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3KRWRLQGXFHG�ZDWHU�VSOLWWLQJ�LQ�S\ULGLQH�ZDWHU�FOXVWHUV�
�

1DWDOLD�(VWHYHV�/ySH]��6WHSKDQH�&RXVVDQ��&ODXGH�'HGRQGHU�/DUGHX[��&KULVWRSKH�-RXYHW�

&156��$L[�0DUVHLOOH�8QLYHUVLWp��3K\VLTXH�GHV�,QWHUDFWLRQV�,RQLTXHV�HW�0ROpFXODLUHV��3,,0��805�������0DUVHLOOH��)UDQFH�

�

$%675$&7��$E�LQLWLR�FDOFXODWLRQV�SUHGLFW� WKDW�S\ULGLQH��3\��FDQ�DFW�DV�D�SKRWR�FDWDO\VW� WR�VSOLW�ZDWHU�E\�DEVRUSWLRQ�RI�D�89�SKRWRQ�

IROORZLQJ�WKH�UHDFWLRQ�3\���+�2���KQ�:�3\+����2+���7R�WHVW�WKLV�SUHGLFWLRQ��ZH�SHUIRUPHG�WZR�W\SHV�RI�H[SHULPHQW��LQ�WKH�ILUVW��ZH�FKDU�

DFWHUL]H�WKH�HOHFWURQLF�VSHFWURVFRS\�RI�WKH�3\+��UDGLFDO�LQ�WKH�JDV�SKDVH��,Q�WKH�VHFRQG��ZH�HYLGHQFH�WKH�UHDFWLRQ�WKURXJK�89�H[FLWDWLRQ�RI�

PROHFXODU�3\��+�2�Q�FOXVWHUV�REWDLQHG�LQ�D�VXSHUVRQLF�H[SDQVLRQ�DQG�PRQLWRULQJ�WKH�3\+
��UHDFWLRQ�SURGXFW��7KH�UHVXOWV�VKRZ�XQDPELJX�

RXVO\�WKDW�3\+��LV�SURGXFHG��WKXV�WKDW�ZDWHU�LV�VSOLW�XVLQJ�S\ULGLQH�DV�SKRWR�FDWDO\VW��

,Q�WKLV�SDSHU�ZH�VKRZ�WKDW�S\ULGLQH�FDQ�DFW�DV�D�SKRWR�FDWDO\WLF�PROHFXODU�V\VWHP��ZKLFK�FDQ�GLVVRFLDWH�WKH�ZDWHU�

FRYDOHQW� ERQG�ZLWK�89�&� OLJKW��:DWHU�PROHFXOH� LV� D� XELTXLWRXV� V\VWHP� WR� SURGXFH�+��� KRZHYHU�989� OLJKW� LV�

QHHGHG�WR�SKRWR�GLVVRFLDWH�WKH�+�2+�FRYDOHQW�ERQG������QP�������H9���6LQFH�PRVW�RI�WKH�VXQOLJKW�UHDFKLQJ�WKH�

HDUWK�LV�LQ�WKH�YLVLEOH�VSHFWUDO�UHJLRQ��ZH�FDQQRW�GLVVRFLDWH�WKH�+�2+�ERQG�XQGHU�QRUPDO�VXQOLJKW�FRQGLWLRQV�DQG�

LW�LV�QHFHVVDU\�WR�GHVLJQ�D�V\VWHP�WKDW�FRXOG�EUHDN�WKH�+�2+�ERQG�ZLWK�YLVLEOH�OLJKW����

5HFHQW�WKHRUHWLFDO�FDOFXODWLRQV
�����

�VKRZ�WKDW��ZKHQ�WKH�PL[HG�S\ULGLQH�ZDWHU�FRPSOH[��3\�+�2��LV�H[FLWHG�WR�LWV�

ILUVW�RSWLFDOO\�DFWLYH�VWDWH��
�
SS��a�����H9���ZDWHU�VSOLWWLQJ�RFFXUV�WKURXJK�WKH�IROORZLQJ�UHDFWLRQ��3\���+�2���K��

:�3\+
�
���2+

�
��JHQHUDWLQJ�S\ULGLQ\O�DQG�K\GUR[\O�UDGLFDOV��7KH�HQHUJ\�IRU�89�H[FLWDWLRQ�RI�3\�+�2�LV�����H9�

ORZHU�WKDQ�WKH�HQHUJ\�QHFHVVDU\�WR�H[FLWH�DQG�SKRWR�GLVVRFLDWH�ZDWHU�GLUHFWO\��/LX�HW�DO��IXUWKHU�UHSRUWHG�WKDW�VLPL�

ODU�ZDWHU� VSOLWWLQJ�RFFXUV� LQ� WKH� WULSOHW� VWDWH� �7��� RI�3\�+�2�
�
��7KXV��S\ULGLQH�DFWV�DV�D�SKRWR�FDWDO\VW� EXW� WR�EH�

XVHIXO�WKH�SKRWR�FDWDO\VW�VKRXOG�EH�UHFRYHUHG�E\�WKH�DEVRUSWLRQ�RI�D�VHFRQG�SKRWRQ��,QGHHG��WKH�FDOFXODWLRQV�DOVR�

LQGLFDWH�WKDW�WKH�S\ULGLQ\O�UDGLFDO�FDQ�UHOHDVH�WKH�DGGLWLRQDO�K\GURJHQ�DWRP�ZKHQ�LUUDGLDWHG�ZLWK�YLVLEOH�OLJKW��a�

����QP��a��H9���7KH�S\ULGLQ\O�UDGLFDOV�REWDLQHG�E\�LUUDGLDWLRQ�RI�S\ULGLQH�LQ�ZDWHU�KDYH�EHHQ�SRVWXODWHG�LQ�WKH�

KRPRJHQHRXV�UHGXFWLRQ�RI�&2��E\�S\ULGLQH�
�
�7KH�JURXQG�VWDWH�RI�WKH�3\+

�
�2+

��
GLUDGLFDO�VWUXFWXUH�KDV�EHHQ�FDO�

FXODWHG� WR� EH� WKH� LRQ� SDLU� VWUXFWXUH� 3\+
��
2+

�
�
�
� 5HFHQWO\�� WKH� ZDWHU� VSOLWWLQJ� KDV� EHHQ� REVHUYHG� LQ� QHJDWLYHO\�

FKDUJHG�>3\��+�2�Q@
�
�FOXVWHUV�

���
�

0ROHFXODU� FOXVWHU� KDYH� EHHQ� H[WHQVLYHO\� XVHG� WR� HYLGHQFH� WKH� SULPDU\� SURFHVVHV� LQYROYHG� LQ� H[FLWHG� VWDWHV� RI�

PROHFXOHV�LQ�D�ZHOO�GHILQHG�HQYLURQPHQW��7KHVH�VWXGLHV�KDYH�DOORZHG�WR�HYLGHQFH�YHU\�FOHDUO\�VRPH�SKRWRFKHPL�

FDO�UHDFWLRQV� VXFK�KDV�SURWRQ� WUDQVIHU� WKURXJK�PROHFXODU�ZLUHV
�±��

��K\GURJHQ� WUDQVIHU� WR�VROYHQW� LQ�PL[HG�PROH�

FXOH�VROYHQWQ�FOXVWHUV�
��±����VROYHQW�LVRPHUL]DWLRQ��������FKDUDFWHUL]DWLRQ�RI�LQWHUPHGLDWH�VWDWHV�RI�UHDFWLRQ���±���DQG�

FKLUDO� GLVFULPLQDWLRQ�
��
�7KH� FDVH� RI�S\ULGLQH�ZDWHU� FOXVWHUV� LV� SHFXOLDU� VLQFH� VRPH� DWWHPSWV�KDYH�EHHQ�PDGH� WR�

FKDUDFWHUL]H� WKHLU� � VSHFWURVFRS\� EXW� ZLWKRXW� VXFFHVV�
��
� 7KLV� LV� DOUHDG\� JRRG� LQGLFDWLRQV� WKDW� VRPH� IDVW� QRQ�
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�

UDGLDWLYH� SURFHVVHV� RFFXU��ZKLFK� SUHYHQW� GHWHFWLRQ� RI� 3\�+�2� FOXVWHUV� WKURXJK�PXOWLSKRWRQ� LRQL]DWLRQ� RU� ODVHU�

LQGXFHG�IOXRUHVFHQFH��/,)���

�

7R�GHPRQVWUDWH�GLUHFWO\�WKH�SKRWRFKHPLFDO�UHDFWLRQ�LQ�3\�+�2�FOXVWHUV��DQG�FRPSDUH�ZLWK�DE�LQLWLR�FDOFXODWLRQV��

WKH�H[SHULPHQW�KDV�EHHQ�FRQGXFWHG�LQ�WKH�JDV�SKDVH��XVLQJ�PROHFXODU�FOXVWHUV�RI�S\ULGLQH�ZLWK�ZDWHU�SURGXFHG�LQ�

D�VXSHUVRQLF�H[SDQVLRQ��$IWHU�H[FLWDWLRQ�WR� WKH�
�
SS�VWDWH�RI�S\ULGLQH�� WZR� UHDFWLRQ�SURGXFWV�DUH�H[SHFWHG� WR�EH�

SURGXFHG�� WKH�2+
�
� UDGLFDO�DQG�WKH�K\GURJHQDWHG�S\ULGLQH��S\ULGLQ\O� UDGLFDO�3\+

�
��� ,Q� WKH�JDV�SKDVH�WKH�UDGLFDO�

SDLU�FDQ�VHSDUDWH�IUHHO\��$V�ZLOO�EH�VHHQ��WKH�LRQL]DWLRQ�SRWHQWLDO��,3��RI�WKH�3\+
�
�UDGLFDO�LV�FDOFXODWHG�WR�EH�UDWKHU�

ORZ��ZKLFK�VKRXOG�PDNH�LWV�GHWHFWLRQ�TXLWH�HDV\��,W�VKRXOG�WKHQ�EH�HDVLHU�WR�GHWHFW�WKH�3\+
�
�UDGLFDO�DV�D�UHDFWLRQ�

SURGXFW�RI� H[FLWHG�3\��+�2�Q� FOXVWHUV� WKDQ� WR�GHWHFW�2+
�
� WKURXJK� ODVHU� LQGXFHG� IOXRUHVFHQFH��ZKLFK�KDV�D� ORZ�

GHWHFWLRQ�HIILFLHQF\��W\SLFDOO\��������7KH�H[SHULPHQWDO�VFKHPH�XVHG�LQYROYHV�H[FLWDWLRQ�RI�3\��+�2�Q�FOXVWHUV�DQG�

GHWHFWLRQ�RI�WKH�3\+
�
�UDGLFDO�WKURXJK�LRQL]DWLRQ�E\�RQH�RU�WZR�SKRWRQV���

6LQFH�WKH�3\+
�
�UDGLFDO�VSHFWURVFRS\�KDV�QRW�\HW�EHHQ�VWXGLHG��WKH�H[SHULPHQW�ZLOO�EH�VSOLW�LQWR�WZR�SDUWV��WKH�ILUVW�

RQH�EHLQJ�WKH�VSHFWURVFRSLF�FKDUDFWHUL]DWLRQ�RI�WKH�FROG�3\+
�
�UDGLFDO��DQG�WKH�VHFRQG�RQH�WKH�GHWHFWLRQ�RI�3\+

�
�

DV�D�UHDFWLRQ�SURGXFW�DIWHU�H[FLWDWLRQ�RI� WKH�3\��+�2�Q�FOXVWHUV��$GGLWLRQDO�FDOFXODWLRQV�DUH�SHUIRUPHG� WR�JHW�LQ�

IRUPDWLRQ�RQ�WKH�QDWXUH�RI�WKH�H[FLWHG�VWDWHV�RI�WKH�3\+
��
UDGLFDO�DQG�LWV�LRQL]DWLRQ�SRWHQWLDO���

�

(;3(5,0(17$/�

7KH�VHWXS�WKDW�ZH�XVHG�LV�FRPSRVHG�RI�D�SXOVHG�VXSHUVRQLF�H[SDQVLRQ�FRPELQHG�ZLWK�D�WLPH�RI�IOLJKW�PDVV�VSHF�

WURPHWHU��7KH� VHWXS� KDV�EHHQ�SUHYLRXVO\�GHVFULEHG
��
� DQG� LV�TXLWH�VWDQGDUG��7KH�GLVFKDUJH�VRXUFH� LV� WKH� VDPH�DV�

XVHG�LQ�SUHYLRXV�H[SHULPHQWV�WR�SURGXFH�HLWKHU�FROG�QHXWUDO�YDQ�GHU�:DDOV�VSHFLHV
��
�RU�PRUH�UHFHQWO\�SURWRQDWHG�

PROHFXODU�LRQV
��
��,Q�D�IHZ�ZRUGV��D�SXOVHG�KLJK�YROWDJH�GLVFKDUJH�ORFDWHG�D�IHZ�PP�DIWHU�WKH�SXOVHG�QR]]OH��SUR�

GXFHV�3\+
�
�UDGLFDOV�IURP�D�JDV�PL[WXUH�RI�+H�+��S\ULGLQH��7KH�UDGLFDO�LV�FRROHG�GRZQ�LQ�WKH�H[SDQVLRQ�DQG�LRQ�

L]HG�EHWZHHQ�WKH�H[WUDFWLRQ�SODWHV�RI� WKH�UHIOHFWURQ�7LPH�RI�)OLJKW��72)��PDVV�VSHFWURPHWHU��-RUGDQ�72)�3URG�

XFWV��,QF����$GGLWLRQDO�H[SHULPHQWV�ZHUH�FRQGXFWHG�ZLWK�IXOO\�GHXWHUDWHG�S\ULGLQH��KHUH�DIWHU�QDPHG�G3\����

,Q�D�VHFRQG�W\SH�RI�H[SHULPHQWV��WKH�GLVFKDUJH�LV�UHPRYHG�DQG�3\��+�2�Q��RU�G3\��'�2�Q��FOXVWHUV�DUH�SURGXFHG�

E\�H[SDQGLQJ�D�PL[WXUH�RI�ZDWHU�DQG�S\ULGLQH��DW�WKHLU�YDSRU�SUHVVXUH�DW�URRP�WHPSHUDWXUH��ZLWK�+H��EHWZHHQ���

DQG���DWP���7ZR�ODVHU�EHDPV�DUH�WHPSRUDULO\�DQG�VSDWLDOO\�V\QFKURQL]HG�EHWZHHQ�WKH�H[WUDFWLQJ�SODWHV�RI�WKH�PDVV�

VSHFWURPHWHU��WKH�SXPS�ODVHU�H[FLWHV�WKH�FOXVWHUV�DQG�WKH�SUREH�ODVHU�GHWHFWV�WKH�3\+
�
��RU�G3\'

�
��UDGLFDOV���

7KH�ODVHUV�XVHG�DUH�<$*�SXPSHG�QDQRVHFRQG�232�ODVHUV��(.63/$�PRGHO�17���%���ZKLFK�KDYH�D����+]�UHSHWL�

WLRQ�UDWH��D�UHVROXWLRQ��):+0��RI���FP
��
�DQG�D�PLQLPXP�VFDQQLQJ�VWHS�RI������QP��7KH�ODVHUV�DUH�IRFXVHG�LQ�WKH�

PLGGOH�RI�WKH�H[WUDFWLRQ�]RQH�RI�WKH�WLPH�RI�IOLJKW�PDVV�VSHFWURPHWHU��7KHVH�ODVHUV�FDQ�EH�VFDQQHG�IURP�YLVLEOH�WR�

89�LQ�WKUHH�UHJLRQV��IURP�����WR�����QP��232�VLJQDO���IURP�����WR�������QP��IUHTXHQF\�PL[LQJ��DQG�IURP�����

WR�������QP��IUHTXHQF\�GRXEOLQJ���
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�

&DOFXODWLRQV�DUH�DOVR�SHUIRUPHG�XVLQJ�WKH�7XUERPROH�SDFNDJH
��
��DW�WKH�7'�')7��%�/<3��DQG�5,�&&��OHYHOV�ZLWK�

WKH�DXJ�FF�S9'=�EDVLV�VHW�� WR�JHW� LQIRUPDWLRQ�RQ� WKH�3\+
��
LRQL]DWLRQ�SRWHQWLDO�DQG�RQ� WKH�H[FLWHG�VWDWHV�RI� WKH�

UDGLFDO��

5(68/76�$1'�',6&866,21�

6SHFWURVFRSLF�LQYHVWLJDWLRQ�RI�WKH�S\ULGLQ\O�UDGLFDO��3\+
�
��

�

)LJXUH���VKRZV�WKH�PDVV�VSHFWUD�REWDLQHG�ZKHQ�WKH�SUREH�ODVHU�LV�VHW�DW�����QP�ZLWK�WKH�GLVFKDUJH�RQ�RU�RII��,Q�

DEVHQFH�RI� GLVFKDUJH� �UHG� WUDFH�� WKH� LRQ�DW�P�] ��� FRUUHVSRQGV� WR� WKH�S\ULGLQH� UDGLFDO� FDWLRQ�3\
�
� SURGXFHG� E\�

WZR�SKRWRQ� LRQL]DWLRQ�RI�S\ULGLQH�DQG� WKH�VPDOO�SHDN�DW�P�] ���FRUUHVSRQGV� WR� WKH�S\ULGLQH�LVRWRSH�ZLWK�D�
��
&�

DWRP��:KHQ�WKH�GLVFKDUJH�LV�RQ��DQ�LQWHQVH�SHDN�DW�P�] ���ZLWK�LWV�LVRWRSLF�FRPSDQLRQ�DW�P�]����LV�REWDLQHG�LQGL�

FDWLQJ�WKDW�SURWRQDWHG�S\ULGLQH�3\+
�
�LV�REVHUYHG�E\�LRQL]DWLRQ�RI�WKH�3\+

�
�UDGLFDO���

�

�� �� ��

���

���

���

���

���

���

���

P�] ��

P�] ��

P�] ��

�

�GLVFKDUJH�RQ

�GLVFKDUJH�RII

,R
Q
�6
LJ
Q
D
O�

7LPH�RI�)OLJKW���V�
�

)LJXUH����PDVV� VSHFWUD� REWDLQHG�ZLWK�D�PL[WXUH� RI�+H�+��S\ULGLQH�ZLWK� WKH� GLVFKDUJH� VRXUFH�RQ� �EODFN�� RU� RII�

�UHG���WKH�LRQL]DWLRQ�ODVHU�EHLQJ�VHW�DW�����QP��

�

7KH�VSHFWURVFRS\�RI� WKH�3\+
�
� UDGLFDO� LV�REWDLQHG�E\�PRQLWRULQJ� WKH� LQWHQVLW\�RI� WKH�P�] ���PDVV�SHDN� �3\+

�
��

ZKLOH�VFDQQLQJ�WKH�ODVHU�IURP�YLVLEOH�WR�89�DV�GLVSOD\HG�LQ�)LJXUH����7KH�RQVHW�RI� WKH�YHU\�VWURQJ�VLJQDO�DW�����

QP�������H9��DQG�WKH�REVHUYDWLRQ�RI�D�FRQWLQXXP�DW�KLJKHU�HQHUJ\�FRUUHVSRQG�FOHDUO\�WR�WKH�LRQL]DWLRQ�SRWHQWLDO�

RI�WKH�3\+
�
�UDGLFDO��7R�FRPIRUW�WKLV�DVVHUWLRQ��WKH�,3�RI�3\+

�
�KDV�EHHQ�FDOFXODWHG�XVLQJ�WKH�')7�PHWKRG�ZLWK�WKH�

Page 3 of 17 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



�

�

�

%�/<3�IXQFWLRQDO�DQG� WKH�DXJ�FF�S9'=�EDVLV� VHW� �LQFOXGLQJ� WKH�GLIIHUHQFH� LQ�]HUR�SRLQW�HQHUJ\�û=3(���DQG� LV�

IRXQG�DW�����QP�������H9����

�

�

�

�

��� ��� ��� ��� ��� ��� ��� ��� ���

����� ����� ����� ����� �����

:DYHQXPEHU��FP
��
�

:DYHOHQJWK��QP�

�

Æíì

/}v]Ì��]}v�W}��v�]�o

ïí�
î

íí�
í

ðí�
î

ñí�
î

�

)LJXUH����VSHFWURVFRS\�RI�WKH�3\+��UDGLFDO�SURGXFHG�LQ�WKH�GLVFKDUJH�VRXUFH�DQG�FRROHG�GRZQ�LQ�WKH�VXSHUVRQLF�

H[SDQVLRQ��$W� KLJK� HQHUJ\� WKH�PROHFXOH� LV� LRQL]HG� E\� RQH� SKRWRQ��$W� ORZHU� HQHUJLHV�� L�H�� IRU� H[FLWDWLRQ�ZDYH�

OHQJWKV�EHWZHHQ�����DQG�����QP��WKH�VSHFWUXP�LV�REWDLQHG�E\�UHVRQDQFH�HQKDQFHG�RQH�FRORU�WZR�SKRWRQ�LRQL]D�

WLRQ��5�3,���7KH�PDLQ�EDQGV�KDYH�EHHQ�DVVLJQHG�E\�FRPSDULVRQ�ZLWK�DE�LQLWLR�FDOFXODWLRQV��VHH�WH[W���

�

6RPH�ZHOO�UHVROYHG�WUDQVLWLRQV�DUH�REVHUYHG�LQ�WKH�YLVLEOH�DQG�89�$�VSHFWUDO�UHJLRQV��7KH�ILUVW�EDQG�LV�REVHUYHG�DW�

������QP��������FP
��
�RU������H9��DQG�LW�UHTXLUHV�WZR�SKRWRQV�WR�UHDFK�WKH�,3�RI�3\+

�
��2QH�FDQ�GHWHFW�TXLWH�HDVLO\�

VWDWHV� WKDW�FDQ�EH� LRQL]HG�ZLWK� WZR�SKRWRQV� L�H�� WKRVH�ZKLFK�KDYH� WKHLU�DEVRUSWLRQ�EHORZ�����QP��KDOI� WKH� ,3���

/RZHU�HQHUJ\�VWDWHV�ZRXOG�QHHG�WKH�DEVRUSWLRQ�RI�WKUHH�SKRWRQV�WR�EH�GHWHFWHG��DQG�QRWKLQJ�KDV�EHHQ�REVHUYHG�DW�

HQHUJLHV�ORZHU�WKDQ�������QP��7KH�G3\'��VSHFWUXP�VKRZV�WKH�VDPH�WUDQVLWLRQV�VOLJKWO\�UHG�VKLIWHG�DQG�LV�JLYHQ�LQ�

)LJXUH��F��

7KH�JURXQG�VWDWH�RSWLPL]HG�VWUXFWXUH�KDV�EHHQ�REWDLQHG�IURP�FDOFXODWLRQV�DW�WKH�5,�&&���DXJ�FF�S9'=��OHYHO�DQG�

VKRZV�D�&�Y� V\PPHWU\�� 6LQFH� WKH�H[SHULPHQWDO� VSHFWUXP� VKRZV�ZHDN�)UDQFN�&RQGRQ� DFWLYLW\� DQG� VWURQJ�EDQG�

RULJLQV��WKH�UDGLFDO�VKRXOG�QRW�EH�WRR�PXFK�GLVWRUWHG�IURP�WKLV�V\PPHWU\�LQ�WKH�H[FLWHG�VWDWHV��7KH�H[FLWHG�VWDWH�

RSWLPL]DWLRQV�KDYH�WKHQ�EHHQ�FDOFXODWHG�XQGHU�&�Y�JHRPHWU\�FRQVWUDLQW�IRU�VWDWHV�ZKLFK�KDYH�D�VLJQLILFDQW�RVFLOOD�
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�

WRU�VWUHQJWK��!��
��
���7KH�FDOFXODWHG�WUDQVLWLRQ�HQHUJLHV�DUH�V\VWHPDWLFDOO\�KLJKHU�E\�����H9�WKDQ�WKH�H[SHULPHQWDO�

WUDQVLWLRQV��VHH�7DEOH�����7KLV�LV�WKH�W\SLFDO�XQFHUWDLQW\�RI�&&��FDOFXODWLRQV�IRU�FORVHG�VKHOO�PROHFXOHV��ZKLOH�WKH�

XQFHUWDLQW\� IRU� RSHQ�VKHOO� VSHFLHV� FDQQRW� EH� HVWLPDWHG�DW� SUHVHQW� GXH� WR� YHU\� IHZ� H[SHULPHQWDO� DQG� WKHRUHWLFDO�

GDWD��%DVHG�RQ�WKHVH�FDOFXODWLRQV��ZH�SURSRVH� WKH�DVVLJQPHQW�RI�)LJXUH���� ,W� VKRXOG�EH�PHQWLRQHG� WKDW� WKH�ILUVW�

WUDQVLWLRQ�REVHUYHG�FRUUHVSRQGV�WR�WKH�IRXUWK�H[FLWHG�VWDWH�DQG�WKH�WKLUG�VWDWH�RI�%��V\PPHWU\��:H�WULHG�WR�FDOFX�

ODWH� WKH�H[FLWHG�VWDWH�YLEUDWLRQV�EXW�LQ�DEVHQFH�RI�V\PPHWU\�WKH�RSHQ�VKHOO�&&��FDOFXODWLRQ�RI�VXFK�KLJK�H[FLWHG�

VWDWH�IDLOHG��

�

�

�

�

�

�

�

�

�

�

�

�

7DEOH����([SHULPHQWDO�DQG�FDOFXODWHG�WUDQVLWLRQ�HQHUJLHV�RI�3\+
�
�

�

,W�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�3\+
��
VLJQDO�LV�QRW�YHU\�VWURQJ�EHFDXVH�WKH�GLVFKDUJH�PHWKRG�LV�QRW�VR�HIILFLHQW�WR�

SURGXFH�WKH�UDGLFDO��VR�WKDW�WKH�ODVHU�LV�UDWKHU�SRZHUIXO�DQG�VRPH�VDWXUDWLRQ�RI� WKH�YLEURQLF�WUDQVLWLRQV�SUREDEO\�

RFFXUV��ZKLFK�PD\�H[SODLQ�ZK\�VRPH�H[FLWHG�VWDWHV�ZLWK�ORZ�RVFLOODWRU�VWUHQJWK�FDQ�EH�GHWHFWHG��$V�FDQ�EH�VHHQ�

LQ� WKH�6XSSOHPHQWDU\� ,QIRUPDWLRQ��WDEOH�6,����� WKHUH� LV�QRW� VR�PXFK�FKRLFH�WR�DVVLJQ� WKH�VWDWHV�DQG�RQH�VKRXOG�

NHHS�LQ�PLQG�WKDW�RSHQ�VKHOO�H[FLWHG�VWDWH�FDOFXODWLRQV�PD\�QRW�EH�VR�DFFXUDWH��DQG�WKDW�WKH�)UDQFN�&RQGRQ�IDFWRUV�

FRXOG�QRW�EH�FDOFXODWHG��

�

7KH�ILUVW�WZR�ORZHU�H[FLWHG�VWDWHV�KDYH�TXLWH�VLPLODU�YLEUDWLRQDO�VSHFWUD��7KH�DFWLYH�YLEUDWLRQV�DW��������FP
��
�DQG�

����������FP
��
�DUH�W\SLFDO�RI�WKH�DFWLYH�YLEUDWLRQV�LQ�S\ULGLQH�DQG�FDQ�EH�WHQWDWLYHO\�DVVLJQHG�WR�WKH���D

��
DQG���

�
�

PRGHV�REVHUYHG�DW�����DQG�����FP
��
�LQ�WKH�H[FLWHG�VWDWH�RI�S\ULGLQH�DQG�DW�����DQG������FP

��
�LQ�WKH�UDGLFDO�FDWL�

RQ�
��
�

�

�

�

([SHULPHQWDO� 6WDWH�

ODEHO�

&�Y� RSWLPL]HG�

WUDQVLWLRQ��H9��

2VFLOODWRU�

VWUHQJWK�1P� H9�

������ ����� �
�
%�� ����� ����

��
�

������ ����� �
�
$�� ����� ����

��
�

������ ����� �
�
%�� ����� ����

��
�

������ ����� �
�
%�� ����� ����

��
�
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�

�

�

([FLWDWLRQ�RI�3\��+�2�Q�RU�G3\��'�2�Q�FOXVWHUV��GLUHFW�HYLGHQFH�RI�WKH�ZDWHU�VSOLWWLQJ�UHDFWLRQ�

�

7KH�H[SHULPHQWV�KDYH�EHHQ�FRQGXFWHG� IRU�K\GURJHQDWHG�DQG�IXOO\�GHXWHUDWHG�VSHFLHV�G3\��DQG� WKH�H[SHULPHQWDO�

UHVXOWV�DUH�EDVLFDOO\�WKH�VDPH��3\��+�2�Q�FOXVWHUV�SURGXFHG�LQ�VXSHUVRQLF�MHW�DUH�H[FLWHG�LQ�WKH�HQHUJ\�UHJLRQ�RI�

WKH�S\ULGLQH�
�
SS�VWDWH��DURXQG�����QP��DQG�3\+

�
�LV�SUREHG�E\�LRQL]DWLRQ�DW�����QP��7KH�SUREH�ODVHU�DW�����QP�

LRQL]HV�HIILFLHQWO\�3\+��ZLWK�RQH�SKRWRQ�DQG�H[FLWHV�YHU\�ZHDNO\�WKH�SDUHQW�FOXVWHUV��VHH�)LJXUH�6,���LQ�WKH�VXS�

SOHPHQWDU\�LQIRUPDWLRQ���7KH�GHOD\�EHWZHHQ�ODVHUV�LV�����QV��WR�GLVFULPLQDWH�3\+
�
�UDGLFDOV�IURP�WKH�

��
&�LVRWRSH�

RI�S\ULGLQH��ERWK�KDYH�WKH�VDPH�PDVV��DQG�WR�GLVFULPLQDWH�WKH�UHDFWLRQ�LQ�WKH�H[FLWHG�VWDWH�IURP�D�UHDFWLRQ�LQ�WKH�

LRQLF�VWDWH�RI�WKH�FOXVWHUV�GXH�WR�D�WZR�SKRWRQ�DEVRUSWLRQ�DW�����QP��3\+
�
�SHDN�LQ�WKH�XSSHU�WUDFH�RI��)LJXUH�����

%HVLGHV��VXFK�D�GHOD\�SUHOXGHV�DEVRUSWLRQ�RI�WKH�SUREH�ODVHU�IURP�WKH�H[FLWHG�VWDWHV�RI�WKH�FOXVWHUV��ZKLFK�KDYH�D�

PXFK�VKRUWHU�OLIHWLPH��7KH�LRQV�LVVXHG�IURP�LRQL]DWLRQ�RI�3\+��E\�WKH�SUREH�ODVHU�DUH�WKHQ�REVHUYHG�����QV�DIWHU�

WKH�RQHV�SURGXFHG�E\�WKH�SXPS�ODVHU�VLQFH�WLPH�W ��IRU�WKH�WLPH�RI�IOLJKW�LV�V\QFKURQL]HG�ZLWK�WKH�SXPS�ODVHU��7KH�

IRUPDWLRQ�RI�S\ULGLQ\O�LV�FOHDUO\�VKRZQ�LQ�)LJXUH���LQ�ZKLFK�WKH�VLJQDO�RI�3\+
�
�LV�DEVHQW�LI�WKH�SXPS�ODVHU�LV�RII�

DQG�WKH�SUREH�ODVHU�LV�RQ��PLGGOH�WUDFH���ZKLOH�ZKHQ�ERWK�ODVHUV�DUH�SUHVHQW��ORZHU�WUDFH��WKH�3\+
�
�LRQ�VLJQDO�FRP�

LQJ�IURP�WKH�GLUHFW�LRQL]DWLRQ�RI�3\+
�
�UDGLFDOV�LVVXHG�IURP�WKH�H[FLWDWLRQ�RI�3\��+�2�Q�FOXVWHUV�LV�WKH�PRVW�LQWHQVH�

SHDN����

�

�� �� �� �� �� ��

�

�

�

�
7LPH�RI�)OLJKW���V�

SXPS�����QP���SUREH�����QP

GW ���QV

3\�+
�
2

�

��

�

SUREH�ODVHU�RQO\�DW�����QP

3\+
�

3\
�

3\
�

� �

3\+
� SXPS�ODVHU�RQO\�DW�����QP

�

)LJXUH����PDVV�VSHFWUD�UHFRUGHG�DIWHU�H[FLWDWLRQ�RI�WKH�3\��+�2�Q�FOXVWHUV��8SSHU�WUDFH���SXPS�ODVHU�DW�����QP�

DORQH��WKH�3\��+�2�Q�FOXVWHU�DUH�H[FLWHG�DQG�WKH�3\+
�
�LRQ�LV�REWDLQHG�WKURXJK�RQH�FRORU�WZR�SKRWRQ�DEVRUSWLRQ��

0LGGOH� WUDFH��SUREH� ODVHU�DW� ����QP�DORQH��QHDUO\� QR� LRQ� VLJQDO� VLQFH�3\�DQG�3\��+�2�Q� FOXVWHUV�DEVRUE�YHU\�

ZHDNO\�DW�WKLV�ZDYHOHQJWK��/RZHU�WUDFH��SXPS������QP��DQG�SUREH������QP��ODVHUV�ZLWK�WKH�SUREH�ODVHU�GHOD\HG�
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�

�

�

E\�����QV��WKH�PRVW�LQWHQVH�SHDN�LV�WKH�3\+
�
�LRQ�SURGXFHG�E\�H[FLWDWLRQ�RI�WKH�FOXVWHUV�DQG�LRQL]DWLRQ�RI�WKH�3\+

�
�

UDGLFDO�YLD�D�RQH�SKRWRQ�SURFHVV���

�

,Q�WKH�XSSHU�WUDFH�RI�)LJXUH����WKH�3\+
�
�LRQ�LV�REVHUYHG�WKURXJK�D�RQH�FRORU�WZR�SKRWRQ�VFKHPH�DW�����QP��7KLV�

VLJQDO� LV�QRW� OLQNHG� WR� WKH�UHDFWLRQ� LQ�FOXVWHUV�ZLWK�ZDWHU�EXW� WR� WKH�UHDFWLRQ�RI�S\ULGLQH�FOXVWHU� LRQV��7KH�VDPH�

H[SHULPHQW�KDV�EHHQ�SHUIRUPHG�LQ�DEVHQFH�RI�ZDWHU�LQ�WKH�VXSHUVRQLF�H[SDQVLRQ��7R�LQVXUH�WKDW�WKHUH�LV�QR�ZDWHU�

LQ�WKH�WXELQJ�EULQJLQJ�WKH�+H�3\�JDV�WR�WKH�SXOVHG�YDOYH��VRPH�GHVLFFDQW��&D&O���KDV�EHHQ�LQWURGXFHG�LQ�WKH�OLQH��

DQG�DEVROXWHO\�QR�ZDWHU�FRPSOH[�FRXOG�EH�REWDLQHG��8QGHU�WKHVH�FRQGLWLRQV��WKH�VLJQDO�FRUUHVSRQGLQJ�WR�LRQL]D�

WLRQ�RI� WKH�3\+
�
� UDGLFDO�E\� WKH�SUREH�ODVHU� LV�QHJOLJLEOH��ZKHUHDV�WKH�3\+

�
� VLJQDO�FRPLQJ�IURP� WKH�UHDFWLRQ� LQ�

�3\�Q
�
� FOXVWHUV� �Q �� RU�PRUH�� LQ� WKHLU� LRQLF� VWDWH� FDQ� VWLOO� EH� REVHUYHG� �ILJXUH� 6,�����7KH� FRPSDULVRQ� EHWZHHQ�

SXPS�SUREH�PDVV�VSHFWUD�REVHUYHG�LQ�SUHVHQFH�DQG�DEVHQFH�RI�ZDWHU�FOXVWHUV�LV�VKRZQ�LQ�ILJXUH�6,����

7KH�VSHFWUDO�VLJQDWXUHV�RI�ERWK�SURFHVVHV�DUH�WRWDOO\�GLIIHUHQW��VHH�ILJXUH�����7KH�3\+��VLJQDO�LVVXHG�IURP�WKH�LRQLF�

UHDFWLRQ�REWDLQHG�LQ�D�ZDWHU�IUHH�H[SDQVLRQ�H[KLELWV�D�VPRRWK�LQFUHDVH�JRLQJ�IURP�����QP�XS�WR�����QP��ILJXUH�

�E���:KHQ�ZDWHU� LV�DGGHG�LQ�WKH�H[SDQVLRQ��H[FLWDWLRQ�RI�3\��+�2�Q�FOXVWHUV�OHDGV� WR�WKH�IRUPDWLRQ�RI�S\ULGLQ\O�

UDGLFDO��ZKLFK�GLVSOD\V�D�VWHS�IXQFWLRQ� W\SH�VSHFWUXP��QR�VLJQDO�EHWZHHQ�����DQG�����QP�DQG�VWURQJ�VLJQDO�EH�

WZHHQ�����DQG�����QP�DQG��DV�REVHUYHG�ZKHQ�S\ULGLQ\O�UDGLFDO�SURGXFHG�LQ�WKH�GLVFKDUJH�VRXUFH�DUH�LRQL]HG��ILJ�

XUH��D���7KXV�� WKHUH� LV�D�FOHDU�DQG�XQDPELJXRXV�VLJQDWXUH�RI� WKH�SURFHVVHV� LQYROYHG� LQ� WKH�H[SHULPHQW�� ,Q�SXUH�

S\ULGLQH�FOXVWHUV��WKHUH�LV�D�LRQLF�UHDFWLRQ�OHDGLQJ�WR�3\+
�
��ZKLOH�LQ�H[SDQVLRQ�FRQWDLQLQJ�ZDWHU��H[FLWHG�S\ULGLQH�

ZDWHU�FOXVWHUV�UHDFW�WR�SURGXFH�WKH�S\ULGLQ\O�UDGLFDO��FOHDUO\�LGHQWLILHG�E\�LWV�LRQL]DWLRQ�WKUHVKROG��7KH�ZDWHU�VSOLW�

WLQJ�UHDFWLRQ�LV�WKHQ�FOHDUO\�GHPRQVWUDWHG��

��
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�

�

�

��� ��� ��� ��� ���

��� ��� ��� ��� ���

��� ���

�

�

:DYHOHQJWK��QP�

�3\+�IURP�WKH�GLVFKDUJH

LR
Q
�V
LJ
Q
D
O

�3\+�IURP�3\�+
�
2�

Q

��� ��� ��� ��� ���

,R
Q
�6
LJ
Q
D
O

�

:DYHOHQJWK��QP�

�3\

��� ���

�

�

�3\+

��� ���

�

�

�3\
�

�

�

�

)LJXUH����D��3\+
�
�VLJQDO�FRPLQJ�IURP�LRQL]DWLRQ�RI�WKH�S\ULGLQ\O�UDGLFDO��,Q�UHG�S\ULGLQ\O�UDGLFDO�SURGXFHG�E\�

WKH�GLVFKDUJH�VRXUFH��LQ�EODFN�S\ULGLQ\O�UDGLFDO�REWDLQHG�IURP�WKH�UHDFWLRQ�RI�S\ULGLQH�ZDWHU�FOXVWHUV�H[FLWHG�DW�

����QP�DQG�SUREHG�E\�D�VHFRQG�ODVHU��E��0XOWLSKRWRQ�LRQL]DWLRQ�VSHFWUD�RI�3\
�
��3\+

�
�DQG�3\�

�
�REWDLQHG�IURP�DQ�

H[SDQVLRQ�RI�S\ULGLQH�LQ�+H�ZLWKRXW�ZDWHU��,Q�WKLV�FDVH�WKH�3\+��VSHFWUXP�LV�VLPLODU�WR�WKH�3\��VSHFWUXP��

� �

$QRWKHU�PHWKRG� WR�GHWHFW� WKH�3\+
��
UDGLFDO� LV� WKURXJK� WKH� WZR�SKRWRQ� LRQL]DWLRQ� VFKHPH� LQ� WKH� YLVLEOH� VSHFWUDO�

UHJLRQ��,Q�)LJXUH���DUH�SUHVHQWHG�WKH�SXPS�SUREH�3\+��DQG�G3\'���IXOO\�GHXWHUDWHG�S\ULGLQ\O��DFWLRQ�VSHFWUD�LQ�

FRPSDULVRQ�ZLWK�WKH�VSHFWUD�REWDLQHG�IRU�WKH�FROG�VSHFLHV�LVVXHG�IURP�WKH�GLVFKDUJH�VRXUFH��7KLV�XQDPELJXRXVO\�

DVFHUWDLQV� WKDW� WKH�3\+
�
� VLJQDO�GHWHFWHG�ZLWK� WKH�SUREH�ODVHU� LV�GXH� WR� LRQL]DWLRQ�RI� WKH�3\+

�
� UDGLFDO�� ,W�FDQ�EH�

QRWLFHG�WKDW�WKH�DFWLRQ�VSHFWUD�UHVXOWLQJ�IURP�WKH�UHDFWLRQ�LQ�FOXVWHUV�DUH�EURDGHQHG�DV�FRPSDUHG�WR�WKH�VSHFWUD�RI�

WKH�FROG�VSHFLHV�SURGXFHG� LQ� WKH�GLVFKDUJH�VRXUFH��ZKLFK�LPSOLHV� WKDW� WKH�3\+
�
�RU�G3\'

��
UHDFWLRQ�SURGXFWV�DUH�

SURGXFHG�ZLWK�VRPH�LQWHUQDO�HQHUJ\��1RWH�WKDW�WKH�G3\'
�
�YLEURQLF�EDQGV�DUH�UHG�VKLIWHG�DV�FRPSDUHG�WR�WKH�3\+

�
�

EDQGV�EHFDXVH�WKH�KHDYLHU�GHXWHULXP�PDVV�LQGXFHV�DQ�LVRWRSLF�VKLIW�UHGXFLQJ�WKH�YLEUDWLRQDO�IUHTXHQFLHV��
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�

�

�

��� ��� ��� ��� ���

�G�

�F�

�E�
�

�G3\'

�

([FLWDWLRQ�:DYHOHQJWK��QP�

�D�

�

�G3\'

�

�

�3\+

�

�

�

��� ��� ��� ��� ���

�3\+

��

�

)LJXUH� ��� 7ZR�SKRWRQ� LRQL]DWLRQ� VSHFWUD�� FRPSDULVRQ� EHWZHHQ� �� D��3\+�� LVVXHG� IURP� WKH� GLVFKDUJH� VRXUFH�� E��

3\+��IURP�WKH�UHDFWLRQ�RI�WKH�3\��+�2�Q�H[FLWHG�DW�����QP��F��G3\'
��IURP�WKH�GLVFKDUJH�VRXUFH��G��G3\'��IURP�

WKH�UHDFWLRQ�RI�WKH�G3\��'�2�Q��FOXVWHUV�H[FLWHG�DW�����QP��

�

)RU�ZKLFK�FOXVWHU�VL]H�GRHV�WKH�UHDFWLRQ�RFFXU"��

:H�FRXOG�H[SHFW�WR�LGHQWLI\�WKH�SDUHQW�LRQ�IURP�WKH�DFWLRQ�VSHFWUXP�UHFRUGHG�LQ�SURELQJ�WKH�3\+��ZKLOH�VFDQQLQJ�

WKH�SXPS�ODVHU��7KH�3\+
��
DFWLRQ�VSHFWUXP�LV�FRPSDUHG�WR�WKH�5�3,�VSHFWUXP�RI�WKH�3\��+�2��RU��3\���FRPSOH[�LQ�

ILJXUH�6�,����$V�IRU�WKH�IUHH�PROHFXOH�WKH�VSHFWUD�DUH�EURDG�DQG�QRW�ZHOO�UHVROYHG�PDNLQJ�WKH�LGHQWLILFDWLRQ�RI�WKH�

SDUHQW�PROHFXOH�GLIILFXOW��HYHQ�WKRXJK�WKH�3\+
�
�DFWLRQ�VSHFWUXP�DQG�WKH�3\��+�2��5�3,�VSHFWUD�DUH�VLPLODU���

6LQFH�ZH�FDQ�UHFRUG�WKH�RQH�FRORU� WZR�SKRWRQ�DEVRUSWLRQ��LRQL]DWLRQ�VSHFWUXP�DW� WKH�PDVV�RI�3\�+�2�FRPSOH[��

WKH�FRPSOH[�LV�QRW�UHDFWLQJ�YHU\�TXLFNO\��RWKHUZLVH�LW�FRXOG�QRW�DEVRUE�WKH�VHFRQG�SKRWRQ�QHFHVVDU\�WR�LRQL]H��,Q�

IDFW��WKHUH�LV�D�NLQG�RI�FRQWUDGLFWLRQ�WR�XVH�VSHFWURVFRS\�WR�GHWHUPLQH�WKH�UHDFWLQJ�FOXVWHU�VL]H�VLQFH��LI�WKH�FOXVWHU�

UHDFWV�TXLFNO\��LW�ZLOO�QRW�EH�LRQL]HG�WKXV�QRW�REVHUYHG�� ,Q� WKLV� OLQH��LW�FDQ�EH�QRWHG�WKDW� WKH�3\��+�2���FRPSOH[�

VWD\V�YHU\�ZHDN�DQG�WKH�3\��+�2���FOXVWHU�LV�EDUHO\�REVHUYHG���+RZHYHU��WKH�VLPLODULW\�EHWZHHQ�WKH�3\+
�
�DQG�3\�

+�2�VSHFWUD��VKRZQ�LQ�6,�ILJXUH����LQGLFDWHV�WKDW�S\ULGLQH�ZDWHU�FOXVWHUV�DUH�UHVSRQVLEOH�IRU�WKH�UHDFWLRQ�����

7KH�RQO\�ZD\�WR�JHW�VRPH�LGHD�RI�WKH�FOXVWHUV�UHVSRQVLEOH�IRU�WKH�UHDFWLRQ�LV�E\�FKDQJLQJ�H[SDQVLRQ�FRQGLWLRQV��
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�

�

��

� � � � � �

�

�

�O �

�

�

�3\��+
�
2�

�

�%DFNLQJ�3UHVVXUH��EDU�

� � � � � �

�

�

�3\
�

�

�

�O �

� � � � � �

�

�

�O �

�

�

�3\�+
�
2

� � � � � ��

�O!�

%DFNLQJ�3UHVVXUH��EDU��

�

�

�3\+

� �

�

)LJXUH����9DULDWLRQ�RI�WKH�LRQ�LQWHQVLWLHV�DV�D�IXQFWLRQ�RI�WKH�EDFNLQJ�SUHVVXUH��:KHQ�WKH�SUHVVXUH�LQFUHDVHV�WKH�

FOXVWHU�VL]H�LQFUHDVHV��,Q�UHG�WKH�3\+
�
�VLJQDO�VHHPV�WR�LQGLFDWH�WKDW�ODUJH�FOXVWHUV�DUH�LQYROYHG�LQ�WKH�UHDFWLRQ��

�

7KH�SUHVVXUH�HIIHFW�PHDVXUHPHQW�VKRZQ�RQ�)LJXUH���KDV�EHHQ�UHFRUGHG�WR�VHH�LI�ZH�FRXOG�FRUUHODWH�WKH�3\+
�
�VLJ�

QDO�WR�VRPH�3\��+�2�Q�FOXVWHU�VL]HV�VLQFH�WKH�PHDQ�FOXVWHU�VL]H�LQFUHDVHV�ZLWK�WKH�EDFNLQJ�SUHVVXUH��

7KH�YDULDWLRQ�RI�WKH�SRSXODWLRQ�RI�D�JLYHQ�FOXVWHU�VL]H�ZLWK�WKH�EDFNLQJ�SUHVVXUH�VKRXOG�IROORZ�D�3RLVVRQ�GLVWULEX�

WLRQ��7R�FDOLEUDWH�WKH�VLJQDO�YHUVXV� WKH�3RLVVRQ�GLVWULEXWLRQ��ZH�DVVXPH�WKDW�3\�+�2�FRPSOH[�LV�IROORZLQJ�D�VH�

FRQG�RUGHU�3RLVVRQ�GLVWULEXWLRQ�3�O ����DQG�ILWWHG�WKH�REVHUYHG�VLJQDO�ZLWK�WKLV�GLVWULEXWLRQ��)LJXUH���OHIW�XSSHU�

SDQHO���$V�FDQ�EH� VHHQ�� WKH�3\��+�2��� FRPSOH[� LV� IROORZLQJ�D�3�O ���GLVWULEXWLRQ��ZKLFK�SURYLGHV�VRPH�FRQIL�

GHQFH�LQ�WKH�DSSURDFK��7KH�3\+
�
�VLJQDO��ORZHU�ULJKW�SDQHO��FOHDUO\�GRHV�QRW�IROORZ�WKH�VDPH�YDULDWLRQ�RI�VLJQDO�DV�

WKH�����RU�����FRPSOH[HV�EXW�FDQ�EH�ILW�ZLWK�D�VXP�RI�GLVWULEXWLRQV�ZLWK�3�O�����WR�EH�UHSURGXFHG��$W�WKH�VDPH�

WLPH�ZH�GLG�QRW�REVHUYH�3\��+�2�Q�FOXVWHUV�ZLWK�Q!���ZKLFK�SUREDEO\�PHDQV�WKDW�WKHVH�FOXVWHUV�DUH�UHDFWLQJ�IDVWHU���

7KLV�VLWXDWLRQ�LV�LQ�OLQH�ZLWK�WKH�H[SHULPHQWV�FRQFHUQLQJ�S\ULGLQH�±ZDWHU�DQLRQV��ZKHUH�LW�LV�VXJJHVWHG�WKDW�ZLWK�Q�

!� ��� RQO\� VWUXFWXUHV� H[KLELWLQJ� SURWRQ� WUDQVIHU� >3\+�2+@��+�2�Q��� DUH� SUHVHQW�� EHVW� GHVFULEHG� DV� �3\+
�2+���

�+�2�Q���
����

:K\�DUH�ODUJH��Q����FOXVWHUV�QHFHVVDU\�WR�LQGXFH�WKH�UHDFWLRQ"�7KH�����FRPSOH[�LV�REVHUYHG�WKRXJK�D�RQH�FRORU�±

WZR�SKRWRQ�LRQL]DWLRQ�VFKHPH��ZKLFK�LPSOLHV�D�UHODWLYHO\�ORQJ�H[FLWHG�VWDWH�OLIHWLPH�L�H��D�EDUULHU�WR�WKH�UHDFWLRQ��

LQ�DEVHQFH�RI�EDUULHU� WKH�UHDFWLRQ�UDWH�ZRXOG�EH�YHU\�IDVW�� WKH�H[FLWHG�VWDWH� OLIHWLPH�YHU\�VKRUW�DQG� WKH�FRPSOH[�

ZRXOG�QRW�EH��LRQL]HG���7KH�VLPSOHVW�H[SODQDWLRQ�IRU�WKH�UHDFWLYLW\�RI�ODUJHU�FOXVWHUV�ZRXOG�EH�WKH�ORZHULQJ�RI�WKH�
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VHHPV�WKDW�ODUJHU�FOXVWHUV�DUH�QHFHVVDU\��SUREDEO\�EHFDXVH�WKH\�UHDFW�PRUH�HIILFLHQWO\�DQG�EHFDXVH�WKH�VXUURXQGLQJ�

ZDWHU�PROHFXOHV�FDQ�GLVVLSDWH�WKH�H[FHVV�HQHUJ\�QHFHVVDU\�WR�WUDS�WKH�3\+
�
�SURGXFW��

�

3KRWRGLVVRFLDWLRQ�RI�3\+
�
�

,Q�RUGHU�WR�XVH�S\ULGLQH�DV�D�SKRWR�FDWDO\VW��RQH�VKRXOG�LQVXUH�WKDW�WKH�DEVRUSWLRQ�RI�D�SKRWRQ�E\�3\+
�
�FDQ�OHDG�WR�

+�ORVV�DQG�UHFRYHU\�RI�WKH�FDWDO\VW��&DOFXODWLRQV
�
�LQGLFDWH�WKDW�WKHUH�LV�D�SV�VWDWH�TXDVL�GLVVRFLDWLYH�DORQJ�WKH�1+�

FRRUGLQDWH��ZKLFK�FURVVHV�WKH�SS�H[FLWHG�VWDWH�DQG�OHDGV�WR�+�DWRP�ORVV��7KH�EDUULHU�VHHPV�TXLWH�ORZ��WKH�H[FLWD�

WLRQ�RI�WKH�ILUVW�REVHUYHG�WUDQVLWLRQ�DW�������QP�������H9��LV�DERYH�WKH�GLVVRFLDWLRQ�OLPLW�LQ�3\�+������H9���WKXV�

3\+
��
SKRWRGLVVRFLDWLRQ�LV�HQHUJHWLFDOO\�DOORZHG���

,Q�D�ILUVW�VWHS��ZH�WULHG�WR�HYLGHQFH�WKLV�SURFHVV�LQ�H[FLWLQJ�FROG�3\+
�
�LVVXHG�IURP�WKH�GLVFKDUJH�VRXUFH��7KH�GH�

WHFWLRQ�VFKHPH�UHTXLUHV� WKH�GLVFKDUJH� WR�SURGXFH�3\+
�
��RQH� SKRWRQ� LQ� WKH�����QP� UDQJH� WR� H[FLWH�3\+

�
� DQG�D�

SUREH�SKRWRQ�DW�����QP�WR�LRQL]H�3\�E\�UHVRQDQW�RQH�FRORU�WZR�SKRWRQ�DEVRUSWLRQ��7KH�UHVXOW�ZDV�GLVDSSRLQWLQJ�

DQG�QR�3\�FRXOG�EH�HYLGHQFHG�LQ�WKLV�H[SHULPHQW��

,Q�D�VHFRQG�VWHS��ZH�VWXGLHG� WKH�GLVVRFLDWLRQ�SURFHVV�IURP�KRW�3\+�� LVVXHG� IURP�WKH�UHDFWLRQ� LQ�WKH�FOXVWHUV�� ,Q�

WKLV�FDVH��WKH�ILUVW�ODVHU�DW�����QP�H[FLWHV�WKH�FOXVWHUV��DQG�D�VHFRQG�SRZHUIXO�ODVHU�LQ�WKH�YLVLEOH�LV�XVHG�WR�H[FLWH�

DQG�LRQL]H�3\+
��
�YLD�5�3,��DQG�WR�LRQL]H�3\�WKURXJK�D�IRXU��SKRWRQ�DEVRUSWLRQ�SURFHVV��7KH�UHVXOWV�DUH�SUHVHQWHG�

LQ�)LJXUH����

����� ����� ����� ����� �����

���������������

�D�

�

:DYHOHQJWK��QP�

�

:DYHQXPEHU��FP
��
�

�3\+

IURP�GLVFKDUJH

� �

�

�3\+

� �

�

�3\

�

����� ����� ����� ����� �����

��� ��� ��� ��� ���

� �

:DYHOHQJWK��QP�

:DYHQXPEHU��FP
��
�

������G3\'�

IURP�GLVFKDUJH

�

�

�

G3\'�

�

�

�

G3\�

�E�

�

�

)LJXUH��� ��D��K\GURJHQDWHG�S\ULGLQH�� ORZHU�SDQHO� WZR�SKRWRQ�H[FLWDWLRQ�LRQL]DWLRQ�VSHFWUXP�RI� FROG�3\+
�
�SUR�

GXFHG�LQ�WKH�GLVFKDUJH��PLGGOH�SDQHO�DFWLRQ�VSHFWUXP�RI�3\+
�
��SURGXFHG�DIWHU�H[FLWDWLRQ�RI�3\��+�2�Q�FOXVWHUV�DW�

����QP�DQG�GHWHFWLQJ�3\+
��
E\�5�3,��XSSHU�SDQHO�DFWLRQ�VSHFWUXP�RI�3\+

�
�SURGXFHG�DIWHU�H[FLWDWLRQ�RI�3\��+�2�Q�

FOXVWHUV�DQG�GHWHFWLQJ�3\
�
��E��GHXWHUDWHG�S\ULGLQH��ORZHU�SDQHO�WZR�SKRWRQ�H[FLWDWLRQ�LRQL]DWLRQ�VSHFWUXP�RI�FROG�
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��

G3\'
�
� SURGXFHG� LQ� WKH� GLVFKDUJH��PLGGOH� SDQHO� DFWLRQ� VSHFWUXP� RI� G3\'

�
� SURGXFHG� DIWHU� H[FLWDWLRQ� RI� G3\�

�'�2�Q�FOXVWHUV�DW�����QP�DQG�GHWHFWLQJ�G3\'
��
E\�5�3,��XSSHU�SDQHO�DFWLRQ�VSHFWUXP�RI�G3\'

�
�SURGXFHG�DIWHU�

H[FLWDWLRQ�RI�G3\��'�2�Q�FOXVWHUV�DQG�GHWHFWLQJ�G3\
���

�

7KH�ILUVW�VHW�RI�GDWD�FRQFHUQLQJ� WKH�K\GURJHQDWHG�V\VWHP�LV�WKH�ULFKHVW� �)LJXUH��D���:KHQ�3\+�� LV�SURGXFHG�E\�

UHDFWLRQ�LQ�3\��+�2�Q�FOXVWHUV��WKH�ILUVW�EDQG�DW�������FP
��
�LV�REVHUYHG�RQO\�LQ�WKH�3\+

�
�FKDQQHO�DQG�QRW�RQ�WKH�

3\�FKDQQHO��$W�������FP
��
�D�WKUHVKROG�LV�REVHUYHG�LQ�WKH�3\�FKDQQHO��DUURZ�LQ�WKH�XSSHU�SDQHO�RI�)LJXUH��D��DQG�

WKH�VHFRQG�EDQG�DW�������FP
��
DSSHDUV�LQ�ERWK�3\�DQG�3\+��FKDQQHOV��$�WKLUG�YLEUDWLRQDO�EDQG� LV�REVHUYHG�YHU\�

ZHDNO\� LQ�WKH�FROG�3\+
�
� VSHFWUXP��IURP�WKH�GLVFKDUJH��DQG�YHU\�VWURQJO\� LQ�WKH�3\�FKDQQHO�� ,Q� WKH�FDVH�RI� WKH�

GHXWHUDWHG�VSHFLHV��QR�VWUXFWXUH�LV�REVHUYHG�RQ�WKH�3\�FKDQQHO��RQO\�D�EURDG�EDQG��ZKLFK�LV�DOVR�REVHUYHG�RQ�WKH�

G3\'��FKDQQHO�XQGHUQHDWK�WKH�YLEURQLF�EDQGV��

7KHVH�GDWD�FDQ�EH�UDWLRQDOL]HG�LQ�WKH�IROORZLQJ�ZD\��WKH�GLVVRFLDWLYH�SV�VWDWH�KDV�D�GLIIHUHQW�V\PPHWU\�WKDQ�WKH�

RSWLFDOO\� DFWLYH� VWDWH�SS��7KXV�� RXW� RI� SODQH� YLEUDWLRQV� RU�KLJK� URWDWLRQDO� H[FLWDWLRQ� DUH�QHFHVVDU\� WR� LQGXFH� D�

FRXSOLQJ�EHWZHHQ�WKHVH�VWDWHV��,Q�WKH�FROG�3\+
��
IURP�WKH�GLVFKDUJH��WKH�URWDWLRQDO�H[FLWDWLRQ�LV�ORZ�DQG�WKH�RXW�RI�

SODQH�YLEUDWLRQV�PD\�QRW�EH�YHU\�DFWLYH��VR�WKDW�QR�GLVVRFLDWLRQ�LV�REVHUYHG���7KH�RXW�RI�SODQH�YLEUDWLRQV�FRXOG�EH�

SRSXODWHG�E\�YLEUDWLRQDO�UHGLVWULEXWLRQ�EXW�LQ�VXFK�D�VPDOO�F\FOLF�PROHFXOH�ZLWK�D�UHODWLYHO\�VPDOO�YLEUDWLRQDO�HQ�

HUJ\�H[FHVV�
�����

�WKLV�SURFHVV�VKRXOG�QRW�EH�FRPSHWLWLYH�ZLWK�WKH�UDGLDWLYH�SURFHVV����

)RU�WKH�K\GURJHQDWHG�VSHFLHV��WKH�IUDJPHQWDWLRQ�WKUHVKROG�LV�FOHDUO\�REVHUYHG�DW�������FP���DQG�WKH�REVHUYDWLRQ�

RI�D�FRPPRQ�YLEUDWLRQDO�EDQG�DW�������FP
���
LQ�DOO�WKH� VSHFWUD�LV�JRRG�HYLGHQFH�WKDW� WKH�3\�REVHUYHG�LV�FRPLQJ�

IURP�WKH�H[FLWDWLRQ�RI�3\+
�
��$Q�DOWHUQDWLYH�H[SODQDWLRQ�FRXOG�KDYH�EHHQ�WKH�H[FLWDWLRQ�RI�WKH�FOXVWHUV�DW�����QP��

UHOD[DWLRQ�WRZDUG�WKH�3\�WULSOHW�VWDWH�DQG�HYDSRUDWLRQ�RI�ZDWHU�PROHFXOHV��IROORZHG�E\�WKH�LRQL]DWLRQ�RI�WKH�WULSOHW�

E\�WKH�SUREH�ODVHU��6LQFH�WKH�SUREH�ODVHU�LV�GHOD\HG�LQ�WLPH�E\�����QV�DQG�VLQFH�LW�VHHPV�WKDW�WKH�3\�WULSOHW�LV�UHOD�

WLYHO\�VKRUW�OLYHG�����QV�
���
��WKLV�PHFKDQLVP�ZLOO�QRW�PDWFK�RXU�PHDVXUHPHQW��

7KH�WKLUG�EDQG�REVHUYHG�DW�������FP
��
�RQ�WKH�3\�FKDQQHO�PLJKW�EH�DVVLJQHG�WR�VRPH�RXW�RI�SODQH�YLEUDWLRQ��ZKLFK�

LV�ZHDNO\�VHHQ�RQ�WKH�VSHFWUXP�RI�FROG�UDGLFDO�EXW�ZLOO�HQKDQFH�VWURQJO\�WKH�FRXSOLQJ�EHWZHHQ�WKH�SS�DQG�WKH�

SV�VWDWHV�DQG�WKXV�LQFUHDVH�WKH�IUDJPHQWDWLRQ�HIILFLHQF\���

�

7KH� FRQWUDVW� ZLWK� WKH� GHXWHUDWHG� V\VWHP� LV� TXLWH� LPSUHVVLYH�� QR� VWUXFWXUH� LV� REVHUYHG� LQ� WKH� 3\� IUDJPHQWDWLRQ�

SDWKZD\��)LJXUH��E���7KH�+�'�ORVV�LV�SUREDEO\�FRQWUROOHG�E\�VRPH�WXQQHOLQJ�PHFKDQLVP��DQG�WKH�GHXWHUDWHG�VSH�

FLHV�ZLOO�WXQQHO�OHVV�HIILFLHQWO\��RU�QHHG�D�KLJKHU�LQWHUQDO�HQHUJ\�WR�FURVV�HIILFLHQWO\�WKH�EDUULHU�DV�FRPSDUHG�WR�WKH�

K\GURJHQDWHG�VSHFLHV��,Q�WKLV�FDVH��RQO\�YHU\�KRW�G3\'�PROHFXOHV�FDQ�GLVVRFLDWH��$V�DOUHDG\�VWDWHG��WKH�3\�FKDQ�

QHO� GHWHFWLRQ� RFFXUV� YLD� D� IRXU�SKRWRQ� LRQL]DWLRQ� SURFHVV�� ZKLFK�PD\� LQGXFH� DUWLIDFWV� LQ� WKH� GHWHFWLRQ� VFKHPH�

�DFFLGHQWDO�UHVRQDQFHV����'HWHFWLRQ�XVLQJ�D�WKLUG�ODVHU�WR�LRQL]H�3\�ZLWK�WZR�SKRWRQ�DEVRUSWLRQ�ZRXOG�EH�ZRUWK�

ZKLOH��
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&21&/86,216�

7KH�VSHFWURVFRS\�RI� WKH�S\ULGLQ\O� UDGLFDO�KDV�EHHQ�FKDUDFWHUL]HG�DW� ORZ� WHPSHUDWXUH� LQ� D�VXSHUVRQLF�H[SDQVLRQ�

DQG�LWV�LRQL]DWLRQ�SRWHQWLDO�GHWHUPLQHG��6LQFH�3\+
�
�FDQ�EH�SUREHG�WKURXJK�RQH�SKRWRQ�LRQL]DWLRQ�LQ�WKH�89��SXPS�

SUREH�H[SHULPHQWV�KDYH�GHPRQVWUDWHG�WKDW�WKH�89�H[FLWDWLRQ�RI�3\��+�2�Q�FOXVWHUV�OHDGV�WR�WKH�IRUPDWLRQ�RI�WKH�

S\ULGLQ\O�UDGLFDO��WKXV�ZH�KDYH�HYLGHQFHG�WKH��ZDWHU�VSOLWWLQJ�UHDFWLRQ�XVLQJ�S\ULGLQH�DV�SKRWR�VHQVLWL]HU��:H�KDYH�

DOVR�HYLGHQFHG�WKH�UROH�RI�WKH�VXUURXQGLQJ�PROHFXOHV��VRPH�H[WUD�ZDWHUV�PROHFXOHV�LQ�WKH�FOXVWHUV�EHLQJ�QHFHVVDU\�

WR�VWDELOL]H�WKH�3\+
�
�SURGXFW��,W�ZRXOG�SUREDEO\�EH�TXLWH�LQVWUXFWLYH�WR�GHWHFW�WKH�RWKHU�SURGXFW�RI�WKH�UHDFWLRQ��WKH�

2+
�
�UDGLFDO��

�0RUH�ZRUN�KDV�WR�EH�GRQH�WR�IXOO\�FKDUDFWHUL]H�WKLV�UHDFWLRQ��LQ�SDUWLFXODU�WKH�FOXVWHU�VL]HV�WKDW�OHDG�WR�WKH�UHDF�

WLRQ�PD\�EH�VWXGLHG� WKURXJK� LQIUDUHG�KROH�EXUQLQJ�H[SHULPHQWV�� DQG� WKH�G\QDPLFV�RI� WKH�H[FLWHG�VWDWHV�PD\�EH�

LQYHVWLJDWHG�LQ�WKH�SLFRVHFRQG�UHJLPH���

7KH� ODVW� VWHS� RI� WKH� SURFHVV�� L�H�� UHJHQHUDWLRQ� RI� WKH� FDWDO\VW� WKURXJK� SKRWR�GHWDFKPHQW� RI� WKH� K\GURJHQ� DWRP�

�3\+
�
���KQ�:�3\���+��KDV�EHHQ�VWXGLHG�� ,W�VHHPV�WKDW�RQO\�KRW�3\+

�
� UDGLFDOV�FDQ� ORVH�K\GURJHQ�DWRPV��2WKHU�

DURPDWLF�PROHFXOHV������DUH�H[SHFWHG�WR�OHDG�WR�VLPLODU�ZDWHU�VSOLWWLQJ�UHDFWLRQV�DQG�ZLOO�EH�WHVWHG�LQ�WKH�QHDU�IX�

WXUH��

�

$&.12:/('*0(176�

:H�DUH�KLJKO\�LQGHEWHG�WR�3U�$�/��6REROHZVNL�DQG�:��'RPFNH�IRU�WULJJHULQJ�RXU�LQWHUHVW�WR�WKLV�UHDFWLRQ�PHFKD�

QLVP�DQG�IRU�YHU\�KHOSIXO�GLVFXVVLRQV��:H�DFNQRZOHGJH�WKH�XVH�RI�WKH�FRPSXWLQJ�IDFLOLW\�FOXVWHU�*03&6�RI�WKH�

/80$7�IHGHUDWLRQ��)5�/80$7�������

6833257,1*�,1)250$7,21�

7DEOH�6,����&DOFXODWHG�YHUWLFDO�WUDQVLWLRQ�HQHUJLHV�IRU�3\+y�LQ�&�Y�V\PPHWU\��

)LJXUH�6,����$FWLRQ�VSHFWUD�RI�3\�+�2��WKH�SXPS�ODVHU�LV�VFDQQHG�DQG�WKH�GHWHFWLRQ�LV�VHW�RQ�WKH�3\�+�2
�
�PDVV�

�ORZHU�WUDFH���RU�RQ�WKH�3\+
�
�PDVV�ZLWK�WKH�SUREH�ODVHU�DW�����QP��XSSHU�WUDFH���

)LJXUH� 6,���� 0DVV� VSHFWUD� REWDLQHG� IRU� S\ULGLQH� ZLWKRXW� ZDWHU� WKURXJK� D� RQH�FRORU� WZR�SKRWRQ� H[FLWD�

WLRQ�LRQL]DWLRQ�VFKHPH��

)LJXUH�6,����FRPSDULVRQ�EHWZHHQ�PDVV�VSHFWUD�REWDLQHG�ZLWK�WKH�SXPS�SUREH�VFKHPH�LQ�DQ�H[SDQVLRQ�ZLWK�DQG�

ZLWKRXW�ZDWHU����

)LJXUH�6,�����([FLWDWLRQ�DFWLRQ�VSHFWUD�RI�WKH�VSHFLHV�LQ�WKH�MHW��KRPRGLPHU��3\�+�2�DQG�3\�RQH�FRORU�WZR�SKRWRQ�

LRQL]DWLRQ�VSHFWUD�DQG�SXPS��SUREH�����QP��3\+
�
�DQG�G3\'

�
�DFWLRQ�VSHFWUD��

$87+25�,1)250$7,21�
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��

&RUUHVSRQGLQJ�$XWKRU�

&RUUHVSRQGLQJ�DXWKRU��&KULVWRSKH�MRXYHW#XQLY�DPX�IU�

�

�

5()(5(1&(6�

�� -��5��5HLPHUV�DQG�=��/��&DL��3K\V��&KHP��&KHP��3K\V�����������������±�����

�� ;��/LX��$��/��6REROHZVNL��5��%RUUHOOL�DQG�:��'RPFNH��3K\V��&KHP��&KHP��3K\V�������������������

�� ;��/LX��$��/��6REROHZVNL�DQG�:��'RPFNH��-��&KHP��3K\V��$�����������������±������

�� )��5LERQL��(��6HOOL�DQG�$��-��&ROXVVL��-��3K\V��&KHP��$�����������������±������

�� $��)��'H%ODVH��&��7��:RONH��*��+��:HGGOH��.��$��$UFKHU��.��'��-RUGDQ��-��7��.HOO\��*��6��7VFKXPSHU��1��,��+DPPHU�

DQG�0��$��-RKQVRQ��-��&KHP��3K\V����������������������

�� <��:DQJ��;��=KDQJ��6��/\DSXVWLQD��0��0��1LOOHV��6��;X��-��'��*UDKDP��.��+��%RZHQ��-��7��.HOO\��*��6��7VFKXPSHU�

DQG�1��,��+DPPHU��3K\V��&KHP��&KHP��3K\V����������������±�����

�� $��0�OOHU��)��7DOERW�DQG�6��/HXWZ\OHU��-��$P��&KHP��6RF�������������������±����

�� 7��'UR]��5��.QRFKHQPXVV�DQG�6��/HXWZ\OHU��-��&KHP��3K\V�������������������

�� .��6DNRWD��&��2NDEH��1��1LVKL�DQG�+��6HNL\D��-��3K\V��&KHP��$�����������������±������

��� *��$��3LQR��,��$ODWD��&��'HGRQGHU��&��-RXYHW��.��6DNRWD�DQG�+��6HNL\D��3K\V��&KHP��&KHP��3K\V�����������������±

������

��� &��'HGRQGHU�/DUGHX[��'��*URVVZDVVHU��&��-RXYHW�DQG�6��0DUWUHQFKDUG��&KHP��&RP����������������

��� *��$��3LQR��&��'HGRQGHU�/DUGHX[��*��*UpJRLUH��&��-RXYHW��6��0DUWUHQFKDUG�DQG�'��6ROJDGL��-��&KHP��3K\V���������

������������

��� *��*UpJRLUH�� &��'HGRQGHU�/DUGHX[�� &�� -RXYHW�� 6��0DUWUHQFKDUG��$��3HUHPDQV� DQG�'�� 6ROJDGL�� -�� 3K\V�� &KHP��$��

���������������±������

��� 2��'DYLG��&��'HGRQGHU�/DUGHX[��&��-RXYHW�DQG�$��/��6REROHZVNL��-��3K\V��&KHP��$�����������������±���

��� 0��0L\D]DNL��5��2KDUD��.��'DLJRNX��.��+DVKLPRWR��-��5��:RRGZDUG��&��'HGRQGHU��&��-RXYHW�DQG�0��)XMLL��$QJHZ��

&KHPLH�,QW��(G������������������±�������

��� 1��7VXML��6��,��,VKLXFKL��&��-RXYHW��&��'HGRQGHU�/DUGHX[��0��0L\D]DNL��0��6DNDL�DQG�0��)XMLL��&KHP�3K\V�&KHP��

��������������±������

��� *��$��3LQR��$��1��2OGDQL��(��0DUFHFD��0��)XMLL��6��,VKLXFKL��0��0L\D]DNL��0��%URTXLHU��&��'HGRQGHU�DQG�&��-RXYHW��
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