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&KDSWHU����,QWURGXFWLRQ  
 

�����)RUHZRUG  

 

(OHFWURSODWLQJ� LV� D� VXUIDFH� WUHDWPHQW� WHFKQRORJ\�XVLQJ�HOHFWURO\WLF�PHWKRGV�
WR�LPSDUW �D�XQLIRUP�DQG�GHQVH�OD\HU�RI�PHWDOV�RU�DOOR\V�RQWR�WKH�VXUIDFH�RI�WKH �
PDWHULDOV�� 7KH� KLVWRU\� RI� HOHFWURSODWLQJ� EHJDQ� LQ� WKH� ����
V�ZKHQ� WKH� YROWDLF�
EDWWHU\� ZDV� LQWURGXFHG�� DQG� LW � KDV� EHHQ� ZLGHO\� XVHG� WR� LPSURYH� WKH� VXUIDFH�
SURSHUWLHV�RI�PDWHULDOV�VXFK�DV�PHWDO�GHFRUDWLRQ��FRUURVLRQ�UHVLVWDQFH�DQG�ZHDU�
UHVLVWDQFH�� �� � �$OOR\�SODWLQJ�KDV�EHFRPH�PRUH�LPSRUWDQW� LQ� UHFHQW�\HDUV��,W�KDV�
D�KLJKHU�FRUURVLRQ�UHVLVWDQFH�WKDQ�VLQJOH�PHWDO�SODWLQJ��DQG�WKH�FU\VWDO�SDUWLFOHV�
FUHDWHG� WKURXJK� DOOR\� SODWLQJ� DUH� ILQH� � ��� �� 7KHUHIRUH�� WKH� OD\HU� KDV� H[FHOOHQW �
SURSHUWLHV�� VXFK� DV� ORFDO� FRUURVLRQ� SUHYHQWLRQ� DQG� UHODWLYHO\� JRRG� KDUGQHVV� �
7KHUH� LV� DOVR� WKH� DGYDQWDJH� WKDW� FKDQJHV� LQ� WKH� FRPSRVLWLRQ� RI� DQ� DOOR\� FDQ�
SURGXFH�YDULRXV� SURSHUWLHV� RI� WKH�SODWHG� FRDWLQJ��)RU� DOOR\� SODWLQJ�� LW � LV� SUHI�
HUDEOH� WKDW� WKH� GHSRVLWLRQ� SRWHQWLDOV� RI� HDFK� LRQ� LQ� WKH� VROXWLRQ� DUH� FORVH� WR �
HDFK�RWKHU��8VXDOO\��WKH�GHSRVLWLRQ�SRWHQWLDOV�DUH�IDU�DSDUW� �,Q�VXFK�F DVHV��PHWDO �
LRQV�FRPSOH[�LV�IRUPHG�LQ�WKH�SODWLQJ�VROXWLRQ�DQG�DGGLWLYHV�DUH�DGGHG�WR�EULQJ�
WKH�GHSRVLWLRQ�SRWHQWLDOV�RI�HDFK�PHWDO� FORVHU� WRJHWKHU� �7R�GHSRVLW� WZR�PHWDOV�
RQWR�D�FDWKRGH�VXUIDFH�VLPXOWDQHRXVO\�� WKHLU�GHSRVLWLRQ�SRWHQWLDOV�PXVW�EH� WKH�
VDPH��7KHUHIRUH�� LI� WKH� IROORZLQJ�HTXDWLRQ� LV� VDWLVILHG�� WKH� WZR�PHWDOV�ZLOO�EH�
GHSRVLWHG�VLPXOWDQHRXVO\�WR�IRUP�DQ�DOOR\�HOHFWURGHSRVLWLRQ� �� ��� �  

ଵ଴ܧ ൅
ܴܶ
ܼଵܨ

݈݊ܽଵ ൅ ଵߟ ൌ ଶ଴ܧ ൅
ܴܶ
ܼଶܨ

݈݊ܽଶ ൅  ଶߟ

+HUH��VXEVFULSWV���DQG���LQGLFDWH�WKH�W\SH�RI�HDFK�LRQܧ��ଵ଴�DQG �ଶ଴�DUH�WKH�VWDQGܧ�
DUG�HOHFWURGH�SRWHQWLDO�RI�HDFK�PHWDO �LRQ � �DQG �ܼଵ�DQG �ܼଶ�DUH�WKH�YDOHQF\�RI�HDFK�
PHWDO� LRQ��ܽଵ�DQG �ܽଶ�UHSUHVHQW� WKH� DFWLYLW\� RI� HDFK� LRQߟ��ଵ� � �ଶ�DUHߟ� WKH� RYHUSR�
WHQWLDO �IRU�HDFK�PHWDO �GHSRVLWLRQ��5�LV�WKH�JDV�FRQVWDQW��)�LV�)DUDGD\¶V�FRQVWDQW� �
DQG�7�LV�WKH�DEVROXWH�WHPSHUDWXUH�  

&\DQLGH�KDV�EHHQ�ZLGHO\�XVHG�DV�D�PHWDO �FRPSOH[LQJ�DJHQW�VLQFH�HDUO\�WLPHV��
EXW� LW � LV� WR[LF�DQG�SRVHV�YDULRXV�GLIILFXOWLHV� LQ�KDQGOLQJ�DQG�ZDVWHZDWHU� WUHDW�
PHQW�� 7KHUHIRUH�� DPPRQLD� VDOW� � ('7$�� S\URSKRVSKDWH� � FLWUDWH�� WULHWKDQROD�
PLQH�� HWF� � DUH� DOVR� XVHG� DV� D� PHWDO� FRPSOH[LQJ� DJHQW �� 7KH� SODWLQJ� VROXWLRQ�
FRPSRVLWLRQ�� VXFK� DV� FRQFHQWUDWLRQV� RI� PHWDO� LRQV� DQG� FRPSOH[LQJ� DJHQW� � S+�
DQG�DGGLWLYHV� �DQG�HOHFWURO\WLF�FRQGLWLRQV�VXFK�DV�FXUUHQW�GHQVLW\��WHPSHUDWXUH�
DUH�LQWULFDWHO\�LQWHUWZLQHG�ZLWK�HDFK�RWKHU�LQ� LQIOXHQFLQJ�DOOR\�GHSRVLWLRQ�  

7KH� =Q�1L� DOOR\� HOHFWURSODWLQJ� UHYLHZHG� LQ� WKLV� VWXG\� KDV� UHFHLYHG� PXFK�
DWWHQWLRQ�EHFDXVH�RI� LWV�H[FHOOHQW�FRUURVLRQ�UHVLVWDQFH�DQG�KDV�EHHQ�DSSOLHG�WR�
DXWRPRWLYH�SDUWV��KRPH�DSSOLDQFHV� DQG�SDUWV� IRU�EXLOGLQJ�PDWHULDOV��=Q �1L� DO�
OR\�HOHFWURGHSRVLWLRQ�LV�XVXDOO\�SHUIRUPHG�LQ�D�VXOIDWH�RU�FKORULGH�VROXWLRQ��EXW�
IURP�WKH�YLHZSRLQW�RI�XQLIRUP�HOHFWURGHSRVLWLRQ�RQ�VPDOO�SDUWV��HWF���D�]LQFDWH�
VROXWLRQ� LV�SUHIHUUHG��0DQ\�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RQ�=Q �1L� DOOR\�HOHF�
WURGHSRVLWLRQ� LQ� VXOIDWH� DQG� FKORULGH� VROXWLRQV�� DQG� LW � LV� NQRZQ� WKDW �
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HOHFWURFKHPLFDOO\� OHVV� QREOH� =Q� LV� SUHIHUHQWLDOO\� GHSRVLWHG� RYHU� QREOHU� 1L� LQ�
UHJLRQV�RI�SUDFWLFDO�FXUUHQW�GHQVLW\� �LQGLFDWLQJ�DQ�DQRPDORXV�FR �GHSRVLWLRQ�EH�
KDYLRU��7KH� IROORZLQJ� IDFWRUV� KDYH� EHHQ� UHSRUWHG� IRU� WKH� HOHFWURGHSRVLWLRQ� RI�
=Q�1L�DOOR\V�IURP�]LQFDWH� VROXWLRQV� � WKH�HIIHFWV�RI�FXUUHQW�GHQVLW\��FRQFHQWUD�
WLRQV� RI� WRWDO �PHWDO � VDOW � DQG� 1L� FRPSOH[LQJ� DJHQW � � VROXWLRQ� FRPSRVLWLRQ�� DQG�
VWLUULQJ�RI� VROXWLRQ�RQ� WKH�1L�FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV�� DQG� WKH� HIIHFW�RI�
FXUUHQW�GHQVLW\�RQ� WKH� FXUUHQW�HIILFLHQF\�RI� DOOR\�HOHFWURGHSRVLWLRQ��+RZHYHU� �
WKHUH�DUH�IHZ�VWXGLHV�RQ�WKH�HOHFWURGHSRVLW LRQ�PHFKDQLVP�ZKHQ�XVLQJ�D�]LQFDWH�
VROXWLRQ� FRPSDUHG�ZLWK� WKH� FDVHV� RI� XVLQJ�D� VXOIDWH� VROXWLRQ� RU� D� FKORULGH� VR�
OXWLRQ��)XUWKHU��EULJKWHQHUV�DUH�XVXDOO\�DGGHG� WR�HOHFWURGHSRVLW LRQ� IURP�D�]LQ�
FDWH�VROXWLRQ��,W�LV�SRVVLEOH�WKDW�EULJKWHQHUV�DIIHFW�WKH�HOHFWURGHSRVLWLRQ�EHKDY�
LRU�� EXW� WKH� HIIHFW� RI� EULJKWHQHU� RQ� WKH� HOHFWURGHSRVLWLRQ� EHKDYLRU� KD V� QRW� \HW �
EHHQ�FODULILHG� �,Q�FRQWUDVW ��VROXWLRQ�WHPSHUDWXUH�LV �NQRZQ�WR�DIIHFW �WKH�RYHUSR�
WHQWLDO�IRU�HOHFWURGHSRVLWLRQ��XQLIRUP�HOHFWURGHSRVLWLRQ ��WKURZLQJ�SRZHU���VRO�
XELOLW\�RI�PHWDO�VDOWV ��DQG� VROXWLRQ�FRQGXFWLYLW\� �7KH�FRQGXFWLYLW\�RI� WKH� VROX�
WLRQ� LQFUHDVHV� ZLWK� DQ� LQFUHDVH� LQ� WKH� VROXWLRQ� WHPSHUDWXUH� � ,Q� DGGLWLRQ�� WKH�
GLIIXVLRQ�O LPLW LQJ�FXUUHQW�GHQVLW\�RI�PHWDO�GHSRVLWLRQ�FDQ�EH�LQFUHDVHG�ZLWK�DQ�
LQFUHDVH�LQ�WHPSHUDWXUH� EHFDXVH�WKH�GLIIXVLRQ�FRHIILFLHQWV�RI� LRQV�DQG�WKH�VRO�
XELOLWLHV� RI�PHWDO � VDOWV� LQFUHDVH��:KHQ� WKH� VROXWLRQ� WHPSHUDWXUH� LV� GHFUHDVHG��
WKH� FU\VWDO � JUDLQV� RI� WKH� HOHFWURGHSRVLWHG� ILOPV� EHFRPH� ILQHU�� DQG� WKH� XQL�
IRUPLW\� RI� WKH� HOHFWURGHSRVLWLRQ� LV� LPSURYHG� GXH� WR� LQFUHDVH� LQ� RYHUSRWHQWLDO�
IRU� HOHFWURGHSRVLWLRQ �� 7KXV�� VROXWLRQ� WHPSHUDWXUH� LV� DQ� H[WUHPHO\� LPSRUWDQW �
IDFWRU� LQ�HOHFWURGHSRVLWLRQ��EXW� WKH�HIIHFW�RI� VROXWLRQ� WHPSHUDWXUH�RQ� WKH�HOHF�
WURGHSRVLWLRQ�EHKDYLRU�RI�=Q�1L� DOOR\V� IURP�]LQFDWH� VROXWLRQV�KDV� UDUHO\�EHHQ�
UHSRUWHG�  

 

�����7\SH�RI�$OOR\�'HSRVLWLRQ  
 

,Q�$EQHU�%UHQQHU
V �ERRN�ę(OHFWURGHSRVLWLRQ�RI�$OOR\V� �3ULQFLSOHV�DQG�3UDFWLFH

Ě �� � � WKH�FODVVLILFDWLRQ�RI�DOOR\�GHSRVLWLRQ�LV�DV�IROORZV�  

 

(1)  1RUPDO�FR�GHSRVLWLRQ  

)URP�D� WKHRUHWLFDO �SRLQW� RI�YLHZ�� WKLV� LV�ZKHQ� WKH� GHSRVLWLRQ� RI� QREOH�
PHWDOV� LV�JUHDWHU�WKDQ�WKDW�RI� OHVV�QREOH�PHWDOV� �)LJ�������  

 

1)  5HJXODU�FR�GHSRVLWLRQ  

7KH� GHSRVLWLRQ� IURP� K\GUDWHG� LRQV� RFFXUV� XQGHU� FRQGLWLRQV� LQ� ZKLFK�
WKH�GHSRVLW LRQ�RI�WKH�QREOHU�PHWDO�LV�GLIIXVLRQ�GRPLQDWHG�ZKHQ�WKH�HTXL�
OLEULXP�SRWHQWLDOV�RI�WZR�PHWDOV�DUH�IDU�DSDUW ��1REOHU�PHWDO�LV�PRUH�HDV�
LO\�GHSOHWHG�LQ�WKH�FDWKRGH�OD\HU�EHFDXVH�L W �GHSRVLWV �PRUH�HDVLO\��7KHUH�
IRUH�� WKH� DPRXQW�RI� QREOHU�PHWDO� LQ� WKH�GHSRVLWHG� ILOPV� LQFUHDVHV�ZKHQ�
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WKH� HOHFWURO\WLF� IDFWRUV� DUH� FKDQJHG� WR� SUHYHQW� WKH� GHSOHWLRQ� RI� PHWDO�
LRQV� LQ� WKH� FDWKRGH� OD\HU�� VXFK� DV� LQFUHDVLQJ� WKH� WHPSHUDWXUH � DQG� WKH�
FRQFHQWUDWLRQ� RI� WRWDO� PHWDO� LRQ�� DJLWDWLRQ�� DQG� GHFUHDVLQJ� WKH� FXUUHQW�
GHQVLW\�  

 

2)  ,UUHJXODU�FR�GHSRVLWLRQ  

7KLV� RFFXUV� UHDGLO\� ZKHQ� WKH� GHSRVLWLRQ� SRWHQWLDOV� RI� WZR� PHWDOV� DUH�
FORVH�WR�HDFK�RWKHU�GXH�WR�FRPSOH[DWLRQ��$V�WKH�FRPSRVLWLRQ�RI�GHSRVLWHG�
ILOPV�LV�FDOFXODWHG�IURP�D�VXSHUSRVLWLRQ�RI� WKH�7DIHO�SDUWV�RI� WKH�SDUWLDO �
SRODUL]DWLRQ�FXUYHV�RI�HDFK�PHWDO��WKH�HIIHFW�RI�HOHFWURO\WLF�IDFWRU�RQ�WKH�
FRPSRVLWLRQ� RI� WKH� GHSRVLWHG� ILOPV� LV� VPDOOHU� WKDQ� WKDW� RI� WKH� UHJXODU �
W\SH�  

 

3)  (TXLOLEULXP�FR�GHSRVLWLRQ  

7KLV�LV�REVHUYHG�ZKHQ�HDFK�PHWDO�LQ�GHSRVLWHG�ILOPV�DQG�HDFK�PHWDO�LRQ�
LQ� VROXWLRQ� FDQ� EH� FRQVLGHUHG� WR� EH� LQ� HTXLOLEULXP��:KHQ� WKH� VWDQGDUG�
HOHFWURGH�SRWHQWLDOV� DUH� DOPRVW� HTXDO� � WKH� FRPSRVLWLRQ�RI� WKH� GHSRVLW HG�
ILOPV� LV� LGHQWLFDO� ZLWK� WKH� FRQFHQWUDWLRQ� UDWLR� RI� WKH� PHWDO � LRQV� LQ� WKH�
VROXWLRQ��:KHQ� RXW� RI� HTXLOLEULXP�� WKH� UHJXODU� RU� LUUHJXODU� W\SH� RI� FR �
GHSRVLWLRQ�EHKDYLRU�LV�REVHUYHG��7KLV�LV �QRW�LPSRUWDQW�LQ�SUDFWLFDO�XVDJH�
EHFDXVH�LW �RFFXUV�RQO\�DW�ORZ�FXUUHQW�GHQVLWLHV�  

 

(2)  $EQRUPDO�FR�GHSRVLW LRQ  

7KLV� LV� D� FDVH� QRW� EDVHG� RQ� HOHFWURFKHPLFDO� WKHRU\�� 7KLV� GHVFULEHV� D�
FDVH�LQ�ZKLFK�WKH� OHVV�QREOH�PHWDO�SUHIHUHQWLDOO\�GHSRVLWV��)LJ� ������  

 

1)  $QRPDORXV�FR�GHSRVLWLRQ  

,Q�WKH�PHWDO �GHSRVLWLRQ�SURFHVV� �WKH�PHWDO �ZLWK�D�OHVV�QREOH�HTXLOLE�
ULXP�SRWHQWLDO �SUHIHUHQWLDOO\�GHSRVLWV �DERYH�D�FHUWDLQ�FXUUHQW�GHQVLW\� �
DQG� LWV� FRQWHQW� LQ� GHSRVLWHG� ILOPV� EHFRPHV� KLJKHU� WKDQ� WKDW � LQ� WKH�
HOHFWURO\WLF�VROXWLRQ��7KLV�SKHQRPHQRQ�PDLQO\�DSSHDUV�LQ�DOOR\�HOHF�
WURGHSRVLWLRQ� EHWZHHQ� )H�� &R� DQG� 1L� RI� LURQ� JURXS� PHWDO� HOHPHQWV�
DQG�=Q�  

 

2)  ,QGXFHG�FR�GHSRVLWLRQ  

7KH�PHWDOV� VXFK�DV�:�DQG�0R� WKDW�GR�QRW� GHSRVLW � DV� D� VLQJOH�PHWDO �
LQ�DTXHRXV�VROXWLRQV�FDQ�FR�GHSRVLW�ZLWK�)H�1L�DQG�&R�RI�LURQ�JURXS�
PHWDO�  
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)LJ�������&XUUHQW�GHQVLW\�GHSHQGHQFH�RI� WKH�FRQWHQW�RI�QREOH�PHWDO�LQ�WKH  

� � � � � � � � � � � � � �DOOR\V�LQ�WKH�QRUPDO�DQG�WKH�DQRPDORXV�W\SH�FRGHSRVLWLRQ  

L7��WUDQVLWLRQ�FXUUHQW�GHQVLW\  

&5/��FRQFHQWUDWLRQ�UDWLR�RI�QREOH�PHWDO�LRQV�DJDLQVW�  

WKH�WRWDO�PHWDO� LRQV�LQ�VROXWLRQ�  

�����8QGHUSRWHQWLDO�'HSRVLWLRQ  

 

� �,Q� HOHFWURFKHPLVWU\�� D� PHWDO� GHSRVLWLRQ� DW� QREOHU� SRWHQWLDO� WKDQ� L WV� HTXLO LE�
ULXP�SRWHQWLDO�FDOFXODWHG�E\�WKH�1HUQVW�HTXDWLRQ �LV�NQRZQ�DV�DQ�XQGHUSRWHQWLDO �
GHSRVLWLRQ��7KHVH�XQGHUSRWHQWLDO�GHSRVLWLRQV�ZHUH�ILUVW�PHQWLRQHG�LQ�D�ERRN�E\�
0RwVH�+DwVVLQVN\����� � � �DQG�DXWKRUV�VXFK�DV�+DHQQ\�� ��� �� �5RJHUV����� �� �DQG�RWK�
HUV� KDYH� GHVFULEHG� XQGHUSRWHQWLDO � GHSRVLWLRQV� XVLQJ� WKH� FXUUHQW�SRWHQWLDO �
FXUYHV� �YROWDPPRJUDPV�� � ,Q�������5RJHUV� LQWHUSUHWHG� WKH�XQGHUSRWHQWLDO� GHS�
RVLWLRQ� XVLQJ� WKHUPRG\QDPLFV� DQG� VXJJHVWHG� WKDW � WKH�PHWDO � DFWLYLW\� LQ�1HUQVW �
HTXDWLRQ�PXVW�EH�FRQVLGHUHG�WR�XQGHUVWDQG�WKH�XQGHUSRWHQWLDO �GHSRVLWLRQ� �� �  

+HUH�� WKH�HTXLOLEULXP�SRWHQWLDO�RI�PHWDO�0�GHSRVLWLRQ� LV�JLYHQ�E\� WKH�1HUQVW �
HTXDWLRQ�DV�  

ெܧ
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���ሺ
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ܽெ
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+HUHܧ��ெ଴ � � VWDQGDUG� SRWHQWLDO � RI�PHWDO�0� GHSRVLWLRQܧ��ெ
௘௤� � � HTXLOLEULXP�SRWHQ�

WLDO� GXULQJ�PHWDO�0� GHSRVLWLRQ��7�� DEVROXWH� WHPSHUDWXUH�� Q � �PHWDO� YDOHQFH��)� �
)DUDGD\�FRQVWDQW��5� �JDV�FRQVWDQW��ܽெ೙శ � � �DFWLYLW\�RI�PHWDO�LRQV � �ܽெ� �DFWLYLW\�RI�
WKH�PHWDO� �DQG�ܽெ� �I0;0��I0��DFWLYLW\�FRHIILFLHQW�RI�PHWDO� �;0��PROH�IUDFWLRQ�
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:KHQ� D� PHWDO� LV� HOHFWURGHSRVLWHG� RQWR� D� PHWDO� FDWKRGH� PDGH� RI� D� GLIIHUHQW �
PHWDO�� WKH�PROH� IUDFWLRQ�;0�RI� WKH�GHSRVLWLRQ�PHWDO� LV�]HUR�EHIRUH� WKH�VWDUW�RI�
WKH� GHSRVLW LRQ�� VR�ܽெヵ � ��� )URP� WKH� DERYH� 1HUQVW� HTXDWLRQ�� LW � LV� FRQVLGHUHG�
WKDW � WKH� HTXLOLEULXP� SRWHQWLDO� RI� WKH�PHWDO� VKLIWV� LQILQLWHO\� WR� WKH� SRVLWLYH� UH�
JLRQ�DW�WKH�PRPHQW�RI �WKH�LQLWLDO�VWDJH�RI �HOHFWURGHSRVLWLRQ ��$V�D�UHVXOW ��LQ�WKH�
YHU\� HDUO\� VWDJH� RI� HOHFWURGHSRVLWLRQ��PHWDO� HOHFWURGHSRVLWLRQ� EHFRPHV� SRVVL�
EOH�HYHQ�LQ�D�PRUH�QREOH�SRWHQWLDO �UHJLRQ�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�FDOFX�
ODWHG�XQGHU�VWHDG\�VWDWH�FRQGLWLRQV��ܽெ� ���LQ�VLQJOH�PHWDO�HOHFWURGHSRVLWLRQ�� �  

,Q�WKH�����V��.ROE�HW �DO� �UHSRUWHG�WKDW �XQGHUSRWHQWLDO �GHSRVLW LRQ�RI�OHVV�QREOH�
PHWDO � DWRPV�RQ� QREOH�PHWDO �PDWHULDOV�ZDV� SRVVLEOH� DFFRUGLQJ� WR� WKHLU� H[SHUL�
PHQWV�RI�$J�GHSRVLWLRQ�RQ�3W��� �  

 
)LJ�������8QGHUSRWHQWLDO�VKLIW�ǻ(XSG�EHWZHHQ�EXON�DQG�PRQROD\HU�VWULSSLQJ�
SHDN�DV�D�IXQFWLRQ�RI�WKH�GLIIHUHQFH�LQ�ZRUN�IXQFWLRQV�RI� WKH�VXEVWUDWH�DQG�
DWRP��7KH�UHVSHFWLYH�LRQV�DUH�LQGLFDWHG�LQ�WKH� ILJXUH� ��� �� �ż��DTXHRXV�VROXWLRQ��
�Ɣ��DFHWRQLWULOH� ��೚��SURS\OHQH�FDUERQDWH  
 
$�FRUUHODWLRQ�EHWZHHQ�WKH�SRWHQWLDO�VKLIW� RI�WKH�VXEVWUDWH�DQG�WKH�DGVRUEDWH�
DQG�WKH�GLIIHUHQFH�LQ�ZRUN� IXQFWLRQV�ZDV�IRXQG��EDVHG�RQ� WKH�H[SHULPHQWDO�
UHVXOWV ��� �  
 

οܧ ൌ ͲǤͷο߮ 
 
 � � � � � � �οܧǣ�GLIIHUHQFH�LQ�SRWHQWLDO� UHTXLUHG�IRU�EXON�GHSRVLWLRQ�DQG�  

PRQROD\HU�GHSRVLWLRQ  

� � � � � � �ο߮ǣ�GLIIHUHQFH�LQ�ZRUN�IXQFWLRQ�EHWZHHQ�PRUH�QREOH�EXON�PHWDOV�DQG�
PRQROD\HU�GHSRVLWHG�PHWDOV��� � � �  

$V�VKRZQ�LQ�)LJ�������WKH�VORSH�EHWZHHQ�οܧ� �DQG�ο߮� LV�FORVH�WR����� �8VLQJ�WKLV�
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UHODWLRQVKLS� � LW � VHHPV� WKDW� WKH� XQGHUSRWHQWLDO � GHSRVLWLRQ� RI� OHVV� QREOH� PHWDO �
DWRPV�RQ�PRUH�QREOH�PHWDO�VXEVWUDWHV�LV�SRVVLEOH� �+RZHYHU��WKH�XQGHUSRWHQWLDO �
GHSRVLWLRQ� RI� =Q� RQ� )H� DQG� &X� FDWKRGHV� � ZKLFK� DUH� PRUH� QREOH� PHWDOV�� GRHV�
QRW�RFFXU�LQ�D�=Q�RQO\�VROXWLRQ�  

 

�����3UHYLRXV�VWXGLHV�RQ�HOHFWURGHSRVLWLRQ�RI�=Q�1L�DOOR\V 
6KLEX\D� DQG� .XULPRWR� REVHUYHG� D� S+� LQFUHDVH� LQ� WKH� FDWKRGH� OD\HU� DW � KLJK�
FXUUHQW�GHQVLW\�LQ�=Q�1L�DOOR\�GHSRVLWLRQ�IURP�D�VXOIDWH�VROXWLRQ��DQG�WKH\�UH�
SRUWHG� WKDW � WKH� FKDQJH� LQ� UHODWLYH� GHSRVLWLRQ� UDWH� EHWZHHQ� 1L� DQG� =Q� GXH� WR�
FKDQJH�LQ�WKLFNQHVV�RI � WKH�=Q�K\GUR[LGH� OD\HU�DIIHFWV� WKH�FRPSRVLWLRQ�DQG�WKH�
SKDVH�VWUXFWXUH�RI�WKH�HOHFWURGHSRVLWHG�DOOR\��)LJ��� ���� ��� �  

 

 
)LJ������(OHFWURGHSRVLWLRQ�RI�1L�=Q�DOOR\V�IURP�VXOIDWH�VROXWLRQ��� �  
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)LJ�� ���� � (IIHFW � RI� FXUUHQW� GHQVLW\� RQ� WKH� DOOR\� FRPSRVLWLRQ� DQG� WKH� FXUUHQW�
HIILFLHQF\� IRU� =Q�1L� DOOR\� GHSRVLWLRQ� IURP� VXOIDWH� VROXWLRQV� ZLWK� YDULRXV� S+�
YDOXHV�DQG�FKORULGH�LRQ�FRQFHQWUDWLRQV� �� �  

+LVDDNL �)XNXVKLPD�� �� HW � DO� � DOVR� FRQGXFWHG� D� IXQGDPHQWDO � VWXG\�RQ� WKH� HOHF�
WURGHSRVLWLRQ�PHFKDQLVP�RI�=Q�LURQ�JURXS�PHWDO� �)H��&R��1L�� DOOR\V�IURP�VXO�
IDWH�DQG�FKORULGH�VROXWLRQV��7KH\�ILUVW �FODULILHG�WKDW�WKH�GHSRVLWLRQ�EHKDYLRU�RI�
=Q�1L�DOOR\V�LV�GLYLGHG�LQWR�WKH�IROORZLQJ�IRXU�SDUWV�ZLWK�UHVSHFW�WR�WKH�FXUUHQW�
GHQVLW\� �DV�VKRZQ�LQ�)LJ� �� ��� � ,Q�UHJLRQ� ,�RI�)LJ������ �QRUPDO�DOOR\�GHSRVLWLRQ�
RFFXUV�ZLWK�YHU\�ORZ�FXUUHQW�HIILFLHQF\��,Q�UHJLRQ�,,��SUHIHUHQWLDO�GHSRVLWLRQ�RI�
OHVV�QREOH�=Q�RFFXUV�ZLWK�UHODWLYHO\�KLJK�FXUUHQW�HIILFLHQF\��EXW�WKH�DOOR\�FRP�
SRVLWLRQ� KDUGO\� FKDQJHV�� ,Q� UHJLRQ� ,,,�� WKH� 1L� PHWDO� FRQWHQW� RI� WKH� DOOR\� LQ�
FUHDVHV�PRQRWRQLFDOO\�� DQG� WKH� FXUUHQW� HIILFLHQF\� UHPDLQV� KLJK�� ,Q� UHJLRQ� ,9��
WKH� 1L� PHWDO� FRQWHQW� LQ� WKH� DOOR\ � LQFUHDVHV� XQWLO� WKH� PHWDO� LRQ� FRQFHQWUDWLRQ�
UDWLR�RI� WKH�1L�PHWDO � LQ� WKH� VROXWLRQ� LV� UHDFKHG��EXW� WKH� FXUUHQW� HIILFLHQF\�GH�
FUHDVHV� VLJQLILFDQWO\�� 7KH� ERXQGDU\� FXUUHQW� GHQVLWLHV� LQ� UHJLRQV� ,� DQG� ,,� DUH�
JHQHUDOO\� UHIHUUHG� WR� DV� WUDQVLWLRQ� FXUUHQW� GHQVLWLHV� � DQG� WKH\� VKRZ� WKDW � WKH�
PDJQLWXGH� RI� WKLV� WUDQVLWLRQ� FXUUHQW� GHQVLW\� LV� SURSRUWLRQDO� WR� WKH� S+� EXIIHU�
FDSDFLW\�RI�WKH�HOHFWURO\WLF�VROXWLRQ��)XUWKHUPRUH��WKH�ERXQGDU\�FXUUHQW�GHQVL�
WLHV� LQ� UHJLRQV� ,,�,,,�DQG� ,,,�,9�FRUUHVSRQG� WR� WKH� OLPLWLQJ�FXUUHQW�GHQVLWL HV�RI �
WKH�=Q�DQG�1L�PHWDOV��UHVSHFWLYHO\� �$V�WKH�FR �GHSRVLWLRQ�EHKDYLRU�LQ�UHJLRQV�,,�
DQG�,,,�FDQ�EH�UHJDUGHG�DV�QRUPDO �W\SH�FR�GHSRVLWLRQ�ZKHQ�=Q�LV�FRQVLGHUHG�DV�
D�QREOH�PHWDO� �WKH\�LQYHVWLJDWHG�WKH�FDXVH�RI�WKH�UHYHUVDO �RI�WKH�QRELOLW\�RI�WKH�
=Q�DQG�1L�PHWDOV�  
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+LVDDNL� )XNXVKLPD�� %RFNULV�� � � DQG� +HXVOHU�� � � DOVR� IRXQG� WKDW � WKH� S+� RI� WKH�
FDWKRGH� VXUIDFH� LQFUHDVHG� WR� WKH�FUL WLFDO�S+�DW�ZKLFK�=Q�K\GUR[LGH� �=Q�2+� ���
SUHFLSLWDWHV�GXULQJ�DQRPDORXV� FR �GHSRVLW LRQ��%DVHG�RQ� WKLV� ILQGLQJ�� WKH\�SUR�
SRVHG�WKH�IROORZLQJ�K\GUR[LGH�VXSSUHVVLRQ�PHFKDQLVP��7KDW�LV ��DPRQJ�WKH�LRQV�
WKDW� FDQ� EH� GLVFKDUJHG� LQ� WKH� HOHFWURO\WLF� VROXWLRQ��=Q� LQLWLDWHV � WKH�GHSRVLWLRQ�
DW� LWV�HTXLOLEULXP�SRWHQWLDO �� ,Q�FRQWUDVW�� LURQ�JURXS�PHWDO � �)H��&R��1L�� LRQV�GR�
QRW� VWDUW � HOHFWURGHSRVLWLRQ� IURP� WKHLU� HTXLOLEULXP� SRWHQWLDO� DQG� UHTXLUH� H[WUD�
RYHUSRWHQWLDO� EHFDXVH� WKH� QXPEHU� RI� HOHFWURGHSRVLWHG� VLWHV� RQ� WKH� FDWKRGH� LV�
SUDFWLFDOO\�O LPLWHG��7KHUHIRUH� �WKH�GHSRVLWLRQ�RI�LURQ�JURXS�PHWDOV�LV �HDVLO\�DQG�
ODUJHO\�VXSSUHVVHG�E\�WKH�DGVRUSWLRQ�RI�=Q�K\GUR[LGH�RQWR�WKH� GHSRVLWLRQ�VLWHV�
RI�LURQ�JURXS�PHWDOV� �UHVXOWLQJ�LQ�WKH�SUHIHUHQWLDO � GHSRVLWLRQ�RI�=Q�  

=Q�2+���� ZKLFK� LV� IRUPHG� E\� K\GURO\VLV� RI� =Q��� LRQV�� LV � UHSRUWHG� WR� EH� DQ�
LQKLELWRU� RI� K\GURJHQ� HYROXWLRQ� DQG� 1L� GHSRVLWLRQ� LQ� =Q�1L� DOOR\� GHSRVLW LRQ�
IURP�DFLGLF� VROXWLRQV��+RZHYHU� � WKH�K\GURO\VLV� UHDFWLRQ�RI�=Q��� LRQV�GRHV�QRW�
RFFXU�LQ�D�]LQFDWH�VROXWLRQ��,W�KDV�EHHQ�UHSRUWHG�WKDW�=Q�HOHFWURGHSRVL WLRQ�IURP�
D� ]LQFDWH� VROXWLRQ�SURFHHGV� DFFRUGLQJ� WR� WKH�PXOWL �VWHS� UHDFWLRQV�RI� HTXDWLRQV�
���������DQG�����VKRZQ�EHORZ��  

 

��ሺ��ሻସଶି�ĺ���ሺ��ሻଷି�� ���ି� � � � � � ���  

��ሺ��ሻଷି�ĺ���ሺ��ሻଶ�� ���ି� � � � � � � ����  

��ሺ��ሻଶ������H�ĺ�=Q���ʹ���ି� � � � ���  

 

,Q� FRQWUDVW��0LUDQGD� VWXGLHG� WKH�PHFKDQLVP�RI�=Q �1L� DOOR\� GHSRVLWLRQ� IURP�
DFLG�VXOIDWH�HOHFWURO\W LF� VROXWLRQ��� ��7KH�KHWHURJHQHRXV� UHDFWLRQ� LQ� WKHLU�VWXG\�
LPSOLHV�WKH�SUHVHQFH�RI�IRXU�DGVRUEDWHV��)LJ��� ����  

 

(1)  �����௔ௗା �FDWDO\]HV�WKH�QLFNHO�GHSRVLWLRQ  

 

(2)  ,QWHUPHGLDWH��௔ௗ�DIIHFWV �WKH�K\GURJHQ�HYROXWLRQ�DW �D�ORZ�SRODUL]DWLRQ�RQ�
QLFNHO�ULFK�DOOR\�  

 

(3)  ,QWHUPHGLDWHV���௔ௗା �DFW� DV� D� FDWDO\VW � IRU� WKH� GHSRVLWLRQ� RI� ]LQF�ULFK� į�
SKDVH�DW�D�KLJKO\�SRODUL]DWLRQ  

 

(4)  $QLRQLF�VSHFLHV ���Ȁ��ସǡ௔ௗଶି � � LQKLELW�WKH�IRUPDWLRQ�RI� WKH� į�SKDVH�  
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)LJ�� ����� 6FKHPDWLF� RI� WKH� UHDFWLRQV� RI� SUHGRPLQDQW� LQ� WKH� GLIIHUHQW� SRWHQWLDO �
GRPDLQV�LQ�=Q�1L�DOOR\�GHSRVLWLRQ�IURP�VXOIDWH�VROXWLRQ ��� �  

,Q� WKH� WUDQVLWLRQ� UHJLRQ� RI� LQWHUPHGLDWH� SRODUL]DWLRQ�� DQ� LQFUHDVH� LQ� S+� DW �
FDWKRGH� OD\HU�SURPRWHV� WKH� FKHPLFDO�XSWDNH�RI�6� LQWR� WKH� GHSRVLWHG� ILOPV�FDW�
DO\]HG� E\� DQLRQ� DGVRUEDWHV� �7KH� YDOLGLW\� RI� WKLV�PRGHO� LV� FRQILUPHG� E\� FRP�
SDULVRQ�ZLWK� H[SHULPHQWDO � SROD UL]DWLRQ� FXUYHV� � HOHFWURGH� LPSHGDQFH�PHDVXUH�
PHQWV��DQG�DQDO\VLV�RI�VWUXFWXUHV�DQG�FRPSRVLWLRQV �RI�GHSRVLWHG�ILOPV�  
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�����(IIHFWV�RI�$GGLWLYHV 

 

7KH�SXUSRVH�RI�DGGLWLYHV�WR�D�SODWLQJ�VROXWLRQ�LV �LPSURYLQJ�WKH�XQLIRUP�HOHF�
WURGHSRVLWLRQ� �WKURZLQJ�SRZHU� � � SUHYHQWLQJ� WKH� GHQGULWLF� FU\VWDOV�� VPRRWKLQJ��
EULJKWHQLQJ��DQG�UHILQLQJ�WKH�FU\VWDO �JUDLQV �RI�GHSRVLWHG�ILOPV ��&RPPRQ�DGGL�
WLYHV� IRU� VXOIDWH� DQG� FKORULGH� VROXWLRQV� DUH� JHODWLQ�� SHSWRQH�� VRGLXP� VXOILGH� �
WKLRXUHD�� SRO\YLQ\O� DOFRKRO� � VDOWV � RI� DOGHK\GH�� NHWRQH�� RU� RUJDQLF� DFLGV� � HWF� �
7KH�VPRRWKLQJ�WKH�ILOPV�PDLQO\�RFFXUV�GXH�WR�FRQWUROOLQJ�WKH�GLIIXVLRQ�RI�PHWDO �
LRQV�� ,Q� RWKHU� ZRUGV�� S+� RI� FDWKRGH � VXUIDFH� ULVHV� GXULQJ� WKH� SODWLQJ� SURFHVV�
GXH� WR�K\GURJHQ�JHQHUDWLRQ ��(VSHFLDOO\�� DW� WKH� SURWUXVLRQ� HGJH�RI� HOHFWURGH�� D�
VSKHULFDO�GLIIXVLRQ� OD\HU� LV� IRUPHG�� DQG� WKH� FXUUHQW�GHQVLW\� LV � ODUJH�� UHVXOWLQJ�
LQ� UHPDUNDEOH� ULVH�RI�S+��7KHUHIRUH� � SURWHLQV� VXFK�DV�JHODWLQ� RU� VROXEOH�SRO\�
HWKHU� IRUP� D� WKLQ� SUHFLSLWDWH� IL OPV�� 7KH� WKLFNQHVV� RI� WKH� SUHFLSLWDWH� ILOPV� LV�
GHWHUPLQHG�E\� WKH� FXUUHQW�GHQVLW\� �7KH�SUHFLSLWDWH� ILOPV� DUH�SHUPHDEOH� IRU�+��
EXW� QRW� IRU�PHWDO� LRQV�� VR� WKH� HOHFWURGHSRVLWLRQ� UDWH� DW� WKH� SURWUXGLQJ� SDUW� LV �
UHGXFHG�� 7KHUHIRUH� � WKH� HOHFWURGHSRVLWHG� ILOPV� DUH� VPRRWKHG�� DQG� GHQGULWLF�
SURGXFWV� DUH� VXSSUHVVHG�� 6RPH� VPRRWKLQJ� DJHQWV� VKRZ� WKH� OHYHOLQJ� HIIHFWV �
ZKLFK�DUH�FDXVHG�E\� WKH�HOHFWURO\WLF�GHSOHWLRQ�RI� WKH� DJHQWV� DW�SODWHG�VXUIDFH� �
:KHQ�D�VPRRWKLQJ�DJHQW�LV �SUHVHQW �LQ�VROXWLRQ��WKH�VPRRWKLQJ�DJHQW�LV �VXSSOLHG�
WR� WKH� SODWLQJ� VXUIDFH� WKURXJK� WKH� GLIIXVLRQ� OD\HU� RI� WKH� DJHQW� DW� WKH� SODWLQJ�
VXUIDFH� DQG� VXSSUHVVHV� WKH�GHSRVLWLRQ� UHDFWLR Q�RI� WKH�SODWLQJ�� ,Q� WKLV�SURFHVV� �
WKH� VPRRWKLQJ� DJHQW � LV � UHGXFHG� E\� UHGXFWLRQ� UHDFWLRQ�� 6LQFH� WKH� DPRXQW� RI �
VPRRWKLQJ�DJHQW�VXSSOLHG�WR�WKH�SODWLQJ�VXUIDFH�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�
WKLFNQHVV�RI� WKH�GLIIXVLRQ� OD\HU �RI� DJHQW� � WKH�DPRXQW�RI� VPRRWKLQJ�DJHQW� VXS�
SOLHG� WR� WKH� SODWLQJ� VXUIDFH� LV � ODUJH U� LQ� FRQYH[� DUHDV� DQG� VPDOOHU� LQ� FRQFDYH�
DUHDV� �$V� D� UHVXOW�� WKH� GHSRVLW LRQ� LQ� D� FRQFDYH� DUHD� LV� ODUJHU� WKDQ� WKDW� LQ� D�
FRQYH[� DUHD�� UHVXOWLQJ� LQ� VPRRWK� ZLWK� LQFUHDVLQJ� WKH� WKLFNQHVV� RI� GHSRVLWHG�
ILOPV��� ��  

$V�D�EULJKWHQLQJ�PHFKDQLVP�RI�EULJKWHQHU� �LW �LV�NQRZQ�WKDW �WKH�FU\VWDO �JURZWK�
LV� LQKLELWHG� E\� WKH� DGVRUSWLRQ� RI� DGGLWLYHV � RQ� WKH� NLQNV� DQG� VWHSV� � DQG� ZLWK�
LQFUHDVLQJ� WKH� RYHUSRWHQWLDO� IRU� FU\VWDOOL]DWLRQ�� WKH� QXFOHDWLRQ� UDWH� RI� FU\VWDO �
LQFUHDVHV�DQG�FU\VWDO �JUDLQV�EHFRPH�ILQHU� �,W �LV�DOVR�NQRZQ�WKDW � WKH�XQLIRUPLW\�
RI� HOHFWURGHSRVLW LRQ� LV� DOVR� LPSURYHG� E\� DQ� LQFUHDVHG� SRODUL]DWLRQ� UHVLVWDQFH�
RI�WKH�HOHFW URGHSRVLW LRQ��:LQQDQG�LQYHVWLJDWHG�RQ�WKH�PLFURVWUXFWXUH�RI�PHWDOV�
GHSRVLWHG�E\�HOHFWURFKHPLFDO�PHWKRGV �DQG�VKRZHG�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�
LQKLELW LRQ� LQWHQVLW\� RI� WKH� HOHFWURGHSRVLWLRQ� UHDFWLRQ� DQG� IDFWRUV� UHODWHG� WR�
PDVV� WUDQVIHU� LQ� VROXWLRQ� �)LJ� � ������ � � 7KH� LQKLELWLRQ� LQWHQVLW\� RI� WKH� HOHFWUR�
GHSRVLWLRQ�UHDFWLRQ�VKRZQ� LQ�WKH�YHUWLFDO �D[LV�RI�)LJ��� ���LV �D�IDFWRU�UHODWHG�WR�
WKH� HDVLQHVV� RI� PHWDO� HOHFWURGHSRVLWLRQ�� $� ODUJH � LQKLELWLRQ� LQWHQVLW\ � FRUUH�
VSRQGV�WR�D�VPDOO �H[FKDQJH�FXUUHQW�GHQVLW\� L��RU�D�ODUJH�RYHUSRWHQWLDO�IRU�HOHF�
WURGHSRVLWLRQ��7KH�PDLQ�VWXGLHV�ZHUH�FDUULHG�RXW�RQ� WKH�PLFURVWUXFWXUHV�RI�GH�
SRVLWHG�]LQF��=Q��DQG�FRSSHU��&X�� �)LJXUH�� ���VKRZV�WKDW �WKH�DGGLWLRQ�RI�EULJKW�
HQHU� LQFUHDVHV� WKH� LQKLELWLRQ� LQWHQVLW\� RI� WKH� HOHFWURGHSRVLWLRQ� UHDFWLRQ� DQG�
ZLGHQV�WKH�UHJLRQ�RI�QRQ�RULHQWHG�GLVSHUVHG�VWUXFWXUHV��8'���DW�ZKLFK�WKH�FU\V�
WDOV�EHFRPH�ILQH�DQG�DUH�XQDIIHFWHG�E\�WKH�VXEVWUDWH� � �  
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=LQFDWH�VROXWLRQ�KDV�DQ�DGYDQWDJH�RYHU�VXOIDWH�DQG�FKORULGH� VROXWLRQV�LQ�WKDW �
WKH�PHWDO� LRQV� FDQ� GHSRVLW� RQ� WKH� VXEVWUDWHV� RI� FRPSOLFDWHG� VKDSHV�PRUH� XQL�
IRUPO\�� EXW� LW � KDV� WKH� GLVDGYDQWDJH� RI� D� ORZHU� GHSRVLWLRQ� UDWH ��7R� QHJDWH� WKLV�
GLVDGYDQWDJH��WKH�HOHFWURGHSRVLWLRQ�UDWH�PXVW�EH�LQFUHDVHG��7KH�HOHFWURGHSRVL�
WLRQ� RI� KLJK� VSHHG� RU� HOHFWURGHSRVLW LRQ� DW� KLJK� FXUUHQW� GHQVLW\ � SURGXFHV� WKH�
GHQGULWH�VKDSHG� GHSRVLWV� EHFDXVH� WKH� GHSRVLWLRQ� SURFHHGV� XQGHU� WKH� GLIIXVLRQ�
OLPLWDWLRQ� RI�PHWDO � LRQV� �7KHUHIRUH� � LW � LV � HVVHQWLDO � WR� XVH� DGGLWLYHV� WR� VPRRWK�
WKH�VXUIDFH�RI�HOHFWURGHSRVLWHG�=Q�1L�  

 
)LJ������(IIHFW�RI� UDWLR�RI� FXUUHQW� GHQVLW\� WR�GLIIXVLRQ� FXUUHQW� GHQVLW\� DQG� LQ�
KLELWLRQ�LQWHQVLW\�IRU�GHSRVLWLRQ�RQ� WKH�WH[WXUH�RI�GHSRVLWHG�PHWDO� � � �  
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(SLFKORURK\GULQ�LPLGD]ROH� �,0(�� FRQGHQVDWHV� DUH� V\QWKHVL]HG� DV� VKRZQ� LQ�
)LJ�������� � �7KH\�KDYH�EHHQ�ZLGHO\�XVHG�DV�EULJKWHQLQJ�DJHQWV� IRU�=Q�DQG�=Q �
1L� DOOR\�GHSRVLWLRQ��EXW� WKH�HIIHFW �RI� ,0(�RQ� WKH� GHSRVLWLRQ�EHKDYLRU� DQG�PL�
FURVWUXFWXUH�RI�=Q�1L�DOOR\�KDV�UDUHO\�EHHQ�UHSRUWHG� 

 
)LJ������5HDFWLRQ�VFKHPH�LQGLFDWLQJ�WKH�V\QWKHVLV�RI�,0( �  

 

�����3XUSRVH�RI�WKLV�WKHVLV  
 

$V�PHQWLRQHG� DERYH�� EULJKWHQLQJ� DJHQWV� DUH� XVXDOO\� DGGHG� WR� ]LQFDWH� VROX�
WLRQV�IRU�WKH�HOHFWURGHSRVLWLRQ�RI�=Q �1L�DOOR\V� �XQOLNH�IRU�VXOIDWH�DQG�FKORULGH�
VROXWLRQV��7KH� UHODWLRQVKLS�EHWZHHQ� WKH�DSSHDUDQFH�TXDOLW\�RI� ILOPV �GHSRVLWHG  �
IURP�]LQFDWH�VROXWLRQV�DQG�YDULRXV�EULJKWHQHUV�KDV�EHHQ�UHSRUWHG�D�ORW�VR�IDU��EXW�WKH�
HIIHFW�RI�EULJKWHQHU�RQ�WKH�HOHFWURGHSRVLWLRQ�EHKDYLRU�RI�=Q�1L�DOOR\V�KDV�UDUHO\�
EHHQ�UHSRUWHG�� ,Q� FRQWUDVW�� WKH� VROXWLRQ� WHPSHUDWXUH� LV� DQ� H[WUHPHO\� LPSRUWDQW�
IDFWRU� LQ�HOHFWURGHSRVLWLRQ�EHFDXVH� LW� DIIHFWV� WKH� RYHUSRWHQWLDO � IRU� HOHFWURGHS�
RVLWLRQ��XQLIRUPLW\�RI� HOHFWURGHSRVLWLRQ� �WKURZLQJ�SRZHU� �� VROXELOLW\� RI�PHWDO �
VDOWV �� VROXWLRQ� FRQGXFWLYLW\�� HWF� � +RZHYHU�� WKH� HIIHFW � RI� VROXWLRQ� WHPSHUDWXUH�
RQ� WKH� HOHFWURGHSRVLWLRQ� EHKDYLRU� RI� =Q�1L� DOOR\V� IURP� ]LQFDWH� VROXWLRQV� KDV�
QRW�\HW�EHHQ�UHSRUWHG�LQ�GHWDLO ��(VSHFLDOO\�LQ�WKH�FDVH�RI�HOHFWURGHSRVLWLRQ�IURP�
HOHFWURO\WLF�VROXWLRQV�FRQWDLQLQJ�D�EULJKWHQHU��WKH�HIIHFW�RI�EULJKWHQHU�PD\�GLI�
IHU�GHSHQGLQJ�RQ�WKH�VROXWLRQ�WHPSHUDWXUH� �7KH�V\QHUJLVWLF�HIIHFW�RI�EULJKWHQHU�
DQG�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�HOHFWURGHSRVLWLRQ�EHKDYLRU�LV�H[SHFWHG��EXW�WKH�
GHWDLOV�DUH�XQNQRZQ��7KHUHIRUH��LQ�WKH�SUHVHQW�VWXG\��,0(��,PLGD]ROH �(SLFKOR�
URK\GULQ��ZDV�VHOHFWHG�DV�D�EULJKWHQLQJ�DJHQW�ZKLFK�LV�UHSRUWHG�WR�KDYH�EULJKW�
HQLQJ�HIIHFW�RQ�WKH�=Q�ILOPV�GHSRVLWHG�IURP�]LQFDWH�VROXWLRQV��DQG�WKH�HIIHFW�RI�
,0(�RQ� WKH� GHSRVLWLRQ� EHKDYLRU� RI�=Q �1L� DOOR\�ZDV� LQYHVWLJDWHG� �=Q�1L� DOOR\�
HOHFWURGHSRVLWLRQ�ZDV�SHUIRUPHG�LQ�]LQFDWH�VROXWLRQV�DW�GLIIHUHQW�VROXWLRQ�WHP�
SHUDWXUHV�XVLQJ�,0(�DV�D�EULJKWHQHU��DQG�WKH�UHVSHFWLYH�DQG�V\QHUJLVWLF�HIIHFWV�
RI� ,0(� DQG� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� HOHFWURGHSRVLWLRQ� EHKDYLRU�ZHUH� GLV�
FXVVHG� EDVHG� RQ� WKH� SDUWLDO� SRODUL]DWLRQ� FXUYHV� RI� =Q� D QG�1L� GHSRVLWLRQV� DQG�
K\GURJHQ� HYROXWLRQ�� DSSHDUDQFH�� DQG� PLFURVWUXFWXUH� RI� WKH� HOHFWURGHSRVLWHG�
ILOPV�  
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�����)RUPDWLRQ�RI�WKLV�WKHVLV  
 

In Chapter 1,  with respect to the background of this study as mentioned above , 
the previous studies on the deposition behavior of Zn-Ni alloys,  and the mech-
anism of brightening agents, and the purpose and structure of this thesis were 
described.  

In Chapter 2, the effect of brightener on the deposition behavior of Zn -Ni 
alloys from zincate solutions were described based on the partial  polarization 
curves of Zn and Ni depositions, and hydrogen evolution. Epichlorohydrin and 
imidazole reactant (IME) was used as a brightener. The addition of IME de-
creased the transit ion current density  at which the deposition behavior shifted from the 
normal to anomalous co-deposition due to suppression of hydrogen evolution. With IME, 
the current  efficiency of alloy deposition decreased due to the suppression of 
both Zn and Ni depositions,  while the Ni content of the deposited films de-
creased because the Ni deposition was more suppressed than Zn deposition.  

In Chapter 3, the effect of solution temperature on the Zn-Ni deposition be-
havior was discussed based on the partial polarization curves of Zn and Ni 
depositions, and hydrogen evolution. In the region in which the charge transfer  
process is rate-limiting for deposition,  since Ni deposition was more promoted 
than Zn deposition at higher solution temperatures, the Ni content in the de-
posited films increased with increasing solution temperature.  

In Chapter 4, synergistic effect of IME and solution temperature on the elec-
trodeposition behavior of Zn-Ni alloy was investigated by the partial polariza-
tion curves of Zn and Ni depositions and hydrogen evolution . The adsorption 
ability of IME on the cathode surface was expected to decrease with increasing 
solution temperature. The inhibitory effect of IME on the Zn and Ni deposi-
tions during alloy deposition was observed at  a solution temperature of 293 K. 
However,  the inhibitory effect  on the Zn deposition decreased with increasing 
the solution temperature to 313 and 333 K, while that on the Ni deposition was 
maintained. Therefore,  the Ni content in the deposited films was significantly 
decreased by the addition of IME at higher solution temperatures.  It was also 
found that the adsorption abil ity of IME was large at a solution temperature of 
293 K, and that the crystal grains of the el ectrodeposited films became finer 
and smoother.  

In Chapter 5, the effect of IME addition on the corrosion resistance of depos-
ited Zn-Ni alloy films was described based on the immersion tests in 3 mass% 
NaCl aqueous solution, which was a typical environment  containing chloride 
ions.  In the films electrodeposited from the solution with IME, the anodic re-
action was suppressed after immersion in 3 mass% NaCl aqueous solution for 
24 h, and the corrosion potential shifted to the more noble side. The plate-like 
crystals of zinc chloride hydroxide formed on the Zn -Ni alloy fi lms, which was 
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obtained from the solution containing 5 ml·dm -3 of IME, were fine and uniform 
over the entire surface. In the films on which the corrosion products were 
formed after 24 h immersion in the 3 mass% aqueous NaCl solution, the sup-
pression of anodic reaction with IME is at tributed to the formation of uniform 
corrosion products (zinc chloride hydroxide) on the surface,  in addition to the 
co-deposition of C.  

In Chapter 6 "Conclusions," the conclusions obtained in each chapter are sum-
marized.  
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Chapter 2. Effect of Reaction Product of Epichlorohydrin and 
Imidazole on the Electrodeposition Behavior of Zn±Ni Alloy from 
Alkaline Zincate Solution 
 
2-1. Introduction 
 

Electrodeposited Zn±Ni alloy coatings are used for automobile parts, electric 
household products, and building materials owing to their superior corrosion 
resistance.1 ~3 )  Particularly, Zn±Ni alloy coatings are widely used for automo-
bile engine parts,  which require high corrosion resistance at elevated temper-
atures.  Such coatings are generally produced from sulfate and chloride solu-
tions. Alkaline solutions,  such as cyanide and zincate solutions,  have better 
throwing power of deposits. 4 ,5 )  However, since hydrogen cyanide is toxic, zin-
cate solutions are environmentally desirable. The deposition of Zn ±Ni alloys 
from sulfate and chloride solutions shows an anomalous co -deposition behavior, 
where the electrochemically base Zn preferentially deposits over Ni. 6 ~1 0 )  

By contrast, the deposition behaviors of Zn±Ni alloys from zincate solutions 
show that both normal and anomalous behaviours depend on the electrolysis 
conditions,1 1 ~1 6 )  and there is an ambiguity in comparison with their behavior  
in sulfate and chloride solutions.  Therefore, the authors investigated the dep-
osition behavior of a Zn±Ni alloy from the zincate solution containing trieth-
anolamine or ethylenediamine as a complex agent with Ni 2 + ions.  The results 
indicate that  the deposition of the Zn±Ni alloys from the zincate solutions 
showed a normal behavior at a low current density, but its behavior became 
anomalous with increasing current density. 1 7 ~2 0 )  During deposition from zin-
cate solutions,  a brightener is generally added into the electrolyte. The bright-
ener possibly affects the deposition behavior, but there is an ambiguity about 
this effect. Therefore, in this study, the reaction product of epichlorohydrin 
and imidazole,2 1 )  which effectively provides gloss for Zn films deposited from 
zincate solutions, is  used as the brightener. The effect  of this reaction product 
of epichlorohydrin and imidazole on the deposition behavior of the Zn ±Ni alloy 
is discussed from partial polarization curves of the Zn and Ni depositions and 
hydrogen evolution.  

 

2-2. Experimental 
 

Table 2-1 shows the composition of the zincate solution and the electrolysis 
conditions for the Zn±Ni alloy deposition. The electrolytic solutions were pre-
pared by dissolving reagent -grade ZnO (0.15 mol·dmí3),  NiSO4·6H2O (0.016 
mol·dmí3), N(CH2CH2OH)3 (0.34 mol·dmí3), and NaOH (2.5 mol·dmí3) in dis-
tilled and deionized water. In some experiments, the current density for hydro-
gen evolution was measured using a solution eliminating the Zn or Ni ions from 
the bath mentioned above. The brightener was a kind  of polymer as shown in 
Fig. 2-1 that was a reaction product of epichlorohydrin and imidazole as  
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reported in the previous paper. 2 1 ,2 2 )  IME shown in this paper below denotes the 
reaction product of epichlorohydrin and imidazole. The electrodeposition was 
performed in unagitated solutions under coulostatic (5 ×  10 4 C·mí2) and gal-
vanostatic (10±500 A·mí2) conditions at  293 K. Copper (1 ×  2 cm 2) and plati-
num (1 ×  2 cm2) sheets were used as the cathodes and anodes, respectively.  
The cathode deposits were dissolv ed using nitric acid. The Zn and Ni contents 
of the deposited Zn±Ni alloys were quanti tatively analyzed by inductively cou-
pled plasma spectroscopy. Hence, the Ni content of the deposits and the cath-
ode current efficiency for the Zn and Ni depositions were calculated. The par-
tial current densit ies for the Zn and Ni depositions, and hydrogen evolution 
were calculated by multiplying the total  current density by each current effi-
ciency. The current efficiency for hydrogen evolution was calculated by sub-
tracting the current efficiency for the Zn and Ni depositions from 100%. The 
cathode potentials were measured using a saturated -KCl/Ag/AgCl reference 
electrode (0.199 V vs. NHE, 298 K) and then plotted with reference to the NHE.   

 

7DEOH������6ROXWLRQ�FRPSRVLW LRQV�DQG�HOHFWURO\VLV�FRQGLWLRQV  

=Q2��� � � � � � �  �PROÂGPí��  ����  &XUUHQW�GHQVLW\  
�$ÂPí��  ��±���  

1L62�Â�+�2��  �PROÂGPí��  �����  7HPSHUDWXUH�  
�.�  ����  

1�&+�&+�2+���  �PROÂGPí��  ����  $PRXQW�RI�FKDUJH 
�&ÂPí��  ��î����  

1D2+��� � � � �  �PROÂGPí��  ���  &DWKRGH  &X����î���FP��  

5HDFWLRQ� SURGXFW� RI� HSLFKOR�
URK\�GULQ�DQG�LPLGD]ROH��,0(� �POÂGPí��  �a�  

$QRGH  3W�����î���FP��  

4XLHVFHQW�EDWK   
 

The morphologies of the deposited fi lms were observed by scanning electron 
microscopy (SEM) and the structures of the alloys were examined by X-ray 
diffraction (XRD). The crystall ite sizes of the deposited films were calculated 
using the Scherrer equation 2 3 ) from the half-width of the XRD peak correspond-
ing to the 10ͳത1 reflection. The polarization curves, which were used to evalu-
ate the corrosion resistance of the deposited films, were measured via polari-
zation from a less noble potential than the corrosion potential toward the an-
odic-potential direction using a potential -sweep method at 1.0 mV·sí1 in an 
oxygen-saturated 3% NaCl solution at  313 K.  
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Fig. 2-1. Structural formula of reaction product of epichlorohydrin and imid-
azole.  

 

2-3. Results  

 

2-3-1. Effect of IME on the Appearance of the Deposited Films  

 
Figure 2-2 shows the appearance of the Zn±Ni alloy films deposited at  various 

current densities from the solutions with and without the reaction product of  
epichlorohydrin and imidazole (IME). The Zn±Ni alloy films deposited at all  
the current densities from the IME -free solution were gray, showing no gloss.  
The films obtained at 20 A·mí2  from the solution containing 2 ml·dm í3 of the 
IME somewhat exhibited gloss, whereas those deposited at  current densities 
above 50 A·mí2 were silver,  showing gloss.  The gloss of the deposited fi lms 
became significant with increasing current density. Contrari ly, dark dots are 
observed in the Zn±Ni alloy films deposited at 10 and 20 A·m í2 without IME 
and at 10 A·mí2 with IME. Since the current efficiency for the alloy deposit ion 
was low at  10 and 20 A·mí2 without IME and at 10 A·mí2 with IME (Fig. 2-4),  
the dark dots are attributed to traces of the evolved hydrogen gas.  
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Fig. 2-2. Appearance of Zn±Ni alloy films deposited at  various current densi-
ties from solutions with and without 2 ml·dm í3 IME.  

 

2-3-2. Effect of IME on the Deposition Behavior of Zn±Ni Alloy 

 
Figure 2-3 shows the total and partial polarization curves of Zn and Ni for the 

Zn±Ni alloy deposition. The equilibrium potential for  the Zn deposition was 
í�����9��DVVXPLQJ�SXUH�=Q�GHSRVLWLRQ��7KHQ��WKH�HTXLOLEULXP�SRWHQWLDO�IRU�SXUH�
1L� GHSRVLWLRQ�ZDV� FDOFXODWHG� DV� í�����9� EDVHG� RQ� WKH� FRPSOH[� VWDELOLW\� FRQ�
stant K = 104 .7 4 ,2 4 )  which was formed by the coordination of two triethanola-
mine molecules toward Ni2 + ions, assuming pure Ni deposit ion. In the IME -
IUHH� VROXWLRQ�� WKH� WRWDO� SRODUL]DWLRQ� FXUYH� URVH� DW� DSSUR[LPDWHO\�í�����9�� DQG�
the cathode potential  shifted rapidly to the negative direction at current densi-
ties above 50 A·mí2.  At poteQWLDOV� OHVV� QREOH� WKDQ� DSSUR[LPDWHO\�í����9�� WKH�
current density rapidly increased for the second time. In the partial polarization 
curve for the Zn deposition, the partial current density of Zn was detected at  
DSSUR[LPDWHO\� í����9�� 6XEVHTXHQWO\� � WKH� FDWKRde potential rapidly shifted to 
the negative direction like the total polarization curve. The partial current den-
VLW\�RI�=Q�UDSLGO\� LQFUHDVHG�DW�SRWHQWLDOV� OHVV�QREOH� WKDQ�í�����9�RI� WKH�HTXL�
librium potential for the Zn deposition. Even in the abovemention ed alloy dep-
osition, Zn substantially began to deposit at a potential  less noble than its  
equilibrium potential. In the Zn±Ni alloy deposition, the current density for 
WKH�=Q�GHSRVLWLRQ�ZDV�VRPHZKDW�GHWHFWHG�HYHQ�DW �DSSUR[LPDWHO\�í����9��ZKLFK�
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is more noblH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�IRU�SXUH�=Q�GHSRVLWLRQ��í�����9���
indicating the occurrence of an apparent underpotential deposit ion of Zn. Then, 
the partial current density for the Ni deposition began to increase at approxi-
PDWHO\�í����9�DQG�EHFDPH�DOPRVW  constant at approximately 6 A·m í2 until  the 
equilibrium potential of Zn, and somewhat increased at  potentials less noble 
than the equilibrium potential of Zn.  

 

 
Fig. 2-3. Polarization curves for Zn±Ni alloy deposition from solutions with 
and without IME: (a) no IME, (b) 1 ml·dm í3 IME, (c) 3 ml·dmí3,  (d) 5 ml·dmí3.  

 

In the deposition from the 1 ml·dm í3 IME-containing solution, al l the total  
and partial  polarization curves of Zn and Ni were greatly polarized compared 
with those from the IME-free solution (Fig. 2-3(b)). For the total polarization 
curves,  the cathode potential rapidly polarized to the negative direction at  a  
current density above 10 A·mí2. The current density at  which the cathode po-
tential rapidly polarized to the negative directio n was lower than that  from the 
IME-free solution. By contrast , the partial polarization curves for the Zn and 
Ni depositions rose at potentials less noble than the equilibrium potential for 
Zn deposition, and the partial current densities of Zn and Ni appr oached con-
VWDQW�YDOXHV�DW �SRWHQWLDOV� OHVV�QREOH� WKDQ�í����9��7KLV� WUHQG� LQGLFDWHV� WKDW � WKH�
Zn and Ni depositions approach the diffusion limitations of Zn 2 + and Ni2 + ions 
DW� SRWHQWLDOV� OHVV� QREOH� WKDQ� í����9�� $OWKRXJK� WKH� =Q� GHSRVLWLRQ� RFFXUUHG� DW�
approxima WHO\� í���� 9� PRUH� QREOH� WKDQ� L WV� HTXLO LEULXP� SRWHQWLDO� LQ� WKH� ,0( -
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free solution, that is , an apparent underpotential deposit ion of Zn occurred, 
this phenomenon was not observed in the IME-containing solution. The under-
potential deposition of Zn during the Zn±Ni alloy deposition was attributed to 
the significant decrease in the activity coefficient of Zn in the deposited films 
because of the formation of stable intermetallic compound Ni 5Zn2 1 during the 
deposition.1 7 ,1 9 )  Thus, the co-deposition of Ni is  essent ial  for the underpoten-
tial deposition of Zn. However, the Ni deposition was considerably suppressed 
in the IME-containing solution in this study. Consequently, no Ni deposition 
occurred at the potential region more noble than the equil ibrium potential of 
Zn, and no underpotential  deposition of Zn occurred.  The deposition behavior 
from the 3 ml·dmí3 IME-containing solution (Fig. 2 -3(c)) showed an almost 
identical tendency to that from the 1 ml·dm í3 IME-containing solution (Fig. 2 -
3(b)). In particular, the pa rtial current densities of Zn and Ni were smaller in 
the 3 ml·dmí3 IME-containing solution than in the 1 ml·dm í3 IME-containing 
solution. As the IME concentration increased to 5 ml·dm í3, the partial current 
densities of Zn and Ni further decreased compared  with those from 3 ml ½dmí3  
of the IME (Fig. 2-3(d)). Particularly, in the potential region less noble than 
í����9��WKH�=Q�DQG�1L�GHSRVLWLRQV�UHDFKHG�WKH�GLIIXVLRQ�OLPLWDWLRQV�RI�WKH�=Q 2 + 
and Ni2 + ions, suggesting that the diffusions of the Zn 2 + and Ni2 + ions were 
suppressed by the IME. The concentration of IME in the vicinity of cathode 
seems to be significantly higher than that in the bulk solution because IME 
adsorbs on the cathode. Therefore, it  is likely that the viscosity of solution at  
cathode layer including diffusion layer increases, resulting in suppression of 
the diffusions of Zn2 + and Ni2 + in the diffusion layer.  

 
Fig. 2-4. Current efficiency for Zn±Ni alloy deposition from solutions with and 
without IME: ̻ QR�,0(��Ÿ���POāGPí3 IME, ̰ 3 ml·dmí3,  ೠ  5 ml·dmí3.  
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Figure 2-4 shows the effect of current density on the current efficiency for 
the Zn±Ni alloy deposition. In the IME-free solution, the current efficiency for 
the alloy deposition was low (15%±25%) at the low current density of 10±50 
A·mí2. However, the current efficiency rapidly increased at current densities 
above 50 A·mí2, peaked at 100±200 A·mí2, and subsequently decreased with 
further increasing current density. Compared with the polarization curve in Fig.  
2-3(a), the cathode potential at 10±50 A·mí2 was more noble than the equilib-
rium potential  of Zn, resulting in low current efficiency for the alloy deposit ion. 
At current densities above 50 A·m í2, the cathode potential rapidly shifted to 
the potential region less noble than the equilibrium potential of Zn (Fig. 2 -
3(a)),  leading to a significant increase in the current efficiency for the alloy 
deposition. The decrease in current efficiency at  500 A·m í2 may be attributed 
to the Zn and Ni depositions approach toward the d iffusion limitations of the 
Zn2 + and Ni2 + ions.  With the addition of the IME, the current efficiency for the 
alloy deposition was almost zero at 10 A·m í2, increased significantly at current 
densities above 10 A·mí2,  peaked at  20±50 A·mí2,  and greatly decreased at  
current densities above 50 A·mí2 irrespective of the IME concentration. In the 
IME-containing solution, the cathode potential  shifted to the potential  region 
less noble than the equilibrium potential of Zn at current densities above 10 
A·mí2 (Figs.  2-3(b)±2-3(d)). Consequently, the current efficiency for the alloy 
deposition increased and was significantly higher at 20 ±50 A·mí2 than that in 
the IME-free solution. Since the Zn and Ni depositions reached or approached 
the diffusion limitations of the Zn2 + and Ni2 + ions at  total  current densities  
above 100 A·mí2 (Figs. 2-3(b)±2-3(d)), the current efficiency for the alloy 
deposition seemed to decrease with increasing current density. At the current 
density region above 100 A·mí2, the current efficiency for the alloy deposition 
was lower in the IME-containing solution than in the IME-free solution and 
generally decreased with increasing IME concentration. This trend indicates 
that  the Zn and Ni depositions were more suppressed than hydrogen evolution 
with increasing IME concentration.  

 
Fig. 2-5. Ni content in Zn±Ni alloys deposited at  various current densities from 
solutions with and without IME: (b) magnified view of area of 0±10 mass% Ni 
content; ̻ QR�,0(��Ÿ���POāGPí3 IME, ̰ 3 ml·dmí3, ೠ  5 ml·dmí3.  
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Figure 2-5 shows the effect  of current density on the Ni content in the depos-
ited Zn±Ni alloy films. The broken line (CRL of Ni) shows the Ni content in  
the deposits predicted from the concentration ratio of Ni 2 + ion against the total  
metal  ions in the bath. When the Ni content in the deposited films exceeded 
the CRL, normal co-deposition occurred, in which electrochemically noble Ni 
deposited preferentially to Zn. In contrast ,  when the Ni content in the deposited 
films was smaller than the CRL, anomalous co-deposition occurred, in which 
base Zn deposited preferentially to Ni.  In the IME -free solution, the Ni content 
in the deposited fi lms changed significantly at 50±100 A·mí2 (Fig. 2-5(a)). The 
Ni content in the Zn±Ni fi lms deposited at current densities be low 50 A·mí2  
was approximately 90 mass% above the CRL and showed normal co -deposition. 
However,  at  current densities above 100 A·m í2,  the Ni content was less than 
the CRL and exhibited anomalous co-deposition. With the addit ion of the IME, 
the Ni content in the deposited fi lms substantially changed at 10±20 A·mí2 
irrespective of IME concentration. At current densities above 20 A·m í2,  the Ni 
content in the deposited films was below CRL and showed anomalous co -dep-
osition. The current density at which depositi on behavior changes from normal 
to anomalous is called transition current density. 2 5 )  This transit ion current den-
sity corresponded to the current density at which the cathode potential  of the 
total  polarization curve rapidly shifted to the negative directi on (Figs. 2-3(a)±
2-3(d)) and at which the current efficiency for alloy deposition significantly 
changed (Fig.  2-4). The transition current density in the IME -containing solu-
tion was lower than that  in the IME -free solution. Figure 2-5(b) shows a mag-
nified view of the Ni content in the deposited films of the area where the anom-
alous co-deposit ion occurred at  current densities above 20 A·m í2. The Ni con-
tent in the Zn±Ni alloy films obtained by anomalous co -deposition decreased 
with the addition of the IME and  generally decreased with increasing IME con-
centration.  

 

2-3-3. Effect of IME on the Microstructure of Deposited Films  

 
Figure 2-6 shows the SEM images of the films deposited at 50, 100, and 500 

A·mí2  from the solutions containing various amounts of the IME. The films 
deposited at  50 A·mí2 were composed of granular crystals irrespective of the 
presence or absence of the IME. Thus, the IME did not affect the morphology 
of the deposited films (Figs.  2 -6(a)±2-6(d)). For the films deposited at 100 
A·mí2 from the IME-free solution (Fig. 2-6(e)), a smooth granular morphology 
was observed; while those deposited from the solution containing 1 ml·dm í3 
of the IME (Fig. 2-6(f)) were smooth and showed fewer granula r crystals than 
that in IME-free solution. However, as the IME concentration increased to 3 
ml·dmí3 (Fig. 2-6(g)), granular crystals emerged on the smooth surface. As the 
concentration further increased to 5 ml·dm í3 (Fig. 2-6(h)), the granular crys-
tals decreased and the smooth area expanded. The films deposited at  500 A·m í2 
from the IME-free solution (Fig. 2-6(i)) showed platelet  crystals perpendicular 
to the substrate, which smoothed (without platelet crystals) with the addition 
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of 1 ml·dmí3 IME (Fig. 2-6(j)). With increasing IME concentration to 3 and 5 
ml·dmí3 (Figs. 2-6(k),  6(l)), 100 nm-fine granular crystals were observed, 
however, the films eventually became generally smooth.  

 
Fig. 2-6. SEM micrographs of surface of Zn±Ni alloys deposited at various 
current densities from solutions containing IME at different concentrations.  

 

Figure 2-7 shows the XRD patterns of the films deposited at  500 A·m í2.  Only 
SHDNV� UHVXOWLQJ� IURP� WKH� Ș� SKDVH��ZKLFK� VKRZHG� D� VROLG� VROXWLRQ� RI�1L� LQ� WKH�
Zn and the Fe substrate,  were detected irrespective of the presence or absence 
RI�WKH�,0(��7KH�Ș�SKDVH�RI�WKH�ILOPV�GHSRVLWHG�IURP�WKH�,0( -free solution was 
oriented mainly to the {10ͳത1} and {0001} planes (Fig. 2-7(a)), however, such 
orientation decreased with the addit ion of 1 ml·dmí3 of the IME (Fig. 2-7(b)). 
With increasing IME concentration to 3 and 5 ml·dm í3 (Figs. 2-7(c) and 2-
7(d)), the orientation to the {10ͳത1} and {0001} planes further decreased, even-
tually approaching the non-orientation state. Typically, in metal deposition, 
the deposited film exhibits an unoriented, dispersed texture with increasing 
polarization, and its morphology becomes a smooth surface composed of dis-
persed fine crystals irrespective of the substrate and the electric field. 2 6 ) In 



- 26 - 

 

this study, when the polarization became large with the addit ion of the IME, 
the deposited films nearly became unoriented and dispersed in type. Then, in 
the Zn±1L�DOOR\�GHSRVLWLRQ� IURP�VXOIDWH� VROXWLRQV��DOWKRXJK� WKH�Ȗ�SKDVH�RI� LQ�
termetall ic compounds, such as NiZ n3 and Ni5Zn2 1, is reported to be present in 
films with 4.8 mass% of Ni content, 2 7 ) WKH�Ȗ�SKDVH�ZDV�QRW�GHWHFWHG�LQ�WKH�ILOPV�
deposited from the zincate solution in this study.  

 

 
Fig. 2-7. XRD patterns of Zn±Ni alloy fi lms deposited at  500 A·m í2 from so-
lutions with and without IME: (a) no IME, (b) 1 ml·dm í3  IME, (c) 3 ml·dmí3,  
(d) 5 ml·dmí3.  

 

Figure 2-8 shows the crystallite size of the films deposited at 500 A·m í2. The 
crystallite size of the deposited films decreased with increasing IME concen-
tration. Generally,  when the overpotential for deposition increases during the 
metal deposition, the nucleation rate of the deposition prevails over the crystal  
growth, thus resulting in a decreased crystalli te size of the deposits. 2 8 ~3 1 )  In 
this study, the decrease in the crystallite size of the deposited films with in-
creasing IME concentration was attributed to an increase in the deposition 
overpotential with increasing IME concentration.  
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Fig. 2-8. Crystalli te size of Zn±Ni alloy films deposited at 500 A·mí2 from 
solutions containing various amounts of IME.  

 

2-3-4. Effect of IME on the Corrosion Resistance of the Deposited 
Films 

 
Figure 2-9 shows the polarization curves in a 3 mass% NaCl solution for the 

deposited films. For the films deposited fr om the IME-containing solutions,  
the oxidation reaction was suppressed, resulting in the shift of the corrosion 
potential of the deposited films to the noble direction. The degree of this shift  
increased with the IME concentration. In contrast, the reducti on rate of dis-
solved oxygen, which is a cathode reaction for corrosion, rarely changed, irre-
spective of the presence or absence of the IME. Hence, the IME slightly af-
fected the corrosion current density. The reason for the suppression of the dis-
solution reaction of the deposited films by the IME addition is unknown, but 
the change in the microstructure of the deposited films and the co -deposition 
of the IME with the deposited films seemed to affect the dissolution reaction.  
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Fig. 2-9.  Polarization curves in 3 mass% NaCl solution for deposits obtained 
at  500 A·mí2 from solutions with and without IME: (a) no IME, (b) 1 ml·dm í3  
IME, (c) 3 ml·dmí3,  (d) 5 ml·dmí3.  

 

2-4. Discussion 

 
The effects of the reaction product of epichlorohydrin and imidazole (IME) 

on the electrodeposit ion behavior of Zn±Ni alloys from alkaline zincate solu-
tions are discussed as follows. Even in the Zn±Ni alloy deposition from sulfate 
solutions, the anomalous co -deposition behavior where electrochemically base 
Zn preferentially deposits  over Ni occurs in the practical  current density region 
where the current efficiency is high. 6 ~1 0 ) The following hydroxide suppression 
mechanism (1 and 2) is proposed to explain the anomalous co -deposition from 
sulfate solutions. 1) The Ni deposition from hydrated ions proceeds by a mul-
tistep reduction mechanism through the adsorption of intermediate NiOH con-
taining a hydroxyl group, and the adsorption site for NiOH is limited. 2) 
Zn(OH)2, which results from the increase in pH at the cathode layer caused by 
hydrogen evolution during electrolysis, adsorbs on the cathode and obstructs 
the site for NiOHad, thereby suppressing Ni deposition. 6 ~1 0 ) Zn deposition from 
zincate solutions proceeds through the multistep reaction described by Eqs. (1),  
(2), and (3) based on the measurement of interfacial impedance. 3 2 ~3 4 )  



- 29 - 

 

��ሺ��ሻସଶି՜��ሺ��ሻଷି�൅���ି ሺͳሻ  

��ሺ��ሻଷି՜��ሺ��ሻଶ�൅���ି ሺʹሻ  

��ሺ��ሻଶ൅ʹ�՜���൅�ʹ��ି ሺ͵ሻ  

At a high current density,  Zn deposition occurs thro ugh the multistep reaction 
of Eqs. (1) , (2),  and (3), and Ni deposition seems to be suppressed by the 
Zn(OH)2 formed at the cathode layer, resulting in anomalous co -deposition.  

In the alloy deposition of Zn˰Fe group metals, such as Ni, Fe, and Co, the 
transition current density at which the deposition behav ior shifts from the nor-
mal type to anomalous has the same meaning as that  at  the critical  current 
density at  which Zn deposition begins in Zn single solutions. 3 5 ) Here, the tran-
sition current density for Zn˰Ni alloy deposition in this study was 50ˀ100 
A½mí2 in the IME-free solution; it  became 10ˀ20 A½mí2 in the IME-containing 
solution, showing a significant decrease in the transition current density with 
the addition of the IME (Fig. 2-5(a)). As mentioned above, the transition cur-
rent density corresponds to the current density at which the cathode potential  
of the total polarization curve drastically shifts from the more noble potential  
region than the equil ibrium potential of Zn to the negative region, and it was 
similar to the cri tical current density for Zn deposition. The cri tical  current 
density for Zn deposition decreases as the suppression for hydrogen evolution 
increases.3 6 ~3 8 ) Figure 2-10 shows the partial polarization curve for the hydro-
gen evolution during the ZnˀNi alloy deposition. The partial  polarization curve 
for the hydrogen evolution from the Zn 2 +- and Ni2 +-free solution was compared 
with that from the Zn˰Ni alloy solution. The current density for hydrogen 
evolution from the Zn˰Ni alloy solution decreased once in spite of the shift in 
the potential to the negative direction irrespective of the presence or absence 
of the IME in the potential  region more noble than the equilibrium potential of 
Zn, and it increased in the potential region less noble than the equilibrium 
potential of Zn. The current density for hydrogen evolution from the Zn 2 +- and 
Ni2 +-free solution increased with the shift in the potential to the negative di-
rection, and it  did not decrease in the vicinity of the equilibrium potential  of 
Zn. Since the hydrogen evolution reaction proceeds through a multistep reac-
tion via the adsorption of intermediate H ad

3 5 ,3 6 ) and the adsorption site for 
Had is limited, the formation of the Zn(OH) 2 on the surface may suppress the 
hydrogen evolution reaction by obstructing the adsorption site of H ad. There-
fore, the current density for hydrogen evolution from the Zn˰Ni alloy solution 
seemed to decrease once in spite of the shift  in the potential  to the negative 
direction in the vicinity of the equilibrium potential of Zn. Focusing on the 
effect of IME on the hydrogen evolution, the hyd rogen evolution was sup-
pressed by the IME in the potential  region more noble than the equilibrium 
potential of Zn. As with Zn(OH) 2, the IME seemingly suppressed the hydrogen 
evolution, due to the limitation in adsorption sites for H ad.  As mentioned above,  
the hydrogen evolution during the Zn˰Ni alloy deposition was suppressed by 
the addition of the IME, resulting in a decrease in the transition current density 
for the alloy deposition.  

https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#eq_001
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#eq_002
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#eq_003
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#article-overview-references-list
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#fig_005
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#article-overview-references-list
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#article-overview-references-list
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#fig_010
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#article-overview-references-list
https://www.jstage.jst.go.jp/article/isijinternational/61/8/61_ISIJINT-2021-080/_html/-char/en#article-overview-references-list
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Fig. 2-10. Partial polarization curves for H 2 evolution during Zn±Ni alloy dep-
osition from solutions with and without IME: ̻ QR� ,0(��Ÿ���POāGPí3 IME, 
̰  3 ml·dmí3, ·  ೠ  5 ml·dmí3,  ̺  (Zn2 +, Ni2 +, IME)-free.  

 

With regard to the effect of the IME on the alloy composition and current 
HIILFLHQF\� LQ� WKH�=Qí1L� DOOR\�GHSRVLWLRQ�� WKH� ,0(�VXSSUHVVHG�ERWK�=Q� DQG�1L�
depositions (Fig. 2 -3). Consequently, the current efficiency for the alloy dep-
osition decreased with the IME in the high-current-density region (Fig.  2 -4).  
Regarding the difference in the suppression effect  between the Zn and Ni dep-
RVLWLRQV� � WKH� 1L� FRQWHQW� LQ� WKH� =Qí1L� DOOR\� ILOPV� GHSRVLWHG� LQ� WKH� DQRPDORXV�
co-deposition region decreased with the addition of t he IME (Fig. 2-5(b)),  in-
dicating that the Ni deposition was more suppressed by the IME than Zn dep-
osition. Assuming that the adsorption sites for intermediate NiOH ad during Ni 
deposition were l imited, the limited adsorption sites of NiOH ad seem to be 
obstructed by the adsorption of the IME, resulting in greater suppression of the 
Ni deposition than Zn deposition. Therefore,  the Ni content in the deposited 
alloy films decreased with the addition of the IME.  

About the effect of the IME on the appearance and c rystal morphology of the 
GHSRVLWHG�=Qí1L�DOOR\�ILOPV�� WKH�ILOPV�GHSRVLWHG�IURP�WKH�,0( -containing so-
lution became smooth with increasing current density (Fig.  2 -6), and they 
showed a significant gloss (Fig.  2 -2). Thus, the effect  of the IME on the mi-
crostructure of the deposited films increased with the current density. Since 
the additive used in this study was polymers composed of quaternary 



- 31 - 

 

ammonium cations (Fig. 2 -1),  the electrostatic adsorption abil ity onto the cath-
ode increased with the current density or the shift in the cathode potential  to 
the negative direction, consequently increasing the IME effect with the current 
density.  

 

2-5. Conclusion 
 

The effect  of the reaction product of epichlorohydrin and imidazole (IME) on 
the deposition behavior of Zn±Ni alloys was investigated using polarization 
curves for the Zn and Ni depositions and hydrogen evolution. The IME was 
used as the brightener. The transition current density at which the deposition 
behavior shifted from the normal type to anomalous was 50±100 A·mí2  in the 
IME-free solution; it  became 10±20 A·mí2 with the addition of the IME, indi-
cating that  the IME greatly decreased the transition current density. The tran-
sition current density corresponds to the current density at which the potential  
of the total polarization curve significantly shifts from the more noble region 
than the equilibrium potential of Zn to the less noble region. With the addition 
of the IME, the decrease in transition current density was attributed to the 
suppression of hydrogen evolution, and the current efficiency for the alloy 
deposition in the high-current-density region decreased due to the suppression 
of both the Zn and Ni deposit ions. The Ni content of the deposited fi lms de-
creased with the IME, indicating that Ni deposition was more suppressed by 
the IME than Zn deposition. With increasing current density, the crystals of 
the films deposited from the IME-containing solution became smooth and 
showed significant brightness.  The oxidation reaction of the films deposited 
from the IME-containing solution was suppressed. Consequently,  the corrosion 
potential shifted to the noble direction with the IME.  
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&KDSWHU� ���Effect of Solution Temperature on Electrodeposition 
Behavior of Zn-Ni Alloy from Alkaline Zincate Solution  
 
�����,QWURGXFWLRQ  
 
=Q±1L�DOOR\V�DUH�XVXDOO\�GHSRVLWHG�LQ�D�VXOIDWH�RU�FKORULGH�VROXWLRQ��KRZHYHU� �

FRQVLGHULQJ�WKH�WKURZLQJ�SRZHU�RQ�VPDOO �SDUWV��WKH�XVH�RI�D�]LQFDWH�VROXWLRQ�LV�
SUHIHUDEOH� � =Q±1L� DOOR\� GHSRVLWLRQ� IURP� VXOIDWH� DQG� FKORULGH� VROXWLRQV� KDYH�
EHHQ� VWXGLHG� D� ORW� VR� IDU�� DQG� DUH� NQRZQ� WR� OHDG� WR� DQRPDORXV� FR �GHSRVLW LRQ�
EHKDYLRU��LQ�ZKLFK�WKH�HOHFWURFKHPLFDOO\ �OHVV�QREOH�=Q�LV�SUHIHUHQWLDOO\�GHSRV�
LWHG�RYHU�QREOH�1L�LQ�WKH�SUDFWLFDO �FXUUHQW�GHQVLW\�UDQJH� ��� � �$OWKRXJK�WKH�HIIHFW �
RI� FXUUHQW� GHQVLW\� � ��� �� WRWDO� FRQFHQWUDWLRQ� RI�PHWDO� LRQV� �� �� DJLWDWLRQ� RI� VROX�
WLRQ��� �� FRQFHQWUDWLRQ� RI�1L� FRPSOH[LQJ� DJHQW ��� � DQG� VROXWLRQ� FRPSRVLWLRQ� ��� �
�� �� DQG� WKH� HIIHFW� RI� FXUUHQW� GHQVLW\ �� ��� � � RQ� WKH� FXUUHQW� HIILFLHQF\� IRU� DOOR\�
GHSRVLWLRQ�ZHUH�UHSRUWHG�LQ�=Q±1L�DOOR\�GHSRVLWLRQ�IURP�WKH�]LQFDWH�VROXWLRQV� �
IHZ�VWXGLHV�RQ�WKH�GHSRVLWLRQ�PHFKDQLVP����KDYH�EHHQ�UHSRUWHG�FRPSDUHG�ZLWK�
WKRVH�RQ�VXOIDWH�DQG�FKORULGH�  
6ROXWLRQ� WHPSHUDWXUH� LV� NQRZQ� WR� DIIHFW� WKH� RYHUSRWHQWLDO �� WKURZLQJ�SRZHU� �

PHWDO �VDOW�VROXELOLW\� �DQG�VROXWLRQ�FRQGXFWLYLW \��� ��,QFUHDVLQJ�WKH�VROXWLRQ�WHP�
SHUDWXUH� LQFUHDVHV� WKH� GLIIXVLRQ� FRHIILFLHQW� RI� LRQV� LQ� VROXWLRQ� DQG� VROXELOLW\�
RI� WKH�PHWDO� VDOW �� DV�ZHOO� DV� FRQGXFWLYLW\� RI� WKH� VROXWLRQ��ZKLFK � FRQVHTXHQWO\�
LQFUHDVHV�WKH�GLIIXVLRQ�OLPLWLQJ�FXUUHQW�GHQVLW\��,Q�FRQWUDVW � �ZKHQ�W KH�VROXWLRQ�
WHPSHUDWXUH� LV�GHFUHDVHG�� WKH� FU\VWDO� JUDLQ�RI� WKH�GHSRVLWV� EHFRPHV� ILQHU�� DQG�
WKH�WKURZLQJ�SRZHU�LV�LPSURYHG��EDVHG�RQ�WKH�LQFUHDVHV�LQ�WKH�GHSRVLWLRQ�RYHU�
SRWHQWLDO�� 7KXV�� VROXWLRQ� WHPSHUDWXUH� LV� D� KLJKO\� LPSRUWDQW� IDFWRU� LQ� HOHFWUR�
GHSRVLWLRQ� �+RZHYHU�� WKH� HIIHFW �RI� VROXWLRQ� WHPSHUDWXUH�RQ� WKH� GHSRVLWLRQ�EH�
KDYLRU�RI� WKH�=Q±1L� DOOR\V� IURP�]LQFDWH� VROXWLRQV�KDV� UDUHO\�EHHQ� UHSRUWHG� �� � �
,Q� WKH� SUHVHQW� VWXG\�� WKLV� WRSLF� LV � GLVFXVVHG�� EDVHG� RQ� WKH� SDUWLDO � SRODUL]DWLRQ�
FXUYHV�RI�=Q�DQG�1L�GHSRVLWLRQV �DQG�+��HYROXWLRQ��  

 
 
�����([SHULPHQWDO  
 
7DEOH�����VKRZV�WKH�]LQFDWH�VROXWLRQ�FRPSRVLWLRQ�DQG�HOHFWURO\VLV�FRQGLWLRQV�

IRU� WKH� =Q±1L� DOOR\� GHSRVLWLRQ�� 7KH� HOHFWURO\WLF� VROXWLRQV� ZHUH� SUHSDUHG� E\�
GLVVROYLQJ�UHDJHQW�JUDGH�=Q2�������PROāGPí����1L62�ā�+�2��������PROāGPí��� �
1�&+�&+�2+��  ������ PROāGPí���� DQG� 1D2+� ����� PROāGPí��� LQ� GLVWLOOHG� DQG�
GHLRQL]HG�ZDWHU� DW� URRP�WHPSHUDWXUH�� ,Q�VRPH�H[SHULPHQWV�� WKH�GHSRVLWLRQ�EH�
KDYLRU�ZDV�LQYHVWLJDWHG�XVLQJ�D�VROXWLRQ�FRQWDLQLQJ�RQO\�1L�RU�=Q��HOLPLQDWLQJ�
WKH� =Q2� ������PROāGPí��� RU�1L62�ā�+�2� �������PROāGP���� IURP� WKH� VROXWLRQ �
QRWHG� DERYH�� (OHFWURGHSRVLWLRQ� ZDV� FDUULHG� RXW� E\� WKH� FRQVWDQW �FXUUHQW� HOHF�
WURO\VLV� PHWKRG�� ZLWKRXW� VWLUULQJ�� DW� FXUUHQW� GHQVLWLHV� RI� �� ±���� $āP±��� DQ�
DPRXQW�RI�FKDUJH�RI���î�����&āP±���DQG�VROXWLRQ�WHPSHUDWXUHV�RI����������� DQG�
����.��7KH�DPRXQW�RI�FKDUJH�RI���î��� ��&āP±��FRUUHVSRQGHG�WR�D�ILOP�WKLFNQHVV�
RI������ȝP��DVVXPLQJ�WKH�GHSRVLWLRQ�RI�SXUH�=Q�DW�D�FXUUHQW�HIILFLHQF\�RI�������
$�&X�SODWH����î���FP��ZDV�XVHG�DV�WKH�FDWKRGH�DQG�D�3W�SODWH����î���FP��DV�WKH�
DQRGH�� UHVSHFWLYHO\�� +RZHYHU� � ZKHQ� SUHSDULQJ� VDPSOHV� IRU� VFDQQLQJ� HOHFWURQ�
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PLFURVFRS\� �6(0�� REVHUYDWLRQ� DQG� ;�UD\� GLIIUDFWLRQ� �;5'�� DQDO\VLV�� DQ� )H�
SODWH� ��� î� �� FP�� ZDV� XVHG� DV� WKH� FDWKRGH��7KH� REWDLQHG� HOHFWURGHSRVLWV� ZHUH�
GLVVROYHG� LQ� +12��� DQG� =Q� DQG� 1L� ZHUH� TXDQWLILHG� E\� LQGXFWLYHO\� FRXSOHG�
SODVPD�RSWLFDO�HPLVVLRQ�VSHFWURVFRS\��,&3�2(6��WR�GHWHUPLQH�WKH�FRPSRVLWLRQ�
RI�WKH�GHSRVLWHG�DOOR\�DQG�WKH�FXUUHQW�HIILFLHQF\�RI�WKH�=Q�DQG�1L�GHSRVLWLRQV��
7KH� FXUUHQW� HIILFLHQF\� RI� WKH� +�� HYROXWLRQ� ZDV� FDOFXODWHG� E\� VXEWUDFWLQJ� WKH�
FXUUHQW�HIILFLHQFLHV�����RI�=Q�DQG�1L�IURP������DQG�WKH�SDUWLDO�FXUUHQW�GHQVLWLHV�
RI�=Q�DQG�1L�GHSRVLW LRQV�DQG�+��HYROXWLRQ�ZHUH�FDOFXODWHG�E\�PXOWLSO\LQJ�WKH�
WRWDO �FXUUHQW�GHQVLW\�E\�WKH�FXUUHQW�HIILFLHQF\����������7KH�SDUWLDO�FXUUHQW�GHQ�
VLWLHV�IRU�=Q�DQG�1L�GHSRVLWLRQV�DQG�+��HYROXWLRQ�ZHUH�FDOFXODWHG�E\�PXOWLSO\�
LQJ� WKH� WRWDO� FXUUHQW� GHQVLW\� E\� WKHLU� UHVSHFWL YH� FXUUHQW� HIILFLHQFLHV� ���������
7KH�FXUUHQW�HIILFLHQFLHV�IRU�1L�DQG�=Q�GHSRVLWLRQV�IURP�WKH�VROXWLRQ�ZLWK�RQO\�
1L� RU� =Q� ZHUH� FDOFXODWHG� XVLQJ� WKH� VDPH� PHWKRG� DV� IRU� DOOR\� GHSRVLWLRQ��$Q�
$J�$J&O� HOHFWURGH� �VDWXUDWHG� .&O�� ������ 9� YV�� 1+(�� ���� .�� ZDV� XVHG� DV� D�
UHIHUHQFH� HOHFWURGH� WR� PHDVXUH� WKH� SRODUL]DWLRQ� FXUYH�� EXW� WKH� SRWHQWLDO� ZDV�
FRQYHUWHG� WR� D� VWDQGDUG� K\GURJHQ� HOHFWURGH� DQG� GLVSOD\HG�� 7KH� VXUID FH� PRU�
SKRORJ\�RI� WKH�GHSRVLWHG� ILOPV�ZDV�REVHUYHG�E\�6(0��DQG� WKH�SKDVH� LGHQWLIL�
FDWLRQ�ZDV� FDUULHG� RXW� E\�;5'� �&X�.Į�� WXEH� YROWDJH� � ��� N9�� WXEH� FXUUHQW� �
���P$��  

 
7DEOH������6ROXWLRQ�FRPSRVLWLRQV�DQG�HOHFWURO\VLV�FRQGLWLRQV� 

=Q2��������� �PROÂGPí�� ���� &XUUHQW�GHQVLW\��$ÂPí�� ��±��� 

1L62�Â�+�2�� �PROÂGPí�� ����� 7HPSHUDWXUH��.� �������������� 

1�&+�&+�2+��� �PROÂGPí�� ���� $PRXQW�RI�FKDUJH��&ÂPí�� ��î���� 
1D2+������� �PROÂGPí�� ��� &DWKRGH &X����î���FP�� 

4XLHVFHQW�EDWK  $QRGH 3W����î���FP�� 
 
�����5HVXOWV  
� 
�������(IIHFW�RI�6ROXWLRQ�7HPSHUDWXUH�RQ�WKH�'HSRVLWLRQ�%HKDYLRU�
RI�=Q±1L�$OOR\V  
 
)LJXUH�����VKRZV� WKH� WRWDO �SRODUL]DWLRQ�FXUYH�RI� WKH�=Q±1L�DOOR\�GHSRVLWLRQ�

DQG�WKH�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI�=Q�DQG�1L�GHSRVLWLRQV�DQG�+ ��HYROXWLRQ��
7KH� HTXLOLEULXP� SRWHQWLDO�� (=Q

HT�� RI� WKH� =Q� GHSRVLWLRQ�ʤ=Q2�
�±ʶ�+�2ʶ�H±

ĺ=Qʶ�2+±ʥZDV� ±�����9�� DVVXPLQJ�SXUH�=Q� GHSRVLWLRQ� �� ��7KH� WRWDO� SRODUL�
]DWLRQ�FXUYH��)LJ��� ���D���URVH�LQ�WKH�QREOHU�SRWHQWLDO�UHJLRQ�FRPSDUHG�ZLWK�WKH�
HTXLOLEULXP�SRWHQWLDO � RI�=Q� �í�����9��� UHJDUGOHVV�RI� WKH�VROXWLRQ� WHPSHUDWXUH��
)XUWKHUPRUH�� LW � VLJQLILFDQWO\� VKLIWHG� WR� WKH� OHVV �QREOH� SRWHQWLDO� UHJLRQ� ZKHQ�
WKH�FXUUHQW�GHQVLW\�H[FHHGHG���±����$āPí���DQG�URVH�DJDLQ�ZKHQ�WKH�SRWHQWLDO �
UHDFKHG�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��$W� DOO� WKH�SRWHQWLDO � UHJLRQ�QREOHU�DQG�
OHVV�QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��FRPSDULQJ�WKH�SRWHQWLDO�DW� WKH�
FRQVWDQW� WRWDO� FXUUHQW� GHQVLW\�� WKH� SRWHQWLDO � VKLIWHG� WR� QREOH� GLUHFWLRQ� ZLWK�
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LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� �$W� VROXWLRQ� WHPSHUDWXUHV� RI� ���� DQG� ���� .��
WKH� FXUUHQW� GHQVLW\� UDQJH� LQ�ZKLFK� WKH� FDWKRGH� SRWHQWLDO� VKLIWHG� VLJQLILFDQWO\�
IURP�WKH�UHJLRQ�QREOHU� WKDQ� WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q�WR� WKH�HTXLOLEULXP�
SRWHQWLDO�ZDV���±����$āPí�� �$W�����.��LW �ZDV�DV�KLJK�DV����±����$āPí��  
7KH�SDUWLDO�SRODUL]DWLRQ�FXUYH� RI� WKH�=Q�GHSRVLWLRQ� �)LJ��� ���E��� URVH� LQ� WKH�

QREOHU�SRWHQWLDO � UHJLRQ� WKDQ� WKH� HTXLOLEULXP�SR WHQWLDO� RI�=Q�� DV�ZLWK� WKH� WRWDO �
SRODUL]DWLRQ�FXUYH��UHJDUGOHVV�RI�WKH�VROXWLRQ�WHPSHUDWXUH� �,W �WKHQ�VKLIWHG�WR�WKH�
OHVV�QREOH� SRWHQWLDO� UHJLRQ�� EHIRUH� VKDUSO\� UL VLQJ�ZKHQ� LW � UHDFKHG� D� SRWHQWLDO �
OHVV�QREOH� UHJLRQ� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI�=Q� �í�����9��� ,Q� ERWK� SR�
WHQWLDO� UHJLRQV�� WKH� SDUWLDO� SRODUL]DWLRQ� FXUYH� RI� WKH� =Q� GHSRVLWLRQ� VKLIWHG� LQ�
WKH�QREOH�GLUHFWLRQ�DV�WKH�VROXWLRQ�WHPSHUDWXUH�LQFUHDVHG��)RU� WKH� =Q±1L�DOOR\�
GHSRVLWLRQ�� WKH� FXUUHQW� GHQVLW\� IRU� =Q� GHSRVLWLRQ� ZDV� RQO\� VO LJKWO\� GHWHFWHG��
HYHQ� DW � DSSUR[LPDWHO\� í���� 9�� D� YDOXH� QREOHU� WKDQ� L WV � HTXLOLEULXP� SRWHQWLDO � �
&RPSDULQJ� WKH� FXUUHQW� GHQVLW\� DW� D� FRQVWDQW� SRWHQWLDO� RI� ±���� 9�� WKH� FXUUHQW�
GHQVLW\�RI�=Q�GHSRVLW LRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH�  
7KH� HTXLOLEULXP� SRWHQWLDO� � (1L

HT � IRU� 1L� GHSRVLWLRQ� �1L�7($����ʶ�H�ĺ1Lʶ
�7($�� ZDV� ±�����9�� 7KLV� ZDV� FDOFXODWHG� E\� DVVXPLQJ� WKDW � SXUH� 1L� KDG� EHHQ�
GHSRVLWHG��EDVHG�RQ�WKH�FRPSOH[�VWDELOL]DWLRQ�FRQVWDQW�.� ������� ��� ��ZKLFK�ZDV�
IRUPHG�E\�WKH�FRRUGLQDWLRQ�RI�WZR�WULHWKDQRODPLQH�PROHFXOHV�WRZDUG�1L ���LRQV� �
6LPLODU� WR�WKH�WRWDO�SRODUL]DWLRQ�FXUYH�� WKH�SDUWLDO�SRODUL]DWLRQ�FXUYH�RI� WKH�1L�
GHSRVLWLRQ� �)LJ�� ����F��� DOVR� URVH� LQ� WKH� SRWHQW LDOO\� QREOHU� UHJLRQ� FRPSDUHG�
ZLWK�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��UHJDUGOHVV�RI�WKH�VROXWLRQ�WHPSHUDWXUH��,W�
WKHQ�VKLIWHG�WR�WKH�OHVV�QREOH�SRWHQWLDO�UHJLRQ�DQG�URVH�DJDLQ�DW�SRWHQWLDOV�OHVV�
QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q��í�����9���,Q�ERWK�SR WHQWLDO�UHJLRQV� �
WKH� SDUWLDO� SRODUL]DWLRQ� FXUYH� RI� WKH� 1L� GHSRVLWLRQ� VKLIWHG� WR� QREOHU� SRWHQWLDO �
GLUHFWLRQ�DV�WKH�VROXWLRQ�WHPSHUDWXUH�LQFUHDVHG�  
7KH�+��HYROXWLRQ�LQ�WKH�=Q±1L�DOOR\�VROXWLRQ��)LJ� �� ���G���URVH�LQ�WKH�UHJLRQ�

QREOHU� WKDQ� WKH� HTXLO LEULXP�SRWHQWLDO� RI� =Q�� GHFUHDVHG� RQFH� �GHVSLWH� WKH� VKLIW �
LQ� WKH� SRWHQWLDO� WR� WKH� QHJDWLYH� GLUHFWLRQ� �� DQG� LQFUHDVHG� DJDLQ� LQ� WKH� UHJLRQ�
WKDW�ZDV� OHVV�QREOH� WKDQ� WKH� HTXLOLEULXP�SRWHQWLDO�RI�=Q��7KH�SDUWLDO�SRODUL]D�
WLRQ�FXUYH�RI�WKH�+��HYROXWLRQ�GLG�QRW�GLIIHU�VLJQLILFDQWO\�DW �VROXWLRQ�WHPSHUD�
WXUHV�RI�����DQG�����.�� ,Q�FRQWUDVW ��DW �����.�� L W �ZDV�FOHDUO\�GHSRODUL]HG��L�H�� �
WKH�HOHFWURGH�SRWHQWLDO�VKLIWHG�WR�D�QREOHU�YDOXH�ZKHQ�FRPSDULQJ�WKH�HOHFWURGH�
SRWHQWLDO� DW� D� FRQVWDQW �FXUUHQW� GHQVL W\��� DQG� WKH� FXUUHQW� GHQVLW\� DW� ZKLFK� WKH�
SRWHQWLDO� VKDUSO\� VKLIWHG� WR� LQ� WKH� OHVV �QREOH� GLUHFWLRQ� ZDV� KLJKHU� WKDQ� WKRVH�
PHDVXUHG�DW�����DQG�����.�  
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)LJ�� ���� � 3RODUL]DWLRQ� FXUYHV� IRU� =Q±1L� DOOR\� GHSRVLWLRQ� DW� ����� ���� DQG� ����
.�� >�D��7RWDO�SRODUL]DWLRQ� FX UYHV�� SDUWLDO� SRODUL]DWLRQ� FXUYHV�RI� �E��=Q�� �F��1L�
DQG��G��+�@  
 
)LJXUH�����VKRZV�WKH�FRUUHODWLRQ�EHWZHHQ� WKH�FXUUHQW�HIILFLHQF\�DQG�FXUUHQW�

GHQVLW\�IRU�=Q±1L��=Q��DQG�1L�GHSRVLW LRQV�DQG�+��HYROXWLRQ�GXULQJ�=Q±1L�DOOR\�
GHSRVLWLRQ� DW� GLIIHUHQW� WHPSHUDWXUHV� � 7KH� FXUUHQW� HIILFLHQF\� RI� =Q ±1L� DOOR\�
GHSRVLWLRQ� LV� WKH� VXP�RI� WKH� FXUUHQW� HIILFLHQFLHV�RI�=Q�DQG�1L�GHSRVLWLRQV� �$V�
VKRZQ�LQ�)LJ������D�� �WKH�FXUUHQW�HIILFLHQF\�RI�WKH�DOOR\�GHSRVLW LRQ�DW �D�VROXWLRQ�
WHPSHUDWXUH� RI� ���� .� ZDV� ORZ�� UDQJLQJ� IURP� ���� WR� ���� LQ� WKH� ORZ�FXUUHQW �
GHQVLW\�UDQJH�RI���±���$āPí���+RZHYHU�� LW �VKDUSO\�LQFUHDVHG�ZKHQ�WKH�FXUUHQW�
GHQVLW\� H[FHHGHG����$āPí�� DQG� UHDFKHG� D�PD[LPXP�DW�����$āPí��� ,W� WKHQ�GH�
FUHDVHG�DV� WKH�FXUUHQW �GHQVLW\� IXUWKHU� LQFUHDVHG��$�VLPLODU� WUHQG�ZDV�REVHUYHG�
DW� ���� .�� DOWKRXJK� WKH� FXUUHQW� HIILFLHQF\� ZDV� VOLJKWO\� KLJKHU� LQ� WKH� ORZ� DQG�
KLJK�FXUUHQW�GHQVLW\�UDQJHV�RI���±���$āPí��DQG�����$āPí�� �UHVSHFWLYHO\� �&RQ�
WUDVWLQJO\�� DW� D� VROXWLRQ� WHPSHUDWXUH�RI�����.�� WKH� FXUUHQW� HIILFLHQF\�ZDV� ORZ��
UDQJLQJ� IURP� ���� WR� ���� LQ� WKH� ORZ�FXUUHQW� GHQVLW\� UDQJH� RI� ��±����$āPí�� �
DOWKRXJK� LW� VLJQLILFDQWO\� LQFUHDVHG� ZKHQ� WKH� FXUUHQW� GHQVLW\� H[FHHGHG� ����
$āPí�� DQG� UHDFKHG� D� PD[LPXP� DW� ���� $āPí�� � 7KH� FXUUHQW� HIILFLHQF\� UDUHO\�
GHFUHDVHG��HYHQ�ZKHQ�WKH�FXUUHQW�GHQVLW\�ZDV�LQFUHDVHG�WR�����$āPí�� �$W�VROX�
WLRQ� WHPSHUDWXUHV� RI� ���� DQG� ���� .�� WKH� FXUUHQW� HIILFLHQF\� RI� =Q� GHSRVLWLRQ�
GXULQJ� DOOR\� GHSRVLWLRQ� �)LJ�� � ���E���ZDV� YHU\� ORZ� LQ� WKH� ORZ�FXUUHQW� GHQVLW\�
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UDQJH�RI���±���$āP±���DQG� LW�ZDV� DOVR�YHU\� ORZ� LQ� WKH� UDQJH�RI���±����$āP±��
DW�����.��+RZHYHU�� L W � LQFUHDVHG�VKDUSO\�ZKHQ�WKH�FXUUHQW�GHQVLW\�H[FHHGHG����
DQG� ����$āP±��� UHVSHFWLYHO\� � 7KH� FXUUHQW� HIILFLHQF\� RI� 1L� GHSRVLWL RQ� GXULQJ�
DOOR\� GHSRVLW LRQ� �)LJ�� � ���F��� DOVR� GHFUHDVHG�ZLWK� LQFUHDVLQJ� FXUUHQW� GHQVLW\� �
UHJDUGOHVV� RI� WKH� VROXWLRQ� WHPSHUDWXUH� �)XUWKHUPRUH�� WKH� FXUUHQW� HIILFLHQF\�RI�
1L� GHSRVLWLRQ� ZDV� KLJKHU� DW� KLJKHU� VROXWLRQ� WHPSHUDWXUH� � ,Q� WKH� ORZ �FXUUHQW�
GHQVLW\� UDQJH�RI���±���$āP±��DW � VROXWLRQ� WHPSHUDWXUHV�RI�����DQG�����.��DQG�
LQ� WKH� UDQJH� RI� ��±����$āP±�� DW� ����.�� +�� HYROXWLRQ� KDG� WKH� KLJKHVW � FXUUHQW�
HIILFLHQF\��)LJ������G���� IROORZHG�E\�1L�GHSRVLWLRQ��+RZHYHU� � LQ�WKH�KLJK �FXU�
UHQW�GHQVLW\�UDQJH�DERYH���±����$āP±���WKH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�
ZDV� WKH� KLJKHVW�� 7KXV�� WKH� FXUUHQW� HIILFLHQF\� RI� =Q±1L� DOOR\� GHSRVLWLRQ� UH�
IOHFWHG�WKH�FXUUHQW�HIILFLHQF\�RI�1L�GHSRVLWLRQ�LQ�WKH�ORZ �FXUUHQW�GHQVLW\�UHJLRQ�
DQG�WKDW�RI�=Q�GHSRVLWLRQ�LQ�WKH�KLJK �FXUUHQW�GHQVLW\�UHJLRQ�  
7KH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ��)LJ��� ���E���ZDV�DOVR�FRPSDUHG�ZLWK�

WKH� WRWDO� SRODUL]DWLRQ� FXUYH� VKRZQ� LQ� )LJ�� ����D��� 7KH� UDQJH� RI� ��±���$āP±��
ZDV�QREOHU�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q�DW�VROXWLRQ�WHPSHUDWXUHV�RI�����
DQG�����.��DQG�WKH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�ZDV�WKXV�FRQVLGHUHG�DV�
EHLQJ� ORZ��:KHQ� WKH� FXUUHQW�GHQVLW\� H[FHHGHG����$āPí��� WKH�SRWHQWLDO� VKLIWHG�
WR�WKH�OHVV�QREOH�UHJLRQ�FRPSDUHG�ZLWK�WKH�HTXLO LEULXP�SRWHQWLDO�RI�=Q��)LJ��� �
��D��� � WKHUHIRUH�� WKH� FXUUHQW� HIILFLHQF\� RI� =Q� VHHPV� WR� LQFUHDVH� VKDUSO\��$W� D�
VROXWLRQ� WHPSHUDWXUH� RI� ����.�� WKH� SRWHQWLDO �ZDV� QREOHU� WKDQ� WKH� HTXLOLEULXP�
SRWHQWLDO �RI�=Q�LQ�WKH�UDQJH�RI���±����$āPí���+RZHYHU� �ZKHQ�WKH�FXUUHQW�GHQ�
VLW\� H[FHHGHG� ����$āPí��� WKH� SRWHQWLDO� VKLIWHG� WR� D� SRWHQWLDO � UDQJH� OHVV� QREOH�
WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��)LJ ������D����UHVXOWLQJ�LQ�D�VKDUS�LQFUHDVH�
LQ�WKH�FXUUHQW�HIILFLHQF\�RI�=Q��7KXV��WKH�FXUUHQW�GHQVLWLHV�DW�ZKLFK�WKH�FXUUHQW�
HIILFLHQF\� VKDUSO\� FKDQJHG�� DW� DOO� PHDVXUHG� WHPSHUDWXUHV�� FRUUHVSRQGHG� WR�
WKRVH�DW�ZKLFK� WKH�FDWKRGH�SRWHQWLDO �FKDQJHG�IURP�WKH�SRWHQ WLDO� UHJLRQ�QREOHU�
WKDQ� WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q� WR� WKDW�RI� WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q�
LQ� WKH� WRWDO� SRODUL]DWLRQ� FXUYH�� 7KH� GHFUHDVH� LQ� WKH� FXUUHQW� HIILFLHQF\� DW� ����
$āPí��DW �VROXWLRQ�WHPSHUDWXUHV�RI�����DQG�����.�DSSHDUHG�WR�KDYH�EHHQ�FDXVHG�
E\�WKH�IDFW�WKDW�WKH�=Q�GHSRVLWLRQ�DSSURDFKHG�WKH�GLIIXVLRQ�OLPLW�RI�WKH�=Q�LRQV� �  
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)LJ�� ���� �&XUUHQW� HIILFLHQFLHV� IRU�=Q±1L� DOOR\� GHSRVLWLRQ� DW ���������� DQG�����
.��>�D��=Q�1L���E��=Q���F��1L�DQG��G��+�@  
 
)LJXUH�����VKRZV�WKH�HIIHFW �RI�WKH�FXUUHQW�GHQVLW\�RQ�WKH�1L�FRQWHQW�RI�WKH�=Q ±
1L�DOOR\�ILOPV��The broken line (the compositional reference line [CRL] of Ni) 
represents the Ni content in the deposits predicted from the concentration ratio  
of Ni ions against the total metal ions in the solution. :KHQ�WKH�1L�FRQWHQW� LQ�
WKH� GHSRVLWHG� ILOPV� H[FHHGHG� WKH�&5/�� D� QRUPDO� FR�GHSRVLWLRQ� RFFXUUHG��ZLWK�
HOHFWURFKHPLFDOO\�QREOH�1L�EHLQJ�SUHIHUHQWLDOO\�GHSRVLWHG �RYHU�=Q��,Q�FRQWUDVW� �
ZKHQ�WKH�1L�FRQWHQW� LQ�WKH�GHSRVLWHG�ILOPV�ZDV�ORZHU�WKDQ� WKH�&5/��DQ�DQRP�
DORXV�FR�GHSRVLW LRQ�RFFXUUHG��ZLWK�EDVH�=Q�EHLQJ�GHSRVLWHG�SUHIHUHQWLDOO\ �RYHU�
1L�  As shown in Fig.  3-3, WKH�1L�FRQWHQW� LQ � WKH�GHSRVLWHG�ILOPV�DOWHUHG�VLJQLI�
LFDQWO\� LQ� WKH� UDQJH�RI���±����$āPí��DW� VROXWLRQ� WHPSHUDWXUHV�RI�����DQG�����
.��$W� FXUUHQW�GHQVLWLHV�EHORZ����$āPí��� WKH�1L� FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV�
ZDV�DSSUR[LPDWHO\����PDVV��DERYH�WKH�&5/��LQGLFDWLQJ�QRUPDO�FR �GHSRVLWLRQ� �
ZKLOH� DW � FXUUHQW� GHQVLWLHV� DERYH� ���� $āPí��� WKH� 1L� FRQWHQW� LQ� WKH� GHSRVLWHG�
ILOPV�ZDV�EHORZ� WKH�&5/� � LQGLFDWLQJ�DQRPDORXV� FR�GHSRVLWLRQ�� ,Q� FRQWUDVW� � DW �
���� .�� WKH� 1L� FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV� ZDV� VLJQLILFDQWO\� DOWHUHG� LQ� WKH�
UHJLRQ�IURP�����WR�����$āPí���%HORZ�����$āPí�� � WKH�1L�FRQWHQW� LQ�WKH�GHSRV�
LWHG�ILOPV�ZDV�DERYH�WKH�&5/��LQGLFDWLQJ�WKH�QRUPDO�FR �GHSRVLW LRQ��$ERYH�����
$āPí�� �WKH�1L�FRQWHQW�LQ�WKH�GHSRVLWHG�ILOPV�ZDV�EHORZ�WKH�&5/��LQGLFDWLQJ�WKH�
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DQRPDORXV�FR�GHSRVLWLRQ��7KH�FXUUHQW�GHQVLW\�DW�ZKLFK�WKH�GHSRVLWLRQ�EHKDYLRU�
VKLIWV� IURP� QRUPDO� WR� DQRPDORXV� LV � FDOO HG� WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� �� ��� � �
$W�DOO�WKH�VROXWLRQ�WHPSHUDWXUHV��WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�FRUUHVSRQGHG�WR�
WKH�FXUUHQW�GHQVLW\�DW �ZKLFK�WKH�SRWHQWLDO �RI�WKH�WRWDO�SRODUL]DWLRQ�FXUYH�VKRZQ�
LQ�)LJ������D��DEUXSWO\�VKLIWHG�WR�WKH�OHVV �QREOH�SRWHQWLDO �UHJLRQ��RU�WR�WKH�FXU�
UHQW�GHQVLW\�DW �ZKLFK�WKH�FXUUHQW�HIILFLHQF\�VLJQLILFDQWO\�FKDQJHG��)LJ��� ���E����
$V�GHVFULEHG�DERYH��WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�DW �����.�ZDV�DOPRVW�LGHQWLFDO�
WR� WKDW� DW� ����.��DOWKRXJK� LW�ZDV�KLJKHU�DW�����.��7KH�1L� FRQWHQW� LQ� WKH� ILOPV�
LQFUHDVHG�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH�LQ�WKH�ORZ�FXUUHQW�GHQVLW\�UDQJH��
ZKHUH� QRUPDO� FR�GHSRVLWLRQ� ZDV� REVHUYHG�� 7KH� 1L� FRQWHQW� LQ� WKH� GHSRVLWHG�
ILOPV� DOVR� LQFUHDVHG� VOLJKWO\� ZLWK� DQ� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� LQ� WKH�
FXUUHQW� GHQVLW\� UDQJH� DERYH� ����$āPí�� DW�ZKLFK� WKH� DQRPDORXV� FR�GHSRVLWLRQ�
RFFXUUHG��)LJ� �����E��� �  

 
)LJ�������1L�FRQWHQWV�LQ�WKH�=Q±1L�DOOR\V�GHSRVLWHG�DW�YDULRXV�FXUUHQW�GHQVLWLHV�
IURP�GLIIHUHQW�WHPSHUDWXUHV���E��0DJQLILHG�YLHZ�RI�WKH�DUHD�RI�� ±���PDVV��RI�
WKH�1L�FRQWHQW��  
 
������� (IIHFW� RI� 6ROXWLRQ� 7HPSHUDWXUH� RQ� WKH� 0LFURVWUXFWXUH� RI�
'HSRVLWHG�)LOPV�  
 
)LJXUH�����VKRZV�WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�ILOPV�REWDLQHG�DW�YDU�

LRXV�FXUUHQW�GHQVLWLHV�IURP�WKH�VROXWLRQV�DW�GLIIHUHQW�WHPSHUDWXUHV� �7KUHH�PDLQ�
SHDNV�ZHUH�REVHUYHG � LQ� WKH� ILOPV�REWDLQHG�DW ����$āP±�� �)LJV������D�±�F����7KH�
GLIIUDFWLRQ�DQJOHV�RI� WKH�VXEVWUDWH�)H�DQG� Į�1L�SKDVHV��VROLG�VROXWLRQ�RI�=Q� LQ�
WKH�1L��RYHUODSSHG�DW ��������PDNLQJ�LW �GLIILFXOW �WR�LGHQWLI\�WKH� Į�SKDVH� �7KHUH�
IRUH��ZH� LQYHVWLJDWHG� WKH�;5'�SDWWHUQ� RI� WKH� VXEVWUDWH�)H�RQO\�DQG�FRQILUPHG�
WKDW � WKH�SHDN� LQWHQVLW\�DW� D�GLIIUDFWLRQ�DQJOH�RI�������ZDV�VPDOOHU� WKDQ� WKDW �DW �
�������+RZHYHU��L W �ZDV�ODUJHU�WKDQ�WKDW�DW�������IRU�WKH�GHSRVLWHG�ILOP�REWDLQHG�
DW����$āP±���UHJDUGOHVV�RI�WKH�VROXWLRQ�W HPSHUDWXUH��LW �ZDV�WKXV�FRQFOXGHG�WKDW �
WKH�Į�SKDVH�H[LVWHG�LQ�DOO� WKH �GHSRVLWHG�IL OPV��:HDN�SHDNV�LQGLFDWLQJ�WKH�SUHV�
HQFH�RI�WKH�Į�SKDVH�ZHUH�DOVR�GHWHFWHG�DW �GLIIUDFWLRQ�DQJOHV�RWKHU�WKDQ�������LQ�
WKH� GHSRVLWHG� ILOPV� REWDLQHG� DW� ����.�� 7KH� GHSRVLWLRQ� DW � ��� $āPí�� H[KLELWHG�
WKH� QRUPDO� FR�GHSRVLWLRQ�� UHJDUGOHVV� RI� WKH� VROXWLRQ� WHPSHUDWXUH�� DQG� WKH� 1L �
FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV� ZDV� DERYH� ���PDVV���$V� D� UHVXOW� � RQO\� WKH� Į�
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SKDVH�ZDV� WKRXJKW� WR�EH�GHWHFWHG��1R�SHDNV� UHODWHG� WR�=Q��REWDLQHG�E\�XQGHU�
SRWHQWLDO� FR�GHSRVLWLRQ��ZHUH�GHWHFWHG�� ,Q� WKH�GHSRVLWHG� ILOPV�REWDLQHG�DW�����
$āPí���WKH�Ș�SKDVH��VROLG�VROXWLRQ�RI�1L�LQ�WKH�=Q��DQG� Ȗ�SKDVHV��LQWHUPHWDOO LF�
FRPSRXQG�1L�=Q�����ZHUH�GHWHFWHG� DW� VROXWLRQ� WHPSHUDWXUHV�RI����� DQG�����.�
�)LJV������G��DQG��H����ZKHUHDV�RQO\�SHDNV�RI�WKH�Į�SKDVH�DQG�)H�ZHUH�GHWHFWHG�
DW�����.��)LJ������I��� �$W�����$āPí�� � WKH�GHSRVLWLRQ�EHKDYLRU�GLIIHUHG�VLJQLIL�
FDQWO\� �EDVHG�RQ�WKH�VROXWLRQ�WHPSHUDWXUH��,Q�SDUWLFXODU� �WKH�GHSRVLWLRQV�DW �����
DQG�����.�H[KLELWHG� WKH�DQRPDORXV�FR �GHSRVLWLRQ�� UHVXOWLQJ� LQ�D�KLJK�=Q�FRQ�
WHQW� �DSSUR[LPDWHO\� ��� PDVV��� LQ� WKH� IL OPV�� ZKLOH� WKH� GHSRVLWLRQ� DW� ���� .�
H[KLELWHG� WKH� QRUPDO� FR�GHSRVLWLRQ�� UHVXOWLQJ� LQ� D� KLJK� 1L� FRQWHQW� �DSSUR[L�
PDWHO\� ����� PDVV��� )LJ� � � ���� � 7KH� ;5'� SDWWHUQV� RI� WKH� GHSRVLWHG� ILOPV� RE�
WDLQHG�DW�����$āPí��UHIOHFWHG�WKLV�VDPH�GHSRVLWLRQ�EHKDYLRU��,Q�FRQWUDVW ��WKH�Ș��
DQG�Ȗ�SKDVHV�ZHUH�GHWHFWHG�LQ�WKH�GHSRVLWHG�ILOPV�REWDLQHG�DW�����$ āPí���)LJV� �
����J�±�L���� DQG� WKH� IRUPDWLRQ�RI� WKH� Ȗ�SKDVH�ZDV�GRPLQDQW�DW� KLJKHU� VROXWLRQ�
WHPSHUDWXUHV�� 6LQFH� WKH� 1L� FRQWHQW� L Q� WKH� GHSRVLWHG� ILOPV� LQFUHDVHG� ZLWK� LQ�
FUHDVLQJ�VROXWLRQ�WHPSHUDWXUH��)LJ��� ���E����WKH�IRUPDWLRQ�RI�WKH�Ȗ�SKDVH�VHHPV�
WR� EHFRPH� HDV\�ZLWK� LQFUHDVLQJ� WHPSHUDWXUH��$W� ����$ āP±��� WKH�PDLQ� SHDN� RI�
WKH�Ȗ�SKDVH�ZDV�KLJKHU�DW �����.�WKDQ�DW �����.��LQGLFDWLQJ�WKDW �WKH�Ȗ�SKDVH�KDG�
LQFUHDVHG�ZLWK�WHPSHUDWXUH��7KHVH�UHVXOWV� LQGLFDWHG�WKDW� WKH� Ȗ�SKDVH�LQFUHDVHG�
ZLWK� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� LQ� WKH� FDVH� RI� WKH� DQRPDORXV� FR �GHSRVL�
WLRQ�RI�GHSRVLWHG� ILOPV�ZLWK�D�KLJK�=Q�FRQWHQW�  
)LJXUH�����VKRZV� WKH�6(0�LPDJHV�RI� WKH�GHSRVLWHG� ILOPV�REWDLQHG� IURP� WKH�

VROXWLRQV� DW � GLIIHUHQW� WHPSHUDWXUHV� DQG� FXUUHQW� GHQVLWLHV��7KH� ILOPV� GHSRVLWHG�
DW� ���$āPí��ZHUH�VPRRWK�DW �����.� �)LJ��� ���D���EXW�EHFDPH�VOLJKWO\� FRDUVH� DW �
KLJKHU� VROXWLRQ� WHPSHUDWXUHV� �)LJV� � � ���E�� DQG� �F��� �7KH� ILOPV � REWDLQHG� DW � ���
$āPí��FRPSULVHG�WKH�Į�SKDVH�DQG�KDG�DQ�1L�FRQWHQW�RI�JUHDWHU� WKDQ����PDVV��
DW� DOO� WKH� VROXWLRQ� WHPSHUDWXUHV�� ZKLOH� WKH� JUDLQ� VL]H� ZDV� WKRXJKW� WR� EH� LQ�
FUHDVHG�DV�WKH�VROXWLRQ�WHPSHUDWXUH�LQFUHDVHG��GXH�WR�D�GHFUHDVH�LQ�WKH�RYHUSR�
WHQWLDO�IRU�GHSRVLWLRQ��,Q�WKH�ILOPV�GHSRVLWHG�DW� ����$ām±2, the agglomerations 
consisting of fine crystals were observed at 293 and 313 K � �)LJV� � ����G�� DQG�
�H��� �ZKLOH�DW�����.��WKH�PRUSKRORJ\�ZDV�VLPLODU�WR�WKDW �RI�WKH�GHSRVLWHG�ILOPV�
REWDLQHG� DW � ���$āPí�� �)LJ� � ����I��� �$V� QRWHG� DERYH�� IRU� WKH� GHSRVLWLRQ� DW � ����
$āPí�� � DQ� DQRPDORXV� FR�GHSRVLWLRQ� ZDV� REVHUYHG� DW � 293 and 313 K, and the 
deposited films with approximately 7 mass % of Ni content in deposits com-
prised Ș� DQG� Ȗ�SKDVHV�� ZKLOH� D� QRUPDO� FR�GHSRVLWLRQ� ZDV� REVHUYHG� DW� ���� .��
DQG�WKH�Geposited films with 87.4 mass % of Ni content in deposits comprised 
an � Į�SKDVH��7KH� VXUIDFH�PRUSKRORJ\�RI� WKH� ILOPV� REWDLQHG�DW� ����$ āPí�� VHHP�
WR�UHIOHFW �WKH�SKDVH�VWUXFWXUH�QRWHG�DERYH��,Q�FRQWUDVW��WKDW �RI�WKH�ILOPV�REWDLQHG�
DW� ����$āPí��ZKHUH� DQ� DQRPDORXV� FR�GHSRVLWLRQ�ZDV� REVHUYHG� DW� DOO � WKH� WHP�
SHUDWXUHV�� H[KLELWHG� WKH� SODWH �OLNH� FU\VWDO � FKDUDFWHULVWLFV� RI� WKH� Ș�SKDVH� DW� D�
VROXWLRQ�WHPSHUDWXUH�RI�����.��)LJ��� ���J����+RZHYHU��WKLV�SODWH�O LNH�VWUXFWXUH�
GLVDSSHDUHG�ZLWK� LQFUHDVLQJ�VROXWLRQ� WHPSHUDWXUHV� �)LJ� �� ���L���� DQG�D� VPRRWK�
VXUIDFH� ZDV� REVHUYHG�� 7KH� ILOPV� GHSRVLWHG� DW � ����$ āPí�� FRPSULVHG� Ș� DQG� Ȗ�
SKDVHV��DQG�WKH�Ȗ�SKDVH�EHFDPH�GRPLQDQW�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH� �
DV�D�UHVXOW��WKH�VXUIDFH�PRUSKRORJ\�VHHPV�WR�FKDQJH�  
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)LJ������ �;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�=Q±1L�DOOR\�ILOPV�GHSRVLWHG�DW �YDUL�
RXV�FXUUHQW�GHQVLWLHV� IURP�GLIIHUHQW� WHPSHUDWXUHV� � �Ÿ�1L>Į@�3')������������ż�
)H�3')������������Ɣ�=Q>Ș@�3')������������DQG�մ �Ni2Zn11[Ȗ ]  3')�����������  

 
)LJ�������6(0� LPDJHV�RI� WKH� VXUIDFH� RI� WKH�=Q±1L� DOOR\V� GHSRVLWHG� DW� YDULRXV�
FXUUHQW�GHQVLWLHV�IURP�GLIIHUHQW�WHPSHUDWXUHV�  
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�����'LVFXVVLRQ  
 
7KH�HIIHFW� RI� VROXWLRQ� WHPSHUDWXUH�RQ� WKH�GHSRVLWLRQ� EHKDYLRU�RI� WKH�=Q ±1L�

DOOR\V�IURP�DONDOLQH�]LQFDWH�VROXWLRQV�ZDV�LQYHVWLJDWHG��7KH�WUDQVLWLRQ�FXUUHQW�
GHQVLW\�DW �ZKLFK�WKH�GHSRVLWLRQ�EHKDYLRU�VKLIWHG�IURP�WKH�QR UPDO�WR�DQRPDORXV��
WKH� FXUUHQW� HIILFLHQF\� RI� WKH� DOOR\� GHSRVLWLRQ�� DQG� WKH� FRPSRVLWLRQ� RI� WKH� GH�
SRVLWHG� ILOPV�FKDQJHG�GHSHQGLQJ�RQ� WKH�VROXWLRQ� WHPSHUDWXUH��7KH� UHDVRQV�IRU�
WKHVH�HIIHFWV�DUH�GLVFXVVHG�DV�IROORZV��  
7KH�SDUWLDO�SRODUL]DWLRQ�FXUYH�RI�1L �GHSRVLWLRQ� LQ� WKH�DOOR\�GHSRVLWLRQ��)LJ� �

����F��� LV� ILUVW� H[SODLQHG�� 7KLV� SDUWLDO� SRODUL]DWLRQ� FXUYH� URVH� DW� DSSUR[L�
PDWHO\±����9��UHJDUGOHVV�RI�WKH�VROXWLRQ�WHPSHUDWXUH� �ZKLFK�ZDV�D�QREOHU�YDOXH�
WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q�� DQG� WKHQ� VKDUSO\� VKLIW HG� WR� D� OHVV� QREOH�
SRWHQWLDO�UHJLRQ��)LJ��� ���F����7KH�SDUWLDO �FXUUHQW�GHQVLW\�DW�ZKLFK�WKH�FDWKRGH�
SRWHQWLDO� FKDQJHG� VKDUSO\� WR� D� OHVV� QREOH� SRWHQWLDO � UHJLRQ� ZDV� VLPLODU� WR� WKH�
GLIIXVLRQ�OLPLWLQJ�FXUUHQW�GHQVLW\����RI�WKH�1L�GHSRVLWLRQ��+RZHYHU��LI�WKLV�FXU�
UHQW� GHQVLW\� ZDV� DVVXPHG� DV� WKH� GLIIXVLRQ �OLPLWLQJ� FXUUHQW� GHQVLW\� RI� 1L�� WKH�
1L�FRQWHQW�RI�WKH�GHSRVLWHG�ILOPV�ZRXOG�EH�DERYH�WKH�&5/�LQ�WKH�HQWLUH�FXUUHQW�
GHQVLW\�UDQJH��� ��� � �ZKLFK�ZRXOG�FRQWUDGLFW� WKH�UHVXOWV�RI� WKH�SUHVHQW�VWXG\�� ,Q�
IDFW �� LW �KDV�EHHQ�UHSRUWHG�WKDW� LQ�WKH�QRUPDO�W\SH�GHSRVLW LRQ�� WKH�GHSRVLWLRQ�RI�
WKH�QREOH�PHWDO �EHFRPHV�WKH�GLIIXVLRQ �OLPLWLQJ�FXUUHQW�GHQVLW\��DQG�WKH�FRQWHQW�
RI�WKH�QREOH�PHWDO�LQ�WKH�ILOPV�ZLOO�EH�DERYH�WKH�&5/�LQ�DOO�WKH�FXUUHQW�GHQVLW\�
UDQJH��� ��� ��  
,Q�WKH�SUHVHQW�V WXG\��WKH�SDUWLDO�FXUUHQW�GHQVLW\�RI�1L�GHSRVLWLRQ�DW�ZKLFK�WKH�

FDWKRGH�SRWHQWLDO �FKDQJHG�VKDUSO\�WR�D�OHVV�QREOH�SRWHQWLDO �UHJLRQ �VKRZQ�LQ�)LJ� �
����F�� ZDV� QRW� WKH� GLIIXVLRQ�OLPLWLQJ� FXUUHQW� GHQVLW\� EHFDXVH� WKH� DQRPDORXV�
FR�GHSRVLWLRQ�ZDV�REVHUYHG�LQ�WKH�K LJK�FXUUHQW�GHQVLW\�UHJLRQ�  
,W�ZDV�UHSRUWHG�WKDW� WKH�WUDQVLW LRQ�FXUUHQW�GHQVLW\�LQ�=Q±1L�DOOR\�GHSRVLWLRQ�

IURP�D�VXOIDWH� VROXWLRQ�FRUUHVSRQGHG� WR� WKH�FXUUHQW�GHQVLW\� WKDW �JHQHUDWHG� WKH�
RYHUSRWHQWLDO �IRU� WKH�+��HYROXWLRQ�Ș+,QK� � � WKLV� LV � UHSUHVHQWHG�E\�(T�� ����DV� IRO�
ORZV������ �  

 
(+

HTíȘ+�íȘ+,QK㸻(=Q
HT   ���  

 
+HUH��(+

HT�DQG�(=Q
HT��GHQRWH�WKH�HTXLO LEULXP�SRWHQWLDOV�IRU�+��HYROXWLRQ�DQG�=Q�

GHSRVLWLRQ�� UHVSHFWLYHO\�� Ș+�� LV� WKH� PLQLPXP� RYHUSRWHQWLDO� IRU� +�� HYROXWLRQ��
DQG�Ș+,QK� LV� WKH�RYHUSRWHQWLDO� IRU�+��HYROXWLRQ� LQ� WKH�SUHVHQFH�RI� LWV� LQKLELWRU� �
,Q�WKH�FDVH�RI�=Q�GHSRVLWLRQ�IURP�DQ�DFLGLF�VROXWLRQ��WKH�UHDFWLRQ�LQWHUPHGLDWH�
=Q�2+���ZLOO�EH�IRUPHG�E\�K\GURO\VLV�RI�WKH�=Q���LRQV��=Q��㸩�+�2ĺ=Q�2+��
㸩�+���� FDXVHG�E\� WKH� LQFUHDVH� LQ�S+�GXH� WR�+�� HYROXWLRQ� UHDFWLRQ㸦�+�㸩�H�
ĺ+��� DW� WKH� FDWKRGH� OD\HU� � 7KLV� =Q�2+��� DSSHDUV� WR� FUHDWH� WKH� RYHUSRWHQWLDO �
IRU�+�� HYROXWLRQ�� L �H� ��Ș+,QK��� ��� �� ,Q�=Q±1L�DOOR\�GHSRVLWLRQ� IURP�D�VXOIDWH� VR�
OXWLRQ��1L�GHSRVLWLRQ�LV�VXSSUHVVHG�E\�=Q�2+� ��DQG�EHFRPHV�DOPRVW�]HUR�LQ�WKH�
QRUPDO� FR�GHSRVLWLRQ� UHJLRQ�� UHVXOWLQJ� LQ� +�� HYROXWLRQ� RQO\� ��ʥ7KHUHIRUH�� WR�
FRPSOHWH�(T�� ����� WKH� WUDQVLWLRQ�FXUUHQW�GHQVLW\� LV�GHILQ HG�DV� WKH�+��HYROXWLRQ�
FXUUHQW� GHQVLW\� WKDW� LV� UHTXLUHG� WR� JHQHUDWH� WKH� RYHUSRWHQWLDO � � L �H�� � Ș+,QK��� ��� ��
+RZHYHU� � LQ�=Q±1L�DOOR\�GHSRVLWLRQ�IURP�]LQFDWH�VROXWLRQV��=Q�DQG�1L�DUH�GH�
SRVLWHG�LQ�WKH�UHJLRQ�RI�WKH�QRUPDO�FR �GHSRVLWLRQ�DW �SRWHQWLDOV�QREOHU� WKDQ�WKH�
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HTXLOLEULXP�SRWHQWLDO � RI�=Q� �)LJV� � � ���E���F��� � DQG� WKH�SRWHQWLDO � RI�1L�GHSRVL�
WLRQ�VKLIWV�VLJQLILFDQ WO\�WR�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q�DW�WKH�WUDQVLWLRQ�FXU�
UHQW�GHQVLW\� �7KHUHIRUH��WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�LQ�WKH�]LQFDWH�VROXWLRQ�LV�
FRQVLGHUHG� WR� EH� WKH� VXP� RI� WKH� FXUUHQW� GHQVLWLHV� RI� WKH�+ �� HYROXWLRQ� DQG� =Q�
DQG�1L�GHSRVLWLRQV�UHTXLUHG�WR�VDWLV I\�ERWK�(TV������DQG�����  
 

(1L
HTíȘ1L�íȘ1L ,QK㸻(=Q

HT  ���  
 
+HUH��(1L

HT�GHQRWHV�WKH�HTXLOLEULXP�SRWHQWLDO�IRU�1L�GHSRVLWLRQ��Ș1L��LV�WKH�PLQ�
LPXP�RYHUSRWHQWLDO�IRU�1L�GHSRVLWLRQ��DQG�Ș1L ,Q �LV�WKH�RYHUSRWHQWLDO�IRU�1L�GHS�
RVLWLRQ�LQ�WKH�SUHVHQFH�RI�LWV�LQKLELWRU�  
,W�ZDV� UHSRUWHG� WKDW� WKH� LQKLELWRU� RI�+�� HYROXWLRQ� DQG�1L� GHSRVLWLRQ� LQ�=Q±

1L� DOOR\�GHSRVLWLRQ� IURP�DFLGLF� VROXWLRQV�ZDV�=Q�2+� ���ZKLFK�ZDV� IRUPHG�E\�
WKH�K\GURO\VLV�RI�=Q���LRQV��� ��+RZHYHU� �QR�K\GURO\VLV�UHDFWLRQ�RI�WKH�=Q���LRQV�
RFFXUV� LQ� ]LQFDWH� VROXWLRQV�� *HQHUDOO\�� =Q� GHSRVLWLRQ� IURP� D� ]LQF DWH� VROXWLRQ�
KDV� EHHQ� UHSRUWHG� WR� SURFHHG� E\� WKH� PXOWLVWHS� UHDFWLRQV� VKRZQ� LQ� (TV�� ��� ±
������ ��� �  

 
=Q�2+����ĺ=Q�2+���㸩2+���� ���  
=Q�2+���ĺ=Q�2+��㸩2+�� � ���  
=Q�2+��㸩�Hĺ=Q㸩�2+���� � ���  

 
,Q�=Q±1L�DOOR\�GHSRVLWLRQ�IURP�D�]LQFDWH�VROXWLRQ��WKH�=Q�2+� ��IRUPHG�GXU�

LQJ�WKH�PXOWLVWHS�UHDFWLRQV�LV�WKRXJKW�WR �DFW�DV�DQ�LQKLELWRU�IRU�WKH�+��HYROXWLRQ�
DQG�1L�GHSRVLWLRQ�� ,Q�WKLV�VWXG\�� WKH�FXUUHQW�GHQVLW\�IRU�+��HYROXWLRQ�IURP�WKH�
=Qí1L�DOOR\�VROXWLRQ�GHFUHDVHG�RQFH� �GHVSLWH�D�VKLIW�LQ�WKH�SRWHQWLDO�WR�WKH�OHVV �
QREOH�GLUHFWLRQ� LQ�WKH�UHJLRQ�WKDW�ZDV�QREOHU� WKDQ� WKH�HTXLOLEULXP�SRWHQWLDO �RI�
=Q� �)LJ�� ����G��� � WKLV� ZDV� DWWULEXWHG� WR� VXSSUHVVLRQ� E\� =Q�2+� ��� IRUPHG�
WKURXJK�WKH�PXOWLVWHS�UHDFWLRQV�RI�=Q�GHSRVLWLRQ��7KH�WUDQVLWLRQ�FXUUHQW�GHQVL�
WLHV�DW � VROXWLRQ� WHPSHUDWXUHV�RI�����DQG�����.�ZHUH� DOPRVW� LGHQWLFDO �EXW� WKH\�
VLJQLILFDQWO\� LQFUHDVHG�DW �����.��)LJ� �� ���D��� �)RFXVLQJ�RQ� WKH� HIIHFW �RI� VROX�
WLRQ� WHPSHUDWXUH�RQ� WKH�SDUWLDO�FXUUHQW�GHQVLWLHV�RI�=Q�DQG�1L�GHSRVLWLRQV�DQG�
+��HYROXWLRQ�LQ�WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\� UHJLRQ��LW �ZDV�IRXQG�WKDW�WKH�SDU�
WLDO� FXUUHQW�GHQVLWLHV�RI� WKH�+�� HYROXWLRQ�DQG�1L�GHSRVLWLRQ�ZHUH� DOPRVW� LGHQ�
WLFDO �DW �VROXWLRQ�WHPSHUDWXUHV�RI�����DQG�����.�EXW�FOHDUO\�LQFUHDVHG�DW �����.�
�)LJV�� ����E�±�G��� � 7KDW� LV�� EHFDXVH� WKH� +�� HYROXWLRQ� DQG� 1L� GHSRVL W LRQ� ZHUH�
SURPRWHG�DW�����.�� WKH�FXUUHQW�GHQVLW\� WKDW�ZDV�UHTXLUHG� WR�FRPSOHWH�(TV�� ����
DQG� ���� � L �H�� � WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\�� VHHPV� WR� LQFUHDVH� ZLWK� VROXWLRQ�
WHPSHUDWXUH�  
,Q� =Q±1L� DOOR\� GHSRVLWLRQ�� D� FRPSHWLWLRQ� UHDFWLRQ� EHWZHHQ� WKH� =Q� DQG� 1L�

GHSRVLWLRQV� DQG� +�� HYROXWLRQ� RFFXUV� � +HQFH�� GHSRVLWLRQ� ZDV� SHUIRUPHG� ZLWK�
VROXWLRQV�LQFOXGLQJ�RQO\�1L�RU�=Q�WR�FRPSDUH�WKH�HIIHFW�RI�WKH�VROXWLRQ�WHPSHU�
DWXUH�RQ�HDFK�UHDFWLRQ��)LJXUH�� ���VKRZV�WKH�HIIHFW �RI�VROXWLRQ�WHPSHUDWXUH�RQ�
WKH� SDUWLDO� SRODUL]DWLRQ� FXUYH� IRU� 1L� GHSRVLWLRQ� DQG� +�� HYROXWLRQ� IRU� WKH� 1L�
VROXWLRQ��%RWK�1L�GHSRVLWLRQ�DQG�+��HYROXWLRQ�ZHUH�GHSRODUL]HG�ZLWK�LQFUHDVLQJ�
VROXWLRQ�WHPSHUDWXUH� �$W�D�SDUWLDO�FXUUHQW�GHQVLW\�RI���$ āP±��IRU�1L�GHSRVLWLRQ��
WKH� SRWHQWLDO� VKLIWHG� WR� WKH� QREOH� GLUHFWLRQ� E\� DSSUR[LPDWHO\� ����9��ZKHQ� WKH�
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VROXWLRQ�WHPSHUDWXUH�ZDV�UDLVHG�IURP�����WR�����.��$W�D�SDUWLDO �FXUUHQW�GHQVLW\�
RI� ����$āP±�� IRU�+�� HYROXWLRQ�� WKH� SRWHQWLDO� VKLIWHG� E\� DSSUR[LPDWHO\� �����9�
ZLWK� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH�� DQG� WKH� GHJUHH� RI� GHSRODUL]DWLRQ� ZDV�
JUHDWHU�IRU�1L�GHSRVLWLRQ��+HUH�WKH�RYHUSRWHQWLDO �IRU�PHWDO�GHSRVLWLRQ��L �H�� �Ș0��
LV�GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQ�  

 
Ș0ʻ _(0

HTí(0_� �����  
 

ZKHUH�(0
HT�LV�WKH�HTXLOLEULXP�SRWHQWLDO�RI�PHWDO �GHSRVLWLRQ��DQG�(0�LV�WKH�HOHF�

WURGH�SRWHQWLDO�IRU�PHWDO�GHSRVLWLRQ��&RPSDULQJ�WKH�RYHUSRWHQWLDO �IRU�1L�GHSR�
VLWLRQ�ZLWK� WKDW� IRU�+��HYROXWLRQ�� WKH�RQH� IRU�1L�GHSRVLW LRQ�ZDV� ODUJHU�� )LJXUH�
���� VKRZV� WKH� HIIHFW � RI� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� FXUUHQW� HIILFLHQF\� RI� 1L�
GHSRVLWLRQ� IURP� WKH� 1L� VROXWLRQ��7KH� FXUUHQW� HIILFLHQF\� IRU� 1L� GHSRVLW LRQ� LQ�
FUHDVHG�ZLWK� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� DW� DO O� FXUUHQW� GHQVLWLHV�� 3DUWLFX�
ODUO\��LQ�WKH�ORZ�FXUUHQW�GHQVLW\�UHJLRQ�RI���±���$ām±2, WKH�FXUUHQW�HIILFLHQF\�
IRU�1L�GHSRVLWLRQ� VLJQLILFDQWO\� LQFUHDVHG�ZLWK� VROXWLRQ� WHPSHUDWXUH��%DVHG�RQ�
)LJV�� ���� DQG� ��� LW � ZDV� IRXQG� WKDW� ERWK� 1L� GHSRVLWLRQ� DQG� + �� HYROXWLRQ� ZHUH�
SURPRWHG�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH��ZKLO H�LQFUHDVH�LQ�VROXWLRQ�WHP�
SHUDWXUH�KDG�D�VWURQJHU�SURPRWLRQDO�HIIHFW � RQ�WKH�1L�GHSRVLWLRQ��  
 

 
)LJ�� ����� 3DUWLDO� SRODUL]DWLRQ� FXUYHV� IRU� 1L� GHSRVLWLRQ� DQG�+ �� HYROXWLRQ� IURP�
WKH�1L�RQO\�DONDOLQH�VROXWLRQV�DW ����������DQG�����.��  
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)LJ�������&XUUHQW�HIILFLHQFLHV�IRU�1L�GHSRVLWLRQ�IURP�1L�RQO\�DONDOLQH�VROXWLRQV�
DW����������DQG�����.��  
 
)LJXUH�����VKRZV� WKH�HIIHFW �RI� VROXWLRQ� WHPSHUDWXUH�RQ� WKH�SDUWLDO �SRODUL]D�

WLRQ� FXUYH� IRU� =Q� GHSRVLWLRQ� IURP� WKH� =Q� VROXWLRQ�� 7KH� SDUWLDO� SRODUL]DWLRQ �
FXUYHV� IRU�=Q�GHSRVLWLRQ�GHSRODUL]HG�ZLWK� LQFUHDVLQJ�VROXWLRQ� WHPSHUDWXUH� �$W�
����DQG�����.��WKH�=Q�EHJDQ�WR�GHSRVLW�QHDU�LWV�HTXLOLEULXP�SRWHQWLDO� �LQGLFDW�
LQJ� WKDW � WKH� GHSRVLWLRQ� RYHUSRWHQWLDO � ZDV� VPDOO� �$W� D� VROXWLRQ� WHPSHUDWXUH� RI�
���� .�� WKH� =Q� GHSRVLW LRQ� DSSURDFKHG� WKH� GLIIXVLRQ� OLPLWDWLRQ� RI� =Q� LRQV� DW �
DSSUR[LPDWHO\�í����9��)LJXUH�����VKRZV� WKH�HIIHFW�RI� VROXWLRQ� WHPSHUDWXUH�RQ�
WKH� FXUUHQW� HIILFLHQF\� RI� =Q� GHSRVLWLRQ� IURP� WKH� =Q� VROXWLRQ�� ,Q� WKH� ORZ �FXU�
UHQW�GHQVLW\� UDQJH� RI� ��±���$āPí�� � WKH� FXUUHQW� HIILFLHQF\� IRU� =Q� GHSRVLWLRQ�
GHFUHDVHG�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH��LQGLFDWLQJ�WKDW�DQG�LQFUHDVH�LQ�
VROXWLRQ�WHPSHUDWXUH�KDG�D�VWURQJHU�HIIHFW�RQ�+��HYROXWLRQ��&RPSDULQJ�WKH�HI�
IHFWV� RI� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� =Q� DQG� 1L� GHSRVLW LRQV� DQG� +�� HYROXWLRQ�
�)LJV�� ���a������ LQ� WKH� ORZ�FXUUHQW� GHQVLW\� UDQJH�� ZKHUH� WKH� FKDUJH� WUDQVIHU�
SURFHVV� ZDV� UDWH�OLPLWLQJ�� WKH� GHJUHH� RI� SURPRWLRQ� ZLWK� LQFUHDVLQJ� VROXWLRQ�
WHPSHUDWXUH� IROORZHG� WKH�RUGHU�1L�GHSRVLWLRQ� !�+��HYROXWLRQ�!�=Q�GHSRVLWLRQ��
=LQF�GHSRVLWLRQ�IURP�DQ�DTXHRXV�VROXWLRQ� LV�NQRZQ�WR�RFFXU�LQ� WKH�FDVH�ZKHUH�
WKHUH� LV� D� VPDOO� RYHUSRWHQWLDO� IRU� GHSRVLWLRQ�� ZKHUHDV� 1L� GHSRVLWLRQ� DQG� + ��
HYROXWLRQ� RFFXU�ZKHQ� WKHUH� LV� D� ODUJH� RYHUSRWHQWLDO � IRU� GHSRVLWLRQ� VLQFH� WKH\�
SURFHHG�LQ�WKH�PXOWLVWHS�UHDFWLRQV�YLD �DGVRUSWLRQ�LQWHUPHGLDWHV�1L2+DG�DQG�+DG��
UHVSHFWLYHO\�DQG�VORZ�HOHPHQWDU\�SURFHVV�LV�SUHVHQW� �$V�VKRZQ�LQ�)LJV������DQG�
���WKH�RYHUSRWHQWLDO�IRU�=Q�GHSRVLWLRQ�ZDV�VPDOO ��HYHQ�IURP�WKH�]LQFDWH�VROXWLRQ� �
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ZKLOH� WKDW � IRU�1L� GHSRVLWLRQ�ZDV� ODUJH� � 6LQFH�1L� GHSR VLWLRQ� DQG�+�� HYROXWLRQ�
KDG�DQ�LQKHUHQWO\�ODUJH�RYHUSRWHQWLDO� �WKH�SURPRWLRQDO�HIIHFW �RI� LQFUHDVLQJ�WKH�
VROXWLRQ� WHPSHUDWXUH� RQ� WKH�1L� GHSRVLWLRQ� DQG�+�� HYROXWLRQ� DSSHDUHG� WR� KDYH�
EHHQ� VWURQJHU� WKDQ� WKDW � RQ� WKH� =Q� GHSRVLWLRQ�� ,Q� WKH� GHSRVLW LRQ� IURP� WKH� 1L�
VROXWLRQ�� WKH�SURPRWLRQDO� HIIHFW �RI� LQFUHDVLQJ� WKH� VROXWLRQ� WHPSHUDWXUH� RQ� WKH�
1L�GHSRVLWLRQ�ZDV�ODUJHU�WKDQ�WKDW�RQ�WKH�+��HYROXWLRQ��ZKLFK�ZDV�DWWULEXWHG�WR�
WKH� IDFW� WKDW� WKH� RYHUSRWHQWLDO� IRU� 1L� GHSRVLWLRQ� ZDV� ODUJHU� WKDQ� WKDW � IRU� + ��
HYROXWLRQ�RQ�1L��&RQWUDVWLQJO\��LQ�WKH�KLJK�FXUUHQW�GHQVLW\�UHJLRQ�RI�����$āPí�� �
WKH�FXUUHQW�HIILFLHQF\�IRU�=Q�GHSRVLWLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�VROXWLRQ�WHP�
SHUDWXUH��)LJ� �������6LQFH�WKH�GLIIXVLRQ�RI�=Q�LRQV�EHFDPH�WKH�UDWH �OLPLWLQJ�VWHS�
RI� WKH�=Q�GHSRVLWLRQ� LQ� WKH� KLJK�FXUUHQW�GHQVLW\� UHJLRQ�� WKH�FXUUHQW� HIILFLHQF\�
IRU�=Q� GHSRVLW LRQ� VHHPV� WR� LQFUHDVH�ZLWK� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� GXH�
WR�WKH�SURPRWLRQ�RI�=Q�LRQ�GLIIXVLRQ�  

 
 

)LJ�� ����� 3DUWLDO� SRODUL]DWLRQ� FXUYHV� IRU� =Q� GHSRVLWLRQ� IURP� =Q� RQO\� DONDOLQH�
VROXWLRQV�DW ����������DQG�����.��  
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)LJ�������&XUUHQW�HIILFLHQFLHV�IRU�=Q�GHSRVLWLRQ�IURP�=Q�RQO\�DONDOLQH�VROXWLRQV�
DW����������DQG�����.��  

 
7KH�HIIHFW�RI� VROXWLRQ� WHPSHUDWXUH�RQ� WKH�FXUUHQW� HIILFLHQF\� IRU� DOOR\�GHSR�

VLWLRQ�DQG�WKH�FRPSRVLWLRQ�RI�WKH�GHSRVLWHG�ILOPV�ZLOO�EH�GLVFXVVHG�QH[W� �EDVHG�
RQ�WKH�UHVXOWV�IRU�WKH�VROXWLRQV�WKDW �LQFOXGHG�RQO\�1L�RU�=Q�QRWHG�D ERYH��)LUVW� �
WKH� FXUUHQW� HIILFLHQF\� IRU� DOOR\� GHSRVLWLRQ� LQFUHDVHG�ZLWK� LQFUHDVLQJ� VROXWLRQ�
WHPSHUDWXUH�LQ�ERWK�WKH�QRUPDO����±���$āPí���DQG�DQRPDORXV������$āPí���FR�
GHSRVLWLRQ� UHJLRQV� �)LJ�� � ���D���� ,Q� WKH� QRUPDO� FR�GHSRVLWLRQ� UHJLRQ�� WKH� 1L�
FRQWHQW�RI�WKH�GHSRVLWHG�ILOPV�ZDV�DSSUR[LPDWHO\����PDVV���UHYHDOLQJ�WKDW�WKH�
FRPSHWLWLRQ�UHDFWLRQ�EHWZHHQ�1L�GHSRVLW LRQ�DQG�+��HYROXWLRQ�PDLQO\�RFFXUUHG�
LQ� WKLV� UHJLRQ�� 1L� GHSRVLWLRQ� DQG� +�� HYROXWLRQ� ZHUH� ERWK� SURPRWHG� ZLWK� LQ�
FUHDVLQJ�VROXWLRQ�WHPSHUDWXUH��EXW�WKH�SURPRWLRQDO�HIIHFW�RQ�WKH�1L�GHSRVLWLRQ�
ZDV�VWURQJHU� �DV�GHWHUPLQHG�IURP�WKH�UHVXOWV�IRU�WKH�1L�VROXWLRQ��)LJV� �� ���DQG�
����� �$V� D� UHVXOW �� WKH� FXUUHQW� HIILFLHQF\� IRU� DOOR\� GHSRVLWLRQ� LQFUHDVHG� ZLWK�
LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� � ,Q� WKH� QRUPDO� FR �GHSRVLWLRQ� UHJLRQ� RI� ��±���
$āPí��� WKH� FXUUHQW� HIILFLHQF\� IRU� DOOR\� GHSRVLWLRQ� GHFUHDVHG� ZLWK� LQFUHDVLQJ�
FXUUHQW�GHQVLW\�DW�DO O �VROXWLRQ�WHPSHUDWXUHV� �7KLV�ZDV�DWWULEXWHG�WR�LQFUHDVH� LQ�
WKH� IRUPDWLRQ� UDWH� RI� =Q�2+��� LQ� WKH� PXOWLVWHS� UHDFWLRQV� RI� =Q� GHSRVLWLRQ� �
FDXVHG�E\� LQFUHDVLQJ� WKH� FXUUHQW�GHQVLW\� DQG� WKH� VXSSUHVVLRQ�RI�1L�GHSRVLWLRQ�
E\�=Q�2+��� �&RQWUDVWLQJO\��LQ�WKH�DQRPDORXV �FR�GHSRVLWLRQ�UHJLRQ�DW�����$āPí���
WKH� 1L� FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV� ZDV� DSSUR[LPDWHO\� �� PDVV��� UHYHDOLQJ�
WKDW �WKH�FRPSHWLWLRQ�UHDFWLRQ�EHWZHHQ�=Q�GHSRVLWLRQ�DQG�+ ��HYROXWLRQ�RFFXUUHG�
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PDLQO\� LQ� WKLV� UHJLRQ�� 7KH� =Q� GHSRVLWLRQ� LQ� WKLV� UHJLRQ� DSSHDUHG� WR� SURFHHG�
under a mixed rate-determining process that included the charge transfer and 
diffusion of Zn ions �)LJ� �����E����7KH�GLIIXVLRQ�RI�=Q�LRQV�ZDV�SURPRWHG�ZLWK�
LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� � UHVXOWLQJ� LQ� DQ� LQFUHDVH� LQ� WKH� FXUUHQW� HIIL�
FLHQF\�RI�WKH�DOOR\�GHSRVLWLRQ��&RPSDULQJ�WKH�FXUUHQW�HIILFLHQF\�RI�1L�GHSRVL�
WLRQ� IURP� WKH� DOOR\� VROXWLRQ� DQG� WKH� VLQJOH� 1L� VROXWLRQ�� WKDW � IURP� WKH� DOOR\�
VROXWLRQ�ZDV�REVHUYDEO\�KLJKHU� �)LJV��� ���F��DQG������ �7KLV�VXJJHVWHG�WKDW � WKH�
IRUPDWLRQ� RI� =Q�2+��� LQ� WKH� DOOR\� VROXWLRQ� VXSSUHVVHG� ERWK� WKH� +�� HYROXWLRQ�
DQG�1L�GHSRVLWLRQ�EXW�WKDW�WKH�+��HYROXWLRQ�ZDV�PRUH�VWURQJO\�VXSSUHVVHG�  
7KH�1L�FRQWHQW�LQ�WKH�GHSRVLWHG�ILOPV�LQFUHDVHG�ZLWK�LQFUHDVLQJ�VROXWL RQ�WHP�

SHUDWXUH�LQ�ERWK�WKH�QRUPDO����±���$āPí���DQG�DQRPDORXV�����±����$āPí���FR�
GHSRVLWLRQ�UHJLRQV��)LJ��������7KH�=Q�DQG�1L�GHSRVLW LRQV�LQ�WKH�DOOR\�GHSRVLW LRQ�
DSSHDUHG� WR� SURFHHG� XQGHU� D� rate-determining process comprising the charge 
transfer in WKH� QRUPDO� FR�GHSRVLWLRQ� UHJLRQ ,  while they appeared to follow a 
mixed rate-determining process comprising the charge transfer and diffusion 
of Zn2 + ions in WKH� DQRPDORXV� FR�GHSRVLW LRQ� UHJLRQ . � 6LQFH�1L� GHSRVLWLRQ�ZDV�
SURPRWHG� WR� D� JUHDWHU� GHJUHH� WKDQ� =Q� GHSRVLWLRQ� E\� LQFUHDVLQJ� WKH� VROXWLRQ�
WHPSHUDWXUH�LQ�WKH�UHJLRQ�ZKHUH�WKH�FKDUJH�WUDQ VIHU�SURFHVV�ZDV�UDWH �OLPLWLQJ��
WKH�1L�FRQWHQW�LQ�WKH�GHSRVLWHG�ILOPV�VHHPV�WR�LQFUHDVH�ZLWK�VROXWLRQ�WHPSHUD�
WXUH�LQ�ERWK�WKH�QRUPDO�DQG�DQRPDORXV�FR �GHSRVLWLRQ�UHJLRQV�  
$V� VKRZQ� LQ�)LJ�� ����E�� � LQ� WKH�=Q±1L� DOOR\� GHSRVLW LRQ�� WKH�=Q�DSSHDUHG� WR�

KDYH�EHHQ�GHSRVLWHG�LQ�D�SRWHQWLDO�UHJLRQ�QREOHU�WKDQ�LWV �HTXLOLEULXP�SRWHQWLDO� �
ZKHUHDV�WKLV�SKHQRPHQRQ�ZDV�QRW�REVHUYHG�LQ�WKH�GHSRVLWLRQ�IURP�D�VLQJOH�=Q�
VROXWLRQ��)LJ������� �,W �ZDV�UHSRUWHG�WKDW�=Q±1L�DOOR\�GHSRVLWLRQ�LQ�WKH�SRWHQWLDO �
UDQJH�QREOHU� WKDQ� WKH� HTXLO LEULXP�SRWHQWLDO�RI�=Q�KDG�EHHQ�FDXVHG�E\� WKH� IRU�
PDWLRQ�RI�D�VWDEOH�LQWHUPHWDOOLF�FRPSRXQG��1L �=Q����WKURXJK�GHSRVLWLRQ��ZKLFK�
FRQVLGHUDEO\� UHGXFHG� WKH� DFWLYLW\� FRHIILFLHQW� RI� WKH� =Q� LQ� WKH� GHSRVLWHG �
ILOPV��� ��� ��7KDW� LV �� WKH� FR�GHSRVLWLRQ� RI� 1L� LV� HVVHQWLDO � IRU� WKH� =Q� DSSDUHQWO\�
GHSRVLWLQJ� LQ� WKH�SRWHQWLDO� UHJLRQ�QREOHU� WKDQ� LWV� HTXLO LEULXP�SRWHQWLDO�� ,Q� WKH�
SUHVHQW� VWXG\�� WKH�GHSRVLWLRQ�RI�=Q� LQ� WKH�QREOH�SRWHQWLDO � UHJLRQ� LV� WKRXJKW� WR �
EH�LQFUHDVHG�ZLWK�WHPSHUDWXUH�EHFDXVH�WKH�GHSRVLW LRQ�RI�1L�ZDV�DFFHOHUDWHG�DW�
D�KLJKHU�VROXWLRQ�WHPSHUDWXUH�  
)LQDOO\�� ZH� GLVFXVV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� GHSRVLWLRQ� EHKDYLRU� RI� WKH�

=Q±1L� DOOR\� IURP� WKH� ]LQFDWH� VROXWLRQ� LQ� WKLV� VWXG\� DQG� WKDW � IURP� D� VXOIDWH�
VROXWLRQ�SUHYLRXVO\� UHSRUWHG��7KH�PRVW� LPSRUWDQW�GLIIHUHQFH�EHWZHHQ� WKH�GHS�
RVLWLRQ�IURP�]LQFDWH�DQG�VXOIDWH�VROXWLRQV�ZDV�WKH�FDXVH�RI�=Q�2+� ��IRUPDWLRQ� �
ZKLFK� LV� DQ� LQKLELWRU� RI�1L� GHSRVLWLRQ� DQG�+�� HYROXWLRQ�� ,Q� VXOIDWH� VROXWLRQV� �
=Q�2+���LV�IRUPHG�E\�WKH�K\GURO\VLV�RI�=Q���GXH�WR�WKH�LQFUHDVH�RI�VROXWLRQ�S+�
E\�WKH�UHGXFWLRQ�RI�+��DW�WKH�FDWKRGH��,Q�FRQWUDVW� �LQ�WKH�]LQFDWH�VROXWLRQ��LW � LV �
WKRXJKW� WR�EH� IRUPHG� LQ� WKH� LQWHUPHGLDWH� VWDJH�RI� WKH�PXOWLVWHS�=Q�GHSRVLWLRQ�
UHDFWLRQV��,Q�WKH�FDVH�RI�DOOR\�GHSRVLWLRQ�IURP�VXOIDWH�VROXWL RQV��LW �ZDV�UHSRUWHG�
WKDW � WKH�1L�FRQWHQW� LQ� WKH�GHSRVLWHG� ILOPV�ZDV�DSSUR[LPDWHO\����PDVV��LQ� WKH�
UHJLRQ� ZKHUH� DQ� DQRPDORXV �W\SH� FR�GHSRVLWLRQ� RFFXUUHG�� ZKLFK� ZDV� PXFK�
ORZHU� WKDQ� WKH�&5/� ����PDVV��1L ��� FRQWHQW� LQ� WKH� VROXWLRQ�� �� �� ,Q� WKH� FDVH�RI�
WKH�SUHVHQW�VWXG\�� WKH�1L�FRQWHQW� LQ� WKH�GHSRVLWHG� ILOPV� IURP�WKH�]LQFDWH� VROX�
WLRQ�ZDV�DSSUR[LPDWHO\��±��PDVV��LQ�WKH�UHJLRQ�ZKHUH�WKH�DQRPDORXV�FR �GHS�
RVLWLRQ�RFFXUUHG� �)LJ��������ZKLFK�ZDV�EHORZ�WKH�&5/������PDVV����+RZHYHU� �
WKH�DQRPDOLHV�ZHUH�JUHDWHU� LQ� WKH� VXOIDW H� VROXWLRQ� WKDQ� LQ� WKH� ]LQFDWH� VROXWLRQ�
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�)LJ� � ����� � LQGLFDWLQJ� WKDW � WKH� VXSSUHVVLRQ� RI� 1L� GHSRVLWLRQ� E\� =Q�2+� �� ZDV�
VWURQJHU� � 7KH� GLIIHUHQFH� LQ� WKH� GHJUHH� RI� 1L� GHSRVLWLRQ� VXSSUHVVLRQ� EHWZHHQ�
WKH� VXOIDWH� DQG� ]LQFDWH� VROXWLRQV� PD\� KDYH� EHHQ� GXH� WR� GLIIHUHQF H� LQ� FDXVH�
=Q�2+��� IRUPDWLRQ�� ,Q� WKH� VXOIDWH� VROXWLRQ�� WKH� 1L� FRQWHQW� LQ� WKH� GHSRVLWHG�
ILOPV� LQFUHDVHG� IURP�DSSUR[LPDWHO\� ���PDVV�� WR� DSSUR[LPDWHO\� ���PDVV�� DV�
WKH�VROXWLRQ�WHPSHUDWXUH�LQFUHDVHG�IURP�����WR�����.� ����+RZHYHU��WKH�LQFUHDVH�
LQ�1L�FRQWHQW�PD\�EH�ODUJHU�WKDQ�WKDW�LQ�WKH�]LQFDWH�VROXWLRQV��)LJ��� ����EHFDXVH�
WKH�LQKLELWRU\�HIIHFW�RI�=Q�2+���RQ�WKH�1L�GHSRVLWLRQ�LV�VWURQJHU�LQ�WKH�VXOIDWH�
VROXWLRQ�  
 
3-5. Conclusion 
 
7KH� HIIHFW� RI� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� GHSRVLWLRQ� EHKDYLRU� RI� =Q ±1L� DO�

OR\V� IURP� DONDOLQH� ]LQFDWH� VROXWLRQV� ZDV� LQYHVWLJDWHG�� 7KH� WUDQVLWLRQ� FXUUHQW�
GHQVLW\�DW �ZKLFK�WKH�GHSRVLWLRQ�EHKDYLRU�VKLIWHG�IURP�WKH�QRUPDO�WR�DQRPDORXV�
FR�GHSRVLWLRQ�ZDV�DOPRVW� LGHQWLFDO� DW� VROXWLRQ� WHPSHUDWXUHV�RI�����DQG�����.�
EXW� FOHDUO\� LQFUHDVHG � DW � ����.��7KH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� DSSHDUHG� WR� LQ�
FUHDVH�GXH�WR�WKH�HQKDQFHPHQW�RI�+��HYROXWLRQ�DQG�1L�GHSRVLWLRQ�DW �����.��7KH�
FXUUHQW�HIILFLHQF\�IRU�DOOR\�GHSRVLWLRQ�DOVR� LQFUHDVHG�ZLWK� LQFUHDVLQJ�VROXWLRQ�
WHPSHUDWXUH�LQ�ERWK�WKH�QRUPDO����±���$āPí���DQG�DQRPDORXV������$āPí���FR�
GHSRVLWLRQ� UHJLRQV�� ,Q� WKH� QRUPDO� FR �GHSRVLWLRQ� UHJLRQ��1L� GHSRVLWLRQ� DQG�+��
HYROXWLRQ�PDLQO\�RFFXUUHG��DQG�WKH �SURPRWLQJ�HIIHFW�RI�LQFUHDVH�LQ�WKH�VROXWLRQ�
WHPSHUDWXUH� RQ� WKH� 1L� GHSRVLW LRQ� ZDV� JUHDWHU� WKDQ� WKDW � RQ� WKH� + �� HYROXWLRQ��
UHVXOWLQJ� LQ� DQ� LQFUHDVH� LQ� FXUUHQW� HIILFLHQF\� DORQJVLGH� VROXWLRQ� WHPSHUDWXUH� �
,Q� WKH� DQRPDORXV� FR�GHSRVLWLRQ� UHJLRQ� DW� ����$āPí��� =Q� GHSRVLWLRQ� DQG� +��
HYROXWLRQ� PDLQO\� RFFXUUHG�� DQG� =Q� GHSRVLWLRQ� DSSHDUHG� WR� proceed under a 
mixed rate-determining process comprising the charge transfer and diffusion 
of Zn ions. Since the diffusion of Zn ions is  promoted by increasing the solu-
tion temperature, the FXUUHQW� HIILFLHQF\� DOVR� VHHPV� WR� LQFUHDVH�  )XUWKHUPRUH��
WKH�1L� FRQWHQW� LQ� WKH� GHSRVLWHG� ILOPV� LQFUHDVHG�ZLWK� WKH� VROXWLRQ� WHPSHUDWXUH�
DW�DOO �FXUUHQW�GHQVLW LHV� �,Q�WKH�UHJLRQ�ZKHUH�WKH�FKDUJH�WUDQVIHU�SURFHVV�LV �UDWH �
OLPLWLQJ��1L�GHSRVLWLRQ�DFFHOHUDWHV� WR�D�JUHDWHU�GHJUHH�FRPSDUHG�ZLWK�=Q�GHS�
RVLWLRQ�DORQJVLGH�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH��DV�D�UHVXOW� �1L�FRQWHQW�LQ�WKH�
GHSRVLWHG� ILOPV� VHHPV� WR� LQFUHDVH� � ,Q� DGGLWLRQ�� WKH� Ȗ�SKDVH� RI� WKH� GHSRVLWHG�
ILOPV�LQFUHDVHG�ZLWK�DQ�LQFUHDVLQJ� VROXWLRQ�WHPSHUDWXUH�  
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&KDSWHU����6\QHUJLVWLF�(IIHFW�RI�%ULJKWHQHU�DQG�6ROXWLRQ�7HPSHU�
DWXUH�RQ� WKH�(OHFWURGHSRVLWLRQ�%HKDYLRU�RI�=Q�1L�$OOR\� IURP�$O�
NDOLQH�=LQFDWH�6ROXWLRQ  
 
�����,QWURGXFWLRQ 
 
8QOLNH� WKH� VXOIDWH� DQG�FKORULGH�VROXWLRQV� �D�EULJKWHQHU� LV� W\SLFDOO\� DGGHG� WR�

WKH� ]LQFDWH� VROXWLRQ� IRU� =Q±1L� DOOR\� GHSRVLWLRQ��$OWKRXJK�PDQ\� UHSRUWV� KDYH�
GHPRQVWUDWHG� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� DSSHDUDQFH� TXDOLWLHV� RI� WKH� GHSRV�
LWHG� ILOPV� IURP� WKH� ]LQFDWH� VROXWLRQ� DQG� WKH�EULJKWHQHU� �±� �� IHZ�KDYH� UHIOHFWHG�
WKH� HIIHFW�RI� WKH�EULJKWHQHU� RQ� WKH�HOHFWURFKHPLFDO� UHDFWLRQ� � �� � �7KHUHIRUH�� WKH�
DXWKRUV�VHOHFWHG�D�UHDFWLRQ�SURGXFW�RI�HSLFKORURK\GULQ�DQG�LPLGD]ROH��,0(��DV�
D� EULJKWHQHU� � UHSRUWHG� WR� KDYH� D� EULJKWHQLQJ� HIIHFW � LQ� =Q� GHSRVLWLRQ� IURP� D�
]LQFDWH� VROXWLRQ� LQ� WKH�SUHYLRXV� UHSRUW�� DQG� WKH� H IIHFW�ZDV� LQYHVWLJDWHG��:KHQ�
,0(� LV� DGGHG�� WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� DW�ZKLFK� WKH� GHSRVLWLRQ� EHKDYLRU�
VKLIWV� IURP�QRUPDO� WR�DQRPDORXV� W\SH� LV� UHGXFHG�GXH� WR� VXSSUHVVLRQ�RI�K\GUR�
JHQ� HYROXWLRQ�� DQG� ERWK� =Q� DQG� 1L� GHSRVLWLRQ� DUH� VXSSUHVVHG� WR� UHGXFH� WKH�
FXUUHQW� HIILFLHQF\� RI� DOOR\� GHSRVLWLRQ�� WKH� 1L� FRQWHQW� RI� WKH� GHSRVLWHG� ILOPV�
GHFUHDVHV�EHFDXVH�1L�GHSRVLWLRQ�LV�PRUH�VWURQJO\�VXSSUHVVHG� � � � � �  
&RQYHUVHO\�� DOWKRXJK� WKH� VROXWLRQ� WHPSHUDWXUH� DIIHFWV� WKH� GHSRVLWLRQ� RYHU�

SRWHQWLDO�� WKURZLQJ� SRZHU�� PHWDO� VDOW� V ROXELOL W\� DQG� VROXWLRQ� FRQGXFWLYLW\� �
HWF� ��� � � DQG� LV� DQ� H[WUHPHO\� LPSRUWDQW� IDFWRU� LQ� HOHFWURGHSRVLWLRQ�� IHZ� VWXGLHV�
KDYH�UHSRUWHG�WKH�HIIHFW�RI�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�GHSRVLW LRQ�EHKDYLRU�RI�
=Q�1L�DOOR\�IURP�]LQFDWH�VROXWLRQ�  
,Q� WKH� UHJLRQ� ZKHUHLQ� WKH � FKDUJH� WUDQVIHU� SURFHVV� LV � UDWH �GHWHUPLQLQJ�� 1L�

GHSRVLWLRQ�LV�SURPRWHG�PRUH�WKDQ�=Q�GHSRVLWLRQ�ZKHQ�WKH�VROXWLRQ�WHPSHUDWXUH�
LV� LQFUHDVHG�� 7KHUHIRUH� � WKH� 1L� FRQWHQW� RI� WKH� GHSRVLWHG� ILOPV� LQFUHDVHV� ZLWK�
WKH� VROXWLRQ� WHPSHUDWXUH� �� ��5HSRUWHGO\� � WKH�1L� FRQWHQW� LQFUHDVHV� VLJQLILFDQWO\�
DV� WKH� VROXWLRQ� WHPSHUDWXUH� LQFUHDVHV� DERYH� ���� .� ���� EXW� WKH� GHWDLOV � DUH� XQ�
NQRZQ��,Q�WKH�HOHFWURGHSRVLWLRQ�IURP�DQ�HOHFWURO\WLF�VROXWLRQ�ZLWK�D�EULJKWHQHU� �
WKH�HIIHFW�RI� WKH�EULJKWHQHU�PD\�GLIIHU�GHSHQGLQJ�RQ�WKH�VROXWLRQ� WHPSH UDWXUH��
ZLWK�D�SRVVLEOH�V\QHUJLVWLF�HIIHFW�RI�WKH�EULJKWHQHU�DQG�VROXWLRQ�WHPSHUDWXUH�RQ�
WKH� GHSRVLWLRQ� EHKDYLRU� � EXW� WKH� GHWDLOV� DUH� XQNQRZQ��7KH� V\QHUJLVWLF� HIIHFWV�
RI�,0(�DQG�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�GHSRVLWLRQ�EHKDYLRU�ZHUH�LQYHVWLJDWHG�
EDVHG� RQ� WKH� SDUWLDO � SRODUL]DWLRQ� FXUYHV� RI� =Q� DQG� 1L� GHSRVLWLRQ�� K\GURJHQ�
HYROXWLRQ�� WKH�DSSHDUDQFH��DQG�PLFURVWUXFWXUH�RI� WKH�GHSRVLWHG�ILOPV�  
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�����([SHULPHQWDO  
 
7DEOH�����VKRZV�WKH�FRPSRVLWLRQ�RI�WKH�]LQFDWH�VROXWLRQ�DQG�WKH�HOHFWURO\VLV�

FRQGLWLRQV�IRU�WKH�=Q±1L�DOOR\�GHSRVLW LRQ��7KH�HOHFWURO\WLF�VROXWLRQV�ZHUH�SUH�
SDUHG� E\� GLVVROYLQJ� WKH� UHDJHQW �JUDGH� =Q2� ������ PROāGPí���� 1L62�ā�+�2�
�������PROāGPí����1�&+�&+�2+���������PROāGPí����DQG�1D2+������PROāGPí���
LQ� GLVWL OOHG� DQG� GHLRQL]HG�ZDWHU� �7KH� UHDFWLRQ� SURGXFW� RI� HSLFKORURK\GULQ� DQG�
,0(� ZDV� SUHSDUHG� DV� SUHYLRXVO\� UHSRUWHG� �� ��� � � ����� J� RI� ,0(� ZDV� SODFHG� LQ�
����PO�RI�SXUH�ZDWHU� �DQG�WKH�WHPSHUDWXUH�ZDV�UDLVHG�WR����a�� ��.��7KHQ�������
J�RI�HSLFKORURK\GULQ�ZDV�JUDGXDOO\�DGGHG�GURSZLVH�EHORZ�����.�ZKLOH�VWLUULQJ�
WKH� VROXWLRQ� ZLWK� D� PDJQHWLF� VWLUUHU� �$IWHU� WKH� HSLFKORURK\GULQ� DGGLWLRQ�� WKH�
WHPSHUDWXUH� ZDV� UDLVHG� WR� ���� .� DQG� UHIOX[HG� IRU� DERXW� �� K� ZLWK� VWLUULQJ� WR�
REWDLQ� ,0(��7KH� VWUXFWXUDO� IRUPXOD� RI� ,0(� LV� VKRZQ� LQ�)LJ� � � ��� �(OHFWURO\VLV�
ZDV�SHUIRUPHG�E\� WKH� FRQVWDQW� FXUUHQW� HOHFWURO\VLV�PHWKRG�ZLWKRXW� VWLUULQJ� DW �
WKH� FXUUHQW� GHQVLW\� RI� ��±����$āPí��� DPRXQW� RI� HOHFWULFLW\� RI� �� î� ����&āPí�� �
DQG�VROXWLRQ�WHPSHUDWXUHV�RI�����.������.��DQG�����.��7KH�DPRXQW�RI�HOHFWULF�
LW\� RI� �� î� ���� &āPí�� FRUUHVSRQGV� WR� D� ILOP� WKLFNQHVV� RI� ���� ȝP� DVVXPLQJ� WKH�
GHSRVLWLRQ� RI� SXUH� =Q� DW� D� FXUUHQW� HIILFLHQF\� RI� ������$�&X� SODWH� ��� FP� î� ��
FP��ZDV�XVHG�DV�WKH�FDWKRGH�DQG�3W�SODWH����FP�î���FP��DV�WKH �DQRGH��+RZHYHU� �
ZKHQ� SUHSDULQJ� VDPSOHV� IRU� JORVV� HYDOXDWLRQ�� VFDQQLQJ� HOHFWURQ� PLFURVFRS\�
�6(0�� REVHUYDWLRQ�� DQG�;5'� DQDO\VLV� � D� )H� SODWH� ��� FP� [� �� FP��ZDV� XVHG� DV�
WKH�FDWKRGH��7KH�REWDLQHG�GHSRVLWHG�ILOPV�ZHUH�GLVVROYHG�LQ�QLWULF�DFLG��DQG�=Q�
DQG�1L�ZHUH�GHWHUPLQHG�E\�WKH�,&3�RSWLFDO �HPLVVLRQ�VSHFWURVFRS\�WR�REWDLQ�WKH�
FRPSRVLWLRQ� RI� WKH� GHSRVLWHG� DOOR\� DQG� WKH� FXUUHQW� HIILFLHQFLHV� RI� =Q� DQG�1L �
GHSRVLWLRQ�� 3DUWLDO� FXUUHQW� GHQVLWLHV� IRU� =Q� DQG� 1L� GHSRVLWLRQ� DQG� K\GURJHQ�
HYROXWLRQ� ZHUH� FDOFXODWHG� E\�PXOWLSO\LQJ� WKH� WRWDO� FXUUHQW� GHQVLW\� E\� WKH� UH�
VSHFWLYH� FXUUHQW� HIILFLHQF\� ��������� $Q� $J�$J&O� HOHFWURGH� �VDWXUDWHG� .&O��
������ 9� YV�� 1+(�� ���� .�� ZDV� XVHG� DV� D� UHIHUHQFH� HOHFWURGH� WR� PHDVXUH� WKH�
SRODUL]DWLRQ�FXUYHV��EXW�WKH�SRWHQWLDOV�ZHUH�FRQYHUWHG�WR�WKH�VWDQGDU G�K\GURJHQ�
HOHFWURGH� DQG� GLVSOD\HG��7KH� JORVV� RI� WKH� GHSRVLWHG� IL OPV�ZDV� HYDOXDWHG� E\� D�
VSHFWURSKRWRPHWHU� �.RQLFD�0LQROWD�� ,QF� � &0�����G��� 7KH� OLJKW� VRXUFH� ZDV� D�
SXOVHG�[HQRQ�ODPS�ZLWK�D�GLDPHWHU�RI���PP��7KH�GLIIXVH�LOOXPLQDWLRQ�ZDV�SHU�
IRUPHG�XVLQJ�DQ�LQWHJUDWLQJ�VSKHUH��DQG�WKH�WRWDO�UHIOHFWDQFH��6&,�PHWKRG�� LQ�
FOXGLQJ� VSHFXODU� UHIOHFWDQFH�� DQG� GLIIXVH� UHIOHFWDQFH� �6&(�PHWKRG�� UHPRYLQJ�
VSHFXODU� UHIOHFWDQFH��ZHUH�PHDVXUHG� LQ� WKH����GLUHFWLRQ��7KH�JORVV�ZDV�HYDOX�
DWHG�E\�VXEWUDFWLQJ�WKH�GLIIXVH�UHIOHFWDQFH��6&(�PHWKRG��IURP�WKH�WRWDO�UHIOHF�
WDQFH��6&,�PHWKRG�� �� ��  
7R�TXDQWLI\�WKH�,0(�FRGHSRVLWHG �LQ�WKH�GHSRVLWHG�ILOPV�� WKH�HPLVVLRQ�LQWHQ�

VLWLHV� RI� &�� &X�� =Q�� DQG� 1L� ZHUH� PHDVXUHG� E\� WKH� KLJK �IUHTXHQF\� JORZ� GLV�
FKDUJH� RSWLFDO� HPLVVLRQ� VSHFWURPHWU\� �UI �*'2(6�� ZLWK� WKH� IROORZLQJ� FRQGL�
WLRQV�� DQDO\VLV� GLDPHWHU�� ĳ��PP�� DUJRQ� SUHVVXUH�� ���� 3D�� SRZHU�� ���:� � SXOVH�
IUHTXHQF\�������+]��GXW\�F\FOH� ��������7KH�VXUIDFH�PRUSKRORJ\�RI� WKH�GHSRV�
LWHG� IL OPV�ZDV� REVHUYHG� E\� 6(0�� DQG� WKH� SKDVH� LGHQWLILFDWLRQ�ZDV� SHUIRUPHG�
YLD�DQ�;�UD\�GLIIUDFWRPHWHU��&X�.Į��WXEH�YROWDJH����N9��WXEH�FXUUHQW����P$��  
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7DEOH������6ROXWLRQ�FRPSRVLWLRQV�DQG�HOHFWURO\VLV�FRQGLWLRQV  

=Q2��� � � � � � �  �PROÂGPí��  ����  &XUUHQW�GHQVLW\ 
�$ÂPí��  ��±���  

1L62�Â�+�2��  �PROÂGPí��  �����  7HPSHUDWXUH�  
�.�  ��������������  

1�&+�&+�2+���  �PROÂGPí��  ����  $PRXQW�RI�FKDUJH�
�&ÂPí��  ��î����  

1D2+��� �� � �  �PROÂGPí��  ���  &DWKRGH  &X����î���FP��  
5HDFWLRQ� SURGXFW� RI�
HSLFKORURK\�GULQ� DQG� LPLG�
D]ROH��,0(� 

�POÂGPí��  �����  
$QRGH  3W����î���FP��  

4XLHVFHQW�EDWK   
 
 

 
)LJ������ �6WUXFWXUDO �IRUPXOD�RI�UHDFWLRQ�SURGXFW�RI�HSLFKORURK\GULQ�DQG�LPLG�
D]ROH�  
 
�����5HVXOWV�  

 
�������(IIHFWV�RI�,0(�DQG�6ROXWLRQ�7HPSHUDWXUH�RQ�WKH�'HSRVLWLRQ�
%HKDYLRU�RI�=Q±1L�$OOR\V  

 
)LJXUH�����VKRZV�WKH�WRWDO�DQG�WKH�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI�=Q��1L�GHS�

RVLWLRQ�� DQG� K\GURJHQ� HYROXWLRQ�ZKHQ� =Q±1L� DOOR\� GHSRVLWLRQ�ZDV� SHUIRUPHG�
DW�D�VROXWLRQ�WHPSHUDWXUH�RI�����.��7KH�HTXLOLEULXP�SRWHQWLDO�(=Q

HT�RI�=Q�GHS�
RVLWLRQ� �=Q2�

�íʶ�+�2ʶ�Híĺ=Qʶ�2+í�� DVVXPLQJ� WKDW�SXUH�=Q� LV�GHSRVLWHG�
DW� D� VROXWLRQ� WHPSHUDWXUH�RI�����.� LV�í�����9�� �� �� ,Q� DGGLWLRQ�� WKH� HTXLOLEULXP�
SRWHQWLDO �(1L

HT�RI�WKH�GHSRVLWLRQ��1L�7($����ʶ�Híĺ1Lʶ�7($��ZDV�FDOFXODWHG�
í�����9�EDVHG�RQ� WKH� FRPSOH[�VWDELOL]DWLRQ�FRQVWDQW�.� �� ������RI� WULHWKDQR�
ODPLQH� �7($�� FRRUGLQDWHG� WR� WKH�1L ��� LRQ� DVVXPLQJ� WKDW � SXUH�1L� LV� GHSRVLWHG�
DW � D� VROXWLRQ� WHPSHUDWXUH� RI� ����.� ���� ,Q� WKH� WRWDO � SRODUL]DWLRQ� FXUYH� �)LJ� � � �
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��D���� ZLWKRXW� ,0(�� HYHQ� WKRXJK� LQFUHDVHG� WKH� FXUUHQW� GHQVLW\� IURP� ��� WR� ���
$āPí�� LQ� WKH� SRWHQWLDO� UHJLRQ� QREOHU� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO� �í�����9��
RI� =Q�� WKH� SRWHQWLDO� UDUHO\� FKDQJHG�� ZKLOH� RQ� H[FHHGLQJ� ���$āP í��� LW � PRYHG�
ODUJHO\� LQ� OHVV� QREOH� SRWHQWLDO� GLUHFWLRQ�� DQG� RQ� UHDFKLQJ� WKH� HTXLOLEULXP� SR�
WHQWLDO�RI�=Q��WKH�VKLIW�RI�SRWHQ WLDO�EHFDPH�VPDOO�HYHQ�RQ�LQFUHDVLQJ�WKH�FXUUHQW�
GHQVLW\��'XULQJ�GHSRVLWLRQ�IURP�D�VROXWLRQ�FRQWDLQLQJ�����POāGP í��RI�,0(��WKH�
WRWDO�SRODUL]DWLRQ�FXUYH�VKLIWHG�WR�D�OHVV�QREOH�SRWHQWLDO�UDQJH�ZKHQ�WKH�FXUUHQW�
GHQVLW\�H[FHHGHG����$āPí��DQG�WKH�FXUUHQW�GHQVL W\�DW�ZKLFK�WKH�SRWHQWLDO�EHJDQ�
WR� VKLIW � ZDV� VPDOOHU� WKDQ� WKDW� ZLWKRXW� ,0(�� (YHQ� LQ� WKH� VROXWLRQ� FRQWDLQLQJ�
,0(�� DW� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q�� WKH� VKLIW� RI� WKH� SRWHQWLDO � WR� WKH� OHVV�
QREOH�VLGH�EHFDPH�VPDOO�GHVSLWH�LQFUHDVLQJ�WKH�FXUUHQW�GHQVLW\��7KH� SDUWLDO�SR�
ODUL]DWLRQ�FXUYH� �)LJ������E���RI�=Q�GHSRVLWLRQ� IURP� WKH� VROXWLRQ�ZLWKRXW� ,0(�
VKRZHG� D� ULVH� LQ� WKH� SRWHQWLDO� UHJLRQ� QREOHU� WKDQ� WKH� HTXLOLEULXP�SRWHQWLDO� RI�
=Q��DV�LQ�WKH�WRWDO �SRODUL]DWLRQ�FXUYH��IROORZHG�E\�D�VKLIW �WRZDUG�WKH�OHVV�QREOH�
SRWHQWLDO� UHJLRQ��DQG�WKHQ�D�VKDUS�ULVH�DW�SRWHQWLDO� OHVV�QREOH�WKDQ� WKH�HTXLOLE�
ULXP� SRWHQWLDO � RI� =Q� �í�����9��� ,Q� FRQWUDVW� � WKH� SDUWLDO� FXUUHQW� GHQVLW\� RI� =Q�
GHSRVLWLRQ� IURP� WKH� VROXWLRQ� FRQWDLQLQJ� �� DQG� ��POāGPí�� RI� ,0(�ZDV� QRW� GH�
WHFWHG� LQ� WKH�SRWHQWLDO � UHJLRQ� QREOHU� WKDQ� WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q��DQG�
LQFUHDVHG� LQ� WKH�SRWHQWLDO � UHJLRQ� OHVV�QREOH� WKDQ� WKH�HTXLOLEULXP�=Q�SRWHQWLDO� �
&RPSDULQJ� WKH�SDUWLDO�FXUUHQW�GHQVLW\�RI�=Q�GHSRVLWLRQ�IURP�WKH�VROXWLRQ�FRQ�
WDLQLQJ���DQG���POāGPí��RI� ,0(�ZLWK� WKDW � IURP�,0(�IUHH� VROXWLRQ�DW �VDPH�SR�
WHQWLDO �� LW � ZDV� ORZHU� ZLWK� ,0(� WKDQ� WKDW� IURP� ,0(�IUHH� VROXWLRQ�� 7KH� SDUWLDO �
SRODUL]DWLRQ� FXUYH� RI�1L� GHSRVLWLRQ� �)LJ� � � ���F��� DOVR� VKRZHG� D� VLPLODU� WUHQG�
WR�WKDW�RI�=Q�GHSRVLW LRQ��)LJ� �� ���E����VXSSUHVVLRQ�RI�1L�GHSRVLWLRQ�E\�,0(�LQ �
WKH� UHJLRQ� ( � �� (=Q

HT�� � 7KH� K\GURJHQ� HYROXWLRQ� �)LJ�� ���G��� IURP� WKH� =Q±1L�
DOOR\�GHSRVLWLRQ�VROXWLRQ�ZDV�REVHUYHG�DW�SRWHQWLDO�QREOHU�WKDQ�WKH�HTXLOLEULXP�
SRWHQWLDO �RI�=Q�LQ�WKH�SUHVHQFH�DQG�DEVHQFH�RI�,0(��GHFUHDVHG�RQFH�GHVSLWH�WKH�
VKLIW � WR� D� OHVV� QREOH� SRWHQWLDO�� DQG� LQFUHDVHG� DW � SRWHQWLDO � OHVV� QREOH� WKDQ� WKH�
HTXLOLEULXP�SRWHQWLDO �RI�=Q��7KH�SDUWLDO�FXUUHQW�GHQVLW\�RI�K\GURJHQ�HYROXWLRQ��
ZKLFK� VWDUWHG� GHFUHDVLQJ� GHVSLWH� WKH� VKLIW� WR� WKH� OHVV� QREOH� SRWHQWLDO�� ZDV�
VPDOOHU�IRU�WKH�VROXWLRQ�FRQWDLQLQJ�,0(�  
)LJXUH�����VKRZV�WKH�WRWDO�DQG�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI�=Q�DQG�1L�GHS�

RVLWLRQ�DQG�K\GURJHQ�HYROXWLRQ�GXULQJ�WKH�=Q±1L�DOOR\�GHSRVLWLRQ�DW�D�VROXWLRQ�
WHPSHUDWXUH�RI�����.��7KH�WRWDO�SRODUL]DWLRQ�FXUYH��)LJ� �� ���D���VKRZV�D�ODUJH�
VKLIW �WR�D�OHVV�QREOH�SRWHQWLDO�UHJLRQ�ZKHQ�WKH�FXUUHQW�GHQVLW\�H[FHHGV����$āPí��
UHJDUGOHVV�RI� WKH�SUHVHQFH�RU�DEVHQFH�RI� ,0(��DQG� WKH�VKLIW�RI�SRWHQWLDO� WR� WKH�
OHVV� QREOH� GLUHFWLRQ� EHFRPHV� VPDOOHU� DW� WKH� HTXLOLEULXP� =Q� SRWHQWLDO�� GHVSLWH�
LQFUHDVLQJ� WKH� FXUUHQW� GHQVLW\�� )RU� WKH� FXUUHQW� GHQVLW\� DERYH� ���$āPí��� WKH�
HIIHFW�RI�,0(�RQ�WKH�WRWDO �SRODUL]DWLRQ�FXUYH�ZDV�QRW�REVHUYHG�DW�����.��XQOLNH�
DW�����.��)LJ������D����&RQYHUVHO\��WKH�SDUWLDO�FXUUHQW�GHQVLW\�RI�=Q�GHSRVLWLRQ�
�)LJ������E���ZDV�DOPRVW�WKH�VDPH�DW�SRWHQWLDOV�OHVV�QREOH�W KDQ�WKH�HTXLOLEULXP�
SRWHQWLDO � RI� =Q�� UHJDUGOHVV� RI� WKH� SUHVHQFH� RU� DEVHQFH� RI� ,0(�� DQG� VKRZHG� D�
GLIIHUHQW�WUHQG�IURP�WKDW �IRU�����.��)LJ� �� ���E��� �,Q�FRQWUDVW� �WKH�SDUWLDO�FXUUHQW�
GHQVLW\� RI�1L� GHSRVLWLRQ� �)LJ�� � ���F��� ZDV� ORZHU� LQ� WKH� VROXWLRQ� FRQWDLQLQJ� ��
DQG� �� POāGPí�� RI� ,0(� WKDQ� WKDW� LQ� ,0(�IUHH� VROXWLRQ� LQ� WKH� SRWHQWLDO� UHJLRQ�
OHVV�QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��VKRZLQJ�D�VLPLODU�WUHQG�WR�WKDW �
RI�WKH�VROXWLRQ�DW�����.��+\GURJHQ�HYROXWLRQ�IURP�WKH�=Q±1L�DOOR\�HOHFWURO\WLF�
VROXWLRQ� �)LJ� � ����G��� ZDV� REVHUYHG� DW� SRWHQWLDOV� QREOHU� WKDQ� WKH� HTXLOLEULXP�
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SRWHQWLDO �RI�=Q�ZLWK�RU�ZLWKRXW� ,0(��DQG�DV�DW�����.��)LJ� �� ���G����GHFUHDVHG�
RQFH�GHVSLWH� WKH�VKLIW� WR�D� OHVV�QREOH�SRWHQWLDO �� DQG� LQFUHDVHG�DW�SRWHQWLDO� OHVV�
QREOH� WKDQ� WKH�HTXLO LEULXP�SRWHQWLDO �RI�=Q��+RZHYHU��XQOLNH� WKH�VROXWLRQ� WHP�
SHUDWXUH� RI� ���� .�� WKH� SDUWLDO � FXUUHQW� GHQVLW\� RI� K\GURJHQ� HYROXWLRQ�� ZKLFK�
VWDUWHG� WR� GHFUHDVH� DW� SRWHQWLDOV� QREOHU� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO� RI� =Q��
ZDV�DERXW����$āPí��ZLWK�DQG�ZLWKRXW�,0(�DQG�DOPRVW�WKH�VDPH�I RU�ERWK�FDVHV�  

 

 
 
)LJ�� ����� 3RODUL]DWLRQ� FXUYHV� IRU� =Q�1L� DOOR\� GHSRVLWLRQ� DW� ���� .� IURP� WKH�
VROXWLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� �� � ��� ��
POÂGPí����D��7RWDO�SRODUL]DWLRQ�FXUYHV�DQG�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI��E��=Q��
�F��1L�DQG��G��+�@  
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)LJ�� ����� 3RODUL]DWLRQ� FXUYHV� IRU� =Q�1L� DOOR\� GHSRVLWLRQ� DW� ���� .� IURP� WKH�
VROXWLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� �� � ��� ��
POÂGPí����D��7RWDO�SRODUL]DWLRQ�FXUYHV�DQG�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI� �E��=Q��
�F��1L�DQG��G��+�@  
 
)LJXUH� ���� VKRZV� WKH� WRWDO� DQG� WKH� SDUWLDO � SRODUL]DWLRQ� FXUYHV� RI�=Q� DQG�1L �

GHSRVLWLRQ�DQG�K\GURJHQ�HYROXWLRQ�GXULQJ� WKH�=Q±1L� DOOR\�GHSRVLWLRQ�DW �D� VR�
OXWLRQ� WHPSHUDWXUH� RI� ����.��7KH� WRWDO� SRODUL]DWLRQ� FXUYH� �)LJ�� ����D��� VKRZV�
D� ODUJH�VKLIW � WR�D� OHVV�QREOH�SRWHQWLDO � UHJLRQ�ZKHQ� WKH�FXUUHQW�GHQVLW\�H[FHHGV�
����$āPí��ZLWK�ZLWKRXW� ,0(�� DQG� WKH�VKLIW� WR� WKH� OHVV�QREOH�SRWHQWLDO�EHFDPH�
VPDOOHU�DW � WKH�HTXLO LEULXP�SRWHQWLDO �RI�=Q��GHVSLWH� LQFUHDVLQJ� WKH�FXUUHQW�GHQ�
VLW\�� )RU� WKH� FXUUHQW� GHQVLW\� DERYH� ����$āPí��� WKH� HIIHFW � RI� ,0(� RQ� WKH� WRWDO �
SRODUL]DWLRQ�FXUYH�ZDV�QRW�REVHUYHG�DW�����.��DV�ZLWK�����.��)LJ��� ���D����7KH�
SDUWLDO�FXUUHQW�GHQVLW\�RI�=Q�GHSRVLWLRQ��)LJ��� ���E���ZDV�VOLJKWO\�VPDOOHU�ZLWK�
��POāGPí��RI�,0(�DW�SRWHQWLDOV�OHVV�QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��
EXW� WKH� GHJUHH� RI� GHFUHDVH�ZLWK� ��POāGPí�� RI� ,0(�ZDV� VOLJKW� FRPSDULQJ�ZLWK�
WKDW� DW� ����.� �)LJ��� ���E��� ,Q�FRQWUDVW�� WKH�SDUWLDO� FXUUHQW�GHQVLW\�RI�1L�GHSR�
VLWLRQ� �)LJ� � ����F��� ZDV� FOHDUO\� ORZHU� LQ� WKH� VROXWLRQV� FRQWDLQLQJ� �� DQG� ��
POāGPí��RI�,0(�DW�WKH�SRWHQWLDO�UDQJH�OHVV�QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�
RI�=Q�� VKRZLQJ� WKH� VDPH� WUHQG�DV� WKH� VROXWLRQ� WHPSHUDWXUHV�RI�����.� DQG�����
.�� &RQYHUVHO\�� WKH� SDUWLDO� SRODUL]DWLRQ� FXUYH� RI� K\GURJHQ� HYROXWLRQ� �)LJ �� ��
��G��� VKRZHG� D� ODUJH� VKLIW� IURP� WKH� UHJLRQ� RI� QREOH� SRWHQWLDO � WR� WKDW� RI� OHVV�
QREOH�SRWHQWLDO��UHJDUGOHVV�RI� WKH�SUHVHQFH�RI�,0(��7KH�SDUWLDO �FXUUHQW�GHQVLW\�
DW�ZKLFK� WKH� SRWHQWLDO� EHJDQ� WR� VKLIW�ZDV� DOPRVW� VDPH� WR� EH� DERXW� ����$āP í��
ZLWK�ZLWKRXW�,0(��XQOLNH�DW�����.�  
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)LJ�� ���� � 3RODUL]DWLRQ� FXUYHV� IRU� =Q�1L� DOOR\� GHSRVLW LRQ� DW� ���� .� IURP� WKH�
VROXWLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� �� � ��� ��
POÂGPí����D��7RWDO�SRODUL]DWLRQ�FXUYHV�DQG�SDUWLDO�SRODUL]DWLRQ�FXUYHV�RI��E��=Q��
�F��1L�DQG��G��+�@  
 
)LJXUH� ���� VKRZV� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� FXUUHQW� GHQVLW\� DQG� FXUUHQW�

HIILFLHQF\�RI�=Q±1L��=Q��DQG�1L�GHSRVLWLRQV�GXULQJ�=Q±1L� DOOR\�GHSRVLWLRQ�DW �
D� VROXWLRQ� WHPSHUDWXUH�RI�����.��7KH�FXUUHQW� HIILFLHQF\�RI�=Q ±1L� DOOR\� GHSR�
VLWLRQ�VKRZQ�EHORZ�LV�WKH�VXP�RI�WKH�FXUUHQW�HIILFLHQFLHV�RI�=Q�DQG�1L�GHSRVL�
WLRQV�� ,Q� ,0(�IUHH� VROXWLRQ�� WKH� FXUUHQW� HIILFLHQF\� RI� =Q±1L� DOOR\� GHSRVLW LRQ�
�)LJ�� ����D��� ZDV� ORZ� ����±����� LQ� WKH� ORZ� FXUUHQW� GHQVLW\� UDQJH� RI� ��±���
$āPí�� �EXW�UDSLGO\�LQFUHDVHG�DERYH����$āPí���EHFDPH�PD[LPXP�DW�����$āPí�� �
DQG�WKHQ��GHFUHDVHG�DV�WKH�FXUUHQW�GHQVLW\�LQFUHDVHG��,Q�WKH�VROXWLRQ�FRQWDLQLQJ�
��RU���POāGPí��,0(��WKH�FXUUHQW�HIILFLHQF\�ZDV�DOPRVW�]HUR�DW�D�FXUUHQW�GHQVLW\�
RI� ���$āPí�� EXW� UDSLGO\� LQFUHDVHG� DERYH� ���$āPí�� DQG� UHDFKHG� LWV�PD[LPXP�
IURP���� WR����$āPí��DQG�VLJQLILFDQWO\�GHFUHDVHG�DERYH����$āPí���7KH�FXUUHQW�
HIILFLHQF\�RI�=Q�GHSRVLWLRQ�GXULQJ�WKH�DOOR\�GHSRVLW LRQ��)LJ� �� ���E���VKRZHG�D�
VLPLODU� EHKDYLRU� WR� WKDW � RI� DOOR\� GHSRVLWLRQ� �)LJ�� � ���D���� H[FHSW� IRU� WKH� ORZ�
FXUUHQW�GHQVLW\�UDQJH�RI���±���$āPí��IURP�WKH�VROXWLRQ�ZLWKRXW�,0(��7KH�FXU�
UHQW� HIILFLHQF\�RI� DOOR\� GHSRVLWLRQ�ZLWK� DQG�ZLWKRXW� ,0(� LQFUHDVHG� UDSLGO\� DW �
ORZ�WR�KLJK�FXUUHQW�GHQVLW\� UHJLRQ� �)LJ� �� ���D���EHFDXVH�RI� WKH� LQFUHDVH� LQ� WKH�
FXUUHQW� HIILFLHQF\� RI� =Q� GHSRVLWLRQ��7KH� FXUUHQW� GHQVLW\� DW� ZKLFK� WKH� FXUUHQW�
HIILFLHQF\� RI� =Q� GHSRVLWLRQ� VWDUWHG� LQFUHDVLQJ�ZDV� ORZHU� LQ� WKH� VROXWLRQ� FRQ�
WDLQLQJ� �� RU� �� POāGPí�� RI� ,0(�� )RU� KLJK� FXUUHQW� GHQVLWLHV� DERYH� ����$āPí���
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WKH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�GHF UHDVHG�VLJQLILFDQWO\�ZLWK�,0(�DGGL�
WLRQ��7KH�GHJUHH�RI�GHFUHDVH�EHFDPH�ODUJHU�ZKHQ�,0(�ZDV�LQFUHDVHG�IURP���WR�
�� POāGPí��� &RQYHUVHO\�� WKH� FXUUHQW� HIILFLHQF\� RI� 1L� GHSRVLWLRQ� �)LJ�� � ���F���
ZDV�ORZHU�ZLWK�,0(�WKDQ�WKDW�ZLWKRXW�,0(�IRU�WKH�HQWLUH�FXUUHQW�GHQVL W\�UDQJH��
7KH� FXUUHQW� HIILFLHQF\�RI�1L� GHSRVLWLRQ�GHFUHDVHG�ZLWK� WKH� LQFUHDVLQJ�FXUUHQW�
GHQVLW\� LQ� WKH� VROXWLRQ�ZLWKRXW� ,0(��ZKHUHDV� LW � LQ� WKH� VROXWLRQV� FRQWDLQLQJ� ��
DQG���POāGPí��RI� ,0(�VKRZHG�D� VLPLODU�FXUUHQW�GHQVLW\�GHSHQGHQFH�DV� WKDW�RI�
=Q�GHSRVLWLRQ�  

 

 
 
)LJ�������&XUUHQW�HIILFLHQF\�IRU�=Q�1L�DOOR\�GHSRVLWLRQ�DW�����.�IURP�WKH �VROX�
WLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� ��� ��� ��
POÂGPí����D�=Q�1L���E��=Q�DQG��F��1L@  

 
)LJXUH� ���� VKRZV� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� FXUUHQW� GHQVLW\� DQG� FXUUHQW�

HIILFLHQF\�RI�=Q±1L��=Q��DQG�1L�GHSRVLWLRQ�GXULQJ�=Q±1L�DOOR\�GHSRVLWLRQ�DW �D�
VROXWLRQ� WHPSHUDWXUH�RI�����.��7KH� FXUUHQW� HIILFLHQF\�RI�=Q±1L� DOOR\�GHSRVL�
WLRQ��)LJ������D���LQFUHDVHG�UDSLGO\�DW�FXUUHQW�GHQVLW\�DERYH����$āPí���UHJDUG�
OHVV�RI�WKH�SUHVHQFH�RI�,0(��UHDFKHG�LWV�PD[LPXP�DW�����$āP í���DQG�GHFUHDVHG�
ZLWK�IXUWKHU� LQFUHDVH� LQ� WKH�FXUUHQW�GHQVLW\��7KH�FXUUHQW�HIILFLHQF\�RI�=Q�GHS�
RVLWLRQ�GXULQJ�WKH�DOOR\�GHSRVLWLRQ��)LJ� �� ���E���ZDV�VLPLODU�WR�WKDW �RI�WKH�DOOR\�
GHSRVLWLRQ� �)LJ�� ����D���� H[FHSW� IRU� WKH� ORZ� FXUUHQW� GHQVLW\� UHJLRQ� RI� ��±���
$āPí��IURP�WKH�VROXWLRQ�ZLWKRXW�,0(��,Q�WKH�KLJK�FXUUHQW�GHQVLW\�UHJLRQ�DERYH�
����$āPí���WKH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�GHFUHDVHG�ZLWK�WKH�DGGLWLRQ�
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RI�,0(��EXW� WKH�GHJUHH�RI�GHFUHDVH�ZDV� ORZHU� WKDQ� WKDW�DW �����.�)LJ��� ���E����
,Q� WKH� KLJK� FXUUHQW� GHQVLW\� UHJLRQ� DERYH� ����$āPí�� � WKH� FXUUHQW� HIILFLHQF\� RI�
=Q� GHSRVLWLRQ� GLG� QRW� GHFUHDVH�PXFK� GHVSLWH� LQFUHDVLQJ� WKH� ,0(� IURP� �� WR� ��
POāGPí�� �7KH�FXUUHQW�HIILFLHQF\�RI�1L�GHSRVLWLRQ��)LJ�� ����F���ZDV� ORZHU�ZLWK�
WKH�DGGLWLRQ�RI�,0(�LQ�WKH�WRWDO�FXUUHQW�GHQVLW\�UDQJH�  

 

 
 

)LJ�������&XUUHQW�HIILFLHQF\�IRU�=Q�1L�DOOR\�GHSRVLWLRQ�DW�����.�IURP�WKH�VROX�
WLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� ��� ��� ��
POÂGPí����D�=Q�1L���E��=Q�DQG��F��1L @  

 
)LJXUH� ���� VKRZV� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� FXUUHQW� GHQVLW\� DQG� FXUUHQW�

HIILFLHQF\�RI�=Q±1L��=Q��DQG�1L�GHSRVLWLRQ�GXULQJ�=Q±1L�DOOR\�GHSRVLWLRQ�DW �D�
VROXWLRQ� WHPSHUDWXUH�RI�����.��7KH� FXUUHQW� HIILFLHQF\�RI�=Q±1L� DOOR\�GHSRVL�
WLRQ� �)LJ�� ����D��� LQFUHDVHG� UDSLGO\� DW� WKH� FXUUHQW� GHQVLW\� DERYH� ����$āPí�� �
UHDFKLQJ� LWV�PD[LPXP� DW� ����$āPí��ZLWK�ZLWKRXW� ,0(�� DQG� IXUWKHU� GHFUHDVHG�
ZLWK�WKH�LQFUHDVH�LQ�WKH�FXUUHQW�GHQVLW\� �7KH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�
GXULQJ�DOOR\�GHSRVLWLRQ��)LJ��� ���E���ZDV�VLPLODU�WR�WKDW�RI�WKH�DOOR\�GHSRVLWLRQ�
�)LJ� � ����D���� H[FHSW� LQ� WKH� ORZ� FXUUHQW� GHQVLW\� UHJLRQ� RI� �� ±����$āPí�� IURP�
WKH�VROXWLRQ�ZLWKRXW�,0(��,Q�WKH�KLJK�FXUUHQW�GHQVLW\�UHJLRQ�DERYH�����$āP í�� �
WKH�FXUUHQW�HIILFLHQF\�RI�=Q�GHSRVLWLRQ�GHFUHDVHG�ZLWK�WKH�DGGLWLRQ�RI �,0(��EXW�
WKH�GHJUHH�RI�GHFUHDVH�ZDV�ORZHU�WKDQ�WKDW�DW�����.��)LJ��� ���E����7KH�FXUUHQW�
HIILFLHQF\� RI�=Q� GHSRVLWLRQ� UDUHO\� GHFUHDVHG� GHVSLWH� LQFUHDVLQJ� WKH� ,0(� IURP�
��WR���POāGPí��7KH�FXUUHQW�HIILFLHQF\�RI�1L�GHSRVLWLRQ��)LJ��� ���F���ZDV�ORZHU�
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ZLWK�WKH�DGGLWLRQ�RI�,0(�IRU�WKH�HQWLUH�FXUUHQW�GHQVLW\�UDQJH�  
7KH� FXUUHQW� HIILFLHQF\� RI� =Q� GHSRVLWLRQ� �)LJV�� � ���E��� ����E��� DQG� ����E���

ZDV� FRPSDUHG�ZLWK� WKH� WRWDO � SRODUL]DWLRQ� FXUYHV� �)LJV� � � ���D��� ����D��� DQG� ��
��D��� �7KH�FXUUHQW�GHQVLW\�DW�ZKLFK�WKH�FXUUHQW�HIIL FLHQF\�RI�=Q�GHSRVLWLRQ�LQ�
FUHDVHG� UDSLGO\� ZDV� FRQVLVWHQW� ZLWK� WKDW � DW � ZKLFK� WKH� SRWHQWLDO � VLJQLILFDQWO\�
VKLIWHG� IURP� QREOHU� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q� WR�ZKHUH� LW �ZDV� OHVV�
QREOH�LQ�WKH�WRWDO�SRODUL]DWLRQ�FXUYH��7KH�FXUUHQW�GHQVLW\�DW�ZKLFK�WKH�SR WHQWLDO �
VLJQLILFDQWO\� VKLIWHG� IURP� QREOHU� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q� WR� OHVV�
QREOH� ZDV� ORZHU� ZLWK� ,0(� DW� D� VROXWLRQ� WHPSHUDWXUH� RI� ���� .� �)LJ�� � ���D��� �
ZKLOH� L W � DOPRVW� UHPDLQHG� XQFKDQJHG� E\� WKH� DGGLWLRQ� RI� ,0(� DW� WKH� VROXWLRQ�
WHPSHUDWXUHV�RI�����.�DQG�����.��)LJV��� ���D��DQG�����D���  

 

 
 
)LJ�������&XUUHQW�HIILFLHQF\�IRU�=Q�1L�DOOR\�GHSRVLWLRQ�DW�����.�IURP�WKH�VROX�
WLRQV� FRQWDLQLQJ� YDULRXV� DPRXQWV� RI� ,0(�� >&RQFHQWUDWLRQ� RI� ,0(�� ��� ��� ��
POÂGPí����D�=Q�1L���E��=Q�DQG��F��1L@  

 
)LJXUH�����VKRZV�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�FXUUHQW�GHQVLW\�DQG�1L�FRQWHQW�

RI�=Q±1L�DOOR\�GHSRVLWHG�ILOPV�IRU�HDFK�VROXWLRQ�WHPSHUDWXUH� �7KH�EURNHQ�OLQH�
LQ� WKH� ILJXUH� VKRZV� WKH�FRPSRVLWLRQ� UHIHUHQFH� OLQH� �&5/��RI�1L� �ZKLFK�PHDQV�
WKDW � WKH�1L� FRQWHQW� LQ� WKH � VROXWLRQ� LV� LGHQWLFDO � WR� WKDW � LQ� WKH� GHSRVLWHG� ILOPV��
:KHQ�WKH�1L�FRQWHQW�LQ�WKH�GHSRVLWHG�ILOPV�LV�JUHDWHU�WKDQ�&5/��QRUPDO�FRGHS�
RVLWLRQ� RFFXUV� � LQ� ZKLFK� HOHFWURFKHPLFDOO\� QREOHU� 1L� GHSRVLWHG� LQ� SUHIHUHQFH�
WR� =Q�� ,Q� FRQWUDVW �� ZKHQ� WKH� 1L� FRQWHQW� LQ� WKH� G HSRVLWHG� ILOPV� LV� OHVVHU� WKDQ�
&5/��DQRPDORXV�FRGHSRVLWLRQ�RFFXUV� �LQ�ZKLFK�OHVV�QREOH�=Q�GHSRVLWHG�LQ�SUHI�
HUHQFH� WR�1L� �$V� VKRZQ� LQ� )LJ�� � ���D��� LQ� ,0(�IUHH� VROXWLRQ� DW� ����.�� WKH� 1L�
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FRQWHQW� LQ� GHSRVLWHG� ILOPV� VLJQLILFDQWO\� FKDQJHG� DW� FXUUHQW� GHQVLW\� UHJLR Q� RI�
�������$āPí���%HORZ� ���$āPí��� WKH�1L� FRQWHQW�ZDV� DERYH� WKH�&5/� DW� DURXQG�
���PDVV��� LQGLFDWLQJ� QRUPDO �W\SH� FRGHSRVLWLRQ��ZKHUHDV� DERYH� ����$āPí��� LW �
ZDV� EHORZ� WKH�&5/�� LQGLFDWLQJ� DQRPDORXV� FRGHSRVLWLRQ��:LWK� WKH� DGGLWLRQ� RI�
�� DQG� �� POāGPí�� RI� ,0(�� WKH� 1L� FRQWHQW� LQ� GHSRVLWHG� ILOPV� VLJQLILFDQWO\�
FKDQJHG�DW�FXUUHQW�GHQVLW\�UDQJH�RI��� ����$āPí�� �$ERYH����$āPí���WKH�FRQWHQW�
ZDV� EHORZ� WKH�&5/�� VKRZLQJ� DQRPDORXV� FRGHSRVLWLRQ��7KH� FXUUHQW� GHQVLW\� DW �
ZKLFK� WKH�GHSRVLWLRQ�EHKDYLRU� VKLIWHG� IURP�QRUPDO� WR� DQRPDORX V� LV �FDOOHG� WKH�
WUDQVLWLRQ� FXUUHQW� GHQVLW\� ��±�� ��7KLV� WUDQVLWLRQ� FXUUHQW� GHQVLW\�ZDV� FRQVLVWHQW�
ZLWK� WKH� FXUUHQW� GHQVLW\� ZKHUH� WKH� SRWHQWLDO � RI� WKH� WRWDO � SRODUL]DWLRQ� FXUYH�
VKRZQ�LQ�)LJ������D��VKLIWHG�DEUXSWO\�IURP�WKH�QREOHU�WKDQ�WKH�HTXLO LEULXP�SR�
WHQWLDO � RI� =Q� WR� OHVV� QREOH� UHJLRQ�� DQG� WKH� FXUUHQW� GHQVLW\� ZKHUH� WKH� FXUUHQW�
HIILFLHQF\� RI� =Q� FKDQJHG� VLJQLILFDQWO\� �)LJ� � � ���E��� � 7KH� WUDQVLWLRQ� FXUUHQW�
GHQVLW\�HYLGHQWO\�GHFUHDVHG�ZLWK�DQ�DGGLWLRQ�RI�,0(�DW�����.��,Q�FRQWUDVW ��DW�D�
VROXWLRQ� WHPSHUDWXUH� RI� ���� .� �)LJ�� ����E���� WKH� WUDQVLW LRQ� FXUUHQW� GHQVLW\�
UDQJHG� IURP���� WR� ����$āPí�� UHJDUGOHVV� ,0(�� VKRZLQJ� D� GLIIHUHQW� WUHQG� IURP�
WKDW �DW �����.��)LJV� �� ���G�� ��H�� �DQG��I��VKRZ�HQODUJHG�LPDJHV�RI�WKH�1L�FRQWHQW�
LQ�WKH�KLJK�FXUUHQW�GHQVLW\�UHJLRQ�ZKHUH�DQRPDORXV �FRGHSRVLWLRQ�RFFXUUHG��7KH�
1L� FRQWHQW� LQ� WKH� UHJLRQ� RI� DQRPDORXV� FRGHSRVLWLRQ� GHFUHDVHG� ZLWK� WKH� ,0(�
DGGLWLRQ� DW� DOO � VROXWLRQ� WHPSHUDWXUHV�� WKH� GHFUHDVH� LQ�1L� FRQWHQW�ZDV� VPDOO� DW �
����.� �)LJ�� ����G��� EXW� EHFDPH�PRUH� SURQRXQFHG� DV� WKH� VROXWLRQ� WHPSHUDWXUH�
LQFUHDVHG� WR� ���� .� �)LJ� � � ���H��� DQG� ���� .� �)LJ�� ����I����$W� ���� .�� WKH� 1L�
FRQWHQW� ZDV� ORZHU� IRU� ��POāGPí�� ,0(� WKDQ� IRU� ��POāGPí�� ,0(� �)LJ�� ����G��� �
ZKHUHDV�WKH�HIIHFW�RI�DPRXQW�RI�,0(�RQ�WKH�1L�FRQWHQW�ZDV�QRW�REVHUYHG�DW�����
.�DQG�����.�  
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)LJ�� ����� 1L� FRQWHQWV� LQ� WKH� =Q�1L� DOOR\V� GHSRVLWHG� DW� GLIIHUHQW� WHPSHUDWXUHV�
IURP�WKH�VROXWLRQV�FRQWDLQLQJ�YDULRXV�DPRXQWV�RI�,0(���G� ��I��0DJQLILHG�YLHZ�
RI� WKH� DUHD� RI� �±���PDVV�� RI� WKH�1L� FRQWHQW�� >&RQFHQWUDWLRQ� RI� ,0(�� ��� �� � ��
POÂGPí����D����G�������.���E����H�� �����.���F�� ��I�������.@  
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������� (IIHFWV� RI� ,0(� DQG� 6ROXWLRQ�7HPSHUDWXUH� RQ� WKH�$SSHDU�
DQFH�DQG�0LFURVWUXFWXUH�RI�WKH�'HSRVLWHG�)LOPV  

 
)LJXUH� ���� VKRZV� WKH� DSSHDUDQFH� RI� WKH� =Q±1L� DOOR\� GHSRVLWLRQ� ILOPV� RE�

WDLQHG� DW� ����$āPí�� IURP� D� VROXWLRQ� RI� ���� .�� ���� .�� DQG� ���� .� FRQWDLQLQJ�
YDULRXV� FRQFHQWUDWLRQV�RI� ,0(��:KHQ� ,0(�ZDV� QRW� LQFOXGHG� �)LJ��� ���D�� � �G���
DQG��J��� �WKH�GHSRVLWHG�ILOPV�ZHUH�JUD\�DQG�PDWWH�DW �DQ\�VROXWLRQ�WHPSHUDWXUH� �
ZLWK� VHYHUDO� EXEEOH� WUDFHV� DW � ����.� DQG� ����.��:LWK� WKH� DGGLWLRQ� RI� �� DQG� ��
POāGPí��RI� ,0(�� LW � EHFDPH� VLOYHU\� DQG�JORVV\� LQ� D� VROXWLRQ�RI�����.� �)LJ� �� �
��E�� ��F����+RZHYHU� �DV�WKH�VROXWLRQ�WHPSHUDWXUH�LQFUHDVHG�WR�����.�DQG�����.��
WKH�JORVV�GHFUHDVHG��)LJ��� ���H����I�� ��K���DQG��L���  
)LJXUH������VKRZV�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�FRQFHQWUDWLRQ�RI�,0(�DQG�WKH�

JORVVLQHVV�RI�=Q±1L� DOOR\� ILOPV�REWDLQHG�DW�����DQG�����$āPí�� IRU� HDFK�VROX�
WLRQ� WHPSHUDWXUH�� 7KH� JORVVLQHVV� RI� ILOPV� GHSRVLWHG� DW� ����$āP í�� IURP� ,0(�
IUHH�VROXWLRQ�ZDV�ORZ�DW�DOO �WKH�VROXWLRQ�WHPSHUDWXUHV��)LJ� ������D����KRZHYHU� �
WKH� DGGLWLRQ� RI� ��POāGPí�� RI� ,0(�JUHDWO\� LQFUHDVHG� WKH� JORVVLQHVV� DW� VROXWLRQ�
WHPSHUDWXUHV�RI�����.�DQG�����.��ZKLFK�ZDV�HVSHFLDOO\�SURQRXQFHG�DW�����.��
+RZHYHU� �ZKHQ� WKH�VROXWLRQ� WHPSHUDWXUH�ZDV� LQFUHDVHG� WR�����.�� WKH� DGGLWLRQ�
RI� ,0(�GLG�QRW� LQFUHDVH�WKH�JORVVLQHVV� �$W�VROXWLRQ�WHPSHUDWXUHV�RI�����.�DQG�
����.�� WKH� LQFUHDVH� LQ� ,0(�DGGLWLRQ� IURP��� WR���POāGPí��GHFUHDVHG� WKH�JORVV� �
&RQYHUVHO\�� WKH� JORVV� RI� WKH� GHSRVLWHG� IL OPV� REWDLQHG� DW� ����$āP í�� �)LJ�� ��
���E��� DOVR� LQFUHDVHG� VLJQLILFDQWO\� ZLWK� WKH� ,0(� DGGLWLRQ�� DQG� WKH� GHJUHH� RI�
LQFUHDVH� LQ� JORVV� ZDV� JUHDWHU� IRU� WKH� GHSRVLWHG� ILOPV� REWDLQHG� DW� ����$āP í��
WKDQ�IRU�WKDW�DW�����$āPí�� �$V�GHVFULEHG�DERYH��WKH�JORVVLQHVV�RI�WKH�GHSRVLWHG�
ILOPV�REWDLQHG�IURP�WKH�VROXWLRQ�FRQWDLQLQJ�,0(�ZDV�KLJKHVW�DW �D�VROXWLRQ�WHP�
SHUDWXUH�RI�����.�DQG�GHFUHDVHG�RQ�LQFUHDVLQJ�LW �WR�����.�DQG�����.�  
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)LJ������ �$SSHDUDQFH�RI�=Q�1L�DOOR\�ILOPV�GHSRVLWHG�DW�����$ÂPí��DQG�GLIIHUHQW�
WHPSHUDWXUHV�IURP�WKH�VROXWLRQV�FRQWDLQLQJ�YDULRXV�DPRXQWV�RI� ,0(��  
>&RQFHQWUDWLRQ� RI� ,0(�� �� � ��� �� POÂGPí��� �D�� � ,0(�IUHH�� ���� .�� �E��� ,0(� ��
POÂGPí�������.�� �F��� ,0(���POÂGPí�������.�� �G��� ,0(�IUHH������.�� �H��� ,0(���
POÂGPí�������.�� �I��� ,0(���POÂGPí�� �����.�� �J��� ,0(�IUHH� �����.�� �K��� ,0(���
POÂGPí�������.���L�� �,0(���POÂGPí�� �����.@�  
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)LJ�� ������ (IIHFW � RI� ,0(� FRQFHQWUDWLRQ� RQ� WKH� JORVV� RI� =Q �1L� DOOR\� ILOPV� GH�
SRVLWHG�DW �GLIIHUHQW�WHPSHUDWXUHV��>�D������$āPí�� ��E������$āPí�@  

 
 
)LJXUH� ����� VKRZV� WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI� WKH�GHSRVLWHG� ILOPV�RE�

WDLQHG� LQ� WKH� VROXWLRQ� FRQWDLQLQJ� ��POāGPí�� RI� ,0(� DW� GLIIHUHQW� VROXWLRQ� WHP�
SHUDWXUHV� DQG� FXUUHQW� GHQVLWLHV� �$W� ����.� �)LJ�� � ����D��� � WKH� SHDNV� UHODWHG� WR�
WKH� )H� RI� WKH� VXEVWUDWH� DQG� Ș�=Q� SKDVHV� ZHUH� GHWHFWHG� LQ� WKH� GHSRVLWHG� IL OPV�
REWDLQHG� DW� ����$āPí��� ZKHUHDV� DW� ���� .� �)LJ�� �����E��� DQG� ���� .� �)LJ� � � �
���F���� WKH� SHDNV� UHODWHG� WR� WKH� Ȗ�SKDVH� �LQWHUPHWDOOLF� FRPSRXQG� RI� 1L �=Q����
ZHUH�GHWHFWHG�EHVLGHV�WKH�)H�DQG�Ș�SKDVH��7KH�1L�FRQWHQW�RI�WKH�GHSRVLWHG�ILOPV�
ZDV����� ����� �DQG�����PDVV��DW�����.������.��DQG�����.��UHVSHFWL YHO\� �LQGLFDW�
LQJ� WKDW � WKH� Ȗ� SKDVH�ZDV� IRUPHG� HYHQ� WKRXJK� WKH�1L� FRQWHQW� RI� WKH� GHSRVLWHG�
ILOPV� GHFUHDVHG� ZLWK� WKH� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH�� ,Q� FRQWUDVW �� LQ� WKH�
GHSRVLWHG� ILOPV� REWDLQHG� DW � ���� $āPí�� � RQO\� WKH� SHDNV� UHODWHG� WR� )H� DQG� Ș�
SKDVHV�ZHUH�GHWHFWHG�UHJDUGOHVV�RI�WKH�VROXWLRQ�WHPSHUDWXUH� �$W�����.�DQG�����
.��WKH�1L�FRQWHQWV�RI�WKH�ILOPV�REWDLQHG�DW �WKH�FXUUHQW�GHQVLWLHV�RI�����DQG�����
$āPí�� ZHUH� DOPRVW� WKH� VDPH� ����� PDVV���� 7KHVH� UHVXOWV� LQGLFDWH� WKDW � WKH� Ȗ�
SKDVH�ZDV�PRUH�HDVLO\�IRUPHG�LQ�WKH�GHSRVLWHG�IL OPV�REWDLQHG�IURP�WKH�VROXWLRQ�
FRQWDLQLQJ���POāGPí��,0(�DW�KLJKHU�D�VROXWLRQ�WHPSHUDWXUH�DQG�D�ORZHU�FXUUHQW�
GHQVLW\�� L �H�� �ORZHU�RYHUSRWHQWLDO�IRU�GHSRVLWLRQ�  
)LJXUH� ����� VKRZV� WKH� 6(0� LPDJHV� RI� WKH� GHSRVLWHG� ILOPV� REWDLQHG� LQ� WKH�

VROXWLRQ�FRQWDLQLQJ���POāGPí��,0(�DW�GLIIHUHQW�VROXWLRQ�WHPSHUDWXUHV�DQG�FXU�
UHQW� GHQVLWLHV� � 7KH� ILOPV� GHSRVLWHG� DW� ����$āPí�� ZHUH� VPRRWK�� FRQVLVWLQJ� RI�
ILQH� SODWH�O LNH� FU\VWDOV� DW� ���� .� �)LJ�� � ����D���� +RZHYHU�� ZKHQ� WKH� VROXWLRQ�
WHPSHUDWXUH� LQFUHDVHG� WR� ���� .� �)LJ� � � ����E��� DQG� ���� .� �)LJ�� �����F���� WKH�
FU\VWDOV�EHFDPH�PRUH�URXQGHG�DQG�OXPSLHU� �$V�PHQWLRQHG�HDUOLHU�� IRU� WKH�GHS�
RVLWLRQ� DW � ����$āPí�� DW � ���� .�� WKH� GHSRVLWHG� IL OP� �1L� FRQWHQW�� ���� PDVV���
FRQVLVWHG� RI� D� VLQJOH� SKDVH� RI� Ș�� ZKHUHDV� DW� ����.� DQG� ����.�� WKH� GHSRVL WHG�
ILOPV��1L�FRQWHQW�����±����PDVV���FRQVLVWHG�RI�Ș�DQG�Ȗ�SKDVHV��7KH�Ȗ�SKDVH�RI�
GHSRVLWHG�=Q�1L�DOOR\V�LV �UHSRUWHG�WR�FRQVLVWV�RI�URXQGHG�JUDQXODU�FU\VWDOV� �� ��� � �
7KH�VXUIDFH�PRUSKRORJ\�RI�WKH�GHSRVLWHG�ILOPV�REWDLQHG�DW�����$āP í��GLIIHUHG�
JUHDWO\� GHSHQGLQJ� RQ� WKH� VROXWLRQ� WHPSHUDWXUH�� SRVVLEO\� DWWULEXWHG� WR� WKH� GLI�
IHUHQFH� LQ� WKH� SKDVH� VWUXFWXUHV� � &RQYHUVHO\� � WKH� ILOPV� REWDLQHG� DW � ����$āP í��
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VKRZHG�ILQH�SODWH�OLNH�FU\VWDOV�DQG�VPRRWK�VXUIDFH�DW�VROXWLRQ�WHPSHUDWXUHV�RI�
���� .� �)LJ�� �����G��� DQG� ���� .� �)LJ�� �����H���� ZKLOH� WKH� VXUIDFH� EHFDPH�
VOLJKWO\� URXJK� DW� D� KLJKHU� VROXWLRQ� WHPSHUDWXUH� RI� ���� .� �)LJ�� � ����I��� � 7KH�
ILOPV� REWDLQHG� DW� ���� $āPí�� FRQVLVWHG� RI � Ș� SKDVH� ZLWK� =Q� FRQWHQW� LQ� ILOPV�
KLJKHU� WKDQ� ���PDVV�� DW� DOO � WKH� VROXWLRQ� WHPSHUDWXUHV� � DQG � WKH� JUDLQ� VL]H� EH�
FDPH�ODUJHU�DW �D�KLJKHU�VROXWLRQ�WHPSHUDWXUH�RI�����.�EHFDXVH�WKH�RYHUSRWHQWLDO �
IRU� GHSRVLWLRQ� EHFDPH� VPDOOHU�� %\� FRPSDULQJ� WKH� 6(0� LPDJHV� RI� WKH� =Q ±1L�
DOOR\�GHSRVLWHG�ILOPV�VKRZQ�LQ�)LJ� �� ����ZLWK�WKH�JORVV�OHYHOV�VKRZQ�LQ�)LJ��� �
����VLQFH�WKH�GHSRVLWHG�IL OPV��)LJ�������D�� ��G���REWDLQHG�LQ�D�VROXWLRQ�FRQWDLQ�
LQJ���POāGPí�� ,0(�DW�D� VROXWLRQ� WHPSHUDWXUH�RI�����.�KDG� ILQH�FU\VWDOV�DQG�D�
VPRRWK� VXUIDFH�� WKH� JORVVLQHVV� RI� WKH� ILOPV�ZDV� KLJKHU��7KH� JORVVLQHVV� RI� WKH�
ILOPV�REWDLQHG�IURP�WKH�VROXWLRQ�FRQWDLQ LQJ�,0(�ZDV�ODUJHU�IRU�WKRVH�REWDLQHG�
DW� ����$āPí�� WKDQ� IRU� WKRVH� DW� ����$āPí�� �)LJ�� ������� SUREDEO\� EHFDXVH� WKH�
IRUPHU�ILOPV�FRQVLVWHG�RI�ILQHU�FU\VWDOV��)LJ��� ������  

 

 
 

)LJ��������;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�=Q �1L�DOOR\�ILOPV�GHSRVLWHG�DW �YDU�
LRXV� FXUUHQW� GHQVLWLHV� DQG� WHPSHUDWXUHV� IURP� WKH� VROXWLRQ� FRQWDLQLQJ � �� PO w
GPí�  RI� ,0(�� >�D��� ����$ wGPí��� ���� .�� �E��� ����$ wGPí��� ���� .�� �F�� � ����$ w
GPí�������.���G�������$ wGPí�������.���H�� �����$ wGPí�������.���I�� �����$ wGPí�� �

����.@� �˕ � )H� 3')� �� ���������˖ � =Q>Г@� 3')� �� ��������� DQG�˔ � 1L�=Q��>Џ@�
3')�����������  
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)LJ�� ������ 6(0� LPDJHV� RI� WKH� =Q�1L� DOOR\� IL OPV� GHSRVLWHG� DW� YDULRXV� FXUUHQW �
GHQVLWLHV� DQG� WHPSHUDWXUHV� IURP� WKH� VROXWLRQ� FRQWDLQLQJ� �� PO wGPí�  RI� ,0(��

>�D�������$ wGPí�������.���E�������$ wGPí�������.���F�� �����$ wGPí�������.���G�� �

����$ wGPí�� �����.���H�� �����$ wGPí�� �����.���I�� �����$ wGPí�������.@  
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�����'LVFXVVLRQ  
 
7DEOH�����VXPPDUL]HV� WKH�UHVXOWV�RI� WKH�HIIHFW�RI� ,0(�RQ� WKH�GHSRVLWLRQ�EH�

KDYLRU� RI� =Q±1L� DOOR\V� DW� ���� .� DQG� ����.� IURP� DONDOLQH� ]LQFDWH� EDWKV�� 7KH�
HIIHFWV�RI�,0(�RQ�WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�DW�ZKLFK�WKH�GHSRVLWLRQ�EHKDY�
LRU�VKLIWHG�IURP�QRUPDO�WR�DQRPDORXV��WKH�FXUUHQW�HIILFLHQF\�RI�DOOR\�GHSRVLWLRQ��
DQG� WKH� FRPSRVLWLRQ�RI� WKH�GHSRVLWHG� ILOPV��YDULHG�ZLWK� WKH� VROXWLRQ� WHPSHUD�
WXUH� � 1H[W� � WKH� IDFWRUV� DUH� GLVFXVVHG� IRU� HDFK� SRWHQWLDO � UDQJH� QREOHU� WKDQ� WKH�
HTXLOLEULXP� SRWHQWLDO � RI� =Q� �QRUPDO� W\SH� FRGHSRV LWLRQ� UHJLRQ�� DQG� OHVV� QREOH�
WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q��DQRPDORXV�W\SH�FRGHSRVLWJLRQ�UHJLRQ��  
 
7DEOH� ���� � (IIHFW � RI� ,0(� RQ� WKH� GHSRVLWLRQ� EHKDYLRU� RI� =Q �1L� DOOR\� DW � ����

DQG�����.�  

 
 

�������(OHFWURGHSRVLWLRQ�%HKDYLRU�LQ�WKH�3RWHQWLDO�5HJLRQ�1REOHU�  
WKDQ� WKH�(TXLOLEULXP�3RWHQWLDO� RI�=Q� �UHJLRQ� RI� QRUPDO �W\SH� FR�
GHSRVLWLRQ�  

 
)LJXUH� ����� VKRZV� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\ �

DQG�,0(�FRQFHQWUDWLRQ�LQ�WKH�=Q±1L�DOOR\�GHSRVLWLRQ�IRU�HDFK�VROXWLRQ�WHPSHU�
DWXUH� �7KH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� DW�ZKLFK� WKH� GHSRVLWLRQ� EHKDYLRU� VKLIWHG�
IURP� QRUPDO� WR� DQRPDORXV� FRUUHVSRQGHG� WR� WKH� FXUUHQW� GHQVLW\� DW� ZKLFK� WKH�
SRWHQWLDO� VKLIWHG� DEUXSWO\� IURP�D�SRWHQWLDO� UDQJH�QREOHU� WR� OHVV�QRE OH� WKDQ� WKH�
HTXLOLEULXP�SRWHQWLDO �RI�=Q�LQ�WKH�WRWDO�SRODUL]DWLRQ�FXUYH��7KH�WUDQVLWLRQ�FXU�
UHQW�GHQVLW\�VKRZQ�LQ�)LJ��� ����ZDV�HYDOXDWHG�E\� WKH�FXUUHQW�GHQVLW\�DW�ZKLFK�
WKH�SRWHQWLDO�EHJDQ�WR�VKLIW�IURP�QREOHU�WR�OHVV�QREOH�LQ�WRWDO �SRODUL]DWLRQ�FXUYH��
$V� VKRZQ� LQ�)LJV� � ����� ���� � DQG������K\GURJHQ� HYROXWLRQ�ZDV� GRPLQDQW� LQ� WKH�



- 71 - 

 

UHJLRQ� QREOHU� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q�� WKHUHIRUH� � WKH� WUDQVLWLRQ�
FXUUHQW�GHQVLW\�FRXOG�EH�DSSUR[LPDWHG�E\�WKH�FXUUHQW�GHQVLW\�RI�K\GURJHQ�HYR�
OXWLRQ�ZKHQ�WKH�SRWHQWLDO �VKL IWV�IURP�QREOHU�WR�OHVV�QREOH� �$V�VKRZQ�LQ�)LJ� �� �
���� WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� LQFUHDVHG�ZLWK� WKH� LQFUHDVLQJ� VROXWLRQ� WHP�
SHUDWXUH� UHJDUGOHVV� RI� WKH� SUHVHQFH� RI� ,0(� EHFDXVH� WKH� KLJKHU� WKH� VROXWLRQ�
WHPSHUDWXUH��WKH�PRUH�K\GURJHQ�HYROXWLRQ�ZDV�SURPRWHG� �5HJDUGLQJ�WKH�HIIHFW�
RI� ,0(� RQ� WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� � DW� D� VROXWLRQ� WHPSHUDWXUH� RI� ����.� �
WKH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� GHFUHDVHG� VLJQLILFDQWO\� ZLWK� WKH� DGGLWLRQ� RI� ��
POāGPí��RI�,0(��VXJJHVWLQJ�WKDW�,0(�VXSSUHVVHG�WKH�K\GURJHQ�HYROXWLRQ�LQ�WKH�
=Q±1L�DOOR\�GHSRVLWLRQ�LQ�WKH�SRWHQWLDO �UHJLRQ�QREOHU�WKDQ�WKH�HTXLOLEULXP�SR�
WHQWLDO �RI�=Q�DW�VROXWLRQ�WHPSHUDWXUH�����.��+RZHYHU� �DW�����.�DQG�����.��WKH�
WUDQVLWLRQ�FXUUHQW�GHQVLW\�GLG� QRW�FKDQJH�ZLWK� WKH� DGGLWLRQ�RI� ,0(�� LQGLFDWLQJ�
WKDW� WKH� VXSSUHVVLRQ� HIIHFW� RI� ,0(� RQ� K\GURJHQ� HYROXWLRQ� GHFUHDVHG� ZLWK� LQ�
FUHDVLQJ�WKH�VROXWLRQ�WHPSHUDWXUH��  
$V� VKRZQ� LQ� )LJV� � � ���E��� ����E��� DQG� ����E�� � VOLJKW� SDUWLDO � FXUUHQW� GHQVLW\ �

RI�=Q�GHSRVLW LRQ�IURP�WKH�VROXWLRQ�ZLWKRXW�,0(�ZDV�GHWHFWHG�DW �DURXQG�í����9��
QREOHU� WKDQ� L WV� HTXLO LEULXP� SRWHQWLDO �� UHJDUGOHVV� RI� WKH� VROXWLRQ� WHPSHUDWXUH�
SRVVLEO\� GXH� WR� WKH� XQGHUSRWHQWLDO� FRGHSRVLWLRQ� RI� =Q��+RZHYHU�� QR� XQGHUSR�
WHQWLDO� FRGHSRVLWLRQ� RI� =Q� RFFXUUHG� IURP� WKH� VR OXWLRQV� FRQWDLQLQJ� �� DQG� ��
POāGPí��RI�,0(�DW�DO O�WKH�VROXWLRQ�WHPSHUDWXUHV��7KH�XQGHUSRWHQWLDO�FRGHSRVL�
WLRQ�RI�=Q�LQ�=Q±1L�DOOR\�GHSRVLWLRQ�UHSRUWHGO\�RFFXUV�GXH�WR�WKH�IRUPDWLRQ�RI�
D�VWDEOH�LQWHUPHWDOOLF�FRPSRXQG�1L �=Q���E\�GHSRVLWLRQ��FRQVLGHUDEO\�UHGXFLQJ�
WKH� DFWLYLW\� FRHIILFLHQW� RI� =Q� LQ� WKH� GHSRVLWHG� ILOPV� ��±�� �� ,Q� RWKHU� ZRUGV� � 1L�
FRGHSRVLWLRQ�LV�HVVHQWLDO �IRU�WKH�RFFXUUHQFH�RI�=Q�XQGHUSRWHQWLDO �FRGHSRVLWLRQ��
KRZHYHU�� LQ� WKH� FXUUHQW� VWXG\��1L�GHSRVLW LRQ�ZDV� JUHDWO\� VXSSUHVVHG� DW� DOO� VR�
OXWLRQ� WHPSHUDWXUHV� LQ� WKH�VROXWLRQ�FRQWDLQLQJ� ,0(��VXJJHVWLQJ� WKDW�=Q�XQGHU�
SRWHQWLDO �FRGHSRVLWLRQ�GLG�QRW�RFFXU�EHFDXVH�1L�GLG�QRW�GHSRVLW �LQ�WKH�SRWHQWLDO �
UHJLRQ�QREOHU�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q�  
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)LJ��������(IIHFW�RI�,0(�FRQFHQWUDWLRQ�RQ�WKH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�RI�=Q�1L�DOOR\�GHSRVL�
WLRQ�DW�GLIIHUHQW�WHPSHUDWXUHV� 
 
������� (OHFWURGHSRVLWLRQ� %HKDYLRU� LQ� WKH� 3RWHQWLDO� 5HJLRQ� /HVV�
1REOH�WKDQ�WKH�(TXLOLEULXP�3RWHQWLDO�RI�=Q��UHJLRQ�RI�DQRPDORXV�
FR�GHSRVLWLRQ�  

 
7KH� LQKLELWRU\� HIIHFW � RI� ,0(� RQ� WKH� =Q� DQG�1L� GHSRVLWLRQ� GXULQJ� WKH� DOOR\�

GHSRVLWLRQ� ZDV� FRPSDUHG� IRU� HDFK� VROXWLRQ� WHPSHUDWXUH� �$W� D� WHPSHUDWXUH� RI�
����.�� WKH�SDUWLDO�FXUUHQW�GHQVLW\�RI�=Q�ZDV�VLJQLILFDQWO\� UHGXFHG�E\� WKH� ,0(�
DGGLWLRQ�ZKHQ� WKH�SDUWLDO�FXU UHQW�GHQVLW\�RI�=Q�ZDV�FRPSDUHG�DW � WKH�VDPH�SR�
WHQWLDO � LQ� WKH� SRWHQWLDO� UDQJH� OHVV� QREOH� WKDQ� WKH� HTXLO LEULXP� SRWHQWLDO � RI� =Q�
�)LJ� �����E��� �6LPLODUO\��WKH�SDUWLDO�FXUUHQW�GHQVLW\�RI�1L�ZDV�FOHDUO\�GHFUHDVHG�
E\� WKH� DGGLWLRQ� RI� ,0(� �)LJ� � � ���F���� &RQYHUVHO\� � DW� ���� .� DQG� ���� .�� WKH�
SDUWLDO�FXUUHQW�GHQVLW\�RI�=Q�GLG�QRW�GHFUHDVH�ZLWK�,0(�DGGLWLRQ�LQ�WKH�SRWHQWLDO �
UDQJH�OHVV�QREOH�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO �RI�=Q��)LJV��� ���E��DQG�����E��� �
ZKLOH�WKDW�RI�1L�FOHDUO\�GHFUHDVHG�ZLWK�WKH�,0(�DGGLWLRQ��)LJV��� ���F�������F��� �
7KH� LQKLELWRU\� HIIHFW � RI� ,0(� RQ� =Q� DQG� 1L� GHSRVLWLRQ� LQ� WKH� SRWHQWLDO� UDQJH�
OHVV� QREOH� WKDQ� WKH� HTXLOLEULXP� SRWHQWLDO � RI� =Q� YDULHG�ZLWK� WKH� VROXWLRQ� WHP�
SHUDWXUH��DQG�WKH�LQKLELWRU\�HIIHFW�RI�,0(�RQ�=Q�GHSRVLW LRQ�GHFUHDVHG�ZLWK�WKH�
LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH� �ZKLOH�PDLQWDLQLQJ� WKH�LQKLELWRU\�HIIHFW �RQ�1L�
GHSRVLWLRQ��7KH� FXUUHQW� HIILFLHQF\� LQ� WKH� DQRPDORXV� UHJLRQ� RI���� ±����$āPí��
VKRZHG� WKDW� WKH� FXUUHQW� HIILFLHQF\� RI� =Q� GHSRVLWLRQ� GHFUHDVHG� VLJQLILFDQWO\�
ZLWK�WKH�DGGLWLRQ�RI�,0(�DW�D�VROXWLRQ�WHPSHUDWXUH�RI�����.��)LJ��� ���E��� �ZKLOH�
WKH�GHFUHDVH� LV � VPDOOHU� DW� VROXWLRQ� WHPSHUDWXUHV�RI�����.�DQG�����.��)LJV� �� �
��E�� �����E��� �,Q�FRQWUDVW�� WKH�FXUUHQW�HIILFLHQF\�RI�1L�GHSRVLWLRQ�LQ�WKH�DQRP�
DORXV�UHJLRQ�RI����±����$āPí��GHFUHDVHG�ZLWK�WKH�DGGLWLRQ�RI�,0(�WR�WKH�VDPH�
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H[WHQW�UHJDUGOHVV�RI�WKH�VROXWLRQ�WHPSHUDWXUH��)LJV��� ���F�������F�������F��� �7KH�
1L� FRQWHQW� LQ� WKH� GHSRVLWHG� IL OPV� LQ� WK H� DQRPDORXV� UDQJH� RI� ���±����$āPí��
GHFUHDVHG�VLJQLILFDQWO\�ZLWK� WKH� DGGLWLRQ�RI� ,0(�DW�KLJK�VROXWLRQ� WHPSHUDWXUH�
�)LJV�� ����G��� �H��� �I���� 7KHVH� UHVXOWV� IRU� WKH� FXUUHQW� HIILFLHQF\� RI� =Q� DQG� 1L�
GHSRVLWLRQ�DQG�WKH�1L�FRQWHQW�RI�WKH�GHSRVLWHG�ILOPV�UHIOHFW �WK DW�WKH�LQKLELWRU\�
HIIHFW�RI�,0(�RQ�=Q�GHSRVLWLRQ�GHFUHDVHG�ZLWK�LQFUHDVLQJ�WKH�VROXWLRQ�WHPSHU�
DWXUH��ZKLOH�PDLQWDLQLQJ�WKH�LQKLELWRU\�HIIHFW�RQ�1L�GHSRVLWLRQ��  
7R�FODULI\�WKH�HIIHFW �RI�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�1L�FRQWHQW�RI�WKH�GHSRV�

LWHG�IL OPV��WKH�UHVXOWV�RI�)LJ� �����ZHUH�VXPPDUL]HG�IRU�HDFK�,0(�FRQFHQWUDWLRQ��
7KH� 1L� FRQWHQW� RI� WKH� GHSRVLWHG� ILOPV� LQ� WKH� DQRPDORXV� UHJLRQ� RI� ��� ±����
$āPí��LQFUHDVHG�ZLWK�LQFUHDVLQJ�WKH�VROXWLRQ�WHPSHUDWXUH�ZLWKRXW�,0(��)LJ��� �
���G����ZKLOH�LW �GHFUHDVHG�ZLWK�LQFUHDVLQJ�WKH �VROXWLRQ�WHPSHUDWXUH�ZLWK���RU���
POāGPí�� RI� ,0(� �)LJ�� �����H��� �I����7KH� HIIHFW� RI� VROXWLRQ� WHPSHUDWXUH� RQ� WKH�
1L� FRQWHQW� RI� WKH� GHSRVLWHG� ILOPV� VKRZHG� DQ� RSSRVLWH� WUHQG� GHSHQGLQJ� RQ� WKH�
SUHVHQFH�RU�DEVHQFH�RI�,0(��6LQFH�1L�GHSRVLWLRQ�ZDV�PRUH�DFFHOHUDWHG �WKDQ�=Q�
GHSRVLWLRQ�DW �KLJKHU� VROXWLRQ� WHPSHUDWXUHV� IRU�DOO� FXUUHQW�GHQVLWLHV� LQ� WKH�=Q ±
1L� DOOR\� GHSRVLW LRQ� IURP� VROXWLRQV� ZLWKRXW� ,0(�� 1L� FRQWHQW� ZDV� UHSRUWHG� WR�
LQFUHDVH�ZLWK�WKH�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH� �� ��� � �DQG�WKH�VDPH�UHVXOW�ZDV�
REWDLQHG� LQ� WKLV� VWXG\�� &RQYHUVHO\�� LQ� WKH� FDVH� RI� ,0(�� WKH� 1L� FRQWHQW� RI� WKH�
GHSRVLWHG� ILOPV� GHFUHDVHG� ZLWK� WKH� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH�� SRVVLEO\�
EHFDXVH�WKH�LQKLELWRU\�HIIHFW�RI�,0(�RQ�=Q�GHSRVLWLRQ�GHFUHDVHG�ZLWK�LQFUHDV�
LQJ� WKH�VROXWLRQ� WHPSHUDWXUH��ZKLOH� W KH� LQKLELWRU\�HIIHFW �RQ�1L�GHSRVLWLRQ�ZDV�
PDLQWDLQHG��  

 

 
 
)LJ� �������1L� FRQWHQWV� LQ� WKH�=Q�1L� DOOR\V�GHSRVLWHG� DW �GLIIHUHQW� WHPSHUDWXUHV�
IURP�WKH�VROXWLRQV�FRQWDLQLQJ�YDULRXV�DPRXQWV�RI�,0(���G� ��I��0DJQLILHG�YLHZ�
RI� WKH� DUHD�RI��t���PDVV��RI� WKH�1L� FRQWHQW�� >�D���G�� � ,0(�IUHH�� �E���H��� ,0(�

��PO wGPí����F���I���,0(���PO wGPí�@  
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6LQFH�WKH�LQKLELWRU\�HIIHFW �RI�,0(�RQ�=Q�GHSRVLWLRQ�GHFUHDVHG�ZLWK�LQFUHDV�
LQJ�WKH�VROXWLRQ�WHPSHUDWXUH��WKH�DGVRUSWLRQ�DELOLW\�RI�,0(�RQ�WKH�FDWKRGH�VXU�
IDFH� ZDV� H[SHFWHG� WR� YDU\� ZLWK� WKH� VROXWLRQ� WHPSHUDWXUH�� ,Q� JHQHUDO�� LQ� WKH�
HOHFWURGHSRVLWLRQ�RI�PHWDOV� � WKH�DPRXQWV�RI�DGGLWLYH�FRPSRQHQWV� LQFRUSRUDWHG�
LQWR�WKH�GHSRVLWHG�ILOPV�LV�UHSRUWHG�WR �LQFUHDVH�DV�WKH�DGVRUSWLRQ�DELOL W\�RI�WKH�
DGGLWLYH� WR� WKH� FDWKRGH� LQFUHDVHV� �� ��� � � 7KHUHIRUH�� WR� HYDOXDWH� WKH� DGVRUSWLRQ�
DELOL W\�RI�,0(�RQ�WKH�FDWKRGH�� WKH�DPRXQW�RI�&��ZKLFK� LV�D�FRPSRQHQW�RI� ,0(�
LQFRUSRUDWHG�LQWR�WKH�GHSRVLWHG�ILOPV��ZDV�PHDVXUHG�E\�*'2(6��ZKRVH�UHVXOWV�
DUH�VKRZQ�LQ�)LJ��������)RU�WKH�GHSRVLWLRQ�IURP�WKH�VROXWLRQ�ZLWKRXW�,0(��)LJ��
�����D��� �E�� � �F���� &� ZDV� FRGHSRVLWHG� LQ� WKH� GHSRVLWHG� ILOPV�� SRVVLEO\� GXH� WR�
WULHWKDQRODPLQH� DGGHG� DV� D� FRPSOH[LQJ� DJHQW� IRU� 1L ���� ,Q� WKH� ILOPV� REWDLQHG�
IURP�WKH�VROXWLRQ�FRQWDLQLQJ�,0(��)LJ��� ����G�� ��H���DQG��I��� � WKH�DPRXQW�RI�&�
FRGHSRVLWHG� FOHDUO\� LQFUHDVHG�� VXJJHVWLQJ� WKDW� WKH� FRPSRQHQWV� RI� ,0(� ZHUH�
FRGHSRVLWHG��7KH�DPRXQW�RI�&�FRGHSRVLWHG�LQ�WKH�GHSRVLWHG�ILOPV�ZDV�WKH�KLJK�
HVW�DW�D�VROXWLRQ�WHPSHUDWXUH�RI�����.��)LJ��� ����G���DQG�GHFUHDVHG�DV�WKH�WHP�
SHUDWXUH�LQFUHDVHG��%DVHG�RQ�WKLV�UHVXOW� �LW � LV �H[SHFWHG�WKDW�WKH�DGVRUSWLRQ�DELO�
LW\�RI� ,0(�RQ� WKH�FDWKRGH�VXUIDFH�GHFUHDVHV�ZLWK� WKH� LQFUHDVLQJ�VROXWLRQ� WHP�
SHUDWXUH�� 7KHUHIRUH�� WKH� LQKLELWRU\� HIIHFW � RI� ,0(� RQ� =Q� GHSRVLWLRQ� GHFUHDVHG�
ZLWK�LQFUHDVLQJ�WKH�VROXWLRQ�WHPSHUDWXUH�  
,Q� FRQWUDVW �� WKH� LQKLELWR U\� HIIHFW� RI� ,0(� RQ� 1L� GHSRVLWLRQ� ZDV� PDLQWDLQHG�

HYHQ�ZKHQ� WKH�VROXWLRQ� WHPSHUDWXUH�ZDV� LQFUHDVHG�� LQGLFDWLQJ� WKDW � ,0(�LQKLE�
LWHG� WKH�1L� GHSRVLWLRQ�GHVSLWH� WKH� GHFUHDVLQJ� DGVRUSWLRQ� DELOLW\��)RFXVVLQJ�RQ�
WKH�GLIIHUHQFH� LQ� LQKLELWRU\�HIIHFW �RI� ,0(�RQ� WKH�1L� DQG�=Q�GHSRVLWLRQ�� WKH�1L�
FRQWHQW�LQ�WKH�ILOPV�GHSRVLWHG�LQ�WKH�DQRPDORXV�FRGHSRVLWLRQ�UHJLRQ�GHFUHDVHG�
ZLWK� WKH� DGGLWLRQ� RI� ,0(�� UHJDUGOHVV� RI� WKH� VROXWLRQ� WHPSHUDWXUH� � LQGLFDWLQJ�
WKDW�1L� GHSRVLWLRQ�ZDV�PRUH� VWURQJO\� LQKLELWHG� E\� ,0(� �)LJ�� � ���G��� �H��� �I��� �
5HSRUWHGO\�� WKH� 1L� GHSRVLWLRQ� IURP� K\GUDWHG� LRQV� SURFHHGV� ZLWK� D� PXOWLVWHS�
UHGXFWLRQ�PHFKDQLVP�YLD�D�K\GUR[\O �FRQWDLQLQJ�DGVRUSWLRQ�LQWHUPHGLDWH��1L2�
+DG�� DQG� WKH� RYHUSRWHQWLDO� IRU� GHSRVLWLRQ�ZDV� ODUJH� GXH� WR� WKH� OLPLWHG� VLWHV� DW �
ZKLFK�1L2+DG�FRXOG�EH�DGVRUEHG���±�� ��,Q�WKH�=Q±1L�DOOR\�GHSRVLWLRQ��WKH�DGGHG�
,0(� EORFNV� WKH� DGVRUSWLRQ� VL WHV� RI� 1L2+DG� ZKLFK� DUH� UHVWULFWHG� LQKHUHQWO\� �
PRUH�VWURQJO\�VXSSUHVVLQJ�WKH�1L�GHSRVLWLRQ��(YHQ�WKRXJK�WKH�DGVRUSWLRQ�DELO�
LW\� RI� ,0(� GHFUHDVHV�ZLWK� WKH� LQFUHDVLQJ� VROXWLRQ � WHPSHUDWXUH�� WKH� LQKLELWRU\�
HIIHFW�RI�,0(�RQ�WKH�1L�GHSRVLWLRQ�VHHPV�WR�EH�ODUJHU�WKDQ�WKDW�RQ�=Q�GHSRVLWLRQ��
7KH� KLJKHVW� JORVV� RI� WKH� =Q±1L� DOOR\� GHSRVLWHG� ILOPV� ZDV� REVHUYHG� DW� ����.�
GXH� WR� WKH� ODUJH� DGVRUSWLRQ� DELOLW\� RI� ,0(� DQG� ILQH� DQG� VPRRWK� JUDLQV� RI� WKH�
GHSRVLWHG�ILOPV�  
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)LJ�� ������ 5I�*'2(6� GHSWK� SURILOHV� RI� =Q�1L� ILOPV� GHSRVLWHG� DW� ���� $ w
Pí�  IURP� WKH� VROXWLRQV� RI� GLIIHUHQW� WHPSHUDWXUHV� ZLWK� DQG�ZLWKRXW� ,0(�� >�D�� �
,0(�IUHH� �����.�� �E��� ,0(�IUHH�� ����.�� �F�� � ,0(�IUHH� �����.�� �G�� � ,0(���PO w
GPí�������.���H�� �,0(���PO wGPí�������.���I���,0(���PO wGPí�������.@�  

 
 
�����&RQFOXVLRQ  

 
7KH� V\QHUJLVWLF� HIIHFW� RI� ,(0� DQG� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� GHSRVLWLRQ�

EHKDYLRU�RI�=Q±1L�DOOR\�IURP�DONDOLQH�]LQFDWH�VROXWLRQV�ZDV�LQYHVWLJDWHG��7KH�
WUDQVLWLRQ� FXUUHQW� GHQVLW\�� DW� ZKLFK� WKH� GHSRVLWLRQ� EHKDYLRU� VKLIWHG� IURP� WKH�
QRUPDO�WR�DQRPDORXV�W\SH�GHFUHDVHG�ZLWK�WKH�DGGLWLRQ�RI�,0(�DW�����.�EXW�GLG�
QRW�FKDQJH�UHJDUGOHVV�RI�,0(�DGGLWLRQ�DW�����.�DQG�����.��7KLV�LQGLFDWHV�WKDW �
WKH�LQKLELWRU\�HIIHFW �RI�,0(�RQ�WKH�K\GURJHQ�HYROXWLRQ�GHFUHDVHV�ZLWK�LQFUHDV�
LQJ� WKH�VROXWLRQ� WHPSHUDWXUH��7KH�VXSSUHVVLRQ�HIIHFW �RI� ,0(�RQ� WKH�=Q�DQG�1L�
GHSRVLWLRQV�GXULQJ�WKH�DOOR\�GHSRVLWLRQ�ZDV�REVHUYHG�DW�����.��ZKLOH�DW�����.�
DQG�����.��WKH�VXSSUHVVLRQ�HIIHFW �ZDV�GHFUHDVHG�RQ�WKH�=Q� GHSRVLWLRQ�� WKRXJK�
PDLQWDLQHG�RQ�WKH�1L�GHSRVLWLRQ��7KHUHIRUH� �1L�FRQWHQW�LQ�WKH�GHSRVLWV�VLJQLIL�
FDQWO\�GHFUHDVHG�ZLWK�,0(�DV�WKH�WHPSHUDWXUH�LQFUHDVHG��7KH�FXUUHQW�HIILFLHQF\�
IRU�=Q�GHSRVLWLRQ�VLJQLILFDQWO\�GHFUHDVHG�ZLWK�,0(�DW�����.��ZKLOH�GHFUHDVLQJ�
LQVLJQLILFDQWO\� DW� ���� .� DQG� ���� .�� 7KH� &� FRQWHQW� LQ� WKH� GHSRVLWV� ZDV� WKH�
KLJKHVW� DW� ����.�� DQG�GHFUHDVHG�ZLWK� WKH� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH�� LQ�
GLFDWLQJ� WKDW � WKH� DGVRUSWLRQ� DELOLW\� RI� ,0(�RQ� WKH� FDWKRGH� GHFUHDVHV�ZLWK� WKH�
LQFUHDVLQJ� WHPSHUDWXUH��$V� D� UHVXOW� � WKH� VXSSUHVVLRQ� HIIHFW� RI� ,0(� RQ� WKH� =Q�
GHSRVLWLRQ�VHHPV�WR�GHFUHDVH�ZLWK�LQFUHDVLQJ�WKH�WHPSHUDWXUH� �7KH�JORVV�RI�WKH�
GHSRVLWHG� ILOPV�ZDV� WKH� KLJKHVW � DW � ����.�� DWWULEXWHG� WR� WKH� DGVRUSWLRQ� DELO LW\�
RI� ,0(�EHLQJ� ODUJH� DW� ����.� DQG�GHSRVLWHG� ILOPV�ZLW K� ILQH� FU\VWDOV� EHFRPLQJ�
VPRRWK�  
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&KDSWHU� ��� (IIHFW� RI� %ULJKWHQHU� RQ� WKH� &RUURVLRQ� 5HVLVWDQFH� RI�
=Q±1L�$OOR\�(OHFWURGHSRVLWHG�6WHHO�6KHHW�IURP�=LQFDWH�6ROXWLRQ  
 
�����,QWURGXFWLRQ  
 
,Q�=Q�1L� DOOR\� HOHFWURGHSRVLWLRQ� XVLQJ� D� ]LQFDWH� VROXWLRQ�� XQOLNH� VXOIDWH� DQG�
FKORULGH�VROXWLRQV��W\SLFDOO\��D�EULJKWHQHU�LV�DGGHG��0DQ\�VWXGLHV�KDYH�H[SORUHG�
WKH� UHODWLRQVKLS� EHWZHHQ� WKH� DSSHDUDQFH� RI� HOHFWU RGHSRVLWHG� ILOPV� REWDLQHG�
IURP� D� ]LQFDWH� VROXWLRQ� DQG� EULJKWHQHUV ���� �� � KRZHYHU�� IHZ� UHSRUWV� KDYH� H[�
SORUHG�WKH�HIIHFW�RI�EULJKWHQHUV�RQ�WKH�FRUURVLRQ�UHVLVWDQFH� �� ��� � �:KHQ�D�EULJKW�
HQHU�V\QWKHVL]HG�E\�FRQGHQVLQJ�VDOLF\ODOGHK\GH�DQG�F\VWHLQH� K\GURFKORULGH����
DQG�DQRWKHU�E\�YDQLO OLQ�DQG�JO\FLQH��� � DUH�DGGHG� WR�D�VXOIDWH�VROXWLRQ�� WKH�FRU�
URVLRQ�FXUUHQW�GHQVLW\��DW �DQ�HDUO\�VWDJH�RI�WKH�=Q �1L�DOOR\�SODWLQJ�ILOP�UHSRUW�
HGO\� GHFUHDVHV�� HVSHFLDOO\� LQ� D� FKORULGH� LRQ� HQYLURQPHQW��+RZHYHU�� WKH� HIIHFW �
RI� EULJKWHQHU� RQ� WKH� FRUURVLRQ� UHVLVWDQFH� DIWHU� WKH� FRUURVLRQ� SURGXFWV� DUH�
IRUPHG�LV�XQNQRZQ��  
6WXGLHV� KDYH� DOVR� UHSRUWHG� WKDW� WKH� IRUPDWLRQ� RI� ]LQF� FKORULGH� K\GUR[LGH�
�=Q��2+��&O�ā+�2��ZLWK�KLJK�ILOP�UHVLVWDQFH�DV�D�FRUURVLRQ�SURGXFW�LV�WKH�UHD�
VRQ� IRU� WKH� VXSHULRU� FRUURVLRQ� UHVLVWDQFH� RI� =Q �1L� DOOR\�FRDWHG� VWHHO � VKHHWV�
FRPSDUHG�WR�=Q�FRDWHG�VWHHO�VKHHWV�LQ�D�FKORULGH�LRQ�HQYLURQPHQW� �� ��7R�EHWWHU�
H[SODLQ�WKH�HIIHFW�RI�EULJKWHQHU�RQ�WKH�FRUURVLRQ�UHVLVWDQFH�DIWHU� WKH�FRUURVLRQ�
SURGXFW�LV�IRUPHG��LW �LV�LPSRUWDQW�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�EULJKWHQHU�RQ�WKH�
IRUPDWLRQ�EHKDYLRU�RI�FRUURVLRQ�SURGXFWV� �  
+HQFH��ZH�VHOHFWHG�D�UHDFWLRQ�SURGXFW��,0(��RI�HSLFKORURK\GULQ�DQG�LPLGD]ROH�
DV�D�EULJKWHQHU� �,Q�WKLV�FKDSWHU� �WR�LQYHVWLJDWH�WKH�FRUURVLRQ�EHKDYLRU�RI�=Q �1L�
DOOR\�SODWLQJ� ILOP�LQ�D� UHODWLYHO\�VLPSOH�FRUURVLRQ�HQYLURQPHQW��D�GLSSLQJ� WHVW �
ZDV� FRQGXFWHG� LQ� DQ� DTXHRXV� 1D&O� VROXWLRQ�� ZKLFK� LV� D� W\SLFDO� FKORULGH� LRQ�
HQYLURQPHQW� � 7KH� HIIHFW� RI� ,0(� RQ� WKH� IRUPDWLRQ� RI� ]LQF� FKORULGH� K\GUR[LGH�
WKDW �LV�D�FRUURVLRQ�SURGXFW�ZDV �LQYHVWLJDWHG�  
 
�����([SHULPHQWDO  
 
7KH� HOHFWURO\WH� FRPSRVLWLRQ� DQG� H[SHULPHQWDO � FRQGLWLRQV� DUH� SUHVHQWHG� LQ�

7DEOH������$V�GHVFULEHG�LQ�WKH�SUHYLRXV�FKDSWHU� �WKH�VDPSOH�ZDV�SUHSDUHG�XVLQJ�
DQ�HTXDO� DPRXQW�RI� HOHFWULFLW\�� ,Q� WKLV�FKDSWHU� �KRZHYHU�� WKH� IL OP� WK LFNQHVV�RI�
GHSRVLWHG� ILOPV�ZDV�NHSW� FRQVWDQW� DW���� ȝP��ZKLOH� WKH�1L� FRQWHQW�RI� WKH� ILOPV�
ZDV�������������������DQG������PDVV��IRU�,0(�DGGHG�DPRXQWV�RI��� ������ �DQG���
POāGP���� UHVSHFWLYHO\��7DEOH�����OLVWV� WKH�FRQGLWLRQV�IRU� WKH�FRUURVLRQ�WHVWV�� ,Q�
D���PDVV��DTXHRXV�1D&O�VROXWLRQ��WKH�SRWHQWLDO�ZDV�VKLIWHG�IURP�OHVV�QREOH�WR�
QREOH� DW � D� UDWH�RI����P9āV ���XVLQJ� WKH�SRWHQWLDO � VZHHS�PHWKRG��$�SRODUL]DWLRQ�
FXUYH�ZDV�JHQHUDWHG� WR�REWDLQ� WKH�FRUURVLRQ�FXUUHQW�GHQVLW\�DQG�FRUURVLRQ�SR�
WHQWLDO ��7KH���PDVV��DTXHRXV �1D&O�VROXWLRQ�ZDV�SUH�SXPSHG�ZLWK�DLU�IRU�VHY�
HUDO�KRXUV��DQG�WKH�H[SHULPHQWV�ZHUH�FRQGXFWHG�XQGHU�DLU �VDWXUDWHG�FRQGLWLRQV��
(DFK�VSHFLPHQ�ZDV�LPPHUVHG�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��VDWXUDWHG�
ZLWK� DLU�� DW� D� FRQVWDQW� VROXWLRQ� WHPSHUDWXUH� RI� ��� �&� DQG� OHIW � VWDQGLQJ� IRU� ���
K��)RU�WKHVH�ILOPV��SRODUL]DWLRQ�FXUYHV�ZHUH�REWDLQHG�XVLQJ�/69�WR�HYDOXDWH�WKH�
FRUURVLRQ� UHVLVWDQFH� DIWHU� WKH� IRUPDWLRQ� RI� WKH� FRUURVLRQ� SURGXFWV�� 7KH�
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VWUXFWXUH� RI� WKH� FRUURVLRQ� SURGXFWV� ZDV� LGHQWLILHG� XVLQJ� ; �UD\� GLIIUDFWLRQ�
�;5'���/RZ�YROWDJH�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��ZDV�XVHG�WR�REVHUYH�
WKH�PLFURVWUXFWXUHV�RI�WKH�VDPSOHV¶�VXUIDFHV� �7HPSHUDWXUH��.� 

 
7DEOH�����6ROXWLRQ�FRPSRVLWLRQ�DQG�HOHFWURO\VLV�FRQGLWLRQV  

=Q2��PROÂGPí��  ����  &XUUHQW� GHQVLW\�
�$ÂPí�� ���  

1L62�Â�+�2��PROÂGPí��  �����  7HPSHUDWXUH�
�.� ���  

1�&+�&+�2+��  �PROÂGPí��  ����  7KLFNQHVV  ���ȝP  
1D2+��PROÂGPí��  
,0(��POÂGPí��  

���  
�������  &DWKRGH  )H����î���FP�� 

4XLHVFHQW�VROXWLRQ   $QRGH  3W����î���FP�� 
 
7DEOH�����&RUURVLRQ�WHVW �FRQGLWLRQV  

��PDVV��1D&O  

7HPSHUDWXUH��.�  ����  

&DWKRGH  3W����î���FP��  

$QRGH  6DPSOH����î���FP��  

6FDQ�VSHHG  ���P9āV��  

 
�����5HVXOWV�  
 
�������(IIHFW�RI�,0(�RQ�WKH�,QLWLDO�&RUURVLRQ�5HVLVWDQFH�RI�  
'HSRVLWHG�=Q�1L�$OOR\�)LOPV  

 
)LJXUH� ���� VKRZV� WKH�SRODUL]DWLRQ�FXUYHV� RI� WKH� =Q�1L� DOOR\�GHSRVLWV� LQ� WKH�

�� PDVV�� DTXHRXV� 1D&O� VROXWLRQ�� 7KH� FRUURVLRQ� SRWHQWLDO� RI� WKH� GHSRVLW� RE�
WDLQHG�IURP�WKH�VROXWLRQ�ZLWKRXW� ,0(�ZDV�DSSUR[LPDWHO\� ������9��EXW� WKH�FRU�
URVLRQ�SRWHQWLDO� VKLIWHG� WR� WKH�QREOH�VLGH�ZKHQ� ,0(�ZDV�DGGHG��7KH�R[LGDWLRQ�
UHDFWLRQ� �D� GLVVROXWLRQ� UHDFWLRQ� RI� WKH� GHSRVLWHG� ILOPV�� ZDV� VXSSUHVVHG� ZLWK�
,0(��FDXVLQJ�WKH�FRUURVLRQ�SRWHQWLDO �WR�VKLIW�WR�WKH�QREOH�VLGH� �,Q�FRQWUDVW��WKH�
UHGXFWLRQ�RI�GLVVROYHG�R[\JHQ��FDWKRGLF�UHDFWLRQ�RI�WKH�FRUURVLRQ�UHDFWLRQ��ZDV�
DOPRVW�XQFKDQJHG�ZLWK �RU�ZLWKRXW� ,0(�� UHVXOWLQJ� LQ�QHJOLJLEOH�HIIHFWV�RI� ,0(�
DGGLWLRQ�RQ�WKH�FRUURVLRQ�FXUUHQW�GHQVLW\�  
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)LJ�������3RODUL]DWLRQ�FXUYHV�RI�=Q�1L�DOOR\�GHSRVLWV� LQ�D���PDVV��1D&O�VROX�
WLRQ�  
 
)LJXUH�����VKRZV� WKH�DQRGLF� FXUUHQW �GHQVLW\� �DW� D�FRQVWDQW� SRWHQWLDO �RI� �����

9��RI� WKH�=Q�1L�DOOR\�GHSRVLWHG�IL OPV�LPPHUVHG�LQ�WKH���PDVV��DTXHRXV�1D&O�
VROXWLRQ��$QRGLF�FXUUHQW�GHQVLW\� �WKDW�LV� �WKH�GLVVROXWLRQ�FXUUHQW�GHQVLW\�RI�=Q �
1L� DOOR\� GHSRVLWHG� IL OPV�� LQFUHDVHG�ZLWK� WLPH� LUUHVSHFWLYH� RI� WKH� SUHVHQFH� RI�
,0(�� 7KH� DQRGLF� FXUUHQW� GHQVLW\� GHFUHDVHG� DV� ,0(� FRQFHQWUDWLRQ� LQFUHDVHG�
IURP���WR���POāGP����H[FHSW�DW� WKH�LQLWLDO�W LPH��7KH�DQRGLF�FXUUHQW�GHQVLW\�DW�D�
FRQVWDQW� SRWHQWLDO � UHIOHFWV� WKH� SRODUL]DWLRQ� FXUYH� RI� WKH� DQRGLF� UHDFWLRQ�� UH�
YHDOLQJ� WKDW� WKH� DQRGLF� UHDFW LRQ� RI� FRUURVLRQ� ZDV� VXSSUHVVHG� ZKHQ� WKH� ,0(�
FRQFHQWUDWLRQ�LQFUHDVHG�IURP���WR���POāGP ����7KH�LQFUHDVH�LQ�WKH�DQRGLF�FXUUHQW�
GHQVLW\�ZLWK�WLPH�ZDV�DWWULEXWHG�WR�WKH�LQFUHDVH�LQ� WKH�WUXH�VXUIDFH�DUHD�DV�WKH�
HOHFWURGHSRVLWHG�ILOPV�GLVVROYHG�  
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)LJ������ �$QRGLF�FXUUHQW �GHQVLW\�DW�D�FRQVWDQW�SRWHQWLDO �RI� �����9�RI�WKH�GHSRV�
LWHG�=Q�1L�DOOR\�ILOPV�LQ�D���PDVV��1D&O�VROXWLRQ�  

 
�������(IIHFW�RI�,0(�RQ�WKH�$SSHDUDQFH�RI�'HSRVLWHG�=Q�1L�$OOR\�
)LOPV�DIWHU�&RUURVLRQ�7HVWV  

 
)LJXUH�����VKRZV�WKH�DSSHDUDQFH�RI�=Q�1L�DOOR\�ILOPV�REWDLQHG�DW�����$āP ���

IURP�D�����.�VROXWLRQ�FRQWDLQLQJ�GLIIHUHQW� ,0(�FRQFHQWUDWLRQV��7KH� ILOPV�GH�
SRVLWHG� IURP� ,0(�IUHH� VROXWLRQ�ZHUH� JUD\� DQG�GXOO� OXVWUH� �)LJ�� � ���D��� �ZKLOH�
WKH�ILOPV�GHSRVLWHG�IURP�VROXWLRQV�FRQWDLQLQJ���DQG���POāGPí��RI�,0(�VKRZHG�
VRPHZKDW� JORVV� �)LJ�� � ���E��� �F��� � 7KH� VDPSOHV�ZHUH� VKLQ\� VLOYHU� DQG� VKRZHG�
VLJQLILFDQW�JORVV�DIWHU�DGGLQJ���POāGP���,0(��)LJ� �����G���  
)LJXUH� ���� VKRZV� WKH� DSSHDUDQFH� RI� WKH� =Q�1L� DOOR\� GHSRVLWHG� ILOPV� DIWHU�

PHDVXULQJ� WKH� SRODUL]DWLRQ� FXUYH� LQ� WKH� ��PDVV�� DTXHRXV�1D&O� VROXWLRQ��7KH�
ILOPV�GHSRVLWHG�IURP�,0(�IUHH�VROXWLRQ�SDUWLDO\�GLVVRYHG�DQG�)H�VXEVWUDWH�DS�
SHDUHG��)LJ�����D����ZKLOH WKH�ILOPV�GHSRVLWHG�IURP�VROXWLRQV�FRQWDLQLQJ���DQG�
�� POāGPí�� RI� ,0(�ZHUH� GDUN� JUD\� �)LJ� � � ���E�� DQG� �F��� � DQG� DW� �� POāGP��� RI�
,0(��WKH\�ORVW�WKHLU�OXVWHU�DQG�WXUQHG�JUD\��)LJ��� ���G���  
)LJXUH� ���� VKRZV� WKH� DSSHDUDQFH� RI� WKH� GHSRVLWHG� =Q �1L� DOOR\� ILOPV� DIWHU�

LPPHUVLRQ� LQ� WKH� ��PDVV�� DTXHRXV�1D&O� VROXWLRQ� IRU� ��� K��5HJDUGOHVV� RI� WKH�
SUHVHQFH�RI�,0(��QR�UHG�UXVW�RI�)H�VXEVWUDWH�DSSHDUHG�DIWHU�LPPHUVLRQ�LQ�WKH���
PDVV�� DTXHRXV�1D&O� VROXWLRQ� IRU� ��� K� � +RZHYHU� � ZKLWH� SUHFLSLWDWHV�� WKDW � LV� �
FRUURVLRQ�SURGXFWV�RI�WKH�GHSRVLWHG�ILOPV��ZHUH�REVHUYHG�RQ�WKH�VXUIDFH��  
)LJXUH�����VKRZV�WKH�DSSHDUDQFH�RI�WKH�GHSRVLWHG�=Q �1L�DOOR\�ILOPV�DIWHU����
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K�LPPHUVLRQ�DQG�VXEVHTXHQWO\�PHDVXULQJ�WKH�SRODUL]DWLRQ�FXUYH�LQ�WKH���PDVV��
DTXHRXV�1D&O�VROXWLRQ��,Q�WKH�DEVHQFH�RI�D�EULJKWHQHU��)L J������D���DQG�ZLWK���
POāGP���RI�,0(��)LJ� �����E����UHG�UXVW�RI�)H�VXEVWUDWH�DSSHDUHG�GXH�WR�FRUURVLRQ��
,Q� WKH� FDVH�RI� �� DQG���POāGP��� ,0(�� QR� UHG� UXVW�RI�)H� VXEVWUDWH�ZDV�REVHUYHG�
�)LJ� �����F��DQG��G��� �:KLWH�SUHFLSLWDWHV� IURP�WKH�GHSRVLWHG�ILOPV�DSSHDUHG �RQ�
WKH�VXUIDFH��  

 

 
)LJ�������(IIHFW �RI�,0(�DGGLWLRQ�RQ�WKH�DSSHDUDQFH�RI�WKH�GHSRVLWHG�=Q �1L�$OOR\�
ILOPV�  
�>�D� �,0(�IUHH� ��E� �,0(���POÂGPí� � ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  

 
 

 
)LJ�� �����$SSHDUDQFH� RI� WKH� GHSRVLWHG� =Q�1L� DOOR\� ILOPV� DIWHU� PHDVXULQJ� WKH�
SRODUL]DWLRQ�FXUYH�LQ�WKH���PDVV��1D&O�VROXWLRQ�  
>�D� �,0(�IUHH� ��E� �,0(���POÂGPí�� ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  
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)LJ������$SSHDUDQFH� RI� WKH� GHSRVLWHG� =Q �1L� DOOR\� ILOPV� DIWHU� ��� K� LPPHUVLRQ�
LQ�WKH���PDVV��1D&O�VROXWLRQ�  
>�D� �,0(�IUHH� ��E� �,0(���POÂGPí�� ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  

 

 
)LJ������ �$SSHDUDQFH�RI� WKH�GHSRVLWHG�=Q�1L� DOOR\� IL OPV�DIWHU����K� LPPHUVLRQ�
DQG�VXEVHTXHQWO\�PHDVXULQJ�WKH�SRODUL]DWLRQ�FXUYH�LQ�WKH���PDVV��1D&O�VROX�
WLRQ�  
>�D� �,0(�IUHH� ��E� �,0(���POÂGPí�� ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  
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�������(IIHFW�RI� ,0(�RQ� WKH�&RUURVLRQ�3URGXFW�6WUXFWXUHV�RI�'H�
SRVLWHG�=Q�1L�$OOR\�)LOPV  

 
)LJXUH�����VKRZV�WKH�;5'�SDWWHUQV�RI�WKH�=Q�1L�DOOR\�ILOPV�REWDLQHG�DW�����

$āP����2QO\�Ș�=Q�SKDVH��VROLG�VROXWLRQ�RI�1L� LQ�WKH�=Q��DQG� Ȗ�SKDVH��LQWHUPH�
WDOOLF�FRPSRXQG�1L�=Q����ZHUH�GHWHFWHG�UHJDUGOHVV�RI�WKH�SUHVHQFH�RI�,0(��7KH�
IRUPDWLRQ� RI� WKH� Ȗ� SKDVH� LQFUHDVHG�ZKHQ� ,0(�ZDV� DGGHG�� 7KH� SHDN� UHVXOWLQJ�
IURP� )H� VXEVWUDWH� ZDV� QRW� GHWHFWHG� EHFDXVH� =Q�1L� SODWLQJ� ZDV� SHUIRUPHG� DW �
WKLFNQHVV�RI����ȝP��  

 
)LJXUH�����VKRZV� WKH�;5'�SDWWHUQV�RI� WKH�GHSRVLWHG�=Q �1L�DOOR\�IL OPV�DIWHU�

���K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��,Q�DGGLW LRQ�WR�Ș�=Q�DQG�
Ȗ�SKDVHV� �1L�=Q��� LQWHUPHWDOOLF�FRPSRXQG�� �SHDNV� IRU�]LQF�FKORULGH�K\GUR[LGH�
�=Q��2+��&O�ā+�2��DQG�=Q�2+���ZHUH�GHWHFWHG�� ,Q �FRPSDULVRQ�ZLWK� WKH�;5'�
SDWWHUQV�LQ�)LJ�������WKH�Ș�=Q�DQG�Ȗ�SKDVHV¶�SHDNV�GHFUHDVHG�DIWHU�LPPHUVLRQ�LQ�
WKH�1D&O�VROXWLRQ��7KLV�LV �DW WULEXWHG�WR�WKH�IRUPDWLRQ�RI�=Q��2+��&O�ā+�2�DQG�
=Q�2+���ZKLFK� DUH� WKH� FRUURVLRQ� SURGXFWV� RI� WKH� GHSRVLWHG�=Q �1L� DOOR\� ILOPV�
GXULQJ����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ�  

 
 

)LJ�������;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�GHSRVLWHG�=Q �1L�DOOR\�ILOPV�  
>�D� �,0(�IUHH� ��E� �,0(���POÂGPí�� ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  
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)LJ�������;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�GHSRVLWHG�=Q �1L�DOOR\�ILOPV�DIWHU����
K�LPPHUVLRQ�LQ�WKH���PDVV��1D&O�VROXWLRQ� �>�D� �,0(�IUHH� ��E��,0(���POÂGPí� � ��F� �
,0(���POÂGPí�� ��G��,0(���POÂGPí�@  
 
)LJXUH� ���� VKRZV� WKH� 6(0� LPDJHV� RI� WKH� VXUIDFH� RI� =Q �1L� DOOR\� ILOPV� RE�

WDLQHG�DW �����$āP���IURP�VROXWLRQV�ZLWK�YDU\LQJ�,0(�FRQFHQWUDWLRQV� �7KH�ILOPV�
REWDLQHG�IURP�WKH�VROXWLRQ�ZLWKRXW�,0(�H[KLELWHG�D�YHUWLFDOO\�JURZQ�WULDQJXODU �
S\UDPLG� �)LJ� � ���� �D���� ,Q� WKH� IL OPV� GHSRVLWHG�ZLWK� �� DQG� ��PO āGP��� ,0(�� WKH�
SODWH�OLNH� FU\VWDOV�GLVDSSHDUHG�� WUDQVIRUPLQJ� LQWR� Whe � URXQGHG  agglomerations 
consisting of fine crystals � �)LJ������ �E�� � �F����:LWK���POāGP���RI� ,0(�� WKH�VXU�
IDFH� EHFDPH� VPRRWK� RYHUDOO� �)LJ�� � ��� �G��� �$W� KLJK� ,0(� FRQFHQWUDWLRQ�� WKH� Ȗ�
SKDVH� ZDV� SUHGRPLQDQW� �)LJ�� � ����� DQG� WKH� SKDVH� VWUXFWXUH� DIIHFWHG� WKH� PRU�
SKRORJ\�RI�WKH�VXUIDFH��  
)LJXUH� ����� VKRZV� WKH�6(0� LPDJH� DQG� SRLQW� DQDO\VLV� E\�(';�RI� WKH�=Q�1L �

DOOR\� ILOPV� GHSRVLWHG� IURP� ,0(�IUHH� VROXWLRQ� DIWHU� ��� K� LPPHUVLRQ� LQ� WKH� ��
PDVV��DTXHRXV�1D&O�VROXWLRQ��0DVVLYH�FU\VWDOV���E��LQ�)LJ��� �����D���DQG�KH[�
DJRQDO�SODWH�FU\VWDOV���F��LQ�)LJ� �� �����D���ZHUH�REVHUYHG�RQ�WKH�VXUIDFH�RI�WKH�
GHSRVLWHG� ILOPV�� =Q�� 2�� DQG� 1L� ZHUH� GHWHFWHG� LQ� WKH� PDVVLYH� FU\VWDOV� ��E�� LQ �
)LJ� � ����� �D��� � LQGLFDWLQJ� WKDW� WKH\�ZHUH�PDLQO\� FRPSRVHG� RI� WKH� Ș�=Q� DQG� Ȗ�
SKDVHV��1L�=Q���LQWHUPHWDOOLF�FRPSRXQG���,Q�FRQWUDVW ��=Q��2��1D��&��&O��DQG�1L�
ZHUH� GHWHFWHG� LQ� WKH� KH[DJRQDO� SODWH �VKDSHG� FU\VWDO � ��F�� LQ� )LJ� � � ���� �D��� � LQ�
FRQMXQFWLRQ�ZLWK�D�UHVXOW�RI�)LJ�� ���D���VKRZLQJ�WKH�IRUPDWLRQ�RI�]LQF�FKORULGH�
K\GUR[LGH��=Q��2+��&O�ā+�2��ZKLFK�DUH�WKH�FRUURVLRQ�SURGXFWV�  
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)LJ�������6(0�LPDJHV�RI�WKH�VXUIDFH�RI�=Q�1L�DOOR\�ILOPV�REWDLQHG�DW�����$āP�

�� IURP� VROXWLRQV� ZLWK� YDU\LQJ� ,0(� FRQFHQWUDWLRQV� � >�D� � ,0(�IUHH� � �E�� ,0(� ��
POÂGPí�� ��F� �,0(���PO ÂGPí�� ��G��,0(���POÂGPí�@  
 

 
)LJ�� ������ 6(0� LPDJH� DQG� SRLQW� DQDO\VLV� E\� (';� RI� WKH� =Q�1L� DOOR\� ILOPV�
GHSRVLWHG�IURP�,0(�IUHH�VROXWLRQ�DIWHU����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�
1D&O�VROXWLRQ�  



- 87 - 

 

)LJXUH������ VKRZV� WKH�6(0� LPDJH� DQG� SRLQW� DQDO\VLV� E\�(';�RI� WKH�=Q�1L�
DOOR\� ILOPV� GHSRVLWHG� IURP� VROXWLRQ� FRQWDLQLQJ� �� PO ÂGP��� RI� ,0(� DIWHU� ��� K�
LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��3ODWH �OLNH�FU\VWDOV�ZHUH�RE�
VHUYHG�RYHU�WKH�HQWLUH�VXUIDFH�RI�WKH�GHSRVLWHG�ILOPV��=Q��2��1D��&��&O��DQG�1L�
ZHUH� GHWHFWHG� LQ� WKLV� SODWH �OLNH� FU\VWDO � ��E�� LQ� )LJ� � � ���� �D���� LQ� FRQMXQFWLRQ�
ZLWK�D�UHVXOW �RI�)LJ�� ���G�� �LQGLFDWLQJ�WKH�IRUPDWLRQ�RI�]LQF�FKORULGH�K\GUR[LGH�
�=Q��2+��&O��ā�+�2���ZKLFK�DUH�FRUURVLRQ�SURGXFWV�  
)LJXUH������VKRZV�6(0�LPDJHV�RI�WKH�VXUIDFH�RI�GHSRVLWHG�=Q �1L�DOOR\�ILOPV�

DIWHU����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��+H[DJRQDO�SODWH �
OLNH�FU\VWDOV� �ZKLFK�DUH�FRUURVLRQ�SURGXFWV��ZHUH� REVHUYHG�DIWHU� LPPHUVLRQ� LQ�
WKH�DTXHRXV�1D&O�VROXWLRQ��UHJDUGOHVV�RI�WKH�SUHVHQFH�RI�,0(��7KHVH�SODWH �OLNH�
FU\VWDOV� VHHP� WR�EH� JURZQ� ]LQF� FKORULGH� K\GUR[LGH� �=Q ��2+��&O�� ā�+�2�� IURP�
WKH�6(0�('6�UHVXOWV�VKRZQ�LQ�)LJV��� ����DQG�������,Q�WKH�ILOPV�REWDLQHG�IURP�
WKH�,0(�IUHH�VROXWLRQ��)LJ��� �����D����WKH�VL]H�DQG�GLVWULEXWLRQ�RI�WKH�SODWH �OLNH�
FU\VWDOV�ZHUH�QRQ�XQLIRUP��+RZHYHU��ZKHQ�,0(�ZDV�DGGHG��WKH�SODWH �OLNH�FU\V�
WDOV�JUHZ�ILQHO\�DQG�XQLIRUPO\�RYHU�WKH�HQWLUH�VXUIDFH�ZLWK�LQFUHDVLQJ�WKH�FRQ�
FHQWUDWLRQ�RI�,0(��)LJ��������G���  

 

 
)LJ�� ������ 6(0� LPDJH� DQG� SRLQW� DQDO\VLV� E\� (';� RI� WKH� =Q�1L� DOOR\� ILOPV�
GHSRVLWHG� IURP� VROXWLRQ� FRQWDLQLQJ���PO ÂGP���RI� ,0(�DIWHU����K� LPPHUVLRQ� LQ�
WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ�  
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)LJ�� ������6(0� LPDJHV� RI� WKH� VXUIDFH�RI� GHSRVLWHG� =Q�1L� DOOR\� ILOPV� DIWHU����
K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ�  
>�D� �,0(�IUHH� ��E� �,0(���POÂGPí�� ��F� �,0(���POÂGPí�� ��G� �,0(���POÂGPí�@  

 
 

�������(IIHFW�RI�,0(�RQ�WKH�&RUURVLRQ�5HVLVWDQFH�RI�'HSRVLWHG�=Q �
1L�$OOR\�)LOPV�DIWHU�)RUPLQJ�&RUURVLRQ�3URGXFWV  

 
)LJXUH������VKRZV�WKH�SRODUL]DWLRQ�FXUYH�RI�GHSRVLWHG�=Q �1L�DOOR\�ILOPV�DIWHU�

���K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��7KH�FRUURVLRQ�SRWHQWLDO �
RI� WKH� ILOPV�REWDLQHG� IURP� WKH�VROXWLRQ�ZLWKRXW� ,0(�ZDV� DSSUR[LPDWHO\� ������
9�� EXW� ZKHQ� ,0(� ZDV� DGGHG�� LW � JUHDWO\� VKLIWHG� WR� WKH� QREOH� RQH�� 7KLV� VKRZV�
WKDW�WKH�DQRGLF�UHDFWLRQ��GLVVROXWLRQ�UHDFWLRQ�RI�ILOPV��LV�JUHDWO\�VXSSUHVVHG�E\�
WKH�DGGLWLRQ�RI� ,0(��HYHQ�DIWHU����K� LPPHUVLRQ� LQ� WKH�DTXHRXV�1D&O�VROXWLRQ��
,Q�WKH�IL OPV�REWDLQHG�IURP�WKH�VROXWLRQ�FRQWDLQLQJ���POāGP ���RI�,0(��SODWH�OLNH�
FU\VWDOV�RI� ]LQF�FKORULGH�K\GUR[LGH� �=Q��2+��&O�� ā�+�2��JUHZ�ILQHO\� DQG� XQL�
IRUPO\�RQ�WKH�HQWLUH�VXUIDFH�DIWHU����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�
VROXWLRQ� �)LJ� � ����� �G��� � ZKLFK� FRQWULEXWH� WRZDUG� VXSSUHVVLQJ� WKH� GLVVROXWLRQ�
UHDFWLRQ�RI�WKH�GHSRVLWLRQ�ILOPV�  
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)LJ�� ������ 3RODUL]DWLRQ� FXUYH� RI� WKH� GHSRVLWHG� =Q �1L� DOOR\� ILOPV� DIWHU� ��� K�
LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ�  
 
�����'LVFXVVLRQ  

 
%DVHG�RQ�WKHVH�UHVXOWV��WKH�HIIHFW�RI�,0(�DGGLWLRQ�RQ�WKH�FRUURVLRQ�UHVLVWDQFH�

RI�WKH�GHSRVLWHG�=Q�1L�DOOR\�ILOPV�ZDV�GLVFXVVHG��$V�VKRZQ�LQ�)LJV��� ���DQG���
���WKH�DQRGLF�UHDFWLRQ��GLVVROXWLRQ�UHDFWLRQ��RI�GHSRVLWHG�=Q �1L�DOOR\�ILOPV��LQ�
ZKLFK�QR�FRUURVLRQ �SURGXFWV�ZHUH�IRUPHG��ZDV�VXSSUHVVHG�ZLWK�,0(�DGGLWLRQ��
2Q�WKH�RWKHU�KDQG��LQ�WKH�ILOPV�REWDLQHG�IURP�WKH�VROXWLRQV�FRQWDLQLQJ�,0(��&�
UHVXOWLQJ� IURP� ,0(�FRGHSRVLWHG� DV�PHQWLRQHG� LQ� FKDSHU����7KH� DPRXQW�RI� FR �
GHSRVLWHG� &� ZDV� FRQILUPHG� WR� LQFUHDVH� ZLWK� LQFU HDVLQJ� WKH� FRQFHQWUDWLRQ� RI�
,0(�� 7KH� FR�GHSRVLW LRQ� RI� &� ZDV� H[SHFWHG� WR� LQFUHDVH� WKH� UHVLVWDQFH� RI� WKH�
ILOPV��DV�D� UHVXOW �� LW �PD\�KDYH�VXSSUHVVHG�WKH�DQRGLF�UHDFWLRQ�RI� WKH�GHSRVLWHG�
ILOPV��  
,Q� FRQWUDVW �� HYHQ� LQ� WKH� ILOPV� RQ�ZKLFK� WKH� FRUURVLRQ�SURGXFWV�ZH UH� IRUPHG�

DIWHU����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ��WKH�DQRGLF�UHDFWLRQ�
ZDV�VXSSUHVVHG�E\�,0(�DGGLWLRQ��)LJ��� ������7KLV�PD\�EH�GXH�WR�WKH�IRUPDWLRQ�
RI� XQLIRUP� FRUURVLRQ� SURGXFWV� �]LQF� FKORULGH� K\GUR[LGH� �=Q ��2+��&O�� ā+�2���
RQ�WKH�VXUIDFH��)LJ�������G����LQ�DGGLWLRQ�WR�WKH�FR�GHSRVLW LRQ�RI�&��=LQF�FKOR�
ULGH� K\GUR[LGH�ZDV�XQLIRUPO\� IRUPHG�RQ� WKH� ILOPV�REWDLQHG� IURP� WKH� VROXWLRQ�
FRQWDLQLQJ���POāGP�� �RI�,0(�EHFDXVH�WKH�VXUIDFH�RI�WKH�ILOPV�EHIRUH�LPPHUVLRQ�
LQ�WKH���PDVV��DTXHRXV�1D&O�VROXWLRQ�ZDV�VPRRWK��)LJ������G����DQG�WKH�DQRGLF�
UHDFWLRQ�ZDV�VXSSUHVVHG�E\�WKH�FR �GHSRVLWHG�&�  
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�����&RQFOXVLRQ  
 
7KH�HIIHFW�RI� ,0(�DGGLWLRQ�RQ� WKH�FRUURVLRQ� UHVLVWDQFH�RI� WKH�GHSRVLWHG�=Q �

1L� DOOR\� ILOPV� ZDV� LQYHVWLJDWHG� XVLQJ� LPPHUVLRQ� WHVWV� LQ� D� �� PDVV�� DTXHRXV�
1D&O�VROXWLRQ��ZKLFK�LV�D� W\SLFDO�HQYLURQPHQW�FRQWDLQLQJ�FKORULGH�LRQV��,Q�WKH�
GHSRVLWHG�=Q�1L� DOOR\� ILOPV�ZLWKRXW� ��� K� LPPHUVLRQ� LQ� WKH� ��PDVV�� DTXHRXV�
1D&O�VROXWLRQ��WKH�DQRGLF�UHDFWLRQ�ZDV�VXSSUHVVHG�ZLWK�,0(�DQG�WKH�FRUURVLRQ�
SRWHQWLDO � VKLIWHG� WR� QREOH � GLUHFWLRQ��(YHQ� LQ� WKH� ILOPV� RQ�ZKLFK� WKH� FRUURVLRQ�
SURGXFWV�ZHUH� IRUPHG�DIWHU����K� LPPHUVLRQ� LQ� WKH���PDVV��DTXHRXV�1D&O� VR�
OXWLRQ�� WKH�DQRGLF� UHDFWLRQ�ZDV�VXSSUHVVHG�E\� ,0(�DGGLWLRQ�DQG� WKH�FRUURVLRQ�
SRWHQWLDO� VKLIWHG� WR� WKH� QREOH� VLGH� � 7KH� FRUURVLRQ� SURGXFWV� ZKLFK� ZHUH� ]LQF�
FKORULGH�K\GUR[LGH��=Q��2+��&O��ā�+�2���ZHUH�IRUPHG�DIWHU����K�LPPHUVLRQ�LQ�
WKH� �� PDVV�� 1D&O� VROXWLRQ� RI� =Q �1L� DOOR\� ILOPV� GHSRVLWHG� ZLWK� DQG� ZLWKRXW�
,0(��7KH� SODWH�OLNH� FU\VWDOV� RI� ]LQF� FKORULGH� K\GUR[LGH� IRUPHG� RQ� WKH� =Q �1L�
DOOR\�IL OPV��ZKLFK�ZDV�REWDLQHG�IURP�WKH�VROXWLRQ�FRQWDLQLQJ���POāGP ���RI�,0(��
ZHUH�ILQH�DQG�XQLIRUP�RYHU�WKH�HQWLUH�VXUIDFH� �,Q�WKH�ILOPV�RQ�ZKLFK�WKH�FRUUR�
VLRQ�SURGXFWV�ZHUH�IRUPHG�DIWHU����K�LPPHUVLRQ�LQ�WKH���PDVV��DTXHRXV�1D&O�
VROXWLRQ�� WKH� VXSSUHVVLRQ�RI�DQRGLF� UHDFWLRQ�ZLWK� ,0(� LV� DWWULEXWHG� WR� WKH� IRU�
PDWLRQ�RI�XQLIRUP�FRUURVLRQ�SURGXFWV��]LQF�FKORULGH�K\GUR[LGH��RQ�WKH�VXUIDFH� �
LQ�DGGLW LRQ�WR�WKH�FR�GHSRVLWLRQ�RI�&��  
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&KDSWHU����&RQFOXVLRQ  
 

(OHFWURGHSRVLWHG�=Q±1L�DOOR\�FRDWLQJV�DUH�XVHG�IRU�DXWRPRELOH�SDUWV��HOHFWULF �
KRXVHKROG� SURGXFWV�� DQG� EXLOGLQJ�PDWHULDOV� RZLQJ� WR� WKHLU� VXSHULRU� FRUURVLRQ�
UHVLVWDQFH��=Q±1L�DOOR\V�DUH�XVXDOO\�GHSRVLWHG�LQ�D�VXOIDWH�RU�FKORULGH�VROXWLRQ��
KRZHYHU�� FRQVLGHULQJ� WKH� WKURZLQJ� SRZHU� RQ� VPDOO � SDUWV�� WKH� XVH� RI� D� ]LQFDWH�
VROXWLRQ�LV�SUHIHUDEOH� �7KH�EU LJKWHQLQJ�DJHQWV�DUH�XVXDOO\�DGGHG�WR�]LQFDWH�VR�
OXWLRQV� IRU� WKH� HOHFWURGHSRVLWLRQ� RI�=Q �1L� DOOR\V� � XQOLNH� IRU� VXOIDWH� DQG� FKOR�
ULGH�VROXWLRQV� � ,Q�FRQWUDVW �� WKH�VROXWLRQ�WHPSHUDWXUH�LV �DQ�H[WUHPHO\�LPSRUWDQW�
IDFWRU� LQ�HOHFWURGHSRVLWLRQ��EXW� WKH�HIIHFW�RI�VRO XWLRQ� WHPSHUDWXUH�RQ� WKH�HOHF�
WURGHSRVLWLRQ�EHKDYLRU�RI�=Q�1L� DOOR\V� IURP�]LQFDWH� VROXWLRQV�KDV� UDUHO\�EHHQ�
UHSRUWHG��7KHUHIRUH��LQ�WKLV�VWXG\��=Q �1L�DOOR\�HOHFWURGHSRVLWLRQ�ZDV�SHUIRUPHG�
LQ� ]LQFDWH� VROXWLRQV� DW� GLIIHUHQW� VROXWLRQ� WHPSHUDWXUHV� XVLQJ� ,0(� DV� D� EULJKW�
HQHU�� DQG� WKH� UHVSHFWLYH� DQG� V\QHUJLVWLF� HIIHFWV� RI� ,0(� DQG� VROXWLRQ� WHPSHUD�
WXUH�RQ�WKH�HOHFWURGHSRVLWLRQ�EHKDYLRU�ZHUH�GLVFXVVHG�EDVHG�RQ�WKH�SDUWLDO�SR�
ODUL]DWLRQ�FXUYHV�RI�=Q�DQG�1L�GHSRVLWLRQV�DQG�K\GURJHQ�HYROXWLRQ��DSSHDUDQFH��
DQG�PLFURVWUXFWXUH�RI�WKH�HOHFWURGHSRVLWHG�IL OPV�  

 
,Q� &KDSWHU� ��� ZLWK� UHVSHFW� WR� WKH� EDFNJURXQG� RI� WKLV� VWXG\� DV� PHQWLRQHG�

DERYH��WKH�SUHYLRXV�VWXGLHV�RQ�WKH�GHSRVLWLRQ�EHKDYLRU�RI�=Q �1L�DOOR\V��DQG�WKH�
PHFKDQLVP�RI�EULJKWHQLQJ�DJHQWV�� DQG� WKH�SXUSRVH� DQG�VWUXFWXUH�RI� WKL V� WKHVLV�
ZHUH�GHVFULEHG�  

 
,Q�&KDSWHU����WKH�HIIHFW�RI�WKH�UHDFWLRQ�SURGXFW�RI�HSLFKORURK\GULQ�DQG�LPLG�

D]ROH��,0(��RQ�WKH�GHSRVLWLRQ�EHKDYLRU�RI�=Q±1L�DOOR\V�ZDV�LQYHVWLJDWHG�XVLQJ�
SRODUL]DWLRQ�FXUYHV�IRU�WKH�=Q�DQG�1L�GHSRVLWLRQV�DQG�K\GURJHQ�HYROXWLRQ��7K H�
,0(� ZDV� XVHG� DV� WKH� EULJKWHQHU�� 7KH� WUDQVLWLRQ� FXUUHQW� GHQVLW\� DW � ZKLFK� WKH�
GHSRVLWLRQ� EHKDYLRU� VKLIWHG� IURP� WKH� QRUPDO� W\SH� WR� DQRPDORXV� ZDV� �� ±����
A·mí2  LQ� WKH� ,0(�IUHH� VROXWLRQ�� LW � EHFDPH� ��±���A·mí2 � ZLWK� WKH� DGGLWLRQ� RI�
WKH� ,0(�� LQGLFDWLQJ� WKDW� WKH� ,0(�JUHDWO\�GHFUHDVHG� WKH� WUDQVLW LRQ�FXUUHQW�GHQ�
VLW\� �7KH�WUDQVLWLRQ�FXUUHQW�GHQVLW\�FRUUHVSRQGV�WR�WKH�FXUUHQW�GHQVLW\�DW�ZKLFK�
WKH�SRWHQWLDO�RI� WKH� WRWDO �SRODUL]DWLRQ�FXUYH�VLJQLILFDQWO\�VKLIWV� IURP�WKH� PRUH�
QREOH�UHJLRQ�WKDQ�WKH�HTXLOLEULXP�SRWHQWLDO�RI�=Q�WR�WKH�OHVV�QREOH�UHJLRQ��:LWK�
WKH� DGGLWLRQ� RI� WKH� ,0(�� WKH� GHFUHDVH� LQ� WUDQVLWLRQ� FXUUHQW� GHQVLW\� ZDV� DW�
WULEXWHG� WR� WKH� VXSSUHVVLRQ� RI� K\GURJHQ� HYROXWLRQ�� DQG� WKH� FXUUHQW� HIILFLHQF\�
IRU�WKH�DOOR\�GHSRVLWLRQ�LQ�WKH�KLJK�FXUUHQW�GHQVLW\�UHJLRQ�GHFUHDVHG�GXH�WR�WKH�
VXSSUHVVLRQ�RI�ERWK�WKH�=Q�DQG�1L�GHSRVLW LRQV� �7KH�1L�FRQWHQW�RI�WKH�GHSRVLWHG�
ILOPV� GHFUHDVHG� ZLWK� WKH� ,0(�� LQGLFDWLQJ� WKDW � 1L� GHSRVLWLRQ� ZDV� PRUH� VXS�
SUHVVHG� E\� WKH� ,0(� WKDQ� =Q� GHSRVLWLRQ��:LWK� LQFUHDVLQJ� FXUUHQW� GHQVLW\� � WKH�
FU\VWDOV� RI� WKH� ILOPV� GHSRVLWHG� IURP� WKH� ,0(�FRQWDLQLQJ� VROXWLRQ� EHFDPH�
VPRRWK�DQG�VKRZHG�VLJQLILFDQW�EULJKWQHVV��7KH�R[LGDWLRQ�UHDFWLRQ�RI�WKH�ILOPV�
GHSRVLWHG�IURP�WKH�,0(�FRQWDLQLQJ�VROXWLRQ�ZDV�VXSSUHVVHG��&RQVHTXHQWO\� �WKH�
FRUURVLRQ�SRWHQWLDO�VKLIWHG�WR�WKH�QREOH�GLUHFWLRQ�ZLWK�WKH�,0(�  
 

,Q�&KDSWHU� ��� WKH� HIIHFW� RI� VROXWLRQ� WHPSHUDWXUH� RQ� WKH� GHSRVLWLRQ� EHKDYLRU�
RI� =Q±1L� DOOR\V� IURP� DONDOLQH� ]LQFDWH� VROXWLRQV� ZDV� LQYHVWLJDWHG�� 7KH�
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WUDQVLWLRQ� FXUUHQW� GHQVLW\� DW� ZKLFK� WKH � GHSRVLWLRQ� EHKDYLRU� VKLIWHG� IURP� WKH�
QRUPDO� WR� DQRPDORXV� FR�GHSRVLW LRQ�ZDV� DOPRVW� LGHQWLFDO� DW � VROXWLRQ� WHPSHUD�
WXUHV� RI� ���� DQG�����.�EXW� FOHDUO\� LQFUHDVHG� DW� ����.��7KH� WUDQVLWLRQ� FXUUHQW�
GHQVLW\� DSSHDUHG� WR� LQFUHDVH� GXH� WR� WKH� HQKDQFHPHQW� RI� + �� HYROXWLRQ� DQG� 1L�
GHSRVLWLRQ�DW�����.��7KH�FXUUHQW�HIILFLHQF\�IRU�DOOR\�GHSRVLWLRQ�DOVR�LQFUHDVHG�
ZLWK� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH� LQ� ERWK� WKH� QRUPDO� ��� ±���$yPí��� DQG�
DQRPDORXV� �����$� yPí��� FR�GHSRVLWLRQ� UHJLRQV�� ,Q� WKH� QRUPDO� FR �GHSRVLWLRQ�
UHJLRQ�� 1L� GHSRVLWLRQ� DQG� +�� HYROXWLRQ� PDLQO\� RFFXUUHG�� DQG� WKH� SURPRWLQJ�
HIIHFW�RI�LQFUHDVH�LQ�WKH�VROXWLRQ�WHPSHUDWXUH�RQ�WKH�1L�GHSRVLW LRQ�ZDV�JUHDWHU�
WKDQ� WKDW � RQ� WKH� +�� HYROXWLRQ�� UHVXOWLQJ� LQ� DQ� LQFUHDVH� LQ� FXUUHQW� HIILFLHQF\�
DORQJVLGH� VROXWLRQ� WHPSHUDWXUH�� ,Q� WKH� DQRPDORXV� FR �GHSRVLWLRQ� UHJLRQ� DW� ����
$� yPí��� =Q� GHSRVLWLRQ� DQG� +�� HYROXWLRQ� PDLQO\� RFFXUUHG�� DQG� =Q� GHSRVLW LRQ�
DSSHDUHG� WR� SURFHHG� XQGHU� D� PL[HG� UDWH �GHWHUPLQLQJ� SURFHVV� FRPSULVLQJ� WKH�
FKDUJH�WUDQVIHU�DQG�GLIIXVLRQ�RI�=Q�LRQV� �6LQFH�WKH�GLIIXVLRQ�RI�=Q�LRQV�LV�SUR�
PRWHG�E\�LQFUHDVLQJ�WKH�VROXWLRQ�WHPSHUDWXUH��WKH�FXUUHQW�HIILFLHQF\�DOVR�VHHPV�
WR� LQFUHDVH��)XUWKHUPRUH�� WKH�1L�FRQWHQW� LQ� WKH�GHSRVLWHG�ILOPV� LQFUH DVHG�ZLWK�
WKH�VROXWLRQ�WHPSHUDWXUH�DW�DOO �FXUUHQW�GHQVLWLHV��,Q�WKH�UHJLRQ�ZKHUH�WKH�FKDUJH�
WUDQVIHU�SURFHVV� LV� UDWH�OLPLWLQJ��1L�GHSRVLWLRQ�DFFHOHUDWHV� WR�D�JUHDWHU�GHJUHH�
FRPSDUHG�ZLWK� =Q� GHSRVLWLRQ� DORQJVLGH� LQFUHDVLQJ� VROXWLRQ� WHPSHUDWXUH�� DV� D�
UHVXOW � �1L�FRQWHQW� LQ� WKH�GHSRVLWHG�ILOPV�VHHPV� WR� LQFUHDVH� � ,Q�DGGLWLRQ�� WKH� Ȗ�
SKDVH�RI�WKH�GHSRVLWHG�ILOPV�LQFUHDVHG�ZLWK�DQ�LQFUHDVLQJ�VROXWLRQ�WHPSHUDWXUH�  
 

,Q�&KDSWHU���� WKH�V\QHUJLVW LF�HIIHFW�RI�,(0�DQG�VROXWLRQ� WHPSHUDWXUH�RQ� WKH�
GHSRVLWLRQ�EHKDYLRU�RI�=Q±1L�DOOR\�IURP�DONDOLQH�]LQFDWH�VROXWLRQV�ZDV�LQYHVW
LJDWHG��7KH� WUDQVLWLRQ�FXUUHQW�GHQVLW\� � DW �ZKLFK� WKH�GHSRVLWLRQ�EHKDYLRU� VKLIWH
G�IURP�WKH�QRUPDO�WR�DQRPDORXV�W\SH�GHFUHDVHG�ZLWK�WKH�DGGLWLRQ�RI�,0(�DW���
��.�EXW�GLG�QRW�FKDQJH�UHJDUGOHVV�RI� ,0(�DGGLWLRQ� DW �����.�DQG�����.��7KLV�L
QGLFDWHV�WKDW�WKH�LQKLELWRU\�HIIHFW�RI�,0(�RQ�WKH�K\GURJHQ�HYROXWLRQ�GHFUHDVHV
�ZLWK� LQFUHDVLQJ� WKH� VROXWLRQ� WHPSHUDWXUH��7KH� VXSSUHVVLRQ�HIIHFW�RI� ,0(�RQ� W
KH�=Q�DQG�1L�GHSRVLW LRQV�GXULQJ� WKH�DOOR\�GHSRVLWLRQ�ZDV�REVHUYHG�DW�����.� �
ZKLOH�DW�����.�DQG�����.��WKH�VXSSUHVVLRQ�HIIHFW�ZDV�GHFUHDVHG�RQ�WKH�=Q�GHS
RVLWLRQ�� WKRXJK�PDLQWDLQHG�RQ�WKH�1L�GHSRVLWLRQ��7KHUHIRUH� �1L�FRQWHQW� LQ�WKH�
GHSRVLWV�VLJQLILFDQWO\�GHFUHDVHG�ZLWK�,0(�DV�WKH�WHPSHUDWXUH�LQFUHDVHG��7KH�F
XUUHQW�HIILFLHQF\�IRU�=Q�GHSRVLWLRQ�VLJQLILFDQWO\�GHFUHDVHG�ZLWK�,0(�DW�����.�
�ZKLOH�GHFUHDVLQJ� LQVLJQLILFDQWO\�DW�����.�DQG�����.��7KH�&�FRQWHQW� LQ� WKH�GH
SRVLWV�ZDV� WKH�KLJKHVW�DW�����.��DQG�GHFUHDVHG�ZLWK� WKH� LQFUHDVLQJ�VROXWLRQ� WH
PSHUDWXUH��LQGLFDWLQJ�WKDW�WKH�DGVRUSWLRQ�DELOL W\�RI�,0(�RQ�WKH�FDWKRGH�GHFUHD
VHV�ZLWK�WKH�LQFUHDVLQJ�WHPSHUDWXUH� �$V�D�UHVXOW ��WKH�VXSSUHVVLRQ�HIIHFW�RI�,0(
�RQ�WKH�=Q�GHSRVLWLRQ�VHHPV�WR�GHFUHDVH�ZLWK� LQFUHDVLQJ�WKH�WHPSHUDWXUH� �7KH�
JORVV�RI� WKH�GHSRVLWHG�ILOPV�ZDV�WKH�KLJKHVW �DW �����.��DWWULEXWHG�WR� WKH�DGVRUS
WLRQ�DELOLW\�RI�,0(�EHLQJ�ODUJH�DW �����.�DQG�GHSRVLWHG�ILOPV�ZLWK�ILQH�FU\VWDOV
�EHFRPLQJ�VPRRWK�  

 

,Q�&KDSWHU����WKH�HIIHFW�RI�,0(�DGGLWLRQ�RQ�WKH�FRUURVLRQ�UHVLVWDQFH�RI�WKH�G
HSRVLWHG�=Q�1L� DOOR\� ILOPV�ZDV� LQYHVWLJDWHG�XVLQJ� LPPHUVLRQ� WHVWV� LQ� D� ��PDV
V��DTXHRXV�1D&O�VROXWLRQ��ZKLFK�LV�D�W\SLFDO�HQYLURQPHQW�FRQWDLQLQJ�FKORULGH
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� LRQV�� ,Q�WKH�GHSRVLWHG�=Q�1L�DOOR\�ILOPV�ZLWKRXW����K�LPPHUVLRQ�LQ�WKH���PDV
V��DTXHRXV�1D&O�VROXWLRQ��WKH�DQRGLF�UHDFWLRQ�ZDV�VXSSUHVVHG�ZLWK�,0(�DQG�W
KH�FRUURVLRQ�SRWHQWLDO� VKLIWHG� WR�QREOH�GLUHFWLRQ��(YHQ� LQ� WKH�ILOPV�RQ�ZKLFK� W
KH� FRUURVLRQ�SURGXFWV�ZHUH� IRUPHG�DIWHU����K� LPPHUVLRQ� LQ� WKH���PDVV��DTXH
RXV�1D&O�VROXWLRQ��WKH�DQRGLF�UHDFWLRQ�ZDV�VXSSUHVVHG�E\�,0(�DGGLWLRQ�DQG�WK
H� FRUURVLRQ�SRWHQWLDO � VKLIWHG� WR� WKH�QREOH� VLGH� �7KH� FRUURVLRQ� SURGXFWV�ZKLFK�
ZHUH�]LQF�FKORULGH�K\GUR[LGH��=Q��2+��&O��ā�+�2���ZHUH�IRUPHG�DIWHU����K�LP
PHUVLRQ� LQ� WKH���PDVV��1D&O�VROXWLRQ�RI�=Q �1L� DOOR\� ILOPV�GHSRVLWHG�ZLWK� DQ
G�ZLWKRXW� ,0(��7KH�SODWH �OLNH�FU\VWDOV�RI�]LQF�FKORULGH�K\GUR[LGH�IRUPHG�RQ� W
KH�=Q�1L�DOOR\�ILOPV��ZKLFK�ZDV�REWDLQHG�IURP�WKH�VROXWLRQ�FRQWDLQLQJ���POāG
P���RI�,0(��ZHUH�ILQH�DQG�XQLIRUP�RYHU�WKH�HQWLUH�VXUIDFH� �,Q�WKH�ILOPV�RQ�ZKL
FK� WKH�FRUURVLRQ�SURGXFWV�ZHUH�IRUPHG�DIWHU����K� LPPHUVLRQ� LQ� WKH���PDVV��D
TXHRXV�1D&O�VROXWLRQ�� WKH� VXSSUHVVLRQ�RI�DQRGLF�UHDFWLRQ�ZLWK�,0(�LV�DWWULEXW
HG� WR�WKH�IRUPDWLRQ�RI�XQLIRUP�FRUURVLRQ�SURGXFWV� �]LQF�FKORULGH�K\GUR[LGH��R
Q�WKH�VXUIDFH��LQ�DGGLWLRQ�WR�WKH�FR �GHSRVLWLRQ�RI�&�  
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$FNQRZOHGJPHQWV  

 

ᮏ◊✲ㄽᩥ䜢䜎䛸䜑䜛䛻ᙜ䛯䜚䚸⤊ጞ᠓ษ୎ᑀ䛺䛤ᣦᑟ䜢㈷䜚䜎䛧䛯஑ᕞ኱Ꮫ኱Ꮫ㝔ᕤ

Ꮫ◊✲㝔ᮦᩱᕤᏛ㒊㛛୰㔝༤᫛ᩍᤵ䛻ཌ䛟䛚♩⏦䛧ୖ䛢䜎䛩䚹 䜎䛯䚸᭷┈䛺䛤ຓゝ䛸䛤

ᣦᑟ䜢㈷䜚䜎䛧䛯ྠ㒊㛛ᐑཎᗈ㑳ᩍᤵ䚸 ᕤᏛ◊✲㝔ᆅ⌫㈨※䝅䝇䝔䝮ᕤᏛ㒊㛛୕ᮌ୍ 

෸ᩍᤵ䛻ཌ䛟䛚♩⏦䛧ୖ䛢䜎䛩䚹 

 ᮏ◊✲䜢㐙⾜䛩䜛䛣䛸䛻ᙜ䛯䜚䚸㐺ษ䛺䛤ຓゝ䛸ከᩘ䛾㆟ㄽ䜢䛧䛶㡬䛝䜎䛧䛯஑ᕞ኱Ꮫ

኱Ꮫ㝔ᕤᏛ◊✲㝔ᮦᩱᕤᏛ㒊㛛㇂䝜ෆຬᶞ෸ᩍᤵ೴኱ୖᝅຓᩍ䚸㡑ᅜ៞໭኱Ꮫ᪂⣲ᮦ
ᕤᏛ㒊㔠ᒓ᪂⣲ᮦᑓᨷᏞோಇᩍᤵ䛻῝䛟䛚♩⏦䛧ୖ䛢䜎䛩䚹 

䜎䛯䚸୕ᖺ㛫ᐇ㦂䜢㐍䜑䜛䛻ᙜ䛯䜚ከ኱䛺䛤༠ຊ䜢㡬䛝䜎䛧䛯䚹⚾䛾ᝎ䜏䜢ඹ䛻ศ䛛䛱

ྜ䛔◊✲⪅䛸䛧䛶䛾ຓゝ䜢ᝰ䛧䜎䛪䚸᪥ᮏ䛷᭱䜒ከ䛟䛾᫬㛫䜢ඹ䛻㐣䛤䛧䛯୰㔝◊✲ᐊ䛾

Ꮫ⏕䛾ⓙᵝ䛻ឤㅰ䜢⏦䛧ୖ䛢䜎䛩䚹 

᭱ᚋ䛻䚸୍␒ឡ䛩䜛ᐙ᪘䛾ಙ㢗䛸ឡ䛜䛺䛛䛳䛯䜙䛣䛾኱䛝䛺᪑⛬䜢↓஦䛻䜔䜚㐙䛢䜙䜜

䛺䛛䛳䛯䛸ᛮ䛔䜎䛩䚹䛔䛴䜒ឤㅰ䛾Ẽᣢ䛱䜢ᣢ䛱䜘䜚㄂䜙䛧䛔ᜥᏊ䛻䛺䜛䜘䛖䛻ດຊ䛧䛶䛔䛝

䛯䛔䛸ᛮ䛔䜎䛩䚹 

 

௧࿴4ᖺ 

BAE SEONGHWA (䣡䗹㕙) 
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