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'HSDUWPHQW RI &KHPLVWU\� 1LFRODXV &RSHUQLFXV 8QLYHUVLW\� *DJDULQD �� ������ 7RUX�� 3RODQG

&X�,� FRPSOH[HV ZLWK WULPHWK\O SKRVSKLWH DQG DOLSKDWLF SHUIOXRULQDWHG FDUER[\ODWHV RI WKH W\SH

>&X�^3�20H��`��P�5&22��@ ZKHUH 5  &)�� &�)�� &�)�� &�)��� &�)��� &�)��� &�)�� KDYH EHHQ SUHSDUHG

DV YLVFRXV OLTXLGV� 7KH VSHFWURVFRSLF UHVXOWV VXJJHVW WKH GLPHULF VWUXFWXUHV IRU FRPSOH[HV LQ WKH OLTXLG

VWDWH� ZKHUH WKH PHWDO LRQV DUH OLQNHG E\ WKH EULGJLQJ FDUER[\ODWHV� 7KLV W\SH RI ERQGLQJ ZDV UHYHDOHG LQ

WKH JDV SKDVH DV ZHOO� ,Q PDVV VSHFWUD WKH PRVW LQWHQVLYH VLJQDOV ZHUH REVHUYHG IRU WKH >&X��5&22�@
� DQG

>&X��5&22��@
� IUDJPHQWV� 7KHUPDO GHFRPSRVLWLRQ RI FRPSOH[HV SURFHHGV DV D PXOWLVWDJH SURFHVV�

\LHOGLQJ D &X�2 LQ WKH PRVW RI FDVHV�

.H\ ZRUGV� &X�,� FRPSOH[HV� &9' SUHFXUVRUV� WULPHWK\O SKRVSKLWH� SHUIOXRULQDWHG FDUER[\ODWHV� 7*$

���,QWURGXFWLRQ

3UHYLRXV VWXGLHV UHYHDOHG WKDW JROG�,� DQG VLOYHU�,� FRPSOH[HV ZLWK SHUIOXRULQDWHG

FDUER[\ODWHV DQG WHUWLDU\ SKRVSKLQHV SUHVHQWHG D VXIILFLHQW YRODWLOLW\ IRU FKHPLFDO

YDSRXU GHSRVLWLRQ �&9'� >�±�@� KHQFH WKH SXUSRVH RI WKLV ZRUN ZDV WR SUHSDUH YROD�

WLOH SUHFXUVRUV IRU &9' RI FRSSHU PHWDO RU FRSSHU R[LGH WKLQ ILOPV� 7KH (, PDVV

VSHFWURPHWU\� WHPSHUDWXUH�YDULDEOH ,5 VSHFWURVFRS\ DQG WKHUPDO VWXGLHV ZHUH XQGHU�

WDNHQ WR GHWHUPLQH WKH NLQG RI VSHFLHV RFFXUULQJ LQ WKH JDV SKDVH DQG WKH PHFKDQLVP

RI WKH UHDFWLRQ RI WKHUPDO GHFRPSRVLWLRQ� 7KH NQRZOHGJH DERXW WKH VWUXFWXUDO DQG

WKHUPDO SURSHUWLHV VKRXOG DVFHUWDLQ WKH VXLWDELOLW\ RI FRPSOH[HV DV SUHFXUVRUV IRU

&9'� ZKLFK RXJKW WR EH FRPSHWLWLYH WR RUJDQRPHWDOOLFV XVHG DW SUHVHQW�
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 7KH SDSHU ZDV SUHVHQWHG DW WKH ��WK :LQWHU 6FKRRO RQ &RRUGLQDWLRQ &KHPLVWU\� .DUSDF]� 3RODQG�

�±�� 'HFHPEHU� �����


 &RUUHVSRQGLQJ DXWKRU� H�PDLO� SROD#FKHP�XQL�WRUXQ�SO�
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���([SHULPHQWDO�VHFWLRQ

���� 0DWHULDOV

7ULPHWK\O SKRVSKLWH ������ SHUIOXRULQDWHG FDUER[\OLF DFLGV ���±���� DQG FRSSHU

SRZGHU IRU RUJDQLF V\QWKHVLV ZHUH SXUFKDVHG IURP $OGULFK DQG XVHG ZLWKRXW IXUWKHU SXUL�

ILFDWLRQ� $FHWRQLWULOH RI DQDO\WLFDO JUDGH �)OXND� ZDV GULHG RYHU PROHFXODU VLHYHV �$� QH[W

RYHU &D+� DQG� ILQDOO\� ZDV GLVWLOOHG XQGHU GU\ QLWURJHQ IURP 3�2�� SULRU WR XVH�

���� 0HWKRGV

7KHUPDO VWXGLHV ZHUH SHUIRUPHG ZLWK D 020 2'���� 'HULYDWRJUDSK �3DXOLN DQG

3DXOLN� +XQJDU\�� 7KH DWPRVSKHUH RYHU WKH VDPSOH ZDV QLWURJHQ� WKH KHDWLQJ UDQJH

���±��� .� KHDWLQJ UDWH ��� .�PLQ� VDPSOH PDVV ��±��� PJ� WKH 7* UDQJH ��� ��� RU

��� PJ DQG WKH UHIHUHQFH PDWHULDO $O�2�� 3RZGHU GLIIUDFWRJUDPV ZHUH UHFRUGHG ZLWK

DQ +=���$�� '521�� GLIIUDFWRPHWHU XVLQJ &X.D UDGLDWLRQ� O  ������ QP� 0DVV

VSHFWUD ZHUH UHFRUGHG RQ DQ $0'���� PDVV VSHFWURPHWHU XVLQJ WKH (, PHWKRG LQ WKH

UDQJH RI ���±��� .� 7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD �����±��� FP
±�
� ZHUH SHU�

IRUPHG ZLWK D 3HUNLQ±(OPHU ���� )7 ,5 VSHFWURSKRWRPHWHU LQ WKH UDQJH RI

���±��� .� DW WKH SUHVVXUH RI ��
±�
PEDU� &RSSHU ZDV GHWHUPLQHG XVLQJ D &DUO =HLVV

-HQD $$6 VSHFWURPHWHU ZLWK &X�12��� VROXWLRQ DV WKH VWDQGDUG�

���� 6\QWKHVLV

7KH UHDFWLRQV ZHUH SHUIRUPHG XQGHU DUJRQ DWPRVSKHUH XVLQJ 6FKOHQN WHFKQLTXHV�

6XLWDEOH FRSSHU�,,� FDUER[\ODWHV �5&22��&X ZHUH V\QWKHVLVHG DV GHVFULEHG LQ >�@� ,Q

WKH JHQHUDO SURFHGXUH� FRSSHU�,,� FDUER[\ODWH �������
±�
PROHV� ZDV SODFHG LQ WKH

6FKOHQN WXEH� HLWKHU GLVVROYHG RU VXVSHQGHG LQ �� FP
�
RI IUHVKO\ GLVWLOOHG DFHWRQLWULOH

DQG FRSSHU SRZGHU �������
±�
PROHV� ZDV DGGHG� 7KH VXVSHQVLRQ REWDLQHG ZDV VWLUUHG

XQWLO WKH VROXWLRQ EHFDPH SDOH \HOORZ� 1H[W� 3�20H�� �������
±�
PROHV� LQ DFHWRQLWULOH

�� FP
�
� ZDV DGGHG DQG WKH UHDFWLRQ PL[WXUH VWLUUHG IRU DERXW �� K DW DPELHQW WHP�

SHUDWXUH� ILOWHUHG DQG WKH VROYHQW HYDSRUDWHG RQ YDFXXP OLQH� OHDYLQJ SDOH \HOORZ

YLVFRXV OLTXLG� 7KH REWDLQHG FRPSOH[HV ZHUH XQVWDEOH LQ DLU� WXUQLQJ JUHHQ� 7KH UH�

VXOWV RI &X GHWHUPLQDWLRQ ZHUH DV IROORZV ��� �FDOF��IRXQG��

��� &��+��&X�)�2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ������������

��� &��+��&X�)��2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ������������

��� &��+��&X�)��2��3�� &X ������������ ��� &��+��&X�)��2��3�� &X ����������

��� &��+��&X�)��2��3�� &X ����������

7KH (, PDVV VSHFWUD ZHUH UHFRUGHG IRU WKH FRPSOH[HV LQ RUGHU WR SURYH WKH IRUPXODH�

7KH IUDJPHQWV FRQILUPLQJ WKH VWRLFKLRPHWULF FRPSRVLWLRQ ZHUH DV IROORZV� >&X��5&22�@
�
�

>&X��5&22��@
�
� >&X��5&22�^3�20H��`@

�
DQG >&X��5&22�^3�20H��`�@

�
� )RU WKH SDU�



&RSSHU�,� FRPSOH[HV DV SRWHQWLDO &9' SUHFXUVRUV ���

WLFXODU FRPSOH[HV WKH\ ZHUH GHWHFWHG DW �>P�]@�� ��� ���� ���� ���� ���� ��� ���� ���� ����

���� ��� ���� ���� ���� ���� ��� ���� ���� ���� ���� ��� ���� ���� ���� ���� ��� ���� �����

���� ZKHUHDV IRU ��� RQO\ >&X��5&22�@
�
± ��� DQG >&X��5&22�^3�20H��`@

�
± ��� ZHUH

REVHUYHG�

���5HVXOWV�DQG�GLVFXVVLRQ

���� 7KHUPDO DQDO\VLV

7KH UHVXOWV RI WKHUPDO DQDO\VLV DUH JLYHQ LQ 7DEOH �� 7KH H[DPLQDWLRQ RI WKH WKHU�

PRDQDO\WLFDO FXUYHV VXJJHVWV D WZR�VWDJH� H[RWKHUPLF GHFRPSRVLWLRQ SURFHVV RI

FRPSOH[HV �±�� WKUHH�VWDJH LQ WKH FDVH RI � DQG IRXU�VWDJH IRU FRPSOH[ �� 7KH RQVHW

WHPSHUDWXUH RI WKH ILUVW H[RWHUP LV LQ WKH UDQJH ���±��� .� VXJJHVWLQJ WKDW WKH SHU�

IOXRULQDWHG FKDLQ KDG D VPDOO LQIOXHQFH RQ WKH WKHUPDO VWDELOLW\ RI FRPSOH[HV VWXGLHG�

7DEOH �� 5HVXOWV RI WKH WKHUPDO DQDO\VLV �LQ 1LWURJHQ�

7HPSHUDWXUH UDQJHD

>.@

:HLJKW ORVV RQ

7* >�@&RPSRXQG
+HDW

HIIHFW
7L 7P 7I )RXQG &DOF�

'HWDFKHG

JURXS

)LQDO

SURGXFW

H[R ��� ��� ��� ����

H[R ��� ��� ��� ���� ����

H[R ��� ��� ��� ����
��� >&X

�
^3�20H�

�
`
�
�P�&)

�
&22�

�
@

H[R ��� ��� ��� ���� ���� �&)
�
&22 &X

�
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H[R ��� ��� ��� ���� ���� �3�20H����� >&X�^3�20H��`��P�&�)�&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ����
��� >&X�^3�20H��`��P�&�)�&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ���� ���� �3�20H����� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� &X�2

H[R ��� ��� ��� ����

��� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� F� �&X�2 �

&X�3�2�

H[R ��� ��� ��� ����
��� >&X�^3�20H��`��P�&�)��&22��@ H[R ��� ��� ��� ���� ���� F� &X�2

H[R ��� ��� ��� ���� ���� �3�20H��
H[R ��� ��� ��� ������� >&X�^3�20H��`��P�&�)��&22��@

H[R ��� ��� ��� ��� ����
E� &X�2

D7L ± LQLWLDO WHPSHUDWXUH� 7P ± PD[LPXP WHPSHUDWXUH� 7I ± ILQDO WHPSHUDWXUH�
E'HFRPSRVLWLRQ FRQQHFWHG ZLWK WKH VXEOLPDWLRQ�
F8QDEOH WR GHWHUPLQH�

,Q WKH FDVH RI FRPSRXQGV �� � DQG �� DQDO\VLV RI WKH WKHUPRJUDYLPHWULF �7*� FXUYHV

LQGLFDWHV GLVVRFLDWLRQ RI WZR PROHFXOHV RI SKRVSKLWH LQ WKH ILUVW VWHS� 0RUHRYHU� GH�

WDFKPHQW RI WKH FDUER[\ODWHV UHVLGXHV LQ WKH ODVW WZR VWDJHV FDQ EH SURSRVHG IRU �� ,Q

WKH FDVH RI FRPSOH[ �� WKH VHFRQG DQG WKLUG GHFRPSRVLWLRQ SURFHVV ZDV FRQQHFWHG
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ZLWK WKH VXEOLPDWLRQ� SUREDEO\ UHVXOWLQJ LQ WKH IRUPDWLRQ RI >&X��&�)��&22�@ RU

>&X��&�)��&22��@ IUDJPHQWV� 'HFRPSRVLWLRQ UHDFWLRQV RI FRPSRXQGV �� ± �� ZHUH

FRPSOHWHG LQ WKH UDQJH RI ���±��� . DQG WKH ILQDO SURGXFW DSSHDUHG WR EH &X�2� 2QO\

IRU WKH FRPSOH[ � D PL[WXUH RI &X�2 DQG &X�3�2� �� � �� ZDV REVHUYHG� 3RZGHU GLI�

IUDFWRJUDPV RI WKH ILQDO SURGXFWV UHYHDOHG OLQHV IRU &X�2 ± ������ ����� QP WKDW

FRUUHVSRQG WR WKRVH UHSRUWHG LQ 3RZGHU 'LIIUDFWLRQ )LOH >�@� ,5 VSHFWUD RI WKH ILQDO SURG�

XFW RI � UHYHDOHG VWURQJ YLEUDWLRQV LQ WKH UDQJH RI ����±���� FP
±�
WKDW DUH FKDUDFWHULVWLF

RI &X�3�2� >�@� 6LPLODU ILQDO SURGXFWV ZHUH UHSRUWHG IRU RWKHU FRSSHU�,� SKRVSKLQH FRP�

SOH[HV� H�J� >&X^3�&�+���`�@%)� DQG >&X�^�3�23K��`��P�5&22��@ >�� �@� 7KH

WHPSHUDWXUHV RI WKH ILQDO SURGXFW IRUPDWLRQ �7I� ZHUH DOWHUHG LUUHJXODUO\ IRU WKH SHU�

IOXRULQDWHG FKDLQV IURP &� WR &� DQG LQ PRVW FDVHV WKHVH DUH LQ WKH UDQJH DFFHSWDEOH

IRU &9' SXUSRVHV ZLWK WKH KRW ZDOO UHDFWRU ���� .��

���� 0DVV VSHFWURPHWU\

%HFDXVH WKH QDWXUDO DEXQGDQFH RI FRSSHU LV
��
&X ����� �� DQG

��
&X ����� ��� LQ FRP�

SRXQGV KDYLQJ RQH FRSSHU DWRP WZR VLJQDOV FDQ EH H[SHFWHG ZLWK WKH LQWHQVLW\ UDWLR ����

6SHFLHV ZLWK WZR FRSSHU DWRPV VKRXOG UHYHDO WKUHH SHDNV ZLWK WKH FKDUDFWHULVWLF ����� LQ�

WHQVLW\ SDWWHUQ� $V DQ H[DPSOH� WKH PDVV VSHFWUXP RI � LV SUHVHQWHG LQ )LJ� ��

)LJ� �� (, PDVV VSHFWUXP RI WKH FRPSOH[ >&X�^3�20H��`��P�&�)�&22��@ ����

D� >&X^3�20H��`@
�� E� >&�)�&2230H@�� F� >&X^3�20H��`�@

�� G� >&X��&�)�&22�@��

H� >&X��&�)�&22��@
�� I� >&X��&�)�&22�^3�20H��`�@

�



&RSSHU�,� FRPSOH[HV DV SRWHQWLDO &9' SUHFXUVRUV ���

7KH DQDO\VLV RI WKH VSHFWUD VXJJHVWV D GLPHULF VWUXFWXUH IRU WKH FRPSRXQGV VWXGLHG

DQG SRLQWV WR WKH IUDJPHQWDWLRQ VFKHPH VKRZQ LQ )LJ� ��

>&X�^3�20H��`����5&22��@

>&X��5&22��@
�

>&X��5&22�@
�

>&X��5&22�^3�20H��`�@
�

>&X��5&22�^3�20H��`@
�

>&X^3�20H��`�@
�

>&X^3�20H��`@
�

)LJ� �� )UDJPHQWDWLRQ VFKHPH IRU WKH FRPSOH[HV >&X�^3�20H��`��P�5&22��@

$PRQJ WKH IUDJPHQWV LQFOXGLQJ FRSSHU� WKH KLJKHVW LQWHQVLW\ ZDV H[KLELWHG E\

>&X��5&22�@
�
� 7KH PD[LPXP LQWHQVLW\ RI WKLV IUDJPHQW YDULHG DQG IRU � ��� ZDV UHDFKHG

DW ��� .� IRU � ± ��� DW ��� . DQG ���� LQ WKH FDVH RI � ���� .�� � ���� .�� � ���� .��

� ���� .�� � ���� .�� 7KH ORZHU WHPSHUDWXUHV ZHUH REVHUYHG IRU WKH FRPSOH[HV �� � DQG �

FRQWDLQLQJ WKH HYHQ QXPEHU RI FDUERQV LQ WKH FDUER[\ODWH FKDLQ� 7KH FRPSRXQG � KDYLQJ

WKH ORZHVW WHPSHUDWXUH ZDV VWXGLHG XVLQJ WHPSHUDWXUH�YDULDEOH ,5 VSHFWURVFRS\�

���� 7HPSHUDWXUH�YDULDEOH ,5

7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD ����±��� .� UHFRUGHG IRU WKH FRPSOH[ � DUH

VKRZQ LQ )LJ� �� $PRQJ WKH EDQGV FKDUDFWHULVWLF RI � ZH KDYH FKRVHQ� ���� FP
±�

)LJ� �� 7HPSHUDWXUH�YDULDEOH ,5 VSHFWUD RI >&X�^3�20H��`��P�&�)��&22��@ ����

D� W  � PLQ� 7  ��� .� E� W  �� PLQ� 7  ��� .� F� W  �� PLQ� 7  ��� .�

G� W  �� PLQ� 7  ��� .� W ± WLPH� 7 ± WHPSHUDWXUH
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�QD&22�� ���� FP
±�
�QV&22� DQG ��� FP

±�
�Q3�2� >��� ��@� %HFDXVH RQO\ WKH LQWHQ�

VLW\ RI WKHVH EDQGV ZDV LQFUHDVLQJ GXULQJ KHDWLQJ� ZH FRQFOXGH WKDW RQO\ WKH

PROHFXODU IRUP RI >&X�^3�20H��`��P�&�)��&22��@ ��� ZDV SUHVHQW LQ WKH JDV SKDVH�

7KHUHIRUH WKH FRPSOH[ FDQ EH WUDQVSRUWHG DV D YDSRXU WR WKH &9' UHDFWLRQ FKDPEHU�

���&RQFOXVLRQV

7KH WKHUPDO DQDO\VLV GDWD VXJJHVWV WKDW WKH FRPSRXQGV VWXGLHG FDQ EH XVHG LQ

&9' RI FRSSHU R[LGH ILOPV� 7KH GHFRPSRVLWLRQ SURGXFW FDQ EH PRGLILHG KRZHYHU

GHSHQGLQJ RQ WKH FRQGLWLRQV RI WKH GHSRVLWLRQ WHFKQLTXH� 7KH PDVV VSHFWUD DQG WHP�

SHUDWXUH�YDULDEOH ,5 GDWD DQDO\VLV SRLQWHG WR >&X�^3�20H��`��P�&�)��&22��@ ��� DV

WKH PRVW VXLWDEOH SRWHQWLDO OLTXLG &9' SUHFXUVRU DPRQJ WKH FRPSOH[HV VWXGLHG�

$FNQRZOHGJHPHQWV

7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH VXSSRUW IURP WKH 3ROLVK &RPPLWWHH IRU 6FLHQWLILF 5HVHDUFK

�.%1� JUDQW 1R � 7��& ������
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