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Abstract:



For monomolecular layers of 10,12-pentacosadiyn-1-ol on graphite, it is known that two different two-dimensional polymorphic forms—herringbone (H) and parallel (P) arrangements—are observable at room temperature. Here, we study the thermodynamic stability of these polymorphs by scanning tunneling microscopy (STM) and atomic force microscopy. When the monomolecular films, where H and P domains coexist, are annealed at above 40 °C, the area of P arrangement irreversibly increases, demonstrating that P arrangement is thermodynamically stable while H arrangement is quasi-stable. Consistently, invasion of P domains into H domains is observed during morphological changes induced by STM scanning at room temperature. Furthermore, we estimate that the melting point of the monomolecular film of P arrangement is about 80 °C, which is 20 °C higher than that of the bulk crystal.
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1. Introduction


In the current field of material chemistry, the on-surface synthesis has attracted great interest as a promising way of creating functional materials [1,2,3,4,5]. Formation of conductive polymer nanowires by chain polymerization in self-assembled monomolecular layers of diacetylene (DA) compounds is expected to be applicable for wiring functional molecules in single-molecule electronics [6,7,8]. To achieve precise control of the chain polymerization, an understanding of the thermodynamic stability of self-assembled monomolecular layers is crucial.



Previously, we have shown that for monomolecular films of a DA compound, 10,12-pentacosadiyn-1-ol (PCDYol, Figure 1), formed on highly oriented pyrolytic graphite (HOPG) surfaces, two different polymorphic forms—namely herringbone (H) and parallel (P) arrangements—are observed at room temperature [9]. For these polymorphic forms, the reaction efficiencies of the chain polymerization are remarkably different [10]. In this work, we investigate the thermodynamic stability of the two polymorphs of PCDYol monomolecular films, using scanning tunneling microscopy (STM) and atomic force microscopy (AFM). Observing polymorphic transformations by thermal annealing and by stimulation of STM scanning, we find that P arrangement is stable while H arrangement is metastable. We also show that melting of P arrangement monomolecular film occurs above 80 °C.


Figure 1. Molecular structure of PCDYol.
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2. Materials and Methods


2.1. Sample Preparations


PCDYol (Tokyo Chemical Industry Co, Ltd., Tokyo, Japan) was used without further purification. All the preparation processes were carried out under ambient conditions. The two-dimensional (2D) self-assembly of the PCDYol was obtained by quasi-Langmuir–Blodgett (quasi-LB) method [9,10] or by spin-coating. Sample preparation by quasi-LB method was carried out as follows. The PCDYol solution in chloroform 80 μL at 0.1 mg/mL was placed onto a purified water surface in a Petri dish with an inner diameter of about 34 mm. The temperature of the water was maintained at 20 °C. After the chloroform was evaporated, a part of the thin film was detached from water interface by bringing the horizontally oriented HOPG (Advanced Ceramics Co., Tucson, AZ, USA grade ZYH) in contact with the film from the air side. The molecules were transferred from the water surface to the freshly cleaved (0001) surface of the HOPG substrate. For the preparation by spin-coating, the PCDYol solution in chloroform at the concentration of the 0.07 mg/mL was used. The several µL drops of the PCDYol solution were placed directly onto the surface of the HOPG at the rotational speed of 2.0 × 103 rpm. Sample heating was conducted in air, using a conventional hot plate. The heating temperatures were in the range of 30 to 120 °C. The sample was picked up from the hot plate using tweezers and put on a laboratory table at room temperature. The temperature of the sample surface dropped to room temperature within one minute.




2.2. Scanning Probe Microscopy


The scanning probe microscope (SPM) images were acquired with a Nanoscope IIIa SPM (Digital Instruments, Santa Barbara, CA, USA) at room temperature in air. The mechanically cut Pt/Ir wires (90/10) were used as STM probes. The sample bias voltage (tip grounded) −800 to 800 mV and tunneling current 6 to 20 pA were applied in constant current mode. For the AFM observation, commercial silicon cantilevers (OMCL-AC200TS-R3, Olympus Corporation, Nagano, Japan) with spring constants of 2.8 to 21 Nm−1 and resonance frequencies of 100 to 200 kHz were used in tapping mode.





3. Results and Discussion


Normally, PCDYol monomolecular films prepared by quasi-LB method are 2D polycrystals composed of small domains of H and P arrangements with an average size of 80 nm. Figure 2 shows typical STM images of PCDYol monomolecular films obtained by quasi-LB method. In the film, the domains of H and P arrangements coexist. Both domains exhibit lamellar structures, where the periods coincide with the PCDYol dimers. In H arrangement, the extended PCDYol chains exhibit a feather-like pattern, as shown in Figure 2a, and the lamellar interval determined by STM observation is 6.2 ± 0.2 nm. On the other hand, in P arrangement, the PCDYol molecules align in the same direction as shown in Figure 2b. The period of the lamellar structure in P arrangement is estimated to be 6.8 ± 0.2 nm, which is larger than that in H arrangement. For STM and AFM images of PCDYol monomolecular films, we can easily identify H and P arrangement domains by the difference of the period.


Figure 2. STM height images of a PCDYol monomolecular film formed on a HOPG surface by quasi-LB method. The dimer lengths are suggested by pairs of white lines. High-resolution images of (a) H arrangement (Iset = 20 pA, Vbias = −800 mV, 7.5 Hz) and (b) P arrangement (Iset = 10 pA, Vbias = 800 mV, 8.1 Hz). The adsorption model is superimposed at the bottom. (c) A large-area image showing the coexistence of H and P domains (Iset = 10 pA, Vbias = −100 mV, 3.9 Hz). The Z range is presented on the right side.
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At room temperature, the structures of PCDYol monomolecular films are frozen. After keeping the samples at room temperature for two weeks, no distinguishable changes in the film structures were observed. To investigate thermodynamic stability of the polymorphs, we annealed the PCDYol monomolecular films above room temperature. We found that above 40 °C, relaxation of the film structure is effectively induced. Figure 3 shows the structural changes of the PCDYol monomolecular film observed after annealing at 50 °C. On the as-grown monomolecular film shown in Figure 3a, the area fraction of the P arrangement region is 40%. Figure 3b,c shows the structures after annealing for 300 and 3600 s, respectively. In addition to the grain growth by Ostwald ripening, P arrangement domains are observed to be predominant after annealing. On the monomolecular film annealed for 300 s, the area ratio of P arrangement region increases up to 80%. After 3600 s annealing, the domains of P arrangement cover almost the entire surface, as shown in Figure 3c. These results demonstrate that P arrangement is thermodynamically stable, while H arrangement is metastable.


Figure 3. Morphological changes observed after annealing at 50 °C. (a) Typical STM image showing coexistence of H and P arrangements in the PCDYol film prepared by quasi-LB (Iset = 6 pA, Vbias = 800 mV, 3.6 Hz). Domain boundaries are indicated by white lines. The area ratio of P arrangement is 0.4. The stripe intervals of H and P arrangements are suggested by pairs of white lines. (b,c) STM images of the film after annealing at 50 °C for (b) 300 s (Iset = 6 pA, Vbias = 800 mV, 3.6 Hz) and (c) 3600 s (Iset = 10 pA, Vbias = −500 mV, 3.6 Hz).
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Similar behavior is observed in structural changes of monomolecular films induced by STM scanning. We found that continuous STM scanning at room temperature causes morphological changes of the PCDYol monomolecular films. The detailed mechanism of the STM-induced morphological changes is not clear at present, although the reordering effect of the STM tip due to electrostatic interaction has been reported for monolayers of a DA compound 10,12-pentacosadiynoic acid [11]. Figure 4 shows snapshots during continuous STM scanning of the same region of 300 nm × 300 nm. In the first STM image shown in Figure 4a, P and H arrangement domains coexist. In the 8th scan, shown in Figure 4b, the H arrangement domain indicated in Figure 4a has shrunk from 8.3 × 103 nm2 down to 5.0 × 103 nm2. In the 16th scan, the H arrangement domain has completely disappeared, as shown in Figure 4c. In the two consecutive images shown in Figure 5, we can see the process by which the P arrangement domain invades the neighboring H arrangement domain. The single column of H arrangement surrounded by white line in Figure 5a transforms to P arrangement by growth of the three columns in the P domain toward the upper right. The STM-induced transformation from H to P arrangement strongly supports the conclusion that P arrangement is thermodynamically stable.


Figure 4. Morphological evolution of a PCDYol film by continuous STM scanning at room temperature (Iset = 10 pA, Vbias = −800 mV, 3.6 Hz). These images were obtained at the same surface region from the (a) first, (b) 8th, and (c) 16th STM scans. The lamellar structure of H arrangement can be seen, and is indicated by a pair of white lines. The H domain indicated by white line in (a) shrinks and eventually disappears during the continuous STM scanning.
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Figure 5. Successive STM images showing detailed features of the movement of the P/H interface by STM scanning (Iset = 10 pA, Vbias = −800 mV, 3.5 Hz). (a) The boundary between P and H domains is seen at the center of the image. (b) The part of the H domain surrounded by the white line in (a) becomes incorporated into the P domain on the left side.
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Finally, we show that drastic morphological changes of PCDYol monomolecular films occur when the annealing temperature is increased up to 80 °C. Figure 6a shows the AFM image of the PCDYol monomolecular film formed by spin-coating. Before annealing, the surface was completely covered by only H arrangement domains. After annealing the sample in the range of 40 to 70 °C, the P domains are observed as shown in Figure 6b. However, Figure 6c shows that the stripe contrasts disappear in the wide range after 80 °C annealing for 600 s. There are many islands, which are imaged 0.2 nm higher than the surroundings as shown in the inset of the figure. As clearly found in the enlarged image (Figure 6d), the lamellar structure of P arrangement is observed only on the islands, and the extensive region around the islands shows no regular pattern as reported on the liquids of other compounds [12,13,14]. Considering the molecular weight, it is difficult to expect that PCDYol molecules evaporate from the surface in an amount detectable by AFM after annealing at 80 °C for 600 s. Moreover, the height difference between the island and the surroundings is much smaller than the thickness of PCDYol molecule. Therefore, we consider that in the region other than the islands PCDYol molecules remain in glass state. The height difference between the island and surrounding in the AFM image is probably artificial, caused by the deformation of the soft glass region due to the mechanical force during the AFM scanning. In the quenched disordered phase, as already reported for the thin film of C32H66 [15], the chain molecules probably have conformational defects. It is therefore reasonable to speculate that the affinity to the HOPG surface decreases in the glass region, allowing the PCDYol to move away from the AFM tip. At 80 °C ordered monomolecular films on HOPG melt into liquid. We infer that the islands of P arrangement nucleated during quenching down to room temperature or formed during the rising of temperature. This melting point of 80 °C for the ordered monomolecular film on HOPG is about 20 °C higher than that of the bulk crystal of 59 °C. Similarly, it has been reported that the melting points of the monomolecular films of n-alcohols on the graphite surface are higher than those of the bulk solids [16,17].


Figure 6. (a) AFM image of a PCDYol monomolecular film prepared by spin-coating. Three H arrangement domains cover the entire scan area. (b) AFM image of the P domains observed after annealing at 70 °C for 600 s. (c) AFM image of the film obtained after annealing at 80 °C for 600 s. In the inset, a cross section profile along the line scan in the horizontal direction is shown. (d) The enlarged image of the square region indicated in (c). On the island surface, the lamellar structure of P arrangement is observed. No regular pattern is seen over the surrounding sea in glass state.
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4. Conclusions


We studied the thermodynamic stability for the two polymorphic forms of the PCDYol monomolecular films on HOPG. We observed that polymorphic changes from H to P arrangement occur by annealing at above 40 °C and by the stimulation due to continuous STM scanning. These observations clearly demonstrate that P arrangement is thermodynamically stable, while H arrangement is metastable. Furthermore, we estimate that the melting point of the P arrangement film is about 80 °C, which is 20 °C higher than that of its bulk crystal.
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