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Silicon (100) surfaces were modified by reacting 4-aminopyridine and Si-Cl bond. These surfaces were fur-
ther used for tethering copper bimetallic complexes and growing monolayers and multilayers by changing
the axial position via Lewis acid-base reactions. In this way, coordination chemistry approach can be used
as building blocks for controlling the design of functional surfaces. Furthermore, the outcomes of the several
characterization techniques indicate that the complex is spatially oriented suggesting that this simple strat-
egy allows the preparation of three dimensional molecular structures exhibiting spatial order. The structures
on surface show interesting electroactive behaviors leading two cathodic signals, that can be related to
Cu(II)/Cu(I) and Cu(I)/Cu(0) electro-reduction species (signals at —0.15V and —0.50 V) and one peak in
the anodic region (—0.15 V) ascribed to the Cu(0)/Cu(ll) electro-oxidation reaction, using an Ag/AgCl satu-
rated electrode and platinum wire as reference and counter electrodes, respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The employment of metallic complexes functioning as building
blocks via metallic atoms or ions is currently an area of great interest,
because such structural arrays promote the assembly and dictate the
structural features of the supramolecular products. Considerable
success has already been achieved by using bimetallic bonding and
polymetallic chain-like entities. These units are assembled together
through axial or equatorial linker molecules, for example, amines
or dicarboxylic acids, and show some properties of the multinuclear
coordination compounds including their redox activity and switched
electronic communication from one metal center to the other by
metal-metal bond formation. Hence, the results obtained of com-
pounds containing such metallic entities in the solid state could
open a path for the construction of new molecular devices including
molecular wires and interesting novel materials incorporating multi-
metal units. [1-10]

The enquiry of how to translate this chemistry to the silicon sur-
face is the motivation of this research and shows the employment
of copper(ll) acetate as versatile and stable model of bimetallic coor-
dination motifs. We surmise that these compounds are useful struc-
tural units for covalently-attached monolayers and self-assembled
multilayers (SAMs) on Si(100) surfaces supported by the utilization
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of bipyridine as linker molecules between copper centers that could
generate multilayers of different thicknesses, as shown in Scheme 1.

The nature of the anchoring atom and the bond formed between
the molecule and the surface is important in the attachment of
copper bimetallic complexes to silicon and is also one of the main
challenges in the implementation of molecular/silicon architectures.
In the case of Si-C, Si-O and Si-N linkages that exhibit strong bond-
ing situation require grafting reaction conditions being relatively
more aggressive compared to the functionalization when consider-
ing the self-assembly of thiol molecules on gold. In our case, the
pathway studied was the reaction of 4-aminopyridine with Si-Cl-
terminated surfaces leading to the formation of Si-N bond. It is gen-
erally accepted that the ability of silicon atom to act as an electron
acceptor in the interaction of molecules based on Group V elements
(for instance, ammonia) and is further important in controlling the
overall reaction chemistry and the electron transfer. [11-15]

The integration of such cluster units onto silicon surfaces is a
necessary step toward the development of novel electrically ad-
dressable and switchable functional devices. This kind of hybrid
semiconductor-molecule structures have already been used to
prove the conservation of the physicochemical activity of some mo-
lecular species once covalently immobilized on semiconducting
surfaces. Therefore, this hybrid approach is promising for combin-
ing the advantages of semiconductor technology (doping, proces-
sing) and the large flexibility in molecular structure designing.
[16-35]

In addition, since metallic copper exhibits versatile conducting ma-
terial properties, the quest for aluminum replacement by copper is of
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Scheme 1. Representation depicting Si(100) modification surface with copper(Il) acetate growing by layer-by-layer construction. The calculated height as obtained from MM2 force

field calculations using ChemDraw3D version 12.

outstanding importance for the manufacturing of microelectronic
devices due to the better conductivity and superior resistance
to electromigration and stress migration [36-38]. Also, the recent
stringent decreasing dimensions in electronic devices, demands
alternative copper sources as feedstock for fabrication at this scale.
In this frame, we report on the copper(Il) bimetallic self-assembled
multilayers on Si(100), their characterization by X-ray photoelec-
tron spectroscopy (XPS), contact angle measurements (CA), atomic
force microscopy (AFM), X-ray reflectivity (XRR) and the electroac-
tive behavior studies through cyclic voltammetry (CV).

2. Materials and methods
2.1. General information

All the solvents (Sigma-Aldrich) were purified and dried accord-
ing to conventional procedures and freshly distilled prior to use. The
compounds 4-aminopyridine (Aldrich), 4,4 -bipyridine (Sigma-
Aldrich) and copper(Il) acetate (Merk Co.) were used as received.
The substrates were n-type flat silicon (100) from Ultrasil Corpora-
tion (0.001-0.002 Q/cm).

2.2. H-terminated Si(100) surface preparation. (Si-H)
A piece of silicon (100) wafer (1 cm?) was oxidized at high fre-

quency for 5 min in a Harrick plasma cleaner PDC-32G, and etched
with an HF solution (1%) for 3 min.

2.3. Cl-terminated Si(100) surface preparation (Si—Cl)

Si-H wafer was chlorinated in a home-made chlorine gas chamber
at 80 °C for 30 min [39]. The microreactor system includes a test tube
for each sample. The excess of chlorine gas was eliminated with a N,
gas flux for 30 min.

2.4. Monolayer preparation of 4-aminopyridine (Si-N)

In the same microreactor system a piece Si-Cl wafer was im-
mersed in a 4-aminopyridine solution (1 mM in THF) under nitrogen
atmosphere. The reaction mixture was heated for 2 h at 60 °C, and
then the functionalized wafer was washed several times with THF
in an ultrasonic bath for 10 min.

2.5. Self-assembly monolayer of Si(100)-4-aminopyridine-copper(Il)
acetate

The wafer with Si-N was immersed in a copper(Il) acetate solu-
tion (1 mM in THF) for 50 h. Then, the sample was washed twice in
an ultrasonic bath for 10 min (Si-Cul).

For multilayer formation, the Si-Cu1 grafted sample was dipped
in a solution of 4,4 -bipyridine (1 mM, THF) for 50 h at room
temperature, and again 50 h in the copper(Il) acetate solution
(1 mM in THF) to obtain sample Si-Cu2. This process was repeated
in order to prepare sample Si-Cu3. Between every new layer forma-
tion, samples were washed two times with dry THF in ultrasonic bath
for 10 min.
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2.6. Surface characterization

XPS measurements were performed in a Thermo K-Alpha with
monochromated X-rays (12 kV, 6 mA) with a spot size of 400 pm
and a takeoff angle of 90° relative to the surface, with a typical expo-
sure time per spot (usually three spots) of 2-7 min in total to mini-
mize beam damage. The binding energies were calibrated based on
Au 4f;; at 83.96 eV, Ag 3ds,, at 368.21 eV and CuLVV at 568.09 eV.
Surveys were done with high pass energy (200 eV) while high resolu-
tion spectra were acquired with 50 eV of pass energy. Typical pres-
sures during analysis were below 10~ Torr.

Contact angles were determinate using a Ramé-Hart contact
angle goniometer and the DropImage 2.4.05 software for data analy-
sis. Static contact angles were determined by triplicate in several
samples by depositing a sessile drop on the surface.

AFM was operating in the tapping mode (Veeco, Nanoscope IlId
Digital Instruments, Santa Barbara, CA), the images were analyzed
using NanoScope software. Root mean square (rms) for each sub-
strate was calculated at least in three samples and in three different
areas. Histograms were performed with WSxM 5.0 software.

Layer thickness of the modified silicon samples were character-
ized by Specular X-ray reflectivity (XRR). Measurements were per-
formed using a Bruker D8 ADVANCE diffractometer, with a copper
sealed tube, using a Gobel mirror as monochromation system and a
scintillation counter detector. The measurements were performed
using Bragg-Brentano geometry with 0.2 mm slits in the primary
optics and receiving slits. Soller slits (2.5) are used to minimize angu-
lar divergence. The measurements were carried out using a step
width of 0.02° and integration time per step equivalent of 7 seconds.
The wavevector used are where A is the incident angle and A the Cu-
wavelength in nanometers. Background was subtracted by perform-
ing non-specular scans for each sample with the same parameters
for the specular scans. The offset angle was approximately 0.16°
which was determined by the FWHM/2 of several transverse scans
(rocking curves).

Cyclic voltammetry was performed with an Autolab 8-series
potentiostat. The silicon substrates were mounted in a tailor-made
three-electrode glass cell using an Ag/AgCl saturated electrode and
platinum wire as reference and counter electrodes, respectively.

Aqueous 0.1 M borate buffer was prepared by dissolving sodium
borate (Na;B40; 10H,0) in distilled water and adding 0.1 N NaOH
solution to adjust the pH, then the solutions were degassed with ni-
trogen prior to the experiments and used as electrolyte.

3. Results and discussion

In the presence of Si-N functionalized surface, one can hypothe-
size that copper complexes self-assembled by ligand exchange with
the anchored amine, in addition with THF molecules in the axial
position that displaces the coordinated water molecules from the
copper(Il) acetate compound (Si-Cul). In the same manner, Lewis
acid-base interaction occurs in the presence of Si-Cul and 4,4 -
bipyridine linker molecules, which after addition of more copper
complex leads to the self-assembled multilayer shown in Si-Cu2.
This layer-by-layer (LbL) approach was subsequently used for
the formation of the Si-Cu3 multilayers, again by the addition of
the copper(Il) acetate complex and linker molecules (Scheme 1).

3.1. XPS characterization

The reaction of a primary amine with a Si-Cl-terminated surface
generates a strong Si-N covalent link to the surface; however, the
chemistry associated with surface preparation requires several
steps, each of which could cause problems related to coverage and
purity of the surface. Unfortunately the experimental conditions do
not permit to test the Si-Cl sample, since it is easily hydrolyzed.

Hence, insofar as possible the Si-N samples were tested, XPS
shows one peak in the N1s region at 399 eV and one peak at 285 eV
in the C1s (S1, Supplementary Data), that can be assigned to amine
molecules anchored to the silicon surface. [11,39] The Cls signal
shows two components, C-C at 284.5 eV and C-N at 286.8 eV. The Si
2s binding energy corresponds to Si(IV) at 153.7 eV and elemental
silicon at 150.0 eV, with an area relationship of 2.2: 1.0 of elemental
silicon to Si(IV). [40]

In the Si-Cul XPS spectra, the copper spectral region (Fig. 1A)
shows split Cu peaks at 933.5 eV (2p3/2) and 953.2 eV (2p1/2) with
the high binding energy satellites characteristic of copper(II). [41]
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Fig. 1. The XPS spectra for Si-Cul: a) copper spectral region, b) N1s, ¢) C1s and d) Si2s.
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The carbon spectral region (Fig. 1 B) exhibits three components by
deconvolution of C1s peak, with binding energies of 285.0, 286.5, and
288.6 eV, which are assigned to aliphatic carbon, C-N or CO and O-
C=0 bonds, respectively. [42]

In the case of the N1s region (Fig. 1C), the peak can be deconvo-
luted into components at 399.8 eV and 401.0 eV, consistent with
amine anchored to the silicon surface and the endocyclic nitrogen
from the terminal group. [39] The N1s/Cu2p ratio is 0.9:1.0; suggest-
ing that each copper(ll) acetate molecule is anchored thorough a
4-aminopyridine molecule.

The O 1s region has a peak that can be deconvoluted into two
components at 530.6 eV and 532.1eV corresponding to C-O and
Si-0, respectively. [42] In the Si 2s region the peak can be resolved
into two components with binding energies of 150.1eV and
153.6 eV, with an area relationship of 2.8:1.0 corresponding to ele-
mental silicon and bonded silicon. Based on the lattice constant of
Si (100): a=5.42 A, and the calculated diameter of cooper(Il) acetate
molecule (8.72 A), projected over the Si(100) surface, it was estimat-
ed a monolayer coverage of 1 Cu atom per 4 or 5 Si surface atom
(Scheme 2). The relationship between Cu and Si(IV) derived from
the XPS analysis is 1.9:12.9, a ratio that is similar to the expected
value for Si-Cul. Thus, this suggests that copper(Il) acetate grafting
strategy produces nearly a complete monolayer.

3.2. Water contact angle

The comparison of water CA of Si-N samples (58°) with
H-terminated Si(100) surface (70°), indicates the surface modifica-
tion occurred and generates a surface of hydrophilic nature. The
formation of copper(ll) acetate self-assembled monolayers in THF
for a period of 50 h could account for the observed trend of hydro-
phobic surface characteristics (Fig. 2). Interestingly, the Si-Cul
hydrophobicity behavior is comparable with water CA reported for
silicon surface functionalized with phenylethyltrichlorosilane mole-
cules (94.7°). [43] One can speculate that THF terminal molecules
(Scheme 1) and the methyl acetate group produce the hydrophobic-
ity behavior.

The multilayers formation can be traced through the observed de-
crease and increase of water contact angles. When 4,4"-bipyridine is
used as linker molecule it displaces the THF axial molecules on the
copper(Il) acetate SAMs and as a result the water CA lowers to 68°
(Si-Cul-N and Si-Cu2-N). Such transformation generates a more
hydrophilic surface as expected. It is worth mentioning that water

CA of modified surfaces that contain either 4-aminopyridine or 4,4’-
bipyridine compare well with that of aminopropyltriethoxylsilane
(APTES) modified silicon wafer surfaces. [44]

In accordance with LbL approach the assembly of copper(Il) ace-
tate layers (THF-terminated array) increases the water CA ( between
90° and 98°) and the amine linker layer decreases the water CA ( be-
tween 60° and 68°). Fig. 2 shows clearly such behavior, showing a
route with simple coordination chemistry principles to generate
new silicon multinuclear surface.

3.3. Atomic force microscopy

We studied the morphological changes following the LbL growing
through tapping-mode atomic force microscopy (Fig. 3). The root
mean square roughnesses (rms) for the Si samples are 1.140.3 for
Si-N, 1.04+0.5 for Si-Cul, 2.04+0.2 for Si-Cu2, and 3.24-0.1 for
Si-Cu3. The rms values for Si-N and Si-Cu1 are very similar indicating
homogenous coverage for these samples, and are also in good agree-
ment with XPS data. In contrast, for the Si-Cu2 and Si-Cu3 samples
the rms data duplicate and triplicate when compared to Si-Cul rms
value, these findings thus suggest incomplete coverage for the sec-
ond and third layers growing. The insets in Fig. 3 show the distribu-
tion of heights for each sample. This distribution is calculated by
dividing the z axis in segments and measuring the population of
height for each interval. The distribution of heights is directly corre-
lated to an increase in the rms values, and at the same time, is an
indirect indicator of the molecular growth over the surface. The in-
crease in the height when going from Si-Cul to Si-Cu2 samples,
and from Si-Cu2 to Si-Cu3 samples is approximately 1.5+ 0.5 nm,
which correlates with the molecule height in Scheme 1. In this con-
text, the complex is spatially oriented suggesting that this simple
strategy allows the preparation of three dimensional molecular
structures with spatial order.

3.4. XRR analysis

To further investigate the layer thickness, XRR measurements
were performed. XRR experiments correlate length scales and molec-
ular packing density over the specular wave vector Q; (surface nor-
mal vector), with elevated precision and reliability. The thickness of
a thin layer is determined from angular positions of the subsidiary
maxima or minima of a reflection curve. Fig. 4 shows X-ray intensity
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Scheme 2. Closed-packing array of copper(Il) acetate molecule on Si(100) surface.
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Fig. 2. Histograms of water contact angles of copper(ll) acetate modified surface, and
4,4-bipyridine terminal layer surfaces (Si-Cu1-N and Si-Cu2-N).

as a function of Q of the patterns performed. In each case the back-
ground was subtracted in order to visualize better the decay.

The XRR curve in Fig. 4a.1 corresponds to Si-H sample acting as
reference for copper grafting. [45-47] The XRR curves for Si-Cul, Si-
Cu2 and Si-Cu3 samples reveal a structural patterns that are different
from Si-H curve (Fig. 4a.2 to 4a.4). However, the XRR curve reflec-
tions the interference patterns are not clearly observed. The weak-
ness in the interference signals could be associated either with
SAMs low packing density or to the lack of in-plane orientation. The

i
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Fig. 3. AFM images of 1 pmx 1 um of: a) Si-N, b) Si-Cul, c) Si-Cu2, d) Si-Cu3. The insets correspond to the samples height profiles.

531

formation of copper(Il) acetate monolayers for Si-Cul is not dense
enough to produce interferences under our experimental conditions.
The Kiessig fringes [48] for Si-Cu2 and Si-Cu3 samples slightly
emerge, combining fact that these samples feature the thicker and

the rougher layers.

Non-specular XRR curve (w-scans) measurements were also per-
formed at a fix position of 26 =0.4° (Qx=0.57 nm~!). With non-
specular XRR measurements one can determine the mosaic spread
structure of a thin film, by relating peak width (FWHM) at a fixed
Qz. The notion of mosaicity is used to describe the misorientation in
epitaxial thin film. Fig. 4b shows the variation of the FWHM for each
sample. The Si-H FWHM (0.022°, Fig. 4 b.1), correlates well with per-
fect crystalline system values. [49] Moreover, the bimetallic-copper
grafted samples exhibit a mosaic spread to 0.032°, showing an in-
crease in each grafting cycle. All measured samples exhibit low
FWHM values, indicating a low misorientation in the parallel plane
to Si(100) and such increase is consistent with the roughness data

obtained by AFM.

3.5. Cyclic voltammetry

Understanding the electrical properties of a monolayer on the
silicon surface is crucial for development of molecular-based devices
toward potential applications (e.g., electrical memory, sensors and
transistors). Fig. 5, shows the voltammetric curves for Si-Cul (first
scan) recorded at 0.010V/s, which exhibits three well defined
waves that correspond to two cathodic signals at —0.15V and
—0.52V and the appearance of only one anodic signal at —0.15 V.
These signals are not present in the H-terminated Si(100) surface
nor in the Si-N sample (S2, Supplementary Data) used as reference
materials. The presence of the aforementioned redox couple is a
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Fig. 4. a) XRR curve reflections and b) rocking curve profile analysis for: 1) Si-H,
2) Si-Cul, 3) Si-Cu2, 4) Si-Cu3 samples.

clear indication that copper(Il) acetate molecules have been immobi-
lized on the 4-aminopyridine on silicon surface, and are able to par-
ticipate in the charge transfer process with the silicon electrode. It
should be noted that blank experiments made using aniline instead
of 4-aminopyridine grafted on silicon surface show no traces of the
redox couple activity, thus indicating the key role of the N-terminal
group to immobilize the complex.

After correcting the background charging current, the total
charge withdrawn or injected to oxidize or reduce the monolayer
can be determined from the area under the voltammetric wave.
The second cathodic signal (—0.50 V) was not used for this calcula-
tion, because of the proximity with the amine desorption region
(—0.95V, S2, Support Information) produces a greater uncertainty
in the calculation. The estimated charge from the integration of the
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Fig. 5. Cyclic voltammogram of Si-Cu1, scan rate (0.010 V/s).

anodic (—0.15V) and cathodic signals (—0.15 V) of the first cycle,
and slower scan rate (0.010 V/s) was taking as a measurement of
the amount of electrochemically active copper(Il) acetate complex
immobilized in the SAMs. Interestingly, the oxidative estimated
charge is approximately the double from the reductive charge
(Table 1). This fact combined with complete irreversibility from the
second cathodic signal, enables propose that Cu(Il)/Cu(I) reduction
occurred at —0.15V, and Cu(I)/Cu(0) redox at —0.50 V, whereas
the oxidation of Cu(0)/Cu(ll) couple occurs in one stage at
—0.15 V. Moreover, the difference between the two cathodic peaks
for the individual one-electron reduction potentials, that is, Cu(II)
to Cu(I) and Cu(I) to Cu(0) correspond to 0.35V, and is very similar
to the difference between copper standard reduction potential
(0.37 V) [50], which supports this proposal. Furthermore, the shape
of the voltammetric redox waves broadens, and could be originated
due to two different Cu(Il) ions present in copper(Il) acetate.

Surface-confined redox systems resemble the theoretically pre-
dicted ideal reversible behavior expected under DC cyclic voltamme-
try conditions and follows Nernstian type conduct. And, it is also
assumed in such systems features as the symmetry between reduc-
tion and oxidation components (shape and magnitude) and coinci-
dence peak-to-peak separation (AEp=0). Furthermore, the peak
currents are proportional to the potential scan rates. [51]

For the Si-Cul samples, the behavior of the coupled signals at
—0.15V (cathodic signal) and —0.15 V (anodic signal) were electro-
chemically studied (Fig. 6).

As can be seen from Fig. 6a, AEp depends on the log scan rate. The
zero separation between the position of the anodic peak (Ea) and the
cathodic peak (Ec) at slower scans is consistent with a thermodynam-
ically ideal surface system because of its electrochemical behavior,
however, such separation increases significantly fast to 150 mV at
0.200 V/s, which corresponds to an almost irreversible system.

The rate of electron transfer in sample Si-Cul can be defined as
k=~ anFu/RT = (1 — a)nFu,/RT, where v, and v, are slopes of plots
of E. and E, versus log scan rate and o is a constant for a given system.
Since AEp>200 mV, the equation v,/v.=a/(1—a) holds [51], and
the values of v, obtained from the plot of Ep versus log of the scan
rate yields k~2.9 s~ !, reflecting a slow electron transfer rate.

Significant alterations in the shape of the cyclic voltammetric
curves are observed at higher scan rates and the plot peak current
versus the scan rate is not linear.

The peak heights (Fig. 6b) were found to scale linearly with the
scan rate rather than with v'/?, ranging between 0.010 and 0.200 V/
s, indicating a surface confined redox process where the scan rate
and the current couple are described by Eq. (1):

[ WAV
~4RT

In Eq. (1), n is the number of electrons transfer per ion
(equivalents/mol), F is the Faraday's constant (Cmol™1); v is
the scan rate (V/s), I corresponds to the number of redox sites
(mol/cm?, surface coverage), R is the gas constant (Latm mol ! K™ 1),
and T is the temperature (K). [52] In this experiment, the reduction
and oxidation current magnitudes observed with this technique are
not identical. As previously mentioned, the estimated oxidative
charge is approximately the double from the reductive charge at
slower scan rates. It can also be calculated from the relationship

Table 1
Electrochemical relevant data for Si-Cu1 sample. NC (not calculated).

Si-Cul First reduction wave Second reduction wave Oxidation
Charge (C/cm?) 1.3x107% NC 24x107%
Coverage (mol/cm?) 1.4x1011 NC 1.3x10~ 1
Peak position (V) —0.15 —0.50 —0.15
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Fig. 6. Electrochemical experiments for Cu(II)/Cu(I) and Cu(II)/Cu(0) redox couples for
Si-Cul samples: a) peak current density as a function of CV log scan rates, b) peak
heights a function of CV scan rates.

between the slope of anodic and cathodic peak height versus v a
value of 2.83, a data that indicates the asymmetry between the
anodic a cathodic electron transfer process. The coverage was calcu-
lating by Eq. (1) at low scan rate (0.010 V/s). Table 1 summarizes all
electrochemical relevant data. The 1.4x 10~ ! mol/cm? of copper
atom coverage (relationship between Cu and Si on the surface, 0.21
Cu: 13 Si) was calculated assuming an n equal 1 electrons and the
reduction charge. Therefore, only a small fraction (approximately
10%) of the redox centers participates in the charge transfer process
than the observed by XPS. At higher scan rates, the coverage changes
toward even lower ones, this is hence consistent with the proposed
slow kinetic phenomena and probably the charge transport rates
are slower than the experimental time scale.

Si-Cu2 sample was also studied to gain a better insight of the
electrochemical processes. As can be seen in Fig. 7, the voltammetric
curves for sample Si-Cu2 has three well defined and quantifiable
waves at 0.500V/s, as opposed to Si-Cul voltammetric curves,
which at the same scan rates are not possible to be observed due to
high capacitances. These results could be related to low roughness
for Si-Cul as observed by AFM experiments; in contrast Si-Cu2
roughness is higher and also shows lower capacitive conduct.

Table 2 summarizes all electrochemical relevant data for Si-Cu2
(first scan) recorded at 0.010 V/s. The corresponding cathodic signal
at —0.15V and —0.51V and the only one anodic signal at —0.14V
are very similar to the Si-Cul sample. It can be assumed that the

2.0x10°

1.0x10°

0.0 A

j (Afem?®)

-1.0x10°

—— Si-Cu2
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Fig. 7. Cyclic voltammograms of Si-Cu1 and Si-Cu2 samples (first scan) recorded at
0.500 V/s.

same redox processes are occurring and the Cu(Il) chemical environ-
ment for Si-Cul and Si-Cu2 are almost the identical.

Fig. 8a, shows the AEp and current behavior as function of CV log
scan rate for Si-Cu2. Remarkably, small Ep separation (10 mV) be-
tween the position of the anodic and cathodic peaks at slower scan
is observed, and is consistent with a quasi-thermodynamically
ideal surface for its electrochemical behavior. However, this separa-
tion increases with scan rate at 0.400 V/s to 90 mV, a fact which is
characteristic of an almost reversible system. The plot of Ep versus
log of the scan rate yield a k~2.0 s~ !, reflecting even slower elec-
tron transfer rate than that for Si-Cul sample.

The reversibility of Si-Cu2 is generally higher when compared
with Si-Cu1, and can be associated with the better sample measure-
ment behavior, which in this context means smaller capacitance or
absent of others non-faradic processes. It is worth mentioning that
the stability of Si-Cu2 bilayers was markedly more robust than the
monolayer for Si-Cul, presumably because of blockage of access
to the surface of trace water that could initiate surface deteriora-
tion. [27]

The peak heights exhibit a linear dependence with the potential
scan rate between 0.010 and 0.400 V/s, signalizing a surface confined
redox process (Fig. 8b). The relationship between the slope of anodic
and cathodic peak height versus v corresponds to 1.47, relating the
asymmetry between the anodic a cathodic electron transfers, as
observed also for Si-Cul sample, however, in the case of Si-Cu2 the
relationship being nearly half of Si-Cul. Thus, the estimated anodic
coverage (1.2x 10~ " mol/cm? of Cu(Il) atoms) for the first cycle at
slow scan rate (0.010 V/s) is slightly higher than the cathodic one
(0.68x 10~ ' mol/cm? of Cu(ll) atoms) (Table 2), assuming a 2 and
1 electron process, respectively. These facts show the increasing com-
plexity of the electrochemical behavior of the bilayer (Si-Cu2 sam-
ple), where process derivate from an inhomogeneity electroactive
layer, or electronic coupling between adjacent molecules in the elec-
troactive layer cannot be ruled out.

Finally, the experimental calculated coverage data are similar for
Si-Cu2 and Si-Cul sample. At higher scan rates one notes coverage
changes at even lower values. As previously pointed out, probably
the limiting factor in the determination of the redox activity are
very slow charge transport rates that are measured at a faster

Table 2
Electrochemical relevant data for Si-Cu2 sample.

Si-Cu2 First reduction wave Second reduction wave Oxidation
Charge (C/cm?) 6.6x107°7 NC 23x107%
Coverage (mol/cm?) 0.68x10~ " NC 12x10~ 1
Peak position (V) —0.15 —0.51 —0.14
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Fig. 8. a) Electrochemical experiments for Cu(II)/Cu(I) and Cu(Il)/Cu(0) redox couples
for Si-Cu2 samples: a) peak current density as a function of CV log scan rates, b) peak
heights a function of CV scan rates.

experimental time scale, and bringing about only a small fraction of
the redox centers participate in the charge transfer process.

Si-Cu3 multilayers exhibit also electroactive features, that is, two
cathodic signals at —0.13 V and —0.17 V, and one complete irrevers-
ible anodic wave at —0.55 V. One derives from these electrochemical
data that it behaves in general similar to the Si-Cu2 sample. (S3,
Supplementary Data). The interconnection via the 4,4” bipyridine
appears to be able to participate in the charge transfer process with
the silicon electrode.

4. Conclusion

In summary, we have successfully grafted copper acetate complex
and demonstrated its versatility for controlled growing of mono-
layers and multilayers on silicon, through axial ligand exchange
with amine linkers. One of the most promising features of hybrid de-
vices is their use in nonvolatile memory technology, and potential
advantages include unique capacitance (charge-voltage) and con-
ductance (current-voltage) characteristics based on the multiple
stable redox states that are accessible in an inorganic compound.
The strategy of attaching copper redox multicenter opens the possi-
bility of using these functionalized surfaces as storage medium; en-
abling the information being stored at discrete redox states of the
molecules. We are currently studying these properties.

Finally, it can be anticipated that the controlled design of func-
tional surfaces by applying the principles of bimetallic coordination
chemistry not only opens new scientific perspectives but will also
yield aesthetically appealing structures on surfaces. We have started
out incorporating these findings to other multinuclear systems and
further magnetic, electronic properties measurements and the use
of microelectrodes will be published in due time.
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