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Controlling whether a molecular radical retains its spin on a metal surface is a key prerequisite for building

switchable, atomically precise carbon-based spin architectures. Here, we use 3,6-bis(4-bromophenyl)-

9H-fluorene to synthesize covalently linked fluorene trimers and oligomeric chains on Au(111) via

Ullmann coupling and then generate strongly localized fluorenyl-type radical centers by site-selective tip-

induced dehydrogenation. Combining the bond-resolved nc-AFM with scanning tunneling spectroscopy,

we identify two interconvertible adsorption configurations: a non-bonded radical state that displays a pro-

nounced zero-bias Kondo resonance and a chemisorbed state in which a local C–Au bond is formed at

the radical site, accompanied by a characteristic geometric relaxation of the five-membered ring and

complete quenching of the Kondo resonance. In both the macrocycles and chains, the distribution of the

Kondo-active sites depends on metastable global adsorption geometries and can be reversibly reconfi-

gured by tip perturbation. These results establish a structure-resolved chemisorption versus physisorption

switch as a practical design rule for stabilizing and toggling spins in multi-radical rings and chains directly

on metallic substrates, opening opportunities for programmable quantum spin functionalities in surface-

supported π-systems.

Introduction

Atomically precise control of spins in surface-supported
π-systems has become a central route toward designer
quantum magnets,1–3 spin chains4–12 and spin rings.13–15 On-
surface synthesis has enabled magnetic nanographenes16–18

whose spin states are encoded by sublattice imbalance or topo-
logical frustration,19 and then assembled into coupled archi-
tectures with controllable length, parity and exchange topo-
logy. Clar’s goblet is a representative building block in this
context. Its unconventional magnetism originates from topolo-
gical frustration, and its covalent linking has been exploited to
realize well-defined Heisenberg chains with tunable termin-
ations and excitations.4,6,19,20 Complementary strategies using
other open-shell nanographenes, such as triangulenes, further
demonstrate that purely carbon frameworks can host spin-1/2
chains and engineered excitations when the local moments
remain intact upon adsorption.4,6,7,10

A persistent practical constraint is that the presence of a
molecular radical motif does not automatically guarantee a
visible local moment on a metal.19,20 The decisive factor is the
local degree of hybridization with the substrate, which ranges
from weak adsorption that still permits a local magnetic
moment and allows Kondo screening to chemisorption that
quenches the local moment through bond formation and
strong charge redistribution. Tip-induced chemistry has
emerged as a powerful way to program spins at the single-
bond level, including site-selective dehydrogenation that can
either create an unpaired electron or eliminate it when a
metal–carbon bond is formed at the activated site.20 A related
control over molecular spin states has also been demonstrated
for Clar’s goblet on Au(111), where the formation or breaking
of a C–Au bond at specific adsorption sites switches the
system between the S = 1/2 and S = 0 states. However, such
switching relies on site-specific chemisorption configurations
imposed by the substrate, rather than an intrinsic, geometry-
defined adsorption degree of freedom of the molecule itself.19

Despite this progress, direct real-space identification of a geo-
metry-defined chemisorption channel that toggles a radical
spin on Au(111), with simultaneous structural assignment and
spectroscopic verification, remains scarce.21,22

Fluorenyl radicals provide an attractive testbed because
their spin density is highly localized and chemically well
defined. In electronically decoupled environments, such as†These authors contributed equally to this work.
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molecules prepared and probed on thin insulating NaCl films,
fluorenyl-type open-shell motifs and closely related indeno-
fluorene derivatives show stable spin states and adsorption-
site-dependent switching between open- and closed-shell
configurations.23,24 These results establish fluorene-derived
radicals as robust molecular spin centers when direct hybridiz-
ation with metal states is suppressed, and they highlight
adsorption geometry as an effective control knob.

Here, we extend this concept to a fully metallic environment
and identify a geometry-controlled quenching pathway that is
specific to a fluorenyl-type radical on Au(111). Using 3,6-bis(4-
bromophenyl)-9H-fluorene (BPF, Scheme 1) as a precursor,
Ullmann coupling on Au(111) yields covalently linked fluorene
trimers in both the cyclic trimer and chain-like motifs, as illus-
trated in Scheme 1 (step 1). Because thermal dehydrogenation
on Au(111) promotes undesired intermolecular coupling, we
generate radical CH centers by site-specific tip pulses
(Scheme 1, step 2). The combined non-contract atomic force
microscopy (nc-AFM) and scanning tunnelling spectroscopy
(STS) resolve two interconvertible adsorption configurations: a
non-bonded radical state that exhibits a pronounced Kondo
resonance, and a chemisorbed state in which a local C–Au
bond forms at the radical site, accompanied by a characteristic

geometric relaxation (tilt/approach of the five-membered ring)
and a complete suppression of the Kondo feature. These obser-
vations provide direct, structure-resolved evidence that, on Au
(111), the expression of a fluorenyl-type spin moment is gov-
erned by adsorption geometry through a chemisorption versus
physisorption switch at the radical site. This chemisorption-
controlled Kondo on/off behavior establishes a practical
design rule for multi-spin rings and chains on metals and
offers a route to switchable spin functionality by controlling
local adsorption configurations.

Results and discussion

The BPF monomer was synthesized in solution via a two-step
reaction as described in detail in the SI Methods and SI
Fig. S1. After the thermal deposition of BPF onto Au(111) and
held at 300 K, chain-like supramolecular assemblies composed
of periodically linked square motifs were observed (Fig. 1a). A
magnified STM image (Fig. 1b) shows that each square is
formed by two bent molecules, which connect an adjacent
square by intermolecular halogen and hydrogen bonds. The
corresponding bond-resolved nc-AFM image (Fig. 1c) identifies

Scheme 1 Schematic of the on-surface synthesis and tip-induced generation of fluorenyl-type radical sites in the trimer macrocycle on Au(111).
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these building blocks as intact BPF molecules bearing two
terminal C–Br groups, as shown by Fig. 1d. The supramolecu-
lar stabilization is consistent with halogen-bonding inter-
actions among Br substituents (Br⋯Br), together with
additional Br⋯H contacts, as commonly reported for haloge-
nated arenes on coinage-metal surfaces.25–27

Upon annealing the sample to 473 K, BPF undergoes debro-
mination followed by C–C coupling, yielding predominantly
zigzag-shaped oligomeric chains and, less frequently, trimeric
macrocycles adsorbed with their straight sides along the close-
packed directions of Au(111) (Fig. 1e, white arrows). The
zoomed-in STM and nc-AFM images of a representative macro-
cycle (Fig. 1f and g) reveal a covalent trimer consisting of three
coupled 3,6-bisphenyl-9H-fluorene moieties as illustrated by
the overlaid chemical structure in Fig. 1h. Notably, the three
peripheral phenylene units (marked by white arrows in
Fig. 1h) appear tilted upward, which we attribute to steric
repulsion between adjacent C–H groups at the coupling junc-
tions. In contrast, the methylene (–CH2–) groups in the five-

membered rings remain intact at this stage, exhibiting a dis-
tinctly brighter contrast in nc-AFM, indicating that dehydro-
genation of (–CH2–) to –CH– has not yet occurred.

A representative linear oligomer shows an analogous situ-
ation (Fig. 1i and j). The STM image resolves a chain consist-
ing of five 3,6-bisphenyl-9H-fluorene units, with an increased
apparent height at the “corner” positions associated with the
(–CH2–) containing five-membered rings. Consistently, the
corresponding nc-AFM image shows brighter contrast at these
corners, again supporting intact (–CH2–) groups. We also
observe an upward tilting of phenylene units in the zigzag
backbone. Compared to the macrocycle, the tilting is weaker,
which we attribute to additional strain in the macrocycle: the
natural angle imposed by the BPF substitution pattern is less
compatible with a 60° cyclization geometry, leading to
increased distortion in the trimeric ring.

To generate fluorenyl-type radicals by thermal activation,
we annealed the sample (Fig. 1e) to 623 K, aiming to dehydro-
genate the (–CH2–) groups in the five-membered rings.

Fig. 1 Adsorption and reaction of BPF on Au(111). (a) Large-scale STM image of self-assemblies after the deposition of BPF molecules on Au(111) at
150 °C. (b–d) Zoom-in STM (b), nc-AFM (c) image and the corresponding derived chemical structure (d) of a section of a typical assembly structural
motif. (e) Overview STM image taken after annealing the sample in panel (a) to 473 K. (f–h) Magnified STM (f), nc-AFM (g) images, and the corres-
ponding overlaid chemical structure (h) of a covalent trimer macrocycle. (i–k) Magnified STM (i), nc-AFM ( j) images, and superimposed chemical
structure (k) of a covalent oligomeric chain (V = −15 mV, I = 50 pA, and ΔZ = 0.4 Å). Tunneling parameters: (a and b) U = −1 V and I = 20 pA; (f and i)
U = −0.5 V and I = 20 pA. The nc-AFM images were recorded using a CO-functionalized tip at a height ΔZ of 20 pm (c) and 40 pm (g and j) with
respect to the STM setpoint: U = −15 mV and I = 50 pA.

Paper Nanoscale

9652 | Nanoscale, 2026, 18, 9650–9657 This journal is © The Royal Society of Chemistry 2026

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

26
. D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 2

:5
0:

53
 P

M
. 

View Article Online

https://doi.org/10.1039/d6nr00433d


However, as shown in SI Fig. S2, the oligomers transform into
laterally coupled two-dimensional network patches. This be-
havior indicates that (–CH2–) dehydrogenation can indeed
occur on Au(111), but the resulting radical intermediates are
rapidly trapped by intermolecular C–C bond formation.
Consequently, purely thermal activation does not provide a
viable route to isolated fluorenyl radicals on Au(111) in our
system.

We therefore employed tip-induced manipulation to remove
hydrogen atoms from the (–CH2–) groups in a controlled, site-
selective manner. As illustrated in Fig. 2a, the tip was posi-
tioned above a selected corner of the trimer macrocycle (white
arrow), and a voltage pulse of around 2.8 V and current of 2–3
nA was applied. After a duration ranging at 2–3 s, a downward
current step was typically observed (SI Fig. S3), consistent with
a manipulation event assigned to the removal of a single H
atom from the methylene group (CH2 → CH). After manipu-
lation, the targeted corner exhibits a markedly reduced appar-
ent height in STM (Fig. 2a) and a darker contrast in the nc-
AFM image (Fig. 2b), which is attributed to the bonding of the
CH group to the substrate gold atom illustrated by the chemi-
cal structure in Fig. 2d. The corresponding constant-height
current map (Fig. 2c) shows an enhanced electronic signal
around the manipulated site, consistent with the formation of
a modified local electronic structure. Applying the same pro-
cedure to the remaining corners produces a fully manipulated

trimer macrocycle, in which all three (–CH2–) groups are con-
verted into CH centers (Fig. 2e–l), which bond to the lattice
gold atom. Immediately after the third manipulation, the nc-
AFM imaging often shows signs of instability (frequency-shift
signal “jumps”; Fig. 2j), indicating that the adsorption geome-
try is metastable and can relax under continued scanning.

After several imaging scans, the fully manipulated trimer
macrocycle relaxes into a more stable adsorption configuration
(Fig. 3a). In this state, two corners (marked by blue and green
arrows) display a truncated appearance at the pentagon site,
while one corner (marked by a red arrow) remains bright. We
interpret the dark corners as fluorenyl-type centers that have
formed a local C–Au bond at the CH site, leading to a local
geometric relaxation, in which the five-membered ring
approaches the substrate. Conversely, the bright corner corres-
ponds to a non-bonded radical center that retains its localized
moment.

This assignment is directly supported by bond-resolved nc-
AFM data recorded at the same nominal tip height for the
three corners (Fig. 3c, e and f). At the dark corners (Fig. 3c and
f), the two benzene rings of the fluorene unit are clearly
resolved, whereas the five-membered ring is not visible at this
imaging height. Importantly, when the tip is approached by an
additional 100 pm (Fig. 3d and g), the five-membered ring
becomes detectable, demonstrating that it is not chemically
missing but rather displaced toward the surface, consistent

Fig. 2 Tip-induced stepwise H removal on the trimer macrocycle. (a–d) STM topography (a), constant-height nc-AFM (b), current map (c), and
structural model (d) after the first H removal at the arrow-marked corner. (e–h) Same as (a–d) after the second H removal at the arrow-marked
corner in (e). (i–l) Same as (a–d) after the third H removal at the arrow-marked corner in (i). Parameters: STM (a, e and i) U = −0.1 V and I = 20 pA;
nc-AFM (b) U = −15 mV, I = 50 pA, and Δz = 35 pm; (f ) U = −10 mV, I = 20 pA, and Δz = 30 pm; ( j) U = −10 mV, I = 20 pA, and Δz = 0 pm. Current
maps (c, g and k) were acquired at 0 mV at the same tip height as (b, f and j), respectively. All the STM, nc-AFM images and current maps share the
same scale bar in panel (a).
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with the local chemisorption-induced tilting.20,28,29 In con-
trast, at the bright corner (Fig. 3e), the full fluorene subunit,
including the five-membered ring, is resolved already at the
higher imaging height, consistent with a more flat non-
bonded configuration. Spectroscopic measurements provide
the corresponding electronic signature. The differential con-
ductance (dI/dV) spectrum acquired at the red arrow-marked
bright corner (Fig. 3h, red) shows a pronounced zero-bias peak
assigned to a Kondo resonance, evidencing a surviving loca-
lized spin on Au(111). In contrast, spectra measured at the
green arrow-marked dark corner (Fig. 3h, black) show no
Kondo feature, consistent with moment quenching upon C–Au
bond formation.

Notably, the adsorption state in Fig. 3a is metastable and
can switch into a second configuration (Fig. 3b), in which the
Kondo-active corner relocates from the upper-right to the
upper-left position. After switching, the previously bright
corner often appears blurred in STM, indicating residual struc-
tural metastability under tip perturbation. Continued scanning
can drive the system back to the original configuration
(Fig. 3c), suggesting two closely competing adsorption
minima. DFT calculations (Fig. 3i) support this picture: for a
fully sp2 trimer macrocycle adsorbed with its sides along the
high symmetry direction, two mirrored metastable configur-

ations with identical adsorption energies of 7.97 eV are found,
each featuring two chemisorbed (bonded) corners and one sur-
viving radical corner. Switching between these mirrored states
naturally explains the observed relocation of the Kondo-active
site between the two equivalent corners. Moreover, the DFT
calculation confirms the spin density distribution around the
physisorbed fluorenyl radical sites, as shown by SI Fig. S4.

We performed analogous tip-induced dehydrogenation on a
linear oligomeric chain to generate a multi-radical architecture
on Au(111). The initial chain (Fig. 4a) contains five fluorene
units with intact (–CH2–) groups, evidenced by the bright nc-
AFM contrast at the corner sites and the corresponding dI/dV
maps at 0 mV. Voltage pulses applied at the selected corners
convert the (–CH2–) groups into CH centers in a controlled
sequence. After converting four sites (Fig. 4b, red numbers),
one corner (site “4”) displays a bright contrast analogous to
the Kondo-active corner in the macrocycle, together with a
strongly enhanced 0 mV dI/dV signal. dI/dV spectroscopy at
this site (Fig. 4e, black) reveals a clear zero-bias Kondo reso-
nance, confirming the survival of a localized spin. In contrast,
the remaining manipulated corners (sites 1, 3, and 5) show a
darker contrast and weaker 0 mV current, consistent with che-
misorption at the radical carbon and quenching of the
moment.

Fig. 3 Bonded versus non-bonded fluorenyl radicals in the trimer macrocycle. (a and b) Constant-current STM topographies showing two mirrored
adsorption configurations of the trimer macrocycle after the removal of three H atoms. Dark corners are indicated by blue and green arrows, and the
bright corner by the red arrow. (c and d) Bond-resolved constant-height nc-AFM images of the upper-left corner (blue arrow) acquired at Δz = −20 pm
and −120 pm, respectively. (e) Bond-resolved constant-height nc-AFM image of the upper-right corner (red arrow) acquired at Δz = −20 pm. (f and g)
Bond-resolved constant-height nc-AFM images of the bottom corner (green arrow) acquired at Δz = −20 pm and −120 pm, respectively. (h) dI/dV spectra
acquired at the upper-left corner in (a) and (b), as marked by the black and red crosses, respectively. The blue curve shows the reference dI/dV spectra
recorded on the bare Au(111) surface near the trimer macrocycle. (i) DFT-optimized adsorption configurations of the fully sp2-hybridized trimer macro-
cycle on Au(111), featuring two fluorenyl-type radical sites bonded to the surface Au atoms and one non-bonded (Kondo-active) radical site. Parameters:
STM (a, b) U = −0.1 V, I = 20 pA. All nc-AFM tip heights (c–g) are referenced to the STM setpoint U = −10 mV, I = 20 pA.
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After converting the final (–CH2–) site (site “2”) to CH, the
overall adsorption geometry of the chain can reorganize. In the
configuration shown in Fig. 4d, site “4” remains Kondo-active
as evidenced by the dI/dV spectrum in Fig. 4f (red line), while
site “1” switches from a dark (Kondo-off ) to a bright (Kondo-
on) appearance in both the nc-AFM and the current map.
Correspondingly, the dI/dV spectrum at site “1” (Fig. 4f, blue)
develops a pronounced Kondo resonance. This behavior
demonstrates that Kondo activity is not solely determined by
the local chemical identity of an individual radical center, but
can be toggled by a global adsorption rearrangement of the
entire oligomer.

Further scanning at a reduced tip–sample distance (set-
point: 10 mV, 20 pA) induces additional switching into a
different metastable adsorption state (Fig. 4c). In this new con-
figuration, previously Kondo-active sites (“1” and “4”) become
Kondo-inactive, whereas a previously quenched site (“3”)
becomes Kondo-active. Simultaneously, the adsorption geome-
try of the phenylene backbone changes: phenylene units that
were mutually tilted in Fig. 4b (white arrows) become flatter,
while units that were initially flatter (blue arrows) adopt a
more tilted configuration. These correlated structural and
spectroscopic changes further establish the adsorption geome-

try, specifically, whether the radical carbon engages in local
chemisorption with Au, as the governing factor behind the
Kondo on/off state in the multi-radical chain.

Conclusion

In conclusion, we realized fluorenyl radicals in the on-surface-
synthesized fluorene-containing macrocycles and oligomeric
chains on Au(111) via site-selective tip-induced dehydrogena-
tion, avoiding the uncontrolled intermolecular coupling that
occurs during thermal activation. Bond-resolved nc-AFM
imaging, together with STS, reveals a clear and local structural
origin for the magnetic response: a fluorenyl radical exhibits a
zero-bias Kondo resonance only when the radical carbon
remains non-bonded to the substrate, whereas the formation
of a local C–Au bond drives a distinct geometric relaxation of the
five-membered ring and fully quenches the Kondo signature.
Beyond identifying a single-site mechanism, we show that the
Kondo-active sites in both the trimer macrocycle and the radical
chain depend on the overall adsorption geometry and can switch
between metastable configurations under tip perturbation. The
resulting chemisorption/physisorption toggle at the individual

Fig. 4 Geometry-dependent Kondo on/off switching in a five-unit fluorenyl-radical chain on Au(111). (a) Constant-height nc-AFM image and simul-
taneously recorded current map of an oligomeric chain comprising five 3,6-bisphenyl-9H-fluorene moieties (all (–CH2–) intact). (b) Same as (a) after
tip-induced H removal at the corner sites 1, 3, 4, and 5 (four (–CH2–) → CH conversions). (d) Same as (a) after removing the remaining H atom at site
2 (all five sites converted), yielding an adsorption configuration in which sites 1 and 4 are Kondo-active. (c) Same as (a) after switching from the
configuration in (d) induced by low tip-height scanning, resulting in a different metastable adsorption state. (e) dI/dV spectrum acquired at the
corner site 4 in (b). (f ) dI/dV spectra acquired at the corner site 1 in (d) (red) and at corner site 3 in (c) (blue). Parameters: nc-AFM images and current
maps (a–d) were recorded at U = 0 mV at constant height (Δz = 0.3–0.1 Å) relative to the STM setpoint (U = −10 mV, I = 20 pA). Current maps were
acquired simultaneously at 0 mV at the same tip height as the corresponding nc-AFM images.
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radical centers provides a concrete, experimentally resolved
design rule for carbon-based multi-spin architectures on metals:
preserving local moments requires controlling adsorption con-
figurations to prevent local chemisorption channels at the radical
site. This insight should be broadly useful for constructing
switchable spin chains and rings, and for engineering spatially
programmable magnetic functionality in purely carbon frame-
works directly on metallic substrates.

Methods
Sample preparation

Au(111) single crystals purchased from the MaTeck and
Surface Preparation Laboratory (SPL) were used as substrates
for the growth of the sample. The preparation of clean and
well-defined Au(111) surfaces was achieved through cycles of
Ar+ ion bombardment and annealing at 850 K. The 3,6-bis(4-
bromophenyl)-9H-fluorene (BPF) precursor was vapour-de-
posited (evaporator temperature of 300 K) onto a clean Au(111)
surface held at room temperature, followed by post-annealing
to 473 and 623 K for typically 15 min at each step to complete
the reactions.

STM-AFM measurements

The STM and nc-AFM measurements were performed under
ultra-high vacuum conditions (base pressure 1 × 10−10 mbar)
with Scienta Omicron POLAR-STM/AFM combined systems
operated at 4.5 K using a qPlus sensor equipped with a W tip.
STM images were acquired in the constant-current mode at a
sample temperature of 4.5 K. A sample bias with respect to the
tip was used. For constant-height nc-AFM imaging, the tip was
functionalized by controlled picking up of a single CO mole-
cule at the tip apex from Ag(111), which enables imaging of
the chemical structure of organic molecules.30 The quartz can-
tilever (qPlus sensor) had a resonance frequency of f0 ≈ 27 000
Hz, a quality factor of Q ≈ 50 000–100 000 and was operated
with an oscillation amplitude of Aosc = 50–70 pm and bias of
5 mV. This procedure was applied to all the nc-AFM images.
Tip conditioning was performed by repeatedly bringing the tip
into contact with the silver surface and applying bias pulses
until the necessary STM resolution was achieved. The differen-
tial conductance (dI/dV) measurements were performed in the
low-temperature STM/AFM at 4.5 K via the lock-in technique
with a peak-to-peak bias-voltage modulation of 5 mV at a fre-
quency of 973 Hz.

DFT calculations

All the calculations were performed using the Vienna Ab initio
Simulation Package (VASP)31,32 within the projector augmen-
ted-wave (PAW)33 framework, with a plane-wave kinetic energy
cutoff of 450 eV. The exchange–correlation functional was
treated within the generalized gradient approximation (GGA)
using the Perdew–Burke–Ernzerhof (PBE) functional,34 sup-
plemented by van der Waals corrections via Grimme’s
DFT-D3 method with Becke–Johnson damping.35 The Au(111)

surface was modeled as a three-layer slab, with the bottom two
layers fixed at their bulk positions. A vacuum region of 20 Å
was added along the surface normal to eliminate periodic
interactions. For isolated adsorbates, a cubic cell with >20 Å of
vacuum in all directions was used. The Brillouin zone was
sampled using the gamma point. Spin-polarized geometry
optimizations were considered converged when the energy
change between the electronic steps fell below 10−5 eV and the
maximum residual force on any atom was less than 0.02 eV
Å−1. The adsorption energy (Eads) was computed as:

Eads ¼ Etotal � Eslab � Eadsorbate

where Etotal, Eslab, and Eadsorbate denote the total energy of the
adsorption system, clean slab, and the isolated adsorbate in its
optimized geometry, respectively. The spin density was defined
as the difference between the spin-up and spin-down charge den-
sities and visualized as isosurfaces at an isovalue of 0.001 e Å−3.
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