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V����PRVWURX�VHU�SUHGRPLQDQWHPHQWH�',63��

7KH�NLQHWLFV�RI�WKH�VORZ�FRXSOLQJ�RI�&2��ZLWK�WKH�DQLRQ�UDGLFDO�RI���NHWR�LVRSKRURQH���.,��LQ
DFHWRQLWULOH�DQG�RQ�D�JROG�DPDOJDPDWHG�HOHFWURGH�KDV�EHHQ�DQDO\]HG�E\�XVLQJ�F\FOLF�YROWDPPHWU\

DQG�GRXEOH�SRWHQWLDO�VWHS�FKURQRDPSHURPHWU\��7KH�FRXSOLQJ�UDWH�LV�HVWLPDWHG�DV������V���DQG�WKH

HOHFWURGH�PHFKDQLVP�DW�VORZ�VZHHS�UDWHV��Q�����9�V����LV�SUHGRPLQDQWO\�',63��

.H\ZRUGV����NHWR�LVRSKRURQH��NLQHWFV��&2��DQG�(&(�',63�PHFKDQLVP

,QWURGXFWLRQ

7KH�HOHFWURFKHPLFDO� UHGXFWLRQ�RI�DFWLYDWHG�ROHILQV� LQ
QRQ�DTXHRXV�VROYHQWV�LV�ZHOO�GRFXPHQWHG�LQ�WKH�OLWHUDWXUH����
,Q� WKH� DEVHQFH� RI� D� SURWRQ� GRQRU� WKH� UHGXFWLRQ� RI� WKHVH
VXEVWUDWHV�QRUPDOO\�RFFXUV�LQ�WZR��ZHOO�VHSDUDWHG��RQH�HOHF�
WURQ�WUDQVIHUV��ZHUH�WKH�DQLRQ�UDGLFDO�IRUPHG�DIWHU�WKH�ILUVW
HOHFWURQ�XSWDNH�� LV�TXLWH� VWDEOH�XQGHU� WKHVH�H[SHULPHQWDO
FRQGLWLRQV��7KHVH�ILQGLQJV�VWLPXODWHG�WKH�LQYHVWLJDWLRQ�RI
WKH�LQIOXHQFH�LQ�WKH�SUHVHQFH�RI�WUDSV�FDSDEOH�RI�LQWHUFHSW�
LQJ�WKH�UDGLFDO�LQWHUPHGLDWH��7KLV�LV�RI�SUDFWLFDO�LPSRUWDQFH
IRU�V\QWKHVHV�DQG�&�&�ERQG�IRUPDWLRQ�DQG�IXQFWLRQDOLVD�
WLRQ�RI�DFWLYDWHG�ROHILQV��&DUERQ�GLR[LGH�KDV�EHHQ�ZLGHO\
XVHG�DV�DQ�DQLRQ�UDGLFDO� LQWHUFHSWLQJ�DJHQW��7KH�HOHFWUR�
FKHPLFDO�EHKDYLRU�RI�DURPDWLF�K\GURFDUERQV�����DQG�TXL�
QRQHV������ LQ� WKH� SUHVHQFH� RI� &2�� KDV� UHFHLYHG� VSHFLDO
DWWHQWLRQ�� SUREDEO\�GXH� WR� WKH� DGHTXDWH� VWDELOLW\�RI� WKHLU
HOHFWURJHQHUDWHG�DQLRQ�UDGLFDO�

7KH�OLPLWLQJ�PHFKDQLVP�JRYHUQLQJ�WKH�HOHFWURGH�SURF�
HVV�LQ�WKH�SUHVHQFH�RI�&2��VWURQJO\�GHSHQGV�RQ�WKH�UHGXF�
WLRQ�SRWHQWLDO�RI� WKH�VXEVWUDWH�FRPSDUHG� WR� WKH�UHGXFWLRQ
SRWHQWLDO�RI�&2�

���������)RU�DURPDWLF�K\GURFDUERQV��H[SHUL�

PHQWDO� HYLGHQFH� FOHDUO\� SRLQWV� WR� D� OLPLWLQJ�PHFKDQLVP
LQYROYLQJ�D�FRXSOLQJ�UHGXFWLRQ�EHWZHHQ�&2�

x�DQG�WKH�DUR�
PDWLF�K\GURFDUERQ���(&(�PHFKDQLVP��ZKHUH�WKH�UHGXFWLRQ
SRWHQWLDO�RI�WKH�VXEVWUDWH�LV�PRUH�QHJDWLYH�WKDQ�WKH�RQH�RI
&2���&2�

x�� ,W�ZDV�GHPRQVWUDWHG��� LQ� WKH�FDVH�ZKHUH� WKH
VXEVWUDWH� LV� PRUH� HDVLO\� UHGXFHG� WKDQ� &2��(RVXEVWUDWH
��(R&2���WKDW�KRPRJHQHRXV�UHGR[�FDWDO\VLV�EHFRPHV�D�YHU\
LPSRUWDQW�PHFKDQLVWLF�VWHS�LQ�WKH�UHGXFWLYH�DGGLWLRQ�RI�&2�

WR�WKH�DURPDWLF�K\GURFDUERQ�ZKLFK�LV�EHVW�GHVFULEHG�E\�D
',63��PHFKDQLVP��,Q�IDFW�WKH�(&(�',63�PHFKDQLVP�����

DUH�VWDWHG�IRU�D�YHU\�ODUJH�QXPEHU�RI�RUJDQLF�PROHFXOHV�DQG
IUHTXHQWO\�DUH�UHSRUWHG�LQ�WKH�OLWHUDWXUH����,W�LV�YHU\�LPSRU�
WDQW�WR�GLVFHUQ�EHWZHHQ�ERWK�PHFKDQLVPV��HVSHFLDOO\�ZKHQ
RQH�ZDQWV�WR�FDOFXODWH�WKH�UDWH�FRQVWDQW�EDVHG�RQ�WKH�WKHR�
UHWLFDO� HTXDWLRQV�� 7KH� XVH� RI� WKH� ZURQJ� HTXDWLRQV� FDQ
LQWURGXFH�D�IDFWRU�RI�WZR�RUGHUV�RI�PDJQLWXGH�HUURU�LQ�WKH
FDOFXODWHG�UDWH�FRQVWDQW���

7KH�RSHUDWLYH�PHFKDQLVP�RI�WKH�UHGXFWLYH�DGGLWLRQ�RI
&2��WR�TXLQRQHV�LV�QRW�\HW�FRPSOHWHO\�HOXFLGDWHG�������7KH
H[LVWHQFH�RI�D�WKUHVKROG�SRWHQWLDO�JRYHUQLQJ�WKH�&2��DGGL�
WLRQ� DW� WKH� ILUVW� RU� WKH� VHFRQG� YROWDPPHWULF� SHDN� RI� WKH

$UWLFOH
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TXLQRQHV�ZDV�VXJJHVWHG�E\�1DJDRND�HW�DO�����7KHVH�DXWKRUV
FRQFOXGHG�WKDW�UHGXFWLYH�DGGLWLRQ�RI�&2��WR�WKH�TXLQRQHV
WDNHV�SODFH�DW�WKH�ILUVW�YROWDPPHWULF�SHDN�ZKHUH�WKH�4�4x

FRXSOH� KDV� D� UHGXFWLRQ�SRWHQWLDO� HTXDO� RU�PRUH�QHJDWLYH
WKDQ������9��$J�$J�������PRO�GP�����,Q�WKLV�FDVH�DQ�(&(&
HOHFWURGH�PHFKDQLVP�ZDV�SURSRVHG��)RU�TXLQRQHV�KDYLQJ
UHGXFWLRQ�SRWHQWLDOV�PRUH�SRVLWLYH�WKDQ������9�QR�DGGLWLRQ
DW� WKH� ILUVW� SHDN� ZDV� REVHUYHG�� ,Q� WKLV� FDVH� D� UHGXFWLYH
GLDQLRQ�FRXSOLQJ�ZLWK�&2��LV�REVHUYHG�DV�VXSSRUWHG�E\�D
SRVLWLYH�VKLIW�RI�WKH�GLDQLRQ�SHDN�LQ�WKH�SUHVHQFH�RI�&2��
$Q�((&�PHFKDQLVP�ZDV�SURSRVHG� WR�GHVFULEH� WKLV� VLWX�
DWLRQ�

7KH� SRWHQWLDO� IRU� JHQHUDWLQJ� DQLRQ�UDGLFDOV� DQG� WKHLU
VWDELOLW\�GHSHQG�XSRQ�VWUXFWXUH��DV� UHSRUWHG� IRU�DURPDWLF
FRPSRXQGV����� DQG� DFWLYDWHG� ROHILQV������� 6LPSOHU� FRQMX�
JDWHG�ROHILQV�DUH�OHVV�LQYHVWLJDWHG������,Q�RUGHU�WR�YHULI\�WKH
LQIOXHQFH� RI� DQLRQ�UDGLFDO� VWDELOLW\� RQ� &2�� DGGLWLRQ�� ��
NHWR�LVRSKRURQH�ZDV�FKRVHQ�DV�D�PRGHO��,Q�WKLV�SDSHU�ZH
UHSRUW�UHVXOWV�IURP�F\FOLF�YROWDPPHWU\��FKURQRDPSHURP�
PHWU\�DQG�FRQWUROOHG�SRWHQWLDO�FRXORPPHWU\�

([SHULPHQWDO

&KHPLFDOVBB��.HWR�LVRSKRURQH��.,���)LJ�����ZDV�V\Q�
WKHVL]HG�IURP�LVRSKRURQH��$OGULFK��IROORZLQJ�D�SURFHGXUH
GHVFULEHG� LQ� WKH� OLWHUDWXUH������� 6SHFWURVFRSLF� JUDGH� DFH�
WRQLWULOH�� $1�0HUFN�8YDVRO�� ZDV� XVHG� DV� UHFHLYHG�
7HWUDEXW\ODPPRQLXP�SHUFKORUDWH��7%$3� �(DVWPDQ��ZDV
YDFXXP�GULHG�DW������&�IRU����K�DQG�VWRUHG�LQ�D�GHVLFFDWRU
RYHU�.2+��6LQFH�WKH�F\FOLF�YROWDPPRJUDP�RI�WKH�����PRO
GP���7%$3�$1�VROXWLRQ��UHFRUGHG�DW�KLJK�VHQVLWLYLW\��UH�
VXOWHG� LQ� D� ORZ�� IODW�� EDVHOLQH�� 7%$3�ZDV� XVHG� ZLWKRXW
IXUWKHU� SXULILFDWLRQ�� %HIRUH� XVH�� ERWK� 1�� DQG� &2�� �$LU
/LTXLG�� ZHUH� SDVVHG� WKURXJK� D� JDV� SXULILFDWLRQ� V\VWHP
PDGH�RI� D� FROXPQ� FRQWDLQLQJ�%76� FDWDO\VW� �%$6)�� IRO�
ORZHG�E\� D� VHULHV�RI�ZDVKLQJ�ERWWOHV� FRQWDLQLQJ��+�62�

�FRQF����PROHFXODU� VLHYH� ���c�� DQG� DFWLYDWHG� VLOLFD�� 7KH
UHVLGXDO�ZDWHU�FRQWHQW�RI� WKH� ILQDO�V\VWHP������PRO�GP��

7%$3�$1���GHWHUPLQHG�E\�.DUO�)LVKHU�WLWUDWLRQ��ZDV�IRXQG
WR� EH� ���PPRO� GP���� 7KH�PD[LPXP�&2�� FRQFHQWUDWLRQ
�VDWXUDWLRQ��GLVVROYHG� LQ�����PRO�GP���7%$3�$1��GHWHU�
PLQHG� E\� DFLG�EDVH� WLWUDWLRQ��ZDV� IRXQG� WR� EH� �����PRO
GP���� 7KLV� LV� D� UHDVRQDEOH� YDOXH�ZKHQ� FRPSDUHG� WR� WKH
YDOXHV�RI������PRO�GP��������PRO�GP���(W�1&O2��$1����
����� PRO� GP��� �(W�1%)��$1���� DQG� ����� PRO� GP��

�(W�1%U�'0)���

7KH�&2��UHGXFWLRQ�ZDYH�LQ�����PRO�GP���7%$3�$1�LV
ORFDWHG�YHU\�FORVH�WR�WKH�GLVFKDUJH�RI�WKH�VXSSRUWLQJ�HOHF�

WURO\WH� ZKHUH� LWV� EHJLQQLQJ� LV� HVWLPDWHG� DV� ����� 9� YV�
$J������PRO�GP���$J�����

$SSDUDWXV�DQG�SURFHGXUHV

$Q� (&	*� 3$5&� ���� SRWHQWLRVWDW�JDOYDQRVWDW� ZDV
XVHG� LQ� DOO� &�9�� DQG� GRXEOH� SRWHQWLDO� VWHS� FKURQRDP�
SHURPHWULF��'�3�6�&���H[SHULPHQWV��7KH�V\VWHP�ZDV�PRQL�
WRUHG�E\�DQ�,%0�3&�FRPSDWLEOH�PLFURFRPSXWHU�FRQWUROOHG
E\� WKH� 3$5&�P���� VRIWZDUH�� &RQWUROOHG� SRWHQWLDO� FRX�
ORPHWULF��&�3�&���H[SHULPHQWV�ZHUH�SHUIRUPHG�XVLQJ�D����
SRWHQWLRVWDW�JDOYDQRVWDW�HTXLSSHG�ZLWK�D�PRGHO�����GLJLWDO
FRXORPHWHU�DQG�D�PRGHO�����FHOO�V\QFKURQRXV�VWLUUHU��DOO
(&	*�3$5&��

$�FRPPHUFLDO�SRODURJUDSKLF�FHOO�ZLWK� ILYH�RSHQLQJV�
DGDSWHG�WR�UHFHLYH�WKUHH�HOHFWURGHV�DQG�WKH�LQOHW�RXWOHW�IRU
WKH�JDVHV��ZDV�XVHG�IRU�&�9��DQG�'�3�6�&��H[SHULPHQWV��7KH
ZRUNLQJ�HOHFWURGH�ZDV�DQ�DPDOJDPDWHG�JROG�GLVF�ZLWK�D
VXUIDFH�DUHD�RI�a����FP���7KH�DPDOJDP�ZDV�UHPRYHG�GDLO\
IURP� WKH�JROG� VXUIDFH�XVLQJ������Y�Y��+12���7KH�JROG

VXUIDFH�ZDV�PLUURU�SROLVKHG�XVLQJ�D�DOXPLQD�����������PP�
EHIRUH�DSSO\LQJ�IUHVK�+J��7KH�DX[LOLDU\�HOHFWURGH�ZDV�D�3W
ZLUH� VSLUDOO\� ZRXQG� DURXQG� WKH� ZRUNLQJ� HOHFWURGH�� $OO
SRWHQWLDOV�DUH�UHIHUUHG�WR�D�$J����PPRO�GP���$J�������PRO
GP��� 7%$3�$1�� UHIHUHQFH� HOHFWURGH�� LVRODWHG� IURP� WKH
EXON�RI�WKH�VROXWLRQ�E\�D�OXJJLQ�FDSLOODU\��ORFDWHG�DV�FORVH
DV�SRVVLEOH�WR�WKH�ZRUNLQJ�HOHFWURGH��7KH�RKPLF�UHVLVWDQFH

RI�WKH�HOHFWURFKHPLFDO�V\VWHP�ZDV�IRXQG�WR�EH����4��WKH
HOHFWURQLF�LQWHUQDO�FRPSHQVDWLRQ�RI�WKH�0����LQWHUIDFH�ZDV
XVHG�DV�XVXDO��)RU�FRQWUROOHG�SRWHQWLDO�FRXORPHWU\�H[SHUL�
PHQWV� �&3&�� D� PHUFXU\� SRRO� �$�  � ����� FP��� ZRUNLQJ
HOHFWURGH�ZDV�XVHG�

5HVXOWV�DQG�'LVFXVVLRQ

7KH�F\FOLF�YROWDPPHWULF�EHKDYLRU�RI��.,�LQ�WKH�DEVHQFH
RI� &2�� ZDV� LQYHVWLJDWHG� DV� D� IXQFWLRQ� RI� VZHHS� UDWH�

��������Q������9�V�����DQG�FRQFHQWUDWLRQ��������PRO�GP����Q
 � ���� DQG� �� 9� V����� $� UHSUHVHQWDWLYH� YROWDPPRJUDP� LV
VKRZQ� LQ� )LJ�� �$��'XULQJ� WKH� FDWKRGLF� VZHHS� WZR�ZHOO
GHILQHG�PRQRHOHFWURQLF�SHDNV�DUH�REVHUYHG�ZKLOH�RQO\�D
VLQJOH� PRQRHOHFWURQLF� SHDN� �� FRUUHVSRQGLQJ� WR� FDWKRGLF
SHDN�,��LV�REVHUYHG�GXULQJ�WKH�DQRGLF�VZHHS��7KH�DQDO\VLV
RI�WKH�F\FOLF�YROWDPPRJUDPV�UHFRUGHG�ZLWK�WKH�FDWKRGLF
VZLWFKLQJ�SRWHQWLDO�OLPLWHG�DW������9�IXUQLVKHG�IRU�WKH�ILUVW

PRQRHOHFWURQLF�SURFHVV��LSD�LSF�����DQG�'(S� ����P9��7KH
PHFKDQLVWLF�FULWHULD�IRU�WKHVH�SHDNV�DUH�UHSRUWHG�LQ�7DEOH���
)RU�WKH�SRWHQWLDO�VZHHS�UDWH�DQDO\]HG��WKH�ILUVW�SDLU�RI�SHDNV
FDQ� EH� FRQVLGHU� DV� D� UHYHUVLEOH� PRQRHOHFWURQLF� SURFHVV
UHSUHVHQWHG�E\�WKH��.,��.,x�FRXSOH�

7KH�VPDOO�GLVFUHSDQFLHV�IURP�WKH�WKHRUHWLFDO�YDOXHV�FDQ
EH�UHODWHG�WR�D�FKHPLFDO�UHDFWLRQ�RFFXUULQJ�DIWHU�WKH�ILUVW
HOHFWURQ�WUDQVIHU��7ZR�SRVVLEOH�H[SODQDWLRQV�IRU�WKLV�EHKD�
YLRU�FDQ�EH�IRXQG������GLPHUL]DWLRQ�WR�D�OHVV�H[WHQVLRQ�RI
WKH� DQLRQ�UDGLFDO� RI� �.,� DV� UHSRUWHG� IRU� LVRSKRURQH� LQ

����7KH�&2��UHGXFWLRQ�LQ�'0)��'062�DQG�3&�PHGLD�KDV�EHHQ�UHSRUWHG�WR�RFFXU�DURXQG������9�YV��6�&�(��������,W�ZDV�VXJJHVWHG���WKDW�RQH�FDQ�XVH�WKH
H[SHULPHQWDO�(R�YDOXH�IRU�'0)�DV�D�JRRG�DSUR[LPDWH�YDOXH�IRU�$1�PHGLXP��2XU�H[SHULPHQWDO�UHVXOWV�VKRZHG�WKDW�WKLV�LV�QRW�WUXH��&2��UHGXFWLRQ�LQ�$1
RFFXUV�DW�PXFK�PRUH�QHJDWLYH�SRWHQWLDOV���7KLV�LV�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�YDOXH�UHSRUWHG�LQ�WKH�OLWHUDWXUH���������9�6�&�(������PRO�GP��
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DQK\GURXV�'0)��RU�����LUUHYHUVLEOH�SURWRQDWLRQ�E\�UHVLGXDO
ZDWHU�SUHVHQW�LQ�WKH�VROYHQW�����PPRO�GP�����6LQFH�ZH�GLG
QRW�KDYH�DFFHVV�WR�D�WRWDOO\�UHYHUVLEOH�F\FOLF�YROWDPPHWULF
EHKDYLRU�IRU�WKH�ILUVW�FDWKRGLF�SHDN��D�GLIIXVLRQ�FRHIILFLHQW
RI������[������FP��V���ZDV�FDOFXODWHG�DV�D�ILUVW�DSSUR[LPDWH
YDOXH��

1R�DQRGLF�FRXQWHUSDUW�IRU�WKH�VHFRQG�FDWKRGLF�SHDN�ZDV
REVHUYHG� �VHH� )LJ�� �$��� HYHQ� DW� WKH� KLJKHVW� VZHHS� UDWH
LQYHVWLJDWHG�����9�V�����$����P9�DQRGLF�GLVSODFHPHQW�RI
(S,,�ZDV�REVHUYHG�ZLWK�LQFUHDVLQJ��.,�FRQFHQWUDWLRQ��$G�
GLWLRQ��RQ�SXUSRVH��RI�ZDWHU�UHVXOWHG�LQ�DQ�LQFUHDVH�RI�LS,,

WRJHWKHU�ZLWK�DQ�DQRGLF�GLVSODFHPHQW�RI�WKH�SHDN�SRWHQWLDO�
$W�WKH�HQG��IXVLRQ�EHWZHHQ�WKH�WZR�FDWKRGLF�SHDNV�RFFXUUHG
UHVXOWLQJ�LQ�D�VLQJOH�LUUHYHUVLEOH�FDWKRGLF�SHDN��7KLV�EHKDY�
LRU� RI� WKH� VHFRQG� FDWKRGLF� SHDN� LV�ZHOO� NQRZQ� DQG�ZDV
REVHUYHG�IRU�RWKHU�FRQMXJDWHG�NHWRQHV���6R��WKH�HOHFWURGH
PHFKDQLVP�IRU�WKH�UHGXFWLRQ�RI��.,�IROORZV�WKH�ZHOO�HVWDE�
OLVKHG�((&�PHFKDQLVP�IRU�DFWLYDWHG�ROHILQV��WKH�ILUVW�YRO�
WDPPRJUDP� SHDN� FRUUHVSRQGLQJ� WR� WKH� �.,��.,x� FRXSOH
DQG�WKH�VHFRQG�SHDN�WR�WKH��.,x���., �FRXSOH�

(YHQ�ZLWK�WKH�SURSHU�FDUH��QR�UHSURGXFLEOH�GDWD�ZHUH
REWDLQHG�LI�WKH�YROWDPPRJUDPV�ZHUH�UHFRUGHG�ZLWK�(O�DW

�����9��,Q�WKLV�FDVH�LW�ZDV�QHFHVVDU\�WR�UHQHZ�WKH�HOHFWURGH
VXUIDFH�LQ�RUGHU�WR�REWDLQ�UHSURGXFLEOH�FXUYHV��+RZHYHU�
OLPLWLQJ�(O�DW������9��SRWHQWLDO�FRUUHVSRQGLQJ�WR�WKH�ILUVW
PRQRHOHFWURQLF�SURFHVV��JDYH�SHUIHFWO\�UHSURGXFLEOH�F\FOLF
YROWDPPRJUDPV��7KHVH�UHVXOWV�VXJJHVW�DGVRUSWLRQ�RQ�WKH
HOHFWURGH� VXUIDFH�RI� WKH� LQWHUPHGLDWH�V�� DQG�RU� WKH�SURG�
XFW�V�� IRUPHG� DIWHU� WKH� VHFRQG� HOHFWURQ� WUDQVIHU�� )XUWKHU
VXSSRUW�IRU�WKH�RFFXUUHQFH�RI�WKH�DGVRUSWLRQ�LV�WKH�UDWKHU
V\PPHWULF� VKDSH� RI� SHDN� ,,� �)LJ�� �$��� %DVHG� RQ� WKHVH
ILQGLQJV�WKH�HOHFWURGH�VXUIDFH��+J�$X��ZDV�UHQHZHG�MXVW
EHIRUH�WKH�UHFRUGLQJ�RI�DQ\�F\FOLF�YROWDPPRJUDP�

7KH�F\FOLF�YROWDPPHWULF�EHKDYLRU�RI��.,�LQ�WKH�SUHV�
HQFH�RI�&2���VDWXUDWHG���ZKHQ�LQYHVWLJDWHG�DV�D�IXQFWLRQ�RI

Q��VKRZV�VRPH�UHPDUNDEOH�FKDQJHV�FRPSDUHG�WR�LWV�EHKDY�
LRU�LQ�WKH�DEVHQFH�RI�WKH�DQLRQ�UDGLFDO�FDSWXULQJ�DJHQW��7ZR
GLVWLQFW� VZHHS� UDWH� UHJLRQV� FDQ� EH� GLVWLQJXLVKHG�� )RU

Q�������9�V��� GUDVWLF� FKDQJHV� LQ� WKH� &�9�� EHKDYLRU� DUH
REVHUYHG������7KH�UH�R[LGDWLRQ�SHDN�RI��.,x�DV�ZHOO�DV�WKH
VHFRQG� FDWKRGLF� SHDN� DUH� QR� ORQJHU� REVHUYHG� WKH� &�9�
VKRZV� D� VLQJOH� LUUHYHUVLEOH�SHDN� LQ� WKH�SUHVHQFH�RI�&2�

�)LJ���%�������7KH�SHDN�FXUUHQW�LV�GRXEOHG��LS�&2�� ���LS�1��
VXJJHVWLQJ�WKH�VLQJOH�FDWKRGLF�SHDN�WR�UHSUHVHQW�D�WZR�HOHF�
WURQ�XSWDNH��ZKLFK�ZDV�FRQILUPHG�E\�&�3�&��VKRZLQJ�Q� 
��LQ�WKH�SUHVHQFH�RI�&2��DQG�Q� ��XQGHU�1��DWPRVSKHUH�
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Expe ri ments var ying the 4KI con cen tra ti on did not
show any de pen den ce of Ep on CA in the ran ge analy zed, CA

= 0.05-5 mol dm-3, ν = 0.1 V s-1, (see Ta ble 1) whi le the
peak cur rent was found to be pro por ti o nal to ν1/2.

 This be ha vi or of 4KI at low swe ep ra tes is in di ca ti ve of
a cou pling of the ani on-radical, A•, to CO2. The ex pe ri men -
tal re sults show that the cou pling can be des cri bed by an
ECE (steps 1, 2, 3, and 4) or DISP1 (steps 1, 2, 3’, and 4)
me cha nism (see be low), the fun da men tal dif fe ren ce be ing
the way the se cond elec tron up ta ke oc curs: he te ro ge ne ous
(ECE) or ho mo ge ne ous (DISP). The ECE-DISP1 pro blem
has been the sub ject of de ta i led the o re ti cal analy sis for se -
ve ral elec tro che mi cal tech ni ques6,15,16. Cyclic vol tam -
metry is a very po wer ful tech ni que in me cha nis tic analy sis
but, in this par ti cu lar case it is not able to dis cri mi na te bet -
we en ECE/DISP1, this im pos si bi lity re sults from the fact
that the rds (step 2) is the same for both me cha nisms as sta -
ted be low.

A + e     A• (1)

A• + CO2      (ACOO-)• (2)

(ACOO-)• + e     (ACOO-)- (3)

(ACOO-)• + A•     (ACOO-)- + A (3’)

(ACOO-)- + CO2     A(COO-)2 (4)

Furt her ad van ce in the me cha nis tic for mu la ti on was at -
temp ted by per for ming dou ble po ten ti al step chro no am pe -
ro me tric ex pe ri ments. The po ten ti al was step ped from an
ini ti al res ting po ten ti al of -1.20 V to a po ten ti al of -1.70 V,
whe re it was kept for a time θ, fi nally be ing step ped back to
-1.20 V. Fi gu re 4 shows the the o re ti cal i(2)/i(θ) vs. log θ
cur ves for the ECE/DISP1 ca ses22 as well as the ex pe ri -
men tal data ob ta i ned for 4KI + CO2. The ex pe ri men tal re -
sults were fit ted to the wor king cur ve by dis pla ce ment of
the x axis. Whi le no ac cep ta ble fit can be ob ta i ned bet we en
the ex pe ri men tal data and the the o re ti cal cur ve for an ECE
me cha nism, a more than re a so na ble fit, at le ast in the log θ
≥ -2,0 re gi on, is ob ta i ned for the DISP1 me cha nism. Com -
pa ri son of the the o re ti cal wor king cur ve and the ex pe ri -
men tal po ints le ads to k1 = 0.35 s-1. DISP1 ki ne tics were
ob ser ved for the re duc ti ve cou pling of ot her clas ses of
com pounds with CO 2 1 4 , 2 4 .  The re  duc t i  on of
1,4-benzoquinone24 sho wed an even slo wer cou pling cons -
tant. When we com pa re the ra di cal-anion for med in the first 
elec tron trans fer of both com pounds one can con clu de that
4KI is much more uns ta ble than the BQ, so the cou pling
cons tant is re la ted to the life time of the ani on-radical. This
slow cou pling re ac ti on with the CO2 mo le cu le is pre dic ted
by Mar cus the ory. The cou pling rate of the ani on-radical
(step 2) is sub ject to lar ge char ges due to the re or ga ni za ti o -
nal energy of the sol vent as the li ne ar CO2 mo le cu le will
have to bend in or der to re act with the ani on-radical.

For the fast po ten ti os ta tic step re gi on (0.1 < θ < 10 ms)
a mi xed be ha vi or is ob ser ved. In this re gi on, be si des the
slow re duc ti ve ad di ti on of CO2 (step 2) the re ver se re ac ti -
on (step 1 of the me cha nism) starts to com pe te with the
CO2 ad di ti on ex pla i ning the not to tally sa tis fac tory fit ting
ob ser ved for θ < -2 bet we en the ex pe ri men tal data and the
DISP1 si mu la ted cur ve (Fig. 4). The cyclic vol tam metry
for high swe ep ra tes, dis cus sed be low, sho wed the same
evi den ces.

For hig her swe ep ra tes (ν > 0.8 V s-1) less dras tic chan -
ges are ob ser ved in the C.V. in the pre sen ce of CO2. The
du pli ca ti on of the cur rent of the first cat ho dic peak, ve ri fi -
ed at lo wer swe ep ra tes (see Fig. 2B), is no lon ger ob ser -
ved ap pro a ching the peak cur rent va lu es much clo ser to
the ones ob ta i ned in the ab sen ce of CO2. A per fect fit bet -
we en cur ves A and B (Fig. 5) is not ob ser ved be ca u se it
was not pos si ble to achi e ve high enough swe ep ra tes to
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Fi gu re 5. Cyclic vol tam mo grams of 1 mmol dm-3 of 4KI in AN/0.1
mol dm-3 TBAP: (a) in the ab sen ce; (b) in the pre sen ce of 0.14 mol
dm-3 CO2, ν = 5.0 V s-1.

Fi gu re 4.  De pen den ce of i(2θ)/iθ on log θ. (•) ex pe ri men tal data for 1
mmol dm-3 4KI in AN/0.1 mol dm-3 TBAP in the pre sen ce of CO2

(0.14 mol dm-3). Con ti nu ous cur ves: the o re ti cal be ha vi or for: (a)
DISP 1; (b) ECE me cha nisms.

k2

k-2

k1
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