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7KH� HPLVVLRQ� SURSHUWLHV� RI� D� QRYHO� FODVV
RI�FRPSRVLWH�FHUDPLF�PDWHULDOV�EHLQJ�WKH�GL�
UHFWLRQDOO\�FU\VWDOOL]HG�HXWHFWLF�DOOR\V�EDVHG
RQ� ODQWKDQXP� KH[DERULGH� /D%�±0H,9%�ZKHUH� 0H,9� �7L�� =U�� +I� KDYH� EHHQ� VWXGLHG
EHIRUH� >�@�� 7KRVH� FRPSRVLWH� PDWHULDOV� KDYH
EHHQ� HVWDEOLVKHG� WR� VKRZ� LPSURYHG� WKHU�
PLRQLF� SURSHUWLHV�� SRLVRQLQJ� UHVLVWDQFH� DQG
WKHUPDO� VKRFN� VWUHQJWK� LQ� FRPSDULVRQ�ZLWK
WKH� LQGLYLGXDO� ODQWKDQXP�KH[DERULGH��7KH
VWUXFWXUH� RI� VXFK� FRPSRVLWH� PDWHULDOV� LV
WKH�VLQJOH�FU\VWDO�PDWUL[�SKDVH�/D%��ZLWKG�WUDQVLWLRQ� PHWDO� GLERULGHV� VLQJOH� FU\VWDO
ILEHUV� �ZKLVNHUV�� KDYLQJ� HVVHQWLDOO\� HTXDO
WKLFNQHVV� KRPRJHQHRXVO\� GLVWULEXWHG� LQ
/D%��� 7KH� ILEHUV� DUH� ���Ü���� PP� LQ� GLDPH�WHU�� DQG� WKH� OHQJWK� WR� GLDPHWHU� UDWLR� LV� DW
OHDVW�DERXW�����WR������>�@��8VLQJ�WKH�GLUHF�
WLRQDO� FU\VWDOOL]DWLRQ� PHWKRG�� PXOWLFRPSR�
QHQW� HXWHFWLF� DOOR\V� RI� ODQWKDQXP� KH[�

DERULGH�ZLWK�WUDQVLWLRQ�PHWDO�GLERULGHV�KDYH
EHHQ�REWDLQHG�� WRR��7KHLU� UHLQIRUFLQJ� ILEHUV
DUH� WKH�PXWXDO� VROLG� VROXWLRQV� RI�PHWDO� GL�
ERULGHV�0H,9%����7L�=U�%����7L�+I�%����=U�+I�%��DQG� �7L�=U�+I�%���7KRVH�FRPSRVLWHV�DUH�FKDU�DFWHUL]HG� E\� WKH� VDPH� UHJXODU� ILEHU� VWUXF�
WXUH��DV�WKH�TXDVL�ELQDU\�DOOR\V�/D%�±0H,9%�>�@�� 7KH� VWUXFWXUH� SHFXOLDULWLHV� KDYH� EHHQ
VWXGLHG�V\VWHPDWLFDOO\�IRU�FRPSRVLWH�PDWHUL�
DOV� EDVHG� RQ� ODQWKDQXP�KH[DERULGH� DQG�RE�
WDLQHG� E\� GLUHFWLRQDO� FU\VWDOOL]DWLRQ� ZKHUH
WKH� GLERULGH� SKDVH� LV� IRUPHG� E\� VROLG� VROX�
WLRQV� RI� WLWDQLXP� DQG� ]LUFRQLXP� GLERULGHV
/D%�±�7L[=U�±[�%�� LQ� GLIIHUHQW� UDWLRV�� 6XFKFRPSRVLWH�PDWHULDOV�ZHUH� IRXQG� WR� KDYH� IL�
EURXV� VWUXFWXUH� ZLWK� WKH� UHJXODULW\� GHJUHH
GHSHQGLQJ� RQ� YROXPH� UDWLR� RI� GLERULGH
SKDVHV�>�@��,W�KDV�EHHQ�VKRZQ�WKDW�WKH�]LUFR�
QLXP�GLERULGH�DGGLWLRQ�WR�WLWDQLXP�GLERULGH
IDYRUV� FRQVLGHUDEO\� WKH� IRUPDWLRQ� RI� GL�
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ERULGH� SKDVH� VROLG� VROXWLRQ� ILEHUV�� 7KH
VWUXFWXUH� SHUIHFWLRQ� GHJUHH� DQG� WKXV� WKH
PHFKDQLFDO�SURSHUWLHV�LQ�WKLV�FDVH�DUH�QRW�VR
VHQVLWLYH�WR�VPDOO�FRPSRVLWLRQ�FKDQJHV�DV�LQ
WKH�FDVH�RI� LQGLYLGXDO�GLERULGHV��7KLV� LV�UH�
ODWHG� WR� WKH� EURDGHQHG� H[LVWHQFH� DUHDV� RI
HXWHFWLFV�LQ�PXOWLFRPSRQHQW�V\VWHPV�>�@�
7DNLQJ� LQWR� FRQVLGHUDWLRQ� LPSURYHG� �LQ

FRPSDULVRQ� ZLWK� WKH� LQGLYLGXDO� ODQWKDQXP
KH[DERULGH�� WKHUPRHPLVVLRQ� SURSHUWLHV� RI
WKH� GLUHFWLRQDOO\� FU\VWDOOL]HG� HXWHFWLF� TXD�
VLELQDU\�DOOR\V�/D%�±0H,9%���LW�LV�RI�D�JUHDWLQWHUHVW� WR� VWXG\� WKH� VDPH� SURSHUWLHV� IRU
PDWHULDOV� ZKHUH� WKH� UHLQIRUFLQJ� GLERULGH
SKDVH� LV� WKH� VROLG� VROXWLRQ� RI� WUDQVLWLRQ
PHWDO�GLERULGHV��7KH�SXUSRVH�RI�WKLV�ZRUN�LV
WR� VWXG\� VRPH� WKHUPRHPLVVLRQ� SURSHUWLHV
�DFWLYDWLRQ� FRQGLWLRQV�� WHPSHUDWXUH� GHSHQG�
HQFH� RI� HOHFWURQ� ZRUN� IXQFWLRQ�� SRLVRQLQJ
UHVLVWDQFH� LQ� R[\JHQ�FRQWDLQLQJ� HQYLURQ�
PHQWV�� RI� D� QRYHO� FRPSRVLWH� FDWKRGH�PDWH�
ULDO� /D%�±�7L[=U�±[�%��� DQG� DOVR� WR� FRPSDUHWKH� REWDLQHG� GDWD� DQG� WKH� HPLVVLRQ� FKDUDF�
WHULVWLFV� RI� D� ������ /D%�� VLQJOH� FU\VWDO� DQGTXDVL�ELQDU\� HXWHFWLF� DOOR\V� /D%�±7L%�� DQG/D%�±=U%��7KH� GLUHFWLRQDO� FU\VWDOOL]DWLRQ� RI� PXOWL�
FRPSRQHQW� ERULGH� DOOR\V� /D%�±�7L[=U�±[�%�ZDV�FDUULHG�RXW�E\�YHUWLFDO� LQGXFWLRQ�IORDW�
LQJ� ]RQH� PHOWLQJ� XVLQJ� D� �&U\VWDO�����
VHWXS� >�@�� $V� LQLWLDO� PDWHULDOV�� /D%��� 7L%�DQG�=U%��SRZGHUV�PL[HG�LQ�DSSURSULDWH�SUR�SRUWLRQV� ZHUH� XVHG�� (XWHFWLF� FRPSRVLWLRQ
ZDV� GHWHUPLQHG� EDVLQJ� RQ� WKH� PLFURVWUXF�
WXUH� IHDWXUHV� RI� REWDLQHG�PDWHULDOV� EHFDXVH
LW� ZDV� VKRZQ� EHIRUH� >�@� WKDW� WKH� SHUIHFW
UHJXODU� VWUXFWXUH� LQ� VXFK� DOOR\V� LV� IRUPHG
ZKHQ� WKHLU� FRPSRVLWLRQ� FRLQFLGHV� ZLWK� WKH

HXWHFWLF�� 7KH� /D%�±�7L���=U����%�� DOOR\� KDVEHHQ� FKRVHQ� IRU� HPLVVLRQ� LQYHVWLJDWLRQV�
7KH� GLERULGH� FRQWHQW� LQ� WKLV� DOOR\� LV
����� YRO��� ������ ZW���� RU� �����PRO�����
-XVW� IRU� WKDW� FRPSRVLWLRQ�ZLWK�UDWLR�7L�=U�a
����� WKH� PRVW� UHJXODU� HXWHFWLF� VWUXFWXUH
�)LJ����� ZDV� IRUPHG� LQ� WKH� FRPSRVLWH� ZLWK
ILEHUV�RI�VXEVWDQWLDOO\�HTXDO�WKLFNQHVV�����Ü
����PP�GLDPHWHU���:KHQ�PXWXDO� VROLG� VROX�
WLRQV�RI�7L�DQG�=U�GLERULGHV�DUH�XVHG�DV�WKH
UHLQIRUFLQJ� SKDVH�� WKH� WKLFNQHVV� LV� VRPH�
ZKDW� ODUJHU� DV� FRPSDUHG� WR� WKH� FRPSRVLWH
PDWHULDOV� FRQWDLQLQJ� LQGLYLGXDO� ERULGHV
����Ü����PP��DQG�REWDLQHG�LQ�WKH�VDPH�FRQ�
GLWLRQV�
7KH� VDPSOHV� IRU� WKH� HPLVVLRQ� SURSHUWLHV

VWXG\� ZHUH� VKDSHG� DV� �� PP� ORQJ� URGV� RI
�u��PP�� FURVV�VHFWLRQ�� 7KH� PDWUL[� SKDVH
/D%�� ZDV� RULHQWHG� DORQJ� WKH� VDPSOH� >���@D[LV� DQG� WKH� ZKLVNHUV� DORQJ� >����@�� 7KH
HPLVVLRQ� FXUUHQW� DQG� WHPSHUDWXUH� ZHUH
PHDVXUHG� DW� WKH� VDPSOH� EXWWV� ZKLFK� DIWHU
FXWWLQJ� ZHUH� WUHDWHG� E\� VWDQGDUG� GLDPRQG
SDVWHV� DQG� ILQDOO\� HOHFWURO\WLFDOO\� SROLVKHG
���1� QLWULF� DFLG�� IROORZHG� E\�ZDVKLQJ�� 7KH
WUXH� FDWKRGH� WHPSHUDWXUH�ZDV�PHDVXUHG� E\
S\URPHWU\�RI�WKH�KROH� LQ�RQH�RI�WKH�VDPSOH
EXWWV��7KH�KROH�GHSWK�WR�GLDPHWHU�UDWLR�ZDV
DW� OHDVW� �� �DEVROXWHO\� EODFN� ERG\� PRGHO��
7KH�HPLVVLRQ�ZDV�PHDVXUHG�XQGHU�WKH�SXOVH
FXUUHQW� WDNH�RII�� SXOVH� GXUDWLRQ� RI� �� PV�
VLJQDO� IUHTXHQF\� �� +]�� 7KH� HOHFWURQ� ZRUN
IXQFWLRQ�ZDV�FDOFXODWHG�XVLQJ�WKH�WRWDO�FXU�
UHQW�PHWKRG�DW�DQ�DFFXUDF\�RI������H9��7KH
PD[LPXP�WKHUPRHPLVVLRQ�FXUUHQW�GHQVLW\�MVZDV�PHDVXUHG� DW� HOHFWULF� ILHOG� LQWHQVLW\�EH�
WZHHQ� WKH� FDWKRGH� DQG� WKH� DQRGH
��������9�P��7KH�H[WHQW�RI�FDWKRGH�SRLVRQ�

)LJ�����,QLWLDO�VWUXFWXUH�RI�/D%�±�7L���=U����%��FRPSRVLWLRQ��D��WUDQVYHUVDO�VHFWLRQ��E��ORQJLWXGLQDO�VHFWLRQ�
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LQJ�E\�UHVLGXDO�JDVHV��DW�WKH�DLU�OHDNLQJ�DQG
XQGHU� RSHUDWLQJ�PDJQHWRGLVFKDUJLQJ� SXPS�
ZDV�HYDOXDWHG�XVLQJ�WKH�UHODWLRQ�,�,���ZKHUH,� LV� WKH� HPLVVLRQ� FXUUHQW�XQGHU� DLU� OHDNLQJ
DQG�,���WKDW�LQ�WKH�KLJKHVW�SRVVLEOH�YDFXXP�(DFK� H[SHULPHQWDO� YDOXH� ,�,�� ZDV� REWDLQHGDIWHU� ��Ü���PLQ� H[SRVXUH� WLOO� WKH� HPLVVLRQ
FXUUHQW�VWDELOL]DWLRQ�
$W�WKH�ILUVW�VWDJH�RI�WKLV�ZRUN��WKH�FDWK�

RGH�DFWLYDWLRQ�SURFHVV�ZDV�VWXGLHG�LQ�ZRUN�
LQJ�FKDPEHU�DW�WKH�UHVLGXDO�JDV�SUHVVXUH�RI
��Ü�� 3D� GXULQJ� ILUVW� �� K� DW� ����� .� DQG
WKHQ�DW������.�GXULQJ�WKH�UHVW�RI�WKH�WLPH�
7KH� HOHFWURQ� HPLVVLRQ�ZDV�PHDVXUHG� LQ� WKH
FRXUVH�RI�DFWLYDWLRQ�HDFK���WR����K��)LJ�����
7KH� DFWLYDWLRQ� WLPH� WD� ZDV� GHWHUPLQHG� E\REWDLQLQJ�MV�YDOXHV�VWDEOH�LQ�WLPH��)RU�/D%�±�7L���=U����%�� FRPSRVLWLRQ�� LW� LV� ��� WR� ��� KZKLFK� VXEVWDQWLDOO\� H[FHHGV� WKH� DFWLYDWLRQ
WLPH� RI� TXDVLELQDU\� HXWHFWLF� DOOR\V� /D%�±7L%�� DQG� /D%�±=U%�� �WD� ���Ü��� K� DW� 7� �����.��� )LJ���� VKRZV� WKH� WHPSHUDWXUH� GH�
SHQGHQFHV� RI� HOHFWURQ� ZRUN� IXQFWLRQ� M� FDO�
FXODWHG� IRU� WKH� WLPH�PRPHQWV� RI�PD[LPXP
/D%�±�7L���=U����%�� FDWKRGH� HPLVVLRQ� �DIWHUWD� ����WR����K��DQG�ZKHQ�HOHFWURQ�HPLVVLRQUHDFKHV� LWV� VWDEOH� YDOXHV� �Wt��� K��� $W� WKH
VDPH�)LJ����� WKH�M�7�� GHSHQGHQFHV� IRU�/D%�VLQJOH�FU\VWDO�DQG�/D%�±=U%��DQG�/D%�±7L%�HXWHFWLF�DOOR\V�DUH�SUHVHQWHG�
$W� WD� ���Ü��� K�� WKH� /D%�±�7L���=U����%�FDWKRGH� KDV� KLJKHU� HPLVVLYLW\� WKDQ� /D%��1HYHUWKHOHVV��DW�7� ������.�DQG�7� ������.�

LW�LV�FKDUDFWHUL]HG�E\�ORZHU�M�YDOXHV�DV�FRP�
SDUHG�WR�/D%�±7L%��DQG�/D%�±=U%��HXWHFWLFV�%\����K�RI�ZRUN�DW�7� ������.��WKH�PXOWL�
FRPSRQHQW� FDWKRGH� ORVHV� LWV� HPLVVLYLW\�FRQ�

VLGHUDEO\��WKH�GURS�RI�FXUUHQW�E\�D�IDFWRU�RI
���� WR� ���� WDNHV� SODFH��� ,Q� WKH� WHPSHUDWXUH
UDQJH� IURP� ����� XS� WR� ����� .�� WKH� HPLV�
VLRQ�FXUUHQW�YDOXHV�EHFRPH�HYHQ�ORZHU�WKDQ
IRU�/D%�� �������6XFK�D�ORQJ�WHUP�DFWLYDWLRQRI� FDWKRGHV� ZLWK� D� GURSSLQJ� HPLVVLRQ� FXU�
UHQW� DIWHU� UHDFKLQJ�PD[LPXP�� FRQVLGHUDEO\
KLJKHU� M� YDOXHV� DV� FRPSDUHG� WR� /D%�±7L%��/D%�±=U%�� DQG� HYHQ�ZLWK� /D%��� FDQ� EH� GXHWR� ERWK� SHFXOLDULWLHV� RI� PDWUL[�GLERULGH
ILEHU�SKDVH�LQWHUIDFH�DQG�WR�HVVHQWLDO�VWUXF�
WXUDO�UHDUUDQJHPHQWV�RI�HPLWWLQJ�VXUIDFH�
,W�KDV�EHHQ�VKRZQ�>�@�WKDW�VHPL�FRKHUHQW

ERXQGDULHV�EHWZHHQ�SKDVHV�DUH�IRUPHG�DW�GL�
UHFWLRQDO� FU\VWDOOL]DWLRQ� LQ� D� V\VWHP� /D%�±=U%���7KH�PLVPDWFK�RI�SKDVH�FU\VWDOOLQH�ODW�WLFHV� DW� URRP� WHPSHUDWXUH� IRU� SODQHV� �����
/D%��DQG����

BB
���=U%��GRHV�QRW�H[FHHG������LQ

FURVV�VHFWLRQ��� $W� WKH� VDPH� WLPH�� XVLQJ� RI
VROLG�VROXWLRQ�RI�GLERULGH�LQVWHDG�RI�LQGLYLG�
XDO� ]LUFRQLXP� GLERULGH�� PXVW� SURYLGH� �DW
FHUWDLQ�7L�=U�UDWLR�� WKH�PDWFKLQJ�RI�WUDQVOD�
WLRQDO� SHULRGV� IRU� DERYH�PHQWLRQHG� SODQHV
WKDW�ZLOO�UHVXOW�LQ�IRUPDWLRQ�RI�PRUH�SHUIHFW
SKDVH� LQWHUIDFH� DQG� KHQFH� WR� PRUH� SHUIHFW
ILEHU�� +RZHYHU�� WKH� ODQWKDQXP� GLIIXVLRQ
UDWH�IURP�EXON�PDWHULDO�WR�LWV�HPLWWLQJ�VXU�
IDFH�DORQJ�VXFK�LQWHUIDFH�ZLOO�EH�UDWKHU�KLQ�
GHUHG�DV�FRPSDUHG�WR�WKH�FDVH�RI�LQGLYLGXDO
GLERULGH�� 7KH� ODWWHU� IDFW�PXVW� GHFUHDVH� WKH
PDWHULDO�HPLVVLYLW\�WR�D�FHUWDLQ�H[WHQW�
7KH� HOHFWURQ�PLFURVFRSLF� UHVHDUFK� RI

FDWKRGH� VWUXFWXUH� DIWHU� ���Ü���� K� ZRUN
VKRZV� WKH� �EUXVK�� RI� QDNHG� GLERULGH� ILEHUV
DW�LWV�VXUIDFH��7KH�QDNHG�ILEHUV�DUH�RI�DERXW
���PP�KHLJKW� �)LJ������%HIRUH�� IRU� FDWKRGHV
RI� HXWHFWLF� FRPSRVLWLRQ� PDGH� RI� /D%�±=U%�DQG� /D%�±=U%�� TXDVL�ELQDU\� DOOR\V�� WKHKHLJKW� RI� QDNHG� ILEHUV� ��EUXVK���ZDV� DERXW

)LJ����� $FWLYDWLRQ� FXUYHV� RI� /D%�±�7L���=U����%�� FRPSRVLWLRQ�� �� Û� 7� ������.�
��Û�7� ������.����Û�7� ������.�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� HOHFWURQ
ZRUN� IXQFWLRQ�� �� Û� /D%�±=U%��� �� Û� /D%�±7L%�����Û�/D%�����Û�/D%�±�7L���=U����%�� �WD� 
���K�����Û�/D%�±�7L���=U����%���Wt���K��
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�Ü��PP� DIWHU� ���� K� RSHUDWLRQ� WLPH� DW
����� .�� ,W� IROORZV� IURP� WKH� UHVXOWV� WKDW
HYDSRUDWLRQ�UDWH�RI�/D%��PDWUL[�LQFUHDVHV�LQWKH�SUHVHQFH�RI�UHLQIRUFLQJ�ILEHUV�FRQVLVWLQJ
IURP�VROLG�VROXWLRQ�RI�GLERULGH�SKDVHV��ZKLFK�
LQ�WXUQ��UHVXOWV�LQ�GHFUHDVLQJ�GLIIXVLRQ�GHOLY�
HU\�RI�ODQWKDQXP�WR�WKH�ILEHU�VXUIDFH�
2EYLRXVO\� WKH� ODUJHU� LV� WKH� DUHD�RI� ILEHU

VLGH� VXUIDFH�� WKH� JUHDWHU� LV� WKH� GLIIXVLRQ
IORZ�RI� ODQWKDQXP�WR� WKH�HPLWWLQJ�VXUIDFH�
$V� WKH�VROLG� VROXWLRQ�RI�GLERULGH� LV�XVHG�DV
WKH� UHLQIRUFLQJ� SKDVH�� WKH� UDGLXV� RI� UHLQ�
IRUFLQJ� ILEHUV� LQFUHDVHV� XS� WR� ���Ü���� PP�
ZKLFK� LV� ����� WLPHV� ODUJHU� WKDQ� IRU� ILEHUV
IRUPHG� XVLQJ� LQGLYLGXDO� GLERULGHV�� $V� D� UH�
VXOW��WKH�YROXPH�SURSRUWLRQ�RI�GLERULGH�SKDVH
EHLQJ� WKH� VDPH�� WKH� VLGH� VXUIDFH� DUHD� RI� GL�
ERULGH�SKDVH�ZLOO�GHFUHDVH�E\�WKH�VDPH�IDFWRU
DQG��KHQFH��GHFUHDVH�RI�FDWKRGH�HPLVVLYLW\�
7KH� VWXG\� UHVXOWV� RI� FDWKRGH� SRLVRQLQJ

GHJUHH� XQGHU� DLU� OHDNLQJ� XS� WR� SUHVVXUH
������Ü��3D�DUH�SUHVHQWHG�LQ�WKH�7DEOH��)RU
SUHYLRXVO\� VWXGLHG� FDWKRGHV� EDVHG� RQ� ODQ�
WKDQXP�KH[DERULGH��D�FKDUDFWHULVWLF�IHDWXUH
LV� WKH� GHFUHDVH� RI� WKHUPRHPLVVLRQ� FXUUHQW
�LQFUHDVLQJ�FDWKRGH�SRLVRQLQJ��ZLWK�LQFUHDV�
LQJ� DLU� SUHVVXUH� LQ� ZRUNLQJ� FKDPEHU� DQG
GHFUHDVLQJ� SRLVRQLQJ� DW� WHPSHUDWXUH� ULVH
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