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7KH� EHQHILWV� SURYLGHG� E\� DSSOLFDWLRQ� RI
GLVSHUVHG�VROLGV�WKDW�FDQ�DGG�QHZ�IXQFWLRQ�
DOLWLHV�WR�YDULRXV�PDWHULDOV�VWLPXODWH�WKH�LQ�
WHUHVW� RI� UHVHDUFKHUV� LQ� HVWDEOLVKLQJ� D
PHFKDQLVP� RI� WKHLU� IRUPDWLRQ� �QXFOHDWLRQ�
VXEVHTXHQW� JURZWK� RI� QXFOHL�� DJJUHJDWLRQ�
DJJORPHUDWLRQ�� DJHLQJ�� HWF��� >����@�� 2QH� RI
WKH� LPSRUWDQW�DGYDQFHV�DWWDLQHG� LQ�WKH� ODVW
\HDUV� LV� D� FRQWUROOHG� V\QWKHVLV� RI�PLFUR��RU
QDQRVL]HG� KROORZ� SDUWLFOHV� >�Ü�@� WKDW� FDQ
VLPXOWDQHRXVO\�SHUIRUP�D�QXPEHU�RI�XVHIXO
IXQFWLRQV�� 3RVVHVVLQJ� D� FRPSOHWH� VHW� RI
SURSHUWLHV�WKDW�DUH�SHFXOLDU�WR�WKH�PDWHULDOV
ZLWK� D� KLJKO\� GHYHORSHG� VXUIDFH� �VRUSWLRQ
DQG� FDWDO\WLF� DFWLYLW\��� WKH� KROORZ� SDUWLFOHV
FDQ�EH�XVHG�DV�WHPSRUDU\�FDUULHUV�RI�WKHUD�
SHXWLF�DJHQWV�VXFK�DV�SRO\SHSWLGHV��DQWLERG�
LHV��HQ]\PHV��VPDOO�PHGLFDO�PROHFXOHV�RI�QX�
FOHLF� DFLGV� �HQFDSVXODWLRQ�� >��Ü��@�� 7KH
VWUHQJWK�SURSHUWLHV�RI�VROLG�KROORZ�SDUWLFOHV
FDQ�EH�XVHG�WR�SURWHFW�SKRWRVHQVLWLYH�DJHQWV
DJDLQVW�OLJKW�H[SRVXUH�DQG�G\HV�DJDLQVW�GU\�
LQJ��%\�XVLQJ�D�WLPH�FRQWUROOHG�EUHDNXS�RI�D
PL[WXUH� WKDW� FRQWDLQV� YDULRXV� FKHPLFDO
DJHQWV�� LW� LV�SRVVLEOH�WR�REWDLQ�LQWHUPHGLDWH
RU� ILQDO� SURFHVV� SURGXFWV� >��Ü��@�� $� VXE�
VWDQFH�HQFDSVXODWHG�LQ�D�SDUWLFOH�FDYLW\�FDQ

EH� GHSURWHFWHG� E\� PHFKDQLFDO� RU� WKHUPDO
EUHDNLQJ� RI� WKH� SDUWLFOH� RU� LWV� FRQWDFWLQJ
ZLWK�D� VROYHQW��7KH�VWUXFWXUHG�PDWHULDOV�RI
WKLV� NLQG�PD\� EH� XVHG� DV� FDWDO\VW� FDUULHUV�
DLU�IORZ�WUDFHUV�RU�VWXII�VWRUDJH�PHGLD�

7KH� VWXGLHV� FRQGXFWHG�XVLQJ� WKH� UHJXODU
VWUXFWXUHV� RI� PHWDO� FOXVWHUV� �H�J�� $X�� 3W
>��Ü��@�� HQFDSVXODWHG� LQ� LQRUJDQLF� VKHOOV
KDYH� VKRZQ� VLJQLILFDQW� FKDQJHV� LQ� WKHLU
SK\VLFDO� DQG� VRPH� FKHPLFDO� SURSHUWLHV�
+RZHYHU�� DSSOLFDWLRQ� RI� VXFK� PDWHULDOV� LV
UHVWULFWHG�VLQFH�WKH�H[LVWLQJ�WHFKQLTXHV�XVHG
WR� SURYLGH� KRPRJHQHRXV� DQG� UHJXODU� VKHOO
VWUXFWXUHV� DQG� FRQWURO� WKHLU� WKLFNQHVV� DQG
SRURVLW\� DUH� GHYHORSHG� LQVXIILFLHQWO\�� ,Q
WKLV�ZRUN��ZH�KDYH�FRQVLGHUHG�WKH�PDQXIDF�
WXULQJ� SULQFLSOHV� RI� VXFK� PDWHULDOV� DQG
PHWKRGV� RI� WKHLU� UHDOL]DWLRQ� WDNLQJ� DV� DQ
H[DPSOH�WKH�V\QWKHVLV�RI�VLOLFRQ�GLR[LGH�KRO�
ORZ� QDQRVSKHUHV� EHLQJ� ZLGHO\� XVHG� DV� D
KLJKO\� GLVSHUVHG� DJHQW� IRU� SURGXFWLRQ� RI
KLJK�SHUIRUPDQFH�DGVRUEHQWV�DQG�GUXJV�

7KH� LQLWLDO� PDWHULDO� VROXWLRQ� ZDV� GLV�
SHUVHG� XVLQJ� DQ� XOWUDVRQLF� GLVSHUVHU� DW� WKH
IUHTXHQF\� RI� ����� 0+]�� 7KH� SDUWLFOH� VL]HV
ZHUH� YDULHG� LQ� WKH� ���� WR� ���� PP� UDQJH�
7KH� DHURVRO� SDUWLFOHV� ZHUH� WUDQVSRUWHG� E\
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GU\�DLU�IORZ�DW�URRP�WHPSHUDWXUH��7KH�SDU�
WLDO� SUHVVXUH� RI�ZDWHU� YDSRUV� DQG� WHPSHUD�
WXUH�LQ�WKH�UHDFWRUV�ZHUH�VHW�LQ�WKH����&�WR
���&�UDQJH�XVLQJ�KHDWHUV��$V�WKH�LQLWLDO�OLT�
XLG� IRU� DHURVRO� IRUPDWLRQ�� ZH� KDYH� XVHG
QHDW�'0'&6�DQG�LWV�VROXWLRQ�LQ�D�K\GURSKR�
ELF� VROYHQW� �KHSWDQH� DQG� FDUERQ� WHWUDFKOR�
ULGH���7KH�VROXWLRQ�FRQFHQWUDWLRQ�ZDV�YDULHG
ZLWKLQ� WKH� ZKROH� FRQFHQWUDWLRQ� UDQJH� DW
�� �� �Y�Y�� LQFUHPHQWV�� 7KH� V\QWKHVL]HG
SURGXFW� ZDV� VHSDUDWHG� IURP� WKH� VROXWLRQ� E\
FHQWULIXJDWLRQ� DQG� GHFDQWDWLRQ� ZLWK� VXE�
VHTXHQW� ZDVKLQJ� ZLWK� DFHWRQH� WR� OLPLW� DJ�
JORPHUDWLRQ��7KH�UHVLGXDO�VROYHQWV�DQG�PRLV�
WXUH�ZHUH�UHPRYHG�E\�KHDWLQJ�XS�WR�����&�DW
D�UDWH�RI����GHJ�K�XQGHU�UHVLGXDO�SUHVVXUH�RI
��Ü�� 3D� RU� LQ� WKH� R[\JHQ� IORZ� LQ� WKH� WHP�
SHUDWXUH�UDQJH�IURP�DERXW�����&�WR�����&�

7KH�FKHPLFDO�FRPSRVLWLRQ�RI�VDPSOHV�SUH�
SDUHG� E\� HYDSRUDWLRQ� RI� D� ORZ�FRQFHQWUDWHG
VXVSHQVLRQ� RI� VLOLFRQ� GLR[LGH� SDUWLFOHV� RQ
WKH�SROLVKHG�VXUIDFH�RI�VLOLFRQ�VLQJOH�FU\VWDO
ZDV�GHWHUPLQHG�E\�$XJHU�HOHFWURQ�VSHFWURV�
FRS\� �-(2/� -$03� ��6� $XJHU�PLFURSUREH�
-DSDQ��� ;�UD\� SKDVH� DQDO\VLV� ZDV� FDUULHG
RXW� XVLQJ� D� '521��0� ;�UD\� GLIIUDFWRPH�
WHU��7KH�VDPSOH�PRUSKRORJ\�ZDV�VWXGLHG�E\
VFDQQLQJ� HOHFWURQ� PLFURVFRS\� DQG� DWRPLF
IRUFH�PLFURVFRS\�

$V�D�EDVLV�IRU�GHVLJQLQJ�D�V\QWKHWLF�SURF�
HVV� RI� KROORZ� VSKHULFDO� SDUWLFOHV�� ZH� KDYH
XVHG�WKH�IROORZLQJ�JHQHUDO�DSSURDFKHV�

+ROORZ�VSKHULFDO�SDUWLFOHV�PD\�EH�IRUPHG
DV� D� UHVXOW� RI� FKHPLFDO� UHDFWLRQV� EHWZHHQ
WZR�VXEVWDQFHV�DW�WKHLU�LQWHUIDFH�WKDW�KDV�D
VSKHULFDO�VKDSH��6XFK�D�UHDFWLRQ�VKDOO�UHVXOW
LQ� IRUPDWLRQ� RI� D� SDUWLFOH� RI� LQVROXEOH� RU
ORZ�VROXEOH� VKHOO�IRUPLQJ� FRPSRXQG� RU� LWV
SUHFXUVRU�� 7KH� OLWHUDWXUH� GDWD� DYDLODEOH
VKRZ� WKDW� WKH� PRVW� HDVLO\� UHSURGXFLEOH
PHWKRGV� IRU� WKHVH� SXUSRVHV� DUH� EDVHG� RQ
FKHPLFDO�UHDFWLRQV�DW�WKH�OLTXLG�JDV��RU�YDSRU�
RU� OLTXLG�OLTXLG� LQWHUIDFHV�� 7KH� OHVV� IUH�
TXHQWO\�XVHG�PHWKRGV�DUH�EDVHG�RQ�WKH�DELOLW\
RI�VRPH�LQRUJDQLF�VXEVWDQFHV�WR�IRUP�D�VWDEOH
LQWHUIDFLDO� OD\HU� XSRQ� WKHLU� DGVRUSWLRQ� RQ� D
VXUIDFH� RI� SRO\PHU� JOREXOHV� �H�J�� SRO\PHU
EHDGV� LQ� HPXOVLRQV�� >����@�� 7KRVH� PHWKRGV
DOVR� LQFOXGH� WKH� IRUPDWLRQ� WHFKQLTXHV� RI� SR�
URXV�DQG�KROORZ�FHUDPLF�SDUWLFOHV�E\�D�VRO�JHO
PHWKRG� WKDW� LV� XVXDOO\� XVHG� LQ� FRPELQDWLRQ
ZLWK�HPXOVLILFDWLRQ�SURFHGXUHV�

7KH� PHWKRG� SURSRVHG� LQ� WKLV� ZRUN� KDV
GLVWLQFW� DGYDQWDJHV� DJDLQVW� WKH� PHWKRGV
ZKHUH�VROLG�WHPSODWHV�DUH�XVHG��7KH�V\QWKH�
VLV�RI�VXFK�VROLG�WHPSODWHV�UHTXLUHV�GHYHORS�
PHQW� RI� SDUWLFXODU� SURFHGXUHV� WKDW� VRPH�
WLPHV� DUH�PRUH� FRPSOLFDWHG�� %HVLGHV�� WKHUH
LV� D� QHHG� LQ� D� SURFHGXUH� RI� WKHLU� UHPRYDO

�H�J��EXUQLQJ��DFLG�HWFKLQJ��DQG�VXFK�WUHDW�
PHQW�PD\�UHVXOW�LQ�GDPDJH�RI�WKH�WHPSODWH
VWUXFWXUH�� 7KH� OLTXLG� WHPSODWHV� FDQ� EH� UH�
PRYHG� DW� ORZ� WHPSHUDWXUHV� E\� HYDFXDWLRQ
DQG� VXFK� DQ� DSSURDFK�PDNHV� LW� SRVVLEOH� WR
HQFDSVXODWH�GUXJ�FRPSRQHQWV�ZKLFK�DUH�XQ�
VWDEOH�DW�KLJK�WHPSHUDWXUHV�RU�LQWHUDFW�ZLWK
OLTXLGV� WKDW� DUH� XVHG� WR� UHPRYH� WKH� VROLG
WHPSODWHV�

)LJ����VKRZV�WKH�QDQRVL]HG�VSKHULFDO�SDU�
WLFOHV�RI�VLOLFRQ�K\GUR[LGH�SUHFLSLWDWHG�IURP
WKH�DOFRKRO�VROXWLRQ�DQG�GULHG�RQ�D�IODW�SRO�
LVKHG�VXUIDFH�RI�VLQJOH�FU\VWDO�VLOLFRQ�ZDIHU�
7KH� UHDO� VXUIDFH� LV� REODWH� WR� VRPH� H[WHQW
DQG� WKLV� LQGLFDWHV� LWV� GHIRUPLQJ� XSRQ� SUH�
FLSLWDWLRQ�RQ�WKH�IODW�FU\VWDO�IDFH���7KH�V\Q�
WKHVL]HG�PDWHULDO�FRQVLVWHG�RI�KROORZ�VSKHUL�
FDO� SDUWLFOHV� RI� VLOLFRQ�GLR[LGH�RI����QP� WR
���PP� LQ� GLDPHWHU�� )LJ���� VKRZV� WKH� EDU
JUDSK� IRU� GLVWULEXWLRQ� RI� WKH� KROORZ
QDQRSDUWLFOH�GLDPHWHUV��$ERXW������RI� WKH
SDUWLFOHV� ZHUH� RI� ���� WR� ���� QP� LQ� GLDPH�
WHU�� 7KH� WKLFNQHVV� RI� KROORZ� SDUWLFOH� VKHOOV
ZDV� FRUUHODWHG� ZLWK� WKH� SUH�VSHFLILHG� FRQ�
FHQWUDWLRQ�RI� WKH�DFWLYH�FRPSRQHQW� LQ�D� VR�
OXWLRQ�� 7KH� VKHOO� WKLFNQHVV� ZDV� HYDOXDWHG
ZLWK� WKH� XVH� RI� WKH� PLFURJUDSKV� RI� GHEULV
REWDLQHG�E\�JULQGLQJ�WKH�VSKHULFDO�SDUWLFOHV
LQ�DQ�DJDWH�PRUWDU��:KHQ�WKH�'0'&6�VROX�
WLRQ�FRQFHQWUDWLRQ�ZDV� LQFUHDVHG� IURP����
WR� ��� ��� ZH� KDYH� REVHUYHG� FOHDUO\� DQ� LQ�
FUHDVH�LQ�WKH�VKHOO�WKLFNQHVV�E\����WR�����
RI� WKH� SDUWLFOH� H[WHUQDO� GLDPHWHU� DQG� D� GH�
FUHDVH� LQ� WKH� SDUWLFOH� SRURVLW\�� $W
&'0'&6�t���� �� E\� YROXPH�� ZH� REVHUYHG� D
VXEVWDQWLDO�GHFUHDVH�LQ�WKH�QXPEHU�RI�UHJX�
ODUO\� VKDSHG� SDUWLFOHV� XQWLO� WKHLU� FRPSOHWH
GLVDSSHDUDQFH�� 7KH� VSHFLILF� VXUIDFH� DUHD� RI
WKH�V\QWKHVL]HG�PDWHULDO�ZDV����WR����P��J�
DV�PHDVXUHG�E\�DUJRQ�DGVRUSWLRQ�

)LJ����� $)0� LPDJH� RI� DHURVRO� VSKHUH�OLNH
QDQRSDUWLFOHV� SUHFLSLWDWHG� DQG� GULHG� RQ� WKH
SROLVKHG�VXUIDFH�RI�VLQJOH�FU\VWDO�VLOLFRQ�
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7KH� $XJHU� VSHFWUD� RI� WKH� VDPSOHV� SUH�
SDUHG� E\� DQQHDOLQJ� IRU� ��� PLQ� DW� ����&
VKRZ�WKH�KLJK�LQWHQVLW\�SHDNV�RI�VLOLFRQ��LQ
WKH� R[LGL]HG� IRUP�� DQG� R[\JHQ� DQG� D� ORZ
LQWHQVLW\� SHDN� RI� FKORULQH� �)LJ���D��� 7KH
FKORULQH�SHDN�PD\�UHVXOW�IURP�WKH�SUHVHQFH
RI�'0'&6�UHVLGXHV�RQ�WKH�VXUIDFH�RI�KROORZ
VSKHUHV��$IWHU�DQQHDOLQJ�RI�WKH�V\QWKHVL]HG
VSKHUHV� LQ� R[\JHQ� DWPRVSKHUH� IRU� ��� PLQ�
WKH�FKORULQH�SHDN�GLVDSSHDUV��)LJ���E��

7KH�;�UD\�GLIIUDFWLRQ� �;5'��SDWWHUQV�RI
WKH� VSKHULFDO� QDQRSDUWLFOHV� KDYH� VKRZQ� WKDW
WKH� VLOLFRQ� GLR[LGH� VSKHUHV� DUH� LQ� DQ� DPRU�
SKRXV�VWDWH��7KHUH�ZHUH�QR�DSSDUHQW�SHDNV�RI
FU\VWDOOLQH� 6L2�� DQG� SHDNV� RI� FRQWDPLQDWLQJDQG�LQWHUPHGLDWH�SKDVHV�LQ�WKH�;5'�SDWWHUQV�

7KH� VDPSOH�PRUSKRORJ\�VWXGLHG�E\� VFDQ�
QLQJ�HOHFWURQ�PLFURVFRS\�VKRZV��)LJ�����WKDW
WKH� KLJKO\� GLVSHUVHG� PDWHULDO� FRQVLVWV� RI
VSKHULFDO�SDUWLFOHV��7KH�VSKHUH�VL]HV�DUH�YDU�
LHG�LQ�D�ZLGH�UDQJH��7KH�ZDOOV�RI�VRPH�SDU�
WLFOHV�DUH�SDUWLDOO\�GHVWUR\HG��LQVHWV���������
DQG� WKLV� LV� DQ� LQGLFDWLRQ� WKDW� WKH� VSKHUHV
KDYH�LQWHULRU�FDYLWLHV��7KHUH�DUH�VRPH�LQWDFW
SDUWLFOHV� RI� VPDOOHU� GLDPHWHUV� LQ� WKH� LQWH�
ULRU�RI�RQH�GDPDJHG�VSKHUH��LQVHW����

,Q�VXPPDU\��XVLQJ�WKH�GLPHWK\O�GLFKORURVL�
ODQH�K\GURO\VLV�RQ�VSKHULFDO�VXUIDFHV�RI�DHURVRO
GURSOHWV� RI�'0'&6� VROXWLRQ� LQ� QRQ�SRODU� VRO�
YHQWV�� ZH� KDYH� V\QWKHVL]HG� KROORZ� VSKHULFDO
QDQRVL]HG�SDUWLFOHV�RI�VLOLFRQ�GLR[LGH�RI�DERXW
���� WR� ���� QP� LQ� GLDPHWHU�� ��� WR� ��� P��J
VSHFLILF�VXUIDFH�DUHD�DQG�ZLWK�D�VKHOO�WKLFNQHVV
RI�DERXW����WR������RI�WKHLU�H[WHUQDO�GLDPH�
WHUV��7KH�PHWKRG�HQVXUHV� WKH�RSWLPXP�FRQGL�
WLRQV� IRU� IRUPDWLRQ� RI� KROORZ� VSKHUHV� ZLWK� D
QHHGHG�VWUXFWXUH�DQG�PRUSKRORJ\�
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