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0DJQHWLF� QDQRPDWHULDOV�� VXFK� DV
QDQRFU\VWDOV�� TXDQWXP� GRWV� �4'V�� RU
QDQRZLUHV�� DWWUDFW� DWWHQWLRQ� GXH� WR� WKHLU
XQLTXH� PDJQHWLF� SURSHUWLHV� DQG� DOVR� RI
JUHDW�LQWHUHVW�IRU�ELRPHGLFDO�DSSOLFDWLRQV�LQ
PDJQHWLF� UHVRQDQFH� LPDJLQJ� �05,�� >����@
FHOO� DQG� SURWHLQ� VHSDUDWLRQ� >�Ü�@� DQG� GUXJ
GHOLYHU\�>�@��)RU�WKRVH�DSSOLFDWLRQV��WKH�VWD�
ELOLW\�RI�PDJQHWLF�QDQRPDWHULDOV�LQ�DTXHRXV
VROXWLRQV�LV�RI�FRQVLGHUDEOH�LPSRUWDQFH�
0DJQHWLWH� QDQRFU\VWDOV� �)H�2��� DUH� V\Q�WKHVL]HG� GLUHFWO\� LQ� ZDWHU� E\� SUHFLSLWDWLRQ

RI�)H���DQG�)H���VDOWV�RU�E\�WKHUPDO�GHFRP�
SRVLWLRQ�RI�LURQ�DFHW\ODFHWRQDWH�LQ���S\UUROL�
GRQH�� +RZHYHU�� WKHVH� PDWHULDOV� RIWHQ� DUH
ILQH�FU\VWDOOLQH� DQG�RU� SRO\GLVSHUVH� >�@�
7KHUHIRUH�� D� UHDVRQDEOH� WDVN� LV� WR� LPSURYH
WKH�SURFHGXUH�RI�PRQRGLVSHUVH�QDQRFU\VWDOV
SUHSDUDWLRQ� ZLWK� WKH� FRQWUROOHG� VL]HV� DQG
WUDQVIHUULQJ� WKHUHRI� LQWR� D� KLJK� TXDOLW\� RU�
JDQLF�VROYHQW�SURYLGLQJ�WKH�GLVSHUVLRQ�RI�LURQ
R[LGH� QDQRFU\VWDOV� LQ� DTXHRXV� SKDVH� >�@�
$PRQJ� QXPHURXV� SXEOLVKHG� H[SHULPHQWDO
UHVXOWV� >�Ü��@�� WKHUH� DUH� RQO\� IHZ� ZHOO� UH�

SURGXFLEOH�FKHPLFDO�V\QWKHWLF�SURFHGXUHV�RI
KLJK�TXDOLW\�PDJQHWLF�QDQRFU\VWDOV�LQ�ZDWHU
VROXWLRQV� >��@�� 7KH� DLP� RI� WKLV� ZRUN� LV� WR
VWXG\�WKH�VWUXFWXUH�DQG�VWDELOLW\�RI�PDJQHW�
LWH� RU�PDJKHPLWH� QDQRSDUWLFOHV� V\QWKHVL]HG
XVLQJ�PRGLILHG�SURFHGXUHV�IURP�ZDWHU�VROX�
WLRQV�RI�LURQ�LRQV��
7KH�HIIHFW�RI�V\QWKHVLV��JURZWK��DQG�VWD�

ELOL]DWLRQ� FRQGLWLRQV� RQ� FKDUDFWHULVWLFV� RI
LURQ� R[LGH� QDQRSDUWLFOHV� ZHUH� LQYHVWLJDWHG
XVLQJ� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\
�7(0�� DQG� HQHUJ\� GLVSHUVLYH� ;�UD\� �(';�
DQDO\VLV�
$OO� WKH� FKHPLFDOV� DQG� VROYHQWV� ZHUH� DF�

TXLUHG�IURP�FRPPHUFLDO�VRXUFHV�DQG�XVHG�DV
UHFHLYHG� ZLWKRXW� IXUWKHU� SXULILFDWLRQ�� 7KH
DPRXQWV�RI�SUHFLSLWDQW��VWDELOL]HU��DQG�DGGL�
WLRQDO�KHDW�WUHDWPHQW�FRQGLWLRQV�ZHUH�YDULHG
WR� SURYLGH� WKH� SURFHGXUH� LPSURYHPHQW� �VHH
7DEOH��
7KH� FKHPLFDO� UHDFWLRQV� GXULQJ� V\QWKHVLV

ZLWKRXW�)H��� LRQV� LQFOXGH� WKH�)H�2+��� R[L�GDWLRQ� SURFHVVHV� ZLWK� WKH� DLU� R[\JHQ�� 7KH
K\GURO\VLV� SURFHVVHV� RI� LURQ� VDOWV� IRUP� WKH
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EDVLV� RI� WKH� SUHFLSLWDQW�IUHH� V\QWKHVLV�� 7KH
PDJKHPLWH�VPDOO�QDQRFU\VWDOV�KDYH�EHHQ�RE�
WDLQHG� LQ� D� VLPLODU� PDQQHU� E\� V\QWKHVLV
ZLWKRXW�)H���LRQV��)LJ�����
(';� DQDO\VLV� VKRZV� WKDW� &�� 2�� )H�� &X

HOHPHQWV�DUH�SUHVHQW� LQ�WKH�VDPSOHV��7KH�&
DQG� 2� SUHVHQFH� LV� GXH� WR� RUJDQLF� VROYHQW
DQG� VWDELOL]HU�� 7KH� R[\JHQ� LV� GXH� WR� ERWK
VWDELOL]HU�DQG�WKH�R[LGH� LWVHOI�� ,URQ�FRQWHQW
LV�LQ�FRQIRUPLW\�ZLWK�WKDW�LQ�WKH�R[LGH�
7KH� RSWLFDO� DEVRUSWLRQ� VSHFWUD� RI� WKH

VDPSOHV��)LJ�����ZHUH�PHDVXUHG�LQ�WKH�VSHF�
WUDO�UDQJH����Ü�����QP��
7KH� PDJQHWLF� SURSHUWLHV� RI� QDQRFU\V�

WDOOLQH�PDJQHWLWH� VROXWLRQV�ZHUH� VWXGLHG� E\
PHDVXUHPHQWV�RI�PDJQHWL]DWLRQ�DQG�RI�VROX�
WLRQ�PHQLVFXV�GHSWK�LQ�HOHFWURPDJQHWLF�ILHOG
�)LJ������ 7KH� PDJQHWL]DWLRQ� ZDV� PHDVXUHG
DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� LQ� ZHDN
������ 7�� PDJQHWLF� ILHOG� �)LJ����� D��� $W�7� 
�� .� DQG� DW� 7� ����� .�� WKH� PDJQHWL]DWLRQ
ZDV� PHDVXUHG� DV� D� IXQFWLRQ� RI� PDJQHWLF
IOX[�GHQVLW\��)LJ�����E��
7KH�PDJQHWLWH�DQG�PDJKHPLWH�FROORLGDO�VR�

OXWLRQV�ZHUH�SUHSDUHG�XVLQJ�WKH� VRO�JHO� WHFK�
QLTXH� E\� PRGLILHG� SURFHGXUH� >��@� ZKLFK� LV
EDVHG� RQ� WKHUPDO� SUHFLSLWDWLRQ� RI� LURQ� R[LGH
IURP�DTXHRXV�VROXWLRQ�DQG�H[WUDFWLRQ� LW� LQWR
ROHLF�DFLG��9DULDWLRQ�RI�SUHFLSLWDQW�DQG�VWDEL�
OL]HU� DPRXQWV� DV� ZHOO� DV� DQ� DGGLWLRQDO� KHDW
WUHDWPHQW� ZHUH� XVHG� WR� LPSURYH� WKH� V\QWKH�
VLV�� 7KH� SUHFLVH� VL]H� RI� REWDLQHG� LURQ� R[LGH
QDQRFU\VWDOV�ZHUH�GHWHUPLQHG�XVLQJ�7(0�
7KH�SUHOLPLQDU\�H[SHULPHQWV�ZHUH�FDUULHG

RXW�WR�UHSURGXFH�WKH�OLWHUDWXUH�SURWRFRO�>��@�
7KH�ILUVW�DWWHPSWV�RI�WKH�SURFHGXUH�PRGLILFD�
WLRQ� FRQVLVWHG� LQ� WKH� FRQFHQWUDWLRQ� YDULDWLRQ
RI�WKH�LQLWLDO�VROXWLRQV�DQG�LQ�WKH�UHPRYDO�RI
WKH� QLWUDWH� DFLG� QHXWUDOL]DWLRQ� VWDJH�� 7KH

7(0� LPDJHV� RI� REWDLQHG� VDPSOHV� �)LJ����� D�
DUH� VLPLODU� WR� WKH� SXEOLVKHG� RQHV� >��@��
7KH� QH[W�PRGLILFDWLRQ� DWWHPSW� FRQVLVWHG

LQ� WKH� LQFUHDVH� RI� RI� LURQ� LRQV� DQG�SUHFLSL�
WDQW�DPRXQWV�ZKLOH�GHFUHDVLQJ�WKH�VWDELOL]HU

)LJ����� 7(0� LPDJHV� RI�PDJQHWLWH� QDQRSDUWL�
FOHV�� �D�� PRGLILFDWLRQ� RI� SURFHGXUH� >��@�� �E�
SURFHGXUH� EDVHG� RQ� WKH� FRQFHQWUDWLRQ� YDUL�
DWLRQ�RI� LURQ� LRQV�� �F��V\QWKHVLV�ZLWKRXW�SUH�
FLSLWDQW���G��V\QWKHVLV�ZLWKRXW�)H���LRQV�DIWHU
ILUVW�KRXU�WUHDWPHQW���H��WKH�VDPH�DIWHU�����K
WUHDWPHQW�� �I�� 7(0� LPDJHV� RI� PDJKHPLWH
QDQRFU\VWDOV��6FDOH�EDU�LV����QP�

7DEOH����6\QWKHVLV�FRQGLWLRQV�DQG�FKDUDFWHULVWLFV�RI�)H�R[LGH�QDQRFU\VWDOV
1R� ,QLWLDO�FRPSRQHQW
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FRQFHQWUDWLRQ�� 7KH� 7(0� LPDJHV� RI� WKH� RE�
WDLQHG�SUHFLSLWDWHV� VKRZ� ODUJH� VSKHULFDO�RE�
MHFWV� WRJHWKHU� ZLWK� FXELFDO� DQG� RFWDKHGUDO
PDJQHWLWH�QDQRFU\VWDOV��)LJ���E��
0RUHRYHU�� ZH� KDYH� VKRZQ� WKDW� WKH

PHWKRG� >��@� FDQ� EH� VLJQLILFDQWO\� VLPSOLILHG
E\�DYRLGLQJ� WKH�SUHFLSLWDWLRQ�VWHS� LWVHOI�� ,Q
WKLV� FDVH�� WKH� KHWHURSKDVH� K\GURO\VLV� DQG
QDQRFU\VWDO� IRUPDWLRQ�DW�WKH�VROXWLRQ�VWDEL�
OL]HU� SKDVH� LQWHUIDFH� RFFXUUHG�PRUH� VORZO\�
7KHUHIRUH��QDQRFU\VWDO�JURZWK�DQG�ULSHQLQJ
FDXVHG� VSKHULFDO� VKDSH� RI� REWDLQHG� SDUWLFOHV�
7KH�7(0�LPDJHV�RI�WKHVH�PDJQHWLWH�QDQRFU\V�
WDOV�LOOXVWUDWH�VSKHULFDO�VKDSH�RI�SDUWLFOHV�DQG
QDUURZ�VL]H�GLVWULEXWLRQ��)LJ�����F��
7KH� QH[W� FKDQJH� RI� WKH� SURFHGXUH� FRQ�

VLVWHG� LQ� WKH� H[FOXVLRQ� RI� )H��� LRQV�� 7(0
LPDJHV� RI� PDJQHWLWH� QDQRFU\VWDOV� REWDLQHG
ZLWKRXW�)H���LRQV�VKRZ�WKDW�DIWHU�ILUVW�KRXU
RI�KHDWLQJ��DERXW�����&��RI�WKH�JURZWK�VROX�
WLRQ� LQ�ZDWHU� EDWK�ZH� FDQ� JHW� QDQRFU\VWDOV
RI� ��r�� QP� GLDPHWHU� �)LJ����� G��� 7KH�PDJ�
QHWLWH� FU\VWDOV� WKHQ� IRUP� PLFHOOHV� RI� ���Ü
���� QP� VL]H� DIWHU� KHDW� WUHDWPHQW� IRU
����KRXUV��)LJ�����H���:H�DOVR�REVHUYHG�WKDW

WKH�PDJQHWLF�QDQRSDUWLFOHV� VKRZ�D�WUHQG�WR
VSRQWDQHRXV� DVVHPEOLQJ� DURXQG� WKH� IRUPHG
PLFHOOHV��%\�VORZ�)H���R[LGDWLRQ�RQ�WKH�QX�
FOHXV� VXUIDFH�� ZH� KDYH� REWDLQHG� PDJQHWLWH
QDQRFU\VWDOV� ZLWK� KROORZ� VWUXFWXUH�� 7KHVH
PLFHOOHV�DUH�FRDWHG�ZLWK�VPDOO�SDUWLFOHV�DQG
ROHLF� DFLG� DV� WKH� FRUH�VKHOO� W\SH��0DJQHWLWH
QDQRSDUWLFOHV� RI� VLPLODU� VWUXFWXUH� EXW� RI
FRQVLGHUDEO\� VPDOOHU� VL]H� ZHUH� REWDLQHG� LQ
RUJDQLF�VROYHQWV�E\�RWKHU�WHFKQLTXH�LQ�>��@�
7KHRUHWLFDO� PRGHOV� RI� VXFK� IRDP� VWUXFWXUH
IRUPDWLRQ� DUH� GHYHORSHG� LQ� >��@�� 7KHVH
PLFHOOHV�DUH�VWDEOH�XQGHU�DLU�DQG�URRP�WHP�
SHUDWXUH� IRU� D� ORQJ� WLPH� �DW� OHDVW� ��� GD\V�
DQG�FROODSVHG�RQO\�XQGHU�HOHFWURQ�EHDP�LUUD�
GLDWLRQ��)LJ�����
,Q� DOO� FDVHV�� WKH� PLFHOOHV� DUH� VSKHULFDO

DQG�UDWKHU�KRPRJHQHRXV�LQ�VL]H��,W�KDV�EHHQ
FRQILUPHG� LQ� H[SHULPHQW� WKDW� WKH� SDUWLFOHV
DUH� VSKHULFDO� DQG� LQVHQVLWLYH� WR� WKH� JULG
VXUIDFH��7KHUHIRUH��D�GHWDLOHG�7(0�VWXG\�RI
WKHVH� QDQRVFDOH� VWUXFWXUHV�KDV� EHHQ� FDUULHG
RXW�� 8VLQJ� D� SUHDOLJQHG� ���� NH9� HOHFWURQ
EHDP�� LW� ZDV� SRVVLEOH� WR� FDSWXUH� LPDJHV� RI
WKH�SDUWLFOHV�DV� D� IXQFWLRQ�RI� WLPH��:H�RE�
VHUYHG� WKDW� WKH�PLFHOOHV� DSSHDUHG� WR�HYROYH
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LQWR� ODUJHU�� WZR�GLPHQVLRQDO� VWUXFWXUHV
ZKLOH� H[SRVHG� WR� WKH� HOHFWURQ� EHDP�� )LJ���
VKRZV� VHTXHQWLDO� 7(0� LPDJHV� RI� WKH� VDPH
DUHD� RI� WKH� JULG� WDNHQ� RYHU� ���� V�� 7KH� LQ�
FUHDVLQJ� RI� KROORZ� EXEEOH� YROXPH� XQGHU
HOHFWURQ� EHDP� LUUDGLDWLRQ� ZDV� REVHUYHG�
7KLV� SURFHVV� LV� YHU\� VLPLODU� WR� WKDW� GH�
VFULEHG�LQ�>��@�
7KH� PDJQHWLF� SURSHUWLHV� RI� PDJQHWLWH

QDQRFU\VWDOV� ZHUH� VWXGLHG� XVLQJ� WKH� GHSWK
RI� VROXWLRQ� PHQLVFXV� LQ� PDJQHWLF� ILHOG
�)LJ�� ���� 7KH� PDJQHWL]DWLRQ� YDOXHV� DUH� LQ
IDFW�RQO\�UHODWLYH��DV�WKH�DEVROXWH�DPRXQW�RI
PDWHULDO� LQ� WKH�SRZGHU�VDPSOH� LV�XQNQRZQ�
3HDNV�DW������QP�ZHUH�REVHUYHG� LQ�WKH� LQ�
IUDUHG� DEVRUSWLRQ� VSHFWUD� RI� PDJQHWLWH
�)LJ�� ��� D�� GXH� WR� FKDUJH� WUDQVIHU� WUDQVL�
WLRQV� EHWZHHQ� )H��� DQG� )H���� ZKLFK� LV� LQ
DJUHHPHQW� ZLWK� >��@�� ZKHUH� WKH� V\QWKHVLV
ZDV�EDVHG�RQ� WKH�GHFRPSRVLWLRQ�RI�SUH�V\Q�
WKHVL]HG�LURQ�ROHDWH��
7R� H[WHQG� WKH� WHFKQLTXH� SRWHQWLDO�� ZH

KDYH�SUHSDUHG�PDJKHPLWH��)H�2���QDQRFU\V�WDOV� E\� D� VLPLODU� SURFHGXUH� ZLWKRXW� )H��
LRQV��7KH�7(0�LPDJHV��)LJ�����I��VKRZ�WKDW
WKH� V\QWKHVL]HG� PDJKHPLWH� SDUWLFOHV� DUH
ILQH�FU\VWDOOLQH� DQG� WKH� VL]H�GLVWULEXWLRQ� RI
WKH�SDUWLFOHV�LV�DERXW����QP��7KH�DEVRUSWLRQ
VSHFWUD�VKRZ��)LJ�����E��WKDW�WKHUH�LV�D�JUDG�

XDO�VKLIW�WRZDUGV�WKH�89�UHJLRQ�ZLWK�D�ORQJ
WDLO�RI�WKH�VSHFWUXP�LQ�WKH�ORQJ�ZDYHOHQJWK
UHJLRQ� IRU� GLIIHUHQW� VROV� SUHSDUHG�� 7KH� DE�
VRUSWLRQ�SHDN�SRVLWLRQ�DJUHHV�ZHOO�ZLWK� WKH
OLWHUDWXUH� GDWD� IRU� J�)H�2�� QDQRFU\VWDOV�7KH� SUHSDUHG� QDQRSDUWLFOHV� FDQ� EH� HDVLO\
VHSDUDWHG�DQG�SXULILHG�E\�VL]H�VHOHFWLYH�SUH�
FLSLWDWLRQ�ZLWK�HWKDQRO�DQG�ZDWHU�DV�QRQVRO�
YHQW�DQG�VROYHQW��UHVSHFWLYHO\�
7R� FRQFOXGH�� WKH� V\QWKHVLV� SURFHGXUH� RI

PDJQHWLWH� DQG� PDJKHPLWH� QDQRFU\VWDOV� KDV
EHHQ� LPSURYHG�� &ROORLGDO� VROXWLRQV� RI� PDJ�
QHWLWH� QDQRFU\VWDOV� ZLWK� GLIIHUHQW� W\SH� RI
SDUWLFOHV� ZHUH� V\QWKHVL]HG� XVLQJ� WKH� PRGL�
ILHG�WHFKQLTXH�DQG�WKH�WUHQG�WKHUHRI�WR�VHOI�
DVVHPEOLQJ� LQWR� VSKHULFDO�PLFHOOHV� KDV� EHHQ
VWXGLHG��7KH�IHUURIOXLGH�PDJQHWLWH�IRDP�KDV
EHHQ� VKRZQ� WR� FRQVLVW� RI� KROORZ� PLFHOOHV
FRDWHG� ZLWK� ROHLF� DFLG� DQG� VPDOO� SDUWLFOHV�
%HLQJ� YHU\� VWDEOH�� WKHVH� PLFHOOHV� FDQ� ILQG
DSSOLFDWLRQV�IRU�WDUJHWHG�GUXJ�GHOLYHU\�

$FNQRZOHGJPHQWV�� :H� JUDWHIXOO\� DF�
NQRZOHGJH� WKH� ,QVWLWXWH� IRU� 3K\VLFDO
&KHPLVWU\�� 8QLYHUVLW\� RI� 0DLQ]�� DQG
&�6RQQLFKVHQ� IRU� WKH� 7(0� LPDJHV� DQG
(';�DQDO\VHV�DQG�0��.RYDOHQNR� IRU�KHOS�
IXO�GLVFXVVLRQV�
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� ���0�6KLQNDL�� $�,WR�� $GY��%LRFKHP��(QJ��%LRWHFK�
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� ���6�/LDQ�� (�:DQJ�� =�.DQJ� HW� DO��� 6ROLG� 6WDWH
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� ���-�+�/HH�� <�0�+XK�� <�:�-XQ� HW� DO��� 1DWXUH

0HGLFLQH����������������
� ���%�.DOVND�� -�-�3DJJHO�� 3�)XPDJDOOL� HW� DO��� -�

$SSO��3K\V�������������������
� ���;�7HQJ�� +�<DQJ�� -��0DWHU��&KHP��� ���� ���

������
����-�&KHRQ�� 1�-�.DQJ�� 6�0�/HH� HW� DO��� -��$P�

&KHP��6RF��������������������
����6�6XQ�� +�=HQJ�� '�%�5RELQVRQ� HW� DO��� -��$P�

&KHP��6RF��������������������
����3�%HUJHU��1�%�$GHOPDQ��.�-�%HFNPDQ�HW�DO��

-��&KHP��(GXF�������������������
����0�9�.RYDOHQNR�� 0�,�%RGQDUKFXN�� 5�7�/HFK�

QHU�HW�DO���-��$P��&KHP��6RF��������������������
����$�+�/DWKDP�� 0�-�:LOVRQ�� 3�6FKLIIHU�

0�(�:LOOLDPV�� -��$P��&KHP��6RF��� ����� �����
��������

����:�'UHQFNKDQ�� )�(OLDV�� 6�+XW]OHU� HW� DO��� -�
$SSO��3K\V���������������������

)LJ�����7(0�LPDJHV�VHULHV�RI�IRDP�QDQRFU\V�
WDOV�IHUURIOXLGV�DIWHU����D�������V��E��H[SRVXUH
LQ�WKH�����NH9�EHDP��6FDOH�EDU�LV����QP�
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