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EXWR[\ERURK\GULGH� �/L� 7K[W%X2%+��� ���� LQ� WHWUDK\GURIXUDQ� �7+)�� WRZDUG� VHOHFWHG� RUJDQLF� FRPSRXQGV

FRQWDLQLQJ� UHSUHVHQWDWLYH� IXQFWLRQDO� JURXSV� XQGHU� SUDFWLFDO� FRQGLWLRQV� KDV� EHHQ� H[DPLQHG�� 7KH� UHDJHQW

UHYHDOHG�DQ�LQWHUHVWLQJ�DQG�XQLTXH�UHGXFLQJ�FKDUDFWHULVWLFV��(VSHFLDOO\��WKH�VWHUHRVHOHFWLYLW\�LQ�WKH�UHGXFWLRQ�RI

F\FOLF�NHWRQHV�ZDV�H[WUDRUGLQDU\��7KXV�� WKH� LQWURGXFWLRQ�RI�EXON\�DON\O� DQG�DONR[\�JURXSV� LQWR� WKH�SDUHQW

ERURK\GULGH� DIIRUGV� D� KLJK� VWHUHRVHOHFWLYLW\�� ,Q� JHQHUDO�� WKH� UHGXFLQJ� SRZHU� RI� WKH� UHDJHQW� LV� VRPHZKHUH

EHWZHHQ�WKH�GLDON\OERURK\GULGH�DQG�WKH�SDUHQW�ERURK\GULGH��7KLV�SHUPLWV�WKH�UHDJHQW�WR�EH�D�UHDJHQW�RI�FKRLFH

IRU�VHOHFWLYH�UHGXFWLRQ�RI�RUJDQLF�FRPSRXQGV�ZLWK�DQ�LPSURYHG�VHOHFWLYLW\�

.H\ZRUGV � /L�7K[W%X2%+���5HGXFWLRQ��2UJDQLF�FRPSRXQGV�

,QWURGXFWLRQ

,Q�FRQWUDVW�WR�WKH�UHGXFLQJ�FKDUDFWHULVWLFV�RI�OLWKLXP�ERUR�

K\GULGH��� LWV� GHULYDWLYH� OLWKLXP� WULDON\OERURK\GULGH���� DQG

GLDON\OERURK\GULGH�� DUH� UHPDUNDEO\�SRZHUIXO� DQG� VHOHFWLYH

UHGXFLQJ�DJHQWV��7KH�LQWURGXFWLRQ�RI�DON\O�JURXSV�DFFHOHUDWHV

WKH�K\GULGH�GRQRU�DFWLYLW\�WUHPHQGRXVO\��+RZHYHU��VLWXDWLRQ
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SURSR[\ERURK\GULGH�� LV� PXFK� PLOGHU� WKDQ� WKDW� RI� OLWKLXP

ERURK\GULGH���7KHUHIRUH��LW�DSSHDUHG�RI�LQWHUHVW�WR�H[SORUH�D

PL[HG�GHULYDWLYH��PRQRDON\OPRQRDONR[\ERURK\GULGH��IRU�LWV

UHGXFLQJ�FKDUDFWHULVWLFV�
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DPRXQW�ZDV�UHODWLYHO\�VORZ��UHTXLULQJ�D�KLJKHU�FRQFHQWUDWLRQ

RI�WKH�UHDJHQW��,Q�SUDFWLFH��RQH�RU�WZR�HTXLYDOHQWV�RI�UHDJHQW

ZDV�QHHGHG�WR�UHGXFH�VXFK�NHWRQHV�FRPSOHWHO\�WR�WKH�FRUUH�

VSRQGLQJ�DOFRKROV��,Q�WKH�FDVH�RI�FLQQDPDOGHK\GH��WKH�UHDJHQW
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7DEOH���DQG�WKH�FRPSDUHG�GDWD�DFKLHYHG�E\�RWKHU�UHSUHVHQ�
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7KH�UHDJHQW�UHYHDOHG�DQ�H[FHOOHQW�VWHUHRVHOHFWLYLW\� LQ�WKH

UHGXFWLRQ�RI� UHSUHVHQWDWLYH� F\FOLF�NHWRQHV�ERWK�DW���RU� ���
R&�� ,WV� VWHUHRVHOHFWLYLW\� LV� FRPSDUDEOH� WR� WKH� UHVXOWV� SUHYL�

RXVO\�DFKLHYHG�ZLWK�OLWKLXP�WULVLDP\OERURK\GULGH��/L�6LD�%+�
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4XLQRQHV��7ZR�H[DPSOHV�IRU�TXLQRQHV�ZHUH�H[DPLQHG�ZLWK

��HTXLY�RI�WKH�UHDJHQW��+−�FRPSG� ����DW���R&��7KH�UHDFWLRQ

RI� S�EHQ]RTXLQRQH� SURGXFHG� K\GURTXLQRQH� DQG� ����GL�

K\GUR[\F\FORKH[DGLHQH�LQ�D��� � ���GLVWULEXWLRQ�UDWLR��DORQJ

ZLWK�����HTXLY�RI�K\GURJHQ�HYROXWLRQ��ZKHUHDV�DQWKUDTXLQRQH
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&DUER[\OLF�$FLGV�DQG�'HULYDWLYHV��&DUER[\OLF�DFLGV�DQG
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HYROYH�D�TXDQWLWDWLYH�DPRXQW�RI�K\GURJHQ�LPPHGLDWHO\�EXW

WKH� IXUWKHU� UHGXFWLRQ�ZDV� QRW� IROORZHG� DW� DOO��ZKHUHDV� WKH

SULPDU\�DQG�WHUWLDU\�DPLGHV�ZHUH�LQHUW�WR�WKLV�UHDJHQW�ZLWK�
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VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� DOLSKDWLF� HSR[LGHV� H[DPLQHG

ZHUH�UDSLGO\�UHGXFHG�ZLWK�D�TXDQWLWDWLYH�DPRXQW�RI�WKH�UHDJHQW

WR� JLYH� WKH� 61��W\SH� RI� ULQJ�RSHQHG� SURGXFWV� H[FOXVLYHO\�

ZKHUHDV�WKH�UHDFWLRQ�RI�VW\UHQH�R[LGH��DQ�DURPDWLF�RQH��ZLWK

D� WKHRUHWLFDO� DPRXQW� RI� WKH� UHDJHQW� DIIRUGHG� D�PL[WXUH� RI

���� ��SKHQ\OHWKDQRO� DQG� ��� ��SKHQ\OHWKDQRO�� +RZHYHU�

WKH� UHDJHQW� LQ� DQ� H[FHVV� DPRXQW� �+−�FRPSG�  � ��� UHGXFHG

VW\UHQH� R[LGH� WR� JLYH� DQ� DOPRVW� VLQJOH� SURGXFW�� ��SKHQ\O�

HWKDQRO��LQ�D�\LHOG�RI�������

&RQFOXVLRQ

7KH� UHGXFLQJ� SRZHU� RI� D� QHZO\� V\QWKHVL]HG�PRQRDON\O�

PRQRDONR[\ERURK\GULGH�� OLWKLXP� �����GLPHWK\O���EXW\O��W�

EXWR[\ERURK\GULGH� �OLWKLXP� WKH[\OWEXWR[\ERURK\GULGH�� /L

7K[W%X2�%+������� LQ�D�PL[HG�VROYHQW�RI�7+)�DQG�SHQWDQH

WRZDUG�RUJDQLF�FRPSRXQGV�FRQWDLQLQJ�UHSUHVHQWDWLYH�IXQFWLRQDO

JURXSV�XQGHU�SUDFWLFDO�FRQGLWLRQV�KDV�EHHQ�LQYHVWLJDWHG��7KH

UHVXOWV� UHYHDO� WKDW� WKH� UHGXFLQJ� SRZHU� RI� WKH� UHDJHQW� LV

VRPHZKHUH�EHWZHHQ� WKH�GLDON\OERURK\GULGH�DQG� WKH�SDUHQW

ERURK\GULGH��7KH�UHGXFLQJ�SRZHU�RI�WKH�OLWKLXP�ERURK\GULGH

GHULYDWLYHV� DSSHDUV� LQ� WKH� RUGHU� RI� /L5�%+� !� /L5�%+�� !

/,5�52�%+�� !�/L%+�� !� /L�52��%+�� 7KH� LQWURGXFWLRQ� RI

DON\O�DQG�DONR[\�JURXSV�LQWR�WKH�SDUHQW�ERURK\GULGH�DIIRUGV

DQ� LQWHUHVWLQJ� DQG� XQLTXH� UHGXFLQJ� FKDUDFWHULVWLFV�� &RQVH�

TXHQWO\��WKLV�UHDJHQW�VKRXOG�ILQG�D�YDOXDEOH�UROH�DV�D�UHDJHQW

RI�FKRLFH�LQ�RUJDQLF�V\QWKHVLV�

([SHULPHQWDO�6HFWLRQ

$OO� JODVVZDUH� XVHG� LQ� WKH� H[SHULPHQWV� ZDV� SUHGULHG

WKRURXJKO\�LQ�D�GU\LQJ�RYHQ�DQG�FRROHG�XQGHU�D�GU\�QLWURJHQ

DWPRVSKHUH�� +\SRGHUPLF� V\ULQJHV� ZHUH� XVHG� WR� WUDQVIHU

VROXWLRQV�� $OO� UHDFWLRQV� ZHUH� FDUULHG� RXW� XQGHU� D� VWDWLF

SUHVVXUH� RI� QLWURJHQ� LQ� IODVNV� ILWWHG� ZLWK� VHSWXP�FRYHUHG

VLGHDUPV�ZLWK�XVH�RI� VWDQGDUG� WHFKQLTXHV� IRU�KDQGOLQJ�DLU�

VHQVLWLYH�PDWHULDOV���

0DWHULDOV��0RVW�RI�WKH�RUJDQLF�FRPSRXQGV�XWLOL]HG�LQ�WKLV

VWXG\�ZHUH�FRPPHUFLDO�SURGXFWV�RI�WKH�KLJKHVW�SXULW\��7KH\

ZHUH�IXUWKHU�SXULILHG�E\�GLVWLOODWLRQ�RU�UHFU\VWDOOL]DWLRQ�ZKHQ

QHFHVVDU\��7HWUDK\GURIXUDQ��7+)��ZDV�GLVWLOOHG�IURP�VRGLXP

EHQ]RSKHQRQH�NHW\O�DQG�VWRUHG�XQGHU�GU\�QLWURJHQ��$�VROXWLRQ

RI�WHUW�EXW\OOLWKLXP�ZDV�SXUFKDVHG�IURP�WKH�$OGULFK�&KHPLFDO

&R�� $� VROXWLRQ� RI� %+�� LQ� 7+)� ZDV� V\QWKHVL]HG� E\� WKH

UHDFWLRQ�RI�VRGLXP�ERURK\GULGH�DQG�GLPHWK\O�VXOIDWH��

,QVWUXPHQWV��*&�DQDO\VHV�ZHUH� FDUULHG�RXW� RQ� D�9DULDQ

�����),'�ZLWK�FDSLOODU\�FROXPQV�RI�'%�:$;�����P��DQG

+3�))$3�����P���$OO�*&�\LHOGV�ZHUH�GHWHUPLQHG�ZLWK�XVH

RI�D�VXLWDEOH�LQWHUQDO�VWDQGDUG�DQG�DXWKHQWLF�PL[WXUHV��105

VSHFWURPHWHU�XVHG�ZDV�D�%UXNHU�$0;�����

3UHSDUDWLRQ� RI� D� 6ROXWLRQ� RI� 7K[W%X2%+�� $Q� RYHQ�

GULHG�� ��/�� URXQG�ERWWRP� IODVN� ZLWK� D� VLGHDUP�� HTXLSSHG

ZLWK�D�PDJQHWLF�VWLUULQJ�EDU�DQG�DQ�DGDSWHU��ZDV�DWWDFKHG�WR�D

PHUFXU\� EXEEOHU�� 7KH� IODVN�ZDV� IOXVKHG�ZLWK� GU\� QLWURJHQ

DQG�WKHQ�PDLQWDLQHG�XQGHU�D�VWDWLF�SUHVVXUH�RI�QLWURJHQ��7KH

IODVN�ZDV�FKDUJHG�ZLWK�����P/�RI�D������0�VROXWLRQ�RI�%+��

7+)������PPRO��DQG�PDLQWDLQHG�DW��R�ZLWK�WKH�DLG�RI�LFH�

ZDWHU� EDWK�� ,QWR� WKH� IODVN� ����� J� RI� ����GLPHWK\O���EXWHQH

�����PPRO��ZDV�LQMHFWHG�VORZO\�DQG�WKH�PL[WXUH�ZDV�VWLUUHG

IRU���K��7KH�FRQFHQWUDWLRQ�RI�D�VROXWLRQ�RI�WKH[\OERUDQH�ZDV

HVWLPDWHG�JDVRPHWULFDOO\�WR�LQGLFDWH������0��7KH���%�105

VSHFWUXP�VKRZHG�D�WULSOHW��-%�+� �����+]��FHQWHUHG�DW�δ�����
SSP�UHODWLYH�WR�%)�Â2(W���

,QWR� WKH�IODVN�ZDV�FKDUJHG�ZLWK�����P/�RI�D�VROXWLRQ�RI

WKH[\OERUDQH������PPRO��WKXV�SUHSDUHG�DERYH�DQG�WKH�IODVN

ZDV�LPPHUVHG�LQWR�DQ�LFH�ZDWHU�EDWK��7R�WKLV������J�RI�WHUW�

EXW\O�DOFRKRO������PPRO��ZDV�LQMHFWHG�GURSZLVH��$IWHU�WKH

FRPSOHWH� HYROXWLRQ� RI� K\GURJHQ�� WKH� UHDFWLRQ�PL[WXUH�ZDV

VWLUUHG�IRU�DGGLWLRQDO���K��7KH�FRQFHQWUDWLRQ�RI�WKH�VROXWLRQ

ZDV� HVWLPDWHG� E\� K\GURO\VLV� WR� LQGLFDWH� �����0�� 7KH� ��%

105�VSHFWUXP�H[KLELWHG�D�GRXEOHW��-%�+� �����+]��FHQWHUHG

DW�δ������SSP�
3UHSDUDWLRQ�RI�D�6ROXWLRQ�RI�/L�7K[W%X2%+������,QWR�D

����P/� IODVN� ZDV� SODFHG� ��� P/� RI� D� VROXWLRQ� RI� 7K[�
W%X2%+�������PPRO��WKXV�SUHSDUHG�DERYH�DQG�WKH�IODVN�ZDV

FRROHG� WR� ���R�E\�XVH�RI�D� UHIULJHUDWLQJ�EDWK�FLUFXODWRU��7R

WKLV�IODVN�ZDV�DGGHG����P/�RI�D�SUHFRROHG�����0�VROXWLRQ�RI

WHUW�EXW\OOLWKLXP�����PPRO��LQ�SHQWDQH�GURSZLVH�ZLWK�YLJRU�

RXV�VWLUULQJ��$IWHU�WKH�UHDFWLRQ�PL[WXUH�ZDV�VWLUUHG�IRU�DGGL�

WLRQDO���K�DW����R��WKH�IODVN�ZDV�EURXJKW�WR��R��7KH�FRQFHQW�

UDWLRQ�RI�WKH�UHDJHQW�ZDV�HVWLPDWHG�JDVRPHWULFDOO\�E\�K\GUR�

O\]LQJ� DQ� DOLTXRW� WR� JLYH� �����0� RI� /L� 7K[W%X2%+���
��%

105��7+)�DQG�SHQWDQH��δ�����SSP��W��-%�+� �����+]����
*HQHUDO�3URFHGXUH�8VHG�IRU�5HGXFWLRQV��7KH�IROORZLQJ
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SURFHGXUH�ZDV�XVHG�IRU�JHQHUDO�UHGXFWLRQV��7KH�UHGXFWLRQ�RI

EHQ]DOGHK\GH� LV� GHVFULEHG� DV� DQ� H[DPSOH� RI� WKH� H[SHUL�

PHQWDO�SURFHGXUH��7KH�UHDJHQW���VROXWLRQ�������P/�RI�����

0� ����PPRO� RI� WKH� UHDJHQW�� �����PPRO� RI� K\GULGH��� ZDV

LQWURGXFHG� LQWR� D� GULHG�� ���P/� IODVN� ILWWHG� ZLWK� D� UXEEHU

V\ULQJH�FDS�RQ�DQ� LQOHW�SRUW��D�PDJQHWLF�VWLUULQJ�EDU��DQG�D

EHQW� DGDSWHU� FRQQHFWHG� WR� D� JDV� EXUHWWH� WKURXJK� D� UHIOX[

FRQGHQVHU�DQG�D�GU\�LFH�YDSRU�WUDS��7KH�IODVN�ZDV�LPPHUVHG

LQ�DQ�LFH�ZDWHU�EDWK�� WKH�VWLUUHG�VROXWLRQ�ZDV�PDLQWDLQHG�DW

�R��DQG������J�RI�EHQ]DOGHK\GH�������PPRO��LQ���P/�RI�7+)

DQG�WULGHFDQH����PPRO��DV�DQ�LQWHUQDO�VWDQGDUG�ZDV�LQMHFWHG�

$IWHU����PLQ��D�����P/�DOLTXRW�RI�WKH�UHDFWLRQ�PL[WXUH�ZDV

UHPRYHG� DQG� LQMHFWHG� LQWR� D� EXIIHU� VROXWLRQ� �S+� ����$IWHU

WKHQ��WKH�VROXWLRQ�ZDV�WUHDWHG�ZLWK���P/�RI���1�1D2+�DQG��

P/�RI�����+�2��ZLWK�VWLUULQJ�DW�URRP�WHPSHUDWXUH�IRU���K�

7KH�DTXHRXV�OD\HU�ZDV�VDWXUDWHG�ZLWK�.�&2���7KH�VHSDUDWHG

RUJDQLF�OD\HU�ZDV�ZDVKHG�ZLWK�VDWXUDWHG�1D&O�VROXWLRQ�DQG

GULHG� RYHU� DQK\GURXV� 0J62��� 7KH� JDV� FKURPDWRJUDSKLF

DQDO\VLV� VKRZHG� ������ EHQ]\O� DOFRKRO�� $OLTXRW� ZDV� DOVR

UHPRYHG�DIWHU�����K�RI�WKH�UHDFWLRQ�WLPH�DQG�ZRUNHG�XS�IRU

*&�DQDO\VLV��7KH�\LHOG�DSSHDUHG�WR�EH������2EYLRXVO\��WKH

UHDFWLRQ�ZDV�FRPSOHWH�ZLWKLQ�����K�

*HQHUDO� 3URFHGXUH� IRU� 6WHUHRVHOHFWLYLW\� 6WXGLHV�� 7KH

UHGXFWLRQ�RI���PHWK\OF\FORKH[DQRQH� LV�GHVFULEHG�DV� UHSUH�

VHQWDWLYH��7R� D����P/� IODVN�ZDV�DGGHG�����P/�RI������0

VROXWLRQ�RI�WKH�UHDJHQW��������PPRO���7KH�IODVN�ZDV�FRROHG�WR

���R�ZLWK� XVH� RI� D� UHIULJHUDWLQJ� EDWK� FLUFXODWRU� DQG� WR� WKLV

ZDV�DGGHG�����P/�RI�D�SUHFRROHG�VROXWLRQ�RI���PHWK\OF\FOR�

KH[DQRQH� ������ J�� ���� PPRO�� LQ� 7+)�� $IWHU� ��� PLQ�� WKH

UHDFWLRQ�PL[WXUH�ZDV�TXHQFKHG�ZLWK���1�1D2+�DQG�R[LGL]�

HG�ZLWK�����+�2��IRU���K�DW�URRP�WHPSHUDWXUH��7KH�DTXHRXV

OD\HU�ZDV�VDWXUDWHG�ZLWK�.�&2���7KH�VHSDUDWHG�RUJDQLF�OD\HU

ZDV�ZDVKHG�ZLWK�VDWXUDWHG�1D&O�DQG�GULHG�RYHU�DQK\GURXV

0J62���7KH�JDV�FKURPDWRJUDSKLF�DQDO\VLV�ZLWK�XVH�RI�D���

P�FDSLOODU\�FROXPQ�RI�'%�:$;�VKRZHG�QR�SUHVHQFH�RI�WKH

VWDUWLQJ�NHWRQH� �L�H��� �����FRQYHUVLRQ�� DQG�!������FLV���

PHWK\OF\FORKH[DQRO� DORQJ� ZLWK� RQO\� WUDFH� DPRXQW� RI� WKH

WUDQV�LVRPHU��7KH�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH���

$FNQRZOHGJPHQW�� 7KLV� VWXG\� ZDV� VXSSRUWHG� E\� WKH

.RUHD� 6FLHQFH� DQG� (QJLQHHULQJ� )RXQGDWLRQ� *UDQW� �5���

������������

5HIHUHQFHV�DQG�1RWHV

���� <RRQ��1��0���&KD��-��6��-��.RUHDQ�&KHP��6RF����������������
���� .ULVKQDPXUWK\��6��$OGULFKPLFD�$FWD�������������

���� .ULVKQDPXUWK\�� 6��� %URZQ�� +�� &�� -�� $P�� &KHP�� 6RF�� ������ ���
�����

���� .ULVKQDPXUWK\��6���%URZQ��+��&��-��2UJ��&KHP�����������������
���� %URZQ��+��&���.LP��6��&��6\QWKHVLV�����������
���� %URZQ��+��&���0DWKHZ��&��3���3\XQ��&���6RQ��-��&���<RRQ��1��0��-�

2UJ��&KHP�����������������
���� &KD��-��6���.LP��-��(���/HH��-��&���<RRQ��0��6��%XOO��.RUHDQ�&KHP�

6RF��������������
���� �D��%URZQ��+��&���0RHULNRIHU��$��:��-��$P��&KHP��6RF�����������

�������E��%URZQ��+��&���.OHQGHU��*��-��,QRUJ��&KHP���������������
�F��%URZQ��+��&���+HLP��3���<RRQ��1��0��-��2UJ��&KHP�����������
�����

���� �D��&RUH\��(��-���%HFNHU��.��%���9DUPD��5��.��-��$P��&KHP��6RF�
�����������������E��&RUH\��(��-���$OERQLFR��6��0���.RHOOLNHU��8��
6FKDDI��7��.��9DUPD��5��.�� LELG�������������������F��&RUH\��(��-��
9DUPD��5��.��LELG�������������������G��%URZQ��+��&���.UDPHU��*�
:���+XEEDUG��-��/���.ULVKQDPXUWK\��6��-��2UJDQRPHW��&KHP�������
�������

��� 7KH� ��%�105�VSHFWUXP�RI�/L�7K[W%X2%+��DW� DPELHQW� WHPSHU�
DWXUH� H[KLELWHG� D� FOHDQ� WULSOHW� DW� δ� ���� SSP� DORQJ� ZLWK� PLQRU
XQNQRZQ�SHDNV�LQ�WKH�UDQJH�RI�δ�������SSP�

��� %URZQ��+��&���&KD��-��6���1D]HU��%��-��2UJ��&KHP�����������������
��� &KD��-��6���<RRQ��0��6���/HH��.��:���/HH��-��&��+HWHURF\FOHV������

���������
��� %URZQ��+�� &���.ULVKQDPXUWK\�� 6�� -�� $P�� &KHP�� 6RF�� ������ ���

�����
��� %URZQ�� +�� &��� .UDPHU�� *�� :��� /HY\�� $�� %��� 0LGODQG�� 0�� 0�

2UJDQLF� 6\QWKHVLV� YLD� %RUDQHV��:LOH\�,QWHUVFLHQFH�� 1HZ� <RUN�
�����


