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7KH�3$1,�'%6$�FRQWHQW�DQG�GLVSHUVLQJ�VROYHQW�DV�LQIOXHQFH�SDUDPHWHUV�LQ�VHQVLQJ�
SHUIRUPDQFHV�RI�7L2��3$1,�'%6$�K\EULG�QDQRFRPSRVLWHV�WR�DPPRQLD�

�

6��0LNKD\ORYD�E��1�$��2JXUWVRYD��1��5HGRQE��3��&RGGHYLOOHE��-�/��:RMNLHZLF]E�DQG�$�$��3XGD�

�

D� ,QVWLWXWH� RI� %LRRUJDQLF� &KHPLVWU\� DQG� 3HWURFKHPLVWU\�� 1DWLRQDO� $FDGHP\� RI� 6FLHQFHV� RI�
8NUDLQH�����.KDUNLYVNH�6KRVH���������.\LY��8NUDLQH��
E�0LQHV�'RXDL�� 'pSDUWHPHQW� 6FLHQFHV� GH� O¶$WPRVSKqUH� HW�*pQLH� GH� O¶(QYLURQQHPHQW� �6$*(���
����UXH�&KDUOHV�%RXUVHXO��)�������'RXDL��)UDQFH��
�
�&RUUHVSRQGLQJ�DXWKRUV��(�0DLO�� MHDQ�OXF�ZRMNLHZLF]#PLQHV�GRXDL�IU��7HO���������������������
DOH[DQGHU�SXG#JPDLO�FRP���SXG#ESFL�NLHY�XD��7HO�����������������������
�
$EVWUDFW�

:H�GHPRQVWUDWH�KHUH�VWURQJ�LQIOXHQFHV�RI�WKH�FRQWHQW�RI�SRO\DQLOLQH��3$1,��GRSHG�ZLWK�

GRGHF\OEHQ]HQHVXOIRQLF� DFLG� �'%6$�� DQG� QDWXUH� RI� GLVSHUVLQJ� VROYHQWV� FKORUREHQ]HQH� �&%��

DQG� GLFKORURDFHWLF� DFLG� �'&$$�� RQ�PRUSKRORJ\� DQG� VHQVLQJ� SURSHUWLHV� RI� WKH� 7L2��3$1,�

'%6$� K\EULG� QDQRFRPSRVLWH� OD\HUV� FDVW� RQ� WKH� WUDQVGXFHU� HOHFWURGHV�� 7KH� REWDLQHG� UHVXOWV�

HYLGHQFH�WKDW�WKHVH�HIIHFWV�DUH�FDXVHG�E\�VROXELOLW\�RI�WKH�3$1,�FRPSRQHQW�RI�WKH�V\QWKHVL]HG�

QDQRFRPSRVLWHV� LQ� WKH� VROYHQWV� DQG� ERLOLQJ� WHPSHUDWXUH� RI� WKH� ODWWHU�� 7R� HVWLPDWH� D�

TXDQWLWDWLYH� HIIHFW� RI� WKH� 3$1,�ZH�XVHG� UHDO� FRQWHQWV� RI� WKH�3$1,�'%6$�FRPSRQHQW�SKDVH�

GHWHUPLQHG� WKURXJK� WKH�3$1,�SRO\PHUL]DWLRQ�\LHOG��7KH�KLJKHVW�PDJQLWXGHV�DQG�UDWHV�RI� WKH�

VHQVRU� UHVSRQVHV� WR� JDVHRXV� DPPRQLD� DUH� VKRZQ� E\� WKH� QDQRFRPSRVLWH� OD\HU� ZLWK� WKH�

LQWHUPHGLDWH�3$1,�'%6$�FRQWHQW�������ZW����DQG�FDVW�IURP�WKH�QDQRFRPSRVLWH�GLVSHUVLRQ�LQ�

&%��:H�H[SODLQ�WKLV�HIIHFW�E\�WKH�VSHFLILF�PRUSKRORJ\�RI�WKH�OD\HU��ZKLFK�DSSHDU�GXH�WR�SRRU�

VROXELOLW\�RI�WKH�3$1,�'%6$�FRPSRQHQW�LQ�WKLV�VROYHQW��7KH�FRPSDULVRQ�RI�VHQVLWLYLW\�RI�WKH�

FKHPLFDOO\� V\QWKHVL]HG� QDQRFRPSRVLWHV� WR� DPPRQLD� ZLWK� WKDW� RI� WKHLU� PHFKDQLFDOO\� PL[HG�

DQDORJ�GHPRQVWUDWHV�WKH�EHWWHU�VHQVLQJ�SHUIRUPDQFH�RI�WKH�IRUPHU��

.H\ZRUGV�� SRO\DQLOLQH�� WLWDQLXP� GLR[LGH�� QDQRFRPSRVLWHV�� GLVSHUVLRQV�� VROYHQW� HIIHFW��

DPPRQLD�JDV�VHQVRU��

�
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1DWXUDOO\�� WKH�PDMRULW\�RI� WKH�QDQRFRPSRVLWHV� VHQVLQJ�SURSHUWLHV�GHSHQG�RQ� WKH�GRSHG�3$1,�

ORDGLQJ� DQG� QDQRFRPSRVLWH� PRUSKRORJ\� DV� ZHOO� DV� RQ� SK\VLFDO� DQG� SK\VLFR�FKHPLFDO� LQWHUDFWLRQV�

EHWZHHQ� WKH� FRQVWLWXWLQJ� FRPSRQHQWV� ��� ������� ,Q� JHQHUDO�� ZKHQ� WKH� SRO\PHU� FRQWHQW� SUHYDLOV�� WKH�

SURSHUWLHV� RI� VXFK� QDQRFRPSRVLWHV� WHQG� WR� WKRVH� RI� WKH� SXUH� SRO\PHU�� $W� D� ORZ� 3$1,� FRQWHQW� � WKH�

FRQWULEXWLRQ� RI� VSHFLILF� FKHPLFDO� DQG� SK\VLFDO� LQWHUDFWLRQV� EHWZHHQ� WKH� SRO\PHU� DQG� EHDULQJ�PDWUL[�

FRPSRQHQW� EHFRPHV� VWURQJHU� DQG� OHDGV� WR� FKDQJHV� LQ� GRSHG� 3$1,� VWUXFWXUH� DQG� PRUSKRORJ\� ����

0RUHRYHU�� LW�KDV�EHHQ�VKRZQ�UHFHQWO\�WKDW� WKH�VPDOO� WKLFNQHVV�RI� WKH�3$1,�'%6$�VKHOO� LQ�PXOWLZDOO�

FDUERQ� QDQRWXEHV� �0:&17��3$1,�'%6$� QDQRFRPSRVLWHV� OHDGV� WR� UHVSRQVH�UHFRYHU\� WLPHV�

VKRUWHQLQJ�DVVLJQHG�WR�PRUH�IDFLOH�GLIIXVLRQ�RI�DQDO\WH�PROHFXOHV�WR�WKH�VHQVLQJ�VLWHV�FOXVWHUV�����$W�WKH�

VDPH� WLPH�� WR� RXU� NQRZOHGJH� WKH� LQIRUPDWLRQ� RQ� LQIOXHQFH� RI� 3$1,� FRQWHQW� LQ� 7L2��3$1,�

QDQRFRPSRVLWHV�RQ�DPPRQLD�VHQVLQJ�SURSHUWLHV�LV�OLPLWHG�RQO\�WR�D�IHZ�SXEOLFDWLRQV����������

2EYLRXVO\�� LQ� FDVH�RI�GRSDQW�LQGXFHG�3$1,� VROXELOLW\� ���� ��� WKH� LQIOXHQFH�RI�3$1,� FRQWHQW� LV�

FORVHO\� UHODWHG� WR� DQ� LPSRUWDQW� LVVXH� RI� IRUPDWLRQ� RI� 3$1,� EDVHG� VHQVLQJ� OD\HUV� E\� QDQRFRPSRVLWH�

GLVSHUVLRQV� FDVWLQJ� �GURS�FDVWLQJ�� VSLQFRDWLQJ�� RQ� LQWHUGLJLWDGHG� HOHFWURGHV�� ,Q� WKLV� FDVH�� FKDQJHV� LQ�

LQLWLDO� QDQRFRPSRVLWH� PRUSKRORJ\� DUH� SRVVLEOH� DV� D� FRQVHTXHQFH� RI� WKH� SRO\PHU� SKDVH� SDUWLDO�

GLVVROXWLRQ� ���� ,QHYLWDEO\�� WKH� DELOLW\�RI� D� VROYHQW� WR�GLVVROYH�GRSHG�3$1,�SKDVH�VKHOO� IURP� WKH� FRUH�

SDUWLFOH�VXUIDFH�ZKHQ�GLVSHUVLQJ�VKRXOG�LQIOXHQFH�WKH�VHQVLQJ�FDSDFLW\�RI�WKH�IRUPHG�FRPSRVLWH�OD\HU��

$W�WKH�VDPH�WLPH��DQ�DGGLWLRQDO�HIIHFW�RI�VHFRQGDU\�GRSLQJ�RQ�HOHFWULFDO��RSWLFDO�DQG�VWUXFWXUDO�3$1,�

SURSHUWLHV�FDQ�EH�REVHUYHG�LQ�WKH�FDVH�RI�XVLQJ�VSHFLILF�VROYHQWV�VXFK�DV�H�J��P�FUHVRO�RU�GLFKORURDFHWLF�

DFLG� �'&$$�� ���� ���� ,Q� SDUWLFXODU��'&$$� DSSHDUHG� WR� EH� D� JRRG� DOWHUQDWLYH� WR�P�FUHVRO� DOORZLQJ� WR�

DFKLHYH� KLJKO\� FU\VWDOOLQH� DQG� FRQGXFWLYH� 3$1,� ���� +RZHYHU�� WKH� 3$1,� SDUWLDO� SURWRQDWLRQ� ZLWK�

'&$$�LQ�DGGLWLRQ�WR�WKH�SULPDU\�GRSDQW�ZDV�REVHUYHG�����0RUHRYHU��XVLQJ�'&$$�IRU�EOHQGLQJ�LQ�WKH�

MRLQW�VROXWLRQ�RI�3$1,�GRSHG�ZLWK�FDPSKRUVXOIRQLF�DFLG�DQG�WKH�SRO\XUHWKDQH�DOORZHG�IDEULFDWLRQ�RI�

WKLQ� SRO\PHU�SRO\PHU� FRPSRVLWH� ILOPV� ZKLFK� DFWHG� DV� VHQVLWLYH� OD\HUV� LQ� DPPRQLD� FKHPRUHVLVWLYH�

VHQVRUV� ��� 1HYHUWKHOHVV�� WKH� TXHVWLRQ� DERXW� WKH� LQIOXHQFH� RI� WKH� 3$1,� FRPSRQHQW� GLVVROXWLRQ� RQ�

VHQVLQJ�DQG�RWKHU�SURSHUWLHV�RI�K\EULG�QDQRFRPSRVLWHV�VWLOO�UHPDLQV�RSHQ���
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7KH� DLP� RI� WKLV� VWXG\� LV� WR� EHWWHU� XQGHUVWDQG� WKH� LQIOXHQFHV� RI� WKH� GRSHG� 3$1,� FRQWHQW� DQG�

GLVSHUVLQJ�VROYHQWV�PDLQO\�LQ�WHUPV�RI�VROXELOLW\�DQG�PRUSKRORJLFDO�LPSDFWV�RQ�VHQVLQJ�SURSHUWLHV�RI�

K\EULG�QDQRFRPSRVLWHV�RI�GRSHG�3$1,�ZLWK�7L2��QDQRSDUWLFOHV��:H�EHOLHYH�WKDW�WKHVH�IDFWRUV�DUH�VWLOO�

XQGHUHVWLPDWHG� EXW� KDYH� LQGHSHQGHQW� SUDFWLFDO� VLJQLILFDQFH� IRU� WKH� DSSOLFDWLRQV� RI� WKH� 3$1,�

FRQWDLQLQJ� K\EULG� QDQRFRPSRVLWHV�� ,Q� OLQH�ZLWK� WKLV� YLHZ��ZH� GR� QRW� FRQVLGHU� KHUH� RWKHU� LPSRUWDQW�

IDFWRUV�RI� LQIOXHQFH�RQ�WKHVH�PDWHULDOV�VXFK�DV�IRUPDWLRQ�RI�S�Q�MXQFWLRQ��FKDQJH�RI�3$1,�SURSHUWLHV�

DQG�VWUXFWXUH�GXH�WR�LQWHUDFWLRQ�ZLWK�7L2���DGVRUSWLRQ�RI�DQDO\WH�DW�7L2��VXUIDFH��HWF���ZKLFK�KDYH�EHHQ�

FDUHIXOO\� FRQVLGHUHG� LQ� RWKHU� SXEOLFDWLRQV� �H�J���� ���� ���� ���� ����� $V� REMHFWV� RI� WKH� UHVHDUFK� ZH� XVHG�

7L2��3$1,�'%6$� QDQRFRPSRVLWHV� DQG� WZR� VROYHQWV� ZLWK� GLIIHUHQW� GLVVROYLQJ� DELOLW\�� QDPHO\�

FKORUREHQ]HQH��&%��DQG�'&$$�WR�VWXG\�KRZ�WKHLU�FRPELQDWLRQV�FDQ�JRYHUQ�VHQVLQJ�UHVSRQVHV�RI�WKH�

QDQRFRPSRVLWHV��'%6$�ZDV� FKRVHQ� DV� WKH� DFLG�GRSDQW� GXH� WR� ERWK� LWV� NQRZQ� DELOLW\� ��� WR� IDFLOLWDWH�

3$1,� VROXELOLW\� DQG� SUHYLRXVO\� FRQILUPHG� KLJK� VHQVLWLYLW\� RI� WKH� 7L2��3$1,�'%6$� FRUH�VKHOO�

QDQRFRPSRVLWHV�WR�DPPRQLD�DQG�UHODWLYH�DQDO\WHV�����,Q�WKLV�UHVHDUFK�WKHVH�'%6$�DELOLWLHV�DOORZHG�XV�

WR� GLVFULPLQDWH� HIIHFW� RI� WKH� GLVSHUVLQJ� VROYHQWV� RQ� PRUSKRORJ\� DQG� VHQVLQJ� SHUIRUPDQFHV� RI� WKH�

IRUPHG� 7L2��3$1,�'%6$� OD\HUV�� :H� XVHG� KHUH� W\SLFDO� DPPRQLD�DLU� PL[WXUHV� DV� WKH� LOOXVWUDWLYH�

H[DPSOH�RI�WKH�EDVLF�DQDO\WH�PHGLD�MXVW�WR�GLVSOD\�WKH�H[SHFWHG�HIIHFWV���

���([SHULPHQWDO�

�����0DWHULDOV�

$QLOLQH� �0HUFN�� ZDV� GLVWLOOHG� XQGHU� YDFXXP� DQG� VWRUHG� XQGHU� DUJRQ� DW� ���� �&�� 7KH� UHDJHQW�

JUDGH�DPPRQLXP�SHUVXOIDWH��$36���8NUDLQH��DQG�'%6$��$FURV���7L2��DQDWDVH�QDQRSDUWLFOHV������QP�

�07,�&RUSRUDWLRQ���'&$$��6LJPD�$OGULFK��DQG�&%��6LJPD�$OGULFK��VROYHQWV�ZHUH�XVHG�DV�UHFHLYHG��

�����7KH�QDQRFRPSRVLWHV�V\QWKHVHV�

7KH� QDQRFRPSRVLWHV� IRUPDWLRQ� ZDV� EDVHG� RQ� WKH� W\SLFDO� R[LGDWLYH� DQLOLQH� SRO\PHUL]DWLRQ�

SURFHGXUH�ZLWK�VRPH�PRGLILFDWLRQV����,Q�VKRUW��WKH�IDEULFDWLRQ�SURFHVV�LQYROYHG�DQLOLQH�SRO\PHUL]DWLRQ�

DW�����&�XQGHU�WKH�DFWLRQ�RI�DPPRQLXP�SHUVXOIDWH�LQ�WKH�SUHVHQFH�RI�WKH�DFLG�GRSDQW�'%6$�DQG�7L2��

QDQRSDUWLFOHV� GLVSHUVHG� LQ� WKH� UHDFWLRQ�PHGLXP�� 'LIIHUHQW� FRQWHQWV� RI� 3$1,� LQ� WKH� QDQRFRPSRVLWHV�

ZHUH�SUHGHWHUPLQHG�E\�WKH�LQLWLDO�ZHLJKW�UDWLRV�7L2��DQLOLQH�LQ�WKH�UHDFWLRQ�PL[WXUH��������������DQG�
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������� :H� XVHG� W\SLFDO� DQLOLQH�R[LGDQW�'%6$� PRODU� UDWLRV� ������������ 7KH� UHIHUHQFH� SXUH� 3$1,�

'%6$�ZDV�V\QWKHVL]HG�XQGHU�WKH�VDPH�FRQGLWLRQV�EXW�LQ�DEVHQFH�RI�7L2����

7KH�V\QWKHVL]HG�3$1,�QDQRFRPSRVLWHV�ZHUH�SXULILHG�E\�GLDO\VLV�DJDLQVW�GLVWLOOHG�ZDWHU�IRU����

KRXUV�DQG�GULHG�XQGHU�YDFXXP�DW�����&�WR�D�FRQVWDQW�ZHLJKW��

�����(YDOXDWLRQ�RI�3$1,�FRQWHQW�LQ�WKH�QDQRFRPSRVLWHV�

7KH� SRO\PHU� \LHOG� GHWHUPLQDWLRQ� ZDV� FDUULHG� RXW� DFFRUGLQJ� WR� WKH� VOLJKWO\� PRGLILHG�

SURWRFRO� GHVFULEHG� HOVHZKHUH� ZLWK� D� KHOS� RI� 6SHFRUG�0���89�9LV� VSHFWURSKRWRPHWHU� ���� ,Q�

VKRUW��WKH�SXUH�3$1,�DQG�LWV�QDQRFRPSRVLWHV�ZHUH�GHGRSHG�ZLWK������ZDWHU�DPPRQLD�VROXWLRQ��

7KHQ� WKH� IL[HG� SRUWLRQV� RI� WKH� GHGRSHG� 3$1,� FRQWDLQLQJ� SRZGHUV� ZHUH� SODFHG� LQ� �� PO� 1�

0HWK\OS\UUROLGRQH��103��FRQWDLQLQJ�����J�RI�DVFRUELF�DFLG�WR�EH�UHGXFHG�WR�OHXFRHPHUDOGLQH�

VWDWH��7KH�REWDLQHG�OHXFRHPHUDOGLQH�VROXWLRQV�ZHUH�FHQWULIXJHG�IRU����PLQ�DW������USP�LQ�RUGHU�

WR� UHPRYH� 7L2�� QDQRSDUWLFOHV�� 7KH� DEVRUSWLRQ� PD[LPD� RI� WKH� LQYHVWLJDWHG� OHXFRHPHUDOGLQH�

VROXWLRQV� �DIWHU� VXEWUDFWLRQ� RI� WKH� 103� VSHFWUXP�� ZHUH� XVHG� IRU� WKH� FDOFXODWLRQV� RI� WKH�

GLVVROYHG�3$1,�TXDQWLW\��LWV�SRO\PHUL]DWLRQ�\LHOG�DQG�FRQWHQWV�LQ�GHGRSHG�DQG�GRSHG�VWDWHV�LQ�

WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV��7DEOH�����

7DEOH����'HVFULSWLRQ�RI�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV�
7KHRUHWLFDO�GHGRSHG�3$1,�FRQWHQW��ZW���� �� ��� ���
5HDO�FRQWHQW�RI�WKH�GHGRSHG�3$1,�ZW���� ���� ���� �����
7KH�GHGRSHG�3$1,�\LHOG���� ��� ��� ���
3$1,�'%6$�FRQWHQWD���� ���� ����� �����
9ROXPH�)UDFWLRQ�RI�3$1,�'%6$� ����� ����� �����
1RWDWLRQE� 1&�� 1&��� 1&���

D7KH�UHDO�GHGRSHG�3$1,�FRQWHQWV�LQ�WKH�QDQRFRPSRVLWHV�ZHUH�UHFDOFXODWHG�IRU�WKH�GRSHG�3$1,�RQH�LQ�WKH�IRUP�RI�WKH�VDOW�
3$1,�'%6$�����ZLWK�WKH�VWRLFKLRPHWULF�UDWLR�RI�'%6$�DQG�WKH�LPLQH�QLWURJHQV�RI�3$1,��
E1&�LV��D�JHQHUDO�DEEUHYLDWLRQ�RI�WKH�QDQRFRPSRVLWH��QXPHUDOV�GLVSOD\�WKH�URXQGHG�FDOFXODWHG�FRQWHQW�RI�3$1,�'%6$�EDVHG�
RQ�WKH�UHDO�GHGRSHG�3$1,�FRQWHQWV��

�����6HQVLQJ�OD\HU�SUHSDUDWLRQV�

7KH� SUHSDUDWLRQ� SURWRFRO� LQFOXGHG� D� IHZ� VWHSV�� ,Q� SDUWLFXODU�� SXUH� 3$1,�'%6$� DQG� LWV�

QDQRFRPSRVLWHV� ZHUH� GLVSHUVHG� LQ� '&$$� DQG� &%�� 7KH� REWDLQHG� GLVSHUVLRQV� ���PJ�PO�� ZHUH�

KRPRJHQL]HG�LQ�XOWUDVRQLF�EDWK�IRU����PLQ�IROORZHG�E\�GURS�FDVWLQJ�GHSRVLWLRQ�RI������O�VROXWLRQ�RQWR�

$X�ILEHUJODVV� LQWHUGLJLWDWHG� HOHFWURGHV� DUUD\� DQG� GULHG� XQGHU� YDFXXP� DW� ��� �&� IRU� ��� KRXUV�� 7KH�

HOHFWURGHV�DUUD\�ZDV�WKHQ�SODFHG�LQVLGH�WKH�WKHUPRVWDELOL]HG�H[SRVXUH�FKDPEHU������
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�����6HQVLQJ�PHDVXUHPHQWV�

6HQVLQJ� SURSHUWLHV� RI� WKH� V\QWKHVL]HG� PDWHULDOV� ZHUH� H[DPLQHG� LQ� WKH� IORZ�W\SH� V\VWHP�

GHVFULEHG�HOVHZKHUH����$OO�WKH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW�����&�DQG�FRQVWDQW�UHODWLYH�KXPLGLW\�

�5+ ���������� 7KH� WHVWHG� DPPRQLD� FRQFHQWUDWLRQV� UDQJH� ZDV� �� ±� ���� SSP�� 7KH� VHQVRU� UHVSRQVH�

PDJQLWXGH��65��ZDV�FDOFXODWHG�E\�HTXDWLRQ�65� �>�5�5���5�@î������ZKHUH�5�LV�WKH�VDPSOH�UHVLVWDQFH��

5���LV�WKH�LQLWLDO�UHVLVWDQFH�YDOXH���

7KH�WLPH�RI�WKH�VHQVLQJ�PDWHULDOV�LQWHUDFWLRQ�ZLWK�DPPRQLD�ZDV���PLQ��7KH�UHVSRQVH�UDWH�ZDV�

FDOFXODWHG� DV� WDQJHQW� �WJt�� RI� WKH� VORSH� �t�� RI� LQLWLDO� OLQHDU� SDUW� RI� WKH� UHVSRQVH� WUDFH��7KH� UHFRYHU\�

DELOLW\��5$��RI�WKH�VHQVRU�ZDV�HVWLPDWHG�DV�D�GLIIHUHQFH�EHWZHHQ�65�YDOXH�DW��WK�PLQ�LQ�1+�±DLU�IORZ�

DQG� 65DLU� YDOXH� PHDVXUHG� DW� ��WK� PLQ� DIWHU� 1+�±DLU� IORZ� ZDV� UHSODFHG� E\� SXUH� DLU� IORZ�� L�H���������

5$'&$$�RU�&%� �65�±�65DLU��LQGH[�'&$$�RU�&%�LV�XVHG�KHUH�WR�LQGLFDWH�HIIHFW�RI�WKH�VROYHQW�RQ�WKH�VHQVRU�

OD\HU� UHFRYHU\��� 7KH� VHQVRUV� UHVLVWDQFH� FKDQJHV� ZHUH� FRQWLQXRXVO\� PHDVXUHG� DQG� UHFRUGHG� ZLWK� D�

GLJLWDO� PXOWLPHWHU� �$JLOHQW� �����$�� FRQQHFWHG� WR� FRPSXWHU�� 7KH� LQ�FKDPEHU� DQDO\WH� FRQFHQWUDWLRQ�

ZDV�JHQHUDWHG�E\�PL[LQJ�DPPRQLD�IURP�D�VWDQGDUG�JDV�F\OLQGHU��35$;$,5�&RPSDQ\��ZLWK�SXULILHG�

DLU�IURP�D�]HUR�DLU�JHQHUDWRU��:KDWWPDQ����������

5�� ZDV� HVWLPDWHG� DV� D� PHDQ� UHVLVWDQFH� YDOXH� PHDVXUHG� LQ� WKH� IORZ� RI� SXULILHG� DLU� GXULQJ� ��

PLQXWHV��7KHQ��WKH�VDPSOHV�ZHUH�H[SRVHG�WR�DPPRQLD�ZLWK�VLPXOWDQHRXV�UHFRUGLQJ�RI�WKHLU�UHVLVWDQFH�

FKDQJHV��$IWHU���PLQ�RI�LQWHUDFWLRQ�ZLWK�SROOXWDQW�VHQVRUV�ZDV�IOXVKHG�ZLWK�SXULILHG�DLU�����

����&KDUDFWHUL]DWLRQ�

7KH�;�UD\�GLIIUDFWRPHWHU�'521��0�ZLWK�&X..� UDGLDWLRQ���� �������c��ZDV�XVHG�IRU�

WKH�PDWHULDOV�PRUSKRORJ\�H[DPLQDWLRQV��7KH�DGGLWLRQDO�GDWD�ZHUH�REWDLQHG�E\�WUDQVPLVVLRQ�DQG�

VFDQQLQJ�HOHFWURQ�PLFURVFRS\��7(0�DQG�6(0��RQ�WKH�-(2/�-(0������DQG�+,7$&+,�6������

6(0� PLFURVFRSHV� UHVSHFWLYHO\�� 7KH� SXUH� 3$1,� DQG� LWV� QDQRFRPSRVLWHV� )7,5� VSHFWUD� ZHUH�

UHFRUGHG�ZLWK�WKH�KHOS�RI�%UXNHU�9HUWH[����VSHFWURPHWHU�DW�UHVROXWLRQ�RI���FP±����

7KH� VROXELOLW\� RI� WKH� SRO\PHU� SKDVH� LQ� WKH� QDQRFRPSRVLWHV� ZDV� WHVWHG� RQ� WKH� 1&���

VDPSOH�E\�DSSO\LQJ�WKH�VDPH�SUHSDUDWLRQ�SURWRFRO�DV�IRU�VHQVLQJ�PHDVXUHPHQWV��VHFWLRQ�������,Q�
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VKRUW��WKH�IL[HG�YROXPHV�RI�'&$$�����PO��DQG�&%������PO��ZHUH�DGGHG�WR�WKH�ZHLJKHG�SRUWLRQV�

�FD�� ��� PJ�� RI� 1&��� SODFHG� DW� WKH� ERWWRP� RI� WZR� JODVV� YLDOV�� 7KH�1&��� FRQFHQWUDWLRQV� LQ�

REWDLQHG� GLVSHUVLRQV� ZHUH� ����� DQG� ���� PJ�PO� UHVSHFWLYHO\�� 7KHVH� GLVSHUVLRQV� ZHUH�

XOWUDVRQLFDWHG� IRU� ��� PLQ�� 7R� DYRLG� VFDWWHULQJ� HIIHFWV�� GLVSHUVHG� 7L2�� QDQRSDUWLFOHV� ZHUH�

SUHFLSLWDWHG�E\�FHQWULIXJDWLRQ�IRU����PLQ�DW������USP�DQG�WKHQ�UHPRYHG�IURP�WKHVH�GLVSHUVLRQV�

SULRU�WR�WKH�PHDVXUHPHQWV��7KH�SUHFLSLWDWLRQ�GHJUHH�ZDV�FKHFNHG�E\�SHULRGLFDO�89�9LV�VSHFWUD�

PHDVXUHPHQWV���

(OHFWULFDO�FRQGXFWLYLW\�RI�WKH�DV�V\QWKHVL]HG�QDQRFRPSRVLWHV�DQG�3$1,�'%6$�ZDV�HVWLPDWHG�

E\� WKH� WZR�HOHFWURGH� VFKHPH� RI�PHDVXUHPHQWV� RQ� WKHLU� FRPSUHVVHG� SHOOHWV�ZLWK� WKH� KHOS� RI� 81,�7�

87��'�GLJLWDO�PXOWLPHWHU��7KH�SHOOHWV�RI�GU\�SRZGHUV�WHVWHG�PDWHULDOV�ZLWK�GLDPHWHU�G ����PP�ZHUH�

SUHVVHG�E\�DSSO\LQJ�D�IRUFH�) ����1��7KHLU�WKLFNQHVVHV�ZHUH�PHDVXUHG�ZLWK�D�PLFURPHWHU���

���5HVXOWV�DQG�GLVFXVVLRQ�

�����&KDUDFWHUL]DWLRQ�RI�WKH�DV�V\QWKHVL]HG�7L2��3$1,�'%6$�QDQRFRPSRVLWHV�

%DVHG�RQ� WKH� NQRZQ�DQDO\WLFDO� WHFKQLTXH� �VHH� ��� DQG� VHFWLRQ� ������ZH�GHWHUPLQHG� UHDO�

FRQWHQWV�RI�GHGRSHG�3$1,�LQ�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV��,Q�WXUQ��WKHVH�FRQWHQWV�LQGLFDWHG�

WKDW� DQLOLQH� SRO\PHUL]DWLRQ� LQ� WKH� SUHVHQFH� RI�7L2�� QDQRSDUWLFOHV� SURFHHGHG�TXLWH� HIIHFWLYHO\�

ZLWK�KLJK�3$1,�\LHOG� �7DEOH� ����ZKLFK� LQFUHDVHG� IURP������ WR������ LQ� WKH� UDQJH�RI� LQLWLDO�

UDWLRV�RI�7L2��DQLOLQH�IURP������WR�������UHVSHFWLYHO\���

7KH� UHDO� FRQWHQWV� RI� GHGRSHG� 3$1,� ZHUH� UHFDOFXODWHG� WR� WKH� 3$1,�'%6$� FRQWHQWV�

�7DEOH���� WR�XVH� WKH� ODWWHU� IRU� FRPSDULVRQ�RI� VHQVLQJ� DQG�RWKHU� SURSHUWLHV� RI� WKH� V\QWKHVL]HG�

7L2��3$1,�'%6$� QDQRFRPSRVLWHV�� )RU� VLPSOLFLW\� DQG� FODULW\� RI� WKLV� UHFDOFXODWLRQ� ZH�

SRVWXODWHG�WKH�FRPSOHWH�3$1,�GRSLQJ�ZLWK�RQO\�'%6$���

)7,5� VSHFWUD� RI� WKHVH� QDQRFRPSRVLWHV� GHPRQVWUDWH� FKDUDFWHULVWLF� 3$1,�'%6$� EDQGV�

GHVFULEHG� UHFHQWO\� E\� XV� RQ� WKH� H[DPSOH� RI� WKH� FRUH�VKHOO� QDQRFRPSRVLWH� V\QWKHVL]HG� XQGHU�

�����������������������������������������������������������
�
�$OWKRXJK�WKLV�SRVWXODWH�LV�FRQYHQLHQW�IRU�WKH�UHFDOFXODWLRQV��WKH�UHFDOFXODWHG�YDOXHV�DUH�TXLWH�URXJK�HVWLPDWLRQV�DV�WKH�

V\QWKHVL]HG�GRSHG�3$1,�FRPSRQHQW�FDQ�FRQWDLQ�DQ�LPSXULW\�RI�K\GURJHQ�VXOIDWH�FRXQWHU�LRQV�LQ�DGGLWLRQ�WR�WKH�GRPLQDQW�

GRSDQW�'%6$����
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FRQGLWLRQV�VLPLODU�WR�WKDW�RI�1&����VHH����DQG�WKH�OLWHUDWXUH�FLWHG�LQ��DQG�FRQILUP�WKH�JURZWK�RI�

3$1,�'%6$�ORDGLQJ�LQ�WKH�QDQRFRPSRVLWHV�ZKHQ�LQFUHDVLQJ�DQLOLQH�7L2��UDWLR��)LJ��6�����

8QOLNH�)7,5�VSHFWUD��;5'�SDWWHUQV�RI�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV�JLYH�RQO\�D�ZHDN�

HYLGHQFH�RI�WKH�3$1,�'%6$�SKDVH�SUHVHQFH��)LJ������7KXV��D�VPDOO�JURZWK�RI�WKH�VFDWWHULQJ�LQ�

WKH�SDWWHUQV� LV� REVHUYHG� LQ� WKH� UDQJH���� a� ���� �� ����ZKHUH� WKH�PDLQ�3$1,�'%6$�SHDNV� DUH�

REYLRXVO\�ORFDOL]HG��,QGHHG��WKH�SXUH�3$1,�'%6$�SDWWHUQ�FRQWDLQV�ERWK�WKH�YLVLEOH�SHDN�QHDU�

���� DQG� VKRXOGHUV� DW� FD�� ������� ������ DVVLJQHG� WR� WKH� FU\VWDOOLQH� SKDVH� ���� ��� DQG� WKH� EURDG�

DV\PPHWULF�VFDWWHULQJ�RI�WKH�DPRUSKRXV�SKDVH��)LJ����DQG�)LJ�6����

�

)LJXUH����;5'�SDWWHUQV�RI�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV�ZLWK�GLIIHUHQW�3$1,�'%6$�FRQWHQWV���

,Q� WXUQ�� WKH� SXUH� 7L2�� DQG� QDQRFRPSRVLWHV� SDWWHUQV� H[KLELW� SUDFWLFDOO\� WKH� VDPH�

GLIIUDFWLRQ�SHDNV�ORFDWHG�DW���� ��������������������DQG�������FRUUHVSRQGLQJ�WR�WKH���������������

������� ������ DQG� ������ DQDWDVH� SKDVH� UHIOHFWLRQV�� 'HVSLWH� WKH� ZHDN� LQIOXHQFH� RI� WKH� 3$1,�

'%6$� FRPSRQHQW� RQ� WKH� QDQRFRPSRVLWHV� SDWWHUQV�� WKH� LGHQWLW\� RI� WKHLU� 7L2�� UHIOH[HV� ZLWK�

WKRVH� RI� WKH� SXUH� 7L2�� DOORZ� WR� VHSDUDWH� WKH�;5'� SDWWHUQ� RI� WKH� 3$1,�'%6$� SKDVH� LQ� WKH�

1&��� QDQRFRPSRVLWH� E\� WKH� VLPSOH� VXEWUDFWLRQ� SURFHGXUH� �)LJV�� 6��6���� 7KLV� SDWWHUQ�

GHPRQVWUDWHV�ZHOO�SURQRXQFHG�VKRXOGHUV�DW�FD�������QRW�UHYHDOHG�LQ�WKH�3$1,�'%6$�SDWWHUQ���

������� DQG� ���� ZKLFK� REYLRXVO\� LQGLFDWH� FU\VWDOOLQLW\� RI� WKH� 3$1,�'%6$� SKDVH� ���� ��� LQ� WKH�

QDQRFRPSRVLWH��+RZHYHU��LW�LV�GLIILFXOW�WR�FRPSDUH�FU\VWDOOLQLWLHV�RI�WKH�SXUH�3$1,�'%6$�DQG�
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LWV� SKDVH� LQ� WKH� QDQRFRPSRVLWH� EHFDXVH� RI� WKH� ODUJH� HUURUV� LQ� WKH� ORZ�LQWHQVLW\� GLIIHUHQFH�

SDWWHUQ� LQ� WKH� UDQJH� IURP� ������ WR� ������� 7KHVH� HUURUV� DQG� ORZ� LQWHQVLW\� GR� QRW� DOORZ�

FDOFXODWLRQV�RI�WKH�GHJUHH�RI�FU\VWDOOLQLW\�RI�WKH�3$1,�SKDVH��1HYHUWKHOHVV��EDVHG�RQ�WKH�HDUOLHU�

IRXQG�HQKDQFHG�FU\VWDOOLQLW\�RI�WKH�3$1,�SKDVH�LQ�RWKHU�FRPSRVLWHV��������DQG�RQ�WKH�DSSHDUDQFH�

RI� WKH� VKRXOGHU�DW�FD������ LQ� WKH�GLIIHUHQFH�;5'�SDWWHUQ� �)LJ��6�E���RQH�PD\�H[SHFW� WKDW� WKH�

SRO\PHU� SKDVH� LQ� WKH� V\QWKHVL]HG� 7L2��3$1,�'%6$� QDQRFRPSRVLWHV� DOVR� KDV� DQ� LQFUHDVHG�

FU\VWDOOLQLW\��

7KH�LQFUHDVH�RI�3$1,�'%6$�FRQWHQWV�LQ�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV�UHVXOWV�LQ�FKDQJHV�RI�

WKHLU� FRQGXFWLYLW\��ZKLFK� DOORZ� FRQVLGHULQJ� WKHVH�PDWHULDOV� DV� D� SHUFRODWLRQ�OLNH� V\VWHP� �)LJ�� ����$�

VLPLODU� EHKDYLRU� ZDV� REVHUYHG� HDUOLHU� IRU� 7L2��3$1,� QDQRFRPSRVLWHV� V\QWKHVL]HG� LQ� WKH� DTXHRXV�

PHGLXP�XQGHU�XOWUDVRQLF�LUUDGLDWLRQ�LQ�WKH�SUHVHQFH�RI�+&O�DQG�VRGLXP�ODXU\O�VXOIDWH������

�

)LJXUH� ��� 'HSHQGHQFH� RI� GF� FRQGXFWLYLW\� RI� WKH� 7L2��3$1,�'%6$� QDQRFRPSRVLWHV� �FRPSUHVVHG�
SHOOHWV�� RQ� WKH� YROXPH� IUDFWLRQ� RI� 3$1,�'%6$��7KH� YROXPH� IUDFWLRQV� I�RI� WKH� SRO\PHU� FRPSRQHQW�
ZHUH� FDOFXODWHG� XVLQJ� WKH� GHQVLWLHV� ����� DQG� ����� J�FP�� IRU� 7L2�� �DQDWDVH�� DQG� 3$1,�'%6$��
UHVSHFWLYHO\���������

7KLV� EHKDYLRU� LV� FRQILUPHG� IRU� WKH� FRPSUHVVHG� SHOOHWV� RI� WKH� QDQRFRPSRVLWHV� DQG� FDQ� EH�

URXJKO\�H[SODLQHG�E\�IRUPDWLRQ�RI�WKH�3$1,�'%6$�SHUFRODWLRQ�QHWZRUN�LQ�WKH�SRURXV�PDWUL[�RI�7L2��

QDQRSDUWLFOHV�� %DVHG� RQ� WKLV� FRQVLGHUDWLRQ�� ZH� ILWWHG� WKH� FRQGXFWLYLW\� GDWD� ZLWK� WKH� VFDOLQJ� ODZ� RI�

SHUFRODWLRQ�WKHRU\��
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� ��

W

&I IV V � � � � � � ����

ZKHUH�1R� LV� WKH�FRQVWDQW�GLVSOD\LQJ�FRQGXFWLYLW\�RI� WKH�3$1,�FRQGXFWLQJ�SKDVH�� IF� LV� WKH�SHUFRODWLRQ�
WKUHVKROG��DQG�W�LV�WKH�FULWLFDO�H[SRQHQW���
�

7KH�EHVW�ILW�RI�WKH�GDWD��)LJ�����\LHOGHG�IF�a������DQG�W�a������$V�RQH�FDQ�VHH��GHVSLWH�WKH�PRUSKRORJLFDO�

VSHFLILFLW\� RI� WKH� V\QWKHVL]HG� QDQRFRPSRVLWHV� �VHH� EHORZ� 6HFWLRQ� ����� WKHVH� YDOXHV� PDWFK� WR� WKH�

WKHRUHWLFDOO\�SUHGLFWHG�YDOXHV�IRU�D�UDQGRP�ODWWLFH�RI�VSKHUHV�����

����'LVSHUVLQJ�VROYHQW�HIIHFWV�LQ�WKH�QDQRFRPSRVLWHV�PRUSKRORJ\�

$�FDUHIXO� DGGLWLRQ�RI�'&$$� LQWR� WKH� ERWWOH�FRQWDLQLQJ� WKH�SRZGHU� RI� WKH�SXUH�3$1,�

'%6$� RU� LWV� QDQRFRPSRVLWH� LV� DFFRPSDQLHG� E\� SUDFWLFDOO\� LQVWDQWDQHRXV� DSSHDUDQFH� RI� WKH�

JUHHQ�FRORU�LQ�WKH�VROXWLRQ�EXON��,Q�WKH�FDVH�RI�XVLQJ�&%�LQVWHDG�RI�'&$$�WKH�GLVVROXWLRQ�RI�WKH�

3$1,�'%6$�SURFHHGV�PXFK�VORZHU�EHFDXVH�RI�OHVV�VROXELOLW\�LQ�WKH�IRUPHU�VROYHQW��7KLV�HIIHFW�

LV�FRQILUPHG�E\�PXFK�KLJKHU�LQWHQVLW\�RI�WKH�EDQGV�W\SLFDO�RI�WKH�GRSHG�3$1,����LQ�WKH�89�9LV�

VSHFWUXP�RI�WKH�'&$$�VROXWLRQ�DV�FRPSDUHG�ZLWK�WKH�&%�FDVH��)LJ�������

�

)LJXUH����89�9LV� VSHFWUD�RI� WKH� VROXWLRQV� LQ�'&$$�����DQG�&%� ����RYHU�7L2��3$1,�'%6$�
�1&����SRZGHU�DW�WKH�YLDO�ERWWRP��

7KH� 3$1,�'%6$� VROXELOLW\� GDWD� VXJJHVWHG� QRW� RQO\� FKDQJLQJ�PRUSKRORJ\� RI� WKH� DV�

V\QWKHVL]HG�QDQRFRPSRVLWHV�ZKHQ�WKH�SUHSDUDWLRQ�RI�WKHLU�GLVSHUVLRQV�EXW�DOVR�D�GLIIHUHQFH�LQ�

WKHLU�PRUSKRORJ\�GHSHQGHQWO\�RQ�WKH�XVHG�VROYHQW��7KLV�VXJJHVWLRQ�DJUHHV�ZLWK�6(0�LPDJHV�RI�

WKH�QDQRFRPSRVLWHV�OD\HUV�FDVW�IURP�WKHLU�GLVSHUVLRQV�LQ�'&$$�DQG�&%��)LJ������
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� �

� �

� �
)LJXUH����6(0�LPDJHV�RI�7L2��3$1,�'%6$�QDQRFRPSRVLWHV�ZLWK�GLIIHUHQW�3$1,�FRQWHQW�GLVVROYHG�
LQ�'&$$�DQG�&%��
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,Q� SDUWLFXODU�� 6(0� LPDJHV� GLVSOD\� VKDSHOHVV� DJJORPHUDWHV� ZLWK� D� VSRQJH�OLNH� VXUIDFH�

�)LJ����DQG�)LJ��6����ZKRVH�DYHUDJH�VL]HV�DW�WKH�ORZHVW�3$1,�'%6$�FRQWHQW������ZW����1&���

DUH� TXLWH� FORVH� DIWHU� WKH� ERWK� VROYHQWV� DOWKRXJK� WKHLU� SRO\GLVSHUVLW\� LV� KLJKHU� LQ� WKH� FDVH� RI�

XVLQJ� '&$$� �)LJ�� �D�H�� WKH� DJJORPHUDWHV� VL]HV� DUH� LQ� WKH� UDQJH� RI� �������QP��� $W� WKH�

LQFUHDVHG� 3$1,�'%6$� FRQWHQW� ������ ZW���� 1&���� WKH� DJJORPHUDWHV� VWLOO� NHHS� VLPLODU� VL]HV�

���������QP���)LJ���E�I��EXW�LQ�WKH�FDVH�RI�XVLQJ�&%�VROYHQW�WKHUH�DSSHDUHG�SODFHV�ZKLFK�ORRN�

DV�LI�D�SDUW�RI�WKH�DJJORPHUDWHV�LV�FRYHUHG�E\�DQ�DGGLWLRQDO�TXLWH�KRPRJHQHRXV�OD\HU��)LJ���I���

$W�WKH�KLJKHU�3$1,�'%6$�FRQWHQW�������ZW����1&����WKH�VLWXDWLRQ�LV�LQYHUVH�WR�WKH�1&��FDVH�

L�H��WKH�DJJORPHUDWLRQ�EHFRPHV�PRUH�VLJQLILFDQW�LQ�FDVH�RI�WKH�GLVSHUVLQJ�VROYHQW�&%��)LJ���J���

0RUHRYHU�� WKLV� DJJORPHUDWLRQ� LV� FKDQJHG� LQ� FRPSDULVRQ� ZLWK� WKH� 1&��� �)LJ�� �I�� L�H�� WKH�

DJJORPHUDWHV�DUH�JOXHG�E\�3$1,�'%6$��ZKLFK�SDUWLDOO\�ZDVKHG�RXW�IURP�WKH�QDQRSDUWLFOHV�EXW�

OHIW�LQ�WKHLU�QHLJKERXUKRRG�EHFDXVH�RI�WKH�ZRUVH�VROXELOLW\�LQ�&%�DV�FRPSDUHG�ZLWK�WKH�'&$$�

FDVH�� ,QGHHG�� LQ� WKH� ODWWHU� FDVH� 3$1,�'%6$� LV� EHWWHU� VROXEOH� DQG� UDSLGO\� GLIIXVHV� LQWR� WKH�

VROYHQW�EXON�DV�ZH�KDYH�VKRZQ�DERYH��)LJ������7KLV�3$1,�'%6$�DELOLW\�NHSW�WKH�DJJORPHUDWHV�

RI� WKH� 1&��� QDQRSDUWLFOHV� GLVFRQQHFWHG� ZKLOH� DW� WKHLU� VXUIDFH� D� VHSDUDWH� VWUXFWXUHOHVV� DQG�

VKDSHOHVV�SKDVH�DSSHDUHG�ZKLFK�ORRNHG�DV�D�GHQVH�SRO\PHU�ERG\��)LJ���F���7KH�DSSHDUDQFH�RI�

WKLV�SKDVH�FRXOG�EH�FDXVHG�E\�WKH�IDFW�WKDW�3$1,�'%6$�GLVVROYHG�IURP�WKH�QDQRSDUWLFOHV�LQ�WKH�

JRRG� VROYHQW� '&$$� DQG� WKHQ� SUHFLSLWDWHG� DIWHU� WKH� '&$$� HYDSRUDWLRQ�� 7KH� TXLWH� GHQVH�

PRUSKRORJ\�ZLWK�D�YLVXDOO\�PLQLPDO�SRURVLW\�ZDV�IRUPHG�DOVR� LQ� WKH�FDVH�RI� WKH�SXUH�3$1,�

'%6$� OD\HU� FDVW� IURP� WKH� '&$$� VROXWLRQ� �)LJ��G��� +RZHYHU�� LQ� FDVH� RI� &%� RQH� FDQ� VHH�

IRUPDWLRQ� RI� PDFURSRURXV� PRUSKRORJ\� RI� WKH� FDVW� 3$1,�'%6$� OD\HU� �)LJ�� �K�� IDFLOLWDWHG�

SUREDEO\�E\�D�IDVW�HYDSRUDWLRQ�RI�WKH�VROYHQW��7KHVH�GLIIHUHQFHV�EHWZHHQ�WKH�ERWK�SXUH�3$1,�

'%6$� OD\HUV�� DV� ZHOO� DV� WKH� NQRZQ� LQIOXHQFH� RI� D� VROYHQW� YRODWLOLW\� �ERLOLQJ� SRLQW�� RQ�

PRUSKRORJ\�DQG�SRURVLW\�RI�VROXWLRQ�ERUQ�PDWHULDOV�������VXJJHVW�WKDW�DQ�DGGLWLRQDO�LQSXW�LQ�WKH�

QDQRFRPSRVLWHV�OD\HUV�TXDOLW\�FRXOG�EH�PDGH�E\�WKH�VSHHG�RI�WKH�VROYHQW�HYDSRUDWLRQ���
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7KH� PRUSKRORJLFDO� GLIIHUHQFHV� LQ� WKH� QDQRFRPSRVLWHV� DUH� FRQILUPHG� E\� WKHLU� 7(0�

LPDJHV� �)LJ�� ���� ,Q� SDUWLFXODU�� WKH� VHSDUDWH� SRO\PHU� SKDVH� �RXWOLQHG� ZLWK� EODFN� OLQHV� LQ� WKH�

LPDJH��LV�REVHUYHG�DIWHU�GLVSHUVLQJ�1&���LQ�'&$$��ZKLOH�WKH�DJJUHJDWLRQ�RI�QDQRSDUWLFOHV�LV�

KLJKHU�LQ�FDVH�RI�XVLQJ�&%��FRPSDUH�)LJV���F�J�ZLWK�)LJV���D�E����

� �

)LJXUH����7(0�LPDJHV�RI�WKH�7L2��3$1,�'%6$�QDQRFRPSRVLWH�1&���DIWHU�GLVSHUVLQJ�LQ�'&$$��D��
DQG�&%��E���

�

�����6HQVLQJ�SURSHUWLHV�RI�WKH�V\QWKHVL]HG�7L2��3$1,�'%6$�QDQRFRPSRVLWHV�

$W�ILUVW�VLJKW�WKHUH�LV�QR�DSSDUHQW�GHSHQGHQFH�RI�WKH�VHQVLQJ�SURSHUWLHV�RI�WKH�QDQRFRPSRVLWHV�

�FDVW� IURP� WKH�ERWK�VROYHQWV��RQ�3$1,�'%6$�FRQWHQW��+RZHYHU�� WKH�FRPSDULVRQ�RI�DERYH�GLVFXVVHG�

GDWD�ZLWK� GLIIHUHQFHV� LQ�PDJQLWXGHV� DQG� UDWHV� RI� WKH� W\SLFDO� QDQRFRPSRVLWHV� UHVSRQVHV� WR� DPPRQLD�

�)LJ�����VXJJHVWV�D� VLJQLILFDQW� LQIOXHQFH�RI� WKH�VHQVLQJ� OD\HUV�PRUSKRORJ\�RQ� WKHVH� UHVSRQVHV��7KXV��

1&��VDPSOHV�ZLWK� WKH�VLPLODU�PRUSKRORJ\�DIWHU� WKH�ERWK�GLVSHUVLQJ�VROYHQWV� �)LJ�����DQG� WKH� ORZHVW�

3$1,�'%6$� FRQWHQW� ����� ZW���� VKRZ� QHDUO\� LGHQWLFDO� UHVSRQVHV� �VHH� FXUYHV� �� LQ� )LJ�� �D�E�� E\�

PDJQLWXGH��65�a����������UDWH��WKH�VORSH�RI�WKH�LQLWLDO�OLQHDU�SDUW�RI�WKH�UHVSRQVH�WUDFHV�WJtí§�������

��PLQ�� DQG� UHFRYHU\� DELOLW\� �5$'&$$� a� ������ZKLOH�5$&%� a�������� ,Q� YLHZ�RI� WKH� GHPRQVWUDWHG�

DERYH�SDUWLDO�VROXELOLW\�RI�3$1,�'%6$�SKDVH�RI�WKH�QDQRFRPSRVLWH��)LJ�����WKLV�LQGHSHQGHQFH�RI�WKH�

VHQVLQJ�EHKDYLRU�RQ�WKH�VROYHQW�LV�XQH[SHFWHG����

�
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��� �

)LJXUH����7KH� LQIOXHQFH�RI� WKH�3$1,�'%6$�FRQWHQW�DQG�VROYHQWV�'&$$��D��DQG�&%� �E��RQ� W\SLFDO�
VHQVLQJ�UHVSRQVHV�RI�WKH�V\QWKHVL]HG�7L2��3$1,�'%6$�QDQRFRPSRVLWHV�WR�DPPRQLD�DW�����SSP�1+���
&RQWHQW�RI�3$1,�'%6$����������ZW����1&�������������ZW����1&��������������ZW����1&�������������ZW��
����WKH�SXUH�SRO\PHU���
�

3UREDEO\�� LW� FDQ� EH� XQGHUVWRRG� RQ� WKH� EDVLV� RI� WKH� UHFHQWO\� IRXQG� IDFW� WKDW� DW� ORZ�FRQWHQWV�3$1,� LV�

ORFDOL]HG�LQ�WKH�WKLQ�VKHOO�DW�VXUIDFH�RI� WKH�EHDULQJ�PDWUL[�SDUWLFOHV����� ����7KLV�3$1,�GLIIHUV�IURP� WKH�

EXON� RQH� E\� FU\VWDOOLQLW\�� PROHFXODU� ZHLJKW�� R[LGDWLRQ� GHJUHH� HWF�� WKDW� FDQ� SUREDEO\� GHFUHDVH� LWV�

VROXELOLW\��7KHUHIRUH��WKH�PRUSKRORJLFDO�VLPLODULW\�RI�1&��VDPSOHV�DIWHU�WKH�ERWK�VROYHQWV�FDQ�DW�OHDVW�

SDUWLDOO\�H[SODLQ�WKH�VLPLODU�VHQVLQJ�EHKDYLRU�DIWHU�WKH�ERWK�VROYHQWV���

7KH�LQFUHDVH�RI�WKH�3$1,�'%6$�FRQWHQW�������ZW����GUDPDWLFDOO\�UDLVHG�WKH�PDJQLWXGH��65�a�

�������DQG�UDWH��WJtî§�������PLQ���RI�WKH�UHVSRQVH�RI�WKH�1&���VDPSOH�FDVW�IURP�WKH�&%�GLVSHUVLRQ��

ZKLOH�WKH�VKDUS�GURS�RI�WKHVH�SDUDPHWHUV��65�a�������DQG�WJtî§������PLQ��UHVSHFWLYHO\��LQ�WKH�FDVH�RI�

'&$$�LV�REVHUYHG��FXUYHV���LQ�)LJ���D�E���+RZHYHU��DOWKRXJK�LW�ZDV�VXJJHVWHG�HDUOLHU�WKDW�WKH�KLJKHU�

WKH� VHQVLWLYLW\� RI� 3$1,� QDQRVWUXFWXUHV�� WKH� VORZHU� DUH� WKHLU� UHJHQHUDWLRQ� SURFHVVHV� ���� WKH� HVWLPDWHG�

UHFRYHU\�DELOLW\��FDQ�EH�SUREDEO\�FRQVLGHUHG�KHUH�DV�SDUDPHWHU�EHLQJ�V\PEDWH�WR�UHJHQHUDWLRQ�UDWH���RI�

WKH�UHVSRQVH�RI�WKH�1&���VDPSOH�LQ�WKH�&%�FDVH�VWURQJO\�JUHZ��5$&%�a��������%XW�LQ�WKH�FDVH�RI�WKH�

'&$$�ERUQ�1&��� VDPSOH� OD\HU� WKLV� VXJJHVWLRQ� LV� FRQILUPHG� L�H�� GHFUHDVHG� VHQVLWLYLW\� DFFRPSDQLHG�

ZLWK� ORZHU� UHFRYHU\�DELOLW\� �5$'&$$�a��������%DVHG�RQ� WKH�GHPRQVWUDWHG�GLIIHUHQW� VROXELOLW\�RI� WKH�

3$1,�'%6$�SKDVH�RI�1&���LQ�WKHVH�VROYHQWV��)LJ������RQ�WKH�PRUSKRORJ\�RI�WKH�IRUPHG�1&���OD\HUV�
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�)LJV����DQG�6���DQG�RQ�WKH�FRUH�VKHOO�VWUXFWXUH�RI�WKH�QDQRFRPSRVLWH�QDQRSDUWLFOHV����RQH�FDQ�H[SODLQ�

WKH�IRXQG�VHQVLQJ�VSHFLILFLW\�WKURXJK�ERWK�WKH�UHGLVWULEXWLRQ�RI�WKH�SRO\PHU�SKDVH�RQ�WKH�VXUIDFH�RI�WKH�

QDQRFRPSRVLWH�SDUWLFOHV�DQG�RU�LWV�GLVVROXWLRQ�ORVV��6SHFLILFDOO\��DV�GLVFXVVHG�DERYH��VHFWLRQ������WKLV�

UHGLVWULEXWLRQ� FDXVHG� WKH� IRUPDWLRQ� RI� WKH� DGGLWLRQDO� WKLQ� QDQRVWUXFWXUHG� VSRQJH�OLNH� 3$1,�'%6$�

SKDVH�DW�WKH�1&���VDPSOH�VXUIDFH��)LJ���I���,Q�WXUQ��WKLV�PRUSKRORJ\�IDFLOLWDWHV�DQ�DFFHVV�RI�WKH�DQDO\WH�

PROHFXOHV�LQWR�WKH�VHQVLQJ�OD\HU�EXON�DQG�WKHUHIRUH�HQKDQFHV�DQG�HQKDQFHV�ERWK�WKH�VHQVLQJ�UHVSRQVH�

DQG� UHFRYHU\� DELOLW\� �� UHJHQHUDWLRQ� UDWH� �)LJ�� �E�� FXUYH����� ,Q� WKH� FDVH� RI�'&$$� VROYHQW� WKH�3$1,�

'%6$�SKDVH�RI�1&���LV�GLVVROYHG�LQ�PRUH�H[WHQW�WKDQ�LQ�&%��7KHUHIRUH��WKLV�GLVVROXWLRQ�SKHQRPHQRQ�

OHDGV� WR� VRPH� 3$1,�'%6$� ORVVHV�� ZKLFK� DUH� PRUH� VLJQLILFDQW� WKDQ� LQ� WKH� &%� FDVH� �)LJ�� ���� $V� D�

FRQVHTXHQFH��WKH�TXDQWLW\�RI�WKH�VHQVLQJ�3$1,�'%6$�SKDVH�LQ�WKH�1&���OD\HU�GHFUHDVHV��WKDW�LQ�WXUQ�

UHVXOWV�LQ�GURSSLQJ�WKH�UHVSRQVH�PDJQLWXGH��UDWH�DQG�UHFRYHU\�DELOLW\���UHJHQHUDWLRQ�UDWH��)LJ���D��FXUYH�

����7KLV�WHQGHQF\�LQ�'&$$�LV�NHSW�IRU�WKH�1&���QDQRFRPSRVLWH�ZLWK�WKH�KLJKHU�3$1,�'%6$�FRQWHQW�

�)LJ���D��FXUYH����SUREDEO\�QRW�RQO\�GXH� WR�D�VLPSOH� WUDQVLWLRQ�RI� WKH�3$1,�'%6$� LQWR� WKH�VROXWLRQ�

EXON�EXW�DOVR�EHFDXVH�RI�RYHUVDWXUDWLRQ�RI�WKH�3$1,�'%6$�FRQFHQWUDWLRQ�DQG�LWV�SUHFLSLWDWLRQ�DV�WKH�

VHSDUDWH� PRQROLWK� SRO\PHU� SKDVH� DW� D� VXUIDFH� RI� WKH� VHQVLQJ� OD\HU� �VHFWLRQ� ����� )LJV�� �F� DQG� �D���

1DWXUDOO\�� WKH� ORZ� VHQVLQJ� SURSHUWLHV� RI� WKH� SXUH� 3$1,�'%6$� OD\HU� FDVW� IURP� '&$$� FDQQRW� EH�

H[SODLQHG�E\� WKH� VDPH� UHDVRQV��+RZHYHU�� WKH�GHQVH�PRUSKRORJ\�RI� WKLV� OD\HU� �)LJ�� �G�� IRUPHG�DV� D�

UHVXOW�RI�WKH�VORZ�'&$$�HYDSRUDWLRQ��XQGHU�FRQGLWLRQV�RI�SUHSDUDWLRQ��FDQ�EH�SUREDEO\�FRQVLGHUHG�DV�

D� SRVVLEOH� UHDVRQ� RU� DV� RQH�RI� WKH� SRVVLEOH� UHDVRQV� RI� LWV� SRRU� VHQVLQJ� SURSHUWLHV��1HYHUWKHOHVV�� IRU�

EHWWHU�XQGHUVWDQGLQJ�RI�WKLV�SKHQRPHQRQ�WKH�LQGHSHQGHQW�VWXG\�LV�QHHGHG���

,W� VKRXOG� EH� HPSKDVL]HG� KHUH� WKDW� DOWKRXJK� WKH�1&��� QDQRFRPSRVLWH� DIWHU� GLVSHUVLQJ� LQ�&%�

DOVR�GHPRQVWUDWHV�GHFUHDVH�DQG�GHFHOHUDWLRQ��WR�65�a�������DQG�WJtï§�������PLQ��RI�WKH�UHVSRQVH�WR�

DPPRQLD�DQG�UHJHQHUDWLRQ��5$&%�a�������DV�FRPSDUHG�ZLWK�1&����)LJ���E��FXUYHV�	����LW�VWLOO�KDV�

WKH�PXFK� EHWWHU� VHQVLQJ� SHUIRUPDQFH� WKDQ� LWV� FRXQWHUSDUW� FDVW� IURP�'&$$� �65� a� ������ WJtï§� ���

��PLQ�DQG�5$'&$$�a�������FRPSDUH�FXUYHV���LQ�)LJ���D�E���7KLV�GLIIHUHQFH�LV�SUREDEO\�SRVVLEOH�GXH�

WR� NHHSLQJ� FRUH�VKHOO� PRUSKRORJ\� RI� WKH� 1&��� QDQRSDUWLFOHV� ZRUNLQJ� EHWWHU� WKDQ� WKH� EXON�
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KHWHURMXQFWLRQ�RQH�����$W�WKH�VDPH�WLPH��WKH�UHDVRQ�RI�WKH�GHWHULRUDWLRQ�RI�WKH�VHQVLQJ�SURSHUWLHV�ZKHQ�

LQFUHDVH�RI�WKH�3$1,�'%6$�FRQWHQW�IURP�1&���WR�1&���LQ�WKH�FDVH�RI�GLVSHUVLQJ�VROYHQW�&%�FDQ�EH�

H[SODLQHG� E\� IRUPDWLRQ� RI� WKH� PRUH� DJJORPHUDWHG� DQG� OHVV� SRURXV� PRUSKRORJ\� ZKLFK� DGGLWLRQDOO\�

FRDWHG�EORFNHG�ZLWK�WKH�WKLFN�OD\HU�RI�WKH�SUHFLSLWDWHG�3$1,�'%6$��)LJ���J���7KLV�H[SODQDWLRQ�DJUHHV�

ZLWK�WKH�KLJKHU�UHVSRQVH�PDJQLWXGH�RI�WKH�PDFURSRURXV�SXUH�3$1,�'%6$�OD\HU�FDVW�IURP�&%��)LJ��K�

DQG��E��ZKLOH�WKH�UDWH�RI�WKLV�UHVSRQVH�LV�VLJQLILFDQWO\�ORZHU�WKDQ�LQ�WKH�FDVH�RI�1&���SUREDEO\�EHFDXVH�

RI�OHVV�PLFURSRURVLW\��FRPSDUH�HQODUJHG�LPDJHV�RI�WKHVH�VDPSOHV��)LJ��6���DQG��WKHUHIRUH��EHFDXVH�RI�D�

KLQGHUHG�DFFHVV�RI�WKH�DPPRQLD�PROHFXOHV�WR�WKH�VHQVLQJ�FOXVWHUV�LQ�WKH�OD\HU�EXON���

$OO� WKH�QDQRFRPSRVLWH�OD\HUV�FDVW�IURP�WKH�ERWK�VROYHQWV�GHPRQVWUDWH�OLQHDU�VHQVRU�UHVSRQVHV�

�FDOLEUDWLRQ� FXUYHV�� WR� WKH� DPPRQLD� LQ� WKH� FRQFHQWUDWLRQ� UDQJH� RI� ������ SSP� �)LJ�� ��� WKDW� VXJJHVWV�

WKHLU�DSSOLFDELOLW\�DV�VHQVLQJ�PDWHULDOV�LQGHSHQGHQWO\�RQ�WKH�SUHSDUDWLRQ�FRQGLWLRQV��

��� �

)LJXUH����7KH�VHQVRUV�UHVSRQVHV�RI�WKH�V\QWKHVL]HG��FXUYHV������DQG�PL[HG��FXUYHV����QDQRFRPSRVLWHV�
OD\HUV�ZLWK�GLIIHUHQW�FRQWHQWV�RI�3$1,�'%6$�FDVW�IURP�&%��D��DQG�'&$$��E������1&�������ZW��������
1&���������ZW��������1&���������ZW��������PHFKDQLFDOO\�PL[HG�QDQRFRPSRVLWH�RI�3$1,�'%6$�����
ZW����ZLWK�7L2��QDQRSDUWLFOHV��

�

7KH� VORSHV� RI� WKH� FDOLEUDWLRQ� FXUYHV� �VHQVLWLYLW\�� RI� WKH� WHVWHG� VDPSOHV� FRQILUP� WKH� DERYH�

GLVFXVVHG�KLJKHU�VHQVLWLYLW\�RI�WKH�VDPSOH�OD\HUV�FDVW�IURP�&%�GLVSHUVLRQV�DQG�WKH�LQIOXHQFH�RI�3$1,�

'%6$�ORDGLQJ��)LJ������ ,Q�SDUWLFXODU�� WKH�&%�ERUQ�1&���VDPSOH�ZLWK�WKH�LQWHUPHGLDWH�3$1,�'%6$�
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FRQWHQW� DQG� FRQGXFWLYLW\� �7DEOH� ��� )LJ�� ��� KDV� WKH� KLJKHVW� VHQVLWLYLW\� �FD�� ���� ��SSP�� DQG� FDQ� EH�

FRQVLGHUHG�DV�WKH�EHVW�FDQGLGDWH�DPRQJ�WKH�LQYHVWLJDWHG�PDWHULDOV�IRU�DPPRQLD�VHQVLQJ��

,Q� WKLV� UHJDUG�� WKH� TXHVWLRQ� FRQFHUQLQJ� DQ� DGYDQWDJH� RI� WKH� FKHPLFDO� V\QWKHVLV� RI� WKH�

QDQRFRPSRVLWHV�RYHU�WKHLU�SUHSDUDWLRQ�WKURXJK�D�VLPSOH�PHFKDQLFDO�PL[LQJ�RI�3$1,�'%6$�DQG�7L2��

LV�RI�SDUWLFXODU�LQWHUHVW�IRU�WKH�VHQVLQJ�DSSOLFDWLRQV��7R�FODULI\�WKLV�SRLQW�ZH�SUHSDUHG�WKH�PL[HG�3$1,�

'%6$�����ZW����QDQRFRPSRVLWH�ZLWK�7L2��DQG�FRPSDUHG�VHQVLQJ�UHVSRQVHV�WR�DPPRQLD�RI�LWV�OD\HUV�

FDVW�IURP�'&$$�DQG�&%�ZLWK�WKRVH�RI�WKH�V\QWKHVL]HG�QDQRFRPSRVLWHV��$V�RQH�FDQ�VHH�IURP�)LJ���D�

DOO� WKH� V\QWKHVL]HG� QDQRFRPSRVLWHV� OD\HUV� FDVW� IURP�&%� JLYH� WKH� UHVSRQVHV� �FXUYHV� ����� WR� JDVHRXV�

DPPRQLD�ZLWK�PDJQLWXGH�DQG�VHQVLWLYLW\�ZKLFK�DUH�KLJKHU��HVSHFLDOO\�LQ�WKH�FDVH�RI�1&��DQG�1&����

WKDQ�WKRVH�RI�LWV�PHFKDQLFDOO\�PL[HG�DQDORJ��FXUYH�����7KLV�IDFW�VXJJHVWV�D�PXFK�EHWWHU�DFFHVVLELOLW\�RI�

WKH�3$1,�'%6$� VHQVLQJ� FOXVWHUV��ZKLFK� DUH�PRUH� XQLIRUPO\� GLVWULEXWHG� LQ� WKLQ� VKHOOV�OD\HUV� RQ� WKH�

7L2��QDQRSDUWLFOHV�VXUIDFH�WKDQ�LQ�WKH�FDVH�RI�WKH�PHFKDQLFDO�PL[WXUH�DQDORJ��,QGHHG��EHFDXVH�RI�WKH�

SRRU� VROXELOLW\� RI� 3$1,�'%6$� LQ� &%�� WKH� PL[HG� DQDORJ� REYLRXVO\� FRQVLVWV� RI� 7L2�� QDQRSDUWLFOHV�

�PDMRU� FRPSRQHQW�� UDQGRPO\� LQWHUPL[HG� ZLWK� WKH� 3$1,�'%6$� RQHV�� 7KH� ODWWHU� KDYH� PDLQO\� ULJLG�

SRLQW�HOHFWULFDO�MXQFWLRQV�WKDW�FDXVH�D�KLJK�UHVLVWDQFH�RI�WKHLU�SHUFRODWLRQ�QHWZRUN�DQG��WKHUHIRUH��FDQ�

VXSSUHVV�WKH�VHQVRU�UHVSRQVHV��0RUHRYHU��ZKLOH�WKH�3$1,�'%6$�SDUWLFOH�VXUIDFH�HDVLO\�LQWHUDFW�ZLWK�

DPPRQLD� PROHFXOHV�� WKHLU� DFFHVV� WR� PRVW� RI� WKH� VHQVLQJ� FOXVWHUV� ORFDOL]HG� LQ� WKH� SDUWLFOH� EXON� KDV�

GLIIXVLRQ�OLPLWDWLRQV�ZKLFK�FDXVH�WKH�VHQVRU�UHVSRQVH�GHFUHDVHG�DV�FRPSDUHG�ZLWK�1&���VDPSOH��

,QWHUHVWLQJO\� WKDW� WKH� '&$$�ERUQ� QDQRFRPSRVLWH� OD\HUV� GHPRQVWUDWH� D� VWURQJO\� GLIIHUHQW�

EHKDYLRU� IRU� WKH� &%�ERUQ� VDPSOHV� �)LJ�� �E��� ,Q� SDUWLFXODU�� WKH� PHFKDQLFDOO\� PL[HG� QDQRFRPSRVLWH�

OD\HU�ZLWK����ZW���RI�3$1,�'%6$�VKRZV�EHWWHU�UHVSRQVHV��FXUYH����WKDQ�1&���DQG�1&����FXUYHV���

DQG����ZLWK�PXFK�KLJKHU�FRQWHQWV�RI�3$1,�'%6$�EXW�VWLOO�ZRUVH�WKDQ�WKRVH�RI�WKH�1&��RQH�ZLWK�WKH�

OHVV� FRQWHQW� RI� 3$1,�'%6$� �)LJ�� �E�� FXUYH� ���� %DVHG� RQ� WKH� DERYH� GLVFXVVHG� GHSHQGHQFH� RI�

PRUSKRORJ\�DQG�VHQVLQJ�SURSHUWLHV�RI�WKH�QDQRFRPSRVLWHV�RQ�VROXELOLW\�RI�3$1,�'%6$�SKDVH�LQ�WKH�

GLVSHUVLQJ� VROYHQW�� RQH� FDQ� VXJJHVW� WKDW� WKH� VOLJKWO\� EHWWHU� VHQVLQJ� SURSHUWLHV� RI� WKH� PL[HG�

QDQRFRPSRVLWH� OD\HU�FDVW� IURP�'&$$�DV�FRPSDUHG�ZLWK� WKH�1&���DQG�1&���RQHV�DUH�WKH�UHVXOW�RI�

Page 17 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



SDUWLDO�VROXELOLW\�RI�WKH�3$1,�'%6$�FRPSRQHQW�LQ�WKLV�VROYHQW�IROORZHG�E\�LWV�SUHFLSLWDWLRQ�DV�D�WKLQ�

OD\HU�RQ�WKH�EDUH�7L2��QDQRSDUWLFOHV�DIWHU�'&$$�HYDSRUDWLRQ��7KLV�QHZ�PRUSKRORJ\�FDQ�DOORZ�EHWWHU�

DFFHVVLELOLW\�RI�DOO�VHQVLQJ�FOXVWHUV�LQVLGH�WKH�EXON�RI�WKH�3$1,�'%6$�SKDVH�GXH�WR�LWV�VPDOO�WKLFNQHVV���

�

&RQFOXVLRQ�

7KH�LPSRUWDQW�LVVXHV�RI�WKH�GRSHG�3$1,�FRQWHQW�DQG�GLVSHUVLQJ�VROYHQWV�KDYH�EHHQ�FRQVLGHUHG�

LQ� WHUPV�RI� UHODWLRQVKLS�RI�VROXELOLW\�RI� WKH�3$1,�FRPSRQHQW��PRUSKRORJ\�DQG�VHQVLQJ�SURSHUWLHV�RI�

WKH� 7L2��3$1,�'%6$� K\EULG� QDQRFRPSRVLWHV�� 'LIIHUHQW� FRQWHQWV� RI� 3$1,�'%6$� LQ� WKHVH�

QDQRFRPSRVLWHV� ZHUH� URXJKO\� SUH�VHW� E\� WKH� FKHPLFDO� SRO\PHUL]DWLRQ� RI� DQLOLQH� LQ� WKH� SUHVHQFH� RI�

WLWDQLD� QDQRSDUWLFOHV�ZLWK� LQLWLDO�ZHLJKW� UDWLRV� 7L2��DQLOLQH� LQ� WKH� UHDFWLRQ�PL[WXUH�� ������ ������ DQG�

������ LQ� WKH�SUHVHQFH�RI�VROXELOL]LQJ�DFLG�GRSDQW�'%6$��7R�FKDUDFWHUL]H� WKH�RSHUDWLQJ�SURSHUWLHV�RI�

WKH�QDQRFRPSRVLWHV�ZH�XVHG�UHDO�FRQWHQWV�RI� WKH�3$1,�'%6$�FRPSRQHQW�SKDVH�GHWHUPLQHG� WKURXJK�

WKH�3$1,�SRO\PHUL]DWLRQ�\LHOG���

7KH� QDQRFRPSRVLWHV� OD\HUV� ZHUH� FDVW� RQ� WKH� LQWHUGLJLWDWHG� HOHFWURGHV� IURP� WZR� GLVSHUVLQJ�

VROYHQWV�&%�DQG�'&$$�ZKLFK�ZHUH�VKRZQ�WR�EH�VWURQJO\�GLIIHUHQW�E\�WKHLU�DELOLW\�WR�GLVVROYH�3$1,�

'%6$��7KLV� IHDWXUH�RI� WKH� VROYHQWV� LQ� FRPELQDWLRQ�ZLWK� WKHLU� ERLOLQJ� WHPSHUDWXUH� DQG�3$1,�'%6$�

FRQWHQW� VWURQJO\� DIIHFWHG� PRUSKRORJ\� DQG� VHQVLQJ� SURSHUWLHV� RI� WKH� QDQRFRPSRVLWHV� FDVW� OD\HUV�� ,Q�

SDUWLFXODU�� DW� WKH� ORZHVW� 3$1,�'%6$� FRQWHQW� ����� ZW���� WKHLU� VXUIDFH� PRUSKRORJ\� DQG� VHQVLQJ�

UHVSRQVHV�WR�DPPRQLD�ZHUH�TXLWH�VLPLODU�DIWHU�WKH�ERWK�VROYHQWV��$W�WKH�LQFUHDVHG�3$1,�'%6$�FRQWHQW�

������ZW����WKH�PDJQLWXGH��UDWH�RI�WKH�VHQVLQJ�UHVSRQVH�DQG�UHFRYHU\�DELOLW\�GUDPDWLFDOO\�UDLVHG�LQ�WKH�

FDVH�RI�WKH�VDPSOH�FDVW�IURP�WKH�&%�GLVSHUVLRQ�EXW�VKDUSO\�GURSSHG�LQ�WKH�FDVH�WKH�VDPSOH�DIWHU�XVLQJ�

'&$$�� +RZHYHU� DW� WKH� KLJKHVW� 3$1,�'%6$� FRQWHQW� ������ ZW���� WKH� VHQVLQJ� UHVSRQVHV� RI� WKH�

QDQRFRPSRVLWH� GURSSHG� LQ� WKH� FDVH� RI� WKH� ERWK� VROYHQWV�� :H� DVVLJQ� WKHVH� GLIIHUHQFHV� WR� YDULRXV�

DELOLWLHV� RI� WKH� VROYHQWV� WR� GLVVROYH� 3$1,�'%6$� WKDW� UHVXOWHG� LQ� WKH� UHGLVWULEXWLRQ� RI� WKH� SRO\PHU�

SKDVH�RQ�WKH�VXUIDFH�RI�QDQRFRPSRVLWH�SDUWLFOHV��&%�FDVH��DQG�RU�WKH�SRO\PHU�GLVVROXWLRQ�ORVV��&%�DQG�
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'&$$�FDVHV���2Q� WKH�RWKHU�KDQG� WKH�KLJK�ERLOLQJ� WHPSHUDWXUH�RI�'&$$�VKRXOG�KDYH� DQ� DGGLWLRQDO�

HIIHFW�RQ�GHQVLW\��SRURVLW\�DQG��WKHUHIRUH��VHQVLWLYLW\�RI�WKH�FDVW�QDQRFRPSRVLWH�OD\HUV���

%DVHG� RQ� WKH� GLIIHUHQW� DELOLW\� RI� WKH� ERWK� VROYHQWV� WR� GLVVROYH� 3$1,�'%6$� ZH� KDYH�

GHPRQVWUDWHG� WKH� DGYDQWDJH� IRU� VHQVLQJ� DSSOLFDWLRQV� RI� WKH� FKHPLFDOO\� V\QWKHVL]HG� QDQRFRPSRVLWHV�

RYHU�WKHLU�DQDORJ��ZKLFK�ZDV�PHFKDQLFDOO\�PL[HG�RI�3$1,�'%6$�����ZW����ZLWK�7L2����

:H�EHOLHYH�DOVR�WKDW�WKH�UHVXOWV�RI�WKLV�VWXG\�DUH�QRW�OLPLWHG�RQO\�WR�WKH�DERYH�FRQVLGHUHG�FDVH�

DQG� VKRXOG� EH� WDNHQ� LQWR� DFFRXQW�ZKHQ� SUHSDUDWLRQ� RI� QDQRSDUWLFOHV� RI� GLIIHUHQW� QDWXUH�PRUSKRORJ\�

VXLWDEOH�IRU�VHQVRU��HFRORJLFDO�DQG�ELRPHGLFDO�DSSOLFDWLRQV�LQ�YDULRXV�VPDUW�GHYLFHV��������

�

$FNQRZOHGJPHQWV�

6HUJHL� 0LNKD\ORY� DFNQRZOHGJHV� WKH� 0LQHV� 'RXDL� DQG� 8QLYHUVLW\� RI� /LOOH� �� IRU� 3K'�

VFKRODUVKLS�DQG�$UPLQHV�IRU�WKH�SDUWLDO�ILQDQFLDO�VXSSRUW��

7KLV�ZRUN�LV�SDUWLDOO\�VXSSRUWHG�DOVR�E\�WKH�SURMHFW�³7KH�IRUPDWLRQ��SURSHUWLHV�DQG�LQWHUDFWLRQV�

RI�QDQRFRPSRVLWHV�RI�FRQGXFWLQJ�SRO\PHUV�DQG�ELRDFWLYH�FRPSRXQGV�LQ�KHWHURSKDVH�V\VWHPV´�RI� WKH�

SURJUDP�RI� IXQGDPHQWDO� UHVHDUFK� DQG�E\� WKH� FRPSOH[� VFLHQWLILF�WHFKQLFDO�SURJUDP�³6HQVLQJ�GHYLFHV�

IRU�PHGLFDO±HFRORJLFDO�DQG�LQGXVWULDO±WHFKQRORJLFDO�SUREOHPV��PHWURORJ\�VXSSRUW�DQG�WULDO�RSHUDWLRQ´�

RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH��

�

5HIHUHQFHV�

��� +XD�%DL�DQG�*��6KL��6HQVRUV��������������������
��� -�� /�� :RMNLHZLF]�� 9�� 1�� %OL]Q\XN�� 6�� &DUTXLJQ\�� 1�� (ONDPFKL�� 1�� 5HGRQ�� 7�� /DVUL�� $�� $�� 3XG� DQG� 6�� 5H\QDXG��

6HQVRUV�DQG�$FWXDWRUV�%��&KHPLFDO������������������������
��� $��3XG��1��2JXUWVRY��$��.RU]KHQNR�DQG�*��6KDSRYDO��3URJUHVV�LQ�3RO\PHU�6FLHQFH�����������������������
��� ,��,]]XGGLQ��1��5DPOL��0��0��6DOOHK��0��<DKD\D�DQG�0��+��-XPDOL��������
��� *��'��.KXVSH��6��7��1DYDOH��0��$��&KRXJXOH�DQG�9��%��3DWLO��6\QWKHWLF�0HWDOV�����������±����������
��� 9��7DOZDU��2��6LQJK�DQG�5��&��6LQJK��6HQVRUV�DQG�$FWXDWRUV�%��&KHPLFDO����������������������
��� 6��/��3DWLO��0��$��&KRXJXOH��6��6HQ�DQG�9��%��3DWLO��0HDVXUHPHQW���������������������
��� '��1LFRODV�'HEDUQRW�DQG�)��3RQFLQ�(SDLOODUG��$QDO\WLFD�&KLPLFD�$FWD�������������������
��� *RQJ�-LDQ��/L�<LQKXD��+X�=HVKDQ��=KRX�=KHQJ]KL� DQG�'��<XOLQ��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&�������������

�����������
���� 5��%RGGXOD�DQG�3��6ULQLYDVDQ��-RXUQDO�RI�$SSOLHG�3RO\PHU�6FLHQFH�������������Q�D�Q�D��
���� 0��*��+DQ��6��.��&KR��6��*��2K�DQG�6��6��,P��6\QWKHWLF�0HWDOV��������������������
���� 6��0LNKD\ORY��1��2JXUWVRY��<��1RVNRY��1��5HGRQ��3��&RGGHYLOOH��-��/��:RMNLHZLF]�DQG�$��3XG��56&�$GYDQFHV��������

����������������
���� +��7DL��<��-LDQJ��*��;LH�DQG�-��<X��-RXUQDO�RI�0DWHULDOV�6FLHQFH�	�7HFKQRORJ\���������������������
���� *��'��.KXVSH��6��7��1DYDOH��'��.��%DQGJDU��5��'��6DNKDUH��0��$��&KRXJXOH�DQG�9��%��3DWLO��(OHFWURQ��0DWHU��/HWW���

�������������������
���� <��<X��%��&KH��=��6L��/��/L��:��&KHQ�DQG�*��;XH��6\QWKHWLF�0HWDOV����������������������
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���� $��=��6DGHN��:��:ORGDUVNL��.��6KLQ��5��%��.DQHU�DQG�.��.DODQWDU�]DGHK��1DQRWHFKQRORJ\������������������
���� 1�� $�� 2JXUWVRY�� <�� 9�� 1RVNRY�� .�� <�� )DW\H\HYD�� 9�� *�� ,O\LQ�� *�� 9�� 'XGDUHQNR� DQG� $�� $�� 3XG�� 7KH� -RXUQDO� RI�

3K\VLFDO�&KHPLVWU\�%������������������������
���� 1��$��2JXUWVRY��<��9��1RVNRY��9��1��%OL]Q\XN��9��*��,O\LQ��-��/��:RMNLHZLF]��(��$��)HGRUHQNR�DQG�$��$��3XG��7KH�

-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&����������������������
���� 3DZDU�6��*���&KRXJXOH�0��$���3DWLO�6��/���5DXW�%��7���*RGVH�3��5���6HQ�6��DQG�3DWLO�9��%���6HQVRUV�-RXUQDO��,(((��

���������������������
���� '��1��+X\HQ��1��7��7XQJ��1��'��7KLHQ�DQG�/��+��7KDQK��6HQVRUV�����������������������
���� <��&DR��3��6PLWK�DQG�$��-��+HHJHU��6\QWKHWLF�0HWDOV�������������������
���� <��&DR��*��0��7UHDF\��3��6PLWK�DQG�$��-��+HHJHU��$SSOLHG�3K\VLFV�/HWWHUV�����������������������
���� $�� %HHQD� 8QQL�� *�� 9LJQDXG�� -�� .�� %DO�� 1�� 'HORUPH�� 7�� %HXYLHU�� 6�� 7KRPDV�� <�� *URKHQV� DQG� $�� *LEDXG��

0DFURPROHFXOHV�����������������������
���� 0��7U]QDGHO�DQG�3��5DQQRX��6\QWKHWLF�0HWDOV������������������
���� 2��7��,NNDOD��/��2��3LHWLOl��/��$KMRSDOR��+��gVWHUKROP�DQG�3��-��3DVVLQLHPL��7KH�-RXUQDO�RI�&KHPLFDO�3K\VLFV��������

����������������
���� 7��(��2OLQJD��-��)UD\VVH��-��3��7UDYHUV��$��'XIUHVQH�DQG�$��3URQ��0DFURPROHFXOHV�����������������������
���� 7�� 0pULDQ�� 1�� 5HGRQ�� =�� =XMRYLF�� '�� 6WDQLVDYOMHY�� -�� /�� :RMNLHZLF]� DQG� 0�� *L]GDYLF�1LNRODLGLV�� 6HQVRUV� DQG�

$FWXDWRUV�%��&KHPLFDO����������������������
���� 0��-RXEHUW��0��%RXKDGLG��'��%pJXp��3��,UDWoDEDO��1��5HGRQ��-��'HVEULqUHV�DQG�6��5H\QDXG��3RO\PHU�����������������

������
���� 1��9�� %OLQRYD�� -�� 6WHMVNDO��0��7UFKRYi�� -�� 3URNHã� DQG�0��2PDVWRYi��(XURSHDQ�3RO\PHU� -RXUQDO�� ���������� �����

������
���� 3RXJHW�-��3���-R]HIRZLF]�0��(���(SVWHLQ�$��-���7DQJ�;��DQG�0DF'LDUPLG�$��*���0DFURPROHFXOHV���������������������
���� +��;LD�DQG�4��:DQJ��&KHPLVWU\�RI�0DWHULDOV�����������������������
���� /��/LX�DQG�;��&KHQ��&KHPLFDO�5HYLHZV������������������������
���� &��<��<DQJ��3��6PLWK��$��-��+HHJHU��<��&DR�DQG�-��(��2VWHUKROP��3RO\PHU�����������������������
���� /��:��6KDFNOHWWH��&��&��+DQ�DQG�0��+��/XO\��6\QWKHWLF�0HWDOV�����������������������
���� $��*��0DF'LDUPLG�DQG�$��-��(SVWHLQ��6\QWKHWLF�0HWDOV���������������������
���� 3��/X�DQG�<��;LD��/DQJPXLU�����������������������
���� 6��0HJHOVNL��-��6��6WHSKHQV��'��%��&KDVH�DQG�-��)��5DEROW��0DFURPROHFXOHV�����������������������
���� (��/ORUHQV��(��$UPHOLQ��0��GHO�0DU�3pUH]�0DGULJDO��/��-��'HO�9DOOH��&��$OHPiQ�DQG�-��3XLJJDOt��3RO\PHUV�����������

�����������
���� +��.HELFKH��'��'HEDUQRW��$��0HU]RXNL��)�� 3RQFLQ�(SDLOODUG�DQG�1��+DGGDRXL��$QDO\WLFD�&KLPLFD�$FWD�������������

�������
���� 7��6HQ��1��*��6KLPSL�DQG�6��0LVKUD��56&�$GYDQFHV������������������������
���� :��6XQ��6��*XR��&��+X��-��)DQ�DQG�;��3HQJ��&KHPLFDO�5HYLHZV�����������������í������
���� &��)X��&��+H��/��7DQ��6��:DQJ��/��6KDQJ��/��/L��;��0HQJ�DQG�+��/LX��6FLHQFH�%XOOHWLQ���������������±�����
���� )��/L��<��%DR��'��:DQJ��:��:DQJ��/��1LX��6FLHQFH�%XOOHWLQ���������������±�����

�
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Solubility in dispersing solvents and content of doped polyaniline strongly effects morphology 

and sensing performance of TiO2/polyaniline-dodecylbenzenesulfonic acid nanocomposites. 
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