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ABSTRACT: On-surface dehalogenative reactions have been promising in the Igpgaction =
construction of nanostructures with diverse morphologies and intriguing electronic | barrier % g\ @
properties, while halogen (X), as the main byproduct, often impedes the formation of s i
extended nanostructures and property characterization, and the reaction usually
requires high C—X activation temperatures, especially on relatively inert Au(111).
Enormous efforts in precursor design, halogen-to-halide conversion, and the
introduction of extrinsic metal atoms have been devoted to either eliminating
dissociated halogens or reducing reaction barriers. However, it is still challenging to
separate halogens from molecular systems while facilitating C—X activation under mild conditions. Herein, a versatile halogen
separation strategy has been developed based on the introduction of extrinsic sodium (Na) into dehalogenative reactions on
Au(111) as model systems that both isolates the dissociated halogens and facilitates the C—Br activation under mild
conditions. Moreover, the combination of scanning tunneling microscopy imaging and density functional theory calculations
reveals the formation of sodium halides (NaX) from halogens in these separation processes as well as the reduction in reaction
temperatures and barriers, demonstrating the versatility of extrinsic sodium as an effective “cleaner” and “dehalogenator” of
surface halogens. Our study demonstrates a valuable strategy to facilitate the on-surface dehalogenative reactions, which will
assist in the precise fabrication of low-dimensional carbon nanostructures.

KEYWORDS: on-surface synthesis, C—Br activation, dehalogenative reaction, scanning tunneling microscopy, density functional theory

n-surface synthesis has shown great promise in followed by desorption,"*~"* which still requires harsh reaction
fabricating low-dimensional nanostructures with conditions (typically high pressure, ie., in the range of 1077
atomic precision for potential molecule-based elec- mbar, and high substrate temperatures)'>'® with possible
tronics, such as graphene nanoribbons and other carbon-based quenching of reactive radicals in the former case and produces
nanostructures. ° Among various on-surface reactions, an 1,4-disilabenzene (C,Si,) linkers (embedded in the molecular
Ullmann-type dehalogenative coupling reaction, as the most structures) in the latter.'” On the other hand, the introduction
widely used one, has successfully constructed carbon of extrinsic metal atoms, e.g,, Cyu,'® Pd,"” Ni,*° and Dy,*" is an
nanostructures with diverse morphologies and intriguing intriguing catalytic approach to lower the reaction temper-

electronic properties.””® Despite the predesigned and well-
controlled reaction manner, dehalogenative coupling reactions
suffer from surrounding halogen obstacles, prohibiting the
construction of extended carbon nanostructures and the
property characterization,”'" as well as high activation
temperatures accompanied by the desorption of precursors
especially on inert Au(111). Accordingly, enormous efforts
have been devoted to the elimination of dissociated halogens
and the reduction of reaction barriers. Precursors with larger
molecular weight were applied to avoid desorption, and Received:  December 22, 2023
samples were generally annealed at high temperatures to Revised:  February 27, 2024
reduce halogens.lo_12 Moreover, converting halogens to Accepted:  March S, 2024
halides with a low adsorption energy is another strategy. Published: March 11, 2024
Specifically, H, and Si have been proved to be effective surface

dehalogenators to form HBr and SiBr, from Br, respectively,

atures of C—Br activation, with dissociated halogens still
remaining and metal atoms strongly embedded in the
organometallic structures. However, it remains a great
challenge to eliminate the negative impacts of halogens,
while facilitating C—Br activation under mild conditions.
Therefore, it is of general interest to develop an alternative
strategy to both activate the C—Br bonds and isolate the

© 2024 American Chemical Society https://doi.org/10.1021/acsnano.3¢12949

v ACS Pu bl ications 9082 ACS Nano 2024, 18, 9082—9091


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoyu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhong+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zewei+Yi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c12949&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12949?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12949?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12949?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12949?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12949?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/12?ref=pdf
https://pubs.acs.org/toc/ancac3/18/12?ref=pdf
https://pubs.acs.org/toc/ancac3/18/12?ref=pdf
https://pubs.acs.org/toc/ancac3/18/12?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c12949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

Scheme 1. Schematic Illustration Showing the Comparison between the Na-Facilitated Halogen Separation Strategy
Demonstrated in This Study and the Conventional Na-Free Dehalogenative Reaction”
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dissociated halogens from target carbon-based nanostructures,
which should be significant for structure construction with
atomic precision and accurate property characterization.

In this study, a halogen separation strategy is developed by
introducing extrinsic sodium (Na) into dehalogenative
reactions on a Au(111) surface, which not only isolates the
intermolecular dissociated halogens but also facilitates the
intramolecular C—Br activation under mild conditions. As a
model system, 4,4'-dibromo-2,2'-diiodo-1,1’-biphenyl
(DBIBP), containing both Br and I substituents, was selected
as the molecular precursor (Scheme 1). By a combination of
high-resolution scanning tunneling microscopy (STM) imag-
ing and density functional theory (DFT) calculations, Na-
induced halogen separation processes on Au(111) have been
visualized and evidenced to lead to the progressive structural
transformation and subsequent construction of Na-interlinked
intermediate structures, followed by further formation of
coupled structures via C—Br activation at room temperature
(RT, ~300 K), which were also accompanied by the formation
of NaX (X = halogen) islands (Scheme 1). In addition, the
universality of this separation strategy was also validated in
both aspects, using a more general molecule, 4,4”-dibromo-
1,1':4',1"-terphenyl (DBTP). Furthermore, DFT calculations
reveal that the reaction barriers for C—Br activation are
generally reduced in the presence of Na, and more importantly,
the combination of Na with halogens (forming NaX) separates
dissociated halogens from the corresponding reaction systems,
resulting in energetically more favorable situations compared
to the Na-free cases. This study provides an effective strategy
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to steer the programmable dehalogenative reactions, which
should benefit the construction of low-dimensional carbon-
based nanostructures.

RESULTS AND DISCUSSION

After deposition of the DBIBP molecule on Au(111) held at
~300 K, large islands composed of H-shaped motifs
(shortened as H-motifs) formed (Figure la). The close-up
STM image (Figure 1b) shows that H-motifs (as depicted by
white contours) are densely aligned in a row surrounded by
inter-row bright dots (indicated by blue circles), which further
expand into molecular islands. In addition, each H-motif is
composed of two bent rods as “legs” connected by a large
bright dot at the center, and each end of the legs is decorated
with a dot. Based on the submolecularly resolved STM image,
an organometallic dimer structure”” with a Au adatom linking
two molecular components via C—Au contacts was calculated.
The DFT-optimized structural model (left and bottom panels
of Figure 1c) shows that two DBIBP molecules are connected
via a Au adatom located in the bay region by forming four C—
Au contacts as a result of deiodination,** while four Br
substituents remain in the termini, in good agreement with the
hierarchical dehalogenation scenario as reported.”*” Accord-
ingly, the STM simulation (right) successfully reproduces the
experimental topography. The small bright dots around the H-
motifs are thus assigned to the dissociated iodine atoms. In this
way, the deiodination took place with the formation of H-
motifs and the generation of free intermolecular halogens,
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Simulation

Figure 1. Gradual iodine separation from self-assembled molecular structures induced by Na on Au(111) at ~300 K. (a, d, f, h) Large-scale
and (b, e, g, i) close-up STM images showing the gradual structural transformation with reduced adjacent iodine atoms, induced by
progressive deposition of Na at ~300 K. The individual H-shaped motifs and iodine atoms are depicted by the white contours and blue
circles, respectively. (c) Top and two side views of the DFT-calculated structural model and corresponding STM simulation (top right) of
the H-motif: C, gray; H, white; Br, brown; Au, yellow. Scanning conditions: V = —1.2 V and I = 0.7 nA. The close-packed directions are
illustrated as white lines in (a). The boundary of the Nal island is highlighted in black dotted lines in (h). The STM images were recorded in
a typical temperature range of 100—150 K.

Figure 2. Construction of Na-interlinked metal—organic intermediate nanostructure by dosing additional Na at ~300 K. (a) Large-scale STM
image of 2D honeycomb metal—organic nanostructure. (b) Close-up STM image partially superimposed with the DFT-optimized molecular
network. Scanning conditions: V= —1.2 V and I = 0.7 nA. The STM images were recorded in a typical temperature range of 100—150 K. (c)
Top and side views of the DFT-calculated model of a Na-interlinked H;Na; motif on Au(111): C, gray; H, white; Br, brown; Na, pink; Au,
yellow. (d) Electrostatic potential map of the H;Na; motif (the substrate was omitted for clarity), where blue and red represent positive and
negative potential regions, respectively. The close-packed directions are indicated in (a).

which provides a model system to verify the feasibility of halogens could be clearly identified. By providing more Na

introducing Na to separate halogens. (see Methods for more details) to the above sample in a
Subsequently, pure Na atoms were dosed to the above controlled manner, further phase transition with decreasing
sample held at ~300 K, leading to an obvious phase transition halogens occurred (Figure 1f), where the stoichiometric ratio
(Figure 1d). From the close-up STM image (Figure le), of halogens/H-motifs varied from ~3:1 (Figure la,b), through
individual H-motifs with decreased numbers of surrounding ~13:6 (Figure 1d,e), to ~1:3 (Figure 1fg). The zoomed-in
9084 https://doi.org/10.1021/acsnano.3¢12949
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Figure 3. Further dehalogenative coupling with the formation of organometallic oligomers and NaX islands induced by Na at ~300 K. (a)
Large-scale and (b) close-up STM images showing the formation of molecular islands composed of H-based organometallic dimers, as
typically depicted by the white contours. (c) DFT-optimized model and (d) simulated STM image of an H-motif on Au(111): C, gray; H,
white; Br, brown; Au, yellow. (e) Large-scale and (f) close-up STM images showing the coexistence of molecular islands consisting of H-
based organometallic oligomers and isolated NaX islands. (g) Magnified STM image showing more details of H-based organometallic
oligomers (depicted by the white contours). (h) High-resolution STM image of an individual H-based chain highlighted in the white
contour. The close-packed directions are indicated in (a). Scanning conditions: V = —1.2 V, I = 0.5 nA, and T = 100—150 K.

STM image (Figure lg) shows that three highlighted
neighboring H-motifs form a chiral triangle mainly via halogen
*%2% surrounded by three halogens at hydrogen-rich
Interestingly, after successive deposition of Na atoms,
the remaining halogens were thoroughly isolated from the
molecular structures (Figure 1h,i), and small patches of H-
motifs formed with molecules in a fuzzy state under scanning
conditions due to the absence of intermolecular stabilizing
halogens and the formation of weak intermolecular interactions
(halogen bonds and C—H--Br interactions)** within H-motifs
(Figure S1). Notably, during the introduction of Na atoms, the
transformation of the assembled structures of H-motifs was
accompanied by this gradual decreasing process of halogens
until their complete isolation to form Nal salt islands (as
shown in Figure 1h and detailed in Figure S2), revealing that
the strong electrostatic interactions between Na and halogen
atoms (i.e, I in this case) was the driving force for the
successful isolation of halogens from molecular structures and
thus the molecular structural evolution.”> Hence, gradual
intermolecular halogen isolation was realized by Na addition,
leading to the separation of released halogens from molecular
structures.

It is known that halogens are able to stabilize molecular
structures via electrostatic interactions, as also shown above,
but are generally obstacles to further coupling processes.'"**
Inspired by our recent studies®”*>*° and previous reports on
extrinsic metal atoms,'®”?' additional Na atoms were
introduced into the above sample to test the possibility of
promoting the dehalogenative reactions. Upon further
deposition of Na at ~300 K, a two-dimensional (2D)
honeycomb network structure was obtained (Figure 2a).
From the close-up STM image, more details of the structure
could be recognized (Figure 2b), where each side of the six-
membered rings consists of an H-motif with less uniform
bright junctions, which are presumably caused by the
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involvement of Na. In addition, the relative positions of
three H-motifs in the Na-interlinked metal—organic clusters
are not exactly the same, indicating different interaction modes
between Na atoms and H-motifs. Based on the typical features
and previous reports,””** the involvement of excess Na in the
assembled structure was proposed, and the corresponding
DFT calculations on the structural models and STM
simulations were performed (Figure S3). Accordingly, these
bright dots at the junctions could be attributed to three, four,
or even more Na atoms”” interacting with Br substituents of H-
motifs in different interaction modes. The model of a typical
H;Na; motif is shown in Figure 2¢, in which each Na interacts
with three Br substituents via electrostatic interactions. The
corresponding network structure was thus tentatively super-
imposed on the zoomed-in STM image (Figure 2b), showing
good agreement with the local part of the network. Moreover,
the electrostatic potential map of the typical H;Na; motif
(Figure 2d) shows that the Na atoms are positively charged,
while negative potential regions exist around the C—Br bond
axes, which rationalizes the electrostatic interactions between
Na atoms and the surrounding Br substituents at the side
position and accords well with a recent report regarding the
interaction between K and three Cl substituents.’”

After the construction of the Na-interlinked metal—organic
nanostructure, such a sample was then kept at ~300 K for
approximately 10 h. Interestingly, islands of a well-ordered,
densely packed nanostructure appeared with no more bright
junctions inside, as shown in the large-scale STM image
(Figure 3a), indicating an apparent phase transition. The
submolecularly resolved STM image (Figure 3b) displays that
the nanostructure is composed of dimers, i.e., the connection
of two H-motifs, as indicated by the white contours. Such
dimers of the same chirality are aligned in one row with those
of the opposite chirality in the adjacent row, forming islands in
an alternating arrangement. A closer inspection reveals that
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Figure 4. Na-induced halogen separation in the DBTP system on Au(111). (a) Schematic illustration showing the Na-facilitated halogen
separation process and the Na-free process indicated by blue and black arrows, respectively. (b, d) Large-scale and (c, e) close-up STM
images showing the structural transformation from (b, c) DBTP self-assembled structures coexisting with residual Br atoms to (d, e) pure
DBTP islands and NaBr islands (separated by the black dotted line) after progressive Na deposition at ~300 K. Inset of (b): the structural
model of DBTP. The individual DBTP molecules are typically depicted by white rod-shaped contours and superimposed with models, and
Br atoms are indicated by blue circles. (f) Large-scale and (g) close-up STM images showing the formation of molecular islands composed of
DBTP-based oligomers, with remaining DBTP molecules and NaBr islands after further deposition of Na and annealing at ~340 K for ~10
h. (h) Large-scale STM image showing the formation of long polyphenylene chains with dissociated interchain Br atoms after annealing the
DBTP-precovered sample at ~500 K for 10 min. Inset: magnified STM image (size: 4 nm X 4 nm) overlaid with the structural model of a
polyphenylene chain. (i) Large-scale and (j) close-up STM images showing the separation of polyphenylene chains and NaBr islands (with
the boundaries highlighted in black dotted lines) after dosing Na at ~300 K. The close-packed directions are indicated in white lines.
Scanning conditions: V = —1.2 V, I = 0.5 nA, and T = 100—150 K.
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two H-motifs are linked together by sharing one dot at the
joint, which could be attributed to the dissociation of two
terminal Br atoms and the addition of a Au adatom.>’ Then,
DEFT calculations on the dimer structure and the correspond-
ing STM simulation were performed (Figure 3c,d), which
successfully reproduced the typical STM morphology. In
addition, the distance of the C—Au—C bond was measured to
be ~3.7 + 0.2 A from the STM image (Figure S4), which is
comparable to those obtained in both the DFT calculations
(4.1 A) and a previous report (3—4 A)* and is too long to be
a covalent C—C bond. It is worth noting that free Au adatoms
are usually not involved in the organometallic intermediates in
the Ullmann-type coupling reactions on Au(111) but are
embedded herein,” which is probably due to the steric
hindrance caused by the staggered adsorption configuration of
such an H-motif (see the side view in Figure lc), similar to
previous reports.’”*" Moreover, the Au adatom located at the
junction of two H-motifs appears to be darker than those at the
center of the H-motif (Figure 3b), suggesting stronger bonding
of the bay-region C,,,;—metal in a tetrabonding mode than that
of a single C,;—metal—C,; one. Meanwhile, the termini of
the other joint sides are lifted away from the surface (Figure
S5), generally resulting in lower activity,"” which rationalizes
the dominance of the single-sided coupling. Therefore, with
the assistance of excess Na, C—Br activation was validated to
be feasible at RT.

Upon deposition of additional Na, these large well-ordered
assembled islands (Figure 3a) were found to further break up
into small molecular islands, and isolated salt islands (labeled
Nal and NaBr) could also be clearly distinguished from these
molecular islands (Figure 3e). The typical close-up STM image
(Figure 3f) provides more details that the molecular islands are
composed of organometallic oligomers with the NaX island
isolated (where I and Br atoms appear as protrusions of
different brightness). A further magnified STM image (Figure
3g) shows that H-based oligomers (as typically indicated by
the white contours) are densely packed in the islands, and each
oligomer is formed by “single-leg” coupled H-motifs through
Au adatoms. In particular, a long chain with multiple H-motifs
is shown in Figure 3h. It is noteworthy that due to the
separation of halogens in the form of NaX islands from
molecular structures, the recovery of herringbone reconstruc-
tions of the Au(111) surface could be clearly observed from
the large-scale STM images (Figure S6 and Figure 3e),
verifying the cleanness of blank areas, which is distinct from
the situation of the halogen-covered samples without the
participation of Na.

Furthermore, to experimentally discriminate the role of Na
in the reaction process, a Na-free control experiment was
carried out (Figure S7). After the sample precovered with H-
motifs was annealed at ~360 K, no change was observed
(Figure S7a). Only when the annealing temperature reached
~390 K did organometallic dimers form, surrounded by
dissociated halogens (Figure S7b). Further increase of the
annealing temperature to ~410 K resulted in the construction
of organometallic oligomers, unfortunately accompanied by the
desorption of most of the molecules (Figure S7c). Con-
sequently, it is concluded that the presence of Na promoted
the dehalogenative coupling of H-motifs without affecting the
product structures and, more importantly, contributed to the
separation of halogens from the molecular structures.

In an attempt to explore the universality of the role of Na in
the dehalogenative reactions, a simplified molecule, DBTP
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(Figure 4a), which has only one type of functional group
(Cuy—Br) as a typical Ullmann-type precursor and, more
importantly, has been extensively reported with a rich database
for direct comparison with our experiments, was selected as a
more general molecular precursor for the model system. After
deposition of DBTP on Au(111) held at ~300 K, large
molecular islands were observed (Figure 4b), consisting of
intact DBTP molecules (depicted by white rod-shaped
contours and superimposed with structural models, as shown
in Figure 4c). Meanwhile, residual Br atoms (depicted by blue
circles), which were deliberately introduced to verify the
feasibility of separating free halogen atoms from this molecular
system, were found to coexist at a DBTP/Br stoichiometric
ratio of ~1:2, providing the opportunity to demonstrate the
role of extrinsic Na in the isolation of intermolecular halogens
in a more general case. Also note that without the introduction
of residual Br atoms, two kinds of self-assembled molecular
structures were obtained after deposition of pure DBTP
molecules onto Au(111) (see Figure S8 and detailed
discussions in the Supporting Information). Accordingly, Na
was gradually dosed to such a “DBTP + Br” sample kept at
~300 K, and separation of pure DBTP islands (with a crossed
self-assembled arrangement, which is identical to that of pure
DBTP molecules upon deposition; see Figure S8) and salt
(NaBr) islands was achieved (Figure 4d). From the close-up
STM image (Figure 4e), it is unambiguously seen that Br
atoms were thoroughly separated from DBTP islands, resulting
in an obvious structural transformation, while the morphology
of individual molecules remained the same. Hence, the Na-
induced separation strategy for intermolecular halogens was
generally validated as effective. Subsequently, more Na atoms
were dosed, the sample was annealed at ~340 K for ~10 h, and
interestingly, two distinct separate structures could be
identified (with the boundary represented by the white dotted
line), coexisting with NaBr islands (Figure 4f). A large number
of islands composed of longer molecular rods appeared, while
halogen-free crossed DBTP islands remained the same (see the
upper right island). The magnified STM image (Figure 4g)
further shows that the newly generated close-packed molecular
structures are attributed to the DBTP-based oligomers,
dominantly C—C coupled dimers and trimers (as depicted
by the light and dark green contours and overlaid with the
corresponding structural models, respectively), indicating the
occurrence of dehalogenative coupling at quite low temper-
atures (~340 K) on Au(111) in the presence of Na atoms in a
general case.

Notably, a Na-free control experiment was also conducted,
where no change was observed under the same condition, and
after further annealing the DBTP-precovered Au(111) sample
at ~420 K for ~10 h, only a small number of dimers appeared
that coassembled with intact ones and were separated by inter-
row Br atoms (Figure S9), distinct from the Na-involved
situation. In addition, long polyphenylene chains with
numerous Br atoms coexisting between the chains (highlighted
by blue circles in the inset) were obtained only after annealing
such a sample at ~500 K for 10 min (Figure 4h). A similar
trick was played again by dosing Na to the sample at ~300 K,
and the polyphenylene chains turned out to be tightly packed
with a decreased interchain distance, while NaBr salt islands
were generated away from the molecular structures (Figure
4ijj), further verifying the feasibility of the intermolecular
halogen separation even from long chains. Note that to further
provide experimental evidence for the formation and assign-
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Figure S. Reaction pathways for the C—Br activation of (a) H-motif and (b) DBTP molecule on Au(111) without (top panels) and with the
assistance of Na (bottom panels), respectively. Structural models and energies of the initial states (IS), final states (FS), and transition states
(TS) along the respective reaction pathways and the coexistence of the target molecule and Na without interaction (IS+Na) are given in

units of eV with respect to the corresponding IS.

ment of Nal and NaBr islands after deposition of pure Na
atoms onto the corresponding dehalogenative systems on
Au(111) (via the separation of dissociated halogen atoms), we
directly deposited the corresponding salts (Nal and NaBr) on
Au(111) and compared their differences in morphologies and
periodicities (Figure S10), which are found to be in good
agreement with each other and with the reported values.
Therefore, the halogen separation strategy by introducing
extrinsic sodium onto Au(111) has been demonstrated in
general cases.

To further reveal the role of Na, the debromination
pathways of both the H-motif and the DBTP molecule were
calculated using the DFT-based transition-state search, as
shown in Figure 5. For the H-motif adsorbed on Au(111), one
“leg” of each side is closer to the substrate due to the steric
hindrance, as can be seen from the side view of the initial state
(IS) in Figure Sa, resulting in easier debromination’” and
consequently formation of “single-leg” coupled products. In
the absence of Na, the energy barrier of debromination was
calculated to be ~1.21 eV, and the debrominated product (FS)
was energetically less stable than the IS by ~0.37 eV, indicating
that the debromination is an endothermic process. Upon the
introduction of Na (cf. the bottom row in Figure Sa), IS+Na
(H-motif) with the Na atom isolated is energetically less
favorable (0.36 eV with respect to IS_Na), until the Na meets
with the H-motif and stays between two Br substituents
(IS_Na, 0 eV) via electrostatic interactions,””** which is also
consistent with the interactions within the honeycomb
structures. With the assistance of Na, the Br atom from the
H-motif is attracted to the Na atom (TS Na) and then
thoroughly bonded to it, and meanwhile, the debrominated H-
motif-based radical directly interacts with the underlying
substrate in a bent-down configuration, similar to the situation
of the Na-free FS. Consequently, the Na-supported debromi-
nation barrier was reduced to 1.00 eV. In addition, the FS_Na
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(H-motif) was calculated to be more stable than IS+Na (H-
motif), yet less stable than IS_Na (H-motif) by ~0.19 eV. It is
also noteworthy that the coexistence of H-based organo-
metallic oligomers or chains and NaX salt islands was
experimentally observed, indicating the diffusion and aggrega-
tion of NaX into islands at RT. Accordingly, we believe that
the energy released in the diffusion and aggregation process of
NaX into salt islands should be high enough to compensate for
the energy deficit in the dehalogenative reactions (obtained by
the reaction-pathway calculations), while such an exothermic
formation process of salt islands could not be properly taken
into account by DFT calculations. More importantly, the
combination of Na with halogens separated free halogen atoms
from the reaction systems, leading to the reaction equilibrium
shift to the coupling side, especially for the reversible Ullmann
reaction on Au(111).** Therefore, the participation of Na
atoms was revealed to facilitate the reaction not only in
reducing the reaction barrier but also in regulating the reaction
equilibrium.

As an extension of a more general case, the debromination
processes of the DBTP molecule both with and without the Na
atom were calculated and are shown in Figure Sb. Similarly, the
Na atom promoted the debromination process by lowering the
reaction barrier from ~1.30 to ~1.10 eV, as well as by
stabilizing the reaction product, confirming the universality of
the halogen separation scenario of Na atoms. Moreover, the
Au(111) surface is a nice balance among catalytic activity,
molecular mobility, and relatively weak adsorption energy for
radicals in C—X activation. The Au—Br and Au—C signals were
observed in XPS experiments with the cleavage of C—Br bonds
as a function of annealing temperatures in several dehaloge-
native systems on Au(111),""*** indicating the important
role of Au(111). At the same time, despite the crucial role of
Au adatoms in on-surface reactions,” ™ the exact role of Au
adatoms is generally difficult to experimentally discriminate on
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Au(111)** as they are always available at or above RT. Thus,
we believe that the Au(111) substrate (including Au adatoms)
should also play an important role in the whole reaction
processes. Nevertheless, with the presence of Au adatoms in all
of the cases shown above, the introduction of Na atoms has
been demonstrated to both isolate the dissociated halogens
and facilitate the C—Br activation under mild conditions
compared to the Na-free cases, confirming it to be the
dominant effect.

Furthermore, considering the three following aspects, (1)
the highly programmable characteristics and wide applications
of Ullmann-type dehalogenative coupling reactions in the field
of on-surface synthesis, (2) the fact that dissociated halogens
chemisorbed on Au(111) usually impede the diffusion of
dehalogenated radicals via a reversible recombination,'"*?
prohibit the generation of longer polymers,** and interfere
with the property characterization,””**** and (3) the
difficulties in both eliminating dissociated halogens and
reducing reaction barriers using the previously reported
strategies, it is of great value to develop an alternative strategy
to overcome these drawbacks and is thus significant for the
atomically precise structural construction and accurate
property characterization.

CONCLUSIONS

In conclusion, we have successfully developed a halogen
separation strategy for dehalogenative reactions on Au(111) by
introducing extrinsic Na atoms into molecular systems and
demonstrated its versatility in both intermolecular halogen
isolation and facilitation of intramolecular C—Br activation.
Based on the model systems of the DBIBP molecule and the
more general DBTP molecule, the combination of STM
imaging and DFT calculations has experimentally and
theoretically verified that this strategy is able to isolate free
halogens by forming NaX islands and to promote the C—Br
activation by lowering the reaction temperatures/barriers as
well as by separating dissociated halogens from the reaction
systems. Thus, Na-induced C—Br activation is feasible under
mild conditions. Such an effective halogen separation strategy
should be promising in reducing the influence of halogen
byproducts and significant for dehalogenation-based pro-
grammed structure construction and accurate property
characterization.

METHODS

The STM experiments were performed in an ultrahigh-vacuum
(UHV) chamber with a base pressure of 1 X 107'° mbar equipsped
with a variable-temperature “Aarhus-type” STM from SPECS.*”*!
The Au(111) substrate was cleaned by Ar'-ion sputtering and
annealing at ~800 K for repeated cycles. Two separate homemade
molecular evaporators were used for the sample preparation. After
thorough degassing, the DBIBP and DBTP molecules (purchased
from Bidepharm and Adamas, with purities greater than 95% and
98%, respectively) were evaporated by thermal sublimation at ~34S
and ~447 K, respectively, onto a clean Au(111) substrate held at
room temperature (RT, ~300 K). The pure sodium (Na, from SAES
Getters) was dosed through conventional resistance heating of a wire-
type Na dispenser after complete degassing. The amount of Na was
calibrated and defined by applying a constant current (~6.5 A) for a
time interval of 1.5 min once, and more Na was introduced by
gradually increasing the number of deposition times. The sodium
halides (Nal and NaBr, purchased from Sigma-Aldrich, with a purity
greater than 99%) were also evaporated by thermal sublimation. The
sample was thereafter transferred within the UHV chamber to the
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STM head for scanning. Typical scanning conditions: V= —1.2 V and
I = 0.5-0.8 nA. All the STM images were recorded in a typical
temperature range of 100—150 K and were further smoothed to
eliminate noises.

The calculations were performed in the framework of DFT by
using the Vienna ab initio simulation package (VASP).**** The
projector-augmented wave method was used to describe the
interaction between ions and electrons.’**> The Perdew—Burke—
Ernzerhof generalized gradient approximation exchange-correlation
functional was employed,®® and van der Waals interactions were
included using the dispersion-corrected DFT-D3 method of
Grimme.”” The atomic structures were relaxed using the conjugate
gradient algorithm scheme as implemented in the VASP code until
the forces on all unconstrained atoms were <0.03 eV/A. Plane waves
were used as a basis set with an energy cutoff of 400 eV. The
simulated STM images were obtained by using the Tersoff—Hamann
method,”® in which the local density of states (LDOS) is used to
approximate the tunneling current. The Au(111) substrates were
modeled by a three-layered slab separated by an ~15 A vacuum
region for the structural models, where the bottom layer was fixed.
Transition states were searched by the climbing image nudged elastic
band (CI-NEB)*’ and dimer methods,** and all the local minima and
saddle points were optimized until the forces on all unconstrained
atoms were <0.03 eV/A.
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