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$VKOH\ 0 ODHV



« &RS\ULJKW E\ $VKOH\ 0 ODHV

$00 ULIJKWV UHVHUYHG



$ WKHVLV VXEPLWWHG WR WKH )DFXOWR B@ & RRRODRIGOR Q R
LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHQWW IRU WKH C
(QJLQHHULQJ

*ROGHQ &RORUDGR
'DWH BBBBBBBBBBBBBBBBBBBBB

6LIQHG BBBBBBBBBBBBBBBBB
$VKOH\ 0 ODHV

6LIQHG BBBBBBBBBBBBBBBBB
‘U $QGUHZ 0 +HUULC
7TKHVLV $GYLVRL

*ROGHQ &RORUDGR

'‘DWH BBBBBBBBBBBBBBBBBBBBB

6LIQHG BBBBBBBBBBBBBBBBB

‘U -HQQLIHU :LOFR

$VVRFLDWH 3URIHVVF

‘'HSDUWPHQW +HDG RI &KHPLFDO DQG %l
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$%675$&7

$QLRQ H[FKDQJH PHPEUDQHV $(0V DUBHRIHERSWUGHDQ
UHVHDUFKHUV RI HOHFWURFKHPLFDO FRQYDQVR® QH[FE® Q\V ¥
PHPEUDQH IXHO FHOOV $%$(0)&Y DONOBEWHRORONRNU WHOG
EDWWHULHY DQG ELRHOHFWURFKHPLFIF®R PGHWLAKIVR Q$ (DVW R L
HVWDEOLVKHG SURWRQ H[FKDQJH PHPEUDQHV XBYLMR Q ERIW
PDWHULDOV FRVWYV DQG JUHDWHU IXHO IOH[LELOLW\ DFURVYV

7KLV ZRUN LQFOXGHV DQ LQWURGXFW L RF KRR ® FOM H'Q DV
VRPH NH\ WHFKQLTXHV IRU $(0 FKDUDFWHWLBWVYWQDW KB
LQFRUSRUDWH FDWLRQLF IXQFWLRQDO JURXS\PHIKPPKVSU[RP
7ZR PHPEUDQH FKHPLVWULHYV DUH LQ YHANWIKHD WHWQ W EBD M
VLPSOH VV\QWKHVLV SURFHGXUH WKDW SURGXFUHRBVYOPERHG
SRO\SURSD®RQMHWK\OHQHLPLQH ZLWK TXDWHUQDU\ DPPRQL
PHPEUDQH KDG PRGHUDWH FKORULGH IDRADREF DFORIQ & K FKV [ZYDW\H
XSWDNH ZLWK PLQLPDO GLPHQVLR QDOFR QMWL R | #RIZRAWHILL (
DQG GHQVLW\ GXULQJ VIQWKHVLV SURGXFHG PDRDYHUMDO B
FDQGLGDWH IRU PRUH IXQGDPHQWDO WUDQVSRUW VWXGLHV

7KH VHFRQG PHPEUDQH FKHPLVWU\ LV D EGRBRGFRSR
K\GURSKLOLF EORFN 7KH K\GURSKRELF EORF M@V V6 CCHFV
EDUULHU FKDUDFWHULVWLFV ZKWG®I6 IWR\6 UR B KG & LEDBHRIF X SA
FRQGXFWLQJ IXQFWLRQDOLWLHYV 3RO\ YLQ\O LEHQJ\O W
SRO\ PHWK\OEXW\OHQH 3093 9Zi70 MAQWK@VL]HG E\ SDUWQHUYV

ODVVDFKXVHWWY $PKHUVW ZLWK YDULHGR®HJWHHY KREURQEKV

LLL



EORFN UHVXOWLQJ LQ LRQ H[FKDQJH FDSDFLIWLHY X O\ DINGJ |
SODQH LRQLF FRQGXFWLYLW\ DQG PHPEUDQH WHRWLSHWR RRJ\
PHPEUDQHV ZLWK WKH RWFIRXQWEUEUR@LGKHWH EXON PDWHU
H[SHULPHQWY GHPRQVWUDWHG WKDW WRLRUGRONRH UD DPWM!
PRUSKRORJ\ ZLWK PRGHUDWH ZDWHU XSWDRM DRBGFARWP SHWL
& DQG UHODWLYH KXPLGLW\ 7K D\8IS FRSWIDIFWHH & D\VELL FEM
IROORZLQJ PRUH IXQGDPHQWDO LQYHVWLJDWLRQV RI LRQLF |
%URDGEDQG HOHFWULFDO VSHFWURVFRS\ >%@&@02DV FRQ
VDPSOH LQIRMKM DG DQDOVHG LQ FRQMXQFWLRQWZIRWK WK
H[SHULPHQWV LQ &KDSWHU :H ZHURQREOAR Y®XFWRYRWH RS
DQG UHODWH HDFK WR SK\VLFDO DWW ULEXWFNQRV W K H UPD®\
ZDV REVHUYHBLBW UHVXOWHG LQ D GUDPDWLF GHRRUW WRQ
FKDUDFWHUL]H WKH LRQLF FRQGXFWLYLW)\ KRH W % K6/ N VEXOR\F K DF
FRQGXFWHG RQ WKUHH VDPSOHV ZLWK WRUK\GU R)[\L. GHDRSOHV
VR ZH FRXOG FRERQBXMWWKIHN%BHFKDQLVPV WR WKRVH LQ
IRUP $IWHU DQDO\VLV RI WKH HO H FENQHG UH WWSKR @NKHH RV KW K1 |
E\ 7*$ 0'6& DQG '0$ FRQGXFWLYLW\ PHRRKDDQVWWHNIRGEH GH'
FRQGXFWLYLW\ LQYROYHV WZR Gk \D/QIF EW FROGXEWORQZSDE
REVHUYHG D GURS LQL 6 RHIGHKF WIL WIKMW B \B/HIFPLSFODHWL QZIL VK W K H
RI IXQFWLRQDO JURXSV DORQJ WKH K\GURSRK\VIOL\F \E 0RO N LIVOLF
RFFXU GXULQJ RSHUDWLRQ LQ D IXHO FHROOXRXURWERUNHY

LOQYHVWLIDWH VWUDWHJILHYV IRU LQKLELWLRQ DUH UHFRPPHQ

LY
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$QLRQ ([FKDQJH OHPEUDQHYV
(I"THFW RI :DWHU LQ ,RQ ([FKDQJH OHPEUDQHYV
,RQLF &RQGXFWLYLW\ LQ ,RQ ([FKDQJH OHPEUDQHYV
7TKHVLVY 6WDWHPHQW DQG 2EMHFWLYHYV
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&KHPLFDO &KDUDFWHUL]DWLRAQ
'DWHU &RQWHQW
7TKHUPDO 6WDELOLW\
6PDOO DQG :LGH $QJOH ; UD\ 6FDWWHULQJ
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L, QWURGXFWLRQ
([SHULPHQWDO OHWKRGV
ODWHULDOV
6\QWKHVLV
&KDUDFWHUL]DWLRQ
5HVXOWYV DQG 'LVFXVVLRQ
6\QWKHVLV
&KDUDFWHUL]DWLRQ
&RQFOXVLRQV
$FNQRZOHGJHPHQWYV
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,QWURGXFWLRQ
([SHULPHQWDO
SHVXOWY DQG 'LVFXVVLRQ
ORUSKRORJ\
:DWHU 8SWDNH DQG 7TKHUPDO 6WXGLHYV
,RQLF &RQGXFWLYLW\ DQG 'LHOHFWULF 5HOD[DW
&RQFOXVLRQV
$FNQRZOHGJHPHQWYV
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5(/$:$7,216 ,1 32/< 9,1</%(1=</75<0(7+</$0021,80
% 32/< 0(7+</%87</(1( +<'52;,'( (;&+%$1*(
0(0%5%$1(6 )25 (/(&752&+(0,&%/ $33/,&%$7,216
,OWURGXFWLROQ
YL



([SHULPHQWDO
5HVXOWYV DQG 'LVFXVVLRQ
&RQFOXVLRQV
$FNQRZOHGJHPHQWYV
&+$37(5 &21&/86,216 $1' 5(&200(1'$7,216
SHFRPPHQGDWLRQV IRU )XWXUH :RUN
5()(5(1&(6
&2175,%87,216 72 7+( :25. 2) 27+(56

$33(1',; $ &23<5,*+7 3(50,66,216
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YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

/1,67 2) ),*85(6

$ONDOLQH IXHO FHOO GHVLJQ )URP > @

$ VFKHPDWLF RI D SURWRQ H[FEPQIGLRBPEUDQI
H[FKDQJH PHPEUDQH IXHO FHOO JORMWRUI XGHQHGEG WHQ W K
ZLWK PHWKDQRO 7KH VWRLFKLRPHWULF UDWLR RI
VKRZQ LQ HDFK FDVH> @

&KHPLFDO VWUXFWXUHV RI WKUHH F&R PPHUFLDO SH

'"HIUDGDWLRQ SDWKZD\V IGRUFOMKR/IE KUBDHW LRIQW k
EHQJ\OWULPHWK\ODPPRQLXP FDWLRQLF JURXSYV 6 X |
DO > @

,Q SODQWHRRIGPH \R L YOI Y %)70$ $(0 LQLWLDOO\ LQ
WKH IRRUP ZKHQ H[SRVHG WR FRPSUHVVHG DLU LQ D
FRQWUROOHG H® IDURQPHGW DRWWHG OLQHV UHSUH
LRQLF FRQGXFWLYLW\ RI WKH $(0 LQ SXUH DQLRQ IF

> @

,OOXVWUDWLRQ RI EUXVK SRO\PK\G PRSHODLEKHULF
39%70%$ EORFN DQG UHG RUDQJH UHSUHVHQWYV WKH
JURP > @

,OOXVWUDWLRQ RI SRVVLEOH K\GUR[LGH WUDQVSR

BURSRVHG PMAKD@QWLYRUWW Q+39%70% $(0 V\VWHP )U
HW DO > @

&KHPLFDO VWUXFWXUH RI 0 SHUIDHRIKRW XOIRQLF
(: GHWHUPLQHG E\ YDOXH RI Q

B3URSRVHG FKHPLFD® %09 UXE®\XWH VYV HRQJ H6 B D WP G R\QL
FKDLQV )URP > @

6DPSOH '96 GDWD IRU KRXU KXPLGLW\ VWHSV DW

(ISHULPHQWDO VHWXS
H[SHULPHQWV> @

IRU KXPLGVWDWWBUWERPSHU

6DPSOH 1\TXLVW SORW FKDUDFWHULVWLF RI D 5DQ

SHDFWLRQ VHTXHQFH RI TXDWHURHPHG 33(, 33 FUF
UHSUHVHQWY D FKDLQ RI SRO\SURS\OHQH

)7 ,5 VSHFWUD RI FKORULQDWH33 &®O\BQEB SV&EKHQH
ILQDO TXDWHUQL]J]HG SURGXFW 33 3¢,

YLLL



JLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

D + 0%$6 105 VSHFWUD DQG E & OHHGO05 VSHFWI
SURGXFW
6PDOO DQJOH ; UD\ VFDWWHWPRHPEUB®R B ALSMKEWUD

ODPEGD RI
DQG UHWXUQLQJ WR

DQRG XQGHU GU\ FRQGLWLRQ
5+ RSHQ EODFN WULDQJOHYV

D (6(0 LPDJH RI FDVW PHPEHPWHXYXRIDWKH E
TXDWHUQL]HG PHPEUDQH F FRQAQUYRXQXBBRW RI
LOQWHQVLW\ ZLWK P VFDOH EDU G FRQWRXU
ZDYHQXPEHU LQWHQVLW\ ZLWK P VFDOH EDU

6HOI GLIIXVLRQ FRHIILFLHQW VYHUYV XV WIXU\ VQLIP'HH O
EHWZHHQ WKH JUDGLHQW SXOVHV HUHO@KGRNXKLRQ |
WKH 33 3(, PHPEUDQH FDOFXODWHG IURP 3*67( UHV X
5+ 'RWWHG OLQH LV WKH OLQRDU ILWPWHG WR FDOF

IDPEGD YHUVXV UHODWLYH KXPLGLW\ RI QLWURJHQ
KXPLGLW\ VWHSV DW f&

&KORULGH LRQLF FRQGXFWLYLWHYHUWXV WHPSHU
5+ VTXDUH

)7 ,5 VSHFWUD VKRZLQJ LQF FPD\I®J & EPVWUHWFK
RYHU WLPH GXH WKH IRUPDWLRQ RI ELFDUERQDWH D¢

&DOFXODWHG DUHD XQGHIWXDUHY SEQS BWGHU FP ,
SHDN DW WWHMPQJOHV YHUVXV WLPH

6\QWKHWLF URXWH WR SRO\ EKFUQPQLGHHQ§\®RWULPH
PHWK\OEXW\OHQH >39%70%$@>%U@ E 30% DV UHSRL

6$;6 VSHFWUD RI
R&

>39%705@>%U@ E 30% '

IDPEGD DQG ZDWHU XSWDNH RI
(&Y

>OAUDPUWLBEESHU@ E
'DWD FROOHFWRRGDQ WK '8 DW

+5 7* SURILOHV RI WKH >39%70$@>%U@ E 30%
LQ WKH GU\ DQG DW WKH IXOO0O K\GUDWDRQ WWRMWH 7
+5 7* SURILOHV 7KH FXUYH RI WKH IX@GOWR\GUDWHG
WKH ZW DW 7 f&

'0$ WRS DQG '6& ERWWRP SURILOHV RI GU\ >39
7KH VWRUDJH PRGXOXV (« DW +] LV VKRZQ
WDQ/ LV VKRZQ RQ WKH ULJKW DJ[LV

LI



JLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

6WHULF HITHFWV JRYHUQHG 3 LISGRW H UL B K\CHQD/F WQ R
EHWZHHQ LRQ SDLU GLSROH PRPHQWYV LS RlI >39%"

%URPLGH FRQGXFWLYLW\ YHUVXV 7 LQ >39%7C
PHPEUDQHV ZLWK ,(&V UDQJIJLQDUURW PDURPR® JWR
PPRO HODFN PDUNHUV 'DWD PHDVXUHG ZLWK (,6

%YURPLGH FRQGXFWLYLW\ YHUVXV ,(& LQ >39%70
PHPEUDQHYV RYHU WHPSHUBWRUHWIDDILQ B VURMR
EODFN WULDQJOHYV 'DWD PHDVXUHG ZLWK (,6 DW

7KUHH GLPHQVLRQDO 0+ D 0OeVXB|DRHY WD @D-QX L G
FRQWRXU G SORWV RI GU\ >39%70$@>%U@ E 30% F
OLQHV UHIHU WR WKH SRODUL]DWLR®@ISKWQRPHQD D
UHOD[DWIL\R@KRZQ LQ G

OROHFXODU GLHOHFWULF UHOB[PWRRQDQRI WKH >
7KH . PRGH FRUUHVSRQGV WR WKH GLIIXVLRQ RI FR
30% EDFNERQH FKDLQV VHJPHQWDO PRWLRQV LQ
30 PRGH LV WKH ORFDO IOXFWXDWLRPQ®RI WKH 0% L
PRGHVY DUH WKH IOXFWXDWLRQV Rl WEHDQ®FDO GLS
EHQJ]\O WULPHWK\O DPPRQLXP \LIEGHKHRKSWRSKVYCHF
EORFN

7KUHH GLPHQVLRQDO 0+ D FRQWRXDQG VSIDERWNX B
ZHW >39%70$@>%U@ E 30% PHPEUDQHYV
WUDQVLWLUR@MEDWH PDUNHG LQ G

7KUHH GLPHQVLRQDO FRQGXFWLELWY YX&IDFH D
SURILOHV RI ZHW >39%70$@>%U@ E 30%
'HSHQGHQFH RI RRIQGEFWDQM®LRQ WKH LQYHUVH RI
WHPSHUDWXUHYDOXHV DUH GHWHUPLQHG E\ ILWWLQ
WKH SURILOBW RIQG NMDQ@LWK (TXDWLRQVXV 1

7 FXUYHV Rl GU\ DQG ZHW VD PSOHRQMQ GHQLP,LWHXGS
WKHUPDO WUDRYGWURQN.WWHG E\ SUUKHQLXV OLNH Et

SURSRVHG GLVRUGHQ#RAGERSKWODRWRWAR@V7 $W
UDQGRPO\ RULHQWHG LRQ SDLU ORFDO GLSROH PRPFE
708 %UVLGH JURXSVY DOLJQ DQG DUH RUGHUHG WRJHW
GLITHUHQW EDFNERQH FKDLQV

'"HSHQGHQFH RQ WKH UHFLSYUREFEBDDXRQMWHRSHUDW
bLDQG GLHOHFWULFLRWBERWBEWKMY BDQGOGU\ >39%70%$C
E 30% PHPEUDQHV LQ , ,, b)Y DQG ,9 UHJLF
FXUYHV SUHVHQW $UUKHQLXV OLNH EHX®DXLRUV . *
UHJLRQ VKRZV D 97) EHKDYLRU
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JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

$FWLYDWLRRY. BIQH@JIJLHVWQG 1DQGGLHOHFWULF
PRGHV DRQG LQ UHJLRQV , ,, ,,, DQG ,9 7KH FRPSDU
GHWHUPLQHG E\ ILWWLQJ WKH GDWD WK )DDXUH F
$UUKHQLXV OLNH HTXDWLRQ> @

SRUUHQADWIDRQGRIZLWK WKID[DWLRQ PRGH IRU GU\
ZHW >39%70$@>%U@ E 30% i YPBRBVDQHYV
FDOFXODWHG DV GHVFULEHG LQ WKMWHLKMHMW 6ROLC
6PROXFKRZVNL OLNH ILWV REWDLQHGL XVYLQJ (TXDWLI
DQGDUH UHSRUWNGWAKKHHPRIUW HODWLRQ FRHIILFHQW

'HSHQGHQFH'" RIL WKHWL RIQUEG LI WD HQ G U 3 RQ
| WKH UHOD[DWLRQ PRGH IRU GU\ DQG ZHW >39%70%
PHPEUDOQDMBOXHY DUH HYDOXDWHG DV GHVFULEHC

BURSRVHG FRQGXFWLRQ PHFKDQLVP IRU >39%70¢%
13 DQG DUH WKH WZR FRQGXFWLYLW\ SDWKZD\V GLV
DQG MWUH WKH SHUPLWWLYLW\ RI K\GURSKRELF 30% E
EORFNV UHVSHFWLYHO\

6$;6 SDWWHUQV IRU >39%70$@>%U@ EQ30% ZLWK
ZHW FRQGLWLRQV DV IXQFWLRQ RI WHPSHUDWXUH G

$Q H[DPSOH RI EDVHOLQH FRUUHFBWNLIRQ D DQG
6$;6 Rl >39%70$@>%U@ E 30% Q DQG P N
PHPEUDQH LQ ZHW FRQGLWLRQV DW f&

$UHD D DQG GLPHQVLRQ E RUIPMRONLRQMD®WXUH I
RI WKH T DQG T IHDWXUHV IURP 6%;6 RI >39%70%$@ >
DQG P NJ PRO ") LQ ZHW FRQGLWLRQ

&KHPLFDO VWUXFWXUH RI >39%708@UPDQ@HE/ 30% EO
ZLWK ; U RU 2+ $ DQG % DUH WKH K\GURSKLC
GRPDLQV UHVSHFWLYHO\

+5 7* SURILOHV RI WKH WKUHH >3BM%WWES@&2+@ E >:
RI $ % DQG L@ WRHRERPSOHWHO\ GU\ V
GHWHUPLQHG XQGHU DQ LQHUW DWPRVSKHUH 7KH L
WKH GHULYDWLYH RI +5 7* SURILOHVY RQ WHPSHUDW X
DQG f& LL

0'6& SURILOHV RI WKH WKUHH >3B1% ZOMEK>268@ E >3
RI $ % DQG ’ LQWKMR®U\ VWDWH

0'6& SURILOHV RI WKH WKUHH >3@I9% Z0LMEK> 2(¢€@ E >3
RI $ % DQG LQANKHWRKOGUDWHG VWDWH IU
WR R& D LQ WKH JODVV WUDGVLEVLPQ G RVEH 7 WI
UHJLRQ IURR MR

[L
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JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

(s kIDQG YV 7RI

'0$ UHVXOWYV RI WKH PHPEUDQH >39%FRPR@>2+@ E >
JLQ WKH FRPSOHWHO\ GU\ VWDWH

7KUHH GLPHQVLRQDO 0" VXUI@FPOW@RIEIBOD\DKQGUD)
>39%70$@>2+@ E 30% PHPEUDQHV ZLWK ,(& RI $
& U PPRO J

7KUHH GLPHQVLRQDO D F H DQG JRDD&OBERQWRXU
K\GUDWHG >39%703@>%U@ E 30% DQG >39%70%
PHPEUDQHYV ZLWK ,(& RI $ % & DQG

' SURILOHV Rl UHDO DQG LPDJLQBWDWBIGW RI 0
>390%703@>%U@ E 30% DQG >39%70$@>2+@ E 30% PH
(& RI $ % & DQG %U PPRO J

'LHOHFWULF UHOD[DWLRQWV IGRMWKHDLBO%70$@ >; @
PRGH DUH DVVRFLDWHG WR WKH IOXFWXDWLRQ RI
DQG EHQ]\O WULPHWK\O DPPRQLXP VLGH JURXSYV

I
W

7TKUHH GLPHQVLRQDO 1Y VXUIDFHV Rd
PHPEUDQHYV $(0V ZLWEK+;
ZLWK DQ ,(& RI

PPRO J

IXO0\ K\G
$ %% DIBG& DUH PHPEUDQF
DQEHVSRPROYHO\ )RU %U (

WK H
DR+ $ %
DQG

IXOO\ K\GUDWHG >39%70$@>:@ E
DQG & DUH PHPEUDQHV LQ 2+ IR
BRROHFWLYHO\ )RU %U (& |

ZLWK ;
(& RI
PPRO J

'HSHQGHQFH RQ 7 RI WKH [UHIR®QRIHWKRY WKH
>39%70$@>;@ E 30% $(0V XQAB#K %U %V WKH PHPEUDQH
LQ %U IRUP ZLWK DQ ,(& R% D@P® RODUH PHPEUDQHYV
2+ IRUP ZLWK DQ ,(& RI DIPGS H F WPLPYRHID ¥

'"HSHQGRI@FH RIl KH IUHTXHQFLHV RI WKH GLHOH|
WKH >39%70$@>;@ E 30% $(0\DQ@EWXB6U LW UNVKH
PHPEUDQH LQ %U IRUP ZLWK D® ,%&DRIG & FORRD J
PHPEUDQHV ZLWK DQ ,(& RI UH\DSHF WL YRR O J

$FWLYDWLR QDHEPRIGHY IR) WHHLRQ , ,, DQG ,,, |
>39%70$@>;@ E 30% $(0VZQ®KR%U ¥\ WKH PHPEUDQH
LQ ¥YRUP ZLWK DQ ,(& RI$ 9% MRXG J& DUH PHPEUDQHV
2+ IRUP ZLWK DQ ,(& RI DBGSHF P PRKOJ

&RUUHODWLRQ RI "1L 1L 1(3 DQGRWY3ZHWLWK I
>39%70%@>;@ E 30% PHPEUDQH ZLWK ; %U RU =2+
WKH (LQVWHLQ 6PROXFKRZVNL OLNH ILWV REWDLQHG

[LL
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JLIXUH

'HSHQGHQFH RUJWE W LIRYH GD YAWRAZQ FH | U

ZKHUH L (3 DQG ,3IRVHRIWXBQG ZHW >39%70$@>%U@
PHPEUDOQYDOXHY DUH HYDOXDWHG DV GHVFULEHG LQ
(LQVWHLQ 6PROXFKRZVNX @H T RTRELRQ.WBEE X'H V

DUH UHSRUWHG LQu)DIHUWKH UWHOD[RWLRQ WLPHV RI
.3 SRODUL]DWLRQ HYHQWYVY PRWRA \Z WK PHPEURRQH LG
PPRO ¥ % DQG & DUH PHPEUDQHV ZLWK DQ ,(& RI
PPRO JUHVSHFWLYHO\

'"HSHQGHQFH RI 3L L (3 ,3 DQRG B(OVIRU >39%70
ZLWK ; U DQG 2+ %U LV WKH PHPEUDQH LQ %U I
PPRO ¥ % DQG & DUH PHPEUDQHYV ZLWK DQ ,(& RI
PPRO JUHVSHFWLYHQOWRKLL (3 ,3 DEGL 3L DQG
SeP«

SURSRVHG FRQGXFWLRQ PHFKDQLVPMJRRPU >39%70%
> @

[LLL
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6DPSOHV RIEBO%70$@>%U @

&RPSRVLWLRQ RI >39%70$@>2+@ E 30% EORFN FRS
DQG & DUH WKH ODEHOV DGRSWHG WR LQGLFDWH WK
DYHUDJH PROHV RI WKH 39%70%$ DQG 30Rd VXEXQLWYV
IXQFWLRQDOL]DWLRQ LQ WKH 39%70% WREXQLWYV DQC
H[FKDQJH FDSDFLWLHV RI WKH >39%70$@>2+@ E >309
GHQVLW)\ RI GU\ $(0V

[LY
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6LQFHUH WKDQNV WR WKH $UP\ 5HVHDQIFKH2NLMAA BRIYHE
,QLWLDWLYH 085, WKDW VXSSRUWHG WKLVHZRHR®O H & W JIIURRKJ
GLYHUVH UHVHDUFKHUV WKDW SURYLGHG® KL SM FK ZRXDU DQ N
WKDQN P\ DGYLVRU $QGUHZ +HUULQJ IRU SQRWLIGH QW UKDLWH
EXGJHW JLYLQJ KLV VWXGHQWYV LQFR®PSWLPHEOMD O F CHAL\O LW
QHWZRUNLQJ , DSSUHFLDWH DOO WKH FROOONVERUDMARIYY HWR
&DLUH +LPDQVKX 6DURGH 7DUD 3DQGH\UKIE ORW J* DIQG 6F® O L\
KHOS DORQJ WKH ZD\ , H{IWHQG VSHFLDIR W KB WM\ QWRP-H. P~/ WP
WKH ODE DQG DOZD\V EHLQJ DYDLODEOH IRU KHOS LGHDV U

, ZRXOG OLNH WR WKDQN DOO RI RXU 085, SIYHWQHR |R
HQYLURQPHQW $ VSHFLDO WKDQNV WR 3LULKDQWHRU 7V
VIQWKHVL]LQJ SRO\PHUV IRU P\ ZRUN DQ&E WR RD G R G \WPEMWS K
DORQJ WKH ZD\ , ZRXQKHOGMIHHURVWKRPD NWEH $GYDQFHG 3KRV
1IDWLRQDO /DE IRU KLV DOO LQ VXSSRUW RI RXHGEHNB WHVPHR |
ZLWK WKH JURXD W] LW RBRPWIOH 'L 1RWR JURXS 9LWR 'L 1RWR
9H]]X (QULFR 1HJUR )HGHULFR %HUWD]L *AKRH®K LOIZKNDRHG \
PXFK DQG ZHOFRPHG PH WR WKHLU JURXS DQG FRXQWU\ ZLW!

$ VSHFLDO WKDQN \RX WR P\ SDUHQWV RBISR KWX G L DO 2/
VXFFHHG DQG H[SORUH $OVR WKDQN \HRPFHORO A 'Q WL M WHLS H\D [

ZD\ DQG IRU RIWHQ OHDGLQJ E\ HIDPSOH IURP EHKLQG

[Y
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7KLV 3K' WKHVLV ZDV FRPSOHWHG DV YSDWWWR I5H VGO
,QLWLDWLYH 085, SURMHFW ZLWK WKH IROORZLQJ REMHFWL
7R SURGXFH UHYROXWLRQDU\ UREXVW GXUDOH W
VXIILFLHQWO\ KLJK LRQLF FRQGXFWLYLWLHV IRU SUDF\
7R IXQGDPHQWDOO\ XQGHUVWDQG ZLWK FR®PELQHG
DSSURDFKHVY WKH LQWHUSOD\ RI FKHPLVWU\ SURF
SHUIRUPDQFH DQG GXUDELOLW\ RI DQLRQ H[FKDQJH PH
7KH ZRUN LQ WKLV WKHVLV IRFXVHV RQ ERGGHMB WLQY L WK
DQLRQ H[FKDQJH PHPEUDQHV E\ VWXG\LQJ WAID @QWIROW RQ
TXDWHUQDU\ DPPRQLXP IXQFWLRQDOL]HG PHPEUDQHV ZKL

K\GUDWLRQ DQG SRO\PHU G\QDPLFV

(OHFWURFKHPLFDO (QHUJ\ &RQYHUVLRQ DQG )XHO &HOOV

$ IXHO FHOO LV DQ HOHFWURFKHRHPDRED®HHM QFH W KDWR &
IHHG VWUHDPV LQWR HOHFWULFLW\ DQG KHWR/ E8QH NKIDED WG
VXSSOLHG ZLWK IXHO DQG R[LGDQW IXHQFHYWHKH ¥FKH RIHFD &/ R
ZLWKRXW FRPEXVWLRQ UHDFWLRQV [XHQWHH GQYKKDYHIIWKIHH
WKDQ FRPEXVWLRQ HQJLQHV )XHO FHRIOWQWHKRZX B8RO LKFBIWLR
WR WKH VFDODELOLW\ RI WKLV WHRERGRE R HQ W WGL B VE B DQWH t
FXUUHQW SRZHU SODQWV LQ WUDQVSRUWDWURQ GHEKEROE

VSHFWUXP RI IXHO FHOO W\SHV H[EYW\XK BIQUG HAMHF WHI@RHKU I & OR



KDV WKHLU RZQ DGYDQWDJHV DQG GLV D\ VYIH WD JEHDN HIBQ & QV
VSHFLILF UHTXLUHPHQWYV Rl WKH DSSOLFDWLRQ> @

OROWHQ FDUERQDWH IXHO FHOOV 0&)&V DBX®R WRIORGL R[L
IXHO FHOOV 62)&V DUH VXLWDEOH IRUFDWURIQW WIXGHK DKL FKRF
KHDW DQG SRZHU &+3 V\VWHPV> @ B2FL\H@REHHYD WRRRW
FKRLFHV ZKHQ ZDVWH KHDW FDQ EH UHF RNHDWIG HVX 'ERT WR L
7KH DGGLWLRQDO V\WWHP UHTXLUHRKHQKMM KVRSFLDWXQH D\
PDNH RSHUDWLRQ XQUHDVRQDEOH IRU SRUW DBEQ&V VAE DDV WRH
LQ D PRGHUDWH WHPSHUDWXUH UDQJH KHJ &R SHU® DRIGH
FRPELQHG KHDW DQG SRZHU &+3 JHQHUDMWR[LS\HZ®& H G HD ¥ DW\
VXLWDEOH IRU KHDWLQJ> @

$ONDOLQH IXHO FHOOV $)&V ZHWE WK ISWNRW DEDD mH
VKRZLQJ WKH YLDELOLW\ RI K\GURJHQ@ VXHOJKRIH W U D® \@ RY)\
ZHUH GHYHORSHG LQ WKH V VXFFHVVIXO®QGVHEOWMRWHG
1$6$ WR SURGXFH ZDWHU DQG HOHFWULFVWQ® FRIQW S X B OA
XVHG LQ VSDFH LQ WKH ODWHU VSDFHRQKXOW WSDH 15 WRUD W P RR
GUDZEDFN WR $)&V LV WKH IRUPDWLRQ RH SRIMID WKL PO L E X LF
HOHFWURO\WH LV HKSRWWG WR DU DV WKH R[\JHQ FRQWDL
HYHQWXDOO\ EORFN WKH UHDFWLYH WK D LRIQX LMBK H OHHE MFU/RL

VROLG SRO\PHU HOHFWURO\WH UHPRYHV WRRB REVWDFOH RI F
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JLIXUH $ONDOLQH IXHO FHOO GHVLJQ )URP > @

7ZR FODVVHV Rl SRO\PHU PHPEUDQH®HMWHRDMMEB P QWH)
ORZ WHPSHUDWXUH PHPEUDQH IXHO FHORSH WKW MR Q UMQ B SSR)
GHYLFHV 3URWRQ H[FKDQJH PHPEUDQHV 3(0OLWRQYWDEQRD
WUDQVSRUW IURP WKH DQRGH WR WKH FDWKRQB WEE RXYKDO
R[LGL]LQJ HQYLURQPHQW FUHDWHG E\ FRERRGXOWRQRH[WKB Q
PHPEUDQHV $(0V FRQWDLQ FDWLRQLF JURXI®\F LZMKDWHVEKS
WUDQVSRUW JHQRBDWRM FDWKRGH WR WKH DQRGH DQG P
FRQGLWLRQV OHPEUDQH HOHEWUROWLH PDW K ULD @R PLE R P}
XQGHU IXHO FHOO RSHUDWLQJ WHPSHUDWXBHQVILQR® KX PLVEL

DQG PHFKDQLFDO WRXJKQHVV VXIILFLHQW R\DRQ XIIDF GVCXH) L\QA UL



RSHUDWLRQ LLL FKHPLFDO DQG HOHFWURRERKRKIEFD O @ W B)&
DQG $(0)& V\VWHPV DUH LOOXVWUDWHG KBQ RO XOJHG K\BKRZB

HIDPSOH IXHO VWUHDPV

(a)

3H, or 3H, or Ge
[CH,OH + H,0] 150, [CH.OH] 1,0, + 3H,0
— -— — -~
@ @
T o
o o
o i
T© m
(& L&)
6H,0 or
[CO,] 3H0 [CO,+5H.,0]
-« — — - | E—
Proton-Exchange Membrane Alkaline Anion-Exchange Membrane
[PEM] [AAEM]
JLIXUH $ VFKHPDWLF RI D SURWRQ H[FKDQJKDIPMHPHEUDQH L

PHPEUDQH IXHO FHOO ERWRVXHO B GUHRPWKHWZ EZWWKPHWKDQRO
UDWLR RI UHDFWDQWY DQG SURGXFWY DUH VKRZQ LQ HDFK F

3(0)&V FRQWDLQ D PHPEUDQH HOHFWURIGB(DVEZHRMNEZO\H® (
SRURXV HOHFWURGHVY JHQHUDOO\ F RADDADH @WAL WEKX \&/\R PIRNR XYSHF
KDYH UHFHQWO\ EHHQ FRPPHUFLDOOXWLHGIH QWG MOR VRNCHFA
WHEKQLFDO KXUGOHV WR EH FRVW FRP SQWILOH YH KILFXKH W UD
KDYH DOVR EHHQ VXFFHVVIXOO\ FRPPHKHUBOL]BE HA IRSHBI
SROOXWLQJ DQG TXLHW SRZHU VRXUFHDRSWHEMLURFWXB H. QR \

RSHUDWLQJ LQ HQFORVHG VSDFHV DQG VRPH RQ VLWH RU SR



3URWRQ ([FKDQJH OHPEUDQHYV

0DQ\ YHUVLRQV RI SHUIOXRULQDWHG VX0OUR KLIFY I FEIGH G
LQYHVWLIJDWHG IRU XVH DV 3(0V L QFHOWEARSHBKEH'K FREWH 6
DQG 0 )LJIXUH $ % DQG & UHVSHFWIFRMOALGBUWE WM ER QW
VWDQGDUG IRU 3(0)&V 7KHVH SRO\PHUV KD YBED SROR QW WE I
SURYLGH JRRG FKHPLFDO DQG HOHFWIWRRK HFRIOF® (R S/HUIDEN. IOR.
SHUIOXRURHWKHU RU SHUIOXRUR B QJN\OX 8 VGKHD FKDWLQIVLFD B M/
SRODULWLHV DV FRPSDUHG WR WKH EHDG NPERMHU E B D VQ % W\RH R
IXQFWLRQDO JURXSV DZD\ IURP WKH XQIRQFWORQDWIIRGQ BRW
K\GURSKLOLF FKDQQHOV LV PXFK KLJKHU WKDQ ZLWKLQ WKH

A) — (CFCF), CFCF— Nafion®

EW 1100, m=6.6
OCF,CFOCF CF,50,H

CF

3

B} — (CF,CF)CF,CF— Aquivion®
EW 830,n=5.5
OCF,CF,SO.H
€ — (CF,CF) CF.CF — IM™
EW 850, p = 4.7

OCF,CF CF,CF,50,H

YJLIXUH &KHPLFDO VWUXFWXUHV RI WKUHH FRPPHUFLDO SH

$OWKRXJK WKH H[DFW PRUSKRORJ\ Rl WKREVKIDN\GEHR KL (
GHEDWHG IRU GHFDGHV> @ SKDVH VHSDHWDWLRQJKVSBR@A
FRQGXFWLYLW\ R{ R 4XDRQWRI\LQJ WKH PRUSKRDRJIEBROHIGIC
HVSHELDOO\ GLIILFXOW GXH WR LW W XUR FHAMW BKQGH KL VWW RWA L

IURP QP WR P DQG YHU\ ORQJ HTXLOLEDDSRIRRQ F\I RFESH.\G D WK



HVWDEOLVKLQJ IXQGDPHQWDO VWUXFW XU H @ UWWDWD/GRIRA W H\O
DQG FRPSXWDWLRQDO PRGHOLQJ> @ 6XOHREHWG & \QWDKW VD
VSHFLILFDOO\ WR SURYLGH PDWH U LDROWS E RW R JW N @ IDEIH @ORPE
,QYHVWLJDWLRQ RI WKHVH PHPEUDQHV \DKIIEGS MW ® QG VARG YHB &
GRPDLQ VL]H DQG SUR[LPLW\ RI DFLG PRLHW DKW HW B ® B>Q\@V
$QLRQ ([FKDQJH OHPEUDQHYV

7KHUH KDV EHHQ VLJQLILFDQW LQWROMNVW L@ XYNQO L$ (0
EHFDXVH RI WKH LQFUHDVHG SRZHUFGHE®RO\WH REW DR © 8 BUEHIG
DQG WKH HOLPLQDWLRQ RI VWURQJ FRUURDAL WHR FOH. TDXG.GIVQ \§ [
RYHU 3(0)&V VXFK DV LQFUHDVHG |XWN® FOHRPHEIOD @R D B O R\
FRPSOH[ IXHOV DQG WKH SRWHQWLDO XWR RPIRURQI BJHFH RRY'
UHGXFWLRQ 255 NLQHWLFV DW WKH FDWKRGHOM Z LKNKK S
VLIJQLILFDQWO\ ORZHU PHWKD QR G (®BH KMHMHE EGIHNVG GHDHD B
SRO\ DU\OHQH HWKHU VXOIRQH > mQGSRBAOVD U] AKWRIWR KN B W
SRO\PHU EDFNERQHV 6HYHUDO JURXSV KDYH DHOWWBIOG5&HPF
FDWDO\VWV ZLWK WKH JHQHUDO FRPSRAKLWER/QY LRVLHMR QQ H
FRQGLWLRQV WKDW DUH FRPSHWLWLYH®ZLAKK PERPHWRLDEA
H[SHQVLYH DQG ZLGHO\ DYDLODEOH ® HQHD B R Q B UVHARHPWKIRF [
PRWLYDWLRQ GULYLQJ FRQWLQXHG UHVHDUFK RI $(0)&V LQ W

$QLRQ H[FKDQJH SRO\PHUV QRW RQBO KBW H R0CB\S\OH.\F DEAKLVR
FXUUHQWO\ XVHG DV LRQ H[FKDQJH UHVLQV BQ® Q& PH P EBDLC
UHVHDUFKHG IRU RWKHU HOHFWURFKHPRRZD BDMWHIILHEY L F

DONDOLQH SRO\PHU HOHFWURO\WH HOGERQ RIORKXBQVH PH®E W



$(0 V DUH DYDLODEOH IURP FRPSDQLHV VBCAKV V. FARN X@D PRS |
DQG )XPDWHFK> @ IRU GLDO\VLV DSSIONHF FWPR BV F HRA HPYHPLE |
ZLWK ORQJ WHUP DONDOLQH VWDEL®EUWS+DIDFF DRWREDH ARQ C
DSSOLFDWLRQV DUH VWLOO QHHGHG> @

$ ZLGH YDULHW\ Rl FKHPLVWULHV KDY ERIGH WWQW R WXL
FDWLRQLF IXQFWLRQDO JURXSV &DWLRQLF IXQFWILRQDO J
JHQHUDOO\ ZLWK FRYDOHQW ERQGV GLVYHGW GKNRQW KR EZ0FN
EDFNERQH VWUXFWXUH $ UHFHQW 9BUWRBWWH OLWHYDKMZXY
WKHVH FKHPLVWULHV DQG GLYLGHV WRNW DWMRBPF JTRXWS)
DPPRQLXP KHWHURF\FOLF LQFOXGLQJ LPLGD]RQGXPHWRDQL
EDVHG> @ $ PRGHUDWHO\ VWDEOH T XDWUHLPQHDAK \ P PRRQ X
%70% ZDV LGHQWLILHG DV DSSURSULBWWLEH®FXFBUYNR B
PHPEUDQHV IXQFWLRQDOL]JHG ZLWK TXKWHUIDDHY @PPRIDERR C
JURXSV ZLWKLQ WKH EDFNERQH DQG %70% VLGH FKDLQV

7KH SULPDU\ PRWLYDWLRQ IRU FRQWLQXHGXGHWHRRS®O
JURXSV LV WR LPSURYH FKHPLFDO VWDELBEWO HD\GHKUIKG BW
VWXGLHV ZHUH FRQGXFWHG WR FRPSDUH WHKGIHWWDPELQHWR DF
GHJUDGDWLRQ PHFKDQLVPV 5HSRUWYV LQFOXRBGHGWOVLVE I
H[SHULPHQWDO LQYHVWLJDWLRQV XVA®\JRXOBW HU Q @U \DDVPHR\QF
VPDOO PROHFXOHV E\ 89 9LV VSHFWURVFREJID Y @P HWWU DF FR@ B
7*$ DQG HYROYHG JDV DQDO\VLV ZLWK YRXEMHIR WRFDSQ VD RGP
VSHFWURPHWU\ 06 > @ $OWKRXJIK WKKZDH\ W \URG LWXJI DHHW

VWUDWHJILHVY WR GHVLJQ PRUH VWDEOH WRWERRW K WH RAKKSH/



FDWLRQV RQ EDFNERQHBS5VWWEGD EW\1 Xx®] HW DO GHPRQVWU
FOHDUO\ E\ VKRZLQJ WKDW WKH DGGLWLRQ RROTXBPWRQE@D
EDFNERQHV VLJQLILFDQWO\ GHFUHDVHV MKH I R OE IKDMWV V LRY
VKLIWHG WRZDUGYV GHJUDGDWLRQ VWXGLHWWXGERHSE ORHWSH 0¥/(
IXQFWLRQDOL]JHG ZLWK TXDWHUQDU\ DPPRQDXPXDWRK]SFUKDW
EDODQFH 4&0 RXWILWWHG ZLWK1IDPDMUWY VOBEFHWURRKHWHU >
&KDSWHUV DQG DUH VWXGLHV RI D EORERXEXRSERTKRARMHY
%70% JURXSV FDQDGR3IPEBH RI UHDFWLRQ SDWKZD\V VKRZQ L
VWXGLHYV VKRZ VXIIHF LNAVMWKGEWDRLWKW \KNSEWR[LGH IRUP DV OF
DUH VROYDWHGZEPWK 1XxHd HW DO UHSRUWLQJ D KRXU K
DPPRQLXP IXQFWLRQDOL]H €& IR0 VRWYMAIQRHQ KHMWXK DWHTXLYDO

GHXWHUR[LGH .2'> @

poly poly poly poly

‘HC

S Me/ﬁ\

N*Me, N*Me, NMe,
+ HOH
'Me’,C}'I,@fpoly —> Me ,NCH‘,@fpoly
/H
+ HO-C,
YH
poly poly H
+ NMe,
AN
] nucleophile OH- I /_\ ¢
R HO— ™~
H P\N“Me/ Ik-l H
polymer bound
benzyltrimethylammonium group
Hb‘,,, + NMe, + HOH,
7, Ho m-w Hp
o 4 €3
poly&i\p/ _— polywé\\C/Ha
S Hofmann elimination ]
Ha H, mechanism H,
JLIXUH '"HIUDGDWLRQ SDWKZQ\WYFIRHURW KIHOUHV FALMRKQ RI 2+

EHQJ\OWULPHWK\ODPPRQLXP FDWLRQLF JURXSV 6XPPDU\ IUR
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JURP 3DQGH\ HW DO > @

$V LQWURGXFHG LQ SUPIOMBMLIRIH WIR KLDKLBB® RWRQ FRQG X
VWUDWHJI\ WR LQFUHDVH LRQLF FR@GXEMWLRQ W\ ZK VERX W HHP[E
WR GHVLJQ SRO\PHUV WKDW ZLOO SKDVH YKISDULFD\ERP D@Q"
FRQWDLQLQJ IXQFWLRQDO JURXSV FUHDUM V ZHIL DFL QG BHK
GRPDLQV PDLQWDLQ WKH PHPEUDQHTV PBFHKDQQFD @ KIDOWV H
HIITHFWLYHO\ OHDG WR SKDVH VHSDUDRHLUG/ F(I0W K. B F®XREHK RE (
IXQFWLRQDOL]HG K\GURSKLOLF EORFNV> @ HROWHRVYSX
VWDQGY HQWDQJOHG ZLWK IXQFWLRQDOL]HG JKDEWRISKEOKXN |
FRSRO\PHUV ZLWK K\GURSKLOLF VLGH FKDLQV DGGKIGY DORQ

WKHVLV ZLOO IRFXV RQ WKH EORFN FR SR PFHPE VIWVQHDWAUW W F



GHILQHG PRUSKRORJ\ 7KHVH PHPEUDQHW P D\QIRW¥YGD QD VS K M
F\OLQGULFDO ODPHOODU DQG ELFRQWLQXR X\/Q G RPHILLHI DGV
VWUHQJWK Rl WKH EORFNV > @

2Q0XPD HW DO V\QWKHVL]HG D VHULHV EDWHG HRQ EOF
SRO\ DU\OHQH HWKHUY VX@ARQRQEZDWIKIBXSV> @ ,RQ H[FKDQ
FRQVWDQW DW EXWPR®RBN OHQJWKV ZHUH YDULHG DQG D
VWXGLHG DV D EDVHOLQH 6DPSOH PR USKPQRIQZDW WQXEILI
HOHFWURQ PLFURVFRS\ 67(0 LQ YDFXXPUIDQIG 64PBO®IDRH®
VDPSOHV VWDLQHG ZLWK FHVLXP 6%$;6 VSV MDPRD SKRZAH G QM (
SHULRGLF GRPDLQ VL]HV LQ EORFN FR REO\PHY 1\QKY HDN HES
OHWKDQRO SHUPHDELOLW\ LQ SODQH GQPRIQWKRQRO VZDHWOU
SURWRQ FRQGXFWLYLW\ DQG DOO YDRHHBUDLQHK WKKH S\HIUALSRGE!
RSWLPL]HG DOO RI WKHVH FKDUDFWHRQ V3N¥LFY ARUHXWH RL @ C
FRSRO\PHUV ZLWK VKRUW DQG PHGLXP EORF K DDH@IWHK U R K GFd
K\GURSKLOLF GRPDLQV> @

$ VWXG\ Rl UDQGRP DQG EORFN SRO\ DU\OHBHQ®WKHU
DPPRQLXP IXQFWLRQDO JURXSV ZDV FRQGXFWHBVERG®WVVHI
FKDUDFWHUL]JHG E\ DWRPLF IRUFH PLVFURVIDRFEHYV $EXWRIG MK
LQFUHDVHG UHJXODULW\ DQG ODUJHU GRPODRWLRQHVQLROWRI
H[SRVHG K\GUR[LGH FRQGXFWLYLW\ ZD\G RIDYRWHIE Z$OW K
FRQGXFWLYLW\ ZDV VLPLODU EHW ZH MK IV DRRUSGEHY FDI VWV K16 HRV/RH
LQFUHDVHG SKDVH VHSDUDWLRQ RI WKH EQRFNVBRSR O\PHN

YHUVXYV ZW > @



<H HW DO VWXGLHG K\GUR[LGH FRQGXF®WHUYLW\GRI RIQ FL
OLTXLG 3,/ EORFN FRSRO\PHU DQ DQDORJRPXNUUPDIQNRPWF R/
IXQFWLRQDO SRO\PHU> @ 7KH LRQLF OLTXLG WHRBIRQHQV
EXW\OLPLGD]ROLXP 0(0,P 2+ DQG WKH QROMRRQLFOSRP SRQH C
RUGHUHG ODPHOODU PRUSKRORI\PZPN PLEGH@WLEIDHVG G R QY KTH %
T VFDWWHULQJ SHDNV LQ KXPLGLW\ FRQWUYR ® QB @ s ¥;B PKXHI
2Q0\ SULPDU\ SHDNV ZHUMRWR\BSE® W/ SIFWKEB XOQGHU KXPLGL!
SRVVLEO\ GXH WR ORZ HOHFWURQ GHQVLWG RARIWU MW HfSR?
K\GUR[LGH FRQGXFWLYLWLHV LQ DOO VDPS@HVLHG BRQB GWll
7KH EHQHILW RI WKH SKDVH VHJUHJDWLRQ ZQ WK H ER®REGNURR |
PDJQLWXGH LQFUHDVH LQ EURPLGH DQG K\GIGRWREKNVKBD B0RG
FRSRO\PHU ZLWK DLU H[SRVHG K\GUR[LGH F RUH3/)SHFMYLLYWHLO
DW R& DQG 5+ 7KH EORFN FRSRO\PHU DOVR RXWSHUIRUF
EURPLGH DQG DLU H[SRVHG K\GUR[LGHKRARQOWEWDRYVYW X GMH &
54 OLNHO\ GXH WR H[FHVVLYH GLPHRNURQ®O WI HZDVL QYW QU
QRWH WKDW ZDWHU XSWDNH ZDV HTXLY D GHQ@W REH B DIOHIQX B O
FRQGLWLRQV VWXGLHG ZKLFK ZRXOG UHVXGWV DLVDL P FIKQ K\
K\GURSKLOLF OD\HUV RI WKH EORFN FRSRO\PHU

(YHQ LI WKH PHPEUDQHV LQYHVWLJDWHG LUQVWKW K HWK R
VWUDWHJILHY LQ FKHPLFDO VWDE X®LRN\ RLWLHRQIDFO ¥ RALGXKE W/ LX
RUGHUHG SKDVH VHSDUDWHG GRPDLQV DVXWRRBBUYIRWP DA

UHODWLRQVKLSY KDV DOUHDG\ EHHQ GHPRQVWUDWHG LQ 3(0



(IITHFW Rl :DWHU LQ ,RQ ([FKDQJH OHPEUDQHYV

$ YDULHW\ Rl H[SHULPHQWDO DQG FRPSXW®D W MR OWW F
ZDWHU FRQWHQW ZLWKLQ HDFK FRPSR@®QQMWP RILDQ REIHHIOLW
KDYH VWXGLHG RSHUDWLQJ 3(0)&V IURP \WWKWKW.GHP BARD QB VD
IURP WKH IURQW WR PRQLWRU ZDWHU FRROWRGW RQ WIXWM KRG
@ 2SWLFDO PLFURVFRS\ H[SHULPHQVD\D KoDQYG! WWHKRHS B G ¥ D QUAHE
EXW UHTXLUH VSHFLDO IXHO FHOO KDDGHDWH WRWBHQGIR I D ¢
VXEMHFW WR EORFNHG YLHZV GXH WR IRDZAMY FIRREGHW KB W
VWXGLHV DUH WKDW KXPLGLW\ FRQG DW HRIDN YOLU | XMLHRIDWOD \|
ERWK IORRGLQJ DQG GU\LQJ RXW RI WKHHMWBEODWR HOHOF
SHUIRUPDQFH 7KLV UHLWHUDWHY WKH LRIDRUHVDRWH LR IF RQV
YDULHV ZLWK KXPLGLW\ FRQGLWLRQV XOUMG DKRZ WVRIQDLW DRIGIE X
2SHUDWLRQ RI $(0)&V DGGV HYHQ PRUH FFOPSGHWMY WR BARK
UHDFWDQW DW WKH FDWKRGH DQG SUBRBXJFRVVDR\H VP KR EDUDRGH |

EHQHILFLDO WR PDLQWDLQ K\GUDWHG FRQGLWLRQV
7KH HIIHFW RI ZDWHU XSWDNH DQG VYHJU HDWRER E HHWK L
VWXGLHG PRUH FRPSOHWHO\ WKDQ LQ WHKIHQ KXY WD\ I BID Rl
$(0V> @ 7KH H[SHULPHQWDO DQG MRP YXWKXIBW 3R\ 6 DWQH
XVHG ZLWK VRPH PRGLILFDWLRQ WR XQG HRDWHW.® QRS DQG 2
7KXV IDU $(0V KDYH GHPRQVWUDWHG PRUM L&UIRDIWLFORBR
KXPLGLWLHV WKDQ 3(0V PDNLQJ LW HY HIQWRRIUHY FRR @MW BD Q HV

WKH SRO\PHU VWUXFWXUH DQG LWV VSHFLILF UROH LQ LRQLF



':DWHU XSWDNH DQG SRO\PHU PRUSKRORJ\ RI D >39%7
GLVFXVVHG LQ &KDSWHU DV PHDVXUHG H\X9B® GG S$RMH
SDUWQHUV DW WKH 8QLYHUVLW\ RI &KLFDURQWRI GHYHQZRW
VZHOOLQJ EHKDYLRU ZLWKLQ D PRGHO EOR PN FRIS B K MPH B D\O
3K\WLFV> @ 7KH PRGHOLQJ SURFHGXUH W& \UFR/QX\® WI\VE BW H
LQVLIJKW LQWR WKH % (6 DQDO\VLV DQGQD&ID SRAWW[WDWYR V
39%70$ E 30% SRO\PHU ZDV VLPSOLILHG W R/ ®H¥ UXVEKU W WHRIQYV
K\GURSKLOLF 39%70$ EORFN UHDFKLQJ Q&N FD @& HD KDG UBRBKR L
30% 39%70% LQWHUIDFH )LJXUH 3DUDRBWHUHW D XIRFKP RYRI
YROXPH ZHUH FDOFXODWHG IURP FKHRHWDH G KB BF\WS@ & POy
>30%@ VDPSOH '96 PHDVXUHPHQWY DQG 6%BPGDWD RI RQH

(& PPR@DN XVHG WR GHWHUPLQH JUDIWLQJ GHQVLV
GRPDLQ VL]H 6HSDUDWH '96 PHDVXUHPH®REBYXRRELFVRORMNH &3
WR D )ORU\ +XJJLQV PRGHO UHVXOW Z@WHY D! HIXVDWW R Q3 ®

HYHQ DW PRUH GLOXWH VROYHQW FRQFHQWAMMDWLRQV WKDQ F

j Water Swelling j?
& L=
S
JLIXUH ,OOXVWUDWLRQ RI EUXVK SRO\PHU PRGB®7ZKHUH I
EORFN DQG UHG RUDQJH UHSUHVHQWYV WKH K\GURSKRELF 30Y%

7KH ILUVW VXUSULVLQJ SUHGLFWLRQOR &KHHBRGQGHBD LY

SUHGLFWHG ZDWHU XSWDNH RI WKH WHWKHHHGE VED @Y CEORQ HF



SUHGLFWLRQ SURILOH LV YHU\ 10DW GHRIPG DEUHG/ KV R \ WWKHIP 8 L
JHQHUDOO\ KDYH SDUDEROLF VKDSHVHGHPRQQWIULBDHQYD\EQ
LQWHUIDFH 7KH VHFRQG VXUSULVLQJWHHGIL FOMLYRI® RSV WDKA
K\GUDWLRQ OHYHOV ZKHUH ERWK D SRORAFHDWHGKZBWBWH D
ZDWHU ULFK SKDVH ZDWHU FKDQQHO H[LRQW WHHD W RERIK dL
H[SHULPHQWDO GDWD ZHOO 7KH ILVW®DORDWWARWHIUBIBW E WL
WR RU LQ D IXOO\ VDWXUDWHG HQYLUERPRHOWRWKB® ZQ X3
ZDWHU 7KH ZDWHU FKDQQHO LQ WSRO\FEBY HY RD X0ROHP RWDIF \8 KR
7KH VHFRQG VROXWLRQ SUHGLFWV WKHUHR[DS Wb QIHQ RH RD W
DFWLYLW\ D - DQG WKH ¥ LW DQSSW R[HBDWHWLF WR6R O
XQGHU IORRGHG FRQGLWLRQV GHYHORSLQJ D ZPWEI FKD
FRQGXFWLYLW\ ZLOO EH KLJK DORQJ WKH ZDWHU ULFK GRPDL

,Q WKH FRQWH[W RI PD[LPL]LQJ LRQLFQFR{\GXFWQ YIRO \F
YROXPH IUDFWLRQ ¥ $W ¥ YDOXHV WRRFKDKH GV K HWKQ WRK® VF
IXQFWLRQDO JURXSV DQG DUH QRW DVFRREHQK UDWA PQ R LI
ORZ 7KHUHIRUH SRO\PHU V\WWHPV ZLWKWKKHURRRBQGDPRP X
ZRXOG EH SUHIHUUHG ZKHUH WKHUH LN FKXOL.Q@®HWODR R R/\IRIH
IURP WKLV VWXG\ LV WKDW LQFUBDRISELOLKH3E®REN \OKHRXINGK
WKH UDQJH RI KXPLGLW\ FRQGLWLRQV WKDW DOORZ ZDWHU U

J RQLF &RQGXFWLYLW\ LQ ,RQ ([FKDQJH OHPEUDQHYV

$ NH\ FKDUDFWHULVWLF ZKHQ FRPSDULQB P (Y OL\W LVPK H L U

HOHFWURFKHPLFDO GHYLFHV FRQGXFW DQGRONQBHWZIHRAH® W

VI\IVWHP WKH DQLRQV POHVVEH KKXOEGGRMRGEHOD UERQDWH VSHFLH



&2 7KUHH SRVVLEOH PHFKDQLVPV Rl DQLRQROQUBFKORUW H
PHPEUDQHV )LJXUH > @ +DOLGH DQG FDWIE RKRB\SHQURDYC
YHKLFXODU WUDQVSRUW )LJXUH E F +REHYOHWHWR QRO KFXU
LQ D ZD\ WKDW DOORZV WKH *URWWKXPRY KR SV8K Q B ¥PIF R DKQ G\

ERQGHG QHWZRUN RI ZDWHU E\ WKH G\QDPLF FOHDYDJH DQG

(a) Grotthuss Hopping (¢) Velhicular Transport

Y A . ®
A S )

(b) Site Hopping &3 g Yy ———
NR.*

' NR,* NR,*

JLIXUH ,OOXVWUDWLRQ RI SRVVLEOH K\GUR[LGH WUDQVSR

7KLY UHDFWLYH WUDQVSRUW DOVR FDOGO{OH @ LYWKUKXEG DAXWLD
PROHFXODU G\QDPLFV 0' EHFDXVH WKHRW FKDRH AR UINQ GRRKHAW
ERQGLQJ WRSRORJ\ 8VLQJ DE LQLWLR PROHFQOKWJIK\QDP
FRPSXWDWLRQDO FRVW ZLWK D OLPLOWWHG WDEWHPWRLIHDBHW® & |
SRO\PHU V\VWHPV 7KH PXOWLVWDWH HPOURBUEWKXPYDYUHD FM
DSSURSULDWH FRPSXWDWLRQDO |UDFKHDARIUHNEW R GWQLD OFARR)A Y JE
ZKLOH EHLQJ PRUH HIILFLHQW WKDQ $,0' BDRHIORWKZRUWRX B/ H
PRGHO SURWRQ WUDQVSRUW LQFOXGLQJ *URWWKXMY KRSSL
VA\VWHPYV > @ 7KH\ WKHQ JHQHUDOL]J]HG WKDWQVSBBPMWZRUW

PRGHO 39%70% SRO\PHU V\VWHP> @ %\ P RGHO DM Y\KH L



WHPSHUDWXUH FRQGLWLRQV WKH\ REVHUDHG IRIQNWL QVHKUHH [
+RZHYHU WKH RYHUDOO K\GUR[LGH GLIWHARQUBRXVYWD QWY
WKDW LQFUHDVHG YHKLFXODU WUDQ VGERRIV) DQW KIZKHKNUVWKE
IRXQG WKDW ZLWK WKH PRUH GHQVHO\ SDBEINKHG&G FXQEQYRQI
JHQHUDOO\ FDUERQV VSDFLQJ YHUVXV SRDQOP HWUV USHNXI@W R
RYHUODSSLQJ ILUVW FRRUGLQDWLRQ VKHOOMVXJHQHLJKMERLWYL
DOORZV WUDEMMWZHRR2FRRUGLQDWLRQ VKHOOV ZLQ/KRXW WK

0 FRPSDULVRQ > @

vehicular + Grotthuss

\W\

N -«
& SA 6.5A

side chain

backbone

free associated |} overlapped
JLIXUH BURSRVHG PMAKID@QLYRUWR W QR+39%70% $(0 VI\VWHP )U
DO > @

,RQLF FRQGXFWLYLW\ LQ QRQ PRGHO SRO\RHRDWHMNWHRV
FKDUDFWHULWYLVAWKMBXIKNKHEOHFWURFKHPLFDO LPEEOGLOOWPH V!
IURP WKH RKPLF UHVLVWDQFH PHDMVMXWHGWZ L W HU ILIXX4-BOWV FRIW & L
UHVLVWDQFH PRGHV (,6 H[SHULPHQWYV EDQ KHRRRIQ GRODWHGV I
RULHQWDWLRQV DQG DW D YDULHW\ Rl VWRHPGHUDWXWH DWQ G

FRPPRQO\ UHSRUWHG IURP LQ SODQH H[SHULPHQWVIERXSXFW



FKRRVHV WR PHDVXUH LQ SODQH FRQGXFWUIWWH UL QVRBQ WL
ZDWHU LQ RUGHU WR XQGHUVWDQG @& HE P H.IDE D [KQXHP LSGHLU LRYGF
DQG LWV VHQVLWLYLW\ WR ORZHU OHWHON[RH K\BHOQWY RSIHR
FRQYHQLHQW SHUIRUPDQFH FRPSDULVRQ EHWZHWIQVN\PHPEL
PHFKDQLVPV FDQQRW EH GLIIHUHQWLDWH® OB LU DO HDIULIRRH
ZLWK LRQLF FRQGXFWLYLW\ FDQ EH EOXUUHG

3XOVH ILHOG LQIUDUHG VSHFWURVFRS\KBY6EHP)QF VB G |
PHDVXUH LRQ DQG VROYHQW GLIIXVLRQ LQVX(WNVDWDHO$ (®NIIXY
FRQVWDQWY RI VSHFLHV LQ D V\VWHPLQUWRRERW X LAWK FDLQFIDF
GLIIXVLRQ FRQVWDQWYV FE® W KBIWRHIGWHORIGLIIXVLRQ FDQ EH 3
WRUWXRVLW\ RI WKH K\GURSKLOLF SDW KAD WRZY WUKIIDF KV B H HPO
RI WKH SDWKZD\V PRGHOHG DV SRUHV> @ Q7WH® DMHFKR UTFNA
LQ WKH PHPEUDQH WR LRQ ZDWHU DQG I\XFHIDOW SRREHREU VR UE
PLOOLVHFRQGY WKH UHVXOWV DUH RQOFDNOBYG RBGHW UDIQ
QP > @

%URDGEDQG HOHFWULFDO VSHFWURVFRSSH BB HRDAD @ HWF
WR FRUUHODWH SRO\PHU G\QDPLFV ZLWRLE ER QGH[FFKDQLW\
WHFKQLTXH LV VRPHWLPHV UHIHUUHMNGU R\RF RS\ E®%RD G E B YGWE
LPSOLHV DQDO\VLV RI MXVW W KSREHUHP LIADWLKYH.W W O B P\M QM FR
UHVSRQVH RI WKH PDWHULDO % (6 L\P BUHR® K CLAQOW R R QUK EF RX
JHRPHWU\ DQG PHDVXUHV WKH HO H FHW UIURDIX WEFISHRO MHRR | W
WR 0+] WKXV SURELQJ PROHFXODU PRWLRQV RY(6 BDOXDUJIH

GLIIHUHQWLDWH EHWZHHQ LRQLF FRQGWHWIRQ /U IFABRMAKIR@L WK



FDQ VLPXOWDQHRXVO\ REVHUYH G LOA®HBWADLW UL 0 D@D V§ DR @V
WKLV GDWD FDQ SURGXFH FULWLFDO VWRQXHARY UM VEXRIS HLDMW
GHYHORSPHQW SDUWLFXODUO\ ZKHQ SPRUIS&RILRVUK DVRIG KARP
VL]JH VXFK DV ; UD\ VFDWWHULQJ RU WLQ® VFIWK LKRBFKQHF.
FDSWXUH WKHUPDO WUDQVLWLRQ®\\WXFK 03V @G\Q DHPU IF QRWHLAKMD
FDORULPHWU\ '6& DQG WKHUPRJUDYLPHWULF DQDO\VLV 7*$

0DQ\ %(6 VWXGLHY KDYH EHHQ FRPSOHWHGGRRQSEDWMHY
HOHFWURO\WH PDWHULDOV> @ ODXXOWU HAVR WDIORQW HG %
PHPEUDQHV YHUVXV DQQHDOLQJ WLPH [Ba&V D/QHP B/H BID W XU HAF &
FRQGXFWLSY WKWURBD O W U D Q W& VKIDREQ EHIHRX QGHQWLILHG LQ SU|
1DISRQQG PHPEUDQHV DQQHDOHG DW WHPSHUDWXUHVHBER
LPSURYHG PHFKDQLFDO SURSHUWLHV SURWRW\ FROQMG2HQ
VDPSOHV> @ 7KLV VWXG\ IRXQG WK DLV ALRHD. \FHFER BIGVX I VDIO)
WLPH DQG WKDW PRUH HIILFLHQW SDPBNL@IL RQ VWHP\SHLEDOMX D
WKH+62URXSVY FORVHU WRJHWKHU ,W ZDY H@W R FRRQE WK G HLEQ
WR PRUH SURWRQ KRS$SLORXEMWIZHWMQHE2 WKDQ WUDQVIHU Et
GRPDLQV DFFRXQWLQJ IRU WKH LPSURYHG SHIWYRGPDQ FWKH
DQQHDOHG PHPEUDQHV> @

*LIILQ HW DO VWXGLHG D VHULHV RI WK SYHRU OB & URRTVXXLCY I
ZHLIJKWV (:V ZKHUH GLIIHUHQW (:V ZHU W KN QRKKIHP\L EJHE \EW L
VKRZQ LQ )LIJXUH > @ /RZHU (: FRUUHVSRQGWL W FHKRILQWH
DQG D KLIJKHU QXPEHU RI VLGH FKDLQV3SHILY LIR)OW \RA DRIDONVBIQ

ub\ VFDWWHULQJ 6%$;6 VWXGLHV UHSRUMMH® HDK/BIVE EQKFWWL



IUDFWLRQ DQG LQFUHDVHG UDGLXV RI J\WUDWLRQ@Q RALBEHsURS
DQJOH ; UD\ VFDWWHULQJ :%$;6 )7 ,5 D QABL Ro@ 6 WZRH WV X& H B/ KL
VWUXFWXUDO DQG HOHFWULFDO SUR SRHWMHL MK HD W W UDXFENMF VUL IR
UHODWLRQVKLSVY WKDW DIIHFW FRQG>SH¥UWUDV\V KR Z W& HRUH\ VF
VWUXFWXUHYV LQ WKH K\GURSKRELF GRPDLQ@GHMRMRRNWW OWQL @
PLQLPXP QXPEHU RI WHWUDIOXRURHW RANOGH) Bl URXISW VI PW H W M
VWUXFWXUHYVY WR IRUP P'6& DQG % (6 GDQW VKRR GDRRGUUHV
. WUDQVLWLRQVZKHWR WKH . WUDQVLWLRQ FRUUHQSWRIBV WHF
37)( OLNH GRPDLQV DV VHHQ LQ RWKHUWUB Y)$4FRHFE U DR W¥\S
SRODUL]DWLRQ HYHQWY IURP WZR XQLTXH W¥WSRU R/IHBR H®XF
SRODUL]DWLRQV DVVRFLDWHG ZLWK WKRQJEHER®UDR VDHG EHY
SRODUL]DWLRQ DVVRFLDWHG ZLWK WUGQFNSRKRIUN D OR G JKWXKUHR
GRPDLQV 7KH DFWLYDWLRQ HQHUJ\ RI HGHRWUIRGHE BRB DWK
UHOD[DWLRQ WHPSHUDWXUH $OWKRXJK WKH DH®HKFIBRGHYV S
LQWHUIDFLDO SRODUL]DWLRQ GHFUHMDVARAV\ZWWN R OL@A KIRWPLDQL
KLIJKHU (: VDPSOHV SURYLGH SDWKZD\V EHWMZHANXH HORPDE |
FKDUJH WUDQVIHU DORQJ WKHVH SDWKZXDGW R'SKIFELEFCAPD L (

WKHUHIRUH IRXQG WR EH LPSRUWDQW WR ORQJ UDQJH FKDUJ
CF—[CFQ—CFQ
| n
O— (CF,), —SO:H

J)LIXUH &KHPLFDO VWUXFWXUH RI 0 SHUIOXRURVXOIRQLF L
GHWHUPLQHG E\ YDOXH RI Q



'L IRWR HW DO KDYH FRQGXFWHG PX@WE SROH D6 FV WX GR
PHPEUDQHV FRQWDLQLQJ LQRUJDQLF GRSDRWVORBEVQHPHGVV
K\GUDWLRQ ZLWK WKH JRDO RI GHYHORSLQGH®GPESBDQBWL
WHPSHUDWXUBY DERRHLOOHUV VWXGLHG LQFOXGHEUYLQJOH
7L2 =U2+12 :2 7R > @ FRUH VKHOOfRRRFOXVWH@ >=|
DQG D IOXRULQDWHG @VLWHMHD LQYHVWLIDWLRQV LQFOXGH
VSHFWURVFRS\ VWXGLHV WR FKDUDBWSRQHWXQFWH B Q BW LRIR
SURWRQV DQG R[LGH ILOOHUV GHPRQVWDWWUQ J6HK [L¥"\§ HQFG
'0$ ZHUH XVHG WR HYDOXDWH WKHUPBIO WKADEL\®Y WDV QBEWU
DVVLIQPHQW Rl GLHOHFWULF UHOD[DWGRQ VG IL\DR WKHU %R OV
UHOD[DWLRQV LQ WKH 37)( OLNH EDFNER QK\ GRRHK IQU/L B F® XS\
LQ WKH K\GURSKLOLF GRPDLQV 7HPSHUDMXBKMQR®E QDH Q2B
DIIHFWHG E\ ILOOHU VSHFLHV DQG OZAH IDIKGL \8 HRG B QWO RRGIGQ
PHFKDQLFDO SURSHUWLHY DQG FRQGXFWLYH@WBQ CDJWRHDD ¥
FRXOG IRUP 7KHVH VWXGLHVY WDNHQ WRJHRKRBXFOHG LWR D\
OHYHOV RI K\GUDWLRQ ZDV LPSAKRYH & R R GWPHUINVQQ B RID 0@
FDXVHG D FRXSOLQJ EHWZHHQ WKH K\GURSKREBHN D Q& K\GUR:

2Q0\ RQH $(0 FKHPLVWU\ KDG EHHQ F KPWH FWKHHU %](16 GV BLX/G
Rl 39%70% E 30% FRSRO\PHU PHPEUDQHV LQFHORBOIGXEWKEDS
*LIILQ HW DO° $OHOHPLRWXGLHG ZLWK 7*$ P'6& '0$ DQG % (¢
IRUP DV UHFHLYHG DQG WKH K\GUR[LGH IRUPHPE®@DQHKLV
GHYHORSHG IRU HOHFWURGLDO\VLV DSSONFRDA RIS ER SN B

FRSRO\PHU VWUXFWXUH OLNHO\ LQFOXGLQDQSROXPWHOQ K



DPPRQLXP IXQFWLRQDOL]HG SRO\WWHUHBWFXQEWE DVJRKRUH
39& UHLQIRUFHG SDVWH WKDQ D VWDQG DORQH PNREHQDIQM 7
WKH VSHFWUD RI WKH GU\ PHPEUD QMW PW PIEEQ® Q& E BHIHREZH X U +
IHDWXUHV PHUJH LQWR RQH FRQWULEXWLEFRQ,WQZWKH RE RO KRB
WKDW LQ D VDWXUDWHG PHPEUDQH ZKMHFR EX\FWL Y. VWK R Q/\K
VHSDUDWH SHUFRODWLRQ SDWKXDB\W HE\H BR Pl WZHHM@RH ARREQ/GIHUFN
FRQGXFWLYLW\ EHKDB YLOFOU YIHY \6X\O BPER G (0V ZDV WKDW FRQC
FRQGLWLRQV IROORZHG $UUKHQLXV EHKDYLRUJQ@LWKD QWHP

FRQWULEXWLRQ RI PROHFXODU PRWLRRV RIRWKRH SRO\PHU PD

57ETEE

R;* —CH-CH,—CH-CH,—

Cl-
NR;*
Cl
YLIXUH SURSRVHG FKHPLFDO$YW S REPWXWWHM @ H 6BHIDHPAE. RQ G

JURP > @

%(6 VWXGLHY RQ DGGLWLRQDO $(0V ZLW K. RNBRARZ\QGFHIWH.B QI
IRU $(0)&V DUH QHFHVVDU\ WR GHWHUPLQHMH UZXHBEKL {6BQWH PRIF
$09 DUH RYHUDUFKLQJ VWUXFWXUH FR@®OFWXFWMUQBODWRR
$(0V 7KH IUDPHZRUN RI PHUJLQJ 6%;6 FKPRDFMRAORID QR QN
'0$ DQG '6& FKDUDFWHUL]DWLRQV RI D@BOPOY UBPUDJRRI@QV
HITHFWLYH VWUDWHJ\ WR GHYHORS V3NUXPDVWHIH. PR § AOQF W KL
DERYH 7KLV IUDPHZRUN VKRXOG WR EH LQRRUB RRRIMEEXE W IQY |

$(0 PDWHULDOV



7KHVLVY 6WDWHPHQW DQG 2EMHFWLYHV
$ ZLGH UDQJH RI SRO\PHU VWUXFWXUHV DQBHHQQFWL]
VIQWKHVL]HG IRU SRWHQWLDO XVH LQ ORV D/KLR B XH[IR KZDQM H U
EHKDYLRU DQG LRQLF FRQGXFWLYLW\ DUHQWRPRR 8P PHDMX
EHWZHHQ VDPSOHV EXW WKHUH D UH LYRHQLFI i R O GUXXFGA IHWL WQ Yt
LQ $(0V DQG KRZ WKH\ DUH DIIHFWHG E\ SRQEHH F K\DW Q XB Q¢
SRO\PHU EDFNERQH G\QDPLFV LQ SHUIOXRHMX G HRRFVDFALGW
DIIHFW SURWRQ FRQGXFWLYLW\ PHFKDQLVPW+GH FKDLQWX V
WR DWWDFK WKH VXOIRQLF DFLG IXQFWLRQDWIBRY®SVIUR BS!
LQ $(0V DUH JHQHUDOO\ DWWDFKHG WRWWKMRSREDPHU ERBNE
(9% FRPSXWDWLRQDO PRGHO GHYHORSHG E\GMKQN HRWXD FOIR:
IXQFWLRQDO JURXSV ZLWKLQ 39%70$% FKDLQW JH@HUDIVO \
SHUIOXRURVXOIRQLF DFLG SRO\PHU UHVXRMHGY LRI RWHHURDRX
DPPRQLXP VLGH JURXSV )LJXUH > @ TEHW 2WHK-RX 6 B RUGA R):
VKHOOV WR RFFXU ZLWKRXW UHTXLULQS WW®&8\FKIDRQ HP R XL\ ¢
DPPRQLXP IXQFWLRQDOL]JHG $(0 FRSRO\PHW \QRWHYMID W KDDL
LQIOXHQFHG E\ PROHFXODU G\QDPLFV RbDWKIHG BFOF NER G B PRI
GLIIHUHQFHY VHHQ LQ LQLWLDO VWRWGXEM @M ARASD BHGY \
K\SRWKHVL]H WKDW WKH VLGH FKDLQ SRO\LFHGRP\MIDPUL FG/R Z
LQIOXHQFH LRQLF FRQGXFWLYLW\ PHE®DQLMPG/ ZILWKK LTQX DH\WO-
DPPRQLXP FOWLWQ@WKHVLY KDV WKH IROORZLQJ VBEHRLOQWHZRE

LQVLIKW LQWR LRQLF FRQGXFWLYLW\ LQ WKHVH PDWHULDOV



'HYHORS ZHOO GHILQHG SKDVH VHJUHJIJDRMOHIBO PCHPIOH
;. UD\ VFDWWHULQJ 6%$;6 ZKLFK DUH VXJIDVDVESGRHJ WV R
SURSHUWHHVHIBWKLPHQWDO WHFKQLTXHY DQG FRDU\
6WXG\ WKHUPDO UHOD[DWLRQV SROLNWH U @ \SROP\LFVQD
EHQJ\O WULPHWK\BS RIDR FPRHQLE\ EXW\OHQH >39%70
EORFN FRSRO\PHUV XVLQJ D FRPELQDWLRQ RI 7*§
H[SHULPHQWDO WHFKQLTXHV
6BWXG\ GLIIHUHQFHV LQ FRQGXFWLYLW\GHHBRDRQV P
>39%70$@>;@ E 30% ZLWK % (6
7KLV GRFXPHQW DGGUHVVHV WKH D ERWER REWMHPYHL ¥ KO/
FKHPLVWULHV &KDSWHU LQFOXGHV WHIQWRO NHE KSQLRTRHHI/X X
VWXG\ FKHPLFDO VWUXFWXUH WKHUPDOU VWDEQYEWUWD QB
PRUSKRORJ\ DQG LRQLF FRQGXFWLYLW\ &KD\SWHWL]HG YHRRV
DPLQDWLRQ RI FKORULQDWHG SRO\ SURS\OHQWH 83X SAL/NKHS R
SODQH LRQLF FRQGXFWLY LWL W/VGGWW IQHOR H DFWH. RIX [RQ V21 L H G
GHVFULEHV D VHULHV Rl EORFN FRERP FFHRY WD W & 0 HIZORRW\SK/
REVHUYHG WKURXJK 6$:;6 H[SHULPHQW V QIHW%RQE K BWK YCLUID\WE
UHSRUWHG DFURVV D UDQJH RI LRQ H[PRDHDIX [FQ SFORFQ @M FHW
SHUIRUPDQFH DERYH (& 7ZR FRQGXFWL YWY SHAKD D LD/PC
ZHUH ERWK DIIHFWHG E\ WKHUPDO W UDKHLR\DLAR WU D Q VWK H R
FRQILUPHG ZLWK P'6& DQG '0$ &KDSWHU GLJV XIOHDS\HIRQQW
ZLWK DQDO\VLV Rl WKHUPDO UHOD[DW KRG®W VQB SKROG XEWK YV

GHJUHHV RI IXQFWLRQDOL]DWLRQ LQ WKWWKDE® WRI[G& &ZH WKUPH K



REVHUYHG LRUWKIHQ %KDSWHU &KDSWHU VXPPDWWKXOA WKH

DQG LQFOXGHYVY UHFRPPHQGDWLRQV IRU IXWXUH ZRUN



&+$37(5
(;3(5,0(17$/ 0(7+2'6
&KHPLFDO &KDUDFWHUL]DWLRQ

$WWHQXDWHG 7RWDO 5HIOHFWDQFH $75FRBXULHB 7UDC
FKDUDFWHUL]HVY PDWHULDOV E\ VIKQQH QRJ @DXYKMND IZQIWKKQ VK
WKH DEVRUEDQFH IRU HDFK ZDYHOHQWS8K F RKHPZE D ®OHRY GNK \
GLUHFWO\ DIIHFWLQJ WKH PHDVXUHT®, D B\DRWE 2 Q¥ HF R /OW K/ W
7KHUPR 1LFROHW )7,5 VSHFWURPHWHU IDWW B G KPLHQKV D 76
FKDUDFWHUL]DWLRQ WHFKQLTXH FDQ LIRQ X?HBEWR QAR G HW R D
DQG FRXQWHU LRQ H[FKDQJH

1XFOHDU ODJQHWLF 5HVRQDQFH 105 FRNODFERIHEN B UR HI
WKDW FDQ UHVXOW LQ YHU\ GHWDLOHG LDQ VDWW L RQ J E RQN
6SLQQLQJ 0$6 105 LV D WHFKQLTXH VRKDWVR (LGS0 R BAD \F B H\DIUR
VDPSOH LV URWDWHG DURXQG DQ D[LV WRIDWKHVPW1QMWMGF Il
1XFOHDU GLSROH GLSROH LQWHUDFWLRQELZROPDO QR UGNW C
LQIRUPDWLRQ DERXW WKH VDPSOH +RZHYOH GKS$RO K BY Y
LQWHUDFWLRQV DYHUDJH WR JHUR OB DML Q¥ FIV XWBIQ D Q@ X \Oi$ B
H[SHULPHQWV ZHUH SHUIRUPHG RQ D %UXNWW ®YD@PHO$6
%% %% SUREH 7KH VSLQQLQJ VSHRG LW FRPOHFINDHHIS XDRVHEZ ULHY
&KDSWHU ZHUH FROOHFWHG ZLWK D VSIFQO®IL GH &ZH HG HR |
VSHFWUXP ZDV FROOHFWHG ZLWK D VSLQQLQJ VSHHG RI N+

7LWUDWLRQV ZHUH SHUIRUPHG W RD BIHMH UL QRil \R K A EIURD

VDPSOHV 7KH ,(& LV WKH QXPEHU RI FDW L RILFOI URKSR/U SHIU



PPRO J ORKU WLWUDWLRQV VSHRLQLFRQOH Q WHIDWKLLR W IQHDF ¥
7KH VDPSOH LV ILUVW H[FKDQJHG WR WKWH FKI® RADIPGH HRILWP WD
H[FKDQJHG WR WKH ELFDUERQDWH IRUP LQ IR®SHEHHLIHG DR
FKORULGH LRQV LQWR WKH VROXWLRQ X3RVRDVD VXPQFKQ & PPN
VWDQGDUGL]HG VLOYHU QLWUDWH VRORWLRU VY VGG B & ULQV\
'KHQ FKORULGH LRQV DUH SUHVHQW LOUMKHSYRMXWH.RQ IRKP
WKH FKORULGH LRQV DUH GHSOHWHG VGIRUN WG G7KHON PR X}
FKORULGH LRQV LQ WKH RULJLQDO PHPEUDQHLBR®Y RH \WBRE
PHPEUDQH DQG YROXPH RI VLOYHU QLWUDWH VROXWLRQ XVH
'DWHU &RQWHQW

$ G\QDPLF YDSRU VRUSWLRQ '96 DSSDUD\WXXU HPHQ®Y
6\WWHPV /WG LV XVHG WR PHDVXUH WHKEW F\WR 8 W XEODHNG W -8
DQG UHODWLYH KXPLGLW\ 5+ 7KH '9%L®E WIUQ W DRIHID WOUNHHR/H
GHWHUPLQH WKH FKDQJH LQ PDVV RI WKH VDPSOH GXH WR Wi

2XU JURXSV VWDQGDUG H[SHULPHQW VWD UWRV HZQWXU HR &
DFFXUDWH LQLWLDO GU\ PDVV DQRGKWKHKPBIS®LWV \DVHIS VX H-
QLWURJHQ VWHSY DUH FRQWUROOHG DW F\FOHG ®WGWR
ZHW ZHW WR GU\ WZLFH WR GHWHURPUGH LI \KKREW UMHRH W W\
KXPLGLW\ SURILOH DQG DQ H[DPSOH RH UNKIH DBWWRFKLID W K GV P\
H[SHULPHQW FRQGXFWHG DW f&

'96 H[SHULPHQWY DUH DOVR FRQGXFW HAK B LMRQ & XK WIL® QW
RWKHU FKDUDFWHUL]DWLRQ H[SHULP HQWH Q@ ARU GHKIH W S0

FKDUDFWHUL]DWLRQ 7KLV KDV EHHQWKS NVKIRDJONH VRH @$HIQ D\



QHHGHG WR DSSURDFK VWHDG\ ZDWHUXWFRQIWHQW\ D/WD WMNH

H[SHULPHQWY 7KLV KDV DOORZHG XV WR RSVWLBGYHDQRKHGXSE
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KHUKR4s LV WKH VDPSOH PDVV DW WKk IHNQ & RH WBERWYVSRIVWKIFS \D
WKH HQG RI WKH SUHOLPLQDU\ GU\LQJ VWHS
:DWHU FRQWHQW LQ SRO\HOHFWUR O WHS\R W W HGWHQ KQRU
OHYHO ZKLFK LV WKH QXPEHU Rl ZDWHW PROAH-BOODHWH 6 HI

(TXDWLRQ
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7KHUPDO 6WDELOLW\

7KHUPDO JUDYLPHWULF DQDO\VLV D% DPHRQEKWHRQWDMD
WHPSHUDWXUH LQ D FRQWUROOHG DWPRGXKHQH WKIRP ISHB B WL
RU DGMXVWHG DW D FRQVWDQW UDPS UDIWX MY ZRD VWX
GHJUDGDWLRQ Rl PHPEUDQH VDPSOHV XAKH XGH WIRY DWV Y HQ RW |
WHPSHUDWXUH RI GHJUDGDWLRQ DQG WR GHWHK UPEWDHU YD &/ L
GHJUDGDWLRQ HYHQW 7*$ ([SHULPHQW\WRGKWHREKRPSOHWHBGS$>
,QVWUXPHQWYV WKHURBEDRDQPEGIQBKDDUHVROXWLRQ RI —.
JHQHUDOO\ FROOHFWHG IURP f& WR f& DQG QRUPDOL]JHG

6PDOO DQG :LGH $QJOH ; UD\ 6FDWWHULQJ

; UD\ VFDWWHULQJ RI PDWHULDOV FQHS BRWUGBH ZQGRUP
Rl OHQJWK VFDOHV IURP DQ DQJVWURP WR IQDIQRP;I8WHILG/ 2
:$;6 H[SHULPHQWV DW WKH %DVLF (GBGIDWERKQE&HQVBHNYF K%
ZLWKLQ WKH $GYDQFHG 3KRWRQ 6RXUFH $B86 HDW GLUIR Q QH%
DQG ,' & ' IRU RYHU \HDUV 7KH $36 LV RQH ® IWKKHZRR\D\
DOORZLQJ YHU\ IDVW DFTXLVLWLRQ RF DAND\MWHYL G SSHW RHH
FRQGXFWHG LQ KXPLGLILHG HQYLURQPHQW H IWVDKRORW F P DI
DFTXLVLWLRQ WLPHV EHWZHHQ DQG VHFERQSKR ORDRD (
FKDQJHV LQ WKH VDPSOH GXULQJ FKDQJHV LQ WHPSHUDWXUF

(OHFWURQV ZLWKLQ WKH VDPSOH UHERQBPWHQ GKSIQRGWE
VEFDWWHUHG ZDYHV FROOHFWHG BA\VEZKW IGLHONMA R W PUD WZHKWBIL B O H

VFDWWHULQJ LQWHQVLW\ PHDQLQJ DWRP X LAOKWK K/ IETKHW HIML



7KH LOWHQVIDNUDGLDO LQWHJUDWLRQ RI WRW W RV AWIXW VWHFUD MV

YHFWRALWK T GHILQHG LQ (TXDWLRQ
8
ML—OEEJ
KHUH LV WKH VFDWWHULQJ DQJOH DQG LV WKH EHDP ZDY#t

JHDWXUHYYHQYWRIHMWD FDQ EH DWWULEX® HRG RERMWKWVVR

VXUIDFHV LQ WKH VDPSOH WKURXJK (TXDWLRQ
@ L~

2XU JURXS XVHV D FXVWRP RYHQ VHWXSX WHR FFIRW WH RQ VK
HQYLURQPHQW VXUURXQGLQJ WKH VDPSOH )LIRXW VDP SIGKH
SRVLWLRQV DOORZLQJ WKUHH VDPSOIKWG DLQGDDVEQ DO WD PISU
7KH RYHQ LV VLWXDWHG RQ D SURJUDPPPEOMHFPRMW/RWLRQGQG BY
VDPSOH SRVLWLRQ O0DVV IORZ FRQWUROUIHNUHNGFRLW VRO HDR
IORZ WKURXJK D KHOLFDO PL[LQJ WXEH BHIRVHLWY GBVWRGXFH E
IORZLQJ JDV WKURXJK D KXPLGLW\ ERWWGHODWE Y)X KX PELHEA. ¢
PHDVXUHG XVLQJ D 9LDVDOD +80,&%3 KXPLGLW\ DQG WHPSHUI

7KH VFDWWHULQJ GDWD ZDV FROOHFWHGIROXKEH D PCSL® H
GHWHFWRU DQG D 30LDWXYV . :$;6 GHWWHHFWRU ZGHOWHD XANHA
HISRVXUH WLPH RI VHFRQG 7KH [ UD\ EHDRRPZHDXRID ZD¥HHOOL

6$;6 SDWWHUQV ZHUH FDOLEUDWHG DJDLQVW D VLOYHU EHKH
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JLIXUH ([SHULPHQWDO VHWXS IRU KXPLGLWQDQG WHPSHUL

HI[SHULPHQWV> @

,RQ 7TUDQVSRUW
7KLY WKHVLV IRFXVHV RQ XQGHUVWDQGHQJIDIALR@ERAQLEB
FRQGXFWLYLW\ LV JHQWHDIWOK HRPHB WIWRHFEHPLFDO LPSHGDQFH
WKH PRUH GHWDLOHG DQDO\VLV RI EURRGCGEHNILE® HN\OBDPW R LEBK

WR DV EURDGEDQG GLHOHFWULF VSHFWURQFRBQVW'BQ WD W



FDOFXODWHG IURP 3XOVH *UDGLHQWLBVWHRVRQMWPHE (BKR 1XF%
‘"HWDLOV RI WKHVH WHFKQLTXHY DUH ILDQ POPERG® EH AR W KR LC
FDQ DOVR EH FDOFXODWHG IURP WKB RKPOQLFFHEBULVWDWER QP
LQWHUUXSW RU KLJK ITUHTXHQF\QUWHWH¥WQ QFXHHF RZAAHM QRIH X

WKHVLV

(OHFWULFDO ,PSHGDQFH 6SHFWURVFRS\
OHDVXUHPHQW RI LRQLF FRQGXFNLWYLWEKQMWKH RV I/VNA
SHUIRUPDQFH RI DQRKK(0Q S@DQH LRQLF FRQGXFWLYLW\ Z

HOHFWURFKHPLFDO LPSHGDQFH VSHHUDWRYVBRFL VWD QFR BB DD
FHOO JHRPHWU\ 7KH HTXDWLRQ WH@I@W%@‘J@ZKNQGXFWWWM\I—

PHPEUDQH SRODUL]DWLRQ UHVLVWMHDHFEW UR/GW K H ZG LV WMKGIF B
PHPEUDQH VDPSOHV DQG W LV W KH REUTFQID ZVDW RRWEW NV® R
HOHFWURGH WHVW FHOO ZLWK SODWLQXP HOHFWURGHV PRX

$ 1\TXLVW LPSHGDQFH SORW LV WKH UMD QDPSHE®BSEEH
5H = DV VKRZQ LQ )LJXUH 7KH 1\TXLW WH SIOFRSM G IV QF\HH B SV
DSSUR[LPDWHO\ IRUP D VHPL FLUFOH IZHKUHGEFHREHGIO S RIQH \G MD
WKH VHPL FLUFOH LV WKH FKDWKDW WLDQVVHIG WRIY LW WHD G DHD |
FRQGXFWLYLW\> @

(,6 GDWD ZDV FROOHEWHG XVLQJ D,PERG/RQEFM 90SSH FIRWE
REWDLQHG RYHU D IUHTXHQF\ UDQJH RHG BR @& R QDN+]H D WWDL
/IDERUDWRULHV VRIWZDUH +DOLGH PHDWSLHP ZQW \L @ HU A HR/IY

+ RYHQ WKDW FRQWUROV WHPSHUDWXUH BD/Q@ H5Z D$WY B DE k



IURP  %&RE\ VWH&Y BDPSOHV ZHUH DOORZHG WR HTXLOLEUD
SRLQW IRU PLQXWHV EHIRUH GDWD ZDV FROOHFWHG

7KH K\GUR[LGH FRQGXFWLYLW\ PHDVXUHVPWBW V\YMWHP P X
WKHVH PHDVXUHPHQWY WKH PHPEUDQH R W|RKDQR R SQW/R GV
WKH VHDOHG FRQGXFWUNHW\ORNGOERQ DK&Y¥ V\VWHP ZDV Gt
PHDVXUHPHQW RVUPQY¥SRWW E\ PDILMMDHQNYQURQRRQW WKUF

PHDVXUHPHQW WR SUHYHQW FRXQWHU LRQ H[FKDQJH> @
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JLIXUH 6DPSOH 1\TXLVW SORW FKDUDFWHULVWLF RI D 5DQ

3XOVH *UDGLHQW 6WLPXODWHG (FKR 1XFOHDU ODJQHWLF
3XOVH JUDGLHQW VWLPXODWHG HFKR @BXFIOMHDUY BDXQHEW
WRRO IRU PHDVXULQJ GLIIXVLRQ FRHIILFLHQWM VHDO E BWIKXYIL
RI ZDWHU WKURXJK D PHPEUDQH FDQ EH SHBIREHJ PL@IHRED XV VGG

WKDW FDQ EH GHWHFWHG DW DVK& ODQHWH G F [EQ LD\ ULIEKRFEODMWEHRH |



3XOVH JUDGLHQW 105 H[SHULPHQWNDDUHD QQ B O\] M %DXWLLRY
LQ (TXDWLRQ
?ZEL A’ A '@(;7'Al/z
ZKHEBGGUHSUHVHQW WKH VLIJQDO DPSOLWXG B ®LHENWKKIHY L J

J\UR PDIJQHWLV WEKWLRUDGWHYWNVKW URHOQBAUKQ WV SW RN HG DIH XV MW

WLPH&DYONKH DSSDUHQW GLIIXVLRQ FRHIIUFGHIQXW LRG (WKRB R
D TXDWHUQL]HG 3(, 33 PHPEUDQH DUH UHSRUHBW HG WK KZKDGG/H
D F\OLQGHU DQG VXVSHQGHG DERYH VDWXEBBWWHRE MDIEHN DMRE
HQYLURQPHQW RI UHODWLYH KXPLGLWREKREB WHXOXHIQBHDZBI
SHUIRUPHG XVLQJ D %UXNHU $9%$1&(,,, 105LGFHEWRURPIHDNRUY [

ODJQHW

%URDGEDQG (OHFWULFDO 6SHFWURVFRS\

%URDGEDQG HOHFWULFDO VSHFWURVFRSUPRIBH WWHDLRR
FRQGXFWLYLWLHY GLHOHFWULF UHODDDWLRRKNVIHQGDOKXGIN[DW
ILWWLQJ WKH % (6 SURILOHV ZLWK (TXDWLRWQ®UHYV BHR U HRTYXHH
7KH JRDO LQ FRPSOHWLQJ %(6 LV WWKH/ P HFKHDWH WD B X HF R VR
YDULHG WHPSHUDWXUH DQG K\GUDWLR @ ®SHYHWX UHYU BB Q WIC
REVHUYHG

%(6 H[SHULPHQWYV ZHUH FRQGXFWHG GXWLQUWR FK DIGRRMW R\
DQG KLV JURXS DW WKH 8QLYHUVLW\ RI 3B®ERBRGQWHIRWD CIE
DQDO\|JHU WKDW PHDVXUHV WKH HOHFWUH]FWR UHWS$ R'Q VIH XK@
VDPSOH FHOOV DOORZ HLWKHU ZHW RHP&EUDRHI VZRIHH HPRI\D V)

WHPSHUDWXUHV IURP WR f& ZLWK WHPESMIDIWKX UKH/ LFQR)



QLWURJHQ JDV MHW KHDWLQJ DQG FRROQWY RIVWIKIH P H® E UHD (
ERWK WKH GU\ VWDWH DQG EHORZ KMRUDGWHUGHH WARO PARRHUH (
UHOD[DWLRQV 7KHVH UHOD[DWLRQV FD@MWEHZRHYIQUX KW 8 B ZH/G
DQG DUH FRPSOHWHO\ GZDUIHG RQFH ZDWRQLEVFRRBIXFM LF
WHPSHUDWXUHV DERYH f&
7KH FRPSOH[ LPSSHGRYFARQYHUWHG WR FRPSOH[ FRQG
HTXDWLRQ DQG FRPSOH[ SHUPLWWLYLW\ 0 & LQ HTXDWL
e%f; L <% F s
8%n; L EfY:i;
ZKHYH& = & L= & NLV WKH FHOO FIPQMWWY QWHTHQE\ LQ +] 7K
FRQVWDIQWIRXQG IURP PHDVXUHPHQWYV RI WKH H®HFPMHURGH
EHWZHHQ WKH HOHFWURGHYV
9DOXHV IRU FRQGXFWLYLW\ DQG UHODJDWOUR®Y KMLBHD O |

LPDJLQDU\N SHUPLWWLYLW\ 0 DQG 0 WR (TXDWLRQ

0 "~ iU g TA oaU op °A X
Wi, L FEfA E12 10 __p__"A__"A EFA <O
a ! U >58 g4 TA? U >58 o4 °A? >5>Uq 030

ZKHWHA; L BX;E <B6:X;

(TXDWLRQ DFFRXQWYV IRU IHDWXUHOX®LDOAWRBRQWHKH H|
DQG O 7KH ILUVW WHUP GHVFULEHV FIR®H XRAWLKHW) DIQWHOR
HISHULPHQWY DQG ZDV JHQHUDOO\FQHEGN FWKIK HOKH- WHRB @ (
IHDWXUHV RI WKH GDWD DQG WKHDW®W KIRWD WIH DRV IGRHY A H DEWK\W |
ZLWK WKH VKDSH SDUDPHWHU UHVWBLEWH® YWROLDN 1H.

HTXDWLRQ WKDW GHVFULEHV WKH UHOD[DWLRQ SKHQRPHQD>



SRODUL]DWLRQ HYHQWY RFFXU ZKHQ W KHR FKPYJH HV KQ FDX §
PDWHULDO ZKHQ WKH HOHFWULF ILHODRGQLWOBB®URGH7RBR GV L
RFFXU RQ WKH PHVRVFDOH GHVFULER QR WK JM®HWMOJHVUH L
SRODUL]DWLRQ RFFXUV ZKHQ WKHUH LVWAQURGEHXPXRPOOH. Q"
DQG DUH W\SLFDOO\ VHHQ LQ WKH HGHKHRWUWKIDR UHH DFR @ ¥ K CCDW |
VDPSOH HOHFWURGH LQWHUIDFH FDQ HW PIRGK V3G FRLY D Q HINC
E\ LWV "HE\H OHQJWK /"> @ )URP WKMWHKH WPRGM QLIQRW H. IOP LK

WKH UHOD[DWLRQ WLPH RI WKHDQOEHHF WURWW R ONMUL]DWLRQ

el /1 L5t
(YDOXDWLQJ WKLV HTXDWLRQ ZH VHH WKKD WKDU PLQ G HS
GLVFKDUJLQJ RI WKH GRXEOH OD\HU S$O\DRPSQE@FZHOWLYHL
SRODULIDWLRQ IUHTXHQF\ WR KLJKHU [UHTQHMQFLHY RDW KH
VDPSOH> @
7KLV GRXEOH OD\HU PRGHO LV ZHOO GHVFQ LEHG Y DROH @
FLUFXLW FRQVLVWLQJ Rl D FRPSOHE 6 HRQGKGE W RQFWH WLHW

FRPSOH[ FRQGXFWLYLW\

5
50 g4> B US; ;

égg,;'ﬁ;L
BXEVWLWXWLQJ WKHYEFRPYQER?PXIURPLRQHLQ HW DO >

FRPSOH[ FRQGXFWLYLW\ RI WKH VDPSOH EHFRPHYV

a0 | AU g4 14

&AEL 5> :Uqa; 1A

ZKHUY,HL 12 ;E'WﬂAii?KLV HTXDWLRQ VKRZV WKDW WKH HOHFW
1A

&ROH &ROH UHODREHVERQEZIQNKW KH Ul £ BINDRVILEQ QN L\W K HD Q GV \



RI UHOD[DWLRQ WLPHV> @ ,W LV VHR[PHRQEKFWLWH MO LW R FE
- o .
SHUPLWW MY, W\—21 WHVXOWLQJ LQ

WL 14U qA; TA
HES U S5 qa TA?

7KLV H[SUHVVLRQV GHULYDWLRQ VKRZAFWHKRBHFRRGDHL]:
LV UHODWHG WR V BP:S DKL W KITFNQHWRQ DLYGWKH VHFRQG WHUP
H[SUHVVLRQ DERYH LQ (TXDWLRQ

,QWHUIDFLDO SRODUL]DWLRQ RFFXRIVFERKHQHWXGR®J LIVQ DV
EHWZHHQ QDQRGRPDLQV ZLWK GLIIHUHGWOSWHKPMWVWHYEWLH
KHWHURJHQHRXV VWUXFWXUH LQ WKH W HDAVKHODDHW GHNVE WG|
LWV FRQGXFDVQG LSHURL WIKILWLWRGHO LV LOOXVWUDWHG LQ
FRPSOHWH HTXLYDOHQW FLUEXLW 7KRIQBWDXQRS WRL RQD WHKD W
GLIIHUHQW IURP WKDW RI OD\HU DO OWREZ W TWKNDQRCWLFLEF
HTXLYDOHQW FLUEXLW VKRZQ LQ > @

7KLV UHVXOWLQJ HTXLYDOHQW FIGURXL @ H\WF ¥ HEJN WLKPH. O
SRODUL]DWLRQ DERYH VR WKH FRPSOH|[ FRPIBXFFEWH. ZUWW W E
VLPLODUO\ WR (TXDWLRQV DQG (AXPWHLRIQD O P RG MK M

ILW %(6 GDWD (TXDWLRQ

NiB 20 o4 °A
eAEL 5> :Uoji; °A
ZKHAEL =2 PWerg

P U og °A
AB= U >53) o4 °A?

'LHOHFWULF UHOD[DWLRQ LV WKH AH[®KQ®& QAN HIDM FOME DR |

DIWHU WKH HIWHUQDO HOHFWULF ILBOB GUHWHPRLY®IBG 'EH WKIF



UHDUUDQJHPHQW RI PROHFXOHV DQXPB FRIRW R B HFLXHOHF WIUW
7KLV SKHQRPHQD FDQ EH GHVFULEHGPH\ HATKD WHR® VV LRQU QWK B
LPDJLQDU\ FRPSRQHQWY RI SHUPLWWLYLWQ®K®RZ @ [ISQ HVXD R

WKH FRPSOH[ UHOBJBWLA QVKHD FMHTRXHQF\ GRPDLQ (TXDWLRQ

i = . v ? v / > L? @) ;
YL ?(E5> -®-L ?(Es?(?- foT MBL 5>(?- LS?C--

5
5>0 ¢

4s:0; L
S3RO\PHU VA\VWHPV FRQWDLQ PROHFXOHRP FRHP[S GHHMHFW

UHOD[DWLRQ SHDNV VR LW LV RIWHQORHHARHVYDW WB WYXH W

&ROH PRGLILFDWLRQV RI WKLV HPSLULFDO H[SUHVVLRQ

P S
40 I_>5>:U5i’?i

ZKHUH D DQG E DUH HPSLULFDO FRQVWDRWYM ZRWHK WY DIDKHHWV E
WKH HTXDWLRQ DERYH ZLWK E *HQHUDOORKRUBNMB A VORURD GIF
ZLWK GHFUHDVLQJ WHPSHUDWXUH V¥RQWWDW W VSHAEWH G WDIGX\
DFURVV WKH H[SHULPHQWDO GDWD HTRDHMUIRAO PRGWHOW KNHGC

GDWD (TXDWLRQ > @
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7KLV FKDSWHU LV PRGLILHG IURP D SDSHU SXEO
(OHFWURFKLPLFD $FWD
$VKOH\ 0 OTHMD 3 3DRAGHYVD $ YDROHQHU /X GEDXRLYIVQ J
-DPHV / +RQDYWDVLD DNREPVPWWKHZ : 6/ENHU B MERWH\M Z 0
+HUULQJ

$EVWUDFW

$ QHZ UDQGRPO\ FURVVOLQNHG SRO\PHRQW[ERYGYVAVL.
PHPEUDQH 7KH SRO\PHU ZDV SURGXFHG WK UR XJ@HD FZILQUKW L |
SRO\ HWK\OHQHLPLQH DQG TXDWHUQL]RG &KW KQHRGRRIGAR BI C
FRQILUPHG E\D)J& 105 7KH SRO\PHU FRQVLVWYV RI DJJUHJDW!
DV REVHUYHG ZLWK HQYLURQPHQWDO VFDQQURQPHQWBWDOR
FRQWUROOHG VPDOO DQG ZLGH DQJOH [HDIMXD® D6 WAL \D MK
PRUSKRORJ\ RYHU OHQJWK VFDOHVY OHVV WKWD QY IQPRYRHQ X
/ILWWOH SK\WLFDO VZHOOLQJ RI WKH IQWRW QDY REWHUYXSW
REVHUYHG ZLWK 7KH KLIJKHVW LQ SO D@ HWIKRIQE R XRFRDHEX

ZDV P6 PWR& DQG UHODWLYH KXPLGLW\ ,QIUDUHG VS

5HSULQWHG ZLWK (SOHFRLWRERQPRF DV EHAWD
3ULPDU\ DXWKRU DQG UHVHDUFKHU

&R DXWKRU

$XWKRU IRU FRUUHVSRQGHQFH DGYLVRU



PRQLWRU WKH UHODWLYHO\ UDSLG UDWH RI FRX@MHRUR® U}t
PL[WXUH Rl FDUERQDWH DQG ELFDUERQDWH ZKHQ H[SRVHG W
,QWURGXFWLRQ

$QLRQ H[FKDQJH SRO\PHUV KDYH DSSOLFDWLROHIVRRQ
ZDWHU SXULILFDWLRQ> @ /L DLU EDWWHWLH YV IXHDGFIHD SRS\
3(0 )XHO FHOOV VKRZ SURPLVH DV DC\RBUYEDWLR®O VG WRL R
WUDQVSRUWDWLRQ DQG VWDWLRQDU\ D S OGFDMLRQ V7 IDNVU B
FXUUHQWO\ D ODUJH DPRXQW RI LQWHUBWW [$Q0XV IDYJ VDIQH
HOHFWURO\WH LQ DONDOL IXHO FHOOW \EREW®VO HA MKHK LI
HOHFWURO\WH $(0 IXHO FHOOV $(0)&VF KDY HH DFGHYFEQMD QIH V.
FHOOV ZLWK WKH SRWHQWLDO IRU GLUBFWDQG \RK HP H\R WHQF
Rl QRQ SUHFLRXV PHWDO FDWDO\VWV:H @ RRPRMITFQ DOV S$YXV
7RNX\DPD> @ 6ROYD\ 30DVWLFV> @ 'XSRQW RDMWXHXRDW
PDWHULDOV DUH RSWLPL]HG IRU QRQ\MUO &RPRH D ESDQ FMPL
ZLWK DFFHSWDEOH PHFKDQLFDO SURISGIUWALH\W GO RRIKWH UE
FRQGXFWLYLW\ DW ORZHU 5+ IRU IXHO FHOO DSSOLFDWLRQV

,Q EDVH R[LGDWLYH DWWDFN RI WKH SR OFRSHW VED 6 WE R/(
GHJUDGDWLRQ RI WKH FDWLRQLF |XQFMEGRH D\OR WELHWL Q@S R,
VIVWHPV ZLWK PHWK\OHQH FKDLQ EDFNEPRGHWLBSOLPSOBF W
DQLPDWHG SRO\PHU ZLWK D KDORJHQDWHEV SRIODMH B RW R G RW
UHDGLO\ TXDWHUQL]JHG WR IRUP D SRW HARWIND O-R\QLIQHHWS B Q V k
VIQWKHVL]HG VLPLODU PDWHULDOV E\URPIGHDQHLRQR3RI| ZAK

HWK\OHQHGLDPLQH ('$ > @ DQG DPLQDWLRQVRO 3G DAL W (K >



@ ,W ZDV VKRZQ WKDW WKHVH PDW® IFB RQIEXV WIKLBLW\VIRRG:
VRDNLQJ LQ 1D&0O ZLWK D PD[LPXPIRU WKHDQXGDWHU® FIHG ('$
WKH TXDWHUQL]JHG 3(, 33& PDWHULDUR X$ \RS HFDW.NHIOD OVYR ZH V
EUDQFKHG KLJK PROHFXODU ZHLJKW $ROAHWK O H@¥H PWQHW
FRQFHQWUDWLRQ RI TXDWHUQL]DEOH DPLQHP RWRVX E§ R PR RQRX.
EHHQ LQYHVWLJIJDWHG LQ ELRORJLBRQVDISHNHD W QRQWVX D KHUH
VWDEOH FDWLRQLF SRO\PHUV 5HVXOWLIGF\SURIE XFWIVHRBYGH
VI\VWHPV DQG IRU XVH DV DQWLPLFURE)DONVVNHWDW NXQLDHE |
DQWL EDFWHULDO SURSHUWLHV> @

2QH LVVXH Rl K\GUR[LGH H[FKDQJH PHPEDS®IQGM L2\ WK BV
DPELHQWQ&WKH DLU IRUPLQJ D PL[WXUH RI FDUERQII'WH DQC
SUHVHQFH RI EL FDUERQDWH LRQV LQ FOWKH RRR\GURYLEHW.
PHPEUDQH GXH WR LQKHUHQWO\ ORZHWPREOFRRELDILWK 3 K\
DQLRQ LQ VROXWLRQ FDQ SURGXFH D ELFDUEWQM®DNHDDR®& D
SURGXFH D FDUERQDWH LRQ LQ WKH SUHVHQRH) Rl W:XKR ®\GU
&2 UHDFWV ZLWK K\GUR[LGH LRQV ORF DWPH{® EDWD BRIX QWKHHUUDY
ELFDUERQDWHY DQG FDUERQDWHYV F,BQ 6EH XONH WHN BIOQ H®D EM
WKHVH UHDFWLRQV RI K\GURJIZE&MW KZLLQV KV DMV P IRWSW HRILLE X VH V
K\GUR[LGH IRUP 7RNX\DPD $(0V WR DLU> @

IE t1* \ %B°E %1
%IE 1%\ *% 12
$OWKRXJK RXU VIQWKHVL]HG PHPEUDQH KD®R®AO\ D PR

XQLTXH ZDWHU XSWDNH DQG WUDQVSRUW ZAHUHL RV HAKY HE @



SXOVHG ILHOG JUDGLHQW QXFOHDU PDIJQHWLFKUWVRODDOHUF H
GLVFXVVHV WKH WUDQVSRUW RI DQLROGW QG WKH PRQW KRW RJ
PDWHULDO 4XDQWLWDWLYH DQDO\VLY RIGWRHIHLGRUFBRBWQR® R
WKH PHPEUDQH UHDFW ZMVIKQBWREBNGSGKHULF &2

([SHULPHQWDO OHWKRGYV

ODWHULDOV
%UDQFKHG SRO\HWK\OHQHLPLQH 3H\ /6VROXZWNLRQDWHU
FKORULQDWHG SRO\5@dRS\OHQWU LSBBWKONODPLQH - DQG LR

ZHUH XVHG DV UHFHLYHG 6LJPD $OGULFK $00 VROYHQWYV Z

6\QWKHVLV

,Q SUHOLPLQDU\ VWXGLHY EUDQFKHG BUQIRBEWLRX D :
IROG H[FHVV RI LRGRHWKDQH X®QRGKVLQIRDLBDR QEGHOWRIIH @V
HYDSRUDWLRQ 7KH ILQIOYDRE®RNILARGX E B VD GULHK®\ K\GURVFR

4AXDWHUQL]HG 3(, SRO\SURKSNOHQMW K3BVI(FE SURFHGXUH LV

&33 J ZDV GLVVROYHG IfF@ DMR® DIEGH G WARO3QWROXWLRC
ZDWHURSDWKH DPLQDWLRQ UHDFWRRQRBDYV IS H T KH RMGUBRWK O R
+&0 SURGXFHG GXULQJ WKH UHDFWLRQ DPPYQ®HRWHDOL]K C
JLYHIROG H[FHVV EDVHG RQ WKH DPLQH JURDSVDGQGHWEKWR
TXDWHUQL]H DOO WKH DPLQH WWRRGV RQ WKH BHRROD P @ UQD W F
H[FHVV WULPHWK\ODPLQH UHDFWDQWY DQGHWKKH Q HYXPDRWLHG
ZDV ZDVKHG ZLWK GLRQL]JHG ', ZDWH W KR UH WXUDW IWQ D @\D YW@
VRDNHG LQ WROXHQH VZHOOLQJ FRQVLGHUDEREN DR NRSJPH

PHPEUDOQH 7KH WROK®@ QrHDEAWR YBPRMHHGUHVXOWLQJ PHPEUD



D 0 1D&O VROXWLRQ DQG DJDLQ ZDMMWHKWEDWWKKH ¥DWSHOHV
FKORULGH FRXQWHU LRQ IRUP IRU IXUWKHU FKDUD@GWWUL]DV
DPPRQLXP JURXSV ZLWK DQ XQNQRZQ PL[ RI HWBEWWDUFKXSV W

HDFK QLWURJHQ

J/NHZ 1. Amination {/)Jl\/l(

NH, HN H3CH,C. .CH,CH
2. Acid Removal - - N7TETE
H CH,CHj3
N N N
HZN/\i\/ \/\”/\/ \/\N/\/ \/L/\NHZ -
N 3. Quaternization N
HZNJ/ \LNHZ 4. lon Exchange NaCl

with CI° counter-ion ) ° Q

J)LIXUH S5HDFWLRQ VHTXHQFH RI TXDWHKIQUHH&E33WHSY HFURY
FKDLQ RI SRO\SURS\OHQH

&KDUDFWHUL]DWLRQ
6SHFWURY¥BRBDYV SHUIRUPHG XVLQJ D 7KHUPR 1LFROHW
DWWHQXDWHG WRWHODQ&I PHFVWDMPFHOPRGH. Q 0$6 105 ZHUH

D %UXNHU $YDQFH ,,, 6SHFWURPHWHU ZLWH% ©% NURE4H FZIDH



XVH& 086 105 ZDV WDNHQ DW 0+] ZLWK VSNVQUUBWIOW REIHOL
& 0$6 105 ZDV UHFRUGHG DW 0+] ZLWHKFDFO$IL G HIIDN HD Q Gl H
FRQWDFW WLPH

,RQ ([FKDQJH &PSDHFIPKDQJH FDSDFLW\ ,(& ZDV PHDVXL
WLWUDWLRQ PHWKRG WR GHWHUPLQK W R R SFEKD RU [PGIHP EFURIE H
VDPSOH ZDV ILUVW GULHG LQ D YDFXXMH&WAR ®MW H (fRLRWHD (
GU\ PDVV 7KUHH VDPSOHV ZHUH WHVWHG

ORUSKROMRDDO DQG ZLGH DQJOH [ UD\ VFDWWHURQ P HES ; 6
DW WKH $GYDQFHG 3KRWRQ 6RXUFH DW $UJRGQ3OLDWKRQDO
6$;6 GHWHFWRU ZDV XVHG WR FRIQSORVXW KM F\BWAHHRIL Q ¥ KEFORNDG
EHDP KDG D ZDYHOHQJWK RI ¢ DQG SRZBUURG L DMOHBQ WHKIH U
WKH ' VFDWWHULQJ SDWWHUQ ZLWK UHVSHFW WR WKH VFDW'

7HPSHUDWXUH DQG KXPLGLW\ ZHUH FRQWWKRQOB G XGXUR
EXLOW VDPSOH RYHQ> @ 7\SLFDO H[SWDEBBE&W\D Y® XRELH Gi
ZLQGRZ VR D EDFNJURXQG VSHFWUXP RI WKHZV®DWIWH DQWEJ
QLWURJHQ HQYLURQPHQW FRXOG EH REWDL®HMB LIGRIWM RE KWK
VDPSOH HQYLURQPHQW ZDV FRQW UR OXOHBWE\GPDL® G K H QWW G
PHDVXUHG LQGHSHQGHQWO\ ZLWK D KXRIVGEZWU i U REH UNH® [
RYHQ HQYLURQPHQW RI f& DQG UHORDWUDPMW K XRUGLWLOR
7KH KXPLGLW\ ZDV VWHSSHG WR 5+ 5+ K+ GU\ DQ

PLQXWH VWHSV 6SHFWUD ZHUH WDNH®X@XLGLAQW\ WR g GCLMWWR QV



,PDILQQYLURQPHQWDO (OHFWURQ 6FDQQLQJ OLFURVFRSF
ZLWK D )(, 4XDQWD L (6(0 DQG ,5 PLFURVKRINPRDM DF)J/XbU
PLFURVFRSH

'LIXVLRQ &RHIILFLHEW V[BOIUGRHAWLRQ FRHIILFLHQW RI
PHPEUDQH ZDV PHDVXUHG E\ SXOVHG IIHVR®Q DOQPBKs L B WL O0ZXF
VSHFWURVFRS\ ZLWK D VWLPXODWHG HEKR H$6VUHPWIQWW\H @F

DQDO\HG XVLQJ WKH 6WHMVNDO 7DQQHU (TXDWLRQ JLYHQ L
éeLA)-A- @AY

ZKHUBQGBUHSUHVHQW WKH VLIJQDO DPSOLWX @D ®LQH® W K H LWL I
J\UR PDJQHWLV WKWLRIDGLHQW VWUHQJWK / LVGWKMVILRIGL!
WLPH DRDYGVKH DSSDUHQW GLIIXVLRQ FRHIILFLHQW

OHPEUDQH VDPSOHV ZHUH ZRXQG LQWR D WHIEL G 8 WD \D\QALX
FKORULGH VDOW VROXWLRQ LQ D PP 105 WXHEGIDWR YIHH G M B D®
DW f& $ SXOVH JUDGLHQW VWLPXODW HGY%URNH U HSTOSH @ E,H, :
105 VSHFWURPHWHU DQG 0+] ZLGH ERUH 0D DU 6P HDHW
ZHUH PDGH XVLQJ D PP %UXNHU VLQJOHTXHYV 'GHJIUH K LS X)X
OHQJWK ZDV RI WKH RUGHU RI V 7\SLFDO SDUFPHWHUYV
LQFUHPHQWHG LQ  VWHSV / PV @ POV DKHH @& URN F
GDWD DETXLVLWLRQ DQG DQDO\VLV O0XOWHGSOWD GLIQXIVWK®S M
EHWZHHQ SXOVHV 0 EHWZHHQ DQG HWPK ZDWKRD FRRQVWD ®
DQG SXOVH OHQJWK / Rl PV 7KH PD[HPXPULDHBGWHDDW \FKRN

SURGXFH D IXOO GHFD\ RI WKH VLJQB{(SHQWRHHOM WY KRY I&WB1I FDK



VLIJQDO LQWHQVLW\ ZDV SORW W HG HJ $BIUQ P W QMW DGUG @ /VVIW W1
WR GHWHUPLQH WKH GLIIXVLRQ FRHIILFLHQW

'DWHU 8SWBNU XSWDNH H[SHULPHQWV ZHUH FRQGXFW
VRUSWLRQ '96 DSSDUDWXV '96 $GYDQWDJHN G X UM H 9BH D \
$GYDQWDJH ZDV XVHG WR PHDVXUH WKKH PIDHPAE RD Q2D W 8 UY D
KXPLGLW\ HQYLURQPHQWY DW  f& 7KH UMY XZHQWKH | R X bl XKPRLX
GU\ QLWURJHQ IORZ WR HQVXUH DQ ®IFRXB DLHVL IWHS\O IR 00O
KXPLGLILHG QLWURJHQ LV FRQWUROOHG WR DQ
WZR KRXUV HDFK 7KH SURFHVV LV WKH® WNXFHG VNG EZLRWK G/R2
GU\ FRQGLWLRQV

':DWHU XSWDNH H[SHULPHQWVY ZHUH DOVR FRRGWXFWHC
PLPLFNLQJ WKH FRQGLWLRQV Rl WKHJVPBOQW \D QQOW KHYB\ N[
KXPLGLW\ VWHSY ODVWHG RQO\ PLQXWHV DQG F\FOHG WKU
GU\ DQG EDFN WR 5+ QLWURJHQ JDV IORZ

,RQLF &RQGRFSOIYQW\FRQGXFWLYLW\ ZDV PHDVXUHG E\ I
VSHFWURVFRS\ (,6 XVLQJ D %LR /RJLF PRGOBRWHG WLERS DD
XVLQJ (& /DERUDWRULHV VRIWZDUH 7KH WHREH DWQHYV 1D ¥ HIOH
SODWLQXP HOHFWURGHV &KORULGH LER ERIQEGHK FWKIHY VP PG
LQ D 7HVW(TXLW\ + RYHQ WKDW FRQW URIO W W-GALIHHGU DWW
WHPSHUDWXUH ZDV YRBUEHGWHS® RKMRUHODWLYH KXPLGLW\
ZLWK D 9DLVDOD KXPLGLW\ VHQVRU )HHGEDFW G &GVGILQ IR

UDWHYV DV QHFHVVDU\ WR PDLQWDU®RXMNV WKHS H] B B D MPLHGIWK



ZHUH DOORZHG WR HTXLOLEUDWH WR HXWK VWHRISRHUD @ B WHD
FROOHFWHG
&RXQWHU LRQ 5SHRFWRLRPGLYSHFAWURVFRS\ ZDV XVHG WR

K\GUR[LGH LRQV ZLWK WRPRWPKHELFDUERQDWH VSHFLHV

AXDWHUQL]HG PHPEUDQH ZLWK D FKORULGH BRXQWH) LFRP WE
RQWR D JODVV VOLGH 7KH PHPEUDQH DARBPRMEK HOLLFG H RADOL
WHPSHUDWXUH DQG SUHVVXUH IRU DERXWZDYHSHHORG DJRK|
JODVV VOLGH $ IHZ GURSV RI ZDWHRIYRQ WKH ¥RORGH LHGHV AR
ZHUH H[FKDQJHG WR K\GUR[LGH LRQV EDZ2# FROXMWALIRY KR W D
7KH PHPEUDQH LQ WKH K\GUR[LGH IRUP ZIDW\ WLQWHRE NMX R D RX
ZDWHU DQG SDWWHG ZLWK D .LPZLSASWHR DEW RWED QMHHVYVYHE® \
DV SRVVLEOH WR WKH $75 VWDJH LQRIRW&E&HU BARF P D EIRRQDKM RV
REVHUYHG $75 LQIUDUHG VSHFWUD ZHBHYBRBWHRWHRSS X XIQQ.J
$75 ZDV HTXLSSHG ZLWK D GLDPRQG $7BWRUWVWD(Q FDQE 2 H(
DYHUDJHG WR REWDLQ D VLQJOH EHDP VDPFPBEOG WIS HIBMWDKR DX
EHDP EDFNJURXQG VSHFWUXP )7 ,5 VSHW\W QB DOJIBY RO 2ZVHRIGHX WF
SRWDVVLXP FDUERQDWH DQG SRWDVVLXP \E L/AHI BRD@QOIW HR X
ZDYHQXPEHUV REVHUYHG IRU FDUERQDWHY DQ8 ERVNDWERQD
LGHQWLI\ WKH FDUERQDWHY DQG ELFDUERGgBPWUHIN BEROQMFXLLF

SHVXOWY DQG 'LVFXVVLRQ

6\QWKHVLV
,QLWLDO DWWHPSWV WR VIQWKHVL]H IQ QW IURCGRW WH O

UHVXOWHG LQ D K\ JURVFRSLF PDWHQO L®XOH WK WWAD YV RREXH IRXL



'KHQ WKH GULHG SURGXFW ZDV H[SRVHG5%#R DWELHBHQRW ER G G-
ZDWHU WR FRPSOHWHO\ GLVVROYH WG @RWHEHHDAUBHGFHJI
VLPSOH TXDWHUQL]HG 3(, ZH UHDVRQHG PMKIDWR OQRPIBD®/ LK)
TXDWHUQL]DWLRQ VKRXOG UHVXOW IQQ VIF KIDPMHH UQVW.DEOH IL
SXUVXHG WR IRUP D ZDWHU LQVROXEOH PDWHHDW® G7 RLMRK RN
WR IRUP D YLVFRXV SDVWH DQG VSUHDXG R HY DS R BORKG E DF
RSDTXH YLVXDOO\ GHIHFW IUHH PHPEUDQ@KM FIDOPIRDY HMGVDEC
ZDWHU GLVVROXWLRQ DQG ZDV VWRUHG K[FWDQ JXIVHADISQ@ ZIDW\

PHDVXUHG E\ ORKU WLWUDWLRQ ZDV IRXQG WR EH PPF

&KDUDFWHUL]DWLRQ

SHDFWLRQ &RDHHUP/DWLRIQIXUH VKRZ WKH VWDUWLQJ
TXDWHUQL]HG 33 3(, SRO\PHU 7KH UHDBWHRBQDIQW H RRQ | MWKHAH
VWUHWFK DDMQG WWPH DSSHDUDQFH RI D EURDG SHDN WKDW JU
FRUUHVSRQGLQJ WR WKH 1 & ERQGYVY LQ WKH DAPRQWXR JU
DEVRUEHG E\ WKH VDPSOH> @ 7KH VIOHRWY DD G RV R WHVIKIR:
IRU WKH OLQHDU 3(, &33 PDWHULDOYRDOSURW \D 8§ QHDRIKD W B BW
LQ WKH SRO\PHU

J)LIXUH VKRZV6 VRS VSHFWUXP &0PQBOWNKBHFWUXP E
%HFDXVH RI WKH VWURQJ SURWRQ KRPRQXFOHDHUG LESRRIDDAJ F
7TKH N+] VSLQ UDWH ZDV LQVXIILFLHQW WHKH W PIR YWH X\PK H7 IGH
VWDUWLQJ PDWHULDOV VKRZ ZHOOSGRWR®@GW I HKBENSHDNJ DMWH

RI WEHVSHFWUXP FRQILUPV WKDW WKH K0 RIHGAHVIHG WKKHH VAR



SHDN DW FD SSP LV DVVLIQHG WR WKBFNEWRKRYOBQB RMXUE R

SSP WR WKH PHWK\OHQH FDUERQV DGMDFHQW WR WKH TXD

O
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L0
<
~
- CPP
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0
[ - [ - [ - [ -
4000 3000 2000 11000
Wavenumber/cm
JLIXUH )7 ,5 VSHFWUD RI FKORULQDWHG SBRQGS WK &\ OHXDHO V

TXDWHUQL]HG SURGXFW 33 3¢,

ORUSKROR®BH DQJOH [ UD\ VFDWWHULQJ :$,;6 QRW V|
FRUUHVSRQGLQJ WR DQ DPRUSKRXV SRO\PHDWWHWXRW X B $H;6
UHVXOWY DUH VKRZQ LQ )LJXUH 7 K HRUROIGW WAHRJS KD E 19 B W/ M-
DQG LQ WKH T UDQJH RQ WKHNEBULH& VDPSOH WKLV FRUU
VSKHULFDO VXUIDFH RQ WKH OHQJWK VFEKBHSRURGWRORSIK M
KXPLGLILFDWLRQ LV DVVRFLDWHG XUWK H URNJIIKHW RUKO WV W
VKRXOGHUVY RU SHDNV LQ WKH VFDWWH GLWQW ISOAVWKXHBIQRDKW K'Y
VFDOH DVVRFLDWHG ZLWK WKH T UDIRW WHYNMHGWR @KDKH R

VZHOO LQ WKH VL]H UDQJH VWXGLHG E\ 6%:6



5HODWLYH VFDWWHULQJ LQWHRW LW\ JIHRD HRWIIO QL A FiSRWDH K
ZDWHU FRQWHQW +RZHYHU WKH VFDWW HWUK K X% B MOA HIHIGY W
KDYH ORZHU LQWHQVLW\ UHODWLYH W XWKHGC GWR ZDMSOH PR

VWUXFWXUH ZLWK OHQJWK VFDOHV WRR ODUJH WR EH REVHU

(a)
].3. - o 2] ....._“
1H Chemical Shift [ppm]
(b)
'z-'m . EIZ-ID. . lél}. - léﬁ. I Iﬁ.ﬂ. . 443 0 -20 . —éﬂ I IW .
13C Chemical Shift [ppm]
JLIXUH D + 0%$6 105 VSHFWUD DQG E & 0%6 105 VSHFWI

SURGXFW
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JLIXUH 6PDOO DQJOH ; UD\ VFDWWHULQJ €&$OEDPEFHFWUD R
DQG XQGHU GU\ FRQGLWLRQV EODFN WR OLJKW

EODFN WULDQJOHYV
,PDIJLG®XR (6(0 LPDJH RI WKH ILOP IURP WKH WRSWHKRZQ )
PDWHULDO KDV DQ KHWHURJHQHRXY DSSHDKDWEM ¥ HWK WLRPRK
WR WKH PRUSKRORJ\ REVHUYHG E\ +RQLWNK WIOH IRILQWEYH PD
‘KHQ WKH VDPH PDWHULDO LV LBBIHERW. WKREZ QY LMUEWKHRLKUYI
REVHUYHG ORUH LQWULJXLQJ LV WKH X85 WMRHBRM KDHYWZR ZNL (
P DQG HIWHQG DFURVV WKH HQWDWQHEIHP G 1 HG U HKQOW. D TANKHHG
$Q ,5 VSHFWUXP RI WKLV ILOP LV VKRZQIJXQHLIJXUBAH VEKRIR W |
, 5 FRQWRXU SORW IRU WKH IHDWXUWXH-RYHUHVEBRQYEGKQRI WD
LQGLFDWHYVY WKDW ZDWHU IRUPV VWHDNVPD FUKRWY ZHK HPIDLOH V.
ILOP DW ) LKIX U H G FRUUHVSRQGLQJ WR WKH PHWK\OHQ

SRO\PHU ZH VHH IHDWXUHV DJDLQ RI D ZL&WXIdRWLQJPWHKDXW

SRO\PHU PD\ VHIJUHIJDWH LQWR ODUJHU K\GURSKRELF DQG K\«



Relative Absorbance

| ! I ! I ! |
4000 3000 2000 _jooo
Wavenumber [cm ]

JLIXUH D (6(0 LPDJH RI FDVW PHPEUDQH VXWHDEH JHB )7 ,
PHPEUDQH F FRQWRXIDYBGIRWPEIHU LERVHQVLW\ ZLWK PV
FRQWRXU SORWIRMHQXFEPHU LQWHQVLW\ ZLWK P VFDOH EDL
'LIIXVLRQ ([SMULFH®QRVEH H[SHFWHG WKDW DQLRQ WUDQV

LQ WKLV PDWHULDO DQG VR ZH LQY HVWQ M KMHN\GH WOV N H DD G
105 B5HVWULFWHG GLIIXVLRQ ZDV SUREHWGZEWR VHULHY] RVL
EHWZHHQ SXOVHV 7KH GLIIXVLRQ FRHIILELHQ Wil IBY WPOREQH]
JLIXUH %\ OLQHDU UHJUHVVLRQ RIZWK H IRZX 0D QHG GDRV B |
FPV FORVH WR WKHFF DO | UHHKEDRHUPXP PHDVXUHDEOH

WLPH ZDV @ PV KHUH WKH GLIIXVLRQFKRQULFKHQW ID S WBHUC

FRHIILFLHQW DQG VR D VLPSOH H[WUDBSGRXDWLRQFEDY XVHG



DOWKRXJK WKH GLIIXVLRQ FRHIILFLHQWRRBD\ WR QW IGQ XIEK VA_HRFL
7TKH FRQWLQXHG GHFUHDVH RI WKH GLIIXVWHRWQ FRHEH BL HEIWX
RI WUDQVSRUW REVHUYHG LQ WKH PXFKDQBGU,bHIUP CHILW X URHU FGE
WKH ORZ UHVROXWLRQ RI WKH LQVWUXWHDQSN HDDAU VW MUK DOVD W

FRQVLGHUDEOH UHVWULFWLRQ RI WKH GLIIXVLRQ LQ WKH PD\
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JLIXUH 6HOI GLIIXVLRQ FRHIILFLHQW Y & WVXW KHD W\LLFOH EHHOW
WKH JUDGLHQW SXOVHV 6HOI GLIIXVLRQ FRHQHFEBQMX R D WHW
IURP 3*67( UHVXOWYV DW f& DQG 5+ 'RWWH8 DLRIH LV WK
[ FPV

:DWHU 8SIWMWWINUHW XSWDNH E\ PDVV ZDV KLJK DV ¥RPSDUF
LQYHVWLJDWHG WR GDWH> @ DWHU 2KH/OD WK HUNDPISIDE 1Z\B
HTXLOLEULXP ZLWK D 5+ HQYLURQPHQW QHEDLWWO\L@EXHDLNG
IURP WR 7KH ,(& DQG ZDWHU XSWDN B8 DilEGSXCH V) IZIKWHH X V
7KH KLJKHVW ZDWHU XSWDNH FRQYHUWHG WROOBRE®W\LMPPE
FDWLRQ 7KH KLJK ODPEGD YDOXHYVODLEFHWXRI WK HV K KX DN M/UL

ZKLFK LV LPPRELOL]HG ZLWKLQ WKH FURKN CPHHPNEH® GHR\O \@ R



DSSHDU WR VZHOO GLPHQVLRQDOO\ DQG NJAMHHVKRO2XIPWHRI| LW

TXDWHUQL]HG 3(, PRLHWLHV LQ WKH PDWHULDO
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Relative Humidity/%
YJLIXUH IDPEGD YHUVXV UHODWLYH KXPLGLW\ Rl QLWURJHQ

KXPLGLW\ VWHSV DW f&

,RQLF &RQGCHRFWLIYHWMWHG WKH LRQLF FRQGXFWLYLW\ L\
WHPSHUDWXUH DQG KXPLGL\DRRQGLVEER QUK W HMWKIKEVW FKC
FRQGXFWLYLW\ REVHUYHDBVZDKRZQ LR¥H EBXUH 7KLV UHVXC
RWKHU $(0V ZLWK FRPSDUDEOH ,(&V , RRVGHA HRAMWLLYQ O\ DWK H
GRHV QRW VKRZ $UUKHQLXV EHKDYLRU s KBQ ARIOHG IL MWALRR @ WW
FKORULGH FRQGXFWLYLW\ OHYHOV R ID MBSO MWK A HKUH KHHRIVW H B S|
WR KLJK WHPSHUDWXUH DQG VR WKLV PD\EEBLMNQ RQGDR AOLWQE

ORVV RI ZDWHU 'H ZHUH XQDEOH WR PKHDWHXK PB WHG&UWR A5 BX G



F\FOLQJ FRQGLWLRQV DV WKH\ GLG QRW NXWWVHDMW RAHCHN UXV |

REWDLQ DQG PRXQW ILOPV LQ WKH ILIWXUH LQ SXUH K\GURJL

Temperature/°C
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JLIXUH &KORULGH LRQLF FRQGXFWLYLW\ YHUVXV WHPSHUL
VTXDUH

&RXQWHU ,RQ 5HDHWESRWHL/KH ULVVXHV ZLWK DWWHPSYV
K\GUR[LGH FRQGXFWLYLW\ PHDVXUHPHQWKDW HVEKHU R HDHONHH
DPELHQW7&PH UHVROYHG )7,5 RI WKH K\GUR[WGKO DQE B [ERAH
WR DPELHQWE&ERZQ LQ )LIXUH DQG )LIJXUH TBRGIURZW

FP DUH DVVLIQHG WR WKH LQFUHDVLQUUFIRIER QBWSHP ¥
ZLWKLQ D K\GUR[LGH IRUP PHPEUDQH H[SRVHGKMR HD ISHH D N\J X

ZHUH DVVLIJQHG EDVHG RQ FRPSDULVRQV WNRLXB HBPWER QRD W M/



SRWDVVLXP ELFDUERQDWH DOWKRXJK VOLJK\W FGILRDWH QEW
IXQFWLRQDO JURXSV LQ WKH PHPEUDQH BLRAD[LRXPHDFWH QG VI
VHYHQ PLQXWHV ZKLFK SUHVXPDEO\ FRUU H\RSRQIGY K\ & WRKIHG
$IWHU WKLV WLPH WKH UDWLR RI FD®&HRQDWH WR FE VRIRZER
HTXLOLEULXP $ VWHDG\ VWDWH PL[W X B WX.WH WHR FKMHER B BAKH !
FRQFHQWUDWLRQV 7KHVH LQWHJUDWB 6 WLWYHD B ED/RH EYIRQO\E HF |
GLIIHUHQW DQLRQV DQG VR LW LV QR DLRBQWHBWV\KHDY\H @ PH G

WKDW WKH LQLWLDO UDWLR RI DQLRQV SURGXFHG HYHQWXDC

FP FP

' - N . - . . v - . - . '
1500 1400 X0 120

Wavenumbers (cm-1)

J)LIXUH )7 ,5 VSHFWUD VKRZLQJ LQFUHDRQIGQJ & RFHWUHWFKI
WLPH GXH WKH IRUPDWLRQ RI ELFDUERQDWH DQG FDUERQDW
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JLIXUH &DOFXODWHG DUHD XQ8HXDWUHN PHDEN XQMEHU FP,5

FP WULDQJOHV YHUVXV WLPH
&RQFOXVLRQV
$ QHZ UDQGRPO\ FURVVOLQNHG DONDOLQH HKFRADKHIH P!
DPLQDWLRQ RI FKORULQDWHG SRO\SURS\OHXQG &XB WHWXKL DR
ZLWK LRGRHWKDQH 7TKH QHZ PDWHULDOQZDUWV$SG6FK@EUDFW F
(QYLURQPHQWDOO\ FRQWUROOHG VPDOO @QDGH YBHH@JIOH O WX
DPRUSKRXV PRUSKRORJ\ WKURXJK D IXO0O UDQJH RIQRXPLGLYV
OHQJWK VFDOH /DUJHU V.PDDBV RRIEBWHULYHGDE®RYEH(0 DQG ,5 |
LPDJHV LPSO\LQJ WKDW WKH ZDWHDWXZHOW L @ R RHFFXKWU VW.KQHWU E

LQWHUQDOO\ DV OLWWOH GLPHQVLRQDO VZHOOLQJ RI WKH PI



:DWHU VHOI GLIIXVLRQ VWXGLHV LQGLFDWHOU SH\GN VKR\
GLIIXVLRQ RYHU ORQJHU OHQJIJWK VFDOHVKH HBSHUD@EK WK MK
LRQ FRQGXFWLYLW\ ZHUH PHDVXUHG XV MQRWYPORF\W Y RBF K HKI
KLIJKHVW FKORULGH FRQGXFWLYLW\ RE\DHQG'HG ZDV,QIUDABHI
VSHFWURVFRS\ ZDV XVHG WR PRQLWRU WIGH) RI[RWH WRIRFR XQ YA
RI FDUERQDWH DQG ELFDUERQDWH ZKHQ H[BRBVRIG PW®& XWHN
8QIRUWXQDWHO\ WKHVH PDWHULDOV DUHGWURRLEQGVM[BPEKOR J'
PHPEUDQH IXHO FHOOV 7KH\ GR KRZHXHK DVKRIZJ K QADMUHAN W
ZLWK QR GLPHQVLRQDO VZHOOLQJ WKDW R D \WHMSH WKW R UMX |
HIFKDQJH PHPEUDQH HOHFWURFKHPLFDO V\VWHPV

$FNQRZOHGJHPHQWYV

7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH HSHRHBDHW¥HKDL
XQGHU WKH 085, SURJUDP : 1) DQG IRU WRBHSXUEFK
XQGHU WKH '85,3 SURJUDP : 1) 8VH RI WKMHV $GYDC
VXSSRUWHG E\ WKH 8 6 'HSDUWPHQW RH (RHUGIDVLHILKRH U
6FLHQFHV XQGHU &RQWUDFW 1R '( $& &+ 'U B6MWHRKXOG LC

+DPURFN IRU GLVFXVVLRQV DQG IRU VXJIJHVWLQJ WKLV LGHD



&+$37(5
L 17(53/$< % (7:((1 62/, 67$7( 75$16,7,216 XIKDK&+$1,606
$1' (/(&75,8&%$/ 5(/$;$7,216 ,1 $ >39%70$@>%5@. % 30% ', %/2¢
&232/<0(5 0(0%5%$1( )25 (/(&752&+(0,&$/ $33/,&$7,216
7KLV FKDSWHU LV PRGLILHG IURP D SDSHU SXEO
3K\WLFDO &KHPLVWU\ &KHPLFDO 3K\VLFV
9LWR 'L I'RM/RHYHUH $HWUIQBJYDHPH 1DHGHULFR PAMKQW D\DLQ
7VDISVKOH\ 0 B6BHQNH 6HAHUNQ &RPDIK®ISQGUHZ 0 +HUULQ
$SEVWUDFW
,GHQWLI\LQJ WKH VWUXFWXUH+SURSHUMV 8RQDMELRD VR U
FRQGXFWLRQ LV RQH RI WKH NH\V LQ WKH G HBWUIRHRWQRY H (X
UHSRUW WKH PRUSKRORJ\ ZDWHU XSWDNH DQBREBKO DRI
H[FKDQJH PHPEUDQH $(0 SRO\ YLQ\O EHQ]\O EGRERHWK\
SRO\ PHWK\OEXW\OHQH >39%703@>%U@ E ®OWDQLYH LQYBV
VEFDWWHULQJ G\QDPLF YDSRU VRUSWLRQ KLGKGUW HWRGQWILR
VFDQQLQJ FDORULPHWU\ G\QDPLF P HFKDURFKHP LFQ DO L\PLSH
VSHFWURVFRS\ DQG EURDGEDQG HOHF\@HPRIXY WEMFWW RVIEF
PRUSKRORJ\ LQ 6$:;6 H[SHULPHQWYV FRQVLVWLIMGRAE\KIGDR S K

VLGH FKDLQV Rl >39%70$@>%U@ ZKLFK DWCH B D\AKBIGQ K HRN 2WM K

5HSULQWHG E\ SHUPLVVLRQ RI 7KH 5R\DO 6& RIBHW\+RI &KHPLVWU\ '2
BULPDU\ DXWKRU

&R DXWKRU

7TKHVLVY DXWKRU &RQGXFWHG DQG FRO@® UDEBXWXKBL®RWY FIRQ\W UR RO %G 66 $
FRQGXFWLYLW\ ,QFOXGHG DGGLWRRGRBWILHLX\Q W'Y D RBWHUD OSWID/NRII 6,5; &
5+ DQG 6%;6 XQGHU YDULHG WHPSHUDWXDMW IERHORQG WKDW LQ WKH RULJLQ
$XWKRU IRU FRUUHVSRQGHQFH DGYLVRU

1RWH 9DULHG WHPSHUDWXUH 6$%;l8 UHH SFHRWQLGXHFRIMHVG DE) G HDGQMROA VUMD @ XDWH V
ORW] DIWHU WKLV MRXUQDO DUW LY ONWVZIDINQ SXEQLVBEE G K RQHRIPARHAD WARR W K



EORFN (OHFWURFKHPLFDO LPSHGDQFH WSHFHWDRVFRESEBV
YDULHV GHJUHHV Rl IXQFWLRQDOL]DWLRQ VKRZPP®RD QILWW O
ZKHUHL®WBODQH FRQGXFWLYLW\ ZDV P6 FP

7KH PRVW LPSRUWDQW LQWHUDFWLRQV LXK KGH SKROHR K
DPPRQLXP EURPLGH LRQ SDLUV LQ WK HKWHLUFPHD 6 KBUQ Q VRIWLRK
KLJK WHPSHUDWXUH LV REVHUYHG LQ VHYHUWOWW P F KL TX 6\
UHVXOWYVY LQ D GUDPDWLF GHFUHDVH RIKDAWHWIKR @ LW FIRQ\GLY¥
GLVRUGHU RUGHU UHDUUDQJHPHQW RI WKHLRRQ FSBRQ GLBW DY
7KH RYHUDOO PHFKDQLVP Rl ORQJ U D QR R QRIKIDXHIHN WILEF @AXI Bk
WKH UHVXOWYV LQYROYHV WZR GLVWLQKID R XK FRDIBXERQ D@
PRWLRQ RI WKH LRQLF VLGH JURXSV DUH FB®BLNG WRHVKMS
SHUIOXRULQDWHG VXOIRQDWHG SURWRQ FRR @XFHWEDQBNERQ\HP
QHJOLJLEOH

,QWURGXFWLRQ

$(0V FRQWDLQ FDWLRQLF JURXSV WHKMVER®QRZWIRQDRSR
EDFNERQH WKDW SURYLGHV VWUHQJWK DQ & FE DLQUIUHWD \SH R R
FRQGXFWLYLW\ LV WR LQFUHDVH WK HYGHQWVK W \PRIP BUDRIWL R,
(& +RZHYHU WKLV JHQHUDOO\ UH\DXOWYHIO®\D H UHV DIHY HP
K\GUDWHG OHDGLQJ WR WKH GLOXWLR®DWH IX Q\FRV P R QLIPQ ] HU R(
LRQLF FRQGXFWLYLW\ ZKLOH PDLQWD L QHYQH QG BWLKDEO K XPH.I5
E\ EXLOGLQJ LQ QDQR VFDOH SKDVH VHJUHJDWLRQ

2XU JURXS SUHYLRXVO\ LQYHVWLJDWHG D VHELHV RI

SRO\WWVW\UHQH PHPEUDQHYV ZLWK WKUHHUWQGURSRILOLF EORBR



PPRO>J @ $OWKRXIK WZR RI WKHVH PHPEUDQHV (&
GHPRQVWUDWHG GHVLUHG ZHOO RUGHUHKG® \PRAHUGK FGAHRM H H 7 LI
EH WRR EULWWOH WR EH DSSURSULDWRIIBWILRHODAHGEORFNSE
ZLWK PRUH VXLWDEOH PHFKDQLFDO SWK$HHBWLWHRSKRHELGHE
K\GURJHQDWHG SRO\LVRSUHQH D IOH[LEOH PDWHULDO DW U}

7KLY FKDSWHU LQWURGXFHYV D VHULHFPWRRBLXSREBURPQUGM E
SRO\ PHWK\OEXW\OHQH >39%70$@>%U@ E 300V 7K@ B KMILDOLC
KDOLGH IRUP LV D FUXFLDO VWHSSLQJ VWRQH RMRKREZSWRMH
SK\WVLFRFKHPLFDO IHDWXUHV RI WKHiBHREUDWR W KH WK FIU IS D
WKHUPRPHFKDQLFDO SURSHUWLHV W K HKH®OWHFFWIURE WHMSRRYV
ZLWK WKH ORQJ UDQJH FKDUJH WUDQNILRULY HHKXKDWRVIPQY 8 VWI
VWUXFWXUDO UHOD[DWLRQV JRYHUQLQHY\HHVW KHU WK P HFRK®D
EHQ]\O WULPHWK\O DPPRQLXP EURPLGH E SRO\ PHWWK\OEXW\(
PHPEUDQH DQG E WR VWXG\ WKH PHFKDQLVP RI FRQGXFWLF

$ NH\V VWHS LQ XQGHUVWDQGLQJ WKH YLDESOLRMDWRIRQWZL
VWXG\ WKHLU LRQ WUDQVSRUW F IVS\DUIEXFON XWLH \R ID W KUFH @ BIW EH @
FKDSWHU 39%70$@>%U@ E 30% PHPEUDQH PR&BDQRARMIN LV P
SODQH FRQGXFWLYLW\ ZDV VWXGLHG ZVYWHK WK VPFURNEY GHVH
IXQFWLRQDOL]DWLRQ 5HODWLYH KXMMHW\XERDANHNVY B Q X HAH |
DUH UHSRUWHG IRU HQYLURQPHQWDO FRQGLWHRVIR) HERWK
DOVR FKRVHQ DV D PRGHO V\VWHP IRSDW FIRX Ua/IH/ WWD EXMG R
ZLWKLQ D GLEORKHN WHHURDO VWDELOLW\ DQG WURQXWWRRQ

WKHUPRJUDYLPHWU\ +5 7* DQG E\ PRGXCORODUNIRE WRL I HHUGRQ V



UHVSHFWLYHO\ 7KH PHFKDQLFDO SURS\HUGNE M G \D@® LV¥ UPDHEPKL
DQDO\VLV '0$ %URDGEDQG HOHFWURFDW X\G\HW WH RNOFHRFSN U %l
DQG WKH FRQGXFWLYLW\ PHFKDQLVPV RI WHKFPSRWBEUOUH W 0Lq
+ +] DQG i WR f& UHVSHFWLYHO\ % (5D DO OHR@MN FXWJ
UHVSRQVH DQG GLHOHFWULF UHOD[DWLRQVVRVDWKH POI® DU VG
K\GUDWLRQ WKXV DOORZLQJ WKH FODURO¥DWILRQ RKHMXRP HE
WKH ZDWHU LQ WKH SHUIRUPDQFH Rl WKHVH PDWHULDOV
7KH LQWHJUDWLRQ RI WKH LQIRUP DVKIQRJ XHAVT OLO0UHRZ Y UR
SURSRVH D UHDVRQDEOH PHFKDQLVP IRU WHWRFHMRHY ULDX
>39%70$@>%U@KHE DOYDO\VLY RI WKH FRUUHODW LGRIY D WAL R\DW L ¢
DQG VWUXFWXUDO DQG WKHUPR PHFKDQLRD @ KH RISHUWGBW L
WKH VWUDWHJLF SDUDPHWHUV DQG S K HQRIPHHYD WZRK LLFPKS ZR © 1@
SHUIRUPDQFH RI QH[W JHQHUDWLRQ $(0V IRU DSSOLFDWLRQ |
([SHULPHQWDO
ODWHUS®O®WDPSOHV ZHUH VIQWKHVL]HG E\KHWYQW *>D @ 7
IROORZLQJ WKH VIQWKHWLF VFKHPH VKR®RURXJKJXUHRJIHQ
Rl SRO\ PHWK\O VW\UHQH E 3, WR SURGXFH WHKHH GERFN
SRO\ PHWK\OEXW\OHQH 3 06 E 30% 7KH 3 06 LEQJRG N JILWH MAK
XVLQJ 1 EURPRVXFFLQLPLGH 1%6 DV WKH EURPL@OWDJ DJH
DQ LQLWLDWRU 7KH UHVXOWLQJ S URGW PVR ZDNQWIWHR QAR S F
WR IRUP ILOPV )LOPV ZHUH WUHDWHG ZMRIOXWERQ WRL BKWR

EHQ]\O WULPHWK\O DPPRQLXP %708REKQWHRQLFQMIRX@V ZL WK



P4MS-b-PI-5G1
% p-toluenesulfony hydrazine
g o-N 0 — tributyltin hydride HE w tri-n-propyl amine 05 H
== L e —— == R

HOW 7{270 Toluene 105°C 4 ® o-xylene 140°C i m

PAMS-b-PI-SG1 P4MS-b-PI P4MS-b-FMB

H H trimethylamine

HO H i L HG A = —_—

> AIBN, CCl, 70°C

. |

Br
PVBEBr-b-PMB [PVBTMA][Br]-b-PMB

JLIXUH 6\QWKHWLF URXWH WR SRO\ YLQ\O EHQ]J\O WULPHMW

PHWK\OEXW\OHQH >39%70$@>%U@ E 30% DV UHSRUWHG LQ
ORUSKROG®PDOO DQJOH ; UD\ VFDWWHULQJ ZDVRWIRQIRUPI
6RXUFH DW $UJRQQH 1DWLRQDO /DERUDWRIQ XWH RS HEHDMPXOULH;
KXPLGLW\ FRQWUROOHG RYHQ XQGHU YDULMRDEH® QG ', Z&WI
IRU K EORWWHG GU\ DQG LPPHGLDWHO\ SODFHG LQ WKH H(
:DWHU 8SWDNH DQG 3KNYUPPICF WWSBUHFRUSWLRQ '96 $G
XVHG WR PHDVXUH ZDWHU XSWDNH : 8 WILW QWD BIQHEB VUHO D)
GHVFULEHG LQ &KDSWHU OHPE UD Q HWX Z HBIHWW H3AW HB®E RZIL\® K
ZLWK KRXUV EHWZHHQ VHW SRLQWYV WRWIDOMHR D WK B FHFERQEK
UHODWLYH KXPLGLW\ SURILOH PDWFKLQJ WKH :$i@YLURQP!
PHDVXUHPHQWY ZKHUH H[SHULPHQW WLPH LV OLPLWHG
7KHUPRJUDYLPHWULF DQDO\WVHV ZHUH SHUIRUPRAS ZLWK
,QVWUXPHQWY WKHUPREDODQFH XVLQJ D7KIRWUNLRURLILOE X[ ZR

FROOHFWHG LQ WKH WHPSHUDWXUH KIDQWHQEHWIXWHQ DUDRG G



f& PLQHSHQGLQJ RQ WKH ILUVW GHULYDWL YR RRI WWKHH Z H |
PDWHULDO ZDV DQDO\]HG LQ DQ RSHQ B30 OMVOKPPEQBG TBAH’
PHDVXUHPHQWY DV GHVFULEHG HOVHZKHQHZDVEGH W ID\MUURF
WHPSHUDWXUH IRU WZR B@GCVGWY KA WKW IROCHDPAK VDPSOH ZDV
E\ UHJLVWHULQJ WKH LVRWKHUPDO 7*$8GHDRUGAW.RQPE QRIIG O
HTXDWLRQ

94 76’1;2?(;;”0 srr

ORGXODWHG GLIITHUHQWLDO VFDQQLQJ FDPRUUPH®& R\X WP 'l
WKH F\FOLF PRGH WZR F\FOHV XVLQJ DJ OF®& R U L PGIWIHHW H i
,QVWUXPHQWY HTXLSSHG ZLWK D /1&% ORX QYGRS HU RWSUXP DI
RI  FPLIQ OHDVXUHPHQWYV DUH SHUIRUPHG BWWY KHOQWLQD Q®

f& RQ DERXW PJ RI WKH VDPSOH LQ D KHUPLWLFDOO\ VHL

'\QDPLF PHFKDQLFDO DQDO\VHV '0%, OO/WHJRDHQMWHG' RK W :
LOQVWUXPHQW XVLQJ WKH ILOP ILEHU WHQQLW®R®H- ODR3IH 7IKIRRF
W R f& DW D UDWBUH PHRVRXIUUHG E\ VXEMHFWLQJ D UHFWD(

PP KHLJKW 1 PP ZLGWK 1 PP WK VMLNXXNWRL G DMDR WDHX
GHIRUPDWLRQ DW +] ZLWK DQ DPSOLWXGH RI PP DQG ZLWK

JRQLF &RQGXFWLYLW\ DQG 7IKHO H DWSLLIF@ EHEZKIE [\ MYLLRAD\V Z
PHDVXUHG ZLWK HOHFWURFKHPLFDO LP®SHGD QRMVKY HFOB R
SRWHQWLRVWDW %LRORJLF XQGHU WHPS®OHHG® W R UMH THVIV KX R
6RODWURQ + ORGHO FKDPEHU ,PSHGDRLAH XIS PWRJ B W K

FRQGXFWLYLW\ RI HDFK VDPSOH DV GHVFULEHG LQ &KDSWHU



%(6 VSHFWUD ZHUH FROOHFWHG LQ WKH JUBIQBH®@RWH UD
WHPSHUDWXUH UDQJH IURP i WR f& XVLQEH WRFRABDQWK
ZDV LQFUHDVHG LQ f& LQFUHPHQWYV MWALIQYJ ZD WEKR WHMANG H
KHDWLQJ DQG FRROLQJ V\VWHP 7KH VOHPSRNDWKUKLZPONUP
“ f& 7KH JHRPHWULFDO FHOO FR QU M@DIQW KZHD M OGHFNHJ R RSLH:H
FRQWDFW VXUIDFH DQG WKH GLVWDQFH EKMW IHKHQ MIX® HH[G B B\
Rl WKH FHOO ZHUH XVHG 7KH FRPSOH[ LPBB\GFEPN HYWHG |
FRPSOH[ FRQGXFWLYLW\ 1 & 1« & L10 & DOG&FRRHOHE ¢
XVLQJ WKH HTXDWLRQWQG& &NO-=R&D@HVSHFWLYHO\ ZKHUH
FROQVWDQWQ® &P EI | LV WKH IUHTXHQF\ LQ +Q ZDKWHHDHNR W/
WZR KRXUV SULRU WR PHDVXUHPHQW DQG DGGHRI BRXER}
PHDVXUHPHQW FHOO )RU DOO WHFKQKAXHWP EQDGM\VZBRW IGHIU F
YDFEXXP IRU WZR GD\V SULRU WR PHDVXUHPHQW

'Y7 FDOFXODKMH.REQBROH PRPHQW RI YLQ\O EHQ]\O WULPF
UHSHDW XQLWV ZDV FDOFXODWHG DQWIHW\ JXRFMWR D RS WLKRH R
RQ WKH EDVLV Rl DQ DOO HOHFWURQ ')7 SRGW RV LVOK HWAITHV
BWXGLR SDFNDJH> @ 7KH GRXEOH QXPHULFOLOIQMXV
FRUUHFWHG *&$ %/<3 IXQFWLRQDO ZDVOB&ROWHBHW KD /R
EURPLGH ZDV XVHG DV D IUDJPHQW WR HYDQXDAKB UNKIG ISRQ@
UHSHDW XQLWYV

7KHUPDO 7UDQVLYDURQNG LMPHPSSBUDWXUH 6$;6 GDWD ZDV F
3DUU 6$;6HVV LQVWUXPHQW XVLQJ D KLJKDUHWROIKMLREQVL

3$1DO\WLFDO 3: [ UD\ JHQHUDWRDWIXR/QQILWXK DQ HQHUJ\



%DFNJURXQG VFDQV ZHUH FROOHFWHIUR @ X DMV HAKISEXDEB @ Y
D URWDU FHOO ©6DPSOHV RI SRO\PHUQZWHKH FNBBWMXBEBSL Q Q D(
WHPSHUDWXUH RI WKH URWRU FHOO ZDV HRQWURWRUIKE KRQHX
XQLW IURP f& LQ f& LQOFUHPHQWYV L QKM HVY X0\ LHEDJAKW G |
WHPSHUDWXUH DQG WKH H[SRVXUH WLPH ZDV PLQXWHYV
SHVXOWY DQG 'LVFXVVLRQ

7KH VDPSOHV VI\QWKHVL]HG DUH VXPPBDWHW HQRFNEOH:
ZHUH VHOHFWHG DOO ZLWK DQ DS3N RHLEPODRESK RBMWLRORFN GW
7KH GHJUHH RI IXQFWLRQDOL]DWLRQ ') ZDYJYDBWRMAIGC BWERQ\

306 UHVXOWLQJ LQ PHPEUDQHY ZLWK D UDQJH RI LRQ H[FKDC

7TDEOH 6DPSOHV RIEBD703@>%U @

OoRI (& G VSEL
>39%70$(F30% )] 300309 PPRC Ql

>39%70% @E30%@

>39%70% @E3I0%@
>39%70% @E30%@
>39%70% @E3IN%@

>39%70% @E30%@

KHUH [ LV WKH GHJUHH RI SRO\PHUWBM IGRHQ@ IRH H> BRI 950G \@ H% L
30% ] LV WKH GHJUHH RI EURPLQDLW WRKQHRQ X3P &G 8 @MREIN DR@H F
NJ PRO ,(& FDOFXODWHG IURP + 105 ' VSDFi&QJ IURP 6%$;6 D\

ORUSKRORJ\

7KH VDPSOH 6%;6 VFDWWHULQJ SURILOH DWHXUXSW D NMKR
PRUSKRORJ\ DQG GRPDLQ VL]H ‘H ZHUH LQWHMUKXOWHE 2RRB C5
GLPHQVLRQV VR ZH DOVR VWXGLHG D PHPRWD QKEVYR W/NHIGS LL

VFDWWHULQJREXD®SO\ W 7KLV VDPSOH GHPRQVWUDWHV OD



DOO K\GUDWLRQ OHYHOV ZLWK SHDN UDNMHARVWXKDW WTKH DL
PRUSKRORJ\ RI WKH VDPSOH LV HIIHFWL¥DOWOCRBEFNNRER LY £§©
VXUSULVH WKDW ZDWHU XSWDNH GRHV QEBWRFKPWHAYH HVK\H. QD K
WKH GRPDLQ VL]H G FDOFXODWHG [@RPRVBKH@O RKR4Z\S H)IRN
FKDQJH XQWLO DERYH 5+ 7KUHH PRWGVODPEOAHYDAHPRUWE K

7KHLU G VSDFLQJ IURP VSHFWUDB&FROW HRWE KSGHW LQ5ADEBQE
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JLIXUH 6$;6 VSHFWUD RI >39%70$@>%U@ E 30%& 'L

:DWHU 8SWDNH DQG 7KHUPDO 6WXGLHYV

JRXU VDPSOHV IURP WKH JURXS ,(&V
ZHUH VHOHFWHG WR VWXG\ WKH HITHFAMDWHU(& ROPDNRIQLB6FE
SORWWHG DV ERWK ZDWHU XSWDNH ZW D QG QOMKHREXGIXK Z D WL

XSWDNH LQFUHDVHV ZLWK LQFUHDVLQJ ,$&UWEKHQ QPWHUPR



DPPRQLXP %V7/XQFWLRQ JURXS DFWXDOO\ GHFUHDVHV VOLJK
VKRZV VRPH UHVWULFWLRQ LQ WKH RWREUDIRD VRV UXBRWWUR Q

DV WKH GHQVLW\ RI IXQFWLRQDO JURXSV LQFUHDVHYV DORQJ
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J)LIXUH IDPEGD DQG ZDWHU XSWDNH Rl >39%708&@>%U@ E 3
'DWD FROOHFWH&ZDWQ & '965BW

7KH +5 7* SURILOHV Rl WKH >39%70$@ >% U @ DI &0 %QPWRHBU
ZHW VWDWH DUH VKRZQ LQ )LJXUH ZKHUHGVWR BWKHY BWR | [
7 f& 7KH 7* SURILOH VKRZV D VPDOO PDVV CXROWWL & KOIEWR XM
f& 7KLV PDVV ORVV ZKLFK FRQVW VW X W \D IDNEHROXWG X H R/IRV
ZDWHU >39%70$@>%U@ E 30% XQGHUJRHYV D AELIBY HGW QWZH(
LV DVVRELDWHG ZLWK WKH ORVV RI WKH ORPR Q0 TKIR/XS U
HYLGHQFH LV LQ DFFRUGDQFH ZLWK U RN X.GOVOK \GMY B WIHVH & KH
YLQ\OEHQ]\O GLPHWK\O K\GUR[\DON\O OPWVPHR\Q LK LEK®/R DL C
HOLPLQDWLRQ DW f& ZKLOH SRO\VWUHOMH DRGIG WRKKHIURPLDROPOH

XS WR FD f& 7KH WKHUPDO SKHQRPHQR@WKHLYOERVEQRFMC



DQG LW LV GHWHF& HAX DMK ¥KRZV WKDW WKLV EORBNWDYV D
7KLV DVVLIQPHQW LV LQ DFFRUGDQFH PHWK OV WEOGW HQ HR QZ |
GHPRQVWUDWHG WKDW WKLV SRO\PHU XRSWIR RV OHY&>W KC
7KH FRPSDULVRQ RI GU\ DQG K\GUDWHG +D0*K\SURPWORY VW
WKH >39%70$@>%U@ E 30% PHPEUDQH GRKWY DR WWILEQQ LMFADE
PHPEUDQH ZKHQ WKH EXON DEVRUEHG ZDWMWWU)LVXWHPRY H(
IHYHUWKHOHVY WKH , DQG ,, WKHUPDPPGOHY DQWW RLIWKEB W
WHPSHUDWXUHV E\ FD * f& DV FRPSD¥MHA& RMHR BAUKOHD 16 U Y KGH
VOLIJKW LQKLELWLRQ RI WKH WKHUPDQGXDIW Z6G BW\WURBRGH FRX C
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VWRUDJH PRGXOX\'/FQJG WAKHR'IO $ 3WEID% @PHUMGKRZQ LQ )LIXUH
'6& SURILOH VKRZV RQOJ MWOIDVNEW DWW KHWH[BQ RUH&GLWHPSHU|
VLIQLILFDQWO\ ORZHU WKD@®HWKBPWRRNWIEWKHG RIQ WEIHV B RIR\L
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J)LIXUH '0$ WRS DQG '6& ERWWRP SURILOHV RI GU\ >39%
7KH VWRUDJH PRGXOXV (¢« DW +] LV VKRZQ RQ WKH OHIW D]

7KH PHFKDQLFDO SURSHUWLHV DQGORYBQV LONIGRGHNG RV RN
VWRUDJH PRGXOXV XQGHUJRHV D VWHW G HFU3HD DKRLIWHR RVD QD

HIKLELWY D SHDN DW 7J $IWHU WKH X9 DRAVWKHDRNYWWURDO \



FRQVWDQW ZLWK LQFUHDVLQJ WHPSHUBDW&UH HUKLIOWP IHURRFD QY Lk
1DISR@KH VWRUDJH PRGROKRRY GUMOMILKRPFUHDVH XQWLO DE
DEUXSWO\ GURSV 7KLV GURS LV GXH W PWLR@XFILVRIQL @ | 1\
SRODU GRPDLQV> @ 7KLV GLIIHUHQFH LQ EHKBYLRWRY GX|
SRODU GRPDLQV 7KH PHFKDQLFDO SURSHHWRNWRLN 0L QWIA
E\ WKH VWHULF KLQGUDQFH SKHQRPHQRXBNWZIHW QHWXRIO DWW 7a
ZKLFK DUH SURPRWHG E\ WKH LQWHU FKWL®& M R F AURWYWIVOLI WG

WKH SUHVHQFH RI VLGH JURXSV ZLWK GLSBGOXVRRFIFCHQANG/ LAY V)

Steric hindrance

effects

Chain sliding direction

J)LIXUH 6WHULF HITHFWV JRYHUQHG ESRQM HQ VWKDD® W LHRIHM
EHWZHHQ LRQ SDLU GLSROH PRPHQWV LS RI >39%70%$@>%U

7KH LRQ SDLU GLSROH PRPH@WLIGH JBRRXSKHV+S0$
FDOFXODWHG E\ ')7 PHWKRGV ,S LV JWQRWDWIHX®VEKHQDQHA
DPPRQLXP@ >EURPLGH@ LRQ FRXSOHV )LIXWRI WKBUK\GURYI
GRPDLQV 7KHUHIRUH WKH WUDQVLWLR Q\H BWX\WHPMWHGV ¥ \ DER
UHVXOWY RI WZR LQGHSHQGHQW EXW FRXS OKHU B R B QAR IQRDQ

RI WKH EDFNERQH DQG VLGH FKDLQV LQ@BWHKHYAKXY VR B RMLAF



ZHDNHQLQJ RFFXUV RI D WKH LQWHU RIQDL®ILWRHSDLGHGER
DQG E WKH YDQ GHU :DOOV LQWHUDFWLRQY KR | WKKIH \BK BU B
WUDQVLWLRQ LV FRXSOHG WR WKH '0$DVH ORI [ BWK HR IQQ MNHHIQ WL
LQWHUDFWLRQV DQG WKHUHIRUH VWHPSB RYLHGEG VDQ E6H QKB BL
WKH SRO\PHU EDFNERQH FKDLQV WKXV DWGXED®] WKL H/EBIY
GLIIHUHQW IURP WRDWKRUH PHYRMAROOH LQWHUDFWLRQV EH
K\GURSKLOLF GRPDLQV DUH PRVWO\ FRUUHRQW HG VZZ MHKQ KX

GLVVRFLDWHG VXOIRQLF DFLG PRLHWLHV LQ WKH K\GURSKLO

,RQLF &RQGXFWLYLW\ DQG 'LHOHFWULF 5HOD[DWLRQV

,Q SODQH %YURPLGH 6&RDG XAMMIGY WMR\ P H D V XXWRH) @/ KAHWLLG LS/AD\D
IRXU VDPSOHYV ] ZKHUH ] UDQJHV IURP W R SOR!
DQG YHUVXV (& LQ )LJIXUH 7KLV VWX®RYNRZY SWKUWDKNH Q\LI
GHSHQGHQFH RQ WHPSHUDWXUH VR RYRHUDOIJEEX®MHN LKRIQGE M
SRO\PHU EDFNERQH G\QDPLFV )LJXUH LQLRPWOLY¥RRGWX\F WL
SHUIRUPDQFH LV JDLQHG ZLWK DGGHG IWPRWLEDDXAUUHDWLRQ
7TKHVH UHVXOWY GHPRQVWUDWH WKDDN) HEIHL FRH @ WG F RIOWERKKHE X
IXQFWLRQDOL]DWLRQ RI WHKHR X\E ARG OEW LEFQRENL QW KH KL
VWXGLHG KHUH UHDPAKRHAG JYHU\ FRPSHWLWDYWOMQYGEOV DW
5+ DV FRPSDUHG WR RWKHU EORFN FRSRO\PHRQRHW®EW MNXHW R\
ZHOO RUGHUHG ODPHOODU PRUSKRORJ\ SURGXFHWVLQQWKL\

HITLFLHQW FRQGXFWLYLW\ SDWKZD\V ZLWKLQ WKH PHPEUDQH
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JLIXUH 7TKUHH GLPHQVLRQDO 0+ D O E DOQOG WRQWWKUQ

G SORWV RI GU\ >39%70$@>%U@ E 30% PHPEUMD@WHWR Q7 KH EO>
SKHQRPHQD DQG WKH JUHHQ WRLWKKRAMHOIFWULF UHOD[DWL

JRU WKH VDNH RI FODULW\ )LJXUH HEHDY DML RR QV R R GOH
ZKLFK DUH UHVSRQVLEOH IRU WKH KRVW GRD*PHILD E\QDOBL
PHPEUDQH WKDW ZH GHVFULEH EHORZ HAK & X0W/MLJI MRIHDPDONYL B
PRGHOLQJ RI WKH %(6 GDWD VSHFLILBEOO|DANLMRQ WHHT&H QF
GLHOHFWULF VWUHQJWKYV RI WKH HIXNK LRGN0 UB PLISHHQDD\Y |

7KH WDQ/ VXUIDFH UHSUHVHQWHG DV D DRRQWRXUXHO RQ

LGHQWLI\LQJ WKH HOHFWULF HY HQMWN\N®WEK B0 D WHD /U W K R DWV VL



WKDW PRYH IURP ORZHU WR KLJKHU ITUHTXHXXRLHHYV ZE WK G QG
7KH WZR ZHDNHVW SHDNV DUH DQ . HYHMHTOWH QW DWW G B U MNAKHH(
SHDN DW PHGLXP IUHTXHQFLHV DGZBLFK UYVZHDN @ HOND [\ WH
IUHTXHQFLHY DQG ORZHVW WHPSHUDWRVHYHLDINWWK HWKH O/ \é
J)LIXUH E DQG WKUHH RI WKHP DUH FROH DY OAXVHBIEH D YL 1 X

D

PMB block [PVBTMA]([Br] block

YLIXUH OROHFXODU GLHOHFWULF UHOD[DRURQN RIKWKH >3
PRGH FRUUHVSRQGY WR WKH GLIIXVLRQ RI FRQIRUPDWLRQDO
VHIPHQWDO PRWLRQV LQ 3K\®HBB SKIRE WK HORFRD OVKHXFW XD W |
UHSHDW XOQQGPRGHV DUH WKH IOXFWXDWLRQV Rl WRB ORFDO
EHQJ]\O WULPHWK\O DPPRQLXPLQLWKH BLRXSR S KIHVISHHEWRFENO\
7KH IRXU KLJK IUHTXHQF\ HYHQWY VHHOQLYDW\WL YOWKHY O
WKDQ DUH DVVLJQHG WR PROHFXODU UHOD[DW\LE B OIKD QR R
DQ&» DUH DVVRFLDWHG ZLWK WKH 30% EORRMV LVKH KL
DVVRFLDWHG ZLWK WKH ORFDO |0 XKkM ®BIWIKRQ ERMWWKHQ 8 LISRE
ZKLOH WKH ORZHU IUHTXHQF\ HYHQDO PRWLREVRUQMHKIH V8B %W
6LPLODU UHOD[DWLRQV KDYH EHHQ SUHYLRKWORVDKWUWUJQYHE

PROHFXODU UHDPGDRFIEKQVZLWK VORZHU G\QDPLFV DQG DUH



IOXFWXDWLRQV RI WKH GLSROH YHFWRUVLR®QDMNXHHERDOADWHE
DPPRQLXP VLGH JURXSV >9%70$@>%U@ EWRFHFWL YHKG X OF
QRWHG WKDW WKH . UHOD[DWLRQ DVVRHLDIMT (ZLAV% W ® HE O
FDQQRW EH GLVFHUQHG DW ORZHU |URITUOHRQ BIVHVW WLR/POW K H OF
E\ WKH PXFK KLJKHU SHUPLWWLYLW\ YDOXHV Rl WKH SRODUL"

7KH WZR ORZHVW IUHTXHQF\ HYHQWV ZHKHOKDRIYH SHUP
DUH DVVRFLDWHG ZLWK SRODUL]DWLRQ |PHHLERRANQDVVKH BR
WR WKH HOHFWURGH SRODUL]DWLRQ (D FFKHPARPMARQ RKEKI
WKH PHPEUDQH HOHFWURGH LQWHUIDFH ZKRWURGIV>R®@ EJ
KLJKHU IUHTXHQF\3 SR\ DVVPR.IDRHGL ZLWK DQ LQWHUGRPDLC
,3 ,3V DUH WKH UHVXOW RI WKH DHAPXPXODNWROHR| FEKQRGE
WKH EXON PHPEUDQHV FKDUDFWHUL]® GVEY G319 b7 B RE@/> SHH\@P E
PHPEUDQH WKH ,3 LV DVVRFLDWHG ZULWHU FXH) BH\DEHRKPX O/
GRPDLQV EDVHG RQ >39%70$@>%U@ EORFNV DQIGRWKH QRO SF
30% EORFN SRO\PHU IUDJPHQWYV

7KH WKUHH GLPHQVLRQDO 0+ O+« DQG WDQ/ ZXWDFHYV
>39%70$@>%U@ E 30% DUH VKRZQ LQ )LIJXUBUH DV/ RKXFKHDR LN
RUGHUV RI PDJQLWXGH ODUJHU WKDQ WKRBVHHLQH® B HD®UWR PH
FDQ EH GLVFHUQHG LQ WKH WDQ/ VXUIDFBIQRI GVK H RZHW HPH P\
SKHQRPHQRORJLFDO RULJLQ RI VRPH RIGUKHP\HP EYBDIQMW V7 KV @
KLIJKHVW IUHTXHQF\ UHOD[DWLRQV DUHVRWOWOIREG BHRQYWRHW L
DPPRQLXP VLGH JURXSV LQ W K G\GH\RSHKEVULFHOORFRQILUPH

WKUHH ORZHU IUHTXHQF\ UHOD[DWLBEWY @QRMHIQRBVRFGEDWHG ZL



7KH ORZHVW IUHTXHQ@KDSRD PXFIOWRREQUILQWHQVLW\ LQ WDQ
VORZHU G\QDPLFV $ FRPSDULVRQ ZLWKPWREHUBDQHFWQQR ZWH X
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ILUVW FRPHV IURP WKH REVHUYDWLRQWWHLYWWD REFXUIL DD R
ORZ IUHTXHQFLHV DERYH f& LQ WKH ZHW HHRBPODQOHWEZKC(
SUHYLRXVO\ PHQWLRQHG IRU WKH GU\ PKIFP BHCCHFNV U DF IV ®& LWHW
GRPLQDWHG E\ WKH SRODUL]DWLRQ SKHKMRBHQPLWWHUYHW Ul
UHJLRQ RI WKH VSHFWUXP LV UHODWHGNWR LD X®&HFUHDVBIQIGQ

ZKLFK LV OLNHO\ SURPSWHG E\ D W,\WWD QW IKWIRW KIHY K] \HZEJ R/KHIWN



D VWUXFWXUDO UH DU WUy LIGRHIDWR RS WRH G708 UH QWRFKIVIHQ V K
GLUHFWLRQV DV LOOXVWUDVHDBQLAUGHXYUBJ Rl WRG IURY XSDW!
$ERYHWKH LQWHUDFWLRQ Rl WKB8VH LRQWS DHGX FMVXQ WRY W& F
FDUULHDQLRQVN IUHH WR PRYH LQ KB KNQWRE® LVDKA GRP PHPE
REVHUYHG DW D KLBEHU f& HPSH BW X U H DVHP 8 H UDRHX UH LQ W
PHPEUDQH LV H[SODLQHG LI GQURSKQ QLG HWRWKDYW LAD WHKH KRR O
VROYDWLRQ VKHOBWYSRORKQWBGLGROFURXSYV SODVRILFQYLQDGVK!

IDFLOLWDWLQJ WKH UHFLSVRGBD & PIRLYHWPHQWYV RI WKH SRODU

10

108

1010

102 10° 10> 10* 10°

f /Hz
k3 4 \ob O oy
g 3 R 09 :u' 1
h 6 Q:Qp =
& 81 & e
\; 10j %i::@i °
S 12’__ % "SQ& ; Dry
147 ¢ I
2 3 4 s
A -3
T /K x10
JLIXUH 7TKUHH GLPHQVLRQDO FRQGXFWLYLW\ VXBNDFH D
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43 3 DQG 1RQ WKH LQYHUVH Rl WHMHKUHDMWXWH GHWHEPLIQHG |
VLPXOWDQHRXVQ\QVKE DUOFRYIMDHEYWK (TXDWHREXV 17 FXUYHV R
DQG ZHW VDPSOHV LQ , ,, WH® @& WK HUB pPRQNQG @0 LWRILRQWHG
E\ SUUKHQLXV OLNH EHKDYLRUV F
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JLIXUH BURSRVHG GLVRUGHUKREURSBK WOULF QR B@QG RPVD \7

RULHQWHG LRQ SDLU ORFDO GLSROH PRRMREH JURXSE ®OH DQ
DUH RUGHUHG WRJHWKHU FRXSOLQJ WKH LS V RI GLITHUHQW

7KH VHFRQG NH\ SRLQW IURP WKH !B FBIFL QW WILKRDQV RW KNHUH
LQFUHDVH LQ WKH SHUPLWWLYZWWRBUVREY DLW HYCH B L\ K | WHKIHH @ W1
LV REVHUYHGDIQG WIKHRQ 3)6$ PHPEUDQH MWQHS KMV BOWH R IOW
RUGHUV RI PDJQLWXGH RFFXUNRDWHV$RQGY WR @ AKP®JH LQ
PHFKDQLVP IURP DQ $UUKHQLXVKWRB ®7RJIROP7 B XA DWR LWKIF Y
VLGH FKDLQV LQ 3)6$V> @ DKH QQ FN\3 %R RS> B OGNV W KD
FKDQJH RI VWDWH Rl ZDWHU RPEHGRW G HQ GVWR BPHWPLELD QI GQ
SURSHUWLHYV DQG PHFKDQLVSRUO\FRQGXFRRRI EHAIEX VIR WRB H
DVVRFLDWHG ZLWK 30% EORAREUDWHYLVLEOH LQ WKH ZHW P

ORGHOLQJ RI %KW SHFWIUTHWHUV XVHG WR TXDQWLI\ W
GHWHUPLQHG E\ ILWWLQJ WKH UHDO [PQ®& WP DUWQ DK GF R R RS
SURILOHV RI WKH %(6 PHDVXUHPHQWYV E\ WHPSHUDEOH H\R G

I[UHTXHQFLHYV 7KHVH SDUDPHWHUV RQUMPFBK FIRIQGG XVHRVHR @ FALC



PDWHULDO HVSHFLDOO\ ZKHQ FRPELQH®G @$WK'8& VXQ®W/ VOBURF
7TKH PRVW LPSRUWDQW SDUDPHWHUWYVGEGRGUH BRI QW KWHKAHRVY H D
WKH FRQGXFWLYLW\ YDOXHV ZKLFK DUWHHWVYV RALHD W H i OHRWKU 1A
DQG WKH FKDUDFWHULVWLF UHOD[DWLRQ WLPHV RI PROHFXO

$ FDUHIXO GHWHUPLQDWLRQ RI DO OQWKH FBDQW B ) WRIXWOL

HISHULPHQWDO SURILOHV RI 0 & 1 & DQG WDRQ & ZLWK W

o]

Wi L FEs; EAé@—é%E R 0555350

ZKHUH WKH ILUVW WHUP GHVFULEHWUWWKBW HYHGXBQFER @ GXF
ORZHU WKDQ WKDW FDQ EH HLYHWKPHEMINGOR RE G VHRRIHEX FIW |
IUHTXHQFLHV W®B8 8HUPLWWLYLW\ Rl WKH YDWKKXPSRWEHLYBIW
SKHQRPHQD WKH WKLUG WHUP UHSUKWYRXQVKY DWKROFR @R 6 K(
HTXDWLRQ> @ WDKHDDH MDKEFD AR QIGXFWLYLW\ DQG UHOD[DWL
MWK HYHGQWYV ZXVEBSH SDUDPHWHU WKDW GHYVFUWKHYMAWHK E
SHDN WKH YDULDEOH N FRUUHVSRQWWoWR VRKIH &G LHEHREW U LF
WKH DQJXODU IUHTXHQF\ IRM WKH HBEBPDUNLIFRIQ FOLG H2R | WK H
(G DQWGLV WKH VKDSH SDUDPHWHU ERXQG WR VDKM FALMMMHGE |
ZLWK WKH N WK HYHQW

7KH ' 1+ & VXUIDFHV )LJXUH D UG HFPRIQWS\RUDWHH RW KK
PHPEUDQH LV PRVWO\ GRPLQDWHG E\ WIGHDERY BIUE | DMKLR @ HF
WHUP RI (TXDWLRQ 7KH FRQGXFWLYLW\ 1+ & RRGWRXU
ORJ IDUH UHSRUWHG DV D IXQFWLRQ RI UHFLSURFDO WHP
FRQGXFWLYLW\ UHJLRQV , ,, ,,, DQG®& KH UPKLCF KV DD WKW RRY

PHOWLQJ SRLIWIRQE DWKHURUJIGHU + GLVRWEGHY WU DERYWLRQ 7



7KHUH LV D GLIIHUHQFH RI  WR RUGHUV RV PDJQL\
FRQGXFWLYLWLHV RI >39%703@>%U@ ¥ WEF6VRQ WDRNN WBW HLP!
EURPLGH LRQ SDLUV UHGXFLQJ WKH H ORIF @/IURWWMDQW FV L@V |
DQG LQFUHDVLQJ WKH PRELOLW\ RI ERWSR ®DUNKHGBQERDL Q
SODVWLFL]LQJ HIIHFW RI ZDWHQF UKBVE Y\ | DRPG X FM&L WIRW\ 17
" Dw f& DQG VKRZV D YHU\ VWURQJ WKHUPQROQJ EQISHDG H
SRO\PHUV WKH FRQGXFWLYLW\ DVVRFLDWHBKZUWRKWWMKH ] H\D
SEXON FRQGXFWLYLKH PODWHULDO> @ +RZHYHU LQ GU\
WKH LQWHUGRPDLQVSROWKLPDRQR@®UGHU Rl PDJQLWXGH RI W
ZLWK WKH HOHFWURGH JXRGDULPWDREG IDV D UHVXOW SUR
FROQWULEXWLRQ WR WKH R¥HUDO G RRVEOEGEWRIDWY SUUKHQL
EHKDYLRU FKDUDFWHUL}H® ZLOKK FRIQG XKEMWIKY KW\ UHJLRQV
LQGLFDWHY WKDW LQ WKH GU\ PHP E UPR®D WK FRRLQ G B WL RR)Q
ZKHUH WKH PRELOPRYSINFLHRP RQH FRRUGLQDWLRQ VLWH WF
SURFHVVHV

$V VKRZQ LQ )LJIJXUH F ZHW >39%70%@ >% W& LUEH 810 %
FROQGXFWLYEWDIQW BOO WKUHH FRQGXFWLYLWLHV H[KLELW $!
,,, DQG ,9 DQG EHORZ WKH PHOWLQJ BRWEW \RKZWWHUD O O QX
UHJLRQV DV LQ WKH GU\ >39%70$@>%U @SP\8R%BDR HNVEERQWIH C
ZLWK DQLRQ H[FKDQJH SURFHVVHV ERNWKDHRKQKGHOHBH QW DLUQ\
HYHQWV $V ZDV QRWHG DERYH WKLV LV B|KLEUMWRRE EIRFDV
ZKHUH WKH PHOWLQJ Rl WKH ZDWHUEHKDYVRE LID\R A G @ LK K

97) IRUP> @ 7KLV HYLGHQFH VXJJHVWYV WKPWULDED MW KHK B 3P BoV



LV PRUH ULJLG DQG WKH G\QDPLFV RI WKH K\ GUIRI QK RIEAFQ B
FRUUHODWHG ZLWK WKH ORQJ UDQJH FRBULUH PAHB B WU B W XSUH
YDOXKHWQ@Gs KDYH WKH VDPH RUGHU RI PDJQLWXGH EXW GL
SKHQRPHQRQ UHYHDOV WKDW WKHUH DUH W ZIRHGK\IGHIRBEWOS E
GRPDLQV WKDW IROORZ GLIIHUHQW SK\VLFDCHPRREKBQLVPV ZL

7KH FRQGXEWNYDWVRFLDWHG ZLWK DQ ,3 SKHQRPHQRQ
FRQGXFWLRQ SURFHVV LV VORZHU DQEKDYQ FYEBUQREWHUL]HG
OLNHO\ IROORZV D SHUFRODWLRQ SIDWKED S POR®Y JG R G \%
K\GURSKRELF 30% GRPDLQV DQG LV QRW UH®HQEF& W WRWWKH!
RQH ,3 LQ ERWK WKH ZHW DQG GU\ PHPEUDB® 6 \GOS/BIR WNK\D W K
>39%70$@>%U@ E 30% PHPEUDQH KDV D ZHOO RUGHUHG SKDV

$V SUHYLRXVO\ GLVFXVVHG )LJXUH W IOH. NFHR@\G & X M/ WY
WKH GHFUHDVH RI WKH GHQVLEVD\QRR QA H: H I KHSRWRHRR YHH "W |
RFFXUV ZKHQ D GLVRUGHU+*RUGHU UHRUJDQL]DWLRQHSKHQRP
E\ PHDQV Rl VWURQJ HOHFWURYV WDKK LER\FHDIDD Y BARKEHY TEEHW
FRQGXFWLPDLQWQRW EH G HW B K IWAHKG VIXB BN WWVRW & B WWW K HWI\ S D W
LV PRUH FORVHO\ DVVRFLDWHG ZLWAXWBHGDRLWR WKWVAREDY
WKH DPPRQLXP SRODU VLGHRQUBXBWLWKWD SDKHKAD\ LV %\
EHKDYLRUDRG:1LQ DOO IRXU WHPSHUDWXUH UHJLPRHYV LW FD
DVVRFLDWHG ZLWK D SHUFRODWLRQ SDWKDBls WEKYRXY K VWIK H
SHUFRODWLRQ SDWKZD\ DORQJ WKH LQWHUIDPH. GHVEERDHD W
DPPRQLXP JURXSV 7KLV DVVLJQPHQW L\WGTRWURERRIDWMBU

PLJUDWLRQ GLMWDEQKBON BRODU GRPDLQV DUH PRUH DIIHFW



FRPSDUHG WR WKH LQWHUIDFH VR WKHLGQHRMXSHBERUVRY /KW
DVVLIQPHQW WR D FRQGXFWLYLW\ SDWKZD\ WKURXJK WKH EX
$VVLIQPHQW RI7THHO®HBWQRBQFH RI WKH UHOD[DWLRQ Il
VWUHQJIJWKY RI WKH PROHFXODU UHOD[DWIVK® ZHY HQWNIRQHU |
DQG E UHVSHFWLYHO\ 7KHVH UHVXOWNQWOOREZ WKHWRR &R
UHOD[DWLRQV VXPPDUL]JHG LQ WKH LOOXVWOP@+RQP@ALE 3JDIX
PHPEUDQH IRXU PROHFXODU UHOLHKDDVMQR® QW KB UH UGHODIHE W H
FKDUDFWHUL]HG E\ WKH ORZHVW G L HK®MHKMWKIHY WWUHQDIW®FL)H
D %RWK RI WKHVH UHOD[DWLRQ HEE&R KW DLUHVOR/N KEGDW &
GRPDLQV3sowW/IKHDVVRFLDWHG ZLWK WKH ORFDO \®WUHSROMHONDBW
XQLwyvy 7KH GLHOHFWULF VWUHQJWHKPBHURWYOUVU H/ O)LLIKWE \ L Ql
YDOXHVIR)LORDH D IROORZ D 97) GHSHQGHQFH XS WR DEI
ZLWK D SVHXGR DFWLYDWLRQ MHKMHYT) BHSHQGNQPIROZKLFK L
WKH UHOD[DWLRQ PRGH LV DVVRFLDOROGPHUWKKYKP>GC @D DPX5E ¥
DVVLIQPHQW RI . WR WKH VHIJPHQWDO FRWLRY RIK M KN HXG®
DVVRFLDWHG ZLWK . LV DERXW D@ RWRH UWKIHPPRQ G WKW HY Y AL
7KLV GLVSDULW\ VXJJHVWYVY WKDW WNHRMHVRH QAW O R PR \Q
OLWWOH LPSDFW RQ WKH RYHUDOO FRQGXFWLYLW\
7TKH WZR ORZHU IUHTXHQF\ PROHFXODU DWO3 B WLRXQWO \
GLVFXVVHG DUH DVVRFLDWHG ZLWK WKHVKHXEWRPMOQRQV R
TXDWHUQDU\ DPPRQLXP PRLHWLHYV LQ WKH MWISGHRIUVKXS\H RI W
DUH WKH RQO\ WZR UHOD[DWLRQV VWKDHWV ®&QGEHG HE\RANFKY 28 W C

FRQGLWLRMWQGWKIHOD[DWLRQV IROORZ $UUKHQLXV EHKDYLRU



IOXFWXDWLRQV RI WKH VLGH JURXSOD[)DDWXBK® KDV P KLIKKHY
I[UHTXHQF\ DQG D VLIJQLILFDQWO\ VPDOOUWHO®IBWHR® U }LF] X00OH
DQG E $SSO\LQJ WKH WKHRU\ RI 'HE\H LPSYRRHGLHFRUD QR
.LUNZRRG> @ 00 LV SURSRUWLRQDO WR WKH WI XMKWHH RI Ul
ZKLFK LV DVVRFLDWHG ZLWK WKH EH®IROEMRRKMK WP BRI CCH.$ R
WKHPRGH ZKLFK LV RI WKH FDWLRQLF VLGKHFRRG® DWKH U}

FRQVLVWHQW ZLWK WKRVH RI UHOD[DWLRQ LQ SRO\WW\UHQF
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GLHOHFWULF VWEBHGBRWKVZHW DOQG GU\ >39%70$@>%U@ E 30%
PHPEUDQHV LQ , ,, ,luYDWQG 79FXHYIHROQYUHVHQW SUUKHQLXV O

UHOD[DWLRQ LQ WKH ,, DQ®@Y,LRWHILRQ VKRZV D 97) EHK
$FWLYDWLRQ (QHUY\F&RSDHODRQ FEQIW Z HHIV WRAH. YN 8 & HAL
ERWK WKH UHOD[DWLRQ IUHTXHQFLHV JXQ®G WK H RAR QI®XRKWRIY
UHJLRQV , ,, ,,, DQG ,9 LQ LQFUHDVLQJ 3VHPG XKD WA UW K |
>39%70$@>%U@ PRGHV DUH Y HUWRRRBGRAFNY MYRL WLKHRW H QR W WK H.

7KH DJUHHPHQW EHWZHHQ WKHVH YDOXRQYGYEWHNQ VZWIKKWV \



SODFH GXH WR WKH H[FKDQJH SURFWMNVREVVRW W LLRXQ W KEHH VKK
GRPDLQV D LV GHFRXSOHG IURP WKH PRWLR Q@ HRIP W®&W DRD L
PRWLRQ DQG E LV LQIOXHQFHG E@WEHYPRMW LR XS VW K@ W
PHPEUDQH YWRMHN DVVRFLDMHIDZHWK RLIO-DU WR WKRVH IRX
FRQGXFWLYLWLHY EHORZ f& UHJLRQV S HWIBW X UHQ UH JXRIHH
G\QDPLFV RI WKH ZDWHU PROHFXOHV LVG\QDPLAVF RQ WK |
>39%70@3@UVLGH JURXSV SURYLGH D VLJQLILFDQW RIRQWULE
FRQGXFWLRQ ,Q UHJLRQ ,,, DVERIY B\Qp& IDRYGRE MOKRZ ILGH JUR

D DUH GHFRXSOHG IURP WKH FKDUJH WUDQVYHW\SKHQI
SDWKZDWIHR sV RQH RUGHU RI PDJQLWP®®K ORZHU WKDQ WK

E DUH FRUUHODWHG ZLWK WKH FKDUJH WHUDRPIDRQ 3U|

DOG ERQGXFWLYLW\ sPI/VEXB\WREGEDKWUH (RI WKH VDPH RUGHU RI
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JLIXUH F DQG )LIXUH D ZLWK DQ $UUKHQLXV OLNH HTXD



'LIIXVLRQ &RHIILFLHQWY D®GVEKHUDIH DI1KWYWLRMOR WKH
ORFDO G\QDPLFV RI LS LQ WKH SUHYKREWO\L\G HREFWDEGBG
FRUUHODWLQJ WKH GLI4XV:LFORGRIHIILFLWRWRH IUHTXHQF\ R
UHOD[DWLRQ PRGH IRU ERWK WKH ZHKMWD QGG G \GRHHNPHEWDLQHG
GHVFULEHG LQ &KDSWHU E\ XVLQJ WKH IR@ORZ:Q® 1HUVW *(
&L §® 4 ® 6@

ZKHUH sl T® @ L TQC@QEIA%@I5U?—3>E%J:EA%@%§’?5
5LV WKH JDV FRQVWDQW 7 LVDWK HWEBREYWRRQBXFWHPISWU B VXX
WKH )DUDGD\ b RWQ WWKHQ WR QF HQ VQJIDR\MQ\R Q3 RUV%WWKH WRWDO D
FDSDFEMW\Y RWKH PDVV RI WKH PDLQ SRO\PHU % OERFRIEN\Q PVK LV
WKH PDVV Rl WKH RWHHADUWW KEHD RPXOXHNV RI WKH GHQVLW\ R
EORFN SRO\PHU UHVSHFWLYHO\ 7KH G HWDIDXW W BDSRIURVENVGDH C
E\ WKH VIAQWKHWLF FKHb¥MWseR%UWKH FPWHULDOJ IF®QG
l300% JIFP @

JRU ERWK WKH GU\ DQG ZHW PHPE DD@EHRQ WWKH GIHHIHIJ B W
UDWH RPWE&H VKRZV WZR GLVWLQFW OLQHDU FRYUHOPWLRQV

WKH (LQVWHLQ+6PROXFKRZVNL HTXDWLRQ VROLG OLQHV )LJ

gLt L =M @0 L &4
ZKHUH '&® 'U 2 WKH DYHUDJH WLPH IRU WK H W MM PW DRQDRIL
PLIJUDWLRQ GLVWDQGEFH IRWKHUPHO E (DD RWHDWRID| +] 7KH

JRRG ILWVRIVYYV IFRQILUPV LQGLFDWHYVY WKDW LQ WKMHMLR@EGEWR SK
RI WKH LSSOWL\ D FUXFLDO UROH LQ WKH iPRIGJ)(,CDI:!I/\X/\[lRF(X}SFUIR\FVIK‘

,Q WKH GU\ PHPEUDQH WKH YDOXH Rb VZKH WPH BUX H LFIRI@IW LRD



HQWURS\ LV PLUQLPL]8GZKUFK FRUUHVSRQGV WR WKH DYHUL
FIDQWL REDW ARG L@ HREQ &\

GHPR QY R (AMWHID QKD W YEIOWOREHWZHHQ V|

EHWZHHQ YDQ GHU :DDOV UDGLXV RI
FDOFXODWLRQV
HISHFWHG ,Q WKH ZHW PHPEUDQHLQQWKIHDWAaAXHVKDW WKH DC(
DQG WKDW WKH H[FRR@IJHRRISOHKH¥%EWHPMHIWHRQLM¥LGH JURXS
DUH VHSDUDWHG E\ DFDYHUDUW SUNBDEXFHH RILIXUH VKRZ
PDWHULD®Q/ VEKIKDYLRU LV VKIMWGIGCHW FEE KDERKW 'WZR RUGHUYV

FRPSDULVRQ WR WKH GU\ PHPEUDQH VKIDW L@QION B WW HV KW KFDLV,

WKH DQLRQ
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6ROLG OLQHV VKRZ WKH (LQVWHLQ*6PROXFKR DWUNDLP 8 WNHHU VL W
‘"L UDQGD¥YH UHSRUWNGWVAKKHPRIULJHODWLRQ FRHIILFHQW



JXUWKHU LQVLIKWY LQWR WKH FRQGXFWLYL®J WHKHKD G
GHSHQGHQFH RQ WHPSHUDWXUH RI WKH DYHWRHBHHD®ERQ RP
SRODUL]DWLRQ DQG WKH LQWHUGRPDQ G SREVSEHMWLYR®\SKH.

A DQG3!/UDUH FDOFXODWHG XVLQJ WKH (LQVWHLQ*6PR

VXPPDUL]HG LQ &KDSWHU DQG 'L 1IRWR HW DO > @
O hP L¥X ®fvi
ZKHUH WBREBXHY DUH UHSRUW HG DLUH )WKHJHHO D PDQML R WLPHYV

SRODUL]DWLRQ HYHQWY GHWHUPLQHG E\ WKH ILWWLQJ RI WK
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JLIXUH 'HSHQGHQFH RLIWKHVD RQUBLIHWEHE PH) G IU3W K IR Q

UHOD[DWLRQ PRGH IRU GU\ DQG ZHW >39%70%$@ ¥ %WWD@ XHY¥0 %
DUH HYDOXDWHG DV GHVFULEHG LQ WKH WH[W

$V WKH WHPSHUYDWRGH! WIQ\WHMNHDWH IRU ERWK WKH GU\ DQ

FRQILUPLQJ WKDW WKH FKDUJH PLJUOWWRG SUVYRBAWYV) LNV DHW



UHJLRQ ,,, 7 WRLQFARHDMWHY H[SRQHQWLDOO\ IURP WR F
FD QP IRU WKH ZHW DQG GU\ PHPEUD QW \D WHH \FRHPM. I/ WHHA\V
WKH 6$:6 UHVXOWYV GHVFULEHG DERYH IRDWZKLF& SWKHVVEBW
LQWHU ODPHOODU G VSDFLQJ RI DQG X IIMH VUINHW SHKIW\WL DIO®
s FRQGXFWLYLW\ SDWKZD\ WKH FKDU.J 6 PH PRKD/QURIY E H KD
ZDWHU FOXVWHUV RYHU OHQJWK VF D GH 9 DPHDIHIU WEKFORD MK
>39%70$@>%U@ E 30% PHPEUDQH WKH YROXPRQRFDWXH HP HF
FRQVLGHUHG GHORFDOL]HG RQ WKH WLPH VFDWD MW RH R B H U
FKDUJH PLJUDWLRQ LV GHILQHG DV WKH GHOR PD'@L ].IWW R 8 VEH
PDWHULDOV LV WKH YROXPH RI K\GURS KIK®L F%S RRQFEHIS W PZS
UHFHQWO\ SURSRVHG IRU SURWRQ FRQGXFWPEJU PO R E UD/Q H\F
K\GUDWLRQ OHYHOV RU DW ORZ W HRMSHW D\ROXIRY RU HV K R DO
GRPDLQV $V WKH PHPEUDQH K\GUDWLRWQLH YZHON WILQHV W KHK |
K\GURSKLOLF GRPDLQ LQ WKH IXOO\ K\GUDWHG RU VZHOOHG
,Q UHJLRQ ,,,; \&U /i@QVWNWHRBOUHDVHY I[URP WR FD QP D

QP UHVSHFWLYHO\ IRU WKH ZHW DQG GWKPWPIRDDIRE )LJ
WKH ZHW PHPEUDQH WKHUH LV D SHURROBWKRQ JSBWEHWYZ
>%U243@OXVWHUYV QHXWUNOGH GXKDVKH +D@EG E LQ WKH GU!
FRQVLGHU WKDW WKH VWUXFWXUDOVD®HUPKBILGYVMWDEBH EH
GHWHUPLQHG E\ ')7 FDOFXODWLRQV NNKRHB EV DL S$IQH RI]
KRSSLQJ SURFHVVHY EHWZHHQ QHLJKERULQJ SRODU VLGH FK
2YHUDOO &RQGXFWIKYL Wo\(63 WWKZXDWYV PHUJHG ZLWK VWU

PHFKDQLFDO LQIRUPDWLRQ DUH XVHIXWKWRPHFX®DILY R IRYH



WKH RYHUDOO FRQGXFWLYLW\ PHFKDQLWP@LE 3DKH PGHPE DRQC
JLIXUH | ZH FROV1sG HWK W KRDW UD O O; FRQ BR W\ LW KW\ G W \
IXOO\ K\GUDWHG >39%70$@>%U@ E 30% PHPEUDQH UWWQWKH
FRQGXFWLYLWY SQWKZD\ZKLFK DUH DVVRFLDWHG ZLWK WZF
SKHQRPHQD

13 LV D SDWKZD\ ZKHUH FRQFHUWHG H[FKDIMWHRRI DWDR
SODFH ,Q ZHW PHREHDPRKD\Q IHGEG ERWE DQRPLE ZDWHU FRPS
QHXWUDOL]LQY IVBKHFKDI$QV 7KHVH SKHQRPHE&D DD W IDRAY LV W]
G\QDPLFV RI' LS GLSROHV DQG E WKHVKWDE) @QLRQEFV W
ZDWHU FRPSOH[HV FORVHO\FIDQW.RQNFMRIUQW KH VPK REO®QH LQ \

I3 LV D FRQGXFWLYLW\ LSD WKXD\QIKIBUEHWIZIHHQ WKH GLII

LQ WKH K\GURSKLOLF GRPDLQV RI WKH EXON PHPEUDQHYV
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J)LIXUH BURSRVHG FRQGXFWLRQ PHFKDQLVP IRD@B9%70%$@
13 DUH WKH WZR FRQGXFWLYLW\ SDOWMKGI M @/KWHFEHYRGWW LW K
K\GURSKRELF 30% EORFNV DQG K\GURSKLOLF EORFNV UHVSH



6%$;6 )ROORZD&ESHDUV WR EH D JHQHUDO SKHQRPHQRQ DV\
PHPEUDQHV RI WKLV FODVV ,Q RUGHID YRLWHRY [RXDQVRHEBH
LQ WKH K\GURSKLOLF GRPDLQ RI WKH SROWHW DXHDSIHKWRW PR
WHPSHUDWXUH IRU D VDPSOH RI DQRWKHIBSR® \QHU LOHIQW KL\
P NJ PRO ") DQG ,(& RI 7TKHPERO6 JISURILOH ZLWK 1
QRUPDOL]HG WR WKH SULPDU\ ORZ T SHRN B CPHDDAHU LDIOR 4V
ORQJ UDQJH ODPHOOD RUGHU ZLWK VZROOHQ ODPHOOD VSDF
J)LIXUH ,QWULJIJXLQJO\ ZH FDQ VHH WKHDYWH WDKH LKMRIKHW
SRLQWY DV WKH WHPSHUDWXUH LV LQHRWHDKN & VUWR ROIP RIL HD
SHDN RQO\ YDULHV VOLJKWO\ 7KLV L@ GHDDWHBKNIWEDRXWEHG

DFURVV WKH FKDQQHO DQG LV FKDQJLQJ ZLWK WHPSHUDWXUI
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8QIRUWXQDWHO\ WKH SULPDU\ SHDN LV DAFORO HEIRBV HE XWR 2
FDQ EDFNJURXQG FRUUHFW DQG GHFRQYRQBI®\HHWKHKIUI ISRV |
DQG LQWHQVLW\ H[DPSOH LQ )LIXUH DQOGN) SRMIWLRQ (G
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T DQG T IHDWXUHV IURP 6$;6 Rl >39%70$@>%U@ E 30% Q
LQ ZHW FRQGLWLRQ

&RQFOXVLRQV

$ QHZ EORFN FRSRO\PHU $(0 3RO\ YLQ\PURREBBOWULPH
PHWK\OEXW\OHQH >39%70$@>%U@ E 30%D VDV QWRWKHPEY B
7KH PHPEUDQHY ZHUH IOH[LEOH DQG WBODWKLH DG\ B QWDWHR R
75 K\GURSKRELF EORFN YHUVXV SUHYLRXV SRO\WW\WHQH EO
UHDFKHG L® ¥AYHUDO PHPEUDQHV DERYH ,(& SKBIWPRQVW.L
VHSDUDWHG PRUSKRORJ\ SURGXFHG HIILFLHQMKH SIODWKHZDL D O
ORUSKRORJ\ ZDV VWXGLHG ZLWK KXPLGLW\ FRIDNWPHRODODHG

PRUSKRORJ\ ZDV REVHUYHG DFURVV DQOFROBYHOCI RUKRG U DN



QP DV WKH K\GUDWLRQ Rl WKH PHPEUDWQWWIXWB JHW [UR® WKF}
GRPDLQ VL]H VZHOOLQJ ZDV RQO\ VHHQ DIWHU PHPEUDQHV ZlI
+5 7* 0'6& DQG '0$ VWXGLHV VKRZ WKDW WHEORHR S UWDR) |
f& 7ZR PDLQ WKHUPDO WUDQWLWURQYV LDAWLHR § UHW QW i Df
QHZ XQH[SHFWHG IKULEF®VEMWALWRDVVHYV IURP FD WR FD fé&
WR WKH ZHW /PIHWP EUDROMK HVL]HG WR EH D VROLG VWDMHI W W U
SODFH LQ WKH K\GURSKLOLF GRPDLQLRQKH@PWHWDR QL RHDH EW U
SDLU GLSROH PRPHQWV LS V RFFXU )RGGOWH KSHED W X\ SHZ
SHUIRUPHG WR IXUWKHU LQYHVWLJDWH WKLVRW SDO@VYVWLRQ
FUXFLDO UROH LQ PRGXODWLQJ WKH SQR3 IGWWPBWRF BHFEDUI
FRQGXFWLYLW\
7KH DQDO\VLV RI WKH HOHFWULF UHVEBRSWHI[ Rl WKH P& P |
DQG WDQ/ & LV SHUIRUPHG E\ %(6 VWXGRIO\D U,LJ DMKHR @ BI\Y PLI®
13 DQG 1DQG IRXU PROHFXOD Yol PARIBIDW LRD B0 % DEDRFNV RI %
DQGPRGHV IRU WKH UHOD[DWLRQV RI WKH EHO]\O/ID& SR
FKDLQV UHVSHFWLYHO\ LQ K\GURSKLOHFIBEPWKAVIXDOM K\
>39%70$@>%U@ E >30%@ PHPEUDQH HYLSKRBGRPHQDHHD IR
FRQGXFWLYLW\ UHJLRQV , ,, ,,, D& UD QWH W IARIQV}CE 7H\ WK |
E WZR SRODUL]DWLRQ:HDQHR WY KRLWK7 GRPL&DWH WKH HOHEW
F WZR GLHOHFWULF UHODQBWEZRQFKDDWH VX SHULPSRYEG ZL\
13 SRODUL]DWLRQV DW WKHVH WHPSHUDWXUHYV
W LV UHYHDOHG WKDW WKH RYHUBO®@ ERQID¥FAN PHAEUR

WKH FRPELQDWLRQ RI WZR FRQGXFWKLYLW\ BRGKRPODWMICR €\ SN



GLSROH PRPHQW IOXFWXDWLRQW RGHM KIH) SRIOHD K \\GLUGRH KIURLXFS
GHWRLDQG@DUH WZR W\SHV RI SK\VLFDOO\ GLITHUHRDUWWHRBRC
SDWKZD\¥ WRH1IORQJ' LPDQUWWIWRQ RFFXUV E\ D FRQFHUWHG
EHWZHHQ EDWLRQV 7KHVH HYHQWY DUH FRUUHODRWHG ZL
FRRUGLQDWLRQ SURFHVVHV DQ®KRKG&MW K, ¥ BH{ BRR O B MWAMR R | SW Kv
WKH ORQJ UDQJH FKDUJH PLJUDWLHRGKBQBRAWVEHW ZRFHRX U
GHORFDOL]DWLRQ ERGLHV "%V SUHVHQW V Q MWXRU W& KFHKILH
FUXFLDO LPSRUWDQFH WR XQGHUVWDQG WHKWH RKPOQRPKQD
PHPEUDQHV IRU HOHFWURFKHPLFDO DSSOLFDWWRQXVBQ®USU
LPSURYLQJ WKHVH PDWHULDOV
$FNQRZOHGJHPHQWYV
7KLV ZRUN ZDV IXQGHG E\ WKH (XURSHDQ IRUL FLH X QRG HUK |
JUDQW : 1) JUDQW DQG WKH 86 $WB\ IHDYOWEK R)IILFI
7KLY UHVHDUFK XVHG UHVRMWXRUF HBRXUFNKBD 8G YD QHRSBU
(QHUJ\ '"2( 2IILFH RI 6FLHQFH@VRU YDKH O2W2 I RFHHURWG6 FLHQF |
IDWLRQDO /DERUDWRU\ XQGHU &RQWURHWDAWKRU¥ DO¥R Z

DFNQRZOHGJH XVH Rl WKH &60 6%$;6 IDFLOLW\
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7KLV FKDSWHU LV D UHIRUPDWWHG YHUVLRQ RI D S
-RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW

HWL 9HVKOH\ 0 DPOGNULFR %OUMRVLISQERIHZ 5 TORVQJ

+DQ 7VD(L %U\DQ &RXQKMIHZ 0 +HUULQJ
DQG 9LWR 'L 1RWR
$EVWUDFW

$QLRQ H[FKDQJH PHPEUDQHV $(0V FRQVLVRHWH\®RI S|
DPPRQLXP E SRO\ PHWK\OEXW\OHQH RI WKHWWH, @MIHUHQW
DQG PBTUH VWXGLHG E\ KLJK UHVROXWLRQ WIOHUPRJU
VFDQQLQJ FDORULPHWU\ G\QDPLF PEEKBDQHFWW LFQDOWSIHF W
WKHLURP® 7KH WKHUPDO VWDELOLW)\ DQGJWU D®YZLWHR 8N UDU
7J DQG D KLJKHU WHPSHUDWXUH WUDQV LUNWRIQ® GV SRR G V] H
GHSHQGV RQ WKH ,(& RI WKH PDWHUDDI®G T KHGHOWDAVOU LOFO O
LGHQWLILFDWLRQ Rl WKUHH SRODUL]DWLIRQND ®WO\ WRRWKH
FRQGXFWLYQW\1DIQG WZR GLHOHFWULM QEORQHWLRORAYBYWE
WKH WRO\O VL@ GURQIBVZLWK WKH FDWTRK LAEE WIDA ) HF & DUHOW?

LOWHIJUDWHG LQ D FRKHUHQW SLFWXUH DQG LR ¥FRYZRXEGIWWLQ

(TXDOO\ FRQWULEXWLQJ SULPDU\ DXWKRU DQG UHVHDUFKHU
&R DXWKRU
$XWKRU IRU FRUUHVSRQGHQFH DGYLVRU



FRQGXFWLRQSD@W®ZIDNVK\SRWKHVL]H WKDW D UHRUGHULQJ R
UHVSRQVLEOBWRMHRBEHUDWXUHV KLJKHU WKDQ fERVHRIFK U
WKH LRQLF FRQGXFWLYLW\ &OXVWHUH®@J,(& KHBEOD QR SIOQ F
K\GUR[\O IRUP ZKLFK UHGXFHV WKH HIILFLHQF\ Rl WKH DQLR
,QWURGXFWLRQ

$(0V DUH ZHOO HVWDEOLVKHG DV VHSDQU®WRDGHS$SWRER
WKDW VSHFLILFDOO\ GHVLJQHG $(0V FROXOGAEH QW HGHNVW XD
JURZQ LQ WKH XVH Rl WKHVH PDWHBDDOWQHY XD FRQYHWYV LRC
VXFK DV IXHO FHOOV HOHFWURO\]HUV GRVYLBPHG RY R OZRRAJ K HID
KLIJIKHVW SRZHU GHQVLWLHV LW LX¥KQHAKHVQIRQ W B DEHASRI QWP [
DQG ZDWHU WUDQVSRUW RSWLPL]HG IR W M K G DUYRIOAXVWHD UQD
IORZ EDWWHU\ DUH DTXHRXV DQG WKH PH®ERQ R \BRRXIO ¥ LK
DQ HOHFWURO\]HU ZDWHU WUDQVSRUW MKRXR® W KHPEQRMBLY
K\GURJHQ LV H[SHQVLYH DQG LQ D Q¥WH @R @ HDICH ZAKD\G K RGHW IHF
VLPSOLFLW\ LW VKRXOG EH SURYLGHG E\ EDRNH GLHDWR@Q
IXQGDPHQWDO VWXGLHV RI DQLRQ DQG ZDWKHP MWDV BR G\
PRUSKRORJ\ Rl WKH SRO\PHU DUH H[WUHP HOU DRMS$ R UIMHDGW DW
$(0V FDQ LQFRUSRUDWH WKLV OHDUQLQJ

7R GDWH WKHUH DUH D OLPLWHG QXPEHW RMUBIQW BRO WG
$(0V DQG YHU\ IHZ KDYH DSSHDUHG ZKH U B YKDGQRE OGH L QO\F & RC
FRQWUDVWLQJ ZRUNV RQ D VRIW QRQ FURVVAL®NHSE PHPE
FKHPLVWU\ GHVLJQHG E\ )80%$7(&+ %:7 *REW¥> IR D IXIQGE B PHIQ

EHDP EHQ]J\O WULPHWK\O DPPRQLXP JUDIWHGUDFWRB /G LALDW



ZLWK KLJK DQLRQLF FRQGXFWLYLW\ ZLWK PRVBROW HWUZH
SRO\SKHQ\OHSRHRPYAM\OEHQ]\OWULPHWK\ODPPRQLXP@ 332
VHSDUDWHVY LQWR D ELFRQWLQXRXV SKDWH>WK@ [TKLW UHD/C
UHSRUWHG IRU SXUH K\GUR[LGH FRUHIXBRNNVWTYR @G KWPLW®KIH
FRQFOXVLRQ LV WKDW K\GUR[LGH LV\GXD®WLBQVDRELIWB® :
DPRXQWV Rl ZDWHU DUH WDNHQ XS E\ WKH ILOPYBW SHYGIL Q.
GLIIHUHQW LRQLF FRQGXFWLYLWLHWH DXWGW R HL @ B PAR @ BW FIW LY
VRIWHU PDWHULDOV EDVHG RQ AB$ PBHIFIKMK DGHIXPWR KNG
DW f& DQG VKRZV DQ LRQRPHU SHDN L®$WKHVSFBW O D QK
VZHOOV RQ D ORJ VFDOH WR WKHVKD® IRSRAHW Z R QB3 IPAHDQVIL@RD
K\GUR[LGH FRQGXFWLYLW\ RI WKH PDWIHRMN® ®RIEDVAGRR (7)(

f& DQG 5+ DQG VKRZV QR SHDNV LQ WKH 6%;®b W&H 7KH
332 E 39%70%$ UHDFKHVDW P6fRPDQG 5+ VLPLODU WR WKD
JUDIWHG (7)( PDWHULDO> @ 7KHVH VWX®NH % ULPLLPDLONON QX Y
DQG GLIIXVLRQ DV PHDVXUHG E\ HOHFW XRERBPILFORO LPGWIE I
JUDGLHQW VSLQ HFKR 3*6( 105 WR F R UH H®DDWDH D\ GD PR/ RKIR
LQIHUUHG IURP 6%$;6 +RZHYHU WKH FRQGNXFWDMYH W\ DRH D QXU E
ZHOO FRUUHODWHG ZLWK WKH DFWXDPHDWRRDN OKGH @ DRRM
3*6( 105 WLPHVFDOH LV RQ WKH RUGHU RI PVORQIW IS WRBIOG]
RUGHU WR SUREH PDWHULDO IURP WKH FARKBIGXOWUFWR \WRKR
ZH XVH EURDGEDQG HOHFWULFDO VS HPVHQREY FRFS \* +%6 ( 86 HW R & W
WKLV ZLGH UDQJH RI IUHTXHQF\ % (6 HQDE O HNQIB0 DRRIL W KW RJ

SUREHG DW WKH PROHFXODU OHYHO DQG LQWHUSUHWHG LQ \



,QFUHDVLQJ WKH ,(& RI DQ $(0 ZLWKRX®RMW WQD&W X QEQ H
DQLRQLF FRQGXFWLYLW\ EH\RQG D FHUWIR@FBRWQOR XV LK HE
SRO\PHUV WR FUHDWH DGYDQWDJHRXV QD QR W UXRWXULRVGR &
FRQGXFWLQJ PHPEUDQHVY VXFFHVVIXOO\RIRGXVREMLWLPH @R,
ODVW \HDUV WKH XVH RI EORFN SRO\PHUV WHRU SILPRSGMRFYH @ [
DQLRQ DQG ZDWHU WUDQVSRUW SURSHHDN.HVLQ QD B WY KWV
YDULDWLRQ RI FDWLRQLF EORFNV KDYHM[DPEEBG\VKFK QD XWS
YLQ\OEHQ]\OWULPHWK\ODPRQLXP> @ HSROYDWKO PO WH\S
TXDWHUQDU\ DPPRQLXP JURXSV> @ SRO\ YLQ\QRQBAWK\C
OLTXLGV > @ SRO\ DFU\OR[\ HWK\OWULEXMUQSKBVSRR (
K\GUR[LGH > @ RU SRO\PHWK\OVW\UHQH IXQFWLRC
WULPHWKR[\SKHQ\O SKRVSKLQH> @ SDLUHG ZS8W®&\WWHJ KQKD
SRO\EXW\OHQH SRO\SKHQ\OHQH R[LGH> @GDPBWIRQ\VXD NRK
HQKDQFHG DQLRQ FRQGXFWLYLW\ ZLWK YD UWIMLD G HIRFHHWN B
IXUWKHU HOXFLGDWH WKH PHFKDQLVP HR3 B R WRIQ LFR@M\G BFWI R
Rl QRW MXVW PRUSKRORJ\ EXW DOVR WKH PHFKIMQLFDO UHOD

,Q RUGHU WR IX00\ XQGHUVWDQG D @PWRHQUIFDDY G ZZD WH VL'
PRGHO SRO\PHU V\VWHP ZLWK ZHO @ GWH IPRHSKRIOIRVIN DD B D
YDULDEOH GHJUHH RI IXQFWLRQDOL]DWRRQG VERH WJK-DD/D W\HKGH
GRPDLQ OHQJWK VFDOHV DV PHDVXUHG F¥\USR UK HF REZ YV VW
SRO\ YLQ\O EHQ]\O WUIEPHRORK\PHIVKREBDXWROHQH GLEORFN S
K\GUR[LGH RU EURPLGH FRXQWEHBDR®RIKHUIBEY 7B8@ >; @

@ :KHQ WKLV GLEORFN SRO\PHU LV FDFWMUBRBWVE&KDNRHUVH



LQ WR D ZHOO GHILQHG ODPHOODU WW8X%WOSUR| WKHH DBQQR
FRQVLVWY RI EHQ]\OWULPHWK\ODPPRQLXRVBREWWUB® UKH &
IOH[LELOLW\ E\ XVLQJ WKH UXEEHU\ 309% @I WKKH PKABERSE R
PDLQWDLQ D ODPHOODU VWUXFWXWH WK LDHWWW L QOF E HRIQRE|
GLVWLQJXLVKHG E\ D GLIIHUHQW GHJUHH\RDRRRBWXR QD R XD\
GHILQHG DV WKH SHUFHQWDJH RI VLGH WRDRE WK RSP EHPX
PRLHW\ 7KH 6%$;6 GDWD IRU WKLV SRO\RWRUYEBHGHPQ N KWK /@
DQ ,(& RI PPKROOY EHHQ UHSRUWHG FRQILUPLQJ WKH ODPHC
VSDFLQJ IRU WKH ODPHOOD IURP W R Q 'R U@G W\KBE QG
PRGHOLQJ RI WKLV SRO\PHU E\ DQ HQR\DLW HIDW SYKAWL RCLO KP E
FRQFHQWUDWLRQV WKH ZDWHU LQ WKH FKDQQHO PD\ QRW EH
,Q RXU SUHYLRXV LRHERBWWKLWRBWHULDO &KDSWHU
IXOO\ DVVLJQ WKH HOHFWULF UHVSRQVHKRQLWRHIFRPW VEWRIPD
FRQGXFWLRQ ZKLFK LQYROYHV WZR GLVWLEBWHGR QLW KHDUNPH
WUDQVLWLRQ K\SRWKHVL]HG WR EH D UHRUWHDB BE& I IRW XWKH/
UHSRUWHG IRU WKH ILUVW WLPH LQ DQ (WL EKGHRUHDW HJ HRV S
FRQGXFWLYLW\ :H ZDQWHG WR H[WHQGUWKN WHi & WPRGE R R HZ '8
VRPH EDVLF GHVLJQ UXOHV IRU WKH V\QRWX i WL ¥ DRV QXMW KV M D!
FRQWUDVW LRQLF FRQGXFWLYLW\ RI EURRGGR[IZ& W KD QUKD
XQGHUVWDQG KRZ WKH LQWHUDFWLRQR \EKW ZHH® NEWH LFU B )
RI EDFNERQH DQG VLGH FKDLQV FKDQJH WKHAKD& X AKDQHHQ\
HIIHFW DW D VKRUW DQG DW D ORQHH®L\B\WDQBHVRG KV KK DL,

HIILFLHQF\ RI LRQLF FRQ GXFWLYLW\, IV DRG LGHPSW & B WQW RHD



RI DQLRQ FRPSRVLQJ WKH LRQRPHU EXW WV HID DAQ R QDBOH SIKZHH
DQG WKH GHQVLW\ RI SRODU VLG H FOALBY WIQD R USTHID IWHRWE K
WKH WKHUPDO FKHPLFDO DQG HOHFAKHRFKREMHAFE® L PH P EDUDH
E\ VWXG\LQJ WKH VDPH PRGHO SRO\RNULQ\VWKHPKDGW RI[K GHiHIF
FRQWUDVWLQJ WKH UHVXOWYV REWDLQH®G SWWHK MR G\U 7 KRLWF
GHVFULEHVY WKH UHVXOWV REWDLQHED 0URRK DW R F WEHHIW FDLVD H
>39%70$@E>W%@ ZKHUHRU %®® WKLV VWXG\ WKH PDWHULDOV
GLIIHULQJ ')V LQ WKH K\GUR[LGH IRUP DQG SROSPHH G QVRV K
EURPLGH IRUP E\ PHDQV RI KLJK UHVROXW LRWHE KG UIPHRU H QW
VFDQQLQJ FDORULPHWU\ 0'6& DQG GO D kB RIOHFKID®GE FDAH B
VSHFWURVFRS\ %(6 LV DGRSWHG WR GHWIREPDQH WKE WEHF
K\GUDWHG VWDWH 2QFHLWKWKFRAPRQWOILWDB®Y ZDV HVWDEOL
LPPHUVHG LQ OLTXLG ZDWHU ZDV LQY NWHPLSIHDWDHV K U 1 $W6R DWK
FDWLRQV LQ WKH SRO\PHU P XWW SBN VHIGR UTGHU ILQIV BWYS @ D \
WKHUPRDQDO\WLFDO DQG HOHFWULBRBLSDRSHU WLGE R IPWRK
WKH ORQJ UDQJH FKDUJH WUDQVSRUW LV SURSRVHG

7KHVH VWXGLHV DUH H[WUHPH O V RKIRMS HOX E QH 9K K OGU R
DWWDFN SRODU SRO\PHU EDFNERQHV D8 WIMD\FRH & KHRRW K BI
DGGLWLRQ LW LV ZHOO NQRZQ WKDWIRX®GF XQ WHKCHYDOVPYRAGS IR
UHDFWV ZLWK WKH K\GUR[LGH LQ WKH $(OW H LWSHALGHN FIDW B
PHPEUDQH> @ DRIG €Q2LRQV RI WKH FDUERQDWHG $(0 DUH
PRELOH ZLWK UHVBOERQWR@VKHRQYHTXHQWO\ FDUERQDWLRQ

WKH SURSHUWLHV RI WKH $(0 HVSHFLDOMDQ G QV K H JBKIBEU WR WAL



PHFKDQLVP ,Q SUDFWLFDRD® DSSREABWWRQORZDHYHOV IURP
$(0)& FDWKRGH ZLWK WKH VSHFLILF SXUSRVHDWRRBMWQLIPALQH
SHUIRUPDQFH IURP WKH GHYLFH 7KH $(6X O/DWKXKEE H& LD W KIH
IUHH HQYLURQPHQW WKH\ DUH QHYHU H[SRIVHERYBWLRIKD RSO
UHVXOWV UHSRUWHG KHUH DUH GHRWUPUPIQMGHERRGDI(BG MR WD
VWXG\ LQ ZKLFK WKH $(0 ZDV LQ WKH EURPLGH IRUP> @
([SHULPHQWDO

ODWHUXDIAN70$@9B0@B @ ZDV VIQWKHVL]HG DV SUHYLRX\
8QLYHUVLW\ RI ODVVDFKXVHWWY $PKHUVW DODWHG $ % DQ
& UHVSHFWLYHO\> @ [FKIHJIHGDY %+ DQG & PHPEUDQHV DUF
UHVSHFWLYH EURPLGH IRUP SUHFXUVRUVDB\ RIPP HK VWR® \LDH |
WKHQ ULQVHG ZLWK GHLRQL]JHG ZDWHUKMWWKUHK W KMHM QRAYLHIH
H[FKDQJH SURFHVV ZDV FDUULHGIBNMW ZKWLER{ D KRPH PDGH

,QVWUXPHQWV DRBUPRWKRGIMPHWULF DQDO\VHV DUH FD!
UHVROXWLRQ 7*$ 7% ,QVWUXPHQWYV WIOKU RR E D CPD PRI X V
7KH 7* SURILOHV DUH FROOHFWHG LQ WKH WHRPSHRIDRIXUH U
PDWHULDO LV DQDO\]HG LQ DQ RSHQ GO DVDIORUPL PIDMU\ 'L16
PHDVXUHPHQWY DUH FDUULHG RXW ZLWK DVU'6EB T X L SLSONVGN DIX\E
/1&$% ORZ WHPSHUDWXUH DWWDFKPHQW RSHUDWRRQ XQGH!
OHDVXUHPHQWY DUH SHUIRUPHG Z LENKN BHKHHD W L QQIGRED W H &R R Q)
PJ RI VDPSOH LQ D KHUPLWLFDOO\ VHD O H¥5 DDEX®P\VQ VX PO$ D G D
DUH FROOHFWHG ZLWK D 7% ,QVWUXPHQMOP '0ISEHU WEQWURK® |

7TKH LQVWUXPHQW ZDV SODFHG LQWRKI$ IDRWOHRYWH W R B MIDROSHOGH



LQ WKH DPELHQW DLU 7KH WHPSHUCBWXIUFNV VG H DWWHF /DK JXH

VDPSCAD RI KHLJKW PP 1 ZLGWK PP i W K L FWIQAHX\WR LRGPD O
WHQVLOH GHIRUPDWLRQ PPLWW D Q |DIPGG LAN. XVKH DR | 1 SUHOR
WHPSHUDWXUH UDQJH RI WR &L QLV KW BIQOQN &/ LDAW \DWIRID

DQG YLVFRXV ORVV PRGXOXV (11 DUH IOOQWHKMHOEDNV § RRQ VM k
PDWHULDOV 7DQ / 0° 0 LV DQDO\JHBWEY H WRQF WL XD R/IH W
GDPSLQJ IHDWXUHV %RWK ZHW DQG GU\DQBP'$SEH\EXW URQDQL
VDPSOHV ZHUH WHVWHG ZLWK '0$ | UK MUZR G3LD\ V DXRGBEHHY YDOURHX
WKH PHDVXUHPHQWY DQG DUH PDQLSXODWHG XQGHW $U 7Kt
% (6 DUH FROOHFWHG LQ WKH IUHTXHQF\ DJGDWEPSHUDW
WR f& UHVSHFWLYHO\ XVLQJ D 1RYRFRQWIMOUSOISK D GFD
f& VWHSV XVLQJ D KRPHPDGH FURWWBW RS& DWW IQQBLL WKI
7KH WHPSHUDWXUH LV PHDVXUHG ZLWK JH® PH\WXWUBBOKALH® B UF
LV GHWHUPLQHG E\ PHDVXULQJ WKH DHF®HB QG RGKIH HILHFNWDUREG
WKH HOHEWURGHV 1R FRUUHFWLRQV IRUXWHKE WKHUPRPS G H
LPSHGDQFH = & =1 & L=" & LVFRRGXHFUM MGWLQW R&F R PLY
L1 & DQG FRPSOH[ SHUPLWWLYLW\HOHTWRXDWIIRQYV 10& & NYEL
DQG 1 &r0 L8O UHVSHFWLYHO\ ZKHUH N LV WKH FHHDXHBRQ VW
LQ +] 7KH ZHW VDPSOHV DUH VRDNHG LQ HMINHW DRG WZR/ K
GRXEO\ GLVWLOOHG ZDWHU LV DGGHG WR WKH PHDVXUHPHQV
5HVXOWYV DQG 'LVFXVVLRQ
&RPSRVLWLRQ DQG 7K} WPOLY BMBRIUMN. WAKH HOHFWULF Ul

PHFKDQLFDO UHOD[DWLRQV RI WKBEAH HORNNRHF RSO\ PHID ZP



IRUPXOD VKRZQ LQ )LJXUH DUH VWXGLH®FUKB VILQP \G HJIL
IXQFWLRQDOL]DWLRQ ') RU LRQ H[FKDQJH FWWXD'BLW\ ,(& DQ

DQG DQG ,(& DUHS/ SHFWHYHO\ ') LV WKH S|
WKH K\GURSKLOLF EORFN $ Rl )LJXUH DPPIRWKKPSRGLR [LIX

>9%70$@>2+@ VLGH FKDLQV GHWHUPLQHG XVLQJ (TXDWLRQ

- JiniEonEAR ~
&L X 3y imemeaE de; 0 STT

ZKHUMyoesi» D@Gow DUH WKH PROHV RI >9%70$@>2+@ DQG WRC

06 UHSHDW XQLWYV UHVSHFWLYHO\

!
~~f—0~

J)LIXUH &KHPLFDO VWUXFWXUH RI >39%70%$@>;@ E 30% EOR
%U RU 2+ $ DQG % DUH WKH K\GURSKLOLF DQG K\GURSKREL

7KH FRPSRVLWLRQ RI PHPEUDQHV $ % DQXGP& MULGHWE KIHQ |
7DEOH 7KH QXPEHU RI UHSHDW XQLWV L@ RPOURSKREMFP ¢
DQG Q UHVSHFWLYHO\ LQGLFDWLQJ R IGIRW DW® HL W KLF
DYHUDDNH RI WKH HQWLUH WKLFENQHVV RI WKH K\GR RS KRESLRO'
GRPDLQ ZKLFK DV H[SHFWHG H[KLELWMFBKDORZE BOGI0OP D\Y'W LW K'

VWDELOL]H WKH LRQRPHU E SURYLGH ZHOKR W MDERRMWUXE WM



HITLFLHQW K\GUR[\O PLJUDWLRQ SURFHVWHYV ZPBIQRK AR U HG X&
DQG & VDPSOHV VKRZ YDOXHV LQFUHDVYLQQ® ZAKMK RUBGIKQG $ (%
7TDEOH $OVR WKH LQFUHDVH LQ :8 IURPIGLWIRE & H RSUHE K VA
ODPEGDZKWWUN WKH QXPEHU RI ZDWHU PROHFXOHV SHU FKDU.
D VLIQLILFDQW ULVH RI WKH LRQ H[FKDQJH FDSDFLW\ ,(& DC
7TDEOH &RPSRVLWLRQ RI >39%70$@>2+@ E 30% EORFN FRSF
DUH WKH ODEHOV DGRSWHG WR LQGLFDWH WHM RIDWKRXYV $(0)\
39%70%$ DQG 30% VXEXQLWYV ') LV WKH GHJUHH RI IXQFWLRQD

DQG ,(&V DUH WKH RYHUDOO LRQ H[FKDQJH F® SPOHREW.HYHRI \@
LV WKH GHQVLW\ RI GU\ $(0V

$(0 Q P ") , (&P '8 G
ODEHO PPROAJ o] JAFP
$

%

&

P (YDOXDWHG RQ WKi8 ENVWKHREIZDWHU XSWDNH GHWHUPEQHG DV
., .75
f& DQG  FB&+LV FD O F a0 & JE W @-UUGEIEA?J@%O% ZKHUY#WWKH PDVV RI

WKH PDLQ SRO\PHU EORFN LQ WKIPW V¥ DWKHWKDW RI WKHs®RVWKHO RF
DQGDUH WKH YDOXHV RI WKH GHQVLW\ RIVEKAWLIHD D & H @& K EQ
REWDLQHG XVLQJ WKH SDUDPHWHUV UHSRAWP G3HGVHZKIHKAFR !>3909
DQG !30% JAFP

7KH +5 7* SURILOHV RI WEHM3930@ FOBRELD@HY LQ WKH FR
VWDWH DUH VKRZQ LQ )LJXUH $ FDUHIXMHSRVWHBWLR QLB X
KLIJKOLJKWYV VHYHUDO GHJUDGDWLRQ WYH®W\XKHZKDBOKHDOUH D
f& WKH WULPHWK\O DPPRQLXP DQLRQ H[FKOABFRPASBVYRI[LG!
GHWDLO WKUHH PDLQ GHJUDGDWLRQ WYKQW VZEKWUARKREYH UDYDHE
, ,, DQG ,,, LQVHW D RI )LIXUH : H DKU B RGAKKH WIR] HW WH DBV H
RI +70%+ JURXSV E\ WKH UHDFWLRQ , DQG ,, EHRRDPWRAG RYF}

K\GURJHQF\DQLGH IURP WKH UHVLGXHV RI WKH SRODU JURXS
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'0$ ZzZDV XWLOL]JHG WR VWXG\ WKH HYRO XKH FPP® RRE UDIQHH RRH
KLIKHVW ') LQ WKH FRPSOHWHO\ GUVRKRZDWHKDW MWKH PHFK
SURSHUWLHV RI WKH PHPEUDQH & D QHSPOURMHXOOGH S MEKGE HQWF
(f GURSV IURP WR; a03DfRWS$Warm® WKH GU\ PHPEUDQH & (¢
UHODWHG WR WKH HIIHFW RI VWHULF KLRG WKG@FBLISR OMHKB L$
LOWHUDFWLRQV EHWZHHQ WKH VLGH JURKXS VY Q¥ HHDVKHREYIHH
(1 DwW 7 ! f& LV DWWBWEXRWEB UWIRQWKMH ODOFWLRQV EHWZHHQ V
7 OHDGLQJ WR WKH REVHUYHG LQFUHDVH LQ@YHG7EKHVRVDBIPIHQ:
SRO\WWXOIRQH TXDUWHUQL]JHG ZLWK '$%&2H> W &b QAKNIIHR Q VW L

f& ZKLFK ZH DWWULEXWH WHRVWEW ¥YBRPHLOPV WKDW WKH P|
PHPEUDQHY DUH GLUHFWO\ FRUUHOPBPWHG RO WRHAHICQQW HQ Vi

ZKLFK FKDUDFWHUL]JH WKH K\GURSKLOLF GRPMLQV RI >39%704
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J)LIXUH 0'6& SURILOHV RI WKH WKUHH >39%70%$@>2+@ E >30
$ % DQG LY WRROK\GUDWHG VDWH LURWKH M®VV

WUDQVLWLRQ URRLRQ DQGWIBHWMKRHQ 7TUR® FWVR



J)LIXUH '0$ UHVXOWV RI WKH PHPEUDQH >39%703@>2+@ E >
WKH FRPSOHWHO\ GU\ VWDWH

%URDGEDQG (OHFWULFDO7EKSHARWKHRWBRE\UHVSRIQNAH R V
PHPEUDQHV LV LQYHVWLIJDWHG E\ EURDGERQGHH OW RWWH W H\
LQIOXHQFH RI WKH ') RQ WKH D UHODNRW L>BQ YSHIS@HP@QD F
PHPEUDQHV LQ WHUPV RI SRODUL]DWILRQ \VHYDHQG \E DWKHGER
H[LVWLQJ EHWZHHQ WKH WKHUPDOD[PWERDYLPHEG WRKRE BRE
PHFKDQLVPV Rl WKH PDWHULDOV LQYMVWHPEWBGH\2QW\ FRIQH

KHUH $WWHPSWV WR GU\ WKH PHPEUDQHYVY UHVXOWHG LQ EUL



7KH WKUHH GLPHQVLRQDO SHUPLWWLYLW2A+@3&% VXUIL
PHPEUDQHYV LQ WKHLU IXO0O\ K\GUDWHG KMDWRPBRIQ /KW Y QR |
GLHOHFWULF UHVSRQVH DUH VKRZQ LQ
J)LIXUH DQG )LJIJXUH WR IXUWKHU DLG GCQHWWHNUHOMH QW
WUDQVLWLRQV :H LQFOXGH WKH UHVXO WM U RP9IRX ESRSHYWL @
30% PHPEUDQH ZLWK ,(& DV UPIPROHQFH> @ )RU WKH VDN

EURPLQDWHG >3B3%0R0 $RAHPREUO@GQH LV KHQFHIRUWK LQGLFDWHG

JLIXUH 7KUHH GLPHQVLRQDO 0" VXUIDFHV RDXX@® O\ K\GUDW
>39%70%@>2+@ E 30% PHPEUDQHV ZLWK ,(& RI $ %



JLIXUH 7TKUHH GLPHQVLRQDO D F HDQG J DQG FRQWRXU
K\GUDWHG >39%70$@>%U@ E 30% DQG >39%70RARI2+@ E 30%
$ % & DQG % U PPRO J



J)LIXUH " SURILOHV RI UHDO DQG LPDJLQDU\N SDUW RI O O0f
>39%70@>U@ E 30% DQG >39%70$@>2+@ E 30% PHPEUDQHYV
% & DQG % U PPRO J



7KH TXDOLWDWLYH DQDO\VLV RI WKH ' VXUIDFQMM HVKR:
SURILOHV RI ERWK 0° & DQG Op & FRPSRQHQWVVRWRUBH )L
SRODUL]DWLRQ HYHQWYVY 2QH LV DVVRFLDRVHGWZXKL W& WHUHGFR/P
SRODUL]RWERQQE11DQG WZR UHOD[DWDRG SKHORPH B @ > ; @
E30% PHPEUDQHWQG 26Q WKHLU IXOO\ K\GUDWHG VWDWH $V
LQ DFFRUGDQFH ZLWK WKH UHVXOW\3 0% SRKMFHGD IR LVQKEID %G |
RQO\ IRU WKH VDNH PIQBERRSDWKHRQYHOD[DWLRQ PRGHV DWYV
IOXFWXDWLRQ RI WRO\0O DQG EHQ]\O G S ROHWRR® HIPW R QRIX R
JURXSV LQ WKH K\GURSKLOLF GRPDLQV UHVB\HBE@DLOHAW RIJ X
UHOD[DWLRQ [UHTXMHQKUH 7KHYWXKRGHY SHDN DW YHU\ ORZ
DW KLJK IUHTXHQFLHV DV WKH ZDWH LD BE®/MW\D R/ [STMID WK H FR.RH
VLGH FKDLQV LQ WKH K\GURSKLOLF GRPDUD W KRAMV KHWD VD Q
WHPSHUDWXUH LV LQFUHDVHG DERYH HVf & DR RZOO HIJ FPRIGOHNN
LQFUHDVH RI SHUPLWWLYLW\ LQ FRPSEUDWRY W R WLRLGFLIFD \8
WKH VL]H Rl WKH ZDWHU FOXVWHUV HFEWG®H GL EQ QMWCH K FDUF
ZHW PHPEUDQHV QR PROHFXODU UHOD][DWLERE ¥ FRONHRIRWY §
UHOD[DWLRQ RI WKH K\GURSKRELF EDFNERWH VRR RV K H D3 9.%
FRPSDULVRQ WR WKH REVHUYHG SRODUIUPMWYWQYHWH QW W H QI
DQG DERY¥HWK WKLV WUDQVLWLRQ DOVR LGHQWQW H® [ RJ WUKHH

WKURXJK



YJLIXUH 'LHOHFWULF UHOD[DWLRQV LQ WKHDOIPRGH @Y HD K
DVVRFLDWHG WR WKH IOXFWXDWLRQ Rl WKH GLBRQHXPRPHQW
VLGH JURXSYV

7KH FRQGXFWLYLW\ 17 SURILEBY%R P HPEH D>@H % 700 @W K&
K\GUDWHG VWDWH DUH UHSRUWHG LQ DWIKRVE 1DQ@ WKH 17
DUH GLVWLQJXLVKHG DERYH f& ZKLFK DWH RRQ® RDHOX EV IV
WKH ORZ IUHTXHQF\ ZLQJ RI WKH VSHF@WD WKHH \$HO D ULHD WK
K\GUR[\O IRUP ZLWK BHRBEHBWHW R KRKZHWAKBH IUHTXHQFLHV RI
VKLIW WR KLJKHU YDOXHV FRQILUPLQDQNYRDW. @ K\HK R RPEHLFOELWD,
FRQFXUUHQWO\ LQ WKH H[SHPREG RUGHUFPPRO> @ $V
DOUHDG\ REVH UXYHGE LAHWKWKH VWHS LQFUHDVHFRIPERQB&FW |
WR SUHYLRXV VWXGLHV RI SHUIOXRULQDWEBW3H0OVG R BD LIYGR
VLIQLILFDQWO} BRBIGEWFWKHLW\ 7KLV FRQILUPYV WKDW D WI
K\GURSKRELF GRPDLQV DUH VPDOOHU WK® @ DWVMKHDWNL 0RO W¥K D U |
WZR W\SHV Rl FRQGXFWLYLW\ PHFKDQLVPV DUBWRGXODWLQJ

$V UHSRUWHG LQ &KWWKWHH LVDW GMWKHUHRDVH RI FRQGXFW|I
PDJQLWXGH :H FDQ FOHDUO\ VHH WKH\DHGWRB QMY W RRGK F\@ L

VHHQ IRU WKH EURPLGH PHPEUDQHYV DWUDf& RUIGHH G\ RS P W IR

IRU WKH K\GUR[LGH PHPEUDQHY DQG GHFYHDVHEYX HWWQHWHIP\S H L



DQG f& IRU PHPEUDQHV $ % & ZLWK ,(&VWRNSHFWLY HDMG
GHFUHDVH RUWKKYH 7LV H[SODLQHG E\ FRQVLGHURYJDWKWWHL G
GHQVLW\ Rl WKHR+SBORXSY70$VHY WKH SUREDELOLW\ WR RE
EHWZHHQ GLSROH PRPHQW LQFUHDVGWKBW WKHYV H YHQ WRRR/
WKH WUDQVLWLRQV REVHUYHG E\ '6& DQG '0$G)VRUGHU R UL
WUDQVLWLRQ LQYROYLQJ WKH VLGH JURXRFIWNRI )WIHIH39%RA0
7KHVH LQWHUDFWLRQV EHWZHHQ SROD W FWGW R DR¥H\O R H G
UHGXFLQJ WKH GHQVLW\ PQERRVJIHI BB PRAHPHDW LQ WKH K\
DQG VR WKHLU VWDWH ZLOO DIIHF VP S\RKHVDRMWG X AW X ® MWW K D O
WKH WUDQVIWDRRQVDWFWXUDO UHDUUDQJHPHQW+WIBW WDNH
VLGH JURXSV DWWDF K HGOWNRHGL | G-HEH@WE F IRML QVQ XPEHU RI IC
W\SH Rl DQLRQ QHXWUDOL]LQJ WKH *V&® SHJRK SWK B @Z® WHUW C
LPSUHJQDWLQJ WKH >39%70$@>:@ EORFNV

$QDO\WLYV RI WKH FRQGXFWLYLW\ 1 SWRH ®EV H JLYIXW HR
VHYHUDO SODWHDXMVVQ MKIE MERDWIGHSRODUL]DWLRQ SKHQRP
SUHVHQFH Rl WKH GLHOHFWULF UHGIDHDPSRRQYWLD O LRQ AWHDN
LQ WKH KLJK IUHTXHQF\ SDUW RI WKHVH ISORWEBQ@KH PRGFH
SRODUL]DWLRQV RI WK3D %3PHABY@ORVA@ UH VKLIWHG WR KLJI
UHVSHFW WR WKHE 38%%TEP@UBQK 7KLV UHVXOW LV DVFULE
PRELOLW\ RIDQWKRIQ2tQ FRPSDULVRQ ZLWK WKH EURPLGH> @
KLJK TUHTXHQF \3SIO/DWHIDIKDRHG ZKLFK LV PRVWO\ UHVSRQVL]

§ & 1> @LY KLIKHU DW ") PHPEUDQH $ DQG PHPEUDQH



JLIXUH 7KUHH GLPHQVLRQDO 19 VXUIDFHV RHPEUD\QK\G U D!
$(0V ZLWK ; Y PP DQG & DUH PHPEUDQHYV ZLWK DQ ,(& RI
PPRO UHVSHFWLYHO\ )RU %U ,(& LV PPRO J

7KH SORWV RI WKH FRQGXFWLYLW\ YBIOKQWWVRRFWHKW HI
K\GUDWHG >39E/00% @HREUDQHY DV D IXQFWLRQ RI 7 DUH G}
GHVFULEHG LQ &KDSWHU DQRG UHSRUWHGRIQE XIFWMXIUHL W\ UHJD

, 4y 5., DQG ,9 GHOLPLWHG E\ WHEH BN K&& PG WO DRH/D WX URHP



7KDW LV WR ViD\,, EBHOFIR® 7f& ,,, EHWZHHRQG & D P®ERYH 7
&OHDWOKDV DQ LQVLJQLILFDQW FRQWULEXWLRQ IWRWWKH R
GLVFXVVHG LW SUREDEO\ DULVHV IURP D GLRWULERWLRQ
FROQGXFWLYLW\ /LQHDU EHKDYLRU UG WWIGHEN XG\DHV B | VMK §P
HTXDWLRQ DQG LV LQGHSHQGHQW RI WKH SROYRHULRRWHR
FROQGXFWLYLW\ LV UHODWHG WR WKH SRQUMOU7PRWD R Q XIDFX

97) HTXDWLRQ EHORZ

3

&,eL #6° 6¢§’%A
ZKHUHLY SURSRUWLRQDO WR WKH GHQVLW QRIW\E RM RIKUWHU L H
DFWLYDWLRQ HQHUJ\ IRU LPRQ\BKHF WELKHWRR ®\@®PLF LGHDO
WHPSHUDWXUH 7KLV W\SH RI 1 YV 7 FEQ KRQLGUF LY J XX\ 8
ZKHUH WKH G\QDPLFV Rl SRO\PHU EDFQ ERURP RWD QY WEKGIDO PG
PLJUDWLRQ PHFKDQLVPV
$ FDUHIXO DQDO\VLV ZLWKEBKPYERWRILRQ@ DROORKHXV W

LQ UHJLRQV , DQG V, BW Vs ZEWK! Vs DW ') ! % DQG &
PHPEUDQHV 7KLV UHVXOW LQGLFDWHV& WKIXM BRQGKFKL,
SUHGRPLQDQWO\ RFFXUV E\ WKH H[FKD QUIHGR | AKDLLRYV EHWH
f& "77 LW LV UHYHDOHG WKDW

IRU $ DQG % PHPEUDQHV ZLWHK(sORZ DRBDRWBWY XPR W&

GHWHFWWG VDHME WKXV VKRZLQJ WKDWVEKWHIY U WH WK

LQWHUIDFHY EHWZHHQ K\GURSKRELF DQGr XN®WR SXRQ.LF

UDQJH RPHJUDWLRQ SURFHVVHV RFFXUV SUHGRPLQDQW

DQLRQV EHWZHHQ ZDWHU LPSUHJQDWHG K\GUWRSKLOLF



RMsRQ 7 VKRZV W\SLFDO 97) EHKDYLRU> @ ZKLRMK GHP
LV PRGXODWHG E\ VHIPHQWDO PRWLRQ RI WKH SRO\PH
IRU WKH & VDPSOH ZLWK WKH KL KWVIKLEK VWIILNVRE
WKDW LQ WKLV FDVRHLOUFOQUVLEQQWIB NHY SODFH SUHGRP
SURFHVVHW KU RXJ K \E7W $1 V
IRU %U VDPS®MQBRMMKH1IRI WKH VDPH RUGHU RI PDJQ
FRQGXFWLRQ SDWKZD\V FRQWULEXWH DV %U LV OHVV C
,Q UHJLRQ ,0 ZXKERMWs7RU DOO WKH $(0V LDQF BHDHFHWHIBY ')

RI WKH PDWHULDOV ULVHV

JLIXUH (3 31IDQG@ YV 7RI WKH IXOO\ K\GUDWHG >39%70%$@>;@ E
%W+ $ % DQG & DUH PHPEUDQHYV LQ 2+ IRUP ZLWK DQ ,(
PPRO UHVSHFWLYHO\ )RU %U ,(& LV PPRO J



7TDNLQJ DOO RI WKLV LQIRUPDWLRQ WRIJHWRKHUDZ&H@ WK
DIJUHHPHQW ZLWK RWKHU VWXGLHV> @ X WK HE\OWRIKQE HPRXIHQ B
; EHWZHHQ GLIIHUHQW GHORFDOL]|]DWLR@Q@HEEGGDHY L% W:=XKHQ@Y F
RI K\GURSKLOLF SRO\PHAU L@ SYNUQR BWHGRELBWHG ADWR RQR/H
DQG VROYRWHR®EBEFXOHV 7KXV LQ "%V ZLWK UHNFOHAHNV WIRHW, K

LV HIFKDQJHG EHWZH R GFFORRAMMOMHH/UDWRIOHDVW WKUHH RUGHUYV

J)LIXUH '"HSHQGHQFH RQ 7 RI WKH IUHTXHHLHYVY RI WKH G
>39%70%@>;@ E 30% $(OVDQQA KHU W WKH PHPEUDQH LQ %U IF
(& RI PPR) % DQG & DUH RHARUBP @HWK@Q ,(& RI D

PPRO UHVSHFWLYHO\

7R FRPSOHWH WKH %(6 DQDO\VLV )LIXUMKH GUHGOGRBW\
UHOD[DWLRQV RI WKH YDULRXV $(0V MVSDRXDEMWIHRQFRHQFH |
WUHQGV RI WKH UHOD[DWLRQ TUHTXH@ADLEN WWNSH 7 KDUWH FIR@QZ L

DVVLIJQPHQW RI WKH GHWHFWHG G LODORHFXOM ERQHOR [ B ERQW

VLGH FKDLQV LQ WKH K\GURSKLOLF GREDHRDWKH@ EIDFWWRDA



UHOD[DWLRQV IROORZ D 97) WLOI®BRGHVYVRKRUUHVBRIQG WR
IOXFWXDWLRQ RI WRIOGE DORBXSH7UHVSHFWLYHO\> E @ ,Q
30% PHPEUDGQ@HWWUHDVHY DV ') LV UDLVHG XQWLO DW Q\RWM KL
GHWHFWHG | QOHHXH@KHLY FRQVLVWHQW ZLWK WKDW REV
SRO\WWW\UHQH> @ OHQGLQJ IXUWKHU VXS SRU\WHFR ULKHHSE
GLVFXVVHG DERYH )RU WKRUPHPERRGHVVKQIW®WY WR VOLJIK\
IUHTXHQFLHV DV WKH ,(& ULVHV 7&LNVQWHXXW WUV XS WDNHY UB K
Rl WKH UHRULHQWDWLRQ SURFHVVHV RI WKH SRODU VLGH JU

7KH DQDO\VLV RI WKH HG IRHO H 7 \RU LERWBHWHH@D DKV LR Q )L J |

VXSSRUWV WKLV HYLGHQFHV VKRZLB8J WBOWE RM H[SHF
>39%70$@>%U@ DUH KLJKHU WKDQ WK R \GH SR OB PRPHS@N 2R 1@
JURXSV ZDV GHWHUPLQHG DV UHSRUWHG SUHYARXR®EH @ E

DQG ' UHVSHFWQGHRMMRU %U

YLIXUH 'HSHQGR®FH RI ®WKH IUHTXHQFLHV RI WKH GLHOHF
>39%70$@>;@ E 30% $(OVIZQABR¥U PAUWKH PHPEUDQH LQ %U |



(& RI PPR® % DQG & DUH PHPEUDQHYV ZLWK DQ ,(& RI
UHVSHFWLYHO\

7R HOXFLGDWH WKH FRUUHODWLRQ H[LRRHQD E&WZKHH @ X
PHPEUDQHY DQG WKH UHOD[DWLRQV ZXRFEBKLBKDRDBWEWPHH ®
WKH DFWLYDWLR® BQBRRGHV RUBRGHWHUPLQHG )LJIJXUH F
HQHUJLHWV BQ®PRGHY LQ WKH GHOLQHDWHG FRQGXFWLYLW\
ILWWLQJ WKH GDWD RI )LIJXUH DQG )LIXORADQQ PLORKBQ G
HTXDWLRQV > @

7KH FRUUHVSRQGHQFH RI WKH DFWLYDWLR®L HQHUWWU RA
UHOD[DWLRQ LV D VWURQJ HYLGHQFH @ IWKRX S0 HQH FHWIBIERV V H
WKH FKDUJH PLIJUDWLRQ SKHQRPHQD> @ ,W LV&RERHWUY HG V
DQG &

(ova DQ6 DUH RI WKH VDPH RUGHU RI PDJQLWXGH DQG
'y 7KLV LQGLFDWHV WK DWW DVEWI DR Fb RBIPVHEIRNROHG ZL
WKH GLSROH UHOD[DWLRB®VIBRWKH +%70$

(ova ! 6 DQG GHFUHDVHV LQ WKH RUGHU , ! V3 LAKHVH U
FRPSOHWHO\ GHFRXSOHG |URIP HW KW K&\ QLHRAFM WRLRQ |
SRO\PHULF PDWUL[ DUH PRUH IDFLOHVD @K KXY B LIN HYOH\.
GHSHQGY RQ WKH PRUSKRORJ\ DQG FKDUJH K[FKDQJH
GRPDLQV LPSUHJQDWLQJ WKH K\GURSKLOLF FRPSRQHQ

)XUWKHUPRUH LQ UHJLRQ , ZIRUFD @ REWHLE G \GKDW IRU
7KLV LQGLFDWHV WKRW @/Q WKHWEDQHI LEROWO\ LQIOXHQFHG

+%70$VLGH JURXSV ,Q S5HIJLBRW LQFDWDVHVfRHWY K DMXOHHY D(UH



FRQVLVWHQW ZLWK WKH HQHUJ\ Rl K\GURJH® 6 RR) GREHQHW Z
7KHUHIRUH LW LV K\SRWKHVL]HG WKEBW KRLQYV WHKH FRRHODJH ¢
G\QDPLFV RIGRRHD HQV ZKLFK DUH UHVSRQVLEOH RI WKH ORQ.

LQ WKH PHPEUDQHYV

YLIXUH $FWLYDWLR® & PHRBGHWHY RUWKIHROQ , ,, DQG ,,, IRU "
>39%70$@>;@ E 30% $(0OVIXQE® R¥%U ROMWWKH P HIRREJUPD DIHVIKQDY%R U
(& RI PPR® % DQG & DUH PHPEUP QHWH @Q+ (& RI D (

PPRO UHVSHFWLYHO\



JXUWKHU FRQILUPDWLRQ RIGKLKIBO HFWOKHQHRHO B|DWKR Q
FDWLRQLF VLGH FKDLQ RQ WKH FRQGREWDYQHW\ LS/D &KWB\WYWP G
DQDO\][LQJ WKH FRUUHODWLRQ PDS VKRZQ RW )ZHAXVKRZ W k#
GHSHQGHQFRI RMPKH GLIIXVLRQ FRHIILFLHQWY GHWHUPLQHG

(TXDWLRQ DQG WKH FRQGXFWLYLW\ YDOXHV RI )LIJXUH

&L RE®I

agé’
» S ... .75
ZKHYH 1, @@ L cslacE A gls 0 @—;’#U:EA‘E,C;%% 5LV WKH JDV7 ARIQWWB QW

DEVROXWH VRHPSHMBORMX UFHR Q G X FW L Y)L MM WG X)HDW D DLV RQ VW
WKH FRQFHQWUDW ILRQWRIH; WIRQWIR® D Q L R @ gt M= KADKQH) HP DR\D\S [RF LY
PDLQ SRO\PHU EORFN LQ WHKIg\L WV DWKH WONYW RI % KEQRWKHU L
DQGDUH WKH YDOXHV RI WKH GHQVLW\ RI WSKH \WWDY.OD QK H
YDOXHV DUH REWDLQHG XVLQJ WKH SDUDPHWHUV UHSRUWHG

7KH GDWD UHSRUWHG LQ )LIJXUH FDQ EH ILWWHG ZLW

HKC& HKE& U ® HKCB

ZKHUHY HLWKHU&BLRUW,BH GLIIXVLRQ FRHIILFLHQW GHWHUPLQG
WKH 1HUQVW (LQY¥AWHL QVKAXGMWLRWLRQ FRHIILFLHQW DW  +]
FRQGXFWLYLW\ GHFRXSOHG IURP WKHVPRSHPRQW KRl MRULHJBR(
| LV WKH IUHTXHQF\ Rl WKH PRYHPH@W.RIRWEKH UNDHGL RVGIDAVVIIR
(& & PHPEUDQH WKH OLQHDW GB SHQ WHQPMHREI WRZDUG ORZH
H[KLELWV D KLJKHU VORSH 7KLV LQRQ FMWHDWNLRDWS D RF KW
HIITHFWLYH DQG PRUH VWURQJO\ GHSHQWGHIXHN IR Q X\8 K HW& DD F

ORZHU ,(& K\GUR[\O IRUP DQG WKH EURPLGH IRUWMHRIRWKH &P H



WKDQ PHPEUDQH & KIRIKMHVWEK(E IZWWLQDRI WIKH GD@® JLY!
O R, r YRU WKHVH PHPEGDQH \FRVUHODWHMGFDQALVYQWHUS

WKH GDWD RQ WKH EDVLV RI WKH (LQVWUHILEHEP BROYHKREWRR C
FRQGXFWLRQ PHFKDQLVPV LQ D ULJLG PHGLXP UHZULWWHQ |
&L &au

ZKHUHLY WKH GLIIXVLYH FRHIILFLHQW DW DEVUHTS@HQEVRI +]
WKH PLJUDWLRQ VWHS OHQJWK | L VKW KH OXHHDRWERIWRH L@ K H
6PROXFKRZVNL PRGHO JLYHV WKH PLJUBWDRMWEROWDWQFH BW
LV WKH DYHUDJH GLVWDQRK E\HWEKHRY HORXOS WKHVH PHPEUD
KLJKHU ,(& PHPEUDQH & WKH (LQVWHLQ 6PRPSGKRZN WK B\ H\
FDWLRQLF JURXSY DUH QRW GLVWULEXWH ®DIDXHWPRIWEH 50l
FRHIILFLHQW

7DNLQJ DOO RI DERYH HYLGHQFH WRERWXMYF H H LADK W RE
RI >39%70$@ S%W@WZR W\SHV Rl PHFKDQLVPV DUH FRIQWULE X\
RI WKH LQYHVWLJDWHG PHPEUDQHYV [KK QW W FHXAKDRKNMD L
H[FKDQJHG EHWZHHQ GLIIHUHQW GHORFDQ LF|DWIIDRV)L E @ GILIHAMNV
RI WKH RUGHU RI QP )LJIXUH LV UKN HOLQH\G RT KWK HL O [F
UHYHDOHG E\ WKH 6%$:6 PHDVXUHDBRHQZWWRKHQ 6REDW & DWK BRY
FRQGXFWLYLW\ SDWKZD\ LQ $(0V LV PRGIXIRIOMH BO X E WXID WH.IRG
70% VLGH JURXSV DW W H® DHIUD WRUD \O BEVWOHRZ H[WHQW E\ UHO
WKH KRVW SRO\PHU PDWUL[ VHJPHQWDO PRWLRQV

7KH VHFRQG PHFKEZRLNR RFFXUV ZLWK DQ DYHUDJH PLJU

RUGHU RI c )LIXUH FRQVLVWY RI WKMWKRIMHWK RE® X



RZLQJ WR HOHPHQWDU\ *KRSSLQJ FBWH@WYV EMKWXHHBKWER P+
WDNH SODFH DORQJ WKH K\GURSKRELF K\QWRSKG OR\F WLIQHW H
UHOD[DWLRQ FRRDAUMH® RWLRQV DQG DYHUDJH PLJUDWLR® GLV\
SDWKZR\BQG 1IFRQWULEXWH WR WKH RYHUDOO RRQGXFWLYLW

DQG DUH PRGXODWHGHPORYDNMLREQ WKH

J)LIXUH &RUUHODWLRQ RI "1L 1L 1(3 DQG 1,3 ZLWK | Ul
>39%70%$@>;@ E 30% PHPEUDQH ZLWK ; %U RU 2+ )XOO OLQ
6PROXFKRZVNL OLNH ILWV REWDLQHG XVLQJ (TXDWLRQ



J)LIXUH '"HSHQGHQFHPRU WKW LROYHGDIWRDOOFH UZKHUH

L (3 DQG ,3 YHUWGEU\7DQG ZHW >39%70$@>%NY@OXBVYYWOBHPEU
HYDOXDWHG DV GHVFULEHG LQ &KDSWHU E\ XWLQJ WKH (LQ\
¥X @B ZKHUHWKAHXHY DUH UHSRUWHGDU® W KXUBIH O D [DQVG. RZ) W

(3 DQG ,3 SRODUL]DWLRQ HYHQWRU Pbo @ LIWKWDKH , P& REU DCPH RQ
DQG & bUH PHPEUDQHYV ZLWK DQ ,(& RUHVSHFWL@B8O\ PPRO .

'HSHQGLQJ RQ WKH ,(& DQG RQHWKRH WHHIMLWAZRI PHFKD
GRPLQDWH LQ WKH RYHUDOO FRQGXFWLYHWIRIQY HDFHK LRIX\
GHVFULEHG 7KLV LV HDVLO\ LGHQWHUHGELWKQDO(BLQ3 WR B (
.3 D®GAI L8 VKRZQ LQ)LIXUH 3L YDOXHV VKRZWWRW DV
WHPSHUDWXUH ;UDQGIR ZIKHEWERBHY ODUJHU H[WHQGLQJ IURF
IRU WKH KLJKHU ,(& VDPSOH & ,Q D FRPS$OWRUHRRPHPEZDD QM
$ WKH FRQWULBWREBRPRQOPMWHVIIURP ,9 XS WR WKH UHJLRQ
FRQFOXGH ZKHQ IHZHU SRODU VLGH JURXSVDDUHUSB® XWYW WUL

ZDWHU DUH UHTXLUHG WR LQWHUFRQQBFW WX H R/QW H DINUWR XZXKV



SRODU VLGH JURXSY DUH FORVHU HDFKHHWKMHQJHVRKW ZFRHRG X F
QHLJKERULQJ VLGH FKDLQV KRSSLQJHSRIRRMDWIHRMQ E WYKL

OHVV VLIQLILFDQW

J)LIXUH 'HSHQGHQFH RI 3L L (3 ,3 DQG ,3 IRU >39%70%.
U DQG 2+ %U LV WKH PHPEUDQH LQ %U$IRUPQGEVWKDD® , (&
PHPEUDQHV ZLWK DQ ,(& RI UH\DSHF WL YERORVSEL (3 ,3

DQG ,3 &D@%FH&
&RQFOXVLRQV

7KH WKHUPRPHFKDQLFDO SURSHUWLHW%QG@¥%EH@HOHF'
>30%@ PHPEUDQHV DUH HOXFLGDWHG E\ @36 TRPSHOIH® $Z LIV
PHPEUDQH SUHYLRXV ®VVWKH FRE QWWHK %RQ 7KH PHPEUDQHYV
WRD f& DQG VKRZ WZR PDLQ WKHUPDO WUDQVE& LRQE ED |
D WUDQVLWLRQ DVVRFLDWHG WR D VWUXFW XU DG UHHDUXDWQL &
LQ D RUGHUV RI PDJQLWXGH GURS LQ FRIQGXEWY YREW DT RMH @

>39%70$@E&>D%@ PHPEUDQHV LQ WKHLU IXOO\ K\GUDWHG



UHJLRQV LQGLFDWHG DV , ,, ,,, DQG ,9 LQ J)LWKBHWKHUPDOC
WUDQVLWLRQV Rl WEH7FIW FSUWRLDDOM. |BWDR G BB WEVHUYHG C
DERYH f& DQG GRPLQDWH WKH HOHFW U [EF UHO\E R @\DIEQRY W K H
LQ WKH WRO\0O DQG EHQ]\O WULPHWIKYE P PRGILRE WLGH GURY
7KH RYHUDOO FRQGXFWL YLLW M RX DAOK W 2 IV@IBUY. DO R | 1

,Q DOO WKH LQYHVWLIJDWHG PDWHWIBEY RIWPLYUG WRRQ\
ZKLFK DUH FRUUHODWHG WRLWHKNDE\) DMHYHDRHB7AKLFK SOD\
LQ WKH PRGXODWLRQ RI WKH RYHUDOO ARYDRHFWLZR \WRRU U
FKDUJH PLJUDWLRQ SDWKZD\V LGHQWLILRG1 1Q &KIDRIWHU
>39%70$@>2+@ E >30%@ PHPEUROYRUYHY GRWSLQIJ SURFHVVH
DORQJ WKH LQWHUIDFHVY EHWZHHQ WKH KN H RSIORETION @ O+ @
E >30%@ PHPEUDQHV2 DRUYDWH®GIDBWERQVLYWY RI ORQJ
FKDUJH WUDQVIHU HYHQWYV RFFXUULQJ ZLGNKI HAWKIK W [ RKD QL.
K\GURSKLOLF QDQRGRPDLQV 71XMHQER BRQGEKWILRIQV\ FSID WKZID
RYHUDOO FRQGXFWLYLW\ GHSHQGV RQ W& HVH & SR UMMPXED Q K
PHPEUDQH ZLWK WKH KLJKHFD/W,(RQLF \PIPGRHD FIKDLQ GOXVWHU
WUDQVSRUW

,Q FRQFOXVLRQ ZH VKRZHG WKDW

D WKH PRUH GLVVRFLDWHG K\GUR[LGH DQLRGHDLR® XFK
GHPRQVWUDWHG E\ WKH SRODUL]DW LR QR/Q WKILD W\WQ Q@ JW\R KIKIL EF
IRUP RI WKH PDWHULDOV ZLWK WKH K\GUR[RGHVEH & KRZHFW
FRQGXFWLYLW\ SDWKZD\V WR 1R Y H4J IBOH® HFR®\G XRFQNV WXKLHV W\ $ H

QHXWUDOL]LQJ WKH FDWLRQLF VLG H F®&DUQ ¥ XRV HAGKOADRB HHA X DI



13 LQ DOO WHPSHUDW X WZH LDHHI LLFOOPWI RE UDIQW V.  ZIKVH WPHR LRH-
GLVDVVRFLDWHG IURP WKH FDWLRQLFFKLERQBKBMWQAWY LW WKB:
UHJLRQ LV EHLQJ SUREHG

E 7KH GHQVLW\ Rl WKH SRODU VLGH F&DS$RU HG B @& WGALLSR
LRQ LQWHUDFWLRQV UHVSRQVLEOH IRU WKH QDSHV PRIUSKR
FRQGXFWLYLW\ SDWKZD\V FRQWULEXWLOQW WRLWEKW RW HLUDWO G
WKDW LQ WKH PHPEUDQHV ZLWQ WKMVPRQHUEBIVRQFL\D WKE 7+
(& ZDV LQFUHDVHG WKH RYHUDOO MRQIGIXFXOLY LAV P VU DWW KRG
EDVHG RQ H[FKDQJH SURXSV\BEHWRHBE® GHORFDOL]DWLRQ ER
EHWZHHQ QHLJKERULQJ FRRUGLQDKH R@ IQWH TV TKLLWH VQ GUKH
RI WKH 5 1 &+; &+ 15 GLSROH GLSROH LQWHUDFWLRQV LQFU
WKH DQLRQV DQG WR PRGLI\ WKH QDQR GRPDLQV Rl WKH PDW

F $WWKH FRQGXFWLYLW\ GURSV E\ VHYHUDO RRIGHWYV RI
HYHQWVY RI WKH GLSRODU FDWLRQLF JURXSVUDIWHKGE QVWEKW KAK
D GLVRUGHU RUGHU HYHQW DQG LV D JH@H U OVGR D WXKR VWS

$FNQRZOHGJHPHQWYV

7KLV ZRUN ZDV IXQGHG E\ WKH (XURSHD @ IRUFLHF K QRG HUK |

JUDQW : 1) JUDQW DQG WKH 86 $85\ SHDODWEFK D)IILF|

7TKH DXWKRUV ZLVK WR DFNQRZOHGJH XVH RI WKH &60



&+$37(5
&21&/86,216 $1' 5(&200(1'$7,216

$QLRQ H[FKDQJH PHPEUDQHV $(0V DUH DPBDWWHWGDO
HOHFWURFKHPLFDO HQHUJ\ FRQYHUWDIOR®W RG 89 DR HV NAWHK DU/R &ID Y
JHQHUDWLRQ HQHUJ\ LQGXVWU\ 0DQ\ YRIOWSHG FK® PLY WU LR
PD[LPL]JH LRQLF FRQGXFWLYLW\ ZKLOH SURGXRMDOXOH F®E
PHFKDQLFDOO\ UREXVW PHPEUDQH 7KLVWDKBDWY\EHW DHRKG
WKDW DUH FDSDEOH RI SURYLGLQJ H[WHQRQLFMH ARQ/GIRWLYC
&KDSWHU LQFOXGHV WKH FKDUDFWHUL]JWMIHR QLRVKD6® 16Z € 6
DQG '96 DQG GHPRQVWUDWHY WKDW WXWR PZHB®E WHIQ QAL
PRUSKRORJ\ PDNLQJ LW VXLWDEOH IRU IXWNFKB QLYW XGNA KU R
H[ VHW@HULPHQWY DQG FRDUVH JUDLQHG PRWHK@ LIQYY¥H \@W L&JKD
RI WKHUPDO UHOD[DWLRQV SRO\PHU G\QDPEPWRFNQGRISROLF
PHPEUDQH DV VIQWKHVL]HG ZLWK %U DV WK FR XYW HWLR
&KDSWHU  WKH VDPH WHFKQLTXHV ZHKH HKXG/WHRS VBRI VRIXRG D QY
FRQGXFWLYLW\ EHKDYLRU ZDV FRQWUDVWHGLRDLWKHVEDRP RE
IRUP 7KH FRQFOXVLRQV Rl WKHVH VWXGLHV DUH VXPPDUL]HC

,Q &KDSWHU ZH GHVFULEHG WKH V\Q@HKH WIDQ@RRQ\
FURVVOLQNHG $(0 VVQWKHVL]HG WKURXJK WHGQH D BB ® D MLRK
SRO\HWK\OHQHLPLQH 3(, DQG TXDWHUQEDW MANU ZEWXUHRG
FKDUDFWHUL]HG E\ )7 ,5 DQG 0$6 105 (Q0OLUR@® HQ®WD ®@\JO R
UD\ DQDO\VLVY VKRZHG UHODWLYHO\ IHDWXUK @HVYXODPRDBK

KXPLGLW\ HQYLURQPHQWY RYHU WKH DOMRRUGE R LOHQD W KOYR)



JUHDWHU WKDQ P ZDV REVHUYHG LQV (6B SHQIGQ J5 WK B WRWKI
DEVRUSWLRQ RFFXUV LQ ODUJHU IHDWXWPH\W DKH IHMW WV IOH\VQ |
GLPHQVLRQDO VZHOOLQJ ZKLOH VWLOO WHNERFRIQ@J KLIK OHYI
:DWHU VHOI GLIIXVLRQ VWXGLHYV LQGLFDWH HDW UG FWKHRG \@ LU L
RYHU ORQJHU OHQJWK VFDOHV 7HPSHUQWOWH HD F& OKRAALLGEH
FRQGXFWLYLW\ ZHUH PHDVXUHG XVLQJ ROGHFW&RFKHPK E DKH L
FKORULGH FRQGXFWLYLW\ REVARRUYKIGVZIDN D FRIPSHWIDIWMLYH U}t
EHORZ WKDW QHHGHG WR FRPSHWH ZLWXI KDLUK & MSWHH QMW FOH(Q
XVHG WR PRQLWRU WKH UDWH RI FRXQWHU URKD UHERKIDQVH DL
ELFDUERQDWH ZKHQ H[SRVHG WR DLU ZKLA¥K RKAHMH MG VXL
FRQILUP WKH DEVROXWH QHFHVVLW\ RIQM[ ¥ GRX GAL)W HOULLLD G ¥ WL
IRUP

2YHUDOO WKHVH PDWHULDOV ZHUH |IRGSKG&EOLR BW WDRFR
K\GUR[LGH IRU XVH LQ K\GUR[LGH H[FKD QWHVEHIREWU B QW ®X HADX
IRU LQ GHSWK WUDQVSRUW LQYHVWLIJDWLRQV NRZHMWAK W
QHJOLJLEOH GLPHQVLRQDO VZHOOLQIRWZKALWVHK [P \ORZNWHWEK
FDUERQDWH H[FKDQJH PHPEUDQH HOHFWURFKHPLFDO V\VWHF

,Q &KDSWHU ZH LQWURGXFHG D VHWPFPRQRXBREURPLGW
ESRO\ PHWK\OEXW\OH QEH3 023 9 % TORSKaN> HRIGR O\PHU PHPEUDQHYV
FDUHIXO VWXG\ RI PRUSKRORJ\ LQRPODQHVERQQGKX® W LDYQ GV \%MD
GHJUHHV RI IXQFWLRQDOL]DWLRQ '\QDPLFGYPBEBHUDRWH %D R/
XSWDNH UDQJLQJ IURP WR ZW (& RADP S OMR/ QB PR O5 3

+RZHYHU YDOXHVY BHFUMRVHBJRPRPRZ WR KLJK ,(&V PHDC



IXQFWLRQDO JURXS UHDFKHG D ORZHU ®HYKQFRILRRO DD JHXR
VDPSOHV $00 VDPSOHV VHOI RUJD QLYHGH WHWVR LAYIHRGH € O B H DR
WKH 6$:6 SDWMWHBQUQBWFRQGXFWLYLW\ UHDFKBIBR BHS DOMFHD
WKHUH ZDV OLWWOH LPSURYHPHQW LQ 9B WIRUP D QFdH 2W WL
QDWXUH RI WKHVH PDWHULDOV DORQDWHE KPRKSKRORIO ® RG
DSSURSULDWH FDQGLGDWHY IRU PRUH [XQ G DPHRKDIDA LR HV\
$QDO\VLY Rl EURDGEDQG HOHFWULF VSHFWURY BRI % (6
30% VDPSOH ZDV PHUJHG ZLWK VWUXFWXUR®@ DMRG SWREBYFR
GHVFULSWLRQ RI WKH PHFKDQLVPV JRXHDQVEJL\WYKMKRIYEUD D ¢
PHPEUDQHV 2XU XQGHUVWDQGLQJ RI WKHLYDW KRIXNJ BR QBEN
WKH >39%70$@>;@ E 30% LV EHVW VXPPDUL]HG LQ YLVXDO IR
,Q WKH GU\ PHPEUDQH WKHUH DUH WKM®IG: 5RWODRUL]DW
PROHFXODU UHOD[DWLRQ PRGHV IRU 30% EOR#KNW RG WKZR K\C
PROHFXODU UHOD[DWLRQ PRGHV IRU WKH UHODPPWRIQRE? RS W
VLGH FKDLQV UHVSHFWLYHO\ DD® GK\G QR SKLD LIK O®R PRLGU
>39%70$@>%U@ E >30%@ PHPEUDQH HYLSKBGRPHQDHHD IR
FRQGXFWLYLW\ UHJLRQV , ,, ,,, D& UD QWH W IARIQV}CE 7H\ WK |
E WZR SRODUL]DWLRQ HYHQWYV DWLF UHY &KW D5R® LB DW H
WZR GLHOHFWULF UHODNQWLRIQM W WH VXSRHULP SRYS A ZLWK

SRODUL]DWLRQV DW WKHVH WHPSHUDWXUHYV



J)LIXUH BURSRVHG FRQGXFWLRQ PHFKDQLVPV IRU >39%70%¢

W LV UHYHDOHG WKDW WKH RYHU®O®@ FERQIDXFA PYHAVEURI
WKH FRPELQDWLRQ RI WZR FRQGXFWKLYLW\ SREGKRPOLIWAIGR @\ SA
GLSROH PRPHQW IOXFWXDWLRQY RGHV KD S\RCD K\ 8 URIS KILLRDES
DQG DUH WZR W\SHV RI SK\VLFDOO\ GLIIHIHH BMI BHW ER Q DBVD MG
,Q dWKH ORQJ PDOUBWARQ RFFXUV E\ DQ H[FKDQRBWRIRDYLRC
7KHVH HYHQWY DUH DIIHFWH G2 BARR K I IMDWKLFRAQX B H REIHIV@ HVQ |
E\ FRPSDULQJ ZHW DQG GU\ EHKDYLRU PBGE ZDW I MPKRHD & WQUILX
WKH FRRUGLQPWOBQ(RQ (WKBHUFRODWLRQ SDWKZD\ WKH O
PLJUDWLRQ SURFHVWHVWKRBEXY EHWIHHQ GLIIHUHQW GHORF
SUHVHQW LQ WKH K\GURSKLOLF GRPDLQV K ZKHRISK LV FD BROG
LPSUHJQDWHG E\ +

$ VLIQLILFDQW WUDQVLWRRRDQZD/KHREWNMI PHEEDWQH RE"

FOHDUO\ LQ WKH " 19 SURILOH )LJXUH UVXOWQ G 7WKH )EBRQWGHK F



‘H K\SRWKHVL]H WKDW WKLV EHKDYLRU RIV WKHH G R'OKOHU UFHDI
JURXSV ZLWKLQ WKH K\GURSKLOLF GRPDL®G 7WH P&$# 6 DG/IXW
FRQILUPHG D WUDQVLWLRQ DVVRFLDWHGZEWWKKQKMWHUGBDIRE
GRPDLQV ZKLFK FRXOG DOVR EH GHVFULEHG E\ RXU K\SRWKF

&KDSWHU FRQWLQXHG WHK30 %W EKKEW RZLNBFMWBOBHI@MGC WR 2+
7TKH WKHUPRPHFKDQLFDO SURSHUWLHV DGRG WKHRXIKFWULT
0'6& '0$ DQG %(6 H[SHULPHQWY FRQGXFWHG,(RQ WKUHHWPHPE

DQG & PPRODUPDO VWDELOLW\ RI DOO VDPSUKOUWWDYV F|
XQWLO WKH2HM. UVRXSOPHFRPSRVLWLRRDH Y& QW &E HBVXQMWM IRW
WKUHH VDPSOHV VKRZ WZR PDLQ WKHBRPIDRRDWHOQVQWHRGQGY
GHJUHH Rl IXQFWLRQPDLI®WIRR ZDV DWWULEXWHG WR WK
WHPSHUDPWXUHVRAFRQG WUDQVLWLR Q&R FFXKRWHDNWZH QW K DL@
') DQG ZzDV DWWULEXWHG WR D GLVRUGKIW RVUGHQVVY WERQGLDW
ZLWK D VWUXFWXUDO UHRUJDQL]DWLRQ ®HWBHOHID % Q0W®& H 2B
Rl >39%703$@3>0%1 @

%(6 ZDV XVHG WR REVHUYH WKH LQIOXHQIFRHQRI)WRRB ®/H
SRODUL]DWLRQ HYHQWY DQG GLHOHFWDQ@E WHRO B RWW HRO@WV H C
PHFKDQLFDO DQG GLHOHFWULF UHODG RN RQIVWR BPVHHFKYDHG VZALN
WKHWDOPSOH WZR SRODRUDDGNLIRWH HREMHNMW HG DW 7 ! f& DQG
HOHFWULF UHVSRQVH RI WKH $(0VDQLR GH RENAWYHE IDMO D [D
DUH UHODWHBQWREWRBUIL]IDWLRQV 7KH ' 1, UBRQ\VOHNWVL RE YH

REYLRXVO\ ZLWK D GUDPDWLF GURS LQ WKH FRQGXFWLYLW\



7KH ILWWLQJ UHVXOWYV RI WKH % (RQVEMAWIKYGT D B O/H FIHL
UHOD[DWIVK®ZHG GLVWLQFW EHKDYLRU LQ HDNK7RA1 WKM IRXL
757 R& ,,, B&7 7 DQG ,9 LV$SFWLYDWLRQ | HD@QHBNYHQWR | ZIH U H
FRPSDUHG LQ HDFK WHPSHUDWXUH UDQJH OHBIGRQIHMWRUD N
13 LV FRXSOHG ZLWK UHOD[DGH R QR XSY IMKH DONOB K\SRWKH\
WKH WUDQV SFRHMZ RH @ GHORFDQL]IDWERRSPRIGIOMMRD WLRQV R
%70% JURXSYVY DQG LQIOXHQFHG E\ ZDWHU VROYDWLRQ RI WKH

&KDSWHUV DQG WRJHWKHU PDNH WHRENDPWERGFOKIV
WKHVLV :H IRXQG WKDW WKH K\GUR[LGH DQLR® KIYEBW V PR
*URWWKXV KRSSLQJ ZDV PXFK PRUH PRELORQWKDWDWKBE EUR
SRODUL]DWLRQ HYHQWYV VKLIWLQJ WR KLJIKGH IR XA Q WIKH
PDWHULDOV ZLWK WKH K\GUR[LGHR Q¥H WKR ZHTXQEKIDWRI 610 % U
WHPSHUDWXUH UHJLRPNPEKIDIMH . Q AWKBR2#H GLVDVVRFLDWHC
FDWLRQLF VLGH FKDLQV WKH GRPLQDQW FRWUHE ¥WI1RRQ Y
EHLQJ SUREHG

7KH GHQVLW\ Rl WKH SRODU VLGH FK DELRXVHGHWH GRSROW
LQWHUDFWLRQV UHVSRQVLEOH IRU WKH QDQR\PWRISKR ORJIOR
, UD\ VFDWWHULQJ ') DOVR ZDV VKRZQ WRY/LGHWSDWKQBI\W
FROQWULEXWLQJ WR WKH RYHUDOO FRHFGWFOLYLWNIRRYKH P
77 WKDW DV WKH ,(& ZDV LRQFRIRBIPEGD@HWKWKH RYHUDOO FR
IURP H[FKDQJH SURFAHR/WSW FRHWZHHQ GHORFDOL]DWLRQ ERG!
EHWZHHQ QHLJKERULQJ FRRU G L:O\DRVL RIGK ML WS & L F/Z W\M ¥ K\WM K DI

LQ $(0V ULVHV WKH GHQVLW)\;R&+WKH GLISR®H GLSROH LQW



LQFUHDVHY ZKLFK DFW WR ORFDOL]H W&H RQWK®GVPDWG WD €
EHKDYLRU UHVXOWYVY LQ ORZHU RYHUDOO FRQGXFWLYLW\ LQ V

)LQDOO\ DQ LPSRUWDQW WUDQVLWREQVEKBIVIIGIHWWH PV R B L
$W, TWKH FRQGXFWLYLW\ GURSV E\ VHY H W RQTHAHQ R HPDH G
WKH GLSRODU FDWLRQLF JURXSV ZLWKLQ WKIHVKWEUR/SIK\L. @ IDFX
DOLJQPHQW DQG RUGHULQURKSWKB GR QD WD +PHTBUDO GLDJIQF
VWXG\LQJ $(0V RI WKLV W\SH

7KLV QHZO\ PHDVXUHG WUDQVLWLRRQWGPHRW QQ GBLHFNILRF
ZKLFK K\SRWKHVL]HG WKDW *EDVHG RQ DROQ\GDRE IQNVD DVGH RIS
SHUIOXRURVXOIRQLF DFLG 3(0V ZH K\SRWKIQWDIFHF W KDW KW®
K\GURSKLOLF GRPDLQV GR QRW LQIOXHQFH QR® FRQG
IXQFWLRQDOL]HG ZLWK TXDWHUQDU\ DPPRQLXP FOMMRBWH G
t UHOD[DWLRQV FDXVHG E\ ORF D GOIXFKNXIONVL REV ALKQ 2MKH £
WKH BRODUL]DWLRQV DFURVV DOO V DPPHSO®BHWD \B QRSQ W HROSHRU D W
WUDQVSRUW EHWZHHQ GHQRF IV H)\DW PPV ERIGDGIV DW VRPH
WKHVH FRQFOXVLRQV ZH UHFRPPHQ® SXKDW ILRW RO HL @ FSH/WLL
LRQLF FRQGXFWLYLW\ LQ $(0V VKRXOG FREW L@XHR WER UL QO
FKDUDFWHUL]H WKH IXO0 VFRSH RI PHP EYIDAQ\HPBIWKMDIQ EXRWH V

5HFRPPHQGDWLRQV IRU )XWXUH :RUN

7KLV ZRUN KDV GHPRQVWUDWHG WKH H[\QPOVEYHDRGG!
FRQGXFWLYLW\ PHFKDQLVPV RI $(0V WK DRWQ FRIQHB LIDR Q PIGQX
FRQWUROOHG H[SHULPHQWDO WHFKQLTXHV Q@ @ROXOGL Q JU B\C

VFDWWHULQJ DQG ZLWK GHWDLOHG RE\HOWHHFDANLAQ URIV SARKY



PHPEUDQHV WKURXJK G\QDPLF PHFKDQLRDO FDQRB O L\WPHMW UG L
EURDGEDQG HOHFWULFDO VSHFWURYVFRS\DS SWOXHG WWR [RW K
VIVWHPV 7KLV WKHVLV IRFXVHG RQO\ RQDPHHPEQYDQH D PIKRF!
FDWLRQLF JURXSV EXW RWKHU FDWLRQLEFV@W®FVWREHR YK
FKHPLFDO VWDELOLW\ RI $(0V ,WDOV 6 [RIHD\WWKXDWW @& KIHN G
G\QDPLFV DQG FRQGXFWLYLW\ PHFKD QL VIPOYGWMKB VW KH | 5 R O/\F
EH H{SORUHG VHSDUDWHO\

7KH +HUULQJ DQG 'L 1IRWR UHVHDUFK JUNRK(HBATU IODWH. VE RRX
DQG KDYH LGHQWLILHG VLPLODU EHKDYLRW LRQWWR RPRIGIL FHX
%70% FDWLRQV 7KHVH HDUO\ UHSRUWY MXJHHDW BHIDDIW LWRKIL
$(0V ZLWK %70$% FDWLRQLF IXQFWLRQBH®RRIKLRE W& B/\M UIDUFH
DOUHDG\ OHG WR FKDQJHV LQ H[SHUDRK&WDA XRQ GIQVRBGM U
ERWK YDULHG PHPEUDQH K\GUDWLRQ \)WDW KN UD[® R\ KQHWPLORC
EHKDYLRU VKRXOG LQFOXGH LQYHVWRIDWWRQ RLQWPXBWM KL
KLJKHU WHPSHUDWXUHV RXWVLGH Rl WWHPRSHISSWRQBFKHNQ!
LQFOXGH FURVVOLQNLQJ ZLWKLQ WKH K\G URSIKLWIRF | BB P DAHX
RUGHUHG SKDVH VHSDUDWHG PHPEUDQWWI1\Q Y XWADIGHRY WG |
QHHG WR LQYHVWLJIJDWH WKH UHR\SRWHKEH DLW\ VRK DMK MV KH RQ
ZLOO UHOD[ DJDLQ RYHU WLPH 6%;6 XRROWMG IRW WKHVPRWW GD
DQRWKHU SRWHQWLDO PHWKRG ZRXOG EHRWHYW MWXHP %Hi& W
VZHHSV

$QRWKHU JURXS RI DQLRQ H[FKDQJH PDW HWLIRMV H) RK\D §

LRQRPHUV 7KHVH DFW DV WKH ELQGHU DQGW @ \HRIQ BLAF KL



FHOO HOHFWURGHVY DQG HOHFWUROHNYHE\Q HGRHIFWYWRGLHVE OHQ & X
LRQ FRQGXFWLYLW\ FRQGLWLRQV 0D Q@ YRIVWEKHDWBEG KR W I$K 0"
QRW SURGXFH DQDORJRXV SRO\PHUV DSSURSNLRWWRIGRUE XVt
QHFHVVDU\ IRU VSUD\ DSSOLFDWLR @MW BARGLIKHO MPRWIXH V>
PHWKRGV WKDW DUH DEOH WR SURGXFH VXUWQEDH (ORQRP
PDWHULDOV

0\ ILQDO UHFRPPHQGDWLRQ LV QRW RWLIQD B (0¥ L WHH. QHW
LV D ODFN RI VWDQGDUG H[SHULPHQWDQ | SHREW G UIHIF XK
FRPSDULQJ UHVXOWY EHWZHHQ UHVHDUFRQ WRWSEL O, R\ B \F Rk
DUH VSHFLILF H[DPSOHV ZKHUH UHVXOW VERWZH® F D/RER\WHE
UHYLHZ E\ 9DUFRH HW DO PDGH VHY®GDOGLIDW QLR DV HRSR!
FDQ EH LPSOHPHQWHG> @ 2QH WKDW VY WKDQD FWKHRXIO G VLR

PHPEUDQHYV DIWHU FDUHIXO FRQYHUVLRQ WR WKH ELFDUERQI



V

5()(5(1&(6

$ 0 +HWUID@RS, $Q LOQWHIUDWHG PXOWL VFDOH DSSUF
WUDQVSRUW LQ FRPSOH[ KHWHURJHQHRXYV RU&BQLF PLC
3URSRVDO 1R

5 2 +D\UH 6 &KD : &ROMKMO®DE& DG )X YERIBRH@W DIOX/
<RUN :LOH\ DQG B6RQV

+ 5 (OODPOD , 6WDIIHOO 3 %KMORXWUHQIRIUWBDW X!
FHOO EDVHG FRPELQHG KHDW DQG SRAZAQU(YVORXMRYDAU U
Rl 3RZHU 65R-XYULHEZVY RO SS 2FW

6 0OXUXJDQ DQG % +RUDN $ UHYLHZ RAN\WPLABR FRPEI
UHVLGHQWLDO DSSOLADQHZIDEOH LXMW DL YR EDWHL HZH U J\
YRO Ss 2FW

$ &KRXGKXU\ + &KDQGUD DQG $ S$SURUD FHEB83OLF
WHFKQRORJ\ IRU SRZHU JHQHUDWIH@HE DUEKDYL HZ6 X VD I C
(QHUJ\ 5HYHHEZWZ YRO SS $SU

+ ,WR (FRQRPLF DQG HQYLURQPHQWDOHDWOVEHNVIREG Q
FRPELQHG KHDW DQG SRZHU V\VWHP IR WK DQWMHSDIDMPLHREM
-RXUQDO RI +\GURIWNDFEHHY RO QR SsS -XQ

* ) OF/HDQ 7 1LHW 6 3ULQFH 5LNRBIQ® RQGONDMLQ]
FHOO WHFKQRORJOWHIQQOQNORGRO -RXUQPOWRIFOWME YRIHQ
QR SsS 0D\ $UW QR 3LL V

* &RXWXUH $ $ODDHGGLQH ) %RVFKHW MQ B V%D GIPR
HIFKDQJH PHPEUDQHYV IR U3DRNDOAQ H QI XBSHRO\RBIQWON/FQRQF I
SS

% 3LYRYDU $ONDOLQH OHPEUDQH )QBHI®R RHHHD®L QRIW NIVUKRI
WKH $ONDOLQH OHPEUDQH J))OHQ BWHRO® HRBUNVKRS

1 : /L DQG 0 ' *XLYHU ,RQ 7UDQVS U\ LEKJ1PORFIKW L
&RSRO\PHUV DO FQRPROKFXDFHYH YRO QR Ss
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- 5 9DUFRH DQG 5 & 7 6ODGH KDRM SHFWRE URDW BYO |
ORZ WHPSHUDWXHD | £ HROTRH OQK SS $SU

9 'L IRWR 7 $ =DZRG]JLQVNL $ 0 +HWOE. @J /DYBQDLI
3RO\PHU HOHFWURO\WHV IRU D K\GQWRHYU® MWFRRARPO -RX
+\GURJHQ (GHWRULDO ODWHULDO YRO QR SS

7TKH %XVLQHVYV &DVH IRU )XHO FHOOV 'HOLYHULQJ 6

. $ ODXULW] DQG 5 % ORRUH 6WDWH(RIOXQY&HUVYV
&KHPLFDO 5HYLHZWRO QR SS 2FW

" -RQHYV 6HSWHHEHOXRURVXOIRQLF $FLG OHPEUDQH\
(OHFWURO\VHU $ SIS\MDULFEDEIORQY KWWS ZZZ VLIPDDOGH
GRFXPHQWY DUWLFOHYVY PDWHULDOV VFYHOQ¥FPOSHUIOXRUR

5 -RUQ - 6DYDJH DQG * $ 9RWK 3URWRY RBRROQBXV¥W
OXOWLSOH /HQIJWK 6FBPHRX QWYY RO BXHAEHDICH B MMARHD U F K
QR SS 'HF

0O - 3DUN - +RQJ IRXBPHU¥Y IRP (QHUJ\ 6WRUDJH L
SRO\HOHFWURO\WHV IRU %DWWHULHWWSX® §WHHQ & H DRV
IDQRVWUXFWXUHY LQ 3RO\PHU (OHFWUYRIQWHYV $IFRHU LGB C
&KHPLFDO 6RFLHW)\

- 5 OMDWFBRBQLRQ H[FKDQJH PHPEUDQHV LQ HOHFWURF
(QHUJ\ (QYLURQPH®WDO QMR HQF$IS 2FW

( + <X DQG . 6FRWW 'HYHORSPHQWFRO GV UHAW JPBEQ
H[FKDQJH PHPEUDQHWRXUGD OQ RO L3\RKBHIW B RG H FHR/O QF
SsS 2FW

- ) =KRX 0 8QOX , $QHVWLV 5LFKDUG DQ@LRG .RK
FRQGXFWLYH PHPEUDQHV IRU DONDOLQH PRIEQYD® HR IIX|
OHPEUDQH GEMHEFPH YRO QR SS oDU

. = BKHQ - + 3DQJ 6 1 )HQJ < KHMHW1lVDIDGEG=SUYRSHD
RI D QRYHO SRO\ DU\O HWKHU NHWRQH V ZLWRK TXDIVRIQU Q
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H[FKDQJH PHPEUDQHM X ULQ®D OQRO DWIR E § DWW HF&OR Y ®POH s
$XJ

- HW DQDEULFDWLRQ RI D +LJK 6WDELOLW\ &UR
B3RO\ HSLFKORURO\GULQ 37)( &RPSRVLWH OQHFCHSRXQH YLD
$SSOLHG ODWHULDBOWLEFQWHRI®FHWR SS $SU

< & &KHQ 5 *RNKDOH $ 6HURY . S$URYXVKKRYKO\D
DFWLYH DQG VHOHFWLYH )H 1 & RMWM @ HUHGE XHEW LRROP HLA
SRO\PHUL]DWLRQ S\URDDQRV (Q SN FIDH. YR O SS

5 *RNKDOH < & &KHQ $ 6HURY . SUW\XEXNRYD I
WHPSODWLQJ DSSURDFK IRU SUHSDUDRMILWRQORY W LIRAWO R D !
UHGXFWLRQ (@8 F\WUA EYXKSRIL¥DF®HNDR O SS -DQ

+ 7 &KXQJ - + :RQ DQG 3 =HOHQD\ $FWLYH DQG V\
FRPSRVLWH HOHFWURFDWDO\VW |RUDR/[XJHQ &RPEXBOWE B O
$UWLFOH YRO S 0D\ $UW OR

: &XL - .HUUHV DQG * (LJHQEHUJHDWLR@HRIRSRBC
H[FKDQJH SRO\PHU EOHQG PHPEUDIUHDWLROQ DA@GOBXKL
7HFKQRSWRMLFOH YRO QR Ss $XJ

% G6FKZHQ]JHU - / =KDQJ 6 .LP / QJ /LOHPHURPQBQ!
'HYHORSPHQW IRU 9DQDGLXP 5HGR[ REKRIZP JoONFHMHRHZH V
YRO QR Ss

0 6N\OODV .DJDFRV 0 + &KDNU®EDWDQOLB Q& DM LK
SURJUHVV LQ )ORZ %DWWHU\ 5HVHD UK K RXQ® DBY R D RVIH
(OHFWURFKHPHAYOHZR¥FRBW\ QR SS 5 5

6 OBDW.@EGYDQFHG DONDOLQH ZDWH U( G WRIRKQ\R/LLK/
$SFWBWNWLFOH 3URFHHGLQJV 3DSHU YRO SS 1RY

- 3DUURQGR & * $UJHV O 1LHG]JZLHENZ 9( 5% PHQGHU
'HIUDGDWLRQ RI DQLRQ H[FKDQJH PHPEUDQHV KVHG IRL
ZDWHU HOHFWUROWBMFKN $GVYGQRMHYY DWKYRO QR SS
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- 3DUURQGR 0 *HRUJH & &DSXDQR . ( H\HUV L
HOHFWURFDWDO\VWYV [IRU HIILFLHQW QD O NYROXQMHD @ DRMH U
ODWHULDOV &HHWPLVOHJY RO QR SS

;, + :DQJ - 3 OF&OXUH DQG 3 6 )HGNRXD DQDBQVS

K\GUR[LGH H[FKDQJH PHPEUDQHYV (I®HFNH R FKHBUOWD F OEHY [ (
YRO SS 6HS

+ <DQDJL DQG . )XNXWD $QLRQ ([FKDQJH OHPEUDC
OHPEUDQH )XHO &H(@G V7 UiDQ&\&YRWL R Q \Q R Ss

0 $ %HQ $OL O 5DNLE 6 /DERULH 3 9IEHBRODQG *
PHPEUDQH HOHFWURGLDO\VLY DQG DP®WQRD ADNWLISAEDL\G
FRQWDLQLQJ DPPRQLXP QRWUOQW® R LOY R B 30O MAHKEEFH. HY@QRFOH

QR Ss 1RY

, JUHQ]HO + +ROGLN ' ) 6WDPDWODRQLV &K BRXIF D]
UHFRYHU\ E\ HOHFWUR HOHFWURGLDO\VLVEUDQINDOXKQW
(QJOLRKKUQDO RI OHPE$DWHFOR & PH QR SsS

6 &KHPWDWMBHFKDQLVP RI WHWUDDON\ODPPRQLXP KHI
DONDOLQH IXHO FHOO PHREUDRQAVRI 3Q (IQRIBNEMHP Y\R\G U
QR Ss 0oDU

+ /RQJ . .LP DQG % 6 3LYRYDU +VGIRRJLEXHE VMILLIDXG
7JULPHWK\ODPPRQLXP &DWLRQV $ '»RXAMDO® RILOK\(\OLK
&KHPLVWWWRBFOH YRO QR SS 0D\

‘5 '"HNHO 0 $UQDU 6 :LOOGRUI 0 .RWD @IHEKWUM®I D
:DWHU RQ WKH 6WDELOLW\ RI 4XDWHUQDU\ $RPRQDYP *UF
)XHO &HOO $SSOLFDWKRHPYVWLQ RGNEAMW KO HDYOR/O QR

0D\

$ ' ORKDQW\ DQG & %DH OHFKDQLVRQ FVWQBDOVMA
DONDOLQH H[FKDQJH PHPEUDQRXXBOCFIRO OB W HUQ O QY O&K
$UWLFOH YRO QR Ss 1RY

0 * ODULQR DQG . ' .UHXHU $ONBPRRE@LXWDSEL\®LRQ
IRU $ONDOLQH )XHO &HOO OHPEUDQHV B®B8PWQYAKHPTX
$UWLFOH YRO QR Ss YHE
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& 6 ODFRPEHU - 0 %RQFHOOD % PSSRMIWRYPQY SDOUXK Z

RI DQ DONDOLQH IXHO FHOO PHPEUDQH P@PMHVLBO ARP

(QJOLAMRKXUQDO RI 7TKHUPDO $QDGUMNVFDE G 3URFRIHIGLHQN U \ |
QR SsS -XO0

- % (GVRQ & 6 ODFRPEHU % 6 3LYRYDUVHIQG - |
GHFRPSRVLWLRQ SDWKZD\V RI DON\OWUIICPLIRROKUQDPPRRQ L
OHPEUDQH SBHMHFMEH YRO SS 0D\

6 $ 1XQH] DQG 0 $ +LFNQHU 4XDQRWLSAKHPLY¥B O+
BWDELOLWLHY LQ $QLRQ ([FKDQS$HFWHEHBPEURGHWWHLEV (YRRI®
QR Ss -DQ

9 - %HKWUIXWKDOLQH DQLRQ H[FKDQJH PHPEUDQH GHJ
KXPLGLW\ PHDVXUHG XVLQJ WKH TXDUWK ,DWMKWOQ DWRIRRQ
“RXUQDO RI +\GURJIWNDQFEHHY RO QR SS 0DU

& * $UJHV DQG 9 5DPDQL ,QYHVWLJRWLROKRIQ&BWL
OHPEUDQHV 8VLQJ O0XOWL 'LPHQVLRQD O K-05X 6 QHDFON B R WHKR
(OHFWURFKH P § B Q@ FBIRHF LYHRVD\ QR Ss ) )

& * $UJHV DQG 9 5DPDQL 7ZR GLPHRYHRQNVOFDUWALF
WULJJHUHG EDFNERQH GHJUDGDWLRQ LQ SRO\WXQIRQH I
(QJOLYBKRFHHGLQJV RI WKH 1DWLRQDO $FDGHHY RI 6FLH
$PHUISRIDWVLFOH YRO QR SS JHE

7 3 3IDOOGMWHUSOD\ EHWZHHQ ZDWHU XSWDNB LRQ L
DQ H EHDP JUDIWHG SRO\ HWK\OHQH FQRJ MW HP\WM B B UDXQRYU R H.\
(QJOL¥K\VLFDO &KHPLVWU\ &KWREPBHOYROVLFVQR Ss

7 6DWD 0 7VXMLPRWR 7 <DPDJXFKILDRQORQ. HOBRDWQJ

PHPEUDQHYV LQ DQ DTXHRXV VRGLXP K\GURLQG(H MRLONMW L F

-RXUQDO RI OHPE$DWHF®OM. N QPH QR SS $SU
0 8QOX - =KRX DQG 3 $ .RKO $QLRE ({FSKHWQLIMHH QP

&RPSDULVRQ RI +\GUR[LGH DQG &DPOERWDRMHK KR QFEDXF W QY
6WDWH YRWWHU®R SS % %
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0 ,PIMEDE@IHFWV RI &DUERQ 'LR[LGH RQ WKH 3HUIRUP
OHPEUDQH )XHO &HOEDH F W QR FEBIRLMKYH \Y RO QR Ss
0D\

0O * ODULQR - 3 OHOFKLRU $ :RKOIDUWWORGE DQG
ZDWHU WUDQVSRUW LQ D PRGHO DQLRQ -RMNFKODOHRPH
OHPEUDQH GEMHEFEH YRO Ss $XJ

7 - BRWDDINSLQJ 2SHQLQJ OHWDWKHVLV 3RONP$QLRDWL R
([FKDQJH OHPEUDQHV 'HYHORSPHQW Rl +\GRR[EH &RQ
$PPRQLXP )XQFWLRQDOL]HG ORRRRHIO RLAWKMISPMKLFDQ
BRFLSIWWLFOH YRO QR Ss 6HS

1 7 S5HEHFN < ) /L DQG ' 0 .QDX&R/SRORRH LS KBPQR®D
([FKDQJH OHPEUDQHV -RXQQD@DIRIVRRO\PHU 6FLHQFH 3C
3K\VI$FUWLFOH YRO QR Ss 'HF

0 7DHMNERLRQ &RQGXFWLYH %ORFN 3RO\ DUMOWHQH HYV
DQG $SSOLFDWLRQ LQ $ONDOL@NUYRBO &HWXKWH $RHU(F DD
BRFLSIWWLFOH YRO QR Ss -X 0

= =KDR - + :DQJ 6 + /L DQG 6 9% ORMNQSIR G\ QW K
HWKHU VXOIRQH FRSRO\PHU PHPEUDQH ZLWRXSWHQRDQYV
DONDOLQH IXHO FHROOJ QDL R 38 BV 5EREH FHR/O QR

0D\

- 5 1\ND]D 5 %HQMDPLQ . 0 OHHN]H®GRQLF QQDE
GLEORFN FRSRO\PHU DV DQ LRQRPHU DQG DXH® @ HHJPK/D C
LQ (QJRKWRLFDO (QJLQHHWWDBOBHF LYR@FH  SS 1RY

- &KRL . 0 /HH 5 ::\FLVN 3 1 3LQWDXWRZRIUNGLR Q7 (
HI[FKDQJH PHPEUDQHYD F URP ROFOAMBHIYH YRO QR S
-XO

$ 0 3DUN 5 - \FLVN ; 0 5HQ ) XURXUOUHRVDVOQIR
SRO\ SKHQ\OHQH R[LGH EDVHG QDQRILEHU FEBSRVILWH F
(QIOL-RKUQDO RI ODWHU BDON RAXH FFIRON U\ @R SS

- 5DQ [/ X % :HL < < &KHQ DQG 7 FHPEKQWM ARA{O\
&RQGXFWLYLW\ DQG 6WDELOLW\ IRU $QLRQ BFHKMBLQ/JIH OF



\Y

\Y

\Y

\Y

V

\Y

@

Q@

Q@

@

@

Q@

@

@

@

6WUXFWXUH "HVLJ&F LHIQV (QUBUISHKSTFOHNYR O S 6HS

1 /L 7 <DQ = /L 7 7KXUQ $OEUHFKW DOBUV WR6tLQ
HQKDQFH K\GUR[LGH WUDQVSRUW (QHDQLRQQHEKRQBH QR
6FLH@RI QR Ss -X0

- BWQERQVWUXFWLQJ LRQLF KLJKZD\ LQLROMIOLYGHK SF
(QHUJ\ (QYLURQPHQWDPOG YHR@FH QR SsS -DQ

) 6 %DWHV 32/<0(5 32/<0(5 3+$6( %(HSIGEEHQRI (Q
$UWLFOH YRO QR SsS YHE

$ 20XPD - .DZDML 0O ORULVKLPD 7 OL]XNMDPL < 7

(IIHFWV RI PLFUR SKDVH VHSDUDWHG VW UXHFWKNGROR Q
SHUPHDELOLW\ LQ SRO\PHU HOHFWYRO\R$HMPLHFCEH V@BV
QR SsS 0D\

0 $ +MWWDERPSDULVRQ RI DONDOLQH IXHO FHOO PHP
SRO\ DU\OHQH HWKHU VXOIRQH FRSRO\PHUV FRQWDL:
K\GUR[LGHYV LQQWQHHIDQIVWLRQDO -RXUQDO $EWLHRAGHRJ}
3URFHHGLQJV 3DSHU YRO QR SsS YHE

< 6 <H 6 B6KDULFN ( 0 'DYLV EG, HIQH\ + DR [LGY
&RQGXFWLYLW\ LQ 3RO\PHUL]HG ,RQLF QITWHEY DODRFR &R
/HWWSHWM. FOH YRO QR SS -X 0

0 $ +HAN@HWDO WLPH LPDJLQJ RI OLTXLG ZDWHU LQ D
PHPEUDQH IXHO FHORXUQRO(®RIJOLKK (OHFWUWERKBPLFBO
QR SS $ $

$ % *HLIJHU $ 7VXNDGD ( /HKPDQQ 3 O9HRUWHNREHD $
6LWX ,QYHVWLIJDWLRQ RI 7ZR 3KDVH )OR ¥ 3V WWHUHRWIUR
5SDGLRJUDSK)\ )XH OQEBDVKFOH YRO QR SS JHE

' _UDPHU ( /HKPDQQ * )UHL 3 9RQWREHO $Q:RRND X
OLQH VWXG\ RI IXHO FHOO EHKDYLR UL XK QWHIHU PQ\DWQEKRW C
OHWKRGV LQ 3K\WLFV 5HVHDUFK 6HFWLRQFWRBB¥HD®G D
$VVRFLDWHG$UWLEPHQWURFHHGLQJV 3DSHU YRO QR



V

\Y

V

V

\Y

V

@

Q@

@

@

@

@

@

Q@

@

6 $ (DMWB@MHFW RI &RQILQHPHQW RQ 6WUXFWXUH :C
7UDQVSRUW LQ 1DILRQ 7KI0Q PAUR P R O$ER DFEIO IY\RIO QR
SsS 2FW

6 / /LX - 6DYDJH DQG * $ 9RWK OSIR/RW FIDD 3 USRNAKF
([FKDQJH OHPEUDQHV B5ROH RI ORURKROMMDIA RILGK(QUE
&KHPLV@WWRBFOH YRO QR Ss -DQ

9 6DEDULQDWKDQ = :X 5 + &KHQ ROOJLG 6 WDWIPJI XMC
ODJQHWLF 5HVRQDQFH ,QYHVWLJDWLR[F KO Q DAV Bl P ER@IQ\M
1DILRQ E\ OHFKDQLFDO 6SL@RUQDO RQ JKIWAEVO &KHI
$UWLFOH YRO QR Ss 0D\

0 6FKDOHQEDFK : /XHNH : /HKQHUM RD@BW HEWRDWIH
JHRPHWU\ DQG SURWRQ PRELOLW\ RQ WKH FRQGXFWL
(OHFW UR F K L$RLW DEFHNDR O Ss 2FW

3 0 0ODQJLDJOL & 6 (ZLQJ . :X 4 :DQDIPLFQGO®WH

8SWDNH RI )OH[LEOH ,RQ &RQWDLQLQJ)XRO\RHMHONVOMVDER U I
YRO QR SS $XJ

3 : ODMV]WULN 0 % 6DWWHUILHOBU $ :&W AR FVRUNSON |
GHVRUSWLRQ DQG WUDQVSRIMW QROLIBILRHP EHYMRBOUBDAFHW QF
QR SS 6HS

- ( +tHQVOH\ DQG - " :D\ 7KH UHQ®XAWIOWIKWL'S CEHAN Z
SHUPHDELOLW\ LQ FRPSRVLWH FDUER[\ODH?PH WXQHRQDWE®
(QJIOL\RKUQDO RI 3IRZHWIBREMH FBVRFHHGLQJY 3DSHU YRO
2FW

' & +HUEVW 7 $ :LWWHQ 7 + 7VDQG ($ % &RIUIKALIQ
'DWHU XSWDNH SURILOH LQ D PRGHO LRQ H[EKDGKH PH
FKDQQHOV  LRX(QMDQ VR &K H FBIURDICF G K\ Y RFOV QR S

$UW OR

. 1 *UHZ DQG : . 6 &KLX $ 'XVW\ )OXWR[\IRSEDRIRU
&RQGXFWLYLW\ LQ $ONDOLQH $QRROQUBKMPIQJKHO HPHEEM QR
6RFLMWRQO QR SS % %
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* OHUOH 0 :HVVOLQJ DQG . 1LMPHHAWHRU $3QNR Q LH[HF
FHOOV $ {RKYUQIZO RI OHPEYRQH B6FIQGRQFH SS

- 6DYDJH < [/ 6 7VH DQG * $ 9RWK RIURWRQ
SBHUIOXRURVXOIRQLF $FLG OHREWIMPHYV Rl BE\YQFODVRKHF
$UWLFOH YRO QR SS $XJ

< / 6 7VH $ 0 +HUULQJ . .LP DQGCGEF¥ 69FRPWR D VI RRX
RI SURWRQ 7UDQVSRUW LQ 0 DQG 1DILRQ 3HUIOXRURVXC
-RXUQDO RI 3K\VLFPOWELKBODPILYR@\ & QR SS $ S

& &KHQ < / 6 7VH * ( /LQGEHUJ+\& U.RLIKMW 6 D@D W
DQG 7UDQVSRUW LQ $QLRQ ([FKDQJR XQUHFEW RQ HWKH $0 H(l
&KHPLFDO $SRFLF®HN YRO QR SsS -DQ

5 -DODHMWKDOQG@®HUVWDQGLQJ DQLRQ WUDQVSRUW L
SRO\SKHQ\OHQH ZLWK KLJK-RRURQOF RFRIRINPWUY 6&RLHQF
3RO\PHU 3KRWLFV QR Ss

+ < HWXD®ONDOL GRSHG SRO\EHQ]JLPLGD]ROH PHPEL
PHWKDQRO IXHO FEHQWHUQOWQRQDWK-RXUQBOWULFO\IG YRIH
QR SS 'HF

+ 1 6BWROBQGHUVWDQGLQJ $QLRQ :DWHU DQG OH
SRO\HWK\OHQH E SRO\ YLQ\OEHQ]\O WULPHWK\@IHPPRQL>
OHPEUDQH IRU (OHFWURFKHPLFDO $BRXROOQPBDWIRR Q¥K\V LR
&KHPLVWWWKFOH YRO QR SS JHE

9 'L IRWR * $ *LIILQ . 9H]]* 0 GBRODG D6EQMD W H /BYE
&ERQGXFWRWWODXWK DQG 0 / 'L 9RQD (GV &KLFKHVWHU
SS

9 'L HRWIROEULG LQRUJDQLF RUJDQLF QDQRFRPSRVLW|
RQ 1DILRQ DQG IOXRULQDWHG 7L2 ,QRUW BODWYRQDRQ {RA
+\GURJHQ BQHMWIROH YRO QR SS $SU

9 'L 1IRWR 5 *OLXEL]]JL ( 1HJUR DQG ODI[TDNFIHRQ (I
SKHQRPHQD DQG PHFKDQLVP RI LRQ FRQGXFWLYLW\
PHPEUDQRMXW QDO RI 3K\WVLFFRO&KHPLYRVU\ %8S '}
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9 'L 1IRWR O 3LJD * 3DFH ( 1PHFRVUD G HODDDWQR
&RQGXFWLYLW\ OHFKDQLVP Rl 1DILRQ 6WXGLHYVY %DV
6SHFWURMBRAIDQVIRWLRQWR SS

9 'L 1IRWR 0 3LJD / 3LJD 6 3RORULD@FGRU IJDHULFRS
FRQGXFWLQJ PHPEUDQHV EDVHG RQ 1DILRQ 5 DQG
QDQRSDUWLFOHV 6\QWKHVLV YLEUDWQRQDWXUDO®EL RV D
3RZHU 6RXUMFHROH 3URFHHGLQJV 3DSHU YRO QR s

9 'L HRWOROWUXFWXUH SURSHUWLHY DQG SURWRQ FRQ(
GRW :2 SVL 7L2 QDQRFRPSRVLWH ORMHR\EUWRDRKHL W L F |
$SFWBWNWLFOH 3URFHHGLQJV 3DSHU YRO QR SS

9 'L IRWR 0 3LJD * $ *LIILQ . 9H]JQ WHIQG QD \$E HVZR
OHFKDQLFDO (OHFWULFDO DQG 7KHUPDRWRD B FONGCLRRQWI
OHPEUDQHV %DVHG RQ 1DILRQ DQG D > =U2 UD 2
"-RXUQDO Rl WKH $PHULFDQR@®KHPLFQR 6RFISISW\

9 'L 1RWR (OHFWULFDO VSHFWURVPARXP VI\ROBPHVY |
HOHFWURO\WHV EDVHG RQRXWQDO RQ 3&U\DLLAEKO WSLKFHORH. V
YRO QR SsS 2FW

9 'L 1IRWR 0 9LWWDGHOOR . <RVKLGXUXNDRNLQD

%URDGEDQG GLHOHFWULF DQG FRQGXFWHYQW\ WKIHFWV
GLPHQVLRQDO K\EULG LQRUJDQLF+RUJDQLF QHWQ@RUNYV
SRO\ HWK\OHQH JO\FRO (OH-FW D REK$PRE R CHBID

0 . +DVVDQ $ S$EXNPDLO DQG . MFWDXHELWSJHFWURD
VWXGLHV RI PROHFXODU PRWLRQV LQ DJIWMLRIK) DR GPF
WHPSHUDWXUH (X WURSHDI® B3RO \ PHUN LEOWQ BORFHHGLQJV

QR SsS $SU

5 % ORRUH DQG & 5 ODUWLQ &+(0,&$5230(502B33+2/2*,
2) 62/87,21 &$67 3(5)/825268/)21$7( ,2120(56 LVKQ (QJ¢
ODFURPROHPXOMHIVH YRO QR SS 0D\

- ( +HQVOH\ - ' :D\ 6 ) 'HF DQGRI WK$HPHDO DRBH
RQ FRPPHUFLDO 1DILRQ 5 PHPEXNDQMY RILIHREUDIQWK 61
$UWLFOH YRO QR Ss -X 0
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@ * $ *LIILQ * 0 +DXJHQ 6 - +DPURFN DQG 9 'L 1RWHF
DQG 5HOD[DWLRQV LQ 3HUIOXRURVXOIRQLFR)FWUGDIURWR
WKH $PHULFDQ &KHRQFDO €RFLH\ES

@ 1 9 MWHDEDDLSSHG 5DQGRP :DYH ORUSKRORJLHV DQG W
RI DQ ,RQRPHU )RUPHG E\ &RSRO\PHUL]DWLRQ RI
&) &)2 &) 62 + LQ OD@FWRPAROSFWOF®H YRO QR

$XJ

@ < HWXD$O6PDOO $QJOH ; UD\ 6FDWWHULQJ 6 WRGRRI WKF
LQ )LOPV )RUPHG IURP WKH 0 3HUIOXRULQDRWGIGYKXOIR
ODFURPRO#HFPXORMHO/H YRO QR SS 6HS

@ 9 'L 1IRWR ( 1HJUR DQG 6 /DYLQD WURRGEDQG

&RQGXFWLYLW\ OHFKDQLVP RI 1DILRQ DQG O@LERQ =
OHPEUDQHYV LIXHQJQHVK® &KHPLVWBUMMKHHGEQUWDWWDRQU
SS

@ 9 HRWBOEULG LQRUJDQLF RUJDQLF SURWRQ FRQGXFW,
DQG ZW RI 0[2\ 0 7L =U +1 7D DQG SKHIDRPHQD BHX
FRQGXFWLYLW)\ PHFKD-@®RXWRQ DA @ I( G BRGHWKERX K FHRO Ql
SS YHE

@ 0 9LWWDGHOOR ( 1HJUR 6 /DYLQD1RWRD F8ILEQU DA/MLE
BWXGLHV DQG 3URSHUWLHV RI +\EULG ,QRNWPRPQDRBPRVJID:
%DVHG RQ 1DILRQ DQG +DIQLXP 2[LG H RUDWQRB® LRW L3FKQ YA VF
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