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ABSTRACT

This work describes self-assembled monolayers (SAMs) of two ferrocene derivatives with two
anchoring groups (at the bottom and at the top of the SAM) deposited on ultra-flat template
stripped gold substrates by cyclic voltammetry and analyzed by complementary surface
characterization techniques. The SAM of each molecule is deposited by three different
protocols: direct deposition (1 step), Click reaction on surface (2 steps) and reverse Click
reaction on surface (2 steps). The SAM structure is well-studied to determine the SAM
orientation, SAM arrangement and ferrocene position within the SAM. Electron transfer
kinetics have also been performed which agree with the quality of each SAM. With the help
of two anchoring groups and Click-chemistry active functional groups, we have shown that
the two molecules can be deposited by either end controlling the position of ferrocene. We
further investigated the involvement of the triazole five membered ring in the electron
transfer mechanism. We have found that a carbon spacer between ferrocene and triazole
improves the SAM packing. This study enhances the understanding of tethering thiol and thiol
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acetate anchoring groups on gold by controlled orientation which may help in development
of functional molecular devices requiring two anchoring groups.

Keywords: Ferrocene SAM, Cyclic Voltammetry, CUAAC, Ellipsometry, XPS, PM-IRRAS

Introduction

Self-assembled monolayers (SAMs) of functional molecules tethered on an electrode surface
1 are extensively studied and exploited since several decades 2. In particular, redox active
SAMs have become the focus of intense research efforts due to the wide range of applications
requiring these monolayers including interfacial electron transfer, 312 biosensing, 13717
molecular electronics, 29, corrosion protection 21723 and opto-photovoltaics. 2*2> Ferrocene
(Fc) terminated alkanethiols tethered on gold surface are the most widely studied redox active
SAMs since the pioneering works of Chidsey’s 7?¢ and ground-breaking works followed by
others, 2728, Some of the factors making Fc very interesting for research are Fc’s reversible
one-electron oxidation-reduction transformation,?® ease of synthesis, conjugation with
diverse aromatic and aliphatic chains to form SAMs and modification of such high derivative
SAMs and facile deposition on gold. These SAMs are made up of majorly four components: :
a redox active Fc group, an aliphatic or aromatic spacer, a connector between Fc and the
spacer, and an anchoring group that binds to the bottom electrode surface.?® Performance of
the SAM depends on each component such as the length of the spacer,3%3! the choice of the
anchoring group3?33 and the connector34. Hence, each component that will be used to
elaborate SAMs has to be carefully selected prior to self-assembly of the molecule on an
electrode surface with regards to the desired application.

There are several methods to prepare single component or mixed SAMs. Often, direct soaking
of the substrate in a functional molecular solution to obtain SAMs consisting of one
component is performed. Two strategies are often used to prepare mixed SAMs: soaking of
the substrate in a mixture of the SAM precursors of interest along with a diluent 47 or
subsequent soaking of the substrate in a solution of the SAM precursor and diluent. 3> Mixed
SAMs are often used, for example, to reduce interactions between the Fc moieties and to
control the orientation of the Fc units to obtain ideal electrochemical behavior (ideal
Nernstian behavior). The ideal Nernstian behavior for Fc alkanethiolates characterized with
cyclic voltammetry shows five characteristics: (i) no peak shift during oxidation and deduction,
i.e., difference between oxidation peak potential (Eps) and reduction peak potential (Epc) is
zero, AEp = 0, (ii) the anodic peak current (/pc) is equal to cathodic peak current (/pa), (iii) the
peak current is proportional to the scan rate, v, (iv) the full width at half maxima (FWHM) of
the voltammetric peak, Erwum, is 90.6 at room temperature and (v) only one reversible redox
wave is present. 3637 Kitagawa et al. 38 used single component monolayers of Fc based tripod-
shaped trithiol molecules on polycrystalline Au(111) which showed an ideal redox behavior.
In their work, each molecule was bound to Au by three thiol bonds and hence provided a
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sufficient separation between neighboring molecules to avoid any inter-molecular
interactions without the help of any non-functional diluent.

Another novel approach for depositing well packed monolayers with a controlled orientation
consists in performing a Click reaction directly on the electrode surface via a copper catalyzed
alkyne-azide cycloaddition (CuAAC) reaction.3® The idea here is to first deposit alkyne/azide
terminated alkyl/aryl chains along with a diluent to generate a well-organized SAM and then
to click the Fc moiety functionalized with azide/alkyne on top of the aforementioned SAM via
CuAAC reaction to form a triazole connector. The Click reaction carried out on surface ensures
an efficient control of the molecular orientation and the diluent inhibits (or limits) the possible
interactions between neighboring Fc moieties. Parallel to this, the use of a diluent in the SAM
enables to efficiently separate the reactive alkyne/azide terminated alkyl/aryl chains and to
take into account the bulkiness of the Fc moieties. As a result of this, efficiency of the Click
reaction can be improved by reducing the steric hindrance of bulky Fc head groups.?°2 Choice
of the Click reaction to connect the Fc moieties to SAMs is motivated by the fact that this
reaction can take place at room temperature, that the azide and alkyne functional groups are
independently stable and do not react together without catalysts. Additionally, formation of
the triazole group is irreversible and thermally stable, ensuring the chemical stability of the
resulting Fc-modified SAMs.*0

Despite these efforts, the ideal Nernstian behavior is rarely achieved and abnormalities such
as peak broadening/narrowing,”43-%> peak splitting**#®47 and peak shifting 8 are frequently
observed in cyclic voltammograms. Studies reveal that these abnormalities are majorly caused
by interactions between different moieties (Fc-Fc, C-C, Fc-C, Fc-Au etc.), presence of Fc in
different microenvironments and defects or disordered phases in SAMs 36490 |n this study,
we have extended the current knowledge on deposition and electrochemical behavior of
SAMs based of Fc-alkanethiols fabricated in two steps and prepared with Fc derivatives
bearing two anchoring groups. This study attends to the molecular electronics requirement of
binding two electrodes to the same molecular entity with perfect control on the arrangement,
the quality of the resulting SAMs and the position of the electroactive Fc moieties with respect
to the metal surface.

e

Fe / 7/8\/@ Na s\‘[)(
- s\g/ é\\ Na oo SH
1 3 5
@/\ T s
2 4 6

Figure 1. Chemical structures of the different alkyl chains and ferrocene derivatives used in this study.

Here, we studied two molecular rectifiers (molecules 1 and 2) based on Fc derivatives (See
Figure 1). The molecular rectifiers are composed of a redox active Fc moiety bearing two thiol
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anchoring groups attached at both ends of the molecule. An alkyl chain is used as an insulating
spacer and a triazole group acts as a connector between the alkyl chain and the Fc moiety.
The difference between molecules 1 and 2 arises from the position of the triazole group with
respect to the ferrocene moiety. Notably, in the case of molecule 2, a -CH,-group separates
the Fc moiety from the triazole group whereas in the case of molecule 1, the two parts are
directly connected. Precursors of molecule 1, i.e., Fc moiety (3) and dodecane thiol (5) are
functionalized with alkyne and azide terminal groups, respectively. The position of these
functionalities is reversed in the precursors used to prepare molecule 2. Irrespective of the
position of the azide and the alkyne groups, the two precursors used to prepare molecules 1
and 2 are joined or ‘clicked’ together via a CUAAC reaction forming irreversibly the triazole
ring >L. In the study, SAMs of these two molecules were deposited by following three distinct
protocols: (1) in the first one, the molecules are ‘clicked’ in solution to form 1 and 2 and then
directly deposited on ultra-flat template stripped gold Au™ substrates. °2; (2) The second
protocol involves a Click reaction on surface °*. First, thiols of 5 and 6 are self-assembled with
octanethiol acting as a diluent to form well-organized SAMs on surface. Then, in a second step,
the Click reaction allows to connect the second half of the molecular rectifier, namely
molecules 3 and 4; (3) Finally, in the third protocol, i.e., a ‘reverse click reaction on surface’ is
applied, where the ferrocene derivatives 3 and 4 are first deposited on surface and by a Click
reaction of alkyl chains 5 and 6, the two molecular rectifiers can be totally formed. All the
three deposition protocols used to deposit molecules 1 and 2 on substrates are summarized
in Figure 2.
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Figure 2. Scheme presenting the three strategies used to form SAMs with molecules 1 and 2 by (1) direct deposition (SAM 1
and SAM 2); (2) Click reaction on surface with diluent (SAM 3 to SAM 6) and (3) reverse Click reaction on surface (SAM 7 to
SAM 10), respectively.

Apart from the cyclic voltammetric shape and electrochemical characteristics discussed above
(Erwnms Epar Eper loa @and Ip,), the surface molecular density I'rc (mol/cm?) of ferrocene
derivatives and energy of highest occupied molecular orbital (Eyomo) are also calculated with
the help of equations 1 and 2, respectively.?”>3 In equation 1, Qi is half of the total charge
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involved in one redox wave (calculated by integrating the oxidation and reduction waves and
adding the area under these curves), n is number of electron transferred per molecule per
redox cycle, F is Faraday constant and A is real surface area (here 0.5 cm?) of the electrode
(Au™) exposed to electrolyte solution. The theoretical value of I't. calculated for Fc alkanethiol
considering Fc as a sphere of diameter 6.7 A in hexagonal close packing is 4.5 x 1019 mol/cm?.”
In equation 2, E,snue is the absolute potential energy of the normal hydrogen electrode (-4.5
eV), and Ey/, nie IS the formal half-wave potential versus normal hydrogen electrode extracted
from redox wave of CV (calculated by taking one half of the sum of E,, and E,). To unravel the
supramolecular SAM structure, we have employed the anodic peak deconvolution using
Gaussian and Lorentzian functions reported by Lee et al.>* and adopted by others.36:4°

_ QtOt 1
TFc= nFA ( )
Enomo = Eapsnue — €E1 (2)

S NHE
Here, we demonstrate the effect of the molecular structure and deposition protocol on the
quality of the SAMs by analyzing the shape of the cyclic voltammograms and the different
electrochemical parameters. We have carefully optimized the SAM deposition protocols and
analyzed the resulting CV data to control and determine the molecular arrangements. We also
address the effect of the triazole moiety on the performance of SAMs as it is the only
difference from vastly studied Fc-alkanethiols. [2]-[29] Once formed, the different SAMs
were investigated by complementary surface characterization techniques to precisely
determine their thicknesses, the different elements present on surface and to identify the
corresponding functional groups by ellipsometry, XPS (shown in supplementary information
S1) and PM-IRRAS, respectively.

Experimental Section

Molecular synthesis:

All reagents and solvents were purchased from Aldrich, Alfa Aesar, Flurochem and TCI Europe
and used as received without further purification. Mass spectroscopy was performed by the
Spectropole of Aix-Marseille University. ESI mass spectral analyses were recorded with a 3200
QTRAP (Applied Biosystems SCIEX) mass spectrometer. The HRMS mass spectral analysis was
performed with a QStar Elite (Applied Biosystems SCIEX) mass spectrometer. Elemental
analyses were recorded with a Thermo Finnigan EA 1112 elemental analysis apparatus driven
by the Eager 300 software. 'H and 3C NMR spectra were determined at room temperature in
5 mm o.d. tubes on a Bruker Avance 400 spectrometer of the Spectropole: *H (400 MHz) and
13C (100 MHz). The *H chemical shifts were referenced to the solvent peak CDCl; (7.26 ppm)
and the 13C chemical shifts were referenced to the solvent peak CDCl3 (77 ppm). Synthesis of
molecules 1 and 2 and their precursors is reported in Brunel et al. > Each molecule was
designed with two synthons synthetized independently, one containing a Fc group (3 and 4),
and the other containing an alkane chain (5 and 6). The two synthons are joined together
following CuAAC reaction between alkyne and azide functions forming triazole giving the
whole molecules.
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Substrates:

Ultra-flat template-stripped gold substrates were fabricated following the method reported
in our previous study by Adaime et al. °2 Gold layer of thickness around 200 nm was deposited
by e-beam evaporation on commercial Si(111) wafer followed by annealing at 400°C for 40
minutes . Glass pieces of dimension 1.5 x 1.5 cm were cleaned in distilled water, ethanol and
finally isopropanol in an ultrasonic bath and dried under a nitrogen flow and put in an oxygen
plasma for 30 seconds. Then, using a Norland61 ultraviolet (UV) curing optical adhesive, each
piece of clean glass was glued to the wafer. The wafer was then placed under UV light for 1
hour to cure the adhesive. Each individual glass sample was then stripped from the wafer less
than 30 s before being immersed in the molecular solution for SAM deposition.

SAM deposition:

For direct deposition (see Figure 2 (1)), a freshly template stripped Au™ substrate was soaked
in 1 mM degassed solution of molecule 1 or 2 for 20 hours in an inert environment. Click
reaction on surface was implemented in two parts (see Figure 2 (2 & 3)). In the first step, SAMs
of molecules 5 or 6 were deposited by soaking the substrate in 1 mM of mixed thiol degassed
solution with octanethiol as a diluent in 1:1 ratio for 20 hours in inert environment. In the
second step, molecules 3 or 4 were clicked on SAMs prepared in step 1 by soaking the
substrate in 1 mM degassed solution (ethanol/water) of molecules 3 or 4 with 0.1 mM
CuS0,4.5H,0 and sodium ascorbate for another 20 hours in an inert environment. Inversed
Click reaction on surface was followed in the similar way by first depositing molecules 3 or 4
(without diluent) and then clicking molecules 5 or 6 by CuUAAC reaction.

Electrochemical analysis:

CV measurements were carried out in a custom-built electrochemical cell with three outlets
at the top for degassing, counter electrode and reference electrode and one outlet at the
bottom to assemble working electrode. A platinum wire was used as the counter electrode,
an Ag/AgCl reference electrode and Au™ served as the working electrode. Cyclic
voltammograms were recorded in an aqueous solution of 1M HCIO, using AUTOLAB
PGSTAT302N potentiostat. NOVA 2 software was used to record CV between -0.1 to 0.9 V at
a scan rate varying from 100 mV/s tol V/s. The different SAMs were studied by CV where the
redox curves j.e. cyclic voltammograms were analyzed. An ideal cyclic voltammogram was
observed when the inter-molecular moieties do not interact with each other and the electron
transfer rate was fast with respect to experimental time scale.3” The ten SAMs shown in Figure
2 were studied by following the signature of an ideal cyclic voltammogram of one electron
redox reaction. The characterization was followed by five characteristics of an ideal CV: (a)
there was only one oxidation and one reduction wave i.e. one redox wave was present, (b)
the full width of half maximum (Erwnm) of redox wave was 90.6 mV at 25° C, (c) the difference
between peak potentials of oxidation (Ep,)and reduction (Ep) is AE, =0, (d) the peak anodic
(Ioa) and cathodic (/,c) peak currents were same and (e) proportional to scan rate v. &2

Kinetics study:

The kinetics of the electron transfer is calculated from the cyclic voltammograms
measurements at different scan rates. By monitoring the oxidation and reduction potentials
at each scan rate and by applying the Laviron method, the electron transfer rate constant (k.;)

ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

was measured °. The peak anodic (E,,) and cathodic potentials (E,) were plotted vs. log v to
calculate the transfer coefficient a as shown in equation (3). The x intercepts of the lines from
v, and v, were determined from this plot and inserted in the equation (4) to calculate k.,
where R, T, n and F has their usual values.

2.3RT
slope = — F 3)
L = oanfFvc e )omFVa 4

Thickness measurement by Ellipsometry:

Variable Angle Ellipsometry (VASE) was used to determine the thicknesses of the SAMs
deposited on Au substrate 364, SAM modified Au substrates were exposed to an incident light
for the wavelengths ranging between 400 and 650 nm at three different incident angles (65°,
70°, and 75°) and at five spots per sample. Semilab rotating compensator ellipsometer (RCE)
with a micro-spot was used to focus the beam on the samples. Ellipsometric data were fit with
the help of SEA software (Semilab) at the wavelength of 600 nm. The combined Drude-Lorentz
oscillators dispersion law has been used to calculate the dielectric constant determination of
gold substrate. The data analysis was performed based on a double determination of
refractive indexes starting with a refractive index of 1.45 6>, and the SAM thickness which were
precisely computed by iterative calculus until a R? =1 value was reached. The acquired RMSE
value from the fits for all incident angles were around 0.02 for all SAMs.

Polarization Modulation infrared reflection-absorption spectroscopy (PM-IRRAS):
PM-IRRAS spectra were recorded on a ThermoNicolet Nexus 670 FTIR spectrometer at a
resolution of 4 cm™, by coadding several blocks of 1500 scans (30 minutes acquisition time).
Experiments were performed at an incidence angle of 75° using an external homemade
goniometer reflection attachment. The infrared parallel beam was directed out of the
spectrometer with an optional flipper mirror and made slightly convergent with a first BaF,
lens (191 mm focal length). The IR beams passed through a BaF, wire grid polarizer (Specac)
to select the p-polarized radiation and a ZnSe photoelastic modulator (PEM, Hinds
Instruments, type lll). The PEM could modulate the polarization of the beam at a high fixed
frequency, 2f,,=100 KHz, between the parallel and perpendicular linear states. After reflection
on the sample, the double modulated (in intensity and in polarization) infrared beam was
focused with a second ZnSe lens (38.1 mm focal length) onto a photovoltaic MCT detector
(Kolmar Technologies, Model KV104) cooled at 77 K. %667

Results and discussion

Connector enables better SAM packing via direct deposition:

Before electrochemical analysis, XPS measurements were performed on the full SAMs of
molecules 1 and 2 to identify the presence expected elements and to confirm the absence of
any impurities. The results are shown in S1 in the supplementary information. Figure 6 shows
the XPS analyses of carbon 1s, iron 2p, sulfur 2p, nitrogen 1s and oxygen 1s. Figure 3 shows
the cyclic voltammograms of compounds 1 and 2 deposited by direct deposition and by Click
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reactions on surface along with the proposed plausible molecular arrangements on Au™. The
electrochemical characterizations of all SAMs are summarized in Table 1. SAM 2 shows an
ideal behavior whereas peak broadening and splitting is observed in SAM 1 with a molecular
density of 't 4.63+0.6 x 1019 mol/cm? and 2.58+0.9 x 10-° mol/cm? and Erypn, of 9742 and
203421 mV, respectively. To examine this difference in electrochemical behavior, we further
investigated the curves presented in Figure 3A by deconstructing the anodic peak and fitting
by a Gaussian and Lorentzian reported by Lee et al >*. The deconvolution of the cyclic
voltammogram of SAM 1 recorded at 1 V/s is shown in Figure 3B. We deconvoluted the two
peaks, peakl, Ep, 1 (72% by area) and peak 11, Ep, 11 (28% by area) with a fitting parameter R? of
0.98. These multiple peaks arise due to major differences in the microenvironment of the Fc
moieties. In light of the claims published in the literature, the two peaks obtained by the
deconvolution are assigned to ferrocene in standing up phase and buried phase, respectively.
It is been reported that this defect is caused by the lattice mismatch between the atomic radii
of sulfur and Fc moieties resulting into strain build-up forcing Fc moieties to accommodate in
different microenvironments. 3¢ We relate E,, at lower oxidation potential of 442+19 mV to
the Fc moieties which are standing up and in direct contact with the electrolyte solution
(Figure 3B). We relate E,, | detected at a higher oxidation potential of 593+23 mV to the
buried Fc moieties partially shielded from the electrolyte solution. This relation is in
agreement with the theory that exposed Fc moieties require less energy to oxidize than the
shielded ones. Hence, the difference in oxidation potentials between Ey,; and Ey, 11 can be
justified by these differences of environment for the ferrocene moieties.

Table 1. Electrochemical characterization of SAMs on gold substrate.

Ea(V)  EnclV)  BE(V) mfnig, Jem?) F\A(/\;')M Hmo (f.ef)
SAM 1 0.43 0.39 0.03 2.5840.9 203+21 -5.14 126
SAM 2 0.45 0.39 0.06 4.63+0.6 97+42 -5.13 63
SAM 4 0.44 0.39 0.04 2.80+0.7 12527 -5.06 94
SAM 6 0.41 0.36 0.03 1.92+0.4 165+18 -5.07 108
SAM 8 0.49 0.33 0.15 4.101+0.6 211+17 -5.14 25
SAM 10 0.49 0.40 0.08 3.71+£0.8 186+21 -5.14 47

SAM 1 shows only 57% of surface area coverage whereas SAM 2 shows 100% area coverage
as compared to the theoretical value of densely packed SAM. Despite similar molecular
structures, the electrochemical behavior of 1 and 2 is very different from one another. Both
molecules have odd number of carbon atoms in spacer part below triazole i.e. 11 and 9
respectively, which rules out possible odd-even effects.364%57 We have shown graphically the
plausible SAM structure of molecule 1 in Figure 3C where atomic strain between sulfur and Fc
causes bending of the molecule and blocking the potential surface availability for other
molecules 3¢, This not only create two possible molecular arrangements but also reduces the
molecular density to 57%. On the contrary, SAM 2 shows an ideal behavior with densely
packed SAM of standing up molecules as shown in Figure 3F. In SAM 2, the strain build-up by
the atomic size mismatch is accommodated by the carbon spacer between Fc and triazole
enabling the Fc moieties to bend and coexists in the same molecular plane.

Alkyne in solution improves Click reaction yield on surface:
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Figures 3G and 3J shows cyclic voltammograms of 1 and 2 deposited by Click reactions on the
surface forming SAM 4 and SAM 6, respectively. Here, it is observed that the ideal behavior is
reversed between 1 and 2 as compared to the previous section. The maximum area coverage
for such type of deposition where the reaction is carried out on the surface is reported to be
around 58% of the theoretically ideal value of a linear Fc alkanethiol monolayer with
hexagonal packing.”#! SAM 4 shows a near ideal voltammogram with an area coverage I'¢. of
2.80+0.7 x 101° mol/cm?, i.e., 62 % of the maximum coverage which is in agreement with the
reported values. Due to the maximum Click yield on the surface and octanethiol as diluent, Fc
units are separated and a plausible SAM structure is shown in Figure 3I. On the other hand,
SAM 6 shows inferior area coverage I'r. of 1.9240.4 x 10719 mol/cm? which is only 42% of the
theoretical maximum. It has been reported that that the yield of Click reaction on surface is
better when an alkyne group is in solution and the azide group is immobilized on the surface.
41 The alkyne group is activated by the catalyst for the cycloaddition reaction with the azide
group and the process is favorable when the alkyne group is in the solution phase. This
interaction is easier when the alkyne is free in solution rather than tethered on the surface
(where the movements are constraining).68 SAM 4 shows a slight peak broadening with Egyuyum
of 125427 mV whereas SAM 6 shows a peak broadening and splitting with Egyyy of 165+18
mV. We followed the peak deconvolution method similar to that mentioned in the last section
for SAM 6 as shown in Figure 3K. The anodic peak is deconvoluted into peak |, Ep, ; and peak
I, Epai- We relate Ep,; (83% by area) to standing up Fc moieties and £, (17% by area) to
disordered Fc moieties caused by unreacted alkyne groups and disordered phases as shown
in Figure 3L. Due to the poor yield of the Click reaction, over one third of the alkyne groups
remain unreacted causing a poor SAM packing.
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Reverse Click reactions on surface:

Molecules 1 and 2 have two anchoring groups at each terminal and until now the anchoring
group located at the end of the carbon chain has been utilized for SAM deposition. In this
section, we performed the deposition by rotating the molecules 180 degrees and joining by
the thiol acetate located at the Fc end. Figure 4 shows the CV of the reverse Click reaction on
the surface for SAM 8 and SAM 10. Here, the Fc moiety is first deposited followed by clicking
of the carbon chain. To confirm the success of the Click reaction, a CV is recorded at each step.
After the second step, the oxidation potential is anodically shifted by 100 mV as more energy
is required to oxidize Fc moiety which is shielded from electrolyte solution by the carbon
chain. Also, a decrease in the peak current density of around 70 pA is observed due to
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desorption of few Fc moieties as longer chains are preferred than shorter chains. Surface area
coverage I'g calculated for SAM 8 and SAM 10 is 4.10+0.6 x 10'1° mol/cm? and 3.71+0.8 x
1071° mol/cm? respectively which is slightly lower than the theoretical value. Both the curves
show peak broadening with peak potential Epyup values of 211+17 mV and 186+21 mV for
SAM 8 and 10 respectively. This peak broadening can be explained by hybridization of the
HOMO energy level at Fc with Au 4d orbitals because Fc is spatially located just one carbon
away from the gold substrate.3® The difference in peak potential AE, for molecule 1 is
increased from 50 to 110 mV and for molecule 2 from 30 to 90 mV when the orientation is
reversed. This indicates that the rate of electron transfer decreases when Fc gets hybridized
with Au and shielded from electrolyte solution by the carbon chain.
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Figure 4. CV plots of SAM 8 and SAM 10 deposited by reverse click on surface of molecule 1 (A) and molecule 2 (B), respectively.

Effect of triazole moiety on HOMO position:

Fc alkanethiols are widely studied for various applications. Here, we take them as benchmark
for the Fc derivatives discussed in this study.[2]-[29] The attractiveness of the molecules
discussed here originates from their unigue combination and facile implication via Click
Chemistry. This not only allows us to control the position of the Fc moiety but also to study
the SAM structure. However, to compare the molecules studied here with the Fc alkanethiols,
we have to take into account the presence of the triazole moiety, which is a real novelty of
our approach but can affect the electrochemical properties of our SAMs. Katritzky et al.
reported that the HOMO and LUMO energy levels of the triazole are -10.35 and 0.48 eV,
respectively.®® Hence, the energy levels of triazole are far away from the HOMO of the Fc (~ -
5 eV) and Fermi level of gold (~ -5.5 eV) and cannot participate in the electron-transfer
mechanism. We further investigate the effect of the presence of the triazole on the HOMO of
the Fc by electrochemical analysis as shown in Figure 5. The synthesis of molecules B and C
are reported by Brunel et al. °! We have started with the commercial Fc-11-dodecanethiol and
compared E,;,and HOMO with Fc-derivatives including 1 and 2 as shown in Figure 5. Molecule
B contains a triazole group placed four carbons away from Fc which shows no significant
change in E,;and HOMO values as compared to molecule A. We shifted the position of triazole
next to Fc in molecule C and no significant changes are observed. Although a shift of 0.1 V and
-0.1 eV is observed in E,, and HOMO values respectively in 1 and 2, these changes may have
been caused by the presence of the thiol acetate group on top of the Fc causing an anodic
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shift in the oxidation potential. Since no significant change was observed between A and C,
this anodic shift is not induced by the presence of triazole.
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Figure 5. Anodic peak potential and corresponding HOMO of Fc-alkanethiol derivatives calculated by CV

Electron transfer kinetics:

Table 1 shows the electron transfer coefficient (K,;) of the full molecules in SAM 1, SAM 4 and
SAM 8 for 1 and SAM 2, SAM 6 and SAM 10 for 2. For molecule 1, K.; ranges from 63 s for
direct deposition, 94 s for the Click reaction on surface and 25 s for the reverse Click reaction
on surface. Similarly for 2, K.; ranges from 126 s* for the direct deposition, 108 s for the Click
reaction on surface and 47 s for the reverse Click reaction on surface. SAM 2 has a faster
electron transfer than SAM 1 due to orderly arrangements of molecules, thanks to the carbon
spacer. Both SAM 4 and SAM 6 has higher K,;due to control over orientation of ferrocene and
reducing effects of neighboring Fc units through diluent and click on surface protocols. On the
other hand, SAM 8 and SAM 10 have the lowest electron transfer rates due to the spatial
position of ferrocene causing the hybridization of the HOMO involving in electron transfer
with 4d orbital of gold. 36

Ellipsometry thickness:

Table 2 summarizes the thickness measurement data on SAM 1 to SAM 10 with the
corresponding refractive index to achieve a fitting parameter higher than 0.98. The height
difference between SAM 1 and SAM 2 is 4 A which strengthens our hypothesis on bending of
the Fc units due to presence of a carbon spacer between the ferrocene and the triazole unit
to release the strain build-up by the atomic size mismatch. The thickness of SAM 3 and SAM 5
coherently increases after Click reaction to form SAM 4 and SAM 6, respectively 772, The
difference of 3 A between SAM 3 and SAM 5 is due to the fact that SAM 3 has 11 carbon atoms
followed by three nitrogen atoms whereas SAM 5 has only 11 carbon atoms. Similarly,
thickness of SAM 7 and SAM 9 increases consistently after reverse click reaction to form SAM
8 and SAM 9 respectively. The difference between the thickness of SAM 1, SAM 4 and SAM 8
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with SAM 2, SAM 6 and SAM 10 for direct, Click reaction on surface and reverse Click reaction
on surface, respectively, is consistent for all three deposition protocols.

Table 2. SAM thickness values and corresponding refractive indexes measured at 600 nm.

Thickness (nm) Refractive

indexat A =
600 nm
SAM 1 2.2 1.46
SAM 2 1.8 1.46
SAM 3 11 1.49
SAM 4 2.1 1.48
SAM 5 0.8 1.53
SAM 6 2 1.45
SAM 7 11 1.51
SAM 8 2.1 1.51
SAM 9 0.9 1.98
SAM 10 1.8 1.46

PM-IRRAS analysis:

The different SAMs were further investigated by XPS to identify the expected elements and
investigate the impurities (see supplementary information) followed by the PM-IRRAS to
identify the functional groups present on the SAM modified Au substrates, modifications after
Click reaction and to confirm the attachment of the Fc units to the carbon chain by Click on
surface and reverse Click on surface reactions, respectively. Figure 6 shows the spectra of
SAMs of molecule 1in (A) and SAMs of molecule 2 in (B). Spectra of the direct deposited SAMs
(SAM 1 and SAM 2) are plotted individually whereas spectra of the layers obtained by Click
and reverse Click reactions on surface are overlapped for comparison. The bands detected at
2922, 2851 and 1465 cm are assigned to asymmetric stretching modes (v,(CH,)), symmetric
stretching modes (vs(CH,)) and the bending mode (d(CH,)) of the methylene groups,
respectively 7273, These three bands are marked on the spectra and are present in all the 10
SAMs. Bands at 3104 and 1106 cm™ are assigned to the stretching mode vCH and the
breathing ring mode vCC of the ferrocene group, respectively 74-7¢, Finally, bands detected at
1689 cm™ are assigned to stretching C=O mode of thio acetate group, at 2100 cm™ to
asymmetric stretching v,N3; mode of azide group, at 3325 cm™ and 2122 cm™ to stretching
v(CH) and v(C=C) modes of alkyne group, respectively 72776,

For SAM 1 and SAM 2, bands of methylene, ferrocene and carbonyl groups are detected
whereas the bands that could correspond to the alkyne and azide groups are absent from the
PM-IRRAS spectra, as expected. However, the frequency of the v,CH, mode for SAM 2 is 2925
cml, which is 6 cm™® higher than 2919 cm™ corresponding to well-ordered SAMs. The
frequency of v,CH, suggests the presence of some disorder of the alkyl chains in SAM 2 due
to gauche defects ”7. In SAM 3, the band corresponding to the azide group at 2100 cm™ is
present and after Click reaction in SAM 4, the intensity of the azide band drastically decreased
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and bands corresponding to ferrocene and the carbonyl group (attached to thiol acetate at
the top) appears, which confirms the success of the Click reaction. Similarly, for SAM 5, bands
corresponding to the alkyne group at 3325 cm™ (vCH mode) and 2122 cm™® (vC=C mode) are
present which completely disappears after Click reaction in SAM 6, with the appearance of
new bands characteristics of ferrocene and the carbonyl group. SAM 8 contains bands of
ferrocene and weak band of alkyne and after Click reaction, the alkyne band disappears and a
new band corresponding to the carbonyl group appears, confirming the attachment of the
carbon chain on top with the thiol acetate group. Similarly, in SAM 9, bands of azide and
ferrocene are present and after Click reaction to form SAM 10, the intensity of the azide band
decreases and a new band corresponding to the carbonyl group appears. However, the
presence of azide bands in SAM 4, SAM 5 and SAM 10 reveals that the yield of Click reaction

on surface is not 100 %, what was also reported by Collman and Béthencourt in previous works
40,41,65

A Molecule 1 B Molecule 2
VCEECE%CH)%LCHZ VN, vC:0 8CH, v(C-G) ; v VCECEE\,’NZ vC=0 BCEHI V{C—?”
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Figure 6. IRRAS spectra of SAMs of molecule 1 (A) and molecule 2 (B) with all the bands of functional groups marked by
dotted lines.

Conclusions

Fc alkanethiols have been extensively studied since the early 90s for their unprecedented
properties for various intrinsic and application-based studies. These studies and applications
are majorly affected by the quality of SAMs in terms of packing and orientation of the
individual molecules. Common challenge is to control the orientation of the molecule and the
position of the Fc moiety within the SAM. Extensive researches have been done in the past
decade to understand the electronic and supramolecular structures of SAMs and to explain
the abnormalities 743-#8, To the best of our knowledge, not so much work has been done on
Fc derivatives with two anchoring groups which are promising for applications in devices
requiring sandwich-based architectures. Here, in the present study, we have addressed this
by introducing two Fc derivatives and electrochemical investigated their SAM packing. The
molecules are synthesized by CuUAAC reaction which was performed both in solution and on
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surfaces. SAMs of both the molecules formed by direct deposition and by Click reactions on
surface were investigated and compared with each other. Molecule 1 shows a better SAM
packing with a molecular orientation control when deposited via Click reaction on surfaces
whereas the direct deposition yields SAMs that show peak splitting and broadening in the
cyclic voltammograms. On the other hand, the opposite behavior is shown by molecule 2. We
explain this difference in electrochemical behavior by the presence of the carbon spacer in
molecule 2, which allows a better SAM packing whereas the Click reaction on surface yield is
poor when the alkyne group is tethered first forming disordered phases. We have also shown
control over the orientation of the molecule and the position of the Fc moiety within the SAM
by reverse Click reaction on surface. Hence, by exploiting the versatility of CUAAC reaction and
by integrating two anchoring groups at both ends of the molecule, we have improved both
the orientation of the molecule and the position of Fc moiety. Kinetics of electron transfer
rates follows a similar trend which emphasizes the necessity to control the order and
orientation of the molecules.

CuAAC reaction takes place between alkyne and azide by forming a triazole moiety. We
investigate the effect of the triazole ring on the HOMO energy level of the molecule which is
centered at the Fc moiety. We compared the commercial Fc dodecanethiol with different Fc
derivatives synthesized in our laboratory by CuUAAC. Upon electrochemical determination of
the anodic oxidation potential and HOMO, we observed a maximum difference of 100 mV in
the oxidation potential due to differences in molecular structure and SAM packing. Hence, we
conclude that the triazole ring does not alter the HOMO of Fc and that it is electrochemically
inert in the potential range of the Fc activity.

The cyclic voltammetry results are in good agreement with the complementary surface
characterization techniques performed in this work. Ellipsometry measurements revealed
that the thickness of the respective SAMs are close to the expected values and confirm that
the SAM thickness increases with the attachment of the second half of the molecule in the
case of Click and reverse Click reactions on surface. XPS and PM-IRRAS further help to
characterize the SAM obtained from the three deposition protocols in identifying the expected
elements and functional groups and respective extend of Click Chemistry yield. This study can
be beneficial for potential applications involving two anchoring units with an electron active
group. Further works could focus on exploiting the different possible spatial arrangements of
Fc units by modifying the precursors, electrical measurements to investigate the further
potential of these kind of SAMs and simultaneously tethering two electrodes on each end of
the molecules to mimic MIM (metal-insulator-metal) assemblies for several potential
applications.
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