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Abstract

:

A thick film and a monolayer of tetrathiafulvalene-based Fe2+ spin-crossover complex have been deposited by solution on a Au (111) substrate, attempting both self-assembling monolayer protocol and a simpler drop-casting procedure. The thermally induced spin transition has been investigated using X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). Temperature-dependent investigations demonstrated the retention of the switching behavior between the two spin states in thick molecular films obtained by drop-casting, while in the monolayer sample, the loss of the spin-crossover properties appears as a possible consequence of the strong interaction between the sulfur atoms of the ligand and the gold substrate.
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1. Introduction


Spin-crossover (SCO) compounds [1] are complexes of metal ions capable of switching between two spin states after the application of several kinds of external stimuli, such as temperature, pressure, magnetic or electric field, and light irradiation [2,3,4,5,6]. The reversible switching between the two spin states is accompanied by relevant changes in the chemical, physical, optical, and magnetic properties of molecules, and it makes these complexes very attractive for a wide range of applications [7,8]. In the case of Fe2+ complexes with octahedral geometry, this transition involves electrons in 3d orbitals that can be arranged in a low-spin (LS) state configuration with S = 0 or in a high-spin (HS) state configuration with S = 2, thus moving from a diamagnetic system to a paramagnetic one and vice versa [9]. Being that SCO complexes very interesting as building blocks for the development of molecular-based spintronics devices [10,11], the nanostructuration of these molecules on the surface represents a fundamental step. In recent decades, SCO behavior has been reported in several complexes deposited on surfaces as thick and thin films, mainly obtained by thermal sublimation protocols [12]. However, the persistence of SCO behavior in (sub)monolayer deposits [13,14] suffers from several limitations that complicate the perspective of the development of an SCO-based technology. In particular, it has been observed that strong modifications or losses in the spin switching properties can occur once molecules are assembled on a surface due to a strong interaction with the substrate, as well as to the role played by intermolecular interactions [15,16,17]. This is particularly relevant when pristine molecules are directly in contact with metallic surfaces [18] and minimized when specific surfaces are selected [19,20]. The alternative approach of separating the SCO active unit from the surface is represented by a chemical approach based on the chemisorption of functionalized SCO units on the surface; however, up to now, we still lack a clear demonstration of the persistence of a spin transition in a chemically anchored monolayer deposit.



In this work, we studied the mononuclear Fe2+ SCO complex [Fe(H2Bpz2)2(L)] (H2Bpz2 = dihydrobis(1-pyrazolyl)-borate) where L= TTF (tetrathiafulvalene)-fused dipyrido-[3,2-a:2′,3′-c] phenazine (dppz) ligand (Figure 1a). This complex has been previously synthesized and studied by some of us observing the occurrence of a thermal spin-crossover around 143 K with a pronounced hysteresis behavior (48 K) [21]. Here, this system has been investigated, probing the feasibility of anchoring a monolayer of these molecules on the surface, profiting from the interaction between two thioether groups and the gold surface that was expected to promote either chemisorption with the homolytic C-S bond cleavage or just physisorption. In addition, the ligand L may play the role of a spacer between the iron center and the metallic surface. The molecular monolayer was obtained by adopting a standard self-assembling monolayer (SAM) deposition protocol and was confirmed spectroscopically using the edge jump method from XAS [22]. In parallel, thick films were produced via drop-casting. Both deposits were characterized with spectroscopic techniques, such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), deputed to follow the SCO phenomenon [23]. In the monolayer deposit, due to a modification of the structure of the complex, the switching behavior was not clearly detected, while, in the thicker film, the SCO behavior was observed, despite the occurrence of some variations attributable to a modification of the crystal packing.




2. Results and Discussion


2.1. X-ray Photoelectron Spectroscopy (XPS) Characterization


The XPS technique was used to fully characterize the chemical- and temperature-dependent electronic properties of the thin and thick films of [Fe(H2Bpz2)2(L)] (the molecular X-ray structure is reported in Figure 1a). XPS was fundamental in evaluating the chemical integrity of this system after the deposition processes; moreover, experiments were repeated at both RT and 140 K to evidence, by monitoring the spectral shape in the Fe2p region of interest, the occurrence of a spin-crossing over [3,11,24].



First, a thick film, obtained by drop-casting, was investigated. Being the thickness of the deposit of the order of hundreds of nanometers, and given the scarce penetration depth of the photoelectrons, we can exclude in this sample the occurrence of a significant interaction between the molecules and the Au surface in the sampled region. This is confirmed by the observation (see Supplementary Materials, Figure S1a) of a single feature in the S2p region, which is actually given by the overlap between the S2p3/2 and the S2p1/2 contributions found at 162.8 eV and 164 eV respectively, and attributable to the sulfur atoms of the TTF moiety of the ligand [3]. The absence of components at a lower binding energy (ca. 161–161.5 eV) confirms that a chemical bond between the sulfur and gold atoms on the surface is not present [3].



Figure 1b reports the analysis in the Fe2p region of the thick film at RT and 140 K. The deconvolution analysis of both reported iron spectra agrees with previous literature reports for Fe2+ in an octahedral geometry, and the variation in the spectral fine structure is in line with the partial conversion from the HS- and LS-state configuration obtained by decreasing the temperature [11,24,25].



Indeed, the thermally driven SCO behavior is confirmed by the temperature dependence of the line shape of the spectra, where a relevant variation in the component at 710.1 eV (Figure 1b), the one attributable to Fe2+ LS, is observed [26]. Additionally, the presence of a second main peak at ca. 711.9 eV is attributable to the multiplets splitting that is expected for XPS 2p spectra of an iron species [26,27]. Further confirmation of the occurring thermal transition is given by evaluating the spin-orbit splitting (ΔSO) between the Fe2p3/2 and Fe2p1/2 extracted components, with ΔSO being lower for the LS state than for the HS state due to a different orbital population which does not involve eg-like orbitals when the system exists in the LS state. Table S1 reports the ΔSO evaluated from the different components used for the deconvolution analysis reported in Figure 1b; these values are in good agreement with those previously reported in the literature [28]. Satellite spectral features occurring at higher binding energy (see Table S1 in the Supplementary Materials) are characteristic of a two-hole bound state induced by the photoemission and the resulting excitation from the Highest Occupied Molecular Orbital (HOMO) to the unoccupied states [25,29]. The analysis of the N1s region suggests the presence of one component at 398.9 eV, attributable to the nitrogen atoms of the H2Bpz2 ligand [30], as reported in Figure S1b, while the C1s main component (Figure S1c) was used to calibrate the spectra and was set to 284.5 eV, being attributed to the aliphatic and aromatic carbon atoms and the adventitious carbon species [31]. Two additional components were included to properly reproduce the experimental C1s spectra: one component assigned to C-S/C-N (285.9 eV) [11,24], and the second was attributed to carboxylic groups that might come from environmental contamination (288.6 eV) [32]. A semi-quantitative analysis was performed, taking into account the Fe2p, S2p, and N1s signals. The C1s signal was not considered because of potential adventitious contamination. Considering the experimental error of the XPS, the measured percentages for the drop-cast sample are comparable with theoretical values (Table S2). Furthermore, analyzing the ratio between areas of the components of Fe2p regions, a quantitative estimation of the HS percentage was extracted from the Fe2p region, passing from 96.4% at room temperature to 67.5% at 140 K.



From the analogue characterization performed on the monolayer deposit, clearly comes out that the interaction between the sulphur atoms and the gold substrate is so strong that S-Au bonds occur between the terminal sulphur atoms as well as with sulphur belonging to the TFF ring (Figure S2) because the expected ratio between the component at 163.8 eV (physisorbed) and the one at 161.5 eV (chemisorbed) should be 2:1, at variance we have found a ratio of 1.4, revealing the occurrence of more S-Au bonds than expected. This interaction induces a change in the chemical structure of the compound (see Table S2) compared to the bulk phase. An attempt has been made to quantitatively analyse the molecular film trying to estimate the stoichiometry of the molecules after the monolayer assembly. However, we assume that, due to the very low intensity of the signals, the results obtained are not reliable. In addition, the Fe2p region spectra acquired on the monolayer sample do not show any relevant variation of the line shape as a function of temperature (Figure S3) from RT to 140 K. Given the small number of molecules assembled on the surface close to the limit of the sensitivity of our XPS setup, and given the limited range of temperatures that we can probe, the slight variation in the Fe2p XPS line shape as a function of the temperature is not conclusive about the retention or absence of the SCO properties that must be investigated with a more sensitive characterization technique, such as XAS, exploiting the synchrotron radiation.




2.2. X-ray Absorption Spectroscopy (XAS) Characterization


X-ray absorption spectroscopy (XAS) was employed to investigate the thermal-induced SCO behavior of [Fe(H2Bpz2)2(L)], both on the monolayer and on the bulk/thick film. Performing XAS at the Fe L2,3 edge gives us information about the transition of electrons excited from 2p orbitals to 3d orbitals, which are directly involved in the thermal spin-crossover transition. Indeed, in the LS state, the three t2g orbitals are fully occupied, leaving the eg orbitals empty. In HS state, also eg orbitals are partially filled with two unpaired electrons. These thermally induced mechanics can be followed by observing the variation in the line shape of the XAS spectra [23,33,34,35].



On the thick film, the XAS Fe L2,3 temperature dependence was detected, as reported in Figure 2a. The complete XAS spectra series acquired at the Fe L2,3 edge from 70 K up to RT (warming mode) is reported in Figure S4. Differing from what was observed in the crystalline bulk phase by magnetometry measurements [21], at T < 195 K, a complete conversion to the LS state does not occur. We suggest that the incomplete LS-state conversion of the system could be attributed to a change in the intermolecular interaction after the deposition process. Indeed, it is well known that the cooperativity effect plays a crucial role in the SCO phenomenon [36].



Even at 70 K (Figure S4), both components (LS and HS) are necessary to properly reproduce the experimental data, confirming the coexistence of both species until 275 K. As shown in Figure 2b, where an estimation of HS species as a function of temperature is reported, a fraction of the HS state is also present at a low temperature with a percentage of ca. 60%, in line with the percentage found in the crystalline bulk system. When the temperature was increased, a change in the shape of the spectra could be observed together with an enhancement of the HS state of up to 100% at room temperature. Furthermore, unlike the powder characterization of [Fe(H2Bpz2)2(L)], where an abrupt transition at T1/2=167 K in warming mode was detected, here, a gradual, thermally induced transition with a T1/2 = 243 K was observed. This variation can be ascribed to the drop-cast deposition process, as already reported in the past, for instance, by Cini et al. [15] for a similar Fe2+ SCO complex. Indeed, similar to what we detected in this system, it was observed that a strong difference, both in the percentage of spin conversion and in T1/2 value between the powder and the thick film, can occur because of changes in the intermolecular interaction as well as in the distortion of the molecule with respect to the regular structure assumed in the crystal. Furthermore, differences in the SCO switching behaviour could also be due to the characterization technique exploited to probe the transition. Indeed, as demonstrated by Zhang et al. [23], spectroscopic techniques such as XAS leave the investigated system in an out-of-equilibrium state that is associated with a change in several parameters of the complex, such as sample conductance, crystal packing, or steric hindrance. Modification of these properties is not negligible in determining the transition temperature. Indeed, in several Fe2+ spin-crossover complexes, a relevant deviation of T1/2 probed with XAS, compared to the one measured with magnetometry, has been observed.



The same characterization, monitoring the temperature dependence of the spectra, was carried out on the SAM sample, but, unfortunately, we observed a complete loss of the SCO behaviour, as already observed by XPS measures. We suggest that a higher number of S-Au bonds per molecule than the expected two at the thiopropyl moieties could induce not only a change in the chemical structure of the complex, but also a lying configuration of the molecule on the surface, thus approaching the iron centre to the substrate [38]. This loss of SCO behaviour can be seen in Figure S5, where XAS spectra at RT and 80 K are reported; no variation in the XAS line shape can be detected, and both spectra clearly indicate the presence of Fe3+ [39] on the surface. The latter evidence confirms that the molecular structure of [Fe(H2Bpz2)2(L)] undergoes degradation [40] during the deposition on the gold surface here tested, and it excludes the possibility that this protocol can be used to achieve an intact monolayer of [Fe(H2Bpz2)2(L)].





3. Materials and Methods


The [Fe(H2Bpz2)2(L)] complex was synthesized by following the procedure already reported in the literature [21]. The substrate was prepared by evaporating gold (110 nm) on a freshly cleaved mica substrate inside a vacuum chamber (ca. 10−7 mbar) with a deposition rate lower than 0.1 Å/s. The substrate was annealed with an H2 flame to induce the reconstruction of a Au(111) surface [41]. The molecular monolayer was deposited by incubating the substrate in a 2 mM solution of [Fe(H2Bpz2)2(L)] in CH2Cl2 for 24 h at room temperature with the aim of inducing a densely packed SAM. Thus, the surface was rinsed first with pure CH2Cl2, then with pure CHCl3, and dried under N2 atmosphere. In parallel, a thick film deposit was obtained by drop-casting a few drops of the same solution on a gold substrate and then removing the solvent using a N2 flux, leaving a thick and non-homogeneous deposit of molecules on the surface as an amorphous film of a few hundred nanometres thick. The sample was heated up to facilitate the removal of the solvent; indeed, the presence of residual solvent molecules in the crystal may quench the thermal SCO transition. The absence of dichloromethane molecules was further confirmed investigating the Cl2p XPS region where any signals was not detected (Figure S1d).



XPS measurements were performed using a micro-focused, monochromatic Al Kα radiation source (1486.6 eV, model SPECS XR-MS Focus 600) and a multichannel-detector electron analyzer (model SPECS Phoibos 150 1DLD) with a pass energy of 40 eV to ensure appropriate resolution. The spectra were measured in normal emission, with the X-ray source mounted at 54.44° from the analyser. The binding energy was calibrated using the C1s peak at 284.5 eV. Spectra were deconvoluted using CasaXPS software, introducing mixed Gaussian and Lorentzian contributions for each component. The background was fitted using the Shirley or linear baseline.



The XAS experiments were performed at the DEIMOS beamline [42] using the SOLEIL synchrotron. The spectra were acquired in reduced photon-flux conditions to prevent any radiation damage to the sample, and the signal was acquired in total electron yield (TEY) [43] detection mode. The XAS spectra were acquired at the Fe L2,3 edges using right-circular polarized light at a normal incidence (θ = 0°), where θ was defined as the angle between the k X-ray propagation vector and the normal n to the surface, which always lies in the horizontal plane. The temperature dependence of the HS and the LS-Fe2+ fractions was estimated through least-squares interpolation of normalized XAS spectra by using two references of a similar octahedral spin-crossover Fe2+ complex (both in a chemical environment and T1/2), recorded at 100 K and 300 K where, respectively, a 100% contribution of these configurations is expected [37].




4. Conclusions


In summary, we studied the SCO behaviour of an Fe2+ TTF-based ligand complex, both of a bulky deposit and as a monolayer, exploiting two X-ray spectroscopic techniques, XPS and XAS, aiming to observe the thermally induced spin transition. Due to the strong interaction between the ligand and the gold substrate, we observed the loss of the SCO properties in the monolayer sample, accompanied by chemical structure changes after the deposition process. However, in the thicker sample, we were able to observe, either by XPS or XAS, a spin transition of the molecular film as a function of the temperature, although with significant changes with respect to the crystalline bulk phase.



Despite the possibility of anchoring [Fe(H2Bpz2)2(L)] on a gold surface by exploiting two S-Pr terminal groups, we revealed that the interaction between the molecules and the surface is so strong that the sulphur atoms of the TTF backbone are also involved in the formation of the S-Au bonds. This modified the structure of the complex, approaching the metal centre to the surface and inducing a quench of the spin-switching properties. However, by slightly increasing the thickness of the molecular film, we detected the retention of the SCO behaviour. This paves the way for the chemical modification of the TTF ligand to avoid the ion–surface interaction, making this system attractive for the development of a molecular-based spintronic device [44].
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Figure 1. (a) X-ray molecular structure of [Fe(H2Bpz2)2(L)]. Sulfur, yellow; nitrogen, blue; carbon, light grey; iron, orange; boron, pink. (b) Fe2p region XPS spectra of [Fe(H2Bpz2)2(L)] thick film on Au acquired at RT (top) and 140 K (bottom). Orange components, attributable to LS species, show a temperature dependence, evidencing the SCO behavior of the complex. (See Table S1 for further details). 
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Figure 2. (a) Temperature dependence of normalized, experimental Fe L2,3 edge XAS spectra of [Fe(H2Bpz2)2(L)] thick film (empty dots) with contribution of high-spin Fe2+ (red line) and low-spin Fe2+ (blue line). [Fe(H2B(pz)2)2(2,2′-bipy)] XAS spectra are taken as HS and LS references. Reprinted from Ref. [37]. (b) High-spin Fe2+ percentage distribution as a function of temperature (black dots) and magnetic susceptibility characterization of powder of [Fe(H2Bpz2)2(L)]. Reprinted from Ref. [21]. 
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