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SURFACE CHEMISTRY

Real-space investigations of on-surface intermolecular
radical transfer reactions assisted by persistent radicals

Huaming Zhu't, Junbo Wang' %1, Kaifeng Niut, Yong Zhang*t, Yi Zhang®, Chuan Deng’,
Peipei Huang‘, Dengyuan Li°, Peinian Liu®, Jianchen Lu? Johanna Rosen?, Jonas Bj6rk3*,

Jinming Cai**, Lifeng Chi?*, Qing Li'*

Synthesizing radicals that have both long lifetimes and high chemical reactivity remains a long-term challenge.
Here, persistent phenyl radicals are successfully synthesized on Ag(111) by protecting the carbon radical site by
designing the precursor molecule with suitable steric hindrance. As carbon-carbon coupling is prohibited, such
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radicals remain intact for longer than 6 hours at room temperature on Ag(111). Taking advantage of the long life-
times, the as-synthesized radicals are directly characterized in the real space at the single-chemical-bond scale by
means of bond-resolving scanning tunneling microscopy imaging. Accompanied by the excellent stability, the
radicals exhibit high chemical reactivities and facilitate the intermolecular radical transfer reactions at extreme
low temperature. The preparation of persistent radicals not only favors the characterization of a surface-stabilized
radical in the real space but also aids in illuminating the detailed reaction pathways of subsequent radical-assisted

reactions directly.

INTRODUCTION

Free radicals are single-electron species created through the homol-
ysis of covalent bonds (I). The presence of singly occupied molecu-
lar orbitals makes most radicals extremely reactive. Consequently,
radicals usually have very short lifetimes and facilitate a broad range
of hydrogen abstraction, dimerization, recombination, and polym-
erization reactions (2-4). The short lifetimes of reactive radicals
make them difficult to characterize in the real space. Conventionally,
the processes of radical reactions are studied indirectly by electron
spin resonance spectroscopy (5). On the other hand, few radicals
have very long lifetimes and survive almost indefinitely, which are
known as persistent radicals (6). Persistent radicals mostly arise
from electronic stabilization, and the single electron of the persis-
tent radical is usually carried by an oxygen or nitrogen atom (7, 8).
Nevertheless, the long lifetimes of persistent radicals reduce their
access to radical-related reactivity. A trade-off between the reactivity
and the stability of radicals is therefore often required. The demand
for investigating reactive radicals in the real space and obtaining
direct evidence of radical transfer reactions necessitates the devel-
opment of methodologies to synthesize radicals that simultaneously
have long lifetimes and high chemical reactivity.

On-surface synthesis provides alternatives for the real-space rec-
ognition of monomers and oligomers at the single-molecule scale
(9-19). Within this domain, diverse low-dimensional functional
nanostructures with atomic precision have been successfully con-
structed on various substrates (20-35). Specifically, on-surface syn-
thesis has the following advantages: (i) Reaction precursors and
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products can be characterized in situ in the real space at the sub-
atomic level with the aid of advanced imaging techniques (36-40).
(ii) Because of the absence of contaminations in the ultrahigh vacu-
um chamber, on-surface chemistry provides ideal model systems for
exploring reaction pathways (41-44). (iii) Intermediate states elu-
sive in solution reactions may be traced on surfaces once they are
stabilized via considerable substrate-molecule interactions (45-47).
Despite extensive studies, characterizing reactive radicals in the real
space remains challenging (48). Taking the Ullmann-like reaction of
aryl halides as an example, as the generated phenyl radicals are ex-
tremely reactive, they are imaged by scanning tunneling microscopy
(STM) only after being passivated by H atoms, metal adatoms, or
other phenyl radicals (49).

Recently, our group reported intermolecular radical transfer re-
actions on metal surfaces (50). The strong electron-withdrawing
phenyl radicals, generated from homolysis of Ph-X bonds (X = Br
and I), facilitate subsequent C—H activations of alkynyl and amino
groups with high yields. However, two major questions remain: (i)
The phenyl radical intermediates cannot be monitored in the real
space because radical transfer reactions take place as soon as phenyl
radicals are generated. Therefore, the radical transfer mechanism is
proposed by various indirect evidence (calculated pathways, stoi-
chiometric analysis, etc.). (ii) The reaction required relative higher
temperatures because the radical generation is the limiting step. It is
therefore necessary to decouple the radical generation and transfer
processes by creating persistent phenyl radicals on metal surfaces.

Herein, persistent phenyl radicals are successfully synthesized on
Ag(111) via the introduction of steric hindrance in precursor mol-
ecules [2-iodo-1,3-diphenylbenzene (ITP)]. As C—C coupling fol-
lowing an initial dehalogenation is prohibited, such radicals remain
intact for longer than 6 hours at room temperature (RT), and only
0.48% of the radicals are passivated by residual hydrogen in the vac-
uum chamber after annealing the surface at 370 K for 20 min. By
systematical experiments and density functional theory (DFT) cal-
culations, the passivation barrier is calculated to be 0.84 eV. Taking
advantage of the long lifetime, both the as-synthesized radicals
and H-passivated radicals can be directly investigated in the real
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space at the single-chemical-bond scale by means of STM and bond-
resolving STM (BR-STM) imaging. Accompanied by the excellent
stability, the radicals exhibit high chemical reactivities. With the
participation of the as-synthesized phenyl radicals, the dehydroge-
nation of the terminal alkynes of a coadsorbed molecule takes place
at temperatures as low as 200 K on Ag(111), in stark contrast to the
nondehydrogenated coupling of the same molecule taking place at
400 K on the same surface without the assistance of radicals. More-
over, as by-products via Ullmann alternative reaction pathways are
excluded, the reaction equation can be accurately deduced such that
the distribution of reaction products is precisely controlled by the
rational choice of stoichiometric ratios of precursor molecules. In
conclusion, we have synthesized radicals that simultaneously have
long lifetimes and high chemical reactivity via the introduction of
steric hindrance. The decoupling of the radical generation and sub-
sequent reaction processes not only favors the characterization of a
single free radical in the real space and provides direct and undoubted
evidence for the on-surface radical transfer mechanism but also
lowers the reaction temperature. Moreover, the metal surface func-
tionalized with persistent radicals provides an artificial active tem-
plate, allowing for a broad range of on-surface reactions.

RESULTS AND DISCUSSION

Preparation and characterization of persistent radicals
onAg(111)

Figure 1A gives a representative STM image after depositing 0.3-
monolayer (ML) ITP (the structural model is illustrated in the inset)

Fig. 1. Adsorption of ITP on Ag(111). (A) STM image after depositing 0.3-ML ITPs
onto Ag(111) held at RT. (B) STM image acquired after cooling the surface shown in
(A) to 4.2 K. (Cand D) Tip manipulation experiment by artificially removing a mono-
mer from the periphery of the island. Scanning parameters: (A) [y =20 pA, Vp, = —=1V;
(B) It =50 pA, V,, =500 mV, T= 4.2 K; [(C) and (D)] It = 20 pA, Vp, = —1 V. The image
sizes are 20 nm by 20 nm for [(A) and (B)] and 5 nm by 5 nm for [(C) and (D)].
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on a Ag(111) surface held at RT. Two kinds of distinct objects are
observed: One manifests as an isolated ring, and the other is a V-
shaped monomer (complex I) that self-assembles into small islands.
As jodine atoms are known to detach from iodobenzene on Ag(111)
below RT (51, 52), bright spots within the islands can be attributed
to detached iodine adatoms. The isolated ring is stabilized after
cooling the sample to 4.2 K (Fig. 1B) and exhibits the same mor-
phology as that of complex I. Moreover, by artificially removing the
complex I monomer from the periphery of the island to the terrace
at 77 K, such a monomer transforms to the isolated ring (Fig. 1, C
and D). The cooling and tip manipulation experiments indicate that
both the isolated ring and complex I can be ascribed to dehaloge-
nated ITP (del-ITP). The isolated deIl-ITP molecule rotates around
the surface atom to which it is chemically attached, and the rotation
can be hindered either by self-assembly into islands or cooling to
lower temperatures (the detailed rotation mechanism can be found
in fig. S1).

The structure shown in Fig. 1A, interpreted as a surface-stabilized
radical, remains unaltered after annealing the surface at RT for more
than 6 hours (fig. S2). Distinct structural evolution takes place after
annealing the sample at 370 K for 20 min (Fig. 2). In addition to the
dominating ring structures and complex I objects, few new products
are formed (complex II), as highlighted by the arrows in Fig. 2A (77 K)
and Fig. 2B (4.2 K). To elucidate the nature of complex II, high-
resolution STM and BR-STM investigations and corresponding DFT
optimizations are carried out. The dehalogenated benzene ring of
complex I is exhibited as a bright protrusion in the STM image (Fig. 2C)
and a depressed shadow in the BR-STM image (Fig. 2D and fig. S3),

Complex I

Fig. 2. Passivation of phenyl radicals. (A) STM image after annealing the sample
shown in Fig. 1A at 370 K for 20 min. (B) STM image after cooling the sample shown
in (A) to 4.2 K. (C and D) High-resolution STM topographic and BR-STM images of
complex 1. (E and F) Top and side views of the DFT-optimized structural model of
complex I. (G and H) High-resolution STM topographic and BR-STM images of com-
plex Il. (I and J) Top and side views of the DFT-optimized structural model of com-
plex Il. The Ag, C, and H atoms are represented by the silver, gray, and white atoms,
respectively. The H atom that passivates complex I was highlighted in red. Scanning
parameters: (A) k=20 pA, V, = —1V; [(B), (C), and (G)] k=50 pA, V, =500 mV, T=4.2K;
[(D) and (H)] lt=50 pA, Vb, =2 mV, T=4.2 K. The image sizes are 10 nm by 10 nm for
[(A) and (B)] and 1.2 nm by 1 nm for [(C), (D), (G), and (H)].
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which can be ascribed to the tilting of the dehalogenated benzene
ring induced by the interaction between the phenyl radical of com-
plex I and the Ag(111) surface (Fig. 2, E and F). Complex II, how-
ever, exhibits smooth density of states in the STM topographic image
(Fig. 2G and fig. S4), and three benzene rings of complex II show
identical configurations in the BR-STM image (Fig. 2H and fig. S3).
We therefore attribute complex IT to H-passivated del-ITPs. The cor-
responding optimized structure of complex II is illustrated in Fig. 2
(I and J), in which the H-passivated monomer adsorbs on Ag(111)
with a planar configuration, consistent with the STM and BR-STM
investigations. Note that because of the weak interaction between the
H-passivated monomer and the silver substrate, complex II can only
be observed in the self-assembled islands.

Conventionally, Ullmann couplings of iodobenzene precursors
take place below RT on Ag(111) (51, 52). However, because of the
presence of steric hindrance, phenyl radicals of del-ITP remain in-
tact until they have been passivated by residual hydrogen atoms in
the vacuum chamber (Fig. 2). To analyze the stability of phenyl rad-
icals quantitatively, delicate annealing experiments are performed
(see fig. S5 for details). The H-passivation yields are 0, 0.48, 4.83, and
9.86% after annealing at RT, 370 K, 400 K, and 420 K, respectively,
for 20 min (Fig. 3A). According to the Arrhenius equation, the H-
passivation yields and annealing temperatures have the following
relation

E,
ln(p) = _ﬁ +C

where p is the H-passivation yield, E, is the activation energy for H-
passivation of phenyl radicals of ITP, R is the gas constant, T is the

temperature, and C is a constant (see the Supplementary Materials
for details). An excellent linear fit is obtained (Fig. 3B), with an acti-
vation energy of 0.82 + 0.1 eV. The H-passivation barrier is further
evaluated by DFT calculations. We consider both an adsorbed H
atom and H, molecules as the source of hydrogen, and the corre-
sponding passivation barriers are 0.84 eV (Fig. 3C) and 0.94 eV (fig.
S6), respectively, both close to the empirically deduced value.

In short conclusion, by introducing steric hindrance in iodoben-
zene precursors, we successfully prepared persistent phenyl radicals
on a Ag(111) surface. The persistent radicals remain intact for lon-
ger than 6 hours at RT, and only 0.48% of the radicals are passivated
by residual protons in the vacuum chamber after annealing the
surface at 370 K for 20 min by overcoming an activation energy of
0.84 eV. Taking advantage of the long lifetime, the thermally trig-
gered abundant free radicals are successfully characterized at the
single-chemical-bond scale in the real space by means of STM and
BR-STM imaging. Last, we note that such a steric hindrance strategy
is rather universal for synthesizing persistent radicals on metal sur-
faces (see fig. S7 for details).

Chemical activity of persistent radicals on Ag(111)

To investigate the reactivity of as-synthesized persistent surface-stabilized
radicals, an additional molecule [1,3,5-tris-(4-ethynylphenyl) benzene
(Ext-TEB)], which exhibits threefold symmetry and is functionalized
with terminal alkynes, is introduced. The radicals/Ag(111) surface is ini-
tially prepared by depositing 0.3-ML ITP molecules on Ag(111) held at
RT, on which all iodine atoms are detached (see fig. S8 for details). Di-
verse self-assembly islands are observed after subsequently depositing
0.1-ML Ext-TEB (the ratio between the number of phenyl radicals and
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Fig. 3. Analysis of the H-passivation process. (A) Distribution of products after annealing the ITP/Ag(111) sample at different annealing temperatures for 20 min.
(B) Relation between In(p) and 1/T according to eq. S10. (C) Reaction pathway and the corresponding energy profile of the passivation of a phenyl radical by a hydrogen
atom.The Ag, C, and H atoms are represented by the silver, gray, and white atoms, respectively. The H atom that passivates complex | was highlighted in red.
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alkynyl groups r is therefore close to 1) onto a cold radicals/Ag(111) sur-
face held at 200 K, as shown in Fig. 4 (A and B). ITP precursors exhibit
two configurations: (i) isolated rings (Fig. 4C), which is the same as that
shown in Fig. 1A (del-ITPs); (ii) close-packed islands (Fig. 4D), which
can be ascribed to the self-assembly of complex IT (H-passivated ITP; see
fig. S9 for details). Similarly, two kinds of islands are observed for Ext-
TEB precursors, and they can be ascribed to the self-assembly of dehy-
drogenated (Fig. 4E) (53) and intact Ext-TEB (Fig. 4F) precursors (see
fig. S10 for details).

Statistical analysis (Fig. 4G) discloses that 82% of phenyl radi-
cals of del-ITP are passivated and 18% of them remain intact,
which differs from the fact that isolated phenyl radicals of deI-ITP
remain unaltered at RT for longer than 6 hours. Meanwhile, 81%
of terminal alkynes of Ext-TEB have hydrogen atoms detached,
and 19% of them remain intact. The observed phenomena are in
excellent agreement with our recently proposed intermolecular
radical transfer mechanism (Fig. 4H) (50). Calculated reaction
barriers for the direct dehydrogenation of terminal alkynes with
and without the assistance of phenyl radicals are 0.78 eV (50) and
1.82 eV (54), respectively, naturally explaining why 81% of depro-
tonation reaction of alkynyl groups takes place at a cold Ag(111)
surface (200 K) in the presence of surface-stabilized radicals. In
sharp contrast, in the absence of radicals, direct dehydrogenation
of the precursor does not take place and, instead, the Ext-TEB
molecules couple at 400 K (55, 56) on Ag(111) by forming an
enyne bonding motif (fig. S11) (56-59). It should be noted that the
enyne formation follows an overall lower energy landscape than
the direct dehydrogenation but higher than the radical-assisted
dehydrogenation. The intermolecular radical transfer reaction is
accomplished via the hydrogen migration from alkynyl groups to
phenyl radicals, leading to the finding that the dehydrogenation
reaction of Ext-TEB and the H-passivation reaction of del-ITP

take place simultaneously (50, 60). Mechanistically, one phenyl
radical can only trigger the dehydrogenation of one alkyne group
(Fig. 4H), which is in excellent consistence with the fact that the
passivation yield of phenyl radicals (82%) is close to the dehydro-
genation yield of alkyne groups (81%) at this stage on Ag(111).
Moreover, it should be noted that deI-ITPs are free to move on
Ag(111) when the radical transfer reaction takes place (see fig. S12 for
details), although they are stabilized on the surface at 77 K. Therefore,
it is the free radicals (not surface-stabilized radicals) that lead to
the radical transfer reactions.

A complete radical transfer reaction is achieved upon slightly
annealing the sample to 250 K. All Ext-TEB precursors self-assemble
into porous networks (Fig. 5A), decorated by trapped ITP mole-
cules. The highly resolved STM image (Fig. 5B) discloses that
adjacent Ext-TEB monomers are linked by a bright protrusion,
indicating the formation of alkynyl-Ag-alkynyl motifs. We there-
fore obtained the structural model of the networks (Fig. 5C), and
the measured pore-to-pore distance (3.58 + 0.10 nm) is in excel-
lent agreement with previous reports (50, 53). Accompanied by the
formation of porous networks, close-packed islands are observed
on the Ag(111) surface (Fig. 5, D and E), which is composed of
H-passivated ITP precursors and detached iodine adatoms. In
summary, we successfully synthesized phenyl radicals on a Ag(111)
surface that simultaneously have two competing characteristics:
high stability and high reactivity. The synthesized radicals facilitate
the subsequent intermolecular radical transfer reaction with yields
of 81% at 200 K and 100% at 250 K on Ag(111).

As Ullmann coupling side reactions are prohibited, the introduc-
tion of steric hindrance facilitates us to tune the reaction products in
a fine-controlled manner. We examined the reaction products at RT
by rationally adjusting the stoichiometric ratio of precursor
molecules. The representative STM images are shown in Fig. 6 and
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Fig. 4. Reactivity of ITP radicals at 200 K. (A and B) STM images after depositing 0.1-ML Ext-TEB onto ITP/Ag(111) held at 200 K (r ~ 1). The samples are subsequently
annealed at 200 K for 20 min. (C to F) High-resolution STM images and corresponding structural models (lower panels) of (A) and (B). (G) Distribution of reaction products.

(H) Schematic illustration of the intermolecular radical transfer reaction. Tunneling parameters are /y = 20 pA and V,, =

by 30 nm for [(A) and (B)] and 3 nm by 2 nm for [(C) to (F)].

Zhuetal., Sci. Adv. 11, eadu9436 (2025) 30 May 2025

—1V for all STM images. The image sizes are 30 nm
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Fig. 5. Reactivity of ITP radicals at 250 K. (A) Large-scale STM image of Ext-TEB islands after annealing the sample shown in Fig. 4 (r ~ 1) to 250 K for 20 min. (B) High-
resolution STM image and the corresponding structural model (lower panel) of a linkage unit. (C) High-resolution STM image of (A) overlaid with the corresponding
structure model. (D) Large-scale STM image of ITP islands after annealing the sample shown in Fig. 4 to 250 K. (E) High-resolution STM image of (D) overlaid with the
corresponding structure model. Tunneling parameters are /; = 20 pA and V}, = —1V for all STM images. The image sizes are 50 nm by 50 nm for (A), 4 nm by 2 nm for (B),

10 nm by 6 nm for (C), 30 nm by 18 nm for (D), and 5 nm by 3 nm for (E).

fig. S13. With the absence of phenyl radicals (r = 0), Ext-TEB re-
mains intact at RT and self-assembles into close-packed islands on
Ag(111) (Fig. 6A) (55). Alkynyl radicals are generated through the
radical transfer mechanism at increased r, because it only needs to
overcome a moderate energy barrier of 0.78 eV (50). Experimen-
tally, most Ext-TEBs transform to dimer products formed by alkyne-
Ag-alkyne interactions atr = 0.3, indicating partial dehydrogenation
of the terminal alkynl groups (Fig. 6B). Accompanied by this, H-
passivated del-ITP and intact Ext-TEB self-assemble into different
islands on the surface (fig. S14). At an increased r (r = 0.6, Fig. 6C),
more hydrogen atoms detached from alkynyl groups, and regular
porous networks are eventually synthesized at r ~ 1 (Fig. 6D). The
porous networks gradually collapse at further increased r and trans-
form to phenyl-Ag-alkynyl motifs (r ~ 1.3 in Fig. 6E and r = 1.6
in Fig. 6F). At r = 2, the porous networks transform to the self-
assembly islands shown in Fig. 6G, in which the phenyl-Ag-alkynyl
bonds dominate. At r < 2, phenyl radicals either are passivated by
hydrogen atoms or form a phenyl-Ag-alkynyl bond. At r > 2, how-
ever, residual phenyl radicals are observed to adsorb on the surface
(highlighted by the arrows in Fig. 6H), which again evidenced the
stability of the prepared radicals.

The experimentally observed stoichiometric ratio-dependent re-
action pathways can be well explained by the radical transfer mech-
anism. For convenience, we define the number of phenyl radicals as
n,,q and the number of alkyne groups as n,;, . As shown by experi-
mental results, pathways can be categorized into two scenarios, in
which all phenyl radicals will be passivated by alkyne groups if
N,q4 < Ny While phenyl radicals will form organometallic struc-
tures or remain as surface-stabilized radicals if n,4 > 1. Detailed
reactions can be quantitatively written by considering the ratio be-

tweenngand ny,r = :’l“‘“. When 0 < r < 1, only rn alkyne groups

are activated with the assistance of rn,y phenyl radicals via the radi-
cal transfer mechanism, resulting in the formation of mza“‘ alkynyl-
Ag-alkynyl linkages. Meanwhile, all 711,y phenyl radicals are passivated
by H atoms that migrated from alkyne groups, while the remaining
(1 —r)ny alkyne groups remain intact, as shown in Eq. 1

Zhuetal., Sci. Adv. 11, eadu9436 (2025) 30 May 2025

g Phe +ny Alk—H
+ ek
2
+rny Ph—H4+ (1 —r)ny Alk—H
The corresponding activation yield of alkynes is 7 X 100 %, which
naturally explains why partial (r = 0.3,0.6) and all alkyne groups
(r = 1) are activated, respectively (Fig. 6, B to D). When1 <r <2,
#, phenyl radicals are passivated via the radical transfer mecha-
nism, and all (n,,) alkyne groups are activated. The remaining
(r—1)ny, phenyl radicals interact with dehydrogenated alkyne
groups by forming (r —1)n,, phenyl-Ag-alkynyl moieties. Other
dehydrogenated alkyne groups form % alkynyl-Ag-alkynyl
moieties (Eq. 2)

g-»%Alk—Ag—Alk (1)

rig Phe +n, Alk—H
™

+T*‘1k Ag— (r—1)n,, Ph—Ag—Alk @)

Q2=r)nye
2

in agreement with the evolution from porous networks at r = 1 (Fig.

6D) to phenyl-Ag-alkynyl moieties at r = 1.3, 1.6, and 2 (Fig. 6, E to

G). Atr > 2, n phenyl radicals are passivated via the radical trans-

fer mechanism, which is same to that at1 < r < 2. However, only n,;

of the remaining (r — 1)n,;, phenyl radicals interact with dehydroge-

nated alkyne groups by forming n,; phenyl-Ag-alkynyl moi-

eties (Eq. 3)

rng Phe + 1, Alk—H+n, Ag— n, Ph—Ag— Alk

+ nalkPh —-H+ (r - 2)nalkPh .

3)

As phenyl radicals are in excess, residual (r —2)n,;, phenyl radi-
cals anchor on the surface separately (Fig. 6H).

On the basis of Egs. 1 to 3, we obtained the distribution of differ-
ent products of alkynyl and phenyl groups with different values of ,
as depicted in Table 1. The corresponding theoretical curves are ex-
hibited in Fig. 6 (I and J), which are in excellent agreement with the
experimental observations (dots in Fig. 6, I and J). The correlation

50f9



SCIENCE ADVANCES | RESEARCH ARTICLE

[
S
(=]

401

20F

Yield of alkynyl components (%)

100

80

60

40 [

20

Yield of ITP components (%)

Fig. 6. Distribution of products. Representative STM images and corresponding structure models (lower panels) by codepositing Ext-TEB and ITP on Ag(111) held at RT with
(A)r=0,(B)r ~03,(C)r ~0.6,(D)r ~ 1 (E)r ~1.3,(F)r ~ 1.6,(G) r ~ 2.0,and (H) r ~ 2.2.The samples are subsequently annealed at RT for 20 min. (I) Calculated and experi-
mental yields of alkynyl components as a function of r. (J) Calculated and experimental yields of ITP components as a function of r. Tunneling parameters are Iy = 20 pA and
Vp, = —1V for all STM images. The image sizes are 5 nm by 5 nm for all STM images. The Ag, C, and H atoms are represented by the blue, gray, and white circles, respectively.

between the experimental investigation and proposed equations not
only further convinces the occurrence of the intermolecular radical
transfer reactions but also demonstrates that reaction products can
be accurately controlled by inhibiting the Ullmann side reactions.
It is also worthy to point out that Egs. 1 to 3 are deduced on the
basis of an ideal thermodynamic equilibrium analysis, which im-
plies that the saturation of phenyl radicals has top priority. In other
words, the passivation by migrated hydrogen atoms is before the
formation of phenyl-Ag-alkynyl moieties for phenyl radicals, while

Zhuetal., Sci. Adv. 11, eadu9436 (2025) 30 May 2025

the formation of phenyl- Ag-alkynyl moieties is before the formation
of alkynyl- Ag-alkynyl linkages for alkynyl groups. Such a hypothesis
is supported by a previous report that the formation of alkynyl-Ag-
alkynyl linkages is reversible on Ag(111) (61). To further confirm
the reversibility of alkynyl-Ag-alkynyl linkages, control experiments
are carried out. Different from experiments shown in Fig. 6 that
each phase with variable r is synthesized by depositing Ext-TEB on
a fresh radicals/Ag(111) surface, we continuously deposit extra ITPs
onto the previously characterized Ext-TEBs + ITPs/Ag(111) surface
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Table 1. Distribution of alkynyl and phenyl groups with r variables.

Distribution of alkynyl groups of Ext-TEB

—H ——A — / ——A

\_/ y \ /> <\ /> g@
0<r<i (1-r) X 100% rx 100% 0
P22 O 100%

0<r<i 0 100%
1<r<2 0 1/r x 100% (r-1)/r x 100%
r>2 (r-2)/r x 100% 1/r X 100% 1/r x 100%

in this series of control experiments. With increased values of 7, the
status of alkynyl components gradually evolve from dimer products
to porous networks and, eventually, phenyl-Ag-alkynyl moieties are
formed (see fig. S15 for details). The control experiments undoubt-
edly disclose that the reaction pathways of this codeposition system
are thermodynamically driven so that the deduced Eqgs. 1 to 3 are
conceivable.

To conclude, we successfully synthesized surface-stabilized radi-
cals with both long lifetimes and high chemical reactivity on Ag(111).
Such persistent radicals remain intact for longer than 6 hours at RT
and are directly characterized in the real space at the single-chemical-
bond scale by means of BR-STM imaging. The chemical reactivity of
radicals is investigated by model intermolecular radical transfer re-
actions. With the participation of as-synthesized phenyl radicals, the
dehydrogenation reaction of Ext-TEBs takes place at around 200 K
on Ag(111), in strong contrast to the finding that nondehydroge-
nated coupling of Ext-TEB takes place at 400 K on the same surface.
Aided by the decoupling of radical generation and transfer processes,
the reaction pathways can be accurately tuned by the rational
choice of stoichiometric ratios of precursor molecules. Our studies
not only provide strategies to prepare persistent radicals with high
reactivity but also aid in clarifying the reaction pathways of radical
reactions directly.

MATERIALS AND METHODS

STM measurements

All STM experiments were performed in an ultrahigh vacuum
chamber (base pressure is better than 1 x 107" torr) equipped with a
commercial low-temperature scanning tunneling microscope (Sci-
enta Omicron). Single crystalline Ag(111) was cleaned by several
cycles of argon ion sputtering and subsequent annealing. The ITP
and Ext-TEB molecules were purchased from J&K Company (purity
higher than 98%). ITP and Ext-TEB molecules were evaporated with
a commercial Kentax TEC-BSC evaporator with evaporating rates of
0.06 and 0.02 ML/min, respectively. All STM measurements were
carried out at 78 K with a tungsten tip, if not otherwise specifically

Zhuetal, Sci. Adv. 11, eadu9436 (2025) 30 May 2025

stated. All BR-STM images were acquired in constant-height mode
at 4.2 K with a CO-functionalized tungsten tip. All STM images were
analyzed by WSxM software (62).

DFT methods

All DFT calculations were performed by the Vienna ab initio Simu-
lation package together with an atomic simulation environment
(63, 64). The electron-ion interactions were described by the projec-
tor augmented wave potentials (65), with the plane wave basis ex-
panded to a kinetic energy cutoft of 400 eV. The exchange-correlation
interactions were treated by the van der Waals density functional in
the version of rev-vdWDF2 developed by Hamada (66, 67). Such a
method has been demonstrated to be accurate for the adsorption of
molecules on metal surfaces (68). The Ag(111) surface was repre-
sented by a four-layered slab using a p(8 X 10) supercell, and peri-
odic image interactions were avoided by using a 15-A vacuum
layer. A 3 by 3 by 1 grid was used to sample the first Brillouin
zone. The transition states were identified by using a combina-
tion of climbing image nudged elastic band (CI-NEB) and Dimer
method (69, 70). First, 10 to 20 images were inserted between the
initial and final states for each reaction and optimized by CI-
NEB. The image with the highest energy was subsequently used
as the input of the Dimer method to obtain the saddle point. All
structures including local minima and saddle points were opti-
mized until the residual force on each atom was lower than 0.02 eV/A,
except the bottom two layers of the Ag(111) surface, which were
kept frozen.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S15
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