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Stimulus control over 2-D multicomponent molecular ordering on surfaces is a key technology to realize advanced materials with stimuli-responsive surface properties. The 2-D molecular ordering formation along with photoisomerization was monitored by STM at octanoic acid/HOPG interface for the synthesized amide-containing diarylethene, which underwent photoisomerization between open-and closed-ring isomers and also side reaction to give annulated isomer. By the analysis of concentration dependence of surface coverage, the nucleation equilibrium constant (Kn) and the elongation equilibrium constant (Ke) were determined using cooperative model at the liquid/solid interface. It was found that the annulated isomer has very large equilibrium constant which explains the predominantly observed ordering of the annulated isomer. It was also found that the presence of the closed-ring isomer induces cooperativity in the formation of the molecular ordering of the open-ring isomer. The quantitative analysis of the ordering formation using cooperative model provided a new viewpoint toward 2-D multicomponent molecular ordering formation.

Introduction

Control over molecular nanostructure has become of first importance in a bottom-up strategy to elaborate functionalized surfaces for electronic devices. [1] In this context the study of the self-assembled monolayers (SAM) of organic building blocks on surfaces such as Au(111) or highly oriented pyrolytic graphite (HOPG) has been the subject of intense research. [2][3][4][5][6][7][8][9][10][11][12][13][14][15][16] Twodimensional (2-D) supramolecular self-assembly can be efficiently characterized by scanning tunneling microscopy (STM) at the liquid/solid interface with single-molecule resolution, [17] revealing influences of various factors such as concentration, [18][19][20] temperature, [20][21][22] electric pulse, [23][24][25] light, [25] or addition of guests. [26,27] In order to use light as an external trigger, a photoresponsive material is required. Among the organic photochromes, diarylethenes are very appealing due to the high thermal stability of both the open-and closed-ring isomers and their high fatigue resistance. [28][29][30] We have previously reported a light-induced switching between two different 2-D molecular orderings by isomerization of a diarylethene bearing pyrenyl group. [31] Herein we describe the properties of another diarylethene with three isomers (1o, 1c, and 1a, Fig. 1) that form stable 2-D molecular orderings on HOPG surface. A quantitative analysis of the cooperativity in the formation of their 2-D orderings and mixing of components in an ordering will be discussed based on concentration dependence of surface coverage for mono-and bi-component systems. 

Results and Discussion

Synthesis and photophysical properties A diarylethene was designed to have long alkyl chains and amides group for stabilization of SAM on HOPG. [32] The openring isomer 1o was obtained by a two steps one-pot reaction starting from the corresponding bromo-substituted diarylethene with a yield of 94%. The closed-ring isomer 1c was prepared by a classic photoreaction carried out by UV light irradiation to a solution of 1o in ethyl acetate for 1 h. The isolated yield of compound 1c was 72%. A long-time irradiation (34 h) to a solution of 1o with UV light afforded the annulated isomer 1a with a 17% yield.

Absorption spectra were recorded for each isomer in octanoic acid (OA) since this solvent was used in STM measurements (Figure 2). The shape and magnitude of the absorption spectra were well reproduced by time-dependent density functional theory (TD-DFT) calculations at the B3LYP/6-311g(2d,p)//B3LYP/6-31g(d) level (See Figure S1-S5 in Supporting Information). The ratio of the photoreaction quantum yields of diarylethene 1 for the cyclization (Φo→c), cycloreversion (Φc→o), and annulation reactions (Φc→a) was estimated from the time evolution of absorption spectra upon UV irradiation (λirrad = 365 nm) in OA (Figure S6 in Supporting Information). Figure 3 shows the temporal change of concentration over irradiation time obtained by full-spectrum fitting of the time evolution of absorption spectra shown in Figure S6 in Supporting Information, using the spectra of the three isomers shown in Figure 2. The temporal differentiation of concentration of each isomer can be described by the reaction quantum yields (Φ) and molar absorption coefficients (ε) as follows:

where εo, εc, and εa are the molar absorption coefficients of each isomer at the irradiation wavelength, l is the optical path length, and I0 is the intensity of irradiation. To obtain a set of simulated curves of best fit, the ratio of three reaction quantum yields were optimized by non-linear regression analysis in every steps of which the simultaneous differential equations were numerically solved with experimentally determined initial parameters. The resulting ratio Φo→c:Φc→o:Φc→a was 1:0.047:0.001. The photoreaction quantum yield for the annulation reaction (Φc→a) was only 2.1% of the cycloreversion quantum yield (Φc→o). When Φo→c is assumed to be 0.59 as reported for a similar diarylethene derivative, [33] Φc→o and Φc→a become 2.8 × 10 -2 and 6.0 × 10 -4 , respectively. 

Scanning Tunnelling Microscopy

As reported previously, compounds 1o, 1c, and 1a form characteristic stripe-patterned orderings (α, β, and γ, respectively) at the OA/HOPG interface (Figure 1). [32] It was also reported that only ordering γ, composed of compound 1a, was observed after irradiation with UV light on the surface, even if the annulated isomer is only a photochemical byproduct that is generated with the small photogeneration yield as mentioned above. [34] Ordering β, formed by the main photoproduct 1c, was not observed after irradiating the surface with UV light.

In order to rationalize the reason for the favorable appearance of ordering γ upon in situ UV irradiation, we investigated the concentration dependence of the surface coverage using STM (Figure 4). Compound 1o showed a gradual increase of the surface coverage as concentration in solution phase increases. The critical concentration, at which a saturated adsorption was observed, was around 30 µM for 1o. The closed-ring isomer 1c presented a brutal increase of the surface coverage at approximately the same critical concentration as the open-ring isomer (~30 µM). The annulated isomer 1a also showed a sharp increase of the surface coverage, and its critical concentration appeared at a lower concentration (~15 µM). An interesting feature of compound 1a is that the observed surface coverage was close to the theoretical maximum, meaning that almost all molecules available in solution are involved in the construction of ordering γ. This suggests a very high affinity of 1a for the HOPG surface.

Once saturated adsorption at the interface was reached, an increase in concentration resulted in the formation of aggregates and/or multilayers on the surface for each of the isomers (Figure S15, S24 and S31 in Supporting Information). At concentrations less than critical concentration, the domain size of ordered area on HOPG is usually larger than the scan size of STM (~200  200 nm 2 ). A part of a large domain was typically observed in some images, while no ordering was observed in the others. This fact brings about a large dispersion of surface coverage data and is inevitably associated with large error bars even if more data are collected (Figure 4). The stripepatterned orderings α, β, and γ were thermodynamically stable and no polymorph was observed in the range of concentrations used in this study. 

Adsorption parameters (mono-component systems)

Although the critical concentrations for 1o and 1c are almost the same, the steepness of the concentration dependence is obviously different for the two isomers. Therefore, critical concentration alone is not sufficient to characterize the process of the ordering formation. Inspired by cooperative supramolecular polymerization in solution, [35,36] an equilibrium model at the liquid/solid interface has been recently developed by our group. [37] The model considers two different equilibrium constants, nucleation (Kn) and elongation constants (Ke), therefore it takes into account the intermolecular interactions between neighbouring molecules on the substrate. It is noted that the experimental concentration dependence of surface coverage was well reproduced by using the two parameters (Figure 4).

According to this model, the fractional coverage θ can be described as follows:

where σ is the degree of cooperativity defined as the ratio Kn/Ke, ct is the total concentration of the component, Asub is the total area of substrate, L is the volume of supernatant solution, S is the surface area occupied by one molecule, and NA is the Avogadro constant. Since molecular ordering formation at the liquid/solid interface is a process of 2-D crystal growth, it should comply with a cooperative model, in which Kn is smaller than Ke (σ < 1).

The simulated curves that fit the best with experimental data are shown in Figure 4 (solid lines) and the adsorption parameters are summarized in Table 1. Experimental data for the open-ring isomer 1o were sufficiently reproduced by considering isodesmic adsorption in which nucleation and subsequent elongation steps have identical equilibrium constant (Kn ~ Ke, σ ~ 1). The elongation constant of 1c (Ke = 6.6 × 10 4 M -1 ) is comparable to that of 1o (Ke = 6.8 × 10 4 M -1 ), whereas the nucleation constant of 1c (Kn = 6.6 × 10 -2 M -1 ) is almost six orders of magnitude less than that of the open-ring isomer 1o (Kn = 6.4 × 10 4 M -1 ). Thus, the steep rise in the concentration dependence for the closed-ring isomer 1c can be explained as a highly cooperative process (σ ≤ 10 -6 ). , the curves are no longer significantly dependent on σ. Therefore, σ less than 10 -6 cannot be determined precisely.

The cooperative simulation (Ke = 1.5 × 10 6 M -1 , σ ≤ 10 -6 ) gave the best-fitting curve for the experimental data of 1a, albeit the isodesmic simulation (Ke = 1.0 × 10 6 M -1 , σ = 1) also gave an acceptable fitting (Figure S8 in ESI). The result tells us that the simulated curves become less dependent on the degree of cooperativity (σ) when the surface coverage is close to the theoretical maximum. Thus it was difficult to determine which process controls the formation of ordering γ. Since no major difference was observed for 1a between isodesmic and cooperative curves, cooperative model was applied for the subsequent calculations.

The favourable appearance of ordering γ upon photoirradiation can be quantitatively explained by the large Ke value for 1a (Ke ≥ 10 6 M -1 ) that is associated with the very high affinity of the annulated isomer for the HOPG surface. The elongation constant for the annulated isomer 1a was even higher by almost two orders of magnitude (Ke ≥ 10 6 M -1 ) compared to 1o and 1c. Our model, using two adsorption parameters (Ke and σ), is a very convenient tool for quantitative evaluation of the concentration dependence of ordering formation on 2-D surface. Moreover, surface coverage θ can be calculated at any concentration based on the two parameters.

Pre-irradiation experiment

For a careful investigation of fractional surface coverage in a multi-component system composed of different isomers, concentration of each isomer in solution should be precisely determined. A solution of the open-ring isomer 1o (28.7 μM) was irradiated with UV light (λirrad = 365 nm) for 5, 15, and 45 minutes and the concentrations of each sample were determined by UVvis. spectroscopy. STM images were then acquired for the concentration-determined three samples that were irradiated before the deposition on HOPG (Figure 5). Respective fractional coverage observed for orderings α, β, and γ are summarized in Table S1 in Supporting Information. 4).

From the exact composition of the mixture, the fractional coverage θ for each isomer can be calculated based on the adsorption parameters determined above. The experimental fractional coverage of ordering γ (θγ,exp = 0, 0.32, and 0.79 for the samples after UV irradiation for 3, 15, and 45 min, respectively) was quite similar to the simulated values (θγ,sim = 0.09, 0.26, and 0.87), suggesting that the adsorption of 1a can be reproduced with mono-component parameters. However, experimental coverage for 1o and 1c (θα,exp = 0 for all samples; θβ,exp = 0.35, 0.18, and 0.005) were surprisingly different from the expectations (θα,sim = 0.40, 0.32, and 0.21; θβ,sim = 0.08, 0.02, and 0); the experimental coverage for ordering β was significantly higher than the predictions and ordering α was not observed in the experiment. These observations suggested that the open-and closed-ring isomers significantly influence each other during the formation of their 2-D orderings. As described in the next section, the experimental surface coverage was reproduced well by considering a mixing of the two isomers in the orderings α and β.

Adsorption parameters (bi-component systems)

In order to reveal the interaction between the two isomers 1o and 1c, concentration dependence of the surface coverage for the bi-component system was carefully investigated (Figure 6). Interestingly, only ordering β was observed for the ratios (1o/1c) of 0/100, 37/63, and 51/49 (Figure 6a), and ordering α was solely observed for 78/22 and 100/0 (Figure 6b). Both orderings α and β were observed simultaneously in a STM image for a narrow range of ratios such as 62/38. 32 The simultaneous observation of the two orderings is also possible by drop-casting a concentrated solution of 1c to a pre-adsorbed solution of 1o. [32] The effect of the presence of 1o on the formation of ordering β is clearly seen in Figure 6a, where we assumed that the ordering β consists of only the closed-ring isomer and surface coverage of ordering β is plotted against the concentration of 1c. If the formation of ordering β is independent of the presence of the open-ring isomer 1o, the same concentration dependence is expected for any ratio of isomers (1o/1c). However, the critical concentration of 1c was obviously reduced from 26 to 21 µM with increasing the fraction of 1o. At a given concentration of 1c, the surface coverage of ordering β is significantly increased by addition of 1o. For instance, pure 1c at 15 µM does not form any ordering. For the samples with the ratio of 37/63 and 51/49 containing 15 µM of 1c, surface coverage of ordering β reaches 25% and 56%, respectively. This significant increase of surface coverage upon addition of 1o suggests that the ordering β is likely a mixed crystal composed of the two isomers. S2 in Supporting Information.

Since the mixing of two isomers in orderings α and β was experimentally suggested, we assumed that the open-and closed-ring isomers cocrystalize on the 2-D surface and that both 1o and 1c contribute equally to the formation of orderings α and β. The surface coverage shown in Fig. 6 was plotted against the total concentration of the two isomers [1o + 1c]. The resulting curves are shown in Figure 7 and the corresponding adsorption parameters are summarized in Table 2.

Upon mixing the open-ring isomer 1o to the ordering β that is mainly consisting of the closed-ring isomer 1c, critical concentration increased from 26 µM to ~40 µM for the ratio 1o/1c of 51/49 (Figure 7a). This is associated with the decrease of the elongation equilibrium constant (Ke) from 6.6 × 10 4 to 3.9 × 10 4 M -1 in the adsorption parameter (Table 2). The decrease of Ke is maybe because of a thermodynamic destabilization of ordering β by the incorporation of the open-ring isomer 1o, which has a slightly different conformation to 1c. Upon mixing of 1o to ordering β, significant decrease of cooperativity (i.e., increase of σ from less than 10 -6 to 4.9 × 10 -3 ) was also observed, which originates from the increase of the nucleation equilibrium constant (Kn) (from 6.6 × 10 -2 to 1.9 × 10 2 M -1 ). Because the open-ring isomer 1o has a higher nucleation value for the formation of ordering α (Kn = 6.4 × 10 4 M -1 ), it would act as a seeding agent giving a nucleation point for subsequent elongation of ordering β.

Upon mixing the closed-ring isomer 1c to ordering α that is mainly composed of the open-ring isomer 1o, a steep rise emerged in the concentration dependence of surface coverage (Figure 7b). In the adsorption parameters, the prominent increase of the cooperativity (i.e., σ decreased from 0.95 to 6.0 × 10 -4 ) was observed (Table 2), which has already been mentioned on the analysis based only on concentration [1o]. Thus, mixing-induced cooperativity in the formation of ordering α was also supported by the analysis of the total concentration [1o + 1c].

The experimental surface coverage for the pre-irradiation experiment, shown in Figure 5, was reanalyzed by considering the mixing of the open-and the closed-ring isomers in the ordering α and β. In this analysis, the adsorption parameters for the ratio 37/63 (Ke = 4.4  10 4 M -1 , σ = 5.2  10 -4 ) were adopted since the experimental ratio is close to this value (i.e., 1o/1c = (35.4 ± 1.3)/(64.6 ± 1.3) for the samples irradiated for 5, 15, and 45 min). As shown in Table 3, the experimental surface coverage was successfully reproduced by the simulation. In this context, the cocrystallization of the open-and the closed ring isomers into ordering β is further supported by the simulation considering the total concentration [1o + 1c]. 2).

f Values obtained assuming Ke = 0 since no ordering was experimentally observed in the condition of the ratio of the two isomers 1o/1c. ).
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Although we carefully investigated high-resolution STM images of the cocrystallized orderings, no significant difference has been observed at this time between ordering α obtained from a pure solution of 1o (Figure 8a) and from a mixed solution 1o/1c (Figure 8b). It was the same for ordering β obtained from a pure solution of 1c (Figure 8c) and from a mixed solution 1o/1c (Figure 8d). Owing to a rapid exchange of components during adsorption/desorption equilibrium at the OA/HOPG interface, clear distinction of the two isomers at single-molecule resolution may be difficult under ambient conditions. 

Real-time in-situ irradiation

Next, photochemical interchanges between orderings upon insitu photoirradiation were directly monitored by a real-time STM scanning (Figure 9). Contrary to our expectation, the observed interchanges between orderings were different from that observed from the pre-irradiation experiment shown in Figure 5. STM images were continuously scanned at almost the same position on the substrate for 2 h (cf. cross mark on Figure 9). After observation of the first STM image of the open-ring isomer 1o (t = 0 min), the surface was constantly irradiated with UV light (365 nm) without stopping STM scans. In the initial image, several domains of ordering α were observed. Upon UV irradiation, the surface coverage of ordering α was gradually decreased (12 min) until it was completely disappeared (59 min). In the meantime, several small domains of ordering γ, composed of the annulated isomer 1a, appeared (14 min). These domains enlarged like a crystal growth (28 min) and eventually covered the substrate almost dominantly (38 min -1 h 21 min). According to the simulated evolution of concentrations (Figure 3 and S7 in Supporting Information), the closed-ring isomer 1c was expected to be predominant in the early stage of the irradiation. However, ordering  was never observed during the course of the in-situ irradiation. The favourable appearance of ordering γ upon UV irradiation on the surface is consistent with the previously reported result. [32] In the pre-irradiation experiment (Figure 5), the isomers with different ratios of 1o/1c can start to adsorb on an empty surface. On the other hand, in the in-situ irradiation experiment (Figure 9), the surface is already almost fully occupied by ordering α. We suppose that the closed-ring isomer 1c, produced during the in-situ irradiation, was progressively included in the pre-organized ordering α. Therefore, the kinetically metastable ordering α, composed of the two isomers 1o and 1c, was constantly observed until it was replaced by the more stable ordering γ having higher affinity for the HOPG surface.

Conclusions

In this work, concentration dependence of surface coverage and photochemical interchanges between molecular orderings for the three isomers of a diarylethene were carefully investigated by UV-vis. spectroscopy and STM measurements. Adsorption parameters were determined using a cooperative equilibrium model on 2-D surface for pure 1o, 1c and 1a. According to these mono-component parameters, the open-ring isomer 1o showed an isodesmic process (σ ~ 1) whereas the closed-ring isomer 1c showed a highly cooperative process (σ ≤ 10 -6 ). The annulated isomer 1a showed a very high affinity for HOPG surface (Ke ≥ 10 6 ). Careful inspections on the bi-component system of 1o and 1c suggested that the two isomers influence each other during the formation of molecular orderings and form mixed crystals. Moreover, mixing-induced cooperativity in ordering formation process was observed by the STM measurements: the closedring isomer 1c can induce cooperativity in the formation of ordering α that is mainly composed of the open-ring isomer 1o. The results presented in this work provide a better understanding of mixing of components in a molecular ordering and photoinduced interchanges between orderings occurring at the liquid/solid interface.

Experimental Section

General Methods. Reagents and solvents were obtained from commercial suppliers and used without further purification. 1,2-bis(2methyl-5-bromothiophene-3-yl)hexafluorocyclopentene and N-hexadecyl-4-iodobenzamide were prepared according to methods reported in the literature. [32,38] All reactions were monitored by thin-layer chromatography carried out on 0.2 mm Merck silica gel plates (60F-254). Column chromatography was performed on silica gel (Nakarai Tesque, 70-230 mesh). 1 H and 13 C NMR spectra were recorded on a JEOL JNM-ALPHA500 or JNM-ECA600 instruments. Proton chemical shifts are reported in ppm downfield from tetramethylsilane (TMS). Carbon chemical shifts are reported in ppm by reference to solvent signal. Mass spectra were obtained by a Thermo Scientific Exactive mass spectrometer ESI-Orbitrap.

Synthesis of the open-ring isomer 1o.

To a solution of 1,2-bis(2methyl-5-bromo-3-thienyl)hexafluorocyclopentene (200 mg, 0.380 mmol) in dry THF (15 mL) at -78 °C, under nitrogen atmosphere, was added n-BuLi (1.6 M in hexane, 0.60 ml, 0.96 mmol). The resulting mixture was stirred for 1 h at -78 °C. Then tributyl borate (0.30 mL, 1.1 mmol), was added. The solution was warmed up to room temperature and stirred for 3 h. Then N-hexadecyl-4-iodobenzamide (358 mg, 0.759 mmol) and aq. K2CO3 (20 wt %, 15 mL) were added. After Argon was bubbled through the solution, Pd(PPh3)4 was added and the solution was refluxed for 16 h under Argon atmosphere. After cooling down it was washed with aq. NH4Cl and extracted with diethyl ether. Organic layers were collected, dried over MgSO4, filtrated and concentrated under vacuum. Purified by silica gel chromatography eluted with chloroform. A white-blue powder. Yield : 94% (378 mg). 1 (m,4H), 1.39-1.24 (m, 52H), 0.88 (t, J = 7.0 Hz, 6H); 13 C NMR: Not obtained due to the limited amount of compound; UV-Vis (Octanoic Acid) λmax, nm (ε, M -1 cm -1 ): 560 (9 100), 313 (29 100); HR-ESI-MS (m/z) [M + H] + calcd for C61H84F6N2O2S2H + , 1055.5951; found: 1055.5936.

Theoretical calculations. The geometrical optimization was carried out at the RB3LYP/6-31g(d) level of theory. Convergence at a local minimum structure was confirmed by no imaginary frequencies on frequency analysis. Successively the optimized local minimum structures were subjected to TD-DFT calculations to obtain 10 excited states from the lowest energy transition at the identical level of theory.

UV-vis. Spectroscopy and Photochemical Reactions. Absorption spectra were measured on a spectrophotometer (HITACHI U-3310). Optical length of the quartz cells were 1 cm. Photoirradiation experiments on HOPG surface were performed by a Keyence UV-400 UV-LED equipped with an optical fiber (0.30 W/cm 2 , λ = 365 nm) or a USHIO 500W Xe lamp with a sharp cut filter (UV-29) and bandpass filter (U340) for UV light (0.64 W/cm 2 , λmax = 313 nm), and with sharp cut filters (U-29 and Y-48) for visible light (0.32 W/cm 2 , λ > 460 nm).

Scanning Tunneling Microscopy. All STM experiments were performed at room temperature and ambient conditions. The STM images were acquired with an Agilent technologies 5500 scanning probe microscope in the constant current mode. The STM tips were mechanically cut from a Pt/Ir (80/20, diameter 0.25 mm) wire. Highly Oriented Pyrolytic Graphite (HOPG) (purchased from the Bruker Co.) was used as substrate. The concentrations of solutions were controlled by UV-vis. A drop of the solution (8 μL) was deposited onto freshly cleaved HOPG, the tip was immersed into the solution and images were scanned. Topography images were obtained using the software WSxM. [39] 
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Let's be cooperative! Adsorption process at the octanoic acid/highly oriented pyrolytic graphite interface was investigated for three isomers of a diarylethene derivative. The formation of mixed crystals on 2-D surface and "mixing-induced cooperativity" were highlighted thanks to a cooperative model. Thus a better understanding of photochemical interchanges at the interface became possible. 

Figure 1 .

 1 Figure 1. Chemical structures and STM images of (a) the open-ring isomer 1o (ordering α), (b) the closed-ring isomer 1c (ordering β), and (c) the annulated isomer 1a (ordering γ). See ref 32 for details of the orderings.

Figure 2 .

 2 Figure 2. Absorption spectra of compounds 1o (black), 1c (blue), and 1a (pink) in octanoic acid and theoretical oscillator strengths calculated by TD-DFT.

Figure 3 .

 3 Figure 3. Evolution of the composition of the three isomers in octanoic acid upon UV irradiation (λirrad = 365 nm, [1o]t=0 = 29.4 µM, V = 3.0 mL, l = 1 cm).

Figure 4 .

 4 Figure 4. Concentration dependence of the surface coverage of 1o (black), 1c (blue), and 1a (pink) at the OA/HOPG interface. See Supporting Information for details of observed STM images at different concentration.

Figure 5 .

 5 Figure 5. Representative STM images (200 x 200 nm²) obtained by deposition of pre-irradiated solutions in OA (Iset = 10 pA, Vbias = -1.0 V, [1o]t=0 = 28.7 M). UV irradiation (λirrad = 365 nm) was conducted for (a) 5, (b) 15, and (c) 45 min prior to the deposition on HOPG. Concentration of each sample were precisely determined by UV-vis. spectroscopy (Table4).

Figure 6 .

 6 Figure 6. Concentration dependence of the surface coverage of (a) ordering  for 1c and mixtures of 1o/1c (37/63 and 51/49), and that of (b) ordering  for 1o and a mixture of 1o/1c (78/22). Simulated curves (solid lines) were obtained with the adsorption parameters summarized in TableS2in Supporting Information.

Figure 7 .

 7 Figure 7. Concentration dependence of the surface coverage of (a) ordering  for 1c and mixtures of 1o/1c (37/63 and 51/49), and (b) that of ordering  for 1o and a mixture of 1o/1c (78/22) against total concentration of the two isomers [1o + 1c].

a

  simulated by the cooperative model on 2-D surface

Fig. 5 .b

 5 Time of irradiation with UV light (λirrad = 365 nm).c Concentration of samples was determined by UV-vis. spectroscopy before the deposition on HOPG surface. d Experimental fractional surface coverage observed by STM measurements. e Simulated by the cooperative model using the adsorption parameters based on the total concentration of the two isomers [1o + 1c] (see Table

gh

  Values obtained using bi-component parameters (Ke = 4.4Values obtained using mono-component parameters (Ke = 1.5

Figure 8 .

 8 Figure 8. High-resolution STM images (50 x 50 nm², Iset = 10 pA, Vbias = -1.0 V) of (a) ordering α for pure 1o ([1o] = 16.9 M) and (b) for the sample with 1o/1c = 78/22 ([1o + 1c] = 16.1 M) (c) That of ordering β for pure 1c ([1c] = 24 M) and (d) for the sample with 1o/1c = 37/63 ([1o + 1c] = 27 M).

Figure 9 .

 9 Figure 9. STM images (200 x 200 nm²) of the in-situ photoirradiation of 1o at the OA/HOPG interface (Iset = 10 pA, Vbias = -1.0 V, [1o]t=0 ~30 M).
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Table 1

 1 Adsorption parameters of 1o, 1c, and 1a on HOPG surface

	a

a simulated by the cooperative model on 2-D surface (mono-component systems) b for values below 10 -6

Table 2

 2 Best-fitting adsorption parameters for 1o/1c solutions considering [1o + 1c] (bi-component parameters)

			a				
	Ratio1o/1c	0/100	37/63	51/49		78/22	100/0
	Ordering Ke (M -1 ) Kn (M -1 )	β 6.6 × 10 4 6.6 × 10 -2	β 4.4 × 10 4 2.3 × 10 1	β 3.9 × 10 1.9 × 10	4	α 7.2 × 10 4	α 6.8 × 10 4

Table 3

 3 Experimental surface coverage for the pre-irradiation experiment and simulated values considering a mixing of 1o and 1c in the ordering α and β

	b	[1o] (μM)	[1c] (μM)	[1a] (μM)	1o/1c	θα,exp	θβ,exp	θγ,exp	θα,sim	f	θβ,sim	g	θγ,sim	h
	5	9.4	16.1	1.8	37/63	0	0.35	0	0		0.31	0.09
	15	7.8	14.9	3.9	34/66	0	0.18	0.32	0		0.14	0.26
	45	5.1	9.5	11.3	35/65	0	0.005	0.79	0		0.003	0.87

a Concentration c Surface coverage (experimental data) d Surface coverage (simulated) e Time (min) a Corresponding STM images are shown in

  .52, 136.54, 135.72, 127.59, 127.22, 115.27, 66.35, 40.51, 32.15, 29.92, 29.88, 29.82, 29.77, 29.59, 29.54, 27.24, 25.47, 22.91, 14.34; UV-vis (Octanoic Acid) λmax, nm (ε, M -1 cm -1 ): 598 (19 700), 390 (12 000), 377 (12 000), 320 (34 500); HR-ESI-MS (m/z) [M + H] + calcd for C61H84F6N2O2S2H + , 1055.5951; found: 1055.5940.

	H NMR (500 MHz, CDCl3) δ (ppm): 7.71 (d, J = 8.6 Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 7.34 (s, 2H), 6.13-6.10 (m, 2H), 3.49-3.44 (m, 4H), 1.99 (s, 6H), 1.64-1.61 (m, 4H), 1.40-1.26 (m, 52H), 0.88 (t, J = 7.0 Hz, 6H); 13 C NMR (151 MHz, CDCl3) δ (ppm): 166.90, 142.53, 141.31, 136.17, 134.14, 127.88, 126.23, 125.65, 123.60, 40.42, 32.13, 29.89, 29.86, 29.80, 29.77, 29.57, 29.55, 27.24, 22.89, 14.83, 14.32; UV-vis (Octanoic Acid) λmax, nm (ε, M -1 cm -1 ): 311 (46 900); HR-ESI-MS (m/z) [M + H] + calcd for C61H84F6N2O2S2H + , 1055.5951; found: 1055.5948. Synthesis of the closed-ring isomer 1c. A solution of 1o (20 mg) in ethyl acetate (200 mL) was irradiated with a UV light (λ = 313 nm) for 1 h. Compound 1c was purified by HPLC (Mightysil Si60 250-20, eluted with dichloromethane/EtOAc 90/10, 5.0 mL/min, retention time 19 min). A blue solid. Yield 72% (14.4 mg). 1 H NMR (500 MHz, CDCl3) δ (ppm): 7.80 (d, J = 8.6 Hz, 4H), 7.61 (d, J = 8.6 Hz, 4H), 6.73 (s, 2H), 6.20-6.16 (m, 2H), 3.49-3.45 (m, 4H), 2.20 (s, 6H), 1.68-1.61 (m, 4H), 1.39-1.26 (m, 52H), 0.88 (t, J = 7.0 Hz, 6H); 13 C NMR (151 MHz, CDCl3) δ (ppm): 166.50, 156.95, 149Synthesis of the annulated isomer 1a. A solution of 1o (20 mg) in ethyl acetate (200 mL) was irradiated with UV light (λ = 313 and 365 nm) for 34 h (2 × 17 h). Then it was irradiated with visible light (λ > 480 nm) for 17 h. A first purification by HPLC (Mightysil Si60 250-20, eluted with dichloromethane/EtOAc 90/10, 5.0 mL/min, retention time 12 min) was used to remove the largest part of undesired isomers. Another irradiation sequence with visible light (λ > 480 nm) was performed for 17 h. Compound 1a was purified by HPLC (Mightysil Si60 250-20, eluted with dichloromethane/EtOAc 90/10, 5.0 mL/min, retention time 19.5 min). A deep purple solid. Yield 17% (3.4 mg). 1 H NMR (500 MHz, CDCl3) δ (ppm): 7.76 (d, J = 8.6 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 6.57 (s, 2H), 6.10-6.07 (m, 2H), 3.47-3.44 (m, 4H), 2.80 (s, 3H), 2.77 (s, 3H) 1.64-1.60
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