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Abstract

Surface modification methodologies are continuously refined, which in parallel necessitates
accurate analytical methods to probe their chemical composition at the nanoscale. We describe
here our electrochemical and Tip Enhanced Raman Spectroscopy results on surfaces modified
through reduction of an electroactive aryldiazonium salt. Grafting may be first triggered
electrochemically. In this case, thick and disorganized layers are produced, with important
changes in spectral responses in comparison to the parent system. Conversely, spontaneous
reduction of the salt also occurs during simple immersion in the diazonium solution, which
leads to low surface coverages (i.e. thin layers) and preservation of the molecular backbone of
the molecule. This study highlights the advantages of TERS to recover chemical information at

the nanoscale even for complex surface modification processes.

Keywords: Tip Enhanced Raman Spectroscopy, Electrochemistry, Operando spectroscopy,

Diazonium, Molecular electronics

1) Introduction
Producing robust and well-defined modified surfaces is still a challenge. Self-assembled

monolayers obtained from thiolated derivatives offer the possibility to get easily by wet
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chemistry well-organized and tailored surfaces, but the gold-sulfur bond strength is however
still very weak.[1, 2] In 1992, Pinson and collaborators found that electroreduction of
aryldiazonium salts leads to covalent and robust grafting on many different materials such as
carbon, silicon, gold or platinum.[3—5] These modified layers find interesting applications in
many domains such as molecular electronics, plasmonics or (bio)sensing among others.[6-9]
The process depicted in Scheme 1 involves reduction and breaking of the C-N bond so that a
radical is produced and then grafted onto the surface. Nevertheless, given the intrinsic strong
reactivity of radical species, subsequent overgrafting on the first layer currently occurs, so that
inhomogeneous multilayers are very often observed. Cleavage of the C-N bond may also not
happen, leading to azo bridge formation.[10-14] Less material may be deposited upon
spontaneous grafting by simply immersing the surface in a solution of the diazonium salt
without electrochemical activation. Otherwise, interesting various strategies have been
proposed to avoid overgrafting,[15—19] but their efficiency needs to be assessed for each
system, so that it is still of prime importance to analyze the produced layers regarding their
thickness, homogeneity and ultimately composition. In this context, Tip Enhanced Raman
Spectroscopy (TERS) approaches are appealing because they propose both chemical
identification together with high spatial resolution. While TERS was already extensively used
for surfaces modified by thiols [20-33] and more recently carbenes,[34-37] this paper
represents to the best of our knowledge the first attempt to characterize layers obtained through

diazonium reduction.

Schemel. Sketch of surface modification by aryldiazonium salts. The process may be

triggered by electrochemical (left) or spontaneous (right) reduction.
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Below, we will propose the first Scanning Tunnelling Microscopy STM-TERS analysis of gold
surfaces modified with the electroactive diazonium 1 shown in Scheme 2, either using

electrochemical or spontaneous reduction. This family of systems has been shown to present an



interest in optical and molecular electronics, and particularly show memristor properties. [14,
38] We will also compare our results to those obtained for the parent thiol reference molecule

2 which forms conventional self-assembled monolayers.

Scheme 2. Organometallic complexes 1-3 used in this study.
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2) Gold electrode functionalization
First, a gold ball electrode was immersed in a 4x10~> M solution of 1 in acetonitrile with 0.1 M
tetrabutylammonium tetrafluoroborate as supporting electrolyte. A first cyclic voltammogram
(CV) was performed between 0.2 and -1.0 V/ SCE at 0.1 V.s™! to trigger electroreduction of 1,
as usually performed with such systems. Unfortunately, no clear reduction current wave could
be observed because of the low concentration of the salt. The electrode was afterwards rinsed
and immersed in the same electrolyte with the diazonium derivative. Figure 1a presents the CV
obtained at 3140 V.s™'. A clear bell-shape signal typical of adsorbed species is apparent near 1.2
V / Pt. Integration of the peak current gives an average surface coverage of T =55+ 1 x 10*
mol.m™. Such coverage is much lower than that obtained by chronoamperometry (typically
performed during 1 to 5 min), in agreement with shorter times spent in the potential window
where the diazonium bond is reduced. [14]
To assess the spontaneous grafting, the electrode was immersed for less than 10 s in a solution
containing 1 at the same concentration without any electrochemical stimulation and then
quickly rinsed. Here, the CV presented in Figure 1b clearly shows that much less electroactive

material is adsorbed on the electrode, and accordingly I' = 8.7 = 2 x 10 mol.m™ is found.
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Figure 1. Cyclic voltammograms obtained for a gold ball electrode modified with molecule 1
performed at 3140 V.s'. a) Electrochemical reduction performed in acetonitrile + 0.1 M
tetrabutylammonium hexafluorophosphate + 1 at a concentration of 4x10° molL!. b)

Spontaneous adsorption obtained by immersing the electrode 10 s in a 4x10-5 molL™! solution of 1

in acetonitrile.

Similar experiments were repeated on flat gold layers obtained by physical vapor deposition
(sputtering) on mica in order to perform Atomic Force Microscopy (AFM) experiments. Figure
2a presents the AFM image of the gold substrate after electrochemical grafting. Here, the
surface appears very inhomogeneous, with an important roughness. In addition, some islands
of variable heights suggest that the electropolymerization process is not uniform on the surface.
Scratching tests conducted with the AFM tip reveal (cf. Figure 2b and 2¢) a height of ca. 2 to 3
nm, larger than the size of the radical molecular system (1.5 nm). Conversely, upon spontaneous
grafting, the surface appears smoother in agreement with a sub-monolayer coverage, albeit still

with some irregularities as shown in Figure 2c.
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Figure 2. AFM experiments. a) AFM image obtained of a molecular layer formed by
electrochemical reduction of the diazonium derivative 1. b) AFM image obtained after
scratching. c) AFM image of a molecular layer obtained upon spontaneous grafting of the
diazonium derivative 1. d, e, f) Corresponding profiles obtained at the position of the white

lines in a, b and c respectively.

In summary, electrochemical and AFM tests provide consistent results: inhomogeneous
molecular multilayers are formed upon electroreduction of 1, while a submonolayer is produced
after short immersion times without any electrochemical stimulation. However, no chemical

information is available, which is the concern of the next section.

3) Tip-Enhanced Raman Spectroscopy
In order to investigate further the structure of the molecular layer grafted onto gold, STM-TERS
measurements were performed ex situ (in air) on modified gold substrates. Conventional Raman
measurements were also conducted on powders of molecules 1-3 as shown on Figure 3a. Prior
investigating the target surfaces modified by electro- or spontaneous reduction of molecule 1,
we ran a preliminary STM-TERS study on a surface obtained after modification by system 2
used as a reference. Here, monolayers were formed after immersion in a 0.1 mM solution for
one night (and rinsing) as is classically performed with thiol derivatives. STM-TERS spectra
of 2 shown in Figure 3b are fully consistent with those obtained for the powder spectra of
molecules 1 and 2, and the parent complex 3 displayed in Figure 3a. The assignment of the
main spectral features is provided in Table 1.[39] These measurements confirmed the ability of
our STM-TERS setup to detect the molecule, and that even after 30 s irradiation, no degradation

occurred.
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Figure 3. a) Reference powder Raman spectra obtained under 632.8 nm irradiation for

complexes 1-3. b) Blue: STM TERS spectrum obtained on a surface immersed in a 0.1

mM of derivative 2 for one night. Laser power 10.8 pW, acquisition time 30 s. Black: far-

field spectrum. Bias voltage: 100 mV. Setpoint current: 200 pA.

Table 1. Main Raman and TERS bands found in spectra of 2 and their assignment.[39]

The Raman shifts are in cm!'; the shift values marked with a star are found in only one

spectrum. "bend.": bending; "str.": stretching.

Raman peak position (¢cm™) TER peak position

Vibration mode

654 651 ring bend.

1009 997 ring str.

1024 1023 ring str.

- 1075 ring str. + C-H bend.
1166 1157 C-H bend.

1287 1285 (1294%) ring str. + C-H bend.
1361 1362 C-H bend. + ring str.
1466 1470 (1485%) ring str.

1563 1557* ring str.

1612 1598 ring str.




We then analysed a molecular layer obtained by electrochemical reduction of the diazonium
derivative 1 corresponding to the AFM images of Figures 2a-b. Here, no STM imaging was
possible because of the important thickness of the sample, and likely penetration of the tip
within the layer. We could however locally acquire the TERS spectra that are presented in
Figure 4. They look indeed very different from those presented in Figure 3. The initial bands
are still present but the spectra exhibit significant spectral changes both in intensities and
spectral broadening width of the bands in agreement with a disordered layer. A new feature at
1557 cm™! appears in one spectrum. It was ascribed to the HNNH vibration by Tomasso et al.
in an electrochemical Raman study of a thick film obtained from the same molecule but here
deposited by chronoamperometry. [14] It is also noticeable that for the same sample the spectral
features in Figure 4 look different, suggesting that at different positions of the tip the chemical
nature of the layer is different. In this case, STM-TERS therefore does not seem to be the
appropriate method to correlate topography and spectroscopy, and AFM-TERS or alternatively
AFM-IR would probably be more indicated.[40—45]
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Figure 4. STM-TERS spectra obtained at different positions on a gold substrate modified
by electrochemical reduction of molecule 1. Bias voltage: -0.100 V. Setpoint current: 200

PA.

Then, a sample previously immersed for 30 min in a 4x10” molL"! acetonitrile solution of 1
was examined by STM in air (cf. Figure 4a). Similarly to what was observed by AFM, the
underlying gold substrate with steps is clearly apparent in Figure 5a, albeit with some increased
roughness compared to an unmodified surface. This suggests again the presence of molecular

aggregates but those are here sparsely present and smaller. On the same area we acquired a
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30x30 pixels>? STM-TERS image with an acquisition time of 507 ms/pixel. The corresponding
STM image displayed in Figure 5b is still representative of the topography albeit with a lower
resolution. The intensity map of Figure 5d is constructed by integration of the band at 1021 cm’
! corresponding to the ring stretching mode. Figure Sc presents 3 spectra (raw data) extracted
at different positions on the sample. Those present all the same structure very similar to the one
of 1-3. This experiment demonstrates that upon grafting, the molecular structure of the complex
is preserved, and also confirms that there is only very little overgrafting, though in that case the
immersion time of the sample was longer than for electrochemical experiments. It is also
interesting to discuss the obvious fluctuations in the TERS intensities that are evidenced in

Figure 5d and seem somewhat correlated to topography.
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Figure 5. a) Classical STM image obtained for a gold substrate modified with 1 by
spontaneous adsorption. Bias voltage: 0.2 V. Setpoint current 200 pA. b) STM Topography
obtained during TERS imaging. Bias voltage: 0.2 V. Setpoint current 200 pA. 30x30
pixels. Pixel size 9.33 nm. Acquisition time: 507 ms/pixel. ¢) STM-TERS spectra obtained
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at positions 1, 2 and 3 d). Each spectrum was obtained by averaging a 3x3 pixels? area. d)

TERS cartography corresponding to b) obtained after integration of the 1021 cm™ band.

Several reasons may be invoked to explain them:

- o) Fluctuation of the tip-sample distance, then of the TERS enhancement. This
hypothesis can be ruled out, as the STM feedback was very stable.

- PB) Modification of the electromagnetic field amplification due to tip damage or
morphological change. This hypothesis can also be ruled out here because this would
involve a brutal intensity change between the bottom and top part of the image (scan
was from bottom to top), not fluctuations related to topography.

- 7v) Local variations in the electromagnetic amplification due to the nanostructuration of
the substrate since our experiments are run in the so-called “gap-mode” configuration.

- 0) Different local surface concentration of the molecule.

Point y) was explored by Zenobi and El Khoury among others. [46—48] Here, the precise
morphology of the substrate is key, and thus we explored this issue for our gold substrates using
a simple and standard Raman reporter, here bisphenyl thiol reported in Figure 6. Obvious
fluctuations are observed, mostly near step edges albeit without a perfect correlation. The spatial
extension of the signal amplifications seems to be about 5-20 nm, in agreement with what we
observed in electrochemical conditions, and is similar to what is apparent in Figure 5d.[30] Our
experimental conditions (substrate and tip) therefore produce similar results when compared to
literature. Returning to the diazonium functionalized substrates, we suggest that further
interpretation is delicate and beyond the scope of this paper, but clearly contribution from TERS
amplification cannot be excluded.

More experiments would then be necessary to decipher and separate the contributions of point
0) versus 7), and particularly imaging smaller areas with a better resolution, possibly on a single

crystal surface.
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Figure 6. STM-TERS spectra obtained for a monolayer of bisphenyl thiol modified gold
substrate. a) STM topography. b) TERS image obtained by integration of the double peak
corresponding to the ring stretching mode of the benzene rings near 1600 cm™. ¢) Spectra
at positions 1 and 2 indicated in b) obtained by integration of an area of 3x3 pixels?. Bias

voltage 0.045 V. Setpoint current: 1000 pA. Pixel size: 0.8 nm. Acquisition time : 9ms.

4) Conclusion

A diazonium salt with a redox core was selected to modify gold substrates that were then studied
by STM-TERS. Two grafting paths were investigated: the electrochemical reduction and the
spontaneous grafting. Its anchoring onto the gold surface could be demonstrated by cyclic
voltammetry and AFM. STM and TERS measurements revealed different molecular
organizations depending on the grafting method. In electrochemical grafting, we concluded on
the formation of a thick multilayer. TERS results corroborated this hypothesis by providing
spectra that could be associated with a disorganized organic layer. Comparatively, the STM and
TERS experiments conducted on a sample functionalized by spontaneous grafting suggested
the anchoring of a less densely packed monolayer. The STM and TERS results were in this case
complementary since STM images did not provide clear evidences of the grafting.

This is to the best of our knowledge the first set of TERS results provided on the grafting of
diazonium salts. These preliminary results should be completed by deeper electrochemical and
spectroscopic analysis, especially to measure the electron transfer rate in these redox layers and
correlate them to the structure that can be investigated by STM and TERS. AFM-TERS
investigations would also be very informative to study the thick layers for which STM imaging
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is impossible. This work demonstrated that TERS can be a powerful tool for understanding the
structure and mechanism of formation of complex layers, which are of major importance for

many research and applied topics.

5) Experimental

Electrochemical measurements

Electrochemical measurements were run using a three-electrode setup connected to an Autolab
potentiostat for cyclic voltammetry measurements (below 1000V/s). Cyclic voltammograms
with scan rates above 1000 V/s were recorded with a homemade potentiostat described
elsewhere.[49-54] The acetonitrile solution contained 0.1 molL! tetrabutylammonium
tetrafluoroborate as supporting electrolyte. The reference electrode was either a standard
calomel electrode (SCE) or a pseudo-reference platinum wire (Pt).

Surface modification

Gold samples were produced by gold sputtering onto cleaved mica as published previously.[29]
Spontaneous grafting. The samples were prepared by immersing flame-annealed gold surfaces
in a 4x107° molL! solution of 1 in ACN for 30 min at 22°C. The surface was then thoroughly
rinsed with ACN and ethanol to remove any physisorbed species from the surface and dried
under a nitrogen flow.

Electrochemical grafting. The gold substrates were immersed in a solution containing 1 4x107
mM + tetrabutylammonium tetrafluoroborate 0.1 M. Then, CV was performed from 0.2 to -1.0
V vs SCE. We used either gold balls for CV experiments of Figure 1, or gold/mica samples. In
this case the substrates were connected with a metallic tweezer. Copper sheets were introduced
between the gold and the tweezer for a softer contact and avoid scratching the conductive gold
layer, whose adhesion to mica is weak.

Atomic Force Microscopy and Tip Enhanced Raman Spectrscopy

All Raman and TER spectra were acquired using a LabRam HR Evolution (Horiba) equipped
with an EM-CCD camera (Newton 971, Andor), cooled to -70 °C. The spectrometer was
calibrated prior to each new experiment with the 520.7 cm™! band of a silicon sample.

For TERS, STM or AFM measurements, an Omegascope (AIST) was used. TERS spectra were
acquired using a side illumination of the tip. STM tips were made from gold wires using an

electrochemical procedure.[55]
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AFM experiments were performed in oscillating mode with commercial probes purchased from
umash and having a nominal spring constant near 5 Nm™! and a resonant frequency near 160

kHz (NSC 14/A1 BS).
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