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,QWURGXFWLRQ� 
/('� ODPSV� DUH� ZLGHO\� XVHG� GXH� WR� WKHLU�

FRVW–HIIHFWLYHQHVV��HQHUJ\�HIILFLHQF\�DV�FRPSDUHG�
WR�LQFDQGHVFHQW�ODPSV��DQG�KDYH�D�ORQJ�VHUYLFH�OLIH�
>�–�@�� 6XFK� OLJKWLQJ� GHYLFHV� DUH� EDVHG� RQ� ZKLWH�
OLJKW–HPLWWLQJ�GLRGHV� �/('V��RI�YDULRXV� VKDGHV�–�
IURP� SXUH� ZKLWH� �FROG� OLJKW�� WR� SLQNLVK� \HOORZ�
�ZDUP� OLJKW��� 7KH�PRVW� FRPPRQ�PHWKRG� RI� SUR�
GXFLQJ�ZKLWH�/('V� LV� WKH�XVH�RI�PLFURFU\VWDOOLQH�
OXPLQRSKRUHV� WKDW� FRQYHUW� OLJKW� HPLWWHG� E\� EOXH�

FKLSV�LQWR�D�ZLGH�VSHFWUXP�FRUUHVSRQGLQJ�WR�VRODU�
VSHFWUXP�ZLWK�WKH�XVH�RI�PLFURFU\VWDOOLQH�OXPLQR�
SKRUHV�PDQXIDFWXUHG�EDVHG�RQ�FHULXP–GRSHG�\WWUL�
XP–DOXPLQXP�JDUQHW��<$*�&H����>�–�@��7KH�WHFK�
QRORJ\�IRU�FUHDWLQJ�ZKLWH�/('V�LQYROYHV�DSSO\LQJ�
D�UHDG\�FRPSRXQG�FRQVLVWLQJ�RI�D�OXPLQRSKRUH��DQ�
RUJDQLF�ELQGHU�DQG�VWDELOL]LQJ�DGGLWLYHV�WR�WKH�VXU�
IDFH�RI�WKH�FU\VWDO��DIWHU�ZKLFK�WKH�VWUXFWXUH�LV�KHDW�
WUHDWHG�� :LWK� WKLV� DSSURDFK� GXH� WR� /('� KHDWLQJ�
GXULQJ� LWV� RSHUDWLRQ�� FRQYHUVLRQ� HIILFLHQF\� DQG�
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EULJKWQHVV� RI� /('� GHFUHDVH� RYHU� WLPH�� VSHFWUDO�
FRPSRVLWLRQ� RI� OLJKW� HPLVVLRQ� DOVR� FKDQJHV� RYHU�
WLPH�� 7KHUH� DUH� VHYHUDO� SXEOLFDWLRQV� WKDW� VXJJHVW�
WKDW� WKH� OXPLQRSKRUH�VKRXOG�EH�SXW�DZD\�DW�VRPH�
GLVWDQFH� IURP� WKH� FKLS�� ZKLFK� ZRXOG� UHGXFH� WKH�
WKHUPDO� GHJUDGDWLRQ� RI� WKH� OLJKW� FRQYHUWLQJ� OD\HU��
LQFUHDVH� WKH� OLIHVSDQ�RI�/('�GHYLFH�� LQFUHDVH�KR�
PRJHQHLW\�RI�OLJKW�HPLVVLRQ�DQG�LPSURYH�WKH�ODPS�
OLJKW�HPLVVLRQ�SDWWHUQ�>��–��@��6XFK�FRQYHUWHU�FDQ�
EH�PDQXIDFWXUHG�LQ�IRUP�RI�VHPL–WUDQVOXFHQW�FRP�
SRVLWH� RU� FHUDPLF� SODWH�� DQG� � OXPLQHVFHQW� FRDWLQJ�
RQ�WUDQVSDUHQW�VXEVWUDWH�>������@��%HVLGHV��WKLV�DS�
SURDFK�FDQ�DOVR�RIIHU�D�VWUXFWXUDO�YDULHW\�RI�IRUPV�
RI� WKH� UHPRWH� FRQYHUWHU� –� IODW�� KHPLVSKHULFDO��
VSKHULFDO��DQG�DW�WKH�VDPH�WLPH�DOORZV�WKH�LQFUHDVH�
RI� OLJKWLQJ� GHYLFH� HIILFLHQF\� GXH� WR� WKH� VWUXFWXUDO�
IHDWXUHV�E\���–����>��@� 

7KH�DLP�RI�WKH�SUHVHQW�UHVHDUFK�LV�WR�GHYHO�
RS� FRPSRXQGV� DQG� WHFKQRORJLHV� IRU� DSSO\LQJ� WKH�
OXPLQRXV� YLWURFU\VWDOOLQH� FRPSRXQGV� WR� VPRRWK�
DQG�ULEEHG�JODVV�VXEVWUDWHV�LQ�/('�ODPS�VWUXFWXUH�
ZLWK� D� UHPRWH� SKRWRFRQYHUWHU� WKDW� FRQWDLQV� R[LGH�
ORZ�PHOWLQJ� JODVV� DV� WKH�EDVH� DQG� QDQRVWUXFWXUHG�
FHULXP–GRSHG� \WWULXP–DOXPLQXP� JDUQHW� SRZGHU�
DV�WKH�OXPLQRSKRUH� 

 
5HVHDUFK�PHWKRGV 
7KH�IROORZLQJ�UHTXLUHPHQWV�DUH�DSSOLHG�WR�

ORZ�PHOWLQJ�JODVV�DV�WKH�PDWUL[�IRU�LQWURGXFWLRQ�RI�
XOWUDGLVSHUVHG�OXPLQRSKRUH�SRZGHU�IRU�WUDQVSDUHQW�
JODVV�VXEVWUDWHV�FRDWLQJ� 

L��JODVV-VRIWHQLQJ�SRLQW�LV����–�����ɋ� 
LL�� WKH� WHPSHUDWXUH� RI� FRPSOHWH� VSUHDGLQJ�

RYHU� WKH� JODVV� VXEVWUDWH� GXULQJ� KHDW� WUHDWPHQW� LV�
QRW�KLJKHU�WKDQ����–�����&� 

LLL�� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� LV� ���–
����ā��–��Ʉ–�� 

LY�� FKHPLFDO� UHVLVWDQFH� LV� QRW� ORZHU� WKDQ�
,,,�FODVV� 

Y��UHIUDFWLYH�LQGH[�LV�QRW�OHVV�WKDQ����� 
7KH� ORZ� PHOWLQJ� JODVV� FRPSRVLWLRQV� RI�

IHUHG� LQ� WKH� VFLHQWLILF� OLWHUDWXUH� LQ�PRVW� FDVHV� DUH�
PXOWL-OHDG� RU� ERURQ-]LQF� V\VWHPV� WKDW� GR� QRW� HQ�
VXUH�DFKLHYLQJ�UHTXLUHG�SURSHUWLHV�LQ�WHUPV�RI�WKHU�
PDO� OLQHDU� H[SDQVLRQ� FRHIILFLHQW� YDOXHV� RU� UHIUDF�
WLYH�LQGH[��7KHUHIRUH��DFFRUGLQJO\��D�FRPSRXQG�LV�
SURSRVHG�DV�ORZ�PHOWLQJ�JODVV�ZLWK�D�PHOWLQJ�SRLQW�
EHORZ�����ƕ&��ZW����%�2�������–�������=Q2����–
�����$O�2������–������%L�2�������–�������&G2����
–����� &X2� ����–����� 1L2� ����–����� 3E)�� �����–
�����>��@��7KH�GLVDGYDQWDJHV�RI� WKLV�JODVV�DUH� WKH�

XVH� RI� WR[LF� DQG� YRODWLOH� 3E)�� DQG� UHODWLYHO\� ORZ�
UHIUDFWLYH� LQGH[� �OHVV� WKDQ� ������ 7KH� IROORZLQJ�
FRPSRVLWLRQV�FDQ�EH�JLYHQ�DV�H[DPSOH�RI�OHDG-IUHH�
ERURQ-]LQF�JODVV� >��@��7KH� ODWWHU�DUH�GHYHORSHG� LQ�
=Q2–%�2�–3�2�� V\VWHP��ZKLFK� DUH�PDLQ� FRPSR�
QHQWV�� DQG�$O�2���0J2��&D2��%D2� LQWURGXFHG� DV�
RSWLPL]LQJ� DGGLWLYH�� 7KH� FRQWHQW� RI� WKH� SULPDU\�
FRPSRQHQWV�LV����ZW���DQG�PRUH��7KH�OLPLW�RI�WKH�
SULPDU\� FRPSRQHQWV� FRQWHQW� �ZW���� LV� =Q2� ��–
����%�2���–����3�2�����–����RSWLPL]LQJ��$O�2���–
����0J2��–����&D2��–����%D2��–�� �WRWDO� ��� RU�
OHVV��� 7KH� GLVDGYDQWDJH� RI� WKLV� JODVV� LV� WKH� LQWUR�
GXFWLRQ�RI�VLJQLILFDQW�DPRXQWV�RI�3�2��ZKLFK�LV�D�
KLJKO\�YRODWLOH� FRPSRQHQW�� DQG� WKH� ORZ� UHIUDFWLYH�
LQGH[�YDOXHV��7KHUH�LV�DOVR�ELVPXWK-FRQWDLQLQJ�ORZ�
PHOWLQJ�JODVV� >��@��ZW����%L�2����–����%�2����–
����$O�2�������=Q2������6E�2�������%D2��–���XVHG�
IRU�SDVWHV�LQ�PLFURHOHFWURQLFV��7KHLU�GLVDGYDQWDJHV�
DUH� WKH� VLJQLILFDQW� FRQWHQW� RI� ELVPXWK� R[LGH� WKDW�
FDXVHV� DFWLYH� FRORXULQJ� RI� RULJLQDO� JODVV�� ZKLFK�
VLJQLILFDQWO\� LQFUHDVHV� DEVRUSWLRQ� RI� WKH� SDVVLQJ�
OLJKW�� 

,W� KDV� EHHQ� HVWDEOLVKHG� WKDW� WKH� LQWURGXF�
WLRQ� RI� %D2� DQG� &D2� LQWR� WKH� JODVV� FRPSRVLWLRQ�
LQFUHDVHV�WKHUPDO�OLQHDU�H[SDQVLRQ�FRHIILFLHQW�YDO�
XHV�RI�ERUDWH�JODVV�DQG�FRQWULEXWHV�WR�WKH�LQFUHDVH�
RI� WKH�RULJLQDO� JODVV�PHOWDELOLW\� LQ� JHQHUDO� GXH� WR�
WKHLU� DELOLW\� WR� IRUP�PHOWDEOH� FDOFLXP-EDULXP�ER�
UDWHV� RI� FRPSRVLWLRQV� &D�%2���–�%D2�%2����� &D
�%2���–%D�%2���� ɢ� �&D�%2���–%D�%2���� ZLWK�
PHOWLQJ�WHPSHUDWXUHV�RI������������DQG�������&��
UHVSHFWLYHO\�>��@� 

/RZ� PHOWLQJ� JODVV� EDVHG� RQ� ELVPXWK-
ERUDWH� V\VWHP� IRU� OLJKW� FRQYHUWLQJ� FRDWLQJV� WKDW�
FRPSOLHV� ZLWK� VSHFLILHG� UHTXLUHPHQWV�� ZLWK� WKHU�
PDO�H[SDQVLRQ�FRHIILFLHQW�YDOXHV�ZLWKLQ� WKH� UDQJH�
RI����–����Â��-��.-��DQG�WKH�UHIUDFWLYH�LQGH[�RI�DW�
OHDVW� ���� FRUUHVSRQGLQJ� WR� WKH� UHIUDFWLYH� LQGH[� RI�
OXPLQRSKRUH� –� \WWULXP� DOXPLQXP� JDUQHW� –� DQG�
SURYLGHV� IRU� VSUHDGLQJ� RQ� JODVV� VXEVWUDWH� DW� WHP�
SHUDWXUH� QRW� H[FHHGLQJ� ���� ƕ&� >��@�� 7KH� JODVV�
FRPSRVLWLRQV� DUH�� ZW���� %L�2�� ��–���� %�2�� ��–
����=Q2��-����%D2���–����&D2��–���.�2��–��� 

7KH� UDZ�PDWHULDOV� ��������� SXULW\�� ZHUH�
ZHLJKWHG� DQG� KRPRJHQL]HG� LQ� ��� FP�� DOXPLQXP�
R[LGH� FHUDPLF� FUXFLEOH�� 7KH� V\QWKHVLV� ZDV� SHU�
IRUPHG� DW� PD[LPXP� WHPSHUDWXUH� �����ɋ� LQ� WKH�
HOHFWULF� IXUQDFH� IRU� �� K�� 2EWDLQHG� VDPSOHV� ZHUH�
DQQHDOHG�DW������&�IRU���K� LQ� WKH�PXIIOH� IXUQDFH��
7KH� GHYHORSHG� JODVV� FRPSRVLWLRQV� KDYH� WKHUPDO�
H[SDQVLRQ� FRHIILFLHQW� YDOXHV� FRQVLVWHQW� ZLWK� WKH�
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WKHUPDO� H[SDQVLRQ� FRHIILFLHQW� YDOXHV� RI� WKH� JODVV�
VXEVWUDWH� DQG� WKH� LQFUHDVHG� UHIUDFWLYH� LQGH[� FORVH�
WR�WKH�UHIUDFWLYH�LQGH[�RI�OXPLQRSKRUH�� 

7KH� �–�� PP-WKLFN� WUDQVSDUHQW� JODVV�
SODWHV�� ERWK� VPRRWK�DQG� ULEEHG��ZHUH�XVHG� DV� WKH�
VXEVWUDWHV�IRU�FRDWLQJ�� 

$V� WKH� OXPLQHVFHQW� SRZGHU� IRUPLQJ� SDUW�
RI�WKH�OLJKW�FRQYHUWHU�FRDWLQJ��QDQRVWUXFWXUHG�FHUL�
XP� GRSHG� \WWULXP-DOXPLQXP� JDUQHW� SRZGHU� ZDV�
XVHG�WKDW�KDG�EHHQ�REWDLQHG�E\�WKH�WKHUPRFKHPL�
FDO� UHDFWLRQ� RI� R[LGDWLRQ� RI� UHOHYDQW� QLWULF� DFLG�
VDOWV� LQ� UHGXFLQJ� DJHQWV� �VXFURVH�� FLWULF� DFLG� DQG�
DFHWLF�DFLG��>��–��@��0HWKRG�RI�V\QWKHVLV�RI�OXPL�
QHVFHQW� XOWUDGLVSHUVHG� SRZGHU� ZLWK�
<����&H����$O�2��� FKHPLFDO� FRPSRVLWLRQ�� XVHG� DV�
DFWLYH� ILOOLQJ� DJHQW�� LV� GHVFULEHG� LQ� WKH� UHVHDUFK�
SDSHUV�>��–��@� 

,Q�RUGHU� WR� LPSURYH�OLJKW�DQG�OXPLQHVFHQW�
VSHFWURVFRSLF�SDUDPHWHUV�RI�WKH�FRDWLQJV��D�GLIIXVH
-GLVSHUVLQJ�FRPSRQHQW�–�VLOLFD�JODVV�SRZGHU�ZLWK�
YDULRXV� JUDQXORPHWULF� FRPSRVLWLRQ� –� ZDV� LQWUR�
GXFHG�LQWR�WKH�FRPSRVLWLRQ�RI� WKH�VOXUU\��DYHUDJH�
SDUWLFOH�VL]H�IURP����WR�����PLFURQV���6LOLFD�JODVV�
LV�LQWURGXFHG�LQWR�WKH�FRDWLQJ�DV�D�FRPSRQHQW�WKDW�
LV� WUDQVSDUHQW� IRU� EOXH� OLJKW� HPLVVLRQ�RI� WKH�/('�
FKLS�� DQG� ZKLWH� OLJKW� LV� IRUPHG� E\� EOXH� SDVVLQJ�
OLJKW�EHLQJ�FRPELQHG�ZLWK�OLJKW�HPLVVLRQ�JHQHUDW�
HG�E\�FHULXP-GRSHG�\WWULXP-DOXPLQXP�JDUQHW�SDU�
WLFOHV��7KLFN� ILOP�FRDWLQJ�ZDV�DOVR�DSSOLHG� WR� WKH�
ULEEHG�JODVV��,Q�WKLV�FDVH�WKHUH�LV�QR�QHHG�WR�LQWUR�
GXFH� D� OLJKW� GLIIXVLRQ� FRPSRQHQW�� EHFDXVH� HPLV�
VLRQ�RI�EOXH�/('�SDUWLDOO\�SDVVHV�WKURXJK�WKH�DUH�
DV�RI� ULEEHG�VXUIDFH�RI� WKH� VXEVWUDWHV� WKDW� DUH�QRW�
FRYHUHG�E\�WKH�VOXUU\��)LJ�����E�� 

7KH� WKLFNQHVV� DQG� WKH� FRPSRVLWLRQ�RI� WKH�
OXPLQHVFHQW� FRPSRXQG� OD\HU� DUH� VHOHFWHG� LQ� VXFK�
D�ZD\� WKDW�EOXH� OLJKW�HPLVVLRQ�RI�/('��ʄHPLVVLRQ� �
����QP��H[FLWHV�EURDGEDQG�UDGLDWLRQ� LQ� WKH�SKRV�
SKRU�ZLWK�D�PD[LPXP�DW�D�ZDYHOHQJWK�RI�����QP�
�\HOORZ� JORZ��� 7RWDO� HPLVVLRQ� RI� EOXH� /('� DQG�
\HOORZ� OXPLQRSKRUH� LV� SHUFHLYHG� E\� WKH� H\H� DV�
ZKLWH� OLJKW� RU� ³ZDUP´� ZKLWH� OLJKW� GHSHQGLQJ� RQ�
UDWLR� RI� DPRXQW� WR� VL]H� RI� WKH� VLOLFD� JODVV� WKDW� LV�
WUDQVSDUHQW� WR� OLJKW� HPLVVLRQ� DQG� OXPLQRSKRUH�
FRPSRVLWLRQ�� 

'HVLJQ� RI� WKH� FRQYHUWHU� WKDW� LV� PDGH� RQ�
WKH� ULEEHG� VXEVWUDWH�ZLWK� D� OD\HU� RI� OXPLQRSKRUH�
FRPSRXQG�DSSOLHG� WR� WKH� UHFHVVHV�� UHTXLUHV� ORZHU�
FRQVXPSWLRQ� RI� H[SHQVLYH� OXPLQHVFHQW� SRZGHU�
DQG�PDLQWDLQV� XQLIRUPLW\� RI� OLJKW� HPLVVLRQ�� 8QL�
IRUP�GLVWULEXWLRQ�RI� WKH�FRPSRXQG�FRQWDLQLQJ� OX�
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PLQRSKRUH� SDUWLFOHV� EDVHG� RQ� \WWULXP-DOXPLQXP�
JDUQHW�LQ�UHFHVVHV�RI�WKH�JODVV�SODWH�HQVXUHV�VWDELO�
LW\� DQG� XQLIRUPLW\� RI� WKH� OXPLQRXV� IOX[� ZLWK� LWV�
WUDQVIRUPDWLRQ� LQWR� WKH� EURDGEDQG� OLJKW� HPLVVLRQ�
ZLWK�D�ORQJHU�ZDYHOHQJWK��/LJKW�IOX[�RI�EOXH�FRORXU�
XQLIRUPO\� SDVVHV� WKURXJK� WUDQVSDUHQW� DUHDV� RI� WKH�
VXEVWUDWH��7RWDO�HPLVVLRQ�RI� WKH�EOXH�/('�DQG� WKH�
\HOORZ�OXPLQRSKRUH�LV�SHUFHLYHG�E\�WKH�H\H�DV�WKH�
ZKLWH�RU�³ZDUP´�ZKLWH�OLJKW�GHSHQGLQJ�RQ�WKH�UDWLR�
RI�WUDQVSDUHQW�DUHDV�WR�UHFHVVHV�ILOOHG�ZLWK�OXPLQR�
SKRUH�� 

,QWURGXFWLRQ�RI�WKH�OXPLQRSKRUH�FRPSRXQG�
RQO\�LQWR�WKH�UHFHVVHV�RI� WKH�OLJKW� WUDQVIRUPHU�VLJ�
QLILFDQWO\�UHGXFHV�WKH�FRQVXPSWLRQ�RI�OXPLQRSKRUH�
ZKLOH�PDLQWDLQLQJ� WKH� XQLIRUPLW\� RI� WKH� OXPLQRXV�
IOX[�RI� WKH� ODPS�DQG� WKH�XQLIRUPLW\�RI� OLJKW�HPLV�
VLRQ�� 

*URXQG�VLOLFD�JODVV�SRZGHU�XVHG�DV�GLIIXVH�
UHIOHFWLRQ�ILOOLQJ�DJHQW��ZDV�SUH-ZDVKHG�DQG�HWFKHG�
LQ� XOWUDVRQLF� EDWK� 8=8-���� DW� D� IUHTXHQF\� RI� ���
+]�� XOWUDVRQLF� SRZHU–� ���� :�� LQ� ���� 1+�+)��
DTXHRXV�VROXWLRQ�IRU����PLQXWHV��$IWHU�WKH�SRZGHU�
LV�ZDVKHG��LWV�WUDQVSDUHQF\�LQFUHDVHV��GXVW�DQG�GH�
IHFWV� DUH� UHPRYHG� IURP� WKH�JUDLQ� VXUIDFH�� DQG� WKH�
UHIUDFWLYH�DQG�UHIOHFWLYH�FDSDFLWLHV�LQFUHDVHV�� 

/XPLQRSKRUH� FRPSRVLWLRQ� ZDV� SUHSDUHG�
DQG� DSSOLHG� WR� WKH�JODVV� VXEVWUDWH�� ,Q� RUGHU� WR� RE�
WDLQ� OLJKW� FRQYHUWLQJ� FRDWLQJ�� JURXQG� IULW� RI� ORZ�
PHOWLQJ�JODVV�FRQWDLQLQJ����ZW���%L�2��ZDV�PL[HG�
LQ� LVRSURS\O� DOFRKRO� PHGLXP�ZLWK� QDQRVWUXFWXUHG�
FHULXP-GRSHG� \WWULXP-DOXPLQXP� JDUQHW� SRZGHU�
DQG� WKH� VLOLFD� JODVV� SRZGHU� ZLWK� D� UDWLR� RI� ������
�����������ZW���� 

7KH�UHVXOWLQJ�VXVSHQVLRQ�ZDV�VSULQNOHG�RQ�
WKH�JODVV� VXEVWUDWH� DQG�GULHG� LQ� WKH� DLU� DW���ƕ&� LQ�
WKH�GU\HU�IRU����PLQXWHV��7KH�FRDWHG�VXEVWUDWH�ZDV�
WKHQ�SODFHG�LQ�D�PXIIOH�IXUQDFH�RQ�D�FHUDPLF�VWDQG�
DQG� JUDGXDOO\� KHDWHG� WR� D� WHPSHUDWXUH� RI� ���� �&�
ZLWK�D�WHPSHUDWXUH�ULVH�UDWH�RI�����&�PLQ��7KH�VXE�
VWUDWH�ZDV�KHOG�DW����ƕ&�IRU����PLQXWHV��WKHQ�VORZ�
O\�FRROHG�GRZQ�ZLWK�WKH�IXUQDFH�WR�WKH�URRP�WHP�
SHUDWXUH�>��@�� 

6FDQQLQJ� HOHFWURQ� PLFURVFRSH� 7(6&$1�
�&]HFK� 5HSXEOLF�� ZDV� XVHG� WR� VWXG\� PRUSKRORJ\�
RI�WKH�FRDWLQJ�� 

/XPLQHVFHQFH� RI� WKH� <$*�&H��� EDVHG�
FRDWLQJ�ZLWK� WKH� LQWURGXFWLRQ� RI� VLOLFD� JODVV� SRZ�
GHUV�ZDV�H[FLWHG� LQ�&H��� LRQ�DEVRUSWLRQ�EDQG�DUHD�
ZLWKLQ� WKH� EOXH� DUHD�� E\� /('–���:–��&–���–
���/0–(/–3�ZLWK� D� ZDYHOHQJWK� LQ� ���–���� QP�
VSHFWUXP�� ZKLFK� FRUUHVSRQGV� WR� WUDQVLWLRQV� IURP�



 

CHEMISTRY AND CHEMICAL ENGINEERING 
ɏɂɆɂə�ɂ�ɏɂɆɂɑȿɋɄȺə�ɌȿɏɇɈɅɈȽɂə  �
���� .�, �0�<�2  

YD �NLP\R � W H[QR ORJ L\DV L  
�� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

ZLWK� WKH� XVH� RI� FHULXP-GRSHG� \WWULXP-DOXPLQXP�
JDUQHW�SURGXFHG�E\�EHLQJ�EXUQW� LQ�FLWULF�DFLG��FDO�
FLILHG�LQ�WKH�DUJRQ�DWPRVSKHUH�DW�D�WHPSHUDWXUH�RI�
�����ƕ&�VLOLFD�JODVV�SRZGHU�ZLWK�DQ�DYHUDJH�SDUWL�
FOH� VL]H� RI����–����ȝP�EHLQJ� DGGHG� DV� GLIIXVLRQ�
FRPSRQHQW�� 

7KH�PHDVXUHG�OXPLQRSKRUH�HPLVVLRQ�VSHF�
WUD� KDG� D� ZLGH� EDQG� ZLWKLQ� ���–���� QP�� ZKLFK�
FRUUHVSRQGV� WR� WUDQVLWLRQV� RI�&H��� LRQ� IURP��G� WR�
�I-VKHOO� OHYHOV��ZLWK� WKH�PD[LPXP�EHLQJ�DSSUR[L�
PDWHO\�����QP�>��@��/XPLQHVFHQFH�VSHFWUD�RI� WKH�
VDPSOHV�GHSHQGLQJ�RQ� WKH�SDUWLFOH�VL]H�RI�GLIIXVH-
GLVSHUVLQJ�FRPSRQHQW�RI�VLOLFD�SRZGHU�ʋ���–�����
�P��ʋ���–������P��ʋ���–� �����P� LV�SUHVHQW� LQ�
)LJ�� ��� $V� WKH� VL]H� RI� GLIIXVH-GLVSHUVLQJ� SRZGHU�
LQFUHDVHV�� WKH� OXPLQHVFHQFH� LQWHQVLW\� LQFUHDVHV��
WRR�� EHFDXVH� WRWDO� DPRXQW� RI� EOXH� /('� TXDQWD�
SDVVLQJ�WKURXJK�WKH�FRPSRVLWH�DQG�H[FLWHG�LQ�\HO�
ORZ�OXPLQRSKRUH�SDUWLFOHV�LQFUHDVHV�� 

,Q� RUGHU� WR� FUHDWH� UHPRWH� OLJKW� WUDQVGXFHUV�
HPLWWLQJ�OLJKW�LQ�D�ZLGH�UDQJH�RI�FRORXU�WHPSHUDWXUHV�
�IURP� FROG-ZKLWH� WR� SLQN��� WKH\� ZHUH� IRUPHG� E\�
FRPELQDWLRQ�RI�WZR�W\SHV�RI�OXPLQRSKRUHV�HPLWWLQJ��
UHVSHFWLYHO\��\HOORZ-JUHHQ�DQG�UHG�SDUWV�RI�WKH�VSHF�
WUXP��)RU�H[DPSOH�� LQWURGXFWLRQ�LQWR�JODVV�PDWULFHV�
RI� WKH� UHG� OXPLQRSKRUHV� <�2��� (X

���� ZKLFK� ZHUH�
REWDLQHG�E\� WKH� WKHUPRFKHPLFDO� UHDFWLRQV�� WRJHWKHU�
ZLWK�<$*�&H��� EDVHG� \HOORZ� OXPLQRSKRUH�� DOORZV�
XV�WR�PRYH�OLJKW�HPLVVLRQ�EDQG�WR�UHG��WKXV�REWDLQ�
LQJ� ³ZDUP´� ZKLWH� FRORU� OLJKW� IURP� WKH� GHYLFH�� ,Q�
RUGHU�WR�DFKLHYH�WKLV��D�FRPELQDWLRQ�RI�WZR�OXPLQR�
SKRUHV� ZDV� SUHSDUHG� ZLWK� D� UDWLR� RI� ������ ZW�� ��
�\HOORZ���UHG���:KHQ�VXFK�D�ɫRPSRVLWH�LV�LUUDGLDWHG�
E\�/('V�ZLWK�Ȝ� �����QP��D�FRPELQHG�OLJKW�HPLV�
VLRQ�VSHFWUXP�ZLWK�D�ZLGH�EDQG�RI����–����QP�DQG�

�I�)����WR��G�VSOLW�OHYHOV�� 
/XPLQHVFHQFH� VSHFWUD� ZHUH� UHFDOFXODWHG�

XVLQJ�WKH�UHIHUHQFH�FROG-ZKLWH�/('�VSHFWUXP�� 
 
5HVXOWV�DQG�'LVFXVVLRQ 
6(0� LPDJH� RI� SKRVSKRU� FRDWLQJ� ILOOHG�

ZLWK� VLOLFD� JODVV� SRZGHU� �DYHUDJH� SDUWLFOH� VL]H�
IURP���� �D�� WR�����PLFURQV� �E��� LQ�D� ORZ�PHOWLQJ�
JODVV� PDWUL[� ZLWK� VXEPLFURQ� <$*�&H� SRZGHU� LV�
VKRZQ�LQ�)LJ����6LOLFD�JODVV� LV� LQWURGXFHG�LQWR�WKH�
FRDWLQJ� DV� D� FRPSRQHQW� WKDW� LV� WUDQVSDUHQW� WR� WKH�
EOXH� OLJKW� HPLVVLRQ� RI� WKH� /('� FKLS�� DQG� ZKLWH�
OLJKW� LV� JHQHUDWHG� E\� PL[LQJ� EOXH� HPLVVLRQ� DQG�
\HOORZ� UDGLDWLRQ� JHQHUDWHG� E\� DFWLYDWHG� \WWULXP�
DOXPLQXP�JDUQHW�SDUWLFOHV�� 

$QDO\VLV� RI� WKH� OXPLQHVFHQFH� �)LJ�� ��� RI�
FRDWLQJV�FRQWDLQLQJ�WUDQVSDUHQW�VLOLFD�SDUWLFOHV�KDV�
SURYHG� WKDW� KLJKHVW� OXPLQHVFHQFH� LQWHQVLW\� KDV�
EHHQ�VKRZQ�E\�WKH�OXPLQRSKRUH�FRDWLQJV�SURGXFHG�

D�������������������������������������������������������������������������������������������E 
)LJXUH����6(0�LPDJH�RI�SKRVSKRU�FRDWLQJ�FRQWDLQLQJ�TXDUW]�SRZGHU�ZLWK�DQ�DYHUDJH�SDUWLFOH�VL]H�RI������D��DQG����PLFURQV��E�� 

����–������PP����–������PP����–�����PP� 
)LJXUH����/XPLQHVFHQFH�VSHFWUD�RI�FRDWLQJV�GHSHQGLQJ�RQ�WKH�VL]H�RI�

VLOLFD�JODVV�SDUWLFOHV�� 
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E\� EXUQLQJ� FHULXP-GRSHG� <�$O�2��� \WWULXP-
DOXPLQXP� JDUQHW� XOWUDGLVSHUVHG� SRZGHU�� ZLWK�
DGGLWLRQDO� LQWURGXFWLRQ� RI� OLJKW-GLIIXVLQJ� VLOLFD�
SRZGHU��+LJKHVW�OXPLQHVFHQFH�LQWHQVLW\�DW�H[FLWD�
WLRQ�DW�ZDYHOHQJWK�Ȝ ����QP�KDV�EHHQ�DFKLHYHG�
E\� WKH� OXPLQRSKRUH� FRDWLQJV� REWDLQHG� ZLWK� WKH�
XVH� RI� GLIIXVH-GLVSHUVLQJ� FRPSRQHQW� RI� VLOLFD�
JODVV� SRZGHU� ZLWK� WKH� PHGLXP� SDUWLFOH� VL]H� RI�
�����P�� 

DQ� LQWHQVLYH� QDUURZ� EDQG� RI� ���� QP� LV� REWDLQHG��
ZKLFK�ZLWK�WKH�XVH�RI�WKH�EOXH�OLJKW�DOORZV�WR�DGMXVW�
WKH³ZDUP´�ZKLWH�OLJKW�HPLVVLRQ��)LJ������ 

7KH� REWDLQHG� VDPSOHV� RI� WKH� OXPLQHVFHQW�
FRDWLQJV� FRQVLVWLQJ�RI� ORZ�PHOWLQJ� JODVV�ZLWK����
ZW��� RI� %L�2��� QDQRVWUXFWXUHG� FHULXP-GRSHG� \W�
WULXP-DOXPLQXP� JDUQHW� SRZGHU�� DQG� VLOLFD� JODVV�
SRZGHU�WDNHQ�LQ�UDWLR�RI��������������������ZW����
HQDEOHG�WR�DFKLHYH�ZKLWH�OLJKW�IURP�EOXH�DQG�89-
/('V��WKH�WRWDO�OLJKW�HPLVVLRQ�VSHFWUXP�RI�ZKLFK�
LV�VKRZQ�LQ�)LJ����ZLWK�FRUUHVSRQGLQJ�FKURPDWLFL�
W\� FRRUGLQDWHV� ɏ ����–����� DQG� ɍ ����–�����
�)LJ����� 

 
&RQFOXVLRQ 
7KH�FRPSRVLWLRQ�RI�OXPLQRSKRUH�FRDWLQJ�

RQ� WKH� JODVV� VXEVWUDWHV� IRU� FRQYHUWRU� WKDW� WUDQV�
IRUPV� OLJKW�HPLVVLRQ�RI�EOXH�/('V�RU�FKLSV� LQWR�
ZKLWH�OLJKW�KDV�EHHQ�GHYHORSHG�EDVHG�RQ�DSSOLFD�
WLRQ� DQG� ILULQJ� RI� FRPSRVLWH� VOXUU\� XVLQJ� ORZ�
PHOWLQJ� ELVPXWK-FRQWDLQLQJ� JODVV� DQG� REWDLQHG�
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DWHG�ZLWK�/('�ZLWK�Ȝ� �����QP�����ZLWK�<$*�&H���OXPLQRSKRUH��
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ZLWK�D�UDWLR�RI�������ZW�����\HOORZ��UHG��� 

)LJXUH����7RWDO�VSHFWUXP�RI�D�EOXH�/('�DQG�D�FRPSRVLWH�WKLFN-ILOP�
OLJKW�FRQYHUWHU�� 

)LJXUH����&RORU�GLDJUDP�IRU�D�OLJKW�FRQYHUWHU�ZKHQ�LUUDGLDWHG�ZLWK�
OLJKW�IURP�D�EOXH�/('�ZLWK��Ȝ� �����QP�� 
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