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Abstract

Major challenges in the design of devices based on self-assembled monolayers (SAMs) standing in
sandwich between two electrodes rely in SAMs of high quality and to simultaneously self-assemble
them between two different electrodes, especially in case of Metal-Molecule-Metal junction devices.
In this study, we demonstrate the synthesis and the characterization of two ferrocene-based functional
molecules with two active thiol/thiol-acetate anchoring groups which could be used to bind with two
different electrodes. To control the orientation of the molecules at the surface of the bottom electrode,
a Copper catalysed Alkyne Azide Cycloaddition (CUAAC) (click chemistry) approach is applied on
ultra-smooth template stripped gold substrates. Self-assembly of the two molecules could be obtained
in two consecutive steps enabling us to control the orientation and the regularity of the SAMs. Cyclic
voltammetry results shows that the SAMs obtained by mean of the two-step procedure are of high
guality with more than 60% of the gold surface covered by molecules. We further investigated the
SAMs by PM-IRRAS, XPS, ellipsometry and contact angle measurements to investigate the presence
of functional groups, individual elements and succession of the click reaction on surface.

Keywords :
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1 Introduction
Self-Assembled Monolayers (SAMs) are thin layers of molecules that spontaneously self-organize

into highly ordered structures at the surface of substrates during the deposition process."?! Qver the
years, the degree of sophistication and the ever-improved control of the structuration at the molecular



scale have allowed these structures to be used in many research fields such as biosensors,™* organic
electronics,™ protein binding © or selective surface modification.l” SAMs are typically formed by
organic entities comprising a head group (responsible of the binding to the metallic surface by mean of
physical or chemical forces), a spacer which can be of various natures (alkane chains or polyphenyl
groups) and a terminal group (also called functional group), which is not involved in the autonomous
nano-structuration of the molecular entities but plays an essential role for further applications.
Typically, for the post-functionalization of SAMs, molecular entities composing SAMs comprise a
functional end-group not engaged in the linkage with the surface, and which can react with the desired
molecules bearing the complementary functional group for coupling. Using this two-step procedure, a
surface modification can be carried out, providing a unique opportunity to bring photophysical
properties (mechanical, electrical, magnetic or redox properties) to surfaces which are devoid of any
properties. In most of the cases, the desired property is provided by the organic entities which are used
for the post-functionalization of the SAMs. When molecular entities self-assemble onto a metal
surface and when these entities possess at both ends a functional group that can react with the surface,
the possibility for each extremity to react with the surface drastically compromise the molecular
orientation of the molecular entities. A disorder is introduced on the surface, especially when
asymmetric molecular entities are used to functionalize the surface. A relevant example of this has
been provided during the work done by Hamoudi and coworkers ! who evidenced all the difficulties
to conveniently functionalize a surface with molecules bearing two reactive terminal groups. Notably,
the possible bounding of the two terminal groups onto the surface but also the formation of multi-
molecules by disulfide bond formation also causing the formation of multilayered structures on top of
the substrate was clearly evidenced.

This issue can be overcome if a two-step procedure is used to fabricate SAMs. In this work, we
notably show that this concept can be used to build up a well-defined SAM of an organic entity
bearing two anchoring groups attached at both sides with an electroactive group standing in the middle
of the carbon chain and which gives us an excellent control over the orientation of the molecule and
the position of the electroactive group with regards to the metal surface. Using this two-step approach,
the two anchoring groups cannot compete anymore for surface functionalization. The formation of
SAMs of good quality can thus be expected. However, to achieve this ambitious goal, the selected
chemical reaction should have a high reaction yield so that the coupling between the two connecting
groups should not constitute a limitation for the design and engineering of molecular based electronic
junctions.” The development of SAMs bearing at the top of the monolayer, anchoring groups that can
be advantageously used for a second surface functionalization is not new and examples of this
approach have notably been reported with peptides, nucleotides, small molecules-based
supramolecular structures and polymers using metal and metal-free catalysts to perform the chemical
reaction.['0*!

The different key-steps of this ambitious goal are depicted in Figure 1.
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Figure 1: Left: General structure of SAM. Right: this work, describing SAM with two anchoring groups.

Among all chemical reactions reported in the literature, Copper catalysed Alkyne Azide
Cycloaddition (CUAAC) reaction also named “click chemistry” has already been used to functionalize
various metal surfaces due to its averred efficiency.™ Click chemistry is a very interesting approach
for surface functionalization, as this chemical reaction can be carried out in mild conditions (at room
temperature in non-hazardous solvents), while avoiding the presence of side reactions (since only the
two connecting groups can react together and provides the reaction product in high yield without
necessitating an extensive purification process). Due to these appealing features, CUAAC has been
selected as the appropriate reaction for this work. It has to be noticed that surface modification by
mean of click chemistry has already been investigated in the literature. Notably, Dadfar et al. has
notably extensively studied thiol terminated surface modifications by comparing thiol-ene and thiol-
yne click reactions,™® deposition of protein microarray via thiol, amine and azide functionalities for
biosensor applications,™ click reaction of alpha fetoprotein for immunosensing™ and catalyst free
click reaction for biomedical and biological applications.'®! The redox functional group selected in
this study is ferrocene, which is extensively used for the formation of SAMs but also for its unique
redox properties for various applications.”! For example, the reversible oxidation/reduction processes
of ferrocene on surface allowed its use for the design of ions sensors,™® to trigger ion transfer across
membranes.™ Lastly, ferrocene-containing compounds have also been extensively studied as
molecular rectifiers, the best performances reported to date being obtained with these redox-active
moieties.?? 222 Additionally, click chemistry of ferrocene on surface is already documented in the
literature, with a few examples reporting the successful surface modification.[#242]

In this work, the unprecedented synthesis of two ferrocene derivatives Fcl and Fc2 enabling to
develop the stepwise functionalization of a gold surface is presented (see Figure 2). The synthesis of
Fcl and Fc2 is followed by joining the two entities, one with ferrocene moiety and other with carbon
chain, each with click active functional group. The main difference between the two molecules is the



presence of a carbon spacer between ferrocene and triazole in Fcl and absent in Fc2 which arises
because of the difference in click active functional groups in their respective precursors. The parallel
to the synthesis of Fcl and Fc2, formation of the corresponding SAMs as well as their photophysical
characterizations are presented. Furthermore, to optimize the efficiency of the click reaction on gold
surface, first part of the SAMs was prepared with octanethiol as a diluent for longer alkyl chains.
Indeed, using this strategy, the terminal end-groups standing at the extremity of the chains are more
accessible, optimizing the reaction yields. Considering the size of the ferrocene derivatives, only a
small amount of azido or alkynyl chains are required for post-functionalization of the SAMs.
Consequently, ferrocene-based SAMs were obtained by first depositing mixed SAMs (containing 19
or 20 and octanethiol as the diluent, figure 9) on top of the gold substrates and by subsequently
functionalizing the resulting SAMs with the appropriate ferrocene derivatives i.e., 8 or 18 (see Figure
4and 7).
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Figure 2: Chemical structures of the two organic entities used for the functionalization of gold surfaces.

2 Synthesis
2.1 Synthesis of the molecule Fcl

Synthesis of Fcl could be realized in six steps starting from the commercially available
undecyn-1-ol and ferrocene. First, undecyn-1-ol 1 could be converted into its thioacetate analogue 3 in
high yield, following a procedure previously reported in the literature.’? The alcohol was activated as
a mesylate intermediate 2, subsequently converted in 88% yield as a thioacetate derivative 3 using
potassium thioacetate in methanol (See Figure 3).
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Figure 3: Synthetic route to 11-undecynyl-thioacetate.

Parallel to this, ferrocene 8 could be obtained in four steps starting from compound 4 (See
Figure 4). After formation of the dialdehyde 5 by dilithiation of 4 with n-butyl lithium and subsequent
treatment with N, N-dimethylformamide (DMF),?” this latter was reduced to alcohol 6 in high yield
(90%) using sodium borohydride in alcohol.”® Finally, 7 could be obtained by reaction of 6 with
sodium azide in a biphasic reaction involving acidic water and ethyl acetate.”® The remarkable
stability of the azide group in acidic conditions allowed the nucleophilic substitution of the alcohol in
7 with thioacetic acid under acidic catalysis (trifluoracetic acid), yielding 8 in 84%.5%
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Figure 4: Four step synthesis of 8 starting from ferrocene 4.

Finally, the possibility to carry out a click reaction with 3 and 8 was first examined in classical
solution-phase chemistry. The two parts 8 and 3 were engaged in reaction using the classical
conditions of click chemistry (copper sulfate pentahydrate, sodium ascorbate in EtOH: water (1:1)),
and the targeted compound Fcl could be isolated in good yield (See Figure 5), demonstrating that the
click reaction between 3 and 8 was possible in solution.
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Figure 5: Click chemistry reaction of 8 and 3, giving Fcl.

2.2 Synthesis of the molecule Fc2

Concerning the synthesis of Fc2, the first task consisted in the synthesis of the alkyl chain in
three steps,® starting from 11-bromoundecanol 9. By nucleophilic attack of sodium azide on 9,
alcohol 10 could be isolated in almost quantitative yield. Upon activation of the alcohol function with
mesityl chloride, the elimination product 12 could be prepared from 11 in 50% yield (See Figure 6).
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Figure 6: Synthetic pathway of the 11-azidoundecane thioacetate 12.



The second ferrocene 18, used for the click reaction with 12 could be prepared in five steps,
starting from the commercially available ferrocenecarboxyaldehyde 13. By a Friedel Crafts acylation,
followed by a Vilsmeier Haack reaction and then basic treatment, 1-ethynyl-1’-formylferrocene 16
could be obtained in 71% vyield.® Then, reduction of the aldehyde group under mild reaction
conditions followed by the nucleophilic substitution of alcohol 17 with thioacetic acid yielded 18 in
78% yield (See Figure 7).
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Figure 7: The five-step synthesis of 1-ethynyl-1'-thioacetylmethylferrocene 18.

Finally, the possibility to couple 18 and 12 by click chemistry was examined in solution and
Fc2 could be isolated in 80% yield after 24 h of reaction (See Figure 8).
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Figure 8: Click chemistry between 12 and 18, giving Fc2.

2.3 Synthesis of the different thiols

Thiols are better candidates than their protected thioacetate analogues for SAMs
elaboration.”® Notably, based on the literature, SAMs of higher quality can be obtained from thioalky!
chains than with thioacetyl chains. Indeed, in this last case, the protecting group can adversely affect
the quality of the SAMs so that the use of free thiols is how clearly recommended. In this context, the
long alkyl chains 12 and 3 were hydrolysed into their corresponding thiol analogues 19 and 20. The

two alkanethiol chains were deprotected following procedures reported in the literature (See Figure
9).[26],[31]
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Figure 9: Deprotection of the two thioacetate alkyl chains 12 and 3.

2.4 Formation of the SAMs

Preparation of the SAMs was done in a two-step process. First, the substrate was immerged in
a degassed ethanolic solution of a mixture of the reactive alkanethiol chain (0.5 mM) and octanethiol
(0.5 mM) for 24 h, at room temperature under argon. After rinsing the substrate, this latter was
immerged in a degassed mixture of ethanol: water (1:1) containing 1mM of the ferrocenyl derivatives,
0.01 mM of copper sulphate and 0.01 mM of sodium ascorbate for 24 h at room temperature. Then,
the substrate was rinsed with copious amount of water and ethanol and dried with argon. Following
this protocol, four surfaces chemically modified were obtained as shown in the Figure 10: SAM 1 and
SAM 3 associated with Fcl, SAM 2 and SAM 4 associated with Fc2. SAM 1 and SAM 3 will serve
as indicator of reaction, by comparison with SAM 2 and SAM 4 characterizations.
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Figure 10: The experimental procedure used for SAM formation and the four SAM obtained.

3. Characterization and results
3.1 Cyclic Voltammetry

Cyclic voltammetry of the two SAMs chemically modified with ferrocenes clearly showed the
presence of the redox centres on the gold surface. Effectively, for the SAM prepared with Fcl (See
Figure 11), the reversible oxidation peak obtained after click chemistry undoubtedly evidences the
presence of ferrocene. The black curve corresponds to bare gold in the potential range of -0.1 to 0.9 V
with respect to Ag/AgCI reference electrode and Pt counter electrode, with no trace of any redox peak.
After depositing the alkanethiol SAM 1, the red curve shows its characteristic by lowering the current
density as it is an insulating film. And after click reaction a reversible oxidation-reduction peak
appears in SAM 2, showing the presence of an electro-active species on the surface. Moreover, the
value of Eyj, (0.36 V) is consistent with the oxidation potential of ferrocene, even in solution. (341
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Figure 11: CV curve of before and after click chemistry on surface of Fcl in HCIO, at 1V/s (black: Bare gold; red: SAM 1,
blue: SAM 2).

Similarly, for the SAMs prepared with Fc2 i.e., SAM 3 and SAM 4, a reversible oxidation-
reduction peak was obtained on surface, showing here again the presence of ferrocene (se Figure 12).
Moreover, the value of Eyj, (here 0.38 V) is coherent with the presence of ferrocene.

The coverage of the above two surfaces with Fcl and Fc2 also provides good information
about the efficiency of the reaction on surface. The surface coverage, I', of SAM 2 and SAM 4 is
calculated by integrating the oxidation and reduction peaks, considering the one electron oxidation-
reduction of ferrocene group, by the equation: I' = Qw/2nFA, where Qy is half of the total charge
involved in one redox wave, n is number of electrons transferred per molecule per redox cycle, F is
Faraday constant and A is real surface area (here 0.5 cm?) of the gold electrode exposed to electrolyte
solution. For the molecule Fcl, the surface coverage is 1.94x10™° mol/cm? for SAM 2, which is 43%
of 4.5 x10™ mol/cm?, the theoretical value for full coverage of SAM of ferrocene-alkanethiol.B*! For
SAM 4, the surface coverage determined was of 2.92x10™° mol/cm? which is around 64.8%. The
reported value of click reaction on surface is 58% of the theoretical value due to incomplete yield of
click reaction on surface and effect of diluent, which is in good agreement with our SAMs.25&]
Hence, the click reaction on surface is better when the azide is on the surface and when the alkyne is in
solution. These results are consistent with the literature. ¢!
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Figure 12: CV curve of before and after click chemistry on surface of Fc2 in HCIO, at 1V/s (black: Bare gold; red: SAM 3,
blue: SAM 4).

3.2 PM-IRRAS

A large number of techniques can be used to investigate and characterize SAMs, among which
polarization modulation infrared reflection-absorption spectroscopy (PM-IRRAS) was selected as a
method of choice to characterize the different monolayers.**"! Additionally, this technique is a very
simple and non-destructive way to detect the different functional groups that are present in the SAMs
deposited onto metallic substrates and to acquire molecular information on these bi-dimensional
systems. PM-IRRAS was performed on gold substrates modified with SAM 1, SAM 2, SAM 3 and
SAM 4 and the spectra are shown in Figure 13 (a to d, respectively) in which characteristic bands
could be identified. The bands at 2922, 2851 and 1465 cm™ were assigned to antisymmetric (v.CH,)
and symmetric (vsCH,) stretching modes as well as the bending (8CH,) mode of the methylene groups
, respectively, which are present in all the four SAMs. **2 Figure 13 (a) shows the IRRAS spectrum
of SAM 1, revealing alkyne bands at 3325 cm™ (vC=CH, strong) and at 2122 cm™ (vC=C, weak),
which disappear after click reaction as shown in Figure 13(b) for SAM 2.4 For SAM 2, presence of
ferrocene is confirmed by the bands at 3104 and 1106 cm™ related to the stretching vCH mode and the
breathing ring mode (vCC), respectively. “***! In addition, the anchoring of the ferrocenyl derivative 8
is confirmed by the presence of the C=0 band at 1689 cm™, corresponding to the thioacetate moiety.
[ However, in SAM 2, the vN; band of azide at 2100 cm™ appears after click reaction, suggesting
that not all the ferrocenyl derivative 8 underwent click reaction which is normal for such kind of
reaction on surface.”®**' IRRAS spectrum of SAM 3 in Figure 13 (c) exhibits the vN; band at 2100
cm™ (confirming the presence of azide functional group) which diminishes after the click reaction in
SAM 4, as shown in Figure 13 (d). Similar to SAM 2, presence of ferrocene is confirmed by the
presence of the breathing vCC and vCH bands of the ferrocene ring at 1110 cm™ and 3106 cm™,



respectively. Finally, anchoring of the ferrocenyl derivative 18 is confirmed by the presence of the
C=0 band at 1690 cm™ related to thiol acetate moiety.
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Figure 13. IRRAS spectra of (a) SAM 1, (b) SAM 2, (c) SAM 3 and (d) SAM 4 with bands of CH, common to all four SAMs
highlighted in grey box.

3.3 XPS

X-Ray Photoelectron Spectroscopy (XPS) provides important information on SAMs regarding
the elements that are present on the surface of the substrates and their corresponding chemical states.
XPS analyses of ferrocene-functionalized surfaces have previously been reported in the literature,
enabling to an easier assignment of the different peaks. [ Thus, XPS analyses of SAM 2 and SAM
4 were performed to confirm the successful linkage of the ferrocenyl group to the thioalkyl chains of
SAM 1 and SAM 3. Figures 14 and 15 show the XPS spectra of SAM 2 and SAM 4, respectively, in
the S2p, N1s, Fe2p and O1s regions.

The S2p XPS spectra of SAM 2 and SAM 4 (see Figures 14a and 15a) showed a broad peak
containing a convolution of two sets of doublets corresponding to the S2ps, and the S2p,,, peaks. The
S2p3, peak of lower binding energy, centered at 162 eV, is associated to sulphur covalently bound to
gold. The S2p,/, peak located at high energy, i.e. 163.5 eV, is associated to unbound S and thiol acetate
group present at the top of the molecule. ¥ Hence, these different peaks confirm the presence of two
types of sulphur atoms in the two SAMSs. The success of the click reaction and the subsequent
formation of a triazole ring were also evidenced with the N1s XPS spectra &see Figure 14b and 15b) by
the presence of two peaks of binding energies 400.7 eV and 402.1 eV. %% These two peaks at
400.7 eV and 402.1 eV are related to N-C and N-N bonds, respectively."*** Moreover, presence of
iron and therefore of ferrocene on the metal surface is evidenced with Fe2p XPS spectra (see Figure
14c and 15c), where a broad peak is detected at 707.5 eV containing both the Fe2ps, and the Fe2p,.,



peaks. This result is in excellent agreement with the reported ferrocene molecule assembled on a
surface. ® Finally, the O1s XPS spectra of (see Figures 14 d and 15d) exhibit a well-identified peak at
531 eV, and this binding energy is typical of C=0 functions. *? Only the presence of thioacetate can
explain this peak, demonstrating a good ligation between the alkane chains and the ferrocene
derivatives.
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Figure 14. XPS spectra of SAM 2 with the elements (a) S; (b) N; (c) Fe and (d) O.
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Figure 15. XPS spectra of SAM 4 with the elements (a) S; (b) N; (c) Fe and (d) O.

3.4 Ellipsometry measurements

Variable Angle Ellipsometry (VASE), a straightforward non-destructive tool, is used to
determine the thicknesses of the different SAMs deposited on various substrates. **>* The analysis is
based on a double determination of refractive indexes and the SAM thickness which are precisely
computed by iterative calculus until a R? =1 value is reached. The acquired RMSE value from the fits
for all incident angles are around 0.02 for all SAMs. In the case of SAM 2 and SAM 4, there is no
exact value of refractive index of ferrocenyl-alkanethiol SAM, and, as a strong assumption, the value
was taken at the beginning equals to the refractive index of the SAM of alkanethiol assuming no
significant change in the refractive index after click reaction. Table 1 shows the thickness obtained for
the different SAMs along with the associated refractive indexes. Increase in SAM thicknesses from
SAM 1 to SAM 2 and SAM 3 to SAM 4 is in good agreement with the success of click reaction on
surface. The obtained refractive index is around 1.49, which is very close to the previously obtained
value. B3

Table 1: Ellipsometry results.

Thickness (nm)  Refractive index at A= 600 nm

SAM 1 0.85 1.53

SAM 2 2.04 1.45




SAM 3 1.15 1.49

SAM 4 2.13 1.48

The R2 of all the measured SAM were above the value of 0.98.

First, the SAM 1 seems to have a lower thickness than the SAM 3, which can be linked to the
difference of length between 11-undecynethiol (alkane chain of 9 carbons) and 11-azido-undecanethiol
(alkane chain of 11 carbons). Moreover, the slight thickness difference for the SAM 1 and SAM 3 can
also be associated with the refractive index, describing self-assembly of different alkanethiol. The
increase of around 1 nm of the thickness between the two steps of the reaction is associated with the
covalent linkage of 8 and 18 ferrocenyl derivatives on top of the SAM 1 and SAM 3 to form SAM 2
and SAM 4, respectively.

3.5 Contact angle measurement

Contact angle measurements give information of the nature of the SAMs and are commonly
used as a characterization tool to determine the hydrophilic or the hydrophobic modification of the
surface. In our case, from the hydrophilic bare gold electrode to hydrophobic first layers and
terminated by the slightly hydrophilic complete monolayers, contact angle measurements can be used
to monitor the different reaction steps. The various organic functions present in our systems have
already been studied. *>*® Table 2 shows the values of contact angle measurements for the four SAMs
and the gold substrate.

Table 2: Contact angle value (with water).

Contact Angle with water (°)

Gold 77+18
SAM 1 87.3x1
SAM?2 744 +3.1
SAM 3 70915
SAM 4 73.9x23

It is concluded from the high contact angle that the SAM 1 is hydrophobic as shown in table
2. There are no documented reports about the contact angle measurements of alkyne thiol self-
assembled monolayers on gold, but by comparison with the literature ©"® the values of angles
determined for the SAMs composed of long alkyl chains terminated by alkyne functions are around
80°. In our case, we obtained value of 87° for SAM 1 and 71° for SAM 3 as alkyne is more
hydrophobic than azide and these values are also lower than the values of pure alkanethiol chains on
gold (i.e., 110 °). ™ This value is relevant with a mixed SAM of alkyne and alkane chain. For the
SAM 1, the angle value is higher and representative of a hydrophobic SAM. But the research of
Spruell reported a lower contact angle of 76.5° for mixed SAMs composed of
undecynethiol/octanethiol (50%/50%). *® The relative difference between their values and our values
is around 13%. Such a difference can be explained by the difference of substrates. In the case of



Spruell’s work, they worked with gold evaporated on titanium, giving gold substrate more rugose than
the template stripped substrates used in this work. Moreover, higher value of contact angle reflects
better packing or lower interactions of water molecules with the deposited molecules *” The contact
angle value determined for SAM 2 decreases and SAM 4 increases as compared to SAM 1 and SAM
3, respectively. In the literature, thioacetate (the function in direct contact with the drop of water) is
considered as a hydrophilic function, associated to a low contact angle (70°).°% If the angle value is
slightly higher, this can be explained by the presence of the ferrocene group, a hydrophobic moiety,
which can be also on contact with the drop giving statistically a surface with hydrophobic point and
hydrophilic point. This point is supported by the fact that the standard deviation for SAM 2 and SAM
4 is higher than for SAM 1 and SAM 3.

4. Conclusion

Ferrocene-based SAMs comprising aliphatic and aromatic chains are extensively studied since
the early 1990s. Besides, the fabrication of SAMs based on molecules bearing thiol groups at both
ends is a real challenge. This study constitutes an original extension of the work done by Hamoudi and
coworkers™® who attempted to functionalize metal surfaces with dithiol molecules. Unfortunately, the
presence of the two reactive groups on the same molecules only produced SAMs of poor quality, due
to the connection of the two thiol groups onto the surface or the connection between molecules by
disulfide bond formation. In this study, this issue was addressed by developing a two-step procedure
for the functionalization of gold surfaces. To achieve this goal, we notably selected a high-yielding
reaction, namely the Copper catalysed Alkyne Azide Cycloaddition (CUAAC) reaction also named
“click chemistry” to form the covalent bond between the SAMs deposited on gold substrate and our
functionalizing agent, namely, the ferrocene derivatives. We have notably demonstrated the synthesis
of two ferrocenes-derived alkyl chains Fcl and Fc2 by combining 3 and 12 with 8 and 18,
respectively, thanks to a CUAAC click reaction. To improve the quality and the orientation of SAMs,
the SAMs based on Fcl and Fc2 have been fabricated by a two-step click chemistry reaction directly
done on gold substrates. Cyclic voltammetry done on SAM 1 and SAM 3 revealed the presence of an
insulating mixed-thiol monolayer and the subsequent measurements done on SAM 2 and SAM 4
confirmed the success of the click reaction, by the clear appearance of a redox peak associated to the
presence of ferrocene. The molecular surface density has also been quantified by integrating the redox
peaks which revealed that the SAM 4 had a higher packing density of 64 % than the SAM 2 which
only exhibited 43 % of the total theoretical area coverage by the ferrocene-alkanethiols.

Surface analyses performed in this study show that it is possible to realize SAMs containing
two anchoring groups, with a well-controlled architecture for the whole system. PM-IRRAS analyses
revealed the presence of click active functional groups in SAM 1 and SAM 3 which diminishes after
click reaction with the 8 and 18 moieties containing ferrocene derivative. Furthermore, XPS revealed
the presence of all the required elements on gold with the expected oxidation and specially XPS of
nitrogen revealing the presence of triazole confirming click reaction. Ellipsometry characterization
determined the thickness of SAM 1 and SAM 3 with excellent agreement with the reported values in
the literature and increase of thickness from 0.85 nm to 2.04 for Fcl and from 1.15 nm to 2.13 nm for
Fc2. Contact angle measurements showed the modification of hydrophilicity of the surface after SAM
deposition and during the different reaction step, evidencing the chemical modification occurring at
the surface of the substrate. Future works will consist in controlling the position of ferrocene moiety
on the carbon chain and in the modification of the humber of carbons on the molecule for applications
such as molecular electronics where the spatial position of ferrocene and overall, the length of the
molecule plays a crucial role in electron tunnelling between the two electrodes enhancing properties
such as current rectification. Moreover, this work can be extended to other applications requiring
different active groups replacing ferrocene with targeted functional moieties.



Thanks to click chemistry, it is possible to anchor new compounds with required functional
group and multiple anchoring groups. With click chemistry, such new SAM configuration can be very
interesting in order to realize new electronic devices.

Experimental

All reagents and solvents were purchased from Aldrich, Alfa Aesar, Flurochem or 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 **C
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 *C (100 MHz). The *H chemical shifts were
referenced to the solvent peak CDCl; (7.26 ppm) and the **C chemical shifts were referenced to the
solvent peak CDCl; (77 ppm). Synthesis of 11- (undec- 1- ynyl)methylsulfonate 2 @ 11-
(undecynyl)thioacetate 3 ,*® 11-(undecynyl)thiol 4 ,*® diformylferrocene 5 ,#”! ferrocenedimethanol 6
[ 1-(azidomethyl)-1°-(hydroxymethyl)ferrocene 7 ,® 11-azidoundecanol 10 B! 11-azido-1-
methylsulfonatedecane 11 Y 11-azidoundecan-1-thioacetate 18 ,*! 11-azidoundecane-1-thiol 19 ,B%
1-acetyl-1’-formylferrocene 14 [B2Erreur? Signet non défini.l 1 _chjoro-2-formyvin-1-yl) -1°-formylferrocene
15 B4 1-formyl-1’-ethynylferrocene 16 % were synthesized following the procedures described in the
literature.

Fabrication of gold substrates

Ultra-flat template-stripped gold substrates (Au™) were fabricated following the method reported by
Thou et al.’™ Gold layer of thickness around 200 nm was deposited by e-beam evaporation on
commercial Si (100) wafer followed by annealing at 200°C for 20 minutes. Glass pieces of dimension
1.5 x 1.5 cm are 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 2 minutes. Then, using a Norland61
ultraviolet (UV) curing optical adhesive, each piece of clean glass is glued to the wafer. The wafer is
then placed under UV light for 1 hour to cure the adhesive. Each individual glass sample is then
stripped from the wafer less than 30s before being immersed in the molecular solution for SAM
deposition.

Realization of SAM

The freshly template stripped Au'™ substrates were soaked in 10 mM degassed solution of the long
alkanethiol chain (typically 1,15 mg of 11-azidoundecanethiol and 0.73 mg of octanethiol for SAM 3
SAM 4 and 0.92 mg of 11-(undecynyl) thiol and 0.73 mg of octanethiol for SAM 1, SAM 2) for 24
hours in inert environment. After cleaning the substrates for the first step (SAM 1, SAM3) with
ethanol. The substrates were immerged in a solution of 1 mM total of the ferrocenyl derivates
(typically 3.3 mg for SAM 2 and 3 mg for SAM 4) in 5 mL of degassed ethanol, then 2.5 mL of a 0.01
mM of copper sulfate aqueous degassed solution was added and after this 2.5 mL of 0.01 mM of
sodium ascorbate aqueous degassed solution was added. The reaction was stirred for 24 h at room
temperature under inert environment. After removing them from solution, the substrates were rinsed
with ethanol, dichloromethane, water and then big amount of ethanol. Then, the substrates were dried
with argon.

Electrochemical

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,4 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.

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). All spectra were
collected in a dry-air atmosphere, and generally eight blocks (4 hours acquisition time) were necessary
to obtain PM-IRRAS spectra of SAMs with good signal-to-noise ratios. Experiments were performed
at an incidence angle of 75° using an external homemade goniometer reflection attachment. The
infrared parallel beam (modulated in intensity at frequency f; lower than 5 KHz) 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 beam passed through a BaF, wire grid polarizer (Specac) to select the
p-polarized radiation and a ZnSe photoelastic modulator (PEM, Hinds Instruments, type Il1). The PEM
modulated 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 K\VV104) cooled at 77 K. In all experiments,
the PEM was adjusted for a maximum efficiency at 2500 cm™ to cover the mid-IR range in only one
spectrum. For calibration measurements, a second linear polarizer (oriented parallel or perpendicular
to the first preceding the PEM) was inserted between the sample and the second ZnSe lens. This
procedure was used to calibrate and convert the PM-IRRAS signal in terms of the IRRAS signal (i.e.,
1-Rp(d)/Rp(0) where Rp(d) and Rp(0) stand for the p-polarized reflectance of the film/substrate and
bare substrate systems, respectively).®?

XPS

XPS experiments were performed in a UHV system at 10° mbar with a monochromatized Al Ka X-
ray radiation (1486.7 eV) of an Omicron XM1000 source. Spectra were recorded at 20° emission
angle with an Omicron EA125 analyzer and a 30eV pass energy. Gaussian-Lorentzian (30%)
components were used for the deconvolution of the XPS spectra after subtraction of a Shirley
background.

Ellipsometry

Variable Angle Ellipsometry (VASE) was used to determine the thicknesses of the different SAMs
deposited on Au substrate. Semilab rotating compensator ellipsometer (RCE) with a microspot was
used to focus the beam on the samples. Data measurements were done for wavelengths ranging
between 400 and 650 nm at three incidence angles (65°, 70°, and 75°). Ellipsometric data was fit with
the help of SEA software (Semilab). The combined Drude—Lorentz oscillator dispersion law has been
used to calculate the dielectric constant determination of gold substrate.®® A Sellmeier model was
used to describe the presence of SAM.

Contact Angle

The contact angle measurements were performed with an OCA 15EC from Dataphysics in ambient
condition at room temperature (21.2°C). A 1mL syringe MODEL filled with DI water was used to
form a drop of 2.5uL. Five drops were deposited on each sample and, for each drop, the contact angles
on both side of the drop were measured and then averaged.

Synthesis of 1-azidomethyl-1’-thioacetylmethylferrocene 8.

To a solution of 1-azidomethyl-1’-hydromethylferrocene 7 (0.45 g, 1.66 mmol, 1 equiv.) in acetone
(25 mL) was added thioacetic acid (142 puL, mmol, 1.99 mmol, 1.2 equiv.) and 10 uL of trifluoracetic
acid as the catalyst. The mixture was stirring overnight at room temperature. The mixture was



partitioned between water (100 mL) and diethyl ether (100 mL). The organic phase was separated and
washed with brine, dried with MgSO,. The solvent was evaporated in vacuo to give 0.46 g (84% vyield)
of an orange oil.

'H NMR (300 MHz, CDCl5) & 4.29 — 4.07 (m, 10H), 3.89 (s, 2H), 2.33 (s, 3H).
3C NMR (75 MHz, CDCls) & 195.4, 85.1, 82.8, 69.8, 69.5, 69.0, 50.9, 30.5, 29.1.
HRMS (ESI MS) m/z: theor: 329.0280 found: 329.0280 ([M]" detected)

Synthesis of Fcl.

To a well-stirred solution of 1l-azidomethyl-1’-thioacetylmethylferrocene 8 (0.498 g, 1.51 mmol, 1
equiv.) and 11-(undecynyl)thioacetate 3 (0.342 g, 1.51 mmol, 1 equiv.) in EtOH/H,O (1:1) (10 mL)
CuSQ,4.5H,0 (0.094 g, 378 umol, 0.25 equiv.) was added followed by sodium ascorbate (0.075 g, 378
pmol, 0.25 equiv.). The reaction mixture was stirred for one day at room temperature. Ethyl acetate
(60 mL) was added into the reaction mixture, the organic phase was washed with water, and then
brine. After drying with MgSO, and evaporation of ethyl acetate, the crude product was purified by
column chromatography (SiO,) using ether as the eluent. The product was isolated as a yellow solid
(0.8 g, 95% vyield).

'H NMR (300 MHz, CDCly) 8 7.16 (s, 1H), 5.25 (s, 2H), 4.28 — 4.08 (m, 8H), 3.87 (s, 2H), 2.85 (t, J =
7.3 Hz, 2H), 2.71 - 2.59 (m, 2H), 2.32 (d, J = 5.6 Hz, 6H), 1.66 — 1.52 (m, 4H), 1.27 (s, 10H).

3C NMR (101 MHz, CDCly) § 196.0, 195.2, 171.1, 119.9, 85.2, 81.8, 69.9, 69.6, 69.5, 69.1, 68.1,
60.4, 49.6, 30.6, 30.3, 29.5, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1, 29.0, 29.0, 28.8, 28.76, 28.69, 28.4,
25.7,21.0,18.4, 14.2.

HRMS (ESI MS) m/z: theor: 578.1569 found: 578.1576 ([M+Na]"™ detected)

Synthesis of 1-ethynyl-1’-hydroxymethylferrocene 17.

To a solution of 1-formy-1’-ethynylferrocene 16 (1.24 g, 5.21 mmol, 1 equiv.) in 20 mL MeOH was
added NaBH; (0.254 g, 6.71 mmol, 1.3 equiv.) at 0 °C and the mixture was stirred at room
temperature for 1-2 h. The reaction mixture was quenched with 2 N aqueous HCI. Then, H,O was
added and the agueous phase was extracted with CH,Cl, two times. The combined organic extracts
were dried over MgSQ,, filtered, and concentrated under reduced pressure. The crude product was
chromatographied on SiO, using CH,CI, as the eluent. It gave the pure product as an orange oil (0.91
g, 73% vyield).

'H NMR (300 MHz, CDCl5) & 4.49 — 4.39 (m, 4H), 4.29 (s, 2H), 4.21 (d, J = 7.3 Hz, 4H), 2.81 (s, 1H).
C NMR (75 MHz, CDCl3) & 109.1, 90.2, 82.4, 74.7, 72.2, 69.8, 69.2, 69.0, 60.3.
HRMS (ESI MS) m/z: theor: 241.0310 found: 241.0308 ([M+H]" detected)

Synthesis of 1-ethynyl-1’-thioacetylmethylferrocene 18.

To a solution of 1-ethynyl-1’-hydroxymethylferrocene 17 (1.23 g, 5.12 mmol, 1 equiv.) in acetone (30
mL) was added thioacetic acid (551 pL, 7.68 mmol, 1.5 equiv.) and 10 pL of trifluoroacetic acid as the
catalyst. The mixture was stirring overnight at room temperature. The mixture was partitioned
between water (100 mL) and diethyl ether (100 mL). The organic phase was separated, and the organic
phase was washed with brine, dried over MgSO,, and the solvent evaporated in vacuo to give the
crude product. Purification by column chromatography (SiO,, Dichloromethane) gave 1.19 g (78%
yield) of an orange oil.

'H NMR (400 MHz, CDCl;) & 4.44 (t, J = 1.8 Hz, 2H), 4.20 (d, J = 1.5 Hz, 4H), 4.17 — 4.15 (m, 2H),
3.93 (5, 2H), 2.77 (s, 1H), 2.32 (s, 3H).



3C NMR (101 MHz, CDCly) 5 195.4, 85.1, 82.1, 74.4,72.6, 70.5, 70.3, 69.6, 30.5, 28.5.
FTIR (cm™): 2110, 1689 (C=0 of thioacetate group).
HRMS (ESI MS) m/z: theor: 299.0188 found: 299.0193 ([M+H]" detected)

Synthesis of Fc2.

To a well-stirred solution of azide 11 (0.7 g, 2.35 mmol, 1 equiv.) and alkyne 18 (0.571 g, 2.35 mmol,
1 equiv.) in EtOH/H,0 (1:1) (10 mL), CuSO4.5H,0 (0.093 g, 0.60 mmol, 0.26 equiv.) was added
followed by sodium ascorbate (0.116 g, 0.62 mmol, 0.27 equiv.). The reaction mixture was stirred for
one day at room temperature. Ethyl acetate (60 mL) was added into the reaction mixture. The organic
phase was washed with brine (15 mL) and filtered through anhydrous magnesium sulfate. After
evaporation of ethyl acetate, the crude product obtained was chromatographed with Et,O to give 1g
(78% yield) of yellow solid.

'H NMR (400 MHz, CDCl) & 7.49 (s, 1H), 4.71 (d, J = 1.7 Hz, 2H), 4.35 (t, J = 7.2 Hz, 2H), 4.29 (d,
J =16 Hz, 2H), 4.06 (d, J = 1.6 Hz, 2H), 4.03 (d, J = 1.7 Hz, 2H), 3.65 (s, 2H), 2.85 (t, J = 7.3 Hz,
2H), 2.30 (d, J = 14.9 Hz, 6H), 1.97 — 1.88 (m, 2H), 1.55 (dt, J = 14.9, 7.3 Hz, 2H), 1.33 (s, J = 28.6
Hz, 10H).

C NMR (101 MHz, CDCls) & 196.1, 195.2, 147.0, 119.3, 118.9, 85.6, 85.0, 75.0, 70.5, 70.3, 70.2,
70.1, 70.0, 69.9, 69.8, 69.5, 68.1, 67.4, 67.2, 50.5, 49.1, 30.8, 30.4, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2,
29.1, 29.0, 28.9, 28.8, 28.6, 26.7.

HRMS (ESI MS) m/z: theor: 592.1726 found: 592.1724 ([M+Na]" detected)
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