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5HFHLYHG�$XJXVW��������

2QH�RI�WKH�LPSRUWDQW�FKDUDFWHULVWLFV�RI�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�LV�WKH�ORQJ�WHUP�VWRUDJH�DQG�UHXVH�DV�DQ

DTXHRXV� LQMHFWLRQ� VROXWLRQ� ZKHQ� UHTXLUHG�� )RU� WKLV� UHDVRQ�� UHFRQVWUXFWLRQ� RI� O\RSKLOL]HG� FRUH�VKHOO� W\SH

QDQRSDUWLFOHV� LV� FRQVLGHUHG� WR� EH� HVVHQWLDO�� %$%� W\SH� WULEORFN� FRSRO\PHUV� GLIIHU� IURP� $%� W\SH� GLEORFN

FRSRO\PHUV��ZKLFK�FRQWDLQ�WKH�$�EORFN�DV�D�K\GURSKLOLF�SDUW�DQG�WKH�%�EORFN�DV�D�K\GURSKRELF�SDUW��E\�QRW�EHLQJ

HDVLO\�UHGLVWULEXWHG�LQWR�SKRVSKDWH�EXIIHUHG�VDOLQH��3%6��S+����������0���7KHUHIRUH��O\RSKLOL]HG�FRUH�VKHOO�W\SH

QDQRSDUWLFOHV� RI� &(&� WULEORFN� FRSRO\PHU� ZHUH� UHFRQVWLWXWHG� XVLQJ� D� VRQLFDWLRQ� SURFHVV� ZLWK� D� EDU�W\SH

VRQLFDWRU� LQ� FRPELQDWLRQ� ZLWK� D� IUHH]LQJ�WKDZLQJ� SURFHVV�� 6RQFDWLRQ� IRU� ��V� RQO\� UHVXVSHQGHG� &(&

QDQRSDUWLFOHV� LQ� 3%6�� WKHLU� SDUWLFOH� VL]H� GLVWULEXWLRQ� VKRZHG� D� ELPRGDO� SDWWHUQ�� ZLWK� D� VPDOO� IUDFWLRQ� RI

DJJUHJDWHV��ZKLOH�WKH�GLDO\VLV�RI�DTXHRXV�QDQRSDUWLFOH�VROXWLRQ�VKRZHG�D�PRQRPRGDO�SDWWHUQ�ZLWK�QDUURZ�VL]H

GLVWULEXWLRQ��7KH�ELPRGDO�VL]H�GLVWULEXWLRQ�SDWWHUQ�DQG�WKH�DJJUHJDWHV�ZHUH�UHGXFHG�E\�IXUWKHU�VRQLFDWLRQ�IRU

����V�EXW�WKHVH�QDQRSDUWLFOHV�VKRZHG�D�ZLGH�VL]H�GLVWULEXWLRQ��7KH�LQLWLDO�EXUVW�RI�GUXJ�UHOHDVH�ZDV�LQFUHDVHG

E\�UHFRQVWLWXWLRQ�SURFHVV��7KH�UHFRQVWLWXWLRQ�RI�&(&�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�E\�IUHH]LQJ�WKDZLQJ�UHVXOWHG

LQ� WULPRGDO�GLVWULEXWLRQ�SDWWHUQ� DQG� IRUPHG�DJJUHJDWHV�� DOWKRXJK� IUHH]LQJ�WKDZLQJ�SURFHVV�ZDV�HDVLHU� WKDQ

VRQLFDWLRQ��'UXJ� UHOHDVH� IURP�&(&�QDQRSDUWLFOHV� SUHSDUHG�E\� IUHH]LQJ�WKDZLQJ�ZDV� VORZHU� WKDQ� IURP� WKH

RULJLQDO�GLDO\VLV�VROXWLRQ��$OWKRXJK�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHUV�ZHUH�QRW�HDVLO\

UHGLVWULEXWHG� LQWR� DTXHRXV� VROXWLRQ�� UHFRQVWUXFWLRQ� RI�&(&� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV�ZDV� VXFFHVVLYHO\

SHUIRUPHG��&\WRWR[LFLW\� WHVWLQJ� RI� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI�&(&��� WULEORFN� FRSRO\PHUV� FRQWDLQLQJ

FORQD]HSDP��&1=��ZDV�SHUIRUPHG�XVLQJ�/����FHOOV��&\WRWR[LFLW\�RI�&1=�ZDV�GHFUHDVHG�E\�LQFRUSRUDWLRQ�LQWR

QDQRSDUWLFOHV�

.H\ZRUGV � 7ULEORFN�FRSRO\PHU��&RUH�VKHOO�W\SH�QDQRSDUWLFOHV��&\WRWR[LFLW\�

,QWURGXFWLRQ

6LQFH�QDQRSDUWLFOHV�DUH�DFFHSWDEOH�IRU�LQWUDYHQRXV�LQMHFWLRQ

DQG�HQDEOH�VLWH�VSHFLILF�GUXJ�GHOLYHU\��QDQRSDUWLFXODWH�GUXJ

FDUULHUV� KDYH�JUHDW�SRWHQWLDO� LQ� WKH� WKHUDS\�RI� VHYHUDO� IDWDO

GLVHDVHV�ZLWK� UHGXFHG� VLGH�HIIHFWV� ����0DQ\� W\SHV� RI� QDQR�

SDUWLFOHV� RU� FROORLGDO� FDUULHUV�� VXFK� DV� QDQRVSKHUHV� �� SRO\�

PHULF� PLFHOOHV��� OLSRVRPHV����� DQG� VXUIDFH�PRGLILHG� QDQR�

SDUWLFOHV��KDYH�EHHQ�GHYHORSHG�DQG�VXJJHVWHG��%ORFN�FRSR�

O\PHUV�H[KLELW�VXUIDFWDQW�EHKDYLRU�DQG�WKHQ�IRUP�FRUH�VKHOO

W\SH�PLFHOOH� VWUXFWXUH� GXH� WR� WKHLU� DPSKLSKLOLF� FKDUDFWHUV�

%ORFN�FRSRO\PHUV� FRQVLVWLQJ�RI� D�K\GURSKRELF� DQG�K\GUR�

SKLOLF� EORFNV� IRUP� SRO\PHU� PLFHOOHV�� RU� FRUH�VKHOO� W\SH

QDQRSDUWLFOHV�� LQ� DTXHRXV� HQYLURQPHQW�� LQ�ZKLFK� D� K\GUR�

SKRELF� LQQHU�FRUH� LV� VXUURXQGHG� E\� D� K\GUDWHG� RXWHU�VKHOO�

+\GURSKRELF�EORFNV�IRUP�WKH�LQQHU�FRUH�RI�WKH�VWUXFWXUH�DQG

VHUYH� DV� D� GUXJ� LQFRUSRUDWLRQ� VLWH�� ZKLOH� WKH� K\GURSKLOLF

EORFNV� IRUP�D�K\GUDWHG�RXWHU�VKHOO�ZKLFK�FORDN� WKH�K\GUR�

SKRELF� FRUH�� DQG� LQKLELWV� UDSLG� XSWDNH� RI� FDUULHUV� E\� WKH

UHWLFXORHQGRWKHOLDO� V\VWHP� �5(6�� DQG�PRUH� DFWLYH� FOHDULQJ

RUJDQV�� VXFK� DV� OLYHU�� VSOHHQ�� OXQJ�� DQG� NLGQH\V�� 7KH� SUH�

GRPLQDQW�DGYDQWDJHV�RIIHUHG�E\�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV

DUH� UHSRUWHG� WR� EH�� UHGXFHG� WR[LF� VLGH� HIIHFWV� RI� DQWLWXPRU

DJHQWV��WKH�SDVVLYH�WDUJHWLQJ�WR�WKH�VSHFLILF�VLWHV��WKH�VROXELOL�

]DWLRQ�RI� K\GURSKRELF� GUXJV�� VWDEOH� VWRUDJH�RI� GUXJV�� ORQJ

EORRG� FLUFXODWLRQ� WLPHV�� IDYRUDEOH� ELRGLVWULEXWLRQ�� WKHUPDO

VWDELOLW\�� DQG� ORZHU� LQWHUDFWLRQV� ZLWK� 5(6� �� *UHI� HW� DO�

UHSRUWHG� WKDW� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� SRO\�ODFWLGH�

FR�HWK\OHQH� JO\FRO�� GLEORFN� RU� PXOWLEORFN� FRSRO\PHU� DQG

SRO\�ε�FDSURODFWRQH�FR�HWK\OHQH�JO\FRO��GLEORFN�FRSRO\PHUV
FLUFXODWHG� IRU� ORQJ� SHULRG� RI� WLPH� LQ� EORRG� DQG� SURYLGHG

VXVWDLQHG�UHOHDVH�RI�GUXJV���

2QH� RI� WKH� PDMRU� DGYDQWDJHV� RI� FRUH�VKHOO� W\SH� QDQR�

SDUWLFOHV� RU� SRO\PHULF� PLFHOOHV� LV� WKDW� WKH\� H[WHQG� WKH

VWRUDJH�SHULRG�RI� WKH�GUXJ� LQ� D� O\RSKLOL]HG� IRUP�XQWLO� XVH�

:KHQ� O\RSKLOL]HG� QDQRSDUWLFOHV� DUH� XVHG� IRU� LQWUDYHQRXV

LQMHFWLRQ� LQWR� WKH� ERG\�� WKH� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV

PXVW�EH�UHFRQVWLWXWHG��7KHUHIRUH��LW�LV�QHFHVVDU\�WR�FRQILUP

WKH� SURSHU� UHFRQVWLWXWLRQ� RI� O\RSKLOL]HG� QDQRSDUWLFOHV� DQG

WKLV� LV�DQ� LPSRUWDQW� IDFWRU� IRU� WKHLU�DFWXDO�XVH�DQG�DGPLQL�

VWUDWLRQ�E\�LQWUDYHQRXV�LQMHFWLRQ�

,Q� WKLV� VWXG\�� ZH� V\QWKHVL]HG� WKH� WULEORFN� FRSRO\PHUV

FRPSRVHG�RI�SRO\�ε�FDSURODFWRQH���3&/��DQG�SRO\�HWK\OHQH

7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��3KRQH���������

����������)D[�������������������H�PDLO��VKNLP#PDLO�FKRVXQ�DF�NU
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JO\FRO���3(*���DEEUHYLDWHG�DV�&(&���3&/�LV�D�ELRGHJUDGDEOH

K\GURSKRELF�SRO\PHU�DQG�3(*�LV�D�QRQ�LPPXQRJHQLF��QRQ�

WR[LF�ZDWHU�VROXEOH� SRO\PHUV��:H� KDYH� SUHSDUHG� WKH� FRUH�

VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&� XVLQJ� &1=� DV� D� K\GUR�

SKRELF�GUXJ�XVLQJ�D�GLDO\VLV�PHWKRG� IROORZHG�E\� O\RSKLOL�

]DWLRQ� WR� LQYHVWLJDWH� WKH� UHFRQVWLWXWLRQ� FKDUDFWHULVWLFV� RI

FRUH�VKHOO�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHU�

([SHULPHQWDO�6HFWLRQ

0DWHULDOV��3(*��0�:�� ��������ZDV�SXUFKDVHG�IURP�6LJPD

&KHP��&R��86$���ε�&DSURODFWRQH�ZDV�SXUFKDVHG�IURP�$OGULFK
&KHP��&R��,QF���86$��&1=�ZDV�VXSSOLHG�IURP�5RFKH�&R�

6ZLW]HUODQG�� ����'LR[DQH�� GLFKORURPHWKDQH��PHWKDQRO�� DQG

GLHWK\O�HWKHU�ZHUH�XVHG�UHDJHQW�JUDGH�ZLWKRXW�IXUWKHU�SXULIL�

FDWLRQ�

6\QWKHVLV�RI�WULEORFN�FRSRO\PHUV�RI�&(&��&(&�WULEORFN

FRSRO\PHUV�ZHUH�V\QWKHVL]HG�E\�D�QRQ�FDWDO\]HG�ULQJ�RSHQ�

LQJ� SRO\PHUL]DWLRQ� RI� ε�FDSURODFWRQH� LQ� WKH� SUHVHQFH� RI
3(*���� 3(*� DQG� ε�FDSURODFWRQH� ZHUH� PL[HG� LQ� D� URXQG�
ERWWRPHG� IODVN� XQGHU� YDFXXP�FRQGLWLRQ��7KH�PL[WXUH�ZDV

FRROHG�DQG�GHJDVVHG�ZLWK�YDFXXP�SXPS��7KH�URXQG�ERWWRP

IODVN�ZDV�VHDOHG�DQG�SODFHG�LQ�DQ�RLO�EDWK�DW�����R&��$IWHU

WKH�SRO\PHUL]DWLRQ�ZDV�FRPSOHWHG��WKH�UHVXOWDQW�SURGXFW�ZDV

FRROHG� DW� URRP� WHPSHUDWXUH� DQG� GLVVROYHG� LQ� GLFKORUR�

PHWKDQH��7KH�VROXWLRQ�ZDV�SUHFLSLWDWHG�E\�H[FHVV�DPRXQW�RI

FROG� HWKDQRO� DQG� ILOWHUHG� WR� UHPRYH� WKH� XQUHDFWHG� 3(*

KRPRSRO\PHUV�DQG�ε�FDSURODFWRQH�PRQRPHUV��7KH�SUHFLSL�
WDWHV�ZHUH� WKHQ�ZDVKHG�ZLWK� GLHWK\O� HWKHU� WKUHH� WLPHV� DQG

WKHQ�GULHG�LQ�D�YDFXXP�RYHQ�IRU���GD\V�
�+�1XFOHDU�PDJQHWLF� UHVRQDQFH� VSHFWURPHWHU� �105�

PHDVXUHPHQW�� �+� 105� VSHFWUD� RI� WKH� FRSRO\PHUV� ZHUH

PHDVXUHG�LQ�&'&O��WR�HVWLPDWH�WKH�FRSRO\PHU�FRPSRVLWLRQV

DQG� WKH�PROHFXODU� ZHLJKW� RI� WKH� 3&/� EORFNV� XVLQJ� D� ���

0+]�105�VSHFWURPHWHU��)7�105��%UXNHU�$&����)�����

0+]��� $V� WKH� QXPEHU�DYHUDJH� PROHFXODU� ZHLJKW� RI� 3(*

ZDV�NQRZQ��LW�ZDV�SRVVLEOH�WR�HVWLPDWH�WKH�QXPEHU�DYHUDJH

PROHFXODU� ZHLJKW� RI� WKH� 3&/� EORFN�� DQG� WKH� FRSRO\PHU

FRPSRVLWLRQ� IURP� WKH�DVVLJQHG�SRO\PHU�SHDN� LQWHQVLWLHV� LQ

WKH�105�VSHFWUXP�

3UHSDUDWLRQ�RI�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV��7KH�FRUH�

VKHOO�W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHUV�FRQWDLQ�

LQJ� &1=� ZHUH� SUHSDUHG� E\� GLDO\VLV� PHWKRG� DV� UHSRUWHG

SUHYLRXVO\��������PJ�RI�&(&�WULEORFN�FRSRO\PHU�DQG����PJ

RI� &1=� ZDV� GLVVROYHG� LQ� ��� P/� RI� ����GLR[DQH� DQG� WKH

VROXWLRQ�ZDV� WKHQ�VWLUUHG�DW� URRP�WHPSHUDWXUH� WR�VROXELOL]H

WKH�SRO\PHU�HQWLUHO\��7R�IRUP�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�

WKH� VROXWLRQ� ZDV� GLDO\]HG� ZLWK� PROHFXODU� ZHLJKW� FXW�RII

�0:&2�� ������� J�PRO� GLDO\VLV� WXEH� DJDLQVW� ���� / × �� RI

GLVWLOOHG� ZDWHU� IRU� �� KUV�� DQG� WKH� GLVWLOOHG� ZDWHU� ZDV� WKHQ

H[FKDQJHG�DW�LQWHUYDOV�RI�����KUV�RYHU�D�SHULRG�RI����KUV��7KH

VROXWLRQ�ZDV�WKHQ�DQDO\]HG�RU�IUHH]H�GULHG�

7R� PHDVXUH� WKH� GUXJ� ORDGLQJ� FRQWHQW�� WKH� IUHH]H�GULHG

VDPSOHV� RI� &(&� QDQRSDUWLFOHV� ZHUH� VXVSHQGHG� LQ� HWKDQRO

DQG�YLJRURXVO\�VWLUUHG�IRU����KUV�DQG�VRQLFDWHG�IRU���KU��7KH

UHVXOWLQJ�VROXWLRQ�ZDV�FHQWULIXJHG�ZLWK��������J�IRU����PLQ

DQG� VXSHUQDWDQW� ZDV� WKHQ� VDPSOHG� WR� GHWHUPLQH� WKH� GUXJ

FRQFHQWUDWLRQ� XVLQJ� DQ� 89� VSHFWURSKRWRPHWHU� �6KLPDG]X

89������� DW� ���� QP�� 7KH� GUXJ� FRQWHQWV� ZHUH� FDOFXODWHG

XVLQJ� WKH� IROORZLQJ� HTXDWLRQ�� �GUXJ� ZHLJKW� LQ� WKH� QDQR�

SDUWLFOHV�ZHLJKW�RI�QDQRSDUWLFOHV� × �����/RDGLQJ�HIILFLHQF\

ZDV�FDOFXODWHG�DV���5HVLGXDO�GUXJ�DPRXQW�LQ�WKH�QDQRSDUWL�

FOHV�LQLWLDO�IHHGLQJ�DPRXQW�RI�GUXJ� × ����

7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��7(0��PHDVXUHPHQWV�

$� GURS� RI� QDQRSDUWLFOHV� VXVSHQVLRQ� FRQWDLQLQJ� ���� ZW���

SKRVSKRWXQJVWLF�DFLGV�ZDV�SODFHG�RQ�D�FDUERQ� ILOP�FRDWHG

RQ�D�FRSSHU�JULG��,W�ZDV�REVHUYHG�DW����N9�LQ�D�-(2/�-(0�

�����);�,,�

3KRWRQ�FRUUHODWLRQ�VSHFWURVFRS\��3&6��PHDVXUHPHQWV�

3&6�ZDV�SHUIRUPHG�XVLQJ�D�=HWDVL]HU�������0DOYHUQ�LQVWUX�

PHQWV��(QJODQG��ZLWK�D�+H�1H�ODVHU�EHDP�DW�D�ZDYHOHQJWK�RI

���� QP�DW� ��� R&� �VFDWWHULQJ� DQJOH� RI� ��R���$� QDQRSDUWLFOH

VROXWLRQ� SUHSDUHG� E\� WKH� GLDO\VLV� PHWKRG� ZDV� XVHG� IRU

SDUWLFOH� VL]H� PHDVXUHPHQW� �FRQFHQWUDWLRQ�� ���� ZW����� DQG

PHDVXUHG�ZLWKRXW�ILOWHULQJ�

5HFRQVWLWXWLRQ�RI�&(&�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�E\

VRQLFDWLRQ��7R�UHFRQVWLWXWH�WKH�O\RSKLOL]HG�QDQRSDUWLFOHV��EDU

W\SH�VRQLFDWRU�ZDV�XVHG�����PJ�RI�O\RSKLOL]HG�QDQRSDUWLFOHV

ZHUH� VXVSHQGHG� LQ����P/�3%6�E\� VRQLFDWLRQ� IRU���V�RU��

PLQ����V�×����DW����ZDWWV�XVLQJ�D�EDU�W\SH�VRQLFDWRU�DQG�RU
ILOWHUHG�RXW�XVLQJ�D������µP�V\ULQJH�ILOWHU��6WHULYH[�������µP
ILOWHU�XQLW��0LOOLSRUH��86$���7R�DYRLG�KHDWLQJ�RI�QDQRSDUWLFOH

VROXWLRQ�E\�VRQLFDWLRQ�� WKH�SURFHGXUH�ZDV�SHUIRUPHG� LQ�DQ

LFH�EDWK��7KH�GUXJ�UHOHDVH�H[SHULPHQW�ZDV�SHUIRUPHG�XQGHU

WKH�FRQGLWLRQV�GHVFULEHG�DERYH��

5HFRQVWLWXWLRQ�RI�&(&�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�E\

IUHH]LQJ�WKDZLQJ�� 7KH� GLDO\]HG� VROXWLRQV� RI� &(&� QDQR�

SDUWLFOHV�SUHSDUHG�E\�DERYH�PHWKRG�ZHUH�IUR]HQ�DW�����R&�LQ

WKH� UHIULJHUDWRU�� DQG� DIWHU� �� GD\V� WKDZHG� WR� GHWHUPLQH� WKH

SDUWLFOH�VL]H�DQG�GUXJ�UHOHDVH�FKDUDFWHULVWLFV�

,Q� YLWUR� F\WRWR[LFLW\� DVVD\��$� PRXVH� FRQQHFWLYH� WLVVXH

ILEUREODVW� FHOO� OLQH�� /� ���� FHOOV� ZHUH� XVHG� IRU� LQ� YLWUR

ELRFRPSDWLELOLW\�WHVWLQJ�FXOWLYDWHG�DW�'0(0�PHGLXP�DW���
R&�LQ�&2�������LQFXEDWRU��&2��LQFXEDWRU��6DQ\R�&R��/7'��

-DSDQ��� $VVD\V�ZHUH� DOZD\V� SHUIRUPHG� LQ� WKH� H[SRQHQWLDO

JURZWK�SKDVH�RI�WKH�&HOOV�

&\WRWR[LFLW\� RI� &1=�� &1=�ORDGHG� QDQRSDUWLFOHV�� DQG

&(&�HPSW\�QDQRSDUWLFOHV�DJDLQVW�/����FHOOV�ZDV�PRQLWRUHG

E\� D� 077� FRORULPHWULF� DVVD\�� /���� FHOOV� PDLQWDLQHG� LQ

'0(0�PHGLXP�����R&�����&2��LQFXEDWRU��ZHUH�VHHGHG�LQ

���ZHOOV� WR� D� � × ���� FHOOV�ZHOO�� &1=�� &1=�ORDGHG� QDQR�

SDUWLFOHV�� DQG� &(&� HPSW\� QDQRSDUWLFOHV� UHFRQVWLWXWHG� E\

VRQLFDWLRQ� LQWR�3%6�DQG� ILOWHUHG�E\������µP�V\ULQJH� ILOWHU
�6WHULYH[�� ����� µP� ILOWHU� XQLW�� 0LOOLSRUH�� 86$�� GHVFULEHG

DERYH� VHFWLRQ� ZHUH� DGGHG� WR� ��� ZHOOV�� $IWHU� �� GD\� RI

LQFXEDWLRQ�����µ/�RI�077�VROXWLRQ� ���PJ�P/��ZDV�DGGHG

HDFK�ZHOO�DQG�FXOWXUHG� IRU���KUV�DW�&2�� LQFXEDWRU� ���
�R&��

$IWHU���KUV��VXSHUQDWDQW�ZDV�UHPRYHG�DQG�����µ/�RI�'062

ZDV� DGGHG� DQG� WKH� SODWHV�ZHUH� UHDG�ZLWK� D� (/,6$� UHDGHU

�PLFURSODWH� UHDGHU� ����� QP��� �7+(502PD[� PLFURSODWH

UHDGHU��0ROHFXODU�'HYLFHV��86$���7KH�YDOXHV�H[SUHVVHG� LQ

UHVXOWV�ZHUH�PHDQ�RI���ZHOOV��L�H��Q� ���
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5HVXOWV�DQG�'LVFXVVLRQ

3UHSDUDWLRQ�RI�&(&�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV��&(&

WULEORFN� FRSRO\PHUV� ZHUH� SUHSDUHG� E\� ULQJ�RSHQLQJ� SRO\�

PHUL]DWLRQ� RI� ε�FDSURODFWRQH� PRQRPHU� LQ� WKH� SUHVHQFH� RI
3(*�ZLWKRXW� DQ\� RWKHU� FDWDO\VWV�� DV� SUHYLRXVO\� UHSRUWHG���

$Q�DFWLYH�K\GURJHQ�DWRP�DW�RQH�HQG�RI�WKH�3(*�FKDLQ�DFWV�DV

DQ�LQLWLDWRU�DQG�LQGXFHV�D�VHOHFWLYH�DF\O�R[\JHQ�FOHDYDJH�RI

ε�FDSURODFWRQH�� DV� VKRZQ� LQ� 6FKHPH� ��D��� 3&/� KRPR�
SRO\PHU� LV�D�VHPLFU\VWDOOLQH�SRO\PHU�DQG�KDV�K\GURSKRELF

FKDUDFWHULVWLFV��ZKLFK�FRQWULEXWH�WR�LWV�ORQJ�GHJUDGDWLRQ�WLPH

LQ�YLYR��7KH�LQWURGXFWLRQ�RI�ε�FDSURODFWRQH�LQWR�3(*�FDQ�EH
XVHG� WR� UHGXFH� WKH� GHJUDGDWLRQ� WLPH� VLJQLILFDQWO\�� DQG� WKLV

PD\� UHVXOW� LQ� EHWWHU� SK\VLFR�FKHPLFDO� SURSHUWLHV� DQG� SUR�

FHVVLELOLW\�� &(&� WULEORFN� FRSRO\PHUV� ZLWK� GLIIHUHQW� PROH�

FXODU�ZHLJKW�ZHUH�SUHSDUHG�E\�FKDQJLQJ�WKH�PRODU�UDWLR�RI

3(*�KRPRSRO\PHU�ε�FDSURODFWRQH�PRQRPHU��PROHFXODU�ZHLJKWV
DQG�FRPSRVLWLRQ�ZHUH�GHWHUPLQHG�E\��+�105�VSHFWURVFRS\�

7KH�UDWLR�RI�3(*�WR�ε�FDSURODFWRQH�ZDV�REWDLQHG�IURP�WKH
SHDN� LQWHQVLWLHV�RI� WKH�PHWK\OHQH�SURWRQ�RI� WKH�3(*�FKDLQ

DQG�PHWK\OHQH�SURWRQ� LQ�ε�FDSURODFWRQH� XQLWV��ZKLFK�ZHUH
DVVLJQHG� DW� ���� SSP� DQG� ����� SSP�� UHVSHFWLYHO\�� 7KH

FDOFXODWHG�QXPEHU�DYHUDJHG�PROHFXODU�ZHLJKWV�RI�3&/�ZDV

�����DQG�WRWDO�0�:��ZDV���������0�:��RI�3(*�ZDV���������

)LJXUH���VKRZV�WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ��D��DQG�7(0

LPDJHV� �E�� RI� WKH� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&

WULEORFN�FRSRO\PHUV�MXVW�DIWHU�GLDO\VLV�SURFHGXUH��&(&�FRUH�

VKHOO�W\SH�QDQRSDUWLFOHV�ZHUH����� � �����QP�LQ�VL]H�DQG�KDG

PRQRPRGDO� GLVWULEXWLRQ�� $OVR�� PRUSKRORJ\� RI� &(&� FRUH�

VKHOO� W\SH� QDQRSDUWLFOHV� UHYHDOHG� JRRG� VSKHULFDO� VKDSHV� DW

GLDPHWHU�RI�������QP��ZKLFK�DJUHHG�ZHOO�ZLWK� WKH�SDUWLFOH

VL]H�PHDVXUHPHQWV��$IWHU�GLDO\VLV�SURFHGXUH��FRUH�VKHOO�W\SH

QDQRSDUWLFOHV� RI� &(&� WULEORFN� FRSRO\PHU� VKRZHG� JRRG

VSKHULFDO� DSSHDUDQFH� DQG� VPDOO� SDUWLFOH� VL]HV�ZLWK� QDUURZ

VL]H� GLVWULEXWLRQ�� DV�ZDV� UHSRUWHG�SUHYLRXVO\������� 6DLWR� DQG

,VKL]X�UHSRUWHG�WKDW�IORZHU�VKDSHG�SRO\PHULF�PLFHOOH�EDVHG

RQ� SRO\���YLQ\O� S\ULGLQH�E�VW\UHQH�E���YLQ\O� S\ULGLQH��ZDV

IRUPHG� LQ� D� VHOHFWLYH� VROYHQW�ZKLFK� LV�JRRG� VROYHQW� IRU�$

DQG�SRRU�VROYHQW�IRU�%�VHTXHQFHV����7KHVH�IORZHU�W\SH�PL�

FHOOHV�KDYH�D�ORRS�VWUXFWXUHG�RXWHUVKHOO��2Q�WKH�RWKHU�KDQG�

PDQ\�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�RQ�DTXHRXV�VROXWLRQV�RI

WULEORFN� FRSRO\PHUV� RI� 3(2�SRO\�SURS\OHQH� R[LGH��332��

3(2��ZKLFK�DUH�DVVRFLDWHG�LQWR�VSKHULFDO�PLFHOOH�DORQJ�ZLWK

URGOLNH� DQG� SRVVLEO\� OD\HUHG� PLFHOOHV���� $TXHRXV� VXVSHQ�

VLRQV� RI� WKH� UHYHUVHG� EORFN� FRSRO\PHU� DUFKLWHFWXUH�� 332�

3(2�332�� VKRZ� UDWKHU� GLIIHUHQW� SKDVH� EHKDYLRU�� EXW� WKLV

V\VWHP� LV� DOVR� GRPLQDWHG� E\� VSKHULFDO�PLFHOOHV� LQ� D� ZLGH

UHJLRQ� RI� LWV� SKDVH� GLDJUDP������� 0RUWHQVHQ� UHSRUWHG� WKDW

DTXHRXV�VROXWLRQV�RI�332�3(2�332�DVVRFLDWH�LQWR�D�KRPR�

JHQHRXV�SKDVH�FRPSRVHG�RI�LQWHUFRQQHFWHG�QHWZRUN�RI�PL�

FHOOHV��LQ�ZKLFK�PLFHOOXODU�FRUHV�RI�K\GURSKRELF�SRO\�SURS�

\OHQH�R[LGH�� DUH� LQWHUFRQQHFWHG� E\� K\GURSKLOLF� SRO\�HWK\O�

HQH� R[LGH�������� 6LQFH�&(&� WULEORFN� DUH�%$%� W\SH� WULEORFN

FRSRO\PHU�� ZH� H[SHFWHG� WKDW� &(&� FRUH�VKHOO� W\SH� QDQR�

SDUWLFOHV� KDG� VLPLODU�PROHFXODU� DUFKLWHFWXUHV� WR� WKH� IORZHU

W\SH�VSKHULFDO�SRO\PHULF�PLFHOOHV�LQ�ZDWHU��6FKHPH���E���

5HFRQVWLWXWLRQ� RI� O\RSKLOL]HG� QDQRSDUWLFOHV� E\� VRQL�

FDWLRQ��)RU�D�ORQJ�WHUP�VWRUDJH��WKH�QDQRSDUWLFOH�VROXWLRQ�LV

JHQHUDOO\�IUHH]HG�GULHG�DQG�VWRUHG�DV�D�SRZGHU�IRUP�XQGHU

UHIULJHUDWLRQ��7KH�O\RSKLOL]HG�QDQRSDUWLFOH�SRZGHU�PXVW�EH

HDVLO\� UHFRQVWLWXWHG� LQWR� DTXHRXV� VDOLQH� VROXWLRQ� IRU� LQMHF�

WLRQ�� 7R� VWXG\� WKH� UHFRQVWLWXWLRQ� RI� &(&� FRUH�VKHOO� W\SH

QDQRSDUWLFOHV��O\RSKLOL]HG�&(&�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV

FRQWDLQLQJ� &1=� DV� D� K\GURSKRELF� PRGHO� GUXJ� ZDV� UHGL�6FKHPH �

)LJXUH����7KH�SDUWLFOH�VL]H�GLVWULEXWLRQ��D��DQG�7(0�LPDJHV��E��RI
FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&� WULEORFN� FRSRO\PHUV� DIWHU
GLDO\VLV�
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VWULEXWHG� LQWR�3%6� �����0��S+�������&RQWUDU\� WR�ZKDW�ZDV

H[SHFWHG�� WKH� FRUH�VKHOO� QDQRSDUWLFOHV� RI� WKH�&(&� WULEORFN

FRSRO\PHUV� ZHUH� QRW� HDVLO\� UHFRQVWLWXWHG� LQWR� DQ� DTXHRXV

PHGLXP�HLWKHU�DJJUHJDWLRQ�RU�SUHFLSLWDWLRQ�LQWR�WKH�DTXHRXV

PHGLXP��7KH�UHDVRQ�IRU�WKHVH�UHVXOWV�UHPDLQHG�XQFOHDU��,W�LV

VXJJHVWHG�WKDW�RQH�RI�WKH�UHDVRQ�LV�WKH�OLPLWHG�PRWLRQ�RI�WKH

3(*� GRPDLQ� LQ� WKH� %$%� W\SH� WULEORFN� FRSRO\PHU�� ZKLFK

FRPSRVHV� RI� K\GURSKRELF� %� EORFN� DQG� WKH� K\GURSKLOLF� $

EORFN�� 7R� REWDLQ� D� ZHOO�UHFRQVWLWXWHG� &(&� QDQRSDUWLFOH

VROXWLRQ��WKH�VRQLFDWLRQ�XVLQJ�D�EDU�W\SH�VRQLFDWRU�ZDV�XVHG

IRU����V��SDUWLFOH�VL]HV�GLVWULEXWLRQV�DUH�VKRZQ�LQ�)LJXUH���D��

$W� OHDVW� ��� V� RI� VRQLFDWLRQ�ZDV� UHTXLUHG� WR� REWDLQ� D� FOHDU

VROXWLRQ�� $V� D� UHVXOW� RI� VRQLFDWLRQ�� &(&� FRUH�VKHOO� W\SH

QDQRSDUWLFOHV� ZHUH� UHGLVWULEXWHG� LQWR� WKH� DTXHRXV�PHGLXP

����� � ����� QP� ������� LQ� IUDFWLRQ�� EXW� WKHLU� SDUWLFOH� VL]H

UHYHDOHG� D� ELPRGDO� GLVWULEXWLRQ� DQG� D� KLJK� IUDFWLRQ� RI

DJJUHJDWHG�QDQRSDUWLFOHV������� � ������QP��������LQ�IUDF�

WLRQ��QP�DV� VKRZQ� LQ�)LJXUH���D���'UXJ�FRQWHQWV�ZHUH�QRW

VLJQLILFDQWO\�FKDQJHG�DIWHU�UHFRQVWLWXWLRQ��7KHVH�UHVXOWV�ZHUH

VXPPDUL]HG� LQ� 7DEOH� ��� 7R� UHPRYH� DJJUHJDWHV� IURP� WKH

VROXWLRQ�IXUWKHU�VRQLFDWLRQ�ZDV�SHUIRUPHG�IRU�����V��ZKLFK

KDG�WR�EH�SHUIRUPHG�IRXU�WLPHV�RI����V�WR�DYRLG�KHDWLQJ�RI

WKH�VROXWLRQ��DQG�WKH�UHVXOWDQW�QDQRSDUWLFOHV�VROXWLRQ�VKRZHG

D�PRQRPRGDO� VL]H�GLVWULEXWLRQ�ZLWK� D�PHDQ� VL]H� RI� ���� �

����� QP� �)LJXUH� ��E���� +RZHYHU�� WKLV� VROXWLRQ� KDG� D� YHU\

ZLGH�VL]H�GLVWULEXWLRQ��7KLV�SKHQRPHQRQ�FDQ�EH�H[SODLQHG�DV

VHFRQGDU\�DJJUHJDWLRQ�DV�IROORZV������LQGLYLGXDO�PLFHOOHV�DUH

IXUWKHU�DVVRFLDWHG�E\�WKH�K\GURSKRELF�K\GURSKRELF�LQWHUDF�

WLRQV�EHWZHHQ�H[SRVHG�FRUHV��DQG�����WKH�PXOWLOD\HU�VWUXFWXUH

ZLWK�DOWHUQDWLQJ�FRQFHQWULF�OD\HUV�RI�VROYDWHG�DQG�XQGLVVROY�

HG� EORFNV������ )XWKHU� VRQLFDWLRQ� GLG� QRW� UHVXOWHG� LQ� VPDOO

SDUWLFOHV� RU� QDUURZHU� VL]H� GLVWULEXWLRQ�� ,W� LV� EHOLHYHG� WKDW

VRQLFDWLRQ�IRU�D�ORQJ�WLPH�PD\�EH�LQGXFH�GUXJ�OHDNDJH�IURP

WKH�QDQRSDUWLFOHV�DQG�FKDQJH�WKH�QDQRSDUWLFOH�PRUSKRORJ\�

ZKLFK� LQ� WXUQ�PLJKW�DIIHFW� WKH�SK\VLFR�FKHPLFDO�SURSHUWLHV

RI�WKH�QDQRSDUWLFOHV��7KHUHIRUH��DV�VKRUW�SHULRG�RI�VRQLFDWLRQ

DV�SRVVLEOH�LV�UHTXLUHG�WR�UHFRQVWLWXWH�FRUH�VKHOO�W\SH�QDQR�

SDUWLFOHV� RI� &(&� WULEORFN� FRSRO\PHU�� 7KH� UHTXLUHG� QDQR�

SDUWLFOH� VROXWLRQ� ZLWK� VPDOO� SDUWLFOH� VL]H� DQG� QDUURZ� VL]H

GLVWULEXWLRQ�ZDV�REWDLQHG�E\� ILOWHULQJ� WKH�QDQRSDUWLFOH� VXV�

SHQVLRQ� XVLQJ� ����� �P� V\ULQJH� ILOWHU� �)LJXUH� ��F���� $IWHU

ILOWUDWLRQ��WKH�GUXJ�FRQWHQWV�GHFUHDVHG�IURP������ZW����WR����

ZW�����7KHVH� UHVXOWV� LQGLFDWHG� WKDW� WKH� DJJUHJDWHG� IUDFWLRQ

KDG�ERWK�D�ODUJHU�SDUWLFOH�VL]H��)LJXUH���D���DQG�D�KLJKHU�GUXJ

ORDGLQJ�WKDQ�WKH�VPDOO�RQH��)HVVL�HW�DO��UHSRUWHG�WKDW�D�KLJKO\

VROXEOH�DTXHRXV�VXUIDFWDQW��VXFK�DV�SROR[DPHU�LV�QHHGHG�IRU

SK\VLFDO�VWDELOLW\�RI�WKH�QDQRFDSVXOH�VXVSHQVLRQ��DOWKRXJK�LW

ZDV�SRVVLEOH�WR�PDNH�QDQRFDSVXOHV�LQ�WKH�DEVHQFH�RI�VXFK�D

VXUIDFWDQW����$OVR��WKH\�UHSRUWHG�WKDW�WKH�SUHVHQFH�RI�DW�OHDVW

RQH�HPXOVLILHUV�ZDV�QHHGHG�IRU�ZDOO�FRDWLQJ�IRUPDWLRQ�DQG

VXVSHQVLRQ�VWDELOL]DWLRQ�DQG�WKDW�PD[LPXP�VXVSHQVLRQ�VWDELOLW\

ZDV�DFKLHYHG�ZLWK�D�FRPELQDWLRQ�RI�WZR�NLQGV�RI�HPXOVLILHUV

VLQFH��ZKHQ�SUHSDUHG�ZLWK�RQO\�RQH�HPXOVLILHU��QDQRFDSVXOHV

)LJXUH� ��� 5HFRQVWLWXWLRQ� RI� O\RSKLOL]HG� FRUH�VKHOO� W\SH� QDQR�
SDUWLFOHV� RI�&(&� WULEORFN� FRSRO\PHUV�E\� VRQLFDWLRQ� IRU� ��� V� �D��
����V�����V�;�����E��XVLQJ�D�EDU�W\SH�VRQLFDWRU��DQG�DIWHU�ILOWUDWLRQ�RI
VDPSOH��D��XVLQJ�������P�V\ULQJH�ILOWHU��F��

7DEOH� ��� 5HFRQVWLWXWLRQ� RI� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&
WULEORFN�FRSRO\PHU

3DUWLFOH�VL]H��QP�
�'UXJ�FRQWHQWV

��ZW����
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D/\RSKLOL]HG�QDQRSDUWLFOHV�����PJ��ZDV�UHFRQVWLWXWHG�LQWR����P/�RI�3%6
E\�VRQLFDWLRQ�DW����:DWWV�XVLQJ�EDU�W\SH�VRQLFDWRU�����V�VRQLFDWLRQ�ZDV
FRPSRVHG�RI���WLPHV�RI���V��E)LOWUDWLRQ�RI�UHFRQVWLWXWHV����V�VRQLFDWLRQ�
ZDV�SHUIRUPHG�E\������µP�V\ULQJH�ILOWHU�
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ZRXOG� VHGLPHQW� DQG� IRUP� D� FDNH� ZKLFK� ZDV� GLIILFXOW� WR

UHGLVSHUVH��,Q�WKLV�UHSRUW��ZH�KDYH�WULHG�WR�UHFRQVWLWXWH�DIWHU

IUHH]H�GU\LQJ�EXW�SK\VLFDO�VWDELOLW\�ZDV�QRW�PDLQWDLQHG�DIWHU

UHFRQVWLWXWLRQ�� L�H��&(&� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV�ZHUH

ODUJHO\�DJJUHJDWHG�E\�UHFRQVWLWXWLRQ�DIWHU�IUHH]H�GU\LQJ��2I

FRXUVH��ZH�FDQ�VWRUH�QDQRSDUWLFOHV�LQ�D�IUR]HQ�VWDWH�ZLWKRXW

GU\LQJ� EXW� GUXJV� RU� ELRORJLFDO� DJHQWV� LQ� D� IUR]HQ�QDQR�

SDUWLFOHV�PD\�EH�HDVLO\�ORVH�WKHLU�ELRORJLFDO�DFWLYLWLHV�LQ�WKH

ORQJ�WHUP�VWRUDJH�

5HFRQVWLWXWLRQ� RI� O\RSKLOL]HG� QDQRSDUWLFOHV� E\� IUHH]�

LQJ�WKDZLQJ��$QRWKHU�SRVVLELOLW\�RI�VWRULQJ�DQG�UHFRQVWLWX�

WLQJ� FRUH�VKHOO� W\SH�QDQRSDUWLFOHV� RI�&(&� WULEORFN� FRSRO\�

PHU�LQYROYHV�IUHH]LQJ�WKH�DTXHRXV�QDQRSDUWLFOH�VROXWLRQ�DQG

VWRULQJ�LW�LQ�D�UHIULJHUDWRU�XQWLO�XVH��:KHQ�QHHGHG�WKH�IUR]HQ

QDQRSDUWLFOHV� VXVSHQVLRQ� FDQ� EH� WKDZHG� LQ� D� ZDUP� ZDWHU

EDWK� ���� R&�� WR�REWDLQ� WKH�QDQRSDUWLFOH� VROXWLRQ��8VLQJ� WKH

SURWRFRO��D�QDQRSDUWLFOH�VROXWLRQ�RI�&(&�WULEORFN�FRSRO\PHU

ZDV�IUR]HQ�DQG��DIWHU���GD\�WKDZHG�DQG�WKH�SDUWLFOH�VL]H�ZDV

PHDVXUHG�� DV� VKRZQ� LQ� )LJXUH� ��� $IWHU� WKDZLQJ� RI� IUR]HQ

QDQRSDUWLFOH� VXVSHQVLRQ�� LWV� SDUWLFOH� VL]H� GLVWULEXWLRQ� ZDV

VLJQLILFDQWO\� FKDQJHG�� 7KHLU� PHDQ� VL]HV� ZHUH� VOLJKWO\

LQFUHDVHG� EXW� SDUWLFOH� VL]H� GLVWULEXWLRQ� KDG� FKDQJHG� IURP

PRQRPRGDO� WR� EL�� RU� WUL�PRGDO�� 7KH� UHDVRQ� IRU� WKH� DJJUH�

JDWLRQ�UHPDLQV�XQFOHDU��:H�FRQVLGHUHG�VHYHUDO�SRVVLELOLWLHV�

DV� IROORZV�� ���� VHFRQGDU\� DJJUHJDWLRQ� GXULQJ� IUHH]LQJ� DQG

WKDZLQJ�SURFHGXUH�RI� QDQRSDUWLFOH� VXVSHQVLRQ�� ���� WHPSHU�

DWXUH� UHVSRQVLYH� FKDQJHV�RI�&(&� WULEORFN� FRSRO\PHUV�� L�H�

VROXELOLW\� SURSHUWLHV� RI� &(&� WULEORFN� FRSRO\PHU� ZDV� GH�

FUHDVHG�LQ�D�FROG�ZDWHU�GXULQJ�IUHH]LQJ�SURFHVV������WKHUPDO

SURSHUW\� FKDQJH� RI� WKH� &(&� WULEORFN� FRSRO\PHU� DW� ORZ

WHPSHUDWXUH��DQG�����WKH�IRUPDWLRQ�RI�D�PXOWLOD\HU�VWUXFWXUH

ZLWK� DOWHUQDWLQJ� FRQFHQWULF� OD\HUV� RI� VROYDWHG� DQG� XQGLV�

VROYHG�EORFNV�

'UXJ�UHOHDVH�IURP�UHFRQVWLWXWHG�FRUH�VKHOO� W\SH�QDQR�

SDUWLFOHV��7R� LQYHVWLJDWH�GUXJ� UHOHDVH� FKDUDFWHULVWLFV�RI� UH�

FRQVWLWXWHG� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&� WULEORFN

FRSRO\PHU�� GUXJ� UHOHDVH� H[SHULPHQWV� ZHUH� SHUIRUPHG� RQ

HDFK�RI�WKH�VDPSOH�LQ�)LJXUH�������DQG����)LJXUH���VKRZV�WKH

HIIHFW�RI� UHFRQVWLWXWLRQ�RQ� WKH�GUXJ� UHOHDVH� IURP�FRUH�VKHOO

W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHU��$V�VKRZQ�LQ

)LJXUH� ��� GUXJ� UHOHDVH� IURP� &(&� FRUH�VKHOO� W\SH� QDQR�

SDUWLFOHV� MXVW� DIWHU� GLDO\VLV� UHYHDOHG� DQ� LQLWLDO� EXUVW� HIIHFW

RYHU����KUV�DQG�WKHQ�SVHXGR�]HUR�RUGHU�UHOHDVH�NLQHWLFV�XQWLO

�� GD\�� 5HFRQVWLWXWLRQ� RI� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI

&(&�WULEORFN�FRSRO\PHU�E\����V�RI�VRQLFDWLRQ�UHVXOWHG�LQ�DQ

LQFUHDVHG�LQLWLDO�EXUVW�UHOHDVH��DIWHU�GLDO\VLV���L�H��DERXW����

RI�WKH�GUXJ�ZDV�UHOHDVHG�GXULQJ�WKH�ILUVW�GD\�DQG�VXEVHTXHQW�

O\�GUXJ� UHOHDVH� VKRZHG� VLPLODU�SVHXGR�]HUR�RUGHU�NLQHWLFV�

7KLV� SKHQRPHQD� LV� DFFHOHUDWHG� E\� DGGLWLRQDO� VRQLFDWLRQ

SURFHVVLQJ�� L�H���DIWHU�DQ�DGGLWLRQDO�����V�RI�VRQLFDWLRQ�� WKH

LQLWLDO�GUXJ�UHOHDVH�EXUVW�DFFRXQWHG�IRU�DERXW�����RI�GUXJ�

LQGLFDWLQJ�WKDW�GUXJ�PLJKW�KDYH�OHDNHG�IURP�WKH�QDQRSDUWL�

FOHV�GXULQJ�WKH�VRQLFDWLRQ�SURFHVV��7R�UHPRYH�WKH�DJJUHJDWHG

QDQRSDWLFOHV�� UHFRQVWLWXWHG� QDQRSDUWLFOHV� E\� ��� V� RI� VRQL�

FDWLRQ��ZHUH�ILOWHUHG�XVLQJ�������P�V\ULQJH�ILOWHU��GHVFULEHG

DV�DERYH��7KH�ILOWHUHG�QDQRSDUWLFOHV�ZHUH�REWDLQHG�DV�D�FOHDU

VROXWLRQ� DQG� WKHLU� SDUWLFOH� VL]H�ZDV� VLPLODU� WR� WKH� RULJLQDO

QDQRSDUWLFOHV�� MXVW� DIWHU� GLDO\VLV�� +RZHYHU�� WKLV� ILOWUDWLRQ

SURFHVV�GHFUHDVHG�WKHLU�GUXJ�ORDGLQJ�FRQWHQWV��7KHVH�UHVXOWV

PLJKW� KDYH� EHHQ� GXH� WR� WKH� KLJKHU� GUXJ� ORDGLQJ� RI� WKH

DJJUHJDWHG� IUDFWLRQ� RI� WKH� UHFRQVWLWXWHG� QDQRSDUWLFOHV�� DV

VKRZQ� LQ�7DEOH����6HYHUDO�SRVVLELOLWLHV�ZHUH�FRQVLGHUHG�DV

IROORZV�� ����H[SRVXUH�DQG�DJJUHJDWLRQ�RI� WKH� LQQHU�FRUH�RI

WKH�FRUH�VKHOO� W\SH�QDQRSDUWLFOHV�GXULQJ� UHFRQVWLWXWLRQ�SUR�

FHVV�� ���� GXULQJ� WKH� UHFRQVWLWXWLRQ� SURFHVV� WKH� GUXJ� ZDV

IXUWKHU�DVVRFLDWHG�RU�HQWUDSSHG�LQ�WKH�DJJUHJDWHG�SDUWLFOHV�E\

K\GURSKRELF� LQWHUDFWLRQ� EHWZHHQ� K\GURSKRELF� GUXJ� DQG

H[SRVHG�FRUH�RI� WKH�FRUH�VKHOO� W\SH�QDQRSDUWLFOHV�� DQG� WKDW

WKH�WRWDO�GUXJ�ORDGLQJ�ZDV�WKHQ�GHFUHDVHG�E\�UHPRYLQJ�WKH

DJJUHJDWHG�IUDFWLRQ�RI�UHFRQVWLWXWHG�QDQRSDUWLFOHV�

)LJXUH���VKRZV�WKH�HIIHFW�RI�IUHH]LQJ�WKDZLQJ�RQ�WKH�GUXJ

UHOHDVH� IURP� WKH� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI�&(&� WUL�

EORFN�FRSRO\PHU��$V�VKRZQ�LQ�)LJXUH����GUXJ�UHOHDVH�IURP

FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&� EHFDPH� VORZHU� WKDQ

QDQRSDUWLFOHV��ZKLFK�ZHUH�PDGH�E\�GLDO\VLV�SURFHVV��7KHVH

UHVXOWV� ZHUH� SUREDEO\� GXH� WR� WKH� DJJUHJDWLRQ� RI� SDUWLFOHV

GXULQJ�IUHH]LQJ�WKDZLQJ�SURFHVV��EHFDXVH�GUXJ�UHOHDVH�ZDV

VORZHU� IURP� WKH� ODUJHU� VL]H� RI� QDQRSDUWLFOHV��$V� GHVFULEHG

)LJXUH����5HFRQVWLWXWLRQ�RI�FRUH�VKHOO� W\SH�QDQRSDUWLFOHV�RI�&(&
WULEORFN�FRSRO\PHUV�E\�IUHH]LQJ�DQG�WKDZLQJ� )LJXUH� ��� 7KH� HIIHFW� RI� UHFRQVWLWXWLRQ� RQ� WKH� GUXJ� UHOHDVH� IURP

FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHU�
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DERYH�� ODUJHU� SDUWLFOH� VL]H� RI� QDQRSDUWLFOHV� FDQ� UHVXOW� LQ

VORZHU�GUXJ�UHOHDVH�UDWH�GXH�WR�WKH�GLIIHUHQW�GLIIXVLYLW\�LQWR

WKH�DTXHRXV�PHGLXP�

$V� VKRZQ� LQ� )LJXUHV� ���� DQG� 7DEOH� ��� FRUH�VKHOO� W\SH

QDQRSDUWLFOHV�RI�%$%�W\SH�WULEORFN�FRSRO\PHUV�KDYH�OLPLW�

DWLRQ�LQ�WHUPV�RI�WKHLU�HDVH�RI�UHFRQVWLWXWLRQ��7KH�UHFRQVWLWX�

WLRQ�RI�QDQRSDUWLFOHV�E\�VRQLFDWLRQ�FDXVHG�DJJUHJDWLRQ�DQG

WKH� GUXJ� UHOHDVH� UDWH� ZDV� FKDQJHG�� 7KHVH� UHFRQVWLWXWLRQ

SURFHVVHV� DUH� DQ� LPSRUWDQW� IDFWRU� IRU� DFWXDO� DSSOLFDWLRQ� RI

QDQRSDUWLFOHV�E\�LQWUDYHQRXV�LQMHFWLRQ�

,Q�YLWUR�F\WRWR[LFLW\�WHVW�DQG�ELRFRPSDWLELOLW\�RI�&(&

WULEORFN�FRSRO\PHU��6HYHUDO�SURFHGXUHV�KDYH�EHHQ�GHVFULE�

HG�LQYROYLQJ�FHOO�FXOWXUH�WHFKQLTXHV�IRU�SUHOLPLQDU\�ELRFRP�

SDWLELOLW\�HYDOXDWLRQ�RI�PDWHULDOV�LQWHQGHG�IRU�PHGLFDO�DSSOL�

FDWLRQ����7R�KDUPRQL]H�LQ�YLWUR�F\WRWR[LFLW\�WHVW�PHWKRGV��DQ

,62�QRUP�ZDV�FUHDWHG�E\�WKH�,QWHUQDWLRQDO�6WDQGDUG�2UJDQL�

]DWLRQ����7KLV� GRFXPHQW� FODVVLILHV� WKH� LQ� YLWUR� F\WRWR[LFLW\

WHVW�PHWKRGV�LQWR�WKUHH�FDWHJRULHV�EDVHG�RQ�WKH�SUHSDUDWLRQ

RI�WKH�WHVW�PDWHULDO�DV�IROORZV������WHVW�RI�H[WUDFWV�SUHSDUHG

IURP�WKH�SRO\PHU������LQGLUHFW�FRQWDFW�PHWKRGV��ZKHUH�FHOOV

DQG�WKH�WHVW�PDWHULDO�DUH�VHSDUDWHG�E\�D�SURWHFWLYH�OD\HU��IRU

H[DPSOH�DQ�DJDU�OD\HU������GLUHFW�FRQWDFW�PHWKRGV�ZKHUH�WKH

FHOOV� DUH� SXW� GLUHFWO\� LQ� FRQWDFW�ZLWK� WKH� WHVW�PDWHULDO��:H

XVHG�WKHVH�LQ�YLWUR�ELRFRPSDWLELOLW\�WHVWLQJ�PHWKRGV�VXJJHVW�

HG�E\�WKH�,62�QRUP�E\�VHHGLQJ�WKH�FHOOV�GLUHFWO\�LQWR�DTXH�

RXV�VROXWLRQ�RI�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN

FRSRO\PHU��0RXVH�FRQQHFWLYH�WLVVXH�ILEUREODVWV�/�����$7&&

FHOO�OLQH�&&/����1&7&�FORQH������DUH�D�VWDQGDUG�PRGHO�IRU

ELRFRPSDWLELOLW\�WHVWLQJ��VLQFH�WKH\�DUH�HDV\�WR�FXOWLYDWH�DQG

EHFDXVH�RI�WKHLU�IDYRUDEOH�GRXEOLQJ�WLPH�RI�DERXW����K��/���

FHOOV�DUH�ZLGHO\�XVHG�IRU�F\WRWR[LFLW\�VWXGLHV�DQG�DUH�UHFRP�

PHQGHG�E\�PDQ\�VWDQGDUG� LQVWLWXWLRQV�������7KH�YLDELOLW\�RI

WKH�FHOOV�ZDV�TXDQWLWDWHG�E\�D�FRORULPHWULF�DVVD\�IRU�FHOOXODU

JURZWK��WKH�077�DVVD\����EDVHG�RQ�WKH�FOHDYDJH�RI�D�\HOORZ

WHWUD]ROLXP�VDOW��077����������GLPHWK\OWKLD]RO���\O������GL�

SKHQ\O�WHWUD]ROLXP�EURPLGH��WR�SXUSOH�IRUPD]DQ�FU\VWDOV�E\

PLWRFKRQGULDO�DFWLYH�FHOOV�

:H�FRPSDUHG�WKH�F\WRWR[LFLW\�LQGXFHG�E\�IUHH�GUXJ��&(&

QDQRSDUWLFOHV�FRQWDLQLQJ�GUXJ��HTXLYDOHQW�DPRXQW�DV�D�GUXJ��

DQG�HPSW\�QDQRSDUWLFOHV�ZLWK�/����FHOOV��7KH�YLDELOLW\�ZDV

H[SUHVVHG�LQ�SHUFHQW�FRPSDUHG�WR�FRQWURO�WKDW�LV�QRW�WUHDWHG

ZLWK�&(&�QDQRSDUWLFOHV�RU�GUXJ��9LDELOLW\�RI�VDPSOHV�ZHUH

DVVD\HG� DIWHU� �� GD\� LQFXEDWLRQ�� )LJXUH� �� VKRZV� WKH� F\WR�

WR[LFLW\� RI� &1=�� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&��

WULEORFN�FRSRO\PHU�FRQWDLQLQJ�&1=��DQG�HPSW\�QDQRSDUWLFOHV

RI�&(&�EORFN�FRSRO\PHU��&(&���FRUH�VKHOO�W\SH�QDQRSDUWLFOHV

FRQWDLQLQJ�&1=�XVHG�IRU�F\WRWR[LFLW\�WHVW�ZDV�SUHSDUHG�E\

UHFRQVWLWXWHG�DQG�ILOWHUHG�LQWR�3%6�DQG�GLOXWHG�ZLWK�'0(0

PHGLXP�IRU�FHOO�FXOWXUH�DV�VLPLODU�WR�WKH�PHWKRG�GHVFULEHG�LQ

DERYH�VHFWLRQ� LQ�)LJXUH����&\WRWR[LFLW\�RI�&1=�DQG�&1=�

ORDGHG� &(&� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� ZDV� ������ DQG

������DW����J�P/��������DQG�������DW����J�P/��DQG������

DQG�������DW�����J�P/��$V�VKRZQ�LQ�)LJXUH���D���WKH�F\WR�

WR[LFLW\� RI� &1=� ZDV� VLJQLILFDQWO\� GHFUHDVHG� E\� LQFRUSR�

UDWLRQ� RI� &1=� LQWR� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&

WULEORFN�FRSRO\PHUV��$V�VKRZQ�LQ�)LJXUH���E���WKH�F\WRWR[L�

FLW\�RI�HPSW\�QDQRSDUWLFOHV�ZDV�QRW�VLJQLILFDQWO\�DIIHFWHG�WR

WKH�YLDELOLW\�RI�/����FHOOV��$W�YHU\�KLJK� FRQFHQWUDWLRQV�RI

HPSW\� QDQRSDUWLFOHV�� ���� �J�P/�� FHOO� ELDELOLW\� ZDV�PDLQ�

WDLQHG�DERYH������7KH�F\WRWR[LFLW\�EHWZHHQ�&(&����&(&�

��� DQG� &(&��� WULEORFN� ZHUH� QRW� VLJQLILFDQWO\� GLIIHUHQW�

)LJXUH����7KH�HIIHFW�RI�IUHH]LQJ�WKDZLQJ�RQ�WKH�GUXJ�UHOHDVH�IURP
FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHU�

)LJXUH� ��� &\WRWR[LFLW\� RI� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&
WULEORFN�FRSRO\PHUV�FRQWDLQLQJ�&1=�DJDLQVW�/����FHOOV��&1=�DQG
&(&��� FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� �D��� &(&� HPSW\� QDQRSDUWL�
FOHV�E���7KH�YDOXHV�RI�YLDELOLW\�ZDV�H[SUHVVHG�DV���DJDLQVW�FRQWURO
YDOXHV�
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RI�/����FHOOV�

,W�ZDV�VXJJHVWHG�WKDW�WKH�UHGXFHG�F\WRWR[LFLW\�RI�&1=�ZDV

GXH�WR�VHYHUDO�IDFWRUV�DV�IROORZV�

���'LUHFW�H[SRVXUH�RI�&1=�WR�FHOO�ZDV�DYRLGHG�E\�LQFRUSR�

UDWLRQ�RI�GUXJ�LQWR�WKH�QDQRSDUWLFOHV�

���2XWHU�VKHOO��3(*��RI�WKH�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�RI

&(&��� FRXOG� UHGXFH� WKH� LQWHUDFWLRQ� EHWZHHQ� QDQRSDUWLFOHV

DQG�FHOOV�E\�VWHDOWK�VXUIDFHV��

���6XVWDLQHG�GUXJ�UHOHDVH�FKDUDFWHULVWLFV�PLJKW�EH�KHOSIXO

WR�PDLQWDLQ�WKH�FHOO�YLDELOLW\�

%LRFRPSDWLELOLW\�LV�GHILQHG�DV�WKH�DELOLW\�RI�D�PDWHULDO�WR

SHUIRUP� DQ� DSSURSULDWH� KRVW� UHVSRQVH� LQ� D� VSHFLILF� DSSOL�

FDWLRQ����LV�RQH�RI�WKH�NH\�IDFWRUV�IRU�WKH�GHYHORSPHQW�RI�QHZ

SRO\PHULF� GHOLYHU\� V\VWHPV�� $Q� LGHDO� PDWHULDO� VKRXOG� EH

ZHOO� WROHUDWHG�� LWV� XVH� LV� QRW� ORQJHU� UHTXLUHG�� WKH� PDWHULDO

VKRXOG�EH�GHJUDGHG�DQG�DEVRUEHG�

&RQFOXVLRQ

5HFRQVWLWXWLRQ�RI�O\RSKLOL]HG�FRUH�VKHOO�W\SH�QDQRSDUWLFOHV

RI� &(&� WULEORFN� FRSRO\PHU� ZDV� SHUIRUPHG� E\� VRQLFDWLRQ

DQG�ILOWUDWLRQ��5HFRQVWLWXWLRQ�E\����V�VRQLFDWLRQ�UHVXVSHQGHG

&(&�QDQRSDUWLFOHV�LQ�3%6�EXW�WKHLU�SDUWLFOH�VL]H�GLVWULEXWLRQ

VKRZHG�ELPRGDO� SDWWHUQ�ZLWK� VPDOO� IUDFWLRQ�RI� DJJUHJDWHV�

ZKLOH� GLDO\VLV� RI� DTXHRXV� QDQRSDUWLFOH� VROXWLRQ� VKRZHG� D

PRQRPRGDO�SDWWHUQ�ZLWK�D�QDUURZ�VL]H�GLVWULEXWLRQ��%LPRGDO

VL]H� GLVWULEXWLRQ� SDWWHUQ� DQG� DJJUHJDWLRQ� ZHUH� UHGXFHG� E\

IXWKHU�VRQLFDWLRQ�IRU�����V�EXW�QDQRSDUWLFOHV�VKRZHG�D�ZLGH

VL]H� GLVWULEXWLRQ�� 7KH� LQLWLDO� EXUVW� RI� GUXJ� UHOHDVH� ZDV

LQFUHDVHG�E\�UHFRQVWLWXWLRQ�SURFHVV��5HFRQVWLWXWLRQ�RI�&(&

FRUH�VKHOO�W\SH�QDQRSDUWLFOHV�E\�IHH]H�WKDZLQJ�UHVXOWHG�LQ�D

WULPRGDO�GLVWULEXWLRQ�SDWWHUQ�DQG�IRUPHG�DJJUHJDWHV�DOWKRXJK

IUHH]LQJ�WKDZLQJ� LQ� D� WULPRGDO� GLVWULEXWLRQ� SDWWHUQ� DQG

IRUPHG� DJJUHJDWHV�� DOWKRXJK� WKH� IUHH]LQJ�WKDZLQJ� SURFHVV

ZHUH� PRUH� VLPSOH� WKDQ� VRQLFDWLRQ� SURFHVV�� 'UXJ� UHOHDVH

IURP�&(&�QDQRSDUWLFOHV�SUHSDUHG�E\�IUHH]LQJ�WKDZLQJ�SURFHVV

ZDV�VORZHU�WKDQ�IURP�WKH�RULJLQDO�GLDO\VLV�VROXWLRQ��$OWKRXJK

FRUH�VKHOO� W\SH� QDQRSDUWLFOHV� RI� &(&� WULEORFN� FRSRO\PHUV

ZHUH� QRW� HDVLO\� UHGLVWULEXWHG� LQWR� DTXHRXV� VROXWLRQ�� UHFRQ�

VWUXFWLRQ�RI�&(&�FRUH�VKHOO� W\SH�QDQRSDUWLFOHV�ZDV�VXFFHV�

VLYHO\�SHUIRUPHG��&\WRWR[LFLW\�WHVW�RI�FRUH�VKHOO�W\SH�QDQR�

SDUWLFOHV�RI�&(&�WULEORFN�FRSRO\PHUV�FRQWDLQLQJ�&1=�ZDV

SHUIRUPHG� XVLQJ� /���� FHOOV�� &\WRWR[LFLW\� RI� &1=� ZDV

GHFUHDVHG�E\�LQFRUSRUDWLRQ�LQWR�WKH�QDQRSDUWLFOHV��
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