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RI�WKH�FKORULGH���7KH�V\QWKHWLF�VWUDWHJ\��HOHFWURFKHPLFDO�DQG�VSHFWURVFRSLF �

WUHQGV��DQG�'1$�ELQGLQJ�DIILQLW\�RI�WKHVH�>�WS\�5X&O�%/�3W&O �@
��FRPSOH[HV�

DUH�GLVFXVVHG�LQ�WKH�QH[W�WZR�VHFWLRQV�RI�WKLV�WKHVLV� �

5XWKHQLXP�3RO\S\ULG\O�&RPSOH[HV�

7KH�LQWHUHVW�LQ�5X�SRO\S\ULG\O�FRPSOH[HV�EHJDQ�ZLWK�WKH�LQLWLDO�

GLVFRYHU\�RI�>5X�ES\��@
������3KRWRLQGXFHG�H[FLWHG�VWDWH�SURSHUWLHV�RI�WKLV�

FRPSOH[�OHG�UHVHDUFKHUV�WR�VWXG\�D�ZLGH�DUUD\�RI�5X ,,�SRO\S\ULG\O�FRPSOH[HV���

$�FRPELQDWLRQ�RI�SKRWRFKHPLFDO�DQG�SKRWRSK\VLFDO�SURSHUWLHV�KDV�OHG�WR�WKH�

GHVLJQ�RI�FRPSOH[HV�WKDW�DUH�XVHIXO�IRU� VRODU�HQHUJ\�FRQYHUVLRQ�VFKHPHV���

SKRWRV\QWKHWLF�PLPLFV���ELPROHFXODU�SUREHV��DQG�RWKHU�DSSOLFDWLRQV����

��

/RFDOL]HG�0ROHFXODU�2UELWDO�'HVFULSWLRQ���3RO\D]LQH�OLJDQGV�SRVVHVV�D�

ILOOHG�KLJKHVW�RFFXSLHG�PROHFXODU�RUELWDO��+202��DQG�D�YDFDQW�ORZHVW�

XQRFFXSLHG�PROHFXODU�RUELWDO��/802��RI�WKH�DSSURSULDWH�HQHUJ\�WR�LQWHUDFW�

ZLWK�PHWDO�G�RUELWDOV���8SRQ�FRRUGLQDWLRQ��WKH�SRO\D]LQH�OLJDQGV�GRQDWH�

HOHFWURQ�GHQVLW\�IURP�QLWURJHQ�VS��K\EULGL]HG�RUELWDOV��ORQH�SDLUV��WR�PHWDO�S�

DQG�V�RUELWDOV�WR�IRUP�D�1�ERQG����7KH�HOHFWURQ�ULFK�PHWDO�LRQ�WUDQVIHUV�

HOHFWURQ�GHQVLW\�EDFN�IURP�LW¶V�G�RUELWDOV�WR�WKH��
�RUELWDOV�RI�WKH�SRO\D]LQH�

DURPDWLF�OLJDQG�WR�IRUP�D�ZHDN���ERQGLQJ�LQWHUDFWLRQ���7KH�V\QHUJLVWLF�

LQWHUDFWLRQ�VWDELOL]HV�WKH�ORZ�R[LGDWLRQ�VWDWH�RI�5X ,,�DQG�JLYHV�ULVH�WR�WKH�

XQLTXH�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�RI�5X �SRO\S\ULG\O�

FRPSOH[HV����
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7KH�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�RI�5X ,,�SRO\S\ULG\O�

FRPSOH[HV�DUH�GHVFULEHG�LQ�WHUPV�RI�D�ORFDOL]HG�PROHFXODU�RUELWDO��02��

DSSUR[LPDWLRQ��)LJXUH������)RU�H[DPSOH��WKH�02�IRUPHG�E\�WKH�FRPELQDWLRQ�

RI�WKH�QLWURJHQ�ORQH�SDLU�RI�HOHFWURQV�RQ�D�OLJDQG�DQG�PHWDO�RUELWDOV�LV�ODEHOHG�

σ/�VLQFH�LW�UHFHLYHV�WKH�JUHDWHVW�FRQWULEXWLRQ�IURP�WKH�OLJDQG�RUELWDO�DQG�

UHWDLQV�PRVWO\�OLJDQG�FKDUDFWHU� �

)LJXUH����0ROHFXODU�RUELWDO�GLDJUDP�IRU�DQ�RFWDKHGUDO�
WUDQVLWLRQ�PHWDO�FRPSOH[��

�

)RU�5X,,�SRO\S\ULG\O�FRPSOH[HV��WKH�σ/�DQG��0�02V�DUH�ILOOHG�ZKLOH�σ
0��

�


/�DQG�KLJKHU�02V�DUH�HPSW\���([FLWDWLRQ�ZLWK�OLJKW�UHGLVWULEXWHV�WKH�RUELWDO�

SRSXODWLRQ�DQG�LV�GHVFULEHG�E\�D�VLQJOH�H[FLWHG �VWDWH�02�FRQILJXUDWLRQ���7KH�

YDULRXV�VSHFWUDO�WUDQVLWLRQV�DUH�VXPPDUL]HG�LQ�)LJXUH�����/LJDQG�ILHOG�

WUDQVLWLRQV��/)��RFFXU�EHWZHHQ�02V�WKDW�DUH�SUHGRPLQDQWO\�PHWDO �EDVHG�

ZKLOH�LQWUDOLJDQG��,/��WUDQVLWLRQV�RFFXU�EHWZHHQ�02V�WKDW�DUH�SUHGRPLQDQWO\�

OLJDQG�EDVHG��Q�→��
�DQG���→��
����&KDUJH�WUDQVIHU��&7��WUDQVLWLRQV�LQYROYH�

WKH�UHGLVWULEXWLRQ�RI�HOHFWURQ�GHQVLW\ �EHWZHHQ�WKH�PHWDO�DQG�OLJDQG�02V���

7KH�WUDQVLWLRQV�RFFXU�DV�PHWDO�WR�OLJDQG�&7��0/&7��DQG�OLJDQG�WR�PHWDO�&7�

�/0&7��GHSHQGLQJ�RQ�WKH�HQHUJLHV�RI�WKH�02V�LQYROYHG� ��
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(OHFWURFKHPLFDO�SURFHVVHV�DUH�DOVR�GHVFULEHG�LQ�WHUPV�RI�WKH�ORFDOL]HG�

02�DSSUR[LPDWLRQ���2[LGDWLRQV�DUH�XVXDOO\�PHWDO �EDVHG�DQG�LQGLFDWH�WKH�

HQHUJ\�RI�WKH�KLJKHVW�RFFXSLHG�02��+202����5HGXFWLRQV�DUH�W\SLFDOO\�OLJDQG �

EDVHG��DOWKRXJK�WKHUH�DUH�VRPH�H[DPSOHV�LQ�ZKLFK�D�PHWDO�XQGHUJRHV�D�

UHGXFWLRQ�ZLWKLQ�WKH�VROYHQW�ZLQGRZ� ���7KH�ILUVW�UHGXFWLRQ�SURFHVV�FRUUHODWHV�

ZLWK�WKH�HQHUJ\�RI�WKH�ORZHVW�XQRFFXSLHG�02��/802����%HFDXVH�WKH�DGGHG�

HOHFWURQV�RI�D�UHGXFWLRQ�SURFHVV�DUH�W\SLFDOO\�LVRODWHG�LQ�WKH� �
�QHWZRUN�RI�D�

VLQJOH�OLJDQG��FRPSOH[HV�DUH�VWDEOH�WKURXJK�VHYHUDO�UHG XFWLRQV����

�

6SHFWURVFRSLF�DQG�(OHFWURFKHPLFDO�3URSHUWLHV���7KH�SURWRW\SLFDO�

FRPSOH[��>5X�ES\��@
����H[KLELWV�DQ�LQWHQVH�5X�Gπ�→ES\�π
���0/&7��

DEVRUSWLRQ�EDQG�LQ�WKH�YLVLEOH�VSHFWUXP������QP�LQ�DFHWRQLWULOH��� )LJXUH�������

7KH�H[FLWHG�VWDWH�HPLWV�VWURQJO\�DW�����QP�LQ�GHR[\JHQDWHG�DFHWRQLWULOH�ZLWK�

D�ORQJ�H[FLWHG�VWDWH�OLIHWLPH�RI�����QV�DW�URRP�WHPSHUDWXUH� ����

)LJXUH����-DEORQVNL�GLDJUDP�RI�>5X�ES\��@
����

�

&KDUDFWHUL]DWLRQ�RI�WKH�H[FLWHG�VWDWH�DV�D�0/&7�FDQ�EH�WKRXJKW�RI�DV�DQ�

LQWUDPROHFXODU�UHGR[�SURFHVV�LQ�ZKLFK�5X�XQGHUJRHV�D�IRUPDO�RQH �HOHFWURQ�

R[LGDWLRQ�DQG�ES\�XQGHUJRHV�D�IRUPDO�RQH�HOHFWURQ�UHGXFWLRQ���:KHQ�

H[FLWHG��DQ�HOHFWURQ�PRYHV�IURP�DQ�RUELWDO�WKDW�LV�SUHGRPLQDWHO\�5X�EDVHG�WR�

DQ�RUELWDO�WKDW�LV�SUHGRPLQDWHO\�OLJDQG�EDVHG���7KLV�UHGLVWULEXWLRQ�RI�HOHFWURQ�

GHQVLW\�OHDYHV�D�FRPSOH[�WKDW�LV�ERWK�D�PRUH�SRZHUIXO�R[LGL]LQJ�DQG�
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UHGXFLQJ�DJHQW�WKDQ�WKH�JURXQG�VWDWH�DQG�DEOH�WR�XQGHUJR�R[LG DWLYH�DQG�

UHGXFWLYH�HOHFWURQ�WUDQVIHU�TXHQFKLQJ���7KH�H[FLWHG �VWDWH�LV�DOVR�GHDFWLYDWHG�

E\�HQHUJ\�WUDQVIHU����$Q�LPSRUWDQW�H[DPSOH�LV�WKH�GHDFWLYDWLRQ�RI� �0/&7�

H[FLWHG�VWDWH�E\�JURXQG�VWDWH�WULSOHW�R[\JHQ� ���2[\JHQ�LQ�D�KLJKO\�UHDFWLYH�

H[FLWHG�VLQJOHW�VWDWH�FDXVHV�R[LGDWLYH�GDPDJH�WR�'1$�DQG�RWKHU�DQDO\WHV� ��

2QH�GLIILFXOW\�LQ�KDUQHVVLQJ�WKH�HQHUJ\�WUDSSHG�LQ�WKH�(6�IRU�FKHPLFDO�

SURFHVVHV�LV�WKDW�HQHUJ\�RU�HOHFWURQ�WUDQVIHU�WR�D�TXHQFKHU�GHSHQGV�RQ�

FROOLVLRQDO�FRQWDFW�GXULQJ�WKH�H[FLWHG�VWDWH�OLIHWLPH���$GGLWLRQDOO\��EDFN�

HOHFWURQ�WUDQVIHU�OLPLWV�WKH�HIILFLHQF\�WKHVH�SURFHVVHV� �

7KH�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�RI�>5X�ES\� �@
���DUH�DOVR�

LQWHUHVWLQJ���7KH�5X,,�,,,�RQH�HOHFWURQ�R[LGDWLRQ�OHDYHV�WKH�FRPSOH[�LQ�D�ORZ�

VSLQ��W�J�
��FRQILJXUDWLRQ�WKDW�LV�LQHUW�WR�OLJDQG�VXEVWLWXWLRQ���5HGXFWLRQV�DUH�

ORFDOL]HG�RQ�WKH�ES\�OLJDQGV�OHDYLQJ�5X�LQ�DQ�LQHUW��ORZ�VSLQ��W �J�
��

FRQILJXUDWLRQ�����,Q�'0)�DW�±���R&��VL[�UHYHUVLEOH�ES\�EDVHG�UHGR[�SURFHVVHV�

DUH�REVHUYHG����

�

7XQLQJ�6SHFWURVFRSLF�DQG�(OHFWURFKHPLFDO�3URSHUWLHV���7KH�*6�DQG�(6�

SURSHUWLHV�RI�5X,,�SRO\S\ULG\O�FRPSOH[HV�FDQ�EH�PRGLILHG�ZLWK�WKH�VHOHFWLRQ�

RI�OLJDQGV�KDYLQJ�GLIIHUHQW�1�GRQDWLQJ�DQG���DFFHSWLQJ�DELOLWLHV���)RU�

H[DPSOH��WKH�WULGHQWDWH�OLJDQG��WS\��KDV�EHHQ�LQYHVWLJDWHG�DV�DQ� DQDORJXH�RI�

ES\�LQ�UXWKHQLXP�FRPSOH[HV���7KH�VLPLODULWLHV�LQ�WKH�VWUXFWXUH�DQG�

FRRUGLQDWLRQ�RI�WKHVH�OLJDQGV�OHDGV�WR�WKH�H[SHFWDWLRQ�WKDW�5X�FRPSOH[HV�

FRQVWUXFWHG�ZLWK�HLWKHU�OLJDQG�ZRXOG�KDYH�VLPLODU�VSHFWURVFRSLF�IHDWXUHV�

�)LJXUH������,Q�IDFW��>5X�WS\��@
���H[KLELWV�DQ�LQWHQVH�5X��G���t�WS\���
��&7�

DEVRUSWLRQ�FHQWHUHG�DW�����QP��VOLJKWO\�UHG�VKLIWHG�IURP�WKH�>5X�ES\� �@
���

0/&7�����7KH�ELV�WS\�FRPSOH[�GRHV�QRW��KRZHYHU�GLVSOD\�DQ�HDVLO\ �GHWHFWDEOH�

HPLVVLRQ�DW�URRP�WHPSHUDWXUH��57��DQG�KDV�D�VKRUW�(6�OLIHWLPH������SV�� ����

7KH�XQIDYRUDEOH�ELWH�DQJOH�VWDLQ�DVVRFLDWHG�ZLWK�WKH�WS\�OLJDQG�UHVXOWV�LQ�D�

ZHDNHQHG�OLJDQG�ILHOG�LQ�>5X�WS\� �@
���DQG�D�ORZHU�HQHUJ\��/)��OLJDQG�ILHOG��
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VWDWH���7KH�WKHUPDOO\�DFFHVVLEOH�/)�VWDWH�XQGHUJRHV�UDSLG��QRQ�UDGLDWLYH�

GHDFWLYDWLRQ�WR�WKH�JURXQG�VWDWH�DQG�TXHQFKHV�WKH�OXPLQHVFHQW� �0/&7�VWDWH���

7KH�VKRUW�OLYHG�H[FLWHG�VWDWH�RI�>5X�WS\��@
���KDV�OLPLWHG�WKH�VWXG\�RI�WS\�

EDVHG�FKURPRSKRUHV����

�

)LJXUH����-DEORQVNL�GLDJUDP�RI�>5X�WS\��@
����

�

7KH�LQWURGXFWLRQ�RI�WKH�ELV�WULGHQWDWH�OLJDQG�WSS��WSS� ���������

WHWUDNLV���S\ULG\O�S\UD]LQH��JLYHV�ULVH�WR�D�ORQJ�(6�OLIHWLPH�LQ�WKH�FRPSOH[� �

>�WS\�5X�WSS�@����)LJXUH������7SS�LV�VLPLODU�WR�WS\�ZLWK�WKH�DGGLWLRQ�RI�WZR� �

)LJXUH����ELV�7ULGHQWDWH�EULGJLQJ�OLJDQG�WSS��

�

S\ULG\O�JURXSV��S\��DQG�D�FHQWUDO�S\UD]LQH���7KH�ORZHU�HQHUJ\�RI�WKH�WSS �

EDVHG��
�RUELWDOV�ORZHUV�WKH�HQHUJ\�RI�WKH�/802�LQ�>�WS\�5X�WSS�@ ����)LJXUH�

�����7KH�UHVXOWLQJ�WSS�EDVHG�ORZHU�O\LQJ�0/&7�VWDWH�KDV�DQ�DEVRUSWLRQ�

PD[LPXP�DW�����QP�DQG�LV�D�5X��G���t�WSS���
��&7�WUDQVLWLRQ�����7KH�

FRPSOH[�KDV�D�57�HPLVVLRQ�FHQWHUHG�DW�����QP�ZLWK�DQ�(6�OLIHWLPH�RI����QV���
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7KH�LQWHQVH�HPLVVLRQ�DQG�ORQJHU�OLIHWLPH�DUH�DWWULEXWHG�WR�D�ORZ �O\LQJ��0/&7�

WKDW�OLPLWV�WKH�WKHUPDO�SRSXODWLRQ�RI�WKH�KLJKHU�HQHUJ\� �/)�VWDWH��

)LJXUH����-DEORQVNL�GLDJUDP�RI�>�WS\�5X�WSS�@ ����

�

$�VHULHV�RI�WS\�FRQWDLQLQJ�FRPSOH[HV��>�WS\�5X&O�%/�@ + DQG�

>�WS\�5X�S\��%/�@����S\� �S\ULGLQH�DQG�%/� �GSS��GST��DQG�GSE���KDYH�EHHQ�

VWXGLHG����7KH�ELV�ELGHQWDWH�OLJDQGV�XVHG�LQ�WKHVH�FRPSOH[HV�GLIIHU�LQ�WKH�

QXPEHU�RI�ULQJV�IXVHG�WR�S\UD]LQH��7KH�VWHSZLVH�LQFUHDVH�LQ�FRQMXJDWLRQ�

VWDELOL]HV�WKH��
�DFFHSWRU�RUELWDOV�ZLWK�HDFK�DGGLWLRQDO�ULQJ�DQG�LV�FRQILUPHG�

E\�WKH�SRVLWLYH�VKLIW�LQ�UHGXFWLRQ�SRWHQWLDOV�RI�WKH�IUHH�OLJDQGV�� 7DEOH��������

7KH�WUHQG�LV�PDLQWDLQHG�XSRQ�FRRUGLQDWLRQ�WR�5X��DQG�UHVXOWV�LQ�D� �

��

7DEOH����5HGXFWLRQ�SRWHQWLDOV�IRU�GSS��GST��DQG�GSE����

/LJDQG� (ò�
D��9��

GSS� ������
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GSE� ������
E3RWHQWLDOV�UHSRUWHG�YV��$J�$J&O��������YV��1+(��LQ�
&+�&1�VROXWLRQ�ZLWK�����0�%X�13)���

�

SURJUHVVLYHO\�ORZHU�5X��G���→�%/���
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7DEOH����(OHFWURQLF�DEVRUSWLRQ�GDWD�IRU�>�WS\�5X&O�%/�@ +�DQG�

>�WS\�5X�S\��%/�@���ZKHUH�S\ S\ULGLQH��WS\� ����¶��¶��´�WHUS\ULGLQH��

DQG�%/� �����ELV��¶�S\ULG\O�S\UD]LQH��GSS�������ELV��¶�

S\ULG\O�TXLQR[DOLQH��GST��DQG�����ELV��¶�S\ULG\O�EHQ]RTXLQR[DOLQH�

�GSE�����

(ò��9�
E�

� ÊPD[
DEV��QP�D�

5X,,�,,,� %/����

>�WS\�5X&O�GSS�@+� ���� ������ ������

>�WS\�5X&O�GST�@+� ���� ������ ������

>�WS\�5X&O�GSE�@+� ���� ������ ������

>�WS\�5X�S\��GSS�@��� ���� ������ ������

>�WS\�5X�S\��GST�@��� ���� ������ ������

>�WS\�5X�S\��GSE�@��� ���� ������ ������

D5HSRUWHG�IRU�WKH�ORZHVW�O\LQJ�WUDQVLWLRQ���5HFRUGHG�LQ�&+�&1���
E3RWHQWLDOV�UHSRUWHG�YV��$J�$J&O��������9�YV��6+(��LQ�&+�&1�VROXWLRQ�
ZLWK�����0�%X�13)���
�

%RWK�RI�WKHVH�FRPSOH[HV��>�WS\�5X&O�%/�@ +�DQG�>�WS\�5X�S\��%/�@����

KDYH�D�ELGHQWDWH�DQG�WULGHQWDWH�OLJDQG��OHDYLQJ�5X�ZLWK�D�ODELOH�OLJDQG�LQ�WKH�

FRRUGLQDWLRQ�VSKHUH���7KH�VXEVWLWXWLRQ�RI�WKH�HOHFWURQ �UHOHDVLQJ�KDOLGH��&O���

ZLWK�WKH�HOHFWURQ�ZLWKGUDZLQJ�OLJDQG��S\��GUDPDWLFDOO\�LQIOXHQFHV�WKH�

HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�WKH�FRPSOH[HV���$Q�DYHUDJH� EOXH�VKLIW�RI����

QP�LV�REVHUYHG�LQ�WKH�5X�→�%/�&7�WUDQVLWLRQV�EHWZHHQ�WKH�&O ��DQG�S\�VHULHV���

,Q�JRLQJ�IURP�>�WS\�5X&O�GSS�@+�WR�>�WS\�5X�S\��GSS�@����WKH�5X,,�,,,�FRXSOH�

�+202��VKLIWV�WR�PRUH�SRVLWLYH�SRWHQWLDOV���7KH�VXEVWLWXWLRQ�GRHV�QRW�

VLJQLILFDQWO\�DIIHFW�WKH�/802��DV�WKH�GSS����FRXSOH�UHPDLQV�QHDUO\�FRQVWDQW���

7KH�EOXH�VKLIW�LQ�WKH�0/&7�WUDQVLWLRQ�LV�D�UHVXOW�RI�WKH�VWDELOL]DWLRQ�RI�WKH�

PHWDO��G���OHYHO�XSRQ�VXEVWLWXWLRQ�ZLWK�DQ�HOHFWURQ�ZLWKGUDZLQJ�VXEVWLWXHQW�

DQG�LV�REVHUYHG�LQ�WKH�FRPSOH[HV�EULGJHG�E\�GST�DQG�GSE� �

$�VLPLODU�VHULHV�RI�FRPSOH[HV��>5X�WS\��ES\�;@Q���ZDV�V\QWKHVL]HG�ZLWK�

;� �&+�&1��12��S\��12�����3K�S\
����&O��33K���&2��SKHQRWKLD]LQH��1�

PHWK\OSKHQRWKLD]LQH����&1��+�2
����1+��DQG�6&1

�����$V�LQ�WKH�SUHYLRXV�
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H[DPSOH��WKH�LGHQWLW\�RI�;�LQ�WKH�VL[WK�FRRUGLQDWLRQ�VLWH�GUDPDWLFDOO\�

LQIOXHQFHV�WKH�HQHUJ\�RI�WKH�0/&7�WUDQVLWL RQ�GXH�WR�YDULDWLRQV�LQ�WKH�HQHUJ\�

RI�WKH�5X��G���+202���7KH�VKLIW�LV�FRQVLVWHQW�ZLWK�DQ�REVHUYHG�FKDQJH�LQ�WKH�

5X,,�,,,�UHGR[�FRXSOH��GHSHQGHQW�RQ�;��

3RO\D]LQH�%/V�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�GHVLJQ�PXOWLPHWDOOLF�

FRPSOH[HV���7KH�%/�DQG�PHWDOV�LQIOXHQFH�ERWK�WKH�VWUXFWXUH�RI�WKH�FRPSOH[�

DQG�WKH�GHJUHH�RI�HOHFWURQLF�FRPPXQLFDWLRQ�EHWZHHQ�PHWDO�DWRPV���7KH�

VWXG\�RI�HOHFWURQ�DQG�HQHUJ\�WUDQVIHU�LQ�WKHVH�FRPSOH[HV�LV�D�IXQGDPHQWDO�

FRQFHUQ�IRU�WKH�GHYHORSPHQW�RI�XVHIXO�V\VWHPV�H[SORLWLQJ�WKHVH�SURSHUWLHV����

'LQXFOHDU�FRPSOH[HV�FRQWDLQLQJ�3W ,,�OLQNHG�WR�5X,,�FKURPRSKRUHV�DUH�

LQWHUHVWLQJ�IRU�PDQ\�UHDVRQV� ������%RWK�WKH�UHDFWLYLW\�RI�WKH�XQVDWXUDWHG�

FRRUGLQDWLRQ�VSKHUH�DQG�WKH�'1$�ELQGLQJ�DFWLYLW\�RI� FLV�3W&O��DUH�VSDUVHO\�

VWXGLHG�DUHDV�LQ�WKH�ILHOG�RI�LQRUJDQLF�SKRWRFKHPLVWU\� ����

,QWHUDFWLRQV�RI�&LVSODWLQ�DQG�'1$�

'1$�LV�D�ELRPDFURPROHFXOH�PDGH�XS�RI�PDQ\�GHR[\ULERQXFOHRWLGH�

PRQRPHUV�����(DFK�QXFOHRWLGH�FRPSULVHV�D�QLWURJHQRXV�EDVH��D�VXJDU��DQG�

RQH�RU�PRUH�SKRVSKDWH�JURXSV���7KH�VXJDU �SKRVSKDWH�JURXSV�DUH�OLQNHG�

HQG�WR�HQG���¶��¶��DQG�PDNH�XS�WKH�EDFNERQH�RI�WKH�GRXEOH �KHOL[���7ZR�

VWUDQGV�DUH�KHOG�WRJHWKHU�ZLWK�K\GURJHQ�ERQGV�EHWZHHQ�FRPSOLPHQWDU\�

QLWURJHQRXV�EDVHV��JXDQLQH�F\WRVLQH�DQG�DGHQLQH�WKLDPLQH�� )LJXUH������7KH�

VWUDQGV�DUH�FRLOHG�DERXW�D�FRPPRQ�D[LV�WR�IRUP�WKH�GRXEOH�KHOL[�ZLWK�WKH�

EDVH�SDLUV�VWDFNHG�RQH�DERYH�WKH�RWKHU�LQ�WKH�LQWHULRU��7KH�GLYHUVLW\�IRXQG�LQ�

WKH�TXDWHUQDU\�VWUXFWXUH�RI�'1$��PDMRU�DQG�PLQRU�JURRYH��K\GURSKRELF��DQG�

K\GURSKLOLF�UHJLRQ��DQG�D�SRO\DQLRQLF�FKDUJH� �OHDGV�WR�WKH�SRVVLELOLW\�IRU�

VHYHUDO�W\SHV�RI�LQWHUDFWLRQV�ZLWK�IRUHLJQ�VSHFLHV���7KHVH�LQFOXGH�LRQLF�

ERQGLQJ�LQ�WKH�PDMRU�DQG�PLQRU�JURRYH��LQWHUFDODWLRQ�EHWZHHQ�WKH�VWDFNHG�

EDVHV��DQG�FRYDOHQW�ERQGLQJ��
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)LJXUH����$WRP�FRORU�DVVLJQPHQWV�XVHG�LQ�&$&KH�PROHFXODU�

PRGHOV��

�

)LJXUH����+�ERQGLQJ�LQWHUDFWLRQV�EHWZHHQ�JXDQLQH�DQG�F\WRVLQH��
DGHQLQH�DQG�WKLDPLQH��63%� �VXJDU�SKRVSKDWH�EDFNERQH�� �
�
�

&LVSODWLQ�FRRUGLQDWHV�WR�'1$�SULPDULO\�WKURXJK�1 ���RI�JXDQLQH�WR�IRUP�

D�����LQWUDVWUDQG�DGGXFW��)LJXUH��������7KH�IRUPDWLRQ�RI�WKHVH�DGGXFWV�

GLVUXSWV�EDVH�SDLULQJ��DQG�WKH�UHVXOWLQJ�GHVWDFNLQJ�FDXVHV�WKH�'1$�KHOL[�WR�

EHFRPH�NLQNHG��7KH�����LQWUDVWUDQG�DGGXFWV�IRUPHG�DUH�LPSRUWDQW�IR U�WKH�

DQWLFDQFHU�DFWLYLW\�RI�FLVSODWLQ���,W�LV�EHOLHYHG�WKH�ELQGLQJ�DIIHFWV�UHSOLFDWLRQ��

WUDQVFULSWLRQ��DQG�UHSDLU�PHFKDQLVPV� ���'HVSLWH�LWV�VXFFHVV��FLVSODWLQ�KDV�

VHYHUDO�GLVDGYDQWDJHV�WKDW�LQFOXGH�VHYHUH�WR[LFLW\�DQG�WXPRU�UHVLVWDQFH���

7KHUHIRUH��HIIRUWV�FRQWLQXH�WRZDUG�WKH�GHYHORSPHQW�RI�LPSURYHG�3W�

DQWLWXPRU�GUXJV���2QH�DSSURDFK�WR�WKH�GHVLJQ�RI�VHFRQG �JHQHUDWLRQ�3W�GUXJV�

IROORZV�D�VHW�RI�VWUXFWXUH�DFWLYLW\�UHODWLRQVKLSV�VXPPDUL]HG�E\�&OHDUH�DQG�

+RHVFKHOH�����)RU�3W�FRPSOH[HV�WR�VKRZ�DQWL��WXPRU�DFWLYLW\��WKH�3W,,�RU�3W,9�

FRPSOH[�VKRXOG�KDYH�D�FLV�JHRPHWU\�RI�WKH�JHQHUDO�IRUP�FLV�>3W;��$P��@�RU
�

�

�

63%�
63%� 63%� 63%�

&�

*� 7�$�

H C N O

P Cl Ru Pt

H C N OH C N O

P Cl Ru PtP Cl Ru Pt
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)LJXUH����,QWUDVWUDQG�DGGXFW�IRUPHG�EHWZHHQ�FLSODWLQ�DQG�D�

JXDQDVLQH�GLPHU��

�

FLV�>3W;�<��$P��@�ZKHUH�;�LV�WKH�OHDYLQJ�JURXS�DQG�$P�LV�DQ�LQHUW�DPLQH�

ZLWK�DW�OHDVW�RQH�1�+�PRLHW\���5HFHQWO\��RWKHU�VWUDWHJLHV�KDYH�HYROYHG ���WKDW�

LQFOXGH�WKH�XVH�RI�VWHULFDOO\�KLQGHULQJ�OLJDQGV�� ���WKH�DGGLWLRQ�RI�ELRORJLFDOO\�

DFWLYH�FDUULHU�OLJDQGV����DQG�DEDQGRQLQJ�WKH�FLV�FKORULGH�PRWLI������

6XUYH\�RI�([LVWLQJ�5X,,�3W,,�3RO\S\ULG\O�&RPSOH[HV��

([DPSOHV�RI�SRO\D]LQH�EULGJHG�5X�3W�FRPSOH[HV�FDQ�EH�IRXQG�LQ�WKH�

OLWHUDWXUH���0RVW�GHDO�SULPDULO\�ZLWK�V\QWKHVLV�� �7KH�VSHFWURVFRSLF�DQG�

HOHFWURFKHPLFDO�GDWD�LV�VXPPDUL]HG�LQ�7DEOH�����$OO�ZRUN�RQ�SRO\S\ULG\O�

EULGJHG�5X�3W�FRPSOH[HV�WR�GDWH�IRFXVHV�RQ�WKH�>5X�ES\� �@
���PRLHW\���/LNH�

WKH�SURWRW\SH��WKH�HOHFWURQLF�DEVRUSWLRQ�VSHF WUD�RI�WKHVH�FRPSOH[HV�DUH�

GRPLQDWHG�E\�,/�WUDQVLWLRQV�LQ�WKH�89�UHJLRQ�DQG�5X��G���→�/���
��&7�

WUDQVLWLRQV�LQ�WKH�YLVLEOH�UHJLRQ���9DULRXV�GHJUHHV�RI�SHUWXUEDWLRQ�DUH�

REVHUYHG�LQ�WKH�VSHFWUD�DQG�HOHFWURFKHPLVWU\�ZLWK�ELPHWDOOLF�IRUPDWLRQ�DQG�LV�

GHSHQGHQW�RQ�WKH�W\SH�RI�%/�DQG�PHWDOV�DWWDFKHG���:KHQ�5X�DQG�3W�DUH�

EULGJHG�WKURXJK�D�ULJLG��FRQMXJDWHG�ULQJ��WKH�JUHDWHVW�SHUWXUEDWLRQV�DUH�

REVHUYHG���5LOOHPD�ILUVW�VWXGLHG�WKH�5X�3W�FRPSOH[�>�ES\��5X�ESP�3W&O�@
��
��

3W�DGGXFW�
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7DEOH����(OHFWURFKHPLVWU\�DQG�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\�IRU�

SRO\D]LQH�EULGJHG�5X�3W�FRPSOH[HV��

&RPSOH[� (ò
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��9�

� (ò
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� ÊPD[
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>�ES\��5X�0HES\
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���D�

�����
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����5X�→�ES\%�&7�

>�ES\��5X�ESP�3W&O�@
���D� �����

�������ESP�����

�������ES\�����
����5X�→�ESP�&7�

>�ES\��5X�GSS�3W&O�@
���F� �����

�������GSS�����

�������GSS������

�������ES\�����

����5X�→�GSS�&7�

>�ES\��5X�GST�3W&O�@
���G� �����

�������GST�����

�������GST�����
����5X�→�GST�&7�

>�ES\��5X�GSE�3W&O�@
���G� �����

�������GSE�����

�������GSE�����
����5X�→�GSE�&7�

D�'DWD�IURP�UHI���������3RWHQWLDOV�YV��6&(�SURS\OHQH�FDUERQDWH�7($3�� �
E�'DWD�IURP�UHI�����3RWHQWLDOV�YV��$J�$J&O��DFHWRQLWULOH�7%$+���
F�'DWD�IURP�UHI��������3RWHQWLDOV�YV��$J�$J12��DFHWRQLWULOH�7%$+���
G�'DWD�IURP�UHI��������3RWHQWLDOV�YV��$J�$J&O��DFHWRQLWULOH�7%$+� �



� ���

�ESP� ����¶�ELS\ULPLGLQH������7KH�PRQRPHWDOOLF�SUHFXUVRU��

>5X�ES\���ESP�@
����KDV�D�5X�G���→�ESP��
��&7�FHQWHUHG�DW�����QP���7KH�

DGGLWLRQ�RI�HOHFWURQ�GHILFLHQW�3W&O ��UHG�VKLIWV�WKH�0/&7�WR�����QP���7KH�

5X,,�,,,�FRXSOH�LV�UHODWLYHO\�XQDIIHFWHG�E\�3W�FRRUGLQDWLRQ�ZLWK�RQO\�D����P9�

FKDQJH�LQ�WKH�R[LGDWLRQ�SRWHQWLDO���7KH�ILUVW�UHGXFWLRQ�SRWHQWLD O�LV�

VLJQLILFDQWO\�DOWHUHG���>5X�ES\���ESP�@
���XQGHUJRHV�D�ESP����EDVHG�

UHYHUVLEOH�RQH�HOHFWURQ�UHGXFWLRQ�DW�±�����9��YV��6&(����3W�FRRUGLQDWLRQ�

VKLIWV�WKLV�SRWHQWLDO�PRUH�SRVLWLYH�WR�±�����9���7KH�HOHFWURFKHPLFDO�UHVXOWV�

LQGLFDWH�WKH�FKDQJH�LQ�WKH�HQHUJ\�RI�WKH�0/&7�LV�GXH�WR�D�VWDELOL]DWLRQ�RI�WKH�

ESP��
�DFFHSWRU�RUELWDOV��

<DP������UHSRUWHG�WKH�SURSHUWLHV�RI�WKH�FRPSOH[�>�ES\� �5X�GSS�3W&O�@
���

ZKLOH�%UHZHU���������H[SDQGHG�WKH�VHULHV�WR�LQFOXGH�>�ES\��5X�GST�3W&O�@
���

DQG�>�ES\��5X�GSE�3W&O�@
�����7KH�0/&7�DEVRUSWLRQ�EDQGV�IRU�WKH�ELPHWDOOLF�

DUH�UHG�VKLIWHG�UHODWLYH�WR�WKH�UHVSHFWLYH�PRQRPHWDOOLF�SUHFXUVRU���,Q�WKLV�

VHULHV��WKH�5X,,�,,,�UHGR[�FRXSOH�LV�DIIHFWHG�E\�3W&O��FRRUGLQDWLRQ���7KH�5X
,,�,,,�

UHGR[�FRXSOH�IRU�>5X�ES\���%/�@
���RFFXUV�DW������9��YV��$J�$J12��

���������9�

�YV��$J�$J&O���DQG������9��YV��$J�$J&O����IRU�GSS��GST��DQG�GSE��

UHVSHFWLYHO\���%LPHWDOOLF�IRUPDWLRQ�VKLIWV�WKH�UHGR[�FRXSOH�WR�PRUH�SRVLWLYH�

SRWHQWLDOV���$Q�LUUHYHUVLEOH�3W�R[LGDWLRQ�LV�UHSRUWHG�LQ�WKHVH�FRPSOH[HV�DW�WKH�

VDPH�SRWHQWLDO�DV�WKH�5X,,�,,,�FRXSOH���7KLV�PLJKW�DFFRXQW�IRU�WKH�VHHPLQJO\�

GLVSDUDWH�YDOXHV�UHSRUWHG�E\�WKH�WZR�JURXSV��� �

7KH�HIIHFW�RI�3W�FRRUGLQDWLRQ�RQ�WKH�%/�UHGXFWLRQ�SURFHVVHV�LV�JUHDWHU�

WKDQ�WKDW�RI�WKH�5X,,�,,,�FRXSOH���)RU�WKH�PRQRPHWDOOLF�VSHFLHV��WKH�ILUVW�

UHGXFWLRQ�SURFHVV�LV�D�%/����FRXSOH�DQG�RFFXUV�DW�±�����9��GSS���������9�

�GST���DQG�±�����9��GSE����7KH�VHFRQG�UHGXFWLRQ�SURFHVVHV�DUH�ES\ ������8SRQ�

3W�FRRUGLQDWLRQ��WKH�%/����UHGXFWLRQ�SRWHQWLDOV�DUH�VKLIWHG�FDWKRGLF�E\�

DSSUR[LPDWHO\�����P9���,Q�DGGLWLRQ��WKH�%/�����FRXSOH�LV�VKLIWHG�FDWKRGLF�DQG�

RFFXUV�EHIRUH�WKH�WHUPLQDO�ES\����FRXSOH��
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7KH�ELPHWDOOLF�VSHFLHV�FRQWDLQLQJ�%/V�WKDW�GR�QRW�FRQQHFW�WKH�PHWDO�

DWRPV�WKURXJK�FRQMXJDWHG��ULJLG�OLJDQGV�GR�QRW�H[SHULHQFH�WKH�VDPH�

FKDQJHV�LQ�WKHLU�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�UHODWLYH�WR�

WKHLU�PRQRPHWDOOLF�SUHFXUVRUV���5LOOHPD�UHSRUWHG�WKH�VSHFWURVFRSLF�DQG�

HOHFWURFKHPLFDO�GDWD�IRU�>�ES\��5X�0HES\�0HES\�3W&O�@
�������7KH�ORZHVW�

HQHUJ\�DEVRUSWLRQ�LV�D�5X��G���→�ES\���
��&7�WUDQVLWLRQ�DW�����QP���'XH�WR�

WKH�HOHFWURQ�ULFK�PHWK\O�JURXS�DQG�VDWXUDWHG�OLQNHU�RI�WKH�%/��WKH��
�RUELWDOV�

DUH�GHVWDELOL]HG��LQFUHDVLQJ�WKH�HQHUJ\�RI�WKH�5X��G���→�%/���
��&7�

WUDQVLWLRQ�WR�����QP���7KH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUXP�RI�

>5X�ES\���0HES\�0HES\�@
���DQG�WKH�5X�3W�SURGXFW�DUH�LGHQWLFDO�ZLWK�WKH�

H[FHSWLRQ�RI�D�3W��G���→�0HES\���
��&7�WUDQVLWLRQ�DW�����QP�REVHUYHG�LQ�WKH�

ELPHWDOOLF�FRPSOH[����

2I�WKHVH�H[DPSOHV��RQO\�WKH�>�ES\��5X�%/�3W&O�@
����%/� �GST�DQG�GSE��

VHULHV�KDV�EHHQ�WHVWHG�IRU�'1$�ELQGLQJ�DIILQLW\� �������%UHZHU�UHSRUWHG�UHVXOWV�

IURP�DJDURVH�JHO�HOHFWURSKRUHVLV�VWXGLHV�GHVLJQHG�WR�DVVHVV�'1$�

ELQGLQJ��������9DULRXV�FRQFHQWUDWLRQV�RI�ELPHWDOOLF�FRPSOH[�DQG�'1$�ZHUH�

LQFXEDWHG�IRU���KUV���$GGXFW�IRUPDWLRQ�ZDV�DVVHVVHG�E\�FRPSDULQJ�WKH�'1$ �

ELPHWDOOLF�PLJUDWLRQ�UDWH�WR�WKDW�RI�IUHH�'1$�DQG�WZR�NQRZQ�'1$�ELQGLQJ�

DJHQWV��FLVSODWLQ���DQG�^>3W&O�1+���@��µ�1+��&+���1+��`��������7KH�

FRPSOH[HV�VKRZHG�D�JHQHUDO�UHWDUGDW LRQ�RI�EDQG�PLJUDWLRQ�GXH�WR�DGGXFW�

IRUPDWLRQ���7KH�HIIHFW�IRU�>�ES\��5X�%/�3W&O�@
���ZDV�PRUH�SURQRXQFHG�WKDQ�

WKDW�IRU�FLVSODWLQ�DQG�^>3W&O�1+���@��µ�1+��&+���1+��`�����1R�FKDQJH�LQ�

PLJUDWLRQ�UDWH�ZDV�REVHUYHG�IRU�WKH�PRQRPHWDOOLF�SUHFXUVRUV��LQGLFDWLQJ�

DGGXFW�IRUPDWLRQ�RFFXUV�WKURXJK�WKH�FLV�3W&O��PRLHW\�
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0DWHULDOV�

7KH�OLJDQGV�����ELV��¶�S\ULG\O�S\UD]LQH��GSS��DQG����¶��¶��´�WHUS\ULGLQH��WS\��

ZHUH�SXUFKDVHG�IURP�$OGULFK�&KHPLFDO�&RPSDQ\�DQG�XVHG�DV�UHFHLYHG���

5XWKHQLXP�WULFKORULGH�K\GUDWH��5X&O��⋅�[+�2��DQG�SRWDVVLXP�

WHWUDFKORURSODWLQDWH�ZHUH�UHFHLYHG�IURP�-RKQVRQ�0DWWKH\�$OID �$HVDU���

$GVRUSWLRQ�DOXPLQD����������ZDV�SXUFKDVHG�IURP�)LVKHU�6FLHQWLILF���7KH�

VXSSRUWLQJ�HOHFWURO\WH�IRU�WKH�HOHFWURFKHPLFDO�VWXGLHV��WHWUDEXW\ODPPRQLXP�

KH[DIOXRURSKRVSKDWH��%X�13)����ZDV�SUHSDUHG�E\�WKH�PHWDWKHVLV�RI�

WHWUDEXW\ODPPRQLXP�EURPLGH�DQG�SRWDVVLXP�KH[DIOXRURSKRVSKDWH���7KH�

HOHFWURO\WH�ZDV�UHFU\VWDOOL]HG�IURP�KRW�HWKDQRO��WZLFH���GULHG�LQ�D�YDFXXP�

RYHQ��DQG�VWRUHG�LQ�D�QLWURJHQ�ILOOHG�JORYH�ER[��+3/&�JUDGH�DFHWRQLWULOH�ZDV�

SXUFKDVHG�IURP�0DOOLQFNURGW�DQG�XVHG�IRU�WKH�HOHFWURFKHPLFDO�DQG�

VSHFWURVFRSLF�VWXGLHV���5X�WS\�&O�
���DQG�3W&O��GPVR����GPVR� �

GLPHWK\OVXOIR[LGH����ZHUH�SUHSDUHG�DV�SUHYLRXVO\�UHSRUWHG� �

0HWKRGV�

&KURPDWRJUDSK\���7KH�UXWKHQLXP�SUHFXUVRUV�V\QWKHVL]HG�LQ�WKLV�VWXG\�

ZHUH�SXULILHG�E\�DOXPLQD�FROXPQ�FKURPDWRJUDSK\���,W�ZDV�LPSRUWDQW�WKDW�WKH�

DOXPLQD�KDV�QRW�EHHQ�DFWLYDWHG�RU�WKH�FRPSOH[HV�ZLOO�ELQG�LUUHYHUVLEO\�DQG�

QRW�HOXWH���3\UH[�FKURPDWRJUDSK\�FROXPQV�PHDVXULQJ�����[������2�'���FP�

ZLWK�D�FRDUVH�JODVV�IULW�ERWWRP�ZHUH�ILOOHG�WR�ZLWKLQ���FP�RI�WKH�WRS�ZLWK�WKH�

HOXWLQJ�VROYHQW�DQG���FP�RI�ZDVKHG�VHD�VDQG���$OXPLQD�ZDV�SRXUHG�VORZO\�

DQG�FRQWLQXRXVO\�LQWR�WKH�FROXPQ�ZKLOH�WKH�VROYHQW�HOXWHV�IURP�WKH�ERWWRP���

7KH�UDWH�ZDV�DGMXVWHG�VR�WKDW�WKH�ORVV�RI�VROYHQW�YROXPH�ZDV�UHSODFHG�ZLWK�

DOXPLQD�WR�PDLQWDLQ�D�FRQVWDQW�YROXPH���7KLV�WHFKQLTXH�LQVXUHV�FRQVLVWHQW�

SDFNLQJ�RI�WKH�DOXPLQD�EHG�DQG�DQ�HIILFLHQW�VHSDUDWLRQ���6HD�VDQG����FP��
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ZDV�DGGHG�WR�WKH�WRS�RI�WKH�DOXPLQD�EHG�DQG�WKH�VROYHQW�DOORZHG�WR�HOXWH�

XQWLO�MXVW�FRYHULQJ�WKH�VDQG���6DPSOHV�ZHUH�SUHSDUHG�ZLWK�WKH�VDPH�VROYHQW�

XVHG�WR�SUHSDUH�WKH�FROXPQ�DQG�QR�PRUH�WKDQ��� ����PO�RI�WKH�FRQFHQWUDWHG�

VDPSOH�ZDV�LQWURGXFHG�WR�D�VLQJOH�FROXPQ��7KH�SUHSDUHG�VDPSOH�ZDV�JHQ WO\�

OD\HUHG�RQWR�WKH�WRS�RI�WKH�FROXPQ�ZLWK�D�SLSHWWH��DOORZHG�WR�HQWHU�WKH�EHG�

E\�RSHQLQJ�WKH�VWRSFRFN��DQG�JHQWO\�DGGLQJ�PRUH�VROYHQW�DV�WKH�VDPSOH�

PLJUDWHV�GRZQ�WKH�FROXPQ���%HFDXVH�WKHVH�FRPSOH[HV�ZHUH�VWURQJO\�FRORUHG��

LW�ZDV�D�VLPSOH�PDWWHU�WR�VHSDUDWH�WKH�HOXWLQJ�EDQGV�E\�YLVXDO�LQVSHFWLRQ���

7KH�SURGXFW�EDQGV�ZHUH�FROOHFWHG��FRQFHQWUDWHG�E\�URWDU\�HYDSRUDWLRQ��DQG�

SUHFLSLWDWHG�E\�DGGLWLRQ�WR�GLHWK\O�HWKHU���6XFFHVVLYH�VHSDUDWLRQV�RQ�FROXPQV�

ZHUH�VRPHWLPHV�QHFHVVDU\�WR�IXOO\�VHSDUDWH�WKH�SURGXFW�IURP� RWKHU�

FRPSRQHQWV�RI�WKH�UHDFWLRQ� �

105�6SHFWURVFRS\���3URWRQ�105�VSHFWUD�ZHUH�UHFRUGHG�RQ�D�-(2/�(FOLSVH�

������0+]�VSHFWURPHWHU�XVLQJ�WKH�VROYHQW��&' �&O���DV�DQ�LQWHUQDO�UHIHUHQFH���

)$%�0DVV�6SHFWURPHWU\���0DVV�VSHFWUDO�DQDO\VLV�ZDV�SHUIRUPHG�E\�D�

)LVRQV�9*�4XDWWUR�,��WULSOH�VWDJH�TXDGUDSROH�PDVV�VSHFWURPHWHU�HTXLSSHG�

ZLWK�D�FHVLXP�LRQ�JXQ���$�P�QLWUREHQ]\O�DOFRKRO�DFHWRQLWULOH�PL[WXUH�VHUYHG�

DV�WKH�PDWUL[��

(OHFWURFKHPLVWU\���$�%LRDQDO\WLFDO�6\VWHPV��,QF�����:�HOHFWURFKHPLFDO�

ZRUNVWDWLRQ�ZDV�XVHG�WR�JHQHUDWH�F\FOLF�YROWDPPRJUDPV���,Q�DOO�FDVHV��D�����

0�%X�13)��LQ�DFHWRQLWULOH�VHUYHV�DV�WKH�VXSSRUWLQJ�HOHFWURO\WH���7KH�WKUHH �

HOHFWURGH�V\VWHP�FRQVLVWV�RI�D�����PP�SODWLQXP�GLVN�ZRUNLQJ�HOHFWURGH��D�

SODWLQXP�ZLUH�DX[LOLDU\�HOHFWURGH��DQG�D�$J�$J&O�UHIHUHQFH�HOHFW URGH�ZLWK�D�

9\FRU�JODVV�WLS��������9�YV��1+(����7KH�UHIHUHQFH�HOHFWURGH�ZDV�FDOLEUDWHG�

DJDLQVW�WKH�IHUURFHQH�IHUURFHQLXP�FRXSOH�UHSRUWHG�DV�������9�YV��1+(�LQ�D�

����0�%X�13)��DFHWRQLWULOH�VROXWLRQ�
����7KH�SODWLQXP�HOHFWURGH�ZDV�SROLVKHG�

EHWZHHQ�HDFK�VFDQ�DQG�WKH�VROXWLRQV�GHR[\JHQDWHG�E\�EXEEOLQJ�ZLWK�DUJRQ�

IRU����PLQ��
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(OHFWURQLF�$EVRUSWLRQ�6SHFWURVFRS\���6SHFWUD�ZHUH�JHQHUDWHG�DW�URRP�

WHPSHUDWXUH�LQ�D���FP�TXDUW]�FXYHWWH�XVLQJ�D�+HZOHWW�3DFNDUG������GLRGH�

DUUD\�VSHFWURPHWHU�ZLWK���QP�UHVROXWLRQ�DQG�D�VSHFWUDO�UDQJH�RI�����WR�����

QP���'DWD�ZDV�DFTXLUHG�ZLWK�+HZOHWW�3DFNDUG�89 �9LV�&KHPVWDWLRQ�VRIWZDUH�

�5HY��$����������

3UHSDUDWLRQ�DQG�3XULILFDWLRQ�RI�3ODVPLG�'1$���3ODVPLG�'1$��

S%OXHVFULSW��ZDV�DPSOLILHG�DQG�SXULILHG�IURP� (VFKHULFKLD�FROL�VWUDLQ�-0����

DFFRUGLQJ�WR�HVWDEOLVKHG�PHWKRGV� ���3ODVPLGV�ZHUH�LVRODWHG�XVLQJ�DQ�DONDOLQH�

O\VLV�SURFHGXUH��SXULILHG�LQ�D�FHVLXP�FKORULGH�JUDGLHQW��DQG�WKHQ�H[WHQVLYHO\�

GLDO\]HG�DJDLQVW�7(��>���P0�7ULV���WULVK\GUR[\PHWK\O�DPLQRPHWKDQH@����P0��

('7$��S+��������)ROORZLQJ�FRQFHQWUDWLRQ�E\�HWKDQRO�SUHFLSLWDWLRQ��WKH�'1$�

ZDV�VWRUHG�LQ�7(�DW���R&��3ODVPLG�'1$�ZDV�OLQHDUL]HG�E\�RYHUQLJKW�LQFXEDWLRQ�

DW����R&�ZLWK�(FR5��HQGRQXFOHDVH��7\SLFDOO\������XJ�RI�SODVPLG�'1$�ZDV�

FRPELQHG�ZLWK�(FR5,����ËO������8��DQG����ËO�RI���;�EXIIHU�LQ�D�WRWDO�YROXPH�

RI�����ËO��3URWHLQ�ZDV�UHPRYHG�E\�H[WUDFWLQJ�ZLWK�SKHQRO������

K\GUR[\TXLQROLQH��HTXLOLEULDWHG�ZLWK�7(�S+����DQG������FKORURIRUP��LVRDP\O�

DOFRKRO��7KH�'1$�ZDV�WKHQ�SUHFLSLWDWHG�ZLWK�1D&O�DQG�HWKDQRO��UHVXVSHQGHG�

LQ�GHLRQL]HG�ZDWHU��DQG�VWRUHG�DW��� R&���7KH�S%OXHVFULSW�SODVPLG�ZDV�

FRPSRVHG�RI������EDVH�SDLUV�DQG�KDV�D�*&�FRQWHQW�RI��������� �

3UHSDUDWLRQ�RI�0ROHFXODU�:HLJKW�6WDQGDUGV���0ROHFXODU�ZHLJKW�

VWDQGDUGV�IRU�QRQ�GHQDWXULQJ�DJDURVH�JHO�HOHFWURSKRUHVLV�ZHUH�SUHSDUH G�E\�

GLJHVWLRQ�RI�EDFWHULRSKDJH�ODPEGD�'1$�ZLWK�+LQG,,,�HQGRQXFOHDVH��/DPEGD�

'1$�����XJ������ËO�RI�����XJ�PO�VWRFN�VROXWLRQ��ZDV�FRPELQHG�ZLWK�+LQG ,,,�

���ËO������8��LQ�����ËO�RI�+�2�EXIIHUHG�ZLWK���;�EXIIHU�����ËO��DQG�LQFXEDWHG�

IRU����KUV�DW����R&��8SRQ�FRPSOHWLRQ������ËO�RI��;�W\SH�,,,�G\H�ZDV�DGGHG�

DQG�WKH�VROXWLRQ�VWRUHG�DW���R&����

5HDFWLRQV�RI�0HWDO�&RPSOH[HV�ZLWK�3ODVPLG�'1$���7KH�FRQFHQWUDWLRQ�RI�

WKH�OLQHDUL]HG�SODVPLG�'1$�VROXWLRQ�ZDV�GHWHUPLQHG�VSHFWURSKRWRPHWULFDOO\�

���$8� �����J�'1$�PO�DW�����QP������&RQFHQWUDWLRQV�RI�PHWDO�VROXWLRQV�
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ZHUH�GHWHUPLQHG�XVLQJ�WKH�NQRZQ�H[WLQFWLRQ�FRHIILFLHQWV�IRU�

>�WS\�5X&O�%/�3W&O�@�3)����ε� ������×�����0��FP���DW�����QP�IRU�GSS�������[�

����0��FP���IRU�GST��DQG������[�����0��FP���IRU�GSE���$OO�UHDFWLRQV�FRQWDLQ���

ËJ�RI�OLQHDUL]HG�SODVPLG�'1$�DQG����P0�VRGLXP�SKRVSKDWH��S+��� LQ�D�WRWDO�

YROXPH�RI�����ËO��7KH�VDPSOHV�ZHUH�DQDO\]HG�E\�HOHFWURSKRUHVLV�LQ�����PO�

DJDURVH�JHOV�������DJDURVH�����P0�7ULV�����P0�ERULF�DFLG��S+����DW�����9�

IRU�����KUV��ZLWK�UHFLUFXODWLRQ�RI�WKH�EXIIHU� ���*HOV�ZHUH�WKHQ�VWDLQHG�LQ�����

XJ�PO�HWKLGLXP�EURPLGH�IRU���KU�DQG�SKRWRJUDSKHG�ZLWK�89�LOOXPLQDWLRQ��

3RODURLG�SULQWV�ZHUH�VFDQQHG�XVLQJ�GLJLWDO�IODWEHG�VFDQQHU� �

6\QWKHVLV 

����ELV��¶�S\ULG\O�TXLQR[DOLQH�������%LV��¶�S\ULG\O�TXLQR[DOLQH��GST��ZDV�

V\QWKHVL]HG�E\�D�PRGLILFDWLRQ�RI�D�SUHYLRXVO \�SXEOLVKHG�PHWKRG���������¶�

S\ULG\O�������J�������PPRO��DQG�����GLDPLQHSKHQ\OHQH�������J�������PPRO��

ZHUH�KHDWHG�DW�UHIOX[�LQ����PO�RI�HWKDQRO�IRU���KUV���7KH�SURGXFW�IRUPV�ZKLWH�

FU\VWDOV�DV�WKH�VROXWLRQ�FRROV�WR�URRP�WHPSHUDWXUH���7KH�SU RGXFW�ZDV�

FROOHFWHG�E\�YDFXXP�ILOWUDWLRQ���6XFFHVVLYH�UHFU\VWDOOL]DWLRQ�IURP�KRW�HWKDQRO�

DIIRUGV�WKH�SXUH�SURGXFW�FRQILUPHG�E\� �+�105���<LHOG������������J�������

PPRO���

����ELV��¶�S\ULG\O�EHQ]RTXLQR[DOLQH���0RGLILFDWLRQ�RI�WKH�GST�V\QWKHVLV�

DIIRUGV�����ELV��¶�S\ULG\O�EHQ]RTXLQR[DOLQH��GSE����������GLDPLQRQDSWKDOHQH�

������J�������PPRO��ZDV�VXEVWLWXWHG�IRU�����GLDPLQRSKHQ\OHQH���7KH�FUXGH�

SURGXFW�ZDV�SXULILHG�E\�GLVVROYLQJ�LQ�D�PLQLPDO�DPRXQW�RI�PHWK\OHQH�

FKORULGH�DQG�HOXWLQJ�IURP�D�FROXPQ�SDFNHG�ZLWK���FP�RI�DOXPLQD��DV�

GHVFULEHG�SUHYLRXVO\����7KH�RQO\�EDQG�WR�HOXWH�ZDV�WKH�\HOORZ�SURGXFW����

3XULW\�ZDV�FRQILUPHG�E\��+�105���<LHOG������������J��������PPRO���

>�WS\�5X&O�GSS�@�3)�����>�WS\�5X&O�GSS�@�3)���ZDV�SUHSDUHG�E\�D�

PRGLILFDWLRQ�RI�D�SUHYLRXVO\�SXEOLVKHG�PHWKRG�����5X�WS\�&O���������J�������

PPRO���GSS��������J�������PPRO��DQG�/L&O��������J�������PPRO��ZHUH�
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KHDWHG�XQGHU�DQ�DUJRQ�DWPRVSKHUH�IRU���K�DW�UHIOX[�LQ�����PO�RI�D�����

HWKDQRO�GHLRQL]HG�ZDWHU�PL[WXUH���$GGLWLRQ�RI���P O�WULHWK\ODPLQH�IDFLOLWDWHV�

WKH�UHGXFWLRQ�RI�5X,,,���7KH�UHDFWLRQ�PL[WXUH�FKDQJHV�IURP�EURZQ�WR�PDURRQ�

DQG�ZDV�SUHFLSLWDWHG�E\�DGGLWLRQ�WR����PO�RI�D�VDWXUDWHG�VROXWLRQ�RI�.3) ����

7KH�GDUN�SUHFLSLWDWH�ZDV�FROOHFWHG�E\�YDFXXP�ILOWUDWLRQ�XVLQJ�D����PO�ILQH �

SRURVLW\�IULWWHG�IXQQHO���7KH�SURGXFW�ZDV�SXULILHG�E\�DOXPLQD�FKURPDWRJUDSK\�

SUHSDUHG�ZLWK������YRO��YRO���WROXHQH�DFHWRQLWULOH��DV�SUHYLRXVO\�GHVFULEHG����

7KH�ILUVW�EDQG�WR�HOXWH��UHG��ZDV�WKH�GHVLUHG�SURGXFW�DQG�ZDV�FROOHFWHG���7KH�

VHFRQG�EDQG�WR�HOXWH�ZDV�RUDQJH�DQG�GHWHUPLQHG�WR�EH�

>�WS\�5X�&+�&1��GSS�@�3)������6HYHUDO�EOXH�EDQGV�UHPDLQHG�RQ�WKH�FROXPQ�

DQG�DUH�DVVXPHG�WR�EH�SRO\PHWDOOLF�FRPSOH[HV��EXW�DUH�QRW�\HW�

FKDUDFWHUL]HG���<LHOG������������J�������PPRO���

>�WS\�5X&O�GST�@�3)�����>�WS\�5X&O�GST�@�3)���ZDV�SUHSDUHG�E\�D�

PRGLILFDWLRQ�RI�WKH�V\QWKHVLV�RI�>�WS\�5X&O�GSS�@�3) ����VXEVWLWXWLQJ�GST�

�������J�������PPRO��IRU�GSS�����7KH�SXULILFDWLRQ�ZDV�DV�DERYH�ZLWK�WKH�ILUVW�

EDQG��SXUSOH��EHLQJ�FROOHFWHG���<LHOG������������J�������PPRO�� �

>�WS\�5X&O�GSE�@�3)�����>�WS\�5X&O�GSE�@�3)���ZDV�SUHSDUHG�E\�D�

PRGLILFDWLRQ�RI�WKH�V\QWKHVLV�RI�>�WS\�5X&O�GSS�@�3) ����VXEVWLWXWLQJ�GSE�

�������J�������PPRO��IRU�GSS�����7KH�SXULILFDWLRQ�ZDV�DV�DERYH�XVLQJ�D�����

�YRO��YRO���WROXHQH�DFHWRQLWULOH�HOXDQW���7KH�ILUVW�EDQG��EOXH��ZDV�FROOHFWHG���

<LHOG������������J�������PPRO���

*HQHUDO�1RWH�RQ�5X�3W�%LPHWDOOLF�&RPSOH[HV��7KH�VXFFHVVIXO�V\QWKHVLV�

DQG�SXULILFDWLRQ�RI�WKH�ELPHWDOOLF�FRPSOH[HV�GHSHQGV�RQ�WKH�SXULW\�RI�WKH�

VWDUWLQJ�PDWHULDOV�DQG�WKH�FRUUHFW�VWRLFKLRPHWU\�RI�WKH�UHDFWLRQ�PL[WXUH���

7KLV�ZDV�GXH��LQ�SDUW��WR�WKH�ODELOH�QDWXUH�RI�WKH�3W �&O�ERQGV��ZKLFK�UHQGHUV�

DEVRUSWLRQ�FKURPDWRJUDSK\�XQXVDEOH���7KHUHIRUH��SXULILFDWLRQ�UHOLHV�RQ�WKH�

GLIIHUHQWLDO�VROXELOLW\�RI�WKH�SUHFXUVRUV�DQG�SURGXFWV���,Q�D GGLWLRQ��LQFUHDVHG�

UHDFWLRQ�WLPH�OHDGV�WR�3W��GHSRVLWLRQ�RQ�WKH�UHDFWLRQ�YHVVHO� �
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>�WS\�5X&O�GSS�3W&O�@�3)�����>�WS\�5X&O�GSS�3W&O�@�3)���ZDV�SUHSDUHG�E\�

KHDWLQJ�DW�UHIOX[�LQ����PO�RI�HWKDQRO�>�WS\�5X&O�GSS�@�3) ����������J��������

PPRO��DQG�3W&O��GPVR����������J������PPRO����'XULQJ�WKH���KU�UHDFWLRQ�

WLPH��WKH�VROXWLRQ�FKDQJHG�IURP�UHG�WR�SXUSOH���2QFH�WKH�UHDFWLRQ�PL[WXUH�

KDV�FRROHG�WR�URRP�WHPSHUDWXUH��WKH�SXUSOH�SURGXFW�SUHFLSLWDWHG�DQG�ZDV�

VHSDUDWHG�E\�YDFXXP�ILOWUDWLRQ�RQ�D�ILQH�SRURVLW\�IULWWHG�IXQQHO���7KH�SURGXFW�

ZDV�ZDVKHG�ZLWK�WZR����PO�SRUWLRQV�RI�HWKDQRO�DQG����PO�FKORURIRUP���

:DVKLQJ�WKH�IULW�ZLWK����PO�DFHWRQLWULOH�DOORZV�WKH�SURGXFW�WR�EH�FROOHFWHG�DV�

WKH�ILOWUDWH���7KH�YROXPH�RI�WKH�SXUSOH�ILOWUDWH�ZDV�UHGXFHG�WR����PO�E\�

URWRHYDSRUDWLRQ�DQG�SUHFLSLWDWHG�E\�DGGLWLRQ�WR����PO�GLHWK\O�HWKHU���<LHOG�

���������PJ��������PPRO����)$%�06��QLWUREHQ]\O�DOFRKRO�PDWUL[���P�]��

�����>�WS\�5X&O�GSS�3W&O�@
��������>�WS\�5X&O�GSS�3W&O@��������

>�WS\�5X&O�GSS�3W@��������>�WS\�5X�GSS�3W@��������>�WS\�5X&O�GSS�@��������

>�WS\�5X�GSS�@�����

>�WS\�5X&O�GST�3W&O�@�3)�����>�WS\�5X&O�GST�3W&O�@�3)���ZDV�SUHSDUHG�E\�

D�PRGLILFDWLRQ�RI�WKH�UHDFWLRQ�IRU�>�WS\�5X&O�GSS�3W&O �@�3)����XVLQJ�

>�WS\�5X&O�GST�@�3)����������J��������PPRO����7KH�UHVXOWLQJ�EOXH�SURGXFW�

ZDV�REWDLQHG�LQ�DQ�����\LHOG������PJ��������PPRO����)$%�06��QLWUREHQ]\O�

DOFRKRO�PDWUL[���P�]�������>�WS\�5X&O�GST�3W&O�@
��������

>�WS\�5X&O�GST�3W&O@��������>�WS\�5X&O�GST�3W@��������>�WS\�5X�GST�3W@���

�����>�WS\�5X&O�GST�@��������>�WS\�5X�GST�@���

>�WS\�5X&O�GSE�3W&O�@�3)�����>�WS\�5X&O�GSE�3W&O�@�3)���ZDV�SUHSDUHG�E\�

D�PRGLILFDWLRQ�RI�WKH�UHDFWLRQ�IRU�>�WS\�5X&O�GSS�3W&O �@�3)����XVLQJ�

>�WS\�5X&O�GSE�@�3)����������J��������PPRO����7KH�UHVXOWLQJ�JUHHQ�SURGXFW�

ZDV�REWDLQHG�LQ�DQ�����\LHOG������PJ��������PPRO����)$%�06��QLWUREHQ]\O�

DOFRKRO�PDWUL[���P�]�������>�WS\�5X&O�GSE��3W&O�@
��������

>�WS\�5X&O�GSE�3W&O@��������>�WS\�5X&O�GSE�3W@��������>�WS\�5X�GSE�3W@���

����>�WS\�5X&O�GSE�@��������>�WS\�5X�GSE�@����

�
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6\QWKHVLV�

7KH�JHQHUDO�PHWKRG�IRU�WKH�V\QWKHVLV�RI�>�WS\�5X&O�%/�3W&O �@
+�LV�

LOOXVWUDWHG�LQ�6FKHPH�����7KH�V\QWKHVLV�WDNHV�DGYDQWDJH�RI�D�EXLOGLQJ�EORFN�

DSSURDFK�ZKHUH�HDFK�FRPSOH[�LV�EXLOW�XS�E\�VXFFHVVLYHO\�DGGLQJ�OLJDQGV�DQG�

PHWDOV�WR�WKH�UXWKHQLXP�VXSUDPROHFXODU�DUFKLWHFWXUH���7KH�OLJDQGV�DFW�DV�

GLVFUHWH�VFDIIROGV�WKDW�FRQWULEXWH�SDUWLFXODU�VSHFWURVFRSLF�DQG�

HOHFWURFKHPLFDO�FKDUDFWHULVWLFV�WR�WKH�ILQDO�FRPSOH[���7KH�LQWHUDFWLRQ�RI�WKH�

OLJDQGV�DQG�WKH�PHWDO�DWRPV�LV�ZHDN�HQRXJK�WKDW�PDQ\�RI�WKH�SURSH UWLHV�RI�

WKH�OLJDQGV�DUH�PDLQWDLQHG��EXW�VWURQJ�HQRXJK�WR�JLYH�ULVH�WR�QHZ�

SURSHUWLHV���:LWK�WKLV��WKH�VSHFWURVFRSLF��HOHFWURFKHPLFDO�DQG�VWUXFWXUDO�

DWWULEXWHV�RI�WKH�WDUJHW�FRPSOH[�DUH�HQJLQHHUHG�WKURXJK�VHOHFWLRQ�RI�PRGXOHV�

SDUWLFXODU�WR�WKDW�WDVN��

6FKHPH����%XLOGLQJ�EORFN�V\QWKHVLV�RI�>�WS\�5X&O�%/�3W&O �@
���

�

EtOH

BL (dpp)tpy

RuCl3•xH2O +

(tpy)RuCl3

+

2EtOH/H2O
LiCl

[(tpy)RuCl(dpp)](PF6)

PtCl2(dmso)2 +

[(tpy)RuCl(dpp)PtCl2](PF6)

EtOH

EtOHEtOH

BL (dpp)BL (dpp)tpytpy

RuCl3•xH2O +

(tpy)RuCl3(tpy)RuCl3

+

2EtOH/H2O
LiCl
2EtOH/H2O
LiCl

[(tpy)RuCl(dpp)](PF6)[(tpy)RuCl(dpp)](PF6)

PtCl2(dmso)2 +

[(tpy)RuCl(dpp)PtCl2](PF6)[(tpy)RuCl(dpp)PtCl2](PF6)

EtOH
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5X�WS\�&O���ZDV�V\QWKHVL]HG�DV�GHVFULEHG�E\�0H\HU�E\�KHDWLQJ�DW�UHIOX[�

LQ�HWKDQRO��5X&O�[+�2�DQG�WS\�
����7KH�PRQRPHWDOOLF�SUHFXUVRUV��

>�WS\�5X&O�%/�@�3)����ZHUH�SUHSDUHG�E\�WKH�PRGLILFDWLRQ�RI�D�SUHYLRXVO\ �

SXEOLVKHG�PHWKRG�����7KH�DGGLWLRQ�RI�/L&O�WR�WKH�UHDFWLRQ�PL[WXUH�UDLVHG�

\LHOGV�E\�����IRU�GSS������IRU�GST��DQG�����IRU�GSE�E\�PLQLPL]LQJ�WKH�

IRUPDWLRQ�RI�>�WS\�5X�&+�&1��%/�@�3)������$�SHUVLVWHQW�RUDQJH�EDQG�

REVHUYHG�GXULQJ�WKH�FKURPDWRJUDSKLF�SXULILFDWLRQ�RI�WKH�UHDFWLRQ�PL[WXUH�

ZDV�VXVSHFWHG�WR�EH�>�WS\�5X�&+�&1��GSS�@�3)������+HDWLQJ�WKH�RUDQJH�

E\SURGXFW�LQ�HWKDQRO�DW�UHIOX[�ZLWK�/L&O�IRU����PLQ��JDYH�D�UHG�SUHFLSLWDWH�

WKDW�H[KLELWV�WKH�VDPH�HOHFWURFKHPLFDO��VSHFWURVFRSLF��DQG�)$% �06�

FKDUDFWHULVWLFV�DV�>�WS\�5X&O�GSS�@�3)�����7KH�DGGLWLRQ�RI�H[FHVV�&O
��UHWDUGHG�

WKH�IRUPDWLRQ�RI�WKH�>�WS\�5X�&+�&1��%/�@�3)�����

7KH�WLWOH�FRPSOH[HV�ZHUH�V\QWKHVL]HG�E\�KHDWLQJ�DW�UHIOX[�LQ�HW KDQRO��D�

������PROH�UDWLR�RI�>�WS\�5X&O�%/�@�3)���DQG�3W&O��GPVR�����%\�PRQLWRULQJ�

WKH�UHDFWLRQ�VSHFWURVFRSLFDOO\��WKH�UHDFWLRQ�ZDV�IRXQG�WR�EH�FRPSOHWH�LQ���KU���

7KLV�ZDV�REVHUYHG�DV�GHFD\�RI�WKH�DEVRUSWLRQ�EDQG�FHQWHUHG�DW�����QP�IRU�

GSS������PQ�IRU�GST��DQG�����QP�IRU�GSE�DQG�WKH�DSSHDUDQFH�RI�DQ�

DEVRUSWLRQ�EDQG�DW�����QP�IRU�GSS������PQ�IRU�GST��DQG�����QP�IRU�GSE���

0HDVXULQJ�WKH�UHDFWLRQ�VSHFWURVFRSLFDOO\�KHOSHG�HQVXUH�FRPSOHWH�SURGXFW�

IRUPDWLRQ�ZLWKRXW�WKH�ORVV�RI�WKH�ODELOH�5X�ERXQG�FKORULGH�RU�WKH�UHGXFWLRQ�RI�

3W,,���7KH�ELPHWDOOLF�FRPSOH[�ZDV�IDU�OHVV�VROXEOH�WKDQ�WKH�UXWKHQLXP�

SUHFXUVRU�DQG�IHOO�RXW�RI�VROXWLRQ�XSRQ�FRROLQJ�WKH�UHDFWLRQ�PL[WXUH�WR�URRP�

WHPSHUDWXUH���7KLV�ZDV�LPSRUWDQW�DV�WKH�3W&O ��PRLHW\�LUUHYHUVLEO\�ELQGV�WR�

DOXPLQD���%HFDXVH�DOXPLQD�FKURPDWRJUDSK\�SXULILFDWLRQ�LV�QRW�IHDVLEOH��

SDUWLFXODU�DWWHQWLRQ�ZDV�SDLG�WR�WKH�VWRLFKLRPHWU\�DQG�UHDFWLRQ�FRQGLWLRQV�

VLPSOLI\�SXULILFDWLRQ�SURFHVV���$IWHU�FRROLQJ�WR�57��WKH�UHDFWLRQ�VROYHQW�ZDV�

VOLJKWO\�FRORUHG�ZLWK�WKH�XQUHDFWHG�PRQRPHWDOOLF�SUHFX UVRU��ZKLFK�ZDV�

UHPRYHG�E\�ILOWUDWLRQ����7KH�VROLG�ZDV�ZDVKHG�ZLWK�DGGLWLRQDO�HWKDQRO�XQWLO�

WKH�ILOWUDWH�ZDV�FOHDU���%\�ZDVKLQJ�WKH�SURGXFW�WKURXJK�WKH�IULW�ZLWK�



� ���

DFHWRQLWULOH��DQ\�3W�VLGH�SURGXFWV�ZHUH�UHPRYHG���)ODVK�SUHFLSLWDWLRQ�RI�WKH�

DFHWRQLWULOH�VROXWLRQ�LQ�GLHWK\O�HWKHU�DIIRUGHG�DQ�DGGLWLRQDO�SXULILFDWLRQ�VWHS��

7KH�SURGXFW�ZDV�GULHG�DQG�FROOHFWHG�IRU�FKDUDFWHUL]DWLRQ�E\�)$% �06��

HOHFWURFKHPLVWU\��DQG�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\� �

7KH�WS\�OLJDQG�LV�W\SLFDOO\�XVHG�WR�VLPSOLI\�WKH�VWHUHRFKHPLVWU\�R I�5X�

SRO\S\ULG\O�FRPSOH[HV���8VLQJ�RQO\�WULGHQWDWH�OLJDQGV�OHDGV�WR�V\PPHWULF�

URG�OLNH�FRPSOH[HV�WKDW�HOLPLQDWH�WKH�∆�DQG�Λ�LVRPHUV�RI�ELV�FKHODWHG�

FRPSOH[HV�DQG�DLG�WKH�105�FKDUDFWHUL]DWLRQ�RI�WKH�FRPSOH[HV���7KH�

FRPELQDWLRQ�RI�WS\�DQG�WKH�ELV�ELGHQWDWH�%/�VHULHV�GRHV�QRW�VLPSOLI\�WKH�

VWHUHRFKHPLVWU\�RI�>�WS\�5X&O�%/�3W&O�@
+�EXW�LV�XVHG�WR�SURYLGH�DQ�DGGLWLRQDO�

URXWH�IRU�WXQLQJ�WKH�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�RI�WKH�

FRPSOH[���7KH�VL[WK�FRRUGLQDWLRQ�VLWH�RI�5X�KDV�DQ�HDVLO\ �VXEVWLWXWHG�&O��WKDW�

DGGV�DQRWKHU�GHJUHH�RI�V\QWKHWLF�YDULDELOLW\���7KH�WZR�FRQILJXUDWLRQDO�

LVRPHUV��FKORULGH�FLV�RU�WUDQV�WR�WKH�S\UD]LQH�ULQJ��)LJXUH������DUH�

SUHVXPDEO\�ERWK�V\QWKHVL]HG���1HLWKHU�LVRPHU�LV�ORVW�LQ�WKH�FXUUHQW� V\QWKHWLF�

PHWKRG�DQG�ZLOO�FDUU\�WKURXJK�WR�WKH�ELPHWDOOLF�SURGXFWV���7KH�LVRPHUV�RI�

>�WS\�5X&O�%/�@+�ZHUH�LQGLVWLQJXLVKDEOH�E\�)$%�06��HOHFWURFKHPLVWU\�RU�

HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\����

)LJXUH�����FLV��DQG�WUDQV��,VRPHUV�RI�>�WS\�5X&O�GSS�3W&O�@
���

�

,Q�WKLV�VWXG\��D�VHULHV�RI�%/V�ZDV�LQYHVWLJDWHG��)LJXUH������7KH�EXLOG�XS�

RI�FRQMXJDWHG�ULQJV�DERXW�WKH�FHQWUDO�S\UD]LQH�ULQJ�DOWHUV�WKH�HOHFWURQLF�

SURSHUWLHV�RI�WKH�OLJDQG�ZKLOH�PDLQWDLQLQJ�WKH�GLLPLQH�EULGJLQJ�F RRUGLQDWLRQ�

FLV WUDQV�
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PRGH�����%HFDXVH�WKHVH�FKDQJHV�DUH�LQWURGXFHG�LQ�D�UHJXODU�PDQQHU��WKH�

FKDUDFWHUL]DWLRQ�RI�WKHVH�FRPSOH[HV�LV�VLPSOLILHG���'LUHFW�FRPSDULVRQV�RI�WKH�

VSHFWURVFRS\�DQG�HOHFWURFKHPLVWU\�RI�HDFK�FRPSOH[�FDQ�EH�IROORZHG�DV�D�

IXQFWLRQ�RI�OLJDQG�FKRLFH���7KLV�KHOSV�LQ�WKH�DVVLJQPHQW�RI�WUDQVLWLRQV�WKDW�

RFFXU�LQ�WKH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�DQG�UHGR[�FRXSOHV�LQ�WKH�

HOHFWURFKHPLVWU\��

)$%�0DVV�6SHFWUD� �

7KH�)$%�06�GDWD�IRU�>�WS\�5X&O�%/�3W&O�@�3)���LV�VXPPDUL]HG�LQ�7DEOH�

����$OO�VSHFWUD�H[KLELW�WKH�PROHFXODU�LRQ�SHDN��>0� ���3)��@
���DQG�H[SHFWHG�

IUDJPHQWDWLRQ�SHDNV�FRUUHVSRQGLQJ�WR�WKH�ORVV�RI�FKORULGH��SODWLQXP��DQG�

LQWDFW�OLJDQGV��L�H��WS\�	�%/����$�SDUWLFXODU�LRQ�GLVSOD\V�D�JURXS�RI�FORVHO\ �

VSDFHG�SHDNV�LQ�WKH�PDVV�VSHFWUXP�GXH�WR�WKH�QDWXUDO�RFFXUUHQFH�RI�

LVRWRSHV���7KH�)$%�PDVV�VSHFWUD�DUH�LQFOXGHG�LQ�$SSHQGL[������DQG���IRU�WKH�

ELPHWDOOLF�FRPSOH[HV��SDJHV���������

7KH�>�WS\�5X&O�GSS�3W&O�@�3)���PDVV�VSHFWUXP�VKRZV�ILYH�JURXSV�RI�

SHDNV�DW�KLJK�PDVV�WR�FKDUJH�UDWLR���7KH�SHDN�DW�����FRUUHVSRQGV�WR�WKH�

PROHFXODU�LRQ��>�WS\�5X&O�%/�3W&O�@
����7KH�ORZHU�PDVV�SHDNV�DW�����������

DQG�����DUH�VHSDUDWHG�E\�WKH�PDVV�RI�FKORULGH�DQG�DUH�DVVLJQHG�

>�WS\�5X&O�%/�3W&O@���>�WS\�5X&O�%/�3W@���DQG�>�WS\�5X�%/�3W@���UHVSHFWLYHO\���

7KH�SHDN�DW�����GLIIHUV�IURP�WKH�PROHFXODU�LRQ�E\�������7KLV�LV�GXH�WR�WKH�

ORVV�RI�SODWLQXP�DQG�WZR�FKORULGHV�DQG�LV�WKHUHIRUH�DVVLJQHG�

>�WS\�5X&O�%/�@����/RVV�RI�FKORULGH�IURP�>�WS\�5X&O�%/�@��JLYHV�WKH�ILQDO�KLJK�

PDVV�SHDN�DW�������7DNHQ�WRJHWKHU��WKH�PROHFXODU�LRQ�SHDN�DQG�UHDGLO\ �

H[SODLQHG�IUDJPHQW�SHDNV�OHQG�VWURQJ�VXSSRUW�IRU�WKH�V\QWKHVLV�RI�

>�WS\�5X&O�GSS�3W&O�@�3)�������

�
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7DEOH����)$%�0DVV�VSHFWUDO�GDWD�IRU�>�WS\�5X&O�%/�3W&O �@�3)���

ZKHUH�%/� �GSS��GST��DQG�GSE�D�

GSS� GST� GSE�
�

P�]� ��� P�]� ��� P�]� ��

>�WS\�5X&O�%/�3W&O�@
��

>�WS\�5X&O�%/�3W&O@��

>�WS\�5X&O�%/�3W@��

>�WS\�5X�%/�3W@��

>�WS\�5X&O�%/�@��
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D�WS\� ����¶��¶��´�WHUS\ULGLQH��GSS� �����ELV��¶�
S\ULG\O�S\UD]LQH��GST� �����ELV��¶�S\ULG\O�TXLQR[DOLQH��
DQG�GSE� �����ELV��¶�S\ULG\O�EHQ]RTXLQR[DOLQH�

�

7KH�PDVV�VSHFWUXP�RI�>�WS\�5X&O�GST�3W&O �@�3)����ZKLFK�GLIIHUV�IURP�

>�WS\�5X&O�GSS�3W&O�@�3)���E\���FDUERQ�DQG���K\GURJHQ�DWRPV��H[KLELWV�ILYH�

JURXSV�RI�SHDNV���7KH�PDVV�SHDN�DW�����FRUUHVSRQGV�WR�WKH�PROHFXODU�LRQ�

>�WS\�5X&O�GST�3W&O�@
����/RVV�RI�FKORULGH�JLYHV�WKH�QH[W�WKUHH�ORZHU�PDVV�

SHDNV�DW�����������DQG�����FRUUHVSRQGLQJ�WR�>�WS\�5X&O�GST�3W&O@���

>�WS\�5X&O�GST�3W@���DQG�>�WS\�5X�GST�3W@��UHVSHFWLYHO\���7KH�SHDN�DW�����LV�

GXH�WR�ORVV�RI�3W&O��IURP�WKH�PROHFXODU�LRQ�DQG�LV�GHVFULEHG�DV�

>�WS\�5X&O�GST�@����/RVV�RI�FKORULGH�IURP�>�WS\�5X&O�GST�@��JLYHV�WKH�PDVV�

SHDN�DW�������7KH�FRPELQDWLRQ�RI�WKH�PROHFXODU�LRQ�SHDN�DQG�UHDGLO\ �

H[SODLQHG�IUDJPHQW�SHDNV�OHQGV�VWURQJ�VXSSRUW�IRU�WKH�V\QWKHVLV�RI�

>�WS\�5X&O�GST�3W&O�@�3)����

7KH�DGGLWLRQ�RI���FDUERQ�DQG���K\GURJHQ�DWRPV�WR�WKH�EULGJLQJ�OLJDQG��

GSS��DFFRXQWV�IRU�WKH����$08�GLIIHUHQFH�LQ�>�WS\�5X&O�GSS�3W&O�@�3)���DQG�

>�WS\�5X&O�GSE�3W&O�@�3)�����7KH�PDVV�VSHFWUXP�RI�

>�WS\�5X&O�GSE�3W&O�@�3)���VKRZV�ILYH�JURXSV�RI�SHDNV���7KH�PROHFXODU�LRQ�

SHDN��>�WS\�5X&O�GSE�3W&O�@�3)����RFFXUV�DW�������/RVV�RI�FKORULGH�IURP�WKH�

SDUHQW�VSHFLHV�DFFRXQWV�IRU�WKH�QH[W�WKUHH�ORZHU�PDVV�LRQV��
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>�WS\�5X&O�GSE�3W&O@��DW������>�WS\�5X&O�GSE�3W@��DW������>�WS\�5X�GSE�3W@��

DW�������7KH�SHDN�DW�����LV�GXH�WR�ORVV�RI�3W&O��IURP�WKH�PROHFXODU�LRQ�DQG�LV�

LGHQWLILHG�DV�>�WS\�5X&O�GSE�@����/RVV�RI�FKORULGH�IURP�>�WS\�5X&O�GSE�@��

JLYHV�WKH�PDVV�SHDN�DW�������7KH�FRPELQDWLRQ�RI�WKH�PROHFXODU�LRQ�SHDN�DQG�

UHDGLO\�H[SODLQHG�IUDJPHQW�SHDNV�OHQGV�VWURQJ�VXSSRUW�IRU�WKH�V\QWKHVLV�RI�

>�WS\�5X&O�GSE�3W&O�@
���

(OHFWURFKHPLVWU\�

7KH�F\FOLF�YROWDPPRJUDPV�RI�>�WS\�5X&O�%/�3W&O �@�3)���DSSHDU�DV��

)LJXUH�����)LJXUH�����DQG�)LJXUH����IRU�%/� �GSS��GST��DQG�GSE��

UHVSHFWLYHO\���7KH�HOHFWURFKHPLFDO�EHKDYLRU�RI�WKHVH�FRPSOH[HV�LV�

FKDUDFWHUL]HG�E\�D�PHWDO�EDVHG�UHYHUVLEOH�R[LGDWLRQ�DQG�VHYHUDO�OLJDQG �

EDVHG�UHGXFWLRQV��6FKHPH������7KH�SRWHQWLDO�DW�ZKLFK�WKH�ERXQG�OLJDQGV� �

�

�>�WS\�5X,,,&O�%/�3W&O�@
���

��H��↑↓���H��

‡>�WS\�5X,,&O�%/�3W&O�@
��

��H��↑↓���H��

>�WS\�5X,,&O�%/��3W&O�@
�

��H��↑↓���H��

>�WS\�5X,,&O�%/���3W&O�@
��

��H��↑↓���H��

>�WS\��5X,,&O�%/���3W&O�@
���

6FKHPH����(OHFWURFKHPLFDO�PHFKDQLVP�IRU�>�WS\�5X&O�%/�3W&O �@
��

�‡� �V\QWKHVL]HG�R[LGDWLRQ�VWDWH���

�

XQGHUJR�D�UHGXFWLRQ�LV�H[SHFWHG�WR�IROORZ�WKDW�RI�WKH�IUHH�OLJDQGV��WKDW�LV�GSE�

!�GST�!�GSS�!�WS\���)RU�WKH�WKUHH�ELPHWDOOLF�FRPSOH[HV��WKH�ILUVW�DQG�VHFRQG�

UHGXFWLRQ�SURFHVVHV�DUH�%/�EDVHG�DQG�RFFXU�DW�ORZHU�SRWHQWLDOV�WKDQ�WKH�
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WHUPLQDO�WS\�OLJDQG�UHGXFWLRQ���7KH�DVVLJQPHQWV�D UH�VXSSRUWHG�E\�WKH�

YDU\LQJ�SRWHQWLDOV�REVHUYHG�IRU�WKH�ILUVW�DQG�VHFRQG�UHGXFWLRQ�DQG�WKH�

FRQVWDQW�UHGXFWLRQ�SRWHQWLDO�RI�WKH�WKLUG�LQ�WKH�VHULHV�RI�FRPSOH[HV�

>�WS\�5X&O�%/�3W&O�@
��DV�WKH�%/�LV�YDULHG��7DEOH������6TXDUH�ZDYH�

YROWDPPHWU\�ZDV�XVHG�WR�DVVLJQ�WKH�WS\����UHGXFWLRQ�SRWHQWLDO�DV�WKH�TXDVL�

UHYHUVLEOH�SURFHVV�LV�FRPSOLFDWHG�E\�DGVRUSWLRQ�SURFHVVHV���7KH�VTXDUHZDYH�

YROWDPPRJUDPV�DUH�LQFOXGHG�LQ�$SSHQGL[�������DQG����SDJHV���� ��������

7KH�>�WS\�5X&O�GSS�3W&O�@�3)���F\FOLF�YROWDPPRJUDP��)LJXUH�����VKRZV�

VHYHUDO�HOHFWURFKHPLFDO�SURFHVVHV���7KH�UHYHUVLEOH�R[LGDWLRQ�DW�������9�LV�

DVVLJQHG�DV�D�5X,,�,,,�FRXSOH���7KH�ILUVW�DQG�VHFRQG�UHGXFWLRQV�DW� ±�����DQG��

±�����9�DUH�DVVLJQHG�DV�GSS����DQG�GSS�����FRXSOHV��UHVSHFWLYHO\���7KH�WKLUG�

UHGXFWLRQ��VHHQ�LQ�WKH�VTXDUHZDYH�YRODPPRJUDP�DW� ±�����9��LV�DVVLJQHG�

WS\R����$SSHQGL[������

)LJXUH�����&\FOLF�YROWDPPRJUDP�RI�>�WS\�5X&O�GSS�3W&O �@�3)����
3RWHQWLDOV�UHSRUWHG�LQ�&+�&1�YV��$J�$J&O��������9�YV��1+(���
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7KH�F\FOLF�YROWDPPRJUDP�RI�>�WS\�5X&O�GST�3W&O �@�3)����)LJXUH�����LV�

VLPLODU�WR�WKDW�RI�WKH�GSS�EULGJHG�FRPSOH[�ZLWK�VLJQLILFDQW�VKLIWV�RI�WKH�ILUVW�

DQG�VHFRQG�UHGXFWLYH�FRXSOH���7KHVH�FRXSOHV�DUH�%/�EDVHG�DQG�DUH�VHHQ�DW�±

�����9�IRU�GST����DQG�±�����9�IRU�GST�������7KH�WKLUG�UHGXFWLRQ�DW�±�����9�LV�

DVVLJQHG�DV�WS\R����$SSHQGL[������7KH�5X
,,�,,,�FRXSOH�RFFXUV�DW�������9���

)LJXUH�����&\FOLF�YROWDPPRJUDP�RI�>�WS\�5X&O�GST�3W&O�@�3)���
3RWHQWLDOV�UHSRUWHG�LQ�&+�&1�YV��$J�$J&O��������9�YV��1+(���

�

7KH�F\FOLF�YROWDPPRJUDP�RI�>�WS\�5X&O�GSE�3W&O �@�3)����)LJXUH�����

DOVR�H[KLELWV�GUDPDWLFDOO\�VKLIWHG�UHGXFWLRQ�FRXSOHV�FRPSDUHG�WR�ERWK�WKH�

GSS�DQG�GST�DQDORJXHV���7KHVH�UHGXFWLRQV�RFFXU�DW� ±�����DQG�±�����9�DUH�

DVVLJQHG�DV�GSE����DQG�GSE�����EDVHG�SURFHVVHV���7KH�WKLUG�UHGXFWLRQ�DW�±�����

9�LV�DVVLJQHG�DV�WS\R����$SSHQGL[������$�5X,,�,,,�R[LGDWLYH�FRXSOH�LV�REVHUYHG�DW�

������9����

7KH�WS\�EDVHG�UHGXFWLRQ�DQG�5X�EDVHG�R[LGDWLRQ�SRWHQWLDOV�UHPDLQ�

QHDUO\�FRQVWDQW�DV�WKH�%/�LV�YDULHG�WKURXJK�WKH�>�WS\�5X&O�%/�3W&O �@
+�VHULHV����
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)LJXUH�����&\FOLF�YROWDPPRJUDP�RI�>�WS\�5X&O�GSE�3W&O �@�3)���
3RWHQWLDOV�UHSRUWHG�LQ�&+�&1�YV��$J�$J&O��������9�YV��1+(���

�

7KH�FRQVWDQW�WS\�UHGXFWLRQ�SRWHQWLDOV�� ������9��LQGLFDWH�WKDW�FKDQJHV�LQ�WKH�

FRPSOH[HV�GXH�WR�WKH�%/��KDYH�D�PLQRU�LPSDFW�RQ�WKH�WS\�OLJDQG���7KH�WUHQG�

VXSSRUWV�WKH�DVVLJQPHQW�RI�WKH�WKLUG�UHGXFWLRQ�DV�WS\ ����EDVHG��DQG�LV�

REVHUYHG�LQ�WKH�FRPSOH[HV�>�WS\�5X&O�%/�@�3)���DQG�>�WS\�5X�S\��%/�@�3)����

�ZKHUH�S\� �S\ULGLQH������7KH�UHGXFWLRQ�SRWHQWLDOV�IRU�WS\�LQ�WKHVH�FRPSOH[HV�

YDU\�OLWWOH��UDQJLQJ�IURP�������WR�±������9�IRU�WKH�FKORULGH�VHULHV�DQG�±�����

WR�±�����9�IRU�WKH�S\�VHULHV���$W�ILUVW�JODQFH�LW�VHHPV�SHFXOLDU�WKDW�WKH�WS\�

UHGXFWLRQ�IRU��>�WS\�5X&O�%/�@�3)���RFFXUV�DW�D�PRUH�SRVLWLYH�SRWHQWLDO�WKDQ�

WKH�WLWOH�ELPHWDOOLF�FRPSOH[HV���7KH�FRRUGLQDWLRQ�RI�3W&O ��LV�H[SHFWHG�WR�

UHPRYH�HOHFWURQ�GHQVLW\�IURP�5X�E\�WKH�%/� �WKHUHE\�UHGXFLQJ�HOHFWURQ�

GHQVLW\�RQ�WS\���7KH�H[SHFWHG�HIIHFW�LV�D�WS\�UHGXFWLRQ�WKDW�RFFXUV�DW�D�ORZHU�

SRWHQWLDO�IRU�WKH�5X�3W�ELPHWDOOLFV�WKDQ�IRU�WKH�PRQRPHWDOOLF�SUHFXUVRUV���7KH�

RSSRVLWH�LV�REVHUYHG���7KH�YDOXHV�UHSRUWHG�IRU�>�WS\�5X&O�%/�@�3) ���

FRUUHVSRQG�WR�WKH�VHFRQG�UHGXFWLRQ�SURFHVV�IRU�WKDW�FRPSOH[��L�H��WKH�

>�WS\�5X&O�%/��@����H��→�>�WS\��5X&O�%/��@��SURFHVV���7KH�YDOXHV�UHSRUWHG�IRU�
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WKH�WLWOH�FRPSOH[HV�FRUUHVSRQG�WR�WKH�WKLUG�UHGXFWLRQ�SURFHVV��L�H��WKH�

>�WS\�5X&O�%/���3W&O�@
�����H��→�>�WS\��5X&O�%/���3W&O�@���SURFHVV���7KH�

GLIIHUHQFH�LQ�UHGR[�RUGHU�UHQGHUV�D�GLUHFW�FRPSDULVRQ�EHWZHHQ�WKH�WZR�VHULHV�

LPSRVVLEOH��

7DEOH�����&\FOLF�YROWDPPHWULF�GDWD�IRU�>�WS\�5X&O�%/�3W&O �@�3)���

ZHUH�%/� �GSS��GST��DQG�GSE�D�

&RPSOH[� (�����9�
�E� $VVLJQPHQW�

>�WS\�5X&O�GSS�3W&O�@
�+� +�����

������

������

������

5X,,�,,,�

GSS����

GSS�����

WS\����

>�WS\�5X&O�GST�3W&O�@�
+� ������
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D�GSS� ������ELV���S\ULG\O�S\UD]LQH��GST� ������ELV���
S\ULG\O�TXLQR[DOLQH��GSE� ������ELV���S\ULG\O��
EHQ]RTXLQR[DOLQH��DQG�WS\� ����¶��¶��´�WHUS\ULGLQH��
E�3RWHQWLDOV�UHSRUWHG�LQ�&+�&1�VROXWLRQ�ZLWK�����0�
%X�13)��DQG�UHSRUWHG�YV��$J�$J&O��������9�YV��1+(���

�

7KH�VLPLODULWLHV�RI�WKH�5X�R[LGDWLRQ�SRWHQWLDOV�������WR������9�YV��

$J�$J&O�LQ�&+�&1��LQGLFDWH�QHDUO\�FRQVWDQW�5X�EDVHG�G��RUELWDO�HQHUJ\�

OHYHOV���7KHVH�R[LGDWLRQV�DUH�ZLWKLQ�WKH�UDQJH�RI�SRWHQWLDOV�REVHUYHG�LQ�

VLPLODU�FRPSOH[HV���7KH�5X,,�,,,�FRXSOH�IRU�FRPSOH[HV�FRQWDLQLQJ�RQO\�

SRO\S\ULGLQH�OLJDQGV�RFFXUV�DURXQG������9��YV��1+(�� ��6XEVWLWXWLQJ�RQH�

FKORULGH�LQ�WKLV�W\SH�RI�FRPSOH[�WR�IRUP�>5X�WS\��ES\�&O@ ��ORZHUV�WKH�UHGR[�
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FRXSOH�WR������9��YV��1+(������7KH�PRQRPHWDOOLF�FRPSOH[HV��

>�WS\�5X&O�%/�@�3)����DOVR�H[KLELW�D�FRQVWDQW�R[LGDWLRQ�SRWHQWLDO�ZLWK�DQ�

DYHUDJH�5X,,�,,,�FRXSOH�RI������9��YV��1+(��WKDW�YDULHV�E\����P9�WKURXJK�WKH�

%/�VHULHV����

&RPSDULQJ�WKH�DYHUDJH�UXWKHQLXP�R[LGDWLRQ�SRWHQWLDOV�RI�

>�WS\�5X&O�%/�@�3)���DQG�WKH�WLWOH�5X�3W�ELPHWDOOLF�FRPSOH[HV�VKRZ�D�

GLIIHUHQFH�RI����P9���7KH�R[LGDWLRQ�SRWHQWLDOV�IRU�WKH�ELPHWDO OLF�FRPSOH[HV�

DUH�DW�PRUH�SRVLWLYH�SRWHQWLDOV�GXH�WR�WKH�HOHFWURQ �ZLWKGUDZLQJ�HIIHFW�WKDW�

SODWLQXP�FRRUGLQDWLRQ�LPSDUWV�RQ�WKH�FRPSOH[���6LPLODU�REVHUYDWLRQV�KDYH�

EHHQ�PDGH�LQ�RWKHU�5X�3W�FRPSOH[HV�DQG�DUH�VXPPDUL]HG�LQ�7DEOH������������

7KH�ODUJHVW�HOHFWURFKHPLFDO�GLIIHUHQFHV�REVHUYHG�LQ�

>�WS\�5X&O�%/�3W&O�@
+�OLH�LQ�WKH�UHGR[�SRWHQWLDOV�RI�WKH�%/���7KHVH�UHGXFWLRQV�

DUH�REVHUYHG�DW�±�����9�GSS��±�����9�GST��DQG�±�����9�GSE�IRU�WKH�ILUVW�

%/����UHGXFWLYH�SURFHVV�DQG�DW�±�����9�GSS��±�����9�GST��DQG�±�����9�GSE�

IRU�WKH�VHFRQG�%/�����FRXSOH���7KH�HDVH�ZLWK�ZKLFK�WKH�EULGJLQJ�OLJDQGV�LQ�WKH�

ELPHWDOOLF�FRPSOH[HV�DUH�UHGXFHG�IROORZV�WKH�WUHQG�REVHUYHG�IRU�WKH�IUHH�

OLJDQGV�DQG�DLGV�LQ�WKH�DVVLJQPHQW�RI�WKH�UHGXFWLRQ�SURFHVV�����7KH�

PRQRPHWDOOLF�SUHFXUVRUV��>�WS\�5X&O�%/�@ +,�DOVR�H[KLELW�WKLV�WUHQG�ZLWK�WKH�

ILUVW�UHGXFWLRQ�SRWHQWLDOV�UHSRUWHG�DV�������9�GSS��������9�GST��DQG�±�����9�

GSE���7KH�GLIIHUHQFHV�LQ�WKH�ILUVW�UHGXFWLRQ�SRWHQWLDOV�IRU�>� WS\�5X&O�%/�@�3)���

DQG��>�WS\�5X&O�%/�3W&O�@�3)���DUH�ODUJH���&RRUGLQDWLRQ�RI�SODWLQXP�VWDELOL]HV�

WKH�%/V�DV�REVHUYHG�E\�WKH�VKLIW�LQ�WKH�UHGXFWLRQ�SURFHVVHV�WR�PRUH�SRVLWLYH�

SRWHQWLDOV���7KH�VWDELOL]LQJ�HIIHFW�LV�DOVR�VHHQ�LQ�WKH�VHFRQG�UHGXFWLRQ�

SURFHVVHV�RI�WKH�5X�3W�FRPSOH[HV���)RU�WKH�WKUHH�ELPHWDOOLF�FRPSOH[HV��WKH�

VHFRQG�UHGXFWLRQ�LV�DOVR�%/�EDVHG��RFFXUULQJ�EHIRUH�WKH�LQLWLDO�UHGXFWLRQ�RI�

WKH�WHUPLQDO�WS\�OLJDQG���7KH�%/V�RI�WKH�PRQRPHWDOOLF�SUHFXUVRUV�XQGHUJR�

RQO\�RQH�UHGXFWLRQ�EHIRUH�WKH�UHGXFWLRQ �RI�WS\���7KH�SUHVHQFH�RI�D�VHFRQG�%/�

UHGXFWLRQ�SULRU�WR�WHUPLQDO�OLJDQG�UHGXFWLRQ�LQ�>�WS\�5X&O�%/�3W&O �@�3)���LV�
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LQGLFDWLYH�RI�WKH�EULGJLQJ�FRRUGLQDWLYH�PRGH�RI�WKH�%/V�DQG�VXSSRUWV�WKH�

ELPHWDOOLF�IRUPXODWLRQ�RI�WKHVH�FRPSRXQGV� ���

,Q�WKH�FRPSOH[HV��>�ES\��5X�%/�3W&O�@
����WKH�5X,,�,,,�R[LGDWLRQ�SRWHQWLDO�

LV�FRPSOLFDWHG�E\�WKH�SUHVHQFH�RI�DQ�LUUHYHUVLEOH�R[LGDWLRQ�SRWHQWLDO�DW�

VLPLODU�SRWHQWLDOV�����,W�LV�DVVXPHG�WKH�LUUHYHUVLEOH�R[LGDWLRQ�LV�3W�EDVHG���7KH�

SUHVHQFH�RI�D�5X�ERXQG�FKORULGH�LQ�WKH�WLWOH�FRPSOH[HV�VKLIWV�WKH�5X,,�,,,�

UHGR[�FRXSOH�DQRGLF��DZD\�IURP�WKH�3W ,,�,9�R[LGDWLRQ�SRWHQWLDO������9�YV��

$J�$J&O����,Q�IDFW��D�3W�R[LGDWLRQ�LV�QRW�VHHQ�LQ�>�WS\�5X&O�%/�3W&O �@
��LQ�WKH�

VROYHQW�ZLQGRZ������WR�±����9���

%\�DOWHULQJ�WKH�%/�LQ�WKH�FRPSOH[��>�WS\�5X&O�%/�3W&O�@�3)����LQ�D�

V\VWHPDWLF�ZD\��SHULRGLF�PRGLILFDWLRQV�RI�WKH�UHGR[�SURFHVVHV�DUH�LQWURGXFHG�

DQG�DOORZV�WKH�DVVLJQPHQW�RI�DOO�UHGR[�SURFHVVHV�LQ�WKH�&+ �&1�ZLQGRZ���,Q�

DGGLWLRQ��FRPSDULVRQV�EHWZHHQ�WKH�5X�3W�ELPHWDOOLFV�DQG�PRQRPHWDOOLF�

SUHFXUVRUV�LQGLFDWH�WKDW�WKH�RQO\�R[LGDWLRQ�LV�5X ,,�,,,�EDVHG�DQG�WKDW�WKH�

SUHVHQFH�RI�FKORULGH�VKLIWV�WKH�5X,,�,,,�FRXSOH�PRUH�DQRGLF���7KURXJK�VLPSOH�

FKDQJHV�LQ�WKH�%/V��WKH�HQHUJ\�RI�WKH�/802�LV�GUDPDWLFDOO\�FKDQJHG�ZKLOH�

WKH�HQHUJ\�RI�WKH�+202�LV�UHODWLYHO\�XQDIIHFWHG���7KH�FKDQJHV�DIIRUG�D�

PHWKRG�IRU�WXQLQJ�WKH�VSHFWURVFRSLF�SURSHUWLHV�RI�WKLV�W\SH�RI�FRPSOH[�DV�WKH�

0/&7�WUDQVLWLRQ�LV�EHWZHHQ�WKHVH�WZR�02V� �

(OHFWURQLF�$EVRUSWLRQ�6SHFWURVFRS\�

7KH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�UXWKHQLXP�G ��FRPSOH[HV�ZLWK�

SRO\S\ULG\O�OLJDQGV�GLVSOD\V�LQWUDOLJDQG���J��
�DQG�Q�J��
�WUDQVLWLRQV�DV�ZHOO�

DV�PHWDO��G���J�OLJDQG���
��FKDUJH�WUDQVIHU�WUDQVLWLRQV���7KH�

>�WS\�5X&O�%/�3W&O�@
��WLWOH�FRPSOH[HV�DUH�H[SHFWHG�WR�H[KLELW�WKHVH� �

WUDQVLWLRQV�EDVHG�RQ�HDFK�SRO\S\ULG\O�OLJDQG���&RPSOHWH�DVVLJQPHQW�RI�DOO�

EDQGV�LQ�VSHFWUD�LV�PDGH�GLIILFXOW�E\�WKH�ODUJH�QXPEHU�RI�WUDQVLWLRQV�ZLWKLQ�D�

VLPLODU�HQHUJ\�UDQJH���7KH�FRPSOLFDWLRQV�LQFOXGH�PXOWLSOH� ��J��
�LQWUDOLJDQG�

WUDQVLWLRQV�DQG�PXOWLSOH�5X�J�WS\�DQG�5X�J�%/�FKDUJH�WUDQVIHU�WUDQVLWLRQV���
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)LJXUH����LV�DQ�RYHUOD\�RI�WKH�HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�WKH�WKUHH�GSS��

GST��DQG�GSE�EULGJHG�5X�3W�ELPHWDOOLF�FRPSOH[HV���$�VXPPDU\�RI�WKH�

VSHFWURVFRSLF�GDWD�FDQ�EH�IRXQG�LQ�7DEOH����

7KH�WLWOH�FRPSOH[HV�DUH�JRRG�OLJKW�DEVRUEHUV�DQG�GLVSOD\�PDQ\�LQWHQVH�

DEVRUSWLRQ�EDQGV���,QWUDOLJDQG�WUDQVLWLRQV�GRPLQDWH�WKH�KLJK �HQHUJ\�

XOWUDYLROHW�UHJLRQ�RI�WKH�VSHFWUXP���7ZR�VHWV�RI�SHDNV�RFFXU�DW�WKH�VDPH�

ZDYHOHQJWK�IRU�WKH�ELPHWDOOLF�VHULHV���7KHVH�DUH�DW�����QP�DQG�����QP�DQG�

DVVLJQHG�DV�WS\���J��
�WUDQVLWLRQV���7KH�VDPH�SHDNV�DUH�VHHQ�LQ�WKH�VSHFWUD�

RI�WKH�PRQRPHWDOOLF�V\QWRQV��>�WS\�5X&O�%/�@ ���DQG�RFFXU�DW�WKH�VDPH��

ZDYHOHQJWK�����7KH�SHDNV�DUH�UHG�VKLIWHG�IURP�WKH�����QP���Æ��

�WUDQVLWLRQ�

RI�WKH�IUHH�WS\�OLJDQG������

)LJXUH�����(OHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�>�WS\�5X&O�%/�3W&O �@
��

LQ�DFHWRQLWULOH��%/� ��GSS��⋅⋅⋅⋅⋅⋅�GST��DQG�−�−�GSE��
�
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%ULGJLQJ�OLJDQG���J��
�WUDQVLWLRQV�DUH�VHHQ�DW�����QP�GSS������QP�

GST��DQG�����QP�GSE�IRU�WKH�ELPHWDOOLF�FRPSOH[HV���7KHVH�WUDQVLWLRQV�RFFXU�

DW�ORZHU�HQHUJ\�WKDQ�WKH�IUHH�OLJDQG���J��
�WUDQVLWLRQV�DW�����GSS������GST��

DQG�����QP�GSE�DQG�WKH�PRQRPHWDOOLF�SUHFXUVRUV�LQ�DFHWRQLWULOH ��������7KH�

UHG�VKLIWV�LQ�WKHVH���→��

�WUDQVLWLRQV�GLVSOD\HG�LQ�WKH�HOHFWURQLF�DEVRUSWLRQ�

VSHFWUD�RI�>�WS\�5X&O�%/�3W&O�@
��LQGLFDWH�VWDELOL]DWLRQ�RI�WKH�%/��
�RUELWDOV�

XSRQ�SODWLQXP�FRRUGLQDWLRQ��

7DEOH����(OHFWURQLF�DEVRUSWLRQ�GDWD�IRU�>�WS\�5X&O�%/�3W&O�@
��ZHUH�

%/� �GSS��GST��DQG�GSE�D�

&RPSOH[�
ÊPD[��

�QP��

0�[������

�0��FP����
$VVLJQPHQW�

>�WS\�5X&O�GSS�3W&O�@
�+� ����

����

����

����

�����

�����

�����

�����

WS\���J��
��

WS\���J��
�

GSS���J��
�

5X�J�GSS�&7�

>�WS\�5X&O�GST�3W&O�@�
+� ����

����

����

����

�����

�����

�����

�����

WS\���J��
�

WS\���J��
�

GST���J��
�

5X�J�GST�&7�

>�WS\�5X&O�GSE�3W&O�@�
+� ����

����

����

����

�����

�����

�����

�����

WS\���J��
�

WS\���J��
�

GSE���J��
�

5X�J�GSE�&7�

D�GSS� ������ELV���S\ULG\O�S\UD]LQH��GST� ������ELV���

S\ULG\O�TXLQR[DOLQH��GSE� ������ELV��¶�S\ULG\O��EHQ]RTXLQR[DOLQH��

DQG�WS\� ����¶��¶��´�WHUS\ULGLQH��
�

7KH�YLVLEOH�UHJLRQ�RI�WKH�VSHFWUD�FRQVLVWV�RI�ERWK�5X��G���J�WS\���
��

DQG�5X��G���J�%/���
��FKDUJH�WUDQVIHU�WUDQVLWLRQV���7KH�ORZHVW�HQHUJ\�

HOHFWURQLF�DEVRUSWLRQ�EDQGV�DUH�WKH�PRVW�LQWHQVH�DQG�DUH�DVVLJQHG�5X�J�%/�
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&7���)RU�WKHVH�FRPSOH[HV��WKH�PRGXODWLRQ�RI�WKH�HQHUJ\�RI�WKH�5X� J�%/�&7�

WUDQVLWLRQ�LV�GRPLQDWHG�E\�WKH�VKLIW�LQ�HQHUJ\�RI�WKH�%/ �EDVHG��
�/802���,Q�

IDFW��WKH�V\VWHPDWLF�FKDQJHV�LQWURGXFHG�WKURXJK�WKH�VHULHV�RI�%/ V�DLGV�WKH�

LGHQWLILFDWLRQ�RI�WKH�5X�J�%/�&7�WUDQVLWLRQV���7KH�%/�EDVHG�0/&7¶V�GHFUHDVH�

LQ�HQHUJ\�WKURXJK�WKH�VHULHV�GSS������QP���GST������QP���DQG�GSE������

QP����7KH�UHG�VKLIW�LQ�WKH�&7�EDQG�LV�GXH�WR�DQ� LQFUHDVLQJO\�ORZHU�HQHUJ\�%/�

EDVHG��
�/802���)RU�WKHVH�FRPSOH[HV��WKH�HQHUJ\�RI�WKH�5X�EDVHG�+202�

UHPDLQV�UHODWLYHO\�FRQVWDQW�DV�GHWHUPLQHG�E\�HOHFWURFKHPLFDO�DQDO\VLV���7KH�

QHW�UHVXOW�LV�VWHSZLVH�ORZHULQJ�RI�WKH�0/&7�GHSHQGLQJ�RQ�%/�W\SH� �

7KH�PRQRPHWDOOLF�SUHFXUVRUV��>�WS\�5X&O�%/�@ +, H[KLELW�D�VLPLODU�

UHODWLRQVKLS�EHWZHHQ�0/&7�WUDQVLWLRQ�ZDYHOHQJWK�DQG�%/�W\SH���)RU�WKLV�

VHULHV��WKH�5X�→�%/�EDVHG�0/&7�WUDQVLWLRQ�ZDYHOHQJWKV�DUH�UHSRUWHG�DV������

�����DQG�����QP�IRU�GSS��GST��DQG�GSE��UHVSHFWLYHO\� ������$JDLQ��D�UHG�VKLIW�

LQ�WKH�0/&7�WUDQVLWLRQ�LV�REVHUYHG�DV�WKH�GHJUHH�RI�FRQMXJDWLRQ�RI�WKH�%/�LV�

LQFUHDVHG���7KH�WUDQVLWLRQV�IRU�WKLV�VHULHV�RI�FRPSOH[HV�RFFXU�DW�KLJKHU�

HQHUJ\�WKDQ�IRU�WKH�ELPHWDOOLF�VHULHV�DQG�LQGLFDWH�WKH�VWDELOL]LQJ�HIIHFW�RI�

3W&O��FRRUGLQDWLRQ�RQ�WKH�%/¶V��

�DFFHSWRU�RUELWDOV���7KH�%/�GHSHQGHQW�

FKDQJHV�LQ�HQHUJ\�RI�WKH�0/&7V�VXEVWDQWLDWH�WKH�UROH�RI�WKH�%/�LQ�WKH�ORZHVW�

HQHUJ\�WUDQVLWLRQ��

7KH�5X��G���J�WS\���
��&7�WUDQVLWLRQ�EDQG�RFFXUV�DW�DSSUR[LPDWHO\�����

QP�IRU�WKH�WKUHH�ELPHWDOOLF�FRPSOH[HV���$EVROXWH�DVVLJQPHQW�RI�WKL V�EDQG�LV�

FRPSOLFDWHG�E\�WKH�SUHVHQFH�RI�RWKHU�WUDQVLWLRQV�RI�VLPLODU�HQHUJ\���7KH�

PRQRPHWDOOLF�SUHFXUVRUV�H[KLELW�WKH�VDPH�5X�→�WS\�&7�WUDQVLWLRQ�DW�VLPLODU�

ZDYHOHQJWKV����

&RUUHODWLRQ�EHWZHHQ�6SHFWURVFRSLF�DQG�(OHFWURFKHPLFDO�3URSHUWLHV�

$�FRUUHODWLRQ�FDQ�EH�GUDZQ�EHWZHHQ�WKH�VSHFWURVFRSLF�HQHUJ\�JDS�DQG�

WKH�HOHFWURFKHPLFDO�HQHUJ\�JDS�ZLWKLQ�D�VHULHV�RI�VLPLODU�FRPSOH[HV� ����)RU�

WKH�5X�,,��SRO\S\ULG\O�FRPSOH[HV���WKH�FRUUHODWLRQ�GHSHQGV�RQ�WKH�
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DVVXPSWLRQ�WKDW�WKH�PHWDO�DQG� OLJDQG�RUELWDOV�LQYROYHG�LQ�WKH�ORZHVW�HQHUJ\�

0/&7�WUDQVLWLRQ�DUH�DOVR�LQYROYHG�LQ�WKH�PHWDO �EDVHG�R[LGDWLRQ�DQG�ILUVW�

UHGXFWLRQ�SURFHVVHV���,W�LV�H[SHFWHG�WKDW�WKH�HQHUJLHV�RI�DEVRUSWLRQ�ZLOO�YDU\�

OLQHDUO\�ZLWK�WKH�GLIIHUHQFHV�LQ�UHGR[�SRWHQWLDOV�IRU�WKH� 5X,,�,,,�DQG�%/����

FRXSOHV�>�û(���� �(�����5X
,,�,,,����(�����%/

����@�����)LJXUH����LV�D�SORW�RI�û(����

YHUVHV�(DEV�0/&7��IRU�>�WS\�5X&O�%/�@�3)���DQG�>�WS\�5X&O�%/�3W&O�@�3)�����$��

)LJXUH�����3ORW�RI�HQHUJLHV�RI�(�����9��YV��WKH�ORZHVW�HQHUJ\�DEVRUSWLRQ�
EDQG��H9��RI�>�WS\�5X&O�%/�@�������DQG�>�WS\�5X&O�%/�3W&O�@

����|��

ZKHUH�%/� �GSS��GST��DQG�GSE��

�

OLQHDU�UHJUHVVLRQ�DQDO\VLV�KDV�EHHQ�SHUIRUPHG�IRU�ERWK�VHWV�RI�GDWD���7KH�5X �

3W�FRPSOH[HV�VKRZ�D�OLQHDU�FRUUHODWLRQ�LQGLFDWLQJ�WKDW�WKH�VDPH�5X��G���J�

%/���
��&7�RUELWDO�RULJLQ�LV�PDLQWDLQHG�IRU�WKH�VHULHV��( DEV� ������∆(������

�������5�� ����������6LPLODUO\��WKH�PRQRPHWDOOLF�FRPSOH[HV�VKRZ�D�OLQHDU�

FRUUHODWLRQ�EHWZHHQ�WKH�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�JDS� �(DEV� �������

∆(�������������5�� ����������2QH�SHFXOLDULW\�PDGH�HYLGHQW�IURP�WKH�DQDO\VLV�

LV�WKH�GLIIHUHQFH�LQ�WKH�VORSH�RI�WKH�WZR�OLQHV���'XH�WR�WKH�VLPLODULWLHV�LQ�WKH�
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WZR�VHULHV�RI�FRPSOH[HV��LW�LV�H[SHFWHG�WKDW�WKH�FRUUHODWLRQ�ZRXOG�DOVR�

GLVSOD\�VLPLODU�VORSHV�ZLWK�RQO\�D�FKDQJH�LQ�WKH�\�LQWHUFHSW���7KLV�GHYLDWLRQ�

VXJJHVWV�WKDW�WKH�FRRUGLQDWLRQ�RI�3W&O ��KDV�DGGLWLRQDO�DIIHFWV�RQ�WKH�QDWXUH�RI�

WKH�%/�DFFHSWRU�RUELWDO�DQG�WKH�SURSHUWLHV�RI�WKH�FRPSOH[�LQ�JHQHUDO���

$GGLWLRQDO�GDWD�SRLQWV�ZRXOG�DLG�LQ�WKH� LQWHUSUHWDWLRQ�RI�WKLV�SORW���

'1$�%LQGLQJ�

$JDURVH�JHO�HOHFWURSKRUHVLV�ZDV�XVHG�WR�DVVHVV�WKH�ELQGLQJ�DIILQLW\�RI�

>�WS\�5X&O�%/�3W&O�@
��WR�'1$���:KHQ�K\GUDWHG��DJDURVH�IRUPV�D�PDWUL[�WKDW�

FDQ�EH�FDVW�LQWR�JHO�VODEV���$QDO\WHV�LQWURGXFHG�LQWR�WKH�PDWUL[�FDQ� EH�

VHSDUDWHG�ZLWK�WKH�DSSOLFDWLRQ�RI�D�YROWDJH�DFURVV�WKH�JHO�� )LJXUH�������7KH�

PRELOLW\�RI�'1$�WKURXJK�DJDURVH�LV�GHSHQGHQW�RQ�PROHFXODU�ZHLJKW��

PROHFXODU�VKDSH��FKDUJH��DQG�DSSOLHG�YROWDJH���$�FKDQJH�LQ�DQ\�RI�WK HVH��

)LJXUH�����([SHULPHQWDO�VHWXS�IRU�DJDURVH�JHO�HOHFWURSKRUHVLV� �

�

IDFWRUV�ZLOO�DIIHFW�WKH�UDWH�RI�PLJUDWLRQ�WKURXJK�WKH�JHO���)RU�H[DPSOH��

FLUFXODU�SODVPLG�'1$�KDV�D�VXSHUFRLOHG�QDWLYH�VWDWH���7KH�VDPH�SODVPLG��ZLWK�

RQH�QLFN�LQ�WKH�VXJDU�SKRVSKDWH�EDFNERQH�XQZLQGV�DQG�DGRSWV�DQ�RSHQ�

FLUFXODU�VKDSH���6XSHUFRLOHG�'1$�RFFXSLHV�OHVV�YROXPH�DQG�WKHUHIRUH�

PLJUDWHV�WKURXJK�WKH�JHO�IDVWHU�WKDQ�WKH�VLQJOH �QLFNHG��RSHQ�FLUFXODU�IRUP��

0LJUDWLRQ�GLFWDWHG�E\
FKDUJH�DQG�VKDSH

3RV1HJ ����9

0LJUDWLRQ�GLFWDWHG�E\
FKDUJH�DQG�VKDSH

3RV1HJ ����9����9
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� �)LJXUH����VKRZV�WKH�UHVXOWV�RI�WKH�FRQFHQWUDWLRQ�GHSHQGHQW�'1$�

ELQGLQJ�VWXG\�RI�FLVSODWLQ�����(DFK�DJDURVH�JHO�FRQWDLQV�VL[�ODQHV���/DQH���

FRQWDLQV�D�PROHFXODU�ZHLJKW�VWDQGDUG���/DQH���FRQWDLQV�WKH�SODVPLG�FRQWURO�

������ES��ZLWK�QR�PHWDO�FRPSOH[�DGGHG���/DQHV�����FRQWDLQ�WKH�SODVPLG�

'1$�LQFXEDWHG�IRU���K�DW������R&�ZLWK�YDU\LQJ�EDVH�SDLU��ES��WR�PHWDO�

FRPSOH[��PF��UDWLRV�������������������DQG���������,Q�WKH�DEVHQFH�RI�

FLVSODWLQ��WKH�SODVPLG�FRQWURO�PLJUDWHV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�ORJ�RI�LWV�

PROHFXODU�ZHLJKW��UHODWLYH�WR�WKH�0:�VWDQGDUG�����,Q�ODQHV�����RI�HDFK�JHO��

WKH�PLJUDWLRQ�RI�'1$�LV�KLQGHUHG�VXEVWDQWLDOO\���7KH�WKLUG�ODQH�KDV�WKH�

KLJKHVW�UHODWLYH�FRQFHQWUDWLRQ�RI�PHWDO�FRPSOH[�DQG�H[KLELW�WKH�PRVW�

SURQRXQFHG�HIIHFW���,Q�IDFW��WKH�GHJUHH�RI�UHWDUGDWLRQ�IR OORZV�WKH�PHWDO�

FRQFHQWUDWLRQ�SURILOH�ZLWK�EDQGV�KDYLQJ�D�KLJKHU�PHWDO�FRQFHQWUDWLRQ�EHLQJ�

KLQGHUHG�PRUH�WKDQ�EDQGV�ZLWK�ORZHU�PHWDO�FRQFHQWUDWLRQV� �

)LJXUH�����$JDURVH�JHO�RI�FLVSODWLQ�PRGLILHG�'1$���� �
PROHFXODU�ZHLJKW�VWG����� �OLQHDUL]HG�S%OXHVFULSW���� ���
EDVHSDLUV���FRPSOH[���� ��������� ��������� ���������� �

�

)LJXUH����VKRZV�WKH�UHVXOWV�RI�WKH�FRQFHQWUDWLRQ�GHSHQGHQW�VWXG\�RI�

WKH�ELQGLQJ�RI�>�WS\�5X&O�%/�3W&O�@
��FRPSOH[HV�WR�'1$���$JDLQ��WKH�

FRQFHQWUDWLRQ�RI�'1$�LV�KHOG�FRQVWDQW�ZKLOH�WKH�FRQFHQWUDWLRQ�RI�PHWDO�

FRPSOH[�LV�YDULHG���6LJQLILFDQW�UHWDUGDWLRQ�RI�'1$�EDQG�PLJUDWLRQ�LV�REVHUYHG�

UHODWLYH�WR�WKH�PLJUDWLRQ�RI�WKH�XQWUHDWHG�SODVPLG��VLPLODU�WR�WKDW�REVHUYHG�

IRU�FLVSODWLQ���7KH�GHJUHH�RI�UHWDUGDWLRQ��KRZHYHU��LV�JUHDWHU�IRU�WKH�WLWOH�

FRPSOH[HV���7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�5X �3W�FRPSOH[�LQWHUDFWV�ZLWK��

3W�1+���&O�

�� �� �� �� �� ��

���NE�
����
����
����

����
����

3W�1+���&O�

�� �� �� �� �� ��

���NE�
����
����
����

����
����
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)LJXUH�����$JDURVH�JHOV�RI�SODVPLG�'1$�LQFXEDWHG�ZLWK�

>�WS\�5X&O�%/�3W&O�@
��ZKHUH�%/� �GSS��GST��DQG�GSE����� �

PROHFXODU�ZHLJKW�VWG����� �OLQHDUL]HG�S%OXHVFULSW�� �� ���

EDVHSDLUV���FRPSOH[���� ��������� ��������� ����������

�
'1$���7KH�UHWDUGDWLRQ�LV�GXH�WR�ELQGLQJ�RI�WKH�PHWDO�FRPSOH[�WR�'1$��ZKLFK�

ERWK�LQFUHDVHV�WKH�PROHFXODU�ZHLJKW�DQG�UHGXFHV�WKH�RYHUDOO�QH JDWLYH�FKDUJH�

RI�WKH�'1$���%HFDXVH�WKH�PHWDO�FRPSOH[�PXVW�ORVH�RQH�RU�ERWK�SODWLQXP �

ERXQG�FKORULGHV�EHIRUH�ELQGLQJ��LW�ZLOO�FDUU\�D�� ��RU����FKDUJH���:KHQ�

WHWKHUHG�WR�WKH�DQLRQLF�SODVPLG�'1$��WKH�RYHUDOO�QHJDWLYH�FKDUJH�RI�WKH�'1$�

LV�UHGXFHG�DQG�WKH�EDQG�PLJUDWHV�DW�D�VORZHU�UDWH���,Q�DGGLWLRQ��WKH�

ELPHWDOOLF�FRPSOH[HV�LQFUHDVH�WKH�PROHFXODU�ZHLJKW�RI�WKH�'1$�IUDJPHQW��

IXUWKHU�UHWDUGLQJ�PLJUDWLRQ�WKURXJK�WKH�JHO���7KH�VWHULF�GHPDQGV�SODFHG�RQ�

WKH�SODVPLG�E\�SODWLQXP¶V�FRRUGLQDWLRQ�VSKHUH�VKRXOG�DOVR�DOWHU�W KH�

TXDWHUQDU\�VWUXFWXUH�DQG�DIIHFW�WKH�PLJUDWLRQ�UDWH��� �

� 7KH�UHODWHG�FRPSOH[HV��>�ES\��5X�%/�3W&O�@
���DQG�

>�ES\��5X�%/�3W&O�@
����KDYH�DOVR�EHHQ�VWXGLHG�ZLWK�UHJDUG�WR�'1$�ELQGLQJ�

DIILQLW\�����,Q�WKLV�VWXG\��WKH�WZR�ELPHWDOOLF�FRPSOH[HV�DUH�FRPSDUHG�WR�WKH �

PRQRPHWDOOLF�SUHFXUVRUV�>�ES\��5X�%/�@
���DQG�>�ES\��2V�%/�@

�����7KH�

PRQRPHWDOOLF�FRPSOH[HV�GR�QRW�UHWDUG�WKH�PLJUDWLRQ�RI�'1$�WKURXJK�WKH�JHO�

LQGLFDWLQJ�WKDW�QR�LQWHUDFWLRQ�RFFXUV���7KH�WZR�ELPHWDOOLF�FRPSOH[HV�GR�VKRZ�

VLJQLILFDQW�UHWDUGDWLRQ�RI�WKH�'1$�� �7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�LQWHUDFWLRQ�

ZLWK�'1$�LV�WKURXJK�FRYDOHQW�PRGLILFDWLRQ�DW�WKH�3W&O ��VLWH���

>�WS\�5X&O�%/�3W&O�@
��DIIHFWV�WKH�UDWH�RI�'1$�PLJUDWLRQ�VLPLODU�WR�WKHVH�

UHODWHG�FRPSOH[HV��

GSS

����������������

GST

����������������

GSE

����������������

GSS

����������������

GSS

����������������

GST

����������������

GST

����������������

GSE

����������������

GSE

����������������
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,Q�WKLV�VWXG\��D�VHULHV�RI�FRPSOH[HV�RI�WKH�W\SH�

>�WS\�5X&O�%/�3W&O�@�3)���ZDV�V\QWKHVL]HG�DQG�FKDUDFWHUL]HG�XVLQJ�)$%�06��

HOHFWURFKHPLVWU\��DQG�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\���7KH�V\QWKHVLV�

IROORZV�D�EXLOGLQJ�EORFN�PHWKRG�ZKHUH�OLJDQGV�SRVVHVVLQJ�VSHFLILF�SURSHUWLHV �

�L�H��EULGJLQJ��FDSSLQJ��HDVLO\�VXEVWLWXWHG��DQG�PHWDO�DWRPV�DUH�VXFFHVVLYHO\�

DGGHG�WR�WKH�VXSUDPROHFXODU�VWUXFWXUH���7KH�JHQHUDO�V\QWKHWLF�URXWH�DOORZV�

IXUWKHU�PRGLILFDWLRQV�RI�WKH�FRPSOH[���8VLQJ�WKLV�PHWKRG��WKH�VHULHV�

>�WS\�5X�3(W�3K��%/�3W&O�@
����3(W�3K� �GLHWK\OSKHQ\OSKRVSKLQH��KDV�VLQFH�

EHHQ�V\QWKHVL]HG�E\�)DQJ�DQG�WKH�VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�

SURSHUWLHV�LQYHVWLJDWHG�����7KH�LQFRUSRUDWLRQ�RI�WKH�SKRVSKLQH�OLJDQG�LV�

GHVLJQHG�WR�RIIHU�DQ�DGGLWLRQDO�VSHFWURVFRSLF�KDQGOH���'XH� WR�WKH�QXPEHU�RI�

SURWRQV�LQ�VLPLODU�FKHPLFDO�VKLIW�HQYLURQPHQWV��WKH�XVH�RI� �+�105�\LHOGV�OLWWOH�

XVHIXO�LQIRUPDWLRQ�DERXW�WKH�VWUXFWXUH�RI�WKH�FRPSOH[���7KH�REVHUYDWLRQ�RI�

WZR���3�FKHPLFDO�VKLIW�YDOXHV�IRU�>�WS\�5X�3(W�3K��%/�3W&O�@
���E\���3�105�

YHULILHV�WKH�V\QWKHVLV�RI�WKH�FLV�DQG�WUDQV�LVRPHUV����

7KH�WKUHH�WLWOH�FRPSRXQGV�DUH�JRRG�OLJKW�DEVRUEHUV�WKDW�H[KLELWHG�ORZ�

HQHUJ\�0/&7�WUDQVLWLRQV��ZKLFK�DUH�GHSHQGHQW�RQ�WKH�QDWXUH�RI�WKH�%/���7KH�

HQHUJ\�RI�WKHVH�WUDQVLWLRQV�IROORZV�WKH�SURJUHVVL RQ�VHHQ�IRU�WKH�IUHH�%/V��GSE�

��GST���GSS���,W�ZDV�IRXQG�WKDW�WKH�ELPHWDOOLF¶V�0/&7�WUDQVLWLRQV�RFFXUUHG�DW�

ORZHU�HQHUJLHV�WKDQ�WKH�PRQRPHWDOOLF�SUHFXUVRUV��LQGLFDWLQJ�WKH� FLV�3W&O��

FRRUGLQDWLRQ�KDV�D�VWDELOL]LQJ�HIIHFW�RQ�WKH�%/�DFFHSWRU�RUELWDOV� �

7KH�WUHQGV�IRXQG�LQ�WKH�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\�DUH�

FRQVLVWHQW�ZLWK�WKRVH�REVHUYHG�LQ�WKH�HOHFWURFKHPLVWU\���7KH�%/ ����UHGR[�

FRXSOH�PRYHV�WR�PRUH�SRVLWLYH�SRWHQWLDOV�RQ�JRLQJ�IURP�GSS�WR�GST�WR�GSE�

DQG�VXEVWDQWLDWHV�WKH�UROH�RI�%/�DV�WKH�VLWH�RI�ORFDWL RQ�RI�WKH�/802�DQG�WKH�

DFFHSWRU�RUELWDO�LQ�WKH�0/&7���7KHVH�%/ ����UHGXFWLRQ�SURFHVVHV�DUH�

VXEVWDQWLDOO\�PRUH�FDWKRGLF�WKDQ�WKRVH�REVHUYHG�LQ�>�WS\�5X&O�%/�@ ���
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LQGLFDWLQJ�FRRUGLQDWLRQ�RI�3W� ����7KH�VHFRQG�UHGR[�SURFHVV�LV�DOVR�%/�EDVHG�

�%/�������FRQVLVWHQW�ZLWK�WKH�ELPHWDOOLF�IRUPXODWLRQ�RI�WKH�FRPSOH[HV� ����

1HDUO\�FRQVWDQW�SRWHQWLDOV�ZHUH�REVHUYHG�IRU�WKH�5X ,,�,,,�R[LGDWLRQ�FRXSOHV�

WKURXJK�RXW�WKH�VHULHV��KRZHYHU�WKH\�RFFXU�DW�VOLJKWO\�PRUH�SRVLWLYH�

SRWHQWLDOV�WKDQ�WKH�PRQRPHWDOOLF�SUHFXUVRUV���7KLV�LV�GXH� WR�WKH�HOHFWURQ�

ZLWKGUDZLQJ�HIIHFW�RI�FRRUGLQDWLRQ�RI�HOHFWURQ �GHILFLHQW�3W,,���7KH�SUHVHQFH�RI�

WKH�HOHFWURQ�UHOHDVLQJ�FKORULGH�RQ�5X�SODFHV�WKH�R[LGDWLRQ�SRWHQWLDO�RI�WKH�

5X,,�,,,�UHGR[�FRXSOH�LQWHUPHGLDWH�WR�WKDW�RI�>5X�ES\� �@
���DQG�5X�ES\��&O��

��

7KLV�VWXG\�LOOXVWUDWHV�WKH�XWLOLW\�RI�WKH�%/�VHULHV�LQ�WXQLQJ�WKH�

VSHFWURVFRSLF�DQG�HOHFWURFKHPLFDO�SURSHUWLHV�RI�5X �3W�FRPSH[HV���,Q�

DGGLWLRQ��FKDUDFWHUL]DWLRQ�ZDV�VLPSOLILHG�E\�DOORZLQJ�WKH�GLUHFW�FRPSDULVRQ�RI�

WKH�QHZ�FRPSOH[HV���7KH�DSSOLFDWLRQ�RI�VSHFWURHOHF WURFKHPLVWU\�ZRXOG�OHQG�

IXUWKHU�HYLGHQFH�WR�WKH�QDWXUH�RI�WKH�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\���

:LWK�WKLV�WHFKQLTXH��FKDQJHV�LQ�WKH�HOHFWURQLF�DEVRUSWLRQ�VSHFWURVFRS\�DUH�

PRQLWRUHG�ZKLOH�WKH�FRPSOH[�LV�R[LGL]HG�RU�UHGXFHG���$�VSHFWURVFRSLF�

WUDQVLWLRQ�LQYROYLQJ�RUELWDOV�WKDW�XQGHUJR�R[LGDWLRQ�RU�UHGXFWLRQ�LV�DOWHUHG�VR�

GUDVWLFDOO\�WKDW�WKH�WUDQVLWLRQ�LV�W\SLFDOO\�QR�ORQJHU�VHHQ�LQ�WKH�89 �YLV�UHJLRQ���

7KH�R[LGDWLRQ�RI�5X,,�,,,�ZLOO�EOXH�VKLIW�DQ\�0/&7�LQYROYLQJ�5X�DQG�UHG�VKLIW�WKH�

��Æ��

�LQWUDOLJDQG�WUDQVLWLRQV�RI�FRRUGLQDWHG�OLJDQGV���7KLV�LV�GXH�WR�WKH�

LQFUHDVHG�HOHFWURQ�DIILQLW\�RI�WKH�KLJKHU�R[LGDWLRQ�VWDWH�UXWKHQLXP���

5HGXFWLRQV�DUH�LVRODWHG�LQ�WKH�OLJDQG��
�RUELWDOV���7KH�LQFUHDVH�LQ�HOHFWURQ�

GHQVLW\�UDLVHV�WKH��
�DFFHSWRU�RUELWDOV��VKLIWLQJ�DQ\�WUDQVLWLRQ�WR�WKLV�RUELWDO�

WR�VKRUWHU�ZDYHOHQJWKV���,W�LV�H[SHFWHG�WKDW�ZLWK�WKH�R[LGDWLRQ�RI�

>�WS\�5X&O�%/�3W&O�@
���WKH�5X�Æ�%/�&7�DQG�5X�Æ�WS\�&7�WUDQVLWLRQV�ZLOO�

PRYH�RXW�RI�WKH�89�YLV�UHJLRQ��ZKLOH�WKH�%/�DQG�WS\���Æ��

�WUDQVLWLRQV�ZLOO�

UHG�VKLIW�VOLJKWO\���7KH�UHGXFWLRQ�RI�WKH�FRPSOH[�ZLOO�DOVR�PRYH�WKH�5X�Æ�%/�

&7�WUDQVLWLRQ�RXW�RI�WKH�89�YLV�ZLQGRZ���7KH�5X�Æ�WS\�&7�WUDQVLWLRQ�VKRXOG�

VOLJKWO\�UHG�VKLIW���7KHVH�REVHUYDWLRQV�ZRXOG�VROLGLI\�WKH�DVVLJQPHQWV�PDGH�

IRU�EDQGV�DSSHDULQJ�LQ�WKH�HOHFWURQLF�DEVRUSWL RQ�VSHFWURVFRS\��
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7KH�VHULHV�KDV�DQ�HDVLO\�VXEVWLWXWHG�FKORULGH�ERXQG�WR�WKH�OLJKW �

DEVRUELQJ�5X�FKURPRSKRUH���7KLV�VL[WK�FRRUGLQDWLRQ�VLWH�RIIHUV�IXUWKHU�

V\QWKHWLF�YHUVDWLOLW\�DQG�DQRWKHU�PHDQV�RI�WXQLQJ�WKH�FRPSOH[¶V�HOHFWURQLF�

SURSHUWLHV���7KLV�KDV�SUHYLRXVO\�EHHQ�VKRZQ�LQ�WKH�PRQRPHWDOOLF�FRPSOH[HV��

>�WS\�5X&O�%/�@��DQG�>�WS\�5X�S\��%/�@�������$�VLJQLILFDQWO\�EOXH�VKLIWHG�

0/&7�WUDQVLWLRQ�LV�REVHUYHG�ZKHQ�VXEVWLWXWLQJ�S\�IRU�FKORULGH���7KH�

VXEVWLWXWLRQ�RI�S\�DOVR�PDNHV�WKH�VHULHV�RI�FRPS OH[HV�OXPLQHVFHQW���6LPLODU�

VXEVWXWLRQV�LQ�WKH�ELPHWDOOLF�FRPSOH[HV�>�WS\�5X&O�%/�3W&O �@
��PLJKW�OHDG�WR�

OXPLQHVFHQW�VSHFLHV�DQG�ZRXOG�EH�DQ�LQWHUHVWLQJ�H[WHQVLRQ�RI�WKH�FXUUHQW�

UHVHDUFK����

7KH�WKUHH�ELPHWDOOLFV�VKRZ�ELQGLQJ�WR�'1$�DV�DVVHVVHG�E\�DJDURVH�J HO�

HOHFWURSKRUHVLV���$V�ZLWK�WKH�PRGHO�FRPSOH[��FLVSODWLQ��SODVPLG�'1$�

LQFXEDWHG�ZLWK�WKH�ELPHWDOOLF�FRPSOH[HV�PLJUDWHG�VORZHU�WKDQ�XQWUHDWHG�

SODVPLG�'1$���7KH�PLJUDWLRQ�UDWH�VKRZ�FRQFHQWUDWLRQ�GHSHQGHQFH�ZLWK�

KLJKHU�PHWDO�FRPSOH[�WR�'1$�EDVH�SDLU�UDWLRV�UXQQLQJ�WKH�VORZHVW���$OWKRXJK�

WKHVH�UHVXOWV�GR�VKRZ�PHWDO�FRPSOH[�'1$�DGGXFW�IRUPDWLRQ��WKH�HIILFLHQF\�

RI�ELQGLQJ�LV�QRW�NQRZQ���6WXGLHV�SURELQJ�PHWDO�FRPSOH[ �'1$�ELQGLQJ�KDYH�

EHHQ�SHUIRUPHG�IRU�VLPLODU�FRPSOH[HV�XVLQJ�HPLVVLRQ �TXHQFKLQJ�

WHFKQLTXHV������7KHVH�VWXGLHV�GHSHQG�RQ�WKH�DWWHQXDWLRQ�RI�WKH�HPLVVLRQ�

LQWHQVLW\�RI�3W��SRS��
��
��SRS� �3�2�+�

����LQ�WKH�SUHVHQFH�RI�D�VXLWDEOH�

TXHQFKHU��L�H��>�WS\�5X&O�%/�3W&O�@
����:KHQ�'1$�LV�DGGHG�WR�D�VROXWLRQ�RI�

PHWDO�FRPSOH[�DQG�3W��SRS��
���SUREH��WKH�PHWDO�FRPSOH[�ELQGV�'1$�DQG�LV�

HIIHFWLYHO\�UHPRYHG�IURP�VROXWLRQ���$V�D�UHVXOW��TXHQFKLQJ�RI�WKH�SUREH¶V�

HPLVVLRQ�LV�DWWHQXDWHG�����7KH�UHSXOVLYH�IRUFH�EHWZHHQ�WKH�WHWUDDQLRQLF�

FKDUJH�RI�3W��SRS��
���DQG�SRO\DQLRQLF�FKDUJH�RI�'1$�KLQGHUV �DQ\�LQWHUDFWLRQ�

EHWZHHQ�WKH�WZR�VSHFLHV�����7KLV�WHFKQLTXH�KDV�EHHQ�DSSOLHG�WR�PHWDOV�

FRPSOH[HV�ZKHUH�WKH�DIILQLW\�LV�KLJK������0����RU�ORZ������0������7KHVH�

H[SHULPHQWV�ZRXOG�EH�SDUWLFXODUO\�XVHIXO�LQ�DVVHVVLQJ�WKH�HIILFLHQF\�RI�

>�WS\�5X&O�%/�3W&O�@
��'1$�ELQGLQJ��
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7KH�PL[HG�PHWDO�FRPSOH[HV�IRUP�DQ�H[WHQVLRQ�WR�D�FODVV�RI�PHWDO �

EDVHG�V\VWHPV�FDSDEOH�RI�ELQGLQJ�'1$���7KH�PRGXODU�GHVLJQ�DOORZV�IRU�

FRPSRQHQW�PRGLILFDWLRQ�WR�SUREH�WKH�HIIHFW�RI�5X �ERXQG�&O�VXEVWLWXWLRQ��%/�

FKDQJHV��DQG�3W&O��DFWLYH�VLWH�DOWHUDWLRQV�RQ�WKH�'1$�ELQGLQJ��WKH�HOHFWURQLF�

DEVRUSWLRQ�VSHFWURVFRS\��DQG�HOHFWURFKHPLFDO�FKDUDFWHULVWLFV���7KH�PRGXODU�

GHVLJQ�DOVR�DOORZV�IRU�WKH�GHVLJQ�RI�PRUH�FRPSOLFDWHG�V\VWHP�LQFRUSRUDWLQJ�

VHYHUDO�ELRDFWLYH�VLWHV�DQG�DGGLWLRQDO�FKURPRSKR ULF�FHQWHUV���,W�LV�SRVVLEOH�

WKHVH�V\VWHPV�ZLOO�EH�FDSDEOH�RI�SHUIRUPLQJ�LQWULFDWH�IXQFWLRQV�VXFK�D�OLJKW �

DFWLYDWHG�'1$�ELQGLQJ���7KH�QHZ�FRPSOH[HV�DOVR�IXUWKHU�WKH�XQGHUVWDQGLQJ�

RI�PL[HG�PHWDO�V\VWHPV�WKDW�LQFRUSRUDWH�WKH�FRRUGLQDWLYHO\�XQVDWXUDWHG�3W ,,�

PRLHW\�
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)LJXUH�$������)$%�PDVV�VSHFWUXP�RI�>�WS\�5X&O�GSS�3W&O �@�3)���
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)LJXUH�$������)$%�PDVV�6SHFWUXP��KLJK�PDVV�UDQJH��RI�
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