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ABSTRACT: We report an example that demonstrates the clear interdependence
between surface-supported reactions and molecular-adsorption configurations.
Two biphenyl-based molecules with two and four bromine substituents, i.e., 2,2’-
dibromobiphenyl (DBBP) and 2,2',6,6'-tetrabromo-1,1"-biphenyl (TBBP), show
completely different reaction pathways on a Ag(111) surface, leading to the
selective formation of dibenzo[e,/]pyrene and biphenylene dimer, respectively. By
combining low-temperature scanning tunneling microscopy, synchrotron radiation
photoemission spectroscopy, and density functional theory calculations, we
unravel the underlying reaction mechanism. After debromination, a biradical
biphenyl can be stabilized by surface Ag adatoms, while a four-radical biphenyl
undergoes spontaneous intramolecular annulation due to its extreme instability on
Ag(111). Such different chemisorption-induced precursor states between DBBP

O s 300K ‘ . 450 K O‘O
B Ag(111) 0 1 O Ag(111) .‘
J ®

and TBBP consequently lead to different reaction pathways after further annealing. In addition, using bond-resolving scanning
tunneling microscopy and scanning tunneling spectroscopy, we determine with atomic precision the bond-length alternation of the
biphenylene dimer product, which contains 4-, 6-, and 8-membered rings. The 4-membered ring units turn out to be radialene

structures.

B INTRODUCTION

On-surface synthesis (OSS) has shown its great potential in
the fabrication of functional molecules and covalent nano-
structures with atomic precision in the past decade.'””
Different from solution-phase chemistry because of the
required clean reaction environment (ultrahigh vacuum) at
the gas—solid interface, the use of catalysts are largely limited
in OSS. Hence, steering reaction pathways in OSS has been
more challenging overall than in wet chemistry. Chemical
organic reactions on surfaces typically include three basic
steps: molecular adsorption, diffusion, and reaction. The
reported examples toward steering reaction pathways on
surfaces were mostly focused on tuning the molecular diffusion
and the reaction barriers.'™® For instance, it has been
demonstrated that self-assembly templates can efficiently direct
the reaction pathways by confining molecular diffusion.””” In
addition, different metal substrates or metal adatoms normally
have a different catalytic activity toward a specific on-surface
reaction, thus impacting the reaction barriers.* "' However,
related studies on the adsorption process are rare, although it
actually differentiates the heterogeneous on-surface synthesis
from the homogeneous solution-phase chemistry. A few
reported examples were focused on the physisorption of intact
molecules on surfaces. The adsorption height from the
surface'” and the adsorption site'’ can play important roles
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on the reactivity of the functional groups of precursor
molecules.

The coupling reactions typically involve the generation and
coupling of radicals and have been extensively studied.”'*"
Radicals are generated when functional groups are activated.
The adsorption configuration of newly formed radical species
is very different from that of the initial molecule because active
radical species are normally stabilized by surface atoms or stray
surface adatoms.'® Thus, the adsorption configurations of the
activated molecules are largely determined by their radical
sites. As a result, it is reasonable to infer that molecules with
the same backbone but a different number of radicals may lead
to a dramatically different adsorption behavior on surfaces after
activation. In turn, the different adsorption behaviors may
potentially influence the reaction pathways and the final
products.

Herein, we report such an example by comparing the
reactions of 2,2'-dibromobiphenyl (DBBP) and 2,2',6,6'-
tetrabromo-1,1’-biphenyl (TBBP) molecules on a Ag(111)
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surface (Scheme 1). In our previous work,'” we showed that DBBP were efficiently stabilized by surface Ag adatoms at 300
the biradical biphenyl species formed upon debromination of K. Further annealing led to the formation of dibenzo[e,l]-

pyrene nanographene. However, in this work, TBBP shows a
Scheme 1. Reaction Pathways of (a) DBBP and (b) TBBP unique reaction pathway: The first step involves the generation
on the Ag(111) Surfaces of four-radical biphenyl species after the debromination of the

Previous work precursor. Then TBBP undergoes intramolecular annulation
spontaneously at 300 K due to its extreme instability on
Ag(111), forming a biradical biphenylene monomer that is
anchored to the surface. Further annealing leads to the

__ 300K 40K
)
formation of an organometallic intermediate state, followed by

Thls work its transformation into covalent biphenylene dimers containing

t 1 O 4-, 6-, and 8-membered carbon rings. The chemical structure
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Br. Br
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and electronic properties of the biphenylene dimer have been
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studied by bond-resolving scanning tunneling microscopy (BR-
STM) and scanning tunneling spectroscopy (STS), offering
significant insights into its potential antiaromaticity. The
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Figure 1. (a) Br 3d and (b) C 1s SRPE spectra of the samples prepared by depositing TBBP on Ag(111) held at 250 and 300 K followed by
annealing to 400 and 540 K. The photon energies for Br 3d and C 1s are 180 and 380 eV, respectively. (c) Molecular models of the major products
at each temperature. Different carbon atoms (black, green, and purple spheres) are depicted by different colors to illustrate their chemical
environments. The ideal ratios of these C atoms are shown below each molecular model. (d, e) STM images of the sample upon deposition of
TBBP on Ag(111) held at 300 K. The three high symmetric directions of the Ag(111) surface are shown as the white arrows; the same holds for
the following overview STM images. Tunneling parameters: U = —1.5 V, I = 50 pA. DFT-calculated structural model of (f) the trimer and (g) the
tetramer as depicted in part (e). (h) Possible structural model of two TBBP molecules in the green circle of (d). (i, j) Top and side views of DFT
optimized structure of debrominated TBBP adsorbing on Ag(111). Color code: C, black; Ag, gray; H, pink; Br, brown; C bonded to Br atom,
green; C bonded to Ag atom, purple.
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Figure 2. (a, b) Overview and constant-height BR-STM images of the organometallic dimer covered sample after annealing the 300 K sample to
400 K. (c—e) Structural model, DFT-optimized structure, and simulated STM image of the organometallic dimer, respectively. (e) Uy, is set to
—0.1 V. (f) Overview and (g) constant-height BR-STM images of the sample after further annealing to 540 K. Tunneling parameters: (a) U = —0.1
V,I1=15n4; (b) U=5SmV; (f) U=0.1V,I=12nA; (g) U=5mV. (h, i) Corresponding Laplace filtered image of (g) for a better view of the
bonds. The average length for the single bonds (marked in green in panel (i)) is 1.78 + 0.12 A, whereas the average length for the double bonds
(marked in red in panel (i)) is 1.29 + 0.12 A. (j) Chemical structures of some biphenylene derivatives showing the bond alternations. (k) DFT
calculated C—C bonds lengths and HOMA (on surface) and NICS (in gas phase) values of the biphenylene dimer, represented by gradient colors
as indicated. The phenyl rings in the biphenylene dimer have a HOMA value of 0.85 and an NICS value of —S ppm, while the 8-membered and 4-
membered rings have HOMA values of —0.54 and —1.06 and NICS values of 19.1 and 36.6 ppm, respectively. (1) ACID analysis of biphenylene
dimer calculated in the gas phase (red and blue darts show orientation of the peripheral ring current along 4-, 8- membered rings and phenyl rings,
respectively).

mechanism for the different reaction selectivities between hibited metallic electronic properties. The chemisorption-
DBBP and TBBP, ie., the formation of dibenzo[e,/]pyrene induced formation of the 4-membered ring as presented in our
versus a biphenylene dimer, has been further elucidated work provides new insights into the fabrication of 4-membered
through a density functional theory (DFT)-based model. This ring-containing functional nanostructures on surfaces.

work reveals that the chemisorption behavior of adsorbates can

play a decisive role on the reaction pathway. In addition, the B RESULTS AND DISCUSSION

bond alternation of the intriguing biphenylene dimer,"® as Synthesis of Biphenylene Dimer. Figure 1 presents our
proposed by organic and theoretical chemists, has been experimental results of TBBP molecules adsorbing on Ag(111)
corroborated here in real space. In fact, the fabrication of 4- at room temperature. TBBP molecules stayed intact on
membered ring-containing structures on surfaces has become Ag(l 11) at ~250 K, as revealed by the Br 3d and C 1s
an important topic and has been widely studied recently due to synchrotron radiation photoemission (SRPE) spectra in parts a
their exotic electronic and mechanical properties, which can be and b of Figure 1, respectively. The ratio between C—Br and
achieved by either intramolecular or intermolecular annulation C—C was 1:2.4, in fair agreement with the ideal value of 1:2 as
reactions.'”>® An outstanding example was reported by Fan et derived from the structural model shown in Figure lc. The
al.>* In that work, the biphenylene network with periodically corresponding STM images are shown in Figure S1. The
arranged 4-, 6-, and 8-membered rings was synthesized by an molecules self-assembled into square ordered islands. A single
interpolymer hydrogen—fluoride zipping reaction and ex- molecule was composed of one bright head (yellow dotted
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contour) and one weak tail (green dotted contour), indicating
that its twisted adsorption configuration was due to the
repulsion between the adjacent Br atoms of intact TBBP.'>*’

After depositing TBBP molecules onto the Ag(111) surface
held at 300 K, packs of bright protrusions were exhibited in the
STM images, as shown in Figure 1d and e (an overview STM
image is shown in Figure S2). Most molecules aggregated into
close-packed islands (Figure 1d), together with a few sparsely
distributed trimers and tetramers (Figure le). In particular, the
existence of the trimer (Figure le) implies that the bright
protrusion could not be from a submolecular feature, i.e., one
protrusion could not correspond to one phenyl group of
TBBP. In addition, the center-to-center distance between
adjacent bright protrusions was measured to be 7.8 A, which
was much larger than the distance between the two phenyls of
TBBP (~4.3 A). Therefore, one bright protrusion could only
correspond to one individual TBBP molecule. The majority of
C—Br bonds of TBBP were dissociated at 300 K, as evidenced
by the downward shift of the Br 3d core-level binding energies
from 250 to 300 K.** The partial dissociation of C—Br bonds
on Ag(111) was also reported by previous works.”*”*° The Br
adatoms on the surface can be recognized as the relatively dark
and small dots in the STM images,”*" as pointed out by the
blue arrows in Figure le. Interestingly, the appearance of a new
C 1s component at a low binding energy of 283.0 eV at 300 K
(Figure 1b) implies that radicals were probably stabilized by
the surface atoms via a C—Ag coordination.””" The ratio
between C—Ag and C—C was ~1:6 from the C 1s spectrum
(C—Br/C—C/C—Ag = 0.3:6.5:1), implying that only 2 out of
12 carbon atoms of TBBP which hold radicals were
coordinated to the surface atoms (ideally C—Ag: C—C=1:5).
It is worth noting that the the C 1s core level binding energy
shifts toward lower energy values at 300 K with respect to that
at 250 K was attributed to the increase of the surface work
function induced by chemisorbed Br adatoms on the
surface.28’29’32_34_ Inspired by these findings and related
previous works,” one can intuitively deduce that the four-
radical biphenyl underwent intramolecular annulation reac-
tions at 300 K, forming biphenylene, while the two residual
unquenched radicals were stabilized by the Ag surface (Figure
1c). Consequently, it adsorbed perpendicularly to the surface,
as schematically shown in Scheme 1 and Figure 1c. This is why
the adsorbates showed such bright features as compared to that
of conventional flat molecules that adsorb parallel to the
surface. A comparison between the apparent height of the
biradical biphenylene monomer and the final biphenylene
dimer product on Ag(111) is presented in Figure S3, where a
difference of 1.8 A was obtained. The perpendicular adsorption
configuration also explained the formation of trimers and
tetramers in parts d and e of Figure 1, respectively, which
should be stabilized by z—n stacking between face-to-face
phenyls.**** The DFT-calculated structural models of the
trimer and the tetramer are displayed in parts f and g of Figure
1, respectively. The distance between two adjacent molecules
was ~7.8 A for both the trimer and the tetramer, which was in
excellent agreement with the experimental value (Figure le).
The formation of the biphenylene dimer was verified by our
DFT calculations. Once the TBBP molecules were fully
debrominated, four-radical biphenyl species were not stable on
the Ag surface but immediately started an intramolecular
annulation reaction (Figure 1li and j). As a result, a biphenylene
complex was formed with two radicals binding with two
surface silver atoms, leading to the nonradical side of the
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benzene ring pointing away from the surface. We tested various
adsorption sites of the Ag(111) surface with biphenylene (as
shown in Figures S9 and S10) and found that two radicals
preferred to bind with two nearby surface Ag atoms rather than
with the Ag adatom.

Note that a few C—Br bonds remained intact at 300 K from
the X-ray photoelectron spectroscopy (XPS) analysis, which
could belong to the molecules inside the green circle in Figure
1d because of their similar STM morphology as the intact
molecules at 250 K (Figure S1). Although the possibility that
one or more Br atoms were lost on these molecules could not
be excluded, these molecules could most likely be attributed to
intact TBBP. Because the 7z—x stacking interactions between
TBBP and the neighboring biradical biphenylenes (Figure 1d)
were different from the 7— interactions in the ordered TBBP
island at 250 K (Figure S1), the morpholo%y of TBBP in the
STM images could be slightly different.’>*" Figure 1h shows
the corresponding structural model of the two molecules in the
green circle in Figure 1d.

Upon annealing the sample at 400 K, large-area close-packed
islands composed of organometallic dimers were obtained, as
shown in Figure 2a (an overview STM image is shown in
Figure S4). This was presumably attributed to the planariza-
tion of biradical biphenylenes on the surface, where two C—
Ag—C linkages were formed as expected (Figure 2¢).*! The
BR-STM image using a CO-functionalized probe** corrobo-
rated the structure, as shown in Figure 2b. The two bright dots
in the middle were assigned to two Ag adatoms, while the
darker sides were biphenylenes. In addition, the DFT-
calculated structural model (Figure 2d) and simulated STM
image (Figure 2e) both fit the experimental result well. The
formation of an organometallic dimer was also supported by
the C 1s SRPE spectrum, which is deconvoluted into C—C and
C—Ag components with a ratio of 5.4:1, in good agreement
with the proposed molecular structure (ideally S:1, as derived
from the structural model shown in Figure lc). At these
conditions, TBBP completes its fully debromination process
(see Br 3d SRPE spectra in Figure 1a). Br adatoms imaged as
relatively dark dots surrounding the organometallic dimer via
Br---H hydrogen bonds (Figure 2a).*!

Further annealing this sample at 540 K triggered the
formation of the final covalent product biphenylene dimer
(Figures 2f and S4) after the removal of interstitial Ag adatoms
from the organometallic dimers. The submolecular structure
was clearly characterized by the BR-STM with a CO-
functionalized probe, as seen in Figure 2g. The covalent
connection between two monomers was further confirmed by
C 1s SRPE spectra, where the C—Ag signal disappeared at 540
K (Figure 1b). Because the annealing from 400 to 540 K led to
the partial desorption of Br atoms as revealed in the Br 3d
spectra, the C 1s peak shifted back to the high-binding-energy
position at 540 K.>%*72*7%*

Chemical Structure of Biphenylene Dimer. The
biphenylene dimer is of particular interest for studying
molecular antiaromaticity because it is a 4-, 6-, and 8-
membered ring-containing structure.'”**** A cyclic molecule
typically shows antiaromaticity if it holds 4n (n is a positive
integer) delocalized electrons, while a cyclic molecule
containing 4n + 2 delocalized electrons is aromatic.** In
particular, cyclobutadiene is thought to be very antiaromatic
and not stable. Plenty of theoretical and experimental efforts
(mostly crystallography) have been made to study the bond
alternation of several biphenylene derivatives.'®" ™" A few

https://doi.org/10.1021/jacs.1c08284
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Figure 3. Electronic properties of biphenylene dimer on Ag(111). (a) Differential conductance (dI/dV) spectra. The blue curve shows the dI/dV/
spectrum recorded at the position on the molecule marked with a blue dot, with a Br-functionalized tip. The gray curve shows the reference dI/dV’
spectrum measured on the bare Ag(111) surface with the same tip. The 10 dots surrounding the molecule are 10 bromine adatoms. Lock-in
amplitude, 20 mV; oscillation frequency, 731 Hz. (b, c) Constant-current dI/dV maps taken at the bias voltages of —1.7 and 1.25 V, respectively.
Lock-in amplitude, 20 mV; oscillation frequency, 731 Hz; current, S00 pA. (d, ) DFT-based dI/dV maps corresponding to HOMO and LUMO of
a biphenylene dimer in the gas phase at an isosurface level of 0.05 Bohr™>'?, respectively. (f, g) DFT-based LDOS distribution of HOMO and
LUMO orbitals of biphenylene dimer in the gas phase, respectively. Electron orbitals are presented by blue isosurfaces for negative phase values and

by yellow isosurfaces for positive phase values.

typical examples are shown in Figure 2j. The linear
polyphenylene 1 showed delocalized electronic properties,
and one double bond could be involved inside the 4-
membered ring. In contrast, the angular polyphenylene 2 and
oligobiphenylenes 3 possessed localized n-bonding and held
radialene structures. The double bonds tended to be exocyclic
with respect to the 4-membered rings in 2 and 3 to minimize
the antiaromatic character of 4-electron #-bonding within the
cyclobutadiene.

The first real-space evidence for the bond alternation of the
biphenylene-related structure was given by Kawai et al. by
analyzing the bond lengths of molecule 4 using noncontact
atomic force microscopy (nc-AFM).>> Here we demonstrate
that the bond alternation of biphenylene dimer § was similar to
that of biphenylene monomer, that is, the radialene structure
was energetically favorable. A Laplace-filtered BR-STM image,
which enhances the bond feature, is presented in Figure 2h.>”
We drew the best-fitting straight lines along the different bonds
of the molecular structure and took the crossing points as
reference for the bond-length analysis. Remarkably large
differences in the bond lengths could be easily identified,
that is, those predicted to display a double-bond character were
clearly shorter. A detailed analysis (Figure 2i) revealed that the
average length for the single bonds (marked in green) was 1.78
+ 0.12 A, whereas the average length for the double bonds
(marked in red) was 1.29 + 0.12 A, clearly out of the error
range of one another. We note that these values were not the
actual bond lengths. However, the artifact that caused these
lengths to deviate from the real values was strongly bond-order
dependent, which thus allowed for an easy discrimination of
the single and double bonds by this comparative analysis.”> We
also calculated the length of each C—C bond of the
biphenylene dimer adsorbed on the Ag(111) surface and
derived the harmonic oscillator model of aromaticity (HOMA)
values (Figure 2k).”* A higher HOMA value was generally
associated with a higher degree of 7-electron delocalization and
increased aromatic stabilization. The phenyl rings had the
highest HOMA value of 0.85. The 8- and 4-membered rings
had HOMA values of only —0.54 and —1.06, respectively,
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indicating their low aromaticities. This was presumably
because of the single bonds involved there, which decreased
the m-electron delocalization on them. Nevertheless, the
HOMA value of the 4-membered ring was still much higher
than the value of cyclobutadiene (—4.277), which indicated
that the antiaromaticity in the 4-membered ring was
significantly reduced in the biphenylene dimer.”* This was
further supported by the nuclear-independent chemical shift
(NICS) analysis,”” as shown in Figure 2k. The phenyl rings
were rather quasi-nonaromatic (—S ppm), while the 4- and 8-
membered rings were highly antiaromatic (36.6 and 19.1 ppm,
respectively). In addition, we investigated the induced currents
that resulted from an applied magnetic field by the anisotropy
of the induced current density (ACID).>® The plot depicted in
Figure 21 clearly shows a high anticlockwise current flowing
along the central rings including both 4- and 8-membered
rings, which suggested the antiaromaticity of the 4- and 8-
membered rings. In contrast, only a fragmented clockwise ring
current (weak aromaticity) was shown in the phenyl rings, in
agreement with their low NICS values. The reduced
aromaticity of the phenyl ring was due to the fixed localization
of the double bonds caused by the 4-membered rings.
Electronic Structure of Biphenylene Dimer. The
electronic properties of the biphenylene dimer adsorbed on
Ag(111) were probed by STS, as shown in Figure 3a. The two
peaks at —1.63 and 1.27 V were attributed to the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO), respectively. This was supported by the good
agreement between the experimentally obtained (Figure 3b
and c) and DFT-simulated dI/dV maps of the HOMO and
LUMO (Figure 3d and e) of the biphenylene dimer (the 10
dark rings in Figure 3b are from the contribution of the
surrounding Br adatoms). Because the STS signal at the
negative bias was not as strong as the positive one, we further
obtained constant-height dI/dV maps at different negative bias
voltages, as shown in Figure S5. The dI/dV map obtained at
—1.7 V nicely matched the simulation. Instead, the HOMO
signal became less prominent as the bias voltage was ramped
toward the in-gap values. This was shown, e.g., with bias values
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Figure 4. (a) Optimized configurations of the reaction evolution of TBBP to biphenylene dimer on Ag(111). The energy values shown in each
structure are calculated with eq S3 as shown in the Supporting Information, where the total energy of a TBBP monomer adsorbate is taken as a
reference for the comparison between the different adsorbates. (b) Energy diagram of the initial debromination reaction of TBBP on Ag(111). The
initial state, transition state, and final state are denoted as IS, TS, and ES, respectively. The structure model of TBBP is shown in the upper right
corner, in which four bromine atoms are marked by dashed red circles. The total energy of the initial state is taken as a reference (set as 0). Color

code: C, black; Ag, gray; H, pink; Br, brown.

of —1.4 and —1.2 V, which showed a decreasing contribution
from the HOMO and rather mirrored the molecular structure
and the associated modifications of the tip—sample trans-
mission function as the probe was scanned at constant height
above the molecule. This evolution of the conductance signal
confirmed that the dI/dV signal at —1.7 V corresponded to the
HOMO of the biphenylene dimer. On the basis of this, the
band gap of the biphenylene dimer adsorbed on Ag(111) was
2.9 eV, which was larger than that of the biphenylene ribbon
(2.35 eV on Au(111)), as reported by Fan et al,** due to its
smaller size. The relatively large bandgap was presumably
attributed to the relatively large electronic localization on the
phenyl groups (weak electronic conjugation between them).
The calculated electronic local density of states (LDOS)
distributions related to the HOMO and LUMO orbitals of the
biphenylene dimer are presented in Figure 3f and g
Accordingly, the HOMO was largely localized in the phenyl
groups, while the LUMO was mostly distributed in the 4-
membered ring and the single bond between two biphenylene
monomers, thus fitting the proposed bond alternation well, as
shown in Figure 2k. The DFT-calculated charge densities of
the HOMO and LUMO of the biphenylene dimer adsorbing
on Ag(111) are presented in Figure S11, and they are very
similar to those in the gas phase as shown in Figure 3f and g,
implying a weak interaction between the biphenylene dimer
and the Ag(111) surface.
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Reaction Pathway Analysis. Next, we focused on the
reaction mechanisms of TBBP and DBBP on Ag(111). The
optimized structures from a DFT-based model for each
reaction step of TBBP are shown in Figure 4a. The details
of these calculations are given in the Supporting Information.

As shown in Figure 4a, the reaction of TBBP was an
exothermic reaction where the energy diagram went downhill
in each reaction step. Notably, the first step was an adsorption-
determined spontaneous process, which was also reflected by
the considerable heat release of 3.96 eV. After full
debromination of TBBP, the intramolecular annulation
reaction of the four-radical biphenyl turned out to be the
most thermodynamically favorable pathway. This was
supported by the fact that the energy of Ag—biphenyl complex,
as another possible structure, was 3.75 eV higher than that of
the biphenylene monomer product on Ag(111), as seen in
Figure S16. In fact, the energy barrier of the intramolecular
annulation of TBBP on Ag(111) should be from the
debromination reaction of TBBP. As shown in Figure 4b,
two Br atoms on the same benzene ring (either sites 1 and 2 or
sites 3 and 4) preferred dissociating simultaneously with an
energy barrier of 0.72 eV and an exothermic reaction energy of
1.25 eV. This excluded the possibility that the intramolecular
annulation might also occur as long as two bromines
dissociated on the same side (either sites 1 and 3 or sites 2
and 4) of the molecular backbone (instead of full
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debromination). Detailed descriptions of these calculations are
shown in Figure S1S5. The following steps were the
conventional planarization of the biradical biphenylene
monomer with the help of Ag adatoms and the subsequent
Ullmann coupling by thermal treatments, finally forming the
biphenylene dimer.

In contrast, for the reaction of DBBP on Ag(111), the
reaction was an Ullmann coupling followed by the cyclo-
dehydrogenation, forming dibenzo[e,!/]pyrene (Scheme 1). It
was obvious that the difference between the two reactions
(TBBP and DBBP) on Ag(111) originated from different
molecular adsorption configurations. Different from the
spontaneous annulation of TBBP, in the case of DBBP, both
the Ag surface and the Ag adatoms were adequate to stabilize
the biradical biphenyl, resulting in the formation of an
organometallic dimer with 4-fold C—Ag bonds (Figure S19).
It is known that Ullmann coupling has a very low reaction
barrier after the removal of interstitial Ag atoms from an
organometallic intermediate;>’™>? thus, the formation of
dibenzo[e,/]pyrene was expected. Each reaction step of
DBBP on Ag(lll) was an exothermic reaction, as seen in
Figure S19.

It is worth noting that the intramolecular annulation
reaction of biradical biphenyl should be possible after the
removal of Ag atoms from the organometallic dimer. However,
a much higher temperature was needed for the intramolecular
annulation of the biradical biphenyl. For example, in the work
of Kawai et al,, intramolecular annulation to form 4, as shown
in Figure 2j, could be achieved only at temperatures higher
than 406 K.** The energy barrier of intramolecular annulation
of the biradical biphenyl thus should be higher than that of the
Ullmann coupling between radicals (usually <1 eV; demetal-
lization was normally the rate-determining step of the Ullmann
reaction on surfaces),”*? which related to the planarization of
the molecule on the Ag(111) surface. The relatively high
barrier of intramolecular annulation of DBBP on Ag(111) was
also supported by the experimental results. First of all,
annealing of DBBP on Ag(111) at 450 K led to the formation
of only dibenzo[e,!/]pyrene, and no biphenylene products were
observed. However, one could argue that the self-assembly
template effect of an organometallic dimer island might
enhance the Ullmann coupling, which took place through a
molecular transition and prohibited the intramolecular
annulation that occurred by molecular rotation.”*® Therefore,
we performed control experiments by depositing DBBP
molecules on the hot Ag(111) surfaces to avoid the self-
assembly template effects. The results showed that the
products were still almost 100% dibenzo[e,/]pyrene by 450 K
hot deposition (Figure S6). The biphenylene monomer from
the intramolecular annulation could appear as a very minor
byproduct only when the deposition was employed on a hotter
sample (550 K), together with some other byproducts (Figure
S7). This was because the deposition on a very hot sample
could normally overcome some high reaction barriers.”*"**
Nevertheless, the total yield of these byproducts was <10% and
dibenzo[e,!/]pyrene still dominated, thus supporting the point
that the energy barrier of the Ullmann coupling of DBBP on
Ag(111) was much lower as compared to that of intra-
molecular annulation.

In short, the main reason for the different reaction pathways
of TBBP and DBBP on Ag(111) was their different
chemisorption configurations. The four-radical biphenyl
required a spontaneous intramolecular annulation to lower
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the overall energy. In sharp contrast, the biradical biphenyl
could be easily stabilized by the surface adatoms. In addition,
intramolecular annulation of DBBP was less favored than the
competing Ullmann coupling, thus leading to its completely
different reaction selectivity on Ag(111) as compared to
TBBP. To investigate the generality of the chemisorption-
induced reaction selectivity of TBBP on metal surfaces, we
further studied the reaction of TBBP on the Ag(100) surface.
Biphenylene dimers were also selectively obtained on Ag(100)
by undergoing an organometallic intermediate state, identical
to the reaction pathway of TBBP on Ag(111), as shown in
Figure S8.

B CONCLUSIONS

In summary, biphenylene dimers are selectively synthesized on
a Ag(111) surface with a high yield, starting from TBBP. Using
BR-STM and STS, we demonstrate that the radialene rather
than a cyclobutadiene structure is preferred in the biphenylene
dimer. The high selectivity toward a biphenylene dimer is
attributed to the special adsorption configuration of TBBP on
Ag(111). After debromination, the four-radical biphenyl
cannot be stabilized simply with the help of surface atoms
and instead undergoes an intramolecular annulation reaction
and finally forms a biphenylene dimer via intermolecular
Ullmann coupling. In contrast, the biradical biphenyl from the
debrominations of DBBP can be efliciently stabilized by
surface Ag adatoms, forming an organometallic dimer. This
organometallic intermediate subsequently reacts into dibenzo-
[e,/]pyrene via Ullmann coupling. Control experiments
demonstrate that the energy barrier of intramolecular
annulation reaction is higher than that of the Ullmann
coupling reaction for the biradical biphenyl on Ag(111). The
different adsorption configurations on Ag(111) lead to
different reaction pathways for the two structurally similar
adsorbates. We believe this work can invoke scientists’ interests
because it serves as an example of how one can control the
reaction selectivity for a given adsorbate by tuning its
adsorption behavior.

More interestingly, on the basis of STS and the combined
HOMA, NICS, and ACIDS analyses, we provide comprehen-
sive interpretations toward the antiaromaticities of 4- and 8-
membered rings that contain 4n electrons. In addition, because
of the bond-confinement caused by the existence of the 4-
membered ring, the aromaticity of phenyl is significantly
reduced. The bond-confinement effect revealed here could be
potentially employed for other graphene-based and non-
benzenoid carbon structures, tuning the electronic properties
and chemical reactivity of these materials.
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