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ABSTRACT: To explore a proof-of-concept for atomically precise

manufacturing (APM) using scanning probe microscopy (SPM),

first principle theoretical calculations of atom-by-atom transfer

from the apex of an SPM tip to an individual radical on a surface-

bound organic molecule have been performed. Atom transfer is . approach
achieved by spatially controlled motion of a gold terminated tip to 8 -

the radical. Two molecular tools for SPM-based APM have been &

designed and investigated, each comprising an adamantane core, a o

radical end group, and trithiol linkers to enable strong

chemisorption on the Au(111) surface: ethynyl-adamantane- : E

trithiol and adamantyl-trithiol. We demonstrate the details of

controlled Au atom abstraction during tip approach toward and

retraction from the radical species. Upon approach of the tip, the apical Au atom undergoes a transfer toward the carbon radical at a
clearly defined threshold separation. This atomic displacement is accompanied by a net energy gain of the system in the range —0.5
to —1.5 eV, depending on the radical structure. In the case of a triangular pyramidal apex model, two tip configurations are possible
after the tip atom displacement: (1) an Au atom is abstracted from the tip and bound to the C radical, not bound to the tip base
anymore, and (2) apical tip atoms rearrange to form a continuous neck between the tip and radical. In the second case, subsequent
tip retraction leads to the same final configuration as the first, with the abstracted Au atom bound to radical carbon atom of the
molecular tool. For the less reactive adamantyl-trithiol radical molecular tool, Au atom transfer is less energetically favored, but this

retract
_—

. gmo(:) %

o

has the advantage of avoiding other apex gold atoms from rearrangement.

KEYWORDS: atomically precise manufacturing, scanning probe microscopy, density functional theory, atom vertical transfer,

molecular radical

B INTRODUCTION

Atomically precise manufacturing offers an opportunity to
manufacture defect-free materials, components, and systems
from individual atoms and molecules. While no laws of physics
or chemistry exclude realization of this disruptive technology
and its potential to create paradigm shifts in engineering,
medicine, and information technology, APM remains an
enormous scientific challenge. Advances in nanotechnology
enabled by the integration of synthetic chemistry, theoretical
modeling, and SPM-based methods provide a pathway to the
robust production of atomically precise structures. To date,
repositioning of both surface-bound atoms and molecules and
induction of chemical reactions with and between them has
been successfully demonstrated in two dimensions with a
variety of atomic and molecular systems. One example domain
where APM could be employed is the surface engineering of
metals, since this is a central domain to many applications.
With the size decrease of the devices or function in
microelectronic applications, for example, smaller scales of
modifications of metals by deposit or etching are required. The
© 2023 The Authors. Co-published by

University of Science and Technology of
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ultimate scale deals with the engineered manipulation of metal
surfaces atom by atom."” Placing or removing atoms at precise
locations is a grand challenge and an inspiration for researchers
following the vision of Feynman on nanotechnology. Such
atomically precise manufacturing would be a clear change of
paradigm in our manufacturing processes.”*

The controlled abstraction, or removal, and transfer of a
single atom represents an enabling fundamental first step
toward the realization of APM in three dimensions. Scanning
tunneling microscopy has previously been used to manipulate
single atomic adsorbates following the pioneering work of Don
Eigler and colleagues positioning Xe atoms with atomic
precision on a Ni surface.” Reversible vertical manipulation
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between surface and tip of Xe atoms or propene molecules on
Cu(211) and of CO on Cu(111) has been realized by Rieder
and colleagues.s’6 Individual Ge atoms were extracted from a
Ge(111) surface using tip—surface contact with a STM at zero
bias voltage by Dujardin and colleagues.” A near contact
atomic force microscope has also been used for vertical
abstraction of atoms from a Si(111) 7 X 7 surface. A central
example of application is the controlled removal of single
hydrogen atoms from the H:Si(100) surface to realize
hydrogen resist lithography on H:Si (100) surfaces with single
atom specificity.* "'’ To explore the feasibility of utilizing
designed molecular tools for atomic abstraction through
mechanochemical means, the present work seeks to model
the sculpting of a metallic tip structure through controlled
removal of individual metal atoms using reactive adsorbates,

following the process shown in Figure 1.
¢ c
Il Il
(XX )
Figure 1. Schematic representation of atomic manipulation using

Manipulation steps
surface-bound molecular radicals. A representative molecular tool
(iodo-ethynyl-adamantanetrithiol) is supported on an Au surface.
Cleavage of the C—I bond produces a radical center on the uppermost
carbon atom. As the gold tip approaches the radical, a single gold
atom is spontaneously abstracted from the tip and transferred to the
radical. The modified tip is then retracted from the surface.

O=0—-—

The tip is envisaged to be of the type used in SPM, thereby
offering the requisite positioning accuracy to bring the apical
tip atom in close proximity a surface where highly chemically
active molecules are placed. While fundamental in nature,
validation of tip-based mechanochemical concepts through
simulation and modeling opens the door to the experimental
realization of atomically controlled etching, or subtractive
preparation of well-defined metallic shapes. This mechano-
chemical approach also offers the possibility to produce
atomically defined tip structures in situ before and/or during
SPM experiments, including high-resolution imaging or
manipulation of molecular objects, which critically depend
on the structure of the tip apex. That tip apex atomic structure
is often not known in SPM experiments, but approaches have
been developed using adsorbates as CO that enable the
characterization of the tip apex and in some cases the
individual resolution of its atoms.' ">

Here, we consider two organic molecules adsorbed on the
Au(111) surface via three thiol groups and bearing a carbon
radical center as shown in Scheme 1. Cleavage of the terminal
C—I bond, either photoinduced or by inelastic tunneling using
voltage pulses applied by the SPM tip, can produce the desired
carbon radical at the end of the molecule.” These radicals have
the potential to bind to a metal atom from a Au tip approached
toward them and, if the tip is retracted away from the surface,
to abstract the Au atom from the tip. Many questions remain
open for such single atom manipulation. Will the metal atom

120

Scheme 1. Representation of the Two Au Surface-Bound
Molecular Radicals Considered Here: Ethynyl-Adamantane-
Trithiol (Left) and Adamantyl-Trithiol (Right)”

W 7

“Adapted with permission from ref 24. Copyright (2013) Royal
Society of Chemistry.

abstraction occur? Will instead the Au tip be deformed in a
ductile way? At what distance between the radical and the tip
will the bond be formed? How accurate should the placement
of the tip be parallel to the surface for a controlled abstraction
of a given atom? Finally, how is the result dependent on the
molecular structure of the C radical? We address these
questions herein, using first principle calculations based on
density functional theory.

B COMPUTATIONAL METHODS AND MODELS

Plane wave DFT calculations were performed using the projector
augmented wave method provided in the Vienna ab initio simulation
package (VASP)."*> The Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional'* with a plane wave expansion cutoff of 400 eV
and modeled dispersion interactions using the DFT-D3 method
developed by Grimme et al. was used.'® Four layers were used to
model the Au(111) surface. The bottom two layers are fixed, but all
other atoms are allowed to relax during the calculations until the
forces are less than 0.05 eV/A. A vacuum spacing of ~12 A was
included, which is sufficient to minimize the periodic interaction in
the surface normal direction. In terms of system size, a 3 X 3 unit cell
with a corresponding Monkhorst—Pack k-point mesh of 4 X 4 X 1 is
employed. For the tip, S layers were considered with the top two
layers fixed. Two types of tips have been modeled as shown in Figure
2: (1) a sharp tip with a single atom at the apex (Figure 2a) and (2) a

Figure 2. Structural models of tip shapes: (a) a sharp tip with a single
Au atom at the apex and (b) a blunt tip with 3 Au atoms at the apex.

flat tip with 3 Au atoms at the apex (Figure 2b). While SPM tips are
typically made of W or a Ptlr alloy, unavoidable and/or intentional
contact between the tip and surface results in transfer of an ensemble
of Au atoms at the apex of the tip. As such, Au tips were employed.

B RESULTS AND DISCUSSION

a. Adsorption of lodo-Ethynyl-Adamantanetrithiol on the
Au(111) Surface

The interaction between alkyl-thiols and Au surfaces has been
well documented,'*™"* whereby alkyl-thiols bind to Au via the

https://doi.org/10.1021/prechem.3c00011
Precis. Chem. 2023, 1, 119-126
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Figure 3. Top (left) and side (right) view of the calculated (3 X 3) adsorption structure of iodo-ethynyl-adamantanetrithiol chemisorbed on the

Au(111) surface. Au: gold; S: yellow; C: gray; H: white, I: purple.

S atom after cleavage of the S—H bond.'”™** Similarly, the
adamantanetrithiol unit binds to Au(111) via each of its 3 S
atoms as shown by previous STM and DFT studies.””** The
calculated binding energy of the triply dehydrogenated
adamantane unit on Au (501 kJ mol™') is consistent with
the previous experimental and theoretical studies. This strong
bonding between the molecule and the Au(111) surface
produces very stable chemisorption, the structure of which is
shown in Figure 3. Sulfur atoms are found to bind at hollow
sites on the Au(111) surface. Decomposition of the adsorbed
molecule through either photoexcitation or inelastic tunneling
is assumed to cleave the C—I bond in an homolytic manner,
resulting in a terminal carbon radical.’

b. Atomic Abstraction Trajectories from the Sharp Tip
Model with the Ethynyl-Adamantane-Trithiol Radical

Approach of the sharp Au tip toward the supported ethynyl-
adamantane-trithiol radical was utilized to examine how the
radical moiety promotes Au atom abstraction and metal—metal
bond breaking at the Au tip. The interaction energy between
the tip and the surface-mounted molecular tool has been
systematically explored by changing the tip—surface separation
(Figure 4), which enabled the elucidation of structural models
throughout the mechanochemical abstraction process (Figure
5). Calculations combine multiple geometry optimization
starting from an initial position of the tip, and progressively
approaching the tip by increments of 0.1 A. A complete
geometry optimization is performed for each position of the
tip, so that a local minimum is obtained. No temperature is
included in the calculation, since we wish to relate with
possible low temperature experiments, and electronic energies
are presented. The position of the tip is referenced to the
geometry of contact between the tip and the radical molecule
(defined a Z = 0, point d; on Figure 4), where the tip apex
atom creates a bond at equilibrium with the C radical (Au—C
distance 1.99 A) and which represents the minimum for the
system energy. The calculation models the state of the tip-
molecule system upon approach then retraction of the tip,
assuming low temperature and fast atomic rearrangement in
the local energy minimum with respect to the approach
velocity, so that the system would be at equilibrium at any
position of the tip.

If the tip is placed with its apex atom directly on-top of the
carbon radical at a large separation, this apex atom is very
stable with three metallic Au—Au bonds to the tip substrate
and its detachment very energetically unfavorable. Upon
approach, one first sees a weak long-distance interaction, the

121
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Figure 4. Energy profile (in eV) for the controlled atomic scale
etching in the sharp tip model (Figure 2a) with the ethynyl-
adamantane-trithiol radical bound to the Au(111) surface. The Au tip
approaches toward the surface carbon radical starting from point (a)
and retracts leaving one Au atom on the molecule to reach (e) or
(el). The abscissa Z coordinate represents the separation between the
fixed layers of the surface and tip slab, relative to the equilibrium
contact point between tip and surface (d1). The inset shows the
maximum AZ coordinate in the Au; second layer of the tip (just
above the abstracted tip apex atom) to show whether this Au; unit
stays horizontal (AZ close to 0) or is markedly tilted to form a neck
between the tip and the ethynyl group. In (a) the lowest atom of the
tip is placed on top of the radical during the approach, while in (al) a
lateral offset of 0.5 A is applied.

tip apex atom remaining in its position, resulting in a slow
decrease of the energy following the red curve in Figure 4
(from position (a) to (b) in Figure 4 with corresponding
structure (a) in Figure 5). An atomic movement occurs at a
tip-radical separation of Z = 1.1 A, where the barrier to detach
the Au tip atom vanishes and the Au tip atom is transferred to
the carbon radical, breaking three Au—Au bonds in the tip and
forming one C—Au bond, to create structure (c) in Figure $
with a stabilization of ~1.5 eV versus (a) as shown at (c) along
the red curve of Figure 4. From (c), retraction of the tip
follows the red curve until (e), corresponding to the desired
clean abstraction of a single atom from the Au tip. It is
important to note that the interaction between the tip atom
and its base is not completely canceled in structure (c),
resulting in an energy increase of an additional ~0.7 eV
following complete separation by tip retraction (from (c) to
(e)). It should be underlined that along the red pathway in

https://doi.org/10.1021/prechem.3c00011
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Figure S. Geometries during the tip atom abstraction process from the sharp tip with the surface mounted ethynyl-adamantane-trithiol radical. The
apical tip atom is approached directly on top of the C radical, except for (al) where it is shifted laterally by 0.5 A. Labels correspond to those in
Figure 4 (Au: yellow; C: gray; H: white, small; S: orange). Red (blue) arrows correspond to red (blue) lines in Figure 4. Approach (retract)

indicates that the tip is moved closer (further) to (from) the radical.

Figure 4, the tip Au atom is either attached to the tip base
(from (a) to (b)), or to the C radical (from (c) to (e)) and is
never shared between tip and radical. When the tip is retracted
from (c) the Au atom remains on the C radical for two
reasons: the energy is more favorable (moving back to the tip
is uphill by ~1 eV) and in addition as soon as Z is increased
above 1.1 A an energy barrier rebuilds for the migration.
This reactive process is not unique, and other pathways were
observed to occur. Structure ¢ in Figure 5 represents a local
energetic minimum, where the Auj; triangle exposed at the tip
apex after transfer of the apical tip atom remains horizontal.
From (c), if instead of retracting the tip, it is further
approached to a tip-molecule separation of Z = 1 A, the
topology of the potential energy surface is altered. Specifically,
the equivalent of (c) is no longer stable and becomes a
maximum on the potential energy surface. The structure then
transforms into a configuration where one atom of the Auy
triangle moves toward the molecule and rebinds with the Au
atom that had been transferred to the C radical as seen in
structure (d) in Figure S. This rebinding creates a continuous
“neck” between the tip and radical, a structure which is
reminiscent of the known malleable and ductile behavior of
gold. The tip apex atom is then shared between the deformed
tip base and the C radical. Such neck-like structures are
represented on the blue curve in Figure 4 and linked by blue
arrows in Figure S. The inset of Figure 4 shows a value
denoted as AZ, which represents the magnitude of tilt
(indicated as a Z difference) in the Au triangle that forms
the base of the tip. For structure (c) as well as all other points
on the red curve, AZ is zero as the tip base remains horizontal
following transfer of the Au atom from the tip to the radical.
For structure (d), represented on the blue curve at Z = 1 A,
AZ is large since one atom of the Auj triangle at the tip is
markedly lower (by 1.2 A) than the other two. This AZ value
decreases progressively as the tip moves toward the radical. At
the minimal contact separation (d1, Z = 0), the tip structure is

122

no longer deformed. All bonds are re-established within the Au
tip and a bond is formed between the tip and the radical. The
energy of (d1) is 2.8 eV more stable than that of the initial
point (a), corresponding to the energy of Au—C bond
formation at the tip apex.

If from structure (d1), we now retract the tip by increasing Z
the process is not fully reversible. The same structures as those
during the approach are initially observed. Moving from point
(d) as AZ continuing to increase, the deformed neck-like
structure is maintained, forming (c1) instead of (c). From
(c1), a small energy increase is observed following a
rearrangement in the neck, corresponding to rotation of the
Auj triangle without Au—Au bond breaking until Z ~ 1.6 A
where the Au; triangle is vertical. Abstraction of one Au atom
from the tip then occurs with a corresponding increase of the
energy until the formation of structure (el), where the apex Au
atom has detached from the tip and transferred onto the
carbon radical. Again, the Au atoms remains on the radical C
for stability reason. The tip structure after abstraction is found
to be metastable in this case, with one Au atom dangling down.
Subsequent reorganization of this (el) structure to (e) is
possible but requires the system to overcome a small energetic
barrier (0.06 €V) that would only be kinetically possible at
temperatures above ~25 K.

Therefore, the on-top approach of a sharp tip produces two
distinct isomers for the interacting tip and radical over the Z
range of 1.1 to ~2.5 A, corresponding either to a Au apex atom
fully detached from the tip base or to the formation of neck-
like structures, the apex atom remaining partially bonded to
other Au atoms of the tip. For Z values less or equal than 1 A,
only the neck-like structure is possible. The height of the
energy barrier between these two isomers is an important
parameter to determine whether both can be found. For Z =
1.1 A, that corresponds to the tip—surface separation for which
the tip atom is transferred to the radical, that barrier between
(c) and (c1) is only 0.05 eV, a small value implying that the

https://doi.org/10.1021/prechem.3c00011
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metastable structure (c) can only exist at low temperature, but
would quickly transform to the most stable neck structure (c1)
at elevated temperature.

Experimental realization of a tip-molecule approach directly
and exactly on-top of the radical carbon cannot be presumed.
To examine the impacts of lateral offsets between the apical tip
atom and the carbon radical, the sharp tip model was used to
approach with a constant lateral shift of 0.5 A. Such an offset is
readily achievable with SPM-based methods. The starting
point of the offset trajectory is noted as (al) in Figure 4
(green) and in the inset of Figure S. The approach is
unreactive until (b1), where the tip atom transfers across the
gap to form a bond with the C radical in a process similar to
that of the on-top approach. The difference with the on-top
approach is that a structure like (c) with the Au apex atom fully
detached is not seen and the remaining atoms of the tip
rearrange in this offset case to form a neck-like structure very
similar to (c1), with an important tilt of the Auj triangle at the
tip. Upon retraction of the tip, structures similar to those
observed in the case of the on-top approach following the neck
formation (blue curve in Figure 4) are formed, resulting in the
abstraction of a single Au atom from the tip.

c. Atom Abstraction from the Blunt Tip Model with the
Ethynyl-Adamantane-Trithiol Radical

The sharp tip model cannot be presumed during the course of
any SPM experiment. Similarly, the sequential abstraction of
atoms from the tip will necessarily produce tip apex structures
that can be best described as “blunt”, where for example the
apex structure of the blunt tip is terminated with three atoms
in the same plane, as shown in Figure Sc and e. To explore the
possibility of sequential atom abstraction, a blunt tip model
was developed (Figure 2b) and one Au atom at the Au; apex
was positioned for a vertical on-top approach toward the
radical. The associated energy profiles and structural
descriptions for this reaction trajectory are provided in Figures
6 and 7, respectively. The Z coordinate of the tip is again
referenced to the contact situation; however, two different
contact geometries are found depending of the lateral position

Energy (eV)

Z(A)

Figure 6. Energy profile (in eV) for the controlled atomic scale
etching of the blunt tip model with the ethynyl-adamantane-trithiol
radical mounted on a Au(111) surface. The Au tip approaches toward
the surface carbon radical starting from points A or Al and retracts
leaving one Au atom on the molecule to reach E. The abscissa Z
coordinate represents the separation between the fixed layers of the
surface and tip slab, relative to lowest value obtained for the
equilibrium contact point F1 between tip and surface.
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of the C atom of the radical, on-top of one Au atom, or in
between 3 Au atoms. The one corresponding to the lowest tip
position (in between 3 Au atoms, structure F1 on Figure 7) has
been selected.

Beginning from structure (A), approach of one Au atom at
the Au; apex on top of the radical results in reorganization of
the tip apex at Z = 2.1 A, where the Au atom above the radical
moves to bond with the radical while remaining bonded to the
two other Au atoms of the tip in a process that lowers the
energy by more than 2 eV (Figure 6). This observation is
markedly different from the case of the sharp tip model, where
the abstracted atom in structure (c) of Figure S was completely
detached from the tip. The presence of three atoms at the same
Z position in the blunt tip model allows for two of the atoms to
remain bonded to the atom that is ultimately abstracted
leading to the formation of a neck-like structure, similar to the
case seen in Figure 5d or cl. These additional interactions
during atom abstraction make the process more energetically
favorable and the resultant structure more stable relative to the
energy zero.

Therefore, from structure (B) in Figure 7, retraction of the
tip results in formation of a monatomic neck of Au between
the radical and the tip as shown in Figure 7(C) and (D). At Z
~ 5.5 A the neck breaks, one Au atom remaining on the radical
and a metastable structure being formed for the remaining of
the tip apex (Figure 7E), that can rearrange at finite
temperature by rebinding one atom to the base. In contrast,
continuation of the tip approach from structure (B) results in
reorganization of the tip and a return to its initial configuration
denoted as structure (F), where the radical is bonded to one
atom of the intact Au; blunt tip.

To again consider the effects of lateral offsets between the
Au atoms in the tip and the carbon radical, approach of the tip
was initiated from structure (Al), where the center of the
triangular tip apex was positioned above the radical. The
resulting process lead to very similar results. During approach,
the surface-bound molecule bends slightly to allow for
increased interaction between the end carbon atom with one
of the three Au atoms at the tip apex. At a sufficiently short
separation, the interacting Au atom spontaneously jumps to
the radical carbon and produces a structure very similar to (B).
Continuation of the approach until contact results in structure
(F1), with the radical carbon symmetrically placed below the
center of the tip Auj; triangle. Retraction of the tip follows
structure very similar to (B, C, D, E) so that the exact position
of the tip with respect to the carbon radical has little
importance for Au atom abstraction result.

d. Atom Abstraction Trajectories from the Sharp Tip with
the Adamantyl-Trithiol Radical

To explore the influence of interaction strength between the
carbon radical and apical Au atoms, a second molecular tool
was employed. Removal of the ethynyl fragment from the
molecular structure allowed for formation of the radical
directly at the adamantane carbon (Scheme 1b), thereby
changing from an sp carbon radical to an sp® carbon radical,
the latter of which is known to be less reactive. Using the sharp
tip model, the resulting abstraction process was observed to be
less energetically favorable. Specifically, the overall process
becomes slightly uphill in energy (Figure 8), in contrast to the
markedly favorable process using an ethynyl radical previously
seen in Figure 4.
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Figure 7. Geometries during the tip atom abstraction process from the blunt tip with the surface-bound ethynyl-adamantane-trithiol radical. In (A),
one atom of the Au, tip apex is positioned directly above the carbon radical. Tip approach produces a Au neck between the tip and molecule (B).
Subsequent retraction of the tip (C, D, then E) leads to the detachment of the tip Au atom and to the formation of a metastable structure at the tip
apex. Further approach from (B) leads to the contact structure (F). In Al, the center of the tip is positioned above the radical during approach. The
corresponding contact structure is denoted as (F1). Arrow colors refer to the energy curves and labels in Figure 6.

0 0.4

12 14 16

" e -
T T

+N

0.8 1
]

1.8

o

5 & & o
© o » N

Energy (eV)

Z (&)

Figure 8. Reaction trajectory for the tip atom abstraction process
from the sharp tip with an adamantane-trithiol based sp*-C radical.
Energy vs displacement graph is shown. Labels refer to structures in
Figure 9.

Whether the atom abstraction process can still occur in the
case of the adamantyl trithiol radical despite the slightly
unfavorable energetic balance was examined by positioning the
apical Au tip atom of the sharp tip model directly on-top of the
carbon radical center as shown in Figure 9 (a). The zero of the
tip-molecule separation is again set at the equilibrium contact
position. Upon progressive approach, the Au tip atom is
transferred toward the radical at Z = 0.8 A and with an
associated energy drop of 0.5 eV to produce structure (b)
(Figure 9b). The separation at which the barrier for Au atom
transfer vanishes is hence 0.3 A shorter than in the previous
case of the ethynyl-adamantane-trithiol radical, while the
energy change is approximately a third (see Figure 4). This is
all in clear link with the much less energetically favored atom

124

d e

Figure 9. Geometries during the tip atom abstraction process from
the sharp tip with the surface mounted adamantyl-trithiol radical. The
apical tip atom is approached directly on top of the C radical. Labels
(a)—(e) correspond to those in Figure 8 (Au: yellow; C: gray; H
white, small; S: orange). Red (blue) arrows correspond to red (blue)
lines in Figure 8. Approach (retract) indicates that the tip is moved
closer (further) to (from) the radical.

transfer for this adamantyl trithiol radical. At this Z = 0.8 A tip-
molecule separation, an Au—C bond is formed alongside
elongation of Au—Au bonds at the tip. By retracting the tip
from (b), the complete detachment of the Au tip atom can be
obtained and requires an energy of 0.75 eV, reaching structure
(c) with the gold atom on the radical (Figure 9¢). The overall
process from (a) to (c) is slightly energy uphill, which requires
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external work provided by the manual retraction sequence to
transfer the tip-atom to the radical. Interestingly, while the
bond between the C radical and the Au atom has a slightly
lower energy than the bond between the Au tip atom and base,
the process of atom abstraction from the tip and transfer to the
radical is observed to be nonreversible. Reapproach of the Au,
tip base toward the transferred Au atom stabilizes the system
by reformation of Au—Au bonds, resulting in structure (b).
Continued approach ultimately yields structure (d) (Figure
9d), which represents the energy minimum where all Au—C
and Au—Au bonds have been established. Retraction of the tip
from (d) leads to elongation of Au—Au bonds within the tip
that are easier to elongate as compared to the Au—C bond
between the tip and radical. Continued retraction of the tip
beyond structure (b) follows the lower energy trajectory
leading to (c) in Figure 8. For Z > 1.3 A, switching to the line
leading to (a) is thermodynamically possible, but requires a
long distance jump of the gold atom from the radical to the tip,
which is activated and kinetically hindered at low temperature.
The system therefore remains on the metastable structure with
the Au atom on the C radical. The Au atom is hence kinetically
trapped on the C radical and is not back transferred to the Au
tip, despite the fact that this process would be slightly
energetically favored.

Another path can compete with the red pathway, consisting
of the formation of a “Au neck”, shown as the blue path on
Figure 8, and structure e on Figure 9. From Figure 8, the
formation of these structures with a Au neck (blue line) is not
energetically favored until Z > 1.2 A and even then would be
required to pass a small barrier. As a result, at low temperature,
from (b) the system would continue on the line toward (c)
forming metastable states, i.e,, the structures with neck would
not be formed. At a higher temperature, the structures with
neck would be formed as (e) on Figure 9. From (e), further
separation of the tip would detach the terminal tip atom as
seen before.

B CONCLUSION

First-principles atomistic simulations have been used to
explore the feasibility of atomically controlled abstraction of
atoms from an Au tip by mechanochemical means using
surface-bound carbon radicals as a molecular tool. Such
radicals can be obtained by activation of halogenated
molecules using photon excitation or inelastic tunneling.
Using two model systems, ethynyl-adamantane-trithiol and
adamantyl-trithiol radicals, we demonstrate the feasibility of
controlled atomic abstraction by approach and retraction of
the tip apex from the radical species. The atom transfer is both
distance-dependent and abrupt, occurring at a threshold
distance and with an energy drop of ~0.5—2 eV, depending
of the radical species and on the structure of the Au tip apex.
Two distinct states are observed following atom transfer: (1)
the transferred Au atom is detached from the tip and remains
only bound to the C radical, and (2) the tip apex rearranges to
form a continuous neck-like structure between the radical and
the tip, so that the transferred Au atom remains bonded to
other Au atoms of the tip. In the latter case, retraction of the
tip leads to detachment of the Au atom that remains bound to
the radical. The lateral position of the tip versus the radical
center is also shown to be important, as small lateral shifts from
the on-top position can lead to the formation of a neck-like
structure between the tip and the radical. Consideration of a
“flatter” tip with three Au atoms in the apical layer also results
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in Au atom abstraction, however the immediate detachment
upon approach is not seen. An atom transfer is found, with
even stronger energy gain, but only the structure with neck
formation occurs. This is due to the fact that the transferred Au
atom keeps bonding with the other two Au atoms in the lowest
layer of the tip, a configuration not possible for the sharp tip.
Single Au atom abstraction can nevertheless occur upon
retraction of the tip.

Changing the radical to a less reactive one as adamantyl
trithiol makes the atom process slightly energetically
unfavorable, but still possible if the tip exerts some work.
Interestingly, the formation of a Au neck upon transfer is less
favorable than the net transfer of the Au atom so that the
weaker radical could help for a cleaner atom extraction from
the tip, without deformation of other atom positions at the tip.

Once the radical has interacted with the metallic tip, the
abstracted Au atom is strongly attached to the radical and that
Au atom does not need to be removed nor does the molecule
need to be reused to continue the atomic etching process of
the tip. Sublimation of the molecules will deposit many
molecules on the surface which can be used for sequential
steps. This can range from very low, submonolayer coverages
to monolayers, thereby providing anywhere from 10—100’s of
molecules up to millions. Although the results here have been
obtained from specific examples, they can be extended to other
couples of tip/radicals by scaling the bond energies. Our
calculations open a route to the design of systems for
atomically precise atom removal from metallic tips.
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