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Abstract:



Nanocrystallized C60 thin films of such as hexagonal, plate-like, and rod-like morphologies were recrystallized by poor solvent immersion, employing 1-propanol, 2-propanol, and butanol respectively. A C60 thin film fabricated by evaporation was immersed in the poor solvent, partially dissolving the surface C60. This was followed by the solvent rapidly reaching a supersaturated state, resulting in the induced recrystallization of the C60. C60 fine high-density crystals were successfully prepared using propanol, with crystal sizes varying between 84 and 141 nm by changing the immersion time. In addition, due to the 1-propanol recrystallizing solvated crystals which were formed through interactions between the solvent and the C60, uniform C60 fine crystals were obtained by the formation of a large number of nucleation sites.
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1. Introduction


Organic semiconductor materials in the form of fullerenes have been intensively studied as attractive materials for various state-of-art devices such as field effect transistors [1], light emitting diodes [2], chemical sensors [3], photodetectors [4], and solar cells [5]. In several kinds of fullerenes, C60 shows promising optoelectronic properties [6,7,8] that are expected to be developed further. Crystallization of C60 and control of the morphology of their crystals is one of the approaches currently used in order to enhance these properties, and the morphology control of fine crystals has revealed novel optoelectronic properties that depend on crystal sizes and shapes [9,10,11]. In terms of the applications of C60 for various optoelectronic devices, morphology control of C60 fine crystals in thin film state enables control of nanostructures, which can improve device performances. In particular, approaches of morphology control through use of solutions are required for various optoelectronic devices that necessitate cost-effective process and higher device performance [12].



Several techniques have been developed to control the morphologies of C60 fine crystals without the demanding requirements of using templates, special equipment, high temperature, or high pressure. Using liquid-phase synthesis to obtain C60 fine crystals following the method of liquid-liquid interface precipitation [13] and reprecipitation [14] is one of the simplest techniques. These techniques can transform the morphologies of C60 fine crystals simply by changing the solvents used for recrystallizing the C60 molecules [15,16]; however, multiple steps are required to fabricate nanocrystallized C60 thin films and it is difficult to achieve precise control of nanostructures in a film state. To develop a method that overcomes these obstacles, several studies report using as-deposited C60 thin films to control the morphologies of C60 fine crystals. Kim et al. demonstrated C60 nanowires on a substrate, which were prepared by solvent vapor annealing (SVA) using good solvents to recrystallize C60 molecules, where their growth direction was controlled in vertical and lateral directions by adjusting Marangoni flows [17]. Nojiri et al. also fabricated a nanocrystallized C60 thin film prepared by SVA, using an as-deposited C60 thin film. This film improved charge transport ability of a C60 layer and power conversion efficiency from 1.8% to 2.1%, which was found to enhance solar cell performances [18]. These studies have shown that employing an as-deposited C60 thin film is a useful strategy for forming nanocrystallized C60 thin films via the recrystallization of C60.



In this work, we propose the poor solvent immersion to control the morphologies of nanocrystallized C60 thin films using as-deposited C60 thin film. These morphologies, such as hexagonal, plate-like, and rod-like, were successfully controlled by employing optimal poor solvents such as 1-propanol, 2-propanol, and butanol, respectively. In particular, 1-propanol formed uniform 84–141 nm size C60 fine crystals with high density through specific recrystallization process via solvation in this system. Poor solvent immersion simply formed nanocrystallized C60 thin films and it has potential application in versatile materials enabling them to control nanostructures.




2. Materials and Methods


2.1. Materials


C60 powder (99.9%) was purchased from Tokyo Chemical Industry (TCI) (Tokyo, Japan). Methanol (99.8%), ethanol (99.5%), 1-propanol (99.5%), 2-propanol (99.7%), butanol (99.0%), hexane (96.0%), cyclohexane (98.0%), and chloroform (99.0%) were used to recrystallize as-deposited C60 thin films and purchased from TCI (Tokyo, Japan).




2.2. Fabrication of Nanocrystallized C60 Thin Film


100 nm C60 thin films was thermally evaporated onto the ITO substrate at a pressure of 2 × 10−4 Pa. As-deposited C60 thin films were immersed into 15.0 mL various organic solvents in a plate. After immersion, nanocrystallized C60 thin films were dried for 12 h at room temperature (under ambient atmosphere).




2.3. Characterization of Nanocrystallized C60 Thin Film


X-ray diffraction (XRD) patterns of the samples were measured on a Smart Lab (Rigaku, Tokyo, Japan) (using Cu Kα radiation at 45 kV and 200 mA). The samples were observed by a JSM-6700F scanning electron microscope (SEM) (Japan Electron Optics Laboratory (JEOL), Tokyo, Japan) (accelerating voltage of 10 kV). Visible absorption spectra of the samples were obtained on a V-670 spectrophotometer (Japan Spectroscopic Corporation (JASCO), Tokyo, Japan) (detecting wavelength range of 200 to 800 nm).





3. Results and Discussion


3.1. Poor Solvent Immersion


Figure 1 shows a schematic illustration of poor solvent immersion. In this method, a thermally evaporated C60 thin film is immersed in a poor solvent and the surface morphologies are controlled by the recrystallization of C60. When an as-deposited C60 thin film is immersed in a poor solvent, the C60 on the surface is partially dissolved. The solvent rapidly reaches a state of supersaturation because of its inability to dissolve large amounts of C60, and so recrystallization takes place at the surface of the C60 thin film followed by the formation of well-controlled C60 fine high-density crystals, which can induce a transformation in their morphologies in the thin film state.


Figure 1. Schematic illustration of morphology control of the nanocrystallized C60 thin films prepared by poor solvent immersion.
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3.2. Optimization of Poor Solvent


To determine the optimal solvent for recrystallizing C60 and controlling its morphology, various organic solvents such as methanol, ethanol, propanol, butanol, hexane, cyclohexane, and chloroform were tested. When the alcohol solvents (except for methanol and ethanol) were used, a large number of C60 fine crystals on thin films immersing for 60 min were observed in the scanning electron microscope (SEM) images shown in Figure 2. An extremely poor solvent such as methanol (0.000 mg/mL [19], Supplementary Materials Table S1) does not affect the surface morphology (Figure S1a) as significantly when compared to a C60 thin film fabricated through deposition by evaporation. Although ethanol is used as a treatment solvent in SVA and induces the recrystallization of C60 due to its low solubility (0.001 mg/mL, Table S1) [19], C60 fine crystals on thin film have lower density (Figure S1b) compared to the nanocrystallized C60 thin films recrystallized by propanol. In general, C60 is insoluble in polar solvents such as these, but C60 tends to increase solubility by increasing the number of carbon atoms in the solvents [19,20]. Butanol notably shows this tendency and forms 1 μm-sized rod-like C60 fine crystals due to increasing solubility and, as a result, the morphologies are drastically changed. However, recrystallized C60 fine crystals on the thin film are relatively low-density, and the SEM image (Figure 2d) shows cracks which severely damage the state of the thin film and represent an obstacle to application in various optoelectronic devices. Conversely, weak polar solvents at a certain level of solubility, such as hexane (0.043 mg/mL), cyclohexane (0.036 mg/mL), and chloroform (0.16 mg/mL), dissolve a large amount of C60 from thin films such that they do not induce recrystallization (Figure S1c–e, Table S1) [19]. According to experimental SEM observations, propanol recrystallized uniform C60 fine crystals on thin films with high density, so this was identified as the key solvent for controlling the morphologies of nanocrystallized C60 thin films. Interestingly, it is found that although 1-propanol and 2-propanol contain the same number of carbons, the resulting morphologies are significantly different. 1-propanol forms 300 nm sized C60 fine crystals with uniform size and shape, while 2-propanol, a structural isomer of 1-propanol, forms 500 nm–1 μm-sized C60 fine crystals.


Figure 2. SEM images of (a) a thermally evaporated C60 thin film and (b) hexagonal, (c) plate-like, and (d) rod-like C60 fine crystals on the films prepared by immersion in 1-propanol, 2-propanol, and butanol as a poor solvent for 60 min, respectively.
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3.3. Crystal Structure


To explore the most significant factors that contribute to structural differences, we measured the crystal structures of the nanocrystallized C60 thin films prepared with 1-propanol and 2-propanol using X-ray diffraction (XRD) analysis, as shown in Figure 3. A nanocrystallized C60 thin film recrystallized by 2-propanol shows diffraction peaks at 2θ = 10.4, 17.6, 20.7, which is consistent with an XRD pattern of as-deposited C60 thin film and corresponds to a typical face-centered cubic (fcc) C60 crystal structure [21]. The other film, recrystallized by 1-propanol instead of 2-propanol, clearly exhibits a diffraction peak at 2θ = 19.2, which is not detected for the as-deposited C60 film. This suggests 1-propanol forms a different crystal structure to the FCC structure of a nanocrystallized C60 thin film prepared by 2-propanol. Our previous study on C60 fine crystals prepared by the reprecipitation method found that C60 interacts and cocrystallizes with various solvents, resulting in the formation of solvated crystals that incorporate the solvent [21]. Moreover, studying the phase transformation of C60 fine crystals and the associated change of their shapes induced by the exchanging of incorporated solvents revealed that the solvated crystals had a hexagonal crystal structure [22]. As a nanocrystallized C60 thin film recrystallized by 1-propanol shows a diffraction peak at 2θ = 19.2, this exhibits that 1-propanol interacts with C60 and forms solvated crystals. It is well known that C60 can be occupied with versatile chemical species such as alkali metal atoms, halogen molecules, and small hydrocarbon molecules, as well as solvent molecules. The intercalation of solvent into the lattice of C60 minimizes the lattice energy and forms various crystal shapes [23]. It assumes that solvated crystals are formed because of 1-propanol has lower steric hindrance than 2-propanol. However, this may need further study. It can therefore be considered that the solvation is a significant factor for obtaining uniformly sized C60 fine crystals on thin films.


Figure 3. XRD patterns of (a) a thermally evaporated C60 thin film and (b) hexagonal, (c) plate-like nanocrystallized C60 thin films prepared by using 1-propanol and 2-propanol as a poor solvent, respectively.
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3.4. Recrystallization Using 1-Propanol


To investigate the effect of solvation by 1-propanol on the formation of uniform C60 fine crystals, we also recorded time-resolved observation of the recrystallization process of C60 fine crystals during the immersion. Figure 4 shows SEM images of nanocrystallized C60 thin films and their crystal size distributions when immersed for 1 min, 5 min, and 30 min. From SEM observation, it is clearly seen that average crystal sizes increased to 84 ± 35 nm, 100 ± 19 nm, and 141 ± 39 nm with increasing immersion times. Interestingly, even with an immersion time as short as 1 min (corresponding to Figure 5a and Figure S2a), a large number of small-sized C60 fine crystals are observed. Based on these observations of real-time crystal growth, it appears that when C60 thin film fabricated through an evaporation method is immersed in 1-propanol, the solution immediately reaches a supersaturation state because 1-propanol forms solvated crystals with the C60 molecules, which results in the immediate formation of a large number of nucleation sites in the thin film. Consequently, a large number of nuclei grow in this proposed process forming uniform solvated C60 fine crystals with high-density in thin film. In addition, time-resolved ultraviolet and visible absorption spectra of the nanocrystallized C60 thin films revealed that the absorbance at 268 nm decreased with increasing immersion times, as plotted in Figure 5b. The absorption peak at 268 nm, which corresponds to electron transfer from gg to t2u [24], rapidly decreased after immersion for 1 min. It can be deduced that 1-propanol accelerates the recrystallization of C60 due to solvation, resulting in a decrease of the absorbance originating from an individual C60 molecule. These results give evidence for the proposed recrystallization process taking place through the formation of a large number of nuclei and solvation, which is a significant step forward for recrystallizing C60 fine crystals with uniform size.


Figure 4. SEM images of nanocrystallized C60 thin films immersed in 1-propanol for 1 min. (a), 5 min. (b), 30 min (c), and the size distributions of C60 fine crystals recrystallized for 1min (d), 5 min (e), 30 min (f).
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Figure 5. Absorption spectra of nanocrystallized C60 thin films immersed in 1-propanol for 1 min, 5 min, 10 min (a) and the relationship between absorbance at wavelength of 268 nm and immersion times (b).
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3.5. Recrystallization Using 2-Propanol


In contrast, when an as-deposited C60 film is immersed in 2-propanol for 1 min, C60 fine crystals are not observed in Figure 6a. After immersion for 5 min, a small number of C60 fine crystals are formed, which grow to a size in the range of 500 nm–1 μm with plate-like morphology after being immersed for 30 min. From such non-uniformity of crystal size and the small number of crystals compared to the case of 1-propanol, the recrystallization process using 2-propanol is clearly different. Considering that 2-propanol does not cocrystallize with C60, we propose the following model of the recrystallization process: When an as-deposited C60 thin film is immersed in 2-propanol, dissolution of C60 from the surface is dominant. After sufficient dissolution, 2-propanol slowly reaches the supersaturation state ((slower than 1-propanol) so only a small number of nuclei are formed. As a result, the C60 fine crystals are recrystallized with non-uniform size. XRD patterns of the nanocrystallized C60 thin film (Figure S3) show that the diffraction peaks almost disappear after immersion for 1 min, which suggests dissolution of C60 from the thin film is dominant during this time. After immersion for 5 min, distinct XRD peaks reappear due to the recrystallization of C60. The absorption peak at 268 nm rapidly decreases after immersion for 5 min as shown in Figure 7, which indicates that the dissolved C60 is supplied for recrystallization on the surface of the nanocrystallized C60 thin film. These results support our proposed model of the recrystallization process in 2-propanol which, due to the dissolution process taking a finite amount of times, takes longer to reach supersaturation state than 1-propanol, resulting in the formation of non-uniform C60 fine crystals with non-uniform size.


Figure 6. SEM images of nanocrystallized C60 thin films immersed in 1-propanol for (a) 1 min, (b) 5 min, (c) 30 min.
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Figure 7. Absorption spectra of nanocrystallized C60 thin films immersed in 2-propanol for 1 min, 5 min, 10 min (a) and the relationship between absorbance at wavelength of 268 nm and immersion times (b).
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4. Conclusions


Nanocrystallized C60 thin films with hexagonal, plate-like, and rod-like morphologies were successfully prepared by poor solvent immersion. Uniform average crystal sizes could be controlled between 84 and 141 nm by changing immersion times and using 1-propanol as the poor solvent. Due to the 1-propanol interacting with C60 molecules, uniform C60 fine crystals were recrystallized in a thin film via a proposed mechanism associated with the formation of solvated crystals. Size- and shape-controlled synthesis of C60 fine crystals on thin film state by poor solvent immersion can therefore provide an appropriate synthetic route to producing optoelectronic materials.
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The following are available online at http://www.mdpi.com/2227-7080/6/2/51/s1, Figure S1: SEM images of the C60 thin film immersed using (a) methanol, (b) ethanol, (c) hexane, (d) cyclohexane, and (e) chloroform for 60 min, respectively; Figure S2: High magnification SEM images of nanocrystallized C60 thin films immersed in 1-propanol for 1 min (a), 5 min (b), (c) 30 min, and C60 thin films immersed in 2-propanol for (d) 1 min, (e) 5 min, (f) 30 min; Figure S3: XRD patterns of (a) a thermally evaporated C60 thin film and nanocrystallized C60 thin film immersed in 1-propanol for (b) 1 min, (c) 5 min, (d) 10 min, (e) 30 min, respectively; Table S1: Solubility of C60 in various solvents.
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