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Surface as a Foundation to Realizing Designer Materials

1. Introduction

We entered the 21st Century witnessing several
remarkable developments in Science and Technology. Novel
materials and devices that were once considered science
fiction materials are now, one after the other, becoming a
reality. On the other hand, as is always the case, progress
comes at a price. In the process of the continuing progress in
Science and Technology, we encounter new problems and
phenomena where conventional techniques and routines no
longer apply. In particular is the astonishing development
seen in nanometer scale technology, a domain we now call
as Nanotechnology. To meet the ever-increasing demand for
better large-scale integration, basic components of devices
are getting smaller, with the size ranging from the
nanometer-scale to atomic-scale level. With this, one can
easily realize that Quantum Effects are becoming more
important. (We are currently in the stage of discovering the
significance of Quantum Effects in the field of
Nanotechnology.) However, it is not an exaggeration if we
say that, with further development, there will come a time
when the basic material entity now used to build a device
would be developed to function as a device itself. Given
these circumstances, there will be high demands and
necessities in developing novel theoretical routines and
techniques that could quickly and efficiently find novel
materials for synthesis that would suit our objectives. These
necessary theoretical routines and techniques should
incorporate quantum mechanics per se and should not be
dependent on experimental results and/or empirical
parameters. Ab-Initio/First Principles Calculations satisfy all
these requirements.

With recent developments in computational techniques,
coupled with the rapid progress in terms of efficiency and
computational ~ capability of  present  computers,
ab-initio/first principles-based COMPUTATIONAL
MATERIALS DESIGN (CMD®) [1] is now a reality. Its
impact/influence on industrial R&D is becoming very
significant and will increase in succeeding years. It is worth
mentioning that there are already several precedents of
patents granted for application based purely on the
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application of CMD*® techniques [1,3,15] and more are
expected to follow.

2. Computational Materials Design (CMD?)

The key concept behind Computational Materials Design
(CMD ®) is Quantum Mechanical Analysis. Quantum
mechanical analysis entails treating the interaction of the
many electron system, and using these interactions to
determine the different properties of the material, as well as
predict changes upon interaction with other materials,
without the use of empirical data (i.e., data derived from
experimental results). This concept has already been
employed in our group's early studies on molecule-metal
surface interaction. In early studies involving H adsorption
on metal surfaces, using a simple model Hamiltonian [4],
essential parameters like nearest neighbor transfer matrix
element t and Coulomb interaction energy U in the
substrate, as well as the transfer matrix element V' between
the adatom and the surface were investigated. Considering
these parameters, it was determined that the interaction
between the adatom and the metal surface is of local
character, such that the effects would be prominent on small
surface clusters. Furthermore, the parameter U/|t| was
found to give us a measure of the strength of H atom
binding with the metal surface and, with that, the predictive
power to determine what kind of surface material will
provide stronger H-metal surface binding. Thus, one could
distinguish a transition-metal-like surface from a
simple-metal-like surface. This method of materials design
was extended to early studies on dissociative chemisorption
of H, on metal surface [5] wherein, using Hubbard's second
approximation, it was determined that the value of the
critical parameter V., to determine H, dissociation, is
dependent on the previously known parameter U/|t|. Thus,
this computational method was shown to be a powerful
technique for materials design and applications/studies were
extended to quantum dynamical calculations of larger
molecules, such as NO scattering on a metal surface such as
Ag (111) [6]. Different parameters were investigated to
determine the effect on the final rotational state distribution



of NO scattered from Ag (111) surfaces and the theoretical
results could still be improved by varying further the
parameters of the model. From this investigation, results
show the importance of having the correct value of the well
depth to fit the rotational state of NO to a rigid rotor
scattered by a rigid flat surface and the weak linear
dependence of the rotational state maxima on the incident
energy normal to the surface. Further improvements to the
theoretical description were suggested, e.g., by considering
surface corrugation. Eventually, with these benchmark
systems, progress in materials design enabled surface
science-based reaction design, e.g., as applied to studies on
ortho-para hydrogen conversion, with the purpose of
increasing conversion yield via molecular orientation [7].

Understanding the properties of materials with different
intended purpose could pave the way for materials
engineering through simulations done even before going
through expensive experimental trials. A very important
computational technique governed by this is First Principles
Calculations or Ab Initio Calculations, where Density
Functional Theory (DFT) has proven to be one of its most
powerful and useful tool [8]. Recent developments in
computational techniques, coupled with the rapid progress
in computer efficiency, make ab-initio/first principles-based
CMD?® a relevant field in the world of surface science and
condensed matter physics [9]. Its application has been used
in a wide variety of simulation codes that could very well
provide results comparable with that obtained from
experiments. This leads to the development of novel
materials in the field of nanotechnology, where advances in
material science provide improvement in areas such as solar
cells, nanofibers, sensors and ultra light materials. Some
recent applications of CMD*® on fuel cell technology are on
studies related to finding potential alternatives to the very
expensive platinum, commonly used as a catalyst at the
electrodes of the fuel cell [10,11]. The CMD® process that
is originally developed by our group is shown in Fig. 1.
Basic understanding of a physical system is obtained by
theoretical means, e.g. quantum dynamical calculations
and/or first principles calculations. Equipped with these
understanding, parameters that are relevant to the proposed
purpose can be altered so as to obtain a new and
functionalized material. Materials testing could then be done
by experimentalist to verify the physical feasibility of the
proposed new material. The results obtained from these
steps will then be used to further improve the initially

New Technique Old Technique

-First Principles Calculation
-Potential Energy Surface Analysis
Quantum Dynamic Calculation

Simulation

Macroscopic Model Calculation
Classical MD Calculation
First Principles Calculation

Simulation for designing the material structure
that meet the required specifications results

Simulation for explaining the experimental

FIG. 1: Process of designing material structures
employing Computational Material Design (CMD °)
techniques. CMD*® is described in comparison with the
previous method of explaining experimental results.

proposed material and/or device another material derived
from the basic understanding obtained from materials design.
In this cyclic process, good collaboration with experimental
investigators is imperative provide efficient results.

3. Naniwa Series

Modern computational techniques at the quantum level
entail appropriate codes that could wvery well
handle/represent  the system. Naniwa-series is a
computational code for performing first principles quantum
dynamics calculations. As the description implies, it is a
quantum mechanical version of classical molecular
dynamics (MD) calculations. A classical description of the
system involved in, e.g., surface reactions (dissociative
scattering, molecular scattering, dissociative adsorption,
associative desorption, etc.), can be used, when quantum
effects, such as tunneling, diffractions and electronic
excitations, play no essential role in the dynamics. In
addition to this, the kinetic energy of, e.g., the impinging
particle must be large enough, to ensure that the de Broglie
wavelength is much smaller than the lattice constant of the
solid (typically of the order of a few Angstrém), to be able
to neglect interference phenomena. For hydrogen, with a
translational energy of say 20 meV, the de Broglie
wavelength is a few Angstrém. This dictates that we treat
hydrogen as a quantum particle. For all the relevant surface
reactions, there is a strong interaction between the
impinging particle and the surface. This compounds the
situation because interactions imply coupling between the
internal degrees-of-freedom (e.g., vibration, rotation and
translation) of the particles immediately involved in the



reaction. The vibrational motion requires a quantum
description, esp., when the respective quanta are large. Thus,
the coupling between the internal degrees-of-freedom also
requires a quantum mechanical description. As one would
expect, this computation code could also handle such
problems as quantum transport and quantum scattering in
general. For the first principles quantum dynamics
calculation done by Naniwa-series can be broken down into
two main stages, viz.,

1. A DFT based determination of the effective potential
energy (hyper-) surface (PES) governing the reaction
[8].

2. Solution of the corresponding multi-dimensional
Schrodinger equation for the reaction described by the
above-determined PES, based on coupled-channel
method and the concept of local reflection matrix [14].

For a more detailed discussions on the basics and

application of Naniwa-series, we introduce in the next

session 3-1.

3. Case Studies
3-1 Fundamental Research of Molecular-Surface
Reaction [1,13,15]

Diatomic molecules generally have a preferential
orientation of molecular axis for adsorption on metal
surfaces. Molecules such as CO and NO are bound
molecularly at several metal surfaces with the molecular
axis oriented perpendicularly to the surfaces. The
orientation for CO and NO is such that the C or N is the
binding atom [16,17]. These are typical examples of the
molecular adsorption system.

On the other hand, hydrogen molecules and many other
molecules, adsorb dissociatively on noble or transition metal
surfaces. In this case, the orientation of the molecular axis
parallel to the surface is considered to be more preferential
for dissociative adsorption than the orientation
perpendicular to the surface [16,18-20]. Molecules generally
suffer from a confining potential depending on the
orientation of molecular axis near surfaces. Then, it can be
considered that the initial rotational energy of the molecules
may prevent the molecules from sticking onto the surfaces,
because the initial rotational energy may prevent the
molecular axis from being arranged in the preferential
orientation for adsorption. In other words, the initial
rotational energy may produce an effective barrier for
adsorption.

As for the desorption process from the surfaces, assuming
the detailed balance relation between the adsorption and
desorption processes, that the desorption probability D, of
molecules finally in the [-th internal state is proportional to
S;, §; denotes the sticking probability of the molecules
initially in the [-th internal state, i.e., D; x S, exp(—E;/
kgT,). E; denotes the energy relevant to the [-th internal
state and T the surface temperature [21,22]. If we consider
the rotational state as the internal state, then, the rotational
excitation probability of desorbing molecules becomes
smaller than that expected from the Boltzmann distribution
at Ty, because S; is generally considered to be a decreasing
function of E;. Thus, one can expect that rotational cooling
is a general phenomenon in desorption for both molecular
and dissociative adsorption systems.

The rotational cooling phenomenon in the desorption
process of the molecular adsorption system has been
observed experimentally [23-25] and explained theoretically
[21,26]. Rotational cooling has been observed in the
associative desorption process of dissociative adsorption
systems [27-29].

As for the vibrational excitation of thermally desorbing
molecules, vibrational cooling has been observed in the
desorption of NO from Pt(111) [30]. That is, the vibrational
excitation probability of desorbing NO is smaller than that
expected from the Boltzmann distribution at T;. The
experimental results have been well reproduced by
calculations based on the Kkinetic theory of gas
molecule-surface scattering [22,31]. On the other hand,
vibrational heating has been observed in the associative
desorption process of hydrogen from Cu and Pd surfaces
[27-29]. This means that the vibrational excitation
probability of associatively desorbing hydrogen is larger
than that expected from the Boltzmann distribution at Ts.
Vibrational heating in the associative desorption process has
been reproduced by calculations based on the concept of a
reaction path, where the rotational degree of freedom has
been neglected for simplicity [12,32]. Here, the vibrational
excitation of hydrogen molecules interacting with metal
surfaces is determined within a simple model in which the
rotational degree-of-freedom is taken into account, together
with the vibrational one [13].

The Hamiltonian used to describe the dynamics of a
hydrogen molecule interacting with a metal surface is given
as an extension of the model Hamiltonian [12].

H=H,+H, €))
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r denotes the vibrational coordinate. s denotes the
reaction path coordinate. 6 denotes the angle of- molecular
axis with respect to the surface normal, and ¢ the
azimuthal. Far from the surface, r represents the distance
between the two nucleus of the molecule and s the distance
of the molecular center-of-mass from the surface. At
distances near the surface, r represents the distance of the
center- of-mass of the two nuclei from the surface and s
the distance between the two nuclei of dissociatively
adsorbed atoms. p and I(s) are the reduced mass and the
moment of inertia of the molecule, respectively. The last
term on the right-hand side of the equation (2) represents the
potential energy surface relevant to the present system.
k(s)[ry(s)]™! is the curvature of the reaction path. The s
dependence of k(s) is assumed to be given by [31]

K(S) = =5 = oGS (4)

ro(s) = o coshZ[A(s—s)]

The s dependence of I(s) is tentatively assumed to be
given by

() = I(+00) oo ©)

If we assume the surface to be flat, for simplicity, the
potential becomes independent of the azimuthal angle ¢.
The potential then take the form

V(r,6,¢,s) =V,(r)+V.(6,s) (6)
The first term represents the potential for the vibrational
motion (Morse potential relevant to the intramolecular
potential for the molecule in the gas phase) [12]. The second
term is a diagonal potential with respect to the vibrational
motion (in principle including the zero point vibrational
motion), of which the maximum value corresponds to the
activation barrier for the reaction (the associative desorption
and the dissociative adsorption in the present case).
V,(6,s) isgiven by

V1(8,5) = V,(s) + BW; (s)P,(cos 6) (7
where P, = (3x2 —1)/2.

Vi(s) = E, cosh™2 As ®
and

VT/;(S) — Ec(l—tanhlls) + V;L(S) (9)

2

The 6 dependence of V,(8,s) is chosen such that, near the

TABLE 1: Used parameters in the present calculation.
From[13]
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FIG. 2. The rotational state distribution of associatively
desorbing hydrogen in Boltzmann plot, 1n|Z£n:_,N,,m_v/
(21 + 1)| +const. vs rotational energy. Solid line is for the
molecule finally in the first-excited vibrational state at
T,=850 K. The dash-dotted line corresponds to the case if
the rotational state distribution is the same as the Boltzmann
distribution at Tg. From [13].
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Translational Energy (eV)
FIG. 3: The desorption probability
Yo | Dt mr v (E)|” O the molecule finally in
(I,m,v) = (5,0,0) state (solid line) and in (5,5,0) state
(dashed line) as a function of the translational energy. From
[13].

surface the orientation of molecular axis parallel to the
surface becomes preferential over the orientation of
molecular axis perpendicular to the surface. Parameters used
in the following calculations, relevant to H,-Cu system, are
summarized in TABLE 1 [12,31]. Because of the small mass



ratio M(I,)/M(Cu), one can neglect the energy transfer to
the surface phonon system from the molecule, as a first
approximation [33].

In FIG. 2, we show, the rotational state distribution of
associatively desorbing hydrogen molecules which are
finally in the first-excited vibrational state, for the surface
temperature T, = 850K. Here, the desorption probability of
the molecules, which are finally in (I,m) rotational and
v-th vibrational states, from the surface at T is given in
terms of D, . 17 e, as follows:

mv
N, Lmy =

+00 2
fo Zl’,m’,v'|Dl,m,v,l',m',v' (E)| exp(—E /kgTs) dE / (kgTs)

(10)
As one can see in the figure, the rotational excitation
probability is smaller than that expected from the
Boltzmann distribution at T,. That is, rotational cooling
occurs in the associative desorption process. In accord with
the experimental observation [27], the rotational state
distribution exhibits practically the same pattern for the
molecules in the ground and first-excited vibrational states.
Rotational cooling can be seen as well for desorbing
molecules in the ground vibrational state.

In FIG. 3, we show the desorption probability of the
molecules which are finally in the rotational state of the
same quantum number of total angular momentum with
different magnetic quantum numbers. As follows from the
figure, the desorption probability is larger in general for the
molecules in the rotational states with a larger absolute
value of magnetic quantum number m. This means that the
rotational motion of desorbing molecules is of helicopter
type rather than of cartwheel type [34]. On the basis of the
detailed balance relation mentioned in the introduction, it is
anticipated that, if the rotational energy is the same, the
sticking probability is larger for the molecules with
helicopter type motion. It is interesting to check this
experimentally.

The vibrational excitation probability takes the value of
3.4% at T, = 850K for the set of parameters used here.
Within the given experimental error bars, this value agrees
with the experimental one [27] and is almost two orders of
magnitude larger than that (~ 0.05%) expected from the
Boltzmann distribution at T,. The vibrational heating in
desorption is reproduced by the present calculations on the
basis of the model in which the rotational as well as the
vibrational degrees of freedom are taken into account.

Sticking Probability
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Translational Energy (eV)

FIG. 4: Sticking probability as a function of translational
energy for the molecule initially in (1, m,v)=(0,0,0) state
(dashed line) and in (0,0,1) state (solid line). From [13].
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FIG. 5: Sticking probability as a function of translational
energy for the molecule initially in (1, m,v)=(0,0,0) state
(dashed line) and in (5,0,0) state (solid line). From [13].

In FIG. 4, we show the sticking probability as a function
of translational energy for the molecules initially in the
ground and first-excited vibrational states. In accord with
the experimental observations [17,18], vibrationally assisted
sticking occurs, i.e., the sticking probability of particles
initially in the first-excited vibrational state is considerably
enhanced as compared to those in the ground state [12,32].

In FIG. 5, we show the sticking probability as a function
of translational energy for the molecules initially in different
rotational states. That is, the initial rotational energy
prevents the molecules from sticking onto the surfaces.

This phenomenon may be called rotationally hindered
sticking, the occurrence of which has been concluded in the
molecular adsorption system as well [21,26].



3-2 Case Studies of CMD®

We have investigated some applications of CMDF, e.g.,
enhancing oxygen reduction reaction on spin-polarized
metal surface for fuel cell applications [37-41] and surface
spintronics device [42,43]. We have also carried out
fundamental research, e.g., real space image of the Kondo
effect and influence of the RKKY interaction [44-53]. This
fundamental research on magnetism control is useful for
designing novel surface spintronics application. We
introduce some topics of CMDR, e.g., the application
research of catalyst for exhaust gas purification and memory
devices and the fundamental research of magnetic
anisotropy of magnetic multilayer [54].

3-2-1 Precious Metal Free Catalyst for Exhaust
Gas Purification [55,56]

Reduction of NO_x is a major research topic at present
[57-69]. NO,, which is a by-product of fossil fuel
combustion, basically forms nitric acid in air, which is the
main reason for acid rain and smog. This alarming issue
needs to be addressed by both the automobile industry and
the scientific community.

The NO, reduction process on precious metal, e.g., Pd, Pt
and Rh, surfaces has been already investigated [57-62].
Nevertheless, the employment of these metals as catalysts is
hindered by their high cost. Therefore, we would like to find
more inexpensive materials with comparable catalytic
performance to those of the precious metals towards NO,
reduction.

We previously investigated the dissociation of NO on
Cu(111) and Cu,0O(111) surfaces [70]. On Cu(111), NO
dissociation is accompanied by a high activation barrier and
desorption is more likely to happen. On Cu,0O(111), we
found that the reaction path for NO dissociation is an
exothermic process and does not require extra energy for the
dissociation (with reference to the energetics of isolated NO
and a Cu,0O(111) surface). The reaction path of NO on
Cu,0(111) is comparable to that observed for the case of the
NO-Rh system [68].

Here, we compare the geometric and electronic structures
of Cu(11l) and Cu,0(111) systems using DFT [56].
Understanding of this will be beneficial for the realization of
a cheap catalyst for NO, reduction.

FIG. 6 shows the optimized structures of the Cu(111),
O-terminated Cu,O(111) and Cu-terminated Cu,0O(111)
surfaces. From the figure, the Cu(111) surface maintains its
closed-pack arrangement and no significant relaxation

10

FIG. 6: The optimized structures of (a) Cu(11l), (b)
O-terminated Cu,0(111) and (c¢) Cu-terminated Cu,O(111)
surfaces. The gray and red spheres represent Cu and O
atoms, respectively. The notation used for the surface Cu
atoms of the Cu,O(111) surfaces corresponds to the
arrangement of the atoms in the unit cell. The triangular
dashed lines represent the three-fold sites for the Cu,0O(111)
surfaces. From [56].
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FIG. 7: LDOS of the d-orbital of surface Cu atoms for (a)
Cu(111), (b) O-terminated Cu,0(111) and (c) Cu-terminated
Cu,0(111) surfaces. The legends in each figure correspond
to the surface atoms as defined in FIG. 6. The positive and
negative values of the vertical axis correspond to spin-up
and spin-down electrons, respectively. From [56].
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occurred on the plane parallel to the surface (FIG. 6(a)).
However, it is observed that the relaxation of the surface
atoms of the Cu,O surface is very evident as the Cu atoms
tend to position themselves with reference to the O atom. In
particular, a well-defined three-fold site is observed with
reference to the O atom on the surface for the case of



O-terminated Cu,0O (FIG. 6(b)). The same phenomenon
happened for the case of a Cu-terminated surface, but in this
case a three-fold site is perceived due to the presence of O
on the subsurface (FIG. 6(c)). The three-fold sites are
marked by dashed lines in FIG. 6. This resembles the
rounded pyramidal shape of the Cu atoms observed
experimentallyusing scanning tunneling microscope (STM)
by Onsten et al., [71].

Next, we investigated the local density of states (LDOS)
of the d-orbital of the surface Cu atoms, shown in FIG. 7.
The DOS of Cu in the Cu(111) reflects the filled $d$-orbital
of the atom. For the case of a Cu,O surface, the surface Cu
atoms of the Cu-terminated and O-terminated surfaces
exhibit almost the same DOS profile. The states are shifted
towards the Fermi level, Eg, which is a consequence of the
interaction of the Cu atoms with the O atom. For the case of
an O-terminated system, the shifted peaks appear at around
-1.0 eV with reference to the Ep, whereas, the shifted peak
for the case of the Cu-terminated surface appears at about
-0.5 eV. We conclude that the difference in the shifting is
due to the different environment that the surface Cu atoms
experience on both surfaces. It can be noted that an O atom
is present on the surface and on the subsurface for the
case of O-terminated Cu,O, while only O atoms appear on
the subsurface for the case of Cu-terminated Cu,O.
Furthermore, the occurrence of a peak in the region of
unoccupied states is an indication of charge transfer from
the Cu atoms to the O atoms.

As we observed that the DOS of the $d$-orbital of the
surface Cu atoms in the Cu,O surfaces is shifted towards Ep,
we constructed the charge density distribution of the
surfaces in the region along Er (between -0.5 eV and Eg)
as shown in FIG. 8 with an isosurface value of 0.02 eA”.
Two-dimensional (2D) views of the charge distribution that
slices the surface plane are also illustrated. In Cu(111), in
the vicinity of Eg, the charge distribution is localized to its
respective atoms as there are a small number of states in the
region.The distribution for the case of an O-terminated
Cu,0(111) surface is also somehow localized to the
respective atoms, as shown in FIG. 8(b), although the
distribution extends further into the space as seen by the
presence of states along that region. However, for the
Cu-terminated Cu,O surface, the charge distribution extends
along the area of the three-fold site, which is a consequence
of the appearance of a peak at about -0.5 eV as identified
from the LDOS. From this, it can be assumed that the three-
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FIG. 8: Partial charge density distribution and its
corresponding 2D view that slices the surface plane of (a)
Cu(111), (b) O-terminated Cu,0O(111) and (c) Cu-terminated
Cu,0(111) surfaces evaluated at an energy range between
the Fermi energy and at a value of -0.5 eV, with an
isosurface value of $0.002e A~3. The directions of the lattice
vectors are shown and the three-fold sites are represented by
the triangles which are also identified in FIG. 6 The gray
and red spheres represent Cu and O atoms, respectively. The
configurations of the atoms in the 2D view are the same as
the geometric structures shown in FIG. 6. From [56].

TABLE 2: Bond length of the adsorbed NO molecule on the
surfaces and the corresponding adsorption energies (E,4s)-

From [56].
Surface Bond length(A) Eqq5(eV)
Cu(111) 1.22 0.92
Orerminated-ClzO(111) 1.19 0.98
Clterminatea-CU20(111) 1.28 1.56

fold site is an active site of the surface in such a way that
charges are present in the site that can participate in the
bonding process. As mentioned earlier, [71] predicted that
unsaturated Cu ions exist on the Cu,O(111) surface. They
stated that such an interpretation is reasonable as the broken
bonds could leave additional charges on the Cu ions
resulting in the bright regions. Their result is in agreement
with the charge distribution we obtained for the case of
Cu-terminated Cu,0(111) as these bright regions correspond
to the charge distribution in the area of the three-fold site
(FIG. 8(c)) which is the active site for NO adsorption in our
work.

We stated in our previous work [70] that the dissociation
of NO on the surface is dictated by the weakening of the NO
bond when it is adsorbed on the surface. In relation to our
work, we claim that the capability of the surface Cu atoms



to hybridize with the NO molecule greatly affects the
possibility of dissociation. The adsorption energy, E,4s, Of
NO and its bond length as it is adsorbed on the surface are
presented in TABLE 2. For all cases, NO is molecularly
adsorbed on the three-fold site. Although states are also
present in the region along the Eg for the case of an
O-terminated surface (FIG. 7(b)), these states are already
interacting with the O atoms on the surface and subsurface.
Thus, it can be claimed that this scenario limits the surface
Cu atoms to actively hybridize with the approaching NO
molecule, unlike for the case of a Cu-terminated surface.

A high activation barrier on Cu(111) is found due to the
inability of Cu atoms, having a filled d-orbital, to interact
with NO. For the case of an O-terminated Cu,O surface, NO
adsorption is possible but dissociated N and O atoms are
found to be unstable due to passivation of the active sites
(three-fold sites) by the O atoms on the surface; thus a very
large activation energy is expected. For the Cu-terminated
Cu,O system, since states are present around the region of
the Er, Cu atoms can participate in the charge donation
process that weakens the NO bond. By this phenomenon
and with the presence of available hollow sites, O can be
easily detached from the NO molecule and become stable on
the Cu-terminated Cu,O surface as isolated N and O atoms.

Although the calculations performed in this study are for
the ground state, the results obtained are in good agreement
with our initial experimental findings. Here, we note a
98.3% NO, conversion on Cu,O under a reducing
atmosphere, whereas only 5.7-23.6% is attainable for other
oxide surfaces. Our analyses support the high reactivity of
Cu,0 surfaces towards NO, reduction. The performance of
Cu,0 is comparable to Rh, since both of these materials
were previously shown to have similar characteristic
reaction paths for NO dissociation wherein both are
exothermic.

3-2-2 A Step Closer Towards Commercialization
of Next-Generation Memory Devices [72,73]

Flash memories are presently widely used as nonvolatile
memories for secondary storage, or long-term persistent
storage. However, in order to improve the performance, e.g.,
speed and/or number of rewritings,
generation nonvolatile memory devices

research on next
is becoming
increasingly vigorous. In particular, studies on resistance
random access memories (RRAMs) [74-80] have become
intensive because of their superior properties for achieving
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FIG. 9: Bulk model of CoO. The light gray circles, white
circles and dot circle represent Co atoms, oxygen atoms and
an oxygen vacancy, respectively. The arrowheads represent
the majority and minority spins of Co atoms. From [73].
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FIG. 10: Total DOS of bulk CoO (a) without oxygen
vacancies, (b) with oxygen vacancies, and (c) with oxygen
vacancies and charge carrier trapping. From [73].

lower power consumption, larger-scale integration and
higher speed. RRAM is designed to change the resistance of
transition metal oxides (TMOs) via the application of a
sufficiently high voltage [81]. However, the switching
mechanism is not completely clarified. Therefore, it is
necessary to elucidate the factors related to the changing
resistance of the RRAM.

Some studies related to RRAM suggest that the creation
of oxygen vacancies and charge carrier trapping might be

responsible for the switching mechanism [82-85] and report



that the behavior of RRAM materials near the anode plays
an important role in the switching mechanism [86].
Meanwhile, our coworkers have investigated the oxidative
reaction in the vicinity of the anode through experimental
and theoretical approaches [87]. We have investigated the
electronic states of TMO-anode interfaces both in the
electrode layers and TMO layers [88,89]. However, the
effects of roughness (e.g., oxygen vacancies) and charge
carrier trapping have not been clarified yet. Here, by
performing first-principles calculations based on the DFT,
we analyze the properties of the TMO layers with oxygen
vacancies and the effect of charge carrier trapping in the
vicinity of the oxygen vacancies on the electronic properties
[73]. In addition, we discuss the suitability of electrode
materials by comparing the results for Ta, W and Pt.

First, we consider the properties of bulk CoO without
oxygen vacancies. Bulk CoO is to have
antiferromagnetic  properties. We supercell

known
use the

represented in FIG. 9 with the lattice constant of 4.26 A [90].

The resulting DOS is shown in FIG. 10(a).

Second, we consider the properties of bulk CoO with
oxygen vacancies. We analyze the structure by removing
one oxygen atom, which corresponds to defect
concentrations of 6.25% , from a supercell, as indicated in
FIG. 9. The most stable structure is obtained by the
relaxation of all atoms. We find that the formation energy of
an oxygen vacancy requires 4.894 eV by comparing the
stabilities of bulk CoO without and with oxygen vacancies.
The DOS of bulk CoO with oxygen vacancies is shown in
FIG. 10(b).

Finally, we perform a calculation for bulk CoO with
oxygen vacancies by adding an extra electron per supercell
as a reference for charge carrier trapping. The DOS for the
charged case is shown in FIG. 10(c).

The DOS of bulk CoO without oxygen vacancies, as
shown in FIG. 10 (a), exhibits a large bandgap around Efg,
which indicates that bulk CoO is an insulator. The DOS of
bulk CoO with oxygen vacancies in FIG. 10(b) shows a
shift in the energy level and a small structure around Efg.

Moreover, the DOS of bulk CoO with oxygen vacancies
and charge carrier trapping in FIG. 10(c) manifests a certain
structure around Ep. The results of these calculations
indicate a change in the property of the bulk CoO from
insulating to metallic through oxygen vacancies and charge
carrier trapping. Moreover, we analyze the DOS of the Co
atom near the oxygen vacancy [Co atom (a) in FIG. 9] and
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FIG. 12: Band structure of bulk CoO with oxygen vacancies
and charge carrier trapping. From [73].

the Co atom far from the oxygen vacancy [Co atom (b) in
FIG. 9] in order to analyze the electron state distribution
that represents the metallic property. The results show that
Co atom (a) has electron states around Egp[FIG. 11(a)]
whereas Co atom (b) does not [FIG. 11(b)]. This indicates
that Co atoms near the oxygen vacancies become metallic.
We also analyze the band structure of bulk CoO with



oxygen vacancies and charge carrier trapping (FIG. 12). By
this analysis, we also confirm the electrical conductivity of
bulk CoO with oxygen vacancies and charge carrier
trapping [93].

Additionally, we perform calculations for a slab model
consisting of 4 CoO layers in contact with an electrode layer
in order to consider the effect of oxygen vacancies and
charge carrier trapping at the interface between the CoO
layer and the electrode layer. We analyze Ta, W and Pt
electrodes on CoO(001). The slab model for the Ta electrode
is shown in FIG. 13. We have confirmed that Ta and W
stably adsorb on the top sites on the oxygen atoms and Pt at
the hollow sites. The DOS of different CoO layers for Ta, W
and Pt electrodes are shown in FIG.14, 15 and 16,
respectively. From FIG. 14 and 15, we find that the first
layer of CoO is metallic and the lower layers of CoO are
insulating. From FIG. 16, we find that the first and second
layers of CoO are metallic and the lower layers of CoO are
insulating.

We also consider the properties of the CoO slab with an
oxygen vacancy, which corresponds to defect concentrations
of 6.25% , per supercell at the first or second layer of CoO
in order to analyze the effects of oxygen vacancies at the
interface between the CoO layer and the electrode layer. We
analyze the charged state of each model with oxygen
vacancies at the first layer of CoO by increasing the number
of valence electrons. The results show that all layers that are
initially insulating remain insulating. The comparison of the
DOS for the second layer of CoO in contact with the Ta
electrode is shown in FIG. 17. The results show that oxygen
vacancies near the electrode layer have no effect on
changing the insulating properties of CoO layers to metallic.
Moreover, we analyze the charged state of each model with
oxygen vacancies at the second layer of CoO by increasing
the number of valence electrons. The results show that the
second layer that is initially insulating changes to metallic.
The comparison of the DOS for the second layer of CoO is
shown in FIG. 18. The results show that oxygen vacancies
apart from the electrode layer have an effect on changing
the insulating properties of CoO layers to metallic.

On the basis of the above results, we can explain the
switching mechanism of RRAM by assuming that oxygen
vacancies connect the conduction path to the electrode
through the migration of oxygen vacancies from the
interface to lower layers of CoO. In the case of the
high-resistance state depicted in FIG. 19(a), an oxygen atom

\. the electrode layer
Q «— the 1* Iayer of Co0

% o.-vh  layer of CoO
% % «— the 3™ layer of CoO

'T’ o — the 4™ layer of CoO

FIG. 13: Slab model of CoO layers in contact with an
electrode layer depicted in the same manner as FIG. [75].
The black circles represent atoms of the electrode. From
[73].
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FIG. 17: LDOS at the second layer of CoO in the case of the
Ta electrode: (a) without oxygen vacancies, (b) with oxygen
vacancies, and (c) with oxygen vacancies and charge carrier
trapping. From [73].

interrupts the conduction path between interface and lower
layers. The application of voltage induces the migration of
the oxygen atoms in CoO toward the interface. Then, in the
case of the low-resistance state depicted in FIG. 19(b), the
oxygen vacancies connect the conduction paths between the
anode and the cathode and hence the RRAM device
becomes conductive.

Moreover, we evaluate the properties of the CoO slab in
contact with Ta, W and Pt electrodes in order to investigate
the effects of oxygen vacancies at the interface between the
CoO layer and the electrode layer. The formation energies of
oxygen vacancies for different kinds of electrodes are
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Ta electrode: (a) without oxygen vacancies, (b) with oxygen
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trapping. From [73].
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FIG. 19: Enlargement of the interface between TMO and
electrode: (a) high- and (b) low-resistance states of RRAM.
The dark gray circles represent oxygen atoms. The center
white part represents the conduction path. The light gray
part represents the CoO layer that is initially metallic. From
[73].

TABLE 3: Formation energies of oxygen vacancies at the
first and second layers of CoO for each electrons (unit: eV).

From [73].
Electrode First layer Second layer
Ta 4.860 5.280
W 3.208 3.672
Pt 1.114 4.074

shown in TABLE 3. The results show that oxygen vacancies
are formed favorably at the first layer of CoO in every
model. By comparing the results for the slab models without
oxygen vacancies, we find that there are more metallic
layers below the interface in the case of the Pt electrode than
in the cases of Ta and W electrodes. On the basis of the
obtained results, we identify the best electrode material from
among the three by comparison of the controllability of
resistance. In the case of the Pt electrode, the required
formation energy of oxygen vacancies is low (1.114 eV) in



the first layer of CoO and high (4.074 eV) in the second
layer. Since both the first and the second layer are originally
metallic without oxygen vacancies, the application of high
voltage will be required to induce a resistance change via
the formation of oxygen vacancies in the deep layers.
Therefore, Pt will not be a desirable electrode material for
RRAM devices. In the case of the Ta electrode, the second
layer of CoO is originally insulating and the difference in
the formation energy of oxygen vacancies between the first
and the second layer of CoO is small; however, the absolute
values of the energies are high (4.860 eV for the first layer).
Therefore, the application of high voltage will again be
required to change the resistance.

In the case of the W electrode, the second layer of CoO is
originally insulating and the absolute values for the
formation energy of oxygen vacancies in both of the first
and the second layer of CoO are small (3.208 eV for the first
layer). Since the required voltage to change the resistance
will be low, the W electrode is a desirable electrode material
compared with Ta and Pt.

3-2-3 Electronic and Magnetic Properties of Co/Ni
Multi-Layers [94]

Current-induced magnetic domain wall motion in
ferromagnetic nanowires has been intensively investigated,
not only because of their potential for magnetic random
access memory device applications [95-99], but also the
interesting  electronic  properties [100-102] of the
ferromagnetic atoms. Recently, interesting experimental
results of Co/Ni ultra-thin multi-layers on W(110) were
reported [103,104]. In this system, first, two Ni monolayers
(Ni  2ML) are deposited on W(110). Real-time
spin-polarized low electron microscope (SPLEEM) image
shows that no particular easy magnetization preference of
the surface ferromagnetic atoms for Ni 1ML and 2ML on
W(110). Upon depositing Co 1ML on this system
(ColML/Ni 2ML), the SPLEEM image shows that the axis
of easy magnetization of the surface ferromagnetic atoms
becomes in-plane.

Here, we focus on the following system, Ni 1ML, Ni
2ML and Co 1ML/Ni 2ML on W(110) [94]. First, we
analyze why the axis of easy magnetization of the surface
ferromagnetic atoms does not exist in  Ni 1ML on W(110).
Second, we analyze the origin of magnetic anisotropy in Co
1ML/Ni 2ML on W(110).

In TABLE 4, we show the most stable adsorption
structure for Ni 1ML, Ni 2ML and Co 1ML/Ni 2ML on
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FIG. 20: W(110) surface from [110] direction. Black balls
denote W atoms. White lines indicate the unit cell used in
the calculation. h, sb, Ib and t denote hollow site, short
bridge site, long bridge site and top site, respectively. From
[94].

TABLE 4: The most stable adsorption site and interlayer
distance between surface atomic layer and substrate in Ni
1ML, Ni 2ML and Co 1ML/Ni 2ML on W(110). From [94].

on W(110) site interlayer distance [A]
Ni 1ML Ib 1.8
Ni 2ML Ib 1.7
Co 1ML/Ni 2ML Ib 1.6

TABLE 5: The magnetic moment of each atoms in Ni 1ML,
Ni 2ML and Co 1ML/Ni 2ML on W(110). Ni(1) and Ni(2)
denote Ni in the first nearest layer and second nearest layer
from W(110) substrate. From [94].

on W(110) atom magnetic moment [uB]
Ni 1ML w 0.0
Ni 0.0
Ni 2ML w 0.0
Ni(1) 0.0
Ni(2) 0.0
Co 1ML/Ni 2ML w 0.0
Ni(1) 0.1
Ni(2) 0.6
Co 2.0

W(110). In TABLE 5, we also show the magnetic moment
of each atoms for Ni 1ML, Ni 2ML and Co 1ML/Ni 2ML on
W(110). This Table shows that the Ni atoms in Ni 1ML and
2ML lose magnetic moment. These results agree with the
experimental observations that the axis of easy
magnetization of the surface ferromagnetic atoms does not
exist for Ni 1ML and 2ML on W(110). In FIG. 21, we show
the LDOS of Ni atom in Ni(111) surface (FIG. 21(a)) and Ni
1ML on W(110) (FIG. 21(b)). In the interface between Ni
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FIG. 21: The LDOS of Ni atom in Ni(111) surface (a) and
Ni 1ML on W(110) (b). The origin of energy is Fermi
energy. From [94].

1ML and W(110) substrate, 0.4 electrons transfer from a W
atom to a Ni atom. This result shows that the unoccupied
minority spin states in FIG. 21(a) are occupied by electrons
from W atom and the LDOS change to FIG. 21(b).
Therefore, Ni 1ML on W(110) lose magnetic moment.

For a Co 1IML/Ni 2ML on W(110), we obtain that the
MAE=E[110]-E[110]=-22 meV. E[111] denotes the energy,
when all spin in the system are fixed to the [111] direction
and so on. This result shows that the axis of easy
magnetization axis is the in-plane direction inCo 1ML/Ni
2ML on W(110). This result agrees with the experimental
observation.

The origin of magnetic anisotropy is usually ascribed to
spin-orbital interaction and dipole-dipole interaction. Using
the magnetic moment which is calculated using first
principles calculation, we found that the dipole-dipole
interaction is less than 10 peV. This value is much smaller
than the MAE from first principles calculation. Therefore,
we concluded that spin-orbital interaction is dominant over
dipole-dipole interaction.
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FIG. 1 Inhomogeneous nucleation and growth of the
(1012) twins on the shear deformation (1012)[1011].



(c) (d)

FIG. 2 Simple shear deformation with respect to the
(1011) plane, (a) in the [1012] shear direction, and
(b)-(d) in the bS**™) shear direction.
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Table 1. Surface energy and critical stress intensity factor by
the Griffith’s formula by EAM and GEAM potentials.

(0001) (1010) (1011) (1012)
y [IIm?] EAM 0167 0230 0.165 0.274
GEAM 0308 0322 0260  0.309
K[MPam'?] EAM 0.148 0.164 0139  0.181
GEAM 0192 0160 0138  0.155
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(c) (0001)[1010] (d) (1012)[1011]
FIG. 3 MD simulations of crack propagation on various
planes using EAM potential. Atoms are colored by the

coordination number.

(c) (0001)[1010]

(d) (1012)[1011]

FIG. 4 MD simulations of crack propagation on various
planes using EAM potential. Atoms are colored by the
coordination number.

EMATZERIC~ZIHBEIIE X otz F7,
GEAM ZH WA T Griffith OX ) HFEH L= 1
WHEF D Ko H/NE VN, (1011)[1012] 0 = S
a2 b—v 3 X BENAE U)o 72Dk GEAM
W LD IEEH OB KRBT 2L X —NENW =2 iE LB %
bihb.

SEXH
[1] D. Matsunaka, Y. Ohnishi, Y. Shibutani, Mater. Trans. 54,
2093 (2013).
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HETHDH, AT, KHFPOBENERT HE
T A A, BEOSREIEHEREA, MK AT R
L MARPICHB T DTS % BB T35 2
L2k, TIR LT LMK CERSINDE
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NWET LD 7 = N U ROSENT S O TITV, K
WP DO8A AV RTIC LD 0H T P hVERKR D Al HE
PEIZ DWW TR T2,

Flo, vIialb—varDAfA Ty hRT AL
T2 D REFAERRA A FEDREZEIT I I2O, ~Y 7 A
Vv NI A DEEGHITEIT T2 [4],

5. 4F Y E—LEHiIC & % E&ERFR

BIRDOA >0 NETILT A BT AR 2
72 TH, WMHEOHAEMERIZE - THEERIELT 55
BNRHDLZERMLENT VWD, AFETIZ. A4
— AR EHWTZ O XL 9 72O A RRICER Y LA T
W5, TERLL 72 3B O A EEREE D ST IZ DD TiE, PR
KILISHEFR (B35 &EHE=E) L ILFRMEEIT
STW5b, BbT A FBEBRAA U LEFANTDHZ
CIZENVA VU NETAFEOMAEREFRLT 5 Z
LERBIZEZA, BIFEOEAZ IV —DGE
(kTR 0D SR B A LA U 72, H25 AR LTI, filish iR
D FEMARIE ~DIKAFNEZ T, MR HBLT 5
DILTIRDOBEAL 7 A FBHEEMRNZA T T LEFEA LY
BDOHTHY ., 200~800 COMAL A7 A FIHAMIZ A
U ADENERATZISEIIE, RERE TS YT A
BETAFREP DTS, ERITEEN LA YT A
MERTDH, REOHBIZLVA VUL AFHD
MHEAERNBA 212720 i BB BN 2 &M
Dotz [b], iz, I U AE A FLEMOMEE
FIZEES D BAFEIZ B Y A 72 (6],

6. KRTSATBREICKS PMABIBEDOT Y F > Tt
HEOWE

YLHERT S AWML N ERT D E LB, =T
VITTBREATT 4 RLURA RN AZITE Z D5EBN
MBI > TETCWD, IF, KFET T X HHER
BTHZLICL o TUL YA MO ZITV, = v
F oM EUWET HRADNER S NTWS, Ll
RN D . EBRICHEI O v F o T A — v ROfEEHIE
LT, BE{Lex y F o Z it D2 % E B FE
i B HFFE I £ 2T TV A, ABFFETIE. KFE
T RAVIREBERBRTCOT NI A F o E—NF 1T
SR EHC KT 2RI O v F T A = ROEE
WE Lz, £z, KEFT A<IREIC L 5B RISk
BOSEiTo7-, VYA MOMEETLE LT, =
T T A=)V R EOMWENRBEICH LN TWERY
AR UIVER A F VR (PMMA) 23 E L CHW -,
ZDOREF, KFT T A< IgEFEIZ L > T PMMA HOEESE N
BRI ESNL, REBRTELT 7 20 —R T8
BINTWbZ &, WEEOBKEIZR 40 nm (&5
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R ~— (B TIMEL &5 WITERBIEST 7 AF
v 7 ERHINDMENT, Z8E - 2EkThY, Febo
HiTZHE L EHENLTWS., 8T, ZhH0RT <
—MEEE (7T A=) LoD Y IE, B L.
BRlZ, ana &R SO P T L DEHSIT,
MEIREOBAEEZEDDDOT, RN ~—IZHRT 5
TR RO R VEERRLEE & e o CTE T2, 7272
L, ZHhUAOFERRFIHIZS £ FIAHEN. 72L&
Z1E, AHERIA A ZRIE L CEM (77 A=) BEA X
I AT T T EAUSHR A RIGH A~ B ET 5137
ThoH0, RY~—OMEWMEDIR S RLEE S O il i
DL XV ERE Lo bD L Ebhs.
L2 Uiaaltld, MRS &6 TR Rt RN 2 S,
RY ~—MEHIMOBFEEME L & bic, v~/ 7T A
A AR EDEEMEIE LTIHEASRTE TS, 5%
X, 7T AR EH T 70 oL TTO NN T H T &
L CHRk LIFZER R 2 D T BN S 5 & 5
ZTCWD. RFETIE, MBRFIETRESEDL A
N B —TF A VOIS E LT ToTR Y AT
VAL T U VEE (PWMA) Ak, RNURAF LR, BX
N a—=URY v —ROERHLEIZDONWTIERD.

2. PMMA ZEF# D TS5 A< NIBE & CEKEDEE
PMMA A4 8H 338 B BE SOt 23 i <, B0 T & B
V. FE T, YRR EN L, BliEXa— % —TCF
INRY—RBRICERT D2 EbAREETHD. IE
TIKRBT T A2+ 22 L2k by, RiuOEE
D DAL A RE7R 2 & B EBRIICHE D TV D 2.
Z ZCAHZETIE, PMWA B AiREIOKE T T X~ I

FEIZ LR E T EAEZ LV LIFHARD DI,

FHFFED—2>TH D BRI DN TE DR
AT, BUKMEE, KOBEMMAICIVFm L. 20
EAARNEILEECH Y, BRI OBAKED D5V IX
BUKIEDOFENEEMNCHEE TE D & L i, FiEk
BOWREMDIZDDOHHREDOTEEMLLF.
WEX, 77 A~<MBH%, 1 8%, 8HMK%, 15H
#%, 39 HiZlZ, SRBHIERUKAK 0.5 U v M
TL, 2D OKEOEMAZRE L (X 1), 20Ok
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3.IRY RF L2 (PS) R E DEKIE

PS M EHIEMDOWEEIZE S HWHNL DAY, I
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KIN—FTlE, v~ 2707 I <& HOZHH 7
TA= TR AOREBLOHHTr VX —IGHZ A
LI EZED T D, LIF, REEDOTY MHHD
Finh, w4777 Az e —IsHIC
B3 2098, 77 X~—iMH EERICB T 54K
T-ERAR D 7260 D FLE K 5y A O B FURFEIZ BT 5
ge, mENFRERERRICBIT D77 XA~ atk A
B4 222>V THET S,

2. ATFERREFRERTOEMEL

ot & B L — (2 K0 EEREMR(FRR) D & KU
SND T ERAEE T Z G CRite L, SRR ICHE
FHiATe Z L THFET 5. Photon-Enhanced Thermionic
Emission, @k PETE %% & FEEN 5 BE I ED FiE
A3 2010 FEIZ S & u7=[Schwede et. al., Nature Materials
(2010)], BB COBREZBFHT L LICL Y =R LF
— NI 50% % 2 D FTREME DS R STV D,

1) 2 1 X FEMRE FERE 100 um % 72 PETE R EFR 1-£81
DI=OITIE, BHEF ORI 2B~ DHEZ b 72
BI b DZEMEMEMBLEATHD, FTxr DT N—
TR, ZEMEMREATE S LT, i A W%
)7 Cs 77 A~<4 ik (Resonance-enhanced-PETE, or

R-PETE) %#£% L A9tz T 7= [T Ito etal., Appl.

Phys. Lett. (2012)], R-PETE FEHR 1L WEHHE D
KRBT, AE AR T RFM TH D LTI,
MEAVICHADP RSN D LWRER - LALESIT D
no,

AAEFEIZIX, R-PETE (ZXF9° % Particle-in-cell-Monte
Carlo collision (PIC-MCC)FHHE 21TV, Z2 M Mz Fnic

BT D F =R A LD 72O OMFFRIZER Y MA T,

TR L LT, EmERAEICIBN T Cs Z b
B (Case A) ITBWTIE, WAENZHEINT 54
DD, b Cs 725 B A ~DmP /2 RV X —FEELE b
b L, =R AX—HEO SN LHWT 5 & BBRIC
Pefili 9% Cs DA AR 32 FiE (Case B) @

FIMENTHD Z & BB E LIZ(Fig1), Z DEWIE,

BN BIEICB W T, Kbl < ADZEMERE
¥ S AU % BERRIUT S C ORI 72 22 M B AT REFN 23 EBL T
XHZ LB DTH B,

B, R TitRO IS & kizmAx, Yo
PETE # 1 #£H COXFERISHE L BT 572D DFE
BRICHLD A TV D,
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Energy budget
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X1 : PIC-MCC #H&i2Xk 5 PETE 171 (A) BXOD
R-PETE |2 L A= R /LX—F]15 (MCase A. @®CaseB)
D Cs BEMREM, Case A: &IEhEE. BhEIE 0.3,
Case B: JEPURhEL, #EMAMEREME R 5.1x10%, =3I v ¥ —:
I 673 K. W) B4 #0097 eV, 2L 7 & —
IR 573K, fEFRI%% 0.9 eV, HIEIE | V(EMME
J£0V), FEMRFEE 100 pm
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0. EWFM 7 7 a e AR CEE R AE A T,
T TR TREEIIKR D TR OKFEREE R Y b T —
7 RKF OB A FET, [EiKdH D WL R E DS
AT — B ZAENE L TR Y, 2 X v Fmfti
DK XA EE AT 5, Z ORI MG, §lx
REE S Tl EROREERIC L 2 EHITHR K
7L, £2, ZTORMBAIFIKBIED pH 12 KX KFF
T %, AL TIIKEER D pH 5 ORVEITEAL S8,
BEREANINT L 0 ESE REm A~ 52 &2k v &
2 LD RHEFHE DKy FAEE~ D ELET H Z
EEREE L, TGO RITTEE R TIED
— O Toh HFJEWFHA(Sum frequency generation: SFG)
ST I FORBEREE LT,
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WEAIT > 72, LFLo ZFEEHO L—¥ —% CaFy//K St
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Applied voltage, V_ (kV)

3 RS L — Y — i 3100 cm 1 IC BT D SFG R E D4k
EES RN, [Appl. Phys. Lett. & 0]

Bl 2H D V=0 kVOMNES 72 L)D 7 1 v K TlX
3100 cm'!, 3350 ecm M fHTICE— 2 AR BN, ZLD
IXZENZ A ice-like peak (VUHABLNIIEIE) L liquid-like
peak (WA MU mEAARBELALAEE) 72 & &IN5, 1K
pH(# 21X 3.8) Tld CaF, £MITIEICHFE L THBY 21
WX AREITFEOBZICLY EEEfEE /T 5K
DOEEAE T %, —J7 SRS 2 HUIN L 72KF 3100 cm!

E— 7 ICRKRE RN R B, Va=-2 kV ZHIIN L 72,

ZOE—=7FEAER LR oz, K312 3100
em ' \ZFUF D SFG ME OINBE LKA A R~ AD
FUMERE, Bl6 CaF, KRB L DB & Wi most
RS A EINT 5 & 2 kV ZEIIN L - R Ml & &
% &0 Em BN E bR, TR T OB 3-2 kV
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FRIZCLTKELEZZ Db EZ NG, F
7o, =2 kV ZHIUN L 72K, SFG ¥ 7A@l sz
W2 e, KOGFORLMIEZT U H AIZle>THED
Z D& EDINRELTRE L CaF, ZEBMIC L D ES &
MWELzEEZLNDN, BE—FXBNMNMNLRDZ CaF,
REIZBT DEHRE LI EISRE L 3 7 2L
RS WE RS SN, UL, ice-like #EiE A AT
LR FHITREE D HORENE ZAILHFIETH
LR T ERRFIC, RISV T OREL NI 2
BEHEZDZENTEDLZ L ETRBTHRERTHD,

4. BEARGSEHKICBHSL—TF—FBREBISX<
T/ HBEMEER
L—H =TT L — gV TCERTLI L —FRT
T A2IX, WEE, W - ZERINICEIETE, F5R
BHZHIFI DD 720 & o T2 R & F5 o, HER iR %
b & TR E AT KR D B IR IR £ Tk
WAL FTRE, B FE - (ECREYE & o T L T s R
B ST COBPRIREE (7 7220 7)) v
STEE R FFS, @ERAKF L —Y—T T L — 3
L—W—Fil 77 X~ & @EE & OfE K
LD R 2 m IO ZE M Th Y | FEl T A
EMBEORVES, AR T v ARBBIFFI T
WD ARUFIETITHHE T EmEORIAEZ B L.
JEITHIBNC X > TEER SR O WPEE 2 K & < 2 bH]
BTHDHEWVWIRIZER L. FHEKEIDAERMRLT I
LI THNREILNCTHZEEAMNE Lz, KA
R E LR EAE S B REE L 35 2 &2
AREZR T2 D EERIS AN ED ST D b IR 3 (i
FR31.0°C, 7.38 MPa)x HN, BBk D T Ak P —
0 Li A AV BMA~OICHAP S ND Sn RT /KT
DOVER-LAFT > 7=,

Pulse/Delay generator
Pulsed Nd:YAG laser
Wavelength: 532 nm
Frequency: 10 Hz H \

Power: 20 mJ/pulse
Pulse duration: 3~5 ns
> Lens
e
Saphire window «
Sn Target / = \\
Pulsed ultraviolet laser 4
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BUfEEtERER A & LA VBTV A NdFeB 5
A 2 R FTRE 2 A M B O Edf & LT, SmyFesNg 23
ST 5. ZORSFHEIT NdFeB SRIZVLHEET %
Fhy, ¥ = U —{REN NdFey,B X0 & EW =& A
WIZBWTHATH S, Lo L SmyFesN; FHiZ 600°C LA
LTHETHEVORERD Y, BEERAIZT 200
XD THELVY. L7285 T SmyFesN; 2 NdFeB &1
ADOREMEE UL CEMT 2720121, BREFHED
M EDO BT b e e & LTARRT 57k
ABAFRBVLIEARA] R TH D . AW TrE SmyFeNs i
OREREMEOm EEBIRL, KELSAR L OBEALER
Itz Fi-, BHEE MnBi F1 & OEALIC X DEEL
HE~DEBERETDH L LB, TOMKEMEE T
li L7=. MnBi 137 37 U — CE WSR2 5%
B oA EFCH 2 WA%, MnBi 1E Mn DAL
&, E 3B CITB N THEARRLTLE) Z LD H
FZESDZENEFITHLVMEITH D, AT
AT =TV TYEE BB A LA A b T AL
X o THR L7- MnBifH & SmyFesNs By R L 1RA L TH
AWABmEE L, BIREERS X OBER R8I RIES
MnBi FHE AL BRI OWTHIHE L. B otk 2|
DOWTII OV AREREREE W, BERFFO X A1
LAV S D EEMO BN A 721 Tide <,
Mok DAL A 2 - B EEEEOZIT ) 2 &
kv, ToFEHECOVWT LR L.

2. RHERAES & Ui

KAl JE & DEAICIE, SmFeNs IR ((EK
SEHLIL (KR ) 12 Sn, Zn B L OBi ¥y K% 10vol.%
W - BRAE LM REZEMA L. Z0ORAMKREET
DEINZ A Z AT SPS 12 L W 100°C/min T500°C £ T
AR, FoOEAEESEZBINMOSGA L ik L.
MnBi & DAL TIE, 3 Mn k& Bi k%, il
BRR—LI VBN Ar FEHKRTOA T =H)L
Yok oTRAEL, ZOBKRE Ar TAEZEBA T
250°C~400°C, 6h F7=i% 12h ZVLEE 21TV, MnBi fH
PRI 72. 67 MnBi ByRITRES S E 2w b &
B DO, ~FHh o ERETEEAZ AWV 7
% 300rpm T 12h 1 TUWVEGIME L 72, Z OFyR & SmyFeysN;
MREEREL3T7TBLV55 DEIE T~FV & FETE
MHRZ AN ) I > THRA LBEABAHER &
L7=. BEBAMEOREREIL SPS % T 300C, it
KD BERBLD X A1 L B BEfS F I i3k oA g 2

56

Hrigr R

A AW EREERER 21TV, OB EE & i
L7z, 26 0HEKE X OBERE A>T XRD HIE &
R EFEDRIEZIT o T2,

3. ERBERBLUBE

SmyFe;N3 ¥ 7RIZ Sn, Zn B L O Bi HiK% 10vol.%
WL, 300CE L UN500°C ThERE 21T 7=, Sn BL W
n PN LIZ5E80C0E, BEREIEE O ESITEWY,
SmoFeNa FB & DRIZ X WAL & b 55 248D
AR DS XOBREIHTRGE 3 &L 0 AR &4, 500°CHERS 1% T,
Sn, Zn DE— 7 1F3F LD LTz, —F, Biilh
B CIEM 1 IR T X 912, 500°C TOREREIZIBNT
BEREIRIT SmoFeyyNa+Bi @ 2 fIREEZ RFE L TRV, %
DD SRR EITBE I NN ER o Ta X 2
IIEB AR O BERE R OB Ll 2 =3 »T
NOEE GRS, SmoFerNg HAHFUEHI e LIHE & 23
ML, S bRES R RSN, FTH BiES
{EREHZRBW T, SARERMN A LT Sn X Zn (1Tt
LT L 0BEE(LDHEIT L, 500°CHRFEFFICH X I
KELFBADEITL TN ZER™ o7, K31
%, EEE &AL S L C 180°C~350°CH 4y 4Lk L 7=,
Bt O L AR 2R EEINEUEHRS KON Zn BN
HoBFTIE, IR EFICEOIEIE —E OB E TRUE LA
AT 20126 LT, Sn B L O Bi iinEtE ¢, K
REN TR U720 OREE 7> B U8 N FE AN LT
LN nD. IS AFE OB E N ELT
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Hnk ot
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MEFEMED X A & W o BEEa@ELERE 2BV TiE, OB
R RBE & OV 2 — VMBI X0 FIES T, 2
RIS TE 5. X412 MnBi /& 30 5 &
N 50mass%fE &1t L 7=t o bt 2ok d. £h
Db AL A WD EBEEIC LSS L i
T2 085905, £7-, 50massiE &bkl )
NEUBEANEIT Lz, ZUEEIcE £ 5 5%
B Bi fHERNZ otz tEZ NS, ZDLEHIZ
Bi IWMMEELICITAZITH D Z LR S NT-—K,
IO/ LN ROBE LN TS 72 70%FRE
ERWEICE EE o TR, BEREROBREHER EO
DI L IR DIEEELNPVLETHD. ZNHHEE
WeAARIZIET TIEA % & BT SmyFesN; FB D43 iF % 411
HLARRDORESBEBLERETZD L), BT 2
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IEEICENTH - 7=, B2 Bi 1T SmoFeNs A0 & DS
FEBRET, BKEMEOBLE S &AL B e
e 2B ENHBNE ST MBI FEE DBES
{ECIE, MnBi #HIZE £ 558 Bi FHIZ & 0 BB
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1. [FLC&HIC

I ANy 7Y T ROSE R D WIER
FHIFE LA HEE THRAET 2 FIEE LT, A
FOSICIES RIS TWb, ZoHLE 15
F— IRBREE LRSI, BRILEY O IEARTE
EEREET D ECTHERICEHATHLH(EL),

cat. M

R-X + R-m —— R R (D

Tex i, EBRESBAE L A5 RE — RER
BAERDFTFIEOIEZ B L Tt A HEtE L
TW5, FORT, TIAFLIEEZEEIEEDIC
BT 2RSSR BRI L. Z DK
JE2S NI, Pd, Cu 507 =4 gk (77— R
PEIR) ZMRBLSYEREE L CHEIT TS 2 AL
ML TWD, ARl il 9 RER SR T2
bbH,Co DT =F L MFHEARZFEME S+ 57
B 27y 7N 7 ROR A R Uz, Co il %
W LTBENI3-V=Z2RNT 52 81280,
TILENANTA RETILF ALY =% —/Lik3R
LDy u Ay 7Y TS HIEICHEITT 5,
RIS DRI, SRR IAR G o T =k fRFE
KA EFEA DT VX NRETHEDIa XD
o 7V TROGHHEIT U, DURR IR 0% 2h =
I EETELZLETHD, Foo K
KIsE 7 5 A A7 — VDA R I

n-Oct—Br + t-Bu—MgCl

FRE - E

2. a/N)L MEBEIZ K SN AETILFILE

TLXLT) =r—LEREEDIBR DY
T TR

n-OctBr & t-BuMgCl & DG % 7 2 V= 15
£ R, 2mol%® CoCl, & 4 mol%® Lil Z s/l L
TITH &, BIDO I v 7V TR 3 7 84%
DUV TH: 5 7z (Table 1, entry 1), SUSIRE Y
PREAR L7265, n-OctBr OIEITCIK 4 18 LWL
BALKFER 5 OERKITZNEN 1% TH 7=,
Flo, ST NAFAEEEATLIGAICLILL
R & 72 2 7V VRO B ix e < B &
Nighotz, —J., ZTNETTAFNL-TILF
Ty 7Y T ROSICRIH & 40T & T il it 2
n-OctBr & t-BuMgCl & O SIZH#I Liz & 2 A,
Ni BEIORPAd-7 ¥ VUil CIIERO T » 7
U THEBITIZE AV EH BT (entries 2, 3).
Cu-7 ¥ VT U ClE VR~ 7 327 A1k
RRNZ E - THELZT VLT U =% — LaldEn
n-OctBr & KIS L TAERTH2A V7 12 6 D&
R & L TR BTz (entry 4), ARG TIE, 7
AT UFMEATH Y LI DD SR T
L 7=(entries 5, 6), £z, 7 ¥ =N TA

VWD EGERIZM L7z (entry 7).

Table 1. Cross-Coupling of Octyl Bromide with -BuMgCl Under Different Conditions

2 mol % CoCl,
4 mol % Lil
2 equiv 1,3-butadiene

n-Oct—¢-Bu + Octane + Octenes

HLABETH 0 | F il &% 0.1 mol% 1 2 THF, 50°C, 5 h 3 4 5
S N 1.2 equiv  standard conditions
FTEBL THRIEZR ETT D o X entry variation from standard conditions 3[%]? Octane [%]? Octenes [%]?

e Lyl = .y, I\ S 1 none 84 1 1

SO 2 R L2 R, 300107 4 2 NiCl, instead of CoCl, 7 trace 1

s N N N 3 PdCl, instead of CoCl trace 11 3

< - \ = 2 2

VEURREG LR LT =4t CuCl, instead of CoCl, 19 2 trace
= 3 St JT- )| A 5 no Lil 18 4 trace
e }\ éE {z’g é} ﬁﬁﬁ{ﬁ I\i $E é: LT E 6 no 1,3-butadiene trace 16 trace

7 isoprene instead of 1,3-butadiene 92 trace 1

Lo SOGHERE 2528 L 72,
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@ Determined by GC analysis. b 58% of 6 was obtained. n_OCtN\t-Bu (6)



W, e D7) =x— LVildEx W THE
i FHRAPH O R 217 > 7= (Table 2), AR 1
—HRTNXNT Y = — VRO BT 5T Ak
BLO—HET TN 7Y =% — Lk G FH AT
HETH Y | OFXISTEIL, s-Bu (4) > n-Bu (1)
> t-Bu (0.6)& AFES bz, £/, WThod
AL 7Y = — VRO TV VI B
L LT BT S e inoTe, —H, B K
REFFZNT ) =y — VR EEZH WG AI
VEBSIEHES T Lo Ty ARBOG Tl il £ %
0.1 mol%E TIKIH L THeT o v 7Y 7
AR DY BAT 7RI T B AT (entry 7).

Table 2. Cross-coupling reaction of alkyl bromides with Grignard reagents

2 mol % CoCl,, 4 mol % Lil
2 equiv isoprene

n-Oct—Br + R-MgX S n-Oct—R
1 2 (1.2 equiv) THF,50°C,5h 3
entry R-MgX 2 yield (%)? entry R-MgX 2 yield (%)?
1 /><M9C' 26 9t 6 sBuMgCl 29 93
C
MoCl 2¢ 85(82) ! 29 8
/\/x ¢ 2h 89(83)
MgCl 2d 81(80) MgBr
9° MgBr 2i 90(86)
\©\/><MQC| 8280 45 Bumgcl  2j @2
11 iBuMgCl 2k 77
12 MeMgCl 21 4
MQC' 13 PhMgBr 2m <1

2 Yield was determined by GC. Isolation yields are in parentheses. ° n-
NonBr was used instead of n-OctBr. ¢ 0.1 mol% of CoCl, was used.

BEFHIELTL, TAFRLIa—V R, 7L
FY R, b7 — b DBFHRETHY, *inT
DA DB mIE TH: b AL7z (Table 3),
%%Fb LT, Tk e Y KPR

FFLAERIS LRV LT, L0 gf[EH
ﬁ (R T R ERT DT VRN TAY

RIS 2 7 v 7V o 7R & L DL
FTH R, AMERIZT I ROT X —)L,
TRATNIRED T ) =% — VA IK & B GG

TOEREEZATOEEICOEMATE T,
Fio, Onu A E W TSEITE. ik

T NALTa IR, T a ) RBIOY
FEE7a I RERKFELTL BT ALF LT
2 MUORFE ETRIIZIE L, XIS T 5
v I TN e LT DT,

59

Table 3. Coupling reaction of various electrophiles

R! 2 mol % CoCl,, 4 mol % Lil R!

AIkyI—Br " g /kR 2 equ:;ior;rsfz — R?
1.2 equw ! ! 3or8
)< X = 62% (24 h) N
n-Oct I gt‘)l/?% ©/\)<
3a from n-Oct-X OTs 58% 8a: 95% 8b: 86%
TBSO

8c: 88% (86%)

S 4% (80%) d 8g: 69% (67%)

8f: 95% (91%) from Alkyl-I
Ety N

8h: 79% (73%)

OJ 8i:81% (76%)  BocN
BOC'O/\)\/ TsN

8k: 76% (74%) 8l: 58% (55%) 8m: 79% (74%)

8n 78% (72%) 8p: 74% (71%) (12 h)

M

89: 86% (12 h) Br

Yields were determined by GC. Isolation yields are in parenthesis.

8d: 80% (76%)

8j: 61% (60%)

Br

8r: 71% 8s: 94%

WIZ, 7aEAFT BV EHOWTIRISETTo 72
FHK2), RFE— 0T UHEEOUWINT VTV
W2 CEIT T 28546, ELETAXIAT Y
TV 5-ex0-7 Y HNVERIL L BRIRMEE ) 11 3
BONDAEEMENH 505, KA TIEIZD X
DRI GONR 0T, 0, 12 %
HnpZ izl HICHEDOHWT 2B VE
BRGSH, 7V = v — )Lal3RoE I L o3

ITLTWWWnWZ EnfEsd e 3), Zb
DFER LY | REOSFHETIET P FEdRIiEAe
LT enWEBEZX b5,
3 2 mol % CoCl,
4 mol % Lil
4 2 o 2 equiv isoprene )/\L R(2)
/E\lLB: R Mecl THF, 50 °C & 10 R+ O:\
9 2 5h n-Bu (2j) 89% <1%
1.0 mmol 1.2 mmol s-Bu (29) 88% <1%
t-Bu (2a) 81% <1%
kBr + R—MgCl THES:(f(:ée kR ’ \/\/R
12 2 12h RMgCl 1:3 -
1.0 mmol 1.2 mmol g;‘Oct @m g;oﬁ <31€2
2d 50% 2%
BTS2 B L TRIRD A r—L
Ty T EHEELIZEZ A, 50 mmol A — /LT

& M7 < BOSTHEIT L7230 4),



2 mol % CoCl,
4 mol % Lil
2 equiv isoprene @
ClMg THF, 50 °C, 22 h -Oct
1a (9.7 g, 50 mmol) 2a (60 mmol) 3a71% (6.0 g)

n-Oct—Br +

3. a/N)L MEED RSB
BOCHEREIZ BT 2 3R 2155 72l BHAKSHR
fbL7z7 v r7e~<A K 15 # W THE %
AT Tefb R, ROSIESER 7R NN R & > Tt
TTHZERHLNERo72(5), Thbb
BB DFEA TR B BE X SN2 Bt Ci#EIT3 5, =
AT, TAXNLT AR ER LN & EF
BELRWFERTHLHE2, 3),

D Ha D Ha D Ha
/@/’Q( Br as above A t-Bu 5 t-Bu
R _— R + R
D H, THF,50°C Hy D D H
tBu ® 5h tBu ° " By °©®
threo-15 erythro-16 (inversion) threo-16 (retention)
+ 73% yield Jap =124 Hz Jap =6.9 Hz
t-Bu-MgCl >95 : 5

I, B S ORRE 21T > 72, CoCl, % Lil
CIRFIED T X U U AFIE T, OctMgCl TALER
THE, LMK LT LS SBOF 7T~
WELDHEEBIC, 72 V0 gibik 17
DIMIIBERZ AR T 5 2 & D3HEER T & 7= (Figure 1,
0), Natta 35 X O Hofmann o 385K A 37 & o
T D ELBUS OMBHENERE TH 5 2 & A
HLTBY ., AEISIZENTHEE O
PERLTWD EEZDBND, RIS, ORI
W7 ) =y — VR z b L7 2 v
D ZBAC RIS e AT 1R L7z (Figure 1, 4,
—J7. TAFANTA FITELSOSITRE L
RN &y Dy T=(Figure 1, ),

n-NonBr
N 3.0 mmol
10 mmol or =
CoCl, + Lil + n-OctMgCl M/\
2n THF, 50 °C  s-BuMgCl
0.1 mmol 0.2mmol 0.4 mmol 10 min 3.0 mmol 17
1200 .
- T S 0o
S 1000 : //e T 0
c '
6 H - : i
H o without addition
3 800 Addition oﬂn-N?"
© ' ~
3 .
S 600 \
E. v
= 400 20
5 o ! Addition of s-BuMgCl
T 200 4
[} '’
g
0 T T T T
0 10 20 30 40 50 60

Time [min]
Figure 1. Time-course of dimerization of 1,3-butadiene

Thbb, SR A TSNS T, &RHIZS
V= — 3L R L, 7 =F K% 5
Do DT =F MEEEERN, TAFANTA
NERISLAEBMZ 525 &2 05, Bl
RLUTCRRIT, T DRHE — RBRE B TERBRE 1T
TAXNTHNFETEEG L TEH6T, S\2 #
HCRIGHETT 5, Zhik, —ETBEIC X
DT NFINT I HNEETDRTWEEFED 2 3L
MR ST By | T — MEAE R T
DA DR E R CTH 5,

B DOFER S Scheme 1 (2R SO
riRE LI, T7hbb, Hba v BT v
NI =x— i3RI k> GEe S, 1=
2V MNEPA DT RIS L OB K
FWEEIC L > TasL e B U REEA(Co—H)
DAERRT D, ZANETMAIE LTMA T2y =
R USSR A &2 52 5, Z Of AR B pE T
B KENEEAZBRHTILNERSHD Z 0D, B
KFEHEFTZ2WT ) = — ik E W56
WIS EIT L2V, ZHUE, AFABILONT
==V 7Y = — VRN SO EZ R S 22 o
7oL L —E9 H(Table 2), E UK A L
7V = — VR ENS L, T =F MR B
WERR L2, TAXAANTA RERIET S
ZEicky, EEL LIS C ERBLTH
VTN AET D &L HITEERA Z T
£ 2,

CoCl,
R(CHy),MgX

1/2 R(CHp),H
12 R

4
R(CHy),MgX $’
) \\A/ N MgX,
R P \\CO_R-
I YR
Co-H R-R' \\\/ c

Scheme 1. Proposed mechanism
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[ RN Nl SR A A b G Y PN i N S =P IR
ST BIRE 0o I - 3R D IR IS T RE

ERTLEBNOMBTHL,  Tihbb, BERIT. LB
B CREE DB 2RI L, S HICE 2h07T
J BRSO & ORI & - TRHRMICEE 275
DRIk Y KISOME & HIFEE 5+ O SIS R ONLE )
OMKERIET D, Flo, BERBEROK 30%T, TEHEF.O
WZEJBA AU DITE L, BEIETTHEC VA ABEDIME % 72 <
A LS b Z2 < Abhb, @A AV, 7
IR AN & LCEREEA AR LT . MRS
BELTHX U7 BEORICHifRE., 7TV BOELSETH
B4 VXTI CIXREE R KOG % il 28R 2 R L QW
B, —FH, BRICK o TN 2R AMKSE, B
D7 ZAarh fEIEE TR ST HGAITIE, Ly
i (BN, @E. "SRR, hEE, sRIER, RIFMS)
BUETHDHZ ENEL . AFHOSERIEGEL .,
RIOGRfER SN D, TF, BREEERTLIEZ DX 3
JBEOHE L EOIERBFRRA LN R 2RI EA~D
{LZRIER b LR B2 Dob D Z Linh, XXy
BaRs%s UTHIAT 2 BB X, @ IR A #
EHBIIT O o0 —FEE LTHIHIhs 0B Th D,
ARETIE, FROH LS RSS2 & T N TAKRS it o Al
BUZ DWW TRT,

A i e
s o : )
nitrobindin apo-nitrobindin
HO.C
heme y
Figure 1. Removal of heme from nitrobindin

2. NITHEERS FRUEDERET

AR TR CROMAK SR, 32 WX RS E % D
ME ELREx IR EREEN LN TS, LOLARNRG,
AHE R CTHBEICROND X 5 RRF—REEETEESC
IRFACSOS T BER D3 U D ARG TSR E AL DR,
Lo T, Fx DI N—7Tlk, RERICIFIET DEEE Tl
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o Es
WHBO WD Z & D2 \WES % il 2 B T ARy -fil
BEAFREE L. KH - RFIZR G0 TR LU SOUS A ST (K%
POIZHEITIR DL Z L 2RATHD0,  SENE, —B(IZE
FEMETD~LH LRI EO—FTH D Nitrobindin (NB)
WICESREZH T, ~2EBRELETREEZHWT, B LU ik
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B LW R OREEE 2 3R A 72O,
apo-nitrobindin
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Preparation of a hybrid biocatalyst involving a

|
/

hybrid catalyst
rhodium
complex

Figure 2.
rhodium complex via a covalent linkage between maleimide and a

thiol group of Cys96 in the cavity of nitrobindin.
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VT T L O transfeis A RN L 72 & 2 A NB(Q96C)-RhL
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Figure 3. Polymerization of phenylacetylene catalyzed by the
hybrid biocatalyst.
5.

Db aPy MEARIL 24 78~ U 7 2AOHICIH
ETHZ LI, EHEERFLEE S, R0 TEBLE
BABG TR E S B DA OSIEEEL Z & A6
eot, F ARKRTEHRIGHEEEKT 5T X/ F(Figure 4
ZROEE L BEF LPHFIEC LI TREST 22 LICE
D, EEMOREEEZ BRICIS CTHIET 2 Z ENTRETH S
TEERLTWD,  BUE. T O NTAKRS il ofs Lt

63

EDFENTO SR OB R 21T o TRV, HoNdHAE D
LIz, Bk R ERERKISIR LT, X T BEORIGS &
BINTAENR AN B AR O SEARHIEISC K BT o8 R E S
WZIEPTTETH D,

Figure 4.
NB(Q96C)-RhL. Red stick represents the RhL complex linked
to Cys96. The molecular structure is calculated by YASARA

software.

Estimated structure of the hybrid biocatalyst,
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Catalytic Methods for Phosphole Synthesis via C-P Bond Formation
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Pd-Catalyzed Cyclization via C-H and C-P Bond Cleavages
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Rapid Access to Diverse Phospholes
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Catalytic Borylation of Amides via C-N Bond Cleavage
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