the substrate surface expands the spatial scope for aggregation or deposition. Decreasing monomer pressure reduces intermolecular interactions, facilitating improved control over film homogeneity and smoothness. Lower monomer partial pressure generally promotes a smoother, denser film morphology with diminished defects, owing to the prolonged surface diffusion time that allows the monomers to arrange into more orderly structures.




3. Three Designs of Vapor-Phase Monomer Deposition on Substrates in iCVD Process


D-growth refers to Droplet growth, which is the growth method designed based on the pressure ratio for deposition-type polymers. D-L growth, on the other hand, signifies a two-step growth mode of droplet condensation on the substrate of polymer film after formation. The growth process begins with the deposition of a polymer layer, followed by the subsequent Droplet growth on the polymer film. As shown in Table 1, both D-growth and D-L-growth occur when the partial pressure of the monomer is greater than the saturated vapor pressure. The difference lies in their choice of substrate. D-growth typically involves the direct synthesis of PNDs on a silicon substrate on the thermoelectric cooling (TEC) surface. On the other hand, D-L-growth involves synthesizing fluorinated polymeric films with a low surface energy, such as 1H,1H,2H,2H-perfluorodecyl methacrylate (PFDMA), 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) [32], and 1H,1H,2H,2H-perfluorooctyl acrylate (PFOA) [33] on the substrate before following the two-step method for PNDs synthesis in the same manner as D-growth.



However, it is worth mentioning that Franklinsubjected pPFDA to an annealing treatment to achieve a smoother layer for PNDs. The pPFDA films were placed in an oven set to 80 °C for 1 h. An annealing thermal treatment can enhance surface smoothness by eliminating organized crystalline domains responsible for surface protrusions. The polymerization monomers chosen for droplet growth can be HEMA (hydroxyethyl methacrylate), DVB (divinylbenzene), and 4VP (4-vinyl pyridine).



Layer growth refers to the one-step deposition of polymer solid-state films, accompanied by the simultaneous introduction of a decomposable initiator (TBPO), monomer, and carrier gas at specific flow rates.



Monitoring during the process of layer growth allows for in situ determination of the growth rate and for film growth to be terminated when a precise thickness is reached. High deposition rates (>1 μm/min) and film thicknesses (>200 μm) have been reported, as well as ultrathin pinhole-free CVD polymer layers (<10 nm).




4. The Intrinsic Mechanism for Forming Droplets Instead of Films


Greene [34] proposed that during the deposition process of vaporized water, there are two distinct ways in which atoms adhere based on their topological arrangement. One occurs at relatively high deposition rates (Pm/Psat > 1), where the adsorbed atoms do not have enough time to diffuse to low-energy sites and are instead covered by subsequently deposited atoms, forming a pattern similar to that shown in Figure 5. This deposition growth mode can result in the formation of droplet-shaped polymer nanoparticles and semi-spherical polymer nanoparticles, representing a non-continuous phase deposition pattern. This mode of growth is intriguing, resembling the mechanics of certain block-stacking games, where insufficient time for placement results in a continual upward stacking resembling triangular accumulation.



The alternative mode of growth is a more gently inclined and even manner. In this scenario, the deposition rate is influenced by the partial pressure of the adsorbates. When the adsorbate partial pressure is lower than the saturation vapor pressure (i.e., Pm/Psat < 1), the deposition rate becomes significantly lower, granting ample time for adsorbed atoms to settle into lower-energy sites, as illustrated by the adsorption sites in Figure 5. In this mode, as the deposition layer gets closer to the substrate below (with the substrate temperature lower than the ambient temperature), the temperature of the deposition layer gradually decreases. This leads to the stabilization of lower-energy sites, encouraging atoms to accumulate in a more uniform and consistent manner, resulting in the formation of a thin film.



These two distinct adsorption modes are dependent on the deposition rate and adsorbate partial pressure, influencing the diffusion and accumulation behavior of adsorbed atoms on the surface. This affects the formation of non-continuous phase structures like droplet-like or semi-spherical polymer particles, as well as thin films.




5. Two Steps: Condensation and Polymerization of Supersaturated Monomer Vapor


If the monomer deposition and polymerization are separated and carried out sequentially, the condition parameters during the monomer deposition process can be independently controlled, and it is also very beneficial for controlling the shape of the deposition, whether it is a polymer film or a polymer particle.



Table 2 shows a schematic of the sequential process for synthesizing porous polymers and nanodome polymers. Gupta’s group [35,36] adopted a two-step approach to construct porous membranes composed of poly(methacrylic acid) (PMAA). Using this approach, Gupta’s group [35,36] investigated membranes with porous morphologies, demonstrating the formation of pillar-like structures through substrate temperature variation during the monomer deposition step. Yang’s group utilized the CDP synthesis route, where monomers such as HEMA, DVB, 4VP, etc., are condensed into droplets on the surface of a hydrophobic polymer coating, followed by the introduction of an initiator to synthesize polymer nanodomes with a dome shape. Both groups share a common feature in which the initiator-initiated polymerization step is separated from the monomer deposition or condensation process, completing the synthesis in two steps. Despite leading to different polymer structures, they both employ a thermoelectric cooling device to effectively control monomer adsorption at the interface and substrate temperature.



Moreover, in the first step of monomer deposition, the polymer morphology is influenced by the monomer partial pressure and deposition rate for both Gupta and Yang’s groups. However, Gupta’s two-step method slightly differs from the CDP process in PND synthesis. In the porous film generation process, during the first step when monomers are introduced into the reaction chamber, the initiator is also added; but, because the filament is turned off, the initiator does not decompose to generate free radicals, thus avoiding polymerization. The addition of the initiator in this step is intended to maintain the overall pressure of the reactor.



In contrast, the two-step method of the nanodome formation process does not introduce the initiator simultaneously with the monomers during the first step [37]. The filament remains active throughout, with only the monomer vapor adsorbing on the substrate surface, depositing, nucleating, growing, and coalescing. This process is akin to the condensation of liquid water droplets in mass transfer. Additionally, the design of the two-step process by the porous film generation process involves the first stage in which monomers are deposited and solidified at substrate temperatures of −20, −10, 0, or 10 °C. The phase transition process involves the change from the gas phase to the solid phase.



On the other hand, the two-step method of nanodome formation process leverages the supercooling between environmental temperature and substrate temperature. Throughout the entire synthesis process, the filament is maintained at around 270 °C, resulting in high temperatures within the reaction chamber. However, the stage temperature remains around 30 °C. Under conditions where the pressure ratio is greater than one, monomer vapor on the hydrophobic surface rapidly adsorbs, undergoes a gas–liquid phase transition, nucleates, grows, and coalesces into polymer droplets.



Following the polymerization reaction, both porous polymers and dome-like polymers contain residual unreacted monomers and initiators that necessitate removal from the reaction chamber to achieve the final solid state of the polymer. Despite occurring after the two-step synthesis, this stage is pivotal for achieving the ultimate morphology of PNDs or porous polymers.



Regarding PNDs, the elimination of unreacted constituents results in a substantial reduction in both the volume and aspect ratio, as discussed in Section 9. This observation underscores the presence of a notable amount of unreacted monomers and initiators during the polymerization phase. The porous film generation process indicates that due to the polymer formed at the vapor–solid interface acting as a diffusion barrier for free radical initiators, more than 90% of the monomer remains unused during the process of material removal.



The differentiation in the vapor–solid phase transition of the initial monomers introduces a slight divergence in the purging stage between the two synthesis methods. PNDs categorize this purging phase as “evaporation,” denoting the evaporation of unreacted monomers from the liquid phase. Conversely, porous polymers term this phase as “sublimating,” signifying the transition of unformed monomers from the solid phase to a gaseous state.




6. Variation of Droplet Radius with Surface Subcooling at Different Substrate Temperature


The most significant advantage of synthesizing polymer nanodomes based on iCVD, in addition to being solvent-free, template-free, having an in situ characterization, and being rapid, is the distinct separation of monomer deposition from the initiator-initiated monomer polymerization process. This enables clear observation of the size variations in the polymer nanodomes, facilitating precise control over the size of the nanodomes (PNDs).



During the first step of the two-stage control process, which involves the condensation phase of nanodomes, the filament within the chamber maintains the ambient temperature for monomer deposition throughout the chamber. However, as vapor-phase monomers come into contact with the bottom substrate, the nucleation, growth, and condensation of nanodomes are closely tied to the temperature of the substrate. The bottom substrate plays a crucial role in the gas–liquid interface phase transition.



James [37] focused his research on analyzing the impact of solid substrate temperature (Ts) during CDP on the growth of monomer droplets and the distribution of particle sizes. While keeping the monomer partial pressure constant, he examined how PNDs are influenced by variations in Ts.



Figure 6 depicts SEM images of the PNDs obtained on a pPFDA-coated substrate at temperatures of 21 °C, 24 °C, 27 °C, and 30 °C, with a scale bar of 200 nanometers [37]. From the comparison in the graph, it is evident that as the substrate temperature decreases, the final size of solidified nanodomes increases. This phenomenon is linked to the driving force behind particle nucleation. When a droplet reaches the minimum energy required for nucleation, it attains a critical radius to form a droplet nucleus. This concept draws parallels with the nucleation formula observed for water droplets under certain degrees of supercooling.



In iCVD, a Temperature-Controlled Stage (TEC) device [38] is typically installed at the bottom to regulate the substrate temperature. When the substrate temperature is lower than the ambient temperature, it provides supercooling for the nucleation and growth of nanodomes. Investigating the size variation patterns of nanodomes at different degrees of supercooling is of significant interest.
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Figure 7. Nucleation of water droplets on hydrophobic surfaces and minimum critical radius [39]. 






Figure 7. Nucleation of water droplets on hydrophobic surfaces and minimum critical radius [39].
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The sub-cooling degree ΔT = Tsat − Ts is the difference between the saturation temperature of the water vapor Tsat and the surface temperature Ts, σl is the surface tension of the liquid, and Hfg and ρl are the latent heat of the liquid and the liquid density, respectively. The critical nucleation radius [40,41] is the minimum radius at which the nucleation droplet can keep thermodynamic stability, as shown in Figure 7. Once nucleation occurs on surfaces, continuous condensation on the droplet surface promotes the growth of droplets. Although this is a model for the mass transfer of water, it can be applied analogously to the nucleation of monomers in the liquid state. As the temperature, Ts, decreases, the temperature difference, ΔT, also decreases, resulting in an inversely proportional increase in the radius of the nucleation droplet.




7. Polymerization Time and Condensation Time


CVD (chemical vapor deposition) polymerization techniques not only demonstrate advantages in polymer thin film applications, but also for the synthesis of polymer particles. Gas-phase deposition helps circumvent the limitations of conventional solution-based PNPs (polymer nanoparticle) synthesis procedures. This is evident not only in terms of solvent-free conditions but also significantly reduces the required polymerization time. Franklinobserves that the entire polymerization process of synthesizing nanodome particles through CVD can be completed in a matter of seconds. Moreover, in the experiment, after the condensation of monomer droplets, free radicals initiate the polymerization and solidification of nanodomes in less than 45 s.



This polymerization process is much faster than the time required for CVD technology to synthesize films, and James is also highly confident in this aspect. He took twice the amount of time compared to Franklin to ensure the complete polymerization of monomer droplets, and it only took 2 min. Therefore, a key step in the two-step synthesis of nanodomes, droplet-like, and cap-shaped polymer particles is the condensation phase.



During this phase, the monomers need sufficient time for nucleation to occur in liquid droplets with a critical radius, and the growth of these liquid droplets also requires time, including enough diffusion time for eventual coalescence, as shown in Figure 8 [41]. Considering the arrival of a single activated radical initiator into a condensed liquid monomer film, then about 1 s is required for the chain to grow to 104 g/mol. In dropwise condensation, the process is cyclical, starting with the formation of liquid droplets at the atomic-scale selective nucleation sites. These droplets grow through stages of direct condensation, coalescence, and departure. This ensures a continuous cycle of condensation events. In the context of the CDP synthesis technique, the first phase involves the deposition of monomers on a solid surface, forming spherical liquid droplets. This process closely resembles the cyclical nature of dropwise condensation. Looking at the entire process, the condensation phase takes significantly more time compared to the second phase of the CDP synthesis, where monomers undergo polymerization initiated by radicals. Therefore, we can accurately say that the time scale for polymerization is a few orders of magnitude smaller than that of condensation.




8. Size Reduction in Nanodomes in Two-Step Synthesis Due to Unreacted Initiator and Monomer Evaporation during Exhaust Process


The kinetic analysis indicates that the deposition process is constrained by adsorption, likely due to the limitation in the surface concentration of monomers. This result supports the hypothesis that polymerization takes place on the substrate rather than the growth of polymer chains in the gas phase, followed by deposition. This finding makes the described synthetic approach highly suitable for coating uneven substrates or substrates with high dimensional complexity. Therefore, in the two-step approach, initiating the deposition and condensation of monomers in the gas phase to form liquid nanodomes, followed by introducing initiator-laden nanodomes for a solid-phase polymerization reaction, is highly insightful. The practice is inspiring. In determining the final dimensions of PNDs, apart from the crucial condensation phase, the evaporation step for removing the unreacted initiator and monomer from the chamber also plays a pivotal role.



The Figure 9 portrays the condensation and polymerization of nanodomes, succeeded by an evaporation-based degassing phase. Our recent findings suggest that as the monomers and initiators are extracted, the nanodomes undergo a conspicuous volume contraction.



In Figure 10, through in situ monitoring of nanodomes’ size, it was observed that during the evacuation phase, the most significant reduction in the PNDs’ size occurred between 52 and 54 s. Solid-phase PNDs exhibited noticeable volume contraction, and the entire contraction process took place within the brief interval from 52 to 58 s. Beyond 58 s, extending to 90 s and 140 s, our findings suggest that there was no apparent contraction in the outline of the PNDs. This indicates that the evacuation phase was of short duration but was crucial in determining the final size of the PNDs desired in the experiment.




9. Discussion on Controllability Modeling of PNDs Particle Synthesis Using CDP Method


PNDs have the potential to enhance the stability and solubility of encapsulated cargo, facilitate membrane transport, and extend circulation times for increased safety and efficacy. Nanoparticle size and shape could be a significant factor influencing particulate drug delivery systems [42,43]. Hence, ensuring precise control over the nanoscale dimensions and aspect ratio of PNDs is of paramount significance. Tian and co-workers [44] fabricated cylindrical pore-shaped molds and then produced PDMS micro-pillar arrays through processes involving spin-coating, curing, and peeling. Utilizing initiated chemical vapor deposition (iCVD), they synthesized nanoscale pPFDA structures on the PDMS micro-pillar arrays. This strategy of creating a micro/nanostructured PDMS-pPFDA superhydrophobic architecture offers valuable insights into the size control of PNDs.



As shown in Figure 11, after PDMS (poly(dimethylsiloxane)) was subjected to spin-coating, curing, and peeling off processes, it was placed onto the substrate inside the reaction chamber of iCVD. A single-step iCVD process was then utilized to synthesize the pPFDA film. The synthesis of pPFDA is not our primary focus; rather, it is the protruding micro-scale pillar arrays that we have identified as having the potential for the size-level control of PNDs. The presence of micro-structured PDMS constrains the dimensions of the pPFDA film to smaller levels. Consequently, this limitation extends to the size of the PNDs synthesized on the superhydrophobic pPFDA film. To achieve specific sizes for the PNDs, the employment of the protruding pillar arrays becomes advantageous. In a uniform protruding model, the process of nanodroplet coalescence on the nanodomes may be influenced. Smaller droplet nanodomes could potentially be lost due to the absence of neighboring nanodomes at the edges available for merging.




10. Conclusions


This article primarily discusses the advantages, applications, and relevant parameters of an advanced initiation chemical vapor deposition (iCVD) process known as the chemical deposition polymerization (CDP) synthesis technique. The core principles of the CDP synthesis technique are twofold. Firstly, under conditions where the monomer vapor pressure is lower than the saturation vapor pressure, a hydrophobic polymer film with a smooth and uniform surface (such as pPFDA) is synthesized as the substrate. Secondly, a two-step method is employed to synthesize polymer nanodomes (PNDs). In the initial step, with the monomer vapor pressure higher than the saturation vapor pressure, the monomer vapor condenses, forming nanodome-shaped liquid droplets. In the subsequent step, by introducing an initiator and activating it using a filament, free radicals are generated. These free radicals then react with the previously formed nanodome liquid droplets, resulting in polymerization and solidification. The volume of the PNDs is significantly reduced due to the subsequent removal of unreacted monomers and initiators.



We primarily discussed an improved iCVD process, focusing on a novel route for synthesizing polymer nanoparticles—the chemical deposition polymerization (CDP) forming technique. We also summarized that the key aspects of this forming technique involve a two-step process (condensation followed by polymerization) and control of monomer vapor p8ressure, which lead to the formation of drop-like or dome-shaped polymer nanodomes (PNDs). Furthermore, we compared and analyzed the two-step processes for porous polymer films and non-spherical polymer nanodomes. This comparison further confirmed the superiority of the two-step (condensation followed by polymerization) technique, which can inspire and influence the synthesis processes of various polymer forms using iCVD. This is particularly relevant in meeting the requirements for diverse polymers in areas such as biomedicine and drug delivery.
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Figure 1. (A) depicts a schematic of the iCVD reactor, including a thermoelectric cooling (TEC) module for enhanced nanodrops formation and a digital microscope for real-time monitoring of the condensation-polymerization process. (B) illustrates the chemistry of the substrate surface, referred to as the “base layer,” and the polymerization initiator. (C) within the dashed box, the two steps of CDP are illustrated. In Step 1, vapor-phase monomers condense on the base layer placed on the TEC module, forming nanoscale droplets. (D) in Step 2, tert-butyl peroxide is delivered as vapor and undergoes thermal decomposition to tert-butoxyl (TBO) and methyl radicals, which occurs at a filament array maintained at 300 °C. These impinging free radicals initiate the polymerization and solidification of the condensed monomer droplets [29]. 
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Figure 2. SEM images of poly(glycidyl methacrylate) nucleation (Pm/Psat = 1.45) in iCVD; each figure is 5 μm × 5 μm: (a) 5 min, (b) 10 min, (c) 15 min, and (d) 20 min [29]. 
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Figure 3. The SEM image of ndHEMA (2-hydroxyethyl methacrylate) nanodomes synthesized by the CDP technique shows the nanodome scale. A reactor chamber pressure of 300 mTorr; a filament array temperature of approximately 270 °C; and a stage temperature of 30 °C [29]. 






Figure 3. The SEM image of ndHEMA (2-hydroxyethyl methacrylate) nanodomes synthesized by the CDP technique shows the nanodome scale. A reactor chamber pressure of 300 mTorr; a filament array temperature of approximately 270 °C; and a stage temperature of 30 °C [29].



[image: Chemengineering 08 00002 g003]







[image: Chemengineering 08 00002 g004] 





Figure 4. Cross-sectional SEM micrographs of vapor-deposited poly(glycidyl methacrylate) films: (a) Pm/Psat = 0.72, (b) Pm/Psat = 0.99, and (c) Pm/Psat = 1.45 [30]. 
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Figure 5. During the deposition process of vaporized water, island growth and layer growth modes [34]. 
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Figure 6. Size distributions of pHEMA PNDs obtained at substrate temperatures (Ts) of 21 °C, 24 °C, 27 °C, and 30 °C. Panels (C–F) show SEM images of the PNDs obtained at each Ts on a pPFDA-coated substrate, with a scale bar of 200 nm [38]. 
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Figure 8. The cycle of major physical processes observed in the pendant mode of dropwise condensation on a horizontal substrate [41]. 
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Figure 9. Extract unreacted monomers and initiators after polymerization. The yellow spheres in the diagram represent initiators, the blue spheres represent monomers, and the red spheres represent polymer chains. 
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Figure 10. The evolution of PNDs’ size over a duration of 2 min and 20 s during the stage of removing unreacted monomers and initiators, with a scale bar of 100 nm. 
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Figure 11. Schematic illustration of the strategy for superhydrophobic film preparation. (i) schematic of SU-8 molds (SU-8 photosensitive resin, a negative-tone, epoxy-based, near-UV photoresist, and they act as micro-nanostructure templates). (ii,iii) schematic of PDMS (poly(dimethylsiloxane)) arrays obtained by spin-coating, curing, and peeling off processes. (iv) schematic of the iCVD process [44]. 
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Table 1. Polymer designed for deposition based on pressure ratio.
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Design

	
Droplet Growth

	
Layer Growth

	
D-L Growth




	
Pm/Psat

	






	
Pm/Psat > 1
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Pm/Psat < 1
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Pm/Psat > 1
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Table 2. Comparison of two-step vapor-phase deposition: porous film generation process vs. nanodome formation process.
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Steps

	
Schematic of Reactor

	
Similarity

	
Difference

	
Description






	
monomer vapor deposition into solid (1st)
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thermoelectric cooling device(TEC)

	
when deposition, filament off

	
Porous Film deposition




	
polymerization (2nd)

	
monomer partial pressure influences the morphology of porous polymers and the deposition rate

	
in the first step, both monomers and initiators are introduced




	
* after the two-step process, solid monomer sublimation

	
substrate:

silicon wafer




	
monomer condensation into liquid (1st)
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thermoelectric cooling device

	
when deposition, filament set on 300 °C

	
PNDs deposition




	
polymerization (2nd)

	
monomer partial pressure affects the size of domed polymers and the deposition rate

	
in the first step, only monomers are introduced




	
* after the two-step process, unreacted monomer and initiator are removed by evaporation

	
substrate: hydrophobic pPFDA
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