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ABSTRACT: We propose a novel approach to trap 2 nm Pt nanocrystals using
nanoporous two-dimensional supramolecular networks for cavity-conﬁned host−guest
recognition process. This will be achieved by taking advantage of two features of
supramolecular self-assembly at surfaces: First, its capability to allow the formation of
complex 2D architectures, more particularly, nanoporous networks, through noncovalent interactions between organic molecular building-blocks; second, the ability of
the nanopores to selectively host and immobilize a large variety of guest species. In this
paper, for the ﬁrst time, we will use isotropic honeycomb networks and anisotropic
linear porous supramolecular networks to host 2 nm Pt nanocrystals.

1. INTRODUCTION
Widely studied, metallic nanoparticles (NPs) present a plethora
of interesting intrinsic properties (optical, magnetic, catalytic,
electronic, etc.).1−6 However, precise control over their spatial
organization on diﬀerent length scales is essential to steer the
particles interactions to improve the performance of the next
generation of materials (i.e., for spintronics, plasmonics, etc.)
and devices (i.e., sensors, high density data storages memories,
etc.). In this regard, both properties and performances may be
enhanced by controlling ﬁnely the positional order within a
two-dimensional (2D) self-assembly.7,8 However, this is still a
real challenge for NPs smaller than 3 nm in diameter. Indeed,
the driving forces explaining the formation of self-assemblies of
colloidal NPs, surrounded by capping molecules, are wellknown.9−11 It consists of diﬀerent contributions to the NP−NP
interactions including van der Waals (vdW) attractive forces
between the cores and/or the passivating chains, mostly alkyl
chains, as well as osmotic, electrostatic, and elastic contributions. On the one hand, the size of the nanocrystals has to be
large enough (typically diameter ≥3 nm) to favor vdW
interactions. On the other hand, the balance between capping
agent elastic repulsion and attractive vdW forces controls the
interparticle distance. It is important to stress that capping
agent-mediated interparticle interactions are sensitive to factors
such as solvent, temperature, bonding strength, and coating
thickness. Anyhow, the control of the interparticle distance by
changing the alkyl chain length is limited;7 it is therefore
diﬃcult to control both long-range organization and
© XXXX American Chemical Society

interparticle spacing, especially in the case of 2D assemblies
where the eﬀects of substrate can be predominant.10 However,
to develop devices based on these assemblies, it is necessary to
be able to adjust these two parameters easily and in particular
to control the interactions between nanoparticles within the
periodic networks.
Thus, to go further in the integration of nanoparticles in
usable systems, another approach that allows both to control
the organization at very long distance and to modulate the
interactions between nano-objects has to be developed,
especially for NPs smaller than 3 nm. Hence, prepatterning
the substrate appears as an eﬃcient way to direct the
organization of 2D-conﬁned NPs and to control both the
interparticle distances and the geometry of the NPs assembly.
For example, a ﬁne-tuning of molecule−substrate forces based
on complementary H-bonding functionalization of the particle
and the substrate could be useful to overcome the problem, as
it has been demonstrated for Au55 nanocrystals (NCs).12
Hence, prepatterning the substrate appears as an eﬃcient way
to direct the organization of 2D-conﬁned NPs and to control
both the interparticle distances and the geometry of the NPs
assembly. This prepatterning can also itself result from the selfassembly of third-party molecules. For example, the lamellae
formed by the self-assembly of linear alkanes or their derivatives
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Chart 1. Molecular Structure of the Functional Group “Clip” (Top) and the Two Derivatives Used in This Work G1-DSB-Cn
(Left) and TSB3,5-Cn (Right)

on atomically ﬂat crystal surfaces can act as rails which drive the
alignment of NPs.13,14 However, in these systems, the
interparticle distance (around 2 nm) along the rail remained
very small which could be a critical technological limitation for
application as high-density data storage.4,5,15
On the other hand, the progress in supramolecular selfassembly at surfaces allows toward the formation of more
complex nanostructures with controlled topologies.16,17 In
previous work, we developed a functional group (so-called
“clip”) for supramolecular bonding by interdigitation of the
alkyl chains on sp2 carbon-based substrates18 (e.g., highly
oriented pyrolytic graphite (HOPG) and graphene) (Chart 1).
We demonstrated that 1,3,5-tristyrylbenzene substituted in
positions 3 and 5 by alkoxy peripheral chains presenting n = 6,
8, 10, 12, or 14 carbon atoms (TSB3,5-Cn) can form a series of
isotropic nanoporous honeycomb networks were the cavity
diameter and cavity−cavity distances can be tuned by playing
with the alkyl chain length.18,19 Moreover, the ability of these
2D structures to trap disk-shapes molecules has been
demonstrated.20 Moreover, the topology of the 2D porous
network can be changed by replacing the above star shape
molecules bearing three clips, with molecules bearing two clips
like the ﬁrst-generation conjugated dendrimer (G1-DSB-Cn)
consisting of a distyrylbenzene core, stilbene dendrons, and
alkoxy terminal chains (Cn), which forms anisotropic nanoporous networks.18,21
Here, we propose a novel approach based on nanoporous 2D
supramolecular networks for cavity-conﬁned host−guest
recognition process. This will be achieved by taking advantage
of two features of supramolecular self-assembly at surfaces:

First, its capability to allow the formation of complex 2D
architectures, more particularly, nanoporous networks, through
noncovalent interactions between organic molecular building
blocks (tectons); second, the ability of the nanopores to
selectively host and immobilize a large variety of guest
species.22−25 In this paper, for the ﬁrst time, we will use
isotropic honeycomb networks and anisotropic linear porous
supramolecular networks to host 2 nm Pt nanocrystals. More
precisely, in a ﬁrst stage, the supramolecular templates are built
at the liquid/solid interface by supramolecular self-assembly on
highly oriented pyrolytic graphite (HOPG) and characterized
by scanning tunneling microscopy (STM). Then, in a second
stage, the nanoparticles are deposited by solvent evaporation on
the patterned substrates. We will demonstrate by highresolution scanning electron microscopy (HRSEM) that the
nanopatterning of the substrate by porous networks controls
the organization (distance and geometry) of 2 nm metallic
NCs.

2. RESULTS AND DISCUSSIONS
To demonstrate the host−guest concept for directed assembly
of NCs, a series of porous templates have been investigated.
They consist of anisotropic and isotropic networks obtained
from tectons G1-DSB-C14 and TSB3,5-C12 (Chart 1),
respectively. To address the limitation on interparticles
distances reported above, according to our previous results,21
the tectons G1-DSB-C14 with the longer alkoxy peripheral C14
chains were chosen to increase the spacing between the pores
(4.4 nm) and thus the interparticle distances. Experimental
STM image (Figure 1A1) of G1-DSB-C14 supramolecular
B
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Figure 1. (1) STM images (23 × 23 nm2) of (A, B) G1-DSB-C14 molecules self-assembled on a linear network (I = 12 pA, V = −680 mV, C = 1.0 ×
10−4 mol L−1) and TSB-3,5-C12 molecules self-assembled on (C) honeycomb and (D) β compact network (I = 20 pA, V = −888 mV, C = 4.0 × 10−5
mol L−1). On the B image, defects are observed and induce a translation along the a1 direction represented by the black-dotted lines. For all images,
lattices parameters had been determined experimentally and used to determine (2) a representation of the (A, B) G1-DSB-C14 molecules and the
(C, D) TSB-3,5-C12 molecules’ self-assembly on graphite (a1 = 2.1 nm, b1 = 4.35 nm, α1 = 70°; a2 = b2 = 4.18 nm, α2 = 60°; and a3 = 2.4 nm, b3 =
5.17 nm, α3 = 75°). All these experiences were done at room temperature, at the liquid−solid interface, using phenyloctane as solvent and graphite as
substrate.

assembly conﬁrms the formation of an anisotropic linear porous
network;21 this corresponds to the so-called “regular”
conﬁguration. The lattice parameters extracted from Figure
1A1 are reported and superimposed on the molecular scheme
(Figure 1A2). Beyond this regular arrangement, Figure 1B1
shows that self-assembly is subjected to the formation of
defects. In particular, a shift along the molecular lamellae can
occur, resulting in a variant in clipping geometry in addition to
the low−high interdigitation present in the regular pattern.
This second arrangement named “gauche” corresponds to the
high−low interdigitation (i.e., an inversion of the clips). It is
less common but visible in Figure 1B1,B2 where it induces
stacking faults. This predominance of the regular conﬁguration
can be interpreted by a better stacking stabilization. Such
packing faults can appear either as a junction between two
neighboring mismatched domains grown independently, or as
the defective growth of a domain following the accidental
misplacement of an initial 1-DSB-C14 molecule in a gauche
conﬁguration.21
Regarding the isotropic network, the TSB-3,5-C12 tecton has
been chosen because it can form a honeycomb network, the
pore diameter of which (1.9 nm) is commensurate with the size
of the NCs (2 nm).19 However, it has been reported that the
tecton TSB-3,5-C12 could self-assemble along various schemes
depending on concentration and temperature.19 At room
temperature, below the critical concentration CC = 10−3 mol
L−1, a honeycomb structure is formed (Figure 1C1,C2). Above
CC, a dense organization is observed (linear organization α)
together with a second linear organization (linear organization
β, Figure 1D 1 ,D 2 ). Their geometrical parameters are
summarized in Table 1. The orientation of the underlying
HOPG lattice has been obtained from the angle formed by
mirror-symmetrical molecular domains, following the method
detailed in ref 19. Concerning the last one (β), although the
location of the aromatic core is accurately determined from

Table 1. Lattice Parameters of the Honeycomb Structure and
the Linear Organization β Observed for the TSB-3,5-C12
Molecules Self-assembled on Graphite
lattice parameters

honeycomb network

linear organization β

aia
bia
Γia

4.18 nmb
4.18 nmb
60°b

2.4 nm
5.17 nm
75°

a

The subscript i is equal to 2 (respectively 3) for the honeycomb
network (respectively the linear organization β). bThese values were
taken from ref 17.

STM images, the position of the alkoxy peripheral chains
against the substrate is less clear, as illustrated in Figure 1D2.
These STM images of the molecular template have been
acquired at the liquid−solid interface, which oﬀers better
stability and resolution through the rejection of surface
contaminants that are insoluble in phenyloctane. However,
the same organization is obtained after removal of a volatile
solvent such as toluene, although its dry STM imaging is less
convenient (images given in the Supporting Information,
Figures S3 and S4).
The platinum nanoparticles were synthesized according to
the liquid−liquid phase transfer method (Supporting Information).26−28 This method allows the synthesis of NCs with
various size distributions. We chose to focus on 2 nm Pt
nanoparticles for two reasons. First, this would permit emphasis
of the diﬀerence between the poor local organization of free
NC assembly and that directed by the supramolecular template.
Second, the size of the nanocrystals matches that of the two
honeycomb network pores, which is supposed to favor their
trapping. Nevertheless, the results presented here are not
speciﬁc to the nature of the metal chosen. We synthesized 2 nm
Pt nanocrystals with a polydispersity close to 12% (Figures S5
and S6) stabilized by oleylamine stabilizing agent and dispersed
in chloroform (referred to as Pt−C18NH2).
C
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Figure 2. (A) HRSEM image (384 × 474 nm2) of Pt−C18NH2 nanoparticles deposited on the G1-DSB-C14 supramolecular template formed on the
substrate; (B) zoom on a speciﬁed area (white square, 115 × 115 nm2) with an organization characterized by the (C) associated FFT; (D)
representation of the G1-DSB-C14 molecules self-assembled on graphite, oriented following the method detailed in ref 19 and the suggested
nanoparticle distribution inside this molecular matrix (A1 = 4.2 nm, B1 = 4.35 nm, and C1 = 4.65 nm).

Figure 3. (A) HRSEM image (388 × 474 nm2) of Pt−C18NH2 nanoparticles deposited on the G1-DSB-C14 supramolecular template formed on the
substrate; (B) zoom on a speciﬁed area (white square, 115 × 115 nm2) with an organization characterized by the (C) associated FFT; (D)
representation of the G1-DSB-C14 molecules considering a column shift (cf. Figure 1) self-assembly on graphite and the inﬂuence of this on
nanoparticles’ organization (A2 = 4.2 nm, B2 = 4.35 nm, C2 = 4.65 nm, and D2 = 5.23 nm).

structure, and a 1 × 10−6 mol L−1 solution of Pt−C18NH2 in
chloroform (solution 3). To consider the eﬀect of the isotropic
template, ﬁrst 10 μL of solution 1 was deposited on a freshly
cleaved graphite heated at 60 °C for 10 min. After a few hours,
the phenyloctane is evaporated and 10 μL of solution 3 is
added. Dried, the sample was characterized by HRSEM. To
consider the eﬀect of the anisotropic template, a second sample

To study the eﬀect of the supramolecular template on the
NCs organization, we compared two preparation procedures
with a control sample. To reach this goal, three solutions were
prepared: a 2 × 10−6 mol L−1 solution of G1-DSB-C14 in
phenyloctane (solution 1), a 1 × 10−6 mol L−1 solution of TSB3,5-C12 in phenyloctane (solution 2)the concentration was
determined to promote the formation of the honeycomb
D
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Figure 4. (A) HRSEM image (474 × 474 nm2 of Pt−C18NH2 nanoparticles deposited on the TSB-3,5-C12 supramolecular template formed on the
graphite; (B) zoom on a speciﬁed area (white square, 115 × 115 nm2) with an organization characterized by the (C) associated FFT; (D)
representation of the TSB-3,5-C12 molecules’ self-assembly on graphite oriented following the method detailed in ref 19 and the suggested
nanoparticle distribution inside this molecular matrix (A3 = 5.12 nm, B3 = 6.00 nm, and Γ3 = 80°).

Figure 2D. Nonetheless, the value D2,exp may be related to
gauche conﬁgurations (Figure 1B), as represented in Figure 3B,
which shows that the theoretical value D2 ﬁts well with the
experimental one D2,exp. Hence, these results imply that the
NCs organization is directed by the molecular patterns of
organic molecules deposited on HOPG. Indeed, not only the
perfect organization of the supramolecular template (Figure
1A) but also the defects (Figure 1B) can be reproduced by the
2D assembly of metallic NCs. Thus, the present results show a
directed assembly of metallic NCs induced by a supramolecular
template. On Figure 2D and Figure 3D, the Pt−C18NH2
nanocrystals are supposedly positioned on the pores of the
template. Yet, establishing the real position of the nanocrystals
compared to the G1-DSB-C14 network is still delicate, even
with HRSEM and STM. In the case of gold NCs on lamellar
templates completely covering HOPG,13 it has been speculated
that NCs interact with the aromatic core of the molecules and
were then localized on it. Here, both G1-DSB-C14 molecules
and the substrate are accessible to the NCs and present an
aromatic character. Thus, we cannot determine the correct
position of the nanocrystals compared to the supramolecular
template.
Concerning the anisotropic template, using exactly the same
protocol, a sample was obtained by substituting G1-DSB-C14
with TSB-3,5-C12. The corresponding HRSEM image is
presented in Figure 4A. Once zoomed (Figure 4B) and thanks
to a FFT (Figure 4C), a surprising regularity is observed which
may indicate that nanocrystals are aligned on an oblique lattice
with A3,exp = 5.2 nm, B3,exp = 5.8 nm, and Γ3,exp = 82°. The
concentration of the solution of TSB-3,5-C12 is adjusted so as
to form honeycomb lattices when the sample is dried. However,
we observe no clear correlation between the oblique lattice of
the nanoparticles and the honeycomb lattices of the TSB-3,5C12. Nonetheless, in practice, during the deposition of the TSB3,5-C12 solution and the evaporation of phenyloctane, the local

was prepared in the same way but by replacing solution 1 with
solution 2. A control sample was prepared using solution 3 only
(Supporting Information, Figure S7). We consider that all the
molecules and nanoparticles are dropped on the surface with no
loss. Contrary to the control sample (NPs deposited on raw
HOPG, Figure S7), where only a local organization barely
exists, the nanoparticles present a periodic arrangement, when
using an organized porous template (Figure 2 and Figure 3).
EDX analysis of the sample, after deposition of the nanoparticles solution and evaporation of the solvent, shows that
only carbon and platinum are present on the substrate (see
Figure S8). This conﬁrms that the spherical nano-object
deposited on the substrate could only be platinum nanocrystals.
To evidence the patterning eﬀect, 2D digital fast Fourier
transform (2D-FFT) was applied to HRSEM, allowing the
determination of the experimental lattice parameters and the
analysis of any possible commensurability with the supramolecular template.
For the isotropic template of G1-DSB-C14 molecules, a
typical HRSEM image of Pt−C18NH2 nanocrystals is shown
(Figure 2A). It reveals a hexagonal organization of the metallic
NPs. A zoom in this image (Figure 2B) and more particularly
its FFT (Figure 2C) emphasize the presence of a quasihexagonal lattice with A1,exp = 4.1 nm, B1,exp = 4.46 nm, and
C1,exp= 4.65 nm. This periodicity matches a model in which
every second pore is ﬁlled along the a1 direction, whereas all the
pores are ﬁlled in the b1 direction of the G1-DSB-C14 network
(Figure 2D). At some speciﬁc places of the same sample, an
organization close to the quasi-hexagonal one has been
observed and is present in Figure 3A,B. However, four periods
are revealed by the FFT (Figure 3C), A2,exp = 4.02 nm, B2,exp =
4.5 nm, C2,exp= 4.68 nm, and D2,exp = 5.22 nm. The ﬁrst three
values, A2,exp, B2,exp, and C2,exp, are close to A1,exp, B1,exp, and
C1,exp and are thus interpreted by the same organization. Yet,
D2,exp cannot be explained with the ideal model proposed in
E
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concentration of the TSB-3,5-C12 molecules is not the same on
all the substrates. These hypotheses, which are supported by
experimental results obtained on a dried sample (see
Supporting Information, Figure S3), allow us to consider
other possible organizations observed for TSB-3,5-C 12
molecules self-assembled on graphite. As already mentioned,
a correlation may exist between experimental results and the
linear organization β. In contrast with what observed with G1DSB-C14 molecules, here the NPs can be tentatively placed
according to the direction of the vector 2a2 + 0.5b2 and −a2 +
b2, as shown on Figure 4D. Contrary to the previous
experiments, there are no pores on the linear organization β
to welcome the NCs. According to the observation done before
on the relative position of the Pt NCs with the G1-DSB-C14
molecules, we might then think that the presence of an
aromatic core is a necessary and suﬃcient condition to get a
direct assembly of metallic NCs. However, due to the unknown
position of the alkoxy peripheral chains on the linear
organization β, we cannot exclude a possible interaction
between them and the stabilizing agent that inﬂuenced the
direct assembly. As a matter of fact, if the alkoxy chains are
eﬀectively oriented out of the plane of the template, we can
imagine that they may interact with the oleylamine physisorbed
on the Pt NCs surface.
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