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Abstract�� $OGHK\GH� GHK\GURJHQDVH� �$/'+�� LV� D� VXSHUIDPLO\� RI� SKDVH� ,� R[LGL]LQJ� HQ]\PHV�
UHVSRQVLEOH� IRU�GHWR[LILFDWLRQ�RI�ELRJHQLF�DQG�[HQRJHQLF�DOGHK\GHV� WR� WKH�FRUUHVSRQGLQJ�FDUER[\OLF�
DFLGV�E\�PHDQV�RI�DQ�1$'�3���GHSHQGHQW�UHDFWLRQ��7KH�HQ]\PH�KDV�EHHQ�LPSOLFDWHG�LQ�WKH�SURWHFWLRQ�
RI�SURNDU\RWLF�DQG�HXNDU\RWLF�RUJDQLVPV�DJDLQVW�YDULRXV�R[LGDWLYH�VWUHVV�FRQGLWLRQV��,Q�WKLV�VWXG\��ZH�
LQYHVWLJDWHG�LQWR�WKH�SUHIHUUHG�FRHQ]\PH�XVHG�E\�WKH�HQ]\PH�LQ�FDUU\LQJ�RXW�LWV�IXQFWLRQ�DW�GLIIHUHQW�
VROXWLRQ�S+�DQG�7KH�ELQGLQJ�SURSHUWLHV�RI�1$'��DQG�1$'3���UXWLQ��WDQQLF�DFLG��TXHUFHWLQ�DQG�JDOOLF�
DFLG�WR�DOGHK\GH�GHK\GURJHQDVH�ZDV�LQYHVWLJDWHG�DW����R&������.��DQG�S+�����E\�89�9LV�DEVRUSWLRQ�
VSHFWURVFRS\�DQG�IOXRUHVFHQFH�TXHQFKLQJ�VSHFWURVFRS\��7KH�VSHFLILF�ELQGLQJ�FRQVWDQWV�RI�1$'��DQG�
1$'3��WR�WKH�HQ]\PH�DUH������î�����0���DQG������î�����0����UHVSHFWLYHO\��7KLV�GHPRQVWUDWHV�$/'+�
SUHIHUHQFH�IRU�1$'3���WKRXJK�GXDO�VSHFLILFLW\�FDQQRW�EH�UXOHG�RXW��KRZHYHU��WKH�GLVVRFLDWLRQ�RI�WKH�
FRHQ]\PHV�IURP�WKH�HQ]\PH�ZDV�S+�GHSHQGHQW��7KH�IOXRUHVFHQFH�VSHFWUD�RI�WKH�LQWHUDFWLRQ�RI�UXWLQ��
JDOOLF� DFLG� DQG� TXHUFHWLQ� ZLWK� $/'+� VKRZHG� VWDWLF� TXHQFKLQJ� PHFKDQLVP� ZKLOH� JDOOLF� DFLG� ZDV�
G\QDPLF� TXHQFKLQJ��$OO�ZLWK� VWRLFKLRPHWULF� UDWLR� RI� RQH� WR�$/'+��*DOOLF� KDV� WKH� OHDVW� TXHQFKLQJ�
HIILFLHQF\��7KH�GLVVRFLDWLRQ�RI�1$'��IURP�$/'+�ZDV�DOVR�IRXQG�WR�EH�GHSHQGHQW�RQ�WKH�YLVFRVLW\�RI�
WKH�VROXWLRQ�XVLQJ�JO\FHURO�DV�PLFUR�YLVFRJHQ�DQG�ILFFRO�����DV�PDFUR�YLVFRJHQ��

Key words��6SHFWURVFRSLF�WHFKQLTXHV��DOGHK\GH�GHK\GURJHQDVH��FRHQ]\PHV��1$'�3����OLJDQGV���
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$OGHK\GH� GHK\GURJHQDVHV� �$/'+V�� (&� ��������� DUH� VXSHUIDPLO\� RI�
1$'�3���GHSHQGHQW�R[LGRUHGXFWDVHV� LQYROYHG� LQ� WKH�R[LGDWLRQ� DQG�GHWR[LILFDWLRQ�
RI� D� ZLGH� UDQJH� RI� SK\VLRORJLFDO� DQG� SDWKRSK\VLRORJLFDO� DOGHK\GHV� WR� WKHLU�
FRUUHVSRQGLQJ� FDUER[\OLF� DFLGV� DQG� WKHUHIRUH� SURWHFWV� FHOOV� DJDLQVW� DOGHK\GH�
LQGXFHG�R[LGDWLYH�VWUHVVHV�>���������@��7KH�$/'+�VXSHUIDPLO\�LV�FRPSULVHG�RI����
KXPDQ� LVRHQ]\PHV� VXEGLYLGHG� LQWR� ��� IDPLOLHV� DQG� �� VXEIDPLOLHV�� 0DQ\� RI� WKH�
$/'+� LVRHQ]\PHV� RYHUODS� LQ� UHODWLRQ� WR� VXEFHOOXODU� ORFDOL]DWLRQ� �F\WRSODVP��
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PLWRFKRQGULD��RU�QXFOHXV���WLVVXH�GLVWULEXWLRQ��DQG�VXEVWUDWH�VSHFLILFLWLHV�EXW�YDU\�LQ�
WKHLU� HIILFLHQF\� LQ� PHWDEROL]LQJ� VSHFLILF� DOGHK\GHV� >��� ��@�� 2[LGDWLRQ� RI� WKHVH�
UHDFWLYH� DOGHK\GHV� WR� WKHLU� FRUUHVSRQGLQJ� FDUER[\OLF� DFLGV�� D� PDMRU� GHWR[LI\LQJ�
SDWKZD\�RI�DOGHK\GHV��RFFXUV�WKURXJK�WKH�XVH�RI�1$'��RU�1$'3��DV�FRIDFWRU�>��@��
,Q� PDPPDOV�� WKH� UROH� RI� $/'+� LQ� WKH� ELRV\QWKHVLV� RI� UHWLQRLF� DFLG� �5$����
Ȗ�DPLQREXW\ULF� DFLG�� DQG� EHWDLQH� IRU� UHJXODWLRQ� RI� FHOOXODU� KRPHRVWDVLV� KDV� EHHQ�
GRFXPHQWHG�>�����@��7KH�HQ]\PH�KDV�EHHQ�LGHQWLILHG�DV�PHWDEROLF�VWHP�FHOO�PDUNHU�
>������@��7KH�KXPDQ�$/'+V�DUH�LQYROYHG�LQ�VHYHUDO�UHJXODWRU\�IXQFWLRQV�LQFOXGLQJ�
FHOO�SUROLIHUDWLRQ��QHXURWUDQVPLVVLRQ��ELRV\QWKHVLV��RVPRUHJXODWLRQ��HPEU\RJHQHVLV��
GHYHORSPHQW��FDUFLQRJHQHVLV�DQG�GUXJ�UHVLVWDQFH�>��������������������@��$/'+�XS�
UHJXODWLRQ�RFFXUV�LQ�EDFWHULD�LQ�UHVSRQVH�WR�HQYLURQPHQWDO�DQG�FKHPLFDO�VWUHVVRUV��
LQ�SODQWV� LQ� UHVSRQVH� WR�GHK\GUDWLRQ�� VDOLQLW\�� DQG�R[LGDWLYH� VWUHVV�� LQ�\HDVWV�DIWHU�
H[SRVXUH�WR�HWKDQRO�DQG�R[LGDWLYH�VWUHVV��DQG�LQ�PDPPDOV�LQ�UHVSRQVH�WR�R[LGDWLYH�
VWUHVV� DQG� OLSLG� SHUR[LGDWLRQ� >��@�� 7KH� DELOLW\� RI� $/'+V� WR� DFW� DV� µµDOGHK\GH�
VFDYHQJHUV¶¶� LV� JURXQGHG� LQ� WKH� REVHUYDWLRQ� WKDW� WKH\� KDYH� EURDG� VXEVWUDWH�
VSHFLILFLWLHV�DQG�FDQ�PHWDEROL]H�D�ZLGH�UDQJH�RI�FKHPLFDOO\�DQG�VWUXFWXUDOO\�GLYHUVH�
DOGHK\GHV� >��@�� $OGHK\GHV� DUH� VWURQJ� HOHFWURSKLOLF�� KLJKO\� UHDFWLYH� FRPSRXQGV�
ZKLFK� UHDGLO\� IRUP� DGGXFWV�ZLWK� GHR[\ULERQXFOHLF� DFLG� �'1$��� ULERQXFOHLF� DFLG�
�51$��DQG�SURWHLQV��OHDGLQJ�WR�LPSDLUHG�FHOOXODU�KRPHRVWDVLV��HQ]\PH�LQDFWLYDWLRQ��
'1$�GDPDJH��DQG�FHOO�GHDWK�>��@��7KH�R[LGDWLYH�VWUHVV�JHQHUDWHG�E\�WKHVH�UDGLFDOV�
DUH� XVXDOO\� FRPEDWWHG� E\� WKH� XWLOL]DWLRQ� RI� SODQWV� IODYRQRLGV�� D� ODUJH� JURXS� RI�
SRO\SKHQROLF� QDWXUDO� SURGXFWV� DUH� LQFUHDVLQJO\� EHLQJ� UHFRJQL]HG� DV� SRVVHVVLQJ� D�
EURDG�VSHFWUXP�RI�ELRORJLFDO�DFWLYLWLHV�LQFOXGLQJ�R[LGDQW�RU�IUHH�UDGLFDO�SURWHFWLRQ��
XOWUDYLROHW� UDGLDWLRQ�SURWHFWLRQ��PRGXODWLRQ�RI� HQ]\PH�DFWLYLW\�� DOOHORSDWK\�DFWLQJ�
DV� DQWL�FDQFHU�� DQWL�LQIODPPDWRU\� DQG� DQWL�FRDJXODQW� DJHQWV� >��� ��@�� ,QWHUHVWLQJO\��
PDQ\� RI� WKHVH� ELRORJLFDOO\� DFWLYH� IODYRQRLGV� DSSHDU� WR� KDYH� HIIHFWV� RQ� YDULRXV�
SURWHLQV�� LQFOXGLQJ� HQ]\PHV� >�@�� $/'+V� IDPLO\� LV� VLPLODU� DQG� VWUXFWXUDOO\�
FRQVHUYHG�FRQVLVWLQJ�RI�FDWDO\WLF��FR�HQ]\PH�ELQGLQJ�DQG�ROLJRPHUL]DWLRQ�GRPDLQV�
>��@��7KH�FRHQ]\PH�ELQGLQJ�GRPDLQ��D�YDULDQW�RI� WKH�5RVVPDQ�IROG��HVVHQWLDO� IRU�
FRRUGLQDWLQJ�1$'��DQG�1$'3��KHOLFHV�>�@���$/'+�FDQ�EH�HLWKHU�1$'��VSHFLILF��
1$'3�� VSHFLILF� RU� GXDO� LQ� $/'+�� 7KH� GRPDLQ� LV� FRPSRVHG� RI� ILYH� ȕ�VWUDQGV�
FRQQHFWHG� E\� IRXU� Į�FRHQ]\PH� VSHFLILF� >��@�� +RZHYHU�� D� IHZ� VLWH� GLUHFWHG�
PXWDWLRQV� FDQ� UHYHUVH� WKLV� FRHQ]\PH� VSHFLILFLW\�� 7KH� VSHFLILF� ELQGLQJ� RI� WKHVH�
FRHQ]\PHV� WR� $/'+� LV� PHGLDWHG� E\� VHOHFWLYH� LQWHUDFWLRQV� EHWZHHQ� GLIIHUHQW�
HQ]\PH�QXFOHRWLGH�DPLQR�DFLG�UHVLGXHV�DQG�GLIIHUHQW�SDUWV�RI�WKH�FRHQ]\PHV�>��@��
6SHFLILFLW\� IRU� 1$'�� RU� IRU� 1$'3�� KDV� SUREDEO\� HPHUJHG� UHSHDWHGO\� GXULQJ�
HYROXWLRQ�� XVLQJ� GLIIHUHQW� VWUXFWXUDO� VROXWLRQV� RQ� GLIIHUHQW� RFFDVLRQV� >��@�� 7KLV�
VWXG\�LV�GHVLJQHG�KRZHYHU��WR�UHYHDO�WKH�W\SH�RI�LQWHUDFWLRQ�EHWZHHQ�WKH�FRHQ]\PHV�
1$'�3����VRPH�SRO\SKHQROV�DQG�WKH�HQ]\PH��$/'+�GXULQJ�FDWDO\VLV�DQG�WR�VKRZ�
WKH� SUHIHUHQWLDO� FRHQ]\PH�� 7KH� FRQIRUPDWLRQDO� FKDQJHV� LQ� WKH� VWUXFWXUH� RI� WKH�
SURWHLQ�XSRQ�WKH�ELQGLQJ�RI�WKH�FRHQ]\PHV�DQG�IODYRQRLGV�ZHUH�DOVR�VWXGLHG��
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%DNHU¶V�\HDVW�DOGHK\GH�GHK\GURJHQDVH� �$/'+���&DW����������QLFRWLQDPLGH�
DGHQLQH� GLQXFOHRWLGH� �1$'��� �&DW� �1������� QLFRWLQDPLGH� DGHQLQH� GLQXFOHRWLGH�
SKRVSKDWH� �1$'3��� �&DW� �������� SRWDVVLXP� SKRVSKDWH� PRQREDVLF� �&DW� ��������
����DQLOLQRQDSKWDOHQHVXOSKRQLF�DFLG��&DW��$�������JO\FLQH��&DW���*�������VRGLXP�
DFHWDWH� �&DW� �������� GL�SRWDVVLXP� K\GURJHQ� SKRVSKDWH� �&DW� ������� WUL]PD� EDVH�
�&DW� �7������� HWKDQRO� �&DW� �������� DFHWLF� DFLG� �&DW� ���������� TXHUFHWLQ� �&DW�
�4������� UXWLQ� �&DW���������JDOOLF�DFLG��&DW��*������� WDQQLQ�DFLG� �&DW����������
DQG� ILFFRO����� �&DW��)������ZHUH�DFTXLUHG� IURP�6LJPD�$OGULFK�)LQH�&KHPLFDOV��
6W��/RXLV��02��86$��� ��

7,75$7,216�2)�$/'+�:,7+�1$'��$1'�1$'3��

*HQHUDO�WLWUDWLRQ�PHWKRGV�DQG�DQDO\VLV�DV�SUHYLRXVO\�GHVFULEHG�E\�5R\DO�et al��
>��@�ZDV�DGRSWHG��6WRFN�VROXWLRQV�RI�FRHQ]\PHV�1$'��DQG�1$'3������P0��ZHUH�
SUHSDUHG�LQ����P0�7ULV�+&O�EXIIHU��S+������ZHUH�XVHG�ZLWKRXW�DGMXVWLQJ�WKH�S+��
$OO�DEVRUEDQFH�VSHFWUD�DQG�HTXLOLEULXP�OLJDQG�ELQGLQJ�H[SHULPHQWV�ZHUH�PHDVXUHG�
LQ� ���P0�7ULV�+&O� EXIIHU�� S+� ����� DW� ��� R&� XVLQJ� 6KLPDG]X� GRXEOH� EHDP�89�
9LVLEOH� VSHFWURSKRWRPHWHU� �89������� HTXLSSHG� ZLWK� D� 3KDUPDFLD� UHIULJHUDWLQJ�
FLUFXODWRU� IRU� WHPSHUDWXUH� FRQWURO� ���� �� ���� R&�� XQOHVV� RWKHUZLVH�� VWDWHG� DQG�
LQWHUIDFH�WR�+S�:LQGRZ�;3�&RPSXWHU��7KH�VFDQ�VSHHG�DQG�VOLW�RI�DEVRUEDQFH��ȜDEV��
ZHUH�VHW�WR�PHGLXP�DQG�����QP�UHVSHFWLYHO\��7KH�VDPSOLQJ�LQWHUYDO�ZDV�DGMXVWHG�WR�
���� QP� DQG� VFDQ�PRGH� VLQJOH�� 7KH� VSHFWUD�ZHUH� UHFRUGHG� EHWZHHQ� ���±���� QP��
(TXLOLEULXP� ELQGLQJ� FRQVWDQW�� KD�� IRU� ELQGLQJ� RI� 1$'�� DQG� 1$'3�� ZDV�
GHWHUPLQHG� DFFRUGLQJ� WR� SXEOLVKHG� SURFHGXUHV� RI� %DVUDQ� et al�� >�@�� (TXLOLEULXP�
ELQGLQJ� FRQVWDQW��KD�� ZHUH� GHWHUPLQHG� VSHFWURSKRWRPHWULFDOO\� E\� PRQLWRULQJ� WKH�
FKDQJH�LQ�DEVRUEDQFH�DW�WKH�DSSURSULDWH�ZDYHOHQJWK�DQG�ILWWLQJ�WR�HTXDWLRQ������
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ZKHUH�AL�DQG�AI DUH�WKH�LQLWLDO�DQG�ILQDO�DEVRUEDQFH�YDOXHV��UHVSHFWLYHO\��DQG�>L@WRW�LV�
WKH� WRWDO�FRQFHQWUDWLRQ�RI� WKH�HLWKHU�FRHQ]\PHV��7KH�ELQGLQJ�RI� WKH�FRHQ]\PHV� WR�
WKH�HQ]\PH�ZDV�IROORZHG�DW� WKH�KLJKHVW�SHDNV�DW� IDU�89�UHJLRQ��7KH�GLVVRFLDWLRQ�
FRQVWDQWV�ZHUH�FDOFXODWHG�DV�GHVFULEHG�HOVHZKHUH�>�@��
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7KH� S+� GHSHQGHQFH� RI� WKH� DEVRUSWLRQ� VSHFWUXP� RI� WKH� DOGHK\GH�
GHK\GURJHQDVH� LQ� WKH� SUHVHQFH� RI� 1$'�� RU� 1$'3�� ZDV� H[DPLQHG� DW� ��� P0�
JO\FLQH�+&O�EXIIHU�S+���������P0�VRGLXP�DFHWDWH�EXIIHU�DW�S+�����DQG���������P0�
SKRVSKDWH�EXIIHU�DW�S+�����DQG�����DQG����P0�7ULV�+&O�EXIIHU�DW�S+�����DQG������
7KH�ELQGLQJ�FRQVWDQW��KD�DQG�GLVVRFLDWLRQ�FRQVWDQW�� KG�ZHUH�HYDOXDWHG�DV�GHVFULEHG�
HDUOLHU��

)/825(6&(1&(�48(1&+,1*��

$�TXDQWLWDWLYH�DQDO\VLV�RI� WKH�SRWHQWLDO� LQWHUDFWLRQ�EHWZHHQ�1$'���1$'3���
UXWLQ��TXHUFHWLQ��JDOOLF� �DFLG�DQG� WDQQLF�ZLWK�DOGHK\GH�GHK\GURJHQDVH�ZDV�FDUULHG�
RXW�E\�IOXRULPHWULF�WLWUDWLRQ��TXHUFHWLQ��UXWLQ��JDOOLF�DFLG�DQG�WDQQLF�DFLG�ZHUH�HDFK�
GLVVROYHG�LQ������DEVROXWH�HWKDQRO�DQG�ILOWHUHG�ZLWK������ȝP�ILOWHU��9:5��5DGQRU��
3$��86$���$OO� IOXRUHVFHQFH� VSHFWUD�ZHUH� UHFRUGHG�RQ�)������6SHFWURIOXRULPHWHU�
�+LWDFKL��-DSDQ��HTXLSSHG�ZLWK�D� WKHUPRVWDW�EDWK� LQWHUIDFHG�ZLWK�+3�:LQGRZ�;3�
&RPSXWHU��([DFWO\�����P/�VROXWLRQ�FRQWDLQLQJ���ȝ0�DOGHK\GH�GHK\GURJHQDVH�ZDV�
DGGHG� WR� D� ���� FP� IOXRUHVFHQFH� TXDUW]� FXYHWWH�� DQG� WKHQ� WLWUDWHG� E\� VXFFHVVLYH�
DGGLWLRQ�RI�WKH�OLJDQG�VROXWLRQ�ZLWK�D�FXYHWWH�PL[HU��7KHVH�VROXWLRQV�ZHUH�DOORZHG�
WR�VWDQG�IRU���PLQ�WR�HTXLOLEUDWH��DQG�WKHQ�WKH�IOXRUHVFHQFH�VSHFWUD�ZHUH�PHDVXUHG�
DW�����.�LQ�WKH�ZDYHOHQJWK�UDQJH�RI����±����QP�XSRQ�H[FLWLQJ�ZDYHOHQJWK�DW�����QP��
7KH�ZLGWKV� RI� ERWK� WKH� H[FLWDWLRQ� VOLW� DQG� HPLVVLRQV� VOLW�ZHUH� VHW� DW� ���� QP� DW� D�
VFDQQLQJ�VSHHG�RI������QP�PLQ�DQG�����9�ZDV�XVHG�DQG�WKH�UHVSRQVH�WLPH�ZDV�VHW�
WR� EH� ����� VHF�� 7KH� DSSURSULDWH� EODQNV� FRUUHVSRQGLQJ� WR� WKH� 7ULV�+&O� EXIIHU�
VROXWLRQ�ZHUH� VXEWUDFWHG� WR� FRUUHFW� EDFNJURXQG� RI� IOXRUHVFHQFH�� 7KH� LQWHQVLW\� RI�
IOXRUHVFHQFH� XVHG� ZDV� WKH� FRUUHFWHG� IOXRUHVFHQFH� LQWHQVLW\�� 7KH� RSHUDWLYH�
TXHQFKLQJ�PHFKDQLVP�LQ�WKH�FRHQ]\PH��SRO\SKHQROV�$/'+�V\VWHPV�ZDV�GHGXFHG�
IURP�WKH�6WHUQ�9ROPHU�HTXDWLRQ��
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ZKHUH�F��DQG�F�DUH�WKH�IOXRUHVFHQFH�LQWHQVLWLHV�RI�DOGHK\GH�GHK\GURJHQDVH�LQ�WKH�
DEVHQFH�DQG�SUHVHQFH�RI�TXHQFKHU��UHVSHFWLYHO\��KT LV� WKH�TXHQFKLQJ�UDWH�FRQVWDQW�
RI�ELRPROHFXOH��Ĳ��LV�WKH�DYHUDJH�OLIHWLPH�RI�ELRPROHFXOH�ZLWKRXW�TXHQFKHU�DQG�WKH�
YDOXH� RI� Ĳ�� RI� ELRSRO\PHU� LV� ����� V��KVY� LV� WKH� 6WHUQ�9ROPHU� G\QDPLF� TXHQFKLQJ�
FRQVWDQW��DQG�>Q@� LV� WKH�FRQFHQWUDWLRQ�RI�TXHQFKHU��7KH KVY�DW����R&������.��ZDV�
GHWHUPLQHG�E\�OLQHDU�UHJUHVVLRQ�SORW�RI�F�/F�YHUVXV�>Q@��)XUWKHUPRUH��WKH�DSSDUHQW�
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ELQGLQJ� FRQVWDQW� �KD�� DQG� QXPEHU� RI� ERXQG� OLJDQG�FRHQ]\PH� WR� DOGHK\GH�
GHK\GURJHQDVH� �n�� ZHUH� GHWHUPLQHG� E\� SORWWLQJ� WKH� GRXEOH� ORJDULWKP� UHJUHVVLRQ�
FXUYH�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
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7KH� DVVRFLDWLRQ� FRQVWDQW� ZDV� HVWLPDWHG� E\� WKH� PRGLILHG� 6WHUQ�9ROPHU�
HTXDWLRQ�
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ZKHUH� KD� LV� WKH� PRGLILHG� 6WHUQ�9ROPHU� DVVRFLDWLRQ� FRQVWDQW� IRU� WKH� DFFHVVLEOH�
IOXRURSKRUHV�� DQG� fD� LV� WKH� IUDFWLRQ� RI� DFFHVVLEOH� IOXRUHVFHQFH�� )URP� WKH� SORW� RI�
F���F��±�F��YHUVXV���>Q@��WKH�YDOXHV�RI�KD�DQG�fD�ZHUH�REWDLQHG�IURP�WKH�YDOXHV�RI�
VORSH� DQG� LQWHUFHSW�� UHVSHFWLYHO\�� 7KH� SUHVHQFH� RI� WKLV� YROXPH� RI� HWKDQRO� LQ� WKH�
DVVD\�PL[WXUHV�KDG�QR� HIIHFW� RQ� WKH� IOXRUHVFHQFH�PHDVXUHPHQWV��$OVR�� UHVSHFWLYH�
EODQNV�RI� WKH�EXIIHU�ZHUH�XVHG� IRU� WKH�FRUUHFWLRQ�RI�DOO� IOXRUHVFHQFH�VSHFWUD��7KH�
H[SHULPHQWV� ZHUH� UHSHDWHG� DQG� IRXQG� WR� EH� UHSURGXFLEOH� ZLWKLQ� H[SHULPHQWDO�
HUURUV��+RZHYHU��WKH�IOXRUHVFHQFH�LQWHQVLW\�ZDV�FRUUHFWHG�XVLQJ�WKH�HTXDWLRQ����LQ�
RUGHU�WR�HOLPLQDWH�WKH�LQQHU�ILOWHU�HIIHFWV�RI�$/'+�DQG�SRO\SKHQROV��

�

�
� �� � � �

FRU REV H A AF F � u �� ����
�

ZKHUH�� FFRU� DQG� FREV� DUH� WKH� IOXRUHVFHQFH� LQWHQVLW\� FRUUHFWHG� DQG� REVHUYHG��
UHVSHFWLYHO\��A��DQG�A��DUH�WKH�VXP�RI�WKH�DEVRUEDQFHV�RI�$/'+�DQG�SRO\SKHQRO�DW�
H[FLWDWLRQ� DQG� HPLVVLRQ� ZDYHOHQJWKV�� UHVSHFWLYHO\�� $OO� IOXRUHVFHQFH� VSHFWUD� DUH�
FRUUHFWHG�IRU�WKH�DEVRUSWLRQ�RI�TXHQFKHU�DW�WKH�H[FLWDWLRQ�DQG�HPLVVLRQ�ZDYHOHQJWKV�
RI� WKH� IOXRURSKRUH�� 7KH� PD[LPXP� HPLVVLRQ� LQWHQVLWLHV� ZHUH� XVHG� WR� FDOFXODWH�
ELQGLQJ�FRQVWDQWV��QXPEHU�RI�ELQGLQJ�VLWH�DQG�WKHUPRG\QDPLF�SDUDPHWHUV��

())(&7�2)�9,6&2*(1�21�KG�2)�1$'��$/'+�&203/(;��

([SHULPHQWV� WR� SUREH� WKH� HIIHFWV� RI� VROXWLRQ� YLVFRVLW\� XSRQ� HTXLOLEULXP�
GLVVRFLDWLRQ� FRQVWDQW��KG�� ZHUH� FRQGXFWHG� XVLQJ� JO\FHURO� DV� PLFUR�YLVFRJHQ� DQG�
ILFFRO� ���� DV�PDFUR�YLVFRJHQ� LQ� RUGHU� WR� GHWHFW� QRQ�VSHFLILF� HIIHFWV� DULVLQJ� IURP�
$/'+�VWUXFWXUDO�SHUWXUEDWLRQ�DV�GHVFULEHG�E\�+XII�et al.�>�@��,QWULQVLF�DQG�H[WULQVLF�
YLVFRVLWLHV�ZHUH�GHWHUPLQHG�UHODWLYH� WR�D�VROXWLRQ�FRQWDLQLQJ�RQO\�EXIIHU�XVLQJ�DQ�
2VWZDOG�YLVFRPHWHU�DW�����&��7KH�UHVXOWLQJ�GDWD�ZHUH�ILWWHG�WR��

�
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ZKHUH�WKH�VXSHUVFULSW�µ�¶�GHVLJQDWHV�WKH�DEVHQFH�RI�DGGHG�YLVFRJHQ��$FFRUGLQJ�WR�
WKH� 6WRNHV�(LQVWHLQ� UHODWLRQ�� DQ� H[SRQHQW� �exp�� RI� �� LV� H[SHFWHG� IRU� GLIIXVLRQ�
OLPLWHG�ELQGLQJ�RI�WKH�1$'��WR�$/'+��$�VPDOOHU�HPSLULFDOO\�GHWHUPLQHG�H[SRQHQW�
RI� ORZHU� WKDQ� ���� KDV� EHHQ� SURSRVHG� WR� GHVFULEH� WKH� GHYLDWLRQV� IURP� 6WRNHV�
(LQVWHLQ�EHKDYLRU�>��@��

'$7$�$1$/<6,6�

([SHULPHQWDO� GDWD� ZHUH� H[SUHVVHG� DV� PHDQ� �� 6'� RI� WKH� UHSUHVHQWDWLYH�
H[SHULPHQWV�� H[SHULPHQWV� ZHUH� UHSHDWHG� DW� OHDVW� WKULFH�� 6WDWLVWLFDO� DQDO\VLV� ZDV�
SHUIRUPHG� XVLQJ� D� WZR� WDLOHG� VWXGHQW¶V� W�WHVW� RU� DQDO\VLV� RI� YDULDQFH� �$129$��
IROORZHG�E\�WKH�WZR�WDLOHG�'XQQHWW¶V�WHVW��p�YDOXHV��������DUH�WR�EH�FRQVLGHUHG�DV�
VLJQLILFDQW��.DOHLGD*UDSK������6\QHUJ\�VRIWZDUH��86$��VRIWZDUH�ZDV�XVHG� WR� WHVW�
WKH�VLJQLILFDQFH�RI�WKH�H[SHULPHQW�DQG�IRU�*UDSKLFDO�DQDO\VLV��

5(68/76�$1'�',6&866,216��

7KH�UHVXOW�SUHVHQWHG�E\�WKH�89�9LV�DEVRUSWLRQ�VSHFWUD�UHYHDOV�D�FKDQJH�LQ�WKH�
$/'+� DEVRUSWLRQ� VSHFWUD� EHWZHHQ� ���� QP� DQG� ���� QP� XSRQ� LQWHUDFWLRQ� ZLWK�
YDULRXV�FRQFHQWUDWLRQV�RI�FRHQ]\PHV�1$'��DQG�1$'3���7KH�89�9LV�DEVRUSWLRQ�
VSHFWUD����������QP��RI�$/'+�LQ�WKH�SUHVHQFH�RI�FRHQ]\PHV�1$'3��DQG�1$'��
DW�GLIIHUHQW�FRQFHQWUDWLRQV�LV�VKRZQ�LQ�)LJV���DQG�����

�

�
)LJ������(OHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�����ȝ0�DOGHK\GH�GHK\GURJHQDVH��$/'+��LQ�WKH�SUHVHQFH�RI�
1$'���������ȝ0��IURP�����QP�WR�����QP��5HDFWLRQ�FRQGLWLRQV�����P0�7ULV�+&O��S+������������&��

,QVHW�$��7KH�VDWXUDWLRQ�FXUYH�RI�WKH�DEVRUSWLRQ�VSHFWUD�DW�����QP�DQG�,QVHW�%�LV�WKH�VSHFWUD��
EHWZHHQ���������QP��
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$/'+�1$'�3��� VSHFWUD� H[KLELWHG� WKUHH�DEVRUSWLRQ�SHDNV��2QH�� WKH�SHDN�DW�
����QP� WKDW� UHIOHFWHG� WKH� Qíʌ� WUDQVLWLRQ�RI� WKH�SRO\SHSWLGH�EDFNERQH�RI�$/'+�
XSRQ� LQWHUDFWLRQ� ZLWK� WKH� YDULRXV� FRQFHQWUDWLRQV� RI� WKH� FRHQ]\PHV�� 7KH� VHFRQG�
SHDN�DW�����QP�LV�FRQQHFWHG�WR�WKH�ʌíʌ�WUDQVLWLRQ�RI�WKH�$/'+�LQWULQVLF�DURPDWLF�
DPLQR�DFLG�UHVLGXHV�GXULQJ�FRPSOH[DWLRQ�ZLWK�WKH�FRHQ]\PHV�>�@��7KH�WKLUG�SHDN��
WKRXJK� QRW� YHU\� FRQVSLFXRXV�� LV� DW� ���� QP�� $Q� LQFUHDVH� LQ� WKH� FRQFHQWUDWLRQ� RI�
1$'�3���LQFUHDVH�WKH�LQWHQVLW\�RI�WKH�$/'+�1$'�3���FRPSOH[�89�9LV�FDXVLQJ�WKH�
DEVRUSWLRQ�SHDN�DW�����QP�LQ�IDU�89�UHJLRQ�WR�FDXVLQJ�D�UHGVKLIW������QP�ĺ�����QP���

�

�
)LJ������(OHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI���ȝ0�DOGHK\GH�GHK\GURJHQDVH��$/'+��LQ�WKH�SUHVHQFH�RI�

1$'3���������ȝ0��IURP�����QP�WR�����QP��5HDFWLRQ�FRQGLWLRQV�����P0�7ULV�+&O��S+������������&��
,QVHW�$��7KH�VDWXUDWLRQ�FXUYH�RI�WKH�DEVRUSWLRQ�VSHFWUD�DW�����QP�DQG�,QVHW�%�LV�WKH�VSHFWUD�EHWZHHQ�

��������QP��

�
7KLV�LQGLFDWHG�SHUWXUEDWLRQ�DURXQG�WKH�SHSWLGH�ERQGV�FDXVLQJ�VOLJKW�LQFUHDVH�

LQ�VL]H�RI� WKH�FRPSOH[�ZKLFK�FRXOG�RULHQWDWH� WKH�FRPSOH[�WR�IDYRU� WKH�ELQGLQJ�RI�
DOGHK\GLF�VXEVWUDWHV���+RZHYHU��WKHUH�ZDV�EOXH�VKLIW�RI���QP�IURP�����QP�WR�����
QP�LQ�WKH�SUHVHQFH�RI�VDWXUDWLQJ�FRQFHQWUDWLRQ�RI������0�1$'���)LJ�����DQG�DOVR�D�
EOXH�VKLIW�RI���QP������QP�WR�����QP��LQ�WKH�SUHVHQFH�RI�VDWXUDWLQJ�FRQFHQWUDWLRQ�
RI�1$'3���)LJ�����FDXVLQJ�WKH�JOREDO�DURPDWLF�K\GURSKRELF�DPLQR�DFLGV�RI�$/'+�
WR�EH�PRUH�FRPSDFW�LQGLFDWLQJ�D�SRVVLEOH�LQWHUDFWLRQ��FRQIRUPDWLRQDO�FKDQJHV�DQG�
WKH�GHSHQGHQFH�RI�$/'+�RQ�WKH�QXFOHRWLGH�PROHFXOHV�DV�FR�HQ]\PHV�LQ�DJUHHPHQW�
ZLWK�WKH�UHSRUW�RI�/R�et al. >��@�WKDW�$/'+�LV�DQ�1$'�3���GHSHQGHQW�HQ]\PH��7KH�
UHVXOW� VXJJHVWV� WKDW� DV� WKH� FRHQ]\PHV� DUH� EHLQJ� FRPSOH[HG�ZLWK� WKH� SURWHLQ�� WKH�
DPLQR�DFLG�PLFURHQYLURQPHQW�ZDV�PDGH�PRUH�FRPSDFW�DQG�WKHUH�ZDV�DQ�LQGXFWLRQ�
RI� FRQIRUPDWLRQ� FKDQJH� RQ� WKH� HQ]\PH� ZKLFK� HQDEOHG� LW� WR� DWWDLQ� HTXLOLEULXP�
VDWXUDWLRQ��7KH�VSHFLILF�ELQGLQJ�RI�FRPSOH[�PROHFXOHV�VXFK�DV�1$'��RU�1$'3��WR�
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GHK\GURJHQDVHV� LV� PHGLDWHG� E\� VHOHFWLYH� LQWHUDFWLRQV� EHWZHHQ� GLIIHUHQW� HQ]\PH�
DPLQR� DFLG� UHVLGXHV� DQG� GLIIHUHQW� SDUWV� RI� WKH� GLQXFOHRWLGH� PROHFXOHV� >��@�� 7KH�
VDWXUDWLQJ�SORWV�RI�WKH�$/'+�1$'�3���DW�����QP�LV�VKRZQ�LQ�)LJ�����LQVHW���

�

0.0

5.0 x 104

1.0 x 105

1.5 x 105

2.0 x 105

2.5 x 105

3.0 x 105

3.0 4.0 5.0 6.0 7.0 8.0 9.0

NAD+
NADP+

K
a (L

.m
ol

.)

pH �
)LJ�����$VVRFLDWLRQ�FRQVWDQW�SORW�RI��������ȝ0��1$'��DQG�1$'3��ZLWK�����P/�RI����0�

DOGHK\GH�GHK\GURJHQDVH�XQGHU�YDULHG�S+�FRQGLWLRQ��5HDFWLRQ�FRQGLWLRQV��S+�������P0�JO\FLQH�
EXIIHU��S+���DQG�������P0�VRGLXP�DFHWDWH�EXIIHU�����P0�SKRVSKDWH�EXIIHU��DQG�S+���DQG�������P0�

7ULV�+&O�EXIIHU��

�
7KH�SORW� LV� WKH�FKDQJHV�LQ�DEVRUEDQFH�DW�����QP�ZLWK�UHVSHFW� WR�LQFUHDVH�LQ�

FRQFHQWUDWLRQV� RI� 1$'�3��� DQG� DIILQLW\� IDFWRU�� K0�� ZDV� HYDOXDWHG�� 7KLV� VXEWO\�
GHPRQVWUDWH� WKDW�1$'3��FRXOG�EH�SUHIHUHQWLDO�FRHQ]\PH�IRU�$/'+�FRPSDUHG� WR�
1$'���7KH�DIILQLW\�IDFWRU�IRU�1$'3��ZDV�VOLJKWO\�ORZHU�WKDQ�1$'���+RZHYHU��WKH�
GXDO� FRHQ]\PH� VSHFLILFLW\� FDQQRW� EH� UXOHG� RXW��7KH� H[SORUDWLRQ�RI� FKDQJH� LQ� WKH�
WHUWLDU\�FRQIRUPDWLRQ�RI�SURWHLQ�YLD�WKH�DEVRUSWLRQ�VSHFWUD�VKRZV�WKH�FRQIRUPDWLRQ�
RI� SURWHLQ� VWUXFWXUH� IURP� ���� QP� WR� ���� QP� LQ� WKH� SUHVHQFH� RI� 1$'�� ZKLOH�
LQWHUDFWLRQ�ZLWK�1$'3��LQGLFDWHV�D�VOLJKW�FRQIRUPDWLRQDO�FKDQJH�IURP�ZDYHOHQJWK�
���� QP� WR� ���� QP� LQGLFDWLQJ� EOXH� VKLIW� DQG� VOLJKW� FRQIRUPDWLRQDO� FKDQJH� ZLWK�
1$'��HQKDQFLQJ� WKH�FRPSDWLELOLW\�RI� WKH�SURWHLQ�PRUH� WKDQ�1$'3���7KH�VSHFWUD�
VXJJHVW� WKDW� OHVV� ELQGLQJ� HQHUJ\�ZLOO� EH� UHTXLUHG� IRU� WKH� DOWHUDWLRQ� LQ� WKH� SURWHLQ�
FRQIRUPDWLRQ�LQ�WKH�SUHVHQFH�RI�1$'��DV�WKH�FRQIRUPDWLRQDO�FKDQJH�ZDV�REVHUYHG�
DW� D� ZDYHOHQJWK� KLJKHU� WKDQ� WKDW� RI� WKH� 1$'3��$/'+�� 7KH� S+�GHSHQGHQFH�
PHDVXUHPHQW�RI�DVVRFLDWLRQ�FRQVWDQWV�KD�DQG�GLVVRFLDWLRQ�FRQVWDQWV�KG�ZDV�FDUULHG�
RXW� IURP� WKH� $/'+�1$'�3��� DEVRUSWLRQ� VSHFWUD� EHWZHHQ� S+� ���� DQG� ����� 7KH�
YDOXHV� REWDLQHG� IRU� WKH� DVVRFLDWLRQ� FRQVWDQW� UHPDLQHG� DOPRVW� XQFKDQJHG�
WKURXJKRXW�WKH�S+�XQGHU�VWXG\��)LJ������



�� 6SHFWURVFRSLF�FKDUDFWHUL]DWLRQ�RI�DOGHK\GH�GHK\GURJHQDVH� �����

0

50

100

150

200

250

300

350

400

3.0 4.0 5.0 6.0 7.0 8.0 9.0

NAD+
NADP+

K
d (L

.m
ol

.)

pH �
)LJ�����'LVVRFLDWLRQ�FRQVWDQW�KG�SORW�RI��������ȝ0��1$'��DQG�1$'3��ZLWK�����P/�RI����0�

DOGHK\GH�GHK\GURJHQDVH�XQGHU�YDULHG�S+�FRQGLWLRQ��5HDFWLRQ�FRQGLWLRQV���S+���������P0�JO\FLQH�
EXIIHU��S+�����DQG���������P0�VRGLXP�DFHWDWH�EXIIHU�����P0�SKRVSKDWH�EXIIHU���

DQG�S+�����DQG���������P0�7ULV�+&O�EXIIHU���

�
7KLV�LQGLFDWHV�WKDW�WKH�ELQGLQJ�VSHFLILFLW\��KD�RI�1$'��DQG�1$'3��WR�$/'+�

ZDV�QRW�S+�GHSHQGHQW���+RZHYHU��WKH�YDOXHV�RI�KG�YDULHV�ZLWK�FKDQJHV�LQ�S+�DQG�
KDYLQJ�KLJKHVW�KG�DW�DFLGLF�S+�RI������7KH�KG�YDOXHV�RI�1$'��DUH�KLJKHU�FRPSDUHG�
1$'3�� DW� DFLGLF� S+� EXW�ZHUH� FRQYHUVH� DW� DONDOLQH� S+�� 7KH� YDOXHV� KDYH� FOHDUO\�
GHPRQVWUDWHG� WKDW� KG� QRW� KD� RI� $/'+�1$'�3��� FRPSOH[� GHWHUPLQH� RI� UDWH� RI�
$/'+�FDWDO\VLV�DQG�WKHUHIRUH�WKH�RSWLPXP�S+�IRU�WKH�FDWDO\VLV�LV�����IRU�1$'3��
EXW�����IRU�1$'���
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�
)LJ�����)OXRUHVFHQFH�HPLVVLRQ�VSHFWUD�RI�UXWLQ�ZLWK�$/'+������ȝ0�������P/�RI���ȝ0�$/'+��

ZDV�WLWUDWHG�ZLWK�VXFFHVVLYH�DGGLWLRQ�RI������ȝ0�UXWLQ���5HDFWLRQ�FRQGLWLRQ���
���P0�7ULV�+&O�EXIIHU��S+�������
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/LYLQJ� RUJDQLVPV� DUH� FRQWLQXRXVO\� EHLQJ� FRQIURQWHG� ZLWK� R[LGDWLYH� VWUHVV�
FXOPLQDWLQJ� IURP� QXPHURXV� UHDFWLYH� R[\JHQ� VSHFLHV� �526�� JHQHUDWHG� IURP�
PHWDEROLF� DFWLYLWLHV� RQ� D� UHJXODU� EDVLV�� $V� D� UHVXOW�� D� UHVHDUFK� RQ� DQWLR[LGDQW�
HQ]\PHV� DQG� PDQ\� DOOHORFKHPLFDOV� VXFK� DV� SRO\SKHQROV� KDYLQJ� DQWLR[LGDQW�
SURSHUWLHV� KDV� EHHQ� RQ� IRU� \HDUV�� 7KLV� VWXG\�� KRZHYHU�� VHHNV� WR� XQGHUVWDQG� KRZ�
WKHVH�DQWLR[LGDQW�FRPSRXQGV�LQWHUDFW�ZLWK�DQG�DIIHFW�FHUWDLQ�HQ]\PHV��LQ�WKLV�FDVH��
DOGHK\GH� GHK\GURJHQDVH� �$/'+��� DQ� HQ]\PH� NQRZQ� WR� EH� 1$'�3���GHSHQGHQW���
7KH� ELQGLQJ� HIIHFW� RI� VRPH� SRO\SKHQROV� �JDOOLF� DFLG�� UXWLQ�� TXHUFHWLQ� DQG� WDQQLF�
DFLG�� WR� $/'+�� D� WDUJHW� HQ]\PH� RI� WKH� DQWLR[LGDQWV� LV� REVHUYHG� LQ� WKH� VSHFWUD�
FKDQJH�RI�WKH�SURWHLQ��7KH�VSHFWUD�FKDQJH�IRU�UXWLQ�LV�VKRZQ�LQ�)LJ�����$�EOXH�VKLIW�
RI���QP�SHDN�GLIIHUHQFH�ZKLFK�ZDV�REVHUYHG�LQ�WKH�SUHVHQFH�RI�UXWLQ�DQG�TXHUFHWLQ�
FRUUHODWHV�ZLWK�WKH�EOXH�VKLIW�REVHUYHG�LQ�WKH�SUHVHQFH�RI�1$'�3����+RZHYHU��JDOOLF�
DFLG�DQG�WDQQLF�DFLG�VKRZHG�UHG�VKLIW�LQGLFDWLQJ�WKH�FRPSOH[�LV�PDGH�OHVV�FRPSDFW��
7KH�TXHQFKLQJ�SURILOH�REWDLQHG�IRU�UXWLQ��TXHUFHWLQ��DQG�WDQQLF�DFLG�VKRZV�WKDW�WKH�
TXHQFKLQJ� IROORZV� OLQHDU� GHSHQGHQFH� RQ� WKH� TXHQFKHU� FRQFHQWUDWLRQ� LQGLFDWLQJ�
FROOLVLRQDO�PHFKDQLVP�RI�TXHQFKLQJ��

7KH�YDOXH�RI�OLQHDULW\��������GHWHUPLQHG�IRU�UXWLQ��TXHUFHWLQ��DQG�WDQQLF�DFLG�
LQGLFDWHV� WKDW� WKH� TXHQFKLQJ� LV� HLWKHU� FROOLVLRQDO� RU� VWDWLF� ZKLOH� WKH� H[WHQW� RI�
OLQHDULW\�ZKLFK�LV�EHORZ������REWDLQHG�IRU�JDOOLF�DFLG�VXJJHVWV�D�EOXH�VKLIW�RI���QP�
SHDN� GLIIHUHQFH� ZKLFK� ZDV� REVHUYHG� LQ� WKH� SUHVHQFH� RI� UXWLQ� DQG� TXHUFHWLQ�
FRUUHODWHV�ZLWK�WKH�EOXH�VKLIW�REVHUYHG�LQ�WKH�SUHVHQFH�RI�1$'�3����+RZHYHU��JDOOLF�
DFLG�DQG�WDQQLF�DFLG�VKRZHG�UHG�VKLIW�LQGLFDWLQJ�WKH�FRPSOH[�LV�PDGH�OHVV�FRPSDFW��
7KH�TXHQFKLQJ�SURILOH�REWDLQHG�IRU�UXWLQ��TXHUFHWLQ��DQG�WDQQLF�DFLG�VKRZV�WKDW�WKH�
TXHQFKLQJ� IROORZV� OLQHDU� GHSHQGHQFH� RQ� WKH� TXHQFKHU� FRQFHQWUDWLRQ� LQGLFDWLQJ�
FROOLVLRQDO�PHFKDQLVP�RI�TXHQFKLQJ��7KH�YDOXH�RI� OLQHDULW\� �������GHWHUPLQHG� IRU�
UXWLQ��TXHUFHWLQ��DQG�WDQQLF�DFLG�LQGLFDWHV�WKDW�WKH�TXHQFKLQJ�LV�HLWKHU�FROOLVLRQDO�RU�
VWDWLF� ZKLOH� WKH� H[WHQW� RI� OLQHDULW\� ZKLFK� LV� EHORZ� ����� REWDLQHG� IRU� JDOOLF� DFLG�
VXJJHVWV�WKDW�WKH�TXHQFKLQJ�PHFKDQLVP�PD\�EH�FRPELQHG�PHFKDQLVP�RI�TXHQFKLQJ�
DV�WKH�FXUYH�SORW�REWDLQHG�LQ�WKH�SUHVHQFH�RI�JDOOLF�DFLG��7KH�FDOFXODWHG�YDOXHV�RI�
ELRPROHFXODU�TXHQFKLQJ�FRQVWDQWV��KT��ZHUH�����î������0��V��������î������0��V�����
����î������0��V���DQG�����î������0��V���IRU�JDOOLF�DFLG��UXWLQ��TXHUFHWLQ��DQG�WDQQLF�
DFLG�� UHVSHFWLYHO\�� 7KH� FDOFXODWHG� DSSDUHQW� ELPROHFXODU� TXHQFKLQJ� FRQVWDQW�� KT��
ZHUH�RI�WKH�RUGHU�RI������0���V���EDVHG�RQ�(T�����7KH�YDOXHV�ZHUH�����WLPHV�ORZHU�
WKDQ� WKH� PD[LPXP� SHUPLVVLEOH� YDOXH� IRU� G\QDPLF� TXHQFKLQJ� L�H�� �î����� 0��V���
H[FHSW�IRU�WDQQLF�DFLG��0RGLILHG�6WHUQ�9ROPHU�SORWV�REWDLQHG�IRU�DOO�IRXU�IODYRQRLGV�
IURP�ZKLFK�IUDFWLRQDO�DFFHVVLELOLW\��fD��ZDV�REWDLQHG�DQG�OLVWHG�LQ�7DEOH����%DVHG�RQ�
WKH�ID�YDOXHV�RI�WKH�TXHQFKHUV�XVHG�������DQG������RI�WKH�WRWDO�IOXRUHVFHQFH�ZDV�
IRXQG�WR�EH�DFFHVVLEOH�WR�JDOOLF�DFLG��DQG�WDQQLF�DFLG�UHVSHFWLYHO\��DQG������DQG�����
ZDV� DFFHVVLEOH� WR� TXHUFHWLQ� DQG� UXWLQ� UHVSHFWLYHO\� LQGLFDWLQJ� DQ� DFFHVV� WR� VRPH�
WU\SWRSKDQ�UHVLGXHV�GXULQJ�LQWHUDFWLRQ���
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Table 1 

&DOFXODWHG�6WHUQ�9ROPHU�TXHQFKLQJ�FRQVWDQWV��DSSDUHQW�ELQGLQJ�FRQVWDQWV��DSSDUHQW�QXPEHU�RI�ERXQG�
OLJDQG��6WHUQ�9ROPHU�DVVRFLDWLRQ�FRQVWDQW��DQG�WKH�IUDFWLRQ�RI�DFFHVVLEOH�IOXRURSKRUH�RI�WKH�

LQWHUDFWLRQ�EHWZHHQ���ȝ0�$/'+�DQG�WKH�SRO\SKHQROV��
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