
Academic Editor: Waldemar

Maniukiewicz

Received: 24 February 2026

Revised: 22 March 2026

Accepted: 30 March 2026

Published: 8 April 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Contrasting Coordination- and Debromination-Driven
Dimerization of Dibenzo[c,g]carbazole Derivatives on Ag(111)
Visualized by STM
Yan Li 1, Xiang Zhang 2, Maoyun Lang 2, Shenwei Chen 2,3 and Peng Hu 2,*

1 Huayou New Energy Technology (Quzhou) Co., Ltd., Quzhou 324012, China
2 State Key Laboratory of Green Chemical Synthesis and Conversion, College of Chemical Engineering,

Zhejiang University of Technology, Hangzhou 310014, China; csw@zjut.edu.cn (S.C.)
3 School of Chemistry, Sun Yat-sen University, Guangzhou 510275, China
* Correspondence: hupchem@zjut.edu.cn

Abstract

Here, we report a comparative scanning tunneling microscopy study of two bromi-
nated dibenzo[c,g]carbazole derivatives on Ag(111): 5,9-dibromo-7H-dibenzo[c,g]carbazole
(DBC) and 5,9,7-tribromo-7-(4-bromobutyl)-7H-dibenzo[c,g]carbazole (BrBu-DBC). At room
temperature (RT), DBC forms ordered paired-row supramolecular assemblies, whereas
annealing to 470 K induces the formation of butterfly-like dimers that further organize
into periodic arrays, consistent with adatom-mediated N–Ag–N coordination. In contrast,
BrBu-DBC shows disordered adsorption at RT but transforms at 490 K into dumbbell-
shaped dimers coupled selectively at the terminal side chains, consistent with C–C linkage
formation. We demonstrate how subtle functional modification modulates the competition
between supramolecular assembly and surface-mediated transformation pathways.

Keywords: scanning tunneling microscopy; coordination assembly; debromination;
carbazole derivatives; hierarchical self-assembly

1. Introduction
Single-crystal metal surfaces such as Au(111), Ag(111), and Cu(111) have emerged

as versatile platforms for surface-confined crystallization, supramolecular engineering,
and low-dimensional molecular construction [1–4]. Beyond serving as inert supports,
these substrates can actively participate in interfacial chemistry: surface atoms and mobile
adatoms may mediate coordination interactions, catalyze bond cleavage and formation,
and thereby steer the transformation of molecular precursors into well-defined prod-
ucts [5–8]. This concept has enabled the development of on-surface synthesis, where target
nanostructures—including graphene nanoribbons and porous covalent frameworks—can
be generated with atomic precision while their reaction pathways are directly interrogated
at the solid–vacuum interface [9].

Among the available characterization techniques, scanning tunneling microscopy
(STM) plays a particularly important role, as it provides real-space access to molecular
adsorption geometries, self-assembled phases, and thermally induced structural evolution
with submolecular resolution [10–18]. Halogenated aromatic molecules have been widely
employed as precursors in such studies, since C–X bond activation may give rise to cova-
lent coupling, organometallic intermediates, or extended coordination networks [19–25].
Importantly, in addition to debromination-driven reaction routes, surface adatoms can
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serve as coordination nodes that stabilize metal–ligand motifs, offering an alternative
building principle for two-dimensional crystalline assemblies [6,8,26]. Understanding how
subtle variations in molecular functionalization determine the competition between these
distinct pathways remains a central challenge for the rational design of surface-supported
molecular crystals [27–29].

In this work, we investigate two closely related dibenzo[c,g]carbazole derivatives
adsorbed on Ag(111): 5,9-dibromo-7H-dibenzo[c,g]carbazole (DBC) and 5,9,7-tribromo-7-(4-
bromobutyl)-7H-dibenzo[c,g]carbazole (BrBu-DBC) (Scheme 1). Although both molecules
share the same carbazole backbone, BrBu-DBC contains an additional flexible bromobutyl
substituent, introducing a distinct functional site compared to the purely aryl-brominated
DBC. By combining STM imaging with controlled thermal activation, we explore how such
subtle structural modification influences the balance between supramolecular organization
and surface-mediated transformation pathways [6,7]. The comparative nature of this study
provides mechanistic insight into how coordination interactions and halogen-triggered
processes can be selectively accessed on metal surfaces [30–32], offering guidance for the
rational design of dimer-based building blocks and hierarchical molecular architectures at
the interface [33,34].

Scheme 1. Schematic illustration of the surface-mediated assembly and dimerization pathways of
DBC and BrBu-DBC on Ag(111).

2. Materials and Methods
All the STM experiments were performed at 78 K with a commercial Createc LT-

STM (Createc Fischer & Co. GmbH, Erlangen, Germany). The base pressure was better
than 1.0 × 10−10 mbar. The tip used in the experiment was a tungsten tip, which was
electrochemically etched in 3 mol/L NaOH solution. STM images were taken in constant-
current mode and all scanning probe images were edited using WSxM software (version 5.0
Develop 10.3) [35]. Atomically clean Ag(111) (from MaTecK GmbH, Jülich, Germany) was
prepared through repeated cycles of argon ion (Ar+) bombardment (0.8 kV for 20 min) and
annealing (750 K for 20 min). The DBC and BrBu-DBC molecules were synthesized in-house
following previously reported procedures [36] and thermally sublimated onto the Ag(111)
surface under a vacuum of ~3 × 10−9 mbar using a commercial molecular evaporator
(Createc OLED-40-1-HL-WKCC-SHP, Createc Fischer & Co. GmbH, Erlangen, Germany).

3. Results and Discussion
DBC molecules were thermally deposited onto the Ag(111) surface at room tempera-

ture (RT), leading to the formation of well-defined ordered molecular islands (Figure 1a).
Individual DBC molecules exhibit a characteristic V-shaped appearance with an anisotropic
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contrast distribution. This distinct molecular signature is consistent with the geometry
of the DBC backbone and is further supported by STM measurements of isolated DBC
molecules on Cu(111), where single adsorbates can be stabilized and display a similar V-like
topographic feature (Figure 1b). Within the ordered adlayers on Ag(111), the V-shaped
DBC molecules preferentially align side by side along a common direction, indicating an
anisotropic intermolecular packing motif on the substrate. High-resolution STM imaging
(Figure 1c) further reveals that the molecular arrangement is highly directional: molecules
within the same row adopt an identical orientation, whereas neighboring rows display an
alternating contrast, suggesting an antiparallel alignment between adjacent molecular rows.
Notably, the assembly exhibits a pronounced paired-row feature, in which two molecular
rows associate as a coupled unit, giving rise to a distinct double-row packing motif across
the adlayer, as highlighted by the white lines. Based on these observations, a structural
model is proposed in Figure 1d. Within each molecular row, the linear arrangement is
tentatively stabilized by directional halogen bonding interactions involving the brominated
sites [37–40]. The measured intermolecular Br· · ·Br separation of approximately 3.1 Å is
consistent with typical halogen-bonding distances, supporting the role of such interactions
in promoting one-dimensional ordering along the row direction [39,41]. In addition, the
characteristic pairing of two adjacent rows can be attributed to complementary N· · ·H–N
interactions between neighboring carbazole units. The extracted N· · ·N distance of about
3.0 Å falls within the characteristic range of hydrogen-bond-like interactions, indicating an
effective inter-row stabilization mechanism.

Figure 1. Supramolecular assembly of DBC at RT. (a) Large-scale STM image showing ordered
molecular islands of DBC on Ag(111). (b) STM image of isolated DBC molecules on Cu(111). (c) High-
resolution STM image revealing the directional paired-row packing motif with antiparallel align-
ment between adjacent rows. (d) Proposed structural model of the double-row assembly. White,
brown, gray, and blue balls represent hydrogen, bromine, carbon, and nitrogen atoms, respectively.
(a) Vs = −1.0 V, It = 100 pA. (b) Vs = −0.6 V, It = 100 pA. (c) Vs = −0.8 V, It = 100 pA.
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In contrast, BrBu-DBC exhibits markedly different adsorption behavior at RT. As
shown in Figure 2, no extended long-range ordered domains are observed; instead, the
molecules form disordered aggregates without a well-defined periodic packing motif. This
lack of structural regularity is likely related to the presence of the flexible bromobutyl
substituent, which introduces additional conformational degrees of freedom and steric
variability upon adsorption [42,43]. The alkyl side chain can adopt multiple conformations
on the surface, leading to heterogeneous adsorption geometries and reducing the ability
of the molecules to pack in a uniform manner. Moreover, the increased steric flexibility
may weaken or disrupt directional intermolecular interactions, such as halogen bonding or
other anisotropic interactions, which are essential for stabilizing ordered supramolecular
assemblies [6]. These results suggest that even minor functional modifications, such as
the introduction of a flexible alkyl bromine, can significantly alter the balance between
molecular packing constraints and surface-confined crystallization at the interface.

 

Figure 2. Adsorption behavior of BrBu-DBC on Ag(111) at RT. (a) Large-area STM image showing
the absence of long-range ordered domains and the formation of disordered aggregates. (b) High-
resolution STM image of a representative local region. White, brown, gray, and blue balls repre-
sent hydrogen, bromine, carbon, and nitrogen atoms, respectively. (a) Vs = −2.0 V, It = 100 pA.
(b) Vs = 1.0 V, It = 100 pA.

As shown in Figure 3a, annealing the DBC/Ag(111) sample to 470 K induces a pro-
nounced structural transformation accompanied by significant dimerization and reorgani-
zation of the molecular adlayer. Compared to the RT phase, the previously observed paired-
row feature disappears completely, indicating that the initial supramolecular packing motif
is no longer preserved upon thermal activation. High-resolution STM imaging (Figure 3b)
reveals the emergence of a new dominant building block with a characteristic butterfly-like
appearance. Hereafter, this motif is referred to as the butterfly dimer (BD). The formation
of such dimers suggests that thermal annealing activates additional surface-mediated inter-
actions beyond the weak halogen- and hydrogen-bonding contacts responsible for the RT
assembly. In halogenated aromatic systems on coinage metal surfaces, annealing is often
associated with C–Br bond activation and the disruption of halogen-bond-stabilized motifs,
thereby enabling the development of new organometallic or coordination structures [19].
Accordingly, the disappearance of the linear row arrangement in the present system is con-
sistent with a thermally driven reorganization process. Interestingly, the resulting adlayer
exhibits a higher degree of hierarchical ordering. Specifically, two parallel molecular rows
are periodically separated by an intercalated row of vertically oriented butterfly dimers, giv-
ing rise to an anisotropic stripe-like superstructure. The corresponding unit cell parameters
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are measured to be approximately a1 = 2.09 nm and b1 = 4.16 nm, with an enclosed angle of
θ1 = 74◦, as indicated in Figure 3b. Moreover, the characteristic central-node feature of the
butterfly dimers suggests the involvement of surface adatoms [8,30]. Based on the struc-
tural dimensions and the presence of nitrogen coordination sites within the carbazole units,
we tentatively attribute the linkage within the dimers to an adatom-mediated N–Ag–N
coordination motif [44]. In this scenario, Ag adatoms serve as coordination nodes bridging
two molecular backbones (Figure 3c). Notably, no extended C–C coupling products are
observed for DBC before annealing at elevated temperatures causes molecular desorption
from the surface. This indicates that coordination interactions in this system are kinetically
more favorable than full debromination-driven C–C coupling, thereby dominating the
reaction pathway at moderate temperatures [45]. For comparison, BrBu-DBC exhibits a
markedly different thermally induced transformation behavior. As shown in Figure 3d,
annealing the BrBu-DBC/Ag(111) system to 490 K results in the formation of well-defined
dumbbell-shaped dimers that further organize into an ordered supramolecular lattice. The
assembled phase is characterized by unit cell parameters of a2 = 2.94 nm, b2 = 1.35 nm,
and an included angle of 56◦, indicating a highly regular packing arrangement of the
coupled species. High-resolution STM images (Figure 3e) demonstrate that two BrBu-DBC
molecules are connected through their terminal side chains, with a measured center-to-
center distance of approximately 1.8 nm. This structural feature strongly indicates that
dimerization occurs selectively at the bromobutyl substituents rather than at the aromatic
core. Therefore, these dumbbell dimers are tentatively attributed to a direct C–C coupling
motif formed via debromination of the alkyl bromine followed by covalent carbon–carbon
bond formation. The structural model overlaid in Figure 3e further supports this assign-
ment, as the experimentally observed intermolecular separation is consistent with a direct
C–C linkage between the terminal carbon sites. Notably, small protrusions highlighted by
circles in Figure 3e are frequently observed in the inter-dimer regions. These features are at-
tributed to residual bromine atoms remaining on the surface after C–Br bond cleavage [46].
During annealing, homolytic scission of the C–Br bonds generates surface-stabilized car-
bon species that subsequently undergo C–C coupling, while the liberated Br atoms are
adsorbed on the Ag(111) surface. Such residual halogen species are commonly observed in
on-surface Ullmann-type reactions and are consistent with the presence of debromination
as the initiating step [47–49]. Additional support for the covalent nature of the junction
is provided by bias-dependent STM measurements (Figure 3f). Upon varying the sample
bias, the contrast at the junction evolves coherently with the molecular backbone rather
than displaying a localized metallic-like feature, consistent with a delocalized electronic
structure characteristic of a covalent C–C bond [47]. Together, these observations confirm
that thermally induced debromination of the bromobutyl substituents leads to selective
C–C bond formation and the subsequent emergence of an ordered dimeric assembly on
Ag(111) [50]. Unlike DBC, where coordination stabilizes the reactive centers before full
covalent coupling can occur, BrBu-DBC undergoes direct debromination and irreversible
C–C bond formation at the flexible side chain.
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Figure 3. Thermally induced dimerization of DBC and BrBu-DBC on Ag(111). (a) Large-scale STM
image of DBC after annealing to 200 ◦C. (b) High-resolution STM image of butterfly dimers; the unit
cell parameters are a1 = 2.09 nm, b1 = 4.16 nm, θ1 = 74◦. (c) Proposed structural model of the BD motif.
(d) Large-scale STM image of BrBu-DBC after annealing to 490 K. (e) High-resolution STM image
of the dumbbell dimer. Circled bright protrusions are attributed to residual Br atoms remaining
on the surface after debromination. (f) STM image of BrBu-DBC dumbbell dimers at different bias.
White, cyan, gray, and blue balls represent hydrogen, silver, carbon, and nitrogen atoms, respectively.
(a) Vs = −2.0 V, It = 100 pA. (b) Vs = −0.8 V, It = 100 pA. (d) Vs = −2.0 V, It = 100 pA. (e) Vs = −0.6 V,
It = 100 pA. (f) Vs = −1.0 V, It = 100 pA.

4. Conclusions
We have investigated the self-assembly and dimerization behavior of DBC and BrBu-

DBC on Ag(111) by STM. DBC forms ordered paired-row structures at RT and evolves
into butterfly-like dimers upon annealing at 470 K, likely stabilized by adatom-mediated
N–Ag–N coordination, followed by higher-order organization. In contrast, the introduction
of a flexible bromobutyl substituent in BrBu-DBC selectively redirects the surface reaction
pathway, enabling low-temperature side-chain dimerization at 490 K, consistent with C–
C coupling. Overall, this study highlights how minor functional substitution controls
competing coordination and debromination pathways on metal surfaces, enabling distinct
dimer building blocks and hierarchical molecular assemblies.
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DBC 5,9-dibromo-7H-dibenzo[c,g]carbazole
BrBu-DBC 5,9,7-tribromo-7-(4-bromobutyl)-7H-dibenzo[c,g]carbazole
RT Room temperature
STM Scanning tunneling microscopy
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