tion of the coordinated N, with H, in the
presence of 2. Although the detailed reaction
mechanism for the formation of NH; is not
yet clear, the first step must be the direct
reaction of the N, complex 3 with the H,
complexes 1 to form hydradizo(2-) complex-
es. In this reaction, the heterolytic cleavage
of H, occurs at the Ru center, where one H
atom is used for protonation of the coor-
dinated N, on the W atom and the other
H atom remains at the Ru atom as a hy-
dride. Further protonation of the hydra-
zido(2-) complexes with the H, complexes
1 results in the formation of NH;. Because
3 is synthesized under 1 atm of N, at
ambient temperature, the present reaction
allows the formation of NH; directly from
N, and H, under mild conditions.
Interestingly, when 3 was treated in the
presence of acetone with an equilibrium mix-
ture derived from 10 equiv of 2a, 2b, or 2¢
under 1 atm of H, at 55°C for 24 hours,
acetone azine was formed in 65, 80, or 100%
yield based on the W atom, respectively
(Scheme 3). The yield of acetone azine de-
pended on the nature of the counteranion of

2. The formation of acetone azine was not
observed without H,. However, when com-
plex 6 was used instead of complex 3, the
diazoalkane complexes trans-[WE(NNCMe,)-
(dppe),]X [X = PF (8a); X = BE, (8b)] were
formed in high yields. Complex 8b has been
isolated and characterized by spectroscopy.
The same complexes are well known to be
derived from the condensation of trans-
[WE(NNH,)(dppe),]X with acetone (13).
The formation of acetone azine has previously
been observed upon treatment of 3 with a
methanol-acetone mixture at 50°C (14). We
believe that the mechanism of the present
reaction is essentially similar to the previous
one, which includes a diazoalkane complex as
an intermediate. However, it is noteworthy
that H, can be used in place of methanol.
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Isolation of an Intrinsic Precursor to Molecular
Chemisorption

David E. Brown, Douglas J. Moffatt, Robert A. Wolkow*

Over the past 70 years, numerous gas-surface adsorption studies have indicated the
existence of a weakly bound, mobile intermediate that is a precursor to chemical bond
formation. The direct observation and characterization of such a species are presented.
Precursor and chemisorbed benzene on a silicon surface were clearly distinguished with
the use of a tunable-temperature scanning tunneling microscope. Precursor decay to
chemisorption was observed, allowing the salient features of the potential energy surface

to be determined.

The microscopic details of gas-surface ad-
sorption dynamics have been actively studied
for the better part of a century. Much of the
conceptual framework in use today builds
upon the pioneering work of Langmuir (1)
and Lennard-Jones (2), who studied the na-
ture of forces acting when atomic or molec-
ular species come into contact with a surface.
Although knowledge of physical interactions
between adsorbates and surfaces (physisorp-
tion) and of relatively strong chemical inter-
actions (chemisorption) has advanced steadi-
ly over the years, important issues remain to
be addressed. One such issue, central to a
discussion of adsorption phenomena and a
recurring theme throughout the history of
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surface science, involves an adsorption inter-
mediate known as a precursor. Although no
direct observation or characterization has
been achieved, numerous observations con-
sistent with precursor-mediated adsorption
have led to widespread use of the concept
(3). Here, we describe the direct observation
of this evasive but likely common entity.

In Langmuir’s early work, a simple scenar-
io was considered in which an impinging
species either was chemisorbed when striking
an adsorbate-free surface site or was scattered
back into the gas phase upon encountering
an occupied site, leading to a linear depen-
dence of the sticking coefficient (that is, the
probability of adsorbing) on surface coverage.
Exceptions to this behavior—systems exhib-
iting near-unity sticking probability at high
coverage—were noted early on, for example,
Cs (4) and N, (5) adsorption on tungsten. To
account for these observations, more sophis-
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ticated models by Morrison and Roberts (6)
and Kisliuk (7) invoked a weakly bound,
mobile intermediate state that allowed in-
coming adsorbates to search for a free site.
Later adsorption studies, usually measure-
ments of sticking coefficients (8—10), point-
ed to such a precursor-mediated adsorption
mechanism (3). Numerous theoretical papers
have modeled the role of precursor states in

~adsorption and desorption (11, 12). A nota-

ble advance came with the work of Doren
and Tully, who pointed out that rather the
free energy of interaction, not only the en-
thalpy, should be considered in understand-
ing precursors (11).

Two very different types of precursor have
been described. The extrinsic precursor is
associated with incoming molecules blocked
from direct chemisorption by preexisting ad-
sorbed molecules. It is weakly bound to an
adsorbate-covered portion of the surface
through van der Waals interactions but is
free to diffuse laterally, increasing the oppor-
tunity to find a free site for chemisorption.
Qur focus is on the intrinsic precursor, a
physisorbed intermediate state that does not
arise from simple blocking of adsorption sites.
Rather, it exists spatially at virtually the same
point where chemisorption can occur, but is
inhibited from forming a stronger bond by a
barrier related to the structural distortion or
realignment of the molecule, the surface, or
both. The intrinsic precursor is thought to be
physisorbed and laterally free-moving, like
the extrinsic precursor. Although they are
fundamentally different entities, both precur-
sor types are described by the schematic po-
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Potential Energy

Reaction Coordinate

Fig. 1. Schematic potential energy diagram de-
scribing precursor-mediated adsorption. £, and
E. are the well depths for physisorption and
chemisorption, respectively. £ is the barrier con-
trolling precursor decay to chemisorption.

tential energy curve in Fig. 1.

We have studied benzene molecules ad-
sorbed on a silicon(111) surface. The (111)
facet of silicon, upon cleaning and annealing,
spontaneously forms what is known as a 7X7
reconstructed surface (13). Each surface atom
in this structure is three-coordinate with one
dangling bond directed normal to the surface
plane. The spacing between the topmost at-
oms, known as adatoms, is 7.7 A (14). A
simple molecular model indicates that one
benzene molecule oriented parallel to the
surface can be accommodated per silicon ada-
tom. Several studies of benzene adsorption on
Si(111)-7X7 have been undertaken (15-19).
Thermal desorption spectrometry (TDS)
(16, 18) and electron energy loss spectrosco-
py (EELS, a surface vibration spectroscopy)
(18) studies have shown that benzene adsorbs
molecularly on the Si(111)-7X7 surface at
room temperature. EELS spectra showed fea-
tures attributed to both physisorbed and
chemisorbed benzene below ~150 K (18).
However, only features arising from chemi-
sorbed benzene were observed at room tem-
perature. The relative EELS loss-peak inten-
sities of the benzene vibrational modes hav-
ing dynamic dipole moments parallel to the
ring indicate that the benzene molecule is
oriented with the molecular plane parallel to
the silicon surface (18). The TDS results are
consistent with a relatively weak -bonding
interaction between the silicon adatom dan-
gling bond and the delocalized 7 network of
the benzene molecule as opposed to a strong
o-bond, also indicating that the plane of the
chemisorbed molecule is parallel to the sili-
con surface plane (18). Numerous experi-
mental investigations of benzene adsorption
on transition metals have also found this
bonding geometry (9, 10, 20).

An ultrahigh-vacuum chamber was used
to prepare and maintain extremely clean sil-
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Fig. 2. (A) STMimage recorded at
120 K of benzene adsorbed on
Si(111)-7X7 at a coverage of
~0.2 monolayer. The white pro-
trusions are silicon adatoms. The
white diamond shape marks a
single 7X7 unit cell. In the ab-
sence of benzene, each unit cell
would exhibit 12 adatoms. We
differentiate between the six cen-
ter adatoms, marked with X's,
and the six comer adatoms,
marked with white circles. Dark-

REPORTS

ened adatom sites have benzene molecules chemisorbed. Ve = +1.5V, current = 0.1 nA, 140 X 140 A
(B) STM image of benzene on Si(111)-7 X7 at 78 K at a coverage of ~0.5 monolayer. The precursors appear

as protrusions positioned over the center adatoms. Ve

icon surfaces, which were investigated using a
tunable-temperature cryogenic scanning tun-
neling microscope (STM) (19, 21). By oper-
ating at cryogenic temperatures, the STM
can freeze out kinetically controlled processes
or allow them to proceed at a convenient
rate. The topography that the STM senses is
influenced both by the position of atoms and
by local electronic structure. As in previous
studies of chemisorption on the 7X7 surface,
the chemisorbed benzene molecule is sig-
naled by a “darkened” site (topographically
lower with respect to a clean silicon atom)
because of quenching of the silicon dangling
bond state and because adsorbed benzene has
small state density in the energy window
probed (22).

STM images of Si(111)-7X 7 surfaces with
~20% surface sites covered by benzene mol-
ecules (23) recorded at temperatures in the
range ~100 to 300 K (Fig. 2A) are indistin-
guishable. Benzene molecules are seen as
darkened sites, consistent with a chemisorbed
state. Strikingly different images result when
the experiment is carried out with a surface
maintained at 78 K (Fig. 2B). Adsorbed ben-
zene molecules now appear as prominent pro-
trusions (24). Because this state is only ob-
served at low temperature, we identify it as
the physisorbed state indicated in thermal
desorption measurements (16, 18). Although
observation of a physisorbed state is not in
itself remarkable, this particular physisorbed
state is remarkable in that the molecules exist
spatially over a site where relatively strong

Fig. 3. Decay of the precursor
state at 95 K. The precursor state
was prepared using the tip elec-
tric field. (A) Immediately after pre-
paring the precursor state. (B) Af-
ter 7 min, a reduction in the num-
ber of precursor molecules is ob-
served. The triangular region
marks one area where precursor
decay to the chemisorbed state
has occurred. Careful inspection
reveals numerous other exam-
ples. V. = +1.5V, current =

sample

0.1 nA, 140 x 140 A.

= +1.5V, current = 0.1 nA, 140 X 140 A.

chemical adsorption can (and in time will)
occur. By changing only the substrate tem-
perature, a different adsorbed molecular state
has been prepared. This state is an intrinsic
precursor to chemisorption. )

Sequences of images recorded at 78 K
reveal decay of some precursor molecules to
the chemisorption state. Very few events
were observed (during observation times of
~2 hours), but enough have been recorded
to extract an estimate of the barrier sepa-
rating the precursor from the chemisorbed
state. Assuming a preexponential of 10'3
s7!, this barrier is E, ~ 0.3 eV.

At 95 K, the chemisorbed state is domi-
nant. However, immediately after dosing,
relatively faint speckled features similar to
those observed at 78 K were seen. These
features were transient; on a time scale of
several minutes, these features became in-
creasingly faint and then invisible. Coincid-
ing with the disappearance of the precursor
molecules, new features attributable to
chemisorbed benzene were observed in the
same immediate vicinity. These features rep-
resent benzene molecules decaying from the
precursor to the chemisorbed state.

To better study the kinetics of precursor
decay, we have used an electric field effect to
prepare the precursor state at will. We have
found that the electric field in the immediate
vicinity of the STM tip can be used to place
molecules in the precursor state by dislodging
chemisorbed molecules. Related field-driven
processes have been described previously




(25). Scanning conditions may be set either
for imaging, with virtually no disruption of
the molecule-surface complex, or for dislodg-
ing of the chemisorbed molecules within the
vicinity of the tip (typically =3 V sample bias,
0.1 nA). Chemisorbed benzene molecules
can be dislodged at any of the temperatures
studied. From room temperature down to
~150 K, molecules disrupted in this way
cannot be observed as they move laterally or
desorb from the surface. However, below
~100 K, the benzene molecules are trapped
long enough to be visible with the STM.

Precursor molecules were prepared using
the abovéﬁ.nethod, at a substrate temperature
of 95 K. Through a time sequence of images,
the kinetics of the decay to the precursor
state have been monitored. The first image in
the sequence is shown in Fig. 3A. The image
recorded ~7 min later (Fig. 3B) reveals that
some benzene molecules have converted
back to the dark-appearing chemisorbed state
(26). The rate of change in the number of
precursor molecules can be expressed as dN,/
dt = -vN, exp(-E./kT), where N, is the
coverage of precursor molecules, v is the pre-
exponential, T, is the substrate temperature,
and E, is the barrier to chemisorption from
the precursor state. From the measured
change in precursor coverage with time from
successive images at 95 K (Fig. 4) and assum-
ing a preexponential of 10'? 571, an activa-
tion barrier of E, = 0.30 * 0.03 eV can be
deduced.

Chemisorbed benzene is known to have
an adsorption energy E. = 0.95 = 0.02 ¢V
(16, 18, 19, 27). From TDS measurements
(16, 18) and assuming a preexponential of
10 571, an adsorption energy E, ~04eV
can be calculated for the physisorbed state.
Taken together with the barrier measure-
ment of this work, these numbers provide a
full description of the energetics of this
precursor-mediated chemisorption system,
within the context of the model depicted
in Fig. 1.
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Fig. 4. Plot showing the decrease in the number
of benzene molecules in the precursor state with
time. N, is the number of precursor molecules per
square centimeter. Analysis of the data yields E,
= 0.30 = 0.03 eV.

544

Free lateral motion is held to be a feature
of the precursor state. The images shown,
particularly those recorded at 95 K, indeed
suggest motion; the noisy, speckled appear-
ance of the precursors is a signature of adsor-
bate motion during image acquisition (28).
However, this lateral precursor motion is not
equally free in all directions. The most obvi-
ous indication is the strong preference of
precursors to reside over center adatoms. Res-
idence over corner adatoms probably occurs
but is relatively unstable. This inference is
supported by the observation that decay to
the chemisorbed state results in corner ada-
tom adsorption in only about 25% of ob-
served transitions. Perhaps the observation
that precursor motion is not entirely isotropic
in this case should not come as a surprise.
The expectation of unrestricted motion
comes from consideration of metal surfaces
that have more weakly corrugated potential
energy surfaces than do semiconductors.
Even though the precursor is bound by van
der Waals interactions, which are by nature
only weakly directional, these interactions
should still be modulated by the local charge
density presented by the surface. On Si(111)-
7X7 this is evidently a significant effect.

An indication of the role of the precursor
state in a different temperature regime may
be found in an earlier study (19) of the
desorption and diffusion of molecular ben-
zene on Si(111)-7X7 at room temperature.
The key results were that benzene experienc-
es a very large barrier to diffusion, approxi-
mately equal to the barrier to desorption, and
that diffusing molecules were often found to
move to sites beyond nearest neighbors.
These results can be understood in the con-
text of our low-temperature STM results.
The high diffusion barrier implies that the
molecule breaks its chemical bond with the
surface in order to diffuse. Evidently it enters
into the precursor state, whereupon it can
move laterally until either desorption or
chemisorption occurs.
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