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We have computationally studied the formation mechanism of the
biphenylene network via the intermolecular HF zipping, as well as
identified key intermediates experimentally, on the Au(111) surface.
We elucidate that the zipping process consists of a series of
defluorinations, dehydrogenations, and C—C coupling reactions.
The Au substrate not only serves as the active site for defluorination
and dehydrogenation, but also forms C—Au bonds that stabilize the
defluorinated and dehydrogenated phenylene radicals, leading to
“standing” benzyne groups. Despite that the C-C coupling
between the “standing” benzyne groups is identified as the rate-
limiting step, the limiting barrier can be reduced by the adjacent
chemisorbed benzyne groups. The theoretically proposed mechanism
is further supported by scanning tunneling microscopy experiments,
in which the key intermediate state containing chemisorbed benzyne
groups can be observed. This study provides a comprehensive under-
standing towards the on-surface intermolecular HF zipping, antici-
pated to be instructive for its future applications.
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New concepts

On-surface synthesis has presented a range of pioneering achievements
for creating atomically precise low-dimensional carbon-based materials.
Intermolecular HF zipping represents a conceptually new approach for
fabricating nonbenzenoid carbon allotropes and was recently used to
realize the two-dimensional biphenylene network on Au(111) (Q. Fan,
et al., Science, 2021, 372, 852-856). However, the further application of
this approach is hindered by the lack of insights of the formation
mechanism. Here, by computationally analyzing the thermodynamics
and reaction kinetics of the intermolecular HF zipping, we have demon-
strated that the formation of the biphenylene network follows a novel
intra-polymer mechanism consisting of defluorination, dehydrogenation,
and C-C coupling stages. Our theoretical calculations have shown that
the chemisorbed phenylene group on the surface serves as both the key
intermediate states and facilitates subsequent C-C couplings, making the
mechanism conceptually different from most other cascade reactions on
surfaces. Importantly, we also present experimental support for such
intermediate structures, by imaging chemisorbed phenylenes by scan-
ning probe microscopy. Our work that
intermolecular HF zipping can be a powerful means for the design of

shows the on-surface

new carbon allotropes and complements the toolbox of on-surface
synthesis.

Introduction

The fascinating properties of carbon allotropes, such as carbon
nanotubes and graphene, have ignited the interests for the
rational design of carbon-based nanostructures built from sp, sp?,
and sp® hybridized carbon atoms."™ The current progress for the
synthesis of low-dimensional carbon materials by rational surface-
assisted C-C coupling on metal surfaces or metal oxides has
initiated the era of designing carbon allotropes with atomic
precision.”” Such bottom-up approach has become a powerful
methodology for the fabrication low-dimensional functional mate-
rials such as 2D covalent organic frameworks and graphene
nanoribbons.*” In general, it consists of two main steps: (i) the
design and synthesis of molecular building blocks, and (ii) ther-
mally triggered transformation of precursors to target structure via
C~C coupling.*® Generally, the quality of the target carbon nano
structure is determined by different factors such as appropriate

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-3835-2776
https://orcid.org/0000-0001-5579-2568
https://orcid.org/0000-0002-1345-0006
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nh00528j&domain=pdf&date_stamp=2023-01-10
https://doi.org/10.1039/d2nh00528j
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nh00528j
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH008003

Open Access Article. Published on 03 January 2023. Downloaded on 4/13/2026 3:52:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

molecular building blocks, choice of surface, coverage of molecules,
and temperature. More importantly, the transformation from
building blocks to desired carbon structures should be per-
formed with exceptionally high efficiency and selectivity so that
the polymers can be confined in the desired dimensions."’

Extensive efforts have been made, demonstrating a plethora
of various reactions, to construct C-C bonds, triggered on
different single-crystal metal or metal oxide surfaces. Up to
now, the studied reactions comprise of Ullmann-coupling,""
homo-coupling of terminal alkynes,"”> decarboxylative
polymerization,"® oligomerization of heterocyclic carbenes,"
dehydrogenative homocoupling,> cyclodehydrogenation,®
cyclodehydrofluorination,”” etc. These studies have demon-
strated that both intermolecular and intramolecular reactions
can be achieved via on-surface synthesis, and explored the
possibility of fabricating large organic molecules in a controlled
manner.'>'® In addition, density functional theory (DFT) cal-
culations offer a strong tool for elucidating the mechanisms for
various reactions, providing comprehensive understandings of
the on-surface synthesis."®™*

Recently, a new methodology for the rational synthesis of
extended sp” carbon systems via intramolecular HF zipping has been
developed.”* Nevertheless, the products of such approach have been
limited into purely hexagonal net,”>*” while the formation of regular
carbon nets with non-hexagons still remains challenging.”**® In this
regard, the development of intermolecular HF zipping is facilitating
the fabrication of ordered non-benzenoid carbon allotropes. Fan
et al. have synthesized two-dimensional biphenylene networks (BPN)
with periodically arranged four-, six-, and eight-membered rings with
atomic precision and high selectivity.** The ultra-flat network is
achieved by the intermolecular HF zipping between self-assembled
poly(2,5-difluoro-para-phenylene) (PFPP) chains on the Au(111)
surface after annealing to 700 K.** The experimental observation
and further theoretical investigations have demonstrated that the
BPN exhibits uncommon metallic conduction, which is of great
value in the development of carbon-based electronic materials.**
Despite the experimental success, the underlying mechanism for the
intermolecular HF zipping still remains unclear. Therefore, a com-
plete theoretical understanding of the intermolecular HF zipping
on the Au(111) surface is crucial for the rational design of new on-
surface synthesis protocols making use of such reactions.

Herein, we present a detailed analysis of the intermolecular
HF zipping by density functional theory (DFT) calculations.
The PFPP chains represented by oligomers consisting of four
phenylene groups are employed as the precursor (I in Fig. 1a).
The reaction steps of HF zipping reaction between two pre-
cursors are investigated via electronic structure theory-based
transition state calculations, in which the formation of the first
two four-membered carbon rings (I-III in Fig. 1a) is considered.
By exploring a range of possible reaction pathways, we identified
that the intermolecular HF zipping exhibits an ‘“‘intra-polymer”
mechanism, in which the defluorination and the dehydrogena-
tion at the same phenylene group take place successively and are
followed up by C-C couplings. The defluorinated and dehydro-
genated phenylene group form C-Au bonds with the surface,
resulting in the “standing” benzyne group. Such chemisorption
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Fig. 1 (a) Schematic illustration of the first four HF zipping reactions.
(b) The stepwise energy profile of interchain HF zipping reactions on the
Au(111) surface.

configuration can effectively reduce the barrier of the following
C-C coupling step, resulting in the formation of the four-
membered rings. Importantly, the chemisorbed precursors with
standing benzyne groups are not only identified by theoretical
calculations but also observed by corroborating Scanning Tun-
nelling Microscopy (STM) experiments.

Results and discussion

The intermolecular HF zipping reaction, between poly-difluoro-
phenylene on Au(111), involves multiple dehydrofluorination
steps and requires high temperatures (600 K to 700 K) to be
triggered experimentally.®® In order to reduce the complexity of
the system without compromising the integrity of the pathway,
we model the intermolecular HF zipping using oligomers
consisting of four difluorophenylene groups (valence bond
structure I, Fig. 1a). To obtain a holistic knowledge of the
reaction mechanism, we firstly investigate thermodynamic
properties of each dehydrofluorination step. The intermolecular
HF zipping is initiated from the physisorbed molecular precursors
I. The lateral condensation starting from I therefore includes eight
dehydrofluorinations, leading to the formation of four four-
membered and three eight-membered carbon rings, together with
eight HF molecules. At each step, the relative energy (AE,) is
calculated by

AE,=E, — Ey — n X Eyg(g) (1)

in which E,, E,, and Egr refer to the total energy of the state
after n steps of HF zipping, the total energy of the initial state,
and the total energy of an HF molecule in gas phase, respec-
tively. The integer n is the number of abstracted HF molecules.
As shown in Fig. 1b, the intermolecular HF zipping reactions
are highly endothermic at 0 K, in which the final state is 4.55 eV
higher than the initial state.
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Nevertheless, the dehydrofluorination steps are predicted to
be thermodynamically favored (ie., the Gibbs reaction free
energy is negative) under the experimental conditions (T =
700 K and p = 1 x 10~ '° mbar),®® in which the entropy of each
generated HF molecule will contribute significantly with —3.25 eV
to the free energy of each step (eqn (S6), ESIf), making the
endothermic reaction highly exergonic (Fig. S1, ESIf).”" Such
significant change of the reaction energy indicates that it is the
reaction kinetics that is vital in each dehydrofluorination step and
what hampers the reaction from proceeding at lower temperature.
Furthermore, the stepwise energy profile suggests that the HF
zipping reactions can be categorized into two types: scenario
(i) the HF zipping at the terminal phenyl groups (n = 1, 2, 7, 8),
in which each HF elimination reaction is endothermic, and
scenario (ii) the HF zipping at the phenylene groups in the middle
of molecular chains (n = 3, 4, 5, 6), in which the HF elimination
exhibits endothermic characteristic when n is odd while the
reaction is exothermic when 7 is an even number. The appropri-
ateness of the model system has been verified by employing a
molecular precursor consisting of six difluorophenylene groups.
By comparing stepwise energy profiles (Fig. 1b and Fig. S2, ESIt)
for different precursors, the reaction energies for the formation of
first 2 four-membered rings exhibit good numerical convergence
(1.84 eV vs. 1.92 eV at n = 2, and 3.03 eV vs. 3.12 eV at n = 4 for
4-ring precursor and 6-ring precursor, respectively). Therefore, the
4-ring precursor (I in Fig. 1a) is expected to model the formation
of the two first four-membered rings of the biphenylene network
accurately. The second four-membered ring formation for the
4-ring precursor mimics the behavior of the corresponding reac-
tion between central units of the 6-ring precursor well and is
expected to describe the reaction mechanism relevant for the real
polymer system. For these reasons, investigations of the reaction
mechanism are focused on the first 4 HF zipping steps, consisting
of the formation of four-membered ring at terminal phenyl group
(I to II, corresponding to the scenario (i) and at phenylene bridge
in the middle of precursors (II to I, corresponding to the
scenario (ii)).

Generally, one HF zipping reaction consists of the elimination
of the HF molecule and the C-C coupling. The first question to
answer is which reaction step takes place first. The physisorbed
configuration of the precursor provides three alternatives to
trigger the HF zipping, namely, concerted HF elimination and
C-C coupling, dehydrogenation, and defluorination. However, our
calculations have shown that the concerted pathway exhibits high
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energy barriers (larger than 4 eV, see Fig. S3, ESIt), while activa-
tion energies for the dehydrogenation and defluorination are
significantly lower. In addition, the activation energy for the
defluorination is 0.37 eV lower than that of the dehydrogenation
(2.14 eV for defluorination vs. 2.51 eV for dehydrogenation,
Fig. S4, ESIt). Therefore, the Au surface-catalyzed defluorination
is identified as the first step of HF zipping reactions.

Fig. 2 summarizes the most favored mechanism for the
formation of the 1st four-membered ring. As seen, two main
stages are included in the pathway: the surface-catalyzed
defluorinations and dehydrogenations (S0-S4), and the C-C
coupling between chemisorbed precursors (S4-S5b). Detailed
reaction pathways for the first stage (S0-S4) are depicted in
Fig. 3, in which two defluorinations and two dehydrogenations
are incorporated. Unlike the polarized C-F bond created by the
y-alumina catalyst,® the C-F bond at the terminal phenyl group
is completely activated with an energy barrier of 2.14 eV,
resulting in the chemisorption of the defluorinated precursor
on the Au(111) surface (S0-S1). Starting from S1, the HF elimina-
tion can be achieved by two mechanisms, namely, inter-polymer
mechanism (the 1st HF is formed after the intermolecular C-C
coupling) and the intra-polymer mechanism (the 1st HF is formed
within the same precursor). The former mechanism has been
proposed for the cyclodehydrofluorination on metal oxides, in
which the C-F bond is catalyzed by metal atoms allowing the
Friedel-Crafts-like arylation simultaneously.*® However, the inter-
molecular C-C coupling starting from S1 is not favored due to the
relatively high energy barrier of 1.86 eV (Fig. S6, ESIT). Such high
barrier can be ascribed to strong C-Au interactions which prohibit
the C-C coupling.®* Furthermore, the activation energy for the
dehydrogenation in the intra-polymer mechanism is found to be
significantly reduced due to the close proximity of the C-H bond
to the surface.>® As shown in Fig. 3, the C-H activation exhibits
a smaller barrier than that of the defluorination in the first
step (Ersy — Es1 = 1.59 €V < Erg; — Ego = 2.14 €V). Such low C-H
activation energy indicates that the defluorination and dehydro-
genation at the same phenyl/phenylene group will always take
place consecutively. Therefore, not only the intermolecular
mechanism (Fig. S5-S7, ESIf) can be excluded, but also the
further reactions can be predicted. Starting from S2, similar
reactions can be identified for the second precursor molecule,
in which defluorination and dehydrogenation take place sequen-
tially (S2-S4) with all energy barriers lower than the first defluor-
ination step. Accordingly, both precursors are chemisorbed on the
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Fig. 2 Mechanism of the formation of the 1st four-membered carbon ring. The valence structures are labeled consistently with the calculated reaction

pathway.
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Fig. 3 Reaction mechanism of the first four steps of the HF zipping reactions (S0—-S4). (a) Valence bond structures for each intermediate state. (b) The
reaction pathway and (c) the corresponding energy profile. Definition of energies is given in egn (S3) (see ESIT). The C, H, F, and Au atoms are represented
by the gray, white, green, and yellow circles, respectively.

Fig. 4 Reaction mechanism of C-C coupling steps for the formation of the 1st four-membered ring (from S4-S5b). (a) The valence bond structure of
each intermediate states. (b) and (c) are the reaction pathway and the energy profile, respectively. Definition of energies are given in egn (S3) (see ESI¥).
The C, H, F, and Au atoms are represented by the gray, white, green, and yellow circles, respectively.
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Au surface with standing benzyne rings, together with 2 HF
molecule released. It is noted that the benzyne-like groups
generated by C-F/C-H activations can directly achieve homo-
coupling to form four-membered rings, which is known as
the benzyne mechanism in organic chemistry.*® However, the
benzyne-like groups exhibit strong interactions with the surface
by forming C-Au bonds, resulting in chemisorbed phenylene
groups ($4). Such molecule-surface interactions agree well with
the experimental observation of C-Au bonds by X-ray photoelec-
tron spectroscopy (XPS).*° As a result, the existence of chemi-
sorbed phenylene groups indicates that the benzyne mechanism
is merged with the intra-polymer mechanism.

The formation of the four-membered ring starting from S4 is
shown in Fig. 4. As seen, two intermolecular C-C bonds are
formed consecutively. The first C-C coupling (S4-S5a) exhibits
a barrier of 1.52 eV, resulting in one C-C bond while the other C
atoms remain chemisorbed. The four-membered ring is fina-
lized by the second C-C coupling with a barrier of 0.97 eV. Note
that neither of the C-C coupling barriers exceed the C-F
activation energy (2.14 eV), i.e. the formation of the 1st four-
membered ring can be expected once the first defluorination
has proceeded. It is noted that the formation of the six-
membered ring can be initiated at the S4 simultaneously.
However, the C-C coupling steps for the formation of a six-
membered ring exhibit higher activation energies than the for-
mation of a four-membered rings (1.93 eV for a six-membered
ring and 1.52 eV for a four-membered ring, see Fig. S8, ESIT). This
is probably due to the strong twist needed to make a six-
membered ring, which is anticipated to be even more difficult
between central units of the PFFP chains. Furthermore, following
the formation of the first four-membered ring the positions of the
PFPP chains will be locked with respect to each other favoring
the further formation of four- and eight-membered rings. Conse-
quently, the formation of the BPN is preferred over graphene,
agreeing well with experiments.*

As previously shown, the formation of the four-membered
ring at the phenylene groups in the middle of molecular chains
possesses different thermodynamic characteristics compared to
that at the terminal phenyl rings. To be specific, the 3rd C-C
coupling is an endothermic reaction while the 4th C-C coupling
is exothermic at 0 K, indicating that it is presumably easier
to form the 2nd four-membered ring. However, the reaction
pathway shows that the reaction is kinetically restricted. The
most favored reaction pathway for the formation of the 2nd four-
membered ring is summarized in Fig. 5, including four stages
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(S5b-S12). The first stage (S5b-S8) follows the same mechanism
of the 1st four-membered ring formation, in which the defluori-
nation and the dehydrogenation proceed successively at the
same phenylene group. As shown in Fig. 6, the reaction initiates
at S5b, in which two precursors are connected via the 1st four-
membered ring. In order to achieve the close proximity of the
target C-F bond to the surface, an extra rotation step of the
phenylene group is required (S5b-S6). Starting from S6, the C-F
bond scission can be catalyzed by the surface Au atom, generating
a phenylene radical stabilized by the C-Au bond (S7). Although
two steps are included, the overall barrier for the defluorination
(S5b-S7) is similar to other defluorination steps (2.02 eV). Such
barrier indicates that the non-planar geometry of phenylene
groups will not significantly influence the activity of defluorina-
tions. In addition, the chemisorption in S7 promotes reaction
activity of the following dehydrogenation, leading to a low C-H
activation energy of 1.29 eV (S7 and S8). Furthermore, the
possibility of the C-C coupling directly after S7, following the
inter-polymer mechanism, has been investigated (summarized in
Fig. S9-S11, ESIt). However, such mechanism can be effectively
prohibited due to the relatively high barrier of the direct C-C
coupling (2.07 eV, Fig. S11, ESIt). Therefore, subsequent steps are
considered starting from the chemisorbed phenylene group (S8).

Starting from S8, it is crucial to clarify whether the for-
mation of the 2nd four-membered ring follows the same
mechanism as that of the 1st four-membered ring, i.e., whether
the defluorination and dehydrogenation take place serially on
the other molecular chain. However, DFT calculations show
that the defluorination on the second precursor molecule
exhibits an activation energy of 2.42 eV, which is higher than
all the other defluorination steps (Fig. S12, ESIt). Furthermore,
the consecutive dehydrogenation possesses a barrier of 1.89 eV,
which is about 0.5 eV higher than other dehydrogenations.
Such high activation energies can be ascribed to the mismatch
between the phenylene group and the Au surface. Generally, the
stoichiometry between the metal active sites and target C-F/
C-H bond is 1:1, ie., one metal atom can only catalyze one
C-F/C-H bond.*” However, due to the rigidity of the 1st four-
membered ring, only one surface Au atom can serve as the
active site for both the defluorination (S8-S9’) and dehydro-
genation ($9’-S10). As a result, the defluorination and dehy-
drogenation possess higher energy barriers. In addition, the
standing benzyne group generated by defluorination and dehy-
drogenation prefers to form two C-Au bonds with separate
surface Au atoms (e.g., S4 and $8) in a “di-” manner.*®

S11

S12

Fig. 5 Schematic mechanism of the formation of the 2nd four-membered carbon ring. Valence structures are labeled consistently with the calculated

reaction pathway.
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Fig. 6 Reaction mechanism of the formation of the 2nd four-membered ring (S5b—S8). (a) The valence bond structures for each intermediate state.
Note that two precursors are now connected by the 1st four-membered ring, which is simplified to “R—R". (b) The reaction pathway and (c) the energy
profile for the defluorination and dehydrogenation reactions. Definition of energies is given in egn (S3) (see ESIt). The C, H, F, and Au atoms are

represented by the gray, white, green, and yellow circles, respectively.

However, such configuration leads to this benzyne group
rotating further from the other molecule (S10’), providing
additional steric hindrance. Therefore, a more difficult C-C
coupling step with a barrier as high as 2.64 eV is identified
(S10-S11’), indicating that such pathway is unlikely to take
place on the Au(111) surface.

Alternatively, the defluorination can be proceeded on the same
precursor with the chemisorbed standing benzyne group. Fig. 7
depicts the final four steps of the formation of the 2nd four-
membered ring. As seen, the continued defluorination (S8 and S9)
and dehydrogenation (S9 and $10) on the same precursor molecule
exhibit lower activation energies than those on the other precursor

Fig. 7 Reaction mechanism of the last four steps in the formation of the 2nd four-membered carbon ring (S8-512). (a) The valence bond structures of
each intermediate states. (b) The reaction pathway and (c) the corresponding energy profile. Definition of energies are given in egn (S3) (see ESIT). The C,
H, F, and Au atoms are represented by the gray, white, green, and yellow circles, respectively.
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molecule (2.06 eV vs. 2.42 eV and 1.60 eV vs. 1.89 eV). Passing
through TS10, two phenylene groups in the same precursor form
C-Au bonds in the “di-c” configuration while the phenylene
groups in the other precursor molecule remain unchanged (S10).
The C-C coupling between one chemisorbed benzyne and the
pristine phenylene can proceed in succession, leading to the
formation of a four-membered carbon ring with H and F attached
(S10 and S11). Taking into account that the C-C coupling between
two standing benzyne groups require an energy barrier of 2.64 eV
(S10’ and S11’ in Fig. S12, ESIT), the coupling between one benzyne
group and one pristine group is more likely (Ers;1 — Eg1p = 2.41 €V).
Such decreased barrier suggests that the adjacent chemisorbed
benzyne group can effectively increase the activity of C-C coupling.
In addition, the coupling step (S10 and $11) is also identified as the
rate-limiting step as it exhibits the highest energy barrier in the
overall intra-polymer mechanism. After the formation of the four-
membered carbon ring, the dehydrofluorination (S11 and $12) can
be proceeded with a relatively small activation energy (1.63 eV).
This concludes the intra-polymer mechanism of HF zipping reac-
tions, in which the building block (S12) containing four-, six-, and
eight-membered rings are generated for the further synthesis of
two-dimensional carbon allotropes.

As a final remark, the convergence of the energy profile has
been investigated to obtain accurate energies. The relative
energies for each intermediate state and corresponding reaction
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energies of each reaction step are summarized in Table S1 (ESIT).
The overall energy profile increases due to the decreasing of the
molecule-surface interactions in denser k-point sampling.
Nevertheless, most reaction steps show good numerical conver-
gence at the 2 x 2 k-point sampling (below 0.1 eV).>** However,
the C-C coupling steps are demonstrated to be sensitive to the
k-point sampling since they result in the most significant change
in molecule-surface interaction (two C-Au bonds break simulta-
neously as C-C bonds form). We therefore also elucidate the
transition states for key C-C coupling steps (S4-S5b and
$10-S11) with 2 x 2 k-point sampling. The energy profiles for
C-C coupling steps show that denser k-point sampling leads to
decreased energy barriers (Fig. S13 and S14, ESIt). In particular,
the rate-limiting step for the formation of the 2nd four-
membered ring is reduced from 2.41 eV to 2.29 eV (Fig. S14,
ESIT). Importantly, this does not influence the selectivity and the
identification of the rate-limiting step, and the energy profile
obtained with I" point sampling are considered adequate to
explain the reaction mechanism. Furthermore, the thermo-
dynamics for rate-limiting steps are investigated by calculating
the Gibbs free energy profiles (eqn S7-S9, ESIt) in order to
investigate the effects of vibrational enthalpy and entropy at
a temperature of 700 K. Our calculations have shown that the
vibrational enthalpy and entropy due to high temperature exhi-
bit limited contribution to the rate-limiting barriers (barriers

140+
120+
100+
80+
60
40+
204

Relative Height (pm)

30 40 50

Distance (nm)

Fig. 8 STM images taken after deposition of a submonolayer of 4,4”-dibromo-2,2’,2”,5,5',5”-hexafluoro-1,1":4',1"-terphenyl onto Au(111) followed by
annealing to (a) 473 K and (b) 600 K. Tunneling parameters: (a) U = —1.8 V,/ = 0.17 nA; (b) U = —0.5V, | = 0.25 nA. (c) and (d) show the apparent height
profiles along the blue and green line in the insets, which are cut out from panel (b) as marked by the blue and green rectangles.

374 | Nanoscale Horiz., 2023, 8, 368-376

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nh00528j

Open Access Article. Published on 03 January 2023. Downloaded on 4/13/2026 3:52:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

decreased around 0.1 eV, see Fig. S15 and S16, ESIt). Thus, the
calculated potential energy profiles are sufficient to understand
the formation mechanism of BPN.

In the proposed intra-polymer mechanism, the C-Au bonds
are inevitably generated after defluorination and dehydrogena-
tion, yielding chemisorbed benzyne groups standing on the
surface. Such bonding characteristics have been previously been
proposed based on XPS measurements.** More importantly, the
intermediate states containing standing benzyne groups are
observed by STM. Fig. 8a shows the formed poly(2,5-difluoro-
para-phenylene) (PFPP) chains with intact C-F groups at 470 K
(corresponding to S0). After annealing of PFPP chains to 600 K,
C-F bonds and C-H bonds are partially activated, resulting in
bright protrusions in the PFPP chains (Fig. 8b). Furthermore,
apparent height profile line-scan shows that the height fluctuation
of the PFPP chain is less than 10 pm, while bright protrusions are
about 80 pm higher than the PFPP chain (Fig. 8c and d). It is worthy
to note that the C-C coupling between chemisorbed benzyne
groups is the rate-limiting step, the intermediate states containing
standing benzyne groups are therefore expected to be stabilized on
the surface. Consequently, the standing benzyne groups can be
observed as bright protrusions as they exhibit higher apparent
height with respect to the rest of the molecular chain, agreeing well
to STM simulations where the standing phenylene groups appear
brighter than the rest of molecular precursors (Fig. S17, ESIT). Such
experimental observations and simulation results corroborate the
reaction mechanism proposed by theoretical calculations.

Conclusions

In conclusion, we have investigated the mechanism for the
intermolecular HF zipping reactions on the Au(111) surface.
The formation of four-membered carbon rings follows the intra-
polymer mechanism, in which the C-F and C-H activations take
place consecutively, followed by the C-C coupling. Of importance,
surface Au atoms not only serve as active sites to catalyze target C-F/
C-H bonds, but also form C-Au bonds with the defluorinated and/
or dehydrogenated phenylene groups, leading to intermediate states
with standing benzyne groups. Such chemisorption configuration
can effectively reduce the C-C coupling barriers, making HF zipping
reactions possible on the surface. Of importance, the reduced C-C
coupling barrier guarantees a higher selectivity of HF zipping
reactions towards the biphenylene network over graphene, in which
the formation of six-membered rings is kinetically suppressed.
Furthermore, our experimental observation confirms the existence
of the standing benzyne groups, validating the proposed intra-
polymer mechanism. The insights provided in the present work
contribute significantly to the understanding of this new on-surface
synthesis approach. We anticipate such mechanism can broaden
the application of on-surface HF zipping and the accelerate the
rational design of low-dimensional carbon allotropes.
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