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Supramolecular Nanostructuring of Silver
Surfaces via Self-Assembly of [60]Fullerene
and Porphyrin Modules**
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Recent achievements in our laboratory toward the “bottom-up” fabrication of address-

able multicomponent molecular entities obtained by self-assembly of Csy and porphyrins on Ag(100) and Ag(111)
surfaces are described. Scanning tunneling microscopy (STM) studies on ad-layers constituting monomeric and
triply linked porphyrin modules showed that the molecules self-organize into ordered supramolecular assemblies,
the ordering of which is controlled by the porphyrin chemical structure, the metal substrate, and the surface coverage.
Specifically, the successful preparation of unprecedented two-dimensional porphyrin-based assemblies featuring reg-
ular pores on Ag(111) surfaces has been achieved. Subsequent co-deposition of Cgy molecules on top of the porphy-
rin monolayers results in selective self-organization into ordered molecular hybrid bilayers, the organization of
which is driven by both fullerene coverage and porphyrin structure. In all-ordered fullerene—porphyrin assemblies,
the Cgy guests organize, unusually, into long chains and/or two-dimensional arrays. Furthermore, sublimation of Cg
on top of the porous porphyrin network reveals the selective long-range inclusion of the fullerene guests within the
hosting cavities. The observed mode of the Cgy self-assembly originates from a delicate equilibrium between
substrate-molecule and molecule-molecule interactions involving charge-transfer processes and conformational
reorganizations as a consequence of the structural adaptation of the fullerene—porphyrin bilayer.
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mation of target structures under equilibrium conditions, which
ensures self-correction of defects and long-range order.”®!

So far, noncovalent bonding has been mainly exploited both
in solution and in the solid state to prepare extended periodic
functional assemblies.” #1141 On the other hand, such molecu-
lar architectures formed in solution or in a crystal cannot be
spatially addressed at the single-molecule level. Therefore, the
most popular engineering approach employed in nanotechnol-
ogy to probe local molecular properties and functions consists
of the deposition of defined molecular modules on the surfaces
of bulk materials such as metals, semiconductors, and insula-
tors. Consequently, a large variety of examples of regular one-
and two-dimensional assemblies, supramolecularly organized
on surfaces through hydrogen-bonding,">'"! dipole—dipole,!'®!
donor-acceptor,'”?!! van der Waals (vdW),”>*! or even coor-
dinative interactions>* 2" have recently been reported. Within
these networks, functional molecular units are arranged into
periodically ordered assemblies, thereby serving as potential
templates for the engineering of single-molecule devices.

Chromophoric molecules, such as fullerenes?*’! and porphy-
rinsP”! with tunable highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gaps and ex-
cited-state energies,”'*? are appealing m-conjugated modules
for the construction of functional molecular materials posses-
sing exceptional electrochemical and photophysical properties.
One of the most interesting aspects of Cgy and porphyrins is that
they spontaneously attract each other mainly through dispersion
and donor-acceptor interactions,””! as experimentally deter-
mined both in solution®! and in the solid state.**! Following the
first reports on a fullerene-containing donor—acceptor dyad,!'” a
large number of supramolecular and covalent fullerene—porphy-
rin conjugates have been prepared and studied for their confor-
mational, electrochemical, and photophysical properties. (3541

We decided to take advantage of the fullerene—porphyrin af-
finities to selectively engineer supramolecular assemblies on
surfaces with a large periodicity. Characterizing these assem-
blies by scanning probe methods, such as scanning tunneling
microscopy (STM),*?! provides a detailed insight into the struc-
tures at the molecular and atomic levels. A limited number of
studies has been undertaken to elucidate the supramolecular

Ar

behavior of single porphyrin molecules on surfaces.>* In
particular, their assembly with other redox- and/or photoactive
molecular species, such as fullerenes, on surfaces has not been
fully investigated.**! Herein, we describe the advances made
in our laboratory towards the “bottom-up” fabrication of or-
ganic nanopatterned surfaces based on 2D supramolecular as-
semblies composed of porphyrins and Cey on Ag(100) and
Ag(111). Two types of porphyrin macrocycles were considered
in this investigation (for details on parts of this work, see com-
munications by Diederich and co-workers[‘w’so]): bis(3-cyano-
phenyl)-substituted monomer 1 and a series of triply fused di-
porphyrins (2-4) (Fig. 1). We show that the patterning of these
surfaces is controlled by the chemical structure of the porphy-
rin, the metal substrate, and the surface coverage. In particular,
we report the preparation of 2D porphyrin-based supramolecu-
lar porous network structures on Ag(111) at low surface cover-
age, which are capable of complexing Cgy molecules in a peri-
odic array of hosting cavities. In addition, fullerene mobility
within the porphyrin networks and repositioning experiments
conducted with the STM tip are described. Contemporaneous
with our investigations, the groups of Itaya and Komatsu have
also reported the preparation of hybrid bicomponent monomo-
lecular layers constituted of [60]fullerene derivatives self-as-
sembled on top of a pre-organized Zn"-octaethylporphyrin
[Zn(OEP)] monolayer on Au(111) surfaces.®" Specifically, su-
pramolecular 1:1 [60]fullerene/[Zn(OEP)] complexes in which
an open-cage [60]fullerene derivative is centrally nested atop
the tetrapyrrolic core have been observed, showing that the
molecular orientation of the fullerene ad-layers was fully con-
trolled by the underlying [Zn(OEP)] monolayer.""

2. Binary Molecular Layers of Monomeric
Porphyrin 1 and Cg

2.1. Deposition and Self-Assembly of Porphyrin 1 on Ag(100)
and Ag(111) Surfaces

The first step in the formation of self-assembled patterned
surfaces is the deposition of porphyrin macrocycle 1 onto clean

Ar = 3,5-di(tert-butyl)phenyl

Figure 1. Chemical structure of the porphyrin derivatives used in this investigation.

Adv. Funct. Mater. 2007, 17, 1051-1062
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Ag(100) and Ag(111) surfaces under ultrahigh-vacuum (UHV)
conditions. High-resolution STM images taken on an Ag(100)
substrate at full surface coverage, ca. 1.0 ML (ML=mono-
layer), revealed that the porphyrin molecules arrange them-
selves into rows along the <110> direction of the underlying
Ag(100) substrate, leading to the 1— Ag(100) assembly out-
lined in Figure 2a (see also proposed network model on the
right).*) In accordance with earlier experiments conducted on
tetra-substituted porphyrin derivatives bearing four 3,5-di(tert-

Figure 2. a) Left: detailed STM image (scan range: 12.2 nmx9.1 nm,
Vbias=2.80'V, ;=72 pA, T=298 K) of a full-coverage monolayer of porphy-
rin 1 sublimed on Ag(100); the distance between the centers of two neigh-
boring molecular subunits is (2.4+0.1) nm along the a; direction and
(1.5+0.1) nm along the by direction; the molecular rows along directions
ay and by cross each other at an angle of 126° £ 5°. Right: Proposed surface
pattern of the self-assembled monolayer on Ag(100). Reproduced with
permission from [49]. b) Left: detailed STM image (scan range:
14.0 nmx13.5 nm, V4ias=2.78 V, I,=18 pA, T=298 K) of a full-coverage
monolayer of porphyrin 1 sublimed on Ag(111) after annealing at 450 K.
The distance between the centers of two neighboring molecular subunits
is (1.8+0.1) nm along the a, direction and (3.3£0.1) nm along the b, di-
rection; the molecular rows along directions a, and b, cross each other at
an angle of 92°+4°. ) Left: detailed STM image (scan range:
17.7 nmx16.9 nm, Viias=2.96 V, ;=25 pA, T=298 K) of less than a
monolayer of porphyrin 1 sublimed on Ag(111), showing the presence of a
porous monolayer. Each porphyrin molecule appears as two bright protru-
sions, which are separated by ca. 1.2 nm. Right: Proposed model of the
self-assembled porous network (a=15°).

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

butyl)phenyl moieties in the meso positions, the preferential
tunneling current transport for these molecules occurs through
these substituents.®>*3) Since the 3-cyanophenyl residues and
the central porphyrin core do not contribute to the tunneling
current on such silver surfaces, each single porphyrin molecule
is imaged as a group of two bright aligned lobes separated by
ca. 1.2 nm (see Fig.2a, left). The latter value is in good
agreement with the intramolecular distance between the two
3,5-di(tert-butyl)phenyl substituents (center-to-center distance:
1.26 nm), as measured from the crystal structure of 1.4 1
accordance with the previous reports, our high-resolution STM
data (Fig. 2a) are also consistent with porphyrin molecules ly-
ing flat on the metal substrate and not overlapping with their
neighbors. Notably, all lobes appear with the same apparent
height, suggesting that the interplanar angle between the
3,5-di(fert-butyl)phenyl moieties and the porphyrin plane is
equal for all molecules embedded within the entire monolayer.
At low surface coverage, 0.2-0.5 ML, a 2D gas phase was ob-
served in dynamic equilibrium with ordered porphyrin islands.
No reorganization of the 1— Ag(100) assembly was observed
upon thermal annealing at 450 K.

Porphyrin 1 was also sublimed on Ag(111) under the
same coverage conditions (ca. 1 ML). While at 298 K the
molecules do not form an ordered phase; after annealing at
450 K, the porphyrin modules assemble into supramolecular
1— Ag(111) rows, shown in Figure 2b (left). The intraporphyr-
in distances along the a, and b, directions are (1.8£0.1) nm
and (3.31£0.1) nm, respectively. Again, each molecule is
represented as a group of two lobes that correspond to the
3,5-di(tert-butyl)phenyl moieties (Fig. 2b, left). In contrast to
the case of Ag(100), the lobes do not appear with the same ap-
parent height. Although full rotation of the 3,5-di(zert-butyl)-
phenyl substituents about the phenyl-porphyrin 6-bonds is par-
tially hindered by the C-H bonds at the B-positions, they have
a certain degree of freedom to rotate.” Therefore, the reason
for the protrusions appearing with distinct heights is attribut-
able to different conformations adopted by the 3,5-di(tert-bu-
tyl)phenyl moieties within the monolayer."*’!

At low surface coverage, ca. 0.5-0.7 ML, porphyrin macro-
cycle 1 exceptionally organizes in a porous (p) assembly
(p1 — Ag(111), Fig. 2c, left). A structural model of the porphy-
rin ad-layer is also shown in Figure 2c (right).’" The highly or-
ganized hexagonal superstructure is constituted of discrete
pores and is rotated by 15+4° with respect to the [1-10] direc-
tion of the underlying Ag(111) substrate, showing a periodicity
of (3.3£0.1) nm. The assembly was also revealed to be ther-
mally stable upon annealing at up to 448 K. In the proposed
model (Fig. 2c, right), the 3-cyanophenyl residues are arranged
in trimeric units surrounding a central cavity. The cross section
taken from the STM images of pl— Ag(111), shown in Fig-
ure 3, characterizes the typical pore geometry with a diameter
and a depth of approximately 1.2 and 0.12 nm, respectively. Ow-
ing to the finite size of the STM tip, the cavity dimensions are af-
fected by the tip—surface convolution, which reduces the real di-
mensions of the pore. In the low-density molecular regions, such
as in proximity to the step edges of the Ag(111) surface, a 2D
gas phase in equilibrium with the ordered p1 — Ag(111) assem-

Adv. Funct. Mater. 2007, 17, 1051-1062
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features a completely close-packed struc-
ture (see lower right corner in Fig. 4b),
strongly supporting the assumption that, in
the (Cgo-1) > Ag(111) assembly, the Cg
molecules are located on top of the por-
phyrin layer, detached from the underlying
Ag(111) substrate.’”) Regrettably, we
could not precisely estimate the location of
the Cgo molecules with respect to the un-
derlying monolayer of 1 within the

3.3 nm
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lateral distance [nm]

Figure 3. Left: detailed STM image (scan range: 9.1 nmx8.9 nm, Vii,s=2.96 V, [;=25 pA,
T=298 K) of the porous 1-based network on Ag(111). Right: Cross-section profile of three consecu-

tive pores (from A to B).

bly is also localized, as is evidenced from molecular fluctuations
at the borders of the condensed porous network in time-lapsed
imaging sequences. The latter observation confirms the pres-
ence of small diffusion barriers for porphyrin 1 on Ag(111), as
observed for the assemblies on Ag(100).

2.2. Hosting Properties of the 1-Based Ad-Layers

In order to investigate the hosting properties of the porphy-
rin networks described above, C¢y molecules were sublimed on
top of the preformed porphyrin assemblies. Sublimation of ap-
proximately 0.02 ML of Cg, on top of a full monolayer of 1 on
Ag(100) resulted in the predominant formation of randomly
distributed single molecules and clusters of fullerene on top of
the porphyrin assembly (Fig. 4a). Interestingly, all the single
fullerene units were revealed to be static, accounting for a
high-energy mobility barrier probably caused by the strong ful-
lerene—porphyrin chromophoric interaction and the friction ef-
fect originating from the 3,5-di(terz-butyl)phenyl groups. Such
tangled hybrid bilayers were stable over a wide range of tem-
peratures, and after annealing at 450 K, no further evolution of
the fullerene organization was evidenced.

Deposition of ca. 0.14 ML of Cgy onto ca. 0.85 ML of 1 pre-
adsorbed on Ag(111) (i.e., the 1— Ag(111) assembly) resulted
in the segregation of two molecular domains: i) 2v/3 x 2v/3 R30°
islands of Cgy (Where R represents the rotational angle between
the crystallographic direction of the hexagonal Cg, monolayer
and that of the hexagonal Ag(111) surface), and ii) a condensed
1— Ag(111) network. However, thermal annealing (450 K) of
the segregated layers resulted in an unprecedented Cgo—porphy-
rin assembly ((Cgo-1) = Ag(111)), shown in Figure 4b. The por-
phyrin ad-layer shows a completely different molecular packing
if compared to the molecular arrangement adopted in the
1— Ag(111) assembly (Fig. 2). The carbon spheres are arranged
in vertically aligned pairs (i.e., supramolecular fullerene “dumb-
bells”, intrapair Cq:--Cgp distance of 2.3 nm). This “dumbbell”
pattern is repeated approximately every 7.5 and 6.0 nm in the
horizontal and vertical directions, respectively, and results in ex-
ceptionally large domains (up to 50 nm x 100 nm). Notably,
missing fullerenes reveal that the underlying porphyrin layer

Adv. Funct. Mater. 2007, 17, 1051-1062
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(Co0-1) > Ag(111) assembly. Nevertheless,
the high thermal stability and the absence
of fullerene mobility account for a high-en-
ergy corrugation and strong interaction
within the hybrid assembly that we here
tentatively ascribe to the favorable fuller-
ene—porphyrin interaction”) (interaction
energy 16-18 kcalmol™ (1 kcal=4.186 kJ) as calculated for
monomeric porphyrins). Moreover, the latter observation sug-
gests that the monolayer corrugation and the fullerene—porphy-
rin chromophoric interaction are together stronger than
the thermal energy at 298 K (ie., >>2.48 kJmol' or
0.59 kcalmol™). These observations on the (Cgo-1) — Ag(111)
assembly are in agreement with our recent results obtained in
solution, where fullerene—porphyrin conjugates show a strong
interchromophoric interaction as evidenced by transient UV-vis
absorption and 'H NMR spectroscopies.*>>*]

Sublimation of Cg on top of the p1— Ag(111) assembly re-
sulted in the confinement of the Cgy molecules in the pore sites
(Fig. 4c, left). No Cgy molecules were found to adsorb on top
of individual porphyrin units, as observed for the porphyrin—
fullerene assembly (Cgp-1) - Ag(111) outlined in Figure 4b.
Time-lapsed STM images revealed a considerable lateral mo-
bility of the Cg, guests within the porphyrin assembly.>> The
Ceo guests hop from pore to pore at a rate of ca. 10~ s™ in the
low-coverage regime (0.01 ML Cg) at 298 K. A comprehen-
sive study of the mobility mechanisms of fullerene guests as a
function of the fullerene structure (Cgy and Cyp) and the cover-
age in 2D nanoporous networks on Ag(111) has been reported
elsewhere. Increasing the coverage of adsorbed Cgy, from
0.01 to 0.02 ML, results in condensation of the guest molecules
into large fullerene islands. Besides single Cqy molecules, linear
hosted fullerene chains constituting several fullerene units
have also been observed. Notably, all the (Cgo-1) > Ag(111)
fullerene-based patterns exhibit dynamical changes, e.g., by as-
sembling and disassembling of the observed chains and islands,
as time proceeds.[ﬁo] A further increase of the fullerene cover-
age to about 0.07 ML (Fig. 4d, left), leads to a change of the
short, scattered fullerene chains into branched lines and large
islands.” At a high fullerene coverage, ca. 0.1 ML (Fig. 4e,
right), almost all pores were found to be occupied by a Cg
molecule and the mobility of the guest molecules within the
porphyrinic network was drastically reduced.®™ Further in-
crease of the Cgqy coverage (>0.1 ML) causes the irreversible
collapse of the regular fullerene—porphyrin (Cgp-pl)
— Ag(111) assembly, leading to the formation of a disordered
intermixed phase at 298 K. Interestingly, the thermal annealing
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Figure 4. a) STM images (scan range: 50 nmx50 nm, Vjips=3.01V,
I;=10 pA, T=298 K) of the C¢o-1 assembly on Ag(100) revealing the pres-
ence of fullerene aggregates and disordered individual Cgo molecules.
b) Supramolecular assembly of C¢o-1 obtained after annealing (453 K) of
ca. 0.14 ML of Cgo and a preadsorbed ca. 0.85 ML of 1 on a Ag(111) sub-
strate (scan range: 33 nmx33 nm, ;=12 pA, Vbias=2.63 V). ¢) Left: STM
image of the hybrid Cgo-1 assembly on Ag(111) (0.01 ML of Cg, scan
range: 49.8 nmx48.0 nm, V4ias=2.85V, I;=9 pA, T=298 K). Right: pro-
posed model for the Cgo-1 assembly on Ag(111). The fullerene molecules
(blue spheres) are located in the center of the pores approximately on top
of the 3-cyanophenyl residues. d-e) STM images of the
(Ceo-p1) > Ag(111) assembly after deposition of 0.07 ML (left, scan
range: 100 nmx100 nm, V4,s=3.0V, ;=9 pA, T=298 K) and 0.1 ML
(right, scan range: 111 nmx 112 nm, Vpias=3.0 V, ;=12 pA, T=298 K) of
Ceo revealing a nonstochastic distribution of the fullerene guests which
are temporarily condensed into chain- and islandlike assemblies. Repro-
duced with permission from [50].

of the latter disordered hybrid phase (Cep deposition >0.1 ML)
at 450 K resulted in partial formation of the stable and ordered
fullerene—porphyrin bilayers ((Cgo-1) — Ag(111)) shown in Fig-
ure 4b, while the annealing of any hybrid (Ceo-p1) — Ag(111)
assemblies in the low-coverage fullerene regime (between 0.01
and 0.1 ML) led to phase separation into pure porous porphy-
rin domains and 2v/3 x2v/3 R30° fullerene islands. The latter
evidence supports our assumption about the weak physisorp-
tive nature of the interactions existing in the hybrid fullerene—
porphyrin (Cgo-pl) — Ag(111) assembly.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

As support for this temperature-dependent rearrangement,
a detailed STM image of the assemblies after thermal an-
nealing of a hybrid ad-layer containing ca. 0.2 ML of Cg
deposited onto ca. 0.89 ML of 1 pre-adsorbed on Ag(111)
is displayed in Figure 5. One can clearly distinguish the
co-existence of the two different fullerene—porphyrin as-
semblies: the fullerene hosted in the pores (lower left corner,

Figure 5. Detailed STM image of the two ordered “porous” and “dumb-
bell” phases co-existing after thermal annealing at ca. 450 K of a hybrid
system constituted of ca. 0.2 ML of Cgo sublimed onto a preadsorbed
ca. 0.9 ML of 1 on Ag(111) (scan range: 50 nmx50 nm, =11 pA,
Viias =2.83 V, T=298 K).

(Ce0-p1) = Ag(111)) and the paired arrangement (upper right
corner, (Cgp-1) = Ag(111)). Moreover, the different porphyrin
networking in the porous p1 — Ag(111) phase is easily discern-
ible from that of the “rearranged” porphyrin phase underlying
the supramolecular dumbbell (Cgp-1) > Ag(111) assembly
(Fig. 5, center and upper right part).

A schematic diagram summarizing the temperature- and
coverage-dependent formation of the different 1-based assem-
blies on Ag(111), with and without Cgy, is shown in Figure 6.

3. Binary Layers of Cgy and Triply Linked
Diporphyrins

3.1. Deposition and Self-Assembly of Triply Fused
Diporphyrins 2-4 on Ag(100) and Ag(111) Surfaces

High-resolution STM images taken on a Ag(100) substrate
covered with a 0.2-0.5 ML of diporphyrin 2 showed the coexis-
tence of two phases: 2D ordered islands in dynamic equilibri-
um with a 2D gas phase.*’! Evidence for this 2D molecular gas
phase was obtained from the fluctuation of the borders of the
condensed islands in time-lapsed imaging sequences. In the
STM images (Fig. 7a), individual molecules are represented as
groups of four lobes arranged in a slightly distorted square
shape. In analogy to previous studies on similarly substituted
porphyrins, > we assume that the diporphyrin macrocycle is ly-
ing flat on the silver surface, as in the case of monomer 1. Each
lobe in the STM image results again from preferential tunnel-
ing transport through the 3,5-di(tert-butyl)phenyl substitu-
ents.”>) The observed size of the four-lobed shape is about
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Figure 6. Schematic diagram of the surface- and temperature-dependent polymorphed

Ceo-1 assemblies on Ag(111).

0.9 nm x 0.7 nm, which is consistent with the molecular dimen-
sions of 2 as estimated by PM3-based geometry optimization
and seen in the crystal structure of a similar compound report-
ed by Osuka and co-workers."”*®! As described for the case of
porphyrin monomer 1, the different apparent heights of the
protrusions in the STM image reflect the different conforma-
tions of the 3,5-di(fert-butyl)phenyl substituents partially rotat-
ing around the phenyl-porphyrin c-bonds. Moreover, consecu-
tive time-lapsed images reveal the presence of a certain
conformational dynamicity of the porphyrin system: reversible
changes manifest themselves in the alternating (blinking)
“dim” and “bright” appearance of the 3,5-di(ferz-butyl)phenyl
substituents. These observations are further discussed in Sec-
tion 2.3 below.

Under the same conditions, porphyrin dimer 2 was sublimed
on Ag(111) (Fig. 7b). In agreement with the 2 — Ag(100) as-
sembly, the molecules appear as four lobes arranged in a
squarelike shape. The closest distances between the lobes are
approximately 1.2 and 0.8 nm along the b, and a4 directions,
respectively, as shown in Figure 7b, which are consistent with
the molecular dimensions as measured on Ag(100). Diporphyr-

Adv. Funct. Mater. 2007, 17, 1051-1062
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in 2 self-organizes into regular molecular rows that
are clearly discernible in the STM images (see the
molecular model shown in Fig. 7b, right).[*’)

In order to unravel the role of the C=N residues,
the two triply fused diporphyrins 3 and 4, bearing
two 4-cyanophenyl and 3,5-di(tert-butyl)phenyl sub-
stituents, respectively, were investigated as reference
compounds (Fig. 1). At high porphyrin coverage
(ca 1.0 ML), diporphyrin 3 self-organizes into regu-
lar molecular rows clearly distinguishable in the STM
images (Fig. 8a, left). Contrary to the square-shaped
appearance of diporphyrin 2 in the STM images, mol-
ecule 3 comes into view as a group of four lobes ar-
ranged in a rhombic figure. We attribute this appear-
ance to a change in conformation adopted by the
four 3,5-di(fert-butyl)phenyl substituents. In accor-
dance with this interpretation, the phenyl moieties
attached to the fused diporphyrin cores are tilted,
such that a rhombic disposition of the lobes results
(“crossed legs” conformation, Fig. 8b right).”l We
estimated from pure geometrical considerations that
the rotation angle around the c-bond connecting the
phenyl substituent and the porphyrin scaffold is
ca. 30° (¢ angle in Fig. 8b, left). This model is consis-
tent with the conformational assignment of “lander”
molecules deposited onto Cu(001), obtained from
STM data by Berndt and co-workers.”” Moreover, in
accordance with the intermolecular distances mea-
sured in the STM images, and thus with the proposed
model (Fig. 8a, right), the phenyl substituents also
need to be distorted by around 30° with respect to
the axis normal to the silver surface (angle ¢ in
Fig. 8b, left). Such types of strong molecular defor-
mations have been described by Moresco et al. for
similar porphyrins.*®!! The reason for such a dis-
torted molecular conformation can be tentatively as-
cribed to two factors: i) the 4-cyanophenyl substituents are
most probably lying parallel to the silver surface, thus allowing
further bending or twisting of the 3,5-di(fert-butyl)phenyl moi-
eties compared to the 3-cyanophenyl derivative 2; ii) a very
short intermolecular distance along the as direction, compared
to those measured for the 2— Ag(100) and 2— Ag(111) as-
semblies, have been observed (see caption to Fig. 8), as mani-
fested by the high density of the 3— Ag(111) assembly.

Contrary to all C=N-bearing porphyrinoids investigated in
this work, compound 4, lacking cyano groups, does not form
any appreciable ordered network at comparable monolayer
coverage, on either Ag(111) and Ag(100) (Fig. 9). STM images
of the disordered 4 — Ag(100) network show spiking areas that
are in continuous evolution, revealing the presence of mobile
molecules over the whole ad-layer. The observed dynamicity of
such an assembly accounts for the presence of intermolecular
and molecule-substrate interactions that are weaker than the
thermal energy at 298 K.

From the observations obtained with the nonordered assem-
bly of 4, the presence of strong dipolar residues, such as the
C=N groups in diporphyrins 2 and 3, seems to be crucial for

UL L LU P

www.afm-journal.de

-
m
A
(=
N
m
2
=
0
F
m

1057



-
-l
-
&
g
w
[
B
[
ad
™

1058 www.afm-journal.de

D. Bonifazi et al./Supramolecular Nanostructuring via Self-Assembly

Figure 7. a) Left: STM image (scan range: 15.8 nmx11.9 nm, Vpias=2.5V,
=72 pA, T=298 K) of a full-coverage monolayer of 2 sublimed on
Ag(100); the distance between the centers of two neighboring molecules is
(2.2+0.1) nm along the a3 direction and (2.3+0.1) nm along the b; direc-
tion; the molecular rows cross each other at an angle of 120° £ 5° along the
direction a3 and b;. Reproduced with permission from [49]. Right: pro-
posed surface pattern of the self-assembled monolayer of diporphyrin 2 on
Ag(100). Reproduced with permission from [49]. b) Left: STM image (scan
range: 17 nmx17 nm, Vii,s=2.62 V, I;=13 pA, T=298 K) of a full-cover-
age monolayer of diporphyrin 2 sublimed on Ag(111). The distance be-
tween two centers of each molecular subunits is (2.1+0.1) nm along the
a4 direction and (2.7£0.7) nm along the b, direction. The molecular rows
along the direction a4 and b, cross each other at an angle of 90° £ 3°. Right:
proposed surface pattern of the self-assembled monolayer of diporphyrin 2
on Ag(111). The yellow and brown lobes reflect the heights attributed to
the different conformation adopted by the 3,5-di(tert-butyl)phenyl legs as
displayed by the dissimilar intensity tunneling current.

the formation of ordered porphyrin-based assemblies. There-
fore, it can be deduced that the order and thermal stability of
the C=N-containing assemblies are likely to be strongly influ-
enced and directed by dipolar interactions occurring between
the C=N residues of neighboring molecules.'®%! This has also
been observed in the crystal lattice of porphyrin monomer 1,
where C=N residues interact pairwise via dipolar forces."*
This intermolecular, dipolar stabilizing effect is enhanced by
higher surface coverages, which force the molecules to closely
pack and consequently to adopt a specific conformation. In the
case of the assemblies containing molecules 1 and 2, the 3-cya-
nophenyl moieties could, in principle, adopt two positions: one
with the cyano group pointing toward the silver surface, and
another with these groups oriented away from the surface.
Further experimental and computational investigations will be
required to clarify possible energetic contributions of the cyano
groups to physisorption on the surfaces.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 8. a) Left: STM image (scan range: 13.9 nmx13.2 nm,
Vbias=2.86 V, Iy=13 pA, T=298 K) of a full-coverage monolayer of dipor-
phyrin 3 sublimed on Ag(100). The distance between two centers of each
molecular subunits is (1.9+0.1) nm along the as direction and
(2.2+0.1) nm along the bs direction. The molecular rows along the direc-
tion as and bs cross each other at an angle of 120°+5°. Right: proposed
surface pattern of the self-assembled monolayer of diporphyrin 3 on
Ag(100). b) Schematic chemical structure of porphyrin 3 showing the con-
formational constrains in which the 3,5-di(tert-butyl)phenyl moieties are
forced to adopt such that a rhombic disposition of the lobes results.

Figure 9. STM image

(scan
1:=20 pA, T=298 K) of a full-coverage monolayer of hexakis(3,5-di(tert-bu-
tyl)phenyl)diporphyrin 4 sublimed on Ag(100). Only a disordered phase
was observed as a consequence of the high mobility of the molecular
units.

range: 30 nmx30 nm, V4ps=2.92V,

3.2. [60]Fullerene Ad-Layers Organized on 2—4 Assemblies

Sublimation of ca. 0.02 ML of Cg on top of a full monolayer
of 2 on Ag(100) resulted in the predominant formation of uni-
directional chains of various lengths composed of several
bright protrusions (Fig. 10, left).

Adv. Funct. Mater. 2007, 17, 1051-1062
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Figure 10. STM images of Cg-2 assemblies on Ag(100). Left: STM image
(scan range: 30 nmx 30 nm, Vpias=3.01V, ;=12 pA, T=298 K) showing
the favored direction of the chain-like assembly of Cgo on a full-coverage
monolayer of diporphyrin 2 sublimed on Ag(100). Right: proposed surface
pattern of the Cgo-2 assembly; the fullerene molecules (blue spheres) are
located between the porphyrin units. Reproduced with permission from
[49].

No 2D islands composed of Cgy have been detected. Each
protrusion exhibits a height of (0.44+0.02) nm measured with
respect to the porphyrin layer. Owing to their spherical appear-
ance in the STM data, the protrusions can be identified as single
Ceo molecules® The longest chains (ca.15.5 nm) are
composed of eight Cq molecules with an intermolecular
Ceo- - - Cop distance of approximately 2.2 nm. The supramolecular
structure of the bimolecular Cgy—diporphyrin assembly
((Cep-2) = Ag(100)) that best resembles the STM images is de-
picted in Figure 10 (right). Despite the large surface area of the
fused macrocyclic core (about 1 nm?), the adsorbed fullerene
molecules are located away from the porphyrin plane and pre-
cisely assembled between three neighboring molecules on top of
the 3-cyanophenyl substituents. This behavior is possibly pro-
moted by the interaction between the electronegative N(cyano)
atoms and the electropositive surface of the carbon sphere.m
At 298 K, the Cgp molecules do not diffuse within the assembly,
indicating that the corrugation of the Cqy—substrate interactions
is stronger than the thermal energy. Notably, the
(Cg0-2) > Ag(100) assembly disrupts at 423 K, leading to a
phase separation into pure porphyrin domains and
2v/3 x2+/3 R30° hexagonal fullerene islands. In order to rule out
the possibility that the Cgy molecules are inserted in the porphy-
rin domains as a self-intermixed phase,[63] as in the case of sub-
phthalocyanine and Cg assemblies, single-molecule-reposition-
ing experiments of the carbon spheres were performed. After an
STM relocation sequence, the former fullerene sites clearly re-
mained unaffected and were occupied only by molecule 2, prov-
ing that the Cqo molecules sit on top of a dense monolayer.*”!

In order to better understand the intermolecular interaction
between the fullerene guests and the diporphyrin ad-layers, we
inverted the deposition order, subliming first Cgy and then por-
phyrin molecule 2 (see Fig. 11) on top. Sublimation of Cgq
(0.5 ML) on a Ag(111) surface led to the formation of a partial
monolayer organized into hexagonal 2/3 x 2v/3 R30° domains.
Deposition of porphyrin 2 on top of the fullerene layer, held at
298 K, resulted in the formation of slightly disordered agglom-
erates of diporphyrin 2 on top of the ordered Cgy layer, as

Adv. Funct. Mater. 2007, 17, 1051-1062
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Figure 11. STM images of 2-Cgo assemblies on Ag(111). a) STM image
(scan range: 100 nm x 100 nm, Vpias=2.1V, I;=15 pA, T=298 K) showing
the formation of disordered agglomerates of diporphyrin 2 upon adsorp-
tion of the porphyrin molecules (ca. 0.5 ML) on ordered Cgo islands.
b) Detailed view (scan range: 30nm x30 nm, V4ias=2.5V, ;=15 pA,
T=298 K): the porphyrin molecules at the border of the agglomerates
show a limited mobility on the fullerene layer, accounting for the presence
of a weak interaction between the two molecular species. In contrast, the
spiky area in the upper part of the STM image is caused by highly mobile
diporphyrin molecules diffusing on the bare Ag(111) substrate. c) STM
image (scan range: 42.4 nmx42.4 nm, Vpi,s=2.8 V, I;=12 pA, T=298 K)
showing the phase separation between the fullerene and porphyrin mole-
cules after thermal annealing to 450 K. Only a few scattered Cgo molecules
are found on the porphyrin monolayer.

shown in Figure 11a. The fuzzy imaging of the diporphyrins on
top of the ordered fullerenes (see also Fig. 11b) strongly indi-
cates that the diporphyrins at the border of such agglomerates
are laterally displaced under the influence of the scanning
STM tip.* From this observation, we thus extrapolated that
the fullerene—diporphyrin interaction and the corrugation ener-
gy between the porphyrin guest and the hosting Cqo — Ag(111)
monolayer combined are lower than in the previously reported
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reverse case, where Cg is located on top of diporphyrin 2 (see
Fig. 10). This low affinity of the Cgy— Ag(111) assembly to-
wards porphyrin guests may possibly be explained by consider-
ing two effects: a) the charge-transfer process taking place
from the Ag(111) substrate to the fullerene monolayer saturat-
ing the fullerene electron-accepting capabilities; and b) despite
the great electron-donating properties, the 2-centered, low-ly-
ing, and short-lived singlet-energy level®**!! does not allow for
the formation of any charge-separated state, namely any strong
chromophoric interactions. Thermal annealing (at 450 K) of
the (2-Cqo) — Ag(100) assembly gives rise to a complete phase
separation (Fig. 11c): disordered fullerene islands (left upper
corner) and an ordered network of 2 (right down corner),
assembled in the same manner as the one shown in Figure 7b,
appear. Only a few scattered, fixed Cgy molecules have been
observed on top of the 2-based domains.

4. Rationale

Apart from the (Cgo-1) — Ag(100) assembly, in which a sto-
chastic distribution of the fullerene ad-layer has been observed,
all other fullerene—porphyrin assemblies show the presence of
exceptionally ordered nanostructures. The formation of such
regular hybrid networks could possibly be explained by consid-
ering the presence of net long-range attractive or cohesive in-
termolecular forces between the fullerene molecules. However,
the large Cg---Cgp distance measured in all ordered superstruc-
tures (the shortest Cgp---Cqo distance measured for the
(Ce0-2) > Ag(100) assembly is ca. 2.2 nm), excludes the pres-
ence of any effective Cg---Cgo interaction (31 kcal mol™ at a
separation of 1 nm).[) Additional evidence for a unique inter-
play between network constituents and the surface can also be
deduced from the time-lapsed series of high-resolution images
of porphyrins 1 and 2 on Ag(111). Fluctuating bright—dim pat-
terns, which are attributed to rotations of the 3,5-di(tert-butyl)-
phenyl substituents of neighboring molecules as described
above, are clearly evidenced in Figure 12. Most likely based on
vdW interactions, these conformational changes propagate
within the monolayer from one molecule to its neighbors.
Apart the instance of (Cg-1) - Ag(111) assembly, in which the
fullerenes are presumably located on top of the macrocyclic
core rings, any strong fullerene—porphyrin interactions are ab-
sent, as the Cgp molecules are located between the porphyrin
modules.

Therefore, we hypothesize that the observed long-range order
of the hosted fullerene units in all-regular (Cgo-pl) —» Ag(111),
(Ceo-1) > Ag(111), and (Cep-2) — Ag(100) assemblies is most
likely driven by the combination of two different interacting
mechanisms: i) porphyrin-mediated coupling via local modifica-
tions of the hosting layer by the fullerene guest, i.e., through
conformational or electronic adaptation; and ii) electronic in-
teraction via the metal substrate.

Mechanism 1 contributes favorably to a regular fullerene ar-
rangement via conformation-mediated intermolecular cou-
pling. Upon deposition of a fullerene molecule onto any pre-
formed porphyrin monolayer, both the electronic and the

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 12. a,b) Time evolution of the conformations adopted by the
3,5-di(tert-butyl) phenyl substituents in a full monolayer of triply linked di-
porphyrin 2 (scan range: 7.8 nmx7.6 nm, Vpi,s=2.59V, ;=11 pA,
T=298 K, the time lapse between (a) and (b) is 92 s). c,d) Porphyrin
monomer 1 in the porous phase (scan range: 17.5 nmx13.6 nm,
Vbias=2.86 V, ;=17 pA, T=298 K, the time lapse between (c) and (d) is
62 s). The changes in apparent heights (circle and arrows) reflect the rota-
tion of the 3,5-di(tert-butyl)phenyl substituents around the connecting
a-bond to the porphyrin core.

conformational structure of the single porphyrins surrounding
a fullerene guest are expected to be affected, producing a
change in their molecular conformation. Such molecular fluc-
tuations may be tentatively attributed to the torsional flexure
of the 3,5-di(zert-butyl)phenyl moieties, which are expected to
be severely affected upon Cgy deposition and were also ob-
served after repositioning experiments on the adsorbed Cgy.
Such conformational changes are propagated over long dis-
tances through the compact porphyrin layer via attractive vdW
and repulsive steric interactions. The contributions from mech-
anism 2 need to be considered as well, as the adsorption of a
Cgo molecule between porphyrin macrocycles is most likely ac-
companied by a charge-transfer process from the metal sub-
strate to the Cgo molecules. According to the models presented
in Figures 4c and 10, the hosted Cgy molecules are presumably
not in direct contact with the metal substrate but rather lying
on top of the 3-cyanophenyl substituents. For a monolayer of
Cgp in direct contact with Ag(111), a charge transfer of ca. 0.75
electrons per molecule has been experimentally measured.[]
Nevertheless, even at large distances (0.3 nm) from the metal
surface, density functional studies predict a significant charge
transfer of ca. 0.2 electrons per fullerene.®” Such donation/
back-donation of charges between the silver substrates and the
hosted fullerene species could severely affect the surface elec-
tronic states, leading to surface-confined standing electron
waves that might give rise to long-range interfullerene cou-
pling, as observed for other molecular modules deposited on
metal(111) surfaces.[®®! Hence, these surface-confined waves
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could ultimately contribute to the selective formation of the
Cep chains, as observed in the (Cgo-pl) - Ag(111) assembly.

5. Conclusions and Future Directions

In this article, we have summarized our investigations into
the “bottom-up” fabrication of addressable multicomponent
molecular entities obtained by self-assembly of Cgy and por-
phyrins 1-4 on Ag(100) and Ag(111) surfaces (the synthesis of
porphyrins 3 and 4 has been published elsewhere[69’70]). The
first STM studies on ad-layers constituted of monomeric and
triply linked porphyrin modules showed that the molecules
self-organize into ordered assemblies, the structures of which
are controlled by the porphyrin chemical structure, the sub-
strate, and the surface coverage. Specifically, the first successful
engineering of 2D porphyrin-based assemblies featuring regu-
lar structures with periodicities ranging from 2.2 to 7.5 nm on
Ag surfaces has been reported. Subsequent co-deposition of
Ceo molecules on all porphyrin assemblies resulted in selective
self-organization into ordered molecular-hybrid bilayers, the
organization of which is driven by both fullerene coverage and
porphyrin structure. Sublimation of Cgy on top of a porous por-
phyrin network revealed the selective inclusion of the fullerene
guests within the hosting cavities arranged in a nanopatterned
array. In all-ordered fullerene—porphyrin assemblies, the Cgg
guests organize in unusual long chains and/or 2D arrays. The
observed mode of fullerene self-assembly originates from a
delicate equilibrium between substrate—molecule and mole-
cule-molecule interactions involving charge-transfer processes
and conformational flexibility that is a consequence of the
structural adaptation of the fullerene—porphyrin bilayer. The
work described here provides an intriguing example of a multi-
component supramolecular approach as a valid alternative for
the fabrication of addressable molecular architectures. The
possibility to produce large periodicities of up to 7.5 nm out of
2 nm building blocks may additionally contribute to overcom-
ing the technological gap between “top-down” and “bottom-
up” approaches in surface-structuring processes.

However, molecular assemblies obtained on solid substrates,
formed by molecular entities that interact via a sum of unspeci-
fic weak interactions such as dipolar and van der Waals forces
(i.e., like those reported in this work), hardly show any poten-
tial for applications in real devices because of the lack of stabil-
ity and structural reversibility when under working conditions,
such as in the presence of any external manipulating events,
i.e., light or electrochemical induction. Therefore, our perspec-
tives for future work are focused on overcoming such draw-
backs by utilizing strong, directional intermolecular interac-
tions, which are envisaged as being able to diminish the effect
of a number of weaker interactions, thus achieving a much
greater capacity for engineering and design of supramolecular
assemblies. Specifically, the synthetic versatility of porphyrin
modules should allow the implementation of further function-
alities, which would enable adaptation of the physicochemical
properties of the nanostructured surfaces to specific structural
and applicative demands. Amongst the classical intermolecular

Adv. Funct. Mater. 2007, 17, 1051-1062
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interactions for the formation of supramolecular species, which
can be compatible with real applications, we intend to use mul-
tiple hydrogen bonding.[ls'm Hence, we envisage being able to
exploit multiple-hydrogen-bonding arrays for the formation of
exceptionally robust organic networks featuring pre-organized
domains, i.e., pores, showing hosting properties towards
functional molecules such as fullerenes and other interesting
T-systems.
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