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Computational and Data-Driven Design of Perturbed
Metal Sites for Catalytic Transformations

Yang Huang

(ABSTRACT)

We integrate theoretical, computational and data-driven approaches for the sake of under-
standing, design and discovery of metal based catalysts. Firstly, we develop theoretical
frameworks for predicting electronic descriptors of transition and noble metal alloys, in-
cluding a physics model of d-band center, and a tight-binding theory of d-band moments
to systematically elucidate the distinct electronic structures of novel catalysts. Within this
framework, the hybridization of semi-empirical theories with graph neural network and attri-
bution analysis enables accurate prediction equipped with mechanistic insights. In addition,
novel physics effect controlling surface reactivity beyond conventional understanding is un-
covered. Secondly, we develop a computational and data-driven framework to model high
entropy alloy (HEA) catalysis, incorporating thermodynamic descriptor-based phase sta-
bility evaluation, surface segregation modeling by deep learning potential-driven molecular
simulation and activity prediction through machine learning-embedded electrokinetic model.
With this framework, we successfully elucidate the experimentally observed improved activ-
ity of PtPdCuNiCo HEA in oxygen reduction reaction. Thirdly, a Bayesian optimization
framework is employed to optimize racemic lactide polymerization by searching for stereose-
lective aluminum (Al) -complex catalysts. We identified multiple new Al-complex molecules
that catalyzed either isoselective or heteroselective polymerization. In addition, feature at-
tribution analysis uncovered mechanistically meaningful ligand descriptors that can access

quantitative and predictive models for catalyst development.



Computational and Data-Driven Design of Perturbed
Metal Sites for Catalytic Transformations

Yang Huang

(GENERAL AUDIENCE ABSTRACT)

In addressing the critical issues of climate change, energy scarcity, and pollution, the drive
towards a sustainable economy has made catalysis a key area of focus. Computational
chemistry has revolutionized our understanding of catalysts, especially in identifying and
analyzing their active sites. Furthermore, the integration of open-access data and advanced
computing has elevated data science as a crucial component in catalysis research. This
synergy of computational and data-driven approaches is advancing the development of inno-
vative catalytic materials, marking a significant stride in tackling environmental challenges.
In my PhD research, I mainly work on the development of computational and data-driven
methods for better understanding, design and discovery of catalytic materials. Firstly, I
develop physics models for people to intuitively understand the reactivity of transition and
noble metal catalysts. Then I embed the physics models into deep learning models for ac-
curate and insightful predictions. Secondly, for a class of complex metal catalysts called
high-entropy alloy (HEA) which is hard to model, I develop a modeling framework by hy-
bridizing computational and data-driven approaches. With this framework, we successfully
elucidate the experimentally observed improved activity of PtPdCuNiCo HEA in oxygen
reduction reaction which is a key reaction in fuel cell technology. Thirdly, I develop a frame-
work to virtually screen catalyst molecules to optimize polymerization reaction and provide
potential candidates to our experimental collaborator to synthesize. Our collaboration leads

to the discovery of novel high-performance molecular catalysts.
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d@Q #Bi Hb- r?B+R@u® BI7ibQi UmTV 488Q /BM;HV (
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BMi?2 mMBi +2HH i? i Bbbm77B+B2MiHVH ";2iQ BM+HmMm/2 HH i?2
2QTTBM:b BM X2 Q77@/B :QM H>2H2KA/MIDB@? ¥2 ° +i2 Bx2 Q #B
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2M2 ;B2b + M #2 TT QtBK i2/ b x2 Q 2H iBp2 iQ 62 KB H2p2H /m?2
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i"2M/Q@# M/ KQK2Mib Q7 p "BQmb ivT2b Q7 7++ i MbBiBQM K2i H |
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b2 KH2bbHvV BMi2;  i2/ rBi? i?2 M HviBBiRBW I PQ7T R2BIF Q7 i?2Q
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BMi2' +iBQMb Q7 2 +? iQK rBi? Bib M2 BV2# Q¥,XBAR iBR +I@miZ mM+ @
iBOM 7Q° 2°°Q° KBMBKBxXx iBQM- mbBM; i?2B" .6h@+ H+mH i2/ p Hn
K +?BM2@H2 M2/ M2m  Hbii2p B #H2b +QMi BM T?vbB+b BM7Q"
BM; Q7 ;Qp2 "MBM; 7d@® M/7KRQ K2Mib + M #2 QF#Q BIMX)¥B#NKIBQ M

M HvbBb Q7 i?2 i BM2/ /22T H2 MBM; KQ/2HbX h?2 i  BMBM; / i |
mb2/ 7Q i dBMEBMWI/, +2Mi2 hBML2iX

h?2 “+?2Bi2+im 2b Q7 #Qi? EBMWQRKK@®EHDNQ +QKTQM2Mib, i?2 "2
KQ/mMH2 M/ i?2 i?22Q v KQ/mH2X h?2 "2:"2bbBQM KQ/mH2 /QTib i?
i H;" T? +QMPQHMIiBQM H M2m' HMXi?B8+P WOMPIMHMI2b iQKB+ 7
M/ #QM/ 72 im 2b Q7 i?2 +'vbi H ;> T? M/ H2 "Mb i?2 +QMi ' B#miB(
72 im 2b "2+ Tim 2/ BM #BM 'v p2+iQ - 2M+QKT bbBM; MBM2 T°
b 2H2+i QM2; iBpBiv- +Qp H2Mi °~ /Bmb- M/ p H2M+2 2H2+i QMbX
TQHV?2/  -r?B+? +QMi BMBM7Q 'K iBQM #QmibQHB/ M;H2b- "2 b
iQK rBi? Bib M2B;?#Q BM: iQKbX AM +QMi’ biiQ i  /BiBQM H 722
i?2 imb2i?2 /i 7°QKi?2 QmiTmi M2m QM b i?2 T 2/B+iBQM i *;2i-
BM hBML2i T 2/B+ibi?2 2H2+i'QMB+ T QT2'iB2b Q7 i?2 iQKB+ bBi:
T?2vbB+b 7Q KmH X h?2'27Q°2-i?2 Qp2° HH 7" K2rQ'F Q7 hBML2i 2
Tmi BK ;2b M/ T 2/B+ib T K2i2'b Q7 i?2 mb2 @/27BM2/ T?vbB+b i
T QT2 iB2bX .m BM; i?2i BMBM; Q7 hBML2i-i?2 T 2/B+i2/ T QT2
;T QmM/i'mi?Ubm+? b .6h@+ H+mH i2/p Hm2b Q" 2tT2 ' BK2Mi H/ i
> /B2Mib ‘2 Q#i BM2/i?°'Qm;:? miQK iB+ /B772'2MiB iBQM iQ Bi2"
#B b2bX L2irQ F ?2vT2 T ~ K2i2 b-BM+HmM/BM; M2irQ F bi m+im 2- N
#2° Q7 M2m QMb- 2 QTiBKBx2/ pB " v2bB M QTiBKBX iBQMX h?2
+ M #2 mMiBHBx2/ iQ T '2/B+i T°'QT2'iB2b Q7 mMMFMQrM BK ;2bX HF
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BKTH2K2Mi2/i?2 Qm:? i@ BwRQ 12X (

RXkX9 .6h + H+mH iBQM /2i BHb

aTBM@TQH "Bx2/.6h+ H+mH iBQMb Q7 K2i Hbvbi2Kbr2'2T2 ' 7Q K:
rBi? mHi®> bQ7i Th2m/QTQi2MiB HbX h?2 2t+? M;2@+Q "2H iBQM
rBi?BMi?2;2M2° HBx2/; /B2Mi TT QtBK iBQMU:: VrBi? S2 /2r "m
h?2 bi M/ °/ S27/2r@"m F2@1 Mx2 ?2Q7 US"1V 7TmM+iBQM H- r?B+?
;> /IB2Mi TT QtBK iBQM U:: V iQ ++QmMi 7Q° 2tdR-M? 20@#HARM2H iE
I2KQMbi™ i2/iQ /2HBp2  "2HB #H2 2H2+i QMB+ bi m+im 2 BMbB;?il
#v #2M+?K "Fb M/ +QKTmi iBQM H e&RBXH®ADBH BKIRQ iImM2(iQ MQi2 i
7Q° bi'QM;HvV +Q " 2H i2/ bvbi2Kb- 2X;X- i° MbBiBQM K2i H QtB/2k
.6hYIld))- ?2v# B/ 7TmMd9BQM2HBM i?2 ° M/QK T? b2 T§J 2BR+IBEQM (
2bb v iQ ++m  i2HvV + Tim 2J22HB20 &7 72+H2bXrBi? 7++ &RRR'@- &R
&kRR'@i2 ' KBM iBQMb r2°2 bBKmMmHW-ik/ mbBM;M/ j k 9 bmT2 @
+2HHDb- "2bT2+iBp2HVX 1 +? bH # ? b p +mmK Q7 R8 3 #2ir22M ir
i72@/B°2+iBQMX h?2 #QiiQK irQ H v2'br2°2 7Bt2/ r?BH2 i?2 iQT irC
"2H t MMiBH 7Q°+2 + Bi2 ' BQM Q7 yXR 20f3X TH M2@r p2 2M2 ;v 4
JOQMF?Q bi S +F K26? R7eee R- M/ 9% R@TQBMibr bmb2/iQ b KT
i?72 ""BHHQMBM xQM2 7Q 7++@T? b2 &RRR'- &Ryy'- M/ &kRR"' i2"
J2i?72bb2H S tiQM bK2 "BM; b+?2K2 r b mb2/ rBi? bK2 'BM; T K
i"TQMB+ 2M2;B2b r2°2 2kiT -TQHMHoK2EIQD2+i2/ /2MbBiv Q7 bi i2b r2°2
#v T°QD2+iBM; i?2 2B;2Mp2+iQ'b Q7 i?2 7mHH bvbi2K QMiQ i?2 bBi
k@TQBMi b KTHBM;RMKBi? M 2M2 ;v bT +BM; Q7 yXyR 20X h?2°2
BMpQHp2/BM K2i H HHQvb-BM+HmM/BM; a+- hB-0-*"-JM-62-*Q- LE
S/- ;-h-q- _2-Pb-A-Si- M/ mX q2 7Q+mb QM bBi2 K2i Hb rBi? K
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d@bi ifgb WX8V #2+ mb2 2 "Hvi MbBiBQM K2i Hb "2 bmb+2TiB#H2 iC
+QKTQmMM/b- 2X:X- K2i HQtB/2b- Q  #2BM; TQBbQM2/ mM/2 "2 +iB

RXkX8 a? TH2v p Hm?2

a? TH2vp Hm2br2 2 +QKTmi2/#v KQ/2H@BM/2T2M/2Mi F2 " M2H b
/[IBiBp2 2tTH M iBQMb Ua> SV T +F ;2U?2iiTb,ff;Bi@mikX21QTHKF BNm M/
1?72 ;Qp2 MBM; T?vbB+ H7 +iQ b 2ti” +i2/#v hBML2iX h?2a? TH2vp
2bi #HBb?2/iQ K2 bm 2 TH v2 6b BIKXQ@BiM#2BBMB/22-KH v2 ' brQmt
b? "2 Q7 i?2 Qp2° HH #2M27Bi Q" "2r '/ # b2/ QM ?2Qr BKTQ i Mi i?2
i?72; K26b "2bmHiX gBi?BM i?2 +QMi2ti Q@#? MhBRMMPAF 27B+H2V p H
+ M #2 mb2/iQ 7BM/ ?Qr i?2 p "BQmb +QMid@#HR M+ ZM+i 2Q to? BIp Z " ND
Bib# b2HBM2 bvbi2K 7Q° Mv ;Bp2M bvbi2KX a? TH2vp Hm2b 2biBK
i2°Kb Q7 ?Qr Km+? Bi BKT +ibi?2 7BM HQmiTmi UK ;MBim/2 Q7 a? °
/IB’2+iBQM BM r?B+? Bi + M BM7HmM2M+2 i?2 7BM H QmiTmi UbB;M C
iI?722@# M/ +2Mi2 T 2/B+iBQM- TQbBiBp2 p Hm2b BM/B+ i2i? ii?2 T
i?22mTb?B7d@# M2+2Mi2 -r?22 bM2; iBp2bB;Mb?Qrb +QMi B#mi
Q7 ia@# M/ +2Mi2°'X h?2 a? TH2v p Hm2 Bb K2i?Q/ mb2/iQ /Bbi B:
TH v2'b BM +QQT2 iBp2; K2- 2Mbm'BM; 7 B' HHQ+ iBQM # b2/
+Q HBIiBQMv;M),-K22N2 Bb i?2 b2i Q7 HHYBv2HY M+i2 BbiB+ 7mM+i
i?72 a? TH2V QvVHMQ™ TH Bd + H+mH i2/ b 7QHHQTrb,

X jsitn j Si 1)

Y !(V(S[f ig Vv(S)) URXeV

hi(v) =

S Nnfig

>2 2-Bb i?2 iQi H MMK#2 Q7 TH v2'b- M/ i?2 bmKS20RMRIQp2  H
+QMi BMBM:XTH?@2i a8 [f ig) V(S)) 2T 2b2Mib i?2 K :BM H +QMi B#i
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TH vi2iQ i?2 +Q BRIiBIQM7 +iQ B H i2 Kb ++QmMi 7Q" i?2 MmMK#2" C
i?72 +Q HBIBQM M/ rBi?Qmi XTH ¥Bb 2tT 2bbBQM b?Qrb i? i i?2 a? TH;
2bb2MiB HHv i?2 p2° ;2 Q7 i?2 K “;BM Hi <R Bitin TEXD M B #QH72 THOQ vi2
i? i+ M#2 7Q K2/ rBi?Qmii?2KX 1 +? +Q HBiBQM 7Q K iBQM Bb +Q
i72 +QMi*B#miBQMb "2 r2B:?i2/ ++Q /BM:HvX h?2 7Q KmH 7Q" i?:
i? iBiBbi?2 QMHvp Hm2b iBb7vBM; +2°i BM tBQKbbm+? b 277B+E
r?B+? "2 Q7i2M /2bB" #H2 BM 7 B  /Bbi'B#miBQM b+2M BQbX

RXj _2bmHib M/ /Bb+mbbBQM

RXjXR h?2 T2'7Q'K M+2 Q7 hBML2i KQ/2Hb

6Q  id@®# M/ +2Mi2°  hBML2i KQ/2H-i?2/ i b2i +QKT Bb2b Rk-Re8 m\
/IBp2 b2 > M;2 Q7 HQ+ H +?2KB+ H 2MpB QMK2Mib BM UTh2m/Q@V
Q7JG KQ/2Hb THQii?2K2 M #bQHmi22 Qb UJ 1bV 7° QK i?2 M2bi:
b 7mM+iBQM Q7 i?2 MmK#2  Q7RIX¥ > RTBMbOUBB XBM; ?2vT2 T * K.
QTiBKBx iBQM M/ KQ/2H i° BMBM; ‘2 QmiHBM2/ BM TT2M/Bt X
++m’ +v Q7 i?2 hBML2i 7BM HyK@jRRbWBHK pBbm HHvV 2T 2b2Mi2
i?2 T "Biv THQR¥GB ;XNBHBXBM; i #mH i2/ 72 im 2b Q7 K2i H bBi2b- |
#BM/B@# M/ rBUi?i22 +2 M:2 Q7 HQ+ H2H2+# QMR K@ gBNv +2Mi2°

L. M/rBMW? - 7TmHHV@+QMM2+i2/M2m"> HM2irQ FU6*LLV KQ/2H Bl
H ;2 J 1WYXRj20Vi? MhBML2i KQ/2HbX AM +QMi" bi-i?2 Tm 2Hv
QM i?2 "2+i M;mH ~ # M/ TT QtBK iREM bPTR@+BM;2[XQMb2 p iBQ
T'BM+BTH2 K BMi BMb "Qm;?HWXk@ bV ¥Mh3215@/B+iBQM T2 7Q K |
" T? +QMpPQHMIBQM HM2m® HM2irQ ' FU:*LLV Bb HbQ 2p Hm i2/-/:

R8



iQ i?72 hBML2i KQ/2HbX h?2 bi’ i2:B+ +?2QB+2 Q7 /QTiBM; :*LL 7Q"
MQi #H2X Hi?2Qm:? /p M+2/ “+?Bi2+id@-2:2 Kin2d®-b M A ?2G & (L

B3y Q772 bQT?BbiB+ i2/ 2T 2b2Mi iBQMb- Qm" "2bmHib Ub22 TT21
BKT Qp2K2Mib BM T 2/B+iBp2 ++m" +vX h?2 p Hm2 Q7 hBML2i 7°
iQ BKT "ib+B2MiB7B+ BMi2 T 2i #BHBivBMiQ H2 "MBM;- K2 'Bii? i
2K2 ;2M+2 Q7 KQ 2 +QKTH2t ;> T? M2irQ FbX

6B:m 2 RXj, U Vh?2 H2 "MBM: +m ' p2b Q7 6*LL- :*LL-4 M) WBM@2i KQ
iBOQMI@K2i HbBi2b BM /8@Xdi2H 2i iQHvbibX h?2 T?vbB+b@# b2/ K
b?QrM 7Q° +QKT 'BbQM rBi? / i @/ 'Bp2M /22T H2 "MBM; KQ/2HbX
iQ i?2 bi M/ "/ /2pB iBQM Q7 i?2 2 °Q 2biBK i2b 7°QK M2bi2/ Ry@ 7 ¢
2T 2b2Mib i?2 K2 M #bQHmi2 2°°Q X U#V h?2 T "Biv THQi #2ir22N\
hBML2i@T 2/BHQM; rBi? i?2 ?BbiQ: Kb Q7 2 "Q  /Bbi'B#miBQMX h*
pB/m H/ i TQBMi +Q "2bTQM/biQ i?2 bi M/ //2pB iBQM Q7 i?2 2 "1
KQ/2HbX J 1 2T 2b2Mib i?2 K2 M #bQHmi2 2°°Q X

6Q  i?2 hBML2i KIK@2HMMOKQK2Mib- i?2 T 2/B+iBQM ++m’ +v UJ 1 Q7
U2bVyXRk- M/ yXRd 7Q  p 'B M+2- bF2rM2bb- M/ Fm iQbBb- "2bT?
i2°Qm;? i?2 T "Biv THQib BM TT2M/Bt - b?QrBM; bB;MB7B+ Mi BK
#BM/BM;@# b2/ T?vbB+b KQ/2HX T i7°QK T 2/B+iBQM ++m" +v- B
i72 T?vbB+ HT > K2i2'b 2 2 bQM #Hv H2 "M2/- BX2X- +QMbBbi2

Re



K2 MBM;bX h?2 /Bbi BP#HhmBRQOM AMi2°'b "QmM/ yXNN rBi? bi M/ /[
yXy8 Ua22 TT2M/Bt V-r?B+? Bb "2 bQM #H2 b i?2 ;2QK2i'v "2H t i
+? M;2Bb 2tT2+i2/iQ #2 bK HHX 1pB/2M+2 BimTZQViBMim?21Bi22i2Q
K2i'B+ "2H t iBQM Q7 K2i H@K2i H#QM/b Bb T ' QpB/2/BM TT2M/Bt
bim BM2/+@XYyW i®XywvVv M/ S/ ; HHQv bm 7 +2b r2°2 b2H2+i2/ 7Q"
#Qi? b2'd2Bb TQbBiIiBp2HvV +Q " "2H i2/ rBi? i?2 .6h@ 2H t2/ #QM/ H
i?72 +Q "2+i2/ QMbBi2 2M2 ;v i2 Kb- 2t2KTHBRRBRRNBM MHMRI@KI QKR H
rBi? p " BQmb bm#bi® i2bJ-i?2 hBML2i@T 2/B+i2/ QiM@®»B23» 2N K'BB @b
HB;MK2Mi #2ir22M bm#bi” i2 K2i HJ M/ Si- b?Qr bi"QM; TQbBIiBp
6h@+ H+mH i2/ p Hm2b Ua22 6B; a9#VX h?Bb bm;;2bibi? ii?2 BM+
/Q2b MQi M2+2bb "BHvV +QK2 ii?2 2tT2Mb2 Q7 b + B7B+BM; 2K#2//

RXjXk ii'B#miBQM M HvbBb QM i?2 +QW@#© MHBEM @ +i
i2°

hQ /2Hp2 BMiQ i?2 bm 7 +2 2H 2@ KQ2M BHb bt ThQMnT 2" Qv # iBQM- r2 +(
2tTHQ iQ VQMI ?Q¥B#miBQM M HvbBb 7Q° ;HQ# H BMi2 T 2i iBQM
Q7 M2m™ H bi i2 p "B #H2b +°Qbb HH bBi2 bRKRHABBH2 /Z’2BF i@/ B
T K2i2'b - M/ "2 /B 2+iHv H2 M2/ 7 QK i?2 /i -i?2 hBML2i "+?Bi
bT2+B7B+ +QMbi> BMibiQ 2Mbm 2 i? ii?2 /2 Bp2/ T  K2i2'b ++m’
T?2vbB+ HT Q+2bb2bX Wt?BEBim2B/Q7Bbi ' B#miBQM "QmM/ mMBiv- |
i?72 "2+i Md@H# M/ TT QtBK iBQM ?QH/b [m HBi iBp2Hv 7Q° #'Q /°
r’!BH2 +Q "2+iBQM 7 +iQ° Bb M2+2bb "v7Q° ++m  i2 T'2/B+iBQM]I
p "B #H2WrBi=2"3 iQ T 2pBQmbHV Qp2 'HQQF2/ 2bQM M+2 2772-
i?72 KBb HB;MK2Mi Q" Q77@ 2bQM M+2 Q7 iQKB+ 2M2 ;v H2p2Hb i
i?72# M/ bim+im 2 M/ BM7HM2MBRX iR22pMHM2bTT@A i?2 K DQ " @
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Biv Q7 bm 7 +2 bBi2b 2 +HQb2 iQ x2 Q- BKTHVBM; i? i1i?22 +? ;2 i
HQ+ H2MpB QMK2Mi +? M;2 Bb M2;HB;B#H2- +QMbBbi2Mi rBi? 2tT:
d@+? “;2 +QMb2'p iBRM F?BRMBBTBZriBQMIQZF2Mi2 b "QmM/ RXy r
bi M/ "/ /2pB iBQM Q7 yXy9X 1pB/2Mt2;BMT FQTiilB M;bi??2 ;2QK2i B+
iBOM Q7 K2i H@K2i H#QM/bBb T QpB/2/BM TT2M/Bt -r?2°2 &RR
W8XyW i&&XyWwWVvV M/S/; HHQvbm 7 +2br2°2b2H2+i2/7Q BbHmbi
TQbBiBp2Hv +Q "2H i2/ rBi? i?2 " iBQ Q7 i?2 .6h@ 2H t2/iQ BMBIiB
b?QrM BM TT2M/Bt -i?2 p2° ;2/2;°22Q7 '2H t iBQMp[Hhm\iBEIB 2/ #
M2; iBp2Hv +Q "2H i2/ rBi? Bib #mHF H iiB+2 +QMbi MiX AM Qi?2" r(
Q7 bvbi2K i2M/b iQ +QMi" +i U2tT M/V KQ 2 QM+2 ;2QK2i "B+ HHv
"2H t iBQM 2772+i #2? p2b HBF2 06 '2biQ'BM; 7Q +26iQ Q #Bi H +Q
BMi?2 H iiB+2bT +BM;-b iBb7vBM; i?72 #QM/@Q /2" +QMb2 p iBQMN

6B;m 2 RX9, U V h?2 ?BbiQ; Kb Q7 hBML2i@H2 ~M2 M2MQK bi i2
RYy@7QH/ + Qbb@p HB/ i2/ 7BM H KQ/2HbX U#V h?2 ?BbiQ; Kb Q7
p B #H2b 7Q° +QMi B#mMIBWi; Q@ K2 H bBi2b "2H iBQZ iQ2TMK2K2i |
bBi2 ivT2- 2XXXARZRIRRWI7 i?2 #bQHmMi2 a? TH2vp HmM2b 7Q 2 +?2 27
+? ° +i2°'Bx2 i?2B  Qp2  HHBKTQ'i M+2X

R3



hQ [m MiBi iBp2Hv /Bbb2+ii?2 +QMi ' B#miBQMb27+ QM /B F 72 @MiS277
Ua> TH2v //BiBp2 2tSH} MMiBIQ MBIl (QQi2/ BM +QQT2  iBp2; K2i?22Q
K2i Hbm 7 +2b Q7 UTb2m/Q@V 7++ T? b2 b i?2 # b2 272 2M+2X J
#H2b M/ i?2B +QMDm; i2 T\B B- W-KHNv UM/-d) V-1r2"2/2bB;M i2/

b TH v2'bBMi?2 ii B#miBQM M HvbBbX G2p2" ;BM; i?2 //BiBp2
BM/BpB/m H+QMi'B#miBQMb 7' QK +QMDm; i2p "B #H2 T B~ + M #
;Q 'vX h?2 /Bbi ' B#miBQMb Q7 i?72B" a? TH2vRXXm 2b Qb /i2?2B2-M2 B BaV
[ i b2i-i?22 +? ;2 i Mb72" 2772+ iiVBe#mMi22HY BM7HmM2M+2b i?2 it
4- TBi? K2 M #bQHmi2 a? TH2v p Hm2 Q7 y@R?20;2 2QM B2 KB MB;Q
T BM+BTH2 BM i?72 2H2+d@KB+Hobm #im2dbR h?2 Hlj VBM/2HB 2 Mi/U
2772+ 2t?B#Bi bBKBH “p Hm2b Q7 yXR8 20- HB;MBM; rBi? i?2 i
BM bm 7 +2 b+B2M+2 Q7 K2i Hb M/ i?2B° HHQvVbX P7 miKQbi bB;|
"2bQM M+2 2772+i bi2KKBM; ZpBRMWbHYV Qp2 " HQQF2/- +QMi B#mi2k
b?B7i3kBMBiI? K2 M #bQHmMi2 +? M;2 Q7 yXR3 20X

hQ /2Hp2 /22T2° BMiQ i?2 T?vbB+ H mMP?PBTIBMMBKI2b DHDBP2 mTQWN
HQVBM;- r2 +QM/m+i2/ bm#;, QmT M HvbBb 7Q+mbBM3;HHM¥ i Hvi
bm 7 +2b rBi? Si KQMQH v2'b QM &RRR'@i2"KBM i2/J bm#bi’ i2bX

+QMDm; i2 p B #H2 T B" "2H iBp2 iQ SIURK&N#b2 [R#FBvi2PBM B G
H2v p Hm2b Q7 i?2 "2H t iBQM27HMHwn ZtTBEBI QTTQbBi2 +? M;2b iC
BMi2  iQKB+ BbiHMMDBDiI2ZMi rBi? i?2 T ' 2pBQmbHvV /Bb+mbb2/ i 2M
b2+QM/ v 2772+i ; BMbi H iiB+2 bi® BMX hQ mMp2BH i?2 mM/2 Hv
+QMi ' B#miBQMb-r2 +Q "2H i2/i?2 a? TH2v p Hm2b 7°QK /B772 2Mi
T "2Mi 7 +iQ bX :Bp2M i?2 r2HH@mM/2 biQQ/ T?vbB+ HQ 'B;BMb Q
i Mb72  2772+ib-BiobMQibm T BbBM; iQ Q#b2 p2 HBM2 ~ +Q "2H i
M/ i?2 2H2+i QM2; iBpBiv IBZ#MRAMH2iiB+2 +QM@ Mi#BMHiI?2ZBmb
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6B;m 2 RX8, am#; QmT BMi2 JfAIUBRRNVQYpZ?HSii2~ HHQvVbX h?2 +
#2ir22Mi?2a? TH2vp Hm2 Q7 2 +? +QMDm; i2p "B #H2B7B MB/M +Q |
i?2 mM/2 HVBM; ;Qp2 MBM; 7 +iQ  7Q U V, bi° BM- U#V, HB; M/- U
i Mb72 X a+?2K iB+b "2 b?QrM 7Q BHHmMbi iBM; 2 +? T?vbB+ H 2

r« Q7 i?2 bm#bi’ i2 J- "2bT2+iBp2HvX _2K "F #Hv-r2 /Bb+Qp2 2/ ¢
K +?BM2@H2 "M2/ "2bQM M+2 2772+i rBi® 7?i2 2B 2b2 Mi®2JB M /# iH
"2H iBp2 iQ i?2 62 KE@EBRPRH BOBDXHB;MK2MiX ++Q /BM; iQ i?2 K
@R- i?72 b? T2 Q7 i?2 K2i H .Pa + M #2 +? ° +i2 Bx2/ #v ?B:?22°@Q"/
bF2rM2bb M/ Fm iQbBb-r?B+? 2 +HQb2Hv "2H i2/ iQ3R2TU@#Bi H 2
T2 'BM; bT 'iQ7i?2 KmHIB@bBi2 ?QTTBNg BMi2;+H M G@MBi?28

Ky
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