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Creating supramolecular semiregular Archimedean
tilings via gas-mediated deprotonation of a
terminal alkyne derivative†
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Combining surface-confined reactions with supramolecular self-assembly allows the chemical transformation

of simple molecular precursors into higher-level tectons to generate complex tessellations with unique

structural and functional properties. Herein, utilizing low-temperature scanning tunnelling microscopy, we

firstly confirm a highly efficient chemical reaction converting ethynyl-phenanthrene (EP) precursors into

bisĲphenanthren-2-yleythnyl)silver (BPE–Ag) complexes adsorbed on AgĲ111)/mica at room temperature via a

novel oxygen-gas mediated terminal alkyne deprotonation process. Moreover, we show that the BPE–Ag

species engage in the formation of three distinct types of long-range ordered nanoporous supramolecular

architectures, which can be tuned by the initial EP coverage. For all three phases, the basic tectons were

verified to be BPE–Ag dimers with flexible pairing configurations. Intriguingly, our tiling analysis reveals that

two phases belong to the (3.6.3.6) class of semiregular Archimedean tiling (AT) and the third expresses a new

(3.4.6.4) AT, different from the previously reported related networks. Our results illustrate the potential of the

introduced synthesis strategy towards accessing architectures with increased complexity and pave the way

towards further control and exploration regarding functional properties of interfacial semiregular ATs.

Introduction

Archimedean tilings (ATs) refer to eleven distinct types of
periodic two-dimensional (2D) nets, in which regular polygons
are arranged in an edge-to-edge fashion whereby the vertices
of the tiling belong to the same type. ATs can be further
divided into regular and semiregular nets depending on
whether they consist of one or the combination of several
regular polygons.1–3 Recently, ATs have been receiving

renewed interests in connection with the rapidly growing field
of 2D materials,4,5 as the planar crystallographic orders are
usually governed by ATs. Although many theoretical studies
had shown that 2D lattices featuring semiregular ATs present
remarkable chemical and physical properties,6–15 inorganic
compounds featuring semiregular ATs turned out to be
few.16,17 Alternatively, engineering 2D supramolecular
crystals18–21 provides a practical way to access semiregular
ATs,22–26 opening up new avenues towards further exploiting
their unique functional properties.

Recently, we introduced a methodology combining
interfacial chemical reactions27–29 with molecular self-assembly
on a well-defined metal crystal lattice under ultrahigh vacuum
(UHV) conditions to achieve a supramolecular (3.4.6.4) AT
structure employing the simple dissymmetric precursor ethynyl-
iodophenanthrene (EIP).30 Via a multi-step convergent reaction
pathway on Ag(111), EIP molecules were transformed into the
organometallic complex bisĲphenanthren-2-yleythnyl)silver
(BPE–Ag) with high yield, and the geometrically flexible building
blocks afford the rare (3.4.6.4) AT.30 Both scanning tunnelling
microscopy (STM) and X-ray photoelectron spectroscopy (XPS)
investigations showed that the iodine atoms cleaved from the
EIP molecules remained on the Ag(111) surface and are
embedded in the supramolecular architecture. However, it still
remains unclear whether these iodine atoms are the essential
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ingredients to form the (3.4.6.4) AT. In subsequent work
exploring on-surface chemistry of alkyne derivatives,31 we
revealed that the alkynyl–Ag–alkynyl bond can also be obtained
via an O2-gas mediated terminal alkyne deprotonation process
on Ag(111).32 This protocol provides an alternative route to
synthesize regular organometallic networks33–37 using
precursors free from halogen atoms.

In order to extend the scope of current fabrication
protocols, herein we introduce a two-step synthesis of BPE–Ag
complexes on AgĲ111)/mica employing the halogen-free
ethynyl-phenanthrene (EP) precursor. We found that via O2-
treatment of EP molecules adsorbed on AgĲ111)/mica held at
room temperature (RT), the BPE–Ag species can be directly
generated with high yield (>92%), which indicates that this
approach is applicable to a variety of alkyne derivatives.
Furthermore, via controlling the initial EP coverage, three
distinct types of porous networks can be generated from BPE–
Ag species. Based on low-temperature scanning tunnelling
microscopy (LT-STM) observations, the basic building blocks
for all three phases are assigned to organometallic BPE–Ag
dimers, adopting versatile geometrical configurations for

pairing. Tiling analysis reveals that two of the nanoporous
phases belong to the (3.6.3.6) AT, namely, the Kagome tiling,
whereas the third phase expresses the rare (3.4.6.4) AT.
Remarkably, the halogen-free (3.4.6.4) AT is reminiscent of
the iodine-atom-incorporated (3.4.6.4) AT network reported
earlier.30 The respective major differences are associated with
the basic building blocks, whereby the BPE–Ag species tend to
form dimeric arrangements without the presence of iodine
atoms on the surface. Thus our results enhance potential of
the introduced fabrication schemes, wherein supramolecular
architectures with increasing complexity are accessed via
chemically converting functional molecular species into
higher-level tectons.

Results and discussion
Oxygen-gas-mediated formation of BPE–Ag species

After depositing a small amount of EP molecules onto the
AgĲ111)/mica substrate held at room temperature (RT), a
prevailing distribution of discrete trimeric EP clusters was
observed by STM (cf. green circles in Fig. S1a†). The chiral three-

Fig. 1 (a) Large-scale STM image of intact EP molecular grown on AgĲ111)/mica at RT. It = 50 pA, Us = 1.0 V. Isolated tetramers and hexamers are
highlighted by blue and red circles, respectively. Large-scale STM images of three different types of porous phases: (b) phase P1, (c) phase P2, and
(d) phase P3, consisting of BPE–Ag species. Chemical structures of the building block for each phase are displayed as inset and the bottom right
inset in each figure corresponds to the 2D fast Fourier transform (2D-FFT) of each image. Red rhombus indicates unit cell in the real and reciprocal
space, respectively. High-symmetry directions of the Ag(111) surface are indicated. Scanning parameters for each image are: (b) It = 30 pA, Us = 1.0
V; (c) It = 30 pA, Us = 1.0 V; (d) It = 30 pA, Us = 1.0 V.
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fold bonding motifs (Fig. S1a and b†) were previously reported
in supramolecular assemblies of different types of alkyne
derivatives,30,38,39 which can be ascribed to the weak C–H⋯π

interaction40 between terminal alkynes (cf. Fig. S1a and b†).
With increasing EP coverage, larger clusters comprising four to
six molecules (cf. blue and red circles in Fig. 1a and S1c†)
became dominant on the surface. The molecular arrangements
in clusters of different sizes were assessed via a simplified
density functional theory (DFT) modelling, describing EP
molecules in the gas-phase (cf. Fig. S1†), overall supporting the
data interpretation. Therefore, we conclude that the EP
molecules remain intact after RT deposition.

In our previous study,32 we showed that exposing adsorbed
intact terminal alkynes on Ag(111) to gaseous dioxygen in a
temperature range between 200 K to 300 K triggers an effective
alkyne deprotonation process, leading to the formation of
alkynyl–Ag–alkynyl bond under moderate conditions
(temperature range from 250 K to 375 K). To test whether this
reaction scheme is effective for other terminal alkyne
derivatives, we applied the same recipe to samples of different
EP coverage, while keeping the substrate at RT during O2

dosage, following which the samples were subsequently
transferred to the STM chamber for examination. Notably,
discrete clustered supramolecular assemblies were found to
transform into long-range ordered domains. After carrying out
multiple trials, overall three different types of nanoporous
phases (denoted by P1, P2 and P3; cf. Fig. 1 and S2†) could be
determined and each phase can be selectively reproduced via
controlling the initial EP coverage. The crystallinity of each
phase is confirmed via two-dimensional fast Fourier
transformation (2D-FFT) of the extended single domains
depicted in Fig. 1b–d, whereby well-defined periodic reciprocal
lattices can be seen. Upon careful scrutiny, it is recognized that,
apart from small amount of trapped species in the pores, the
entities constituting all networks types correspond to BPE–Ag
complexes (cf. Scheme 1). This clearly indicates that the EP

molecules underwent chemical transformations, as explained
by the reaction pathway proposed in Scheme 1.

Similar to the reaction scheme identified previously,32 the
molecular O2 efficiently deprotonates terminal alkyne groups
of EP molecules adsorbed on AgĲ111)/mica at RT and
subsequently, two alkynyl groups presenting radical sites
bind to Ag adatom thermally released from the silver
substrate, and as a consequence the alkynyl–Ag–alkynyl bond
forms. Uncovered AgĲ111)/mica surface area was examined by
STM after dosing O2 gas and we did not observe any
noticeable surface defects such as dark holes, which could
indicate the presence of oxygen atoms.41,42 Therefore, we
assume that chemisorbed oxygen species was not generated
on AgĲ111)/mica substrate held at RT (cf. also Methods),
agreeing with our previous study.32 It is worth noting that the
same BPE–Ag complex is the basic building block of the
previously reported semiregular (3.4.6.4) AT.30 However, the
(3.4.6.4) AT encountered earlier was not reproducible for
samples with different molecular density, which suggests that
the missing element in the present experiments, namely the
iodine atoms, plays an important role in the supramolecular
organization.

Kagome phase 1 (P1)

The individual molecular entity in the supramolecular phase
P1 features a dissymmetric dumb-bell shape, which can be
discerned either as the trans or as the cis BPE–Ag conformers
in the high-resolution STM images (cf. red and blue outlines
in Fig. 2a and c). For a quick assessment of structural
characteristics of the P1 phase, each BPE–Ag molecule is
abstracted by a rod, whose colour specifies its in-plane
orientation (Fig. 2a). It is clear to see that all the BPE–Ag
species in the porous network are paired and each nanopore
(size ≈ 470.00 Å2) in P1 is enclosed by six BPE–Ag dimers
with chiral organization and both ends of each BPE–Ag pair
are involved in two neighbouring nanocavities. Moreover,
three chirally organized BPE–Ag complexes confine a small
triangular pore (cf. white triangle in Fig. 2a). Next, we extract
the unit cell parameters of the P1 phase (cf. Methods). Two
primitive translation vectors of the supramolecular network
P1 are defined as a→P1 and b

→

P1, which connects the centres of
the neighbouring nanopores along two different directions,
respectively. The experimentally determined values for the

unit cell of P1 phase are a⃑′P1
�� �� = 44.6 ± 0.2 Å, b ⃑′P1

�� �� = 44.8 ± 0.3
Å, and α′P1 = 60.1 ± 0.1° (cf. Fig. 2b). The angle γ′P1 between

b ⃑′P1 and one of the [1̄10] high-symmetry directions (horizontal
direction in Fig. 2b) is 33.8 ± 0.1°. Guided by the
experimental values and assuming a commensurate unit cell
with respect to the underlying substrate lattice, the
elementary cell can be written in matrix representation43 as:

a ⃑P1
b ⃑P1

� �
¼ 18 10

− 10 8

� �
u ⃑

v ⃑

� �
;

where u→ and v→ are the primitive vectors of the Ag(111) surface
(Fig. 2b). With the nearest-neighbour distance a0 = |u→| = |v→| =

Scheme 1 Two-step synthesis of BPE–Ag species via oxygen-gas
mediated deprotonation of terminal alkynes on the AgĲ111)/mica
surface. Typical STM appearance of EP and BPE–Ag species
superimposed with scaled models.
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2.889 Å of Ag(111), we obtain a⃑P1j j ¼ b⃑P1
�� �� ¼ 2

ffiffiffiffiffi
61

p
a0 = 45.13

Å, αP1 = 60°, and γP1 = 33.7°. A nice agreement has been
reached between the model and the experimental findings
within an error smaller than 1.2%. For the P1 phase, there
are six BPE–Ag molecules in each unit cell, and thus the
molecular density of P1 can be deduced as ηP1 = 0.68
molecule per nm2 assuming an empty pore. Statistical
analysis reveals that the initial EP coverage for obtaining P1
phase is around 0.65 molecule per nm2, which is comparable
to ηP1. Note that EP molecule is the smallest unit for density
calculation, and the same criterion has been adopted for
evaluating the other two phases.

To obtain the molecular adsorption registry for P1, a high-
resolution STM image of the P1 phase (cf. Fig. 2c) is
superimposed with silver lattice and each half of BPE–Ag
complex was fitted with a scaled ball-and-stick model of
deprotonated EP molecule relaxed by DFT methods (cf.
Methods), and the alkynyl silver atom was not taken into
account in the calculation and is simply illustrated using a
circle, such that we gained more flexibility to match the cis

and trans conformers as well as the small curvature existing
in the alkynyl–Ag–alkynyl bond. Interestingly, both cis (red
outline) and trans (blue outline) conformers of the
organometallic building block are present within one domain
without showing any ordering systematics,30 which will be
discussed later in details. A slight geometrical bending of
BPE–Ag (Fig. 2c) is present and can be ascribed to the
presence of noncovalent interactions between the C–H
moieties of the phenanthrene backbone and the electron-rich
transition metal44–46 as well as the alkynyl π-systems30,47 (cf.
also Fig. S3†). Notably, it can be derived that the two alkynyl–
silver atoms in the BPE–Ag dimer (green cycles in Fig. 2b)
tend to occupy a hexagonal close-packed (hcp) hollow site
and a face-centred cubic (fcc) hollow site, respectively, with a

well-defined distance of d ¼ 2
ffiffiffiffiffiffiffiffi
7=3

p
a0 = 8.83 Å, and all the

BPE–Ag dimers in the P1 phase follow the same adsorption
configuration (cf. Fig. 2c). This typical feature was also
observed for the other two phases. The preference of alkynyl–
Ag atom residing on the hollow sites agrees well with the
previous studies.30,32,35

Fig. 2 Molecular-level expression of the P1 phase. (a) High-resolution STM image for the λ-domain of P1. Each BPE–Ag species is abstracted by a
straight line whose colour corresponds to its in-plane direction. The white hexagon and triangles highlight the nanopore enclosed by the BPE–Ag
molecules. The cis and trans conformers of BPE–Ag are highlighted with red and blue outlines, respectively. It = 30 pA, Us = 1.0 V. (b) Magnified
STM image of (a) with a commensurate unit cell and proposed registry superimposed. Green circles highlight alkynyl–Ag nodes, whereas the white
circles defined at the midpoints of the BPE–Ag pair give rise to the Kagome (3.6.3.6) AT. (c) STM image of (b) superposed with molecular registry.
The yellow dashed circle highlights the bonding motif. (d) Tiling representation of (b) with geometric parameters.
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For tiling analysis of the P1 phase, we define the centre of
the building block as the vertex of the network, that is, the
midpoint of the two alkynyl–Ag atoms in the BPE–Ag pair
with well-defined registry (cf. white circles in Fig. 2b). After
linking all the vertices in the network, an intriguing (3.6.3.6)
tiling (Kagome) pattern emerges. Regular triangles and
hexagons in Kagome tiling share the same edge with its

length b ¼ ffiffiffiffiffi
61

p
a0 = 22.56 Å. In addition, if the three alkynyl–

Ag atoms in the triangular tile are linked, a smaller regular
triangle can be obtained (highlighted with green in

Fig. 2c and d; c ¼ 2
ffiffiffi
7

p
a0 = 15.29 Å), which is rotated 7.2°

counter clockwise with respect to the former (Fig. 2b and d).
Accordingly, the organizational chirality48,49 of phase P1 can
be defined and denoted by λ. Its enantiomorphic domain
was also observed and denoted by ρ (cf. detailed discussions
in ESI,† Fig. S4).

Kagome phase 2 (P2)

Fig. 3a depicts another long-range ordered supramolecular
architecture denoted by P2. Likewise, we employed simple
rod representation to examine the organizational

characteristics of BPE–Ag complexes in the network as an
initial step. The main feature is again that the BPE–Ag
species are paired. Moreover, it is clear to see that each
nanopore is enclosed by six BPE–Ag monomers, leading to a
smaller cavity (size ≈ 168.36 Å2) compared to that of the P1
phase. To determine the unit cell parameters for P2, two
primitive translation vectors were constructed in the same
manner as that employed for P1, and a statistical analysis of

high-resolution STM images yielded a ⃑′P2
�� �� = 36.8 ± 0.1 Å, b⃑′P2

�� ��
= 36.7 ± 0.1 Å and α′P2 = 58.2 ± 0.5°. The angle γ′P2 between

b ⃑′P2 and one of the [1̄10] high-symmetry directions is 8.8 ±
0.1° (cf. Fig. 3b).

We transformed the experimental values into a
commensurate superstructure model for the P2 phase
(Fig. 3b), which has the matrix notation:

a⃑P2

b⃑P2

� �
¼ 14 2

− 2 12

� �
u ⃑

v ⃑

� �
:

The model gives a⃑P2j j ¼ b⃑P2
�� �� ¼ 2

ffiffiffiffiffi
43

p
a0 = 37.89 Å, αP2 = 60°

and γP2 = 7.6°, which are comparable to the experimental

Fig. 3 Molecular-level expression of the P2 phase. (a) High-resolution STM image of λ-domain of P2. The coloured straight lines are used to
represent BPE–Ag molecules with different in-plane orientations. The yellow hexagon highlights the nanopore enclosed by six BPE–Ag monomers.
It = 50 pA, Us = 1.0 V. (b) Magnified STM image of (a) with a commensurate unit cell model and proposed registry. Green and white circles highlight
Ag-bis-acetylide nodes and the midpoints of the BPE–Ag pairs, respectively, and the Kagome (3.6.3.6) tiling is recognized. (c) STM image of (b)
superimposed with molecular registry. (d) Tiling representation of (b) with geometric parameters.
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values within an error smaller than 3.2%. For phase P2, each
unit cell comprises 6 BPE–Ag complexes assuming an empty
nanocage, and the molecular density of the P2 phase is
calculated to be ηP2 = 0.97 molecule per nm2, which is higher
than that of the P1 phase and is close to its starting EP
coverage (∼1.02 molecule per nm2).

Applying the same procedure to extract the molecular
adsorption registries, we also found that for the P2 phase,
the alkynyl–Ag atoms in the BPE–Ag pairs (green cycles in
Fig. 3b and c) adopt two different types of hollow sites with a

fixed distance d ¼ 2
ffiffiffiffiffiffiffiffi
7=3

p
a0 = 8.83 Å, same as that observed

in the P1 phase. The tiling analysis was performed via linking
all midpoints (white circles in Fig. 3b) in the BPE–Ag dimers
in the network, and another (3.6.3.6) AT is clearly resolved
(cf. Fig. 3b and d). The joint edge b between regular triangles
and hexagons in this Kagome tiling has the length of 18.94 Å

(b ¼ ffiffiffiffiffi
43

p
a0). Phase P2 also presents organization chirality. In

this case, the alkynyl–Ag nodes in the hexagonal tile are
linked, which gives rise to a smaller regular hexagon

(highlighted in green in Fig. 3b and d; c ¼ ffiffiffiffiffiffiffiffiffiffi
79=3

p
a0 = 14.83

Å), rotating 5.4° counter-clockwise with respect to the larger
hexagonal tile (cf. Fig. 3b and d). Accordingly, the domain
depicted in Fig. 3 is labelled by λ and its opposite
ρ-enantiomorphic counterpart is shown in the ESI† (Fig. S5).

The (3.4.6.4) AT phase (P3)

Finally, we discuss the third and the last porous phase
(denoted by P3) experimentally found (Fig. 4a). In a similarly
manner, paired BPE–Ag species were clearly resolved in the
P3 phase using rod representation. Apart from the hexagonal
cavity (size ≈ 168.36 Å2) and the triangular nanopore, both
enclosed by BPE–Ag units, a new type of nanopore
surrounded by four BEP-Ag pairs exists in the network
(illustrated by red rectangles in Fig. 4a). For the P3 phase, the
two primitive translation vectors are also defined via linking
adjacent hexagonal pore centres along two different
directions (cf. Fig. 4b). The measured lengths of the vectors

are a ⃑′P3
�� �� = 54.6 ± 0.1 Å, b⃑′P3

�� �� = 54.6 ± 0.4 Å and α′P3 = 60.5 ±

0.1°. The angle γ′P3 between b⃑′P3 and one of the [1̄10] high-

Fig. 4 The new (3.4.6.4) phase (P3) and its molecular-level expression. (a) High-resolution STM image of λ-domain of P3. The coloured straight
bars represent BPE–Ag species with three different in-plane directions. The yellow hexagon, triangles and the red rectangles mark the nanopores
enclosed by six BPE–Ag monomers, three monomers and four dimers, respectively. It = 30 pA, Us = 1.0 V. (b) Magnified STM image of (a) with a
commensurate unit cell model and proposed registry. Green circles highlight Ag-bis-acetylide nodes, whereas the white circles are the midpoints
of the BPE–Ag pairs. Linking white circles gives rise to the (3.4.6.4) AT. (c) STM image of (b) superimposed with molecular models and registry. (d)
Tiling representation of (b) with geometric parameters.
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symmetry directions (horizontal direction in Fig. 4b) is 35.7 ±
0.3°. Based on the experimental values, a commensurate
supercell can be inferred:

a ⃑P3
b ⃑P3

� �
¼ 22 13

−13 9

� �
u⃑

v ⃑

� �
;

which corresponds to a ⃑P3j ¼ b ⃑P3
�� �� ¼ ffiffiffiffiffiffiffiffi

367
p�� a0 = 55.35 Å, αP3 =

60°, and γP3 = 36° within an error of approximately 1.4%.
Accordingly, the unit-cell size of phase P3 (≈2653 Å2)
amounts to nearly twice the size of the iodine-embedded one
(≈1417 Å2).30 The elementary cell of the P3 phase contains 12
BPE–Ag units in total without counting the trapped
molecules in the hexagonal or rectangular cages. The
molecular density of the P3 phase is thus ηP3 = 0.90 molecule
per nm2, which lies between that of the P1 and the P2
phases, and is slightly denser than the (3.4.6.4) AT (0.85
molecule per nm2) obtained by employing EIP as the
precursor.30 The initial EP coverage required for generating
P3 phase is around 0.86 molecule per nm2.

Further analysis showed that the favourable adsorption
registry of BPE–Ag dimer in P3 phase (green cycles in
Fig. 4b and c) is the same as that of the other two phases.
Accordingly, the mid positions of the BPE–Ag dimers are all
linked to examine its tiling characteristics. Intriguingly, for
the P3 phase three types of polygons including triangles,
parallelograms and hexagons can be identified, and its tiling
pattern mimics the (3.4.6.4) AT.30 Further analysis (Fig. 4c)
shows that the parallelogram in the (3.4.6.4) AT has different

lengths for its two adjacent edges: b ¼ ffiffiffiffiffi
43

p
a0 = 18.94 Å

(joined with a hexagon) and d ¼ ffiffiffiffiffi
61

p
a0 = 22.56 Å (joined

with a triangle). The interior angles of the parallelogram can
be determined from the tiling model as 86.1° and 93.9°,
respectively (Fig. 4c), which are similar to those values
derived from the iodine-incorporated (3.4.6.4) AT.30 Likewise,
the λ-enantiomorphic domain of this phase can be defined
via linking the silver nodes in either the triangular or
hexagonal tiles. Accordingly, both the smaller triangle

(c ¼ ffiffiffiffiffiffiffiffiffiffi
79=3

p
a0 = 14.83 Å) and the hexagonal (e ¼ 2

ffiffiffi
7

p
a0 =

15.29 Å) show a counter-clockwise rotating angle of 5.4° and
7.2°, respectively, with respect to their residing tiles
(Fig. 4b and d). The experimentally observed enantiomorphic
domain with opposite handedness is included in the ESI†
(Fig. S6).

It is worth noting that both cis and trans BPE–Ag
conformers exhibit in all three phases without apparent
order. To gain further insight, we carried out statistical
analysis on the geometrical configurations of BPE–Ag species
in dimers (cf. Fig. S7†), which can be classified into three
groups: concave paired, concave–convex paired, and convex
paired. The statistics show that for all three phases, the
concave pairing configurations prevail over the concave–
convex pairing. Moreover, the convex paired BPE–Ag dimers
are far more less encountered. Thus it can be inferred that
the concave paired dimer is most energetically favourable.

The conformational flexibility exhibiting in the BPE–Ag
species introduces local disorders50 in each supramolecular
phase. Nevertheless, the crystallinity of all three phases are
not affected as certified by the sharp reciprocal spots51 shown
in 2D-FFT maps (cf. Fig. 1b–d).

Conclusions

To conclude, we verified in this study that O2-gas exposure to
a de novo synthesized alkyne derivative provides an effective
terminal alkyne deprotonation process on AgĲ111)/mica held
at RT, affording organometallic BPE–Ag bis-acetylide species
in high yield (>92%, cf. ESI†). Moreover, the spontaneously
expressed alkynyl–Ag–alkynyl complexes represent versatile
ingredients for organometallic networks, bearing promise for
interesting functional properties such as optical nonlinearity,
luminescence, and electrical conductivity.52–56 Our results
imply that O2-mediated terminal alkyne deprotonation is
likely a general reaction, the potential of which can be
further developed via checking other types of metal surfaces
as well as crystal facets. The BPE–Ag complexes realized in
this study can express three distinct types of nanoporous
phases by tuning the initial EP coverages. The basic tectons
for all three phases are revealed to be BPE–Ag organometallic
dimers, in which alkynyl–Ag atoms adopt the same registry.
By defining the midpoint of the BPE–Ag pairs as the vertex of
the networks, two nanoporous phases are found to be the
semiregular Kagome tiling, whereas the third phase features
the (3.4.6.4) AT. The new (3.4.6.4) AT is distinguished from
the previously reported one by two correlated aspects: (i)
iodine atoms are not incorporated or stabilizing the
networks, (ii) basic units are BPE–Ag pairs instead of BPE–Ag
monomers. Our results furthermore certify that complex
tessellations can be systematically triggered via generating
higher-level tectons through chemical transformation of
simple molecular species. The current study also prepares
the ground for electronic property investigations or surface
state confinement and orbital character elucidation of the 2D
supramolecular crystals, aiming at unravelling exotic
electronic features of the semiregular ATs.

Methods
Samples preparation

AgĲ111)/mica surfaces were prepared in situ under UHV
conditions (base pressure < 4.0 × 10−10 mbar) by repeated
cycles of Ar+ sputtering, and annealing to ∼620 K. The
synthesis of ethynyl-phenanthrene (EP) molecules was
reported earlier.30 EP molecules were sublimated by an
organic molecular beam epitaxy (OMBE) from quartz crucible
at temperatures between 300 and 320 K onto AgĲ111)/mica
substrates (∼300 K). Three different porous phases were
prepared by an alkyne deprotonation procedure via
introducing O2 gas (≈6000 L) into the preparation chamber
by backfilling through a leak valve.
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STM experiments

The STM measurements were carried out in a homemade
UHV LT-STM system (base pressure < 3.0 × 10−10 mbar).
Tungsten tips were used for STM measurements. Morphology
data were recorded at equilibrium temperatures of 4.5 K. The
unit cell parameters were obtained by analysing images of
the same area with four different slow scanning directions to
minimize error due to drift. The unit cell orientation with
respect to the substrate could be determined by directly
resolving the substrate silver atoms.

DFT calculations

Cluster DFT calculations were performed with the ORCA
quantum chemistry code.57 Geometry optimization was done in
the gas-phase with in-plane constraints and a revised Perdew,
Burke, and Ernzerhof (RPBE)58,59 exchange–correlation
functional was employed along with the def2-SVP basis set.
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