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6\QWKHVLV�DQG�&KDUDFWHUL]DWLRQ�RI�$FLG�'RSHG�3RO\DQLOLQH�
IRU�6XSHU�&DSDFLWRU�$SSOLFDWLRQ�

6DQWRVK�%KDWWDUDL���1LP�%KDGXU�'HYNRWD���6KRYD�1HXSDQH���'LSDN�.XPDU�*XSWD� � $PDU�3UDVDG�
<DGDY�

�&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��.LUWLSXU��.DWKPDQGX��1HSDO�
�'HSDUWPHQW�RI�&KHPLVWU\��7UL�FKDQGUD�0XOWLSOH�&DPSXV��.DWKPDQGX��1HSDO��

(�PDLO��GHHSDNJXSWDV����#\DKRR�FRP�

$EVWUDFW�

3RO\DQLOLQH��3$1L��ZDV�V\QWKHVL]HG�IURP�GRXEOH�GLVWLOOHG�DQLOLQH�VROXWLRQ�GLVVROYHG�LQ�+�62��VROXWLRQ�
E\�FKHPLFDO�R[LGDWLYH�SRO\PHUL]DWLRQ�PHWKRG�XVLQJ�DPPRQLXP�SHUVXOIDWH� �$36��DV�DQ�R[LGDQW�DW� URRP�
WHPSHUDWXUH�� 7KH� IRXU�3$1L� VDPSOHV�ZHUH� SUHSDUHG� E\� GLIIHUHQW� DFLGV� OLNH�+�62���+&O2���+�32��DQG�
&+�&22+� DW� URRP� WHPSHUDWXUH�� &RPSRVLWHV� RI� YDULRXV� VDPSOH� RI� 3$1L� ZHUH� PDGH� ZLWK� PXOWLZDOO�
FDUERQ�QDQRWXEH�DQG�SDUDIILQ�IRU�WKH�SUHSDUDWLRQ�RI�HOHFWURGH�WR�VWXG\�HOHFWURFKHPLFDO�SURSHUWLHV�VXFK�
DV�&9�DQG� FKDUJH�GLVFKDUJH� F\FOH�� 7KH�&9� FXUYH� VKRZV� WKDW� VDPSOH�3$1L�+�62��KDV� KLJKHVW� VSHFLILF�
FDSDFLWDQFH LQ�FRPSDULVRQ�WR�RWKHU�VDPSOHV�DQG�DOVR�WKH�FKDUJH�GLVFKDUJH�F\FOH�VKRZV�KLJKHVW�VSHFLILF�
FDSDFLWDQFH IRU� WKH�VDPSOH�3$1L��+�62��DW�SRWHQWLDO�UDQJH������WR�����ZLWK�VFDQ�UDWH��I���P9V

����3$1L�
VDPSOHV�ZHUH�FKDUDFWHUL]HG�E\�)7,5��;5'�DQG�89±9LVLEOH�VSHFWURVFRS\�DOVR�VXSSRUWV�WKH�IRUPDWLRQ�RI�
3$1L�� %DVHG� RQ� WKH� SURSHUWLHV� VKRZQ� 3$1L�+�62�� ZRXOG� EH� WKH� EHVW� PDWHULDO� IRU� SVHXGRFDSDFLWRU�
DSSOLFDWLRQ��

.H\ZRUGV��6SHFLILF�&DSDFLWDQFH��6&���6XSHU�&DSDFLWRU��0:&17V��&\FOLF�YROWDPPHWU\����

,QWURGXFWLRQ�

6XSHUFDSDFLWRUV�DUH�LPSRUWDQW�HQHUJ\�VWRUDJH�GHYLFHV�KDYLQJ�KLJKHU�HQHUJ\�GHQVLW\�DQG�KLJKHU�SRZHU�
GHQVLW\�FRPSDUHG�WR�EDWWHULHV�DQG�FRQYHQWLRQDO�FDSDFLWRUV��'HSHQGLQJ�RQ�WKH�FKDUJH�VWRUDJH�PHFKDQLVP��
LW�FDQ�EH�FODVVLILHG�LQ�WZR�FDWHJRULHV��7KH�HOHFWULFDO�GRXEOH�OD\HU�FDSDFLWRU�XWLOL]HV�PDLQO\�WKH�VHSDUDWLRQ�
RI�WKH�HOHFWURQLF�DQG�LRQLF�FKDUJHV�DW�WKH�LQWHUIDFH�EHWZHHQ�HOHFWURGH�PDWHULDOV�DQG�WKH�HOHFWURO\WH�VROXWLRQ��
$QRWKHU� W\SH�RI� VXSHUFDSDFLWRU�� UHIHUUHG� WR� DV� D�SVHXGRFDSDFLWRU�� SURYLGHV� LWV� FDSDFLWDQFH� IURP� IDUDGLF�
UHGR[� UHDFWLRQV� RFFXUULQJ� ZLWKLQ� WKH� DFWLYH� PDWHULDOV� RI� HOHFWURGH��� 6XSHUFDSDFLWRUV� KDYH� DWWUDFWHG�
LQFUHDVLQJ�LQWHUHVWV�GXH�WR�WKHLU�KLJK�SRZHU�GHQVLW\��ORQJHU�F\FOH�OLIH��DQG�ORZ�PDLQWHQDQFH�FRPSDUHG�WR�
FRQYHQWLRQDO� EDWWHULHV�� (OHFWURQLFDOO\� FRQGXFWLQJ� SRO\PHUV� OLNH� DV� SRO\S\UUROH�� SRO\DQLOLQH� �3$1L���
SRO\WKLRSKHQH� DQG� SRO\� >��� �� HWK\OHQHGLR[\WKLRSKHQH@� FDQ� VWRUH� DQG� UHOHDVH� FKDUJHV� WKURXJK� UHGR[�
SURFHVVHV� DVVRFLDWHG� ZLWK� WKH� �FRQMXJDWHG� SRO\PHU� FKDLQV� �� :KHQ� R[LGDWLRQ� RFFXUV�� LRQV� IURP� WKH�
HOHFWURO\WH�ZHUH�WUDQVIHUUHG�WR�WKH�SRO\PHU�EDFNERQH���

2QH�RI�WKH�LPSRUWDQW�SRO\PHUV��SRO\DQLOLQH��3$1L��KDV�DWWUDFWHG�PXFK�DWWHQWLRQ�EHFDXVH�RI�WKHLU�ORZ�
FRVW�� HQYLURQPHQWDO� VWDELOLW\�� FRQWUROODEOH� HOHFWULFDO� FRQGXFWLYLW\�� DQG� HDV\� SURFHVV� DELOLW\�� &RPELQHG�

�ŽƌƌĞƐƉŽŶĚŝŶŐ�ĂƵƚŚŽƌ
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3$1L�ZLWK�YDULRXV�UREXVW�FDUERQ�PDWHULDOV�VXFK�DV�JUDSKLWH�R[LGH��JUDSKHQH��FDUERQ�QDQRWXEHV��&17V���
FDUERQ�ILEHU�DQG�PHVRSRURXV�FDUERQ��VHHPV�D�SURPLVLQJ�ZD\�IRU�WKH�HQKDQFHG�HOHFWURFKHPLFDO�SURSHUWLHV��
,Q�DGGLWLRQ��WKH�VWDELOLW\��HOHFWULFDO�FRQGXFWLYLW\��DQG�UHGR[�EHKDYLRU�RI�3$1L�FRXOG�EH�JUHDWO\�LPSURYHG�
ZKHQ�LQFRUSRUDWHG�ZLWK�FRQGXFWLYH�FDUERQ�PDWHULDOV���

2XU�DLP�LV�WR�GHYHORS�WKH�VXSHU�FDSDFLWRU�SHUIRUPDQFH�DQG�LQFUHDVH�WKH�F\FOLF�VWDELOLW\�RI�VXSHUFDSDFLWRU�
HOHFWURGH�PDWHULDO��)RU�WKLV�SXUSRVH�ZH�KDYH�XVHG�PXOWLZDOO�FDUERQ�QDQR�WXEH�ZKLFK�KDV�KLJK�VXUIDFH�DUHD��
ORZ�UHVLVWDQFH��KLJK�HOHFWURQ�GRQRU�DQG�DFFHSWRU�SURSHUWLHV�DQG�KLJK�VWDELOLW\�LQGLFDWHV�WKDW�LW�FDQ�EH�XVHG�WR�
LPSURYH� WKH� VXSHUFDSDFLWLYH� SHUIRUPDQFHV� DQG� VWDELOLW\� RI� WKH� VXSHUFDSDFLWRU� HOHFWURGH�PDWHULDOV��,Q� WKLV�
VWXG\�� ZH� V\QWKHVL]HG� DQG� FKDUDFWHUL]HG� WKH� 3$1L� FRPSRVLWH� ZLWK� DFLGLF� GRSDQW� E\� XVLQJ� PXOWLZDOO�
FDUERQ�QDQRWXEH�DQG�WKHLU�HOHFWURFKHPLFDO�SURSHUWLHV�KDYH�EHHQ�FRPSDUHG�ZLWK�GLIIHUHQW�VDPSOHV���

,Q� WKLV� ZRUN� ZH� KDYH� SUHSDUHG� 3$1L� E\� WKH� FKHPLFDO� R[LGDWLRQ�PHWKRG� DW� URRP� WHPSHUDWXUH� DQG�
VWXGLHG�WKH�HIIHFW�RI�GLIIHUHQW�GRSDQWV�OLNH�+�62���+&O2���+�32��DQG�&+�&22+�RQ�WKH�VWUXFWXUH�RI�WKH�
SRO\PHU��7KH�SUHSDUHG�3$1L�ZDV�FKDUDFWHUL]HG�E\�)7,5��89�YLVLEOH�DQG�;5'�WHFKQLTXHV��

([SHULPHQWDO�0HWKRGV

�3UHSDUDWLRQ�RI�3RO\DQLOLQH��3$1L��E\�&KHPLFDO�2[LGDWLRQ�0HWKRG�

������0�DQLOLQH� VXOSKXULF�DFLG�VROXWLRQ�DQG������0�DPPRQLXP�SHUVXOSKDWH� �$36��ZHUH�SUHSDUHG�DW�
URRP� WHPSHUDWXUH� ZDV� PL[HG� E\� DGGLQJ� $36� IURP� EXUHWWH� GURS� ZLVH� �DERXW� �� GURS� SHU� VHFRQG�� LQWR�
DQLOLQH� VROXWLRQ��1H[W� GD\� WKH� UHVXOWLQJ�GDUN� JUHHQ�3$1L� SUHFLSLWDWH�ZDV� FROOHFWHG� LQ� D�ZKDWPDQ� ILOWHU�
SDSHU� WKHQ�ZDVKHG�ZLWK� GLVWLOOHG�ZDWHU� XQWLO� WKH� ILOWUDWH� EHFRPH� FRORUOHVV�� ,W�ZDV� IROORZHG� E\� �����0�
+�62��WKHQ�HWKDQRO��(HPHUDOGLQH�VDOW�SUHFLSLWDWH�ZDV�GULHG�WKHQ�VDPSOH�ZDV�NHSW�LQ�DLU�WLJKW�ERURVLO�JODVV�
ERWWOH�� 7KH� VDPSOH� ZDV� GHGRSHG� E\� XVLQJ� WKH� H[FHVV� RI� DPPRQLD� VROXWLRQ�� ����� 0� VROXWLRQ� RI� WKH�
UHVSHFWLYH�DFLGV��+�62���+&O2���+�32��DQG�&+�&22+��ZHUH�DGGHG�LQ�SUHSDUHG�3$1L�WKHQ�PDJQHWLFDOO\�
VWLUUHG�� ILOWHUHG�� ZDVKHG� WKHQ� GULHG�� 3$1L� SHUDUHG� E\� FKHPLFDOR[LGDWLRQ� PHWKRG� GRSHG� ZLWK� GLIIHUHQW�
DFLGV�ZHUH�VHSDUDWHO\�PL[HG�ZLWK�0:&17��3$1L�0:&17�UDWLR�ZDV�����LQ�'0)�VROYHQW���

$OO�WKH�SUHSDUHG�VDPSOHV�ZHUH�FKDUDFWHUL]HG�E\�89�9,6��)7,5�DQG�;5'�PHWKRGV��89�YLVLEOH�VSHFWUD�
RI�DOO�VDPSOHV�ZHUH�UHFRUGHG�E\�XVLQJ�*(1(6,6����89�YLVLEOH�SHFWURSKRWRPHWHU�RI�7KHUPR�)LVFKHU�DW�
URRP� WHPSHUDWXUH� LQ� WKH� UDQJH�RI�ZDYHOHQJWK����� WR�����QDQRPHWHU� �QP���)7,5�VSHFWUD�RI�DOO� VDPSOHV�
ZHUH� UHFRUGHG� E\� XVLQJ� ,57UDFHU����� RI� 6+,0$'=8� VSHFWURSKRWRPHWHU� DV� .%U� SHOOHW� DW� URRP�
WHPSHUDWXUH� LQ� WKH� UDQJH� RI� ����±���� FP��� DQG� ;5'� SDWWHUQ� RI� DOO� VDPSOHV� ZHUH� UHFRUGHG� E\� XVLQJ�
GLIIUDFWRPHWHU�'��3KDVHU�RI�%UXNHU�*P%+��&X. �UDGLDWLRQ��:DYHOHQJWK��������QP��DW�URRP�WHPSHUDWXUH�
LQ�WKH�UDQJH�RI�� �WKURXJKRXW��������DW�1HSDO��$FDGHP\�RI�6FLHQFH�DQG�7HFKQRORJ\��1$67���/DOLWSXU��

5HVXOWV�DQG�'LVFXVVLRQ�

�&KHPLFDO�3RO\PHUL]DWLRQ�RI�$QLOLQH�

$QLOLQH�ZDV�FKHPLFDOO\�SRO\PHUL]HG�E\�XVLQJ�R[LGL]LQJ�DJHQW�DPPRQLXP�SHUVXOSKDWH�>�1+���6�2�@�LQ�
DFLGLF� PHGLXP� �+�62���� 3RO\PHUL]DWLRQ� RI� DQLOLQH� ZDV� GRQH� DW� URRP� WHPSHUDWXUHV�� 3$1L� �(6�� ZDV�
V\QWKHVL]HG�DQG�GH�GRSHG�ZLWK�WKH�H[FHVV�RI�DPPRQLD�VROXWLRQ�DQG�DJDLQ�GRSHG�VHSDUDWHO\�ZLWK�YDULRXV�
DFLGV� OLNH� +�62��� &+�&22+�� +�32�� DQG� +&O2��� 7KH� FRPSRVLWHV� RI� 3$1L� ZHUH� IRUPHG� E\� PL[LQJ�
0:&17��
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&DSDFLWLYH�VWXG\�

&9� RI� YDULRXV� VDPSOHV�ZDV� SORWWHG� E\� XVLQJ�+2.872�'(1.2�+$����� 3RWHQWLRVWDW�*DOYDQRVWDW�
FRQWUROOHG� E\� 3RODUL]DWLRQ� VRIWZDUH� LQWHUIDFHG�ZLWK� ,%0� FRPSXWHU�7KH� FDSDFLWLYH� FKDUDFWHULVWLF� RI� WKH�
3$1L�0:&17� FRPSRVLWHV� ZHUH� LQYHVWLJDWHG� E\� PHDQV� RI� WKH� F\FOLF� YROWDPPDWU\�� &DSDFLWDQFH� ZDV�
FDOFXODWHG� IURP� WKH� REWDLQHG� F\FOLF� YROWDPPRJUDP� E\� GLYLGLQJ� DYHUDJH� FXUUHQW� ZLWK� VFDQ� UDWH� ZKLOH�
VSHFLILF�FDSDFLWDQFH�ZDV�FDOFXODWHG�E\�GLYLGLQJ�FDSDFLWDQFH�E\�ZHLJKW�RI�WKH�DFWLYH�PDWHULDO���

7DEOH�����6SHFLILF�&DSDFLWDQFH�RI�3$1L�IURP�&9�

6DPSOHV�RI�3$1L 6SHFLILF�&DSDFLWDQFH��)J����

3$1L�+�62� �������

3$1L�+&O2� �������

3$1L�+�32� �������

3$1L�&+�&22+ �������

)LJXUH����&\FOLF�9ROWDPPHWU\�RI�VDPSOHV�D��3$1L��+�62����E��3$1L��+&O2���F��3$1L��+�32���G��3$1L�
&+�&22+�

7KH�VSHFLILF�FDSDFLWDQFH�IRU�VDPSOH�3$1L�+�62��ZDV�IRXQG�WR�EH�PD[LPXP���������)�J����ZKLOH�
PLQLPXP�������� )J����IRU�3$1L�+�32�
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�*DOYDQRVWDWLF�&KDUJH��'LVFKDUJH�&XUYH�

7KH�JDOYDQRVWDWLF�FKDUJH�GLVFKDUJH�F\FOH�RI� VDPSOH�FRPSRVLWHV�ZHUH�DW�D�FXUUHQW�GHQVLW\�RI��� P$�
FP��� LQ� WKUHH� HOHFWURGH� V\VWHP� EHWZHHQ� WKH� SRWHQWLDO� UDQJHV� RI� ����� WR� ����9�ZDV� SHUIRUPHG� E\� XVLQJ�
+2.872�'(1.2�+$�����3RWHQWLRVWDW�*DOYDQRVWDW�FRQWUROOHG�E\��FK�0RQLWRU�VRIWZDUH�LQWHUIDFHG�ZLWK�
,%0�FRPSXWHU��

)LJXUH� ��� &KDUJH� GLVFKDUJH� FXUYH� RI� WKH� FRPSRVLWH� PDWHULDOV� �D�� +�62�� �E�� +&O2� �F�+�32�� �G��
&+�&22+

7DEOH���6SHFLILF�&DSDFLWDQFH�RI�WKH�3$1L�VDPSOHV�REWDLQHG�IURP�FKDUJH�GLVFKDUJH�FXUYH�

6DPSOHV�RI�3$1L 6SHFLILF�&DSDFLWDQFH��)J����

3$1L�+�62� �������

3$1L�+&O2� �������

3$1L�+�32� �������

3$1L�&+�&22+ �������

7KH� VSHFLILF� FDSDFLWDQFH� YDOXHV� RI� DOO� WKH� FRPSRVLWH� GHWHUPLQHG� XVLQJ� WKH� JDOYDQRVWDWLF� FKDUJH�
GLVFKDUJH�PHWKRG�IROORZHG�WKH� WUHQG�GHWHUPLQHG�E\� WKH�&9�PHDVXUHPHQWV��6&�ZDV�IRXQG� WR�PD[LPXP�
IRU�WKH�3$1L�VDPSOH�GRSHG�ZLWK�+�62��DW�URRP�WHPSHUDWXUH��,W�ZDV�REVHUYHG�WKDW�6&�RI�3$1L��+�32��LV�
OHVV�LQ�FRPSDULVRQ�WR�RWKHU�3$1L�VDPSOHV��

&KDUDFWHUL]DWLRQ�RI�3$1L�

7KH�89�YLVLEOH�VSHFWUD�RI�WKH�3$1L�VDPSOH�ZHUH�UHFRUGHG�E\�XVLQJ�'0)�VROXWLRQ��3$1L�VKRZV�WZR�
DEVRUSWLRQ�EDQGV�FXUYHV��RQH� ORFDWLRQ� LV� DERXW�����QP�DQG� WKH�RWKHU� LV� DERXW�����QP�)7,5�VKRZV� WKH
EDQG�DW�DERXW�����FP���IRU�1�+�ZDJ�RI�VHFRQGDU\�DPLQHV����K\GURJHQ�DQG���DURPDWLF�JURXSV���7KH�EDQG�
DW� DERXW� ����� FP��� LV� DVVLJQHG� WR� WKH� &±1� VWUHWFKLQJ� PRGH� RI� WKH� DURPDWLF� DPLQHV� EHQ]HQRLG� XQLWV��
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)LJXUH����;5'�SDWWHUQ�RI�3$1L�6DPSOHV

&RQFOXVLRQV

,Q� WKLV� ZRUN�� DQLOLQH� ZDV� SRO\PHUL]HG� E\� FKHPLFDO� R[LGDWLRQ� PHWKRG�� XVLQJ� DPPRQLXP�
SHUVXOSKDWH�DV�DQ�R[LGDQW� LQ�+�62��VROXWLRQ�� ��&RPSRVLWHV�RI�YDULRXV�VDPSOH�RI�3$1L�ZHUH�PDGH�ZLWK�
PXOWLZDOO� FDUERQ� QDQRWXEH� DQG� SDUDIILQ� IRU� WKH� SUHSDUDWLRQ� RI� HOHFWURGH� WR� VWXG\� HOHFWURFKHPLFDO�
SURSHUWLHV� VXFK� DV� &9� DQG� FKDUJH� GLVFKDUJH� F\FOH�� (OHFWURFKHPLFDO� PHDVXUHPHQWV� OLNH� F\FOLF�
YROWDPPHWU\�DQG�FKDUJH�GLVFKDUJH�FXUYH�RI� WKH�FRPSRVLWH�PDWHULDOV�ZHUH�VWXGLHG�ZKLFK�VKRZV� WKDW� WKH�
VSHFLILF�FDSDFLWDQFH�IRU�WKH�VDPSOH��GRSHG�ZLWK�+�62���KDV�KLJKHVW�YDOXHV�RI��������)J

���REWDLQHG�IURP�
&9�� 7KH� KLJKHVW� VSHFLILF� FDSDFLWDQFH� YDOXH� IURP� FKDUJH� GLVFKDUJH� FXUYH� ZDV� ������� )J��� IRU� +�62��

&RPSRVLWH�VDPSOH�RI�3$1L�+�62��ZRXOG�EH�EHVW�VXSHU�FDSDFLWDQFH�WKDQ�RWKHU�DFLG�GRSHG�3$1L��

$FNQRZOHGJHPHQWV

7KH� DXWKRUV�ZRXOG� OLNH� WR� DFNQRZOHGJH�'HSDUWPHQW� RI�&KHPLVWU\�� 7ULFKDQGUD�0XWLSOH�&DPSXV�
DQG� &HQWUDO� 'HSDUWPHQW� RI� &KHPLVWU\�� 7ULEKXEDQ� 8QLYHVLW\�� .DWKPDQGX�� 1HSDO� IRU� SURYLGLQJ� WKH�
UHVHDUFK�IDFLOLWLHV�IRU�FRQGXFWLQJ�WKH�UHVHDUFK�ZRUNV��

5HIHUHQFHV�

�� (��+XU�DQG�$��$UVODQ�$Q�,QWHUQDWLRQDO�-RXUQDO�RI�(OHFWURFKHPPLFDO��6FLHQFH������������������������
�� 6��5DGKDNULVQD��5��0XWKXNDQQDQ��8��.DPDWFKL��&�5�.��5DR�DQG�0��9LMD\DQ��,QGLDQ�-RXUQDO�RI�

&KHPLVWU\�������������������
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