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Surface as a Foundation for Realizing Designer Materials

- Wizardry with Structure -

1. Introduction

Any sufficiently advanced technology is
indistinguishable from magic.
- Arthur Charles Clarke’s Third Law [1]

Asinall... problems the governing principle is
one of energy.
- John Edward Lennard-Jones [2]

What kind of technology do we advance to allow us
to perform Magic with Energy? What does the
Surface provide? How would it allow us to control
Energy? does the Surface allow us to perform What
kind of technology can we advance that would allow
to perform Magic (control) with Energy?
Structure.

Structure determines material properties. The role
and importance of structure could never be
emphasized enough. We see this in textbooks on
condensed matter physics. The first few chapters of
the textbook colloquially known as Kittel [3] starts
with the topic of structures. Even Ashcroft &
Mermin [4], known for their deliberately unorthodox
development of the subject of condensed matter
physics, could only go only so far as three chapters
before succumbing.

The Born-Oppenheimer approximation [5,6], or at
least its modern/current textbook interpretation, has to
be invoked (perhaps implicitly) almost every time
before one could continue to discuss electronic
structure. An exposition in the preface of Dynamical
Quantum Processes on Solid Surface [7] reads:

... Aslight change in the electronic states
making up a solid surface interacting with
atoms or molecules gives rise to a slight
change in the position of atoms and molecules,
which in turn initiates further a marked change
in the electronic states.  Eventually, the
dynamical process of atoms and molecules
proceeds on the surface ... [T]he ... surface
provides us with a stage for studies on the
dynamics of complex systems. The close
contact between atoms, molecules, and solid
surfaces gives rise to elementary processes
such as atomic and molecular scattering,
adsorption, diffusion, molecular dissociation,

Wilson Agerico Difio

atom rearrangements, and product desorption,
where state transitions of the corresponding
electron system are closely connected with
changes of atomic and molecular motion on
various scales of magnitude with respect to
time, space, and energy. For this reason, it is
not only interesting but also necessary and
important to study the excited as well as the
ground states of the electron system making
up a system of interacting surface and atoms
and molecules. ...

In the following, we mention some structure-related
case studies in determining and controlling material
properties and reactivities.

2. Adsorbate Mediated Surface Structure Analysis
(cf, e.g, [8,9] and references therein)

Catalytic reactivities of surfaces depend on structure.
It goes without saying that we need to know and
control surface structure. Industrially relevant
catalytically active surfaces exhibit defects. These
defects serve as active sites; expose incoming
adsorbates to both high and low coordinated surface
atoms; determine morphology, reactivity, energetics,
and surface relaxation. These, in turn, affect crystal
growth, oxidation, catalysis, and corrosion. And yet,
we still lack a full understanding of the structures of
industrially relevant catalytically active surfaces, e.g.,
copper (Cu). Systematic experimental analyses of
such surface defects pose challenges, esp., when they
do not exhibit order. Most  structural
characterizations deal with clean surfaces and pristine
crystal structures. Sample surfaces undergo
pre-processing, such as annealing or irradiation,
before actual characterization in a vacuum chamber.
All of these done to lessen the effect of contaminants.

But, even with the most well-designed, well-baked
ultra-high vacuum system, hydrogen persists as
background gas/contaminant/adsorbate.  With just
one proton and one electron, its simplicity and
ubiquity notwithstanding, hydrogen continues to defy
understanding, much less control.

Recently, we took advantage of hydrogen’s ubiquity
to determine the structure of clean Cu(410) [8]. We
found that any slight (ca. 0.1 A) displacement of
Cu(410) surface atoms with respect to an arbitrarily
chosen reference structure manifests as either a



broadening or narrowing of the corresponding
H-Cu(410) potential energy curve. This suggests the
possibility of carrying out adsorbate mediated surface
analyses, with hydrogen as the (chosen) adsorbate, in
this case.

To further test these ideas, we use adsorbed CO
molecules (another common contaminant) to probe
the surface structure of Cu(410) [9]. CO exhibit
properties that depend strongly on the Ilocal
environment, e.g., coordination on surface sites,
which again manifest through its vibrational
frequency. We demonstrated how surface
corrugation, i.e., the surface structure, would manifest
as vibrational frequency shifts of CO during diffusion
on the surface.

3. Controlling Material Properties & Reactivities

3.1 Continuous Change in Optical Property with
Defects/Impurities/Dopants (cf., [10] and references
therein)

In semiconductor  production, intentionally
introducing  defects/impurities/dopants allow  for
controlled modulation of electrical, optical, and
structural properties of materials. But we do not find
such techniques exclusive to the semiconductor
applications.

Recently, we revisited the electronic and optical
properties of silicon (Si). Introducing pores in the
bulk (in the form of Si vacancies) induces the
appearance of gap states (states in the energy
gap/forbidden region) in porous Si (pSi), as compared
to pure Si. Terminating the Si atoms in the pores with
hydrogen atoms (H) induces the disappearance of
these induced gap states (IGS). As a result, via
controlled variation of the amount of dangling bonds
and the number of Si—Si bonds in the system, we can
continuously decrease (increase) the corresponding
refractive indices of both pSi and H-terminated pSi by
increasing (decreasing) the porosity. Thus, e.g., by
varying the porosity as a function of material depth,
we could realize a material with an index of refraction
that continuously decreasing (increasing) with depth.
This would allow for enhanced absorption properties
of, e.g., passivated porous Si used in solar cell-related
applications [11].

3.2 Dynamical Quantum Filtering (cf., [12] and
references therein)

Hydrogen plays an important role in a wide variety of
applications, e.g., catalysis and metallurgy. H>
occurs in two spin isomeric forms. Para-H have their
two proton nuclear spins aligned antiparallel.
Ortho-H; have their two proton nuclear spins aligned
parallel. Symmetry requirements forbid spontaneous
conversion between these two spin isomers.
Normal-H; have a para-H» to ortho-H; ratio of 1/3, at
room temperature.

Using the surface a scattering/filtering media, we
increase the para-H, to ortho-H, ratio to 4.96 and 16.1
for normal-H; scattered along the SrTiO3(001)[100]

and SrTiO3(001)[110] of the TiO,- and SrO-
terminated SrTiO3(001), respectively [12].  This
could find significant applications not only in H»
storage and transport, but also in realizing materials
with pre-determined characteristic properties.

3.3 Corosion _Control/Mitigation by Controlled
Surface Segregation with Alloying (cf., [13] and
references therein)

How does alloying prevent corrosion? How do
reactions proceed from the surface to the sub-surface?
It turns out to be a synergy of effects and controlled
energy landscaping, as we found by bombarding Cu,
Cu-Pd, Cu-Pt, and Cu-Au alloy surfaces with beams
of hyperthermal O, (ca. 10* km/h) and characterizing
the surface after reaction [13].

4. Summary

As a final note, I would like to reiterate that it is not all
about Structure. It does provide us with a means to
do some Energy Landscaping. But we still need to
know what Dynamics would result. Hence, the need
for more fundamental studies. And the Quest ...
Continues!

5. References

[1] Arthur C. Clarke, Profiles of the Future: An
Inquiry into the Limits of the Possible (Henry Holt
& Co., 1984).

[2] J.E. Lennard-Jones, Transactions of the Faraday
Society 28 (1932) 333-359.

[3] C. Kittel, Introduction to Solid State Physics, 8 ed.
(John, Wiley & Sons, 2005)

[4] N.W. Ashcroft, N.D. Mermin, Solid State Physics
(Saunders College Publishing, 1976).

[5] M. Born, J.R. Oppenheimer, Annalen der Physik
389 (1927) 457-484.

[6] M. Born, K. Huang, Dynamical Theory of Crystal
Lattices (Oxford University Press, New York,
1954).

[7] A. Okiji, Y. Murata, K. Makoshi, H. Kasai,
Surface Science 363 (1996) vii-viii.

[8] J. S. Gueriba, W.A. Difio, S. Mizuno, M. Okada,
Applied Surface Science 528 (2020) 146433-1-6.

[9] J.S. Gueriba, N.B. Arboleda, Jr., W.A. Diilo,
e-Journal of Surface Science and Nanotechnology
18 (2020) 307-311.

[10] Y. Hikita, A.A.B. Padama, M. Rittiruam, M.Y.
David, T. Seetawan, H. Kobayashi, W.A. Difio,
Optik 224 (2020) 165539-1-7.

[11] K. Imamura, D. Irishika, H. Kobayashi, Journal
of Applied Physics 121 (2017) 013107-1-5.

[12] K. Shimizu, W.A. Dino, H. Nakanishi, H. Kasai,
K. Takeyasu, K. Fukutani, A. Yajima, Scientific
Reports 10 (2020) 5939-1-11.

[13] Y. Tsuda, J.S. Gueriba, T. Makino, W.A. Diilo,
A. Yoshigoe, M. Okada, Scientific Reports 11
(2021) 3906-1-8.



PRI T R R

FAZEALZ R U7 B A0 2B D5

1. EL®IC

TR BRI L LB I3 nm 2 7 — L DG %
H—rry hELT-EE T o Z0HIEIN KD 5TV
5. BET o AT T L BEERGEEE, g RS
TROFTREREEGE D, EERBRDEKNRT
NAARBICEAETHAEBERTERETHS. LML,
EREDF ) A — B W TR IR G & HH 3 5
ZEIRIERICREECH D Y. FRIREROIRIEE VT
Uz MESICBWT, WAL DB T ToN
—T A INERETDHZEIX, T A= IZEBWT
MO CEELW. UL, AFROBLENSWELS)IC K
DV FIEORIENBIETHRO N TND.

B, EIRORZFTBRT D701, WEBEERE L
THZLZFR U728 Loy s (BEETEE) 234
RHINTWD., ZOREEFRTITET, v kI
K2 @A L OBBEROE#Z L2 ¥ o f _EOHKIKIC
W& AT, iREEESES. 2L T, Rl biEKx
ENT TR SE D Z LT, N—=T 4 I VEBRETD.
Tat Rl LTUIEMARTIETEDH DD, ZOHEIC
X0tk T = v FEEHETIERETE Mot/ A
=V DR—T 4 7V BRERENR N ETDH 2 LR
ENTVDP. L, BEESFICIIEEA =X
LB L TiE, OBEE R S—T 4 7 W h &2 KIE
7, @QKOEEROEREIZE, SO RN ST
L0, EBRCTORENHETH D Z & 06 KM 725
SYINE\N. T A VIZB W TCEIEBERE N ED K H
WZAET DN E WD B0, ERERmNIEZ L TN—T ¢
INEERNT LR N ERIETONE VST SN, K
WA SN D RERETHS.

R L SR I TR BB LT, T ET
DOWFZETITIF L A LR~ 7 a7 8E DR 12 b
DN HARE LRI L BE SR m oM AR 25 U T
7200 UL, 7/ A7 — 20 CEelE S m s chs
FICEDE I RERERIETONCE L TURIELE AL
D72 SN TR WONRBURTH 5.

ZAUCH UCHRGIE T, 5y TBV 1R AT & R [E B 5
R O EAERIZEH LW < D008 LG B
TV MY AT, T/ A7 — VB0 CREE R
DT RN KIETREL LT, BmEicftE L)
J R EEE S A R IE TR A A LA RSB L

10

[ YIS S

Tilk B,

2. HEAE

RIERZM 1IRT. FHREARLE LT, Pt EER LICE
PEK) 2. 4nm @ Si KL F3MFE L TR Y, Bl L0 LI
KGFTRIZEINTWD., BREMAE LT 5 vy FHNl
I TEIEE RStk 2 5% 0T, 2 J7 ) BRI I L ZE i A 5% |
TUW5%. Pt BEEAERRJR7HIZ1X, 12-6 Lennard-Jones
KT vy, SiJRFRICIESW AT o b, KT
FIZIE MW AT v v v x AWz, Fi, BERT - 5
TN EH « 2 F U7z 12-6 Lennard—Jones "7 > o
¥RV () =4ae((c/1)'*(c/1)°). ZZT, r
XEF - RISt EZ R L, o, ¢ 3RTF - OFEA
DINTA—=ZTH%D. REFA - FRIORT ¥
NTHEHA LI ART A= 2R 1ITRT. FHEAFEEL
TET, KD & BRI % Nose-Hoover ik,
Langevin JECZNE 274. 6K 12 L7=. Z 2T,
274. 6K (X mW AR T > v v LORSTH D, RIZ, 2>8.0
nm DIKGFFDIFAET B iEIE & BE 51 %2 268K (2 il
THZ L TRNICEFBBIL A2 AT S, Siki1 ek
SO EAEH AT A—4 L LT, 0,=0.006, 0.06 %
AN, KRG —RBEm 7, SioRL7— Ky FREICEB
TIX, a,=0.006, 0,=0.04 ZZFNFINH .

(B
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Table 1: Lennard-Jones parameters.
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Fig. 2 Snapshots in the solidification process.
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T BB O ST R E S B> TRBY . G A
H=ALZET D E R DT BLETH D,

Fo, KOOI R ERbAl & T X 2 BRI
R AR 1T, REEER (H0C1) L ilErmeIx
—E R EEA E LTRSS TV AILEME TH D,
T, AV v OHe | HOO « | 0y « (A7 IEPERRSE
FThoD, 2T, FHIA L & KISEORBNT X/

Rate constant for PNA [M! + s71]

0.001 0.1 1 10 1000

0.01

100

Met 1.6 X102
Trp

Cys

Tyr 0.24

Lys 0.056
Arg 0.050
0.040
0.028
0.025

0.021

Leu 0.019
Gln 0.019
Pro 0.016
Asn 0.016
Ala 0.015
Val 0.015
Gly 0.013
Thr 0.0080
Asp 0.0080
Ser 0.0047

2 IEAHER L AR AR 27 X R 20 FEH O SOG ER
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£ 1 {HRETOMOICHIOLERZRT 547 I /1
(XS ES M s

Amino

acid BRHAE HOCI [e} OH* HOO- [e5 PAA
Met (L6£0.1)x 10> 34x107  40x10° 83x10° <488 <033 4.6
Trp 1.3+0.2% LIx10*  7.0x10° 1.3 x 10 <24.0

Cys 0.39+0.02 3.6 x 10° 4?0:( 34x100 <601 <15 >5.8x 107
Tyr 0.24+0.03* 44 10" - 1.3 x 100 <10.0

Phe 0.02+0.01 54x102 65x10° <180 <0.36

Ile 0.02 +0.01 - 23 1.8x10° <389 <20

Glu 0.03+0.01 20x 100 23108 <30 <0.39

His 0.04+0.01 LOX 105 27x10° 1310 <95 <1 1.8
Arg 0.05+0.01 26x100  60x10  35x10°  <63.0 <0.13

Val 0.01+0.01 - 2.0 7.6 % 10° <0.18

Thr 0.008 = 0,004 - 58 51%108 <125 <021

Leu 0.02+0.01 - 0.0 1.7 % 10° <23 <0.21

Gln 0.02+0.01 3.0%102  9.0x 100 54108 <23 <0.25

Pro 0.02+0.01 3.0x 102 48x108 <173 <0.16

Ala 0.01+0.01 7.0x 100 7.7% 107 <44 <0.06

Ser 0.005 =0.003 - 7.1 32x108 <546 <0.53

Asn 0.02+0.01 3.0 x 102 58 49x107 <538 <0.16

Asp 0.008 = 0.005 - 1.0 7.5% 107 <12 <0.18

Gly 0.01 +0.01 33x100 17x107 <486 <042

Lys 0.06 = 0.01 5.0 x 10° 6.6 34x108 <133 <33

Ref. This study [56,219] [207] [208] [114] [114] [211]

WZDOWT R U7z, iAEEE & Met O EMEIZ HOCT & M
et, OH+ & Cys, AV v & Trp OIS E R THR D T
’mnotz (FNFN 4.3 x 10°, 4.8 x 107, 2.3 x
107 5KV, — 5T, mEERE & Cys, HOO - & Cys, 0,
Te & Trp OFUSE L IXFRRE TH -T2 (EhEh 2.8
x 107 2.7 x 107MHIK<, 6.8 fFEVY), WIT, KE
LA T X/ B 20 RO P CRIGHED@mWT X/ BED
B g Uz, RSN R RS2 R LTz 4 FEFHO
7 B (Met, Trp, Cys, Tyr) #&ienEE 1.0
X 1070 M s BLRICEET D &, mEEE 2 bR < i
OALANL 7 FEU EOT I VB EKIST D2 END
Mhe ¥z, A >, OH+ . HOO -, 0, + X 16 L. |
OT7 I JBIZK L TRISEE R L TS, ZThbDZ
D IRIEERIT AR R T 2T X W 20 FEEIC
L CRUEZTRTT 2 JBOFEIEN D72 KIGMEA
RT MUVBBD CIRENTH D Z LRSSz, £,
KT X BRITHRT D BUSFERMEIC OV TR L7, Met
WX DA EE O BOSHEIRE . » T < L2 F RIS
PESE N2 7= Trp & LRBR U T 120 5 M @& oo 77,
PAA % B < BR L AN LAY RO R BAE DMK < L e b RS
PEDOENT 2 EREEICIT 2 FIELL LT I JEBNE L
7eo PAA I Cys 12 L TRV RISHEE R LTz, Met (2t
U TSR RN 2 £ o Al ol g ie O iz #HE S
TELT., ZIUTRMEONA FIEHEZ%E 25 ETIE
WICEERFETH D,

I T, R & IR ORE ) L5 DT
BRI T A RSHEICOWTHERT D L, 72 JBRIC



X9 5 AR O BSOS X R B SRS & el LT 107 i
RN, L L7Zed B iilEE DB WVREH T2 0 ORE )
R (TR MIERIR L X CRIBRE CTH o7z, —
AR AN O SRS L BB NNTHHIT 2 e Z 2 b D
T b, miEEE RHERBO 2 b oMt —
H—DR—FUIREFRIENERTH D, ZOFET
LHFEBEREZTAT G E LT, RO 3 OBEZH
o, E—c, BE 7o R 2BV, BERICLAE
K& O 13X B 72 DR 07 vt AL D
I/ > TV D R[REMER B 5, #l 213, B E A i
A EANT DL T a2 ERBEF oD, & I, fla
IR L7 R i B e N R 0+ & F B 5 L
7RVE CRIRICER L CEE St FREDENRE L
RTFLTWDAREMED & 2, 25 =12, AR OO R B AR K
MR REE L B D REERDH D, T bbb
AR OMFHERIC X 2 MaN & v 7 AR O EIC X
LEAEORRETH D, MANICHKIT 22 v Eh
RELETIHAEDELE LT NIV A 27 U RN
ALTVD D Met & FFRANCEOURT D RAEIKITS F TH
HIN TV, RICEAEERIC X 2B E DS HIRRN O Z
VRV BOEMEICLDZLDOTH T ETH L,
THRR X HT R AR IS 2 T D IER IS A H R R AN e
LTHHD, Bl DEROT- DI, MilaN O EIR T O
ST AR R 0 1 & DISA R DM, FAE I D
HALFEFZE DS WIS B 2 bl b,

2. BRILFREIC & 5 BIHEE O FHEETl

IR 2 W7o R @ BAfr 0 bz BHE L TV D25,

TG & UTEMMEEIT I 2Dk, EXRIICIRE
ZHETE DFREORENILETH D, KRR E
FlE By @RI =RIE TIEE S 2 S5 10 HFRE D
PR E 7o TR Y, R ZeEE2b7206 10
TWD OB L AR>S TWNEDTH DA, FHELPE
EATORNCEVRIEN AL D &, BORFEINELR
RBRVIETH LD, REOEREITHEERFRET
b B, FERRE T, HEEaRIEEZ AW RERE LS
WTHEY, EREICEENITADIHENZHBEATHD
B, PHEMEIIEENVE L5 DB E ITH AT
DIFFEERICNEETH 5, £ Z THBEWWRAIE & 7] 6E
ET 50T, pl A —F —DRRICERIL R TEE
AT EE R E 1A DB 2 D TV 5 [5],

BERALFREE &%, BRWIE 5 Z N LAY RO6
ZEZISELHTET, WKFTOA A U RBREWE A E
B EMST 5 FREOZ L2V D, AFFETIE. R
IEFZED I BLOY A7 Uy 7HRNVE AN —IER
a7 r_u A NY =ik IS HE F Tl
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o
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Potential [V vs Ag/AgCl]
3 BRI OV A 7V v I ARNE T T A
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M4 HAWSEEICBIT DA 27 ) v I RVE T T L
D3 21T o512,

YA 7YV HRNE A RY—(CV: Cyclic Voltam
metry) VI, ik L7=¥ v F ik o b EMm AR L.,
FIIN S 2 B 25 ¥ & & i2iin 5 &tz HE
L. T 5 FETH D, CVIBIZE - T, BT
LBMERTHBRTHDLYA 7V v VRN FET T A
(CV B BE SN, FNEMITT 2 2 & CRECILRL
R ERET L2 NAREThH D, EBRTELN OV
HiRR D — B 2 X 3 1ZRd, 1.2V DU Tilahlme Omg{b,
FISMEA LN TEY , #@EOBXLFHE TIER L
HIRICICE D WONIT R BNV, E— 27 BT RS
DOHEFHRTHEZLND Z ENHMOLNTEY  nliI L E
FTELFIL 7 7 77 — B8 AIXEMIEAE, DIZIEHR
RIFZMER. TITMAHRE ., cl3IRE., vITEM ORI
M Z R,

I, = 0.4463 x nFADY/*(nF /RT)"/*cv'/?
RoEEAER T 5 2 & TR Z RO D Z & 23w
BRTHY ., BRI LIEEREZRK 4 1277, 74 v
T A T INERD DAV IR EUL TR ORI
BTz,

1.22 x 1075[cm?/s]

a7 e A MY —3E(CAYE: Chronoamperomet
ry) b EARWREXULFHEED 1 D Th 5, EICH
M DEZE AT v TRICE ST & XN DHE
OB ZfENT T HREFETHDH, ZOREHFIE
& o THHARBO UG E B, IRER EOE RS
W&aITS> ZENTED, 1.2V OBELXEIINLZBOE



it DEFRIZEAL > & 3K O T IEHURBUT T RE O RR 72 B & 72
27,
1.70 X 10~5[cm?/s]

FIENDOFETRD B NIRRT RIT < o
ZNHDHHLOO, JFEMIZIZFEEOMETIETH ST
WIZ, AHBOBFEIZL Y L0 ERECRIENEETH D
Wk D,

WAHERIC BT A0S 1T S 12 8% < 7 < JEHUR

B LT oI ERNR T A= —THESNTE LT,

ZOE ) RBEBLALFRE X EICREEREEITOICE E
59, WEYLFER R8T A =2 —DHRIEIZ D/ MNHEH
FERMETHD EEZTVWD, BRALFHREITITEN
WIS CTREA R FIERH Y . o I B RS EA TR
VNIE AR O W ERAL PR RS HE R 2 R 5 I b T
STIHFICHBERNMESFETHL EEXLND, FH
A& L ToEMEICHIT T, ERILTE 72 F1E Ty
OB R E S EHT L Z LMD,

3. BWERICKD7IAAFBAVNRIVEDRER &
Ui Ra S

2RI BEDOLLAIMHER DT I v A NEEKREZE
L., ZOMIEMEIC XV HEx RBEROFRIZ/ZR S Z
ENH LN TS, REVDRERTHDLT LY N~
—IHOJRR D1 DX, 7IvnAf RBEXUNIEWBBR)D
BERERTHDL EEZ LN TND, ZDH, IR
T B D72 DITEEAR DT B A B3~ 2 b & O WFEH
HEHONTE, FIZIE, VAT T ek iRk &
AT A B, BESEIRTE AR 0D 4 K USRI AE 73: M D i 233
ERE SN, — 5 B IZENEZEO 1 > Th Dl
IS | ARIREE CHRVWEREN RN DD Z 2 A LT,
PNA JEEEIR, HPE pH CHRESKIET D700, B FER
THEEMENERINTEY (6], AFFHIZE L T
HEWR D, AR TIL, WIEERIZ K D AB DEERIE
B~ DR BT L 72,

xR OB L ABA2 ZRUSSE, U R
FRAEMZTZOBIZ 37CT 24 BiElA o Fa2— 1+ %
{Tolze FA7FE T (ThT) ZIx THOCHRE %21
ETHI LT, BEREZIMN LI, 7o, EARBAMEE
(SEM) ZHWT, AB42 DIWEEEZMER LIz, S5,
PN EMREERET L E LTSN TWAE T >
BB A AR (PCL2 M) (cushn L., e
FEER % MTT 12 X 0 374 L 7=,

BB OTFE T, FEFEFTA v F 2= K L7ZAB
42 T ACET D ERE R A ThT assay (& 0 34l L
ToRE R, IEAEEEIE RTINS A B 42 DUEREED D L
TWi=, WRIZ, 2B DY 7 )% Filter trap assa
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YIZEYD | A X 21T - 7o fs 5L, AR K7
12 A B DEERY A X3 LTz, ThT assay 3 &
O'Filter trap assay OFEHENDS ., AR L7 IBIEERA
I3 A B A2 DEHEMHINREZAT L Z LR ENT,

WA, MR NE 2 FEAM U 7245 3, IR ARER (7AE T ChEsE
BB DIehote AB42 YU T NAOBFEMENKL 72 o T
LI ENDNoTZ, ZTNHDRERNG . IWAEEEEIRIT A
B 42 OEEER L O EE 2 KT 20808 H 5 Z &
DHHGLNE I o T2, %I, HMlaErE% MTT assay T
HIE LR R, B A AR IR T LB bk E N
FleHrHEMNE G2 THY, GE: LR Uil KER
EARS T2 2 & ClREBEROmEEL IR T52 &
DRIz, BUEIL, WAEEREIRP OSRTIZ L D AB4
2 OEEMGIN R L OMaEE~DF 51220 TE
BERFZED TN

4. HiEE

AL TITW B O FIPH & 8 2 72 BRI 22 if
IR ZED TR | kxR S5 100
NZiiz 5% < OILFERFZEE O IEEHT 5, R,
5T FITRIRE SEE TSR T O ) 1R EATFFE A
WEME P TRE RO SR HE RS e 138 R
WO RGN FFNERZ, EFILENL S e
Z —HURBE DRI RBIFH R, #EEEM T OZIRKTO
JEAREGR . 7T A~ 3T 0 B AR FOFRAESCHIH
B, NA A A A =T TIEIHEEB RO ERA T
BOERIIIRERH L TBET, 2. TRDAH
w7 PAEOERRIC bk 7R F25R A fikfe L T TIA
X, FOEBSEICHTLEITEIRL WT — X DL
PRI L TN IR ST 5, 51 & fe s B O W)
TR OMIEZHEE L TVWE N EEZ TN D,
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KOG IEEH AT FERE M BRBE UG a0 B
BNCT H SPECT &R 5 R e R BEL O & D EERRIRRET

MH B, EEEE. B FHEL
1. XL®IS @ﬁyvﬁﬁ%w FE T R ORI TR K] 0D R R S
WA T LW ATBIEE L LT R U= hiHeg WCAFET DB COFANC /R D, ZiLhs, BNCT-

% (Boron Neutron Capture Therapy :BNCT)23{EH &h SPECT @%fﬁé”ﬁﬂ/ufb\éo DD, BT AT
TW5b, BNCT &id, BATFITRT A UHE LB L "D 226D Y A—=ZBRUE LIRS, T XD MERE
VFBSN T & OBBRISIZ L > TA L ahi & X, BERHRSEEAS 4.39 %, ZEHIA0FRBEAS 5.1 mm & 720 |
T LRLAIZ L o TH AR % SEIR S & HIREIETH EEIOEE (5%, 5mm) ([ZH72 0 ITV,

Do

n+!% — o +Li (1) # 1 BNCT-SPECT Dkt

RUEBNESEMRICOAZECEGE, T OEE Design item Design result
RO B Z IS ED Z ENTE D0, BEHHIEE Material GAGG(Ce)
TIXME— SR 2B T 5 L Ebh T bRk Seintillator Dimensions 3.5 x 3.5 x 30 mm?
HETHDH, TNET, 7”5‘5@75%@&) DNTEEZN, TS Material Tungsten
J—T DIGFEEE DN VEE ORI AT 243, KIREFRK Collimator Hole pitch 4.0 mm
GRS S L7z, BNCT 1L, 2 O3 R v gk a2 1] Hole diameter 3.5 mm
HESNTOWBIBEETH SN, THMICIXRIELL b Length 26 e
WESHATWEY, LB A5 0RKOBEIZTHEFIET Design goal item Performance (Goal)
Hote, LT, WITEMINLTWNDHON, JEEENT Statistical accuracy 44 % (5 %)

DBESHDOIBIET Y T ILE A LERTH D, Fr D Spatial resolution 5.1 mm (5 mm)

I N—7 TiRE OB ERRT < () ROBRISIC
Ko TAELZBEIRED Y F 7 A0 b HRMIC KIS 3. RER

% 478 keV Oy #AFHAIT 5 Z & T 3 RoTERIZ T LR OBRE A S & 1T, BNCT-SPECT 2D ) A —#
% B KU W B 241 (BNCT-SPECT) D BH % % o OVEREMER R A T 5720, K1 O X H 7K
DTG, BRAREME LT, EICARZ TS0l

Al FOFRFEK TN, T ORE., HiEENH A—=ZTHY 425D a) A—=XHLEHiTND, TD
BEICH LY XY ORETHLZ B ohote, & T2, BT —7TEPNTZ GAG v > F L —2NHRZ
DOUEE BiE L, EBED SPECT ¥ AT A% E 2 -84 TW5, & FIZMPPC A3 FHAGA F 72 FHAPE E AR &

KK AAXTHD7 v A b= B Gzl F L, [ EELTWD, #FRIE, 2 A—=2OLEHD 1 S>D=
i b L <IEFERFFFHANC KV e T » 7 TE 20O UA=ZIOEICRE LT, 7ok, ZOBHETa ) A—

EEDT, X EIN13 cm@iz%é.\f‘&‘o
B 03, 26 cm (BEHE) 12

2. BNCT-SPECT M s&EHER WTHEREZITH- T, 71

FP. EATAFFE P12 L % BNCT-SPECT D=1 Y A — & J 72 L. 26 cmDFEHEIL,

OB AR DR EHRE R 2 & 11T, GAGG D dh LI FHAE FE N B < IR 7R i R

e MRRE S LBUR R H B3, v AR FHE 575) BEEL W2, A1 13

BT, 478keV IZxIT D2 HRITF < LA 6| 2. 22MeV O anEROLERT. £ IR
IKFBOFHIE y BT LD ) A REERLE R0 K 9 ITHRE B O BRI L. LT
T2, Flo, AV A—=FIZHONWTIE, B 26me H v Jbm a— K PHITS
R RERBKMTAR> TS, ZhiE, BNCT OER5 a— K&z,
BRI T T D 2 L ICBIRA B 5, SPECT CTRH 1 =2 A — 2 RS ERE S
L 72 W I, TR O BREE X 0 fATH7 & 550 478keV
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4. REER

2120%, 2V A= EN 13 cn ORFOFHEFE R %
9, QD GAGC IFAEDOE FIZERE L T\ 5, Q1%
DAY A—=FHDTFThHD, ZNENOWE DAL,
PHITS LMWV —E 2R L TW5, K3 1%, flodiEzifE
DEHOHZZFH L ERERE R LTS, Onb
QOIZAKT D, Wbhbwb 77X h—27i%, K2 o4 L
YYD RSN HE 3 OROBBEDO A EH E BN
D725, PTHIS IZ K DA & DT, =L F —
IR EETOAR—EIZ R O A, MRFEILT
W5, BE&EEES) / (ZaA—2) OlITHET
DU DRER Lo 7o, 2 FRE LR S Nz, L
Landn, bbAAal A—=2FZ b2 b, fhoBimk
DEPWOSTZENEOXREITHHI2D, 13 TIHEX
MRV RNZEEZRLTWD, 728, 26 cnDFEBRITH
FHKSEE AN T2 605 L TR WS PHITS O 3L /s
HlX, 2O, 0.3 FEE TSR ENGho
T+ as a5 2 LRI,

¥, L EORERZ W, [FIRGEHE L FERIRF R K
HE—7 arF OB EITHOWTEE
L7z A, REEHRO G R, @miictk
ERNENZ ENToT2, 26 cmDFF, &

BYHREEEINRY RIADD L TRTEXS, 5%0D
A E LTI, RSB ERAT 256, v BB EDL D
ORBHEIZRICAT Lenid, TOy BB ELLOM
HEHC AR L2 LR L0 B0 BEET,
FNEEODELIICLTHET D, ThD,

5. #MLSHRDERHE

AWFFETIL, 7 v A b —7 BlGe% BNCT-SPECT % & D
PEREMA] EITIEDE R WG LTc, £ Of R, [RIRFE
IR, latEReEm BlcF 5356 2 Edboo
7o BRICFEIREEIL ) A ROEHNRKZ VN & S
METroTo, Lon L, RIRFFHEUIHSBRD &6 HICAS
L7 gin b WRER S A 728, MEEm BT Y12
ENEDO0N, F-oE D LTV W,

SRITLLT 6 RIZHOWTHRET Z1T> TV TETH
Do (1) AR, FERIREEHE D EERRGET, (2) [RIRFET
PO, (3) BT 038 2 12356 OVERERHE, (4) /
A XADFRZE, (5)GAGG #EfmlEE D ik, (6) T 2 15k
L 7= 6k,

137Cs (661.2 keV) 187Cs (661.2 keV)

. DN lead * || lead

ﬂ@i 16% L\:i wC“]% I_/ ,C% @ N }Flﬁﬁ#ﬁ‘[’%{ﬁ) Oblique incidqr]ce ” 13lcm Oinque incidqr]f:\e | 13icm

38U DUFCHEE-TND I LEERT 1 1

JELA HIEEES A - < v v v

ﬁn\ﬁﬁﬁﬁ%%%ﬁé\&f\ﬁ%& — GAGG (Ce)™Cross-tak

PEREI LS RIAEND 2 E NS0T, A @ @0

B0 B AN 2 53 A 7RI T 2 25, \\

FRETIL 8X8=64 HEF AW _B =L L LT o \ Oblique/ =24 _— Oblique/ =1.6
é 10 ¢ V\M\¥ é 10t
E 10° VWM\WW - H‘ ? 10 \(‘/\_ ......
| e i

137Cs (661.2 keV) 10! | =ED|‘ Fangg—Black =
= N " in Fig
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Oblique incidence | 13/cm energy [MeV] energy [MeV]
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@ ®

.
<

Measured pulse height spectra (PHS).

Calculated PHS with PHITS.
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6. SCER

WAE B "R TR PR EE
(BNCT)® T2 %%” . TECHNO NET, 570,
pp.5-18 (2015).

(QFF fEKER. “GAGG > v FL—X#

% 7= BNCT H SPECT & D% et

0 01 0.2 0.3 04 05 0.6 0.7 0.8 0 0.1 0.2 0.3

energy [MeV]

Measured pulse height spectra (PHS).
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W a2 VR Yy MR

TRy b7 VLAWY Fe

1. [FL®HIC

HIERIX, HIEKRGY: (HIER) BIXOKRKUICED., K
B HAF S TWD, HIERBLIE A 22 17 1T, HERD
EWOEDHERETIERL D Z &1E, A AB/hE
W DIZRWREIIC ! 2, B E K-> T KEDOBIIED
REZANVTHATH D, KEIT, BTEHOED D
RECHoT-LON, MGERST2FER, KGR OE
BEZlf, RREIFEALESTLESZTREEND
He, BEOFHRTIESbhL TS, 0o Z LIZEL
T, ZZCldiEmm Lewnay, MIERBIG O R D/ &<
RAHFHZEMIBWNT, KBRS, bo L HoRKE
Wan EEKHOREBITEA X R, FRl, HiER
DRI ZBEND & BB OEELZ T D, =
O O ERL T, AR IE, AR L THETH
L8, BT L CHLRERMEL D, THE,
FHBICLDRFOIFCEH LBRICHEDOH S Sic
HBR DV DORFFENE ANATONTVDER, TDLH A
KR DA T LR OMBEZ R TE 503 TH D,

ik, BUE, REMICHBEHBRICT DIEO &m0
BT N A RZOWTHE 217> T\ 5, BEIC, Bk
FUHEANT 7 AAEY (Magnetic Random Access
Memory, MRAM) @ 3EALENRTWS, AFVITHL
TIX, I, WREHO KB KEZ S LIarge
DI ANATOR TS, ZHRTHE, ®IZ, HEZE I
BALC, PERERBEFERNET A ACEEHRZD L
XTERNWEA I D, TNRT2E, B LTS X
RN, < ORBEREE BAMET A A2 X 01T O REME =
VEa— A NEBRTELOTIERWD), BEar =
— XX, FHBR EOBREHR IO m T o e e —
TR BT T, NEN S SICFHEMICERT 572
DI BE R FHI 2O TIZ 72 Wi EEZTWVD,

2018 LI, 2%10 EOREME Ry F bR DM R
v AT AL D)= R—a v Ca—TFT 4Tk~
JRAE Y Ial—varyEAn, ¥YIalb—FhL
O YV —N—arCa—T 4 70, =a—
INXy U= O—FTHDH. ANERIZIZ 0 £/-
E 1 2RV, ADERIZSCTHRME R Y S oBMED M
XEBRE L, BKETEEHETSZ L THEREIE
EXE, AT - U7y s F - R ELE
it Z & CTRALO R EREZFE L, Thz U F—nN
—aALUVEa—T 4 TOREELTHWE., 70, #
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hasE L IR O, A
A BT IR 22 B S 6B & &S L % B O EE A
(XOR) &M\ o, ZOREE, ZOFFIIHHET 3
HiCBALZ AR S 2 LT, 3 HATE TOAEH L
XOR 51 & FATTE I,

2. Za—3S)IRxybI—%

Za—TNFy NU—Z I ANMOMER L 7= A T50
BRTHY ., FFEREREREZET CNDETALTH D,
D= —a rEME LT — K EFEIN B8N EH
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Figure 1a. Glycosylation catalyzed by Lewis acid
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Figure 2. Synthesis of cage-shaped complexes
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Figure 3. Glycosylation of 5 with 6 catalyzed by 3Al-py
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Figure 1. (a) Chemical structure of the Rh(III) cofactor with
maleimide group. (b) Crystal structure of nitrobindin (NB). (c)
Cycloaddition reaction of acetophenone oxime 1 with alkyne 2.
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Figure 2. The cycle of the directed evolution for the Rh(III)-linked
artificial metalloenzyme (NB-Rh).
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Figure 3. MD structure of NB-Rh: (a) Cartoon and stick model and
(b) surface display. The Rh(III) cofactor is shown in orange color.
The amino acid residues subjected to site-saturation mutagenesis
were highlighted in green color.
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Figure 4. (a) Fluorescence intensities of the product 3 obtained by
the cycloaddition of acetophenone oxime 1 with alkyne 2 in the
presence of the evolved NB-Rh variants. (b) MD structure of
NB(T98H/L100K/K127E)-Rh variant.
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