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Chemical reaction at a well-defined single crystal surface has been intensively
investigated as a prototype for heterogeneous catalytic reaction, electrochemical reaction
and corrosion. The surface chemical reactions are heterogeneous in nature reflecting the
structural and electronic imperfections relevant to steps, vacancies and impurities. In
addition, the surface reactions are significantly influenced by the presence of reactants
and products which often form ordered arrays and electronic states. Therefore, in order
to get better understanding of the surface reactions, it is vital to unravel the nature of
these local properties which are closely linked to chemical reactivity of the surfaces.
reactions. Advent of scanning tunneling microscopy (STM) has enabled us to tackle the
challenge with the ability to image the surface reactions in both real-time and real-space
with atomic resolution.

In this thesis, chemical reactivity of the novel quasi one-dimensional compounds
formed on Ag(110) has been investigated by tracing the surface structural variation with
variable-temperature STM(VT-STM) accompanied by the following thermal and
photo-induced reactions: (1)the reaction of O adatoms in the 1D compounds with
CO(COEas) — COG,COGa+0Ga — COsz@as)), (2)photo-induced eliminination of O
adatoms(O@a+photon = 0*@w),0*@d+Cad — CO6w),COG)+0ad = COz@as) and (3)the
reaction of O adatoms in the 1D compounds with H2O(H:20@as)—>H20a),H20Ga+0(ad)—
20H(ad)). We identified the active sites of these reactions where the reaction occurs
preferentially and moreover elucidated the correlation between their microkinetics and

the surface structural variation.

1. Microkinetics of CO oxidation on Ag (110) (2x1)-O: structural fluctuation and chemical
reaction

The identification of active sites is crucial for an atomic-scale understanding of surface
catalytic reactions. Defects such as steps, kinks and vacancies are some examples of
active sites. In addition, the formation of ordered arrays of adsorbates affects surface
reactions with some reactions occurring preferentially at the peripheries of these
structures. The fluctuating configurations of these low-dimensional structures can be
thermodynamically favorable at finite temperatures, because the energy gain overcomes
the energy cost that accompanies local structural fluctuation. In particular, 1D systems
have a propensity to be sensitive to these fluctuations. Thus, the dynamical formation of
active species and sites by these fluctuations is a key factor in establishing a microscopic
model for chemical reactions at surfaces and nano-structured materials such as metal
clusters, macromolecules and proteins.

The dissociative adsorption of molecular oxygen on Ag (110) forms novel quasi 1D
surface compounds of ~Ag-O-Ag-O- running along the [001] direction. These AgO chains

arrange periodically in the self-organized manner to form ordered structures of (7X1)-O
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to (2X1)-O depending on the O coverage. The AgO chains show the structural fluctuation
at low O coverage regions reflecting their quasi one-dimensionality. While the AgO
chains appear as rigid straight lines in the (2X1)-O structure at room temperature, the
structure fluctuate to appear as segmented and sometimes “frizzy” chains in the (n X 1)-O
structures (n>4). Energetically-equivalent structures of different configurations of
segments exist, reflecting the 1D nature of the chains. Thus, chains fluctuate between
configurations rather than freezing into a single configuration, and consequently
segmented or frizzy chains are observed. The AgO chain is a good system for
investigating the effects of structural fluctuation on reactivity.

By using VT-STM, we have conducted systematic investigations about the temperature
dependence of the structural fluctuation of chain, the identification of the active site for
the reaction, and the influence of the structural fluctuation on the reaction. Major
findings are as follows. ’

(1) The structural fluctuation is very susceptible to temperature as expected. The degree
of fluctuation is reduced with the decrease of temperature and is frozen below 250K
because of the decreased contribution from the entropic term.

(2) From the titration measurements of the CO reaction carried out at 180~ 208K where
the fluctuating chain is frozen into straight chain, it was found that the reaction occurs
only at the ends of the chains and follows the Oth order reaction kinetics. These indicate
that the O adatom at the site is highly reactive. The activation barrier and the
pre-exponential factor were estimated to be 41kj/mol and 1.7 X 103cm 2s'!, respectively.
(3) The reaction kinetics at room temperature show strong nonlinearity in contrast to the
reaction at 180~208K. The in-situ STM measurements were performed as titration
measurements by first preparing the (2X1)-O structure and then removing O as CO:
using CO at room temperature. We found that the reaction kinetics show strong
nonlinearity that the reaction réte measured is accelerated in the lower O coverage
range where fluctuating AgO chains appear. In addition, the reaction rate is almost
constant on the C-containing surface where the chains are bundled to appear as rigid
paired ones even at very low O coverage where fluctuating chains are observed on the
clean surface. Combined with the Ising model calculations, the kinetics of this reaction
are explained by the dynamical formation of active O adatoms in the fluctuating AgO
chains. It is an old idea on surface reactions that the rate of a reaction should increase in
the range of fluctuations, but so far there have been no direct proof for this proposition.
By tracing reaction rate of CO oxidation on Ag (110) (2x1)-O combined with the
simulation based on the Ising model, we have given the direct and convincing proof for

this proposition for the first time.

2. Photo-induced oxygen elimination reaction
The surface photochemical events are closely connected with lifetimes of photo-excited

states in adsorbate-surface complex. In general, the compounds strongly interacting with
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electronic and lattice systems of the substrate likely have shorter lifelines. It is
interesting to investigate the photochemical reactions of strong interacting surface
compounds such as the 1D AgO chain. Recently, the systematic investigation of
photo-induced oxygen elimination revealed the property of this reaction as follows.

(1) the reaction does not take place on a clean Ag (110) surface, i.e., carbidic C adatoms
identified by AES are necessary for the photochemistry. (2) O adatoms are removed as
COs:. (3) the reaction proceeds via substrate-mediated excitation. However, the active site
for the reaction is unclear. The STM observation provides complementary informafion
which help construct microscopic model for the photo elimination reaction.

STM observation revealed that the ultra-violet irradiation leads the conversion of
(2x1)-0 to (4x1)-O and (6x1)-O with the fragmentation of the chains. Based on these
results, we have made a microscopic model of the photo elimination as follows: an O
adatoms is excited by the substrate absorption of UV photon and then reacts with a

neighboring carbidic C adatom CO that is further oxidized to desorb as COx.

3. The reaction of H20 with O atom in AgO chain® autocatalytic process and the
propagation of the reaction front

The surface structural change during the reaction of H20 with the AgO chains was
measured at 175K by the use of VI-STM. Initially, the reaction proceeds slowly reflecting
that the reaction occurs only at the ends of the chains. After this induction period, the
OH formation proceeds in the autocatalytic manner with a reaction front that propagates
like a tidal wave irrespective of surface steps and impurity islands. We proposed that the
reaction model involving the process where produced OH species play as a catalyst as
follows: (1) The OH species make clusters of H20 as nucleus center of longer residence
time to increase the H20 coverage. (2) Clustering enhances the reactivity as a proton
donor of H20 in the transition state via hydrogen bonding interaction between OH and
H-O.

The spontaneous formation of periodic stripe pattern was observed at room temperature
under the dynamic equilibrium between the surface and gas phases through the
formation and recombinative desorption of OH (H2O+0@a < 20H ). The (2X1)-0 and
OH phases self-assemble alternatively to form the stripe pattern. In general, the
boundary increases the surface energy and the stripe pattern considering of alternating
domains is unfavorable. It was proposed that the difference in the surface of both phases

is likely responsible for formation.
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