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*UHHQ�6\QWKHVLV�RI�&RSSHU�QDQRSDUWLFOHV�XVLQJ�=LQJLEHU�
RIILFLQDOH�([WUDFW DQG�&KDUDFWHUL]DWLRQ�

+DUL�%KDNWD�2OL� ��1DELQ�6KDUPD���(NDUDM�.&���$QXS�6XEHGHH��DQG�5DMDQ�7LPLOVLQD��

�$PULW�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��.DWKPDQGX�
�0DKHQGUD�0XOWLSOH�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��'DQJ�

�0HODPFKL�:DWHU�6XSSO\�'HYHORSPHQW�%RDUG��.DWKPDQGX��1HSDO�
(PDLO��KDULEKDNWD��#JPDLO�FRP

$EVWUDFW

&RSSHU�QDQRSDUWLFOHV�ZHUH�V\QWKHVL]HG�LQ�ODERUDWRU\�E\�JUHHQ�PHWKRG�LQ�PXFK�HIILFLHQW�ZD\���([WUDFW�
IURP�=LQJLEHU�RIILFLQDOH�ZDV�SUHSDUHG�LQ�ODERUDWRU\�DQG�XVHG�WR�UHGXFH�FRSSHU�,,��IRUP�LWV�VDOW�WR�FRSSHU�
QDQRSDUWLFOHV�� 7KH� H[WUDFW� FRQWDLQV� YDULRXV� DONDORLGV�� IODYRQRLGV� DQG� SKHQROLF� JURXSV� ZKLFK� DFWV� DV�
UHGXFLQJ�DV�ZHOO�DV�FDSSLQJ�DJHQWV��&X13V�DUH�REWDLQHG�E\�VWLUULQJ�����0�FRSSHU�,,��VXOSKDWH�VROXWLRQ�
ZLWK� H[WUDFW� LQ� WKH� UDWLR� ���� DW� PRGHUDWH� WHPSHUDWXUH�����&��� 7KH� IRUPDWLRQV� RI� QDQRSDUWLFOHV� ZHUH�
GHWHFWHG� E\� 89� VSHFWURSKRWRPHWHU�� 7KH� PD[LPXP� DEVRUEDQFH� DW� ���QP� LQGLFDWHV� WKH� IRUPDWLRQ� RI�
QDQRSDUWLFOH�� 3UHVHQFH� RI� UHGXFLQJ� DQG� VWDELOL]LQJ� DJHQW� L�H�� FRQMXJDWH� GRXEOH� ERQG� DQG� GLIIHUHQW�
IXQFWLRQDO� JURXSV� RI�� IODYRQRLGV� DQG� SRO\SKHQROLF� JURXS� LQ� H[WUDFW� RI� =LQJLEHU� RIILFLQDOH� ZDV� DOVR�
GHWHFWHG�E\�89�VSHFWURSKRWRPHWHU�LQ�WKH�UDQJH�RI���������������DQG�����QP��7KRVH�QDQRSDUWLFOHV�ZHUH�
FKDUDFWHUL]HG� E\� XVLQJ� (';� DQG� )7,5�� &KDUDFWHUL]DWLRQ� E\� XVLQJ� ;5'� VKRZV� &X13V� SRVVHVVHV� IDFH�
FHQWHUHG�FXELF�FU\VWDO�ODWWLFH�VWUXFWXUH�DQG�DYHUDJH�VL]H�RI�&X13V�LV����QP��

.H\�ZRUGV��&X13V��(';��H[WUDFW��JUHHQ�PHWKRG��;5'��

,QWURGXFWLRQ��

0DWHULDOV�ZKLFK�KDYH�DW�OHDVW�RQH�GLPHQVLRQ��OHQJWK�RU�ZLGWK�RU�KHLJKW��LQ�WKH�UDQJH�RI������QP�DUH�
FDOOHG� QDQRPDWHULDO�� 1DQRPDWHULDOV� KDYH� KLJK� DSSOLFDWLRQ� SRWHQWLDOV� GXH� WR� WKHLU� XQLTXH� PHFKDQLFDO��
WKHUPDO�� HOHFWULFDO�� PDJQHWLF�� FDWDO\WLF� DQG� RSWLFDO� SURSHUWLHV�� *HQHUDOO\�� PHWDO� DQG� PHWDO� R[LGH�
QDQRSDUWLFOHV� KDYH� JUHDW� XVH� LQ� RXU� GDLO\� OLIH��� 1DQRSDUWLFOHV� �13V�� VKRZ� VL]H� DQG� VKDSH� GHSHQGHQW�
SURSHUWLHV� VR� WKH\� DUH� WRWDOO\� GLIIHUHQW� IURP� EXON� PDWHULDOV�� /DUJH� VXUIDFH� DUHD� RI� 13V� JLYHV� XQLTXH�
FKDUDFWHULVWLFV�VXFK�DV�RSWLFDO�SURSHUWLHV�DQG�6XUIDFH�3ODVPRQ�5HVRQDQFH������

13V�DUH�RI�JUHDW�LQWHUHVW�GXH�WR�WKHLU�VPDOO�VL]H�DQG�KLJK�VXUIDFH�WR�YROXPH�UDWLR�WKDW�OHDGV�WR�FKHPLFDO�
DQG�SK\VLFDO�GLIIHUHQFHV�LQ�WKHLU�SURSHUWLHV�VXFK�DV�PHFKDQLFDO�SURSHUWLHV��ELRORJLFDO�DQG�VWHULF�SURSHUWLHV��
FDWDO\WLF�DFWLYLW\��HOHFWULFDO�DQG� WKHUPDO�FRQGXFWLYLW\��RSWLFDO�DEVRUSWLRQ�DQG�PHOWLQJ�SRLQW�FRPSDUHG� WR�
WKDW�RI�EXON�PDWHULDOV�����5HFHQWO\�PDQ\�PHWDO�13V� OLNH�FRSSHU�� VLOYHU��JROG��PDJQHVLXP��]LQF�� WLWDQLXP�
KDYH�EHHQ�WDNHQ�DV�KRW�WRSLF�IRU�UHVHDUFK�EHFDXVH�RI�WKHLU�DQWLPLFURELDO�DFWLYLW\�DJDLQVW�GLIIHUHQW�EDFWHULD���

&RUUHVSRQGLQJ�DXWKRU
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+HQFH��WKH\�DUH�H[WHQVLYHO\�DSSOLHG�LQ�PHGLFLQH��GHQWDO�PDWHULDOV��ZDWHU�WUHDWPHQW��VXQVFUHHQ�ORWLRQV�DQG�
FRDWLQJV� HWF����� 1RW� RQO\� PHWDO� QDQRSDUWLFOHV� EXW� DOVR� PHWDO� R[LGHV�� FHUDPLFV�� VLOLFDWHV� DQG� SRO\PHU�
QDQRSDUWLFOHV�KDYH�EHHQ�V\QWKHVL]HG�DQG�HPSOR\HG� LQ�YDULHW\�RI�DSSOLFDWLRQV� OLNH�FDWDO\VLV��VHQVLQJ�DQG�
RSWRHOHFWURQLFV�����

'XH�WR� LQFUHDVHG�GHPDQG�IRU�QDQRSDUWLFOHV�RYHU� WKH�SDVW�IHZ�GHFDGHV��D�ZLGH�UDQJH�RI�SK\VLFDO�DQG�
FKHPLFDO�WHFKQLTXHV�KDYH�EHHQ�GHYHORSHG�WR�V\QWKHVL]H�13V�RI�GLIIHUHQW�VL]HV��VKDSHV�DQG�FRPSRVLWLRQV��
7KH�SK\VLFDO�DSSURDFK�WR�V\QWKHVL]H�13V�LQFOXGH�ODVHU�DEODWLRQ��OLWKRJUDSK\�DQG�KLJK�HQHUJ\�LUUDGLDWLRQ�

ZKLOH� WKH� FKHPLFDO� DSSURDFK� LQFOXGHV� FKHPLFDO� UHGXFWLRQ�� HOHFWURFKHPLVWU\� DQG� SKRWRFKHPLFDO�
UHGXFWLRQ�������� 6WXGLHV� KDYH� VKRZQ� WKDW� GXULQJ� WKH� V\QWKHVLV� SURFHVV�� VL]H�� VKDSH�� VWDELOLW\� DQG�
SK\VLFRFKHPLFDO�SURSHUWLHV�RI�WKH�13V�DUH�VWURQJO\�LQIOXHQFHG�E\�YDULHW\�RI�IDFWRUV��7KHVH�IDFWRUV�LQFOXGH�
SURFHVV� SDUDPHWHUV� �WHPSHUDWXUH�� FRQFHQWUDWLRQ�� SURFHVV� NLQHWLFV� DQG� DGVRUSWLRQ� NLQHWLFV� LQYROYLQJ� WKH�
VWDELOL]LQJ�DJHQW��������

6\QWKHVLV� RI� FRSSHU� DQG� FRSSHU�EDVHG� QDQRSDUWLFOHV� LV� OLPLWHG� FRPSDUHG� WR� JROG� DQG� VLOYHU�
QDQRSDUWLFOHV��7KH�PDLQ�GLIILFXOW\�OLHV�LQ�WKHLU�SUHSDUDWLRQ�DQG�SUHVHUYDWLRQ�DV�WKH\�R[LGL]HG�LPPHGLDWHO\�
ZKHQ�H[SRVHG�LQ�DLU��6FLHQWLVWV�DUH�XVLQJ�GLIIHUHQW�LQHUW�PHGLD�VXFK�DV�$UJRQ��1LWURJHQ�WR�RYHUFRPH�WKLV�
R[LGDWLRQ�SUREOHP�DOVR�XVLQJ�UHGXFLQJ�DQG�FDSSLQJ�RU�SURWHFWLQJ�DJHQWV�IRU�WKH�UHGXFWLRQ�RI�FRSSHU�VDOW�
XVHG��3RO\PHUV�DUH�DOVR�XVHG�WR�VWDELOL]H�WKH�V\QWKHVL]HG�FRSSHU�QDQRSDUWLFOHV���������&RSSHU�QDQRSDUWLFOHV�
�&X13V��DUH�JHQHUDOO\�V\QWKHVL]HG�E\�K\GURWKHUPDO�PHWKRG��PLFURZDYH�DVVLVWHG�S\ORO�PHWKRG�� WKHUPDO�
UHGXFWLRQ� HWF�� +RZHYHU�� WKHVH� PHWKRGV� DUH� FRVWO\� DQG� XWLOL]H� KDUVK� RUJDQLF� VROYHQWV������ &RQVHTXHQWO\�
GHVLJQLQJ�D�SURFHVV� WKDW�HIIHFWLYHO\�FRQWUROV� WKH�VL]H�� VKDSH��VWDELOLW\�DQG�SK\VLFRFKHPLFDO�SURSHUWLHV� LV�
FXUUHQWO\� DW� WKH� IRUHIURQW� RI� UHVHDUFK� LQWR� 13V� V\QWKHVLV�� &RQYHQWLRQDO� V\QWKHVLV� RI� 13V� FDQ� LQYROYH�
H[SHQVLYH�FKHPLFDO�DQG�SK\VLFDO�SURFHVVHV� WKDW�RIWHQ�XVH�WR[LF�PDWHULDOV�ZLWK�SRWHQWLDO�KD]DUGV�VXFK�DV�
HQYLURQPHQWDO� WR[LFLW\��F\WRWR[LFLW\�DQG�FDUFLQRJHQLFLW\���WKH�WR[LFLW\�SUREOHP�DULVH�IURP�WKH�KD]DUGRXV�
VXEVWDQFHV� VXFK� DV�RUJDQLF� VROYHQWV�� UHGXFLQJ� DJHQWV� DQG� VWDELOL]HUV� WKDW� DUH�XVHG� WR� SUHYHQW� XQZDQWHG�
DJJORPHUDWLRQ�RI�FROORLGV��%HFDXVH�RI�WKH�SUHVHQFH�RI�WKHVH�WR[LF�PDWHULDOV��WKH�13V�KDYH�EHHQ�SUHYHQWHG�
IURP�WKHLU�FOLQLFDO�DQG�ELRPHGLFDO�DSSOLFDWLRQV��,PSRUWDQWO\��DOO�WKHVH�IDFWRUV�FDQ�EH�SRWHQWLDOO\�FRQWUROOHG�
YLD� ELRORJLFDO�PHGLDWHG� SURGXFWLRQ��$V� WKH� UHVXOW�� WKHUH� LV� FXUUHQWO\�ZLGHVSUHDG� LQWHUHVW� LQ� GHYHORSLQJ�
FOHDQ�� UHOLDEOH�� ELRORJLFDOO\� FRPSDWLEOH�� EHQLJQ� DQG� HQYLURQPHQW� IULHQGO\�JUHHQ�SURFHVVHV� WR� V\QWKHVL]H�
13V�������

6\QWKHVL]LQJ� QDQRSDUWLFOHV� YLD� ELRORJLFDO� HQWLWLHV� RIIHUV� FOHDQ�� QRQWR[LF� DQG� HQYLURQPHQW� IULHQGO\�
PHWKRG�� ,W� LV� WKH� JUHDW� YDOXH� IRU� V\QWKHVL]LQJ� ZHOO� NQRZQ� QDQRSDUWLFOHV� IURP� DQFLHQW� WLPHV� IRU� LWV�
PHGLFLQDO�YDOXHV����0DQ\�EDFWHULD�� IXQJL�DQG�SODQWV�KDYH�VKRZQ� WKH�DELOLW\� WR� V\QWKHVL]H�PHWDOOLF�13V��
,QWUDFHOOXODU�RU�H[WUDFHOOXODU�V\QWKHVLV��JURZWK�WHPSHUDWXUH��V\QWKHVLV�WLPH�DQG�HDVH�RI�H[WUDFWLRQ��DOO�SOD\�
LPSRUWDQW�UROH�LQ�ELRORJLFDO�13V�SURGXFWLRQ���LQ�ELRORJLFDO�PHWKRG��WKH�SODQW�H[WUDFW�DUH�XVHG�DV�UHGXFLQJ�
DJHQW�DQG�FDSSLQJ�DJHQW�IRU�WKH�V\QWKHVLV�RI�13V�GXH�WR�WKH�SUHVHQFH�RI�ELRPROHFXOHV�ZLWK�DQWLR[LGDQW�RU�
UHGXFLQJ�SURSHUWLHV�������

*UHHQ�PHWKRGV�RI�V\QWKHVL]LQJ�QDQRSDUWLFOHV�XVLQJ�3ODQWV��PLFURRUJDQLVPV�DQG�HQ]\PHV�KDYH�VHYHUDO�
DGYDQWDJHV� RYHU� FRQYHQWLRQDO� SK\VLFDO� DQG� FKHPLFDO� PHWKRGV�� 7KH� V\QWKHVLV� RI� &X13V� LV� D� YHU\�
FKDOOHQJLQJ�WDVN�EHFDXVH�WKH\�KDYH�UHODWLYHO\�ORZHU�UHGR[�SRWHQWLDO��DQG�LW�LV�SURQH�WR�R[LGDWLRQ�ZKHQ�LW�LV�
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)LJXUH����5KL]RPH�RI�=��RIILFLQDOH� )LJXUH����3DVWH�RI�=��RIILFLQDOH�

H[SRVHG�WR�DLU���,QWHUHVW�LQ�V\QWKHVLV�RI�FRSSHU�QDQRSDUWLFOHV�DULVHV�IURP�WKH�XVHIXO�SURSHUWLHV�RI�WKLV�PHWDO�
VXFK� DV� WKH� JRRG� WKHUPDO� DQG� HOHFWULFDO� FRQGXFWLYLW\� DQG� D� FRVW� PXFK� OHVV� WKDQ� VLOYHU�� 7KLV� OHDGV� WR�
SRWHQWLDO� DSSOLFDWLRQ� LQ� FRROLQJ� IOXLGV� IRU� HOHFWURQLF� V\VWHPV�� LQ� WKH� ILHOG� RI� VHQVRUV�� FDWDO\VLV� DQG�
LQNMHWV��������7KH�JUHHQ�V\QWKHVLV�LV�EHVW�DOWHUQDWH�IRU�WKH�V\QWKHVLV�RI�QDQRSDUWLFOH�DPRQJ�RWKHU�PHWKRG�GXH�
WR� LWV� FRVW� HIIHFWLYHQHVV�� HDVLO\� DYDLODEOH� PDWHULDOV�� HQYLURQPHQW� IULHQGO\� DQG� RI� KLJK� �� \LHOG� RI�
QDQRSDUWLFOHV��0HWDO�QDQRSDUWLFOHV�KDYH�EHHQ�XVHG�LQ�PHGLFLQH�DQG�DJULFXOWXUDO�ILHOG�������

=LQJLEHU� RIILFLQDOH� LV�PHGLFLQDOO\� LPSRUWDQW� KHUE�� ,Q� WKLV� UHVHDUFK��=LQJLEHU� H[WUDFW� LV� XVHG� IRU� WKH�
V\QWKHVLV�DQG�VWDELOL]DWLRQ�RI�&X13V��6LQFH�WKH�H[WUDFW�FRQWDLQV�DONDORLGV��IODYRQRLGV�DQG�SKHQROLF�JURXSV�
ZKLFK�SRWHQWLDOO\�FDQ�DFW�DV�UHGXFLQJ�DJHQWV��7KHVH�FRPSRXQGV�DOVR�DFW�DV�FDSSLQJ�DJHQW�VR�QR�DQ\�RWKHU�
FDSSLQJ� DJHQWV� DUH� UHTXLUHG�� $V� D� UHVXOW� RI� WKH� DEXQGDQW� DQG� GHVLUDEOH� PHGLFLQDO� FKDUDFWHULVWLFV� RI�
=LQJLEHU�� 13V� V\QWKHVL]HG� IURP� LWV� H[WUDFW� PD\� EH� DSSOLFDEOH� LQ� ELRPHGLFDO� WKHUDSLHV�� GLDJQRVLV� DQG�
VHQVLQJ������� 7KH� DSSOLFDWLRQ� RI� QDQRSDUWLFOHV� LQ� GLIIHUHQW� SURSRVH� LV� LQFUHDVLQJ� GD\� E\� GD\�� %XW� WKH�
PHWKRG� RI� SUHSDUDWLRQ� IRU� QDQRSDUWLFOH� QHHGV� KLJK� FRVW� DQG� OHVV� \LHOGV�� 6R�� LQ� WKLV� ZRUN� HQYLURQPHQW�
IULHQGO\��OHVV�FKHPLFDO�KD]DUGRXV�DQG�IRU�EHWWHU�\LHOG�ZLWK�ORZ�FRVW��JUHHQ�V\QWKHVLV�LV�VHOHFWHG��

([SHULPHQWDO�0HWKRGV�

3UHSDUDWLRQ�RI�SODQW�H[WUDFW�
5KL]RPHV�RI�=LQJLEHU�RIILFLQDOH�SODQW�ZHUH�FROOHFWHG�IURP�.DOLPDWL�.DWKPDQGX��7KHVH�UKL]RPHV�ZHUH�

FUXVKHG�DQG�JULQGHG�E\�XVLQJ�PRUWDU�DQG�SHVWOH��1RZ������J�RI�SDVWH�ZDV�WDNHQ�DQG�PL[HG�ZLWK���/�RI�
GLVWLOOHG�ZDWHU� DQG� VWLUUHG�YLJRURXVO\��6XFK�GLOXWHG�SDVWH�ZDV� ILOWHUHG�E\�XVLQJ�:KDWPDQQ�QR����� ILOWHU�
SDSHU��)LOWUDWH�ZDV�WDNHQ�DV�H[WUDFW�RI�SODQW��

6\QWKHVLV�RI�1DQR�SDUWLFOHV�

&X13V�ZHUH�V\QWKHVL]HG�E\�XVLQJ�=LQJLEHU�RIILFLQDOH�H[WUDFW��)RU�WKLV�SURFHVV�VWRFN�VROXWLRQ�RI�FRSSHU�
VXOSKDWH�DQG�SODQW�H[WUDFW�ZHUH�PL[HG�LQ�GLIIHUHQW�UDWLR�DQG�VWLUUHG�LQ�PDJQHWLF�VWLUUHU�XS�WR���KRXUV��7KH�
JRRG�\LHOG�ZDV�REWDLQHG�ZKHQ�FRSSHU�VXOSKDWH�DQG�SODQW�H[WUDFW�ZHUH�PL[HG�LQ�������UDWLR�DW���KUV��L�H�����
P/�RI� FRSSHU� VXOSKDWH� VROXWLRQ�ZDV�PL[HG�ZLWK����P/�RI�=LQJLEHU� H[WUDFW��7HPSHUDWXUH�RI�PL[WXUH� LV�
PDLQWDLQHG�EHORZ�����&�LQ�RUGHU�WR�FRQWURO�WKH�HYDSRUDWLRQ�RI�YRODWLOH�RUJDQLF�FRPSRXQGV�IURP�H[WUDFW�RI�
SODQW��$FWXDOO\��S+�RI�WKH�VROXWLRQ�DOVR�HIIHFWV�RQ�WKH�IRUPDWLRQ�RI�QDQRSDUWLFOHV��7KH�S+�RI�WKH�VROXWLRQ�
PXVW� EH� DFLGLF�� +HUH�� ZH�PDLQWDLQHG� S+� RI� VROXWLRQ� EHORZ� �� ZLWKRXW� DGGLWLRQ� RI� DGGLWLYHV��:LWKLQ� ��
KRXUV�� WKH� EOXH� FRORU� VROXWLRQ�ZDV� FKDQJH� LQWR� EURZQ� FRORU��ZKLFK� LQGLFDWHV� WKH� IRUPDWLRQ� RI�&X13V��
7KHQ�WKH�VROXWLRQ�ZDV�FHQWULIXJHG�IRU����PLQ�DW������USP�DQG�GLVSHUVHG�LQ�GLVWLOOHG�ZDWHU�WR�UHPRYH�DQ\�
XQZDQWHG�ELRORJLFDO�PDWHULDOV���
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)LJXUH����%URZQ�FRORUHG�VROXWLRQ�DIWHU�IRUPDWLRQ�RI�&X13V�

&KDUDFWHUL]DWLRQ�RI�QDQRSDUWLFOHV�

,Q� YLVXDO� FKDUDFWHUL]DWLRQ�� WKH� ELR� UHGXFWLRQ� RI� FRSSHU� VXOSKDWH� XVLQJ� DTXHRXV� =LQJLEHU� RIILFLQDOH
H[WUDFW� ZDV� PRQLWRUHG� E\� REVHUYLQJ� WKH� FRORU� FKDQJH� DIWHU� PL[LQJ�� 7KH� DSSHDUDQFH� RI� EURZQ� FRORU�
LQGLFDWHV�WKH�IRUPDWLRQ�RI�FRSSHU�QDQRSDUWLFOH��

7KH�UHGXFWLRQ�RI�FRSSHU�VXOSKDWH�WR�FRSSHU�QDQRSDUWLFOHV�&X13V��ZDV�PRQLWRUHG�E\�PHDVXULQJ�89�
9LVLEOH� VSHFWUXP� RI� WKH� UHDFWLRQ� PHGLXP� RYHU� WKH� UDQJH� ���� �� ���� QP� DW� LQWHUYDO� RI� �� QP�� 7KH�
PHDVXUHPHQWV�ZHUH�UHFRUGHG�LQ�HYHU\���KUV�LQWHUYDO�E\�WDNLQJ�D�VPDOO�DOLTXRW�RI�WKH�VDPSOH�LQ�FXYHWWH�DQG�
LW�ZDV�DOVR�GLOXWHG�DFFRUGLQJ�WR�LWV�PHDVXUHPHQW��

6LPLODUO\��)RXULHU�WUDQVIRUPHG�LQIUDUHG��)7,5��VSHFWURVFRSLF�VWXG\�ZDV�FDUULHG�RXW�WR�HQVXUH�WKDW�WKHUH�
DUH�VWURQJ�IXQFWLRQDO�JURXSV�LQ�H[WUDFW��)RU�)7,5�PHDVXUHPHQWV��D�GURS�RI�SXUH�VDPSOH�ZDV�XVHG�WR�UHFRUG�
SHDNV� ZKLFK� ZHUH� GRQH� LQ� DWWHQXDWHG� WRWDO� UHIOHFWDQFH� �$75�� PRGH�� 7KH� GDWD� ZHUH� UHFRUGHG� LQ� WKH�
ZDYHOHQJWK�UDQJH�IURP������FP���WR�����FP���DW�WKH�UHVROXWLRQ�RI���FP����

7KH� FU\VWDO� VWUXFWXUH� RI� V\QWKHVL]HG�&X13V�ZDV� VWXGLHG�ZLWK� WKH� KHOS� RI�;�UD\� GLIIUDFWLRQ� �;5'���
'LIIUDFWLRQ� SDWWHUQ� ZDV� REWDLQHG� IRU� &X13V� SRZGHU� V\QWKHVL]HG� E\� WKH� JUHHQ� PHWKRG�� XVLQJ� 5LJDNX�
0XOWLIOH[� GLIIUDFWRPHWHU� ZLWK� � � PRQRFKURPDWHG� &X. � UDGLDWLRQ� RI� WKH� ZDYHOHQJWK� ������� c�� ;5'�
VFDQQLQJ�ZDV�SHUIRUPHG�XQGHU� DPELHQW� FRQGLWLRQV� RYHU� WKH� � � UHJLRQ�RI� �������� DW� WKH� UDWH� RI� ���PLQ�
���N9�����P$��LQ�1HSDO�$FDGHP\�RI�6FLHQFH�DQG�7HFKQRORJ\��1$67��.KXPDOWDU��/DOLWSXU��1HSDO��7KH�
FU\VWDOOLQH�GRPDLQ�VL]H�RI�V\QWKHVL]HG�&X13V�ZDV�FDOFXODWHG�XVLQJ�'HE\H�6FKHUUHU¶V�IRUPXOD�

��««««�����

:KHUH���
'� �JUDLQ�VL]H� �GLDPHWHU�RI�QDQRSDUWLFOH�
� �ZDYHOHQJWK�RI�;�UD\�XVHG�
� �IXOO�ZLGWK�DW�KDOI�PD[LPXP�LQWHQVLW\��LQ�UDGLDQ��RI�LQWHQVLW\�SURILOH��
� �GLIIUDFWLRQ�DQJOH�

5HVXOWV�DQG�'LVFXVVLRQ�

5HVXOWV� RI� JUHHQ� V\QWKHVLV� RI� FRSSHU� QDQRSDUWLFOHV� E\� UHGXFWLRQ� RI� DTXHRXV� FRSSHU�,,�� LRQV� XVLQJ�
=LQJLEHU�RIILFLQDOH�H[WUDFW�DQG�WKH�SURJUHVV�RI�IRUPDWLRQ�RI�&X13V�ZDV�PRQLWRUHG�E\�FRORU�FKDQJH��89�
9LV�VSHFWURVFRS\��(';��)7,5�DQG�;5'��

:KHQ�&X13V�ZHUH�V\QWKHVL]HG�XVLQJ�=LQJLEHU�RIILFLQDOH�H[WUDFW�DV�UHGXFLQJ�DQG�VWDELOL]LQJ�DJHQW��WKH�
EOXH�FRORU�RI�FRSSHU�VXOSKDWH�SHQWDK\GUDWH�VROXWLRQ�ZDV�WXUQHG�WR�EURZQ�FRORU�LQGLFDWLQJ�WKH�IRUPDWLRQ�RI�
&X13V���ZKLFK�LV�VKRZQ�LQ�ILJXUH�����
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:KHQ�FRSSHU�VXOSKDWH�VROXWLRQ�ZDV�PL[HG�ZLWK�\HOORZLVK�H[WUDFW�RI�=LQJLEHU�RIILFLQDOH� WKH�FRORU�RI�
PL[WXUH�LPPHGLDWHO\�FKDQJHV�LQWR�OLJKW�JUHHQ�ZKLFK�LQGLFDWHV�WKH�UHGXFWLRQ�RI�FRSSHU�LRQ��7KH�FRORU�RI�
VROXWLRQ� JUDGXDOO\� FKDQJHV� ZLWK� LQFUHDVLQJ� WLPH� RI� VWLUULQJ� DQG� ILQDOO\� EURZQ� FRORUHG� VROXWLRQ� ZHUH�
REWDLQHG��7KHUHIRUH��=LQJLEHU� H[WUDFW� FRPSOHWHO\� UHGXFHG�����0�&X62�� VROXWLRQ�ZLWK� LQ���KUV� WR� IRUP�
&X13V��

7KH�89�9LVLEOH�VSHFWUD�RI�SXUH�SODQW�H[WUDFW��=LQJLEHU�RIILFLQDOH�MXLFH��VKRZV�DEVRUSWLRQ�SHDN�DW������
���������DQG�����QP� LV�GXH� WR�SUHVHQFH�RI� DURPDWLF� FRPSRXQG�� FDUER[\OLF�JURXS��SKHQROLF�JURXS�DQG�
VXEVWLWXWHG�SKHQROLF�JURXS�DV�VKRZQ�LQ�ILJXUH�����

�������)LJXUH����89�VSHFWUD�RI�SODQW�H[WUDFW��

&RSSHU�VXOSKDWH�VROXWLRQ�DQG�H[WUDFW�ZDV�PL[HG�LQ�GLIIHUHQW�UDWLR�DQG�DEVRUEDQFH�ZDV�PHDVXUHG��7KH�
DEVRUEDQFH�SHDN�RQ�89�9LVLEOH�VSHFWURSKRWRPHWHU�IRU�������UDWLR�RI�H[WUDFW�DQG�SUHFXUVRU�VROXWLRQ�XS�WR���
KUV�LV�JLYHQ�LQ�ILJXUH����7KLV�PL[WXUH�JLYHV�JRRG�UHVXOW�IRU�V\QWKHVLV�RI�QDQRSDUWLFOH�DW���KUV���

)LJXUH����89�9LVLEOH�DEVRUEDQFH�SHDN�RI�PL[WXUH������LQ�GLIIHUHQW�LQWHUYDO�RI�WLPH
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7KH�UHGXFWLRQ�RI�&X��� LRQV� WR�&X13V�XVLQJ�H[WUDFW�ZDV� LQGLFDWHG�E\� WKH�FKDQJH�RI�FRORU� IURP�OLJKW�
JUHHQ�WR�EURZQ��,W�PD\�EH�GXH�WR�6XUIDFH�3ODVPRQ�5HVRQDQFH��635��HIIHFW�DQG�UHGXFWLRQ�RI�FRSSHU�LRQ��
7KHQ�WKH�FKDUDFWHULVWLF�DEVRUSWLRQ�SHDN�JUDGXDOO\�LQFUHDVHV�ZLWK�WLPH�DV�VKRZQ�LQ�DERYH�ILJXUH������DQG����
7KH�PD[LPXP�DEVRUSWLRQ�SHDN�RI�&X13V�DSSHDUHG�DW�����QP�DIWHU��KUV�ZKLFK�LQGLFDWHV�WKH�IRUPDWLRQ�RI�
&X13V����7KH�V\QWKHVL]HG�DQG�VWDELOL]HG�&X13V�LV�IXUWKHU�FRQIRUPHG�E\�(';��

(QHUJ\�GLVSHUVLYH�;�UD\��(';��VWXGLHG�ZDV�FDUULHG�RXW�WR�NQRZ�DERXW�WKH�HOHPHQWDO�FRPSRVLWLRQ�RI�
WKH�VDPSOH��7KH�HOHPHQWDO�SURILOH�RI�FRSSHU�KDV�EHHQ�FRQIRUPHG�IRU�ELRV\QWKHVL]HG�&X13V�XVLQJ�SODQW�
H[WUDFW�� 7KH� HOHPHQWDO� DQDO\VLV� RI� QDQRSDUWLFOH� \LHOGHG� �������� FRSSHU� ZKLFK� SURYHV� WKDW� SURGXFHG�
&X13V� ZHUH� LQ� KLJKHVW� SXULILHG� IRUP� ZLWK� VPDOO� LPSXULWLHV�� 7KH� SHDN� DW� �� .H9� LV� GXH� WR� &X13V��
(OHPHQWV�SUHVHQW�LQ�&X13V�V\QWKHVL]HG�IURP�SODQW�H[WUDFW�DUH�WDEXODWHG�DV�LQ�WDEOH����

7DEOH����(OHPHQWDO�FRPSRVLWLRQ�LQ�V\QWKHVL]HG�&X13V�E\�(';�PHWKRG�

(OHPHQWV� :HLJKW���

&X� �������

6� �������

6L� �������
.� ������
=Q� ������

;�UD\�GLIIUDFWLRQ��;5'��SDWWHUQ�RI�V\QWKHVL]HG�&X13V�LV�VKRZQ�LQ�ILJXUH����7KH�UHVXOW�RI�;5'�VKRZV�
WKDW� WKH� V\QWKHVL]HG� &X13V� DUH� FU\VWDOOLQH� LQ� QDWXUH� DV� DWWHVWHG� E\� FOHDUO\� GHILQHG� VKDUS� SHDNV�� 7KH�
GLIIUDFWLRQ�SHDNV�ZHUH�REWDLQHG�DW�� �DQJOHV�RI�������������������DQG�DW����������ZKLFK�FDQ�EH�LQGH[HG�WR�
��������������DQG�������ODWWLFH�SODQHV�UHVSHFWLYHO\�RI�&X�FU\VWDOV��;5'�SDWWHUQ�REWDLQHG�IXUWKHU�VKRZV�WKDW�
WKH�V\QWKHVL]HG�&X13V�SRVVHVV�IDFH�FHQWHUHG�FXELF��)&&��ODWWLFH�VWUXFWXUH��

)LJXUH����;�UD\�GLIIUDFWLRQ�SDWWHUQ�RI�&X13V�

���

ϮϬϬ

ϮϮϬ

�F
SV
��



:͘�EĞƉĂů��ŚĞŵ͘�^ŽĐ͕͘�sŽů͘�ϯϵ͕�ϮϬϭϴ

����

7KH�;5'� SDWWHUQV� REWDLQHG� GR� QRW� FRQWDLQ� DQ\� RWKHU� QRWLFHDEOH� SHDNV� FRUUHVSRQGLQJ� WR� DQ\� RWKHU�
FRSSHU� UHODWHG� FRPSRXQGV� VXJJHVWV� WKDW� WKH� V\QWKHVL]HG�&X13V� DUH� IUHH� IURP�R[LGDWLRQ��+RZHYHU�� WKH�
WLQ\�SHDN�DV�EUDQFK�RQ�������SODQH�VKRZV�WKDW�&X13V�FRQWDLQV�VRPH�LPSXULWLHV��7KH�QDQR�FU\VWDOOLWH�VL]H�
�'��ZDV�GHWHUPLQHG�E\�XVLQJ�'HE\H��6FKHUUHU¶V�IRUPXOD��

:KHUH�� �LV�WKH�;��UD\�ZDYHOHQJWK�� � ���������c�IRU�&X�. �UDGLDWLRQ��� ��%UDJJV�GLIIUDFWLRQ�DQJOH��
LV� WKH� IXOO�ZLGWK�KDOI�PD[LPXP��):+0�� LQ� WKH� UDGLDQV�RI� WKH�;5'�SHDN�DW� WKH�GLIIUDFWLRQ�DQJOH� ��$�
FRQVWDQW�����DSSHDUV�DV�D�VKDSH�IDFWRU�IRU�PRVW�RI�WKH�VSKHULFDO�FU\VWDOV��%DVHG�RQ�;5'�UHVXOW��RQH�FDQ�
FRQFOXGH� WKH� IRUPDWLRQ� RI� ZHOO� FDSSHG� KLJKO\� FU\VWDOOLQH� SDYH� &X13V�� 6XEVWLWXWLQJ� WKH� FRUUHVSRQGLQJ�
YDOXHV� RQ� 6FKHUUHU¶V� HTXDWLRQ�� WKH� FU\VWDOOLQH� VL]H� IRU� ������ SHDN� RI� &X13V�ZDV� GHWHUPLQHG� E\� XVLQJ�
DERYH�HTXDWLRQ��$V�WKH�JLYHQ�YDOXH�IRU�������SODQH�FU\VWDOOLQH�VL]H�DUH�. ������ � ���������c��  ��������
î������DQG� � ���������WKH�DSSUR[LPDWH�SDUWLFOH�GLDPHWHU�ZDV�FDOFXODWHG�DQG�IRXQG�WR�EH����QP��7KH�VL]H�
RI�V\QWKHVL]HG�&X13V�UHSRUWHG�LQ�OLWHUDWXUH�ZDV�LQ�WKH�UDQJH�RI�������QP���

&RQFOXVLRQV�

&X13V� ZHUH� VXFFHVVIXOO\� V\QWKHVL]HG� E\� UHGXFLQJ� FRSSHU� VXOSKDWH� ZLWK� SODQW� H[WUDFW� �=LQJLEHU�
RIILFLQDOH� MXLFH��� 7KH� JUHHQ� V\QWKHVLV� RI� &X13V� LV� VLPSOH�� FRVW� HIIHFWLYH� DQG� HFRIULHQGO\�� &X13V� DUH�
FKDUDFWHUL]HG� E\� 89�9LVLEOH� VSHFWURVFRS\�� )7,5� DQDO\VLV� DQG� (';� DQDO\VLV�� 5HVXOWV� RI� 89�9LVLEOH�
VSHFWUXP� VKRZHG� PD[LPXP� DEVRUSWLRQ� SHDN� DW� ���QP�� 6LPLODUO\�� )7,5� VXJJHVWHG� WKDW� UROH� RI�
DOFRKROLF�SKHQROLF�JURXS�DV�ZHOO�FDUERQ\O�JURXS�FRQWDLQLQJ�RUJDQLF�FRPSRXQGV�WR�IRUP�&X13V�DV�ZHOO�DV�
VWDELOL]DWLRQ��/LNHZLVH�(';� VSHFWUXP� IXUWKHU� VXSSRUWHG� IRU� WKH� SUHVHQFH� RI� KLJK�SHUFHQWDJH� RI� FRSSHU�
DORQJ�ZLWK�VRPH�RWKHU�LPSXULWLHV��7KH�KLJKO\�LQWHQVH�SHDN�DW���H9�LQ�(';�VSHFWUXP�LV�GXH�WR�SUHVHQFH�RI�
&X13V��6LPLODUO\��;5'�DQDO\VLV�VKRZV�WKDW�WKH�&X13V�SRVVHVVHV�IDFH�FHQWHUHG�FXELF�ODWWLFH�VWUXFWXUH�DQG�
WKH�VL]H�RI�&X13V�LV����QP��

$FNQRZOHGJHPHQWV�

$XWKRUV� DUH� JUDWHIXO� WR� WKH� &XVWRPV� 'HSDUWPHQW� IRU� (';� DQG� )7,5� DQDO\VLV�� 1HSDO� $FDGHP\� RI�
6FLHQFH�DQG�7HFKQRORJ\��.KXPDOWDU��/DOLWSXU�� IRU�;5'�DQDO\VLV��$PULW�&DPSXV� IRU� ODERUDWRU\� IDFLOLW\�
DQG�,267��2IILFH�RI�'HDQ��78��.DWKPDQGX�IRU�ILQDQFLDO�VXSSRUW��

5HIHUHQFHV�

�� %�%�� 1HXSDQH�� %�� 3DQGH\�� %�� *LUL� DQG� 0�.�� -RVKL�� $� WH[W� ERRN� RI� QDQRVFLHQFH� DQG�
QDQRWHFKQRORJ\��SXEOLVKHG�E\�+HULWDJH�SXEOLVKHUV�DQG�GLVWULEXWHUV�3YW���/WG���������,6%1�����
��������������

�� 6��6KDLN��/��0NL]H��0��.KXPDOR�DQG�1��6LQJK��$IU��-��7UDGLW�&RPSOHPHQW�$OWHUQ��0HG���������
������������

�� 6��,UDYDQL��*UHHQ�FKHPLVWU\�����������������������

�� 0��,PUDQ�'LQ��DQG�5��5HKDQ��$QDO\WLFDO�OHWWHUV��������GRL���������������������������������

�� 5��0LWWX��,QW��$GY��5HV��-��LQ�6FL���(QJ��DQG�7HFK�������������������
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�� 7�0��'XQJ�'DQJ��7�7��7KX�/H��(��)ULERXUJ�%ODQF��DQG�0�&��'DQJ� $GY��1DW��6FL���1DQRVFL��
1DQRWHFKQRO���������� GRL�������������������������������

�� $��(PDQ�DQG�$�$��5DVKD��,QW��-��RI�(OHFWURFKHP��6FL������������������������

�� 9�1��.DOSDQD��3��&KDNUDERUWK\��9��3DODQLFKDP\�DQG�9��'��5DMHVZDUL��,QW��-��RI�&KHP��7HFK��
5HVHDUFK������������������������

�� $�'��.DUWKLN��DQG�.��*HHWKD��-��RI�$SSOLHG�3KDUPDFHXW��6FL����������������������

��� 3�&��1DJDM\RWKL�� 3��0XWKX�5DPDQ�� 7�9�0�� 6UHHNDQWKD��'�:��.LP� DQG� -�� 6KLP��$UDE�� -�� RI�
&KHP�� ������GRL����������V���������������]�

��� *��&DUROLQJ��0�1��3UL\DGKDUVKDLQL��(��9LQRGKLQL��$�0��5DQMLWKDP�DQG�3��6KDQWKL��,QW��-��RI�
3KDUP��$QG�%LR��6FL�������������������

��� -�.��3DWUD�DQG�.��%DHN��-��RI�1DQRPDWHULDOV��������GRL�RUJ����������������������

��� 0��6KDK��'��)DZFHWW��6��6KDUPD��6�.��7ULSDWK\�DQG�*�(��-DL�SRLQHUQ��0DWHULDOV����������������
������GRL���������PD���������

��� 1��%KXYDQD��DQG�6��9DQLWKD��,265�-RXUQDO�RI�$SSOLHG�&KHPLVWU\������������������,661������
������

��� $�� 8PHU�� 6�� 1DYHHG�� 1�� 5DP]DQ�� 5�0�� 6KDKLG�� DQG�0�� ,PUDQ��5(9,67$�0$7(5,$�� ������
����������������,661����������DUWLJR�������

��� .�� 6DUDQ\DDGHYL��9�� 6XEKD�� (�5�6�� 5DYLQGUDQ� DQG� 6��5HQJDQWKDQ�� ,QW�� -�� RI� &KHP�� 7HFK��
5HVHDUFK��������������������������

��� $�7��-RVHSK��3��3UDNDVK�DQG�6�6��1DUYL��,QW��-��RI�6FL��(QJL��DQG�7HFKQR���������������������
,661������������

��� /��5DVWRJL�DQG�-��$UXQDFKDODP��$GYDQFHG�PDWHULDOV�OHWWHUV�����������������������

��� 6�$��.KDQ��0�� -DPHHO�� 6��.DQZDO� DQG�6�� 6KDKLG�� ,QW�� -�� RI� 3KDUPDFHXW�� 6FL�� DQG�5HVHDUFK��
�������������������,661�������������

��� 1��3DQWLGRV��DQG�/�(��+RUVIDOO��-�RI�1DQR�PHGLFLQH�DQG�WHFKQRORJ\�����������GRL��������������
��������������

��� $�0��5DQMLWKDP��*�6��5DQMDQL�DQG�*��&DUROLQJ��,QW��-��RI�3KDUP��7HFK��5HV����������������
�����,661�������������

��� 0�6��8VPDQ��1�$��,EUDKLP��.��6KDPHOL��1��=DLQGXGGL��DQG�:�0�<XQXV��0ROHFXOHV������������
�����������


