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ABSTRACT Understanding electron transport at the organic—inorganic interface is crucial for many research

fields including surface physics and chemistry. In this article, we report the nonlocal chemical reactivity of one

monolayer copper hexadecafluorophthalocyanine (F;sCuPc) adsorbed on two different substrates, Ag(111) and

Au(111), by injecting hot electrons from a scanning tunneling microscope tip. On the basis of experimental and

theoretical results, the nonlocal reactions are proposed to strongly depend on hot-electron transport through

molecule—substrate interface states. This observation of nonlocal reactivity increases our understanding of

electron transport at organic—metal interfaces.
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nterfacial charge transport is a topic
with relevance in many research

fields, including surface physics and
chemistry,’? photocatalysis,® organic pho-
tovoltaics,” and molecular electronics.®
There is much scientific interest to under-
stand the nature and mechanism of charge
transport at molecule—metal interfaces.®”
In photochemistry on metal surfaces, inter-
facial electron transport plays a fundamen-
tal role in the process of chemical reactions,
for example, dissociation reactions, which
are induced by hot electrons, that is, elec-
trons photoexcited above the Fermi level of
the metal and then transferred to a molecu-
lar resonance (e.g., LUMO).%%® It would be
interesting if we could measure the electron
transport process via direct analysis of
electron-induced reactions at the mole-
cule—metal interface.

In the past decade, scanning tunneling
microscopy (STM) has been developed from
an imaging instrument to a powerful tech-
nique to directly investigate chemical reac-
tivity on surfaces.”'° Unlike chemical reac-
tions in surface photochemistry, electrons
from an STM tip are directly injected into
molecular states. The tunneling electrons
from an STM tip are spatially localized at the
atomic scale and have a large current den-
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sity of ~1 MA/cm?. The ultrahigh current
density in STM allows electron-induced
chemical reactions to be observed. Most
STM studies have focused on single-
molecular chemistry,®'® where the mol-
ecule investigated is directly located at the
point of electron injection. Nonlocal reactiv-
ity of molecules has been reported in sev-
eral cases and was thought to be caused by
the electric field in the tunneling junc-
tion,"" hot electrons propagating in the
metal surface,'? organic thin film,"® and
self-assembled molecular chains.'*

Here we demonstrate that hot electrons
injected from an STM tip can cause different
nonlocal chemical reactions in one mono-
layer of copper hexadecafluorophthalocya-
nine (F14CuPc) adsorbed on two different
metal surfaces, Ag(111) and Au(111). On the
basis of experimental results and density
functional theory (DFT) calculations, we pro-
pose that the nonlocal reactions were mainly
induced by hot-electron transport in the in-
terface states formed between the adsorbed
molecules and metal substrate. Such
electron-induced chemical reactivity at the
molecular scale offers an alternative method
of investigating the electron transport pro-
cess at molecule—metal interfaces.

RESULTS AND DISCUSSION

F;6CuPc molecules (the molecular struc-
ture is shown in the inset of Figure 1a) ad-
sorbed on the Ag(111) and Au(111) appear
as four-leaf-like protrusions with four-fold
symmetry, and each leaf corresponds to
one F-substituted peripheral benzene ring,
as shown in Figure 1a,b, respectively.
F1sCuPc molecules assemble along the
[1—10] direction of Ag(111), forming well-
ordered molecular rows with two different in-
plane orientations. The lattice of molecular
rows is commensurate with the substrate,
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and the two kinds of molecular rows are mir-
rored structures with small lateral displace-
ment."” Similarly, F;sCuPc molecules on
Au(111) also self-assemble into commensu-
rable molecular rows with two different in-
plane orientations, and there is also glide-
mirror symmetry for the two kinds of rows.
The structure models of F;sCuPc adsorbed
on both surfaces are shown in Figure Te/f.
After applying a pulse on the target mol-
ecule on Ag(111), we observed that one of
the four ligands had disappeared (Figure 1c
and Figure 2b). Such a chemical reaction was
not limited to the molecule under the STM
tip. As shown in Figure 1c (pulsed at —3.0 V
tip bias, 3.5 nA, 50 ms), the reactions oc-
curred on five molecules at different dis-
tances from the STM tip, too. This nonlocal
chemical reaction can be observed as far as
12 nm from the STM tip in some cases (not
shown here). Similar nonlocal behavior was
also observed for molecules on Au(111),
shown in Figure 1d (pulsed at —3.2'V, 10
nA, 0.5 s). The magnified STM image (Figure
2¢) showed that one ligand of the reacted
molecule is also shortened by the pulse. We
statistically analyzed the reaction rate (in our
experiments, the reaction rate is defined as
the total number of reaction events found af-
ter of a pulse with a unit time applied) as a
function of pulse bias, as shown in Figure 3.

We determined the energy onset for this nonlocal chemi-
cal reaction in F;CuPc molecules on Ag(111) to be ~—1.9
V (tip bias) (Figure 3a). For Au(111), the corresponding en-
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Figure 1. (a,b) STM images of F;CuPc molecules adsorbed on Ag(111) surface and Au(111)
surface before pulsing, respectively. (c,d) STM images of F,sCuPc molecules on Ag(111)
and Au(111) after a pulse at —3.0 and —3.2 V on top of a molecule, respectively. The blue
dot, rectangles, and circles represent pulsing position, reacted molecules, and bright mol-
ecules not induced by pulsing, respectively. (e,f) Proposed structure models of F;sCuPc
on Ag(111) and Au(111), respectively.

interpret the single-molecule reaction as a four-electron
(two-electron) process for molecules on Ag(111)
(Au(111)). The quantum yield for the single-molecule re-

ergy onset is ~—2.4V (Figure 3b). We repeated the ex-
periments at positive tip bias up to 4.0 V, but no reaction

events were observed. The reactions only occurred at
negative tip bias whereby electrons were injected into
molecules from the tip during the applied pulse, indicat-
ing the chemical reactions were caused by electrons and
not holes. The relatively high energy suggests that the re-
action proceeds via electronic excitations of the mol-
ecules rather than vibrational excitations in the electronic

ground states.’

We investigated the single-molecule reaction rate
(only counting local reacted molecules) as a function of
the tunneling current. If the reaction is induced by tunnel-
ing electrons, the reaction rate Ry, the current lp, and the
reaction order n should obey the relation Ry = I§ (ref 10).
The results obtained for molecules on Ag(111) and
Au(111) are shown in Figure 4a,b. The lines in the graph
correspond to the results of the linear fitting, where the
slopes are determined to be 4.2 = 0.2 for Ag(111) and 1.9
*+ 0.2 for Au(111). This rules out the possibility of reac-
tion induced by electric field because the reaction rate is
very sensitive to variation of tunneling current. Thus, we
deduce that the reaction order is ~4 (~2) for Ag (Au) and
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Figure 2. (a) Magnified STM image of the single unreacted
F16CuPc molecule on Ag(111). (b,c) STM images of reacted
molecules on Ag(111) and Au(111), respectively. (d) Line pro-
files along the blue lines in (a)—(c).
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Figure 3. (a,b) Event rates of the nonlocal reactions as a function of excitation energy for molecules on Ag(111) and Au(111),
respectively. The parts of curves at lower energy are magnified and shown in the insets. The excitation pulse (/ = 5 nA) is ap-
plied at a molecule near the center of the field of view, and the reaction events were counted in the surrounding area of

400 nm?2,

action on Ag(111) is about 107 % events per electron, 2 or-
ders of magnitude higher than that on Au(111).

The changes observed in the molecules in the STM
images may be the consequence of electron-induced
molecular conformational change'® or dissociation.'”
Unlike metallotetraphenylporphyrin, which has two
conformations on the metal surface and can be
switched by a voltage pulse from the STM tip,'® F;sCuPc
is a planar, conjugated, and rigid molecule.'® Only one
lying-down configuration with its molecular m-plane
parallel to the surface can be found when adsorbed on
Ag(111) and Au(111)."® Electron-induced molecular
conformational change is ruled out. The line profiles
across the reacted molecules (Figure 2d) indicate that

one ligand has been shortened. This observation is
very similar to the reported dehydrogenation reaction
induced by STM on the benzene ring of cobalt phthalo-
cyanine (CoPc)."” The ligand with the dehydrogenated
benzene ring also appeared shortened in the STM im-
age. We believe the similar C—F bond dissociation can
also result in the observed shorter ligand. Furthermore,
electron-induced dissociation of the C—H bond in ben-
zene,'® C—Cl bond in chlorobenzene,?® and C—1 bond
in iodobenzene?' on a metal surface has been previ-
ously reported. The mechanism is known as dissocia-
tive electron attachment (DEA),?? in which electrons
with specific energies can be captured into the anti-
bonding m* orbitals of molecule, and then transferred
into the o* orbital, causing
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tent with the different number
of C—F bond dissociations for

Figure 4. (a,b) Kinetics of single-molecule chemical reactions locally under STM tip on Ag(111) and Au(111) ob-
tained from statistical analysis of 1000 single-molecule reactions. Solid lines are linear fits to the data of the reac-
tion rate as a function of tunneling current in the log—log coordinates. (c,d) Spatial attenuation of events of non-
local reactions obtained from statistical analysis of several hundred molecules on Ag(111) and Au(111). Solid
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6 8 10 12 reacted molecules on different
surfaces.

The identical shapes of all
reacted molecules in the STM
images indicate that similar

defluorination reactions had
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occurred, caused by hot-electron transport into m* mo-
lecular orbitals. To explain the nonlocal reactions, the
mechanism of lateral hot-electron propagation is pro-
posed. The hot-electron origin of nonlocal reactions is
confirmed from the statistical analysis of radial distribu-
tion of reaction events using the equation P, =« (Iof(n)"
(ref 12). Here, P, is the number of reacted molecules, and
f(r) is the attenuation function. This equation connects
the nonlocal reactions at radius r to the hot-electron
current (/). As seen in Figure 4c,d, the reaction events
on Ag(111) and Au(111) obey a lateral exponential de-
cay function, P, = e~ The decay length \. is about 1.5
nm for reactions on Ag(111) and 0.6 nm for Au(111).
The nonlocal chemical reactions could also be induced
by electrons from a blunt STM tip. To rule out this pos-
sibility, we repeated this experiment using several dif-
ferent tips and obtained similar values of decay lengths
(one example shown in Figure S1 in the Supporting In-
formation). These decay lengths show little depen-
dence on the STM tip. On the basis of the attenuation
function, f(r) o e="M., we obtain the current decay
length, \; = N\¢ = 6 nm for Ag(111) and 1.2 nm for
Au(111), Therefore, \; can represent the characteristic
lateral attenuation of hot-electron current.

We have observed novel nonlocal chemical reactiv-
ity of one monolayer of F,sCuPc adsorbed on different
metal surfaces, Ag(111) and Au(111), induced by elec-
tron injection from STM tip, and presented significant
differences in reaction behavior, including number of
C—F bond dissociations, quantum yield, and lateral de-
cay length of hot current. The reaction behavior is at-
tributed to the process of hot-electron transport and
propagation, which we propose occurs via molecule/
metal interface states. The electron propagation
through the molecular layer itself is another alternative
mechanism.?* However, as F,,CuPc adopts a lying-
down configuration with its molecular m-plane parallel
to the surface, the coupling of two adjacent molecules
should be very small due to the negligible overlap of =
orbitals in the x—y plane between neighboring mol-
ecules with a center-to-center distance as large as 1.5
nm. On the other hand, if the nonlocal chemical reac-
tions are induced by electron propagation through the
molecular layer, the decay lengths for different surfaces
must be identical, which is contrary to our experimen-
tal results. Hence, this alternative mechanism is ruled
out.

DFT calculations were carried out to identify the
molecule—metal interface states involved. The opti-
mized F;sCuPc adsorption geometry from DFT calcula-
tions on Ag(111) and Au(111) shown in Figure 5a,b
suggests a lying-down but significantly distorted confi-
guration. The outer fluorine atoms are located 0.2 A
(0.09 A) further away from the Ag(111) (Au(111)) sur-
face, in agreement with previous experiments.?* Larger
deviation of F atoms from the molecular plane may
weaken C—F bonds in F;4CuPc on Ag(111) relative to
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those on Au(111). This might be one reason for the dif-
ferent number of C—F bond breaking observed for
F1sCuPc on Ag(111) and Au(111).

The calculated projected density of states (PDOS) of
F16CuPc/Ag(111) and FisCuPc/Au(111) shown in Figure
5¢,d gives the different distributions of molecular orbit-
als, reflecting the different molecule—metal interac-
tions. Analysis of the spatial distributions of orbital
charge densities of all peaks in Figure 5c reveals that
the peak around 1.8 eV above the Fermi level consists
primarily of the =* orbital of benzene rings and p and d
orbitals of Ag metal atoms, which corresponds to the
state trapping hot electrons. Large overlapping be-
tween carbon atomic orbitals in the benzene rings and
Ag atoms is observed (Figure 5e,f), forming a “bridge”
between the molecule and metal surface. Neighboring
molecules are connected to each other through these
delocalized interface states. A similar state is found at
around 2.3 eV above the Fermi level for the F1sCuPc/
Au(111) system. The different energy positions of the
states accord well with the experimental data, explain-
ing the different energy onset for molecules on Ag(111)
(—1.9V) and Au(111) (=24 V).

We propose a possible model to explain how the
nonlocal reaction is induced by hot-electron transport
at the molecule/metal interface, as shown in the elec-
tron dispersion schemes in F;sCuPc/Ag(111) and
F16CuPc/Au(111) (Figure 6). First (step ), the hot elec-
tron is injected into the m* orbital of the benzene ring
of F1sCuPc from the STM tip to form an excited anion
state. In general, the anion state on metal surfaces
has a very short lifetime (up to a few tens of
femtoseconds).?>%® Nevertheless, a small fraction of
F16CuPc anions could react before electron detachment,
whereby the electrons in 7* orbitals transfer into o* or-
bitals of C—F bonds to break the bonds and generate
F~ ions. In our experiment, the average interval time be-
tween two tunneling electrons is larger than 10 ps (tun-
neling current =10 nA), which is about 3 orders of mag-
nitude larger than the lifetime of the anion state. We
deduce that dissociation of four (two) C—F bonds of the
molecule on Ag(111) (Au(111)) does not occur simulta-
neously but successively.

On metal surfaces, however, the most efficient
decay process of this anion state is a one-electron
energy-conserving electron transfer process in
which the hot electron is resonantly transferred
into the continuum of metal states (resonant elec-
tron transfer (RET process)).2° The large overlapping
of w* orbitals of F;sCuPc and p, orbitals of the under-
lying metal atoms forms a delocalized interface
state, promoting the RET process without involving
a dissociation reaction (step Il). From the spatial
charge density distribution (Figure 5e—g), we find
larger overlapping between carbon atomic orbitals
in the benzene rings of F;,CuPc and Au atoms (Fig-
ure 5g) than that for F;sCuPc/Ag(111). The stronger
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Figure 5. (a,b) Top (upper) and side (lower) view of the optimized computational model for the F,,CuPc/Ag(111) and
F16CuPc/Au(111) adsorption system, respectively. The vertical distances of various atoms of F,sCuPc from surface are indi-
cated. (c,d) PDOS of F;sCuPc molecule (upper) and surface atoms (lower) in F;sCuPc/Ag(111) and F14CuPc/Au(111) systems, re-
spectively. The green lines indicate the position of Fermi energy. The peaks marked by black lines correspond to hybrid or-
bitals of molecule and surface metal atoms involved in the chemical reactions. (e—g) Top (upper) and side (lower) view of the
spatial distributions of charge density around the energy regions marked by black lines in (c) and (d).

overlapping for FisCuPc/Au shortens the lifetime of
the anion state and lowers the probability of chemi-
cal reactions compared with F;sCuPc/Ag. This may
explain why the quantum reaction yield on Au(111)
is much smaller than that on Ag(111).

The adsorbate-induced delocalized interface state
(1.8 and 2.3 eV above the Fermi level) lies within the
I'-centered projected bulk band gap of Ag(111)*” and

a [e' b le
I
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\ M o
SR ® Sur'n

Ag(l11) Au(111)

Figure 6. Schematic cartoons illustrating the electron transport

process. Electron capture in w* orbitals of molecules (step 1),

transfer from molecule to surface metal atoms (ll), propaga-
tion in hybridized states of metal atoms (lll), then back capture

in 7* orbitals of another molecule (IV) on (a) Ag(111) and (b)
Au(111). Black and gray solid circles represent C atoms of mol-
ecules and metal atoms at the surface.
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Au(111),?8 causing electron transfer from surface to the
bulk to be less likely in the direction normal to the sur-
face. Thus, the mixing of molecular orbitals with metal
surface states is the main channel facilitating the propa-
gation of hot electrons with horizontal momentum (step
lll). In fact, the Ag(111) orbital at 1.8 eV above the Fermi
energy comprises p, and p, orbitals of Ag, while the
Au(111) orbital at 2.4 eV comprises d,, and d, orbitals of
Au. The larger orbital spatial extension in the xy plane of
Ag means that the delocalization of the interface state of
F16CuPc/Ag(111) is larger than that of F1sCuPc/Au(111).
This may explain the different charge transport efficien-
cies and current lateral decay lengths )\, in the two sur-
faces. Electrons propagating in a metal surface can back-
transfer into the m* orbitals of another molecule through
this reversible “bridge” formed between molecule and
substrate (step IV), leading to another defluorination
reaction.

CONCLUSION

In conclusion, we have observed nonlocal electron-
induced chemical reactivity at two different
organic—metal interfaces by STM and propose a model
to explain how the reaction is induced by
molecular—metal interactions. This study demonstrates
a direct method to explore interfacial reaction dynam-
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ics by STM and links the fields of STM-induced chemis-
try to photochemistry of adsorbed molecules. This work
also provides an approach to characterize and under-

stand the nature of charge transport through interface

METHODS AND THEORETICAL CALCULATIONS

The experiments were carried out in a low-temperature STM
(Omicron Nano Technology GmbH) interfaced with a Nanonis
controller (Nanonis, Switzerland) in an ultrahigh vacuum cham-
ber (<5 X 10—11 Torr).?° The Ag(111) and Au(111) surfaces were
prepared using Ar* sputtering—annealing cycles. One mono-
layer of F1sCuPc molecules was deposited from Knudsen cells
(MBE-Komponenten, Germany) at 380 °C on substrates held at
room temperature. The sample was subsequently transferred to
the STM chamber and cooled to liquid nitrogen temperature (77
K) for STM experiments. All STM images were obtained using
chemical-etched tungsten tips (cleaned by circular Ar* sputter-
ing at 500—800 V for about 5—10 min). We initially used a con-
stant current mode with relative low bias voltage and tunneling
current (typically voltage |V| < 1.5V and current |/| < 0.2 nA) to
image the molecules. Subsequently, the STM tip was positioned
over the center of a target molecule, the feedback loop was
turned off, and a pulse with defined voltage and current was ap-
plied on the molecule. The same area was then scanned again
with the same scanning parameters to image the reaction prod-
ucts. Figure 1 shows an example how reaction events were col-
lected and counted.

In DFT calculations, the computational model contained
one F;sCuPc molecule lying on 7 X 8 X 3 layers of Ag/Au at-
oms, and the vertical extension was chosen to be 23.6 A. The cal-
culations were within the framework of the local density approxi-
mation (LDA)*° using the ultrasoft pseudopotential (USPP)'
basis sets with the Vienna ab initio simulation package (VASP).32
The corresponding plane wave cutoff was at 424.3 eV, and only
the I point was considered in the Brilliouin zone due to the large
unit cell.
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