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1. INTRODUCTION

The grounds in molecular materials lie on using functional
molecules as building blocks that self-assemble, following a
bottom-up approach, into more complex structures that exhibit
specific macroscopic properties, such as magnetic, optical, elec-
trical, biological, or biomedical. For many years, scientists have
been extensively investigating these molecular materials, moti-
vated by their intrinsic properties as well as the possibility to tune
them by molecular modification and solid-state design. In the
latest years, though, this field has merged with another research
area, surface engineering, and with this, a wide range of novel
organic—inorganic hybrid materials have appeared, showing
great potential for a vast amount of interdisciplinary applications.
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Molecular surface engineering aims to design surfaces with
specifically tailored properties through functionalization with
appropriately chosen functional molecules. Bare substrates of
metals and metal oxides tend to adsorb organic materials easily to
lower the free energy of the interface between the substrates and
the ambient environment. However, it should always be kept in
mind that molecules at the surface of a material can exhibit
different and unprecedented properties from those of the bulk
ones, since they experience a completely different environment."
Molecules with a variety of functionalities have already been
anchored on surfaces for the fabrication of chemical sensors,> for
immobilizing biomolecules,” for tuning the surface wettability*
and/or work function, or for the preparation of surfaces with
nonlinear optical properties.’ Organic free radicals, which have
been employed for a long time for preparing magnetic molecular
materials,” are also exceptionally interesting molecules to func-
tionalize substrates,® which is the focus of the present review.

An organic free radical is defined as a molecule with one or
more unpaired electrons, and hence, it exhibits a magnetic
moment. It is still generally believed that free radicals cannot
be stable and isolable; however, a few families of stable and per-
sistent radicals at ambient conditions have been around for many
decades.”™ Persistency of radicals is commonly related to a
combination of odd electron stabilization by adjacent lone pairs
or by delocalization and steric hindrance to prevent dimerization,
hydrogen atom abstraction, or other undesired reactions. The
interest they generate is not limited to the fabrication of magnetic
materials but comprises a variety of areas.” Free radicals have
been applied as reporter molecules to obtain structural, dynamic,
or reactivity information from other systems (i.e., spin labeling,
spin trapping, and ESR imaging). Further, radicals' reactivity has
been exploited in catalysis or polymerization processes or for
their ability to act as antioxidants. The redox character of organic
radical-based polymers has also been exploited to develop
batteries featuring fast electrode kinetics, reactant recyclability,
and high redox capacity.'® Another example of the potential of
free radicals that is currently engendering great interest, partic-
ularly for applications in biomedicine, is in dynamic nuclear
polarization (DNP), where an organic radical is used as polariz-
ing agent to enhance NMR sensitivity.”’12

Inorganic—organic hybrid materials using persistent organic
free radicals have also been reported. Thin films of stable radicals
on a variety of substrates prepared by thermal evaporation in vacuum
or from solution, as for example by means of the Langmuir—
Blodgett (LB) technique,'* were described over 15 years ago.
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Figure 1. Molecular formulas of the free radicals studied physisorbed on a surface.

More recently, nanoscale patterns of persistent radical polymers
on gold have been achieved by electrochemical oxidation with a
conducting tip of an atomic force microscope (AFM)."* Inter-
calation of free radicals into layered host matrices'® or mesopor-
ous materials'” was also pursued. Also very recently, an elegant
approach of growing inorganic—organic hybrid microcrystals by
using nitroxyl radical exchange reactions was published."® However,
the scope of this review is to overview the recent progress devoted to
the organization of monolayers of these magnetic molecules on
surfaces, paying particular attention to the preparation, characteriza-
tion, and future perspectives of this novel-type of materials.

2. ORGANIZATION OF ORGANIC FREE RADICALS ON
SOLID SUPPORTS

As for other organic molecules, the strategies followed to
organize persistent organic radicals on surfaces can be generally
divided into those using physisorption or chemisorption processes
depending on the nature of the interactions between the
substrate and the molecules. In the former process, the formation
of the molecular assemblies is driven solely by weak intermole-
cular interactions, whereas, in the latter, strong chemical bonds,
typically covalent, are established between the molecule and
the substrate. In the following, a description of the molecular
organization of organic free radicals obtained by physisorption
and chemisorption will be carried out. Along this part, special
attention will be paid to the intermolecular interactions as well as
the interactions between the molecule and the surface that take
place, since they are responsible for the preservation of the radical
character and other physical properties of the molecule. Also, a
brief overview at the end of this section of functionalized gold
nanoparticles with radicals is included.

2.1. Organization of Organic Free Radicals on Surfaces by
Physisorption

One of the first examples found in the literature of a radical
surface monolayer was reported by Turek et al.'* They prepared

a single monolayer of an amphiphilic a-nitronyl nitroxyl radical
(C18mNN, Figure 1) on silica plates by the LB technique as a
first step toward the elaboration of a 3D supramolecular assembly
of a magnetic material. By grazing incidence X-ray reflectivity,
they found that the monolayer thickness was 22 + 1 A, with a
roughness of 3.5 A. This could be explained by a molecular
configuration in which the molecules were standing on the sur-
face in a brushlike fashion, with the a-nitronyl nitroxyl moiety
directly interacting with the hydrophilic substrate and the
aliphatic tails extending away and tilted. In such a 2D assembly,
ferromagnetic interactions were evidenced (see section 3), de-
monstrating that the LB technique allows for some control of the
intermolecular interactions on the surface through control of the
molecular architecture.

An investigation regarding the influence of the substrate and
methods employed for depositing by physisorption the free organic
radical @,)-bisdiphenylene-3-phenyallyl:benzene (BDPA, Figure 1)
on the surface molecular orientation was carried out.”* BDPA
was evaporated under high vacuum as well as ultrahigh vacuum
(UHV) conditions on highly oriented pyrolitic graphite (HOPG)
and on Au(111), respectively, to prepare films with submono-
layer thicknesses. It was found that the molecules on HOPG tend
to aggregate together forming islands ranging in size from around
a few nanometers to a micrometer, with a tendency to decorate
the edges (Figure 2a). The molecules appeared to be mobile on
the surface and diffused until they either settled down along the
step edges or attached to other molecules. This mobility pre-
vented the attempts to perform scanning tunneling microscopy
(STM) imaging. On the other hand, monolayer-high islands of
tens of nanometers in size (about ten times smaller than on
graphite) were found on gold together with small clusters of a few
molecules (Figure 2b). Interestingly, the molecules could be
manipulated with the STM tip, since, in this case, the molecules
did not diffuse much (i.e., the effective diffusion length was 10 nm
on Au(111) and 500 nm on HOPG), and neither showed affinity
to be on the terrace edges, demonstrating a greater surface—molecule
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Figure 2. (a) AFM tapping mode image, 11 um X 11 um, on the
monolayer of BDPA molecules evaporated onto HOPG. Scale bar =
1 um. (b) STM image of BDPA islands on Au(111). 200 nm x 200 nm,
I=20pA, Viample = —850 mV. Scale bar = 20 nm. (c) The SEM image of
the microcontact printed HOPG surface with an array of circles of BDPA
molecules. (d) AFM tapping mode image on the BDPA islands
deposited onto HOPG by solvent deposition, 6 um X 6 um. Scale bar =
1 um. Reprinted with permission from ref 20. Copyright American
Scientific Publishers 2006.

interaction stability. This was further elucidated by the STM
imaging performed after two months of sample preparation. For
both substrates, the thickness of the islands was found to be
around 0.4 nm, much lower than the nominal height of the BDPA
molecules (0.88 nm). This was attributed to the fact that the
molecules undergo a conformational change while sitting on
the surface, since one of the atomic planes of the molecule is
rotatable and, thus, the actual molecular height depends on the
molecule—substrate interaction.

BDPA was also physisorbed on HOPG using solution-based
techniques such as microcontact printing and solvent deposition
(ie, drop casting and spin coating). Microcontact printing
(uCP)*" involves the inking of an elastomeric stamp, typically
poly(dimethylsiloxane) (PDMS), with the molecules, and sub-
sequently, by placing it into contact with a substrate, the ink
molecules are transferred from the stamp to the substrate in the
regions of contact. In a large HOPG area of 4 X 4 mm”, an array
of BDPA molecules was prepared using a stamp with circles of
1 um of diameter and 4 um space (Figure 2c). However, the
thickness of such circles was around 6.89 nm higher than what
was expected for a monolayer, indicating that the molecules
aggregate and form clusters in solution rather than wetting the
surface to form a monolayer, probably due to the high hydro-
phobicity of graphite. Finally, using solvent deposition in ethanol,
similar molecular monolayers as the ones observed by vacuum
evaporation were observed, but also some aggregates were found
here which were attributed to a Stranski—Krastanov growth (i.e.
monolayer followed by 3D crystal growth) (Figure 2d). All this
work clearly shows the significant influence of the deposition
method and the surface nature on the molecular organization of a
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Figure 3. STM image and structure models for configuration I (a) and
configuration II (b) of galvinoxyl monolayers sprayed on Au(111).
Reprinted with permission from ref 23. Copyright American Physical
Society 2006.

free radical, which is driven by the molecule—molecule and
molecule—substrate interactions on the surface self-assembly.
Galvinoxyl radical (Figure 1), which is known to be a very
reliable radical scavenger,”* has also been deposited on gold.”
The sample preparation involved the spraying of a solution with a
concentration range between 0.2 and 1 mM in ethanol directly
into the vacuum chamber onto the atomically flat Au(111)
surface. Two types of organizations, I and II, were observed.
Both of them consisted of arrays of stacked molecules that
followed the 6-fold symmetry of Au(111) and only differed in
the angles between the molecules of adjacent stacks. The mole-
cules were found to be standing upright on the surface, stabilized
by m—a overlap and hydrogen bonding interactions. In organi-
zation 1, a line pattern with a periodicity of 15 A was observed
with a few etching holes. At room temperature, the holes were
mobile until the system stabilized. The stacking distance was
found to be 7 & 0.7 A. At 140 K, the same STM topography was
observed, and the monolayer became more stable, staying at the
same condition for several weeks. Figure 3a shows an STM image
of this molecular organization with a possible model super-
imposed. Organization II was only observed after cooling the
sample down to 40 K, although it was then preserved when
warmed up. This result provides evidence about the competition
between the kinetically and thermodynamically controlled orga-
nizations of the radicals deposited on a surface. In Figure 3b, the
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Figure 4. STM image (60 nm X 60 nm) of TTM molecules self-
assembled on Au(111). Tip sample bias 0.3 V and tunneling current
1S5 pA. Reprinted with permission from ref 25. Copyright Elsevier
Science BV 2009.

latter molecular configuration is shown with two possible pattern
models: one with the molecules parallel inside the stack and
another one with alternating shifts along the lateral axis of the
molecule. The distance between molecules of one stack de-
creased down to 5.4 = 1 A in this second configuration, which
could be due to the factor of 10 between the expansion co-
efficients of the gold surface and the galvinoxyl molecules.

Self-assembled monolayers of nitroxyl radicals such as 16DSA
and CSL (Figure 1) were also obtained by physisorption on
HOPG (0001).>* In the first case, the measurements were
performed at the liquid—solid interface, and it was found that
the molecules form a highly ordered monolayer with domains
that range from 10 nm up to 100 nm in size. On the other hand,
the assembly of CSL on HOPG was carried out under UHV
and revealed a well-ordered monolayer but without a domain
structure.

Another family of persistent free radicals with a completely
different nature that has been explored physisorbed on a surface
is that of the polychlorotriphenylmethyl (PTM) radical. The
tris(2,4,6-trichlorophenyl) methyl radical (TTM, Figure 1) was
chosen as model compound to address the magnetic behavior
of a metal surface after physisorption of this derivative.”> The
samples were prepared using the dip and rinse procedure,*®
which consists in immersing an annealed and clean gold substrate
into a 10> M solution of TTM in dichloromethane for 30 s and,
subsequently, rinsing it with pure solvent and drying it under
nitrogen. As confirmed by STM, the TTM molecules were
adsorbed on the entire gold surface and formed aggregates of a
few molecules (diameter of less than 8 nm). After leaving the
sample inside the STM chamber under nitrogen flow for a few
hours, ordered domains of periodic rows separated by 1.5 & 0.1 nm
could be observed (Figure 4). The periodicity and dimensions of the
rows were consistent with the molecular size of TTM molecules.

The PTM derivative PTMTC (Figure 1) has also been
deposited on Au(111) by UHV evaporation and studied at
submolecular resolution.”” This PTM analogue has three car-
boxylic groups attached to the perchlorinated trityl skeleton that
are known to drive the formation in the solid state of a layered
hydrogen bonded open framework.”® Two types of hydrogen
bonded supramolecular assemblies of physisorbed PTMTC
molecules were observed by STM after annealing the sample at
325—350 K. It is interesting to note that in both cases the surface
assemblies were different from the one obtained within the layers
of molecules in PTMTC single crystals, suggesting that, in the
absence of interlayer PTMTC—PTMTC interactions, alterna-
tive 2D orderings of PTMTC molecules are energetically pre-
ferred in this 2D driven organization. The first arrangement
followed a hexagonal pattern with an intermolecular distance

Figure 5. (a) STM image of PTM-OC,,H,; from 1-phenyloctane on
HOPG. I = 0.023 nA, V= —1.0 V. Green and red arrows indicate the
separation between two adjacent rows and between two adjacent double
rows, respectively, and blue arrows indicate some double rows from
the first bottom-layer. (b) Zoom images show the stacked disklike
bright features (highlighted in yellow) which form the rows. Rep-
rinted with permission from ref 29. Copyright American Chemical
Society 2009.

of ca. 1.13 nm. The second hydrogen bonded assembly shows a
more densely packed assembly based on a unit cell (2 nm X
1.8 nm) of 4 PTMTC molecules, each bound to the closest one
by hydrogen bonds. Here, it was also possible to image the
helicity of each single molecule that results from the typical
propeller-like conformation of PTM radicals. Indeed, alternating
Minus and Plus helicity structures were seen, hence respecting the
racemic composition when the PTMTC molecules are surface
confined.

The self-assembly of a PTM derivative bearing long alky
chains (PTM-OC,H,,, Figure 1) on graphite has also been
studied.” Taking into account the propeller-like conformation
and bulkiness of the PTM moiety and that previous works had
shown that in bulky systems similar to Cg it is necessary to have
more than one long alkyl chain to ensure the adsorption of the
molecules on graphite,”® a PTM derivative bearing three long
alkyl chains was synthesized. The self-assembly of this PTM radical
was investigated physisorbed on graphite at the liquid—solid
interface by STM, since in this environment the molecules can
form the thermodynamically most stable supramolecular struc-
tures.”’ The molecules assembled spontaneously and formed
ordered nanostructures at the interface, as illustrated in Figure S.
The bright areas in the STM images were attributed to the bulky
and conductive PTM radical moieties in which their singly
occupied molecular orbitals (SOMO) seem to favor electron
tunneling. The molecules assembled into characteristic double
rows with a separation of 2.2 £ 0.2 nm (green arrows in Figure S)
that corresponded to the formation of head-to-head PTM dimers
favored by Cl- - - Cl interactions>> that stacked maximizing the
van der Waals interactions among adjacent alkyl chains. The
distance between double rows was 8.0 & 0.2 nm (red arrows in
Figure S), which is in agreement with the size of two extended
molecules exhibiting enhanced CH—t interactions between the
alkyl chains and the graphite lattice. Interestingly, the observed
directions of the double rows in contact with the HOPG were
restricted only to three directions with an angle close to 120°,
suggesting that the molecules interact with HOPG, and there-
fore, the substrate symmetry strongly affects the growth direc-
tion of the rows. In this system, the long alkyl chains have
two main effects: first they help to obtain well-ordered spin-
containing two-leg ladders with a specific space between
them, and second, they act as diamagnetic barriers between

2509 dx.doi.org/10.1021/cr200233g |Chem. Rev. 2012, 112, 25062527
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Figure 6. Molecular formulas of the free radicals studied chemisorbed
on a surface.

neighboring radical units. Further, it was confirmed that the
molecular organization previously observed in the liquid—solid
interface was maintained after the solvent evaporation, which is
attractive for future studies. Undoubtedly, such a spin-ladder type
topology™” offers new perspectives to design promising magnetic
molecular architectures.
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Figure 7. Schematic of a TEMPO radical reacting with one of the Si

dimer dangling bonds on a clean Si(100) surface. Reprinted with
permission from ref 35a. Copyright Elsevier BV 2004.

2.2. Organization of Organic Free Radicals on Surfaces by
Chemisorption

Mainly organic radicals of the family of nitroxyls and a-
nitronyl nitroxyls as well as PTMs have been chemically an-
chored on a variety of surfaces that range from metals (i.e., Ag,
Cu), inorganic semiconductors (i.e,, GaAs, Si), metal oxides (i.e.,
ITO), or silicon-based oxides (i.e. quartz, glass, SiO,). However,
one of the earliest examples found is related to the generation
of cyclopentadienyl radical (*CsHs, Cp) on Ag(lOO).34 The
samples were prepared by thermally desorbing previously phy-
sisorbed ferrocene [Fe(CsHs),] molecules from the sample
surface. Upon heating, most ferrocene molecules desorb intact
while some undergo metal—ligand bond dissociation, leaving Cp
radicals attached on the Ag surface. The unexpected low mobility
found for Cp radicals on Ag(100) at room temperature was
attributed to their strong bonding to the substrate. The energy
loss spectroscopy data pointed out that the Cp—Ag bonding
was more ionic in character than s-covalent. Furthermore, the
authors demonstrated that these radicals could be manipulated
and associatively desorbed with the STM tip at room tem-
perature.34

The 2,2,6,6-tetramethyl-1-piperidinyloxyl radical, widely known
as TEMPO (Figure 6), is a stable nitroxyl free radical that has an
unpaired valence electron localized at the N—O atoms. TEMPO
was investigated on Si(111) by UHV-STM.?® This free radical
was found to bind via its unpaired electron associated with the
singly occupied molecular orbital (SOMO) to silicon, dangling
bonds from the surface as illustrated in Figure 7. Although the
radical character of the molecule was lost here, the formation of
such a Si—O bond was proposed to be useful as an alternative
route to graft molecules on a silicon surface. This silicon dangling
bond—TEMPO reaction has already been applied for controlling
the passivation of silicon surfaces,® growing molecular nano-
structures on Si,”’ or for performing molecular electron transport
studies.’®

On the other hand, the radical 2,2,5,5-tetramethyl-3-carboxy-
pyrrolidine nitroxyl (3CP, Figure 6) was deposited on Cu(110)
by vacuum sublimation.*' This radical was designed in order to
anchor the molecule robustly to the surface involving the acid
group, taking into account the affinity of this chemical group to
copper. This reduces the possible interaction between the N—O
and the surface and, therefore, enhances the possibility of pre-
serving the unpaired spin. The STM images at 300 K at different
coverage showed that from the very beginning the molecules
tend to organize into 2D aggregates, as observed in Figure 8,
where the discrete bright spots in the STM images with a
diameter of 6—7 A correspond to the 3CP molecules. The lower
molecular mobility at room temperature confirmed the robust-
ness of the assembly. Information regarding the bonding and
molecular orientation at the surface was extracted from a
combination of the STM experiments with reflection absorption
infrared spectroscopy and DFT calculations. It was found that

2510 dx.doi.org/10.1021/cr200233g |Chem. Rev. 2012, 112, 25062527
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Figure 8. STM images of 3CP radical adsorbed on Cu(110) at 300 K
recorded for low (a—c) and high (d—f) coverage. Reprinted with
permission from ref 41. Copyright 2009 American Chemical Society.

the molecular structure played a critical role in the stabilization of
the radical on the surface. Two Cu—O bonds between the
carboxylate groups and specific short-bridge adsorption sites
on Cu(110) were formed. In addition, this bonding together
with the methyl substituents at the rings forces the molecule to be
held upright with respect to the surface, preventing electronic
overlaps between the Cu atoms and the NO groups, which could
pair up, transfer, or delocalize the unpaired spin of the radical.
The most well-known example of a molecule grafted to a
substrate is that of sulfur-containing self-assembled monolayers
(SAMs) on gold, which were first described by Nuzzo and Allara
in 1983.* Following this strategy, nitroxyl derivatives TEMPO-
SH 1—3 (Figure 6) bearing a thiol functionality and an alkyl chain
with different lengths were synthesized by coupling 4-amino
TEMPO to the corresponding w-thioacetyl carboxylic ac1ds and
subsequent deprotection of the thioacetates to thiols.*’ These
materials were successfully used to functionalize gold substrates.
The kinetics of this process was investigated using a quartz crystal
microbalance, and it was established that the process was chain-
length dependent: the rate increased with the molecular length.
With a similar methodology, 4-aminoTEMPO was also grafted
on gold, but the molecule reacted here with an already formed
alkanethiol SAM with pendant acid groups.** Gold has also
been modified with TEMPO following a different strategy. The
2,2,6,6-tetramethylpiperidine, known as TMP, was oxidized to
TEMPO in a solution, which adsorbed on Au in the form of
ammonium cation. Such a species at the potential of 0.5 V formed
a permanent complex of gold and the nitroxyl radical.**
Moving again to a semiconducting surface, there is a current
interest in functionalizing GaAs with organic molecules in order
to chemically stabilize its inherently chemically unstable surface
and to control the electronic properties of the resulting devices.
In order to gain insights into the GaAs molecular functlonahza—
tion, spin-labeled organic monolayers were fabricated.*® The
chosen molecules were S-doxyl stearic acid (SDSA) and 16-doxyl
stearic acid (16DSA), which, as in the previous example, bear a
carboxylic acid anchoring group, and close or far away from it,
respectively, a nitroxyl radical center is introduced (Figure 6).
The samples were prepared by immersing the cleaned and etched
substrates in 3 mM solutions of the molecules in ethanol over-
night and, afterward, washing the samples with hexane. The ratio
between the coverage of 16DSA to SDSA estimated by infrared
spectroscopy (IR) was 1.5 = 0.2, which stems from the different
locations of the nitroxyl moiety. In SAMs of SDSA, since the
bulky nitroxyl group is close to the surface, it does not allow a
closer packing of the molecules, whereas in 16DSA, with the

nitroxyl at the upper end, the long alky chains can organize,
forming denser SAMs. Additionally, in the former case, the
organization takes up to a week or two and, even after achieving
a steady state, the layer is not well-ordered.

a-Nitronyl nitroxyl radicals have also been chemically immo-
bilized on surfaces. Sugawara et al. reported the SAM forma-
tion and characterization of a bi(a-nitronylnitroxyl) biradical
with a disulfide group linking the two radical centers (DSPN,
Figure 6) on gold.*” The substrate was soaked into an ethanol
solution of DSPN, and the chemisorption process after the
reductive cleavage of the disulfide group was traced by surface-
plasmon resonance. It was observed that the chemisorption
became complete after 20 min. The thickness of the monolayer
measured by ellipsometry (12 £ 2 A) was in agreement with the
molecular length. This a-nitronyl nitroxyl derivative bears germinal
dimethyl groups for kinetic stabilization, which could disturb the SAM
formation. Nonetheless, by cyclic voltammetry (CV) experiments it
was found that the SAMs were very dense, which was attributed to
quadrupolar interaction among the highly polarized N—O groups.

Gatteschi et al. synthesized a series of o-nitronyl nitroxyls
(NitR1—3, Figure 6) in which the chemical structure of the linker
group was modified to evaluate this variation on the assembling
process.* In all these analogues, a methylthio function was used
to chemisorb on gold substrates to avoid the redox competition
that could exist between the NitR radical and a thiol group, which
is a more commonly used anchoring group to prepare SAMs on
gold. STM characterization indicated that radicals NitR1 and
NitR2 can bind to gold with two different orientations. However,
thanks to the —CH,— spacer between the sulfur atom and the
aromatic ring in NitR3, the degree of freedom of the molecules
on the surface is reduced and, consequently, more ordered SAMs
are formed. In addition, this chemical modification also stabilizes
one molecular conformation which is more favorable for grafting,
that is, one in which the methyl group is in a position closer to the
methylenic spacer. On the other hand, substitution of the phenyl
group with biphenyl did not lead to significant improvement of
the ordering because, although 77— interactions might be
enhanced, also the degrees of freedom of the molecule increase.
STM also proved only local ordering and that the radical mole-
cules were quite mobile on the surface, probably due to the weak
surface interaction provided by the methylthio group. Later on,
the same group designed a a-nitronyl nitroxyl derivative (NitR4,
Figure 6) with also a methylthio surface anchoring group and two
long alkyl chains 1ntroduced to enhance the lateral packing of
molecules in the SAM.*

An illustrative research work has been performed on PTM
radicals chemisorbed on a variety of surfaces exploring different
chemical bonding—substrate combinations.> For this purpose, two
general approaches were followed: (i) a direct anchoring of the PTM
radical on a surface with a covalent bond and (ii) a two-step approach
consisting of growing a coupling SAM, which then interacts with the
PTM derivative by the formation of either a covalent bond or a
coordination bond or via electrostatic interactions (Figure 9).

For the direct anchoring strategy, the diradical PTMSS that
incorporates a disulfide bmdlng group to be anchored on gold
was synthesized (Figure 6).°”® This approach avoids the use of
SH groups which are less stable in air for grafting the molecules to
the surface and that can reduce the radical. In addition, it is worth
noting that this derivative was designed so that in the result-
ing SAMs (Sla, Figure 10) the radical is fully conjugated and
hybridized with the metallic gold surface. The preparation of
SAM Sla was achieved by immersing a freshly cleaned gold

2511 dx.doi.org/10.1021/cr200233g |Chem. Rev. 2012, 112, 25062527
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Figure 10. Chemisorbed SAMs prepared with PTM radicals.

substrate in a 107" M THF solution of PTMSS under argon
atmosphere for at least 72 h in the dark (Figure 11, path a). After
this time the monolayers were vigorously rinsed with abundant
THEF, to ensure that there was no physisorbed material on the
substrate, and dried under a N, stream.

Interestingly, the same SAM was prepared using two addi-
tional approaches. The first one involved the functionalization of
the substrate with a hydrogenated PTM precursor bearing a
thioacetyl group (¢H-PTM-SAc). Afterward, the SAM of aH-
PTM-SAc was treated with a base (i.e a solution of tetrabutyl-
amonium hydroxide in THF) for 24 h. This process induced a
deprotonation reaction, in which the anchored aH-PTM groups
were converted to the corresponding anions (Figure 11, path b).
In the last route (Figure 11, path c), the SAM Sla is prepared by
direct assembling of the anionic PTM species, which is generated
from a solution of the ¢ H-PTM-SAc analogue by addition of an
excess of a strong base. In both cases, the anionic PTM SAMs

PTM-SS
— A1
Path c) Path a) SAM S1a
Path b) |aH-PTM-SAc
Ox. | | Red.
aH-PTM-SAc +
base
_
deprotonation
SAM (aH-PTM-SAc) SAM S1a anion

Figure 11. Routes followed to prepare PTM radical based SAM S1a.
Reprinted with permission from ref 50b. Copyright American Chemical
Society 2008.

were then oxidized to their PTM radical SAMs, either electroche-
mically or with a chemical oxidant. Although the direct anchoring of
the PTMSS radical gave rise to higher surface coverage, this work
elucidates the wide range of existing pathways to fabricate surface
confined monolayers of redox active PTM organic radicals.

Alternatively, another more flexible and nonconjugated PTM
diradical bearing a dlsulﬁde group (PTMOCOSS, Figure 6) has
also been synthesized.”” Very dense SAMs of this derivative on
gold were achieved by introducing the freshly cleaned substrates
ina 107> M solution of PTMOCOSS in THF, in the dark, under
argon and mild heating (30 °C) for the first 3 h, and at room
temperature for the following 21 h (SAM S1b, Figure 10).

Within the direct anchoring strategy, but in order to functio-
nalize indium tin oxide (ITO) substrates, a PTM radical with a
terminal triethoxysilane moiety connected through a flexible
chain (PTM-Si, Figure 6) was prepared. The corresponding
SAMs (S1c) were prepared following a similar procedure as
before, and they resulted in very dense and robust films, as
explained in more detail in a following section.*%®

As mentioned, the two-step approach consists in first function-
alizing the surface with a coupling monolayer which bears a
functional group able to chemically bind to the surface and a
terminal chemical group that acts as a recognition site. Afterward,
a functionalized PTM radical was immobilized on the substrate by
forming either covalent, coordination, or electrostatic interactions
with the first coupling SAM (Figure 9b—d). In order to graft the
PTM derivative covalently within this strategy, SAMs of
N-[3-(trimethoxysilyl) propyl]ethylenediamine on SiO, or 4-ami-
nothiophenol on gold were prepared.*** The resulting substrates
functionalized with the amino terminated monolayer were im-
mersed in a solution of an acid chloride functionalized PTM radical
(PTM-COC], Figure 6), resulting in the formation of a covalent
amide bond (S2a and S2b, respectively, Figure 10). The preparation
of the PTM radical SAM solely via interlayer electrostatic interac-
tions (S3) was similarly achieved on the SiO, based substrates.”™ In
this case, the amino group of the first monolayer was protonated by
rinsing the sample with 4-morpholineethanesulfonic acid monohy-
drate buffer (pH $.6), and subsequently, the substrate was immersed
in a solution of a PTM radical with a carboxylic acid group (PTM-
COOH, Figure 6) to form the ionic bond. The optical properties
(absorption and fluorescence) of the SAMs prepared on quartz
were successfully investigated. In addition, S2a and S3 patterned
surfaces were prepared by microcontact printing and visualized by
laser scanning confocal microscopy or fluorescence microscopy due
to the fluorescent nature of the PTM radical molecules.
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Figure 12. (a) Scheme of the inclusion of hydrophobic nitroxyl probes in the monolayer of a water-soluble protected gold cluster. Reprinted with
permission from ref $3. Copyright 2004 American Chemical Society. (b) Preparation of spin-labeled gold nanoparticles by exchange reaction. Reprinted
with permission from ref S5b. Copyright 2004 The Royal Society of Chemistry. (c) Structures of the series of spin-labeled disulfide ligands designed for
anchoring to the gold NPs and being pH sensitive. Reprinted with permission from ref $5i. Copyright 2008 American Chemical Society. (d) Schematic
drawing of the lateral diffusion of ligands on the surfaces of Au NPs and structures of the ligands used for the study. Reprinted with permission from

ref 55g. Copyright 2008 American Chemical Society.

The grafting of a PTM derivative by means of a coordination
bond with a metallic ion was achieved on a —COOH terminated
SAM on gold following the layer-by-layer methodology, success-
fully reported for the growth of closed-shell planar molecules.*"
Two different approaches were used to validate the viability of
this methodology.SOd In the first one, a SAM of mercaptohexa-
decanoic acid (MHDA) on gold was immersed in a PTM-
COOH/copper acetate 1/1 mixture, while in the second one
the MHDA SAM was sequentially immersed first in a solution of
Cu(OAc), and, after rinsing and drying to remove physisorbed
material, in a solution of PTM-COOH. Both strategies resulted
in the surface grafting of the monocarboxy PTM derivative via
the formation of a coordination complex where the Cu(II) metal
ions act as linkers between the carboxylic groups of the MHDA
SAM and the ones from the PTM-COOH (S4, Figure 10).

2.3. Organic Free Radicals on Nanoparticles

Besides the grafting to nominally planar surfaces, the unique
and size-dependent optical, electronic, and catalytic properties of
nanoparticles (NPs) make them an interesting solid support to
investigate organic free radicals immobilized on their surfaces.

Up to now, most of the work done for grafting free radicals
on NPs has been performed using gold NPs and substituted
nitroxyls (Figure 12). There are three main strategies described
to achieve the NP functionalization: (1) physisorption,® (2)
inclusion of hydrophobic radicals into water-soluble monolayer-
protected gold clusters (MPC),>*** and (3) chemisorption
based on the same sulfur—gold chemistry employed for flat
surfaces. The latter strategy was made following a ligand

exchange reaction typically between the ligands of the function-
alized NPs and free ligands in solution®® but also between ligands
of different nanoparticles (i.e., interparticle exchange).*®

As an example, we describe the work done by Zhang et al. They
prepared Au nanoparticles of two sizes, 15 and 2.5 nm, functionalized
with the nitroxyl free radicals 4-R-2,2,6,6-tetramethylpiperidine,
with R = -H (TEMPO), -NH, (TEMPAMINE), and -C=0
(TEMPONE).>* In particular, TEMPAMINE was chosen for the
high affinity of the amine group to the gold surface. The physisorp-
tion of the three radical derivatives was demonstrated to take
place since a significant reduction of the electron spin reso-
nance (ESR) signal of the radical solutions in the presence of
gold particles was observed. Moreover, the authors showed
that a catalytic reaction in which TEMPAMINE is oxidized to
TEMPONE occurred at the particle surface in the presence of
oxygen in the solution, with the reaction being catalyzed by
the gold particles.

As a summary, we can mention that the techniques employed
to graft free radicals on surfaces have been the same ones as that
utilized for other organic molecules. This demonstrates the high
stability of organic free radicals during the deposition process and
once immobilized on solid supports. A point worth mentioning
about the molecular organizations achieved by chemically graft-
ing free radicals to surfaces is the robustness of the resulting
hybrid organic—inorganic materials, which is always superior to that
of the assemblies obtained by physisorption. In contrast, except in
very few particular cases, the lateral molecular order is poorer in the
chemisorbed radical assemblies. Considering hence the easiness and
versatility of the grafting techniques, the functionalization of surfaces
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Figure 13. (a) ESR measurement of galvinoxyl on a Au(111) (black line) surface compared with the galvinoxyl powder spectrum (dashed red line).
Reprinted with permission from ref 23. Copyright 2006 American Physical Society. (b) Temperature dependence of the ESR of NitR1 in solution compared
to the room-temperature ESR spectrum of its SAM on gold. Reprinted with permission from ref 48. Copyright American Chemical Society 2007.

with properly and specifically designed organic free radicals opens
wide perspectives for their applications. In addition, such hybrid
inorganic—organic systems offer suitable platforms to study the
influence of the surface on the paramagnetic species as well as the
intermolecular interactions present between radicals.

3. ARE ORGANIC FREE RADICALS STILL PERSISTENT
ON SURFACES? AND DO THEY KEEP THEIR
PROPERTIES?

The first question that arises when an organic free radical is
adsorbed or grafted on a surface is whether its magnetic nature
given by the presence of the unpaired electron will persist.
Indeed, the radical character of the molecules on a surface can
be lost due to possible electron transfer to/from the substrate or
to atom abstraction by the radical originated by specific electro-
nic interaction with the surface. In this section we present an
overview of the different techniques that have been used to detect
and address organic radicals on surfaces, as well as how theore-
tical calculations help with gaining a better understanding of the
adsorption mechanism and possible magnetic interactions.

3.1. Electron Spin Resonance (ESR)

The most commonly used magnetic technique for the detec-
tion of paramagnetic spin centers is ESR. It measures the energy
absorption produced under microwave radiation by changes of
the precession of an induced macroscopic magnetization around
an external static magnetic field. This highly sensitive technique is
widely used for characterizing organic free radicals in solution
and in solid state, and it represents also a proper means to detect
the spin signal when the radicals are deposited on a surface,
allowing determination of whether the radical nature is preserved
upon chemi- or physisorption on a specific substrate. In this
regard, we find several examples in the literature where ESR has
been used for this purpose. The largest amount of work relies
mainlgf on the study of PTM,>*30%>0030430¢ o nitronyl nitro-
xyls,'¥?**~* and other nitroxyl radicals, such as TEMPO and
derivatives,**” and galvinoxyl”> deposited on surfaces. Below,
some of these works are explained in more detail.

In 2002, Matsushita et al. demonstrated by ESR that the novel
open-shell 77-conjugated disulfide carrying an a-nitronyl nitroxyl
group (DSPN) remained intact during the chemisorption

process on gold.*” This technique has also been employed for
physisorbed layers, as it was demonstrated by Speller and co-
workers for a layer of galvinoxyl radical on Au(111).>* The
corresponding ESR spectrum (shown in Figure 13a) confirmed
that the radical is not reduced upon binding to the surface but
persists as a free radical. The observed singlet line had a line width
of 8.1 G, which exceeds the line width of the powder spectrum
(red dotted line), in accordance with the higher intermolecular
distance inside the molecular layer compared to that in the
crystal. Mannini et al. performed a more extended study and
used ESR to verify the effect of the deposition procedure
on the magnetic properties of the series of the o-nitronyl
nitroxyls NitR1—3 and to get information about the dynamics
and the degree of organization of the deposited molecules
(Figure 13b).*® The hyperfine structure of the signal coming
from the coupling of the unpaired electron with two equivalent
"N nuclei undoubtedly confirmed the integrity of the NitRs
molecules on the surface. ESR also allowed for the estimation of a
complete coverage of the surface by comparing the signal with
the one obtained from a NitR solution containing a known and
comparable number of spins. The temperature and time evolu-
tion of the ESR spectrum of the SAM suggested quite a large
mobility of the radical, in agreement with the STM results.
Additionally, the absence of any angular dependence of the
room-temperature ESR spectrum with the orientation of the
sample with respect to the external magnetic field suggested a
quasi-isotropic motion of the radicals anchored to the surface.
Such fast motion must average the anisotropy of the g factor and
the nuclear magnetic dipole hyperfine interaction (A) tensors
that are strongly dependent on the molecular orientation. This
molecular motion occurs on a time scale that is slow for the ESR
spectroscopy but is fast and thus undetectable for STM, meaning
that the small regions of local ordering observed and previously
mentioned by STM do not sum to give a large-scale order. Such
ordered domains could hence be formed as a consequence of
different oriented domains of the gold substrate and roughness of
the polycrystalline surface.

ESR investigations on the 16DSA and CSL radicals on HOPG
were also performed, being especially relevant for the CSL, since
during the film formation high temperatures are required that could
destroy the paramagnetic character of the molecules. ESR data
suggested a molecular immobilization and the formation of ordered
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structures for the 16DSA upon adsorption, and in the case of the
CSL, the ESR spectrum showed that the molecules were not reduced
and retained their paramagnetic nature after the heating procedure.”*

Importantly, as briefly introduced in the previous example,
ESR is, in principle, a suitable technique to get structural,
dynamic, and electronic information on organized organic radical
monolayers, and in addition, it gives information on the interac-
tion between the adsorbed molecules and between the molecule
and the substrate.’® For example, spin—spin interactions in
magnetic LB films of organic free radicals have been studied by
ESR. Zhu and co-workers'** prepared LB films based on a novel
organic compound with two radical substituents, a o-nitronyl
nitroxyl and a-imino nitroxyl, and along hydrophobic chain. ESR
spectra of the biradical deposited on quartz glass were measured
at different angles () between the direction of the magnetic field
and the substrate surface and showed that the g factor decreased
with decreasing values of 6. Moreover, a dependence of its ESR
intensity (I) on the magnetic direction was also observed,
suggesting an anisotropy in the magnetic behavior of the radicals
forming the LB film. Interestingly, the temperature dependence
of I further demonstrated antiferromagnetic interaction at low
temperature which probably overshadows the expected intramo-
lecular ferromagnetic interaction, observed for polycrystals of the
same radical. On the contrary, as introduced in section 2.1, Turek
etal.'” reported antiferromagnetic interactions in the bulk material of
C18mNN, while clear evidence of ferromagnetic interactions was
observed in the temperature dependence of the ESR response of
a single LB monolayer of this radical. The integrated intensity of
the absorption line is known to be proportional to the static
susceptibility y, and hence, considering this, the authors found
that the experimental data for the C18mNN monolayer fitted
with a Curie—Weiss law with a positive Weiss constant. These
magnetic interactions were attributed to the steering induced by
the molecular organization in the monolayer. Moreover, the line
width and g-factor anisotropy observed in the experiments,
where the ESR signal was recorded in three orthogonal planes
with respect to the LB film, allowed extraction of an overall picture
of a 2D magnetic layer having its magnetic axis oriented along the
normal to the substrate, i.e. along the long molecular axis.

ESR has also been successfully employed for characterizing
other types of organic—inorganic hybrid materials in which other
types of solid supports were used. As an example, an alkenylated
TEMPO radical was grafted on a porous silicon (PS) surface and
the ESR spectrum of the hybrid TEMPO-PS proved the covalent
grafting and chemical integrity of the radical. It is known that a
large electron dipole—dipole interaction, which is dependent on
inter-radical distances, produces a fast relaxation of the electron
spins and thus a broadening of the ESR lines. The lack of the line-
width enlargement expected for a densely packed 2D array of
TEMPO molecules revealed a low coverage.”” Furthermore, ESR
recorded in the temperature range 20—370 K permitted study of
the dynamics of the TEMPO radical molecules on the PS. The
ESR spectrum of the TEMPO-PS at 220 K was characteristic of
immobilized nitroxyls. However, the spectral features corre-
sponding to the mobile nitroxyls were progressively more evi-
denced upon raising the temperature while the spectral component
related to the immobilized nitroxyl decreased accordingly. The
defined mobile fraction (mobile component/total intensity of
ESR spectrum) was observed to contribute significantly to
the ESR spectrum only at T > 300 K. With this observation,
the authors concluded that the relatively low coverage and negli-
gible chain-to-chain interaction imply that the temperature

dependence of the chain mobility is mainly dominated by the
internal conformation degree of freedom. At least two local
conformational mobilities were assigned. Upon heating, the “rigid”
molecular fraction converted into a mobile one, where the
conformational freedom of the alkyl chain is comparable to what
one can measure in liquid solution.

ESR has also been extensively employed for the characteriza-
tion of the physical and chemical properties of gold nanoparticles
when they act as a solid support for paramagnetic species, as well
as to investigate the processes that occur on their surfaces.>

3.2. Single-Spin Sensitive Scanning Probe Microscopies:
SP-STM and ESN-STM

Although relevant information can be obtained from the ESR
studies, the very small amount of material in a single monolayer is
a limitation, since it is close to or, in some cases, even lower than
the sensitivity limit of the ESR. In addition, when analyzing
radical monolayers attached to surfaces, one must be careful to
avoid the presence of multilayers of the radicals, since the ESR
response of these latter species may overlap with the signals (if
any) produced by the radical monolayer in direct contact with the
surfaces. In this line, we encounter two main drawbacks when
facing the actual demand of scaling-down the detection limit: (1)
the lack of spatial resolution and (2) the need for approximately
10'°—10" spins on the sample for a detectable signal.*® To
overcome this problem, the combination of the subnanometer
spatial resolution of the scanning probe microscopy (SPM)
techniques with single-spin sensitivity has gained much attention
in the last years, as it is suitable for the detection of free radical
molecules, i.e. electron spins, at the atomic level. There are two
main techniques used for the magnetic addressing of individual
molecules: spin-polarized STM (SP-STM) and electron spin
noise STM (ESN-STM).® The ideal situation for performing this
type of experiments is when singly dispersed molecules or
isolated small clusters of them are present on a surface, thus
enabling probing of single molecules and, hence, single spins.”’

SP-STM is a technique which is capable of mapping out the
magnetic orientation of magnetic systems on a surface down to
atomic scale. It uses a ferromagnetic tip to produce a spin-
polarized tunneling transport which allows one to detect mag-
netized species.” The tunneling conductance is then a function
of the relative orientation of the magnetic moments of the tip and
the sample. Up to now, SP-STM has been mainly applied suc-
cessfully to metal atoms and only recently have the first examples
of SP-STM on magnetic molecules appeared.®> The different
spin tunneling measured in a single Co-phtalocyanine molecule
depending if the spin of the molecule was oriented up or down
demonstrates the potential of this technique.”® STM imaging of
galvinoxyl radicals on Au(111) using in this case an antiferromag-
netic MnNii tip was attempted.” Such an antiferromagnetic tip was
chosen since it has no stray field that influences the sample
magnetism. However, down to 140 K no appreciable differences in
topography were found using these tips. This implied that either the
sensitivity, i.e. the spin-polarization of the tip, was too low or the spin-
ordering in the molecular aggregates was not sufficiently strong or
even absent.

On the other hand, ESN-STM is based on the detection of
spin noise (small signal) in the tunneling current of the STM
experiment at a frequency corresponding to the electron Larmor
frequency of the spin. Besides the use of this technique to detect
dangling bonds at silicon surfaces as originally demonstrated,®®
the signal has also been detected for organic free radicals such as

2515 dx.doi.org/10.1021/cr200233g |Chem. Rev. 2012, 112, 25062527



Chemical Reviews

10nm
o

Field (Gauss) C

Field (Gauss)
[800 895 900 905 k ) 895 " 900 905

Ao ref,|
249 250 251, 252 253 254,
Frequency (MHz)

252 253 254
Frequency (MHz)

Figure 14. (a) STM image of NitR3 deposited on Au(111) during
ESN-STM measurements. (b) STM image of NitR3 observed on a
zoomed area. (c and d) ESN-STM spectra of a single NitR; signal evi-
denced by a circle. During the spectroscopy, bias voltage and tunneling
current were, respectively, 0.1 V, 1 nA and 0.1V, 0.1 nA. Reprinted with
permission from ref 66. Copyright 2008 Elsevier.

DPPH (1,1-diphenyl-2-picrylhydrazyl),** TTM,* BDPA,*® and
NitR3 (Figure 14).%¢

As introduced above, the precise positioning of spin probes
at the surfaces is crucial to further develop techniques such as
SP-STM and ESN-STM. It is very important to prevent electron
migration or lateral diffusion of the molecules during the experi-
ment. Moreover, one has also to bear in mind that the presence of
several paramagnetic radicals in the surrounding of the spin
probe can alter the local magnetic field and the spin dynamics of
the probe. In this regard, we find an interesting example reported
by Messina and Fradin where they successfully inserted indivi-
dual molecules and dimers of DPPH (Figure 1) into a diamag-
netic conducting matrix.%” In particular, they exploited the self-
assembly of 1,10-phenanthroline on the Au(111) surface to host
the paramagnetic molecules. The resulting modified surface was
suited for subnanometer-scale STM investigations, where the
authors found the right experimental conditions (solvent, con-
centration, annealing temperature, and sample time exposition)
to intercalate the DPPH molecules into ordered and extended arrays
of 1,10-phenanthroline. Importantly, this strategy is not restricted to
DPPH but could be extended for a more general application.

In recent years, other more complex magnetic techniques have
been used to detect the presence of small numbers of spins,68
although they have not yet been applied to organic free radicals.
Such techniques comprise optically detected magnetic reso-
nance (ODMR), a superconducting quantum interference device
(SQUID),*° X-ray magnetic circular dichroism (XMCD) spec-
troscopy,69 and magnetic resonance force microscopy (MRFM) 70
Further, studies on the Kondo effect resulting from the exchange
interaction between the local magnetic moment in the molecule
and the conducting electrons,”’ and depth-resolved f3-detected
NMR (-NMR), where one measures the nuclear magnetic
resonance and relaxation of ®Li,”* have also been performed.

3.3. Additional Nonmagnetic Techniques
Besides the magnetic techniques presented above, which can
directly detect the spin of the radicals, giving a nonambiguous
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Figure 15. Cyclic voltammogram of a galvinoxyl-modified gold elec-
trode in 0.1 M Na,HPO, at pH (a) 4.6, (b) 7.8, and (c) 10.4. Reprinted
with permission from ref 23. Copyright American Physical Society 2006.

evidence of the persistence of the paramagnetic character when
the molecules are grafted on the surface, the intrinsic character-
istic electronic properties of some of the organic radicals can also
be exploited as a tool to further characterize and confirm the nature
of the free radicals confined on the surface. Information related to
the molecular electronic structure can be extracted by employing a
variety of structural, electrochemical, or spectroscopy techniques.

For instance, near-edge X-ray absorption fine structure (NEXAFS)
has been found to be a useful tool to verify the presence of radical
species on the surfaces. This technique was used to characterize
SAM $4 (Figure 10) on the basis of monocarboxylic substituted
PTM radicals grafted on top of a carboxylic-terminated SAM
(MHDA-SAM) through a copper(II) linker.>*¢ K-edge polariza-
tion dependence NEXAFS for the MHDA SAM showed the
expected features C(C—H) — R*, the C(C=0) — 7%, and the
C—C — 0" resonances. After PTM deposition, four additional
resonance peaks were observed (282.9, 285.4, 285.5, 286.6 eV),
where the last two were assigned to the C(Ph) — 7* transition
and the peak at 285.4 eV to the residual acetate groups co-
ordinated to copper ions. The authors determined the peak at
282.9 eV to be a signature of the PTM radical. This peak located
below the corresponding C 1s binding energy (284.9 eV) un-
equivocally revealed the presence of empty states with energy
lower than the substrate Fermi level. Accordingly, this peak had
to be assigned to an excitation of C 1s core—electrons in the half-
filled highest occupied molecular orbital or singly occupied
molecular orbital (SOMO) of the radical ligand. This observa-
tion further corroborated what was also observed by ESR for this
monolayer, i.e. that the open-shell state of the molecule remained
after grafting it to the surface.

Cyclic voltammetry (CV) has also been employed to deter-
mine the redox character of SAMs based on organic free radicals
such as galvinoxyl,>*”® PTM,**>%*f and nitroxyls****”* on con-
ducting surfaces (i.e., gold or ITO). The electroactivity in these
species is intrinsic of their radical character due to the presence of
the SOMO into which one electron can be added or extracted. In
these experiments the substrate functionalized with the radical
SAM is employed as a working electrode. Figure 15 shows the
CV of a galvinoxyl-modified gold electrode.”* The observation of
the characteristic redox process of galvinoxyl evidences the per-
sistence of the radical. The linear variation of the peak currents
with scan rate and the small peak-to-peak separation are typical
characteristics of electroactive surface confined species. More-
over, from the CV experiments it is possible to extract a qualitative
value of the surface coverage. CV performed on gold and on ITO
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covalently modified with PTM radicals (surfaces Sla-c and S2b
from Figure 10) also showed their typical reversible redox
response, ascribed to the reduction to the corresponding carb-
anion form, confirming thus the persistence of the radical species
on the surface.**>“*f Further, Levillain et al. have performed a
careful study on the electrochemical characteristics of gold
surfaces functionalized with SAMs based on TEMPO-SH 1-3
radicals (Figure 6) and mixed SAMs of these molecules with
alkanethiols to study the distribution of electroactive centers on the
surface as well as the ion-pairing formation.”* Also, Finklea et al. have
determined by electrochemical means the reorganization energies of
TEMPO"/TEMPO",* which is of high interest due to the wide
electrochemical applications of TEMPO and its redox partners.”
In addition, in the particular case of the PTM derivatives, the
characteristic optical properties of the radical and its redox pair,
the PTM anion, have been used to characterize PTM-function-
alized SiO,, ITO, and Au substrates, being as well a proof of the
presence of the radical species on the surface.’***' Indeed, PTM
radicals have characteristic absorption bands centered around
385 and 570 nm, which are related to electronic transitions
involving the SOMO molecular orbital, whereas PTM anions
show only a broad and intense absorption band at 510 nm.

3.4. Theoretical Studies

In addition to the experimental tools, theoretical calculations
have also been employed to gain in-depth understanding of the
structure and magnetic properties of some radicals on the surface.
Totti et al. performed density functional theory (DFT) calcula-
tions on 4-(methylthio) phenyl nitronyl nitroxyl (NitR1) and
4-(methylthio) methyl phenyl nitronyl nitroxyl (NitR3) on
Au(111).7° As a first step, the optimization of the unit cell was
performed. On Auyg and Aus, systems they observed a chain-
like disposition where the magnetically active nitroxyl groups
were nearest along a certain direction. An interchain interaction
for the possible magnetic properties of the monolayer was there-
fore expected leading to ladder-like, two-dimensional magnetic
interactions. By the enthalpy energies of formation, the authors
observed that NitPhCH,S" forms more stable monolayers than
NitPhS®, in agreement with what was observed experimentally by
STM, which was previously discussed (see section 2.2). For a
preliminary insight into the magnetic properties, they performed
B3LYP calculations on the optimized Aus,—NitPhCH,S geo-
metry. The two magnetic couplings (J) expected for such a
hybrid material, the intra (within the radical molecule) and inter
(between two radical neighbors), were computed. The ] inter
coupling was calculated to be antiferromagnetic (132.3 cm™ ')
for a dimeric unit with a closer radical—radical distance of 4.56 A
and ferromagnetic by —$9.0 cm ™' on a different dimeric unit
picked with a radical—radical distance of 8.14 A. The authors
claimed that for a quantitative conclusion about the J’s values it
requires calculations on larger model complexes. Recently, also
Totti and co-workers reported on the use of periodic/molecular
DFT calculations to study the energetics, structure, bonding, and
magnetic exchange interaction of SAMs of the NitR1 and NitR3
thiolated radicals. In particular, they computed the spin density
to determine its delocalization to the Au(111) (Figure 16).” The
results showed that the gold atom with the shortest Au—S
contact had a negative spin density, indicating a predominant
spin polarization mechanism for the spin distribution to the
Au(111), and that, for longer Au—S contacts, on the first layers
all had positive spin density. The authors stated that the large
computed exchange interaction indicates that the gold layer in

Figure 16. Computed spin density plots for two NitR1 forms on gold:
(a) *NitR1-S", i.e,, the triplet state formed when the unpaired electron on the
S head resulting from the homolytic cleavage of the S—C bond can couple
with the one delocalized on the N—O NitR orbitals, giving rise to triplet and
singlet states, and (b) NitR1-SCH;. The blue color represents positive spin
density while the red represents negative spin densities. Reprinted with
permission from ref 77. Copyright Royal Society of Chemistry 2010.

fact acts as a superexchange medium and that the efficient spin
delocalization on the gold layer can, therefore, be the reason for a
stronger intermolecular coupling.

Computational modeling has been employed to investigate
the binding of TEMPO to clean $i.>** TEMPO radical and Si
clusters were constructed, with the optimized geometries being
the following: TEMPO-Sig, TEMPO-Si4s, TEMPO-SigH 5, and
TEMPO-Si,gH;. DFT calculations of the frontier orbitals (the
SOMO of the molecule and the HOMO of the cluster) were
performed. The interactions of these frontier orbitals, separated
by a small energy difference (27 meV), could explain the apparent
facile reaction between the nitroxyl radical and a Si dangling
bond. Moreover, calculated state density isosurfaces over a range
of occupied and unoccupied states for the TEMPO-SizsHsg
cluster model agree qualitatively with the STM data, which
indicates that TEMPO molecules exhibit a strong topographic
bias dependence over a range of sample biases.

Marks et al. used DFT to investigate in detail the possible
onward reactions of nitroxyl radicals bound to a silicon (001)
surface.”® The focus of this work was to reveal the conditions
under which the nitroxyl N—O bond breaks and how the sub-
sequent fragments react with the surface. The authors used the
nitroxyl radical H,NO as a simplistic system which then could
serve as a model for larger radicals, such as TEMPO. They
studied the dissociation of the N—O bond on three representa-
tive surface environments: a hydrogen-terminated surface with a
single missing hydrogen defect, a clean surface with a single
hydrogen forming a Si—Si—H hemihydride, and the clean sur-
face with no hydrogen-termination. The main finding of this
study was that the N—O bond in the nitroxyl radical rapidly dis-
sociates on the silicon surface at room temperature when dangling
bonds are available nearby. They compute the binding energy
of the TEMPO on the surface, before and after dissociation,
with the dissociated structure being 2.3 eV more stable than the
adsorbed configuration and, hence, showing that the dissocia-
tion is an exothermic process. Their studies found the absence
of room temperature dissociation on hydrogenated surfaces
(missing hydrogen defect). This result was in agreement with
previous experimental results where the TEMPO molecules
could be 7placed in missing hydrogen defect sites and removed
:;1gain.36’3

Theoretical studies using the hybrid DFT method to better
understand the magnetic interactions between gold nano};arti-
cles and stable organic radical species have been carried out.”” To
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do that, they examined small gold clusters, Au; and Au,3, and
the SPN-hex sr-radical as a hybrid model system. The SPN-hex
radical is the monosulfide derivative of the DSPN (Figure 6) with
a hexyl chain replacing one of the methyl groups. The results
suggested that the correlation between the delocalized Au
electrons and the localized spin moment on the organic radical
through the medium of the spin polarization is important and the
electron/hole doping into the Au—organic spin molecule hybrid
system could change the magnetic interaction of the ground state.

The above presented results demonstrate that the radical
character of stable organic radicals reported so far is persistent
after physi- or chemisorption on a variety of substrates, with an
exception being the cases where the unpaired electron takes part
in the bond formation with the surface. These results are highly
encouraging to further study the exciting properties that these
materials exhibit, hence, opening the possibility to exploit them
for a wide range of applications.

4. PERSPECTIVES OF ORGANIC FREE RADICALS ON
SURFACES

As mentioned, in addition to the inherent magnetic properties
that organic radicals exhibit, these materials are also promising to
be applied in a large variety of fields. Similarly, the immobilization
of radicals on surfaces by covalent bonds gives rise to novel and
robust organic—inorganic hybrid materials holding wide per-
spectives for a broad range of applications, some of which have
already been explored and are discussed in the following.

4.1. Spin Probes and Spin Labels

The paramagnetic radical species supported on Au NPs have been
mainly used to report information of other systems or processes when
they are used as added species (spin probes) to the studied system or
when they are covalently bonded to the system (spin labels). Both
spin probes and spin labels are commonly followed by ESR.>

TEMPO, TEMPONE, and TEMPAMINE were used as spin
probes in the study of the interactions between these paramag-
netic species and the Au NPs.>* A loss of the ESR signal in
the absence of oxygen was observed upon the adsorption of the
radicals on the surface of the NPs. To prove the integrity of
the radical molecule upon adsorption to the gold surface, the
addition of ethanolamine to the TEMPAMINE-Au solutions
resulted in the 95% recovery of the ESR signal and, thus, con-
cluding that the loss of the signal intensity does not come from an
irreversible reaction. Moreover, the use of small particles of
2.5 nm diameter allowed Au NPs containing an average of only
1.6 radicals per particle, therefore, ruling out the possible
complete broadening of the ESR signal due to the dipole—dipole
interaction between several radicals on the same particle. Ad-
ditionally, since the surface-plasmon band of the Au NPs
remained unchanged upon adsorption of the radicals, the elec-
tron density at the surface was essentially unchanged and, thus, a
partial transfer of the unpaired electron to/from the particle was
discarded as the cause of the observed loss of the signal. Further
experiments showed that the diminishment of the averaging free
tumbling of the radicals at the surface could not mask the signal
produced by the nitroxyl radical. Considering all above data, the
authors suggested that the reduction of the ESR signal occurs due
to the exchange interaction of the unpaired electrons with con-
duction-band electrons of the metallic particle.

More recently, another specific application has arisen from the
interest in studying membrane mimetic systems. This has driven

the study of the exchange of different nitroxyls between the
aqueous phase and the monolayers of different water—soluble
protected gold clusters (Figure 12a).>® The ESR spectra clearly
showed two sets of signals due to the radical hosted in the AuNP
monolayer and the free radical in solution, demonstrating the
inclusion of the nitroxyl probes into the more hydrophobic
environment of the monolayer (Figure 12a). The changes of
the ESR spectrum are the alteration of the nitrogen hyperfine
coupling, induced by the different polar environments in the
presence of the host, and the strong reduction of the benzylic
protons coupling, a(2Hg), due to conformation changes occur-
ring upon complexation. Moreover, it has been demonstrated
that the observed signal modification resulting from the exchange
process allows for the differentiation of the hydrophobicity of the
monolayer, i.e. monolayers based on thiolates that differ by an
alkyl or a perfluorinated chain.>* Remarkably, these latter per-
fluorinated amphiphiles are characterized by a hydrophilic part
that contrasts with the high hydrophobicity of the perfluoro-
carbon region; thus, they are soluble in polar solvents. The
combination of the known biocompatibility of fluorinated com-
pounds with these solubility properties makes these surfactants
very interesting for applications in materials science and in the
biomedical field, such as antioxidant carriers, or in the develop-
ment of multicomponent nanoparticles with the capacity to store
and release drug molecules. In this particular study, the interac-
tion of a hydrophobic radical probe with the fluororinated part of
the monolayer was investigated by performing ESR measure-
ments.** Further investigation elucidated that the size of the metallic
core gave different solvating properties to the protective organic mono-
layer, that is, different capacity to host an organic radical probe.*’
The second main application of the paramagnetic species
adsorbed on gold nanoparticles is the use as spin-labeled NPs.
Several research groups have devoted their efforts to the under-
standing of the mechanistic aspects of ligand exchange in Au
nanoparticles, since it is crucial for the rational design of nano-
particle-based nanocarriers and devices.>**"8! The sensitivity of
ESR spectroscopy to the interactions between adjacent para-
magnetic species has been exploited to monitor the exchange of
ligands between spin labeled and unlabeled AuNPs.*® From the
X-band ESR spectra of spin-labeled NPs in frozen solutions, a
quantitative analysis of the dipole—dipole interactions between
multiple spin labels adsorbed on the same Au nanoparticles can
be performed with an indication of their distribution on the NP
surface and the conformation of the adsorbed ligands.* In this
way, the lateral diffusion of the thiolate ligands on the AuNPs was
investigated by pulsed ESR. This was achieved by functionalizing
the AuNPs with a ligand containing two spin labels connected by
a cleavable ester bridge (Figure 12d).>*® An evident spin—spin
interaction was observed previous to the cleavage of the bridge,
and only a slight increase of the distance between the two
branches was observed after breaking the bridge. The results
suggested that at room temperature the ligands possess virtually
no lateral mobility but at elevated temperature (90 °C) some
redistribution of the ligands on the surface takes place in several
hours. Importantly, it was also demonstrated that the reactivity of
Au nanoparticles in place-exchange with disulfides is greatly
reduced by aging in solution at room temperature. The likely ori§in
of this effect is a slow reorganization of the nanoparticle surface.”
Spin labeled AuNPs with pH-sensitive imidazoline nitroxyls
have been used as a molecular probe technique for access-
ing interfacial surface electrostatics in the polar interface of
water-soluble tiopronin-coated Au nanoclusters (Figure 12¢).3%
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These particles were labeled with the nitroxyls by ligand-exchange
reaction, with an average labeling kept below one spin label per
nanoparticle to avoid magnetic spin—spin interactions. The rate of
proton exchange in the aqueous solution was observed in a change
in the hyperfine coupling constant of the ESR spectrum. For
example, the ESR spectra at intermediate pH were indicative of
contributions from two species attributed to the protonated
(R°H") and nonprotonated (R") forms of the spin containing
molecule. In view of this potential application of SAMs on gold to
control the structure and function of biomolecules through
tailoring interaction with the MPC surface and the pH sensitive
nitroxyl lingands, it is expected to stimulate further research on the
complex electrostatics of the organized monolayer interface and
the phenomena of monolayer charge compensation upon DNA
and/or protein binding.

Ruthstein et al. used SDSA and 16DSA molecules (Figure 1)
as spin labels to follow the adsorption process, the organization,
and the exchange interactions between spins of the respective
monolayers on a surface of GaAs with time.** The ESR spectra of
SDSA on GaAs recorded at t = 0 (just after removing from the
adsorbents solution) and then following their evolution in time
up to 24 h showed that the peaks corresponding to the '*N
hyperfine coupling became sharper, which was accounted for by a
variation in the spin-exchange interaction between neighboring
molecules due to a surface molecular reorganization. On the basis
of the time evolution of the ESR line-shape, they concluded that
initially the molecules are inhomogeneously distributed, exhibit-
ing strong spin-exchange interactions, but with the time an
annealing process takes place and the coverage becomes even,
reducing the spin—spin interactions. The ESR spectra of a fresh
and one week old 16DSA monolayer demonstrated that the
organization of these SAMs is time independent and resembles
those of the SDSA at short time. The difference in behavior of
SDSA and 16DSA at longer times was attributed to higher coverage
and denser packing of the 16DSA molecules on the surface, resulting
in a closer interdistance and larger exchange interactions.

4.2. Porous Materials with Magnetic Properties
Metal—organic frameworks (MOFs) are hybrid inorganic—
organic solid compounds with zeolite-like structures and proper-
ties. They show promise for an impressive number of applica-
tions in gas storage, drug-delivery, diagnostics, sensing, catalysis,
ion exchange or separation, magnetism, optics, etc.3* One of the
challenges in the field is the deposition or growth of MOFs on
substrates for the preparation of devices which can exploit such
interesting properties.”> In this regard, SAMs with specific
functionalization can serve as platforms for a controlled oriented
growth of more complex structures, such as MOFs.** MOFs
incorporating organic free radicals in their skeleton are part of the
magnetic open frameworks family which could be used as
magnetic data storage devices. For instance, Cus(btc), (btc =
1,3,5-benzenetricarboxylate), also known as HKUST-1, is one of
the most investigated MOF materials in the solid state. The
modification of its magnetic properties by adsorption of suitable
guest molecules is of particular interest. Recently, Jee et al.
discussed the suppression of the antiferromagnetic coupling of
the Cu(Il) ions in the paddle-wheel building blocks of the
metal—organic framework compound Cus(btc), by interaction
with the di-tert-butyl nitroxyl (DTBN) radicals and the subse-
quent formation of the S = '/, copper centers.®” Some of us
prepared a series of MOFs using the polychlorinated triphenyl-
methyl tricarboxylic acid radical PTMTC as a polytopic ligand

with an organic free radical nature.*® The strategy used for such
MOFs consisted in combining this radical ligand with magneti-
cally active transition metal ions. These structures showed larger
magnetic couplings and dimensionalities, since the radical acted
as a magnetic relay. Successfully, purely organic magnetic open
frameworks based on these carboxylic functionalized PTM radi-
cals linked by H-bonds were also reported.”**’

With the final aim to grow on a surface this latter MOF
example based on PTMTC radical and Cu(Il) ions, as a first
approximation the PTMCOOH radical was grafted to a SAM
with suitable ending groups through cooper(II), following the
layer-by-layer approach, as explained in section 2.2 (Figure 9d,
SAM $4 in Figure 10).>*! However, this organic ligand only has
one coupling unit, so for this reason only the deposition of one
monolayer could be achieved. This layer-by-layer procedure is a
promising route for the construction of extended porous and
magnetic PTM-based coordination polymers confined on sur-
faces. The use of PTM radicals functionalized with various binding
groups to grow multiple layers is currently under investigation.

4.3. Electrocatalysis

TEMPO and its derivatives, under their ammonium form,
have been extensively studied as redox mediators for the oxida-
tion of organic compounds in solution, especially for oxidizing
primary alcohols.”® For practical applications, the immobilization
of such nitroxyl radicals on electrodes coated with a polymer film
has been pursued for many years.”® As an alternative, the pre-
paration of modified electrodes with SAMs of these radicals for
electrocatalysis was initiated by Fuchigami already in 1997.”"
They prepared a modified gold electrode with a self-assembled
p,L-a-lipoic acid derivative bearing a TEMPO radical. They
observed that to have stable electroactive SAMs it was necessary
to coadsorb the radical on the surface with small amounts of
unsubstituted alkanethiols. Such modified electrodes were suc-
cessfully applied to carry out electrocatalytic oxidation of
4-methylbenzyl alcohol and a-phenethyl-amine in acetonitrile.

Later on, Kashiwagi et al. reported on the preparation of mixed
SAMs based on a chiral TEMPO-terminated thiol and hexa-
decanethiol for enantioselective electrocatalysis.”* The enantio-
selective oxidation of a chiral secondary alcohol was investigated
using (R)-(+)- and (S)-(—)-1-phenylethanol. The CVs of these
compounds in the presence of 2,6-lutidine (Figure 17a) show
that the anodic peak current for (S)-(—)-1-phenylethanol was
highly enhanced in comparison with the blank voltammogram,
and no cathodic peak was observed on the reverse scan, demon-
strating that the alcohol had been efficiently oxidized in an
irreversible manner. On the contrary, the anodic peak current
of the CV of (R)-(+)-1-phenylethanol only increased slightly.
The authors stated that this modified electrode could be useful
for the determination of the optical purity of a racemic mixture of
a secondary alcohol. On the other hand, this electrode function-
alized with the chiral TEMPO did not exhibit enantioselec-
tivity in the oxidation of primary alcohols such as (2-phenyl-1-
propanol) (Figure 17b), indicating that the hydroxyl group of the
alcohols had to be directly attached to the chiral carbon to be
discriminated by the chiral-TEMPO SAM in the oxidation
reaction. The same functionalized gold electrode was also applied
for the enantioselective oxidation of chiral amines. The electro-
catalytic oxidation of a series of amines was investigated in
acetonitrile, and similarly to the case explained before, it was
found that the enantioselective oxidation only occurred when an
a-hydrogen of the chiral center was adjacent to the amino group.”
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Figure 17. Cyclic voltammograms of a chira- TEMPO modified gold electrode in 0.1 M NaClO,/CH;CN at 100 mV/s in the presence of (a) 10 mM
(R)-(+)-1-phenylethanol (continuous line) or (S)-(—)-1-phenylethanol (dashed line) and 20 mM 2,6-lutidine and (b) 10 mM (R)-(+)-2-phenyl-1-
propanol (continuous line) or (S)-(—)-2-phenyl-1-propanol (dashed line) and 20 mM 2,6-lutidine. Reprinted with permission from ref 92. Copyright

The Electrochemical Society of Japan 1999.

More recently, mixed and single component SAMs of TEMPO-
SH 1—3 were shown to reveal electrocatalytic activities toward
benzyl-alcohol oxidation in both aqueous and nonaqueous sol-
vents.* It was observed that mixed SAMs of TEMPO-SH 1—3 with
alkanethiols (up to a dilution limit) enhance the absolute catalytic
current, in spite of having only few immobilized electroactive
centers, and they improve the stability of the electrocatalitic process.

Finally, the anodization of glassy carbon electrodes permitted
functionalization of them with oligo(ethylene glycol), which was
then used to graft effectively 4-amino-TEMPO via the formation
of an amide bond.”* These electrodes also demonstrated good
and stable electrocatalytic ability for the oxidation of allyl alcohol
in the presence of 2,6-lutidine.

4.4, Electrical Transport and Spintronics

The field of molecular electronics has attracted a vast amount
of research work over the last few decades due to its potential for
technological applications combined with the intrinsic character-
istics of organic materials such as lightweight, flexibility, proces-
sability, and tunable properties by chemical synthesis. However,
most of the investigations have been mainly focused on the
charge carrier transport through the organic systems, and only
recently is effort being placed on exploring their spin transport
properties (i.e., spin injection and spin conservation) due to the
high potential in applications such as novel spin-based magnetic
recording and memory devices. This novel field is known as
molecular spin electronics or molecular spintronics.”® Due to
their weak spin—orbit coupling and hyperfine interactions, or-
ganic molecules are considered to be ideal media for spin
transport, in which spin coherence over time and distance could
be preserved much longer than in inorganic materials. The latter
are used nowadays in conventional spintronic devices. The utiliza-
tion of organic radicals as linkers between conducting contacts in
spintronic devices could favor the spin polarization conservation
during the transport process.96

In this direction, a pioneering work based on measuring the
transport properties of a network of gold nanoparticles inter-
connected by spin polarized molecular wires (SPM) was carried
out by Sugawara et al.”’” Such SPM systems consisted of a spin
polarizing donor core based on a a-nitronyl nitroxyl radical, a
conjugated thiophene-pyrrole-thiophene trimer, and disulfide
groups to graft on Au (Figure 18a).”’ As reference, a spinless

wire molecule (SLM) was also tested grafted on AuNPs. Since
the employed gold NPs had an average diameter of 4 nm, they
exhibit a very low self-capacitance, and hence, the charging
energy of a single NP is higher than the thermal energy. There-
fore, at low temperature these NPs work as Coulomb islands.
The dependence of the conductance of both SPM and SLM
networks with NPs measured deposited on interdigidated elec-
trodes revealed a thermal activation type behavior above 30 K.
Below this temperature, it was suggested that inelastic cotunnel-
ing processes, in which electrons simultaneously tunnel through
more than one junction without paying the cost of charging
energy, were dominating. In addition, the conductance of the
SPM network in the lower T range was inferior to that of the SLM
network, indicating that the isolated spin on the wire molecules
disrupted the cotunneling process (Figure 18b). This could be
explained by considering that the electron that tunnels between
two gold NPs connected through a SPM wire undergoes spin-flip
scattering due to exchange interaction with the localized spin on
the radical unit of the wire (Figure 18¢). In such a case, two-
tunneling processes across one NP can no longer be coherent.
Interestingly, the conductance of the SPM network increased
with an increasing external magnetic field applied perpendicular
to the device, yieldin§ a magnetoresistance of —2.5% at a field of
6 T (Figure 18b).””¢ On the other hand, only slightly positive
magetoresistance was observed for the SLM network. The effect
can be accounted for by the fact that the magnetic field promotes a
preferable orientation of localized spins, suppressing then the spin-
flip scattering and recovering the probability of cotunneling. This is
the first experimental example reported in which it is shown that the
organic localized spin of a radical interacts with itinerant conducting
electrons, a fundamental step to develop spintronic devices.

A different approach focusing on exploring the transport
properties of SAMs of organic radicals has been followed
by us.’°*”® The transport properties of SAMs based on the
radical as well as on the closed-shell form of a PTM derivative
(i.e, PTM(rad)-SAM and PTM(aH)-SAM, respectively) on
gold were studied. These two systems give rise to SAMs with
no significant structural molecular variations but with extremely
different electronic structure that is responsible for the large
difference in the conducting properties observed. This investiga-
tion proceeded on SAM $2b (Figure 10) and on its closed-
shell form based SAM.>* To study comparatively the transport

2520 dx.doi.org/10.1021/cr200233g |Chem. Rev. 2012, 112, 25062527



Chemical Reviews

b)

SLM

I(nA)

=| coherent

o,

NN

¢

iR ]\ N 7 \! Sa
CgHq3"" \‘O\(\_/]’(—)L “~CgH13

4/‘4—?

0

SPM

AR/R (%)

% incoherert : e
5 TFus . ..g, .....
« i = §

spin-flip scattering

SPM

Figure 18. (a) Molecular structure of the SPM and SLM wires. (b) Left. Current—voltage characteristics in SLM and SPM networks (T = 4.2 K). The
inset displays log—log plots. Right. Magnetoresistance of SPM and SLM networks at 4.2 K (1 V). (c) Left. Cotunneling across the nanoparticle of the
SLM network. Right. Spin-flip scattering of tunnel electrons by a local spin in the SPM network. Reprinted with permission from ref 97d. Copyright The

American Physical Society 2008.

characteristics of both SAMs, the 3D operation mode of con-
ducting scanning force microscopy (C-SFM) was employed,
which allows the simultaneous measurement of the normal force
(F,) and the current (I) as a function of the bias voltage (V) and
controlling the sample displacement distance toward the tip (z).

The I(V,z) images acquired on the PTM(aH)-SAM (left) and
the PTM(rad)-SAM (right) PTM are depicted in Figure 19a and
confirm that both SAMs exhibit different transport behaviors.
Horizontal profiles taken in the image are the -V curves cor-
responding to each piezo displacement value. After the jump into
the contact point, the central region (intermediate color) of the
I(V,z) image for PTM(rad)-SAM narrows, leading to a triangular
shape typical of a monotonic pseudogap reduction, whereas for
PTM(aH)-SAM the image shows a region with a fairly constant
width. This striking difference occurs in a wide range of tip—
sample distances, indicating that it is intrinsically due to the
distinct electronic characteristics of the two PTM-SAMs. The
observed behavior can be more clearly observed and even
quantified in the selected representative I—V profiles (marked
with three different symbols Hl, ®, A) taken at different applied
loads (Figure 19b). When just entering in contact (M), no
current is measured in either SAM. At S nN of applied load (@),
the tip—SAM—gold junction is formed, since current is measured
in both monolayers. Both I—V curves exhibit a sigmoidal shape
over the 2 V voltage range with a linear response in the low bias
region steeper for the radical PTM monolayer. By increasing the
applied load up to 15 nN (A), this difference becomes more

evident, indicating that the conductivity through the PTM(rad)
SAM is much higher than that through the PTM(aH) SAM.
Remarkably, it was found that the PTM(rad) SAM shows a
junction resistance (10—40 M) 1 order of magnitude smaller
than that of the PTM(aH) SAM (200—300 MQ).

Density functional calculations were employed to gain further
insight into the electronic structures of each molecule and to
understand the transport mechanisms (Figure 19¢). The PTM-
(aH) has a large energy HOMO—LUMO gap (~S5 eV), while
the PTM(rad) has a SOMO in the ¢ spin with a similar energy to
the PTM(aH) HOMO but a significantly lower energy LUMO
in the 5 spin compared to the LUMO of the PTM(aH). This
LUMO-{3 of PTM(rad) has an energy significantly closer to the
Fermi levels of both Au- and B-doped CVD diamond (used as a
tip) than the LUMO in PTM(aH). It was suggested thus that in
the case of the PTM(aH) SAM, since the Fermi level of the
contacts employed lies in the large HOMO—LUMO gap, the
transport probably follows a nonresonant tunneling mechanism.
However, since the LUMO-3 level of PTM(rad) approaches the
metal Fermi levels, LUMO-assisted transport could take place
and some contribution of resonant tunneling could be expected.
Finally, it is also possible to speculate that the large energy dif-
ference between the SOMO and the LUMO-{3 of the PTM(rad)
SAM opened the interesting possibility of whether this system
could give rise to spin polarized transport by acting as a spin filter.

Very recently, we have also investigated the closed and open-
shell forms of a fully conjugated PTM derivative hybridized with a
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gold substrate (Sla, Figure 10).”® Similar transport character-
istics were observed here, since the resistance of the radical
SAM was 2 orders of magnitude lower than that of the
nonradical one. Additionally, it was found that both SAMs
(i.e., the open and closed-shell forms) revealed negative differ-
ential resistances (NDR) in their I—V curves at high voltage,
which were attributed to similar resonant tunneling with
unoccupied molecular orbitals.

The exciting field of molecular spintronics has also attracted
theoretical scientists to explore the spin transport properties
through organic radicals, and a series of reports have already
appeared predicting the potential of these paramagnetic species
as spin filters.” However, it should be mentioned that in all these
analyses spin flips were neglected. For example, the calculated
coherent transport properties of polyphenoxyl radical with four
radicals centers sandwiched between two electrodes showed that

the majority () and minority (/) spin components exhibit con-
siderably different transmission spectra in the vicinity of the Fermi
level. Therefore, if the magnetization axis is fixed by an external
magnetic field, the molecular bridge would work as a spin filter.”®

More recently, the transport properties of benzene-based model
radicals were also predicted to differ to a sufficient extent for
electrons of different spins.”” Also, these radicals could be tuned
systematically by introducing substituents, giving them a more
preferential transport for either the @ or 3 spin component.
These predictions could also be transferred to some larger stable
radicals with which experimental tests could be done

Along this line, the transport properties of a family of 1,4-
benzenediamines bridging two Au electrodes were also modeled.”*
The molecules were substituted in the 2-position with the
radicals —CH,", —NH’, and —O". The spin filter efficiencies
for these systems were calculated to be 49%, 27%, and 1%,
respectively. The differences were attributed to the different
electron affinities of the radicals, since they found that the radicals
once connected to the electrodes can accept some charge, re-
ducing the excess of spin, which, in turn, reduces the molecular
orbitals splitting and the spin filter efficiency.

Undoubtedly, the emerging molecular spintronics field is bound
to progress dramatically in the next few years and certainly will
bring new fundamental insights as well as fresh perspectives for
the molecular devices of the future.

4.5. Molecular Switches and Memories

The functionalization of surfaces with molecules that can store
data is of great importance for the development of today’s infor-
mation technology, since it would permit fabrication of ultrahigh
density devices, down to the molecular level, which would also
exhibit other interesting characteristics, such as flexibility and
lightweight. As a consequence, bistable systems that undergo
chemical or physical changes upon optical, magnetic, or electric
external stimulation are required. The use of electroactive organic
free radicals as molecular switches offers new opportunities in this
field, since they allow electrochemically triggering not only the
optical but also the magnetic response. In particular, PTM radicals
are promising building blocks for this purpose, since they are elec-
trically commutable in a reversible way between two easily accessible,
stable, and persistent redox states (ie, PTM radical and PTM
anion), which reveal distinct magnetic and optical properties that can
be employed as read-out mechanisms. Indeed, as mentioned before,
PTM radical is a paramagnetic species with a maximum absorbance
centered at 385 nm and a fluorescence emission in the red region of
the spectrum, while the anion is diamagnetic with a maximum
absorbance at around 510 nm and does not emit fluorescence.

The optical properties of PTM SAMs on quartz (surface
S2a, Figure 10) revealed the characteristic absorption band of
PTM radical moieties.”™ After reduction of this SAM with tetra-
butylammonium hydroxide, the radical absorption band comple-
tely disappeared and, instead, an absorption band coming from the
PTM anion species was observed. This work elucidated that these
multifunctional radical SAMs behave as chemical switches.

Lately, a highly robust surface confined switch based on a
PTM radical on ITO (surface Slc, Figure 10) has been reported
(Figure 20a).°% The electrochemical characteristics of these
PTM radical SAMs were investigated by CV. As expected, one
reversible redox wave was observed with an oxidation peak at +53
mV and a reduction peak at —32 mV at the scan rate 100 mV/s.
The optical absorption, optical emission, and magnetic responses
were employed to read the state of this multichannel switch.
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Figure 20. (a) Representation of the electrochemical bistability of a surface S1c. (b) Register of the optical response of S1c. Bottom: Optical response
along time during sixty-five consecutive write-erase cycles (+0.3 V/—0.3 V vs Ag (s)) applied to the surface monitored at 385 nm (red line) and 515 nm
(purple line). The electrochemical experiment was performed in situ using a UV—vis cuvette, an Ag wire as reference electrode, and an electrolyte
solution of 0.02 M tetrabutylammonium hexafluorophosphate in acetonitrile. Top: Voltage profile applied to S1c. (c) Register of the magnetic response
of S1c. EPR signal of the SAM S1c in air upon application of ten ON/OFF switching cycles. Red corresponds to the ON state (radical) and purple the
OFF state (PTM anion). Reprinted with permission from ref SOe. Copyright Nature 2011 Publishing Group.

In the three cases, the reversibility of the switch was explored while
performing write-erase cycles, switching S1c between the radical
(ON state) and the anion (OFF state) form. The absorption bands
characteristic from the two redox states changed simultaneously in
opposite directions, following the profile of the applied voltages, in
a completely reversible way and recovering completely the absorp-
tion intensity after each cycle (Figure 20b). Also, the fluorescence
emission was switched off/switched on when reduction and
oxidation cycles were applied. In turn, ESR experiments demon-
strated that the ESR signal, corresponding to the PTM radical
immobilized on the surface, disappeared upon reduction to the
anionic form and appeared again after further oxidation, corrobor-
ating that the magnetic output was also a suitable read-out tool to
determine the state of the switch (Figure 20c). The potential of this
system to build nonvolatile memory devices was also demonstrated
when a sequence of write—read—erase—read pulses were applied.
Noteworthy is the fact that even after three months at ambient
conditions the switch continued to be operating reliably, which is
clear evidence that surface confined organic radicals can exhibit an
outstanding stability. Further, the functional PTM molecules have
been locally confined on a micrometer-sized spot on the ITO
substrate employing the microcontact printing technique and
using a microelectrode to apply the input stimules. Such a con-
figuration enabled us to demonstrate the local addressability of
the molecular switch. A point worth mentioning is that there is no
foreseeable limitation to apply such a molecular switch to isolated
molecules on a surface leading to molecule-scale memory devices.

2523

The reported system constitutes therefore a very promising plat-
form for developing nonvolatile molecule-based memory devices
based on immobilized free radicals.

More recently, the same optical and magnetic switching
properties upon the application of an electrical external stimulus
were found on the PTM functionalized Au surface S1b, when a
very thin layer of gold was used.*" In addition, it was also shown
here that the switch could also be read following the surface
wettability. Taking into account the high hydrophobicity of
PTMs due to the chlorine groups and that the reduced form of
this SAM is an ionic species, the change of the surface wetting
properties in the switching process was followed by monitoring
the water contact angle. The SAM of the PTM radical changed
from an average contact angle value of 102 % 6° to 73 = 3° for
the PTM anion SAM. This reversible difference (~29°) in the
contact angle is rather high for a self-assembled monolayer. Such
systems, able to tune their wetting properties reversibly, are
currently raising an increased interest for the develo 3pment of
self-cleaning surfaces, microfluidics, and (bio)sensors. 4b,100

5. SUMMARY

Organic/inorganic hybrid materials based on attaching func-
tional molecules to a surface are attracting great attention due to
the wide range of novel properties and applications that these
new materials can bring. Additionally, the use of organic mole-
cules for surface functionalization opens the possibility to tune
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the material properties and molecular assembly through syn-
thetic chemistry. A particularly appealing field is focused on
employing as an active molecular unit an organic free radical to
anchor on a substrate either chemically or by physisorption.
However, and unavoidably, the first question that arises when an
organic free radical is deposited/grafted on a surface is what is the
implication of their organization and relative arrangement of the
neighboring radicals as well as their orientation with respect to
the surface on their properties. Thus, a crucial issue is whether in
these surface radical organizations, especially when conducting
surfaces are employed, the magnetic properties of the molecules
are preserved. This has prompted the application to these sys-
tems of several magnetic characterization techniques as well as
theoretical studies, and in most of the cases, it has been found
that the spin of the molecule is maintained after surface grafting.
To further progress in this area, it is imperative to not only synthesize
promising functional molecules able to form stable and robust surface
assemblies but also to develop sensitive characterization techniques to
read, or even modify (ie., write), the surface properties. In most of the
reported cases in which the radicals were covalently attached to a
surface, hybrid materials exhibiting high robustness were achieved,
offering wide perspectives for these materials. Hence, some of the
traditional applications of organic free radicals have already been
transferred to SAMs of these molecules on surfaces, such as spin-
probe and spin-label functions, preparation of magnetic materials, and
as catalysts in oxidation processes of organic molecules. In addition, an
emerging and potential application that is growing large expectations
is their use for the fabrication of spintronic devices, where the unpaired
electron of the free radical could favor spin polarization conservation
during the electron transport process. Further, the magnetic
properties of bistable radicals have also been successfully exploited
as an output signal in surface-confined molecular switches that
could in the future lead to single molecule switching devices. In all
likelihood, these novel hybrid materials based on attaching organic
free radicals on surfaces will continue to arouse the interest of
materials scientists in the coming years, since a wide range of
interdisciplinary applications are foreseen.
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