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ABSTRACT We report the hierarchic design of homochiral 2D nanoporous networks under ultrahigh vacuum

conditions on the Ag(111) surface by using a flexible porphyrin derivative as a primary unit. The conformational

adaptation of the molecular module gives rise to two enantiomers upon 2D confinement, which self-assemble in

enantiopure clusters made of three molecules reflecting chiral recognition, which constitute the secondary

supramolecular building block mediating the formation of the tertiary complex open networks. Our results show

that the creation of homochiral superstructures based on the hierarchical assembly of conformationally flexible

molecular components constitutes a unique pathway toward the design of novel and functional chiral structures.
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he improved control of molecular

self-assembly is of paramount im-

portance for the development of
functional nanostructured materials.” In
particular, pathways are sought to mimic
the ubiquitous multilevel structural design
of natural systems. In recent years, assembly
protocols were introduced to tailor distinct
hierarchic architectures using well-defined
surfaces as construction platforms, where
molecular-level observations are possible
using scanning tunneling microscopy
(STM).2~ "2 In many cases, the surface con-
finement leads to a simultaneous expres-
sion of interesting chirality phenomena, no-
tably organizational chirality with achiral,
prochiral, or chiral molecular species.'>'*
Consequently, hierarchical molecular as-
sembly has also attracted increasing inter-
est for the engineering of multilevel or-
dered low-dimensional chiral aggregates
or networks.

Flexible molecular building blocks have
already been exploited toward the design
of simple 2D porous layers.”>~'” However,
very little attention has been paid to the
role of the chiral induction that originates
from the conformational adaptation of ad-
sorbed molecules giving rise to the forma-
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tion of surface enantiomers,'® 2" which
effect was recently designated as “confor-
mational chirality”.?? In particular, appeal-
ing systems to study are those based on
porphyrins, as they could yield novel cata-
lytic properties or energy conversion reac-
tion centers.>>2¢

Herein we report an STM study of the
hierarchic design of homochiral 2D nano-
porous networks under ultrahigh vacuum
conditions on the Ag(111) surface by using
a flexible porphyrin derivative as a primary
unit. The conformational adaptation of the
molecular module gives rise to two enanti-
omers upon 2D confinement, which self-
assemble in extended homochiral patterns.
In this process, we identify an enantiopure
cluster made of three molecules reflecting
chiral recognition, which constitutes the
secondary supramolecular building block
mediating the formation of the tertiary
complex open networks.

RESULTS AND DISCUSSION

Porphyrin derivative 1 is based on a tet-
rapyrrolic core differently substituted at the
four meso-positions, presenting two phen-
1,4-diylethynylpyridyl (PhC=CPyr) and two
3,5-di-tert-butyl (t-Bu,Ph) substituents at
the 5,15 and 10,20 meso-positions, respec-
tively (cf. Figure 1a).2>2" A key characteris-
tic of this porphyrin module is its inherent
conformational flexibility resulting in a con-
formational adaptation upon adsorption
on a surface, in agreement with earlier ob-
servations using simpler porphyrin
species.?” 3% Specifically, all meso-
substituents can rotate around the
macrocycle—phenyl axis, often inducing a
nonplanar deformation of the tetrapyrrolic
core. In addition, the ability to rotate the pe-
ripheral tert-butyl (t-Bu) fragments can in-
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Figure 1. (a) Scheme of compound 1; (b) STM image (3.8 X 3.8 nm? | = 0.05 nA, U; = 2 V) of an isolated molecule adsorbed
on Ag(111) with an overlaid model to identify the different subunits; (c,d) cartoon representation of conformers a and f3.

Figure 2. Supramolecular trimer reflecting the chiroselective assembly of compound 1 surface conformers on Ag(111): (a)
STM image of the three-molecule seed; (b,c) superposition of the straight-leg and the bent-leg model in panel a, revealing
a flexure of the PhC=CPyr legs (image size = 4.67 X 4.67 nm?, | = 0.2 nA, U, = 1V).

duce peculiar contrast and symmetry variations in STM
images.?®?" Accordingly, molecular mechanics simula-

tions showed that the PhC=CPyr legs are quite flexible;
that is, the orientation of the meso-PhC=CPyr leg and

the porphyrin core can deviate from the straight equi-

librium position toward the t-Bu,Ph substituents.?’

The deposition of a small concentration of 1 on
Ag(111) held at 350 K results in the decoration of
the step edges and the formation of small molecu-
lar aggregates and some isolated molecules, which
were investigated by STM following cool down to
temperatures <10 K. Figure 1b shows an image with
intramolecular resolution for an isolated species, in
nice agreement with our previous experiments on
Ag(111) and Cu(111), where coordination complexes
were studied.?®2" Upon adsorption, module 1 de-
convolutes into two chiral conformers, labeled as «
and B, as a consequence of their conformational
flexibility, which plays a major role in the formation
of enantiopure porous domains (vide infra). Because
of the inherent nonchirality of the gas-phase mol-
ecule, there is an equal probability for each enanti-
omer to be found on the surface. The surface chiral
conformational adaptation of module 1 results in an
angle of =15° between the molecular board and
the axis connecting the two lobes (i.e., the t-Bu,Ph
moieties; Figure 1¢,d);*>?" however, the PhC=CPyr
legs are oriented in a straight fashion for isolated
species.

Figure 2a shows the secondary trimeric molecular
aggregate. This noncovalent assembly, called «-l, is
identified as the seed of the tertiary extended supramo-
lecular pattern described below. Each of the three
bright double-lobed features in the corners of the as-
sembly corresponds to one t-Bu,Ph moiety. Further-
more, the protrusions originating from the PhC=CPyr
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substituents are discernible. If we assign each t-Bu,Ph
moiety to one molecule and superpose a structural
model from Figure 1b on the STM image, aligning the
t-Bu,Ph legs with the close-packed directions of the
substrate, we obtain three different molecular orienta-
tions in the trimeric seed: following the substrate sym-
metry, the modules are rotated by 0, 60, and 120° rela-
tive to each other (Figure 2b). The t-Bu,Ph groups in the
model correctly represent the two-lobe structures vis-
ible in the STM data. However, the positions of the
PhC=CPyr substituents deviate from the protrusions
in the STM image, as clearly seen for the three outer
PhC=CPyr groups in Figure 2b. Thus, the structural
model, which perfectly describes an individual mod-
ule, does not fit the molecular structure in the trimeric
assembly. To achieve structural agreement for the seed
and for the extended pattern (vide infra), we have to in-
troduce a bending of ~20° of the PhC(=CPyr moieties
(cf. Figure 2c). This distortion is a consequence from the

Figure 3. Combination of secondary structural units. (a) STM im-
age of three trimeric seeds with deviations from isolated trimer
characteristics marked. The red star represents the close-packed di-
rections of Ag(111). (b) Tentative model displaying the molecular
arrangement in image a. Seed ol is marked by a magenta triangu-
lar contour, whereas seed «-ll is outlined in purple. Colored circles
emphasize intermolecular interactions (see text) (image size =
11.07 X 11.07 nm?%, 1 = 0.2 nA, U, = —1V).
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Figure 4. Extended homochiral domains with multilevel order. (a) STM overview image (88.10 X 56.01 nm?, | = 0.2 nA, U, =
1 V). (b) close-up (23.33 X 14.81 nm?, [ = 0.2 nA, U, = 1 V) with superposition of model assembly containing distorted por-
phyrin modules. In order to distinguish the orientation of the molecule with respect to the substrate (red, 0°; green, 60°;
purple, 120°), different colored circles are depicted on top of the Zn(ll) metal centers of the porphyrins. (c) Molecular pat-
tern surrounding a single pore. Circular colored lines are used to outline the intermolecular interactions (see text). Magenta
and purple triangles depict supramolecular units a-l and a-ll, respectively. The red star indicates all dense-packed sub-

strate directions.

intermolecular steric hindrance between the
PhC=CPyr and the t-Bu,Ph substituents in the su-
pramolecular assemblies. Importantly, the trimer is an
enantiopure arrangement consisting exclusively of the
same conformers; that is, its assembly implies a chiral
recognition process.>®

The three-molecule seed represents a secondary su-
pramolecular unit with two distinct surface orientations
(-l and a-lI; cf. Figure 3) related by a 60° rotation, re-
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flecting the symmetry of the fcc surface. The com-
bined assembly of these supramolecular units to a
larger aggregate is illustrated by the STM data in
Figure 3a. Comparing the STM images of a trimeric
seed (Figure 2a) with the larger assembly shown, one
notices the appearance of additional brighter protru-
sions within the latter structure. These bright protru-
sions originate from the close proximity of the
PhC=CPyr and t-Bu groups (cf. Figure 3b and vide in-
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fra). As the imaging characteristics appear indepen-
dent of bias voltage conditions, we relate them to the
molecular topography, that is, a rotation of the t-Bu and
pyridyl moieties minimizing steric hindrance. In fact,
the lock-in mechanism that bonds the a-l and a-Il seeds
is based on the van der Waals and weak hydrogen-
bonding interactions between the PA(CPyr moieties
and the t-Bu groups, as depicted in Figure 3 (blue circle).

At higher coverages, extended domains of a highly
regular hexagonal supramolecular porous network are
created by the alternation of units a-1 and o-ll (Figure 4).
The interporous distance is 54 + 3 A, whereas the unit
cell vectors of the supramolecular pattern form an angle
of —11 = 5° with respect to the close-packed direc-
tions of Ag(111). Within the experimental error, the pat-
tern is commensurate with the substrate.

Regarding the intermolecular forces, the pores are
stabilized by (see circles in Figures 3a and 4b,c) (a) van
der Waals and weak hydrogen-bonding interactions be-
tween the PhC=CPyr substituent and the adjacent
t-Bu,Ph (blue circle) moiety; (b) van der Waals inter-
action between the t-Bu,Phs groups,'®?® involving
three molecules (green circle). As a result, each mol-
ecule is connected to four neighbors, and all reactive
pyridyl end groups are engaged in noncovalent bond-
ing for the porous network structure.

Both mirror-symmetric chiral domains of the hex-
agonal porous architectures have been observed:
a-networks (cf. Figures 2, 3, 4, 5a,b,e) and B-networks
(Figure 5¢,d,f) made of conformers « and 3, respec-
tively. Figure 6 shows the coexistence of both enan-
tiopure domains in the very same image. The unit cell
vectors of the network made by the B conformers form
an angle of 11° with respect to the close-packed direc-
tions of the substrate. Thus the transition from the
single enantiomer on the surface to the porous chiral
domain implies three levels of hierarchy, where strictly
the same enantiomers are involved, outlining a chirality
transfer: conformer — seed — porous network (cf. Fig-
ure 5).

The high mobility of the molecular modules com-
bined with the reported chiral recognition yields excep-
tionally large homochiral domains, often resulting in
only one homochiral domain per terrace (cf. Figure 6).
The selection of one chirality might be triggered by the
random aggregation of three isomers into a trimeric
seed as shown above. We discard any conformational
adaptation of a conformer arriving at the border of a
homochiral island made of the opposite conformer
since we visualized both conformers at the boundaries
of the domains and any manipulation with the STM tip
in order to mirror the conformer at the boundary was
unsuccessful.>® Furthermore, some islands are strictly
found on a terrace without any border connected to the
steps, which seems to suggest that chiral surface de-
fects like kinks are not playing a major role as the start-
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Figure 5. Mirror-symmetric homochiral networks from conforma-
tional surface enantiomers showing the transfer of homochirality.
(a,b,e) a-Chirality signature; (c,d,f) B-chirality signature with respec-
tive trimeric seeds and porous domains. Each domain is composed of
strictly one enantiomer. For clarity, the three possible molecular ori-
entations for each conformer are depicted in light pink, green, and
blue colors, respectively. The red star indicates all dense-packed sub-
strate directions. Seeds a-l (3-1) and a-ll (B-11) are depicted by a ma-
genta and a purple triangle, respectively. The dotted line represents
the mirror plane. Tunneling parameters: (a,e) / = 0.2 nA, U; = 1V;
(b—d,f) I = 0.2 nA, U; = —1 V. Images size: (a,d) 5.5 X 5.5 nm? (b,c)
22.5 X 22.5 nm? (e,f) 10.1 X 10.1 nm2.

ing point for the formation of the chiral supramolecu-
lar pattern.

Concerning applications, the size of the pore
amounts to ~3 nm?, which can be exploited to selec-
tively accommodate molecular guest species. This fea-
ture is particularly interesting for functional electron ac-
ceptor molecules that could yield an interesting
optically active reaction center together with the elec-
tronically donating porphyrin molecules. An example
for a pore hosting an individual porphyrin guest is shown
in Figure 7. The symmetry of the pore allows for three dif-
ferent azimuthal orientations of the porphyrin guest: its
PhC=CPyr legs lock in to the indentations along the in-
ner rim of the pore. In addition, the guest porphyrin is not
exactly located in the center of the pore, but slightly dis-

Figure 6. Formation of homochiral domains in adjacent terraces af-
ter the adsorption of compound 1 on Ag(111). The high mobility of
the molecular modules combined with the chiral recognition induces
exceptionally large homochiral domains, often resulting in the cre-
ation of only one homochiral domain per terrace. Image size: 169.7
X 69.4 nm?, Tunneling parameters: | = 0.2 nA, U, = —1 V.
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Figure 7. Host—guest interaction in the nanoporous network formed after the adsorption of compound 1 on Ag(111). (a) Central pore

accommodates an additional porphyrin module (outlined by a blue circle) due to the sieving properties of the supramolecular pattern. Im-
age size: 11.1 X 11.1 nm2, Tunnel parameters: | = 0.2 nA, U; = 1 V. (b) Schematic model displaying the nonsymmetric placement of the
guest molecule within the pore in panel a. (c—e) Three different azimuthal orientations of a guest within the pore (marked by blue lines).

Tunneling parameters: /| = 0.2 nA, Uy = —1 V.

placed. This asymmetry suggests that the lateral position
of the guest is mainly determined by the van der Waals in-
teraction between one t-Bu,Ph group of the guest and
one t-Bu,Ph group of a neighboring molecule from the
supramolecular host pattern, which favors an offset to-
ward either side of the pore (cf. Figure 7b). Consequently,
the porphyrin can be locked in six different configura-

Figure 8. (a—c) Confinement of Ag(111) surface state electrons
within the pores of the hierarchic porphyrin network. The di/dU
maps presented in color are superimposed on topographic STM im-
ages (grayscale). (a—c) Series of bias voltages (a, 100 mV; b, 450 mV;
¢, 750 mV) representing standing wave patterns of increasing com-
plexity. In this bias range, the topographic image does not change
drastically. The dI/dU map reproduced in panel d and taken at a volt-
age of 2.5 V nicely shows that the chiral nature of the supramolecu-
lar network is directly reflected in the electronic charge density dis-
tribution of this system.
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tions. In this sense, Figure 7a,c,d,e nicely reflects four pos-
sible configurations observed in the same enantiopure
domain.

Furthermore, Figure 8 demonstrates the modifi-
cation of the Ag(111) surface electronic structure
by the porphyrin network. Recent reports highlight
the potential of highly regular supramolecular grat-
ings and networks to tune the electronic properties
at the interface.3”*9 Specifically, the pores might act
as coupled quantum dots,*® and the Ag(111) sur-
face state electrons can experience quantum con-
finement effects, which in turn guide the position-
ing of guest species.®>**° Indeed Figure 8a—c shows
standing wave patterns of progressive complexity
for a series of increasing bias voltages, representing
electron confinement in the pores. In addition, the
chiral nature of the supramolecular assembly is di-
rectly reflected in the corresponding charge density
distributions (cf. Figure 8d). Consequently, this 2D
chiral network represents a model system to explore
potentially novel phenomena in chiral molecular
hosting, paving new ways to understand enantiose-
lectivity.

CONCLUSIONS

In summary, we have described the formation of
extended and highly regular homochiral nano-
porous networks on a smooth metal substrate,
through a three-level hierarchical chiral self-
assembly process, which is based on a flexible por-
phyrin derivative adopting a chiral conformation
upon surface confinement. We suggest that the en-
gineering of homochiral superstructures based on
the hierarchical assembly of conformationally flex-
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ible molecular components constitutes a unique
pathway toward the design of novel and functional
chiral structures. In addition, the porosity of the net-
works might be useful for patterning and guest
accommodation,*' ~*® including chiroselective mo-

METHODS

All STM experiments were performed in a custom-designed
ultrahigh vacuum (UHV) system providing a base pressure be-
low 1 X 107" mbar.*® The monocrystalline Ag(111) substrate
was cleaned by repeated Ar* sputtering cycles at an energy of
800 eV, followed by annealing at 730 K for 10 min. Subsequently,
a submonolayer coverage of porphyrin derivative 1 was depos-
ited by organic molecular beam epitaxy from a thoroughly de-
gassed quartz crucible held at 700 K. During deposition, the
Ag(111) surface was kept at 343 K and the pressure remained
<5 X 107" mbar. All data were acquired employing a low-
temperature CreaTec-STM>° with the sample held at 6 K using
electrochemically etched W tips. In the figure captions, U, refers
to the bias voltage applied to the sample. Simulations were per-
formed in the framework of the Hyperchem 7.5 software pack-
age.”’ The WSxM software was used for the analysis of STM im-
ages.>”
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