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ABSTRACT: Halogenation at a semiconductor surface follows simple dynamics
characterized by “localized reaction” along the direction of the halide bond being
broken. Here we extend the study of halide reaction dynamics to the important
environment of a smooth metal surface, where greater product mobility would be
expected. Extensive examination of the physisorbed reagent and chemisorbed
products from two successive electron-induced reactions showed, surprisingly, that
for this system product localization and directionality described the dynamics at a
metal. The reagent was p-diiodobenzene on Cu(110) at 4.6 K. The first C−I bond-breaking yielded chemisorbed iodophenyl and
I-atom(#1), and the second yielded phenylene and I-atom(#2). The observed collinear reaction resulted in secondary encounters
among products, which revealed the existence of a surface-aligned reaction. The molecular dynamics were well explained by a
model embodying a transition between an a priori ground state and a semiempirical ionic state, which can be generally applied to
electron-induced chemical reactions at surfaces.

■ INTRODUCTION
Scanning tunneling microscopy (STM) opens the way to the
study of surface reactions, one molecule at a time.1−4 For
semiconductor surfaces the molecular reaction dynamics have
been inferred from the distance and direction that the newly
formed products travel away from the reagent; the most favored
distance of travel is to a surface site adjacent to the reagent
molecule, leading to the description “localized atomic reaction”
(LAR).5−8 The prevalence of LAR at semiconductor surfaces
has been exploited as a means to the “molecular-scale
imprinting” of self-assembled patterns, using light, heat, or
electrons to induce the localized reaction.9,10 The localization in
LAR has been attributed to the lowering of the reaction barrier
for concurrent bond extension in the old bond being broken
and the new bond being formed, only possible in a localized
event.5,11 The favored direction of motion of the reacting
halogen atom in the photo-halogenation6 and thermal
halogenation12 of a silicon substrate by 1,2- and 1,4-
dihalobenzenes6 and dihaloxylenes12 involved linear extension
of the C−X bond. Electron-induced surface chlorination of
silicon by chlorobenzene has been studied in detail by Palmer,
Sloan, and co-workers who showed that, though LAR and
directed C−X bond-rupture were prevalent near threshold, the
spread in distance and direction of the reacting Cl increased
with increasing energy.13,14

Similar considerations might suggest that localization of
reaction would dominate even at metal surfaces, which are
much smoother than a semiconductor. The evidence has until
now been sparse. The halogenation of copper surfaces by
halobenzenes is, nonetheless a much studied process since it
constitutes the first step in the Ullmann reaction15 for
synthesizing biaryls. In a pioneering study, Rieder and co-

workers simulated the Ullmann reaction for iodobenzene on
Cu(111) under a scanning tunneling microscope tip at 20 K.16

In an early study of the dynamics of p-diiodobenzene on
Cu(111) performed in the Weiss laboratory,17 the reaction
took place at room temperature and subsequently the outcome
was examined by STM at 77 K. The finding was that the two
liberated I-atoms were sufficiently mobile at the surface to
move toward one another to ∼4 Å from a separation of 7.2 Å in
the parent molecule. The initial location of the newly formed I-
atoms were not obtainable. Extensive studies have been made
of the polymerization of the phenylene product.18,19 For
iodobenzene on Cu(110) head-to-head (opposed I-atom)
dimer formation was reported by Dougherty et al.20 at ∼100
K; they too observed mobility in the phenyl and I-atom
electron-induced reaction products. By reducing the surface
temperature at Au(111) to <10 K for the case of
CH3SSCH3(ad) Maksymovych and Yates21 observed both
localized and directed electron-induced reaction, with con-
formation retention in the two CH3S fragments. More recently
this laboratory reported on the electron-induced iodination of
Cu(110) at 4.6 K by a family of four linear polymers of p-
diiodobenzene,22 (pDIB)n, varying in I···I length from 7 to 29
Å; these reacted in each case to give I−Cu imprints 7.2 Å
farther apart (not closer together as in ref 17) than the initial
separation. The two C−I bonds could in many cases be
observed in the current vs time plots to be broken sequentially
by two impacting electrons, but only the final result of the
double-dissociation was recorded. The uniform increase in
separation between the pair of chemisorbed I-atoms down the
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series of polymers (pDIB)n was consistent with localized and
directed reaction in each case.
Missing, for metals, was the important information

concerning the dynamics of the individual bond-breaking
events which have not previously been investigated. These are
examined in the present detailed study of the monomer pDIB
using a combination of STM measurements and density
functional theory (DFT)-based molecular dynamics (MD)
simulation. In the first bond-breaking event, iodophenyl (IPh)
and I-atom(#1), we find recoil in opposite directions along
[001] of the underlying copper; in the second event, phenylene
(Ph′) and I-atom(#2) are found to recoil in opposite direction
along the same axis. Analysis at this level of detail, while
confirming the overall 7.2 Å increase in I···I separation
measured at the surface, shows that the initial localization of
the I-atom (#1 or #2) is to a substantially shorter distance, 1.8−
2.7 Å from its original site in the parent molecule or radical,
commensurate with highly localized reaction. The final I···I
separation has additional contributions from the recoil of the I-
atom(#2) while still bound to IPh, and an instructive further
contribution to the relocation of I-atom(#1) in a secondary
encounter with Ph′. This secondary encounter has the
properties of “surface-aligned reaction” (SAR),23−35 not
previously observed at the atomic level, which, due to favorable
alignment and impact parameter in this instance invariably
displaces the chemisorbed I-atom(#1) by a one lattice constant
of 3.6 Å to a specific further chemisorbed site along [001].
The analysis of the reaction, with its alternative pathways, is

well explained by DFT-based calculations involving MD on a
semiempirical pseudopotential electronically excited energy
surface, and thereafter on a neutral ground state.

■ METHODS
STM Experiments. All experiments were performed in a low-

temperature ultrahigh vacuum scanning tunneling microscope
(Omicron), with a base pressure of <3.0 × 10−11 mbar. STM images
were recorded in the constant current mode at 4.6 K. The Cu substrate
was cleaned by repeated cycles of Ar+ bombardment (0.6 keV, 7 μA)
followed by annealing at 800 K, until no contamination could be
detected by STM. p-Diiodobenzene (99%) was dosed from a capillary
tube directed at the copper crystal. The crystal reached a maximum
temperature of 7.8 K during dosing. Dissociation of the C−I bond was
electron-induced by placing the STM tip over the middle of the pDIB
or IPh feature and maintaining a constant bias voltage, 1.40 V for the
first electron-induced reaction and 1.60 V for the second, with the
feedback current disabled, for up to 1 s. The electron order for the
breaking of both C−I bonds was determined by varying the tunneling
current at the threshold voltage of +1.40 and +1.60 V for the first and
second C−I bonds, respectively.
Theory. Theoretical simulations, including the ground-state of the

physisorbed pDIB molecule, the products of the two electron-induced
reactions, nudged elastic band calculation of minimum energy path for
reaction, and the electron-induced MD trajectories, were obtained
using the Vienna Ab-initio Simulation Package (VASP),36 including a
semiempirical van der Waals’ correction.37 The electronic structures
were calculated through a generalized gradient approximation using
the Perdew−Burke−Ernzerhof functional38 with projector augmented
waves (PAW). The surface Brillouin zones of the system were sampled
using the gamma point only. The supercell (8×4) consisted of 160
copper atoms in five layers, and a vacuum gap of at least 15 Å. The
adsorbates were placed with the plane of the benzene ring parallel to
the surface at a distance of initially 3 Å above the surface of the copper.
All atoms in the adsorbates and the first three layers of copper were
allowed to relax until the force on each atom was less than 0.01 eV/Å.
The STM image simulations were generated by bSKAN39 using the
calculated wave functions of the initial and final states from VASP.

An ionic PAW pseudopotential approach40 was implemented to
simulate the electron attachment that led to formation of a molecular
anion. The ionic pseudopotential was constructed by taking electrons
from an inner core shell to the valence shell. To generate an ionic
pseudopotential for I− rather than taking the real ionic configuration
[Kr]4d105s25p6, we used the ionic configuration [Kr]4d95s25p6 in
which an electron from the 4d shell was placed into the valence shell
5p (ref 41). This ionic pseudopotential approach provides a
satisfactory description of the valence wave function, and hence the
chemical bonding (see details in Supporting Information). We have
included an image charge while calculating the ionic state. The image
charge was simulated by assuming that the ionic charge is a point
charge Q on top of the copper surface at a distance d. Here, d is
determined by the position of the anionic atom, which is calculated in
each MD step. Hence, the image charge −Q is under the surface at a
distance d. The force due to the image charge is F= −Q2/(16πε0d

2)z,
and the correction of total energy is Eimage = −Q2/(8πε0d)z, where z is
the surface normal vector.

The first-principles MD simulations were performed by solving the
equations of motion while preserving the number of atoms (N), the
volume of the system (V), and the total energy (E). The conservation
of total energy was achieved by using a small time step. For the MD
simulations, a time step of 0.5 fs was used, which gave an average drift
of the total energy of less than 0.01 eV/ps. The forces on the ions were
calculated at each time step using the Hellmann−Feynman theorem as
implemented in VASP.

Modeling of the electron-induced reaction of the second C−I bond
was similar to the first. In this case unit negative charge was added to
the antibonding orbital of the single C−I bond of the IPh residue from
the first bond-break. A minimum time of 70 fs on the ionic potential
energy surface (PES*) was required for the reaction to occur after
reversion to the ground-state potential energy surface (PES). The MD
simulation gave information regarding paths A and B for second C−I
bond-breaking to yield A′ and B′. For both paths A and B, when the
second electron released I-atom(#2) to the left along [001 ̅], the model
showed it moving linearly to the first four-fold hollow.

■ RESULTS AND DISCUSSION

First C−I Bond Dissociation. As previously reported,22 p-
diiodobenzene (pDIB) physisorbs with its phenyl ring flat on
the Cu(110) surface at 4.6 K. It is imaged as an oval protrusion
with its long axis parallel to the [001] direction. The long axis
corresponds to the I···I axis, with the I-atoms of pDIB resting
on short bridge sites of the copper surface. Its physisorption
energy is −1.10 eV (see Supporting Information). An
experimental STM image of the physisorbed pDIB and a
simulated image of the calculated physisorption geometry (see
Methods) are shown in Figure 1a.
We have examined 117 cases of C−I-atom(#1) bond

dissociation in physisorbed pDIB induced by electrons
tunneling from the STM tip to the surface, to obtain the
initial chemisorbed product distribution at 4.6 K of I-atom and
IPh. Under these conditions, only the first of the two C−I
bonds on the physisorbed pDIB molecule was broken, forming
an I-atom and an IPh residue, leading to two principal final
states by the pathways designated A and B in Figure 1b,c.
Path A is distinguished from path B by the fact that in path A

the IPh shows minimal recoil. This difference in recoil distance
corresponds to the fact that the IPh binds to a Cu-atom closely
adjacent to its original location as pDIB in path A (see Cu-1,
circled in Figure 1b), and to the next adjacent Cu-atom along
[001] in the case of path B (Cu-2, Figure 1c).
Paths A and B account for 50 and 33%, respectively, of the

117 cases examined. In addition two other minor reaction
paths, C (10%) and D (7%), were observed. In paths C and D
the recoiling IPh could be seen in the STM image to have
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rotated significantly in the plane of the surface, away from the
[001] axis. In path C this rotation amounted to ∼45° and in
path D to 125°. These minor pathways are illustrated by STM
images in Figure S1 in the Supporting Information. Our

modeling of the dynamics included the first and second C−I
bond-breakings for pathways A and B.
The direction of recoil of I-atom(#1) is clearly seen to be

along [001], which is the direction of the C−I bond prior to
dissociation. In the two major pathways, A and B (as also in
pathway C, Figure S1), the first I-atom moving to the right in
Figure 1b and c, binds predominantly to chemisorb at the first
four-fold hollow. The displacement of the I-atom in going from
the physisorbed to the chemisorbed state by pathways A, B, and
C (totaling 98% of the reaction) is by 1.8 Å. This is the highest
possible degree of “localization” of the product to the
neighborhood of the reagent. By contrast, in the minor
pathway D the first I-atom was found exclusively in the second
four-fold hollow site. This exceptional outcome could be due to
the observed high degree of rotation in the newly formed IPh
which can bring its I-atom(#2) into the proximity of the
departing I-atom(#1), which then gains energy by way of a
“secondary encounter”. The breaking of the second C−I bond
in pathway A will be shown below to lead to an unequivocal
example of a “secondary encounter”.

Second C−I Bond Dissociation. At a higher bias voltage
of +1.6 V, the second C−I bond in IPh broke to liberate I-
atom(#2). The objective, again, was to observe the initial
product distribution, in this case in I-atom(#2) and in the Ph′
residue. Both these products bound chemically to the copper
surface. We examined a total of 58 second-bond-breaking
reactions. The reaction products for paths A and B of Figure 1
constitute two of the possible reagents for second-bond-
breaking. The product distributions that result from second-
bond-breaking are shown below in panels d and e of Figure 1,
labeled A′ and B′. Further second-bond-breaking reactions
originated in paths C and D (Figure S1) and are shown as C′
and D′ (Figure S1d,e) directly below the reagents for the
second-bond-breaking in that figure. Breaking the second C−I
bond (as for the first, which moved along [001] to the right of
Figure 1), the I-atom recoiled along the prior direction of the
reagent C−I bond (this time to the left along [001 ̅]).
We now outline the dynamics for the second-bond-breaking.

In the case in which Figure 1b gives the reagent for the second-
bond-breaking and Figure 1d the product (A→A′) the second I-
atom coming this time from a largely non-recoiling IPh
chemisorbed at the closest four-fold hollow, F1, while the Ph′
turned so as to attach to Cu-1 and 3. This turning (see later)
caused a secondary encounter of Ph′ with I-atom(#1).
Comparison of Figure 1b with Figure 1d below shows that I-
atom # 2 has reacted locally by motion to the left by 1.8 Å
along [001 ̅]. At the same time the Ph′ has tilted to the right
displacing the product of the first-bond-breaking, I-atom(#1),
to the right along [001] by 3.6 Å. This “secondary encounter”
will be described in more detail below, with the aid of our
dynamical model.
Path B→B′ (Figure 1c,e) constitutes a less frequently

observed route for second-bond-breaking. As before, the
reagent for second-bond-breaking is the product of first-bond-
breaking, i.e., Figure 1c. The C−I bond that yields I-atom(#2)
is in an IPh that has recoiled to the left ([001 ̅]) by 2.7 Å,
carrying its I-atom to a point short of the nearest Cu short-
bridge. As a consequence I-atom(#2) in reacting at a four-fold
hollow travels a further 2.7 Å from its former position in the
IPh′ (Figure 1e). The Ph′ chemisorbs at Cu-2 and Cu-4 (circled
in Figure 1e). The prior recoil of IPh away from I-atom(#1)
(Figure 1c) ensures that the Ph′ has no secondary encounter
with I-atom(#1).

Figure 1. Dissociation of first and second C−I bonds. (a) Initial state
images, experiment (EXPT) and theory (TH), for pDIB on Cu(110).
The center of the molecule is indicated by the red cross. The molecule
has its long I···I axis along the [001] direction (dashed line). The solid
vertical lines correspond to the position of the I-atoms in the
physisorbed pDIB molecule prior to reaction. (b,c) Location of the
products of the first electron-induced reaction for paths A and B. The
first I-atom’s (#1) distributions along the [001] direction are indicated
by two histograms. The first I-atom, #1, occupies mainly the closest
four-fold hollow site (F1). The iodophenyl (IPh) in path A is almost
stationary; the location of the C−Cu bond is marked by a dashed
circle at Cu-1. In path B, the IPh recoils by 3.2 Å and its point of
attachment to the surface, Cu-2 is circled. (d,e) Locations of the
products, I-atom(#2) and phenylene (Ph′), from the second electron-
induced reaction. The distributions of the second I-atom (#2) show
that its preferred site for paths A′ and B′ is the closest four-fold hollow
(F1′). In path A′ the Ph′ is bound to the surface at Cu-1 and Cu-3. The
C−Cu bonds in the case of path B′ are marked by the dashed circles at
Cu-2 and Cu-4. The difference between outcomes A′ and B′ consists in
the fact that in A′ the Ph′ is closer to I-atom(#1) than I-atom(#2),
whereas in B′ it is symmetrically placed between the I-atoms. For all
states, the calculated STM simulations (labeled TH) shown beneath a
diagram of the molecular geometry used, are in good agreement with
the experimental images. All STM images were obtained at I = 0.5 nA
and Vs = +1.0 V.
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Threshold Voltages and Current Dependence of the
Reaction. The measured threshold value, as in earlier work,22

corresponds to a peak in the projected density of states
(pDOS) plot. For the second C−I bond, the peak is at 1.8 eV,
with its onset at +1.6 eV. The unoccupied states are localized
around the C−I bond in the IPh residue (see Supporting
Information), suggesting excitation of the C−I bond to a
negative ion state.
The first bond-breaking was a single-electron process.22 An

electron order of 0.5 is shown in Figure 2b for the second

bond-breaking; the error bars do not admit of an order of one.
This fractional order may be due to single-electron excitation in
competition with an opposing effect. As the current increases,
the tunneling gap decreases, with a corresponding increase in
electric field. A field gradient is known to decrease the lifetime
of an ionic state.42 This shortened lifetime may be the factor
operating in opposition to increased rate at increased current.

The reason it is marked for the second C−I bond-breaking but
not the first could lie in the fact that the IPh which embodies
the second C−I is chemisorbed on the copper and hence
strongly coupled to it.

Theoretical Model for Electron-Induced Reaction. We
have modeled the electron-induced reaction of the pDIB on
Cu(110) using DFT-based MD . The electron-induced reaction
of the first C−I bond was modeled using an ab initio ground-
state potential comprising a five-layer copper slab (see
Methods) and a similar ionic potential, PES*, but with added
negative charge totaling one electron in the antibonding
orbitals of the two C−I bonds. This was obtained using an ionic
pseudopotential for the I-atoms, placing additional negative
charge in their valence shells. This added charge was distributed
asymmetrically so that a single C−I bond broke in stage one.
Following the idea of Seideman and co-workers43 the mean

lifetime of the excited state was estimated by a non-equilibrium
Green’s function approach to be ∼10 fs. With 0.8 excess
electronic charge at I-atom(#1), hence 0.2 e− at I-atom(#2),
the ionic state was unstable when it was returned to the ground
PES after 80 fs. The probability of such a long excited-state
residence time is ∼10−4 times the mean residence time
obtained by the procedure of Gadzuk.44 But this represents a
high probability compared with the measured electron
efficiency of reaction, ∼9 × 10−11.
MD were performed on PES* and, following the minimum

residence time required for subsequent reaction on the ground
PES, namely 80 fs, coordinates and momenta were transferred
to the ground PES. MD was continued on the ground PES until
the products, IPh and I-atom(#1), had moved apart, to reach a
stable minimum. The reaction products were found to be IPh
displaced to the left along [001 ̅] and attached to Cu-2 (see
Figure 1c), and I-atom(#1) recoiling to the right along [001] to
the first four-fold hollow. This closely resembled experimental
pathway B shown in Figure 1. The need for sufficient time in
PES* in order for reaction to ensue across the ground PES is
evident on examination of Figure 3, which shows that the
system must surmount an energy barrier. The probability of
longer residence time than 80 fs on PES* decreases
exponentially.
The existence of different categories of dynamics across the

ground PES can be explained by reaction across more than one
negative ionic state, PES*. The observed alternate major path
termed A is distinguished from path B (discussed above) by an
almost stationary IPh radical. This was modeled by placing a
slightly smaller fraction of the unit electronic charge in the
pseudopotential of I-atom(#1), namely 0.75e−. The minimum
time on this modified PES* for subsequent reaction on the
ground PES, was found to be 90 fs. The outcome of reaction on
this modified PES* was a stationary IPh bound to Cu-1 (Figure
1b). The I-atom(#1) recoiled to the right along [001] to the
first four-fold hollow. This outcome, resembling experimental
path A, is attributable in the model to the smaller repulsive
impulse between IPh and I-atom(#1). It should be noted that
IPh encounters several possible C−Cu binding sites along
[001 ̅], whereas the I-atom(#1) encounters only one I−Cu four-
fold hollow.
Path C in the MD could be obtained by adjusting the charge

distribution and ionic residence time, for example by placing
0.65e− in I-atom(#1) and employing 130 fs in PES*. Path D
was never obtained in any MD simulation, raising the
possibility that this minor path is an artifact due to the
interaction between the STM tip and the products.

Figure 2. Electron-induced dissociation of the C−I bond in
iodophenyl (IPh) bound to the surface. (a) The threshold for this
reaction was measured to be 1.57 V, assuming a linear threshold law.
Error bars give the standard deviation. (b) The kinetics indicate that
the C−I bond break occurs via a half-electron process. Error bars give
the standard deviation. (c) The pDOS of the IPh is represented by a
solid curve and pDOS of the I-atom by a dashed curve.
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Similarly, we have modeled the electron-induced reaction of
the second C−I bond for paths A and B (see Methods). For
path A, a secondary collision was clearly evidenced in theory as
in experiment. Details of the computed dynamics are shown in
Figure 4. In path B, the first C−I bond-breaking caused the IPh
to recoil substantially away from I-atom(#1). The second-bond-
breaking with this as its starting point, designated path B′, does
not result in a secondary encounter with I-atom(#1) which is
distant. This too accords with the experimental finding for
second-bond-breaking by path B′.
As a result of these dynamics both pathways A→A′ and B→

B′ give the same final increase in distance of 7.2 Å between the
two I-atoms at the Cu(110) surface, as reported for two-bond-
breaking in pDIB in our preliminary study.22 Figure 1 shows for
the first time the components of this overall separation of the
two chemisorbed I-atoms, #1 and #2. For path A→A′ the
motions are 1.8 + 3.6 Å for I-atom(#1) and 1.8 Å for I-
atom(#2) totaling 7.2 Å. For path B→B′ the component
motions are 1.8 Å for I-atom(#1) and 2.7 + 2.7 Å for I-
atom(#2), once again totaling 7.2 Å. This breakdown into the
stages of I-atom separation is evident in both the experiment
and theory reported here.

■ CONCLUSION
Electron-induced reaction of p-diiodobenzene (pDIB) on
Cu(110) at 4.6 K is shown by STM to involve the successive
breaking of the two C−I bonds. This was modeled by DFT-
based two-state MD simulation.
The reagent molecule is initially aligned along the [001] axis

of the copper, with its terminal I-atoms on short-bridge (S)
sites. All reaction products, namely I-atoms #1 and #2,
iodophenyl (Iph) and phenylene (Ph′), were distinguishable
as to nature and location, with the assistance of theoretical
simulation of the images. All were found to chemisorb in close
proximitytypically to within half a lattice spacingof the
parent molecule or radical from which they derived. Thus,
“localization” of reaction for successive C−I bond-breaking in
pDIB, at a metal surface, was clearly demonstrated.
We identified two major pathways for the release of I-

atom(#1). In the more probable (path A, 50% of 117 cases),

the IPh radical remained almost stationary, and I-atom(#1)
recoiled strongly to the first and the second four-fold hollow
(F1 and F2) along [001]. In a less probable mechanism (path
B, 33% of the cases), the IPh recoiled 2.7 Å along [001 ̅] and I-
atom(#1) recoiled with less momentum along [001],
chemisorbing almost exclusively in F1.
The recoil of the products, I-atom(#1) and I-atom(#2), was

in opposite directions ([001] and [001 ̅]). This recoil was
marked not only by the short distance that the I-atoms
traveledthe “localization” of reaction noted abovebut also
by the strong directionality of their motion. Their direction of
motion was collinear with the original I···I axis of the
physisorbed pDIB reagent. The recoil of IPh in path B (see
above) was directed along [001 ̅]. Motion of Ph′ was along
[001] (see below). These dynamics were successfully modeled
using a DFT-based slab model for the ground PES followed by
transition to a negatively charged ionic state. This excited state
was obtained in a novel fashion employing pseudopotentials to
place additional charge in the valence shells of the I-atoms.
After a set residence time in the ionic state the system was
returned to the ground state where the dynamics proceeded to
the products.

Figure 3. Minimum energy pathway for the electron-induced
dissociation of the first C−I bond. At the equilibrium position the
pDIB molecule is excited to an ionic pseudopotential in the same
geometry as that of the ground state. After a minimum residence time
(90 fs for path A) on the PES* the system is returned to the ground
PES. The MD is continued on the ground PES until the products have
reached a stable minimum (F1).

Figure 4. Second C−I bond-breaking and “surface-aligned reaction”
(SAR). (a) The initial state for second-bond-breaking is identical to
that shown in Figure 1b. (b) Electron-induced dissociation of the IPh
residue results in the breaking of the second C−I bond so that I-
atom(#2) recoils to the left, and the Ph′ residue turns to the right
(bond to surface shown in green). (c) The Ph′ residue forms a second
chemisorbed bond to the Cu surface (dashed green). (d) As the
second C−Cu bond between the Ph′ and the surface is formed, the Ph′
shifts toward I-atom(#1) severing the I−Cu bond at F1 and forming a
new I−Cu bond at F2 in the SAR. (e) Final state consisting of two I-
atoms along the [001] direction, separated by 14.4 Å.22
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These dynamics, embodying both localization and direction-
ality collinear with the C−I axes, are conducive to secondary
encounters, since the reacting species are constrained to one
dimension. A clear example of such a secondary encounter was
the observation of a substantial (3.6 Å, one lattice spacing)
recoil of I-atom(#1) along [001] as a secondary consequence of
the release of I-atom(#2) in the opposite direction. The STM
image of this event indicates that the Ph′ left behind by the
separation of I-atom(#2) from IPh, in the course of attaching to
the copper surface, moved along [001] to encounter I-
atom(#1) in F1. The secondary collision, Ph′ + I-atom(#1),
severed I-atom(#1)’s bond to the surface at F1 and caused the
formation of a new bond at the second four-fold hollow farther
along [001], i.e., at F2. This aligned secondary encounter to
break an I−Cu bond and form a new one along the
continuation of the direction of the collision was observed in
all 20 instances of path A′. Both the directionality and the
efficiency suggest that this is a case of “surface-aligned reaction”
(SAR), evidenced at the atomic level.
Molecular dynamics calculations give insight into the

localization of reaction, the directionality due to change of
the C−I bond into a coaxial antibond, and SAR due to a low-
impact-parameter collision between Ph′ and I-atom(#1). In
future work we shall compare the recoil distance, and also the
directionality along the prior bond-axis, in reactions giving rise
to other recoiling atoms. We shall also change the nature of the
organic moiety from which the atom recoils (e.g., replacing the
benzene ring with biphenyl, or with an alkane chain). We
speculate that the reaction dynamics will be governed by (i) the
magnitude of the repulsive force acting between the separating
fragments, (ii) the effective mass of the recoiling species (their
actual mass together with their binding energy to the surface),
and (iii) the efficiency of energy transfer from the recoiling
species to the surface. All three factors merit investigation.
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