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Abstract: Bicyclo[1.1.1]pentane (BCP) motifs are of
growing importance to the pharmaceutical industry as
sp*-rich bioisosteres of benzene rings and as molecular
building blocks in materials science. Herein we explore
the behavior of 1,3-disubstituted BCP moieties on metal
surfaces by combining low-temperature scanning tunnel-
ing microscopy / non-contact atomic force microscopy
studies with density functional theory modeling. We
examine the configuration of individual BCP-containing
precursors on Au(111), their supramolecular assembly
and thermally activated dehalogenative coupling reac-
tions, affording polymeric chains with incorporated
electronically isolating units. Our studies not only
provide the first sub-molecular insights of the BCP
scaffold behavior on surfaces, but also extend the
potential application of BCP derivatives towards inte-
gration in custom-designed surface architectures. )
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Introduction

Bicyclo[1.1.1]pentane (BCP), as a sp’-rich bioisostere of an
benzene ring, is becoming an appealing functional unit in
drug discovery and materials science.”’ It has been shown
that replacement of an aromatic ring with the similar-size
and conformationally rigid all-sp>-C BCP scaffold often
results in more favorable pharmacokinetic properties, such
as increased solubility and higher metabolic stability.”) With
the efforts of synthetic chemists, well-established approaches
have been developed to furnish 1,3-disubstituted BCP
derivatives,[¥ extending to surrogates for 1,4-disubstituted
arenes, tert-butyl groups, and alkynes in material sciences as
linear linkers.®**>! As members of the nonconjugated rigid
hydrocarbons (NRHs), their usage in linking functionalities
enables the modification of traditional materials in a defined
spatial manner,”® notably by interrupting electric conductiv-
ity and providing organic resistor or isolator units.”!
Ultimately, the realization and application of these functions
depends on the understanding of interactions and reactivity
of the BCP moiety at the molecular level.’

Molecular engineering on surfaces” is often conducted
under ultrahigh vacuum conditions at well-defined sub-
strates. Notably, so-called on-surface synthesis aims at
controlling individual adsorbed molecules and their inter-
actions to guide chemical transformations and distinct bond
formations."”! Thus new surface chemistry and bottom-up
construction of functional nanostructures becomes
possible.'! To date, studies predominantly focus on flat
aromatic precursor species affording planar
nanostructures.'? The only examples of three-dimensional
(3D) nonconjugated rigid hydrocarbons studied on surfaces
are diamondoids," iptycenes,'! and [3.3.3]propellanes.!"”

Here we report the first real-space characterization of a
1,3-disubstituted BCP derivative on metal surfaces with low-
temperature (LT) scanning tunneling microscopy (STM)
and non-contact atomic force microscopy (nc-AFM). Using
1,3-bis(4-iodophenyl)bicyclo[1.1.1]pentane ~ (IPBCP) as
precursor,*!*! we monitor self-assembly and the thermally
activated deiodination coupling reaction on the Au(111)
surface, incorporating the BCP scaffold in supramolecular
islands and polyphenylene chains. By combining computa-
tional modeling using density functional theory (DFT) with
STM and AFM image simulations, we successfully identify
the conformation and electronic features of molecular nano-
structures obtained with BCP scaffolds. Our studies provide
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a fundamental understanding of BCP behavior on surfaces
and extend on-surface chemistry to 3D isosteres.

Results and Discussion

As shown in Figure 1a, the 1,3-bis(4-iodophenyl) substituted
BCP compound is a linear species with an extended carbon
backbone.'*! The DFT optimized structure reveals a single
species with a 14.69 A iodine-iodine distance along the
molecular axis. After depositing small amounts on Au(111)
at low temperature (120 K) individual molecules were
found, facilitating the characterization of the pristine
adsorption configuration of IPBCP via in situ submolecular-
level imaging. Figure 1b and 1c show the corresponding
STM and AFM data, recorded at 5 K with a CO functional-
ized tip.'"”? The two images obtained of the same monomer
show the clear appearance of a flat-lying species with distinct
molecular subunits. In the STM image (Figure 1b) IPBCP
features a symmetric linear shape, with three sphere-like
protrusions. The measured distance between the two termi-
nal spheres is 14.84+0.2 A, and the bright center reflects a
protruding BCP moiety. STM data reflecting contours of
local density of states™ are not sufficient to infer the
detailed adsorption configuration, especially regarding the
BCP scaffold conformation with respect to the phenylene
substituents and the substrate atomic lattice. With high-
resolution AFM observations, detecting frequency shifts
induced by short-range repulsive interactions,” bond-
resolved imaging is possible.” Particularly, scans at differ-
ent imaging heights offer thorough understanding of the
configuration and orientation of 3D aliphatic moieties.?*)
AFM images of the same molecule as in Figure 1b were
obtained at a series of tip-sample distances. The contrast
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changes significantly when the CO-tip approaches the
sample surface (cf. Figure S1). Initially, the data reveal a
small bright oval protrusion at the center, attributed to the
BCP core. When approaching the surface step by step the
contours of the phenyl rings and iodine on both sides can be
distinguished. Simultaneously, the BCP core becomes faint,
as shown in Figure 1c. Hereby the phenyl units take a rather
flat configuration slightly bent from the higher BCP center
to the lower iodine ends. Both rings tilt to the same side
with respect to the molecular axis. Interestingly, for the
iodine region AFM images show small spots besides the
phenylene features, different from the large protrusion in
STM data (Figure 1b). Also, the measured distance between
the two spots of 16.840.2 A markedly exceeds the model I'T
distance, indicating that they do not correspond to iodine
atom positions; this could reflect imaging distortions due to
the tip CO tip response or the c-hole influence arising from
the uneven charge distribution at halogen atoms.?”

To better understand the molecular configuration and
STM / AFM characteristics, the positioning of the BCP core
requires detailed consideration. Accordingly, we performed
systematic DFT calculations, indicating four stable adsorp-
tion configurations of the monomer, distinguishable by BCP
core and phenyl ring orientation. As seen in Figure S2, one
BCP methylene unit can face either towards the vacuum
(Config. 1) or the surface (Config. 2) and the molecular
phenyl rings can tilt in opposite (Config. a) or the same
direction (Config. s). Comparing the adsorption energies of
the optimized systems, the BCP core favors the configu-
ration with two CH, units facing towards the surface and the
remaining methylene unit pointing to the vacuum. Note
that, based on the computational modelling there is no
strong preference regarding the rotation of phenyl rings.
Since the high-resolution AFM image (Figure 1c) indicates

Figure 1. Adsorption and self-assembly of IPBCP on Au(111) at 120 K. a) The chemical structure and optimized model of an IPBCP monomer,

exhibiting a 14.69 A iodine—iodine distance along the molecular axis. b),

c) High-resolution STM and nc-AFM images of a single adsorbed IPBCP.

The measured distances of the two terminal protrusions are 14.8+0.2 A and 16.8+0.2 A, respectively. d) Optimized model of adsorbed IPBCP
monomer, exhibiting a 14.58 A projected iodine—iodine distance. c) H, I, and Au atoms are represented by the grey, white, purple, and yellow
spheres, respectively. ), f) High resolution STM and nc-AFM images of two adjacent IPBCP molecules. The AFM scan height is relatively high to
resolve the two rigid BCP cores. g) Representative assembly structure of IPBCP when increasing the surface coverage, with the structural models
partially overlapped on the STM image. Measurement parameters: b) and e) ;=10 pA, V,=100 mV; g) I,=>50 pA, V,=—100 mV; c) and

f) V;=—2 mV, constant height.
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phenyl rings with the same orientation, Config. 1s as shown
in Figure 1d is chosen as best model. The calculated
projected iodine-iodine distance is 14.58 A, whereby com-
prehensive STM and AFM simulations based on the favored
configuration give good agreement with the experiments
(Figure S3 and S4).

Increasing the molecular coverage at low temperature
(120 K) results in the aggregation of small islands stabilized
via halogen bonds (Figure S5a), whereby the individual
molecules are easily distinguishable in STM data (Fig-
ure S5b—d). Moreover, terminal iodine is easily abstracted
by applying bias pulses with the STM tip positioned at the
molecular periphery (Figure S5e-f), indicating a weak
stability of aryl iodide on Au(111), as expected from
previous experiments and theory.”’ As STM and nc-AFM
images of the dimeric units in aggregates demonstrate the
same lateral intermolecular arrangement (see Figure le and
f), there is obviously no direct contact between adjacent
BCP cores. Thus, halogen bonding and weak van der Waals
lateral interaction leads to the narrow arrays following the
surface chevron reconstruction (cf. Figure 1g).

Thermal treatment of the as-deposited sample above
room temperature triggers dehalogenation and subsequent
coupling reaction between monomers (Figure S6). Anneal-
ing at 375 K for 10 minutes, drives a phase transformation
from small islands to more extended domains. As shown in
Figure 2a, they contain regular chains with 12.2+0.1 A
periodicity, easily discernible by the sequential arrangement

IR

Figure 2. 1D covalent chains formed on Au(111) upon thermal treat-
ment (375 K) of pre-deposited IPBCP. a) and b) STM images before
and after tip manipulation on an island of covalent chains. The white
arrow in (a) indicates the path of tip during manipulation (tip-sample
distance is defined at tunneling condition of ;=1 nA, V,=3 mV with
the tip placed above the chain (dashed rectangular; the tip was then
moved with a speed of 100 pms™' in the constant height mode).

c) STM and d) AFM images of a same frame with three chain
segments. The AFM image is taken at a larger tip-sample distance and
shows bright protrusions at the positions of the rigid BCP. ) STM and
height-dependent AFM inspections of a trimer segment along the
covalent chain. Measurement parameters: a) /,=100 pA,

V,=—-500 mV; b) ;=20 pA, V,=—-500 mV; c) and ¢} /,=10 pA,
V,=100 mV; d) and e;,) V,=0V, constant height.
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of bright BCP cores. This observation agrees well with the
theoretical calculations, in which the periodicity was calcu-
lated as 12.07 A in gas phase. Besides such distinct chains
isolated by rows of iodine atoms, patches with merged
chains arranged side by side with a slight offset of
incorporated BCP cores exist. In order to unravel the nature
of connections within the chains, molecular manipulation
experiments using the STM tip were conducted. Figures 2a,b
show lateral manipulation of a chain featuring seven BCP
units at the edge of an island. The entire chain can be moved
away without its shape or length affected. More molecular
manipulation experiments and detailed STM observations
(Figure S7) confirmed the integrity and rigidity of the
chains, indicating robust connections between the constitu-
ents.

To further distinguish the connection motif of the
polymers obtained, we recorded high-resolution STM and
AFM data of three chain segments, as shown in Figure 2¢
and d, respectively. While the STM image shows seamless
morphology between bright BCP cores along the chain
directions, the AFM image, which probes the rigid BCP core
at higher tip-sample distance, shows a rectangular protru-
sion, indicating the orientation of the phenylene ring on
both sides. Upon closer inspection of a trimer segment along
the chain a covalent connection, reflecting C—C coupling of
deiodinated units, becomes clearly evident (Figure 2e).

STM data of a covalent dimer segment comprising two
BCP linked by a biphenylene bridge are reproduced in
Figure 3a. The corresponding AFM images at different tip
heights (Figure 3b and c) exhibit shapes of BCP cores
reminiscent of those in monomers (Figure S1). To further
clarify the configuration of this covalent chain, DFT
calculations of dimer model systems were performed.
Similar to the monomeric bonding, the adsorption config-
urations of covalent chains exhibit two possible orientations

| < (% *TC g Yt
O onfig- b
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Figure 3. Determination of the adsorption configuration of the covalent
chains. a) Experimental STM image of a dimer. b) and ¢) AFM images
at different tip sample height of the same dimer frame as (a). d) Bond-
resolved AFM image of the biphenylene linker as indicated by the red
square in a). e) The optimized Config. 1b model of a covalent dimer on
Au(117). f) Simulated STM (1) and AFM (II-1V) images based on the
model in (e). Measurement parameters: a) I,=10 pA, V,=200 mV; b)—
d) V,=0V, constant height.
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of the BCP core and tilted phenyl rings with a higher degree
of freedom (Figure S10). Importantly, the dominant factor
of the adsorption geometry is the BCP orientation, whereby
Config. 1 is energetically favored (adsorption energies in the
—2.27 to 2.13 eV range) with two CH, facing towards the
surface and the remaining CH, pointing to vacuum. The
connected aromatic units are tilted alternately (Figure S10),
in agreement with AFM observations (Figure2e and S8,
S9). Thus, combining the experimental evidence with DFT
calculations we confidently identify the Config. I with
alternately tilted biphenyl units (Config. 1b) as optimal
adsorption configuration depicted in Figure 3e. Moreover,
the corresponding STM and AFM simulations (Figure S11-
13) compare well with the experimental images, further
corroborating our model of a 1D covalent polymer,
designated poly-PBCP, with connections of phenylene
termini.*"

Creating large sets of 1D polymers facilitates easy
characterization and materials application. Free iodine
atoms sometimes slip between the formed covalent chains,
leading to disordered patches. However, by extended
annealing we can steer the regular arrangement of 1D chains
at the mesoscale (cf. Figure 4, S14). As illustrated by the
STM image in Figure 4a, the covalent chains are arranged
next to each other, with BCP protrusions placed regularly.
In a theoretical framework, the 1D poly-PBCP polymers can
be described as polyphenylene (poly-P) chains with BCP
scaffolds replacing every third phenylene unit. Accordingly,
a direct comparison of polyphenylene electronic properties
with and without BCP units is straightforward. For free-
standing linear chains, the optimized period (12.07 A) in
poly-PBCP is somewhat shorter than that of a terphenyl
segment in poly-P (13.08 A). Hereby the calculated band
gap between the highest occupied electronic band and the
lowest unoccupied band of poly-PBCP and poly-P is
markedly different, with poly-PBCP exhibiting a 1.12eV
larger band gap (2.98 vs 1.86¢eV, cf. Figure S15), which
reflects the electronic properties of the incorporated BCP
units and indicates the utility of this scaffold as resistor/
isolator units in molecular electronics using all-carbon
modules.

2
E, =298V

E —Ey (eV)

-
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Figure 4. a) STM image of the long-range ordered assembly of covalent
chains. b) Gas phase optimized model of the poly-PBCP chain. c¢) DFT
calculated band structure of the poly-PBCP chain, showing an energy
gap of 2.98 eV. Measurement parameters: a) ;=100 pA, V,=—10 mV.
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It should be noted that semi-local DFT calculations may
severely underestimate band gaps, and the underlying metal
surface will also affect the electronic structure of the system.
We performed direct measurement of the expected band
gap region by scanning tunneling spectroscopy (STS, dI/dV)
along poly-PBCP chains (cf. Figure S16). However, in the
accessible experimental bias range of —2.0 to +2.0V, no
clear band onsets are observed, indicating hybridization
effects (frequently encountered for the lowest occupied
molecular orbitals or valence band with related systems on
metal substrates), or an experimental band gap exceeding
4.0eV.

To explore the thermal stability, we further annealed the
poly-PBCP sample at higher temperature. However, changes
occurred upon annealing treatment above 420K and
resulted in decomposition of the periodic structure and
formation of fused four-®! and five-membered ring struc-
tures (Figures S17 to S20). This result is somewhat unex-
pected because of the reported higher stability of either
biphenylene or BCP unit. However, examples of metals such
as Au, Ir, Rh acting as catalysts for the rearrangement of
small rigid molecules are known. !

Conclusion

We performed a real-space characterization of a BCP-
containing derivative on a well-defined metal surface with
state-of-the-art LT-STM and nc-AFM techniques. For the
employed IPBCP precursor, we characterized adsorption,
self-assembly and thermally activated deiodination coupling
reaction Au(111), affording polyphenylene chains with
regularly placed BCP scaffolds. Combined with DFT model-
ing, as well as STM and AFM simulations, we successfully
identified the characteristic structural, conformational and
electronic features. Our systematic multi-technique study
provides a fundamental understanding of BCP derivatives
on surfaces and extends the scope of on-surface synthesis to
3D isosteres. Bicyclo[1.1.1]pentane scaffolds are identified
as versatile resistor/isolator units in molecular nanostruc-
tures at surfaces, opening novel avenues for the exploration
of further aspects and tunability in organic electronics, e.g.,
via incorporation of tetrapyrroles or other functional
units.*"!
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