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.\XQJSRRN�1DWLRQDO�8QLYHUVLW\��'DHJX�����������.RUHD$GYDQFHG�0DWHULDOV�5HVHDUFK�,QVWLWXWH��$05,��
8QLYHUVLW\�RI�1HZ�2UOHDQV��1HZ�2UOHDQV��/$��������86$

1DQRFU\VWDOOLQH� 1L�±[=Q[)H�2�� SRZGHUV� ZHUH� V\QWKHVL]HG� E\� WKH� FLWUDWH� SUHFXUVRUPHWKRG�� DQG� WKH� UHDFWLRQ� VHTXHQFH� GXULQJ� WKH� SURFHVV� ZDV� H[DPLQHG�� 6WXGLHV� RI� WKH
UHDFWLRQ�VHTXHQFH�VKRZHG�WKDW�D�1L)H�2��SKDVH�ZDV�GHYHORSHG�DV�VRRQ�DV�WKH�PHWDO�FLWULFDFLGV�ZHUH�WKHUPDOO\�GHFRPSRVHG�� ,Q�WKH�FDVH�RI�=Q)H�2���KRZHYHU��=Q2�DQG�)H�2��ZHUHSURGXFHG�ILUVW�ZKHQ�WKH�PHWDO�FLWULF�DFLGV�ZHUH�GHFRPSRVHG�DW�ORZ�WHPSHUDWXUH��$�VLQJOH
SKDVH� RI� =Q)H�2�� ZDV� VXEVHTXHQWO\� REWDLQHG� ZKHQ� D� KHDW� WUHDWPHQW� ZDV� FRQGXFWHG� DW����&� IRU� �� K�� 2Q� WKH� RWKHU� KDQG�� LQ� RUGHU� WR� H[DPLQH� WKH� HIIHFW� RI� SDUWLFOH� VL]H� RQ
PDJQHWLF� FKDUDFWHULVWLFV� RI� 1L±=Q� IHUULWHV�� QDQRFU\VWDOOLQH� 1L�±[=Q[)H�2�� SRZGHUV� ZLWKSDUWLFOH� VL]HV� RI� DSSUR[LPDWHO\� ��� ��� DQG� ���� QP�ZHUH� SUHSDUHG� E\� FRSUHFLSLWDWLRQ� DQG
FLWUDWH�SUHFXUVRU�PHWKRGV��7KH�PDJQHWLF�FKDUDFWHULVWLFV�RI�WKH�XOWUDILQH����QP��DQG�FRDUVH
�����QP��QDQRFU\VWDOOLQH�IHUULWHV�VKRZHG�GLVWLQFW�GLIIHUHQFHV��7KHVH�GLIIHUHQFHV�DUH�DWWULE�
XWHG�WR�FDWLRQ�GLVRUGHULQJ�DW�WKH�VXUIDFHV�RI�SDUWLFOHV��ZKLFK�EHFRPHV�LQFUHDVLQJO\�GRPL�
QDQW�DV�WKH�SDUWLFOH�VL]H�GHFUHDVHV�
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)HUULPDJQHWLF� R[LGHV��NQRZQ�DV� IHUULWHV�
FDQ�EH� H[SUHVVHG� DV�0��2�)H���2�� LQ�ZKLFK0��� LV� D� GLYDOHQW� PHWDO� LRQ� VXFK� DV�0J���
1L����)H��� RU�&X����$�ZLGH�UDQJH�RI� IHUULWH
FRPSRVLWLRQV� ZLWK� GLIIHUHQW�PDJQHWLF� SURS�
HUWLHV� FDQ� EH� SUHSDUHG� E\� YDU\LQJ� DQG�RU
PL[LQJ� 0��� FDWLRQV�� 7KH� PDJQHWLF� SURSHU�
WLHV� RI� WKH� VSLQHO�VWUXFWXUHG�1L±=Q� IHUULWHV
�1L�±[=Q[)H�2���H[KLELW�WKH�VWURQJHVW�FRPSR�VLWLRQ� GHSHQGHQFH� DPRQJ� WKH� NQRZQ� IHUULWH
PDWHULDOV�� 7KH� PDJQHWLF� FKDUDFWHULVWLFV� RI

EXON� 1L±=Q� IHUULWH� SUHSDUHG� E\� VROLG� VWDWH
UHDFWLRQ�KDYH� EHHQ� UHSRUWHG� >�@��7KH�PL[HG
IHUULWH�1L�±[=Q[)H�2���ZKHUH�1L�LV�D�GLYDOHQWLRQ�� LV� D� VROLG� VROXWLRQ� LQ� ZKLFK� WKH� PDJ�
QHWLF� PRPHQW� YDULHV� DV� D� IXQFWLRQ� RI� =Q
FRQWHQW��7KH�LQFRUSRUDWLRQ�RI�XS�WR�DERXW�����
=Q�LQFUHDVHV�WKH�PDJQHWL]DWLRQ��ZKLFK�WKHQ�GH�
FUHDVHV�WRZDUG�]HUR�IRU�SXUH�=Q�IHUULWH�>�@��

5HFHQWO\�� VFLHQWLILF� LQWHUHVW�KDV� EHHQ� LQ�
FUHDVLQJO\� IRFXVHG� RQ� WKH� V\QWKHVLV� DQG
FKDUDFWHUL]DWLRQ� RI� QDQR�VWUXFWXUHG� VROLGV�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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7KH� FKDUDFWHULVWLFV� RI� QDQRFU\VWDOOLQH� SRZ�
GHUV�JUHDWO\�GHSHQG�RQ�VXUIDFH� HIIHFWV� WKDW
EHFRPH� LQFUHDVLQJO\� GRPLQDQW� DV� SDUWLFOH
VL]H� GHFUHDVHV� DQG� VXUIDFH� DUHD� LQFUHDVHV�
7KHUHIRUH�� DV� PLFURQ�VL]HG� SRZGHUV� DUH
EURXJKW� LQWR� WKH� QDQR�VL]H� UHJLPH�� QHZ
FKDUDFWHULVWLFV� DUH� H[SHFWHG� WR� DSSHDU� WKDW
FDQQRW� EH� H[SHFWHG� LQ� EXON� RU�PLFURQ� SRZ�
GHUV� >�@�� VXFK� DV� WKH� SDUDPDJQHWL]DWLRQ� RI
IHUURPDJQHWLFV�� FKDQJHV� RI� EDQG� JDS� DQG
WKH� IRUPDWLRQ� RI� PHWDVWDEOH� SKDVHV� >�@�
7KHVH�UHVXOWV�VXJJHVW�WKDW�V\VWHPDWLF�LQYHV�
WLJDWLRQV� RI� WKH� QRYHO� SURSHUWLHV� RI� QDQR
SRZGHUV�DUH�ZDUUDQWHG�

1DQRFU\VWDOOLQH� IHUULWH� SRZGHUV� KDYH
EHHQ� SUHSDUHG� E\� YDULRXV� PHWKRGV�� LQFOXG�
LQJ� FRSUHFLSLWDWLRQ� >���@�� VRO�JHO� >���@�� K\�
GURWKHUPDO� >����@� DQG� FLWUDWH� SUHFXUVRU
PHWKRGV� >��@�� 7KH� UHDFWLRQ� VHTXHQFH� RI� EXON
1L±=Q�IHUULWH�LQ�VROLG�VWDWH�UHDFWLRQ�DQG�PRO�
WHQ� VDOW� UHDFWLRQ� KDV� EHHQ� UHSRUWHG� >������@�
,W�ZDV� IRXQG� WKDW�=Q)H�2�� IRUPHG� ILUVW� E\WKH�UHDFWLRQ�EHWZHHQ�)H�2��DQG�=Q2�DW�ORZWHPSHUDWXUH�� WKHQ�1L±=Q� IHUULWH� IRUPHG� E\
WKH� UHDFWLRQ� EHWZHHQ� 1L2� DQG� =Q)H�2�� DWKLJKHU�WHPSHUDWXUH�

,Q� WKLV� VWXG\��QDQRFU\VWDOOLQH�1L±=Q� IHU�
ULWH� SRZGHUV� ZHUH� PDQXIDFWXUHG� XVLQJ� RQH
RI� WKH� VLPSOHVW� PDQXIDFWXULQJ� PHWKRGV� RI
WKH�FLWUDWH�SUHFXUVRU�PHWKRG��)URP�WKH�H[�
SHULPHQWDO� UHVXOWV�� D� UHDFWLRQ� VHTXHQFH� IRU
WKH�QDQRFU\VWDOOLQH�IHUULWHV�LV�VXJJHVWHG��2Q
WKH� RWKHU� KDQG�� QDQRFU\VWDOOLQH� 1L±=Q� IHU�
ULWH� SRZGHUV� ZLWK� SDUWLFOH� VL]HV� DURXQG� ��
��� DQG� ���� QP� ZHUH� PDQXIDFWXUHG� XVLQJ
WKH� FRSUHFLSLWDWLRQ� DQG� FLWUDWH� SUHFXUVRU
PHWKRGV�� UHVSHFWLYHO\�� LQ� RUGHU� WR� H[DPLQH
WKH� HIIHFWV� RI� SDUWLFOH� VL]H� RQ� PDJQHWLF
FKDUDFWHULVWLFV��

1DQRFU\VWDOOLQH�1L�±[=Q[)H�2����d[d���ZDVSUHSDUHG� E\� WKH� FLWUDWH� SUHFXUVRU� PHWKRG�
+LJK� SXULW\� UDZ� FKHPLFDOV� RI� FLWULF� DFLG
�&�+�2����QLFNHO�QLWUDWH��1L�12�����+�2���]LQFQLWUDWH� �=Q�12�����+�2�� DQG� IHUULF� FLWUDWH�)H&�+�2��� ZHUH� XVHG�� 7KH� IHUULF� FLWUDWHDQG� WKH� FLWULF� DFLG� ZHUH� ZHLJKHG� ZLWK� ���
PROH� IUDFWLRQ� DQG� GLVVROYHG� WRJHWKHU� ZLWK
GLVWLOOHG�ZDWHU�DW����&�IRU����PLQ�LQ�D�EDWK�
7KH�QLFNHO�QLWUDWH�DQG�WKH�]LQF�QLWUDWH�FRU�
UHVSRQGLQJ� WR� WKH� WDUJHW� FRPSRVLWLRQV�ZHUH
ZHLJKHG� DQG� GLVVROYHG� VORZO\� LQ� D� FRQWLQX�
RXVO\� VWLUUHG� EDWK� RI� WKH� IHUULF� FLWUDWH� DQG
WKH�FLWULF�DFLG�VROXWLRQ��7KH�SUHFXUVRU�PL[�
WXUHV�ZHUH�WKHQ�FRQWLQXRXVO\�KHDWHG�DW����&
ZLWK�FRQVWDQW�VWLUULQJ�WR�REWDLQ�GULHG�SURG�
XFWV� WKDW� ZHUH� LQ� WKH� IRUP� RI� D� XQLIRUPO\
FRORUHG��EURZQ�WUDQVSDUHQW�JODVV�FRQWDLQLQJ
DOO� WKH�FDWLRQV�KRPRJHQHRXVO\�PL[HG�DW�WKH
DWRPLF� OHYHO�� 7KH� PL[WXUHV� ZHUH� GULHG� DW

����&�IRU����K��7KH�GULHG�FLWUDWH�SUHFXUVRUV
ZHUH�KHDW�WUHDWHG�LQ�D�IXUQDFH�DW����Ü����&
IRU� �� K� ZLWK� D� KHDWLQJ� UDWH� RI� ��&�PLQ�
'7$�7*� �0HWWOHU� 7ROHGR� 7*$�6'7$� ���H�
6ZLW]HUODQG�� DQDO\VLV� ZDV� FRQGXFWHG� LQ� WKH
WHPSHUDWXUH� UDQJH� ��Ü����&� ZLWK� D� KHDWLQJ
UDWH�RI���&�PLQ�LQ�DLU�IRU�WKH�LGHQWLILFDWLRQ�RI
ZHLJKW�ORVVHV�DQG�GHFRPSRVLWLRQ�WHPSHUDWXUHV�

,Q� RUGHU� WR� REWDLQ� ILQHU� QDQR� SRZGHUV�
DQRWKHU� SURFHVVLQJ� PHWKRG� LQYROYLQJ� D� FR�
SUHFLSLWDWLRQ� URXWH�ZDV�HPSOR\HG��5DZ�PD�
WHULDOV� RI� 1L&O���+�2� ��������� ���� =Q&O����������� DQG� )H&O�� ���������� ZHUH� XVHG
DV� VWDUWLQJ� FKHPLFDOV� IRU� FRSUHFLSLWDWLRQ�RI
1L�±[=Q[)H�2�� ����d[d������ 7KH� VWDUWLQJ
FKHPLFDOV� ZHUH� GLVVROYHG� VHSDUDWHO\� LQ� GLV�
WLOOHG� ZDWHU� DQG� VXEVHTXHQWO\� PL[HG�� 7KH
PL[HG� VROXWLRQ� ZDV� NHSW� EHORZ� S+� ��� WR
DYRLG� SUHFLSLWDWLRQ��7KH�1L±=Q� IHUULWH� VROX�
WLRQ� ZDV� DGGHG� GURSZLVH� WR� D� FRQWLQXRXVO\
VWLUUHG� EDWK� RI� DTXHRXV�1+�2+� ZLWK� D� S+DGMXVWHG� WR� ���� $IWHU� DJHLQJ�� WKH� SUHFLSL�
WDWHV�ZHUH� ILOWHUHG��ZDVKHG� WR�UHPRYH�FKOR�
ULGH�LRQV�DQG�WKHQ�GULHG�DW�����&�IRU����K�
7KH� GULHG� SURGXFWV� ZHUH� FDOFLQHG� LQ� D� IXU�
QDFH�DW������IRU���K�ZLWK�D�KHDWLQJ�UDWH�RI
��&�PLQ�

(OHPHQWDO� DQDO\VLV� RI� WKH� FDOFLQHG� SRZ�
GHUV� SUHSDUHG� E\� WKH� FLWULF� SUHFXUVRU� DQG
WKH�FRSUHFLSLWDWLRQ�PHWKRGV�ZDV�FDUULHG�RXW
E\� ,&3�� )RU� VDPSOHV� RI� LGHQWLFDO� QRPLQDO
FRPSRVLWLRQ�� QR� FRQVLGHUDEOH� FRPSRVLWLRQDO
GLIIHUHQFHV� LQ� WKH� SRZGHUV� SUHSDUHG� E\� WKH
GLIIHUHQW� PHWKRGV� ZHUH� REVHUYHG�� 3RZGHU
;�UD\� GLIIUDFWLRQ� ZLWK� QLFNHO�ILOWHUHG� &X±
.D� UDGLDWLRQ� �02��;+)��0$&� 6FLHQFH� &R��-DSDQ�� ZDV� XVHG� IRU� SKDVH� LGHQWLILFDWLRQ�
7KH�9LEUDWLQJ�6DPSOH�0DJQHWRPHWHU� �960�
/'-� ������ 86$�� DW� ������� 2H� DQG� ���� .
ZDV� XVHG� IRU� WKH� FKDUDFWHUL]DWLRQ� RI� PDJ�
QHWLF�SURSHUWLHV�RI�WKH�SRZGHUV��,Q�DGGLWLRQ�
PRUSKRORJLFDO� FKDUDFWHULVWLFV� RI� WKH
QDQRFU\VWDOOLQH� IHUULWH� SRZGHUV�ZHUH� LQYHV�
WLJDWHG� E\� WUDQVPLVVLRQ� HOHFWURQ� PLFURV�
FRS\�

5HDFWLRQ�VHTXHQFH�RI�1L±=Q�IHUULWH� LQ�WKH
FLWUDWH� SUHFXUVRU� PHWKRG�� )LJ���� VKRZV� WKH
'7$�7*� DQDO\VLV� RI� WKH� FKHODWHG�PHWDO� FLW�
ULF�DFLGV�RI�WKH�VWDUWLQJ�FKHPLFDOV�Û�QLFNHO
FLWULF� DFLG�� ]LQF� FLWULF� DFLG� DQG� LURQ� FLWULF
DFLG�� ,Q� WKH� FDVH� RI� QLFNHO� FLWULF� DFLG�� D
VKDUS�DQG�PRQRWRQRXV�H[RWKHUPDO�SHDN�DS�
SHDUHG�ZKHQ�D�GUDVWLF�ZHLJKW� ORVV� RFFXUUHG
DURXQG� ����&�� ,Q� WKH� FDVH� RI� LURQ� FLWULF
DFLG��D�GUDVWLF�ZHLJKW� ORVV�DSSHDUHG�DURXQG
����&� DQG� D� FRUUHVSRQGLQJ� VKDUS� H[RWKHU�
PDO� SHDN� ZDV� REVHUYHG�� &RPSOH[� PDVV
ORVVHV� DQG� WKHUPDO�HYHQWV�ZHUH�REVHUYHG� LQ
WKH�FDVH�RI�]LQF�FLWULF�DFLG�DQG�WKH�GHFRPSR�
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VLWLRQ� WHPSHUDWXUH� ZDV� H[WHQGHG� XS� WR
����&�� )URP� WKLV� UHVXOW�� ZH� FDQ� UHFRJQL]H
WKDW� WKH�GHFRPSRVLWLRQ� WHPSHUDWXUHV�RI� WKH
YDULRXV� PHWDO� FLWULF� DFLGV� GLIIHU� WKH� ]LQF
FRPSOH[� H[KLELWHG� WKH� KLJKHVW� GHFRPSRVL�
WLRQ�WHPSHUDWXUH��7KH�VWDUWLQJ�FKHPLFDOV�RI
WKH�PHWDO�FLWULF�DFLGV� OLNHO\�GHFRPSRVH� LQWR
R[LGHV�DW����������DQG�����&�IRU�WKH�QLFNHO�
]LQF� DQG� LURQ� FLWULF� DFLG� FRPSOH[HV�� UHVSHF�
WLYHO\��ZKHUH�WKH�PDVV����SODWHDXV�

)LJ���� VKRZV� WKH� ;�UD\� GLIIUDFWLRQ� SDW�
WHUQV� RI� WKH�PHWDO� FLWULF� DFLGV� DIWHU� D� KHDW
WUHDWPHQW�DW�WKH�GHFRPSRVLWLRQ�WHPSHUDWXUH
ZKHUH�WKH�ZHLJKW�ORVVHV�HQG��7KH�PHWDO�FLW�
ULF� DFLGV� RI� WKH� QLFNHO�� ]LQF� DQG� LURQ�ZHUH
KHDW� WUHDWHG� LQ� DLU� WR� WKHLU� UHVSHFWLYH� GH�
FRPSRVLWLRQ� WHPSHUDWXUHV� RI� ����� ���� DQG
����&�ZLWK� D�KHDWLQJ� UDPS�RI���&�PLQ��$V
VRRQ�DV�WKH�WHPSHUDWXUH�UHDFKHG�WKH�UHVSHF�
WLYH� WDUJHW� WHPSHUDWXUH�� WKH� PHWDO� FLWULF
DFLGV� ZHUH� DLU� TXHQFKHG�� $V� VKRZQ� LQ� WKH
)LJ�����WKH�PHWDO�FLWULF�DFLGV�GHFRPSRVH�LQWR
R[LGHV� DIWHU� WKH� KHDW� WUHDWPHQW� DW� WKH� GH�

FRPSRVLWLRQ�WHPSHUDWXUH��,Q�WKH�FDVH�RI�WKH
LURQ�FLWULF�DFLG��KRZHYHU��WZR�NLQGV�RI�LURQ
R[LGHV�Û�JÜ)H�2��>��@�DQG�DÜ)H�2��>��@��ÛFRH[LVWHG��$W� KLJKHU� WHPSHUDWXUHV�� WKH�PH�
WDVWDEOH� JÜ)H�2�� SKDVH� WUDQVIRUPV� WR� DÜ)H�2��>��@��)LJ����VKRZV�WKH�7(0�SKRWRJUDSKV�RI�WKH
1L2�� =Q2� DQG� )H�2�� DIWHU� GHFRPSRVLWLRQIURP�PHWDO� FLWULF� DFLGV� DW� WKHLU� GHFRPSRVL�
WLRQ� WHPSHUDWXUH� RI� ����� ���� DQG� ����&�
7KH�SDUWLFOH�VL]H�RI�WKH�1L2��=Q2�DQG�)H�2�ZDV� DERXW� ��� ��� DQG� ��� QP�� UHVSHFWLYHO\�
6HYHUH�DJJORPHUDWLRQ�ZDV�REVHUYHG�LQ�=Q2�

)LJ����VKRZV�WKH�'7$�7*�DQDO\VLV�RI�WKH
PL[WXUHV�RI�PHWDO�FLWULF�DFLGV�FRUUHVSRQGLQJ
WR� WKH� FRPSRVLWLRQV� RI� 1L)H�2��� =Q)H�2�DQG� 1L���=Q���)H�2��� 1L)H�2�� SUHFXUVRU
VKRZQ� LQ� )LJ����D�� UHYHDOHG� WZR� FOHDU
H[RWKHUPDO� SHDNV� DURXQG� ���� DQG� ����&�
ZKLFK�RULJLQDWHG�IURP�LURQ�DQG�QLFNHO�FLWULF
DFLG��UHVSHFWLYHO\��:KHQ�]LQF�FLWULF�DFLG�ZDV
LQFRUSRUDWHG� LQWR� 1L���=Q���)H�2�� DQG

)LJ�����'7$�7*�FXUYHV�RI�WKH�FKHODWHG�PHWDO
FLUWLF� DFLGV� RI� WKH� VWDUWLQJ� FKHPLFDOV�� �D�
QLFNHO� FLWULF� DFLG�� �E�� ]LQF� FLWULF�DFLG�DQG� �F�
LURQ�FLWULF�DFLG�

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� �D�� WKH
QLFNHO�� �E��]LQF�DQG��F��LURQ�FLWULF�DFLGV�DIWHU
D�KHDW�WUHDWPHQW�DW���������������&��UHVSHF�
WLYHO\�
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=Q)H�2�� SUHFXUVRUV�� VPRRWK� DQG� FRPSOH[H[RWKHUPDO�SHDNV�DSSHDUHG��SUREDEO\�UHVXOW�
LQJ�IURP�WKH�FRPSOH[�WKHUPDO�HYHQWV�RI�WKH
GHFRPSRVLWLRQ� RI� ]LQF� FLWULF� DFLG� DV� VKRZQ
LQ� )LJ����E��� 7KH� PDVV� ORVV� REVHUYHG� EHORZ
����&� LV� GXH� WR� WKH� YRODWLOL]DWLRQ� RI� +�2DGVRUEHG� RQ� WKH� VXUIDFH� RI� WKH� FLWUDWH� SUH�
FXUVRU��7KH�DGGLWLRQDO�PDVV�ORVV�RI�DSSUR[L�
PDWHO\� ��� � PDVV� �� REVHUYHG� EHWZHHQ� ���
DQG�����&�OLNHO\�UHVXOWV�IURP�WKH�YRODWLOL]D�
WLRQ� RI� FRRUGLQDWHG� +�2� PROHFXOHV� RI� WKHFLWUDWH� SUHFXUVRUV�� 7KH� PDVV� ORVV� WKDW� RF�
FXUV�RYHU�����&�LV�DWWULEXWHG�WR�WKH�GHFRP�
SRVLWLRQ� RI� RUJDQLF� PDWHULDO� LQ� WKH� FLWUDWH
SUHFXUVRUV�� 7KH� WHPSHUDWXUH� RI� D� FRPSOHWH
EXUQ�RII� RI� RUJDQLF� VXEVWDQFHV�ZLWKRXW� DQ\
IXUWKHU� ZHLJKW� ORVV� IRU� 1L)H�2��1L���=Q���)H�2��DQG�=Q)H�2��ZDV�DERXW���������DQG�����&��UHVSHFWLYHO\��VKRZLQJ�D�WHQ�
GHQF\� IRU� DQ� LQFUHDVH� LQ� WKH� GHFRPSRVLWLRQ
WHPSHUDWXUH�ZLWK�LQFUHDVLQJ�]LQF�FLWULF�DFLG
FRQWHQW��7KH�GHFRPSRVLWLRQ�WHPSHUDWXUHV�RI
WKH� PL[HG�PHWDO� FLWULF� DFLGV� �1L)H�2��1L���=Q���)H�2��DQG�=Q)H�2��SUHFXUVRUV��GH�FUHDVHG� FRPSDUHG� WR� WKRVH� RI� WKH� VLQJOH�
PHWDO�FLWULF�DFLG�FRPSOH[HV��

)LJ���� VKRZV� WKH� ;5'� SDWWHUQV� RI
1L)H�2���=Q)H�2��� DQG�1L���=Q���)H�2�� SUH�FXUVRUV� KHDW�WUHDWHG� LQ� WKH� WHPSHUDWXUH
UDQJH� EHWZHHQ� ���� DQG� ����&� ZLWKRXW� LVR�
WKHUPDO� KROGLQJ� WLPH� DQG� ZLWK� DQ� LVRWKHU�
PDO�KROGLQJ� WLPH�RI���K� DW�����&��1L)H�2�DQG� =Q)H�2�� SUHFXUVRUV� ZHUH� DPRUSKRXVZKHQ� WKH� SUHFXUVRUV� ZHUH� KHDW�WUHDWHG� DW
����&��'HVSLWH�D�PRUH�WKDQ������PDVV�ORVV
E\� ����&�� FU\VWDOOL]DWLRQ� KDV� QRW� \HW� VXE�
VWDQWLDOO\� SURJUHVVHG�� ,Q� WKH� FDVH� RI� WKH
1L)H�2�� SUHFXUVRU�� WKH� 1L)H�2�� SKDVH� DS�SHDUV� WR� IRUP� GLUHFWO\� DW� WKH� WHPSHUDWXUH
ZKHUH� WKH� QLFNHO� DQG� LURQ� FLWULF� DFLGV� DUH
FRPSOHWHO\� GHFRPSRVHG�� ,Q� WKH� FDVH� RI
=Q)H�2��� KRZHYHU�� )H�2�� DQG� =Q2� SKDVHVIRUPHG� DW� ����&��=Q)H�2���)H�2�� DQG�=Q2SKDVHV�FRH[LVWHG�HYHQ�ZKHQ�WKH�WHPSHUDWXUH
ZDV� LQFUHDVHG� WR� ����&� DQG� VLQJOH�SKDVH

=Q)H�2�� ZDV� QRW� REWDLQHG� DW� WKLV� WHPSHUD�WXUH�� %HFDXVH� WKH� KHDW� WUHDWPHQW� WHPSHUD�
WXUH� LV� TXLWH� ORZ� FRPSDUHG� WR� D� WUDGLWLRQDO
VROLG�VWDWH�UHDFWLRQ��ORQJ�UDQJH�GLIIXVLRQ�RI
LRQV� LV� NLQHWLFDOO\� OLPLWHG� GXULQJ� FU\VWDO�
OL]DWLRQ��&RQVHTXHQWO\�� LQWHUPHGLDWH� RU�PH�
WDVWDEOH� LQKRPRJHQHRXV� SKDVHV� RIWHQ� FU\V�
WDOOL]H�� 7KH� ODUJHU� LRQLF� UDGLXV� RI� =Q
������c��UHODWLYH�WR�WKRVH�RI�1L�������c��DQG
)H�������c��XQGRXEWHGO\�VORZV�LWV�GLIIXVLRQ
NLQHWLFV�� 7KH� JUHDW� GLIIHUHQFH� LQ� SDUWLFOH

)LJ�����7(0�SKRWRJUDSKV�RI�WKH��D��1L2���E��=Q2�DQG��F��)H�2��DIWHU�GHFRPSRVLWLRQ�IURP�PHWDO�FLWULFDFLGV�DW�WKHLU�GHFRPSRVLWLRQ�WHPSHUDWXUH�RI����������DQG�����&�

)LJ�����'7$�7*�FXUYHV�RI�WKH��D��1L)H�2����E�=Q)H�2��DQG��F��1L���=Q���)H�2��SUHFXUVRUV�
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VL]H� EHWZHHQ�1L2��=Q2� DQG�)H�2�� DIWHU� WKHGHFRPSRVLWLRQ� DOVR� VHHPV� WR� SOD\� D� SDUWLDO
UROH� LQ� WKH� UHDFWLRQ�� 6SHFLILFDOO\�� WKH� UHDF�
WLRQ� EHWZHHQ� ILQHO\� GLYLGHG�1L2� DQG� )H�2�WDNHV�SODFH�SULRU�WR�DQ\�REVHUYDEOH�UHDFWLRQ
LQYROYLQJ� =Q2�� 7KLV� REVHUYDWLRQ� LPSOLHV
WKDW�WKH�UHDFWLRQ�EHWZHHQ�=Q2�DQG�)H�2��WRIRUP� D� VSLQHO�VWUXFWXUHG� IHUULWH� UHTXLUHV� D
KLJKHU� WKHUPDO� DFWLYDWLRQ� HQHUJ\� DQG�RU
ORQJHU�GLIIXVLRQ�WLPH�WKDQ�WKH�VLPLODU�UHDF�
WLRQ�EHWZHHQ�1L2� DQG�)H�2���&RQVHTXHQWO\�7KH� =Q)H�2�� HYHQWXDOO\� IRUPHG� D� VLQJOHSKDVH� DIWHU� LVRWKHUPDO� KHDW� WUHDWPHQW� DW
����&� IRU� �� K�� XQOLNH�1L)H�2��� ZKLFK� SUR�GXFHG� D� VLQJOH� SKDVH� DW� ����&� ZLWKRXW� WKH
LVRWKHUPDO�KHDW� WUHDWPHQW�DV�VKRZQ�LQ�)LJ�
��D��DQG��E���

2Q�WKH�RWKHU�KDQG��VRPH�GHJUHH�RI� FU\V�
WDOOL]DWLRQ� DW� ����&� ZDV� REVHUYHG� LQ
1L���=Q���)H�2��� DV� HYLGHQFHG� E\� WKH� EURDGGLIIUDFWLRQ� SHDNV� LQ�)LJ����F���$FFRUGLQJ� WR
WKH� '7$�7*� DQDO\VLV� RI� 1L���=Q���)H�2��KRZHYHU�� GHFRPSRVLWLRQ� LV� QRW� FRPSOHWH� DW

����&�� 7KHUHIRUH�� FU\VWDOORJUDSKLFDOO\� DQG
WKHUPRG\QDPLFDOO\� PHWDVWDEOH� LQWHUPHGLDWH
SKDVHV� PLJKW� EH� IRUPHG� DW� WKLV� WHPSHUD�
WXUH�� ,QLWLDWLRQ� RI� FU\VWDOOL]DWLRQ� DW� ����&
IRU�1L���=Q���)H�2�� LV� XQOLNHO\�� ,Q� WKH� FDVHRI�1L���=Q���)H�2��� D� VLPXOWDQHRXV� GHYHORS�PHQW� RI� 1L)H�2��� )H�2�� DQG� =Q2� SKDVHVSUREDEO\�LQLWLDWHV�DW� ORZ�WHPSHUDWXUH�DQG�D
VLQJOH� SKDVH� RI�1L���=Q���)H�2�� IRUPV�ZLWK�RXW�LVRWKHUPDO�KHDW�WUHDWPHQW�DW�����&�

$�UHDFWLRQ�VHTXHQFH�IRU�WKH�IRUPDWLRQ�RI
QDQRFU\VWDOOLQH�1L±=Q� IHUULWHVLV�SURSRVHG� LQ
)LJ�����1L)H�2�� ILUVW� IRUPV� DURXQG� a����&�IROORZHG� E\� WKH� UHDFWLRQ� RI�=Q2� DQG�)H�2�ZLWK�=Q)H�2���)LQDOO\��WKH�UHDFWLRQ�EHWZHHQ1L)H�2���)H�2��DQG�=Q2� LQLWLDWHV�DW�KLJKHUWHPSHUDWXUH�� 7KLV� LV� UDWLRQDOL]HG� RQ� WKH
EDVLV�RI�WKH�IROORZLQJ�H[SHULPHQWDO�UHVXOWV�
L��$FFRUGLQJ�WR� WKH�'7$�7*�DQG�;�UD\�GLI�
IUDFWLRQ� DQDO\VLV�� WKH� IRUPDWLRQ� WHPSHUD�
WXUH� RI� =Q)H�2�� ZDV� KLJKHU� WKDQ� WKDW� RI1L���=Q���)H�2���$V� D� UHVXOW�� D� VHOHFWLYH� UH�DFWLRQ�EHWZHHQ�=Q2� DQG�)H�2�� LQ� WKH�SUHV�HQFH�RI�1L)H�2��LV�LPSOLFLW��7KH�UHDFWLRQ�FDQWKHUHIRUH�EH�VWDWHG�DV�
1L)H�2����=Q2���)H�2��o��1L���=Q���)H�2��
DV�RSSRVHG�WR�D�1L)H�2����=Q)H�2��SURFHVV�LL�� 7KH� ;�UD\� GLIIUDFWLRQ� SHDNV� VKLIWHG� WR
ORZHU� �T� DQJOH� DV� WKH� KHDW� WUHDWPHQW� WHP�
SHUDWXUH�LQFUHDVHG�IURP�����WR�����&��)LJ�����
,Q�WKH�FDVH�RI�WKH�SUHFXUVRU�KHDW�WUHDWHG�DW
����&�� WKH� ODWWLFH� FRQVWDQW� RI
1L���=Q���)H�2��LV�DOPRVW�LGHQWLFDO�WR�WKDW�RISXUH� 1L)H�2��� 7KH� LQFUHDVH� LQ� WKH� ODWWLFHFRQVWDQW�DV�D�IXQFWLRQ�RI�WKH�KHDW�WUHDWPHQW
WHPSHUDWXUH� VXJJHVWV� WKDW�PRUH�=Q��� LV� LQ�
FRUSRUDWHG� LQWR� 1L)H�2�� DV� WHPSHUDWXUH� LVLQFUHDVHG�� 7KLV� IXUWKHU� VXJJHVWV� WKDW
1L���=Q���)H�2�� IRUPV� DV� WKH� UHVXOW� RI� D� VL�PXOWDQHRXV� UHDFWLRQ� EHWZHHQ�1L)H�2��� =Q2DQG� )H�2��� 6LQFH� WKH� GHFRPSRVLWLRQ� WHP�

)LJ�����3URSRVHG�PHFKDQLVP�RI�1L±=Q�IHUULWHV
IRUPDWLRQ�E\�WKH�FLWUDWH�SUHFXUVRU�PHWKRG�

)LJ����� ;�UD\� GLIIUDFWLRQ� SDWWHUQV� RI� �D�
1L)H�2��� �E��=Q)H�2���DQG� �F��1L���=Q���)H�2�SUHFXUVRUV�KHDW�WUHDWHG�DW����Ü����&�ZLWKRXW
LVRWKHUPDO�KROGLQJ�WLPH�
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SHUDWXUH� RI� WKH� LURQ� FLWULF� DFLG� FRPSOH[� LV
ORZ��QDQRFU\VWDOOLQH�)H�2��DQG�=Q�FRH[LVW�LQWKH� WHPSHUDWXUH� UDQJH� ���Ü����&�� ,Q� WKLV
FDVH�� D� UHDFWLRQ� EHWZHHQ� WKHP� LV� GLIILFXOW
EHIRUH� D� FRPSOHWH� GHFRPSRVLWLRQ� RI� WKH� K\�
GUR]LQFLWH� LV� DFKLHYHG� DW� KLJK� WHPSHUDWXUH�
7KH�K\GUR]LQFLWH��ZKLFK�KDV�QRW�\HW�GHFRP�
SRVHG� WR� DQ� R[LGH�� DSSHDUV� WR� KLQGHU� WKH
UHDFWLRQ� ZLWK� )H�2��� )URP� WKLV� SRLQW� RIYLHZ�� WKH� VROLG� VWDWH� UHDFWLRQ� EHWZHHQ
QDQRFU\VWDOOLQH� R[LGHV� RI� =Q2� DQG� )H�2�PLJKW� EH� HDVLHU� WKDQ� WKH� UHDFWLRQ� EHWZHHQ
LURQ�DQG�]LQF�FLWULF�DFLG�FRPSOH[HV�

)LJ���� VKRZV� WKH� 7(0� REVHUYDWLRQ� RI
1L)H�2�� �1L� IHUULWH��� =Q)H�2�� �=Q� IHUULWH�DQG� 1L���=Q���)H�2�� �1L±=Q� IHUULWH�� DIWHU� DKHDW� WUHDWPHQW� RI� WKH� SUHFXUVRUV� DW� ����&
IRU� �� K��$V� VKRZQ� LQ� WKH� SKRWRJUDSKV�� WKH
SDUWLFOHV�DUH�DERXW����QP�LQ�GLDPHWHU�ZLWK
VSKHULFDO�PRUSKRORJLHV�

3DUWLFOH� VL]H� GHSHQGHQW� PDJQHWLF� FKDUDF�
WHULVWLFV�� )LJ���� VKRZV� WKH� 7(0�PLFURJUDSKV
RI� QDQRFU\VWDOOLQH� 1L�±[=Q[)H�2�� ����d[d����SRZGHUV�� 3RZGHUV� ZLWK� DYHUDJH� SDUWLFOH

VL]HV� RI� DERXW� �� QP� ZHUH� REWDLQHG� E\� WKH
FRSUHFLSLWDWLRQ� PHWKRG�� ,Q� RUGHU� WR� REWDLQ
FRDUVH� QDQRFU\VWDOOLQH� SRZGHUV� �DURXQG
����QP���WKH�SRZGHU�SUHSDUHG�E\�WKH�FLWUDWH
SUHFXUVRU�PHWKRG�ZDV�KHDW�WUHDWHG�DW�����&
IRU���K��3RZGHUV�SUHSDUHG�E\�WKH�FLWULF�SUH�
FXUVRU� PHWKRG� ZLWK� WKH� SDUWLFOH� VL]HV
DURXQG� ���QP� �)LJ�����ZHUH� DOVR� HPSOR\HG�
7KH� SDUWLFOH� VL]H�ZDV�QRW�GHSHQGHQW� RQ� WKH
FRPSRVLWLRQ�RI�1L�±[=Q[)H�2��ZKHQ�WKH�SRZ�GHU� SUHSDUDWLRQ� PHWKRG� ZDV� LGHQWLFDO�� DQG
DOO� RI� WKH� SRZGHUV� H[KLELWHG� QHDUO\� VSKHUL�
FDO�PRUSKRORJLHV�

)LJ����� VKRZV� WKH�;�UD\�GLIIUDFWLRQ�SDW�
WHUQV�RI�WKH�FDOFLQHG�1L�±[=Q[)H�2��SRZGHUVSUHSDUHG� E\� YDULRXV� PHWKRGV�� %URDG� SHDNV
DW�SRVLWLRQV�FRUUHVSRQGLQJ�WR�WKH�1L±=Q�IHU�
ULWH� ZHUH� REVHUYHG� ZKHQ� WKH�PHDQ� SDUWLFOH
VL]H�LV�DURXQG���QP�DV�VKRZQ�LQ�)LJ�����D��
:KHQ�WKH�PHDQ�SDUWLFOH� VL]HV�RI�1L±=Q� IHU�
ULWHV� DUH� LQFUHDVHG� IURP� �� WR� ��� DQG
���� QP�� WKH�ZLGWK� RI� WKH�PDLQ� GLIIUDFWLRQ
SHDNV�RI�1L±=Q� IHUULWH�QDUURZHG��7KH�SDUWL�
FOH� VL]H�� FDOFXODWHG� IURP�;�UD\�SHDN�EURDG�
HQLQJ� XVLQJ� WKH� 6FKHUUHU� HTXDWLRQ� >��@
DJUHHG�ZHOO�ZLWK�WKH�YDOXHV�HVWLPDWHG�IURP
WKH�7(0�REVHUYDWLRQ��7KH�PDLQ� GLIIUDFWLRQ
SHDNV� RI� 1L±=Q� IHUULWH� VKLIWHG� WR� ORZHU� �T
DQJOHV� DV� WKH� DPRXQW� RI�=Q� ZDV� LQFUHDVHG�
LQGLFDWLQJ� DQ� LQFUHDVH� LQ� WKH� ODWWLFH� FRQ�
VWDQW�GXH�WR�WKH�ODUJHU�LRQLF�UDGLXV�RI�=Q��
������c�� UHODWLYH� WR� WKDW� RI� 1L��� ������c��
)LJ����� VKRZV� WKH�PDJQHWL]DWLRQ� K\VWHUHVLV
ORRSV� RI� 1L)H�2��� 1L���=Q���)H�2��� DQG
=Q)H�2�� ZLWK� SDUWLFOH� VL]HV� DURXQG� �� QP����QP�DQG�����QP�PHDVXUHG� DW��������2H
DQG� ���� .�� ,Q� WKH� FDVH� RI�1L)H�2�� ZLWK� DSDUWLFOH� VL]H� DURXQG� �� QP�� WKH� VDWXUDWLRQ
PDJQHWL]DWLRQ��0V��ZDV�IRXQG�WR�EH�DURXQG������ HPX�J�ZKLFK�ZDV� ORZHU� WKDQ� WKDW� RI
WKH� 1L)H�2�� SRZGHUV� RI� ���� QP
�������HPX�J���7KH�GHFUHDVH�LQ�WKH�0V�RI�1LIHUULWH� ZLWK� GHFUHDVLQJ� SDUWLFOH� VL]H� KDV
EHHQ� SUHYLRXVO\� UHSRUWHG� >��Ü��@�� ,Q� WKH

)LJ����� /DWWLFH� FRQVWDQW� RI� 1L±=Q� IHUULWH
PHDVXUHG� IURP� WKH� ;5'� SDWWHUQV� RI� 1L±=Q
IHUULWH�SUHFXUVRUV�KHDW�WUHDWHG�DW�����&�ZLWK
D�LVRWKHUPDO�KHDWLQJ�IRU���K�

)LJ����� 7(0� SKRWRJUDSKV� RI�1L)H�2��� =Q)H�2�� DQG�1L���=Q���)H�2�� DIWHU� D� KHDW� WUHDWPHQW� RI� WKHSUHFXUVRUV�DW�����&�IRU���K���D��1L)H�2����E��=Q)H�2���DQG��F��1L���=Q���)H�2��
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FDVH�RI�1L���=Q���)H�2���WKH�WUHQG�RI�WKH�0VZDV�YHU\�VLPLODU�WR�WKDW�RI�1L)H�2���2Q�WKHRWKHU� KDQG�� LQ� WKH� FDVH� RI�=Q)H�2�� ZLWK� DSDUWLFOH� VL]H� DURXQG� �� QP��0V� ZDV� DURXQG����� HPX�J�ZKLFK�ZDV� KLJKHU� WKDQ� WKDW� RI
WKH� =Q)H�2�� SRZGHUV� RI� ���� QP
������HPX�J��

7DEOH�VXPPDUL]HV�WKH�FRHUFLYLW\��+F��YDO�XHV� RI� QDQRFU\VWDOOLQH� 1L�±[=Q[)H�2�
����d[d����� ZLWK� SDUWLFOH� VL]HV� DURXQG� �� QP�
���QP�DQG�����QP��7KH�FRHUFLYLW\�RI�WKH�IHU�
ULWH�SRZGHUV�H[KLELWHG�D�VWURQJ�GHSHQGHQFH�RQ
SDUWLFOH� VL]H�� $V� VKRZQ� LQ� 7DEOH�� WKH� RYHUDOO
FRHUFLYLW\� RI� QDQRFU\VWDOOLQH� 1L�±[=Q[)H�2�
����d[d�����GHFUHDVHG�ZLWK�GHFUHDVLQJ�SDUWL�
FOH� VL]H�� +RZHYHU�� WKH� FRHUFLYLW\� RI� �� QP
1L±=Q� IHUULWHV� GLG� QRW� UHDFK� ]HUR�� $V� WKH
SDUWLFOH�VL]H� LV�UHGXFHG��FRHUFLYLW\�W\SLFDOO\
LQFUHDVHV�� JRHV� WKURXJK� D� PD[LPXP�� DQG
WKHQ�WUHQGV�WRZDUG�]HUR�>�@��%HORZ�D�FULWLFDO
GLDPHWHU�'F��ZKLFK� LV�QRW�ZHOO�GHILQHG��WKHSDUWLFOHV�EHFRPH�VLQJOH�GRPDLQV��DQG�LQ�WKLV
VL]H� UDQJH� WKH� FRHUFLYLW\� UHDFKHV� D� PD[L�
PXP�� 2Q� WKH� RWKHU� KDQG�� DV� WKH� SDUWLFOH

VL]H� GHFUHDVHV� EHORZ�'F�� WKH� FRHUFLYLW\� GH�FUHDVHV�GXH�WR�WKHUPDO�HIIHFWV��DFFRUGLQJ�WR�

+F� �J��� K
'��e���

ZKHUH�J�DQG�K�DUH�FRQVWDQWV��%HORZ�D�FULWL�
FDO�GLDPHWHU�'S�WKH�FRHUFLYLW\�LV�]HUR��DJDLQEHFDXVH� RI� WKHUPDO� HIIHFWV�� ZKLFK� DUH� QRZ

)LJ�����7(0�PLFURJUDSKV�RI�QDQRFU\VWDOOLQH�1L�±[=Q[)H�2�� ����d[d�����SRZGHUV�ZLWK�SDUWLFOH�VL]HVRI� DSSUR[LPDWHO\� �D�� �� QP� DQG� �E�� ���� QP�� �D�� DQG� �E��ZHUH� FDOFLQHG� DW� ���� DQG� ����&� IRU���K�
UHVSHFWLYHO\��

7DEOH�� � &RHUFLYLW\� RI� QDQRFU\VWDOOLQH
1L�±[=Q[)H�2�� ����d[d�����DV�D�IXQFWLRQ�RISDUWLFOH�VL]H�
&RPSRVLWLRQ &RHUFLYLW\��2H�

��QP ���QP ����QP
1L)H�2� ����� ����� ���

1L���=Q���)H�2� ����� ����� �����
1L���=Q���)H�2� ��� ����� ���
1L���=Q���)H�2� ����� ����� �����
1L���=Q���)H�2� ����� ����� �����
1L���=Q���)H�2� ����� ����� �����

=Q)H�2� ����� ����� �����
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VWURQJ� HQRXJK� WR� VSRQWDQHRXVO\� GHPDJQHW�
L]H�D�SUHYLRXVO\�VDWXUDWHG�DVVHPEO\�RI�SDUWL�
FOHV��6XFK�SDUWLFOHV�DUH�WHUPHG�VXSHUSDUDP�
DJQHWLF� >�@��)URP�WKH�FRHUFLYLW\�YDOXHV��WKH
SDUWLFOH� VL]HV� RI� �� QP� DQG� ��� QP� DUH
WKRXJKW� WR� EH�ZLWKLQ� WKH� VLQJOH� GRPDLQ� UH�
JLRQ� IRU� WKH� FDVH� RI� 1L±=Q� IHUULWH� EHFDXVH
WKH� FRHUFLYLW\� LQFUHDVHG�DV� WKH�SDUWLFOH� VL]H
LQFUHDVHG� IURP� �� WR� ��� QP�� (YHQ� WKRXJK
SDUWLFOH�VL]HV�RI���DQG����QP�DUH�H[WUHPHO\
VPDOO�� VXSHUSDUDPDJQHWLF� EHKDYLRU� ZDV� QRW
REVHUYHG� VLQFH� WKH� FRHUFLYLW\� RI� WKH� 1L±=Q
IHUULWH�SRZGHUV�ZDV�QRW�]HUR�

)LJ����� VKRZV� WKH� VDWXUDWLRQ�PDJQHWL]D�
WLRQ� RI� QDQRFU\VWDOOLQH� 1L�±[=Q[)H�2�����d[d����� SRZGHUV�DV� D� IXQFWLRQ�RI�SDUWL�
FOH� VL]H�� 7KH� VDWXUDWLRQ� PDJQHWL]DWLRQ� RI
QDQRFU\VWDOOLQH�1L±=Q� IHUULWHV�ZLWK� SDUWLFOH
VL]HV� DURXQG� ��� QP� DQG� ���� QP� UHPDLQHG
DOPRVW� WKH� VDPH� ZLWK� WKDW� RI� EXON� IHUULWH
>�@�� ,Q� WKH� FDVH� RI� 1L)H�2�� DQG
1L���=Q���)H�2�� WKH� PDJQHWL]DWLRQ� JUHDWO\

GHFUHDVHG� DV� WKH� SDUWLFOH� VL]H�GHFUHDVHG�� ,Q
WKH�FDVH�RI����QP�DQG�����QP�=Q)H�2���WKHPDJQHWL]DWLRQ� ZDV� DOPRVW� ]HUR� DV� H[SHFWHG
DQG� UHSRUWHG� HDUOLHU� >�@�� +RZHYHU�� LQ� WKH
FDVH�RI���QP�=Q)H�2��� WKH� VDWXUDWLRQ�PDJ�QHWL]DWLRQ� ZDV� QRW� ]HUR� DQG� UHYHDOHG� D
KLJKHU� YDOXH� WKDQ� WKDW� RI� WKH� FRDUVHU
=Q)H�2��SDUWLFOHV�$W� WKLV� SRLQW�� ZH� VKRXOG� FRQVLGHU� WKH
IUDFWLRQ� RI� DWRPV� H[SRVHG� DW� WKH� VXUIDFH
IURP� D� WKHRUHWLFDO� YLHZSRLQW� EHFDXVH� WKH
VXUIDFH� DUHD� RI� SRZGHUV� LV� D� IXQFWLRQ� RI
SDUWLFOH� VL]H�� DQG� WKH� UDQGRPQHVV� DQG�RU
GLVRUGHU� RI� FDWLRQV� QHDU� WKH� VXUIDFH� RI
QDQRFU\VWDOOLQH� SRZGHUV� ZLOO� H[KLELW� D
VWURQJ� SDUWLFOH� VL]H� GHSHQGHQFH�� )LJ����
VKRZV� FDOFXODWHG� VXUIDFH�EXON� UDWLRV� DV� D
IXQFWLRQ�RI�SDUWLFOH� VL]H�XQGHU� WKH�DVVXPS�
WLRQV�WKDW�WKH� LRQV�DUH�KDUG�VSKHUHV�ZLWK�D
UDGLXV�RI�����QP�DQG�WKH�FU\VWDO�DVVXPHV�D
IDFHG�FHQWHUHG�FXELF��)&&��VWUXFWXUH��)&&�LV
FORVH�SDFNHG�VWUXFWXUH�ZLWK�DQ�DWRPLF�SDFN�

)LJ������ ;5'� SDWWHUQV� RI� QDQRFU\VWDOOLQH
1L�±[=Q[)H�2�� ����d[d����� SRZGHUV� DV� IXQF�WLRQV�RI�SDUWLFOH�VL]H�DQG�[�

)LJ������ 0DJQHWL]DWLRQ� K\VWHUHVLV� ORRSV� RI� �D�
1L)H�2����E��1L���=Q���)H�2���DQG��F��=Q)H�2��DV�DIXQFWLRQ�RI�SDUWLFOH�VL]H����Ü���QP����Ü����QP�
��Ü�����QP�
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LQJ�IDFWRU�RI�������$FFRUGLQJ�WR�WKH�FDOFXOD�
WLRQ��IRU�D�FDVH�ZKHQ�WKH�RXWHUPRVW�LRQV�LQ
D���QP�SDUWLFOH�DUH�H[SRVHG��WKH�VXUIDFH�WR
YROXPH� UDWLR� LV� DSSUR[LPDWHO\� ������ LQGL�
FDWLQJ� WKDW� ����� RI� DOO� DWRPV� LQ� WKH� FU\V�
WDOOLWH�DUH�H[SRVHG�DW�WKH�VXUIDFH��$VVXPLQJ
WKDW� WKH� VHFRQG� DQG� WKLUG� OD\HUV� DUH� DOVR
FRQVLGHUHG� DV� EHLQJ� ORFDWHG� DW� WKH� VXUIDFH�
WKH� VXUIDFH� WR� YROXPH� UDWLR� LQFUHDVH�� ,Q
QDQRFU\VWDOOLQH�VROLGV�D�KHWHURJHQHRXVO\�GLV�
WULEXWHG�GLVRUGHU� LV�JHQHUDWHG�E\�LQWHUUXSW�
LQJ� WKH� SHULRGLFLW\� RI� FU\VWDOV� E\� VXUIDFHV
>��@��%HFDXVH� WKH�EURNHQ�ERQGV�RI�DWRPV�DW
WKH�VXUIDFH�GHVWDELOL]H�WKH�FU\VWDO�VWUXFWXUH�
LRQLF� GLVRUGHULQJ� PD\� EH� RFFXUULQJ� DW� WKH
VXUIDFH� RI� XOWUDILQH� SDUWLFOHV�� )URP� WKLV
SRLQW�RI�YLHZ��WKH�PDJQHWLF�SURSHUWLHV�RI�LQ
QDQR�RU�DWRPLF�VFDOH�PDWHULDOV�VKRXOG�GLIIHU
IURP� WKRVH� RI� EXON� RU� PLFURPHWHU� VFDOH
PDWHULDOV�

'LVRUGHULQJ�DW�WKH�VXUIDFHV�RI�VSLQHOV�KDV
EHHQ� WKHRUHWLFDOO\� LQYHVWLJDWHG� >��@�
&KDQJHV� LQ�PDJQHWLF� SURSHUWLHV� GXH� WR� FDW�
LRQ� GLVRUGHU� KDYH� EHHQ� UHSRUWHG� IRU� PH�
FKDQLFDOO\� DFWLYDWHG� 1L� IHUULWH� >��@� DQG� =Q
IHUULWH� TXHQFKHG� IURP� KLJK� WHPSHUDWXUH
>��@� ZKHQ� FRPSDUHG� WR� WKH� PLFURQ�VL]HG
DQDORJV�� 7KHUHIRUH�� WKH� KLJKHU� PDJQHWL]D�
WLRQ� RI� �� QP� =Q)H�2�� SRZGHUV� UHODWLYH� WRWKDW�RI����DQG�����QP��DV�REVHUYHG�LQ�)LJV�
���DQG���� LV� OLNHO\�GXH� WR� WKH�FDWLRQ�GLVRU�
GHUHG� VWUXFWXUH� UHVXOWLQJ� IURP� UDQGRP� RF�
FXSDWLRQ�DQG�RU�H[FKDQJHV�RI�1L����=Q���DQG
)H��� LRQV� EHWZHHQ� $� DQG� %�VLWHV� RI� WKH
VSLQHO�VWUXFWXUH�

,Q� FRQFOXVLRQ�� LQ� WKH� V\QWKHVLV� RI�1L±=Q
IHUULWHV�E\�WKH�FLWULF�SUHFXUVRU�PHWKRG��WKH
GLIIHUHQW� GHFRPSRVLWLRQ� WHPSHUDWXUHV� RI
QLFNHO� DQG� ]LQF� FLWULF� DFLG� ZHUH� IRXQG� WR
DIIHFW� WKH� UHDFWLRQ� NLQHWLFV�� OHDGLQJ� WR� WKH
IRUPDWLRQ�RI�1L� IHUULWH� DQG�=Q� IHUULWH��6LQ�

JOH�SKDVH� 1L)H�2�� ZDV� SURGXFHG� GLUHFWO\ZKHQ� FU\VWDOOL]DWLRQ� ZDV� LQLWLDWHG� IURP� DQ
DPRUSKRXV� SUHFXUVRU�� =Q)H�2�� ZDV� IRUPHGDW� ����&� IURP� WKH� UHDFWLRQ� EHWZHHQ� )H�2�DQG� =Q2� SKDVHV� WKDW� ZHUH� ILUVW� IRUPHG� DW
����&��,Q�WKRVH�UHDFWLRQV�LQYROYLQJ�=Q�FLWULF
DFLG�� RUJDQLF� VXEVWDQFHV� ERXQG� WR� =Q��� UH�
TXLUHG� VLJQLILFDQWO\�KLJKHU� WHPSHUDWXUHV� WR
DFKLHYH�GHFRPSRVLWLRQ�WKDQ� WKH�RWKHU�PHWDO
FLWULF�DFLG�FRPSOH[HV��UHDFWLRQV�LQYROYLQJ�=Q
FLWUDWH� ZHUH� FRQVHTXHQWO\� UHWDUGHG�� &RQ�
FHUQLQJ� WKH� SDUWLFOH� VL]H� GHSHQGHQW� PDJ�
QHWLF� FKDUDFWHULVWLFV�� WKH� VDWXUDWLRQ� PDJ�
QHWL]DWLRQ�GHFUHDVHG�DV�WKH�SDUWLFOH�VL]H�GH�
FUHDVHG� LQ� WKH� FDVH� RI� 1L)H�2�� DQG
1L���=Q���)H�2��� +RZHYHU�� LQ� WKH� FDVH� RI=Q)H�2��� WKH� VDWXUDWLRQ� PDJQHWL]DWLRQ� LQ�FUHDVHG�DV�WKH�SDUWLFOH�VL]H�GHFUHDVHG��6LQFH
XOWUDILQH� SDUWLFOHV� KDYH� FRQVLGHUDEOH� IUDF�
WLRQ�RI�VWUXFWXUDOO\�XQVWDEOH�DWRPV�H[SRVHG
DW� WKHLU� VXUIDFH�� WKH� SKHQRPHQRQ� VHHPV� WR
EH� WKH� UHVXOW� RI� UDQGRP� RFFXSDWLRQ� DQG�RU
H[FKDQJHV� RI� 1L���� =Q��� DQG� )H��� LRQV� EH�
WZHHQ�$��DQG�%�VLWHV�RI�WKH�VSLQHO�VWUXFWXUH�

$FNQRZOHGJHPHQW��
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�.RUHD�6FLHQFH

DQG�(QJLQHHULQJ�)RXQGDWLRQ�WKURXJK�WKH�5H�
VHDUFK�&HQWHU�IRU�$GYDQFHG�0DJQHWLF�0DWHUL�
DOV� DW� &KXQJQDP� 1DWLRQDO� 8QLYHUVLW\�� :H
DOVR� DFNQRZOHGJH� IXQGLQJ� IURP� WKH� 'HIHQVH
$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\� WKURXJK
*UDQW�+5���������������

5HIHUHQFHV
� ���%�'�&XOOLW\��,QWURGXFWLRQ�WR�0DJQHWLF�0DWHUL�

DOV��$GGLVRQ�:HVOH\��5HDGLQJ��0$��������
� ���:�'�.LQJHU\��+�.�%RZHQ��'�5�8KOPDQQ��,Q�

WURGXFWLRQ� WR� &HUDPLFV�� -RKQ�:LOH\�	�6RQV�
1HZ�<RUN��������

� ���7�7VXWDRND��0�8HVKLPD��7�7RNXQDJD��7�1DND�
PXUD��-��$SSO��3K\V�������������������

)LJ�������&DOFXODWHG�VXUIDFH�WR�EXON�UDWLRV�DV
D� IXQFWLRQ� RI� SDUWLFOH� VL]H� LQ� 1LÜ=Q� IHUULWH�
��Ü�WKUHH� OD\HUV�H[SRVHG�WR�VXUIDFH����Ü�WZR
OD\HUV� H[SRVHG� WR� VXUIDFH� DQG� �Û� RQH� OD\HU
H[SRVHG�WR�VXUIDFH�

)LJ������ 6DWXUDWLRQ� PDJQHWL]DWLRQ� RI
QDQRFU\VWDOOLQH�1L�±[=Q[)H�2������d[d�����SRZ�GHUV�DV�D�IXQFWLRQ�RI�SDUWLFOH�VL]H���Ü�����QP�
��Ü����QP����Ü���QP�
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� ���.�-�.ODEXQGH�� -�6WDUN�� 2�.RSHU� HW� DO��� -�
3K\V��&KHP���������������������

� ���6W�)LVFKHU�� &�0LFKDON�� :�7RSHOPDQQ�
+�6FKHOHU��&HUDP��,QWHUQ������������������

� ���0�3�0RUDOHV��6�9HLQWHPLOODV�9HUGDJXHU��0�,�0RQ�
WHUR�� &�-�6HUQD�� &KHP��0DWHU��� ���� ����
�������

� ���7�+\HRQ�� 6�6�/HH�� -�3DUN�� -��$P��&KHP��6RF��
������������������

� ���;�+XDQJ�� =�&KHQ�� -��0DJQ��0DJQ��0DWHU��
���������������

� ���+�:�:DQJ�� 6�&�.XQJ�� -��0DJQ��0DJQ��0DWHU��
����������������

����&�8SDGK\D\�� '�0LVKUD�� +�&�9HUPD� HW� DO��� -�
0DJQ��0DJQ��0DWHU�������������������

����(�(�6LOHR�� 5�5RWHOR�� 6�(�-DFRER�� 3K\VLFD� %��
&RQGHQ��0DWWHU�������������������

����<�+D\DVKL�� 7�.LPXUD�� 7�<DPDJXFKL�� -��$P�
&HUDP��6RF������������������

����6�%�&KR�� .�,�.ZRQ�� .�.�&KRL� HW� DO��� -��$P�
&HUDP��6RF������������������

����-&3'6�� -RLQW� &RPPLWWHH� RQ�3RZGHU�'LIIUDF�
WLRQ� 6WDQGDUGV�� 3RZGHU� 'LIIUDFWLRQ� )LOH�� ,Q�
WHUQDWLRQDO� &HQWHU� IRU� 'LIIUDFWLRQ� 'DWD�
6ZDUWKPRUH��3$��FDUG���������

����-&3'6�� -RLQW� &RPPLWWHH� RQ�3RZGHU�'LIIUDF�
WLRQ� 6WDQGDUGV�� 3RZGHU� 'LIIUDFWLRQ� )LOH�� ,Q�
WHUQDWLRQDO� &HQWHU� IRU� 'LIIUDFWLRQ� 'DWD�
6ZDUWKPRUH��3$��FDUG���������

����-�6�.LP��,�%�.LP��+�&�.�DQG�<�.�+RQJ��-��$P�
&HUDP��6RF������������������

����%�'�&XOOLW\�� (OHPHQWV� RI� ;�UD\� 'LIIUDFWLRQ�
$GGLVRQ�:HVOH\��5HDGLQJ��0$��������

����$�+�0RUULVK�� .�+DQHGD�� -��$SSO�� 3K\V��� ���
������������

����.�+DQHGD�� $�+�0RUULVK�� -��$SSO�� 3K\V��� ���
������������

����<�.LQHPXFKL��.�,VKL]DND��+�6XHPDWVX� HW�DO��
7KLQ�6ROLG�)LOPV������������������

����+�*OHLWHU��$GY��0DWHU�����������������
����6�&�3DUNHU�� '�-�+DUULV�� )�0�+LJJLQV� HW� DO��

$WRPLF�6LPXODWLRQ�RI�6XUIDFHV�DQG�,QWHUIDFHV
LQ� ,RQLF�6ROLGV�� LQ��&HUDPLF�,QWHUIDFHV�HGLWHG
E\�5�6PDUW� DQG� -�1RZRWQH\�� ,20�&RPPXQL�
FDWLRQV���������S����

����=�+�=KRX�� -�0�;XH�� -�:DQJ� HW� DO��� -��$SSO�
3K\V�������������������

����.�7DQDND��0�0DNLWD��<�6KLPL]XJDZD�HW�DO��
-��3K\V��&KHP��6ROLGV������������������
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