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)L[DWLRQ�RI�PHWDO�QDQRSDUWLFOHV�RQ�GLIIHU�
HQW� VXEVWUDWHV� LV� D� YHU\� SURPLVLQJ� PHWKRG
LQ� GHYHORSPHQW� RI� QRYHO� PDWHULDOV� VLQFH� LW
SURYLGHV� DQ� XQFRQYHQWLRQDO� FRPELQDWLRQ� RI
IXQFWLRQDO� SURSHUWLHV�� 7KH� XVH� RI� JUDSKLWH
PDWHULDOV� DV� D� VXSSRUW� IRU� SURGXFWLRQ� RI
JUDSKLWH�WUDQVLWLRQ� PHWDO� FRPSRVLWHV� LV� RI
JRRG�SURVSHFWV�GXH�WR�WKH�ORZ�GHQVLW\��UHVLV�
WDQFH� DJDLQVW� DJJUHVVLYH� HQYLURQPHQWDO� DF�
WLRQV� DQG� HDV\� SURGXFWLRQ� WHFKQRORJ\� RI
WKRVH� FRPSRVLWHV� >����@��7KH� FKHPLFDO� GHSR�
VLWLRQ� IURP� DTXHRXV� VDOW� VROXWLRQV� IROORZHG

E\� WKHUPRO\VLV� LV� XVHG� ZLGHO\� WR� SURGXFH
VXSSRUWHG�PHWDO�QDQRSDUWLFOHV��7KH�IL[DWLRQ
RI� PDJQHWLF� WUDQVLWLRQ� PHWDO� �H�J��� )H�� &R
RU�1L�� SDUWLFOHV� RQ� JUDSKLWH� VXUIDFH� >�@� UH�
VXOWV� LQ� DSSHDUDQFH� RI� IHUURPDJQHWLF� SURS�
HUWLHV� LQ� JUDSKLWH�WUDQVLWLRQ� PHWDO� FRPSRV�
LWHV�� 7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� LQYHVWL�
JDWH� WKH� SKDVH� FRPSRVLWLRQ�� PRUSKRORJ\�
DQG� WKHUPDO� VWDELOLW\� RI� WKHUPRH[IROLDWHG
JUDSKLWH�WUDQVLWLRQ�PHWDO� �7(*�0H�� PDWHUL�
DOV�DQG�DOVR�WKH�GLVWULEXWLRQ�RI�PHWDO�SDUWL�
FOHV�RQ�JUDSKLWH�VXUIDFH��
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*UDSKLWH�PHWDO�FRPSRVLWHV�ZHUH�SUHSDUHG
E\� WKH� PHWDO� FDWLRQ� UHGXFWLRQ� LQ� DTXHRXV
VROXWLRQV� ZLWK� VRGLXP� ERURQ� K\GULGH
�1D%+����7KLV�PHWKRG� LV�XVHG�ZLGHO\� WR�RE�WDLQ� WKH� PHWDOV� LQ� QDQRGLVSHUVHG� VWDWH� >��
�@��:H�KDYH�XVHG�WKHUPRH[IROLDWHG�JUDSKLWH
�7(*�� >�@� DQG� PHWDO� FKORULGHV� �&R&O�� RU1L&O���WR�REWDLQ�7(*�&R�DQG�7(*�1L�FRPSRV�LWHV��7KH�VWUXFWXUH�DQG�SKDVH�FRPSRVLWLRQ�RI
WKH� V\QWKHVL]HG� 7(*�0H� FRPSRVLWHV� ZHUH
VWXGLHG�XVLQJ�WKH�;�UD\�GLIIUDFWLRQ��'521�
����� ;�UD\� GLIIUDFWRPHWHU�� ILOWHUHG� &R.DHPLVVLRQ��� VFDQQLQJ� HOHFWURQ� PLFURVFRS\
�6(0���-(2/�-60�����LQVWUXPHQW�HTXLSSHG
ZLWK�D�/LQN�$QDO\WLFDO�;�UD\�PLFURDQDO\VLV
V\VWHP��� WKH� $XJHU� HOHFWURQ� VSHFWURVFRS\
�$(6�� �/$6������ 5LEHU� VSHFWURPHWHU��� DQG
VHFRQGDU\� LRQ� PDVV� VSHFWURPHWU\� �6,06��
7HPSHUDWXUH� GHSHQGHQFHV� RI� PDJQHWLF� VXV�
FHSWLELOLW\�F����ZHUH�VWXGLHG�XVLQJ�WKH�)DUD�
GD\� WHFKQLTXH� ZLWKLQ� ���Ü���� .� WHPSHUD�
WXUH�UDQJH�

)LJ���� VKRZV� 6(0� PLFURJUDSKV� RI� 7(*�
0H�FRPSRVLWHV��7KH�VXUIDFH�RI�JUDSKLWH�SDU�
WLFOHV� LV� FRDWHG� ZLWK� VSKHULFDO� SDUWLFOHV� RI
DERXW� ���� PP� VL]H� DQG� IODN\� DJJORPHUDWHV
�DYHUDJH�VL]H�RI�DERXW��Ü���PP���7KH�PHWDO
FRPSRQHQW� GLVWULEXWLRQ� LQ� FRPSRVLWHV� LV� LQ�
KRPRJHQHRXV�

7KH� ;5'� SDWWHUQV� RI� WKH� DV�SUHSDUHG
7(*�&R�1L�� SRZGHUV� VKRZ�RQO\� WUDFH�UHIOHF�
WLRQV�IURP�SXUH�PHWDO��&R��1L���2QO\�JUDSK�
LWH� UHIOHFWLRQV�KDYH�EHHQ�REVHUYHG�� �)LJ�����
7KLV� FRXOG�EH�FRQGLWLRQHG�HLWKHU�E\� ORZ�0H
FRQWHQW� LQ� 7(*� RU�� DOWHUQDWLYHO\�� E\� VPDOO
VL]H� RI� 0H� SDUWLFOHV� �OHVV� WKDQ� ��� QP��� RU
HOVH� WKH�PHWDO� LV� SUHVHQW� LQ� ERXQG� VWDWH� DV
0HÜ%�DQG�0HÜ+�

7KH�SUHVHQFH�RI�PHWDO�SDUWLFOHV�ZDV�FRQ�
ILUPHG�E\�WKH�UHVXOWV�RI�WKH�$XJHU�VSHFWURV�
FRS\�GDWD�IRU�WKH�FRPSRVLWHV��)LJ������$ORQJ
ZLWK� &R�� DQ� HVVHQWLDO� DPRXQW� RI� %� ZDV
IRXQG�WR�EH�SUHVHQWHG�LQ�WKHVH�SRZGHUV��WKDW
LV�FRQILUPHG�DOVR�E\�WKH�6,06�GDWD��

7KH� &R��� %��� +±� DQG� 2±� \LHOGV� IRU� WKH
DV�SUHSDUHG� 7(*�&R� FRPSRVLWHV�ZHUH� IRXQG
WR� EH� PXFK� KLJKHU� WKDQ� WKRVH� IRU� &O±� DQG
&R±�� 7KH� VLJQDOV� RI� RWKHU� LRQV� ZHUH� LQVLJ�
QLILFDQW�� 7KHVH� UHVXOWV� LQGLFDWH� WKDW� WKH
JUDSKLWH�&R� FRPSRVLWHV� FRQWDLQ� &R�� %� DQG
PXFK�ORZHU�DPRXQWV�RI�&R2�DQG�&R&O��7R� HYDOXDWHV� WKH� FRPSRVLWH� WKHUPDO� VWD�
ELOLW\�� WKH� JUDSKLWH�0H� SRZGHUV� ZHUH� VXE�
MHFWHG� WR� JUDGXDO� KHDWLQJ�XS� WR� ����.� DQG
WR�DQQHDOLQJ�DW�����.�IRU�����K��+HDWLQJ�XS
WR� ���� .� DV� ZHOO� DV� DQQHDOLQJ� DW� ���� .
KDYH�EHHQ�IRXQG�WR�FDXVH�SKDVH�WUDQVIRUPD�
WLRQV� LQ� WKH� SRZGHUV��$QDO\VLV� RI� WKH�;5'
GDWD� LQGLFDWHV� WKDW� KHDWLQJ� RI� WKH� 7(*�0H

FRPSRVLWHV�WR����Ü����.��)LJ�����VFDQV������
UHVXOWV�LQ�JUDGXDO�IRUPDWLRQ�RI�UDWKHU�ODUJH
PHWDO�SDUWLFOHV��WKH�GLIIUDFWLRQ�SHDNV�FRUUH�
VSRQGLQJ� WR�WKH�PHWDOOLF�SKDVH�DULVH� LQ�GLI�
IUDFWLRQ�SDWWHUQV�IRU�DQQHDOHG�7(*�0H�VDP�
SOHV��7KLV�VHHPV�WR�EH�UHODWHG�ZLWK�WKH�IDFW
WKDW� 7(*�0H� FRPSRVLWHV� LQFOXGH� VPDOO
DPRXQWV�RI�0HÜ+�DQG�0HÜ%�VROLG�VROXWLRQV
WKDW� GHFRPSRVH� XQGHU� KHDW� WUHDWPHQW� LQWR
0H� DQG�+� DQG�0H� DQG�%�� UHVSHFWLYHO\�� %H�
VLGHV��0H�QDQRSDUWLFOHV�RQ�WKH�JUDSKLWH�VXU�
IDFH� LQ� WKH� 7(*�0H� SRZGHUV� DJJORPHUDWH
GXULQJ�KHDWLQJ�DQG�IRUP�ODUJHU�SDUWLFOHV�

$Q�DGGLWLRQDO�LQIRUPDWLRQ�FRQFHUQLQJ�WKH
SKDVH� WUDQVIRUPDWLRQV� LQ� WKH� V\QWKHVL]HG
FRPSRVLWHV� KDV� EHHQ� REWDLQHG� IURP� WKHU�
PRPDJQHWLF�PHDVXUHPHQWV��7KH�DV�SUHSDUHG
7(*�&R�FRPSRVLWHV�H[KLELW�ZHDN�PDJQHWL]D�
WLRQ� VOLJKWO\� GHFUHDVLQJ� ZLWK� WHPSHUDWXUH
�)LJ���D��FXUYH�����6XUSULVLQJO\��D�VKDUS�ULVH
RI�PDJQHWLF� VXVFHSWLELOLW\�ZDV� REVHUYHG� IRU
WKHVH� VDPSOHV� VWDUWLQJ� IURP� ���� .� GXULQJ
JUDGXDO� KHDWLQJ� WR� ���� .�� 6XFK� PDJQHWLF
EHKDYLRU�FRXOG�EH�FDXVHG�E\�WKH�SUHVHQFH�RI
D� VXEVWDQWLDO� DPRXQW� RI� ERURQ� DQG� E\� WKH
EUHDNLQJ�RI�&R±%�DQG�&R±+�ERQGV�XSRQ�KHDW�
LQJ� �DV� D� UHVXOW�� &R�ULFK� SDUWLFOHV� DUH
IRUPHG� SRVVHVVLQJ� KLJKHU� PDJQHWL]DWLRQ� DV
FRPSDUHG� WR� WKDW� RI� WKH� DV�SUHSDUHG� PDWH�
ULDO� SDUWLFOHV��� $Q� DOWHUQDWLYH� UHDVRQ�

)LJ�����;5'�SDWWHUQV�RI�7(*�0H�FRPSRVLWHV�
�D�� 7(*�&R�� ���� DV�SUHSDUHG� �FRPSDFWHG��� ���
DIWHU�JUDGXDO�KHDWLQJ�WR�����.��SRZGHU��� ���
DQQHDOHG�DW�����.�IRU�����K��FRPSDFWHG����E�
7(*�1L������DV�SUHSDUHG��FRPSDFWHG�������DIWHU
JUDGXDO� KHDWLQJ� WR� ���� .� �SRZGHU��� ���� DQ�
QHDOHG�DW�����.�IRU�����K��FRPSDFWHG��

/�/�9RYFKHQNR�HW�DO����7KHUPRPDJQHWLF�VWXGLHV�RI����
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QDPHO\��WKH�DJJORPHUDWLRQ�RI�ILQH�&R�SDUWL�
FOHV�� VHHPV� WR� EH� OHVV� VLJQLILFDQW�� VLQFH� WKH
PHDQ� VL]H� RI� VXSSRUWHG� SDUWLFOHV� LQ� WKH� DV�
SUHSDUHG�PDWHULDO�LV�DERXW�����QP�

,Q� WKH� FDVH� RI� 7(*�1L� FRPSRVLWH�� WKH
PDJQHWL]DWLRQ�RI�WKH�DV�SUHSDUHG�PDWHULDO�LV
PXFK�ORZHU�DQG�DOPRVW�LQGHSHQGHQW�RI�WHP�
SHUDWXUH� �)LJ���D�� FXUYH����� 7KH� KHDWLQJ� RI
WKLV� FRPSRVLWH� XS� WR� ���� .� UHVXOWV� LQ� DS�
SHDUDQFH�RI�IHUURPDJQHWLVP�REVHUYHG�XQGHU
FRROLQJ�VLPLODU�WR�SXUH�QLFNHO��FXUYH����ZLWK
WKH�&XULH�SRLQW�DERXW�����.��7KH�RULJLQ�RI
VXFK� EHKDYLRU� LV� WKRXJKW� WR� EH� VLPLODU� WR
WKDW� IRU� 7(*�&R� FRPSRVLWHV�� 7KHUPRPDJ�
QHWLF� EHKDYLRU� RI� 7(*�0H� FRPSRVLWHV� VWXG�
LHG� KHUH� GLIIHUV� IURP� WKDW� RI� 7(*�&R�1L�
&0V� V\QWKHVL]HG� E\� PHWDO� VDOW� WKHUPRO\VLV
DV� UHSRUWHG� LQ� >�@�� 7KLV� WUDQVIRUPDWLRQ� LV
DOVR�FRQILUPHG�E\�WKH�;�UD\�VWXG\�UHVXOWV�RI
KHDW�WUHDWHG� 7(*�1L� VDPSOHV� �)LJ����� GLD�
JUDP� ���� WKH� UHIOHFWLRQV� FRUUHVSRQGLQJ� WR
PHWDOOLF� 1L� SKDVH� KDYH� EHHQ� REVHUYHG�� 7KH
DQQHDOLQJ� RI� DV�SUHSDUHG� 7(*�0H� FRPSRV�
LWHV� DW� ����.� IRU� ���� K� FDXVHV� DQ� LQFUHDVH

RI� IHUURPDJQHWLF� SURSHUWLHV� LQ� WKHVH� FRP�
SRVLWHV� �)LJV���E� DQG� �E��� $IWHU� ILUVW� KHDW�
LQJ�FRROLQJ� F\FOH� RI�7(*�0H��ZH�SHUIRUPHG
WKH� UHSHDWHG� KHDWLQJ�FRROLQJ� F\FOHV� DQG
PHDVXUHG�WKH�PDJQHWLF�VXVFHSWLELOLW\�GXULQJ
WKHVH�F\FOHV��7KH�JUDGXDO�PDJQHWLF�VXVFHSWL�
ELOLW\� GHFUHDVH� RI� 7(*�0H� VDPSOHV� ZDV
IRXQG� GXULQJ� WKH� WKHUPRF\FOLQJ�� ,Q� RXU
RSLQLRQ�� WKH� GHFUHDVH� RI�PDJQHWLF� VXVFHSWL�

)LJ�����$(6�GHSWK�SURILOHV�RI�WKH�DV�SUHSDUHG
7(*�&R� FRPSRVLWH�� LRQ�HWFKLQJ� UDWH� RI
��c�PLQ�����%�����2�����%2�����&R�

)LJ����� 6(0� LPDJHV� RI� 7(*� SDUWLFOHV�� LPSUHJQDWHG� E\� PHWDO� FKORULGH� VROXWLRQ� DQG� UHGXFHG� E\
VRGLXP�ERURQ�K\GULGH�VROXWLRQ�LQWR�7(*�0H��Û�GLIIHUHQW�SDUWV�RI�7(*�&R�SDUWLFOH��È��E���Û�GLIIHUHQW
SDUWV�RI�7(*�1L�SDUWLFOH��F��G���D��F�Û�u������E��G�Û�u�����
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ELOLW\� LQ� DQQHDOHG�7(*�0H� FRPSRVLWHV� DIWHU
VHYHUDO�KHDWLQJ�FRROLQJ�F\FOHV�LV�GXH�WR�SDU�
WLDO� R[LGDWLRQ� RI� PHWDO� SDUWLFOHV� DQG� GH�
FUHDVH�RI�IHUURPDJQHWLF�SKDVH�FRQWHQW��

5HIHUHQFHV
� ���(�%�6WDLOV��6XSSRUWV�DQG�6XSSRUWHG�&DWDO\VWV�

7KHRU\�DQG�3UDFWLFH��.KLPL\D��0RVFRZ�������
>LQ�5XVVLDQ@�

� ���*�6LURNPDQ�� $�0DVWDOLU�� -��� &DWDO\VLV�� ����
�����������

� ���$�)XUVWQHU�$��)�+RIHU��+�:HLGPDQQ��&DUERQ�
���������������

� ���1�1�0DOWVHYD��6RGLXP�%RURQ�+\GULGH��1DXND�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���0�9�,YDQRY��.�0�*RUEXQRYD��$�$�1LNLIRURYD�
%�3�6FKHGULQ��'RNO��$NDG��1DXN�6665�� �����
������������

� ���(�,�.KDU�NRY��9�,�/\VRY�� /�<X�0DW]XL� HW� DO��
8NUDLQLDQ�3DW�������$��������

� ���0�%DELFK�� /�0DW]XL�� /�9RYFKHQNR� HW� DO��
0DWHU��6FL��)RUXP�����Ü����������������
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)LJ�����0DJQHWLF� VXVFHSWLELOLW\� DV� D� IXQFWLRQ
RI� WHPSHUDWXUH� IRU� JUDSKLWH�1L� FRPSRVLWHV�
�D��� DV�SUHSDUHG� 7(*�1L� ���� ��� ��VW� KHDWLQJ�
FRROLQJ�F\FOH��� �������Û�7(*�1L�DIWHU�KHDWLQJ
XS� WR� ���� .�� ��QG� F\FOH��� UHVSHFWLYHO\�� �E��
7(*�1L�DQQHDOHG�DW�����.�

)LJ�����0DJQHWLF� VXVFHSWLELOLW\� DV� D� IXQFWLRQ
RI� WHPSHUDWXUH� IRU� JUDSKLWH�&R� FRPSRVLWHV�
�D��� DV�SUHSDUHG� 7(*�&R� ���� ��� ��VW� KHDWLQJ�
FRROLQJ� F\FOH� ��� ���� ���Û�7(*�&R� DIWHU� KHDW�
LQJ�XS�WR�����.���QG�F\FOH���UHVSHFWLYHO\���E��
7(*�&R�DQQHDOHG�DW�����.�

/�/�9RYFKHQNR�HW�DO����7KHUPRPDJQHWLF�VWXGLHV�RI����

)XQFWLRQDO�PDWHULDOV������������� ���


