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ABSTRACT We report a new mechanism of (bond-selective) atomic manipulation in the scanning tunneling

microscope (STM). We demonstrate a channel for one-electron-induced C—Cl bond dissociation in chlorobenzene

molecules chemisorbed on the Si(111)-7 X 7 surface, at room temperature and above, which is thermally

activated. We find an Arrhenius thermal energy barrier to one-electron dissociation of 0.8 = 0.2 eV, which we

correlate explicitly with the barrier between chemisorbed and physisorbed precursor states of the molecule.

Thermal excitation promotes the target molecule from a state where one-electron dissociation is suppressed to a

transient state where efficient one-electron dissociation, analogous to the gas-phase negative-ion resonance

process, occurs. We expect the mechanism will be obtained in many surface systems, and not just in STM

manipulation, but in photon and electron beam stimulated (selective) chemistry.
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ow to overcome the unselective

nature of thermal chemistry is one

of the major themes of physical
science in the last 30 years' 2 and is likely
relevant to the clean green chemistry
agenda.? Typically state-specific electronic
(or vibrational) excitation of the molecule,
induced for example by laser irradiation, is
set in tension against the thermalization
that spreads the energy among the molec-
ular states, desired and undesired.®”” But
what if thermal excitation and electronic
could work together to drive bond-selective
chemistry? Atomic manipulation experi-
ments in the STM®~'" are not just the ulti-
mate limit of nanotechnology—they pro-
vide a highly sensitive approach to the
elucidation of molecular dynamic pro-
cesses. To date, such manipulation experi-
ments have been largely confined to set
point temperatures, often in the cryogenic
regime,’?” !> sometimes at room
temperature.'®'” Here we demonstrate, via
STM manipulation experiments at variable,
elevated temperatures, a new mechanism
of atomic manipulation in which thermal
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excitation prepares a molecular state for ef-
ficient bond-selective cleaving induced by
electron attachment. Specifically, we dem-
onstrate a one-electron dissociation process
for the C—Cl bond in chlorobenzene mol-
ecules chemisorbed on the Si(111)-7 X 7
surface, which shows an exponential de-
pendence on temperature, and associate
the measured thermal activation energy
with the energy barrier between chemi-
sorbed and physisorbed molecular states
at the surface. Electron attachment to this
(transient) physisorbed species is believed
to lead to efficient production of CI~ ions
via a negative-ion resonance state (i.e., dis-
sociative electron attachment).'® We there-
fore have a mechanism whereby the mol-
ecule is promoted from its strongly bound
chemisorbed state to a more weakly bound
physisorbed state, and in this weakly bound
state the STM can induce a one-electron,
gas-phase-like, dissociative electron attach-
ment event. This one-electron mechanism
complements our previously proposed two-
electron process whereby the first electron
excites the molecule and a second electron
causes C—Cl dissociation.'® It seems that
the thermally activated one-electron mech-
anism proposed here may be quite general
and, moreover, applicable beyond the
atomic manipulation regime (e.g., in photo-
and electron-beam-stimulated reaction
schemes).

RESULTS AND DISCUSSION

Figure 1 shows a series of STM images
of a Si(111)-7 X 7 surface with the typical
coverage (0.8 molecules per unit cell) of
chlorobenzene molecules (large-scale STM
images can be seen in Supporting Informa-
tion). Images in panels a and b of Figure 1
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Figure 1. Sequential STM images (80 A x 80 A) demonstrat-
ing dissociation of a chlorobenzene molecule on Si(111)-7 X
7. STM images before manipulation at a surface bias volt-
age of (a) +2 V and (b) +1 V and afterward at (c) +1 V and
(d) +2 V (tunnel current 100 pA). The green circle indicates
the adsorption sites of a chlorobenzene molecule, which im-
ages dark at +1 V and as a slight protrusion at +2 V and de-
sorbed or dissociated during the manipulation (+3.5 V, 100
pA) scan (not shown). The blue circle indicates the adsorp-
tion site of a chlorine atom, dark at +1 V (c) and bright at +2
V (d), that is liberated from a chlorobenzene molecule.

were recorded at surface bias voltages of +2 V and
+1V, respectively, before a scan at +3.5 V that in-
duced both molecular desorption and C—Cl bond dis-
sociation events. Chlorobenzene molecules image as
dark features with respect to the silicon adatoms at
both +1V and +2 V."” One such molecule is circled in
green in Figure 1a,b. Panels c and d of Figure 1 were ob-
tained after the manipulation scan and demonstrate
the appearance of a chlorine atom (circled in blue),
identified as a dark spot at +1 V (Figure 1c) and a bright
spot at +2 V (Figure 1d)."® From such sets of STM im-
ages, taken on a larger scale, we measure the number
of chlorine atoms generated, that is, dissociation events,
Naiss, from the difference between the number of bright
spots in the images at +2 V before and after manipula-
tion. Similarly, the number of molecules desorbed, Nges,
is found by comparing the number of dark spots in im-
ages at +1 V before and after manipulation. Images
taken at +1 V were processed using automated soft-
ware to give the total number of molecules and the to-
tal number of adatoms in each image.*°

The rate of molecular dissociation on the surface de-
pends on the rate of desorption since the latter de-
pletes the number of chlorobenzene molecules avail-
able. Thus we adopt an analytical framework that takes
into account both these processes. The rate of dissocia-
tion can be written as

deiss/dt = kdissNa(I/e)n (1)
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where Ngi; is the number of dissociation events, kg is
the dissociation rate, N, is the population of chloroben-
zene molecules at a given time, / is the tunneling cur-
rent during STM manipulation, e is the electron charge,
and n is the number of electrons required to break a
C—Cl bond. Similarly, the rate of desorption, a one-
electron process,?’ can be written dNges/dt = KqesNa(l/
e), where Ny is the number of desorption events and
kyes is the desorption rate. At room temperature, the
rate of STM electron-induced desorption for chloroben-
zene is ~107 times higher than the rate of thermal de-
sorption; therefore, we neglect thermal desorption in
this particular calculation.?®?' By integrating the ratio
of the rates of dissociation and desorption and taking
natural logs, we obtain

Ndiss _ kdiss /
In(Ndes) = In(k ) + (n — 1)In(g) 2)

des

Plotting the left-hand side as a function of tunneling
current (at the manipulation bias voltage of +3.5 V),
Figure 2a, we find that the number of electrons required
for C—Cl bond breaking, n, is 1.4 = 0.1. This result com-
pares with the previously reported value of n = 1.8 =
0.3 (i.e., approximately 2), where the analysis did not
take into account desorption.'® Crucially, the value of
n = 1.4 means that the measured dissociation events
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Figure 2. (a) Ratio of dissociation to desorption as a func-
tion of the tunneling current at room temperature for a ma-
nipulation voltage of +3.5 V. The average number of elec-
trons required to break the C—Cl bond is 1.4 = 0.1, from eq
2. (b) Temperature dependence (log plot) of the ratio of dis-
sociation to desorption at +3.4 V, showing an exponential
increase.
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Figure 3. (a) Arrhenius plot (log scale) with fits of the rates of thermal
desorption, Eqes = 0.98 + 0.08 eV, A = 10'27*14 s7; of thermal diffu-
sion, Egi¢ = 0.84 = 0.08 eV, A = 10'%8+"3 s=1- and of one-electron C—Cl
dissociation, Ep = 0.8 = 0.2 eV. (b) Schematic potential energy dia-
gram of chlorobenzene on Si(111)-7 X 7 showing both chemisorbed
and physisorbed states with experimental energy barriers from this
work (*) and from ref 24 ().

are a mixture of a one-electron and a two-electron
C—Cl dissociation process. Therefore, our focus is now
to establish the nature of the one-electron dissociation
channel. Figure 2b demonstrates that the rate of one-
electron dissociation depends on the temperature.

On the assumption that the rate of two-electron dis-
sociation is independent of temperature (see below),
also consistent with the proposed vibronic coupling
mechanism,'® the temperature dependence of the
chlorine production rate Figure 2b shows that the one-
electron process is coupled to the thermal excitation.
Figure 2b plots the ratio of STM dissociation to desorp-
tion, but the STM desorption rate is very weakly
temperature-dependent.?° Moreover, Figure 2b is a
log plot, so the STM temperature dependence of one-
electron STM dissociation is approximately exponential,
consistent with a thermally activated, Arrhenius-type
mechanism.

To extract quantitative parameters from Figure 2b,
we need to separate the temperature-dependent one-
electron process and the temperature-independent
two-electron process in the description of the kinetics
of dissociation. Thus, we rewrite eq 1 as
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where Ep is the energy barrier that must be overcome
thermally to activate one-electron dissociation, kg is
Boltzmann’s constant, T is the temperature of the sub-
strate, kit is the dissociation rate for the one-electron
process, k% is the dissociation rate for the two-electron
process, and N,, , and e are as described above. At el-
evated temperatures, the rate of desorption term also
has to include thermal processes. Therefore, we write
ANges/dt = kqesNa(l/€) + AN exp(—Eqes/ksT), where A is
the pre-exponential factor and E4s is the energy bar-
rier to desorption. The key to determine the physical
cause of the one-electron thermally activated C—Cl dis-
sociation lies in the Ex energy barrier. Taking the ratio
of the rates of dissociation to desorption, integrating
and rearranging gives the rate of one-electron dissocia-
tion as

wiffool 72) = R2lidd < a0
e

This expression provides a route to translate the
data of Figure 2b into a value for Ex. We recently re-
ported the temperature dependence of kg5, the STM
desorption rate, and found that it decreases (only)
slightly with increasing temperature.?® In order to de-
termine Eay, We therefore have to find A and Ege, the
parameters governing pure thermal desorption.

We thus measured the surface coverage as a func-
tion of time at seven temperatures from 289 to 320 K
using scanning parameters that are strictly passive (+1
V, 100 pA).%° As expected, the number of molecules de-
creases with time and the rate of desorption increases
with increasing temperature. Figure 3a shows an Arrhe-
nius plot of the rate of desorption with exponential fit
giving an energy barrier to desorption of 0.98 = 0.08 eV
and a pre-exponential factor of 10'27*" s~ This is in
excellent agreement with temperature-programmed
desorption (TPD) experiments that gave Eges as 1.01 =
0.09 eV (although this relied on the usual assumption of
10'3 for the pre-exponential factor).??

We are now in a position to determine the activa-
tion energy of one-electron dissociation. Figure 3a also
shows the rate of one-electron dissociation, extracted
from Figure 2b according to eq 4 and using the values
of Eq4es above. The one-electron dissociation rate is
shown as an Arrhenius plot, and the exponential fit
gives an energy barrier for thermally activated one-
electron dissociation of Eac = 0.8 = 0.2 eV. This activa-
tion energy is much lower than the C—Cl bond energy
of chemisorbed chlorobenzene of 1.9 eV?3 and signifi-
cantly higher than the vibrational energies of the mol-
ecule (40—374 meV). The goodness of fit is also consis-
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tent with our assumption that the two-electron
dissociation process is temperature-independent. Note
that the two-electron dissociation model proposal'® in-
volved electron-induced excitation of the C—Cl wag
mode at 60 meV?? followed by resonant attachment of
the (second) electron to the excited molecule.'® If this
model is correct, it is therefore clear that the thermally
activated one-electron process is different because the
activation energy is 0.8 eV (not 60 meV). The key ques-
tion is what process does the energy barrier of 0.8 = 0.2
eV correspond to?

Chlorobenzene chemisorbs to the Si(111)-7 X 7 sur-
face via a physisorbed precursor state.'” This state is
not stable at room temperature, whereas it can be ob-
served in STM at cryogenic temperatures.?* Could ther-
mal excitation to this physisorbed precursor create a
short-lived state sufficiently decoupled from the sur-
face to enable one-electron dissociation to occur, by
analogy with the free molecule?® If so, the thermal en-
ergy barrier to one-electron C—Cl bond dissociation
should reflect the energy barrier between the chemi-
sorbed and physisorbed states of chlorobenzene on
Si(111)-7 X 7.

To measure the barrier between chemisorbed and
physisorbed chlorobenzene, we examined the rate of
thermally excited molecular diffusion as a function of
temperature, which in the case for benzene on the
Si(111)-7 X 7 surface is known to proceed via the phys-
isorbed state.?® Since benzene and chlorobenzene
have similar (di-o) chemisorption configurations, phys-
isorbed precursor states and nearly identical binding
energies for both chemisorbed (benzene = 0.98 + 0.06
eV,?5?7 chlorobenzene = 0.98 + 0.08 eV) and phys-
isorbed (benzene = 0.46 = 0.01 eV,>”*® chloroben-
zene = 0.52 *+ 0.06 eV??) species, it seems reasonable
that chlorobenzene molecules also diffuse across the
surface via thermal excitation to the physisorbed state.
The diffusion rate was obtained by comparing a se-
quence of STM images of precisely the same surface
area (as used above to determine the desorption bar-
rier). Sites originally empty before but filled after a time
interval were attributed to a thermally induced diffu-
sion event. Figure 3a includes an Arrhenius plot of the
rate of thermally excited molecular diffusion as a func-
tion of temperature, from which an energy barrier of
0.84 = 0.08 eV and a pre-exponential factor of 1010813
s~ 1 are derived. It is evident that this energy barrier for

METHODS

The experiments were performed with an (RHK 400) STM
housed in an ultrahigh vacuum chamber with a base pres-
sure below 1 X 107'° Torr. Tungsten tips were etched by the
drop-off technique using a circular gold anode in 2 M NaOH
solution with a bias of 9 V. Tungsten oxide was removed by
resistive heating in high vacuum.?” Silicon samples were cut
from phosphorus-doped n-type (1—30 2 cm) wafers of
Si(111), degassed at ~600 °C in the UHV chamber for a few
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thermal diffusion, which we assign to the barrier from
chemisorbed to physisorbed state, is very close to our
measured activation energy for thermally activated
one-electron dissociation, 0.8 + 0.2 eV.

Figure 3b draws our data together and presents a
schematic representation of a (one-dimensional) poten-
tial energy curve for chlorobenzene on Si(111)-7 X 7,
which includes both chemisorbed and physisorbed
states. By coupling our measurements here with TPD
experiments,”? we also deduce the barrier from phys-
isorbed to chemisorbed of 0.38 * 0.13 eV, which is com-
parable with that directly measured for benzene on
Si(111)-7 X 7 of 0.30 + 0.03 eV.>* The thermal activa-
tion of the one-electron C—Cl dissociation channel
naturally correlates with the molecular transition from
chemisorbed to physisorbed states. This interpretation
also implies that STM dissociation of the stabilized phy-
sisorbed species at cryogenic temperatures should be
an efficient one-electron process, and there is some evi-
dence in the literature that this is the case.?®

CONCLUSIONS

In summary, we have conducted a close examina-
tion of the possible outcomes of both thermal and
STM current-induced excitations of chemisorbed chlo-
robenzene on the Si(111)-7 X 7 surface and thus iden-
tified a new mechanism of atomic manipulation in the
STM. Thermally activated one-electron dissociation of
the C—Cl bond is observed at room temperature and
above. The energy barrier of 0.8 = 0.2 eV for this pro-
cess matches that from the chemisorbed to the phys-
isorbed state, as measured in thermal diffusion experi-
ments with the STM. We propose that the lifetime of the
negative-ion resonance state®>3' of the physisorbed
species is enhanced with respect to the chemisorbed
state, allowing the one-electron process characteristic
of the free molecule to occur. The generality of the
scheme proposed here, and its application beyond
atomic manipulation in, for example, electron, photon,
and possibly plasma-driven processes, remains to be es-
tablished by future experimental and theoretical study.
However, the concept of weakly bound (physisorbed)
precursor states has a good pedigree,**>? and the same
is true of dissociative electron attachment/negative-
ion resonance states,®* so the prospects of harnessing
our mechanism more generally for selective chemistry
seem rather strong.

hours before “flashing”, typically for 10 s, to temperatures in-
creasing until 1250 °C. A computer-controlled leak-valve
was used to ensure accurate and reproducible dose of the
chlorobenzene molecules. A typical dose of 0.3 L onto a room
temperature sample produced a coverage of 0.8 molecules
per unit cell. The sticking coefficient drops above room tem-
perature,®® and therefore a larger dose was required at
higher temperatures to generate the same final coverage
(e.g., 6 L at 310 K).
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