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ABSTRACT: We report a comparative study of the electron-induced
reaction of pentyl bromide (PeBr) and phenyl bromide (PhBr) on
Cu(110) at 4.6 K, observed by scanning tunneling microscopy (STM).
The induced dissociation of the intact adsorbed molecule for both
reagents occurred at an energy of 2.0 eV, producing a hydrocarbon
radical and a Br atom. Electron-induced C−Br bond dissociation was
found to be a single-electron process for both reagents. The impulsive
two-state (I2S) model was used to describe the Br atom recoil as due to
molecular excitation to a repulsive anti-bonding state, in which recoil of
the dissociation products occurred due to C·Br repulsion along the
prior C−Br bond direction. The measured reaction yield was 3 orders
of magnitude greater for PeBr, 2.0 × 10−7 reactive events per electron,
than for PhBr with a yield of 1.7 × 10−10. The low yield of dissociation
products from the aromatic PhBr was attributed to the presence of two additional anionic states below the 2.0 eV energy limit,
absent for the aliphatic PeBr; these additional anionic states for PhBr could provide a pathway for electron transfer to the surface in
the case of the aromatic, but not the aliphatic, anion. The consequent shorter lifetime of the repulsive aromatic anion of PhBr is
consistent with the observation of shorter mean recoil distance (3.2 Å) of its Br dissociation product, as compared with the markedly
longer recoil (8.7 Å) of Br observed from the anion of PeBr.

1. INTRODUCTION

The formation of hydrocarbons from metal-catalyzed carbon−
halogen bond dissociation has been shown to be of importance
in coupling reactions, such as the Ullmann reaction.1 The
required dehalogenation of aliphatic and aromatic halides on
metal surfaces has been extensively investigated by techniques
measuring the average properties of ensembles of mole-
cules.2−4 To isolate the interactions of single molecules with
metallic substrates, scanning tunneling microscopy (STM) has
been employed. This “one-molecule-at-a-time” approach has
been applied previously to investigate the carbon−halogen
bond breaking of several aromatic halides adsorbed on metal
surfaces.5−13 However, the dehalogenation of aliphatic halides
on metal surfaces has not been studied to the same extent,14−16

nor have aliphatic and aromatic halides been made the subject
of a single comparative study as is done here.
This work compares the electron-induced reaction of pentyl

bromide (PeBr) and phenyl bromide (PhBr) adsorbed on a
Cu(110) surface at 4.6 K. The extent of product recoil is
shown to be markedly greater for the aliphatic PeBr than for
the aromatic PhBr. The dynamics are interpreted by an
impulsive-two-state (I2S) model introduced in earlier
work.8−10,12−14 The reaction yield for the aliphatic, PeBr, is
found here to be 3 orders of magnitude greater than for the

aromatic, PhBr. The smaller yield for PhBr, ∼10−10 events per
electron, is of the same order as previously reported for
electron-induced carbon−halogen bond breaking in other
aromatic halides.8−10,12,13 The higher reaction yield of 10−7

was previously reported for one case, the electron-induced
dissociation of CH2I2 adsorbed on Cu(110), being ascribed in
that work to the weak C−I bond.14 The present study suggests
that the cause may be weaker coupling of aliphatic reagent than
aromatic reagent to the metallic substrate, with consequent
longer lifetime of the aliphatic anion, hence more efficient
dissociation. Comparison with earlier work (see below)
suggests that this contrasting behavior applies more generally,
enhancing the efficiency of electron-induced reaction of
aliphatics as compared with aromatics.
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2. RESULTS AND DISCUSSION

2.1. Pentyl Bromide: Adsorption and Electron-
Induced Dissociation. Pentyl bromide (PeBr) was found
to adsorb intact on Cu(110) at 4.6 K and was imaged as a
bright elliptical protrusion by STM (see Figure 1A and
Supporting Information (SI), Figure S1A). Small molecular
aggregates and single PeBr molecules were both observed,
indicating that molecular diffusion at the surface occurs even at
4.6 K. In this study only the behavior of isolated adsorbates has
been considered. Two adsorption configurations were
identified for isolated PeBr molecules with the same relative
height of 0.94 ± 0.03 Å (N = 296 cases). The difference
between the two lay in the orientation of their molecular axis
with respect to the [001] direction. For the more abundant
configuration (77 ± 5%), the principal molecular axis was
found at 33 ± 2°, whereas for the less abundant (23 ± 2%), its
axis is found at 90 ± 2°. The computed geometries obtained by
density functional theory (DFT) calculations revealed that for
both configurations the important C−Br bond was along the
[001] direction, the difference lying in the adsorption of the
hydrocarbon chain, which was along the [11̅1̅] direction for
the major configuration (Figure 1A) and along the [11̅0]
direction for the minor configuration (SI, Figure S2). As a
result of the differing hydrocarbon chain alignment with the
Cu surface, the C−Br bond is calculated to have a slightly
different angle, 3.9° and 9.6° to the [001] direction, in the
major and minor configurations, respectively. We have
restricted ourselves to discussing the scattering of products
from electron-induced reaction of only the major reagent
configuration. The minor configuration gave a similar product
distribution (see SI, Figure S2).
An example of the result of C−Br bond dissociation in PeBr

induced by 2.1 V bias voltage under the STM tip is shown in
Figure 1A. The STM image of the initial state is in agreement
with the computed simulation of the main configuration, with
its Br atom located at a short-bridge site, calculated to have a
molecular adsorption energy of 1.44 eV.
The electron-induced reaction of PeBr gave two products, a

chemisorbed pentyl (Pe) and a Br atom, as illustrated for the
final state. The pentyl and Br atom have recoiled in opposite
directions along the prior C−Br bond direction. This
observation is in agreement with previous electron-induced
reaction studies in which the products were similarly found to

have recoiled oppositely from the location of the intact
reagent.12 The pentyl is imaged as an elliptical protrusion with
its long axis at 75 ± 2° from the [001] direction and a relative
height of 0.65 ± 0.03 Å. This product was found in close
proximity, 1.81 Å away from the initial position of the intact
reagent, the latter being indicated by a white cross at the C−Br
bond location. In contrast, the Br atom, which appeared as a
circular protrusion, was observed at a distance of 9.03 Å from
its initial position in PeBr. Two adsorption sites were identified
for the Br atom, one at the short-bridge site (relative height =
0.40 ± 0.03 Å) and the other at the long-bridge site (relative
height = 0.17 ± 0.03 Å). The assignment of the products was
confirmed by computed simulation of their adsorption
geometries in the final state, which were found to be in
accord with the experimental images. The calculated
adsorption geometry of pentyl showed that it was bound to
the surface through a C−Cu bond, binding it to a single copper
atom at an atop position with its long axis along the [11̅0]
direction between two copper rows.

2.2. Phenyl Bromide: Adsorption and Electron-
Induced Dissociation. After deposition onto the cold copper
surface, phenyl bromide (PhBr) was imaged by STM at 4.6 K
as isolated oval-shaped protrusions (Figure 1B and SI, Figure
S1B). Only one adsorption configuration was observed for the
intact PhBr molecule, as shown in Figure 1B (top left panel).
Experimentally, this configuration had its molecular axis at 26
± 2° from the [001] direction and had a measured height of
1.04 ± 0.03 Å. From DFT calculations, it was determined that
PhBr adsorbed on Cu(110) with an adsorption energy of 1.37
eV. The computed geometry showed the Br atom located over
an atop Cu atom and the phenyl ring parallel to the surface
plane over the adjacent short-bridge site (Figure 1B, lower left
panel). The PhBr molecular axis was calculated to lie at 22°
away from the [001] direction as was the C−Br bond, both in
agreement with the STM images.
The dissociation of the C−Br bond for PhBr on Cu(110)

was induced with a bias of +2.0 V. The products of this
reaction are shown in Figure 1B and consist of a phenyl radical
and a Br atom, found in close proximity (<2.0 Å) to the initial
position of the intact PhBr reagent, the latter being indicated
by a white cross at the C−Br bond location. The two products
were observed to have recoiled in opposite directions along the
prior C−Br bond direction, as in the case of the electron-

Figure 1. Electron-induced dissociation of pentyl bromide and phenyl bromide on Cu(110) at 4.6 K. (A) Experiment (EXPT): Initial state image
of PeBr at left and final state (Pe and Br) at right, obtained by STM (3.0 × 2.5 nm2, I = 0.01 nA, and V = −0.10 V). Theory (TH): Calculated
geometries for the initial and final states. TH is overlaid onto its image simulation. The reaction products for PeBr were assigned by comparison
with the simulated image. (B) EXPT: Initial state image of PhBr at left and final state (Ph and Br) at right, obtained by STM (3.0 × 2.5 nm2, I =
0.10 nA, and V = −0.03 V). TH: Calculated geometries for the initial and final states. TH is overlaid onto its image simulation. The reaction
products for PhBr were assigned by comparison with the simulated image. The cross “×” in all EXPT images indicates the location of the C−Br
bond in the reagent, obtained from comparison with the simulated image of the intact molecule. In the final states, the large dotted ellipses show
the position of the hydrocarbon product and the small dotted circles show the position of the Br atom.
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induced dissociation of PeBr. The phenyl (Ph) product was
imaged as a rhomboidal protrusion aligned along the [11̅0]
direction, with a measured height of 1.09 ± 0.03 Å. The Br
atom was found at two different locations, either on a short-
bridge or a long-bridge site, as in the case of the electron-
induced reaction of PeBr. The final state image was in
agreement with the computed simulation, as shown in Figure
1B. The adsorption geometry of the chemisorbed Ph was
perpendicular to the surface plane, as reported in previous
studies by Dougherty et al.7 and Kawai and co-workers.17 A
theoretical study of the reaction of benzene on copper showed
that Ph was doubly sigma bound to the Cu(110) surface by
two adjacent copper atoms in the [11̅0] direction,18 in
agreement with the Ph geometry computed in this work.
2.3. Product Distributions for Pentyl Bromide and

Phenyl Bromide. There are four equivalent adsorption
configurations for PeBr and for PhBr due to the Cu(110)
surface symmetry. The resulting product distributions of these
four equivalent configurations were folded to a single
representative configuration corresponding to the one depicted
in Figure 1, for both reagents. The folded distance and angle
distributions for the products of the electron-induced reaction
of PeBr and PhBr are presented in Figure 2, where the origin of
the plot is the Br atom position in the reagent molecule.
In the case of PeBr (Figure 2A), the two products, the pentyl

radical and the Br atom were observed to recoil in opposite
directions with respect to the C−Br bond, the latter being
indicated by the blue line. The pentyl was found exclusively in
the left (“backward”) hemisphere and had a wide angular
distribution. The wider angular distribution of the pentyl
accords with the low energy barrier (∼50 meV) computed
between the various possible chemisorption geometries of the
alkyl chain. The majority of pentyl product in Figure 2A was
found in the lower left hemisphere (72 ± 6%), as expected
from the direction of backward recoil. In addition, over half of
these pentyls were observed within a recoil distance of two unit
cells (one unit cell = 3.61 Å) away from the origin, indicating
that the pentyl interacts strongly with the nearest Cu atom
along its path. The second product, the Br atom from the
induced bond-breaking in PeBr, was observed in the right
(forward) hemisphere along the [001] direction, except for a

small percentage (7 ± 2%) found in the backward hemisphere
mostly within one unit cell of the plot origin. This minority of
backward-scattered Br atoms, with a broad angular spread of
approximately ±30°, indicate that the Br-product can be
deflected from its initial recoil direction by collision with
surface atoms.
The distribution of the products obtained for the electron-

induced reaction of PhBr on the copper surface is shown in
Figure 2B. As in the case of PeBr, the products of the reaction
recoiled away from each other along the C−Br bond direction,
indicated by the blue line. The majority of phenyl radicals (82
± 7%) were found either on the Cu row at the origin or the
next row in the backward hemisphere, indicating that the
phenyl bound to the surface after a short recoil, near to its
previous location in the intact molecule. The majority of Br
atoms (77 ± 7%) were observed to recoil and scatter laterally
within a distance of two unit cells from the origin. The
remainder were scattered either forward along the [001]
direction (13 ± 3%) or laterally along the [11̅0] direction
between Cu rows (10 ± 2%). The wide scatter of the Br atoms
once again suggested that their trajectories are easily deflected
by collision with surface Cu atoms.
The Br atom product has been observed to travel as far as

∼26 Å, for both reagents. However, the mean recoil distances
obtained from the Gaussian fit, shown in Figure 3, are
markedly different; 8.7 and 3.2 Å for PeBr and PhBr,
respectively. The fitted distributions showed that the Br
atom from PeBr traveled on average 2.5 unit cells, whereas the
Br atom generated from PhBr traveled only one unit cell. To
understand the dynamics governing the Br atom distance-
recoil, the impulsive-two-state (I2S) model was employed,
with the excitation mechanism described in the following
section.

2.4. Excitation Mechanism for Pentyl Bromide and
Phenyl Bromide. The number of electrons involved in C−Br
bond-breaking of PeBr and PhBr was determined by
considering the probability of induced-reaction per electron,
as described by Riedel.19 This probability is given by pe− = q/
Iτ, where q is the charge of an electron, I(t) is the tunneling
current, and τ is a decay constant. The yield of the reaction can

Figure 2. Distance and angle distributions of the products following the electron-induced dissociation of (A) PeBr and (B) PhBr on Cu(110). The
reagent configuration was folded to a single representative configuration corresponding to the one shown in Figure 1 for both reagents. The origin
of both plots is the Br atom in the reagent. The blue line indicates the prior C−Br bond direction. The black squares indicate the position of the
highest point of the scattered Pe and Ph features, whereas the red circles indicate that of the Br atoms. The Cu surface is underlaid, with the circles
one unit cell (3.61 Å) apart.
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be defined as Y ∝ I−η, where η is near zero for a one-electron
process.
Figure 4 shows the log−log plot of the reaction yield as a

function of the tunneling current for PeBr and PhBr. For both

molecules, η is close to zero, indicating that the C−Br bond
dissociation is a one-electron process. This is in accord with
previous studies of carbon−halogen induced bond dissociation
at the Cu(110) surface.9,12,13 The reaction yield per electron is
found to be 2.0 × 10−7 for PeBr at 2.1 eV and 1.7 × 10−10 for
PhBr at 2.0 eV. This 3 orders of magnitude difference in the
measured yield will be discussed below.
For both molecules, the excitation mechanism was

investigated by plotting the density of states projected onto
the atomic orbitals of the C and Br atoms of the carbon−
halogen bond in the intact molecule. Near the electron energy
of ∼2.0 eV required for C−Br bond breaking, a state was
observed at 2.1 and 2.2 eV above the Fermi level (Ef) for PeBr
and PhBr, respectively, as shown in Figure 5. The projected
electron density at these energies is shown in the insets of
Figure 5A and B for PeBr and PhBr, respectively. These
projected densities illustrate the C−Br σ* anti-bonding
character, which evidences a nodal plane between the C and
Br atoms. This is indicative of an electronic-excitation
mechanism for C−Br bond dissociation via C·Br repulsion in
both PeBr and PhBr.

2.5. Molecular Dynamics for Dissociation of Pentyl
Bromide and Phenyl Bromide. With the electronic-
excitation mechanism by a single charge for C−Br bond
breaking established for adsorbed PeBr and PhBr on Cu, the
I2S model was employed to reveal the dynamics of Br atom
recoil. In the model the system is excited from its equilibrium
position on the ground state to the upper state, by the addition
of one electronic charge in the C−Br bond via an ionic pseudo-
potential.20 The impulse was obtained by calculating the
molecular dynamics (MD) on the upper state for a selected
residence time, t*. Following t*, the system was returned by a
further Franck−Condon transition to a neutral ground state.
Figure 6 shows the simulated MD for PeBr and PhBr at a t*

= 50 and 40 fs, respectively, which gave final recoil distances
on the ground state matching the mean distances observed.
In the case of PeBr (Figure 6A), the impulse gained in the

upper state at t* = 50 fs, produced a repulsion between the
alkyl chain and the Br atom so that the species recoiled in
opposite directions along the prior C−Br bond direction, as
indicated by the arrows. After 500 fs, on the ground potential-
energy surface, the MD showed that the pentyl radical had
bound to a nearby Cu atom on an atop site, and the Br atom
had recoiled 1.8 Å. At 3.6 ps, the final state had been reached,

Figure 3. Histogram of the recoil distance of the Br atom product
from its position in the intact reagent, pentyl bromide (red) or phenyl
bromide (gray), with the dark red corresponding to gray super-
imposed on red. The results shown for pentyl bromide are, as before,
for the major configuration. A Gaussian fit was used to obtain the
mean of the distribution with the standard error. The bin size is 3.61
Å, and the error bars are the square root of the probability.

Figure 4. Reaction yield per electron as a function of the tunneling
current for the C−Br bond dissociation of pentyl bromide and phenyl
bromide on Cu(110) at 4.6 K (log−log coordinates). The slope of the
linear fit corresponds to η, which is near zero for a one-electron
process. The reaction yield is the median of the measured yields at a
given current, and the error bars are the median absolute deviation.

Figure 5. Localized density of states of the C−Br bond of (A) pentyl bromide and (B) phenyl bromide. The projections onto the Br atom and the
C atom are given by solid and dashed lines. The projected electron densities at 2.1 eV for PeBr and 2.2 eV for PhBr are displayed in the insets, in
which the dashed black line shows the nodal plane between the C and Br atoms.
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with the pentyl bound atop a Cu atom and the Br atom at 10.9
Å from its initial position in the PeBr reagent.
In the case of PhBr (Figure 6B), the shorter t* = 40 fs best

matched the observed final recoil distances for the Br and
phenyl. The MD on the ground state at 525 fs showed both the
Br atom and phenyl having recoiled oppositely a short distance
along the prior C−Br bond direction. The phenyl ring bound
to two Cu atoms on the nearest Cu-row. The Br atom traveled
a distance of 4.4 Å along the [11̅1] direction before
encountering a Cu atom which deflected its trajectory along

[1̅1̅0]. By 3.6 ps, the final state had been reached with the
phenyl ring chemisorbed over the closest short-bridge site and
the Br atom at a distance of 3.9 Å on a short-bridge site.
The hydrocarbon products from PeBr and PhBr were found

in the MD to be bound in the final state to Cu atoms, following
a short recoil, by a C atom dangling bond as observed in the
experiments. The larger Br atom recoil along the C−Br bond
direction followed a minimum-energy pathway along [001] in
the case of PeBr, and a higher-energy path along [11̅1] in the
case of PhBr. The MD indicated that the less favorable recoil
direction for Br recoiling along [11̅1] was insufficient to
account for the observed 6−7 Å shorter recoil distance of Br
from PhBr. The shorter recoil distance for Br from PhBr
required a shorter time, t*, spent on the repulsive anionic state
of PhBr than for PeBr. This shorter lifetime for PhBr is
evidence of greater coupling of its anionic state with the Cu
surface causing charge transfer, hence the low yield of
dissociation products observed (see section 2.6 below).

2.6. Efficiency of C−Br Bond-Breaking for Pentyl
Bromide Compared with Phenyl Bromide. As noted
above the reaction yield for PeBr was 2.0 × 10−7 at 2.1 eV
electron energy, which is of a similar order of magnitude as
that previously reported for electron-induced dissociation of
the CH2I2 adsorbed on Cu(110).14 In contrast, the reaction
yield for PhBr was 1.7 × 10−10 at 2.0 eV, comparable to
previous studies of electron-induced dissociation of aromatic
halides on the same surface.8,9,12,13 In the earlier work it was
proposed that the increased efficiency of the CH2I2
dissociation was due to a lower threshold-energy for reaction
(E0 ≈ 0.1 eV) as compared to that for aromatic halides (E0 ≈
1.0 to 1.9 eV). This interpretation is not applicable for PeBr
and PhBr as both reagents have the same excitation mechanism
at comparable electron energy.
As an aid to understanding this 3 orders of magnitude

difference in the measured yield, the surface influence on the
molecular orbitals of both reagents was considered. Since the
electron from the STM tip was presumed added to the C−Br
σ* anti-bonding orbital to induce the dissociation of PeBr and
PhBr, this anti-bonding orbital was examined by comparison
with gas-phase molecular orbitals calculated for the frozen
adsorption configurations of PeBr and PhBr. In this manner
the C−Br σ* anti-bonding orbital was assigned to the lowest
unoccupied molecular orbital (the LUMO) for PeBr and, by
contrast, to LUMO+2 for PhBr (see SI, Figure S3).

Figure 6. Molecular dynamics from the I2S model for the electron-
induced reaction of pentyl bromide and phenyl bromide. (A) Pentyl
bromide reaction: one electronic charge was placed on the Br atom
for a time t* of 50 fs (yellow background). The resulting repulsion
(arrows) caused the C−Br bond to dissociate. At 500 fs, the pentyl
radical interacted with the Cu surface (dashed green line) and the Br
atom recoiled along the minimum energy path along the [001]
direction. At 3600 fs, the pentyl was bound to the surface (green line
indicates the bond) and the Br atom was at a short-bridge site at a
distance of 10.9 Å from its position in pentyl bromide (dashed red
circle). (B) Phenyl bromide reaction: one electronic charge was
placed on the Br atom for a time t* = 40 fs (yellow background). The
resulting repulsion (arrows) caused the C−Br bond to dissociate. At
525 fs, the phenyl radical interacted with the Cu surface (dashed
green line) and the Br atom recoiled toward a Cu atom, deflecting its
path toward the [1̅1̅0] direction. At 3600 fs, the phenyl was bound to
the surface (green lines show bonding) and the Br atom bound at a
short-bridge site 3.9 Å from its position in phenyl bromide (dashed
red circle).

Figure 7. Projected density of states for the different molecular orbitals (A) LUMO of PeBr and (B) LUMO, LUMO+1, and LUMO+2 of PhBr
adsorbed on Cu(110). The red vertical line indicates the energy of the electron used to induce dissociation.
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The interaction of both reagents with the Cu substrate is
shown as projected density of states (PDOS) for the LUMO of
PeBr and levels LUMO, LUMO+1, and LUMO+2 of PhBr, in
Figure 7. For PeBr, at the electron energy of 2.1 eV, the
electron was added to the C−Br anti-bonding orbital resulting
in C−Br bond-breaking. In contrast for PhBr, lower energy
orbitals were accessible to the electron at 2.0 eV, LUMO and
LUMO+1, which are π* anti-bonding orbitals. If the added
electron occupies either the LUMO or LUMO+1 no C−Br
bond dissociation would be expected, instead the electron
would be likely lost to the Cu surface. Alternatively an added
electron may enter LUMO+2 and subsequently transfer to
LUMO or LUMO+1, where, once again, it dissipates into the
surface. The lower measured yield for an electron plus PhBr is
attributed to these available pathways for electron transfer to
the surface, absent in the case of PeBr. The minor yield of
“rotated” Br product for the case of PhBr (see SI, Figure S4)
could be due to electron addition to the longer-lived π*
orbitals, resulting in partial rotation and crossing to the
dissociative σ* state to yield phenyl and Br.21,22

3. CONCLUSIONS
The electron-induced reaction of PeBr and PhBr adsorbed on
Cu(110) at 4.6 K gave a chemisorbed hydrocarbon and a Br
atom product. For both reagents, PeBr and PhBr, dissociation
took place via a single-electron electronic-excitation at ∼2.0 eV
energy to the σ* anti-bonding orbital of the C−Br bond. The
resultant electron-induced reaction of PeBr and PhBr differed
markedly in the measured yield per incident electron, which
was 3 orders of magnitude larger for PeBr (2.0 × 10−7 reactive
events per electron) than for PhBr (1.7 × 10−10 reactive events
per electron). The smaller yield of dissociation products for the
aromatic adsorbate PhBr was thought to be due to electron
transfer to the surface from the two lower π* states of PhBr,
which have no counterparts for PeBr. These longer-lived
bound π* statesas compared with the short-lived anti-
bonding σ* statewould be expected to be more strongly
coupled to the copper substrate, providing pathways for
electron transfer to the surface, thereby reducing the yield of
electron-induced dissociation.
A further marked difference between the electron-induced

dissociation of the two adsorbates was in the mean recoil
distance of the Br atom product, observed to be 8.7 Å for PeBr
and 3.2 Å for PhBr. Molecular dynamics modeling of the
repulsion in the anion by the so-called I2S model suggested
that the smaller recoil distance in the products of the aromatic
PhBr was linked to its shorter mean lifetime due to electron
loss to the surface, which in turn reduced the extent of product
recoil.
Prior experimental studies of electron-induced reaction at

Cu(110) cited here, taken together with the present findings,
suggest that the higher efficiency for electron-induced reaction
of aliphatic adsorbates as compared with aromatics, is likely to
be general.
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