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disorganized multilayers with film thickness around $ nm.'*
ABSTRACT: A new heteroleptic polypyridyle Ru(II) Generation of monolayers using diazonium electroreduction is
complex was synthesized and deposited on surface by still considered as a major challenge. Several strategies have been
the diazonium electroreduction process. It yields to the proposed for this purpose. The first one'> was based on the use of
covalent grafting of a monolayer. The functionalized the bulky 3,5-bis-'butylaniline groups. It was shown that the
surface was characterized by XPS, electrochemistry, AFM, electroreduction of the corresponding diazonium leads to a
and STM. A precise organization of the molecules within monolayer, thanks to steric effect. Other approaches to obtain
the monolayer is observed with parallel linear stripes monolayers are the use of (i) diazonium derivatives with
separated by a distance of 3.8 nm corresponding to the protective groups, which are removed in a postfunctionalization
lateral size of the molecule. Such organization suggests a step;'® (ii) ionic liquids;'” (iii) a radical scavenger in the
strong cooperative process in the deposition process. This solution.'® Note also that new methods to generate monolayers
strategy is an original way to obtain well-controlled and on various surfaces have recently been introduced."’
stable functionalized surfaces for potential applications In this work, a new heteroleptic Ru(II) complex [Ru-
related to the photophysical properties of the grafted (bpyFluo),bpy]** (1, see Figure 1, left for the representation

chromophore. As an exciting result, it is the first example
of a self-organized monolayer (SOM) obtained using
diazonium electroreduction.

here is a strong interest in the incorporation of ruthenium

complexes onto ordered array systems for their potential
use as building blocks in photoactive surfaces.' Advantages of the
Ru(II) complexes in photochemistry and -physics reside in their
unique combination of both chemical stability inertness,
synthetic tailorability, and tunable electronic properties.” The
long lifetimes of the triplet metal-to-ligand charge transfer
excited state” (*MLCT, few ms”), is especially of interest for [Ru(bpyFluo),(bpyNHy))** : 1 [Ru(bpy),(bpyNHy)]** : 2
applications such as optical power limiting,” oxygen sensors,® and
sensitizers.” Ru(II) complexes are also proposed as building
blocks in molecular electronics® and widely used as dyes in solar

Figure 1. Molecular structure of compound 1 and parent complex 2.

cells.” of one of the isomers), involving S-substituted-2,2’-bipyridine-
Ru(Il) complexes have widely been deposited as thin films by based ligands was synthesized starting from RuCl;, the already

spin-coating'° by incorporation in a conductive polymer described compound bpyNH,'** and the new bpyFluo ligand

pin-coating = or by incorpora polym

matrix.'" Monolayers have also been obtained using the (see Supporting Information (SI) for the synthesis and

Langmuir—Blodgett method or specific complexes bearing characterizations). It was designed so that the bulky groups

thiol-anchoring groups and SAM-based technics.'"> Covalent attached to the 2,2’-bipyridin1eg core ligands may limit the

grafting of Ru(II) complexes using diazonium electroreduction thickness of the deposited layer. > The electroreduction of the in

was also investigated."” Functionalization of surfaces via this

process is now well-known.'* It can be performed with molecules Received: May 24, 2016

bearing several functional groups and usually leads to Published: July 18, 2016
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situ chemically generated diazonium was performed and yielded
to ultrathin modified layers characterized by AFM, XPS, and
electrochemistry. Thickness measurements by several means and
STM studies were performed in order to investigate the
organization of the deposited layer.

Fluorine groups added new photophysical properties to the
Ru-based complexes; the molecular properties of complex 1 were
first studied and compared to the parent complex 2. The
absorption spectrum of complex 1 (Figure 2-a) is composed of
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Figure 2. (a) Absorption and emission spectrum of a CH;CN solution
of 1. (b) Cyclic voltammetry of a millimolar solution of 1 in CH;CN +
TBAPF (107 M) on GC electrode at v = 100 mV-s™.

(i) two intense bands centered at 295 and 350 nm, which are
mainly attributed to z—7z*, and intraligand charge-transfer
(ILCT) transition, respectively (ILCT involves a charge flow
from the fluorine units to the pyridyle moiety); (ii) a broad band
between 400 and 550 nm, which corresponds to d(Ru**) — 7*-
metal-to-ligand charge-transfer (‘MLCT) transitions.”” The
classical emission centered at 625 nm is due to the radiative
de-excitation of the lowest-lying *MLCT excited-state,” more
probably directed toward a fluorine-substituted bipyridine
ligand, which is easier to reduce than the aniline-substituted one.

Compared to the parent complex 2,'* emission quantum yield
(¢pem) and excited-state lifetime (7) in deaerated acetonitrile
solution were improved (¢, = 8.7% and 4.1%, 7= 1.2 and 0.7 s,
for 1 and 2, respectively). Involvement of the fluorine moiety in
the delocalization of the excitation state was confirmed by time-
resolved transient absorption spectrum. An intense and very
broad feature appears between 520 and 750 nm and is actually
due to the important delocalization and stabilization of the
radical anion in the substituted ligand (see Figure S2) as already
reported for Ru(bpy),”" moieties connected to conjugated
polyphenylene chains.”’

The electrochemical behavior of a millimolar solution of 1
(CH,4CN + 0.1 M TBAP) has been studied by cyclic voltammetry
on glassy carbon electrode in the —2/1.5 V potentials window.
The response of the Ru complex exhibits two successive anodic
waves (Figure 2b) accounting for one-electron transfers at E,=1
V/SCE and E, , = 1.28 V/SCE (AEP =100 mV) corresponding
to the irreversible aniline oxidation and to the reversible
ruthenium metal center oxidation. In the region of negative
potentials, the curve displays three one-electron partially
reversible cathodic waves at E,, = —1.33, —1.5, and —1.88 V/
SCE corresponding to the reduction of the bipyridine ligands.

The diazonium salt derived from complex 1 has been in situ
generated adding 15 equiv of terbutylnitrite (‘BuNO,). Figure S3
shows successive cycles of its electrochemical reduction between
0.4 and —0.6 V/SCE. In the first cycle, an irreversible peak at E,,.,
close to 0 V/SCE, characteristic of the diazonium reduction, is
observed. In the next cycles, the CVs show a dramatic decrease in
the peak current, which almost disappears after a few cycles.
These observations suggest that complex 1 has been grafted onto
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the surface, which was confirmed by the X-ray photo electron
spectroscopy (XPS) analysis of the surface.”” The peaks
attributed to the ITO substrate (tin and indium oxide) are still
observed, which indicates that the film thickness is below 10 nm.
Furthermore, the nitrogen signal is stronger than on the initial
ITO electrode, and one new peak at 281.2 eV attributed to
Ru(1I) 3d;,, (Ru(Il) 3d;),, at 285.4 eV is masked by C; signal) is
observed. The ratios between Ru and C and between Ru and N
are in good agreement with theoretical values. These quantitative
results (see SI for data) confirm that a thin film of the Ru(II)
complex 1 has been grafted onto the surface.

The effective anchorage of the complex onto ITO was also
checked by cyclic voltammetry restricted to the oxidative process
centered on the Ru-center. The CV curve of Ru(bpyFluo),bpy**
(1) on ITO shows the expected reversible oxidation wave at E, ,,
=123V (AE, ~ 0V at low scan rates). The shape of this wave is
characteristic of immobilized electroactive species. Increasing the
number of cycles used during the layer deposition process did
not lead to an increase of the amount of deposited units as no
apparent increase of the film electroactivity was evidenced.
Integration of the Ru**/?* redox peaks recorded yields an
apparent surface concentration of 5.2 X 107'° mol-cm™?, which is
close to that of a monolayer.”” Stability of the deposited film is
very good as it can be reversibly swept up to 1.4 V without any
loss of the Ru**/* signal.

We measured the thickness of the layers grown on ITO with an
increasing number of cycles, between 0.4 and —0.6 V/SCE by
atomic force microscopy (AFM) using two methods. The first
one is based on AFM topography images of a scratch in the films
(see Figure S6). Ahomogeneous coverage can be observed with a
high contrast between the inner and outer zones of the scratch.
The corresponding depth profiles (see SI) show that, when the
modified electrode is prepared with S grafting cycles, the average
film thickness is 2 + 0.5 nm, whereas when the number of cycle
increases to 30 cycles, the average film thickness increases slightly
and reaches 2.5 + 0.5 nm, with a roughness of ~0.5 nm. These
thicknesses were confirmed by a nondestructive method. It
combines diazonium electroreduction and nanosphere lithog-
raphy.”® This method generates nanostructured surfaces with
well-organized nanoholes in a honeycomb organization. AFM
can then be used for measuring the depth of these holes. Figure
3a shows an AFM image of such structures, whereas Figure 3c
shows the profile corresponding to the white line through four
neighboring holes. The average hole depth is 2.5—3 nm. This
result is similar to that previously deduced using the scratch
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Figure 3. (a) Honeycomb structures of nanoholes in an ultrathin film of
[Ru(II)] complex 1 deposited on ITO. (b) CV of electrografted film on
ITO in CH;CN + 0.1 M TBAPF, after 15/30 cycles. (c) Profile
corresponding to the white line in panel a, through four neighboring

holes.

DOI: 10.1021/jacs.6b04827
J. Am. Chem. Soc. 2016, 138, 93819384


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04827/suppl_file/ja6b04827_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04827/suppl_file/ja6b04827_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04827/suppl_file/ja6b04827_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04827/suppl_file/ja6b04827_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04827/suppl_file/ja6b04827_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04827

Journal of the American Chemical Society

Communication

method and clearly demonstrates the presence of a monolayer of
complex 1 grafted on the ITO surface. It also suggests that, in the
configuration used here, the layer growth is sterically blocked,
whereas multilayer formation was reported for the parent
complex 2."

This monolayer was then studied using scanning tunneling
microscopy (STM). Details on the STM setup can be found in
the SI files. To do so, the same electrografting method was
applied to deposit complex 1 on highly ordered pyrolytic
graphite (HOPG). A monolayer is again obtained as evidenced
by STM. This technique reveals a short-range self-organization of
the molecules in the monolayer (Figure 4a), which develops on
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Figure 4. (a) STM image of complex 1 grafted on HOPG: 33 X 30 nm?,
I,=13pA, V,= —350 mV. (b) STM image, 11 X 11 nm* (c) Line profile
of monolayer molecular stripes. (d) Proposed scheme for the [Ru(II)]
complexes in supramolecular side-by-side organization.

the HOPG terraces and is highly reproducible. It is not observed
upon spontaneous grafting, and only occurs from electro-
chemical reduction of complex 1 diazonium. The HOPG surface
is fully covered with parallel stripes. They exhibit nonlinear
defects revealing small shifts of adjacent molecules as depicted in
the SI files. The in-plane spacing between the nearest
neighboring stripes, determined by an STM cross-section, is
3.8 + 0.5 nm (see Figure 4, statistic on S samples). The +0.5 nm
error is contributed from both the variation of neighboring
stripes spacing and the STM piezoelectric drift. This value
matches the molecular length of 1. Parallel straight bright lines
are resolved from inside the molecular stripes with a
submolecular resolution (see Figure 4b). The intramolecular
bright lines are oriented in a direction perpendicular to the stripe
main axes and, due to the electronic coupling between the
chemisorbed Ru-core and the substrate, may involve more
directly the Ru-bpy core.'”>*

A side-by-side molecular structure may explain the complex 1
supra-molecular organization (see Figure 4d). Three-dimen-
sional [Ru(bpyFluo),bpy]** entities are packed in parallel side-
by-side forming the supramolecular stripe and are “standing”
protruded out of plane to the substrate surface. The Ru(II)
complexes are stabilized in ordered stripe patterns probably from
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a balanced competition between molecule—substrate chem-
isorption and an intermolecule 7—x (or other low energy
interactions) stacking. Several domains showing the same
nanostripe organization are observed by STM with clear
separations (see Figure S7 in SI). The rotating angles from the
different domains are always with value times of 60°. This
indicates that there is a unit structure from the self-organization
of complex 1 and the domain separation is induced by the 3-fold
symmetry of the HOPG substrate.

Monolayer organizations are usually observed with two kinds
of molecule/substrate interaction. Planar molecules self-
assembled from physisorption”* and thiol-based SAM on
gold™ in which the reaction between the molecule and the
surface is reversible and progressive reorganization of the surface
is possible. However, it has never been observed with layers
generated from diazonium chemistry in which chemisorption
involving strong covalent bonds occurs. Indeed, steric effects, on
the density of covalent grafting using diazonium chemistry were
recently demonstrated in an unprecedented way by STM but
long-range organization were not observed.”® It is likely that in
the present case a first covalently bounded molecular complex
acts as a seeding agent giving a nucleation point for subsequent
elongation of ordering, involving cooperative effects and efficient
supramolecular interactions with the “next” complex in
solution.”’

The photophysical properties of the grafted Ru complex 1
were investigated using time-resolved fluorescence microscopy.
The excited state lifetime was measured to be 23 ns, which is
much shorter than for the free complex,” showing a quenching by
the ITO surface. The electrofluorochromic behavior of the
grafted complex could also be evidenced when applying potential
steps leading to the switch of the Ru center redox state (see
Figure S10B in SI). A clear modulation of the luminescence
recorded above 530 nm (see emission spectrum in Figure S10A)
can be seen in phase with the potential modulation showing that
the electrofluorochromic properties of such complex”® are
retained on the surface.

To summarize, we report here the first example of a Ru(II)
complex, which gives a monolayer during electroreduction of the
related diazonium salt on ITO and HOPG. The molecules in the
monolayer are locally organized when deposited on HOPG as
evidenced by STM, with parallel molecular stripes covering the
terraces of the HOPG surface. The in-plane spacing between the
nearest neighboring stripes is 3.8 + 0.5 nm, matching the lateral
size of the complex and revealing a fingerprint of the molecular
packing. This layer can be seen as a “Ru(1I)-complex skin” on the
surface with potential applications related to its photophysical
properties. A molecular engineering and theoretical approach is
currently under investigation in our group, for a better
understanding of this unprecedented, rapid and robust 2D self-
organization of a monolayer of such 3D molecular structures.
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