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ABSTRACT Electron-induced reaction at metal surfaces is currently the

subject of extensive study. Here, we broaden the range of experimentation to a
comparison of vibrational excitation with electronic excitation, for reaction of the
same molecule at the same clean metal surface. In a previous study of electron-
induced reaction by scanning tunneling microscopy (STM), we examined the
dynamics of the concurrent breaking of the two C—I bonds of ortho-
diiodobenzene physisorbed on Cu(110). The energy of the incident electron
was near the electronic excitation threshold of £, = 1.0 eV required to induce this

single-electron process. STM has been employed in the present work to study the

reaction dynamics at the substantially lower incident electron energies of 0.3 eV, well below the electronic excitation threshold. The observed increase in

reaction rate with current was found to be fourth-order, indicative of multistep reagent vibrational excitation, in contrast to the first-order rate

dependence found earlier for electronic excitation. The change in mode of excitation was accompanied by altered reaction dynamics, evidenced by a

different pattern of binding of the chemisorbed products to the copper surface. We have modeled these altered reaction dynamics by exciting normal

modes of vibration that distort the C—I bonds of the physisorbed reagent. Using the same ab initio ground potential-energy surface as in the prior work on

electronic excitation, but with only vibrational excitation of the physisorbed reagent in the asymmetric stretch mode of C—I bonds, we obtained the

observed alteration in reaction dynamics.
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electronic excitation - surface science - single-molecule reaction

lectron-induced reactions at a solid

surface can be followed “a molecule

at a time” using the tip of a scanning
tunneling microscope (STM) as a source of
electrons and thereafter examining the pro-
ducts by STM."~"® When a large number of
electrons traverse an adsorbate, inelastic
collisions can transfer energy. This causes
nuclear motions that in some cases lead to
surface reaction. Depending on the energy
of the electrons, excitation may be elec-
tronic or vibrational. Electronic excitation
occurs primarily when the electron is in
the electronvolt range.! ~5°~ 11151618 How.-
ever, when the electron energy is low—
hundreds of meV—adsorbate vibration
can be excited on the ground potential
surface.'

In spite of the rich literature on reac-
tions induced by electrons from an STM
tip,' ~>>%271¢ comparative studies of these
two different excitation mechanisms for a
single system are few.'92° Shen et al.’® were
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the first to compare the two mechanisms,
studying electron-induced desorption of
hydrogen atoms from a hydrogen-passi-
vated Si(100) surface, induced by electrons
from an STM tip. Subsequently,?’ questions
have been raised in regard to the role of
vibrational excitation in this reaction. More
recently, Shi, Kawai, and co-workers®® suc-
ceeded in dissociating single water mol-
ecules via both electronic and vibrational
mechanisms on a thin MgO film supported
on Ag(100). The reaction products were
found to differ for the two mechanisms,
yielding atomic oxygen from electronic
excitation and hydroxyl from vibrational
excitation. To our knowledge, the present
work is the first to compare the vibrational
and electronic mechanisms for a single
reaction at a clean metal surface.

Here, we report the reaction dynamics
of ortho-diiodobenzene (ortho-DIB) on
Cu(110) by multiple excitations due to tun-
neling electrons in the low-energy range

* Address correspondence to
jpolanyi@chem.utoronto.ca.

Received for review September 18, 2014
and accepted December 9, 2014.

Published online December 09, 2014
10.1021/nn5053074

©2014 American Chemical Society

12468

WWwWW.acsnano.org



(0.3 eV) for vibrational excitation and compare the
results to earlier work from this laboratory for the
same system employing single high-energy electrons
(~1 eV) via electronic excitation.?? The breaking of two
C—I bonds of a single ortho-DIB, termed “double
reaction”, was found to predominate in both vibra-
tional and electronic reactions. Three cases of two-
bond breaking in the course of a reactive event have
been reported recently.'*?>?* The first involved the
single-electron breaking of two adjacent bonds by
charge delocalization,?® the second single-electron
breaking of a series of bonds in a molecular chain,’”
and the third single-electron breaking of two adjacent
bonds, one promptly by electron attachment and the
other after 0.5 ps by product vibrational excitation.?®
However, the observed product geometry differed in
the case of reagent vibrational excitation from the
previous case of reagent electronic excitation, giving
evidence of altered binding of the chemisorbed
product to the copper surface. Specifically, both the
binding site and the alignment of the chemisorbed
phenylene product formed by vibrational excitation of
the physisorbed reagent differed significantly from
that formed by electronic excitation of the reagent.
We have modeled the vibration-induced reaction
employing ab initio molecular dynamics (MD) simula-
tion by exciting selected normal modes of vibration in
the physisorbed reagent. Of the four normal modes
that represent the distortion of C—I bonds, involving
stretch and bend, the asymmetric C—I stretch is shown
to be the only mode capable of reproducing the
binding pattern of products observed. In this compu-
tation, we used the same ab initio ground potential
surface as in our previous work.>? This calculation com-
pares the dynamics of surface reaction induced by
electronic excitation with that by vibrational excitation.

RESULTS AND DISCUSSION

In Figure 1, we contrast the reaction of ortho-DIB
on Cu(110) induced by single electronic excitation of
~1 eV (at left) with that from multiple vibrational
excitations employing incident electrons of 0.3 eV
(at right). As established in our early work by STM
and ab initio theory,?? the physisorbed ortho-DIB mo-
lecule on Cu(110) adopts a nearly flat configuration,
with the benzene ring centered at the short-bridge site
and the two | atoms at short-bridge sites of the adjacent
Cu row. This physisorbed geometry leads to an approxi-
mately triangular-shaped feature for physisorbed ortho-
DIB in the STM images, as shown in Figure 1A.

Upon a voltage pulse from the STM tip, the ortho-DIB
in Figure 1A reacted to break both C—I bonds and
produced two chemisorbed | atoms and a chemi-
sorbed phenylene (Ph’). Figure 1B,C shows the major
reactive outcomes for reagent excitation by electrons
of 1 eV, giving rise to reagent electronic excitation
(67% out of a total of 321 cases) and electrons of 0.3 eV,
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Figure 1. (A) “Expt” shows an STM image for physisorbed
ortho-diiodobenzene on Cu(110) obtained in the present
work. “Th” (theory) gives the result of ab initio calculation of
the physisorbed geometry (top and side views), the top
view being superimposed on a simulated STM image com-
puted by bSKAN. Here, as in all subsequent panels, the red
crosses indicate the position of the | atoms in the initial
state. The arrow at the left below panel A (“ELECT”) points to
panel B (“Expt”), giving an example of the major experi-
mental outcome of electron-induced reaction for what was
shown to be single-electron excitation of physisorbed
ortho-DIB at 1.0 eV electron energy, taken from prior work
of this Iaboratory.22 (B) “Th"” gives the chemisorbed product
geometries, viewed from top and side, and their bSKAN
simulated STM image. The arrow at the right below panel A
(“VIB”) points to panel C, giving (for comparison with panel
B) an experimental image (“Expt”) of the major chemi-
sorbed reaction products obtained in the present work as
aresult of excitation by multiple electrons of 0.3 eV, i.e., due
to vibrational excitation of the physisorbed ortho-DIB. (C)
“Th” gives the chemisorbed product geometries, viewed
from top and side, and their bSKAN simulated STM image,
resulting from vibration-induced reaction. The white rec-
tangles in B and C, Expt, indicate dark patches correspond-
ing to the points of attachment of the phenylene to the
surface. All experimental STM images in panels A—C are in
23 A x 13 Ain size, taken at a sample bias of +0.3 Vand a
tunneling current of 0.2 nA.

giving reagent vibrational excitation (64% out of a total
of 61 cases). The | atoms in each case occupied the
nearest four-fold hollow site along the prior C—I direc-
tion in the physisorbed ortho-DIB. However, the phe-
nylene fragments, Ph’, can be seen to have different
binding sites (bound to Cu #1 and #2 from reagent
electronic excitation and to Cu #3 and #4 from reagent
vibrational excitation) and different alignment with
respect to the | atom pair (bound away from the | atom
side from reagent electronic excitation and bound
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toward the | atom side from reagent vibrational
excitation). As reported in ref 22 from STM imaging
and simulations, the brightness of Ph’ in the STM
images originates from its aromatic ring, whereas the
adjacent dark patches correspond to the positions
where Ph’ binds to the surface (white rectangles in
Figure 1B,C). In the following experimental and theo-
retical discussion, we shall denote the two final product
states as ELEC and VIB. The remaining cases for both
the electronic and vibrational excitations are pre-
sented in footnote 24.

Central to the current work is the dissociation of
ortho-DIB on Cu(110) caused by electrons of only
0.3 eV. The electronic excitation mechanism?? can be
excluded for this electron energy which falls well below
the computed lowest unoccupied molecular orbital
that lies at 1.0 eV above the Fermi level. This alteration
in excitation mode is also reflected in the measured
electron efficiency (yield) which ranged from 4.6 x
107"° at 94 nA to 1.5 x 10 '° at 136 nA, reactive
events/electron; this is 6 to 7 orders of magnitude
lower than the yield of ~107° reported in our early
work employing electronic excitation.? In the earlier
work, the excitation was attributed to a low-lying
anionic state evident in the computed projected den-
sity of states. Electronic excitation is not occurring in
the present case because there is no state within 0.3 eV
of the Fermi level.?? Evidence that this mechanism is
vibrationally induced is given by the comparable effi-
ciency of reaction by voltage pulses of 0.3 V in both
polarities.>?° Vibrational excitation appears to be the
most probable mechanism.

To test this excitation mechanism, we measured the
reaction order, n, at a sample bias of +-0.3 V, by varying
the tunneling current, /. The time required for reaction
of a physisorbed ortho-DIB under each voltage pulse
was determined from a clear discontinuity in our
current versus time spectra. The individual times re-
quired for reaction were then binned and fitted to an
exponential decay function, which yielded the char-
acteristic lifetime, 7, of the ortho-DIB molecule. The
reciprocal of 7 was the rate of reaction, R, which was
then plotted against / using a log scale, as in Figure 2.
The reaction order of n = 4.4 + 1.2 taken from the slope
of this plot in a least-squares fit indicates that reaction
occurred as a consequence of excitation by four suc-
cessive electrons. In our experiments, the average time
delay was estimated as 1—2 ps for successive electrons
to arrive at ortho-DIB. Despite this delay, the molecules
can suffer sequential excitation, leading to C—I bond
breaking, as the vibrational lifetimes of molecules on
metal surfaces are in the range of picoseconds.”” In
contrast, the lifetimes of ionic species at metal surfaces
are in the range of a few femtoseconds,*® precluding
sequential excitation. It would seem most likely that
the observed reaction was induced by four successive
electrons of 0.3 eV, taking place by way of multiple
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Figure 2. Reaction order of the dissociation of ortho-DIB on
Cu(110) measured at a sample bias of +0.3 V. The reaction
rate (R) is plotted as a function of current (/) using alog scale,
where the slope (n) from the least-squares fit is the reaction
order, determined as n = 4.4 &+ 1.2. Error bars are from the
errors of the exponential fit of the characteristic lifetimes.

excitation of the physisorbed adsorbate to excited
vibrational levels on the ground potential-energy sur-
face. The effect of the electric field can be excluded as
the primary reaction mechanism on the basis of the
observed fourth-order dependence of reaction rate on
current and the comparable efficiency of reaction by
voltage pulses of 0.3 V in both polarities.

To further characterize the initial physisorbed state
and final states (ELEC and VIB), we calculated their
geometries using ab initio theory and simulated
images for each state. As shown in Figure 1, there is
satisfactory agreement between experiment and si-
mulation. The reaction exothermicities were computed
to be 2.83 eV to form final state ELEC and 2.76 eV to
form final state VIB, showing similar thermodynamic
stability for the two final states.?’ The computed reac-
tion barriers to these two final states (using a nudged
elastic band)®® are also similar, both being 0.14 eV.
These barriers are further reduced to 0.10 eV if one
corrects for the effect of quantum zero-point energies
of both initial and transition states. Such a low barrier
is consistent with expectation for highly exothermic
reactions.

The total available reagent excitation energy from
four electrons, each at 0.3 eV, far exceeds the reaction
barrier of 0.10 eV on the minimum-energy path. The
vibration-induced reactive trajectories must deviate
from the minimum-energy path, giving the observed
pattern of reaction products. A full characterization of
the reaction dynamics, including vibration-to-vibration
transfer in the field of the surface, is beyond the scope
of this paper. Instead, we have performed classical
trajectory studies across the previously employed
ab initio ground potential-energy surface? by exciting
single reagent vibrational normal modes.

We compared the fundamental vibrational excita-
tion energies computed for the physisorbed ortho-DIB
molecule, with the values for the gaseous molecule. In
the harmonic oscillator approximation, we calculated,
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for ortho-DIB adsorbed on Cu(110), the fundamental
vibrational energies as 24.4 meV for asymmetric stretch
mode, 374 meV for the symmetric stretch mode,
38.3 meV for the bending mode parallel to the surface,
and 27.7 meV for the bending mode perpendicular to
the surface. The values from the gas-phase data are
only available for the stretch modes, as 25.5 meV
for symmetric stretch and 39.3 meV for asymmetric
stretch.>' The close resemblance of vibration in the
gaseous and adsorbed ortho-DIB is consistent with the
fact that only a small distortion occurs on physisorption.

As we are dealing with a C—1 bond-breaking reaction
in our dynamical studies of single-mode-induced reac-
tion, we focus on normal modes of vibration that
involve marked distortion of the C—I bonds. Four such
normal modes leading to two-bond breaking are
shown in Figure 3 in which panels A/B are the asym-
metric/symmetric stretch mode of the C—I bond and
C/D are the bending mode parallel/perpendicular to
the substrate surface.>? The physisorbed state prior to
reaction is that observed experimentally and, hence, is
the same in all four cases, whereas the chemisorbed
final states differ from the four vibrational modes of
differing symmetry.

Figure 3 provides, for four cases of the surface
reaction of vibrationally excited ortho-diiodobenzene,
a link between reagent excitation on a single potential-
energy surface and the computed geometry of the
chemisorbed products. This sensitivity of the dynamics
to the reagent excitation is due to the existence of
different paths through configuration space, leading
from reagents to products.

None of the patterns of chemisorbed products
shown in Figure 3 fully matched the observed product
pattern from vibrational excitation in these experi-
ments, but the asymmetric stretch mode gave the
correct binding for the | atom products. We therefore
performed further trajectory calculations of this mode
at higher vibrational energy up to 1.2 eV, with this
upper limit being set by the total energy of the four
electrons of 0.3 eV.

Figure 4 gives the reactive outcomes from trajec-
tories employing the asymmetric stretch mode at
v = 28, 32, 36, and 40. We are able to reproduce the
correct product pattern by vibrational excitation (see
Figure 4C) at v = 36 of the asymmetric stretch mode.*
In Figure 5, we present a series of snapshots to show
the dynamics at successive times, for v = 36 excitation
of the physisorbed reagent asymmetric stretch mode.
Panels B and C of the dynamics computation show the
aromatic ring first rotating to vertical as the new
dangling bonds of the phenylene bind to the under-
lying copper; thereafter, in panels D and E, the ring
rotates back to the horizontal as the s-orbitals of the
aromatic ring engage with the surface.

Though the electron efficiency of the observed
reaction is only 107" to 107 '° reactive events per
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Figure 3. Left column gives four normal modes of vibration
for the physisorbed ortho-DIB on Cu(110) involving C—I
distortion: (A) asymmetric stretch of C—I bonds; (B) sym-
metric stretch of C—I bonds; (C) bending of C—I bonds in a
plane parallel to the substrate; (D) bending of C—I bonds in
a plane perpendicular to the substrate. The right-hand
column (A’ to D) gives the corresponding pattern of
chemisorbed products from the lowest reactive quantum
level (v as indicated) of each normal mode that was found
computationally to give product pattern at the end of each
trajectory (t = ~2 ps). In the right column, the red crosses
mark the prior position of | atoms in the physisorbed
ortho-DIB (pictured at the left). The Cu atoms to which the
phenylene binds are circled and numbered, following
the positions labeled in Figure 1. In panel D', #7 designates
the nearest Cu atom to Cu #2 at the same Cu row but at the
other side of Cu #1.

electron, it is unlikely that reaction ensues from four
successive vibrational ladder-climbing events yielding
such a high quantum level as v = 36 of the asymmetric
stretch. As Pascual et al."® have pointed out in a pio-
neering study of the effect of high vibrational energy in
giving migration of NH3 across Cu(100) induced by
electron-impact excitation, the path to high vibrational
energy is likely to be through vibration-to-vibration
(V—V) energy transfer subsequent to the excitation of a
vibrational mode in resonance with the incoming
electron energy. In ref 12, the authors initially excited
one quantum of N—H stretch in NH; on Cu(100),
following which intersystem crossing yielded v > 30
in a low-frequency rocking mode. In the present case, a
near-resonance exists with the ortho-DIB C—H stretch

computed here to be 0.38 eV at the copper surface.

VOL.8 = NO.12 = 12468-12475 = 2014 “@L@Mi{\)

WWwWW.acsnano.org

12471



L XS
L 9

v=40 (Asymgtretch)

v = 28 (Asym. Stretch)

Figure 4. Patterns of chemisorbed products from different
quantum levels of the asymmetric stretch mode: (A) at
threshold vibrational-energy level, v = 28; (B) v = 32; (C)
v = 36; (D) v = 40. The red crosses in each panel mark the
position of | atoms in the physisorbed ortho-DIB; the Cu
atoms to which the phenylene binds are circled and num-
bered (cf. Figure 1). (D) Cu atoms that bind the phenylene,
designated 5 and 6, are located adjacent to the initial
position of the | atoms. (C) is boxed to indicate that this
mode of vibration leads to the observed product binding
configuration in phenylene and the | atoms.

This energy level might be broadened by interaction
with the surface.>* Additionally, there exist breathing
modes of the aromatic ring at 162—182 meV that could
act as intermediary vibrational levels. In other labora-
tories, the specific pathway for vibrational excitation
has been determined by the application of action
spectroscopy,”>?®3*38 which is, however, beyond
the scope of the present study.

CONCLUSIONS

Scanning tunneling microscopy has been used to
characterize the physisorbed initial and chemisorbed
final states in the reaction of ortho-diiodobenzene at
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Figure 5. Reactive trajectory originating in v = 36 of the
reagent asymmetric stretch mode: (A) At t = 0 fs, intact
ortho-DIB (both C—I bonds marked in green) is in its most
stable physisorbed configuration on Cu(110). After ~350fs,
the first C—I bond had broken, releasing the | atom at the
upper part of panel B. From t = 350 to t = 1000 fs, the
phenylene (Ph’) formed following the second C—I bond
breaking underwent a clockwise rotation in the plane
perpendicular to the Cu(110) surface, with the carbon
dangling bonds attaching to the surface (C), leading to a
vertical alignment of Ph’ at a four-fold hollow site, shown in
(D). From t = 1000 to t = 1200 fs, Ph’ rotated counter-
clockwise out-of-plane to bind at the same side as the |
atoms (E).

Cu(110), induced by inelastic collisions with electrons
of 0.3 eV. This 0.3 eV excitation energy is well below the
threshold of 1.0 eV reported in previous work in which
reaction was ascribed to excitation to the lowest-
lying electronically excited state of the physisorbed
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ortho-DIB. For the present low-energy excitation, the
dependence of rate on current was found to be fourth-
order, and the electron efficiency was 6 to 7 orders of
magnitude less than that previously found for elec-
tronic excitation of ortho-DIB on the same surface. We
ascribe this low-electron-energy pathway to reaction
induced by four successive steps of reagent vibrational
excitation. The major chemisorbed products obtained
by vibrational excitation exhibited a different pattern
as compared to that obtained by electronic excitation.
Specifically, for vibration-induced reaction, the pheny-
lene product was shifted laterally by one lattice
constant as compared with reaction by electronic
excitation, and the phenylene was bound to the under-
lying copper by C—Cu bonds at the same side as the

MATERIALS AND METHODS

Experiment. All experiments were performed in a low-
temperature ultrahigh vacuum STM (Omicron), with a base
pressure of <3.0 x 10~ """ mbar. STM images were recorded in
constant current mode at 4.6 K. The Cu(110) substrate was
cleaned by repeated cycles of Art bombardment (0.6 keV,
7 uA, Par = 1x 107> mbar, 10 min) followed by annealing
(800 K, 45 min), until no contamination was detected by STM.
ortho-Diiodobenzene (Sigma-Aldrich, 99%) was purified by
several freeze—pump—thaw cycles before use in the experi-
ment and was dosed from a capillary tube directed at the
copper crystal. The crystal reached a maximum temperature
of 8.3 Kduring dosing. Dissociation of ortho-DIB was electron-
induced by placing the STM tip over the center of the
ortho-DIB feature and maintaining a constant bias voltage,
+300 mV, with the feedback loop disabled, for up to ~4 min.
Prior to the bond-breaking event, the fluctuation in the
current was less than 20%. Product positions with respect
to the position of the physisorbed reagent were measured
using WSxM.3°

Theory. Plane-wave-based density functional theory (DFT)
calculations were performed using the Vienna ab initio simula-
tion package (VASP 5.2),°°*" installed at the SciNet super-
computer.*? The parametrizations of geometry and MD calcula-
tions are identical to our earlier work,?>**~*¢ using the general
gradient approximation with the Perdew—Burke—Ernzerhof
functional®” and the projector-augmented wave scheme.*4°
The Cu(110) surface was represented by a (6 x 6) supercell that
consisted of 180 Cu atoms in five layers and a vacuum gap of
~15 A. The surface Brillouin zone was sampled at the gamma
point only. Grimme's semiempirical method (DFT-D2)*° was
employed to account for the dispersion forces in this system.
The STM image simulations were generated by bSKAN.>' Climb-
ing image nudged elastic band method>® was used to map the
minimum-energy pathways and locate the transition states of
the dissociation of ortho-DIB on Cu(110) for both pathways on
the ground potential-energy surface. In all the calculations
above, all atoms were allowed to relax except for the two
bottom layers of the Cu slab until the residual force at each
atom was below 0.01 eV/A.

We also evaluated the normal modes of vibration for both
initial physisorbed state and transition state following ref 52.
Simply put, this method assumes a harmonic oscillator behavior
and builds up a Hessian matrix using the second derivative of
total energy with respect to a small displacement for each atom.
Then the Hessian matrix is diagonalized to yield an eigenvector
matrix and an eigenvalues matrix, from which atomic displace-
ments and frequencies for each normal mode are extracted. In
this calculation, we displaced the molecular atoms and the four
Cu atoms beneath by 0.001 A along x, y, and z axes while fixing
all other atoms.

ejected | atoms, rather than at the opposite side as
found via electronic excitation.

We give a simple model of the vibration-induced
reaction, based on the solution of the classical equa-
tions of motion across the same ab initio potential-
energy ground state as used in our earlier two-state
model for ortho-DIB.2 This time, the reaction proceeds
exclusively on the ground potential-energy surface
(PES), instead of both on a ground and excited PES as
previously. For simplicity, we assume only single-mode
vibrational excitation. The mode used corresponded to
an asymmetric stretch, one of four normal modes
examined, which led, when highly excited, to the
binding pattern of products observed in the present
experiments.

The DFT-MD calculations 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). Con-
servation of total energy was obtained using a time step of
0.5 fs, which gave an average drift of total energy of less than
0.01 eV ps~". The starting geometry in each trajectory, which
represented a vibrational excited state (quantum number is (v),
was simply the initial physisorbed state; the definition of initial
velocities of each atom was not straightforward, as given below.
First, the relative displacement magnitude of each atom at
certain normal mode was evaluated from the eigenvector
matrix of our normal mode calculations. Second, we calculated
the total vibrational energy at a level, v, as E(v) = (v + 1/2)hv,
using the harmonic oscillator approximation. Third, the total
vibrational energy obtained in the second step was distributed
into the kinetic energy of each atom E,, according to the mass
and displacement of each atom. Fourth, the magnitude of each
velocity was taken as (2Ek/m)”2, and the direction was simply
the same as the eigenvector.

For each normal mode, we first started a trajectory from the
vibrational energy equivalent to a low quantum level, E(v) =
(1/2 + v)hv. Each trajectory simulation was calculated up to
~2 ps. If no sign of reaction was observed by the end of ~2 ps,
we moved to a higher vibrational energy equivalent to the next
quantum level, E(v + 1) = (1/2 + v + 1)hv, and started a new
trajectory for ~2 ps. This procedure was repeated until a
reactive trajectory was obtained.
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