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IRUPHG 2+ VSHFLHV DV ZHOO DV 2�
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3KRWRFDWDO\VLV RI WLWDQLXP R[LGH VHPLFRQGXFWRUV KDV UHFHQWO\ UH�

FHLYHG FRQVLGHUDEOH DWWHQWLRQ LQ UHODWLRQ WR D YDULHW\ RI DSSOLFDWLRQV

IRU HQYLURQPHQWDO LVVXHV VXFK DV WKH SXULILFDWLRQ RI SROOXWHG DLU DQG

ZDWHU >$QSR� ����� .DPDW� ����� 2OOLV DQG $O�(NDEL� ����� /HH

DQG /HH� ����� &KDL� ����@� (VSHFLDOO\� WKH HIILFLHQW SKRWRFDWDO\WLF

GHJUDGDWLRQ RI KD]DUGRXV ZDVWHV LV RQH RI WKH PRVW GHVLUDEOH DQG

FKDOOHQJLQJ JRDOV LQ WKH UHVHDUFK RI WKH GHYHORSPHQW RI HQYLURQ�

PHQWDOO\ IULHQGO\ FDWDO\VWV� $V RQH RI WKH PRVW SRSXODU SKRWRDFWLYH

FDWDO\VWV� 7L2� SKRWRFDWDO\VWV KDYH ORQJ EHHQ LQYHVWLJDWHG LQ WKHLU

GLIIHUHQW IRUPV DV EXON PDWHULDOV� FROORLGDO VXVSHQVLRQ� DQG GLV�

SHUVHG LQWR 6L2� PDWULFHV DQG RQ SRURXV VXSSRUWV VXFK DV ]HROLWHV

DQG SRURXV Y\FRU JODVV >)R[ DQG 'XOD\� ����� <DPDVKLWD� �����

$QSR DQG <DPDVKLWD� ����@� $OWKRXJK WKH XWLOL]DWLRQ RI H[WUHPHO\

VPDOO SRZGHUHG 7L2� SDUWLFOHV KDV DWWUDFWHG D JUHDW GHDO RI DWWHQ�

WLRQ DV SKRWRFDWDO\VWV GXH WR WKHLU KLJK SKRWRFDWDO\WLF UHDFWLYLWLHV�

WKH DFWXDO IDFWRUV FRQWUROOLQJ WKH SKRWRFDWDO\WLF DFWLYLW\ RI 7L2� SDU�

WLFOHV DUH VWLOO XQNQRZQ� H[FHSW IRU D IHZ LPSRUWDQW IDFWRUV VXFK DV

WKHPDJQLWXGH RI WKH EDQG JDS� VXUIDFH DUHD� DQG FU\VWDOOLQLW\ >$QSR�

����� .XERNDZD HW DO�� ����� <DPDVKLWD HW DO�� ����@� 6XFK GLIIL�

FXOWLHV PDLQO\ DULVH EHFDXVH WKH SKRWRFDWDO\WLF HIIHFWLYHQHVV RI WKH

ILQH SDUWLFOHV YDULHV JUHDWO\ ZLWK WKHLU FKHPLFDO DQG SK\VLFDO SURSHU�

WLHV DV ZHOO DV WKHLU FKHPLFDO DQG SK\VLFDO PROHFXODU HQYLURQPHQWV�

2Q WKH RWKHU KDQG� EHFDXVH &�+� LV KDUPIXO WR SODQWV� LQ RUGHU WR

NHHS HQRXJK IRRG IUHVK LQ WKH &(/66 �&RQWUROOHG (FRORJLFDO /LIH

6XSSRUW 6\VWHPV�� LW LV QHFHVVDU\ WR UHPRYH HWK\OHQH� ZKLFK LV UH�

OHDVHG IURP SODQWV� ,Q WKLV UHJDUG� SKRWRFDWDO\VWV FDQ EH FRQVLGHUHG

DV WKH\ DUH JHQHUDOO\ UHIHUUHG WR DV DQ DGYDQFHG R[LGDWLRQ SURFHVV�

:H LQYHVWLJDWHG WKH SKRWRFDWDO\WLF R[LGDWLRQ RI &�+� ZLWK 2� LQWR

&2� DQG +�2 RQ XOWUDILQH SRZGHUHG 7L2� SKRWRFDWDO\VWV� 6SHFLDO

DWWHQWLRQ ZDV IRFXVHG RQ WKH HIIHFWV RI WKH SDUWLFOH VL]H RQ WKH UHDF�

WLRQ DQG WKH HIIHFWV RI WKH DGGLWLRQ RI +�2 RQ WKH UHDFWLRQ UDWHV E\

PHDQV RI LQ VLWX (65 DQG )7�,5 PHDVXUHPHQWV� $QDO\VHV RI WKH

UHDFWLRQ SURGXFWV DV IXQFWLRQV RI WKH 89 LUUDGLDWLRQ WLPH ZHUH DOVR

FDUULHG RXW� $OWKRXJK WKH GHWDLOHG PHFKDQLVPV RI WKH SKRWRFDWD�

O\WLF R[LGDWLRQ RI WKH ROHILQV ZLWK 2� RQ WKH ZHOO�HYDFXDWHG GULHG

7L2� SKRWRFDWDO\VWV ZHUH LQYHVWLJDWHG LQ WKH SDVW >.XERNDZD HW DO��

����@� WKH HIIHFW RI +�2 YDSRU RQ WKH SKRWRFDWDO\WLF R[LGDWLRQ KDV

QRW EHHQ H[SORUHG \HW�

,Q WKH SUHVHQW SDSHU� ZH UHSRUW WKDW HWK\OHQH FDQ EH FRPSOHWHO\

R[LGL]HG LQWR &2� RQ WKH SRZGHUHG WLWDQLXP R[LGH SKRWRFDWDO\VWV�

WKH UDWH GHSHQGLQJ RQ WKH QDWXUH RI WKH FDWDO\VWV� DQG WKDW WKH SKR�

WRFDWDO\WLF R[LGDWLRQ RI &�+� FDQ EH HQKDQFHG E\ DGGLQJ +�2YDSRU

LQ WKH UHDFWLRQ V\VWHP�

(;3(5,0(17$/

)LYH GLIIHUHQW W\SHV RI XOWUDILQH SRZGHUHG 7L2� FDWDO\VWV� ZKLFK

ZHUH VXSSOLHG E\ WKH &DWDO\VLV 6RFLHW\ RI -DSDQ DV UHIHUHQFH 7L2�

FDWDO\VWV �-5&�7,2������������ ZHUH XVHG DV SKRWRFDWDO\VWV �JUDLQ

VL]H� ������PP�� 3W�ORDGHG 7L2� FDWDO\VWV ZHUH SUHSDUHG E\ LP�

SUHJQDWLRQ ZLWK DQ DTXHRXV VROXWLRQ RI +�3W&O�� 7KUHH W\SH RI SKR�

WRFDWDO\VWV UHIHUUHG WR DV )��� )��� DQG )�� ZHUH VXSSOLHG E\ 6K\RZD

'HQNR&RPSDQ\� 3KRWRFDWDO\WLF UHDFWLRQVZHUH FDUULHG RXW LQ D TXDUW]

FHOO �YROXPH� ��� FP�� ZLWK D IODW ERWWRP FRQQHFWHG WR D FRQYHQ�

WLRQDO YDFXXP V\VWHP ���−�7RUU UDQJH�� 7KH FDWDO\VWV ZHUH GHJDVVHG
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DW ���. IRU � K DQG FDOFLQHG LQ 2� DW ���. IRU � K� 3ULRU WR WKH

SKRWRUHDFWLRQ� WKH FDWDO\VWV ZHUH GHJDVVHG DW ���. IRU � K XQWLO

��−�7RUU� 7KH SUHWUHDWHG FDWDO\VWV ZHUH VSUHDG RXW RQ WKH IODW ERW�

WRP RI WKH TXDUW] FHOO� DQG WKHQ HWK\OHQH DQG R[\JHQ ZHUH LQWUR�

GXFHG RQWR WKH FDWDO\VW DW ���.� 7KH FDWDO\VW ZDV LUUDGLDWHG IURP

WKH IODW ERWWRP VLGH� 89 LUUDGLDWLRQ RI WKH FDWDO\VWV LQ WKH SUHVHQFH

RI HWK\OHQH DQG R[\JHQ ZDV FDUULHG RXW E\ XVLQJ D 7RVKLED 6+/

���:KLJK�SUHVVXUH ODPS �λ!���QP� DW ���.� 7KH UHDFWLRQ WLPH
LV � K� 7KH UHDFWLRQ SURGXFWV ZHUH DQDO\]HG E\ JDV FKURPDWRJUD�

SK\� 7KH (65 VSHFWUD ZHUH UHFRUGHG ZLWK D -(6�5(��; �;�EDQG�

VSHFWURPHWHU DW ��. DQG WKH ,5 VSHFWUD ZHUH UHFRUGHG RQ D 6KL�

PDG]X ,5���� VSHFWURPHWHU DW ���.� ([SHULPHQWDO GHWDLOV FDQ EH

IRXQG LQ SUHYLRXV OLWHUDWXUH >$QSR� ����� .XERNDZD HW DO�� ����@�

5(68/76 $1' ',6&866,21

7KH W\SLFDO SK\VLFDO SURSHUWLHV RI WKHVH 7,2��a� FDWDO\VWV DUH

VKRZQ LQ 7DEOH �� 7KH UHODWLYH 2+ FRQFHQWUDWLRQ ZDV FDOFXODWHG

IURP WKH LQWHQVLWLHV RI WKH ,5 SHDN RI WKH VDPSOHV DVVLJQHG WR WKH

VXUIDFH 2+ JURXS RQ 7L2�� 7KH DFLG FRQFHQWUDWLRQ ZDV FDOFXODWHG

IURP WKH SHDN LQWHQVLWLHV REVHUYHG LQ WKH WHPSHUDWXUH�SURJUDPPHG

GHVRUSWLRQ �73'� SDWWHUQV RI SUHDGVRUEHG 1+�� 7KH VXUIDFH DUHD

RI WKH WLWDQLXP R[LGH SRZGHUV� )��� )��� )��� DUH ��� ��� DQG ���

P��J� UHVSHFWLYHO\� ,W ZDV REVHUYHG WKDW WKH VXUIDFH DUHD RI )�� LV

WKH ODUJHVW LQ DOO RI WKH FDWDO\VWV�

89 LUUDGLDWLRQ RI VHYHUDO VWDQGDUG 7L2� FDWDO\VWV LQ WKH SUHVHQFH

RI &�+� DQG 2� OHG WR WKH R[LGDWLRQ RI &�+� WR SURGXFH &2�� &2�

DQG +�2 DV WKH PDLQ SURGXFWV� EXW ZLWK UHODWLYH UHDFWLYLW\ DQG VH�

OHFWLYLW\� GHSHQGLQJ RQ WKH VSHFLILF SURSHUWLHV RI WKH FDWDO\VWV� )LJV� ��

� VKRZ WKH SURGXFWV GLVWULEXWLRQ LQ WKH SKRWRFDWDO\WLF R[LGDWLRQ RI

HWK\OHQH RQ YDULRXV 7L2� FDWDO\VWV�

7KH REVHUYHG SKRWRFDWDO\WLF UHDFWLYLWLHV ZHUH LQ WKH RUGHU RI -5&�

7,2�� !−�!−�!−�!−�� 6R� WKHVH UHVXOWV DUH LQ JRRG DJUHHPHQW
ZLWK WKRVH RI WKH UHDFWLRQV LQYHVWLJDWHG� L�H�� WKH K\GURJHQRO\VLV RI

PHWK\O DFHW\OHQH ZLWK +�2� WKH LVRPHUL]DWLRQ RI ��EXWHQH� DQG WKH

UHGXFWLRQ RI &2� ZLWK +�2 ><DPDVKLWD HW DO�� ����@� )URP 7DEOH �

DQG )LJ� �� LW FDQ EH VHHQ WKDW DQDWDVH 7L2�ZLWK D ODUJH VXUIDFH DUHD�

ODUJH EDQG JDS� DQG QXPHURXV 2+ JURXS LV PRUH HIILFLHQW IRU WKH

R[LGDWLRQ RI HWK\OHQH� (VSHFLDOO\� IRU WKH 7L2� SKRWRFDWDO\VW� )���

KDYLQJ D ODUJH VXUIDFH DUHD� VKRZV WKH KLJKHVW SKRWRFDWDO\WLF UHDF�

7DEOH �� 3K\VLFDO SURSHUWLHV RI 7L2� SRZGHUHG SKRWRFDWDO\VWV

&DWDO\VWV

�-5&�7,2��

6XUIDFH DUHD

�P��J�

5HODWLYH

2+ FRQF�

%DQG JDS

�H9�

�� $QDWDVH �� ��� ����

�� $QDWDVH �� ��� ����

�� 5XWLOH �� ��� ����

�� $QDWDVH �� ��� ����

�� 5XWLOH � ��� ����

)LJ� �� 3URGXFW GLVWULEXWLRQ RI WKH SKRWRFDWDO\WLF R[LGDWLRQ RI HWK�

\OHQH RQ 7L2� SKRWRFDWDO\VWV� -5&�7,2��� 7,2��� 7,2���
7,2��� 7,2���

)LJ� �� 3URGXFW GLVWULEXWLRQ RI WKH SKRWRFDWDO\WLF R[LGDWLRQ RI HWK�

\OHQH RQ 7L2� SKRWRFDWDO\VWV� -5&�7,2��� )��� )��� )���

)LJ� �� 3URGXFW GLVWULEXWLRQ RI WKH SKRWRFDWDO\WLF R[LGDWLRQ RI HWK�
\OHQH RQ 7L2� SKRWRFDWDO\VWV DQG PHWDO ORDGHG 7L2� FDWD�

O\VWV� -5&�7,2�� �D�� 7,2�� ��ZW� RI 3W� PL[LQJ� �E�� 3W�
ORDGHG ����ZW�� 7L2�� �F�� 3W�ORDGHG ����ZW�� 7L2�� �G��

3W�ORDGHG ����ZW�� 7L2�� �H�� DQG &X�ORDGHG ����ZW��
7,2���I��



��� '��5� 3DUN HW DO�

1RYHPEHU� ����

WLYLW\� )URP WKHVH UHVXOWV� DQDWDVH 7L2�� ZLWK D ODUJH VXUIDFH DUHD� D

ODUJH EDQG� DQG QXPHURXV 2+JURXSV� LV SUHIHUDEOH IRU HIILFLHQW SKR�

WRFDWDO\WLF UHDFWLRQ WR SURFHHG� 7KH LQFUHDVHG EDQG JDS LV DFFRP�

SDQLHG E\ D VKLIW LQ WKH FRQGXFWLRQ EDQG HGJH WR KLJKHU HQHUJLHV�

7KLV PRYHV WKH UHGXFWLYH SRWHQWLDO WR PRUH QHJDWLYH YDOXHV DQG HQ�

KDQFHV WKH SKRWRFDWDO\WLF UHDFWLYLW\� ,W LV DOVR RIWHQ VXJJHVWHG WKDW

WKH VXUIDFH 2+ JURXS DQG�RU SK\VLVRUEHG +�2 SOD\V D VLJQLILFDQW

UROH LQ WKH SKRWRFDWDO\WLF UHDFWLRQV WKURXJK WKH IRUPDWLRQ RI 2+

UDGLFDOV >$QSR� ����@�

)LJ� � VKRZV WKH SURGXFWV GLVWULEXWLRQ LQ WKH SKRWRFDWDO\WLF R[L�

GDWLRQ RI HWK\OHQH RQ 3W�ORDGHG 7L2� FDWDO\VWV� ,QWHUHVWLQJO\� VPDOO

DPRXQW RI 3W DGGLWLRQ WR WKH 7L2� SKRWRFDWDO\VW LQFUHDVHG WKH VH�

OHFWLYH IRUPDWLRQ RI &2� ZKLFK ZDV WKH R[LGDWLRQ SURGXFW RI &�+�

DQG 2�� $QSR >����@ VXJJHVWHG WKDW WKH SKRWRK\GURJHQRO\VLV UHDF�

WLRQV RQ 7L2� SURFHHG YLD WKH LQWHUDFWLRQ RI DON\QH �RU DONHQH� ZLWK

WKH DFWLYH VSHFLHV RI �HOHFWURQ�KROH� SDLUV IRUPHG RQ 7L2�� :KLOH

ZLWK 3W�7L2�� K\GURJHQDWLRQ UHDFWLRQV SURFHHG RQ WKH 3W SDUWLFOHV

DQG WKH R[LGDWLRQ UHDFWLRQV LQ ZKLFK 2+ UDGLFDOV SOD\ D VLJQLILFDQW

UROH SURFHHG RQ WKH VXUIDFH RI 7L2�� $FFRUGLQJO\� LW LV FRQVLGHUHG

WKDW WKH SKRWR�IRUPHG 2+ UDGLFDOV DQG WKH KROHV RQ 3W�7L2� OHDG

WKH IRUPDWLRQ RI &2� ZLWKRXW &2� 7KH WRWDO UHDFWLYLW\ WR WKH IRU�

PDWLRQ RI &2� DQG &2 ZDV ORZHUHG LQ WKH FDVH RI 3W�7L2�� 7KLV LV

H[SODLQHG DV WKDW WKH VXUIDFH DUHD RI 3W�7L2� ZDV GHFUHDVHG GXULQJ

WKH SUHSDUDWLRQ SURFHGXUH E\ LPSUHJQDWLRQ RI 3W FRPSDUHG ZLWK

WKDW RI SXUH 7L2��

)LJ� � VKRZV WKH SURGXFW GLVWULEXWLRQ RI WKH SKRWRFDWDO\WLF R[L�

GDWLRQ RI &�+� ZLWK GLIIHUHQW DPRXQWV RI R[\JHQ RQ WKH DQDWDVH 7L2�

SRZGHU �)���� 7KH \LHOG RI &2� LQFUHDVHV ZLWK WKH DPRXQW RI DGGHG

R[\JHQ� KRZHYHU� WKH \LHOG RI &2 GHFUHDVHV ZLWK WKH DPRXQW RI

DGGHG R[\JHQ� 6R� WKH R[\JHQ DGGHG LV UHVSRQVLEOH IRU WKH SURGXFW

GLVWULEXWLRQ RI &2 DQG &2�� 2QO\ ZKHQ WKHUH LV H[FHVVLYH R[\JHQ

LQ WKH UHDFWLRQ V\VWHP� LW LV SRVVLEOH WKDW HWK\OHQH LV R[LGL]HG FRP�

SOHWHO\ WR &2� DQG GRHV QRW SURGXFH &2� ,W LV VXJJHVWHG WKDW LQLWLDOO\

HWK\OHQH LV R[LGL]HG WR SURGXFH &2 DQG WKHQ &2 FRQWLQXHV WR R[�

LGL]H WR &2� E\ WKH H[FHVVLYH R[\JHQ� 7KH PHFKDQLVP RI WKH UHDF�

WLRQ FDQ EH H[SUHVVHG DV IROORZV�

2
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)LJ� �D DQG �E VKRZ WKH (65 VLJQDOV REWDLQHG XQGHU 89 LUUDGLD�

WLRQ RI DQDWDVH 7L2� �-5&�7,2��� LQ WKH SUHVHQFH RI HWK\OHQH� 7KHVH

VLJQDOV DUH DWWULEXWHG WR WKH FKDUDFWHULVWLF SKRWRJHQHUDWHG 7L�� LRQV

�Jß ����� DQG J¹ ������ DQG WKH VLJQDO RI J ����� DQG J �����

ZHUH DVVLJQHG WR WKH + UDGLFDOV� :KHQ WKH SRZGHUHG 7L2� SKRWR�

FDWDO\VWV ZHUH LUUDGLDWHG� H−�K� SDLUV ZHUH IRUPHG� ,Q WKH DEVHQFH RI

WKH HOHFWURQ DQG KROH VFDYHQJHUV� PRVW RI WKHP UHFRPELQHG ZLWK

HDFK RWKHU ZLWKLQ D IHZ QDQRVHFRQGV� ,I WKH VFDYHQJHUV RU VXUIDFH

GHIHFWV DUH SUHVHQW WR WUDS WKH HOHFWURQ RU KROH� DQ H−�K� UHFRPELQD�

WLRQV FDQ EH SUHYHQWHG DQG WKH VXEVHTXHQW UHDFWLRQV FDXVHG E\ WKH

HOHFWURQV DQGKROHVPD\ EH GUDPDWLFDOO\ HQKDQFHG� ,Q WKLV FDVH� HWK\O�

HQH DEVRUEHG RQ WKH VXUIDFH SOD\V VLJQLILFDQW UROH LQ WKH UHDFWLRQ

ZLWK KROHV� 7KH VXUIDFH 2+− JURXSV PD\ DOVR SOD\ DQ LPSRUWDQW

UROH LQ WKH WUDSSLQJ RI WKH KROHV� 7KH FRQWULEXWLRQ RI KROH WUDSSLQJ

E\ &�+� RU VXUIDFH 2+
− VWURQJO\ GHSHQGV RQ WKHLU VXUIDFH FRQFHQ�

WUDWLRQ� 2Q WKH RWKHU KDQG� WKH HOHFWURQ FDQ EH WUDSSHG E\ 7L�� WR JLYH

DQ LVRODWHG 7L�� LRQ� 'HWDLOV RQ WKH FKHPLFDO QDWXUH RI VXFK HOHF�

WURQV DQG KROHV KDYH EHHQ QRWHG LQ SUHYLRXV SDSHU >.XERNDZD HW

DO�� ����� $QSR HW DO�� ����@�

,Q WKH SUHVHQFH RI 2�� WKH 7L
�� VLWHV HDVLO\ UHDFW ZLWK 2� OHDGLQJ

WR WKH IRUPDWLRQ RI 2�

−� DV VKRZQ LQ VWDWH �F�� ZKLOH WKH KROH WUDSSLQJ

FHQWHU �2�

−� UHDFWV ZLWK 2� WR IRUP 2�

− DQLRQ UDGLFDOV� 7KHUHIRUH�

VXFK 2�

− DQG 2�

− DQG DOVR 2+ UDGLFDOV PD\ SOD\ DQ LPSRUWDQW UROH

LQ WKH R[LGDWLRQ RI &�+�� ,QYHVWLJDWLRQV RQ WKH GHWDLOHG PHFKDQLVPV

DUH QRZ LQ SURJUHVV�

,Q RUGHU WR XQGHUVWDQG WKH HIIHFW RI +�2 DGVRUSWLRQ RQ WKH FDWD�

O\VWV RQ WKH SURGXFW \LHOGV LQ WKH SKRWRFDWDO\WLF R[LGDWLRQ RI &�+��

)LJ� �� 3URGXFW GLVWULEXWLRQ RI WKH SKRWRFDWDO\WLF R[LGDWLRQ RI HWK�
\OHQH ZLWK R[\JHQ RQ WKH DQDWDVH 7L2� SRZGHU �)���� �HWK�

\OHQH �µPRO� R[\JHQ �µPRO� �D�� �HWK\OHQH �µPRO� R[\JHQ
��µPRO� �E�� DQG �HWK\OHQH �µPRO� R[\JHQ ��µPRO� �G��

)LJ� �� (65 VSHFWUD REWDLQHG E\ 89 LUUDGLDWLRQ RI WKH -5&�7,2�
� FDWDO\VWV LQ WKH SUHVHQFH RI HWK\OHQH DQG R[\JHQ DW ��.

�UHFRUGHG DW �� .��
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GLIIHUHQW DPRXQWV RI ZDWHU YDSRU ZHUH DGGHG LQWR WKH ZHOO�HYDFX�

DWHG FDWDO\VWV� DQG WKHLU UHVXOWV DUH VKRZQ LQ )LJ� �� )URP )LJ� �� LW

ZDV IRXQG WKDW R[LGDWLRQ UHDFWLRQV SURGXFLQJ &2� DUH SURPRWHG

E\ DGGLQJ �7RUU ZDWHU YDSRU� DQG ZKHQ �7RUU ZDWHU YDSRU ZDV

DGGHG� WKH R[LGDWLRQ UHDFWLYLW\ ZDV WKH KLJKHVW� $V WKH ZDWHU YDSRU

ZDV DGGHG RQWR WKH ZHOO�HYDFXDWHG FDWDO\VWV� WKH DPRXQW RI &2ZDV

QRW FKDQJHG� ZKLOH WKH DPRXQW RI &2� LQFUHDVHG JUHDWO\� 7KLV LQ�

GLFDWHV WKDW WKH DGGLWLRQ RI ZDWHU YDSRU RQWR WKH FDWDO\VWV LV RI EHQHILW

LQ UHDOL]LQJ HIILFLHQW SKRWRUHDFWLRQV IRU WKH FRPSOHWH R[LGDWLRQ RI

&�+�� 7KH DGVRUELQJ ZDWHU LV DFWLYDWHG RQ WKH LUUDGLDWHG 7L2� VXU�

IDFH WR IRUP 2+ VSHFLHV DV SUHFXUVRUV RI UDGLFDOV� 7KH 2+ UDGLFDOV

DUH UHDFWLYH IRU WKH FRPSOHWH R[LGDWLRQ RI &�+� >0HDJKHU DQG +HLF�

NOHQ� ����@�

)URP )LJ� �� LW FDQ EH VHHQ WKDW WKH SKRWRFDWDO\WLF DFWLYLWLHV DUH

KLJK ZLWK DQ LQFUHDVH LQ WKH DPRXQW RI ZDWHU LQLWLDOO\ DGGHG� ZKLOH

ZKHQ WKH DPRXQW RI ZDWHU YDSRU LQWURGXFHG LV PRUH WKDQ �7RUU�

WKH SKRWRFDWDO\WLF DFWLYLW\ JUDGXDOO\ GHFUHDVHV� 7R FODULI\ WKH PHFK�

DQLVP RI WKLV UHDFWLRQ IXUWKHU� WKH HIIHFW RI WKH DGGLWLRQ RI ZDWHU YDSRU

RQ WKH SKRWR�LQGXFHG XSWDNH RI R[\JHQ ZDV LQYHVWLJDWHG� 7KH UHVXOWV

DUH VKRZQ LQ )LJ� �� 7KH DGGLWLRQ RI ZDWHU YDSRU RQWR WKH SKRWRFDW�

DO\VW OHDGV WR DQ HQKDQFHPHQW RI WKH SKRWR�LQGXFHG XSWDNH RI R[\�

JHQ� %XW� ZKHQ WKH DPRXQW RI ZDWHU YDSRU LQWURGXFHG H[FHHGV �

7RUU� WKH XSWDNH RI R[\JHQ GHFUHDVHV� 7KHVH UHVXOWV FOHDUO\ LQGLFDWH

WKDW ZKHQ D VPDOO DPRXQW RI ZDWHU YDSRU ZDV LQWURGXFHG RQWR WKH

SKRWRFDWDO\VW� ZDWHU DQG R[\JHQ ZHUH DGVRUEHG RQ WKH VXUIDFH RI

WKH SKRWRFDWDO\VW DQG SURGXFHG UHDFWLYH 2+ UDGLFDOV XQGHU LUUDGLD�

WLRQ� 7KLV ZDV VKRZQ WR HQKDQFH WKH R[LGDWLRQ UHDFWLRQ RI HWK\OHQH

DQG WKH XSWDNH RI R[\JHQ� ZKLOH ZKHQ ZDWHU YDSRU ZDV LQWURGXFHG

LQ H[FHVV WKH HIIHFWLYH DGVRUSWLRQ VLWHV ZHUH RFFXSLHG FRPSOHWHO\

E\ ZDWHU PROHFXOHV� 7KLV GHFUHDVHV WKH SKRWR�LQGXFHG XSWDNH RI

R[\JHQ� DQG WKH 2+ UDGLFDOV GHFUHDVH� DOVR�

$ FRPSDUDWLYH VWXG\ RI )LJ� � DQG )LJ� � VKRZV WKDW WKH SKRWR�

FDWDO\WLF UHDFWLYLW\ RI -5&�7,2�� DW �� �� DQG ��7RUU RI ZDWHU LV DO�

PRVW VLPLODU� DQG LQ WKH FDVH RI �7RUU �)LJ� ��� LW LV KLJKHU� EXW WKH

SKRWRUHDFWLYLW\ IRU R[\JHQ XSWDNH LV UHPDUNDEO\ GLIIHUHQW DPRQJ

WKHVH V\VWHPV �)LJ� ��� ,W LV NQRZQ WKDW WKH DGVRUSWLRQ RI ZDWHU RQ

WKH 7L2� VXUIDFH FDXVHV D GHFUHDVH LQ WKH XSZDUG EHQGLQJ RI WKH

EDQG >$QSR HW DO�� ����@� UHVXOWLQJ LQ WKH HIILFLHQW UHFRPELQDWLRQ RI

WKH SKRWR�JHQHUDWHG HOHFWURQV DQG KROHV� 2Q WKH RWKHU KDQG� WKH

DGVRUSWLRQ RI +�2 UHVXOWV LQ WKH IRUPDWLRQ RI VXUIDFH 2+ JURXSV

E\ WKH UHDFWLRQ RI +�2ZLWK WKH EULGJLQJ�R[\JHQ DWRPV� 7KHVH WZR

IDFWRUV PD\ SOD\ DQ LPSRUWDQW UROH LQ GHWHUPLQLQJ WKH SKRWRFDWD�

O\WLF UHDFWLYLW\ RI 7L2� DQG WKH FRQWULEXWLRQ RI WKHVH IDFWRUV VWURQJO\

GHSHQGV RQ WKH DPRXQW RI +�2 DGGHG� :KHQ �7RUU RI ZDWHU ZDV

LQWURGXFHG� WKH R[\JHQ XSWDNH LQFUHDVHG� KRZHYHU� WKH 2+ UDGLFDOV

IRUPHG ZHUH VWLOO LQVXIILFLHQW IRU DQ\ VLJQLILFDQW SKRWRFDWDO\WLF UHDF�

WLRQV WR RFFXU� ,W FDQ� WKHUHIRUH� EH VHHQ WKDW WKH SKRWRFDWDO\WLF DFWLY�

LW\ LQ WKH SUHVHQFH RI �7RUU RI ZDWHU LV ORZHU�

,Q RUGHU WR FRQILUP ZKHWKHU WKH 2+ VSHFLHV DV SUHFXUVRUV RI 2+

)LJ� �� 7KH HIIHFW RI WKH DGGLWLRQ RI+�2RQ WKH \LHOGV RI SKRWRSURG�
XFWV LQ WKH SKRWRFDWDO\WLF R[LGDWLRQ RI HWK\OHQH RQ -5&�7,2�

� FDWDO\VW�

)LJ� �� 7KH HIIHFW RI WKH DGGLWLRQ RI ZDWHU YDSRU RQ WKH SKRWR�LQ�

GXFHG XSWDNH RI R[\JHQ DW ���.�

)LJ� �� ,QIUDUHG VSHFWUD RI WKH 7L2� SKRWRFDWDO\VW DW ���.� �D� DIWHU
SUHWUHDWPHQW DW ��� R& LQ 2� DQG WKH LQWURGXFWLRQ RI &�+�

RQWR WKH FDWDO\VWV� �E� DIWHU 89 LUUDGLDWLRQ RI WKH FDWDO\VW
�D� IRU ��PLQ�
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UDGLFDOV DUH SURGXFHG ZKHQ ZDWHU LV LQWURGXFHG RQWR WKH SKRWRFDWD�

O\VWV XQGHU 89 LUUDGLDWLRQ� ,5 VSHFWUXP PHDVXUHPHQWV ZHUH HP�

SOR\HG� 7KH UHVXOWV DUH VKRZQ LQ )LJ� �� )LJ� �D VKRZQ WKH ,5 VSHF�

WUXP DIWHU SUHWUHDWPHQW DW ��� R& LQ 2� DQG WKH LQWURGXFWLRQ RI &�+�

RQWR WKH FDWDO\VW� 7KH SHDN DW ����������� FP−� ZDV DWWULEXWHG WR

+�2� )LJ� �E VKRZV WKH ,5 VSHFWUXP DIWHU 89 LUUDGLDWLRQ RI WKH FDW�

DO\VWV� )URP )LJ� �� LW FDQ EH VHHQ WKDW WKH SHDN DW ����� FP−� DW�

WULEXWHG WR WKH DEVRUEHG 2+ VSHFLHV LQFUHDVHV LQ LQWHQVLW\ ZLWK LQ�

FUHDVLQJ LUUDGLDWLRQ WLPH� ZKLOH WKH SHDN RI WKH ZDWHU GHFUHDVHV LQ

LQWHQVLW\ ZLWK LQFUHDVLQJ LUUDGLDWLRQ WLPH� 7KHVH UHVXOWV FOHDUO\ VXJ�

JHVW WKDW DGVRUELQJ ZDWHU RQ WKH VXUIDFH RI 7L2� GRHV LQGHHG SURGXFH

2+ VSHFLHV DV ZHOO DV 2+ UDGLFDOV YLD WKH 2+ VSHFLHV XQGHU 89

LUUDGLDWLRQ�

&21&/86,216

(YLGHQWO\� WKH SUHVHQFH RI &�+� DQG R[\JHQ PDNHV LW SRVVLEOH WR

SURGXFH &2� DQG &2 ZKHQ 7L2� SKRWRFDWDO\VWV DUH LUUDGLDWHG E\

89 OLJKW �λ!���QP�� ,W KDV EHHQ FODULILHG WKDW HWK\OHQH FDQ EH FRP�
SOHWHO\ R[LGL]HG WR SURGXFH RQO\ &2� LI WLWDQLXP R[LGH FDWDO\VWV RI

ODUJH VXUIDFH DUHD DUH XVHG DQG R[\JHQ LV LQWURGXFHG RQWR SKRWR�

FDWDO\VWV LQ H[FHVV� 7KH DGGLWLRQ RI D FRQVWDQW DPRXQW RI ZDWHU YDSRU

OHDGV WR DQ LQFUHDVH LQ WKH \LHOG RI &2�� ZKLOH LW KDV QR HIIHFW RQ

WKH \LHOG RI &2� ,W ZDV FRQILUPHG WKDW WKH DGVRUEHG +�2 DQG 2�

RQ WKH SKRWRFDWDO\VW DFWLYDWH WR JHQHUDWH 2+ UDGLFDOV DQG 2�

− DQG

2�

−� UHVSHFWLYHO\� ZKHQ WKH SKRWRFDWDO\VWV DUH LUUDGLDWHG� ,W FDQ EH

VHHQ WKDW WKH 2+ UDGLFDOV DQG 2�

− DQG 2�

− SOD\ VLJQLILFDQW UROHV DV

WKH NH\ DFWLYH VSHFLHV LQ WKH FRPSOHWH SKRWRFDWDO\WLF R[LGDWLRQ RI

HWK\OHQH�

5()(5(1&(6

$QSR� 0�� ³3KRWRFDWDO\VLV RQ 6PDOO 3DUWLFOH 7L2� &DWDO\VWV� 5HDFWLRQ

,QWHUPHGLDWHV DQG 5HDFWLRQ0HFKDQLVPV�́ 5HV� &KHP� ,QWHUPHG�� ��

�� �������

$QSR�0�� &KLED�.�� 7RPRQDUL�0�� &ROXFFLD� 6�� &KH�0� DQG)R[�0�

$�� ³3KRWRFDWDO\VLV RQ 1DWLYH DQG 3ODWLQXP�/RDGHG 7L2� DQG =Q2

&DWDO\VWV�2ULJLQ RI 'LIIHUHQW 5HDFWLYLWLHV RQ:HW DQG'U\ 0HWDO 2[�

LGHV��́ %XOO� &KHP� 6RF� -SQ�� ��� ��� �������

$QSR� 0�� ³3KRWRFDWDO\VLV RQ 7LWDQLXP 2[LGH &DWDO\VWV� $SSURDFKHV

LQ$FKLHYLQJ+LJKO\ (IILFLHQW5HDFWLRQDQG5HDOL]LQJ WKH8VHRI9LVL�

EOH/LJKW�́ &DWDO� 6XUY� -SQ�� �� ��� �������

$QSR� 0� DQG <DPDVKLWD� +�� LQ ³+HWHURJHQHRXV 3KRWRFDWDO\VLV�́ 0�

6FKLDYHOR� (G�� :LOH\� &KLFKHVWHU� ��� �������

$QSR�0�� <DPDVKLWD� +�� ,FKLKDVKL� <�� )XMLL� <� DQG+RQGD�0�� ³3KR�

WRFDWDO\WLF5HGXFWLRQRI&2�ZLWK+�2RQ7LWDQLXP2[LGHV$QFKRUHG

ZLWKLQ0LFURSRUHV RI =HROLWHV� (IIHFWV RI WKH 6WUXFWXUH RI WKH$FWLYH

6LWHV DQG WKH $GGLWLRQ RI 3W�́ -� 3K\V� &KHP�� ���� ���� �������

&KDL�<� 6�� /HH� -� &� DQG.LP�%�<�� ³3KRWRFDWDO\WLF'LVLQIHFWLRQRI(�

FROL LQ D 6XVSHQGHG 7L2��89 5HDFWRU�́ .RUHDQ -� &KHP� (QJ�� ���

��� �������

)R[� 0�$� DQG 'XOD\� 0� 7�� ³+HWHURJHQHRXV 3KRWRFDWDO\VLV�́ &KHP�

5HY�� ��� ��� �������

*UDI� -�&�� ³3KRWRFDWDO\WLF 2[LGDWLRQ RI9RODWLOH 2UJDQLF&RQWDPLQDQWV�́

�WK ,&(6 6$( ������ �������

0HDJKHU� -�0� DQG +HLFNOHQ� -�� ³5HDFWLRQ RI +2ZLWK &�+��́ -� 3K\V�

&KHP�� ������� ���� �������

.DPDW� 3�9�� ³3KRWRFKHPLVWU\ RQ1RQUHDFWLYH DQG5HDFWLYH �6HPLFRQ�

GXFWRU� 6XUIDFHV�́ &KHP� 5HY�� ��� ��� �������

.XERNDZD�<��$QSR�0� DQG<XQ�&�� LQ ³3URFHHGLQJV� �WK ,QWHUQDWLRQDO

&RQJUHVV RQ &DWDO\VLV� 7RN\R� �����́ 3DUW %� (OVHYLHU� $PVWHUGDP�

���� �������

/HH�6�*� DQG/HH�+� ,�� ³$1HZ$FWLYH 6XOIXU�6HQVLWLYH%LVPXWK2[�

LGH RQ 7LWDQLD IRU 3KRWRFDWDO\VW�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

2OOLV� '� )� DQG $O�(NDEL� +�� ³3KRWRFDWDO\WLF 3XULILFDWLRQ DQG 7UHDW�

PHQW RI:DWHU DQG $LU�́ (OVHYLHU� $PVWHUGDP �������

<DPDVKLWD� +�� .DZDVDNL� 6�� ,FKLKDVKL� <�� 7DNHXFKL� 0�� +DUDGD� 0��

$QSR�0�� /RXLV� &� DQG&KH�0�� ³&KDUDFWHUL]DWLRQ RI 7L�6L %LQDU\

2[LGHV 3UHSDUHG E\ WKH 6RO�*HO 0HWKRG DQG 7KHLU 3KRWRFDWDO\WLF

3URSHUWLHV� 7KH+\GURJHQ DQG+\GURJHQRO\VLV RI &+�&&+ZLWK

+�2�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

<DPDVKLWD� +�� ,FKLKDVKL� <�� +DUDGD� 0�� 6WHZDUW� *�� )R[� 0�$� DQG

$QSR� 0�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ RI ��2FWDQRO RQ $QFKRUHG

7LWDQLXP 2[LGH DQG RQ 7L2� 3RZGHU &DWDO\VWV�́ -� &DWDO�� ���� ��

�������


