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Surface-Confined Self-Assembled Janus Tectons: A Versatile Platform
towards the Noncovalent Functionalization of Graphene**
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Abstract: A general strategy for simultaneously generating
surface-based supramolecular architectures on flat sp*-hybrid-
ized carbon supports and independently exposing on demand
off-plane functionality with controlled lateral order is highly
desirable for the noncovalent functionalization of graphene.
Here, we address this issue by providing a versatile molecular
platform based on a library of new 3D Janus tectons that form
surface-confined supramolecular adlayers in which it is
possible to simultaneously steer the 2D self-assembly on flat
C(sp®)-based substrates and tailor the external interface above
the substrate by exposure to a wide variety of small terminal
chemical groups and functional moieties. This approach is
validated throughout by scanning tunneling microscopy
(STM) at the liquid-solid interface and molecular mechanics
modeling studies. The successful self-assembly on graphene,
together with the possibility to transfer the graphene monolayer
onto various substrates, should considerably extend the
application of our functionalization strategy.

Although adsorbing organic molecules on surfaces is the
most used method to modify the properties of the substrate,
a strategy for developing complex, well-ordered adlayers with
tailored functionalities remains a key issue in nanotechnology.
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This is why, in addition to covalent functionalization through
a strategy based on self-assembled monolayers (SAMs),M
two-dimensional (2D) supramolecular self-assembly by non-
covalent adsorption of planar organic building blocks (tec-
tons) at metal or highly oriented pyrolitic graphite (HOPG)
surfaces has attracted considerable interest.”® This approach
allows hydrogen bonding, metal-ligand coordination, or alkyl
chain interdigitation to be used to generate functional hybrid
interfaces of networks that exhibit in-plane functionalities, for
example, hosting subsequent deposited species in the case of
porous molecular networks.*”*! Recently, a few elegant
strategies exploiting the 2D in-plane positioning on various
conducting substrates have been developed to achieve the
controlled positioning of molecules out-of the plane so as to
add a functionality which does not disturb the 2D self-
assembly and which is preserved from possibly detrimental
influences of the substrate. These routes towards three-
dimensional (3D) self-assembled systems consist of the
surface-confined self-assembly of 3D tectons,”) mainly based
on cyclophanes,'”! sandwich-type multidecker complexes,!!
or azobenzene-functionalized triazatriangulenium deriva-
tives.'”l However, in the above examples, the functionality
drives the building-block design;['¥ thus, the 2D organization
and the functionalities are often carried by the same
constitutive moieties and these strategies suffer from a lack
of versatility. On the other hand, besides covalent function-
alization, noncovalent functionalization of graphene has
received tremendous interest since it offers the possibility of
attaching a functionality while maintaining the integrity of the
sp>-hybridized carbon network, that is, without disturbing the
electronic properties of the substrate.!'*! This aspect is critical
as far as electronic devices are concerned. Indeed, it is known
that even a low density of sp* grafting strongly affects the
delocalization of electrons within the graphene layer, thus
making it incompatible for applications such as sensors.*"’
Finally, an adsorbed molecular lattice is able to impose
a super-period to the graphene atomic lattice. This is
considered to be a new method to finely tune its band and
sub-band structure for use as innovative 2D semiconductor
junctions.!'*! The most used noncovalent approach consists of
binding pyrene-substituted species through m-;t interactions
without forming a well-ordered adlayer.'”! Recently it was
demonstrated, for a few molecules, that the same principles
reported above for the molecular in-plane confined self-
assembly on substrates such as HOPG can be transferred to
graphene. Thus, well-ordered 2D molecular layers self-
assembled through hydrogen bonding'® or other weak
interactions can be formed on graphene."”? However, to
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date routes towards adding functionality to graphene through  liquid-HOPG and liquid—-graphene interface and molecular
surface-confined self-assembly of 3D tectons have remained  mechanics modeling studies.
unexplored. Therefore, a general, versatile, and convenient When designing the P key building blocks (Scheme 1),
strategy for simultaneously generating surface-based supra-  three basic criteria were taken into account when choosing
molecular periodic architectures on sp*-hybridized carbon the skeleton and the exposed functional groups: a) P should
supports such as HOPG and graphene, and independently  be prepared using as few steps as possible to later obtain the
exposing on demand off-plane functionalities with controlled  two kinds of Janus tectons, JAP and JA, on a large scale; b) P
lateral order is highly desirable. should be able to expose various terminal chemical functional

We recently proposed the Janus tecton concept,'¥ a two-  groups (R!) on the upper face so that different classes of
faced 3D building block where one face acted as a pedestal ~ organic reactions could be used to ultimately attach a broad
that steered the 2D self-assembly on HOPG through alkyl  range of functional units; c) the chemical group R' should be
chain interdigitation, while the other face was a m-conjugated  uncompetitive during the synthesis steps to obtain the Janus
chromophore lifted from the substrate through a pillar linking ~ tecton precursors from P compounds, and R? should be
the two faces. However this approach suffered some draw-  sufficiently active to generate on demand, through only
backs because of the pillar design and synthetic route, which  a “one-step reaction”, the functional unit (R*). To fulfill all
led to low yields and lack of versatility. Here, to tackle these  these criteria, the dithia[3.3]metaparacyclophane skeleton
problems, we completely revisited and rationalized the pillar ~ was chosen and used for the first time for building complex
(P) design as well as the synthetic sequence to provide 3D structures. Despite the fact that there are currently few
a versatile molecular platform based on a library of new 3D reports on its derivatization,"”! the main interesting feature is
Janus tectons (JAP and JA; Scheme 1) able to form surface-  the dihedral angle between the meta- and para-substituted
confined supramolecular adlayers in which it is possible to  rings (ca. 11-15°).! This very small change should induce
simultaneously a) steer the 2D self-assembly on flat C(sp?)-  drastic effects compared to the paracyclophane unit we
based substrates with controlled lateral order to form periodic ~ previously used. We expect that 1)the reactivity of the
patterns and b) tailor the external interface above the  functional chemical groups would be better for attaching the
substrate by exposing a wide variety of small terminal functional units (less steric hindrance between the functional
chemical groups (-CN, -CO,Me, -CHO, -CO,H, -Br) and group and neighboring CH, group in comparison with the
functional moieties for further potential use, for example, for  dithia[3.3]paracyclophane structure), and 2) the metaparacy-
hydrogen bonding, metal-ligand bonding, and redox process-  clophane architecture should allow us to lift the functional
es. This approach is validated throughout the self-assembly = moiety with an outward angle, thereby avoiding direct contact
process by scanning tunneling microscopy (STM) at the

No. R’
S SP— HZNN/N\\(NHZ
OHC-S§;§CHO P2 CO,Me Bzl
P3 Br
Functionalized Dithia[3.3]metaparcyclophane-based R® =
Nanopillars (P)
JA4

No. R?

JAP1 CN s &
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Q JAP3  CHO '\ RS
JAP4 CO,H _—
Cigh210<—p e =
< {__>-0CyqHys
CioH210< >
OC1oHa
Janus Tecton Precursors (JAP) Janus Tectons (JA)

Scheme 1. Synthesis strategy. The lower deck of dithia[3.3]metaparacyclophane-based functionalized nanopillars (P) bearing a chemical group on
the upper deck (R') is end-capped with two molecular clip units to generate Janus tecton precursors (JAP), which consists of a pedestal for
steering the 2D self-assembly on flat C(sp?)-based supports and a pillar exposing a chemical group (R?). A post-functionalization leads to Janus
tectons (JA) presenting a wide range of functionalities (R’). After adsorption on substrates, the self-assembled Janus tectons should allow the on-
demand noncovalent functionalization by control of the functionality of the exposed surface of the adlayer.
Angew. Chem. 2014, 126, 10224 -10230 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 10225
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between large functional units (see JA2 and JA3) and the
substrate surface.

On the basis of the above considerations, we designed and
synthesized, by adapting literature procedures, three func-
tionalized pillars P bearing cyano, ester, and bromo groups as
chemical functions R' on the top ring of the pillar and two
aldehyde groups on the bottom ring of the pillar (see
Figure S1 in the Supporting Information for experimental
details).

The aldehyde groups of the functionalized pillars P were
then used to build the pedestal of the Janus tecton precursors
JAP1, JAP2, and JAPS (Scheme 1). A Horner—-Wadsworth—
Emmons coupling reaction between the “molecular clip” we
had previously designed for surface-specific supramolecular
bonding on HOPG®! and nanopillars P1, P2, and P3 gave
JAP1, JAP2, and JAPS, respectively, in one step and in good
yield (see Figure S2 in the Supporting Information). These
Janus tecton precursors can be considered as the parent
structures and used to enlarge the series, one parent nano-
pillar P equipped with a chemical group R' being able to
generate a JAP bearing either the same chemical group (R? =
R') or a new chemical group (R*#R; see Figure S2 in the
Supporting Information). For example, P1 only generates
JAP1, with both compounds exposing the same terminal
cyano group, whereas P2 and P3 give two series of Janus
tecton precursors that exhibit various terminal groups, JAP2—
JAP4 and JAPS and JAPG, respectively. In the former series,
the subsequent reduction of JAP2, which has the same
terminal ester group as P2, with DIBAL-H followed by
oxidation of the intermediate compound with PCC affords
Janus tecton precursor JAP3 in 31 % yield in two steps. JAP2
can also give Janus tecton precursor JAP4 through hydrolysis
of the CO,Me ester group. In the other series, JAPS exposes
the same terminal ester group as P3, and a one-pot Suzuki
coupling between JAPS and 4-cyanophenylboronic acid
affords JAP6 in 61 % yield.

Finally, all the target JA1-JA4 tectons were obtained in
one-step from the corresponding JAP precursors (see Fig-
ure S3 in the Supporting Information). For example, the
conversion of the nitrile group of Janus tecton precursor
JAP1 with dicyandiamide into a 2,6-diamino-s-triazine hydro-
gen-bonding unit® afforded JA1 in 28 % yield. The same
procedure allowed the conversion of JAP6 into JA4 in 26 %
yield. Building block JA2 was obtained in 88 % yield by the
Horner—Wadsworth-Emmons reaction between JAP3 and
phosphonate-functionalized terpyridine with an excess of
base under reflux in toluene.”!! Tecton JA3 was prepared
through the condensation of compound JAP4 with amino-
ferrocene, in 39 % yield. All the JA tectons were character-
ized by 'H and “CNMR spectroscopy as well as low-
resolution MALDI-TOF and high-resolution ESI mass spec-
troscopy.

The self-assembly properties of the Janus tecton precur-
sors (JAP) and Janus tectons (JA) were investigated first by
STM at the liquid-HOPG interface at room temperature (for
experimental details, see the Supporting Information). Typ-
ical STM images of JAP4 and JA1-4 are reported in Figure 1.
Since they have been acquired at high bias (| Vi[> 1200 mV)
the bright spots are attributable to the upper level (functional

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

moiety) of the Janus tectons that form a periodic lattice, which
shows that all the probed 3D tectons spontaneously self-
assemble into 2D networks on HOPG. The lattice parameters
of each network could be measured after a careful correction
of the thermal drift, based on a cross-correlation between two
successive images. It turns out that irrespective of the building
block, the lattice parameters are all the same within the
typical experimental accuracy of +5 % for the distances and
+2° for the angles and are compatible with those of the lattice
formed by the ground floor (GF)®! which acts as pedestal in
the JAP and JA tectons (see Figure S4 in the Supporting
Information for the GF STM image; a = 3.84 nm, b =2.08 nm,
and a=64°). The ground floor of the multistory tecton
patterns is clearly visible in the STM images obtained using
lower biases (| V;|<1000 mV, see example of JA1 in Fig-
ure 1b (low bias)) and is already discernible as a less
contrasted pattern at higher biases (see JAP4, JA1, JA2,
and JA4 in Figure 1b,c,e (high bias), respectively), and
moreover presents the same intracell organization as that of
the nonfunctionalized ground floor (GF)."®! Such organiza-
tions appear frozen at the single-molecule level when imaged
for several hours at room temperature and at the solution—
substrate interface, provided smooth tunneling parameters
are applied (i.e. low current and moderate bias). This finding
shows the high stability of the monolayer under ambient
conditions. Moreover, although the drift prevents a given area
from being observed for longer periods, a monolayer is still
present with a similar domain size after leaving the sample in
contact with the solution overnight. So the system has self-
restoring capability, at least.

It is also highly instructive to inspect images of lattices
formed using a mixture of a Janus tecton and the correspond-
ing nonfunctionalized pedestal (Figure 1f). It appears that
Janus tectons randomly substitute nonfunctionalized pedes-
tals in the self-assembled lattice, although at a concentration
lower than in the solution. Moreover, the patterns corre-
sponding to the pedestal of Janus tectons are then easily
discernable and exactly match that of flat nonfunctionalized
ones, which lie in contact with the HOPG. Therefore, the
functional moiety is unambiguously identified and clearly
resolved in the STM images as an additional spot specific to
Janus tectons superimposed on the pedestal pattern and can
only be located on top of the latter, which is exposed to the
solution.

Moreover, just like their corresponding 2D tectons
composed only of the base level, the Janus tectons are
prochiral upon adsorption onto HOPG. As expected from
such a property, two families of domains formed from
adsorbates of a given enantiomer orientation are systemati-
cally observed (see Figure 1g for an STM image of two
domains with opposite symmetry). Three domain orientations
that preserve the same epitaxial relationship with HOPG are
possible within each such family:[*!¥ depending on the right-
or left-handed character of a domain, its longer lattice axis
(b axis) forms either a + 50.4° or —50.4° angle with one of the
three <100 > axes of HOPG, the other axis (a axis) being
oriented clockwise or counterclockwise, respectively, as
illustrated in Figure 1g. In the given example, after drift
correction, an angle of + 51 £ 1° is observed, which is in good
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Figure 1. Self-assembly of the Janus tecton precursor (JAP4), all the Janus tectons (JA1-]A4),

I oL and a mixture of a Janus tecton with the nonfunctionalized ground floor (GF). Drift-corrected
?11{11; 3 : STM images obtained at the interface between HOPG and a 10~*m solution in phenyloctane of
t¥ess . 3 a) JAP4 (1313 nm, set point I;=35 pA, sample bias V;=—1200 mV), b) JA1 (low bias:
22x22 nm, I;=8 pA, Vz=—950 mV and high bias: 15x15 nm, I;=14 pA, V=—-1350 mV),

c) JA2 (16x16 nm, Iy =25 pA, Vy=—1500 mV), d) JA3 (25x25 nm, Iy =20 pA, Vy=—1330 mV),
e) JA4 (15x 15 nm, It =40pA, Vz=—1380 mV). f) A mixture of a Janus tecton with the
nonfunctionalized ground floor (GF). Concentration ratio in the solution: ca. 1:4. One of the
unit cells corresponding to the lattice formed by the nonfunctionalized pedestal ( a=3.84 nm,
b=2.08 nm, and a=64°) is highlighted on each image (green arrows) to illustrate the
agreement between all the Janus-tecton lattices. g) Large field-of-view of a JA3 monolayer
showing two enantiomorphic domains with opposite orientations. Two mirror-symmetric 3x3
unit cells are superimposed, one on each domain. The measured angle of £51° between their
b-axis and HOPG (100) axis is also represented.

L 1
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agreement with the expected one. These observations show
that both the relative positioning of the molecules inside the
monolayer and also the orientation of the overall monolayer
relative to the HOPG atomic lattice remain unaffected by the
3D protrusion. We can thus infer that the same process drives
the self-assembly on the substrate. One explanation is that the
ground level, which is either 2D in GF or functionalized (as in
a 3D Janus tecton with whatever shape, size, or function) in
JAP and JA tectons, steers the 2D self-assembly through both
interactions with HOPG and with neighboring adsorbed
molecules.

To confirm this image interpretation, molecular mechan-
ics calculations were performed to model all the JA tecton
structures and their self-assembled structures on HOPG. The
upper-level bond lengths can be extracted from calculations
and are between 0.91 and 1.82nm (see Figure S5 in the
Supporting Information). The calculations for related self-
assembled structures permitted us to rationalize the interplay
between the tectons and the graphite substrate. For every
model, the structures were allowed to optimize their geom-
etry on a fixed double layer of HOPG. This layer was a lot
larger than the studied Janus tectons, and thus no preset
periodic boundary conditions were used in these simulations
so that the resulting theoretical structures depend only on the
self-assembling properties of the molecules. Typical results for
JA2, the tecton which has the largest group (terpyridine unit)
attached to the upper level, are described (Figure 2). The
parameters of the theoretical lattice for the surface-confined
tecton (a=3.89 nm, »=2.18 nm and o =69.8°) determined
from Figure 2b match perfectly with the experimental data
extracted from the STM image of JA2 (Figure 1c¢). This result
demonstrates the agreement between the positioning of the
Janus tectons in the optimized model and the experimental
observations. The experimental and theoretical lattice values
for JA both show that the presence of relatively large entities
on the upper level does not perturb the self-assembly.
Moreover these observations also show that the self-assembly
is stabilized by the adsorption of alkyl chains in registry with
the HOPG and by their maximized close-packing interactions
through interdigitation. All these features can be partially
explained by comparing the cross-sectional area of the
pedestal (GF, absina=7.18 nm?) with the cross-sectional
area occupied by each upper unit determined from calcula-

Figure 2. Theoretical description of the self-assembly of Janus tecton
JA2. a) Schematic representation of the JA2 structure from molecular
modeling studies. b) Modeled packing of the self-assembly of JA2 on
HOPG (background green honeycomb) determined from molecular
mechanics calculations (for better illustration, carbon atoms from the
upper level are in black instead of gray and the calculated unit cell is
shown using red arrows). The theorical unit cell (a=3.89 nm,
b=2.18 nm, and a=69.8°) is shown by red arrows.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tions. As an example, in the case of JA2 with the largest upper
level (terpyridine unit), we can estimate the cross-sectional
area value as around 2.02 nm? (see Figure S5 in the Support-
ing Information), which is largely compatible with the free
area available around the pillar corresponding to the lattice
area. More generally, it is remarkable that the clip design
favors the interactions between the basis level and HOPG
sufficiently to dominate the self-assembly and thus permits
a fine control of the geometrical parameters for the 2D
distribution of the functional unit.

Finally, the question of the self-assembly on other sp*-
carbon allotropes was addressed. The same procedure as
described above was applied to monolayer graphene grown
by chemical vapor deposition (CVD) onto a polycrystalline
copper foil.”? The results are reported in Figure 3. First, the

Figure 3. Self-assembly on graphene. Drift-corrected STM images
obtained: a) in air on a monolayer graphene substrate grown by
chemical vapor deposition on a polycrystalline copper foil showing the
alveolar graphene atomic structure (2.2x2.2 nm, setpoint It =110pA,
sample bias Vy=—350 mV), and b,c) at the interface between this
substrate and a 10~*m solution of Janus tectons in phenyloctane (b:
58x58 nm, set point Iy =20 pA, sample bias V3=-950 mV; c:
34x34 nm, I;=13 pA, V3=—950 mV). Images (a) and (b) were
acquired in the current (i.e. so-called constant height) mode, whereas
image (c) was acquired in the height (i.e. constant current) mode to
show the substrate roughness. A unit cell corresponding to the lattice
formed on HOPG (a=3.84 nm, b=2.08 nm, and a =64°) is high-
lighted in (c; green arrows).

atomically resolved alveolar structure of graphene was
observed by STM, without application of the Janus tecton
solution (Figure 3a). Then, images were acquired, at the
interface between the graphene and the Janus tecton solution
(Figure 3b,c). Although the imaging conditions are less stable
than for HOPG, the molecular network is clearly observed
through the conjugated function of the Janus tectons, with
lattice parameters compatible with those obtained on graph-
ite. Strikingly, the monolayer domains extend over rough
areas and protrusions on the substrate imposed by the
polycrystalline copper carrier material (as shown by Fig-
ure 3b, which was acquired over a particularly rough surface
area). This shows, first, that the top-most atomic layer is able
to efficiently drive the self-assembly and, second, that the
graphene foil provides a long-range crystalline structural
coherence that extends far beyond the carrier material
defects, thus permitting well-orderd self-assembly into
rather large single domains. The stability of the monolayer
under ambient conditions was assessed to be similar to as on
HOPG.
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In summary, for the first time a general platform for the
noncovalent functionalization of flat C(sp®)-based substrates
including graphene has been investigated. A new general and
versatile strategy based on the Janus tecton concept has been
defined to obtain two library series of 3D-functionalized
building blocks. We demonstrated that the self-assembled
Janus tectons form, as a result of the huge cross-sectional area
(footprint) of the pedestal, well-organized adlayers with
a precise lateral order, with the external exposed surface
presenting a wide range of functionalities ranging from
chemical groups to functional units such as ligands and
sandwich compounds. The reported strategy is expected to be
generally applicable for generating self-assembled Janus
tectons that exhibit on-demand functionalization for applica-
tions in various fields such as catalysis, electronics, photonics,
and biology.

The successful self-assembly on graphene allows the
fabrication of field-effect phototransistors to study the
fundamental aspects of the electronic and transport proper-
ties of a graphene substrate functionalized with photoactive
Janus tectons. Moreover, the long-range lateral order ach-
ieved by self-assembly on graphene provides a rational and
reproducible surface functionalization, a necessary require-
ment for chemical sensor fabrication with good and reprodu-
cible selectivity, for example. Finally, the possibility to
transfer the graphene monolayer onto various substrates
considerably extends the application of our noncovalent
functionalization strategy.
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