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1RZDGD\V�� OXWHWLXP� R[LGH� �/X�2��� GRSHGZLWK�WULYDOHQW�HXURSLXP��(X���� LRQV�LV�FRQVLG�
HUHG� DV� RQH� RI� WKH� PRVW� SURPLVLQJ� PDWHULDOV
IRU�;�UD\�GHWHFWLRQ�DQG�LPDJLQJ�GXH�WR�H[FHO�
OHQW�VHW�RI�SK\VLFRFKHPLFDO�SURSHUWLHV�DQG�KLJK
OXPLQHVFHQFH� HIILFLHQF\� DV�ZHOO� DV�KLJK� HIIHF�
WLYH�DWRPLF�QXPEHU��=HII�� �����DQG�GHQVLW\��U �����J�FP��� >����@�� 0RUHRYHU�� /X�2��(X� VXE�PLFURQ�VL]HG� PRQRGLVSHUVH� VSKHULFDO� SDUWLFOHV
DUH�H[WUHPHO\�SURPLVLQJ�DV�VWUXFWXUDO�XQLWV�RI
WKH�FORVH�SDFNHG�IXQFWLRQDO�ILOPV�DQG�SKRWRQLF
FU\VWDOV��ZKLFK�FDQ�EH�SUHSDUHG�E\�WKH�VHOI�DV�
VHPEO\�SURFHGXUH�IURP�WKH�VROXWLRQV��+RZHYHU�
WR�PDNH�LW�SRVVLEOH�WR�VHOI�DVVHPEO\�DORQJ�ZLWK
WKH�KLJK�PRQRGLVSHUVLW\��LGHDO�VSKHULFDO�VKDSH�
DQG�QRQ�DJJORPHUDWLRQ�LQ�WKH�VROXWLRQV�RI�WKH
VWUXFWXUDO�XQLWV�� LW� LV�QHFHVVDU\�WR�SURYLGH�LWV
VSHFLILHG�VXUIDFH�SURSHUWLHV��QDPHO\��D�VXUIDFH
FKDUJH�� ZHWWDELOLW\� LQ� WKH� FKRVHQ� VROYHQW� DQG
VXIILFLHQW� VOLGLQJ� RQH� SDUWLFOH�ZLWK� UHVSHFW� WR
RWKHU� RQHV�� 7KH� DVVRUWPHQW� RI� WKH� PDWHULDOV
VDWLVI\LQJ� WKH� DERYH� UHTXLUHPHQWV� LV� UDWKHU

VFDQW�� 7KXV�� WKH� DGGLWLRQDO� VXUIDFH� PRGLIL�
FDWLRQ� LV� XVHG�� IRU� H[DPSOH�� VLOLFD� FRDWLQJ
IRUPDWLRQ�� WDNLQJ� LQWR� DFFRXQW� WKH� SRVVLELO�
LW\� RI� WKH� VLOLFD� VSKHUHV� WR� VHOI�DVVHPEO\
LQWR� FORVH�SDFNHG� RUGHUHG� RSDOLQH� VWUXFWXUHV
LQ� QDWXUH� >�@�� $� ZLGH� YDULHW\� RI� VLOLFD�FRDW�
LQJ� SURFHGXUHV� KDYH� EHHQ� GHYHORSHG� IRU
VRPH� W\SHV� RI� WKH� QDQR�� DQG� PLFURPHWHU�
VL]HG� SDUWLFOHV� �&G7H��)H�2���=Q6��GXULQJ�WKHSDVW�GHFDGH�>����@��ZLWK�D�VLJQLILFDQW�SURJUHVV
SDUWLFXODUO\� LQ�PHWDO�QDQRFU\VWDOV� VXFK�DV�$X
DQG�$J� >�Ü�@�� 7KH� OLWHUDWXUH� GDWD� FRQFHUQLQJ
6L2��VKHOO�IRUPDWLRQ�RQWR�RWKHU�W\SHV�RI�SDUWL�FOHV��IRU�H[DPSOH�UDUH�HDUWK�R[LGHV��DUH�DEVHQW
WLOO� QRZ�� 2SDO�OLNH� SKRWRQLF� FU\VWDOV� RQ� WKH
EDVLV� RI� FRUH�VKHOO� SDUWLFOHV� ZLWK� WKH� 6L2�VKHOOV��$X�6L2���=Q6�6L2���KDYH�EHHQ�IRUPHG�E\WKH�VHOI�DVVHPEO\�SURFHGXUH�IURP�WKH�VROXWLRQV
>�����@�� DW� WKH� VDPH� WLPH�� LW� ZDV� VKRZQ� WKDW
WKH�XQFRDWHG�SDUWLFOHV�DUH�QRW�VXLWDEOH�IRU�WKLV
SXUSRVH�� 0RUHRYHU�� VLOLFD� FRDWLQJ� SURYLGHV
FRQWUROOLQJ�RI�WKH�PLQLPDO�GLVWDQFH�EHWZHHQ
WKH� IXQFWLRQDO� FRUHV� LQ� WKH�FORVH�SDFNHG�RU�
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GHUHG�VWUXFWXUH�WKURXJK�YDU\LQJ�RI�WKH�6L2�VKHOO�WKLFNQHVV��
7KH�DLP�RI�WKLV�VWXG\� LV�WKH�SUHSDUDWLRQ

RI� WKH� FRQWUROOHG� WKLFNQHVV� 6L2�� VKHOOV� RQWKH�VSKHULFDO�/X�2��(X�SDUWLFOHV�DQG�DOVR�WKHGHWDLOHG�FKDUDFWHUL]DWLRQ�RI�WKH�PRUSKRORJ\�
VWUXFWXUH�� DQG�FRPSRVLWLRQ�RI� WKH�UHVXOWDQW
FRUH�VKHOO�/X�2��(X�6L2��SDUWLFOHV�DV�ZHOO�DVH[DPLQDWLRQ�RI�WKH�6L2�� OD\HU�HIIHFW�RQ�WKHOXPLQHVFHQFH� SURSHUWLHV� RI� /X�2��(XVSKHUHV�

(XURSLXP�GRSHG�OXWHWLXP�EDVLF�FDUERQDWH
/X�2+�&2��(X� VSKHULFDO� SDUWLFOHV� ����� QPDYHUDJH� GLDPHWHU�� SUHYLRXVO\� SUHSDUHG� E\
WKH� 8%+3� WHFKQLTXH� >��@� ZHUH� XVHG� DV� D
FRUH� PDWHULDO� IRU� WKH� VLOLFD� FRDWLQJ� SURFH�
GXUH�� 7KH� DV�SUHSDUHG� DQG� GULHG
/X�2+�&2��(X� SRZGHUV� ������ J�� ZHUH� GLV�SHUVHG� LQ� ���� P/� LVRSURSDQRO�ZDWHU� �����
PL[WXUH��WKHQ�DPPRQLD�1+�������P/�������
ZDV�DGGHG�WR�WKH�GLVSHUVLRQ�XQGHU�YLJRURXV
PL[LQJ�� IROORZHG� E\� DGGLWLRQ� RI
WHWUDHWKR[\VLODQH� �7(26�� FRQFHQWUDWLRQ
UDQJH� ���Ü�� J�/��� DQG� UHVXOWDQW� VROXWLRQ
VWLUUHG� GXULQJ� �� K� DW� URRP� WHPSHUDWXUH�
7KH�UHVXOWLQJ�FRUH�VKHOO�SDUWLFOHV�ZHUH�VHSD�
UDWHG� E\� FHQWULIXJDWLRQ�� ZDVKHG� VHYHUDO
WLPHV�ZLWK�LVRSURSDQRO�DQG�ZDWHU��GULHG�DQG
DQQHDOHG�IRU���K�DW�����&�LQ�DLU�

7KH�PRUSKRORJ\�RI� WKH� VDPSOHV� REWDLQHG
ZDV� VWXGLHG� E\� VFDQQLQJ� HOHFWURQ� PLFURV�
FRS\� �6(0�� XVLQJ� D� -60������ /9� �-(2/�
-DSDQ��V\VWHP�DQG�WUDQVPLVVLRQ�HOHFWURQ�PL�
FURVFRS\� �7(0�� XVLQJ� D� 7(0������ ���� N9
�6HOPL�� 8NUDLQH��� 7KH� ;�UD\� GLIIUDFWLRQ
�;5'��RI�WKH�SRZGHU�VDPSOHV�ZDV�H[DPLQHG
XVLQJ� D� '521��0� GLIIUDFWRPHWHU� LQ� &R.DUDGLDWLRQ� �O� ���������c��� )RXULHU� WUDQV�
IRUPHG� LQIUDUHG� VSHFWURVFRS\� �)7�,5�� VSHF�
WUD�RI� WKH� VDPSOHV�ZHUH�PHDVXUHG�RQ�D�)7�
,5� VSHFWURPHWHU� 63(&7580� 21(� �3HUNLQ�
(OPHU�� XVLQJ� WKH� .%U� SHOOHW� WHFKQLTXH�
;�UD\� OXPLQHVFHQFH� VSHFWUD� RI� WKH� VDPSOHV
LQ� WKH� IRUP� RI� SHOOHWV� ZHUH� REWDLQHG� XVLQJ

DQ� 6'/��� �/202�� 5XVVLD�� DXWRPDWHG� FRP�
SOH[�� ;�UD\� OXPLQHVFHQFH� ZDV� H[FLWHG� E\
5(,6�(�;�UD\�VRXUFH��&X�DQWLFDWKRGH��GHFHO�
HUDWLRQ� UDGLDWLRQ� ZLWK� (�a���� NH9��� RSHU�
DWHG�DW�8� ����N9�DQG�,� ����PN$�

,Q� WKLV� VWXG\�� WKH� FRQWUROOHG� WKLFNQHVV
6L2�� VKHOOV� ZHUH� IRUPHG� RQ� WKH� DPRUSKRXV/X�2+�&2��(X�VSKHUHV�E\�WKH�6WREHU�PHWKRGXVLQJ�7(26�DV�WKH�VWDUWLQJ�DJHQW�>��@��6XE�
VHTXHQW�DQQHDOLQJ�RI�WKH�/X�2+�&2��(X�6L2�FRUH�VKHOO� SDUWLFOHV� ZDV� XVHG� IRU� WKH� FRUH
FU\VWDOOL]DWLRQ�DW�����&��ZKLFK�LV�EHORZ�WKH
SRLQW� RI� VROLG�VWDWH� UHDFWLRQ� EHWZHHQ� /X�2�DQG�6L2��FRPSRQHQWV�>��@��$V�D�UHVXOW��VWD�EOH� VXVSHQVLRQV� RI� /X�2��(X�6L2�� FRUH�VKHOOSDUWLFOHV�LQ�DTXHRXV�PHGLXP�ZHUH�SUHSDUHG�
7KH�VXUIDFH�FKDUJH�RI�WKH�VLOLFD�VKHOO�GXH�WR
SUHVHQFH�RI�2+�JURXSV�SURYLGHG�WKH�SDUWLFOH
VWDELOL]DWLRQ�� ,W� LV� WR� QRWH� WKDW� WKH� XVH� RI
FU\VWDOOLQH�/X�2��(X�SDUWLFOHV�DV�D�FRUH�PD�WHULDO�UHVXOWHG�LQ�LQKRPRJHQHRXV�VLOLFD�VKHOO
JURZWK� DORQJ� ZLWK� WKH� DGGLWLRQDO� VHSDUDWH
VLOLFD� IRUPDWLRQ� LQ� WKH� UHDFWLRQ� PL[WXUH�
6XFK�HIIHFW�FRXOG�EH�FRQQHFWHG�ZLWK�WKH�UH�
GXFHG� DGVRUSWLRQ� RI� WKH� VLOLFD� SUHFXUVRU
PROHFXOHV�RQ�WKH�FU\VWDO�VXUIDFH�LQ�FRPSDUL�

)LJ�����6L2��VKHOO�WKLFNQHVV�GHSHQGLQJ�RQ�WKH7(26�FRQFHQWUDWLRQ�LQ�WKH�UHDFWLRQ�VROXWLRQV�

)LJ�����7(0� LPDJHV� RI� WKH� LQGLYLGXDO� VLOLFD�FRDWHG�/X�2��(X�VSKHUHV�ZLWK�WKH�WKLFNQHVV�RI�WKH�VLOLFDVKHOO�����QP��D������QP��E������QP��F��
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VRQ�ZLWK�DPRUSKRXV�EDVLF�FDUERQDWH�SDUWLFOHV�
7KH� VLOLFD� VKHOO� WKLFNQHVV� FDQ� EH� HDVLO\� FRQ�
WUROOHG� ZLWKLQ� OLPLWV� RI� ��� WR� ���� QP� E\
FKDQJLQJ�WKH�7(26�DPRXQW��)LJ����VKRZV�WKH
LQIOXHQFH� RI� WKH� 7(26� FRQFHQWUDWLRQ� LQ� WKH
UHDFWLRQ�VROXWLRQ�RQ�WKH�VLOLFD�VKHOO�WKLFNQHVV�

7(0�ZDV�XVHG� WR� H[DPLQH� WKH�FRUH�VKHOO
VWUXFWXUH� DQG� WR� PHDVXUH� WKH� VKHOO� WKLFN�
QHVV�� 7KH� 7(0� LPDJHV� RI� WKH
/X�2+�&2��(X�6L2�� FRUH�VKHOO� SDUWLFOHV� EH�IRUH�DQQHDOLQJ�ZLWK�WKH�GLIIHUHQW�6L2��VKHOOWKLFNQHVV�DUH�SUHVHQWHG�LQ�)LJ�����7KH�7(0
LPDJHV� WHVWLI\� WKDW� WKH� /X�2��(X� FRUHV� DUH

FRDWHG� ZLWK� XQLIRUP� VLOLFD� VKHOOV� ZLWK� WKH
NHHSLQJ�RI�WKH�SDUWLFOH�VSKHULFLW\��7KH�6(0
LPDJH� RI� WKH� DQQHDOHG� /X�2��(X�6L2�� SDUWL�FOHV�LV�SUHVHQWHG�LQ�)LJ�����,W�LV�VHHQ�FOHDUO\
WKDW� DIWHU� WKH� VDPSOH� DQQHDOLQJ�� WKH� SDUWL�
FOHV� NHHS� WKHLU� VSKHULFDO� PRUSKRORJ\� DQG
FRUH�VKHOO� VWUXFWXUH�� (QHUJ\� GLVSHUVLYH� ;�
UD\� �('6�� VSHFWUXP� PHDVXUHG� IRU
/X�2��(X�6L2�� SDUWLFOHV� LQFOXGHV� WKH� SHDNVDWWULEXWHG� WR� 6L� DQG� 2� HOHPHQWV� WRJHWKHU
ZLWK�/X�SHDNV��DQG�WKH�DWRPLF�UDWLR�RI�HOH�
PHQWV� DJUHHV� ZHOO� ZLWK� WKH� H[SHFWHG
VWRLFKLRPHWU\��(XURSLXP�GRSDQW�ZDV�QRW�GH�
WHUPLQHG� EHFDXVH� LWV� FRQFHQWUDWLRQ� LQ� WKH
VDPSOH�ZDV�EHORZ�WKH�GHWHFWLRQ�OLPLW�

7KH� )7�,5� VSHFWUD� UHFRUGHG� IRU� WKH
/X�2+�&2��(X�6L2��FRUH�VKHOO�VSKHUHV�DQG�DQ�QHDOHG� /X�2� �(X�6L2�� RQHV� DUH� VKRZQLQ� )LJ���D�� 7KH� )7�,5� VSHFWUXP� �� IRU
/X�2+�&2��(X�6L2�� SDUWLFOHV� LQFOXGHV� LQWHQVHEDQGV�RI�&±2�LQ�&2��±�JURXSV��XDV������FPÜ�
DQG������FPÜ���XV������FPÜ���G����FPÜ���>��@
DQG� WKH� DEVRUSWLRQ� EDQGV� FRUUHVSRQGLQJ� WR
6L±2±6L� �XV� ����� FPÜ��� XDV�����FPÜ���� 6L±
2±+� �XV� ���� FPÜ���� 6L±2� �G�����FPÜ��
JURXSV�� ZKHUH� XV� UHSUHVHQWV� V\PPHWULFVWUHWFKLQJ�� XDV�DV\PPHWULF� VWUHWFKLQJ�� DQGG�EHQGLQJ� >��@�� 7KH� JURXS� RI� DEVRUSWLRQ
EDQGV� UHODWHG� WR� 6L2�� DUH� VWLOO� REVHUYHGDIWHU� WKH� VDPSOHV� DQQHDOLQJ�� KRZHYHU�� WKH
&±2� EDQGV� GLVDSSHDUHG� EHFDXVH� RI� WKH� FRUH
GHFRPSRVLWLRQ� DQG� FU\VWDOOL]DWLRQ� LQ� /X�2��ZKLFK� LV� HVWDEOLVKHG� E\� FKDUDFWHULVWLF� /X±2
EDQGV������FPÜ��DQG�����FPÜ����)LJ���D��VSHF�
WUXP� ��� )7�,5� VSHFWUD� FRQWDLQ� DQ� DEVRUSWLRQ
EDQG� QHDU� ����� FPÜ��� ZKLFK� LV� DVVLJQHG� WR
VWUHWFKLQJ�YLEUDWLRQ�RI�2±+�ERQGV��

7KH� ;5'� SDWWHUQV� RI� WKH� DQQHDOHG� 6L2��FRDWHG� /X�2��(X� VSKHUHV� LQFOXGH� GLIIUDFWLRQ

)LJ����� 6(0� LPDJH� DQG� ('6� DQDO\VLV� RI� WKH
/X�2��(X�6L2��FRUH�VKHOO�SDUWLFOHV�

)LJ�����)7�,5�VSHFWUD�RI�FRUH�VKHOO�SDUWLFOHV�SULRU�WR�����DQG�DIWHU�DQQHDOLQJ����� �D���;�UD\�GLIIUDF�
WLRQ�SDWWHUQV�RI�WKH�VDPSOHV�ZLWK�WKH�6L2��VKHOO�WKLFNQHVV���QP�DQG����QP��E��
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SHDNV� EHORQJLQJ� WR� FU\VWDOOLQH� FXELF� /X�2�VWUXFWXUH� DQG�DOVR� D�EURDG�SHDN�RI� VPDOO��4
YDOXH�� UHODWHG� WR� DPRUSKRXV� VLOLFD�� 7KH� FRKHU�
HQW�VFDWWHULQJ�UHJLRQ��RU�WKH�DYHUDJH�VL]H�RI�WKH
/X�2��(X� FU\VWDOOLWHV�� FDOFXODWHG� DFFRUGLQJ� WR6FKHUUHU�IRUPXOD�LV�QHDU���Ü���QP�

)LJ���� SUHVHQWV� WKH� QRUPDOL]HG� UDGLROXPL�
QHVFHQFH�VSHFWUD�RI�WKH�EDUH�/X�2��(X�VSKHUL�FDO� SDUWLFOHV� DQG� WKRVH� FRDWHG�ZLWK� WKH�6L2�VKHOO�RI�YDULRXV�WKLFNQHVV��$OO�WKH�UDGLROXPL�
QHVFHQFH�VSHFWUD�FRQVLVW�RI�D�JURXS�RI�OLQHV�LQ
WKH� O� ����Ü���� QP� VSHFWUDO� UHJLRQ� FRUUH�
VSRQGLQJ� WR� �'��o��)-� WUDQVLWLRQV� �-� ��Ü��RI�(X���LRQV�DQG�FRQIRUPV�ZHOO�WR�HPLVVLRQ�RI
(X��� LRQV� LQ� WKH� /X�2�� KRVW� ODWWLFH� >�@�� 7KHKLJK� OXPLQHVFHQFH� LQWHQVLW\� RI� WKH� /X�2��(XVSKHUHV�XQGHU�;�UD\�H[FLWDWLRQ�HYLGHQFHV�WKH
SUHVHQFH�RI�DQ�HIILFLHQW�HQHUJ\�WUDQVIHU�FKDQ�
QHO�IURP�PDWUL[�WR�WKH�(X���HPLVVLRQ�FHQWHUV
DFFRUGLQJ� WR�D� UHFRPELQDWLRQ�PHFKDQLVP� >�@�
7KH� OXPLQHVFHQFH� LQWHQVLW\� IRU� WKH� 6L2��FRDWHG�SDUWLFOHV�GHFUHDVHV�DOPRVW�E\�RQH�GHFL�
PDO�RUGHU�LQ�FRPSDULVRQ�ZLWK�EDUH�/X�2��(XVSKHUHV��PRUHRYHU��VXFK�D�UHGXFWLRQ�ZDV�RE�
VHUYHG�DW�WKH�VLOLFD�VKHOO�ULVLQJ��6XFK�HIIHFW
FRXOG� EH� H[SODLQHG� E\� SRVVLEOH� IHDWXUHV� RI
WKH� VSKHUH� FU\VWDOOL]DWLRQ� LQ� WKH� VSDFH
ERXQGHG�E\�VLOLFD�VKHOO��7KH�FRQWLQXRXV�6L2�VKHOO� SUHVHQFH� PD\� LQKLELW� WKH� UHPRYDO� RI
GHFRPSRVLWLRQ� SURGXFWV�� ZKLFK� FDQ� IDYRU
WKH�GHIHFW� IRUPDWLRQ�DQG�DOVR� WKH� VWDELOL]D�
WLRQ� RI� LPSXULWLHV� LQ� WKH� VSKHUH� YROXPH� DV
ZHOO��UHVXOWLQJ�LQ�D�QRQUDGLDWLYH�UHFRPELQD�
WLRQ� LQ� WKH� UHOD[DWLRQ� SURFHVVHV� RI� GRSDQW
LRQV� ORFDWHG� LQ� WKH� GHIHFW� SRVLWLRQV�� +RZ�
HYHU��D�PRUH�GHWDLOHG�LQYHVWLJDWLRQ�KDV�WR�EH
GRQH�WR�H[SODLQ�WKLV�SKHQRPHQRQ�

7KXV�� WKH� IROORZLQJ� FRQFOXVLRQV� KDYH
EHHQ� PDGH� LQ� WKLV� VWXG\�� 7KH� DPRUSKRXV
6L2�� VKHOOV� RI� FRQWUROOHG� WKLFNQHVV� ���Ü���� QP�� RQ� WKH� /X�2��(X� SRO\FU\VWDOOLQHVSKHULFDO�SDUWLFOHV�KDYH�EHHQ�IRUPHG�E\�WKH
6WREHU� PHWKRG� IROORZHG� E\� DQQHDOLQJ�� 7KH
6L2��VKHOO�WKLFNQHVV�ZDV�YDULHG�E\�FKDQJLQJRI� WKH� 7(26� FRQFHQWUDWLRQ� LQ� WKH� UHDFWLRQ
VROXWLRQ��7KH�KHWHURSDUWLFOHV�SUHSDUHG�GHP�
RQVWUDWH� WKH�FRUH�VKHOO�QDQRVWUXFWXUH�� LGHDO
VSKHULFLW\�� DQG� VWDELOLW\� LQ� WKH� VROXWLRQV�
7KH�OXPLQHVFHQFH�LQWHQVLW\�GHFUHDVH�RI�WKH
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