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Vibrational modes of aminothiophenol : a TERS and DFT study

We report Tip Enhanced Raman Spectroscopy (TERS) mapping and Density Functional (DFT) calculations of aminothiophenol (ATP) grafted on a gold surface. The TERS mapping has demonstrated Raman modes of (ATP) and its dimerised derivative Dimercaptoazobenzene (DMAB). This feature confirms that the plasmon activated chemical reaction of ATP has occurred during TERS measurements. In some specific part of the samples some unidentified Raman modes are observed. We suggest that they could come from intermediate species formed during the conversion of ATP into DMAB. These modes are compared with calculated Raman spectra of some possible intermediate species. These results confirm the high potentiality of TERS measurements for nanochemistry.

Introduction

Metallic nanoparticles have already demonstrated their huge potentiality both in chemistry and physics. Based on collective electronic oscillation, their plasmonic properties can be used for highly sensitive optical spectroscopy 1,2 , photo thermal therapy 3 , photovoltaics 4 …Recently a new field has emerged: Plasmon driven surface catalyzed reactions 5 . For some specific molecules linked to metallic nanoparticles (mainly gold or silver, these two metals exhibit strong plasmonic properties in the visible range), it has been shown by Surface Enhanced Raman Spectroscopy (SERS [START_REF] Etchegoin | Principles of surface-enhanced Raman spectroscopy and related plasmonic effects[END_REF] ) measurements that a chemical reaction could occur when the plasmonic resonance of the nanoparticle is excited by an incoming light. In this case the localized plasmon act as a catalyst to activate the reaction. Such mechanism has been reported for Aminothiophenol (ATP, also known as Aminobenzenethiol or Paramercaptoaniline) and Nitrothiophenol (NTP). During laser illumination, new vibrational modes are observed in the Raman spectra of these molecules. These modes have been first associated to a charge transfer mechanism [START_REF] Osawa | [END_REF] (associated to the chemical effect in the enhancement mechanism of SERS) or discussed in terms of change in the molecular orientation 8 . Nevertheless some recent studies have demonstrated that they are in fact vibrational modes of Dimercaptoazobenzene (DMAB) 9 : two ATP (or NTP) molecules react on the metallic surface to form this new molecule. Many SERS studies have since confirmed this hypothesis. A mechanism to explain this transformation has even been proposed. Nevertheless there is still a debate in the SERS community and new techniques are necessary to confirm this hypothesis. A promising tool is Tip Enhanced Raman Spectroscopy (TERS 10 ). This technique, similar to SERS, is based on the giant electromagnetic enhancement present at the apex of a metallic nanoantenna 11 . This electromagnetic enhancement is used to amplify the Raman signal. SERS requires a network of nanoantennas and the molecules are usually deposited on this network. As a consequence SERS must be performed with specific substrates, which is a major limitation of this technique. In opposition, TERS can be performed with any kind of sample: the unique nanoantenna (usually a metallic tip) is simply approached to the sample thanks to a scanning probe microscope. The recorded Raman signal comes from the molecules localized a few nanometers around the apex of the tip. It is thus possible to have a high sensitivity associated to a nanometric resolution, similar to what can be obtained with optical near field devices 12 . TERS appears thus as a perfect tool to study the chemical transformation of ATP or NTP into DMAB and several studies have reported such measurements. They have confirmed the high reactivity of ATP or NTP. Lantman et al. have observed temporal fluctuations in the TERS signal of NTP 13 . Performing high vacuum TERS measurements Sun et al. have observed some unidentified vibrational modes 14 . Nevertheless none of these studies has tried to take advantage of the high spatial resolution of TERS to perform mapping. In this article, we report such mapping performed on ATP deposited on a gold annealed sample. On some specific part of the sample new Raman modes are observed. These modes are compared to DFT calculations. We suggest that they could come from intermediate species formed during the transformation of ATP into DMAB.

Method

A SAM layer of ATP was prepared following the usual protocol 15 . The atomically flat Au(111) substrates were purchased from Arrandee. A 1 mM solution of ATP molecules in ethanol was used for the SAM absorption on the freshly flame annealed substrate during an absorption time of 12 h. A Flat flame annealed surface was used to avoid any strong SERS background signal that could arise from gold nanostructures.

Our TERS set-up consists of a confocal Raman microscope (Labram HR800, HORIBA Jobin Yvon) with a 633 nm HeNe laser source optically coupled in an oblique backscattering geometry to a scanning probe microscope (XE-100, Park Systems). The 633 nm excitation is far from the absorption bands of ATP 16 and resonant mechanism are excluded in our measurements. The long-working-distance objective (50×, NA = 0.45) is oriented at 65° with respect to the sample normal (figure 1). The polarization state of the incident beam is p-polarized (electric field parallel to the scattering plane). Further details about the experimental setup can be found in other references [17][18][19] . The SPM is operated in scanning tunnelling microscopy (STM) mode; the tips used were prepared from Au wire pieces of a 250 µm diameter and 99.99% purity (from Goodfellow) by electrochemical etching in a concentrated HCl / ethanol 1:1 solution. It must be said that a recent study has shown that the STM voltage has not much influence in the TERS measurements of ATP molecules 14 . The TERS mapping was performed over a 0.8 × 0.8 m 2 area (number of pixels 20 × 20) by recording a Raman spectrum at every 40 nm with a 1s acquisition time. These experimental parameters offers a good compromise between total acquisition time, spatial resolution, high quality Raman spectra and total scan size.

The calculations of Raman modes were performed within Density Functional Theory (DFT) using the GAUSSIAN 09 suite [START_REF] Frisch | Gaussian[END_REF] . We used the PW91PW91 functional [START_REF] Perdew | [END_REF] , a 6-311+G(2d,p) basis set for C,N,S and H and a LANDL2DZ basis set for Au 22 . Those parameters are known to be efficient for the calculations of ATP and DMAB on gold 23 . FDTD simulations were performed using Lumerical software 24 with parameters that have already been used for others simulations 25,26 .

Results and Discussion

A typical STM image of the gold surface can be seen in figure 1c. It presents smooth and flat areas separated by a grain boundary. Such a surface is typical of what can be obtained with annealed gold. The average intensity of the TERS signal for the same surface is shown in figure 1d. A good correlation between the TERS signal and the topography is observed. We can estimate the optical resolution to be lower than 100 nm, a much better resolution than what can be obtained with classical optical Raman microscopy. This confirms that the Raman signal really comes from the limited area below the tip as can be seen in figure1b. In addition no far-field Raman signal is observed when the tip is removed from the surface. A higher resolution could be obtained using a smaller mapping step size at the cost of a much longer total time acquisition. The TERS signal intensity is too low (ranging from 100 to 1000 cts/sec) to ensure a reasonable total time acquisition of the mapping compatible with a limited drift of the piezo-table. Some typical TERS spectra are reported (and the corresponding location are pointed by arrows on the TERS mapping) in figure 2. Most of the Raman spectra exhibit 2 peaks located at 1080 and 1580 cm -1 . These two modes are associated to ATP molecules, this is clearly confirmed by DFT simulations of the ATP Raman modes (figure 2c). In some particular places of the sample, other modes are observed: 1140, 1390 and 1440 cm -1 (see fig. 2 (b), TERS spectrum in the middle). These modes have already been reported in many SERS studies of ATP and have led to many debates. As mentioned in the introduction, those Raman peaks has been first attributed to a charge transfer mechanism 27,28 . Nevertheless, some recent studies have demonstrated that their presence strongly depends on several experimental parameters: density of the ATP layer, laser power, etc... 15 These features are hardly compatible with a charge transfer mechanism and based on DFT calculations several authors have proposed to attribute them to a new molecule: DMAB 9,[29][30][31] . This molecule should be formed via dimerization of ATP molecules activated by an electromagnetic and plasmonic process occurring under the tip. Such a reaction can also be observed with nitrothiophenol molecules 5 .

Figure 2: a) TERS mapping b) Raman spectra for different positions of the mapping. c) DFT calculations of the Raman modes for ATP (above) and DMAB (below). Both molecules are in interaction with a 5 atoms gold cluster.

Many experimental studies have been performed and it appears in the Raman community that this hypothesis is now privileged to explain the presence of these new modes (1120, 1380 and cm - 1 ).

Based on these TERS mapping on ATP molecules grafted on a Au substrate, we can conclude that most of the layer on the gold surface is still ATP, and in random locations on the sample the Raman modes of DMAB are observed suggesting that the dimerization has occurred. Nevertheless, it appears that our illumination condition is not powerful enough to induce an immediate and total transformation of ATP into DMAB. It must be said that no clear correlation between the places where DMAB molecules have been formed and the corresponding topography of the sample has been observed. The proposed mechanism for the transformation of ATP into DMAB is based on the giant electromagnetic enhancement present in the vicinity of plasmonic nanostructures. This enhancement is highly localized, as can be seen in the figure 1b showing this distribution between the tip and the gold surface thanks to FDTD calculations. For gold nanostructures the electromagnetic enhancement is usually much higher at their edge. The relation between electromagnetic enhancement and the plasmon driven chemical reaction has been evidenced and discussed recently 32 . The gold annealed surface used in our study presents atomic flat grains but some edges and kinks are anyway present (see STM image in figure 1c). DMAB molecules should preferentially be formed at these edges but the spatial resolution of the TERS mapping is not enough to confirm this hypothesis. To study the correlation between electromagnetic enhancement and DMAB synthesis we suggest to perform similar TERS measurements on a sample with well-defined metallic nanostructures (such as nanodots 26 or nanotriangles 33 ). Nevertheless performing TERS mapping with such plasmonic nanostructures would lead to a strong SERS background signal which will decrease the final spatial resolution. Performing such TERS measurements remains an experimental challenge. In figure 3 are reported some Raman spectra that can neither be attributed to ATP or DMAB. These spectra are observed on a very limited number of places on the gold surface. This is the experimental reason why we have performed a rather large TERS scan at the cost of a lower spatial resolution: we wanted to observe a significant number of places where new Raman spectra are observed. Recently a high vacuum TERS measurements of ATP have reported the observation of new modes in the Raman spectrum of ATP 14 . The authors observed a considerably higher number of peaks compared to what we observed here. Some unidentified peaks were attributed to IR modes activated by the strong gradient-field effect 34 at the tip apex. Even without performing any TERS mapping, the results shown in this article present a remarkably reproducible Raman signal. The fact that we have not observed such a high number of vibrational modes and that the other modes (corresponding to the DMAB) are observed only in some specific parts of the sample suggest that the unidentified modes presented in figure 3 should not be explained by a similar mechanism. Performing time resolved TERS measurements with nitrothiophenol, Lantman et al. 13 have observed intensity fluctuations and have associated them to a photoreaction, giving few suggestions about its exact nature. Recently, Zhao et al. 35 have performed a DFT study about the chemical photoinduced reaction of azobenzene on nanostructured silver. For the conversion of ATP into DMAB, the authors have proposed the mechanism described in figure 4a. Even proposed for silver, one can reasonably assume that it would be the same on a gold surface: these two metals exhibit similar plasmonic properties in the visible range, except the fact that the silver resonance occurs at shorter wavelengths compared to gold. The proposed mechanism reaction for the conversion of ATP into DMAB is based on the formation of several intermediate species. Some are surely extremely reactive (the charged radical species) and can probably not be observed, but some others might be more stable. As already mentioned, our illumination condition is not powerful enough to induce an immediate and total transformation of ATP into DMAB. This suggests that some intermediate species could be observed in our TERS measurements and the induced vibrations associated to the unidentified Raman modes. To confirm this hypothesis, we have performed DFT calculations on some intermediate species (named DMHAB and DATP in figure 4a). It must be said that it is necessary to be cautious about the results given by these simulations: the mechanism of conversion is still under discussion 36,37,29,38,39 . A recent study of Xu et al. 40 has evidenced the role of oxygen and water in the conversion but the proposed intermediate species remain the same. We have also performed similar calculations with the free ATP molecule. Calculated Raman activities are reported in figure 4b andc. For DATP, two main modes are observed: at 1050 and 1540 cm -1 . Two main modes are also observed for DMHAB with slightly different positions: 1060 and 1600 cm -1 . Our spectral resolution in TERS measurements is not enough to clearly distinguish two broad peaks separated by only 10 cm -1 . As a consequence the observed mode at 1080 cm -1 cannot be used to distinguish some intermediate species. This is not the case for the higher frequency modes: in Raman spectra of figure 3 we can clearly distinguish a doublet at around 1600 cm -1 , not observed in figure 2. The lowest frequency mode of this doublet could be associated to DATP. In figure 3 there is also a broad mode observed in one spectrum at 1250 cm -1 and at 1320 cm -1 in the other. These peaks could be associated to the 1280 cm -1 mode reported for free ATP (see figure 4c), not observed when ATP is in interaction with gold. This hypothesis suggests that during the photochemical reaction some ATP molecules are desorbed from the gold surface. We also note that the relative intensity between all the calculated modes strongly depends on the considered specie. This could explain the intensity temporal fluctuations reported by Lantman et al 13 . As a conclusion, we suggest that these new modes could be the experimental fingerprint of intermediate species formed during the transformation of ATP into DMAB.

Conclusion

We have performed a TERS mapping on ATP molecules deposited on a flat gold surface. We have observed Raman modes of ATP and DMAB confirming that the plasmon driven dimerization can occur in such a configuration. We have also observed some unidentified vibrational modes. Our DFT calculations suggest that they could be the experimental fingerprints of intermediate species formed during the plasmon-driven dimerization. Our study confirms the huge potentiality of TERS for a better understanding of nanochemistry mechanisms.
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 1 Figure 1: a) Experimental setup configuration b) Distribution of the enhanced electromagnetic field between the tip and the gold surface (FDTD calculations) c) STM image of the gold surface (800 x 800 nm 2 ) d) Corresponding TERS mapping of the same surface (average intensity integrated between 1500 and 1620 cm -1 ).
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 3 Figure 3: a) TERS mapping b) Others Raman spectra for different positions of the mapping indicated by the arrows.
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 4 Figure 4: a) The chemical mechanism of synthesis of DMAB from ATP proposed by Zhao et al. 35 b) DFT calculations of the Raman modes for different chemical intermediates DMAHB (for Dimercaptohydrazobenzene) and DATP (for deprotonated ATP) c) DFT calculations of a free ATP molecule.
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