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5HFHLYHG�$SULO�����������$FFHSWHG�LQ�)LQDO�)RUP�-XO\���������'HGLFDWHG�WR�3URIHVVRU�'U��$�-��$UYLD�RQ�RFFDVLRQ�RI�KLV���WK $QQLYHUVDU\$EVWUDFW7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH� VWDELOLW\� RI� WKH� WHWUDJRQDO� SKDVH� LQ�QDQRFU\VWDOOLQH�=U2� � ��WR����PRO��&H2��SRZGHUV��V\QWKHVL]HG�E\�D�QLWUDWH�JO\FLQH�JHO�FRPEXVWLRQ� SURFHVV�� 3KDVHV� SUHVHQW� LQ� WKHVH� PDWHULDOV� ZHUH� DQDO\]HG� E\� ;�UD\�GLIIUDFWLRQ�DQG�5DPDQ�VSHFWURVFRS\��7KH�DYHUDJH�FU\VWDOOLWH�VL]HV�RI�DOO� WKH�SRZGHUV�ZHUH� LQ� WKH UDQJH� ����� QP�� )XOO\� WHWUDJRQDO� PDWHULDOV� ZHUH� REWDLQHG� IRU� D� &H2�FRQWHQW�RI���PRO��RU�KLJKHU��%\�DQDO\]LQJ�SRZGHUV�WUHDWHG�DW�GLIIHUHQW�WHPSHUDWXUHV��LW�ZDV�HVWDEOLVKHG�WKDW�WHWUDJRQDO�SKDVH�LV�PRUH�VWDEOH�IRU�KLJKHU�&H2� FRQWHQWV�DQG�IRU� VPDOOHU� FU\VWDOOLWH� VL]H�� )RU� WKH� =U2�����PRO��&H2� SRZGHU�� LW� ZDV� IRXQG� WKDW�YHU\� KLJK� VSHFLILF� VXUIDFH� DUHDV� FDQ� EH� UHDFKHG� E\� UHGXFLQJ� WKH� FDOFLQDWLRQ�WHPSHUDWXUH��ZLWKRXW�LQFUHDVLQJ�WKH�DPRXQW�RI�FDUERQDFHRXV�UHVLGXHV�5HVXPHQ(Q� HVWH� WUDEDMR� VH� HVWXGLy� OD� HVWDELOLGDG� GH� OD� IDVH� WHWUDJRQDO� HQ� SROYRV�QDQRFULVWDOLQRV� GH� =U2�� � �� D ��� �PRODU� GH� &H2� VLQWHWL]DGRV� SRU� HO� PpWRGR� GH�JHOLILFDFLyQ�FRPEXVWLyQ� FRQ� QLWUDWR�JOLFLQD�� /DV� IDVHV� SUHVHQWHV� HQ� HVWRV�PDWHULDOHV�IXHURQ�DQDOL]DGDV�SRU�GLIUDFFLyQ�GH�UD\RV�;�\�SRU�HVSHFWURVFRStD�5DPDQ��(O�WDPDxR�PHGLR�GH�FULVWDOLWD�IXH�GH���D����QP�SDUD�WRGRV�ORV�SROYRV�DQDOL]DGRV��6H�REWXYLHURQ�PDWHULDOHV� FRPSOHWDPHQWH� WHWUDJRQDOHV� SDUD� FRQWHQLGRV� GH� &H2� GH� �� �PRODU� R�PD\RUHV�� (VWXGLDQGR� SROYRV� WUDWDGRV� D� GLVWLQWDV� WHPSHUDWXUDV�� VH� FRPSUREy� TXH� OD�IDVH� WHWUDJRQDO� HV� PiV� HVWDEOH� FRQ� FRQWHQLGRV� GH� &H2� FUHFLHQWHV� \� WDPDxRV� GH�FULVWDOLWD�PHQRUHV��(Q� HO� FDVR� GHO� SROYR� GH� FRPSRVLFLyQ�=U2������PRODU�&H2��� VH�HQFRQWUy� TXH� HV� SRVLEOH� DOFDQ]DU� PX\� DOWDV� iUHDV� HVSHFtILFDV� UHGXFLHQGR� OD�WHPSHUDWXUD�GH�FDOFLQDFLyQ�� VLQ�DXPHQWDU�DSUHFLDEOHPHQWH�HO� FRQWHQLGR�GH� UHVLGXRV�FDUERQRVRV�

,QWURGXFWLRQ$OWKRXJK�=U2��EDVHG�FHUDPLFV�DUH�YHU\�DWWUDFWLYH�PDWHULDOV�IURP�D�WHFKQRORJLFDO�SRLQW� RI� YLHZ� GXH� WR� WKHLU� H[FHOOHQW� HOHFWULFDO� DQG� PHFKDQLFDO� SURSHUWLHV�� WKH� EDVLF�SURSHUWLHV�RI�WKHVH�PDWHULDOV�DUH�VWLOO�XQGHU�LQYHVWLJDWLRQ��2QH�LPSRUWDQW�VXEMHFW�RI�VWXG\�LV� WKH� PHFKDQLVP� IRU� WKH� UHWHQWLRQ� RI� WKH� WHWUDJRQDO� SKDVH� DW� URRP� WHPSHUDWXUH� LQ�SRZGHUV�DQG�FHUDPLFV��VLQFH�LW�LV�QRW�IXOO\�XQGHUVWRRG�\HW�
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3XUH� =U2� H[KLELWV� WKUHH� SRO\PRUSKV�� ZKLFK� KDYH� PRQRFOLQLF�� WHWUDJRQDO� DQG�FXELF�V\PPHWULHV��7KH�PRQRFOLQLF�SKDVH�LV�VWDEOH�DW�URRP�WHPSHUDWXUH�DQG�WUDQVIRUPV�WR�WKH�WHWUDJRQDO�SKDVH�DW������&��$W������&��WKH�WHWUDJRQDO�SKDVH�WUDQVIRUPV�WR�WKH�FXELF�RQH��%RWK� WUDQVIRUPDWLRQV�DUH�PDUWHQVLWLF� LQ�QDWXUH�DQG� UHYHUVLEOH�RQ�FRROLQJ��DOWKRXJK�WKH�W o P WUDQVIRUPDWLRQ�RFFXUV�DW�D�ORZHU�WHPSHUDWXUH��DERXW�����&���7KH�FXELF�SKDVH�H[KLELWV� WKH� IOXRULWH� �&D)��� VWUXFWXUH� �)P�P� VSDFH� JURXS��� ZKLOH� WKH� WHWUDJRQDO� DQG�PRQRFOLQLF� RQHV� H[KLELW� WKH� VDPH� VWUXFWXUH� EXW� VOLJKWO\� GLVWRUWHG��7KH� WHWUDJRQDO� SKDVH�EHORQJV�WR� WKH�3���QPF VSDFH�JURXS�DQG�LWV�FU\VWDO�VWUXFWXUH�FDQ�EH�HDVLO\�GHULYHG�IURP�WKH� IOXRULWH� VWUXFWXUH� RI� WKH� FXELF� SKDVH� E\� HORQJDWLQJ� RQH� RI� WKH� WKUHH� HTXDO�FU\VWDOORJUDSKLF� D[HV� RI� WKH� FXELF� VWUXFWXUH� DQG� GLVSODFLQJ� WKH� R[\JHQ� LRQV� IURP� WKHLU�LGHDO�SRVLWLRQV�RI�WKLV�SKDVH�DORQJ�WKH�VDPH�D[LV��7KH� KLJK� WHPSHUDWXUH� WHWUDJRQDO� DQG� FXELF� SKDVHV� FDQ� EH� UHWDLQHG� DW� ORZHU�WHPSHUDWXUHV�E\�GRSLQJ�ZLWK�RWKHU�PHWDO�R[LGHV�VXFK�DV�<�2���&D2��&H2���HWF��+RZHYHU��WKH� WHWUDJRQDO�SKDVH� LV� QRW� VWDEOH� DW� URRP� WHPSHUDWXUH�� EHLQJ� WKH�PRQRFOLQLF� SKDVH� WKH�VWDEOH� RQH�� ,W� KDV� EHHQ� HVWDEOLVKHG� WKDW� WKH� WHWUDJRQDO� SKDVH� FDQ� EH� UHWDLQHG� LQ� GHQVH�FHUDPLF�VSHFLPHQV�SURYLGHG�WKH�JUDLQ�VL]H�LV�VPDOOHU�WKDQ�D�FULWLFDO�YDOXH��RI�DERXW���PP��DQG� WKHVH� PDWHULDOV�� FDOOHG� µ7HWUDJRQDO� =LUFRQLD� 3RO\FU\VWDOV¶� �7=3��� KDYH� EHHQ�H[WHQVLYHO\�LQYHVWLJDWHG�>���@��7=3�FHUDPLFV�H[KLELW�H[FHSWLRQDO�VWUHQJWK�DQG�WRXJKQHVV�DQG� WKH\� DUH� DOVR� HPSOR\HG� DV� D� VROLG� HOHFWURO\WH� IRU� PRGHUDWH� WHPSHUDWXUH� HOHFWULFDO�GHYLFHV��+RZHYHU��WKH\�SUHVHQW�ORZ�WHPSHUDWXUH�GHJUDGDWLRQ�LQ�PRLVW�HQYLURQPHQWV��WKH�WHWUDJRQDO�SKDVH� WUDQVIRUPV� WR� WKH�VWDEOH�PRQRFOLQLF�RQH��FRQVWLWXWLQJ�D�YHU\� LPSRUWDQW�REVWDFOH� WR� WKHLU� IXOO� H[SORLWDWLRQ�>���@��7KH�FRQGLWLRQV� UHTXLUHG� WR� UHWDLQ� WKH� WHWUDJRQDO�SKDVH�LQ�WKH�FDVH�RI�SRZGHUV�DUH�QRW�FOHDUO\�XQGHUVWRRG�\HW��+RZHYHU��LW�LV�ZHOO�NQRZQ�WKDW� D� FU\VWDOOLWH� VL]H� RI� DERXW� ������ QP� LV� HVVHQWLDO�� $OWKRXJK� LW� LV� EHOLHYHG� WKDW� WKH�VXUIDFH� IUHH� HQHUJ\� SOD\V� D� YHU\� LPSRUWDQW� UROH� IRU� WKH� VWDELOL]DWLRQ� PHFKDQLVP� >�@��VWUHVVHV�DQG�GHIHFWV�FRXOG�DOVR�EH�UHOHYDQW�>�@��/LWHUDWXUH�VFDUFHO\�UHSRUWV�UHVHDUFK�RQ�WKLV�WRSLF��EHLQJ�PRVW�RI� LW�EDVHG�RQ� WKH� VWXG\�RI�FU\VWDOOLWH� VL]H�DQG�PLFURVWUDLQV�E\�;�UD\�OLQH�SURILOH�DQDO\VLV�>�@�7KH�DLP�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�VWXG\�WKH�VWDELOLW\�RI�WKH�WHWUDJRQDO�SKDVH�LQ�QDQRFU\VWDOOLQH�=U2����WR����PRO��&H2� SRZGHUV�V\QWKHVL]HG�E\�D�QLWUDWH�JO\FLQH�JHO�FRPEXVWLRQ� URXWH�� *HO�FRPEXVWLRQ� PHWKRGV DUH� EDVHG� RQ� WKH� JHOOLQJ� DQG� VXEVHTXHQW�FRPEXVWLRQ� RI� DQ� DTXHRXV� VROXWLRQ� FRQWDLQLQJ� VDOWV� RI� WKH� GHVLUHG� PHWDOV� �XVXDOO\�QLWUDWHV�� DQG� VRPH� RUJDQLF� IXHO�� VXFK� DV JO\FLQH� FLWULF� DFLG�� XUHD� HWF�� >���@�� 7KH�FRPEXVWLRQ�SURFHVV�LV�GXH�WR�WKH�H[RWKHUPDO�UHGR[�UHDFWLRQ�EHWZHHQ�QLWUDWH�LRQV�DQG�WKH�IXHO��7KH ODUJH�YROXPH�RI�JDVHV�SURGXFHG�GXULQJ�WKLV�UHDFWLRQ�SURPRWHV�WKH�GLVLQWHJUDWLRQ�RI�WKH�SUHFXUVRU�JHO�\LHOGLQJ�QDQRSDUWLFOHV�([SHULPHQWDO�SURFHGXUH

3RZGHU�V\QWKHVLV�1DQRFU\VWDOOLQH�=U2��;�PRO��&H2� SRZGHUV��;� �����������������DQG�����ZHUH�V\QWKHVLVHG E\� D� QLWUDWH�JO\FLQH� JHO�FRPEXVWLRQ� SURFHVV� >�@� =U2&O���+�2� DQG�&H�12�����+�2�ZHUH�GLVVROYHG�LQ�DQ�H[FHVV�RI�QLWULF�DFLG�LQ�D�UDWLR�FRUUHVSRQGLQJ�WR�WKH�GHVLUHG� ILQDO� FRPSRVLWLRQ�� 7KH� QLWUDWH� VROXWLRQ� ZDV� FRQFHQWUDWHG� WR� D� ORZ� YROXPH� E\�



0HWDVWDEOH�WHWUDJRQDO�SKDVH�LQ�QDQRFU\VWDOOLQH ���
WKHUPDO�HYDSRUDWLRQ�LQ�RUGHU�WR�HOLPLQDWH�FKORULQH��*O\FLQH�LQ�D�SURSRUWLRQ�RI���PROHV�SHU�PROH�RI�PHWDO�DWRP�ZDV�DGGHG�DQG�WKH�S+�RI�WKH�VROXWLRQ�ZDV�DGMXVWHG�WR�S+� �����ZLWK�DPPRQLXP�K\GUR[LGH��7KLV�VROXWLRQ�ZDV�FRQFHQWUDWHG�RQ�D�KRW�SODWH�XQWLO�D�EODFN�JHO�ZDV�REWDLQHG��ZKLFK�ILQDOO\�EXUQHG�GXH�WR�D�YLJRURXV�H[RWKHUPLF�UHDFWLRQ��5HVXOWLQJ�SRZGHUV�ZHUH�FDOFLQHG�DW�����&�LQ�DLU�IRU���KRXUV�LQ�RUGHU�WR�HOLPLQDWH�WKH�FDUERQDFHRXV�UHVLGXHV��7KH� V\VWHP�UHPDLQHG�KRPRJHQHRXV�GXULQJ� WKH�ZKROH�SURFHVV� DQG�QR�SUHFLSLWDWLRQ�ZDV�REVHUYHG�� ,Q� WKH� FDVH� RI� WKH� FRPSRVLWLRQ�RI�=U2�����PRO��&H2��� SRZGHUV� FDOFLQHG�DW�����&�ZHUH� DOVR� VWXGLHG�� $OO� WKH� FKHPLFDOV� XVHG� IRU� WKLV� V\QWKHVLV� ZHUH� RI� DQDO\WLFDO�UHDJHQW�JUDGH�
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�T ���)LJXUH����'LIIUDFWRJUDPV�RI�=U2��&H2� SRZGHUV�6WUXFWXUDO�FKDUDFWHUL]DWLRQ�4XDOLWDWLYH�DQG�TXDQWLWDWLYH�DQDO\VHV�RI�DOO�WKH�SRZGHUV�ZHUH�SHUIRUPHG�E\�;�UD\�GLIIUDFWLRQ��;5'��DQG�5DPDQ�VSHFWURVFRS\�;5'�DQDO\VLV�ZDV�FDUULHG�RXW�XVLQJ�D�3:������3KLOLSV�GLIIUDFWRPHWHU�RSHUDWHG�DW���� N9� DQG� ��� P$�ZLWK� &X�.D UDGLDWLRQ� DQG� D� JUDSKLWH� PRQRFKURPDWRU�� 'DWD� LQ� WKH�DQJXODU� UHJLRQ� RI� �T  � �������� ZHUH� FROOHFWHG� LQ� D� VWHS�VFDQQLQJ� PRGH�� ZLWK� D� VWHS�OHQJWK�RI��������7KH� ORZ�DQJOH� UHJLRQ�RI��T  ��������ZDV�FDUHIXOO\� VWXGLHG� LQ�RUGHU� WR�REVHUYH� WKH�PRVW� LQWHQVH� UHIOHFWLRQV�RI� WKH�PRQRFOLQLF SKDVH�DQG� LWV� FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�E\�PHDQV�RI�WKH�7RUD\D�PHWKRG�>�@��7KH�FU\VWDOOLWH�VL]H�RI�WKH�SRZGHUV�ZDV�GHWHUPLQHG� E\� WKH� 6FKHUUHU� HTXDWLRQ� >�@�� )RU� WKH� VWUXFWXUDO� VWXG\� RI� IXOO\� WHWUDJRQDO�SRZGHUV��WKH�5LHWYHOG�DQDO\VLV�SURJUDP�)XOO3URI�����Y�������/DERUDWRLUH�/HRQ�%ULOORXLQ��ZDV�HPSOR\HG��7KH�3���QPF VSDFH�JURXS�ZDV�DVVXPHG�ZLWK��=U���&H����FDWLRQV�DQG�2��DQLRQV� LQ� �D� DQG� �G� SRVLWLRQV�� UHVSHFWLYHO\�� 7KH� FHOO� SDUDPHWHUV�� D DQG� F�� DQG� WKH�IUDFWLRQDO� ] FRRUGLQDWH� RI� WKH� 2�� DQLRQ� LQ� WKH� WHWUDJRQDO� DV\PPHWULF� XQLW�� ]�2��� ZHUH�UHILQHG��7KHVH� VWUXFWXUDO�SDUDPHWHUV�ZLOO�EH�JLYHQ� LQ� WHUPV�RI� WKH�XVXDO�SVHXGR�IOXRULWH�FHOO�>�@��7KH�SHDN�VKDSH�ZDV�DVVXPHG�WR�EH�D�SVHXGR�9RLJW�IXQFWLRQ��7KH�EDFNJURXQG�RI�
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HDFK�SURILOH�ZDV�DGMXVWHG�E\�D�VL[�SDUDPHWHU�SRO\QRPLDO�IXQFWLRQ� LQ���T�Q��Q� �����DQG�LVRWURSLF�DWRPLF�WKHUPDO�SDUDPHWHUV�ZHUH�XVHG�5DPDQ� VSHFWUD� ZHUH� UHFRUGHG� XVLQJ� D� ',/25� ;<� PXOWLFKDQQHO� VSHFWURPHWHU�HTXLSSHG�ZLWK�D�&&'�GHWHFWRU��7KH��������QP�H[FLWDWLRQ�OLQH�RI�DQ�DUJRQ�LRQ�ODVHU�ZDV�XVHG��$OO� H[SHULPHQWV�ZHUH� FDUULHG� RXW� XVLQJ� D� ODVHU�SRZHU� RI� ���P:� LQ�PDFURVFRSLF�EDFN�VFDWWHULQJ�JHRPHWU\��3RVLWLRQ�DQG�KDOI�ZLGWK�RI�KDOI�PD[LPXP��+:+0��RI�5DPDQ�EDQGV� ZHUH� REWDLQHG� E\� GHFRPSRVLWLRQ� LQWR� /RUHQW]LDQ�VKDSHG� SHDNV� ZLWK� 3HDN)LW�VRIWZDUH� �Y�� ����� -DQGHO� 6FLHQWLILF��� 7KH�PRQRFOLQLF� FRQWHQW� ZDV� GHWHUPLQHG� XVLQJ� WKH�SURFHGXUH�SURSRVHG�E\�$O]\DE�HW�DO� >�@�

�� �� �� �� �� �� ���

�����

�����

�����

�����

����� W�SKDVH

W�SKDVH

P�SKDVHP�SKDVH
=U2� ����PRO��&H2�

=U2� ����PRO��&H2�

,QWHQ
VLW\��

DUELW
UDU\�

XQLWV
���

�T ���
)LJXUH����/RZ�DQJOH�UHJLRQ�RI�WKH�GLIIUDFWRJUDPV�RI�WKH�=U2����DQG���PRO��&H2�SRZGHUV�

0RUSKRORJLFDO�FKDUDFWHUL]DWLRQ�7KH� PRUSKRORJ\� RI� DOO� WKH� SRZGHUV� ZDV� VWXGLHG� E\� 6FDQQLQJ� (OHFWURQ�0LFURVFRS\� �6(0�� DQG� 7UDQVPLVVLRQ� (OHFWURQ� 0LFURVFRS\� �7(0�� HPSOR\LQJ� 3KLOLSV�����DQG�3KLOLSV�&0����PLFURVFRSHV��UHVSHFWLYHO\��7KH�FRPSRVLWLRQDO�KRPRJHQHLW\�ZDV�YHULILHG� E\� PHDQV� RI� HQHUJ\� GLVSHUVLYH� VSHFWURVFRS\� �('6�� ZLWK� DQ� ('$;� �����PLFURSUREH�� 7KH� VSHFLILF� VXUIDFH� DUHD� RI� =U2�����PRO��&H2� SRZGHUV�ZDV�PHDVXUHG�ZLWK� D� 4XDQWDFKURPH� $XWRVRUE���&� DQDO\]HU� XVLQJ� WKH� PXOWLSRLQW� %UXQDXHU�� (PPHWW��DQG� 7HOOHU� �%(7�� DGVRUSWLRQ� WHFKQLTXH�� 7KH� FDUERQ� FRQWHQW� RI� =U2����� PRO�� &H2�SRZGHUV�ZDV�GHWHUPLQHG�ZLWK�D�/(&2�&6���� FDUERQ�DQG�VXOIXU�DQDO\]HU�5HVXOWV�DQG�GLVFXVVLRQ)LJXUH� �� VKRZV� WKH� GLIIUDFWRJUDPV� RI� WKH� QDQRFU\VWDOOLQH� =U2��&H2� SRZGHUV��ZKLFK�FOHDUO\�H[KLELW�WKH�WHWUDJRQDO�SKDVH�DV�WKH�PDLQ�RQH��)LJXUH���VKRZV�WKH�ORZ�DQJOH�



0HWDVWDEOH�WHWUDJRQDO�SKDVH�LQ�QDQRFU\VWDOOLQH ���
UHJLRQ� RI� WKH� =U2���� DQG� �� PRO�� &H2� SRZGHUV�� 7KH� =U2���� PRO�� &H2� SRZGHU�H[KLELWV�D�VPDOO�PRQRFOLQLF�FRQWHQW��ZKLFK�UHVXOWHG�RI�DERXW���PRO��DV�GHWHUPLQHG�E\�WKH�7RUD\D�PHWKRG��'LIIHUHQWO\��WKH�=U2����PRO��&H2� SRZGHU�RQO\�SUHVHQWV�WKH�������UHIOHFWLRQ� RI� WKH� WHWUDJRQDO� SKDVH�� 3RZGHUV� ZLWK� KLJKHU� &H2� FRQWHQW� ZHUH� DOVR� IXOO\�WHWUDJRQDO�PDWHULDOV��7KH�DYHUDJH�FU\VWDOOLWH�VL]HV�RI�DOO�WKH�SRZGHUV�DUH�OLVWHG�LQ�7DEOH���;5'� GDWD� RI� IXOO\� WHWUDJRQDO� SRZGHUV� ZHUH� DQDO\]HG� E\� PHDQV� RI� 5LHWYHOG�UHILQHPHQWV��7DEOH���VXPPDUL]HV�WKH�UHVXOWLQJ�VWUXFWXUDO�GDWD��,W�FDQ�EH�REVHUYHG�WKDW�WKH�D[LDO�UDWLR�F�D GHFUHDVHV�ZLWK�LQFUHDVLQJ�&H2� FRQWHQW��DV�)LJXUH���VKRZV��7KLV�EHKDYLRU�LV�XVXDO�IRU�=U2��EDVHG�FHUDPLFV�>��@��7KH�]�FRRUGLQDWH�RI�WKH�R[\JHQ�LRQV�]�2� UHPDLQV�DOPRVW�FRQVWDQW��DV�LW�LV�H[SRVHG�LQ�7DEOH���
7DEOH��� &U\VWDOOLWH�VL]HV�RI�=U2��&H2��SRZGHUV�V\QWKHVL]HG�E\�D�QLWUDWH�JO\FLQH�JHO�FRPEXVWLRQ�SURFHVV��FDOFLQHG�DW�����&��HYDOXDWHG�E\�6FKHUUHU�HTXDWLRQ�

32:'(5 &U\VWDOOLWH�VL]H�QP�=U2����PRO��&H2� �� r �=U2����PRO��&H2� ���r �=U2����PRO��&H2� ����r ���=U2�����PRO��&H2� ����r ���=U2�����PRO��&H2� ����r ���=U2�����PRO��&H2� ����r ���
7DEOH��� 6WUXFWXUDO�SDUDPHWHUV�RI�IXOO\�WHWUDJRQDO�QDQRFU\VWDOOLQH�=U2��&H2��SRZGHUV��FDOFLQHG�DW�����&��REWDLQHG�E\�5LHWYHOG�UHILQHPHQWV��6WDQGDUG�5LHWYHOG�DJUHHPHQW�IDFWRUV��5S��5ZS DQG�5H[S��DUH�DOVR�VKRZQ�

&H2� FRQWHQW�PRO�� D�c� F�c� F�D ]�2� 5S 5ZS 5H[S� ���������� ���������� ���������� ��������� ���� ���� ����� ���������� ���������� ���������� ��������� ���� ���� ������ ���������� ���������� ���������� ��������� ������������ ������ ���������� ���������� ���������� ��������� ���� ���� ������ ���������� ���������� ���������� ��������� ���� ���� ����
)UDFWLRQDO�]�FRRUGLQDWH�RI�WKH�2�� DQLRQ LQ�WKH�WHWUDJRQDO�DV\PPHWULF�XQLW��7KLV�DQLRQ�LV�LQ�WKH����������]��SRVLWLRQ��7KH�YDOXH�RI�]�LV�����IRU�WKH�FXELF�SKDVH�

)LJXUH���VKRZV� WKH�5DPDQ�VSHFWUD�RI� WKH�=U2��&H2� SRZGHUV��2QO\� WKH�=U2����PRO�� &H2� SRZGHU� H[KLELWV� WKH� ���� DQG� ���� QP�� EDQGV� FRUUHVSRQGLQJ� WR� WKH�PRQRFOLQLF� SKDVH�� ZKLOH� WKH� RWKHUV� RQO\� SUHVHQW� WKH� VL[� 5DPDQ� DFWLYH� PRGHV� RI� WKH�WHWUDJRQDO� SKDVH�� FRQILUPLQJ� WKH� TXDOLWDWLYH� DQDO\VLV� SHUIRUPHG�E\�;5'��%\�PHDQV� RI�
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WKH�SURFHGXUH�RI�$O]\DE�HW�DO� >�@��D�PRQRFOLQLF�FRQWHQW�RI�����PRO��ZDV�REWDLQHG�IRU�WKH�=U2����PRO��&H2� SRZGHU�,Q� RUGHU� WR� HYDOXDWH� WKH� LQIOXHQFH� RI� WKH� FU\VWDOOLWH� VL]H�� SRZGHUV� FDOFLQHG� DW������&�ZHUH� DOVR� VWXGLHG��;5'� GDWD� VKRZHG� WKDW� WKHVH�PDWHULDOV� SUHVHQWHG� FU\VWDOOLWH�VL]HV� LQ� WKH� UDQJH� RI� ������ QP� DQG� D� KLJK�PRQRFOLQLF� FRQFHQWUDWLRQ� �!���PRO���ZDV�IRXQG�IRU�SRZGHUV�ZLWK�&H2� FRQWHQW�ORZHU�WKDQ����PRO���7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�WHWUDJRQDO�SKDVH�LV�PRUH�VWDEOH�IRU�KLJK�&H2� FRQWHQW�DQG�VPDOOHU�FU\VWDOOLWH�VL]H��&ULWLFDO�FU\VWDOOLWH� VL]H� WR� UHWDLQ� WKH� WHWUDJRQDO SKDVH� LV� DERXW� ������ QP� IRU� =U2���� WR� ��PRO��&H2� SRZGHUV�DQG�LQFUHDVHV�ZLWK�LQFUHDVLQJ�&H2� FRQWHQW�
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0HWDVWDEOH�WHWUDJRQDO�SKDVH�LQ�QDQRFU\VWDOOLQH ���
7KH�SRZGHU�PRUSKRORJ\�ZDV�VLPLODU�IRU�DOO�WKH�FRPSRVLWLRQV�VWXGLHG�LQ�WKLV�ZRUN��3RZGHUV�ZHUH� IRUPHG�E\� ODUJH�SRURXV�DJJUHJDWHV��ZLWK� W\SLFDO�VL]HV�RI�������PP��7KH�SRUHV�ZHUH�SURGXFHG�E\�WKH�IDVW�H[SXOVLRQ�RI�JDVHV�GXULQJ�WKH�FRPEXVWLRQ�SURFHVV��7(0�REVHUYDWLRQV�ZLWK�KLJKHU�PDJQLILFDWLRQ�VKRZHG�WKDW�WKHVH�DJJUHJDWHV�ZHUH�FRQVWLWXWHG�E\�ZHDNO\� DJJORPHUDWHG�� VSKHULFDO� QDQRSDUWLFOHV�� ,W� LV� ZRUWK� WR� UHPDUN� WKDW� WKH� VSKHULFDO�VKDSH� RI� WKH� QDQRSDUWLFOHV� LV� W\SLFDO� RI� SRZGHUV� V\QWKHVL]HG� E\� WKH� JHO�FRPEXVWLRQ�SURFHVV�� DQG� LW� KDV� EHHQ� IRXQG� IRU� RWKHU� PDWHULDOV� >�����@�� ('6� VWXG\� FRQILUPHG� WKH�FRPSRVLWLRQDO�KRPRJHQHLW\�RI�WKH�DOO�WKH�SRZGHUV��7KH�VSHFLILF�VXUIDFH�DUHD�RI�=U2�����PRO��&H2� SRZGHUV�FDOFLQHG�DW�����&�ZDV�RI�������r �����P��J�7KH�LQIOXHQFH�RI�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�RQ�SRZGHU�PRUSKRORJ\�ZDV�VWXGLHG�IRU�=U2�����PRO��&H2� SRZGHUV��6LQFH�WKH�VSHFLILF�VXUIDFH�DUHD�ZDV�UHODWLYHO\�ORZ�IRU�SRZGHUV� FDOFLQHG� DW� ����&��PDWHULDOV� FDOFLQHG� DW� ORZHU� WHPSHUDWXUHV�ZHUH� DQDO\]HG�� ,W�ZDV�IRXQG�WKDW�D�FU\VWDOOLWH�VL]H RI������r �����QP�DQG�D�VSHFLILF�VXUIDFH�DUHD�RI�����r ���P��J� FDQ� EH� REWDLQHG� E\� FDOFLQDWLRQ� DW� ����&� 7KH� FDUERQ� FRQWHQW� ZDV� PHDVXUHG� IRU�=U2�����PRO��&H2� SRZGHUV�FDOFLQHG�DW�����DQG�����&�DQG�LW�UHVXOWHG�RI�������r ������ZW���IRU�ERWK�PDWHULDOV��7KLV�LV�DQ�LPSRUWDQW�UHVXOW��VLQFH�LW�FRQILUPV�WKDW�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�FDQ�EH� UHGXFHG� LQ�RUGHU� WR�JHW�D�KLJKHU�VSHFLILF�VXUIDFH�DUHD�DQG�D�VPDOOHU�FU\VWDOOLWH�VL]H�ZLWKRXW�FDXVLQJ�D�ODUJH�LQFUHDVH�LQ�WKH�FDUERQ�FRQWHQW�,W� LV� LQWHUHVWLQJ� WR� FRPSDUH� GLIIHUHQW� PHWKRGV� IRU� WKH� V\QWKHVLV� RI� =U2��&H2�QDQRSRZGHUV��6HYHUDO�ZHW�FKHPLFDO�PHWKRGV�KDYH�EHHQ�UHSRUWHG�� VXFK�DV�K\GURWKHUPDO�V\QWKHVLV� >��@�� KLJK�HQHUJ\� PHFKDQLFDO� PLOOLQJ� >��@�� SRO\PHUL]HG� FRPSOH[� PHWKRG�>�����@�� FRSUHFLSLWDWLRQ� >�����@�� VRO�JHO� >��@ DQG� IRUFHG� FRK\GURO\VLV� >��@�� 3DSHUV�UHSRUWHG� LQ� WKH� OLWHUDWXUH� GHPRQVWUDWHG� WKDW� KLJK�HQHUJ\� PHFKDQLFDO�PLOOLQJ� >��@� DQG�FRSUHFLSDWDWLRQ�>�����@�GR�QRW�DOORZ�WKH�V\QWKHVLV�RI�VLQJOH�SKDVH�SRZGHUV�LQ�WKH�ZKROH�FRPSRVLWLRQDO� UDQJH��0HFKDQLFDO�PLOOLQJ� SURGXFHV�PXOWLSKDVH�PDWHULDOV� HYHQ� IRU� ORQJ�PLOOLQJ� WLPHV�� SUREDEO\� GXH� WR� FRPSRVLWLRQDO� LQKRPRJHQHLW\� RI� WKH� VDPSOHV� >�@�� 7KLV�SUREOHP� LV� HYHQ� ZRUVW� LQ� WKH� FDVH� RI� WKH� FRSUHFLSLWDWLRQ� PHWKRG�� VLQFH� LW� OHDGV� WR� D�PL[WXUH�RI�WHWUDJRQDO�=U2� DQG�FXELF�&H2���LQGHSHQGHQWO\�RI�WKH�FDOFLQDWLRQ�WHPSHUDWXUH��XS� WR� ����&�� ,Q� FRQWUDVW�� K\GURWKHUPDO� V\QWKHVLV� >��@�� SRO\PHULVHG� FRPSOH[� PHWKRG�>�����@�� VRO�JHO� >��@� DQG� IRUFHG� FRK\GURO\VLV� >��@� VHHP� WR� SURGXFH� FRPSRVLWLRQDOO\�KRPRJHQHRXV�PDWHULDOV��*HO�FRPEXVWLRQ�PHWKRGV�DOVR \LHOG�YHU\�KRPRJHQHRXV�SRZGHUV��VLQFH�LW�LV�EDVHG�RQ�WKH�UDSLG�FRPEXVWLRQ�RI�KRPRJHQHRXV�JHOV��5HJDUGLQJ�WR�WKH�SRZGHU�PRUSKRORJ\�RI�=U2��ULFK�PDWHULDOV�V\QWKHVLVHG�E\�GLIIHUHQW�URXWHV��LW�LV�ZRUWK�WR�PHQWLRQ�WKDW� WKH� VSHFLILF� VXUIDFH� DUHD� UHSRUWHG� LQ� WKH SUHVHQW� SDSHU� IRU� =U2����� PRO�� &H2�SRZGHUV� FDOFLQHG� DW� ����&� ���� P��J�� LV� RQH� RI� WKH� KLJKHVW� YDOXHV� UHSRUWHG� LQ� WKH�OLWHUDWXUH�&RQFOXVLRQV7KH�VWDELOLW\�RI� WHWUDJRQDO�SKDVH� LQ�=U2���� WR����PRO��&H2� SRZGHUV�KDV�EHHQ�LQYHVWLJDWHG��,W�ZDV�IRXQG�WKDW�WKLV�PHWDVWDEOH�SKDVH�FDQ�EH�UHWDLQHG�IRU�QDQRFU\VWDOOLQH�SRZGHUV�ZLWK�D�FU\VWDOOLWH�VL]H�UDQJH�������QP�IRU���PRO��&H2� FRQWHQW�RU�KLJKHU��,W�ZDV�SURYHG� WKDW� WKH� WHWUDJRQDO� SKDVH� LV� PRUH� VWDEOH� IRU� KLJKHU� &H2� FRQWHQW� DQG� VPDOOHU�FU\VWDOOLWH�VL]H��,Q�DGGLWLRQ��LW�ZDV�HVWDEOLVKHG�WKDW�YHU\�KLJK�VSHFLILF�VXUIDFH�DUHDV�FDQ�EH�
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