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controlling molecular assemblies and their chemical
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Deciphering rich non-covalent interactions that govern many chemical and biological processes is crucial
for the design of drugs and controlling molecular assemblies and their chemical transformations. However,
real-space characterization of these weak interactions in complex molecular architectures at the single
bond level has been a longstanding challenge. Here, we employed bond-resolved scanning probe
microscopy combined with an exhaustive structural search algorithm and quantum chemistry
calculations to elucidate multiple non-covalent interactions that control the cohesive molecular
clustering of well-designed precursor molecules and their chemical reactions. The presence of two
flexible bromo-triphenyl moieties in the precursor leads to the assembly of distinct non-planar dimer
and trimer clusters by manifold non-covalent interactions, including hydrogen bonding, halogen
bonding, C-H---w and lone pair---1t interactions. The dynamic nature of weak interactions allows for
transforming dimers into energetically more favourable trimers as molecular density increases. The
formation of trimers also facilitates thermally-triggered intermolecular Ullmann coupling reactions, while
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Accepted 4th August 2021 the disassembly of dimers favours intramolecular cyclization, as evidenced by bond-resolved imaging of
metalorganic intermediates and final products. The richness of manifold non-covalent interactions offers

DO!: 10.1039/d1sc03733a unprecedented opportunities for controlling the assembly of complex molecular architectures and
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Introduction

Non-covalent interactions span a wide range of binding ener-
gies, and consist of hydrogen bonding, halogen bonding,
dipole-dipole interaction, various types of aromatic interac-
tions, steric repulsion and London dispersion,* which govern
a diversity of chemical and biochemical processes including
chemical interactions within protein-drug, catalyst-substrate
and molecular self-assemblies.>* Understanding these non-
covalent interactions at the atomic bond level is therefore
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steering on-surface synthesis of quantum nanostructures.

vital not only for identifying the driving forces that control the
molecular arrangements in complex natural processes, but also
for the design of drugs and new supramolecular architectures.

One peculiar feature of non-covalent interactions lies in their
dynamic nature exemplified by great flexibility and reversibility,
which can be readily influenced by external factors such as
molecular density,” pH value,® temperature,” and light irradia-
tion.®? Despite considerable interest in this field, microscopic
knowledge of the interplay between manifold non-covalent
interactions, particularly at the single-bond level, which
controls the formation of elegant supramolecular architectures
remains elusive.

Common strategies for the characterization of non-covalent
interactions rely on the utilisation of sample-averaged tech-
niques including nuclear magnetic resonance, mass spectros-
copy and X-ray diffraction (XRD). These techniques allow us to
gather information on the presence of certain non-covalent
bonds in a molecular compound, but their spatial resolution
is rather limited, thus making it challenging to visualize
dynamic processes in supramolecular assemblies governed by
multiple non-covalent interactions.

Recent experimental breakthroughs in tip-functionalised
scanning probe microscopy (SPM) techniques demonstrate
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their remarkable capability for sub-angstrom real-space
imaging of chemical bonds and elucidation of the intermolec-
ular interactions in self-assembled molecular architectures.”™**
However, the majority of these studies have been focused on
planar or nearly-planar molecular structures. In addition, on-
surface molecular assemblies investigated to date mainly
involve a limited category of non-covalent interactions, such as
halogen bond>**'¢ or hydrogen bond interactions.”” Molecular-
level insights into complex three-dimensional (3D)-like assem-
blies with manifold non-covalent interactions remain largely
unexplored.*®

Here, we exploited combined scanning tunnelling micros-
copy (STM) and non-contact atomic force microscopy (ncAFM)
techniques, corroborated by an exhaustive structural search
algorithm and quantum chemistry calculations to elucidate
manifold non-covalent interactions in 3D molecular clusters.
These clusters are self-assembled from non-planar precursor
molecules with two flexible bromo-triphenyl moieties adopting
a V-shaped conformation. Upon deposition of these precursor
molecules on Au(111), they spontaneously organised into
dimers and trimers (Fig. 1a). The dominant interactions in
dimers are found to be hydrogen bonding coexisting with lone
pair---m interactions. In contrast, despite the presence of
hydrogen bonding, the trimer is mainly driven by halogen
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bonding with the formation of two Br; synthons by type-II
(Fig. S1t) synergistic interactions at two different vertical
planes. Moreover, such manifold non-covalent interactions can
be exploited to tune on-surface reaction pathways, leading to
different desired products, as evidenced by atomic-scale visu-
alization of both metalorganic intermediates and final products
via bond-resolved ncAFM imaging.

Results and discussion
STM/ncAFM measurements

Precursor 1 was synthesized via Suzuki coupling of 2,2'-
dibromo-5,5'-diiodo-1,1"-biphenyl and biphenyl boronic acid
(see synthetic details in the ESI}). Single-crystal XRD measure-
ments of a bulk single crystal reveal the expected atomic
structures of precursor 1 which is arranged in a 3D V-shaped
conformation with two triphenyl branches intersected by an
angle of 75° and packed in herringbone-like conformations
(Fig. S2at). A detailed analysis based on real-space non-covalent
interaction (NCI) calculations reveals that the herringbone
crystalline packing is governed by multiple non-covalent inter-
actions including hydrogen bonding, -7 stacking, and lone-
pair---m interaction (Fig. S2bt).

To explore the packing geometries and non-covalent inter-
actions in molecular assemblies in the two-dimensional regime

b
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9

positive cap -»>¢

Fig. 1 Self-assembly of precursor 1 into dimer and trimer clusters on Au(111). (a) The V- and S-conformations of the precursor upon its
adsorption on Au(111) due to the C-C bond rotation (highlighted in red). (b) The electrostatic potential (ESP) map projected on an electron
density isosurface (0.012 a.u.) of the electron density reveals the o-hole (blue) and electron-rich belt (red) of the Br atoms. (c and d) STM images
of the self-assembled molecular clusters of precursors including dimers and trimers at a low (c) and high (d) coverage, respectively. The red
circles in (d) highlight the V- and S-conformations of debrominated precursor 1, respectively. The bright dots pointed by orange arrows are
attributed to the disassociated Br atoms from the precursor monomers, which adsorb over elbow sites or are attached to dimer clusters. Scale
bars for (c) and (d) are 5 nm.
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at the single-molecule level, precursor 1 was sublimated onto
Au(111) held at 300 K (see ESIf). Subsequent STM/ncAFM
measurements were carried out at 4.5 K with a CO-
functionalized tip. Distinct from the herringbone-like packing
in 3D bulk crystals, precursor 1 forms two different molecular
clusters on Au(111). At a low coverage of ~0.1 ML, X-shaped
(~40%) and *-shaped (~60%) molecular clusters are formed
and predominantly located at face-centred cubic regions or
elbow sites of the Au(111) herringbone reconstruction as evi-
denced by the large scale STM image (Fig. 1c and S3af). X-
shaped clusters exhibit two bright dots in the center sur-
rounded by four “legs”, while *-shaped clusters show three
bright dots in the center surrounded by six “legs” (Fig. 1c). Such
unique features indicate that X- and *-shaped molecular clus-
ters are likely formed by two (dimer) and three (trimer) mono-
mers, respectively. Moreover, we found that an increase of
molecular coverage to 0.3 ML yields a predominant presence of
*-shaped clusters (94%) but with a low percentage of X-shaped
ones (~6%) (Fig. 1d and S3bt).

We then performed a controlled STM tip manipulation to
disassemble the clusters for the confirmation of their compo-
sition (Fig. 2). Our manipulation approach relies on applying
a high voltage pulse through the tip apex placed in the vicinity
of the clusters (Fig. 2a). Upon disassembly of the molecular
clusters, we observed two (for the X-shape) and three (for the
*-shape) V-shaped structures which resemble the conformation
of precursor 1 (Fig. 2f-i and b-e). This further confirms that X-
and *-shaped structures indeed represent the self-assembled
dimer and trimer clusters of V-shaped monomers. We would
like to note that the bright dots attached to the V-shaped
monomer are likely attributed to the dissociated Br atoms due
to the cleavage of the C-Br bond triggered by the voltage pulse

View Article Online
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(as highlighted with yellow circles in Fig. 2b-i).*>>* Apart from
the dominant dimer and trimer clusters, we also observed a low
percentage of isolated monomers in its ¢trans V-shape (<1%) and
cis S-shape (<1%) configurations (Fig. 1d). The majority of
molecules deposited on the surface adopt a V-shaped confor-
mation at different molecular coverages, while a small amount
of isolated molecules exhibits an S-shaped conformation.
Molecules with a V-shape conformation favor head-to-head self-
assemblies as revealed in our STM images. The absence of any
bright dot suggests the dissociation of Br atoms from precursor
1 in these monomer-like structures upon its landing on the
surface. These observations indicate that the self-assembly of
monomers into molecular clusters tends to stabilize the
precursor from surface-assisted debromination, crucial for
tuning their subsequent intramolecular and intermolecular
transformation.**?

To get further insight into the structural information of
these molecular clusters, we performed constant height ncAFM
imaging with a CO functionalized tip. The frequency shift (Af)
contrast in such ncAFM images reflects the magnitude of short-
range forces acting between the CO-decorated tip and the
sample in the Pauli repulsion regime.'*** The bright areas in
ncAFM images (i.e. higher Af value) represent regions with
higher height and electron density.”> The ncAFM images of the
dimer (trimer) cluster (Fig. 3b and 4b) reveal four (three) dots
interconnected via sharp lines to form a rhombus (triangular)
shape. The surrounding “leg-like” molecular backbones are not
visible due to a large tip-molecule separation. Such a unique
ncAFM contrast indicates that these molecular clusters are
composed of non-planar geometries, wherein the central bright
regions are higher than the periphery.

Fig. 2 The disassembly of molecular clusters via STM tip manipulation. (a) Schematic illustration of a voltage pulse applied in the vicinity of the
cluster. It triggers the disassembly of molecular clusters via breaking the weak non-covalent interactions between precursors. (b—i) The
manipulation of the trimer (b—e) and dimer (f—i) clusters. Red dots refer to the positions where the voltage pulses (—8 V) are applied. The Arabic
numbers indicate the sequence for applying voltage pulses. The yellow circles highlight the Br atoms disassociated from the precursors by the

voltage pulse. Scale bars for (b)—(d) are 4 nm, and for (f)—(i) are 3 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of multiple non-covalent interactions in the dimer. (a) STM image of the dimer (1V, 100 pA). Scale bar is 1 nm. (b) A full-
range NncAFM of the dimer with a CO functionalized tip overlaid with the dimer molecular model. Scale bar is 0.5 nm. (c) Zoom-in ncAFM image
reveals four bright dots connected with sharp line features forming a rhombus shape. Scale bar is 0.3 nm. (d and e) Top- and side-views of the
DFT-modelled dimer structure on Au(111). (f and g) Top- and side-views of the electrostatic potential maps of the dimer. (h) BCP calculation
reveals the BCP of the hydrogen bonds and lone pair---m interactions revealed from AIM analysis of the dimer. (i) NCI plot of the dimer showing
the presence of three types of non-covalent interactions including lone pair---, 7+~ and C—H---Br (indicated with green discs).

Intermolecular interactions

According to the structural information obtained by both STM
and ncAFM imaging, we then carried out an exhaustive search
coupled with a quasi-Newtonian algorithm (>200 initial atomic
structures) using first-principles calculations to find the most
possible structural configurations of dimers and trimers. The
low-lying energy isomers were placed on Au(111) to further relax
using VASP. As shown in Fig. 3c and 4c, strong steric hindrance
between the two Br atoms of the precursor causes one bromo-
phenyl motif to bend up with tilting angles of 57° and 40° for
the dimer and trimer, respectively. As a result of such
a dramatic structural geometric change, one Br and one H of
each bromophenyl moiety protrude up, which are readily re-
flected as bright dots in the ncAFM images. Indeed, the ncAFM
image of the dimer (Fig. 3c) reveals four bright protrusions
associated with two Br and two H atoms from two interacting
monomers. In contrast, the three bright dots revealed by the
ncAFM image of the trimer (Fig. 4c) are attributed to three
protruding Br atoms. In addition, the three protruding H atoms
in the centre are almost invisible, due to a relatively small
bending angle (40°) of the bromophenyl motif.

In order to gain atomic-level insight into the intermolecular
interactions in these intriguing molecular assemblies, we then
performed atoms in molecules (AIM) and real-space non-
covalent interaction (NCI) calculations to semi-quantitatively
analyse various possible contributions of the intermolecular

1662 | Chem. Sci,, 2021, 12, T1659-11667

non-covalent interactions in the dimer and trimer, respec-
tively.>® As shown in Fig. 3h, the computed numerical electron
density [p(r)] and its Laplacian [V*(r)] at the bond critical point
(BCP) indicate the presence of multiple non-covalent interac-
tions, including C-H---Br (denoted as a; and a,) and Br lone
pair--- (denoted as b; and b,), featuring the interatomic
distances of dcy*+'pr = 2.9 A and dione-pair-= = 3.1 A (Fig. 54
and Table S11). The Br lone pair---w bonding represents
attractive interaction between a lone pair electron of Br and a 7-
system of the up-tilted bromophenyl ring.>”* This type of
interaction was also reported to stabilize the formation of bio-
logical macromolecules®**** and binding of inhibitors in the
binding pocket of biochemical receptors.** In addition, NCI
analysis highlights® the attractive interaction regions marked
with green disks in the areas of the BCP (Fig. 3i and S6t).
Interestingly, the lower Br atoms pointing towards the up-tilted
bromophenyl ring lead to the emergence of lone pair---m
interactions, which further increase the cohesive energy of the
dimer.

Compared to the dimer, the trimer features a larger number
(four types) of non-covalent interactions (Fig. 4). First, the three
up-tilted and three lower Br atoms in the trimer participate in
two sets of Brz synthons with type-II X, interactions (a;-a¢ in
Fig. 4h, S5a and bf¥), acting as a main stabilizing force for the
trimer, as evidenced in the BCP by AIM analysis. Significantly
stronger Br---Br halogen bonds (a;-as, 3.51 A) are observed for
the interactions of the three up-tilted Br atoms (Fig. S57).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterization of multiple noncovalent interactions in the trimer. (a) STM image of the trimer (1 V, 100 pA). Scale bar is 1 nm. (b) A full-
range NncAFM image of the trimer with a CO functionalized tip overlaid with the trimer molecular model. Scale bar is 0.5 nm. (c) Zoom-in ncAFM
image showing three bright dots connected with the sharp line features forming a triangular shape. Scale bar is 0.4 nm. (d and e) Top-view and
side-view of the DFT-modelled trimer structure on Au(111); (f and g) top- and side-view of the electrostatic potential maps of the trimer cluster;
(h) BCPs of the halogen bond, hydrogen bonds, CH---7 and lone pair-- -t interactions revealed from AIM analysis of the trimer; and (i) NCI plot of
the trimer revealing four types of non-covalent interactions including halogen, hydrogen, lone pair---m, and C—H---7 (indicated with green discs).

Electrostatic potential maps also reveal that the electropositive
o-hole points to the electronegative belt of the Br atoms in both
of the Br; synthons (Fig. 4f and g).

Moreover, the AIM analysis also identifies weak hydrogen
bonding (C-H---Br, b;-b3) between the up-tilted Br and H atoms
from the adjacent monomers at a separation distance of ~3.4 A
(Fig. 4h and S5ct). In addition, up-tilted benzene rings are
nearly perpendicular to their neighbouring bromophenyl
motifs in close proximity (3.0 A), which leads to the formation of
strong C-H---7 (c;—¢3) and lone pair---7 (d;—d3) interactions
(Fig. 4h, and Table S21). A combination of these attractive non-
covalent interactions is further represented by green discs in the
NCI plot (Fig. 4i and S77).

To gain a more quantitative understanding of these non-
covalent interactions, we set out to investigate the attractive
interaction energies of these clusters by employing symmetry-
adapted perturbation theory (SAPT) calculations.**** SAPT
provides accurate NCI energies and decomposes the intermo-
lecular interaction energies into physically meaningful compo-
nents, namely electrostatic, exchange-repulsion, induction, and

© 2021 The Author(s). Published by the Royal Society of Chemistry

dispersion terms.** The dimer and trimer reveal a total attrac-
tive stabilization energy of 30.4 kJ mol " and 55.9 k] mol *,
respectively (Table S37). It is worth noting that dispersion is the
largest stabilizing force, which is consistent with the important
roles of the C-H:--m,* lone pair---m,*® and halogen bonding®
interactions in the dimer and trimer. A higher ratio of the trimer
than that of the dimer is attributed not only to a higher on-
surface coverage of 1, but also to a larger energetic gain in the
formation of trimers arising from a larger number of manifold
non-covalent interactions. Notably, our DFT calculations reveal
a rather negligible charge transfer between molecular precur-
sors and Au(111), suggesting limited influence of molecule-
substrate interactions on non-covalent interactions (Fig. S87).

On-surface transformation of
precursor 1

The pre-arrangement of molecular precursors in the self-
assembled structures can dramatically impact on-surface reac-
tion pathways triggered by thermal annealing.*® Here, the

Chem. Sci., 2021, 12, 11659-11667 | 11663
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dimers with a relatively low stabilization energy may tend to intermolecular coupling reaction of the debrominated
dissociate, which thus favours intramolecular cyclization and biradicals.

suppresses intermolecular cyclization. In contrast, the trimers To explore such an effect, we conducted a mild thermal
with a high stabilization energy are expected to facilitate an annealing of the samples decorated with dimer and trimer

Fig. 5 Self-assembly steered intra- and intermolecular cyclization of precursor 1 via STM and ncAFM imaging. (a) Schematic illustration of the
debromination of precursor 1 leading to the formation of biradical intermediate 1/, followed by the radical cyclization to form product 2 (upper).
The lower path illustrates the Ullmann coupling of 1’ followed by cyclodehydrogenation, yielding the products 3 and 4, respectively. The
formation of 5 is prohibited, presumably due to a high steric hindrance. The red lines in products 5, 2, and 4 indicate newly formed chemical
bonds. (b) Large-scale STM images (metal tip, / = 100 pA, V =1.5V) of the three products (2, 3, and 4) after thermal annealing (420 K) of the dimer
and trimer clusters of precursor 1 pre-assembled on Au(111). Scale bar is 5 nm. (c—e) ncAFM images of products 2, 3, and 4, respectively.
Magnified ncAFM images (the bottom panels) highlight the molecular backbone of the center region (marked with a dashed rectangle). Scale bars
for (c)—(e) are 5 A. (f—h) Distribution of reaction products at different precursor coverage ratios (0.02, 0.04, and 0.09 ML for (f), (g), and (h),
respectively). Increasing the coverage yields a higher ratio of trimer clusters, therefore leading to a greater amount of product 4. Scale bars for
(f)=(n) are 5 nm.

11664 | Chem. Sci, 2021, 12, 11659-11667 © 2021 The Author(s). Published by the Royal Society of Chemistry
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clusters with different ratios at 400 K. After the thermal acti-
vation of the samples, both V- and X-shaped products can be
obtained (Fig. 5b). A statistical analysis of 3235 product mole-
cules (at a precursor coverage of 0.35 ML) reveals the yields of
91.7% and 8.3% for products 2 and 4, respectively. The ratio of
these products can be tuned by controlling the precursor
coverage (Fig. 5g and h).

The bond-resolved ncAFM image reveals a symmetric back-
bone structure of product 2, consisting of a biphenylene core
connected with two biphenyl branches on both sides. Two of the
inner benzene rings of the biphenyl motifs are tilted due to
a relief of steric hindrance, consistent with DFT calculations
(Fig. S107). The magnified view of the biphenylene core unveils
that the central four-membered ring is slightly brighter than the
side six-membered rings (Fig. S11bf). This could probably
originate from the cyclobutadiene anti-aromaticity or the tilting
effect of the CO tip over a small size of the ring. As shown in
Fig. S11d,} there are three possible contributing resonance
structures including one cyclobutadiene and two radialene
forms of the biphenylene core. Alternating single and double
bonds give rise to the anti-aromatic cyclobutadiene form, while
four single-bonds lead to the radialene counterpart. A detailed
bond order analysis of the biphenylene motif (Fig. Siict)
reveals that the four bonds have nearly the same bond length,
which suggests that the radialene form dominates the reso-
nance structures.*

The magnified view of the X-shaped products resolves two
distinct structures with a notably different contrast at the centre
(denoted as products 3 and 4) (Fig. S12t). The ncAFM
measurements also captured their structural difference,
namely, product 3 has a dark contrast at the centre and product
4 adopts a planar geometry formed by a fused hexagonal ring.
The magnified ncAFM view of the central region of product 3
shows a bright dot corresponding to an Au adatom (Fig. 5d),
coordinated with the four dibrominated carbon atoms. The
dark ncAFM contrast is attributed to the four benzene rings that
bent downwards to the Au(111), consistent with previous
reports of organometallic compounds.* On the other hand,
product 4 shows a dibenzo[e,/[pyrene core (Fig. 5e). These
results allow us to deduce a possible reaction mechanism of the
Ullmann coupling process from two precursors 1 (via debro-
mination to the biradical 1’) to product 4, through the forma-
tion of metalorganic intermediate 3 (Fig. 5a).***' This
intermediate provides mechanistic insight into aryl-aryl bond
formation via a metal-catalysed Ullmann reaction, which may
serve as a new path for synthesizing polycyclic aromatic
hydrocarbons.

Competition between thermal diffusion and intermolecular
reactions during thermal annealing of the self-assembled
structures plays an important role in the on-surface
synthesis.*”> Random diffusion of the precursor molecules with
multiple reaction pathways usually leads to the yield of unde-
sired by-products, such as uncontrolled graphene nanoribbon
junctions* and unexpected molecular oligomers,** which thus
severely limits the yield of desired products. To this end, taking
advantage of non-covalent interactions between the precursor
reactants may provide a promising approach for steering the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction pathways towards the desired products. Indeed, the
thermal diffusion of the precursors causes the disassembly of
dimers at a low coverage, which facilitates the intramolecular
cyclization reaction leading to the biphenylene derivative 2. At
an increased molecular coverage, the trimer with a larger
cohesive energy dominates the assemblies. However, the tri-
merization reaction to a highly strained product 5 is prohibited
due to a large steric hindrance. As a result, the intermolecular
Ullmann coupling reaction occurs between two of the three
strongly bonded monomers, while the third monomer
undergoes the intramolecular reaction (Fig. 5a).

It is important to note that Cu-catalysed dimerization of the
precursor 1 derivative (two tert-butyl groups installed at the 4,4’
sites) in solution yields a three-dimensional Greek cross
dodecaphenylene with a tetra-o-phenylene core.*® In stark
contrast to the planar dibenzo[e,/[pyrene core on the Au(111)
surface, our results demonstrated that the surface-assisted
reactions in the two-dimensional limit can be steered by
tuning multiple intermolecular non-covalent interactions, and
thus proceed under distinct pathways towards the formation of
the different products.

Conclusion

Real-space characterization of dynamic non-covalent interac-
tions in molecular assemblies at the atomic bond level,
combined with quantum chemistry simulations, allows us to
decode the role of multiple weak interactions in the molecular
assemblies and their on-surface chemical reactions. The
dynamic nature of these weak interactions allows for trans-
formation of the arrangement of monomers in the assembled
clusters as molecular density increases, which alters the reac-
tion pathways in the subsequent on-surface synthesis of
cyclized products. Our findings highlight a vital route for
controlling on-surface supramolecular assemblies and steering
their chemical transformations through manipulation of
manifold dynamic non-covalent interactions.
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