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ABSTRACT There has been much interest in the effect of adsorbate alignment

‘Along’

in a surface reaction. Here we show its significance for an electron-induced

reaction occurring along preferred axes of the asymmetric Cu(110) surface,

characterized by directional copper rows. By scanning tunneling microscopy

(STM), we found that the heterocyclic aromatic reagent, physisorbed meta-

iodopyridine, lay with its carbon—iodine either along the rows of Cu(110), “A”, or

perpendicular, “P". Electron-induced dissociative attachment with the C—I bond

‘Perpendicular’

v h

e

initially along “A” gave a chemisorbed | atom and chemisorbed vertical pyridyl, singly surface-bound, whereas that with C—1 along “P” gave a chemisorbed

| atom and a horizontal pyridyl, doubly bound. An impulsive two-state model, involving a short-lived antibonding state of C—I, accounted for the different

product surface binding in terms of closer Cu - - - Cu atomic spacing along “A” accommodating only one binding site of the pyridyl ring recoiling from I and

wider spacing along “P” accommodating simultaneously both binding sites, N—Cu and C—Cu, in the meta-position on the recoiling pyridyl ring. STM

studies combined with dynamical modeling can be seen as a way to improve understanding of the role of surface alignment in determining reactive

outcomes in induced reaction at asymmetric crystalline surfaces.
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canning tunneling microscopy (STM)

of organic halides, RX, gives clear evi-

dence of adsorbate alignment with
respect to the C—X bond. Electron-induced
reaction severs this C—X. Pioneering studies
of the electron-induced reaction of organic
halides were performed by Hla, Rieder, and
co-workers,? who revealed the elementary
steps underlying the Ullmann reaction
for the formation of biphenyl, and by the
Morgenstern group,® who were the first
to identify electron-induced isomerization
in aromatic dihalides. The interest of this
laboratory has been in the molecular dy-
namics of the dissociative attachment event
in which physisorbed organic halide gives
a pair of chemisorbed reaction products,*™®
R and X attached to a copper substrate.

The present study extends this work
to a heterocyclic aromatic halide, meta-
iodopyridine, m-IPy. The molecular dynamics
of the reaction will be shown to be affected
by the presence of two atoms in the ring,
Cand N, that can bind strongly to the under-
lying metal. The reactive outcome is seen to
be affected by the spacing between Cand N
in the reagent molecule, as compared to the
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spacing between the Cu atoms at the under-
lying surface. Solution of the equations of
motion on an ab initio potential-energy sur-
face shows how this complex adsorbate—
substrate interaction leads to alternative
reaction pathways for differently aligned
reagent molecules.

Previous studies of pyridine and its deri-
vatives on metal surfaces have clearly
shown that the adsorbate binds to the sur-
face through the N atom lone pair electrons,
resulting in vertical and tilted configura-
tions.” '? The physisorbed reagent meta-
iodopyridine is shown to have two distinct
molecular alignments on the asymmetric
surface, Cu(110) at 4.6 K. Electron-induced
reaction of each alignment is studied sepa-
rately and shown unambiguously to give
differently bound products at the copper
surface. When the reagent was aligned with
C—I approximately along the copper row of
the surface in the configuration designated
“A", the electron-induced reaction gave a
chemisorbed | atom and chemisorbed ver-
tical pyridyl bound to the surface at a single
terminal carbon of the aromatic ring. By
contrast, when the reagent was aligned
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with C—I perpendicular to the Cu row, designated “P”,
the reaction gave a chemisorbed | atom and a
horizontal pyridyl bound to the surface by both its
carbon and its nitrogen binding sites. Solution of the
equations of motion for the reaction points to the fact
that substrate—atom spacing plays the major role in
determining the observed differing reactive outcomes
along the two major crystallographic axes of Cu(110),
namely, along the rows, termed [170], and perpendi-
cular to them, termed [001] (these being axes “A” and
“P", respectively). These selective reaction dynamics for
heterocyclic halides will be shown to stem from the
different spacing between the copper atoms along “A”
and “P"; close-spacing (Cu---Cu = 2.55 A) along “A”
only permits one atom in the aromatic ring to bind at a
time, whereas wider spacing (Cu- - - Cu = 4.42 A) along
“P" permits the meta-configured N and C atoms of the
heterocyclic ring to bind to the surface concurrently,
causing it to lie down.

The dynamics of the electron-induced reaction are
well-described by an “impulsive two-state” (12S) model
introduced in earlier work,*~%'3="> in which the C—I
bond becomes an antibond for some femtoseconds
with the result that the | atom and the radical recoil
in opposite directions along the prior C—I axis. In the
present example, the direction of the C—I axis can be
chosen by the experimenter by selecting the physi-
sorbed m-IPy and placing the STM tip that delivers
electrons over it to induce reaction either along “A” or
“P”, with markedly different outcomes. Satisfyingly,
these differing outcomes are clearly evident in both
experiment and theory.

RESULTS AND DISCUSSION

Two intact reagent physisorbed meta-iodopyridine
alignments of similar heights (1.58 + 0.04 A) were
observed by STM on Cu(110) at 4.6 K, as shown in
Figure 1a,b. These two initial states exhibited markedly
different reaction dynamics in electron-induced reac-
tion, resulting in differently bound products.

The major initial state configuration (N = 452 cases)
had its long axis, which we associate with the C—I bond
direction, in the crystal plane at about 8 = 30° to the
[170] direction. Since [110] lies along the Cu rows of
Cu(110), we term this physisorbed state “Along”, “A”".
There are four equivalent “A” azimuthal directions
lying at & = £30° to [110] and the opposing [110]
direction.

A second less abundant (N = 113 cases) physisorbed
configuration was observed with its long axis at
6 = £15° to the [001] and [001] directions. Since these
axes lie perpendicular to the Cu rows, we refer to this as
“P". As in the case of the “Along” configuration, there
are four equivalent perpendicular alignments.

Alignment of the carbon—halogen bonds in halo-
benzene molecules physisorbed on Cu(110) has pre-
viously been noted in STM studies of p-diiodobenzene
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Figure 1. Electron-induced reaction of “A” and “P” m-IPy
on Cu(110) at 4.6 K. (a) EXPT: Initial state image at left and
final state (I atom and v-pyridyl) at right, obtained by STM
(I = 0.5 nA and V = —0.3 V). THEORY (TH): Calculated
geometries for the initial and final states are labeled as TH
(top) and TH (side). The TH top view is overlaid onto its STM
image simulation. The reaction products for initial state “A”
were assigned by comparison with the simulated image and
the measured heights for the | atom (0.60 & 0.04 A) and the
v-pyridyl (1.12 + 0.04 A). (b) EXPT and TH: Initial state image
at left and final state (I atom and h-pyridyl) at right. The
reaction products for initial state “P” were assigned by
comparison with the simulated image and the measured
heights for the | atom (0.60 + 0.04 A) and the h-pyridyl
(0.43 & 0.04 A). The “x” in all images indicates the reagent |
atom position, which is the highest point observed in the
STM images for both initial states “A” and “P". For both
initial states “A” and “P”, the long axis is indicated by a
dashed line in the EXPT images.

and p-dichlorobenzene, performed in this laboratory.
In these earlier studies of homocyclic molecules, the
C—X axis of the physisorbed reagent lay with a lesser
probability along [170] but principally along the
[001] axis.*> Here, for a heterocyclic adsorbate, the
intact physisorbed state exhibits the reverse prefer-
ence, with “Along”, [110], dominating “Perpendicular”,
[001]. This is due to the stronger N atom binding of the
aromatic ring for physisorption “Along” [110]. We
attribute the small deviations from “A” [110] and “P"
[001] alignments of m-IPy by 30 and 15° in the present
case principally to off-axis N—Cu attraction. As noted
in the introduction, evidence of attraction between the
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N atom of pyridine and copper has been given in earlier
work.” 12

The calculated adsorption geometries obtained
by density functional theory (DFT) agreed with the
experiments in leading to two physisorbed states: one
broadly “Along” [110] and one “Perpendicular” [001],
corresponding to “A” and “P” in the observed STM
images of the reagent, m-IPy. The calculations indi-
cated that these two physisorbed configurations owed
their existence to the two different ways in which a
physisorbed reagent, m-IPy, could locate its | and
N atoms simultaneously over copper atoms in the
surface below. For the “A” physisorbed reagent, the
underlying copper atoms lie approximately along
[170], whereas for the “P” state, they lie approxi-
mately along [001] (see the initial state pictured in
Figure 1a,b, respectively). Adsorption of the physi-
sorbed reagent can be ascribed to the polarizability
of the large | atom and the bonding of the N hetero-
atom to an underlying copper atom. The calculated
heat of adsorption is slightly greater for “A” (0.82 eV)
than for “P” (0.76 eV), reflected in the fact that the “A”
physisorbed molecule lies more nearly in the plane of
the surface (out-of-plane tilt ¢ = 21°) as compared with
“P" (out-of-plane by ¢ = 37°).

In this laboratory's STM studies of electron-induced
reaction at copper cited above for p-dihalobenzenes,*>
the physisorption alignment was found to be the
principal determinant of the recoil direction of both
the halogen atom and the opposed recoil of the
halophenyl organic radical. The well-defined direction-
ality of the chemisorbed halogen atom and halophenyl
products was evidence that they have not diffused
following formation. This is in accordance with the fact
that they remained in the same location after repeated
scans. Their binding to the surface is in the region of
3 eV, explaining their immobility.

In the present work, as previously, the alignment
of the physisorbed molecule governs the direction of
recoil of the products. However, the presence of the
attractive N atom in the aromatic ring leads to impor-
tant differences in the molecular dynamics for surface
reaction at copper and hence in the reactive outcomes
for the different initial states “A” and “P” as compared
with those observed previously.

For the present heteroaromatic reagent, the differ-
ence in alignment between the two physisorbed
states, “A” and “P”, can be seen from Figure 1 to have
had a marked effect on the dynamics of the reaction.
The final state STM images at the right in Figure 1a,b
consist of two bright features in the product of the “A”
reagent in contrast to the dark and bright feature in
the product of “P”. Computer simulations allow us to
distinguish these outcomes. As is evident from the final
states shown in Figure 1, the “A” reagent gave largely
vertical (v) chemisorbed pyridyl (76%), whereas “P”
gave almost exclusively (90%) horizontal (h) pyridyl.
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The height of the v-pyridyl was 1.12 + 0.04 A, in
contrast to the h-pyridyl with a height 0.43 & 0.04 A.
This height for the vertical chemisorbed pyridyl on
Cu(110) is in approximate accord with the 1.16 A
obtained for phenyl chemisorbed after reaction of
jodobenzene on Cu(110).'® This is to be compared
with the height of “in-plane”, that is, horizontal, ben-
zene measured as 0.49 A in the Kawai laboratory."”
The minority pathways in the present instance gave
horizontal pyridyl for “A” and vertical for “P".

Computer simulation of the “v” and “h” final states of
the chemisorbed pyridyl sheds light on the different
bonding to the surface. For v-pyridyl, the C atom
dangling bond (sp-hybridized) was held to a pair of
Cu atoms below (binding designated C—Cu,).'® This
“v" molecule stands up on this carbon—copper bond
with a total binding computed as 2.81 eV. The N—Cu
bond presentin the initial state has been severed in the
“v" final state due to the formation of the C—Cu bond,
closely adjacent in the same copper row (Figure 1a).
For h-pyridyl, by contrast, the dangling bond C atom
can bind to a Cu atom at the same time as the N atom
stays bound to a Cu atom in an adjacent copper row.
The total calculated binding for the h-pyridyl is 2.27 eV
(Figure 1b). This “h” geometry of pyridyl is, we believe,
observed here for the first time.

The product angle and distance distributions for the
two major pathways “A” and “P" are shown in Figure 2.
The distributions for the four equivalent angles in both
cases, “A” and “P”, were folded to a single representa-
tive angle.

For the “A” physisorbed initial state, the C—I bond
direction of m-IPy was found to lie 30° from the [110]
direction, as indicated in Figure 2a. The | atom and
the pyridyl recoiled in opposite directions along this
C—I bond direction (N = 342 cases). The | atoms were
scattered mostly into the right trough, between Cu
rows along [170]. In one-third of the cases, the | atoms
were found in the adjacent trough to the left, once
again in four-fold hollow (FFH) sites. It was shown in
earlier work that the | atoms diffused more readily
along the troughs between Cu rows along [170]."
For the “A” alignment of the physisorbed m-IPy, the
12S model predicted that the | atom would recoil along
the prior C—I axis and the pyridyl radical in the
opposite direction along the same axis, both as ob-
served in Figure 2a. The most probable distance of
recoil of the | atom was observed to be 4.23 A, and that
of the v-pyridyl at 1.28 A to the closest short bridge (S),
in agreement with the distances of 4.23 and 1.28 A
obtained from the I12S model.

For the “P” initial state, the C—I bond direction of
m-IPy was observed to be 15° from the [001] direction,
as indicated in Figure 2b. The “P” physisorbed molecules
produced an h-pyridyl and an | atom (N =102 cases). The
| atom and the pyridyl once again were found to recoil in
opposite directions along the prior C—I bond. The latom
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Figure 2. Product angle and distance distribution of the
electron-induced reaction for “A” and “P” m-IPy. (a) Dis-
tribution of | atoms (red) and pyridyls (black) after electron-
induced reaction of m-iodopyridine for the “A” alignment
(N = 342). (b) Similarly, the product distributions for the “P”
m-IPy (N = 102). The “x"” gives the location of | atom in the
reagent. The initial states, “A” and “P”, are observed at four
equivalent angles, but the data have been folded to one
representative angle. The dashed lines give the direction of
the principle axis of the m-IPy in the initial states for “A” and
“P”. The underlying Cu substrate is indicated.

was observed to travel only 2.21 A to the nearest FFH
and the pyridyl by 4.42 A to the second on-top copper
site. The 12S theory predicted a qualitatively similar
behavior, 3.12 A recoil for | and 3.48 A for pyridyl. (The
observed product distributions for | atoms and pyridyls
are shown in Supporting Information Figure S1 for both
pathways “A” and “P".)

Figure 3 shows the projected density of states
(PDOS) of physisorbed m-IPy in its “A” and “P” molec-
ular alignments for the | atom and the N atom. The
PDOS of the C atom bound to the | atom has the same
features as the ones calculated for the | atom, in both
alignments. The projected electron density located
at 0.67 and 0.89 eV for the “A” and “P” initial states
correspond to the z7* orbitals of the lowest unoccupied
molecular orbital (LUMO). By contrast, the projected
electron density corresponding to the LUMO+1 at
1.27 and 1.14 eV, for “A” and “P”, exhibits additional
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Figure 3. Projected density of states for “A” and “P” align-
ments. (a) PDOS of physisorbed “A” m-IPy on Cu(110). The
LUMO is found at 0.67 eV and the LUMO-1 at 1.27 eV. (b)
PDOS of physisorbed “P” m-IPy on Cu(110). The energies of
the LUMO and LUMO+1 are located at 0.89 and 1.14 eV. The
projections onto the | atom and the N atom are given by
solid and dashed lines.

density placed on the C—I antibonding orbital, corre-
sponding to the o* orbitals. The electron density for the
“P”molecular alignment at 0.89 and 1.14 eV is shown in
Supporting Information Figure S2. A comparison of the
LUMO+1 and the threshold for “A” and “P”" electron-
induced reactions (~1.40 eV) showed that the electron
entered the LUMO+1 C—I antibonding orbital in both
molecular alignments. At threshold, the measured
electron yields were approximately 2 and 4 x 10"
for reagents “A” and “P”, respectively. For the “A” initial
state LUMO-1 (o* orbital), the ratio of charge density
between the N and | atoms is 0.4:1. In contrast, the
contribution of the N atom to the LUMO+1 of the “P”
initial state was negligible. These findings were used as
a guide for distributing the added charge between the
I and N atom for the “A” initial state.

The 12S model clearly differentiated the dynamics for
reaction along “A” and “P", as shown in Figure 4, which
depicts the results of the ab initio molecular dynamics.
The model for some femtoseconds (see below) re-
placed the C—I bond in the reagent with an antibond,
due to the added unit charge. For case “A” (Figure 4a),
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Figure 4. Molecular dynamics for the m-IPy reaction at the Cu surface from the 12S model. (a) “A” reaction: After 44 fs on the
anionic state, yellow background, the m-IPy returned to the ground state, and the repulsion (arrows) caused the C—I bond to
break, while pyridyl remained bound to the surface by its N atom (green line). At 460 fs, the | atom recoiled along “A” and the
C atom upward (arrow). At 1040 fs, the strong carbon-to-copper attraction (green dashed line) caused C to replace N at the
surface. At 2700 fs, the | atom was bound at a FFH site, and the pyridyl vertically bound. (b) “P” reaction: After 40 fs on the
anionic state, yellow background, m-IPy returned to ground state, and the repulsion (arrows) caused the C—I bond to break,
while pyridyl remained bound to the surface by its N atom (green line). At 160 fs, the | atom recoiled along “P” and the C atom
upward (arrow). By 650 fs, an extended C—Cu bond formed (green dashed line), with lateral displacement of the bound
N atom. At 2000 fs, the | atom was at the long bridge (LB) site, and the pyridyl bound horizontally by both N—Cu and C—Cu
bonds. The Cu—Cu distance within a row and across two adjacent rows is shown in the figure.

the added negative charge was, as in previous studies,
placed largely on the | atom (0.8 e”). Here, the small
residual charge was located at N (0.2e7). A minimum
residence time (t*) of 44 fs was required on the anionic
potential to give subsequent reaction across the
ground state. At t = 460 fs on the ground state, the
| atom had recoiled along “A” and the adjacent C atom
of the aromatic ring had moved away from the surface,
due to release of strain in the pyridyl ring. Significantly,
by 1040 fs, attraction of the dangling bond C atom was
moving it toward the surface to form a carbon—copper
bond that replaced the nearby N—Cu bond located
in the same copper row. By 2700 fs, the pyridyl was
vertical, held by a strong bond C—Cu, bond. The final
vertical state resembled phenyl on copper, computed
by Lorente and co-workers.'® As a check, we repeated
our calculations of “A” with the additional electron

CHENG ET AL.

placed exclusively on the | atom and alternatively with
the added charge equally divided between the | and
the N. Path “A” nonetheless invariably led to vertically
bound pyridyl. For the case of “P”, we only considered
the case where the added charge was fully on the
| atom because the contribution from the N atom to
LUMO+1 (see Figure 3b) was negligible.

The molecular dynamics for path “P” are shown in
outline in Figure 4b. As before, in “A”, by t* = 40 fs, the
| atom and the released dangling bond C atom of the
aromatic ring recoiled from one another along the
prior C—I axis. At 160 fs, the | atom had moved along
“P”, while the released dangling bond C atom moved
upward, as the recoiling ring lifted 70° out-of-plane.
By 650 fs, the dangling bond C atom was approaching
its binding site at the surface. This resulted in a distor-
tion of ~17° of the pyridyl ring, while the N atom
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interacted with the Cu substrate. In contrast to path-
way “A”, the N—Cu bond, which was located on an
adjacent copper row, existed throughout. The site of
this N—Cu bond shifted, however, in the course of the
reaction by one copper atom along its row. As a result
of this double bonding by both Cand N, the final state,
at 2000 fs, comprised horizontal pyridyl. The distance
between the bonding sites of the C and N atoms
along “P” was 4.37 A, which matched the inter-row
separation. This separation is in marked contrast to the
Cu- - -Cu separation within a row, along “A”, which is
only 2.55 A, too short to accommodate an adjacent C
and a N atom bond which preferentially bind ~4 A apart.
This large spread between the C and the N binding sites,
as is evident in the visualization at the bottom of
Figure 4b where the separation is shown as 4.42 A, is
due in part to the fact that the C and the N are separated
in a meta-location on the ring and in equal part to the
fact that the sp> hybridization of the C dangling bond
(at the right) is directed away from the ring.

CONCLUSIONS

We have extended our previous STM studies of the
electron-induced reaction of homocyclic aromatic ha-
lides at Cu(110) to the case of a heterocyclic molecule,
meta-iodopyridine, m-IPy. As in our previous work, the
initial physisorbed molecule at 5 K when subjected to
low-energy electrons coming from the STM tip formed
chemisorbed products. In the present case, the pro-
ducts were chemisorbed atomic | plus pyridyl. The
reaction dynamics can be understood once again in
terms of the 12S model introduced earlier, in which
the equations of motion are solved on the repulsive
anionic state (duration t* ~ 40 fs) and subsequently
on the ground potential-energy surface. This model,
based on interactions computed ab initio, explains the
observed recoil of the | atom in one direction and that
of the pyridyl in the opposite direction.

In the present work, two alignments were found for
the physisorbed reagent, m-IPy, both experimentally

METHODS

The experiments were conducted in a low-temperature
ultrahigh vacuum STM (Omicron) system with base pressure
of <3.0 x 10~ " mbar. The Cu(110) single crystal was cleaned by
repeated cycles of Ar' sputtering (0.6 keV, 7 uA) followed by
annealing at 800 K, until no contamination could be detected
by STM. Commercially available m-iodopyridine, m-IPy (Sigma-
Aldrich, 98%), was purified by multiple freeze—pump—thaw cycles
and then dosed from a capillary tube directed at the Cu(110)
surface. The copper crystal reached a maximum temperature of
8.6 K during dosing. The sample was then cooled, and the STM
images were taken at 4.6 K. Dissociation of m-IPy was electron-
induced by placing the STM tip over the middle of the m-IPy
feature and maintaining a constant bias voltage of 1.40 V, with the
feedback loop disabled for up to 1 s. Here, the bias voltage refers
to the sample. The product positions with respect to the position
of the physisorbed reagent were measured using WSxM.2°
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by STM and also by DFT-based calculations. These two
alignments were along the copper rows, denoted “A”,
or perpendicular to the rows, “P”. By placing the tip
over an adsorbate molecule aligned along “A” or “P”,
reaction could be initiated along a selected surface
axis. Persistence of alignment in going from reagents
to products was observed, as in our previous studies.
Hence, by selecting “A” or “P" adsorbate, we deter-
mined the preferred axis of reaction as the fragments
recoiled across the surface.

The novelty here is the observation of different
reaction paths for the orthogonal crystal axes, “A”
and “P”. The difference in dynamics along these two
directions was readily observed by STM as being the
formation of vertical chemisorbed pyridyl for reaction
induced along “A”, in contrast to the formation of
horizontally bound pyridyl for reaction along “P". Dif-
ferent reaction dynamics along crystal axes “A” and “P”,
corresponding to that found experimentally, were also
clearly evident in the 12S model.

Examination of these alternative reaction pathways
along the different crystal axes showed the cause of
the product selectivity to be the difference in spacing
between the copper atoms along “A” (2.55 A) as
compared with “P” (4.42 A). The separation between
the C—Cu and N—Cu bonds was restricted by their
attachment to pyridyl. In case “A”, the Cu- - - Cu separa-
tion at the surface accommodated only one of these
bonding atoms, C or N, at a time, so that the pyridyl
came to rest held vertically by its strong car-
bon—copper attachment at the position of its dangling
bond. Crucial to the selective dynamics was the fact
that the larger Cu- - - Cu separation along “P”, in con-
trast to “A”, permitted simultaneous formation of C—Cu
with an sp>-hybridized carbon dangling bond and also
a N—Cu bond held at the meta-position to this on the
aromatic ring. The two-fold binding of the pyridyl to
the surface along “P” was responsible for holding the
pyridyl, when formed along that axis, in the horizontal
configuration.

Theoretical simulations, including the ground state of the
physisorbed m-IPy, the products of the electron-induced reac-
tion, the molecular dynamics trajectories, the electronic struc-
tures, and the STM image simulations were carried out using the
general gradient approximation for the exchange-correlation
potential,?’ the projector-augmented wave method,?** and
a plane wave basis set as implemented in the Vienna ab initio
simulation package.>*** Revised Perdew—Burke—Ernzerhof,?®
with the second version of Grimme's dispersion corrections,?”
was employed in structural relaxation, adsorption energy, and
molecular dynamics calculations. This van der Waals correction
was applied at ~4000 successive steps in the reaction dynamics
calculation. The energy cutoff for the plane wave basis was set
to 400 eV for all configurations. A supercell (5 x 7) consisting of
175 copper atoms in 5 layers, with at least 15 A vacuum region,
was employed to model the Cu surface. The surface Brillouin
zones of the system were sampled using the gamma point
only. In geometry optimizations, all atoms except those for the
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bottom two Cu layers were fully relaxed until the residual force
per atom was less than 0.02 eV/A. The 125 model,*~¢"3""3
described elsewhere in detail, incorporates an anionic state of
duration t* simulated by a pseudopotential approach.?>?%%°
The molecular dynamics in the anionic state were calculated
until t*. The system was then returned to the ground state with
atomic momenta and positions taken from the excited state.
The dynamics were then continued until the final state was
achieved.
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