
=U1 FRDWLQJV�RQ�8��VWHHO�REWDLQHGE\�HOHFWURVSDUN�DOOR\LQJ�DIWHU�D�FRQFHQWUDWHGVRODU�LUUDGLDWLRQ
$�9�3DXVWRYVN\��9�9�3DVLFKQ\��9�,�1RYLNRYD�1�0�0RUGRYHWV��/�3�,VDHYD��6�$�2VWDSHQNR

,�)UDQWVHYLFK�,QVWLWXWH�IRU�3UREOHPV�RI�0DWHULDOV�6FLHQFH��1DWLRQDO�$FDGHP\
RI�6FLHQFHV�RI�8NUDLQH����.U]KL]KDQRYVN\�6W���������.\LY��8NUDLQH

5HFHLYHG��0D\���������
6WUXFWXUH��KDUGQHVV��DQG�WULERORJLFDO�FKDUDFWHULVWLFV�RI�HOHFWURVSDUN�FRDWLQJV�IURP�=U1�

�&U��1L��$O�2���RQ�8��VWHHO�DIWHU�WUHDWPHQW�E\�FRQFHQWUDWHG�VRODU�UDGLDWLRQ��&65��KDYH�EHHQLQYHVWLJDWHG�� ,W� LV� VKRZQ� WKDW� WKH� LQWHQVLW\� RI�ZHDU� DQG� IDFWRU� RI� IULFWLRQ� RI� VSHFLPHQV
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7KH� UHTXLUHPHQWV� RI� KLJK� DQWLIULFWLRQ
FKDUDFWHULVWLFV�RI�FRDWLQJV�REWDLQHG�E\�HOHF�
WURVSDUN� HURVLRQ� UHTXLUHV� WKH� GHYHORSPHQW
RI� QRYHO� HOHFWURGH� PDWHULDOV�� 7KH� HOHF�
WURVSDUN� DOOR\LQJ� �(6$�� LV� XVHG� WR� HQKDQFH
WKH� UHOLDELOLW\� DQG� VHUYLFH� OLIH� RI� PDFKLQH
SDUWV� >�@�� 7KH� (6$� XVLQJ� VKRUW� HOHFWULF
SXOVHV�DW�D�KLJK�FXUUHQW�VWUHQJWK�LV�D�FRDW�
LQJ� PHWKRG� RI� JRRG� SURVSHFWV� >�@�� 7R� HQ�
KDQFH�WKH�VXUIDFH�SURSHUWLHV�RI�8��VWHHO��WKH
XVH� RI�(6$� LV� RI� FRQVLGHUDEOH� LQWHUHVW��7KH
PDLQ�VSHFLILF�IHDWXUHV�RI�(6$�FRQVLVW�LQ�WKH

REWDLQLQJ�RI�DQ�DOOR\HG� OD\HU�KDYLQJ�DQ�HQ�
KDQFHG� DGKHVLRQ� WR� WKH� VXEVWUDWH�� 7KH�(6$
DSSDUDWXV� LV�UDWKHU�VLPSOH�DQG�HDV\�WR�XVH�
+RZHYHU�� WKH� IRUPDWLRQ� RI� QRQ�FRQWLQXRXV
DQG� URXJK� FRDWLQJV� GXH� WR� WKH� GLVFKDUJH
SXOVH� GLVFUHWHQHVV� LV� DPRQJ� LWV� GUDZEDFNV
>�@�� ,W� LV� H[SHGLHQW� WR�XVH� WKH� FRQFHQWUDWHG
VRODU�LUUDGLDWLRQ��&6,��WR�HQKDQFH�WKH�SK\VL�
FDO� DQG� PHFKDQLFDO� SURSHUWLHV� RI� WKH� (6$
FRDWLQJV� >�@�� 7KH� KHDWLQJ� WHPSHUDWXUH� LQ
WKLV� ZRUN� ZDV� PRQLWRUHG� XVLQJ� DQ� 6*8��
XQLW�ZLWK�KHOS�D�FKURPHO�DOXPHO�WKHUPRFRX�
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SOHV� DWWDFKHG� WR� WKH� UHYHUVH� VLGH� RI� WKH
VDPSOH�
7KH� KHWHURSKDVH� =U1� PDWHULDOV� DUH� RI

JRRG� SURVSHFWV� DV� WKH� (6$� HOHFWURGHV� IRU
WKH� PDQXIDFWXULQJ� RI� ZHDU�UHVLVWDQW� FRDW�
LQJV� >�@�� 7KH� DOOR\LQJ� HOHFWURGHV� ZHUH� SUH�
SDUHG� E\� FRPSDFWLQJ� DQG� VLQWHULQJ� LQ� D
66K9� IXUQDFH� XQGHU� DUJRQ� DWPRVSKHUH� DW
����Ü�����&�
,Q� WKLV� ZRUN�� WKH� VWUXFWXUH� DQG� SURSHU�

WLHV�RI�=U1��&U��1L��$O�2���FRDWLQJV�REWDLQHGRQ�8��VWHHO�XVLQJ�WKH�(6$�KDYH�EHHQ�VWXGLHG�
7KH�DOOR\LQJ�ZDV�FDUULHG�RXW�XVLQJ�DQ�(),�
��$�XQLW�DW�,� �����$��&� �����P)��7KH�WUL�
ERWHFKQLFDO� FKDUDFWHULVWLFV� ZHUH� PHDVXUHG
XVLQJ� D� 07���� XQLW� >�@� LQ� WKH� EXVK�VKDIW
PRGH��WKXV�DOORZLQJ�WR�KROG�WKH�IULFWLRQ�FR�

HIILFLHQW� �I�� DQG� WKH� VDPSOH� ZHDU� UDWH
�PP�NP��� 7KH� WULERWHFKQLFDO� FKDUDFWHULVWLFV
ZHUH�PHDVXUHG� LQ�DLU�ZLWKRXW� DQ\� OXEULFDW�
LQJ�PDWHULDO� LQ� WKH� FRQWDFW� ]RQH�� WKH�+9*
VWHHO� EHLQJ� WKH� IULFWLRQ� PDWHULDO�� DW� 9� 
�� P�V�� ��� P�V� DQG� SUHVVXUH� 3� �����03D
DQG�����03D��7KH�0,0���PLFURVFRSH��307�
��XQLW�DQG�'521��� LQVWDOODWLRQ�ZLWK� LQ�.D
FRSSHU�HPLVVLRQ�ZHUH�XVHG� WR�FDUU\�RXW�WKH
PHWDOORJUDSKLF�� GXURPHWULF�� DQG� ;�UD\
SKDVH� H[DPLQDWLRQV�� UHVSHFWLYHO\�� 7KH� VXU�
IDFH�WUHDWPHQW�E\�&6,�ZDV�FDUULHG�RXW�XVLQJ
D�6*8���XQLW� WKDW� LV�D�PLUURU�FRQFHQWUDWRU
RI�VRODU�HQHUJ\�SURYLGHG�ZLWK�D�6XQ�WUDFLQJ
V\VWHP�� 7KH� UDGLDQW� HQHUJ\� IOX[� ZDV� FRQ�
WUROOHG�XVLQJ�D� MDORXVLH�DQG�ZDV�RI������WR
�����N:�P��

)LJ�����0LFURVWUXFWXUH�RI�D�=U1��&U��1L��$O�2���(6$�FRDWLQJ��D��DQG�RI�VWHHO��2Q�WKH�KHDWLQJ�GHSWK�SHUOLWH��E���LQLWLDO���PDUWHQVLWH���WURRVWLWH��F���SHUOLWH��G��DIWHU�&6,�WUHDWPHQW�

7DEOH����;�UD\�SKDVH�DQDO\VLV�GDWD�IRU�VXUIDFHV
0DWHULDO�FRPSRVLWLRQ��� (6$ (6$���&6,

=U1����&U��1L��$O�2�� 0DLQ�SKDVH��=U2���FXELF��6ROLG�VROXWLRQV��1L�=U���)H1L��)H&U�
2[LGHV��)H&U2��$O�2�
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7KH� ZRUN� LV� DLPHG� DW� WKH� VWXG\� RI� WKH
&6,� WUHDWPHQW� XVH� WR� HQKDQFH� WKH� SK\VLFDO
DQG�PHFKDQLFDO�SURSHUWLHV�RI�WKH�(6$�FRDW�
LQJV�
7KH�;�UD\�SKDVH�H[DPLQDWLRQ�RI�WKH�VDP�

SOHV� XQGHU� VWXG\�KDV� EHHQ� VKRZQ�ZKDW� IRO�
ORZV�� 'XULQJ� WKH� &6,� WUHDWPHQW�� WKH� FXELF
=U2��LV�WUDQVIRUPHG�LQWR�WKH�WHWUDJRQDO�RQH�0RUHRYHU��WKH�LQWHUPHWDOOLF�FRPSRXQGV�=U1L�
)H1L�� )H&U� �WUDFH� DPRXQWV�� DUH� IRUPHG� DV
ZHOO� DV� WKH� WHUQDU\�)H&U2� R[LGH��7KH�PDLQ
SKDVH� LQ� WKH�(6$�FRDWLQJV�SULRU� WR� WKH�&6,
WUHDWPHQW� LV� D� =U2�� FXELF� ZKLOH� DIWHU� WKH&6,�� WKH� LQWHUPHWDOOLF� FRPSRXQG�=U1L� LV� WKH
PDLQ�SKDVH��,Q�ERWK�FDVHV��WKH�=U�VROLG�VROX�
WLRQ�LQ�1L��1L�=U���LV�SUHVHQW�

7KH� PLFURKDUGQHVV� LQYHVWLJDWLRQV� KDV
VKRZQ� WKDW� WKH� PLFURKDUGQHVV� RI� ��� PP
WKLFN� DOOR\HG� OD\HU� LV� ����*3D�� 7KH� VDPSOH
ZDV� LUUDGLDWHG� DW� 7� �����&�� W� ������V�
8QGHU�WKH�FRDWLQJ��WURRVWLWH�LV�IRUPHG�ZLWK
���� *3D� PLFURKDUGQHVV�� :LWKLQ� WKH� WURRV�
WLWH�VWUXFWXUH�UHJLRQ������PP�WKLFN�PDUWHQ�
VLWH�DUHDV�DUH�REVHUYHG�ZLWK����*3D�PLFUR�
KDUGQHVV�� IROORZHG� E\� SHUOLWH� DUHDV� ZLWK
����� *3D� PLFURKDUGQHVV� �)LJ����� DÜG��� 7KH
VWUXFWXUH�RI�WKH�VWHHO�XQWUHDWHG�E\�&6,�FRQ�
VLVWLQJ�RI�SHUOLWH�LV�VKRZQ�LQ�)LJ���E�
7KH� WULERORJLFDO� WHVWV� KDYH� VKRZQ� WKDW

WKH� ZHDU� UDWH� DQG� IULFWLRQ� FRHIILFLHQW� LQ�
FUHDVH� DV� WKH� KHDWLQJ� WHPSHUDWXUH� ULVHV
�7DEOH����)LJV����DQG����
7KH�WULERORJLFDO�FKDUDFWHULVWLFV�KDYH�EHHQ

VKRZQ�WR�GHFUHDVH�DV�WKH�VOLGLQJ�VSHHG�GURSV
�7DEOH���� )LJV���� DQG� ���� 7KH� WULERORJLFDO
SURSHUWLHV� RI� WKH�8�� VWHHO� �XQDQQHDOHG�� DUH
DSSUHFLDEO\�PRUH�DV�FRPSDUHG�ZLWK�WKRVH�RI
DQG�&6,�WUHDWHG�(6$�FRDWLQJV�LQ�ERWK�VSHHG
PRGHV��)LJV���Ü���
7KXV��DV�WKH�VOLGLQJ�VSHHG�GHFUHDVHV�IURP

���P�V� WR� ��P�V� DQG� WKH� KHDWLQJ� WHPSHUD�
WXUH� IURP� ����&� WR� ����&�� WKH� WULERWHFKQL�

)LJ�����D�Ü:HDU�LQWHQVLW\��,��DQG�IULFWLRQ�FR�
HIILFLHQW� �I�� RI�=U1��&U��1L��$O�2��� (6$� FRDW�LQJV�DV�D�IXQFWLRQ�RI�WKH�KHDWLQJ�WHPSHUDWXUH
7� ��&��DQG�WKH�KROGLQJ�WLPH�W� �V���7� ������W
 ������ ����� 7� ������ W� ����� ����� 8�� VWHHO
�QRQ�DQQHDOHG�������E�Ü�:HDU�LQWHQVLW\��,��DQG
IULFWLRQ� FRHIILFLHQW� �I�� RI� =U1��&U��1L�� $O�2��(6$� FRDWLQJV� DV� D� IXQFWLRQ� RI� WKH� KHDWLQJ
WHPSHUDWXUH�7���&��DQG�WKH�KROGLQJ�WLPH�W��V��
7� ������ W�  ������ ����� 7� ������ W� ����� ����
8��VWHHO��QRQ�DQQHDOHG������

)LJ�����:HDU�LQWHQVLW\�,��D��DQG�IULFWLRQ�FRHI�
ILFLHQW� I� �E�� RI�=U1��&U��1L��$O�2���(6$�FRDW�LQJV�DV�D�IXQFWLRQ�RI�WKH�URWDWLRQ�VSHHG�XQGHU
ORDGLQJ�3�
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FDO� FKDUDFWHULVWLFV� LPSURYHV�� $IWHU� &6,
WUHDWPHQW�RI�=U1��&U��1L��$O�2���FRDWLQJV�RE�WDLQHG�RQ�8��VWHHO�XVLQJ�(6$��WKH�VWHHO�VXU�
IDFH� LV� VWUHQJWKHQHG�GXH� WR�KDUGHQLQJ�ZLWK
PDUWHQVLWH�DQG�WURRVWLWH�IRUPDWLRQ�
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wãË}�¯ºL°}¯ºmL�¹º}¯Ò��«�ÓÈ�º°ÓºmL�=U1�ÓÈ�°�ÈãL���¹L°ã«�º¯º}Ò�}ºÓ�ËÓ�¯ºmÈÓÒä�°ºÓ«�ÓÒämÒ¹¯ºäLÓ
mÈÓÓ«ä
|�{��È�°�ºm°	}Ò®��{�{��È°Ò�ÓÒ®��{�´�sºmL}ºmÈ�s�l�lº¯�ºmË�	������´°È¼mÈ��v�|�|°�È¹ËÓ}º

{Òm�ËÓº� °�¯�}��¯��� �mË¯�L°�	�� �¯Òºãº�L�ÓL� ²È¯È}�Ë¯Ò°�Ò}Ò� ËãË}�¯ºL°}¯ºmÒ²� ¹º�
}¯Ò��Lm� Ï� =U1��&U�� 1L�� $O�2��� ÓÈ� °�ÈãL� ��� ¹L°ã«� º¯º}Ò� }ºÓ�ËÓ�¯ºmÈÓÒä� °ºÓ«�ÓÒämÒ¹¯ºäLÓ
mÈÓÓ«ä� �zv{����º}ÈÏÈÓº���º�LÓ�ËÓ°ÒmÓL°�	� ÏÓº��mÈÓÓ«��È�}ºËÁL�L¼Ó���Ë¯�«
Ï¯ÈÏ}Lm�Ï�¹º}¯Ò��«ä�¹L°ã«�m¹ãÒm��zv{�°���¼mº�äËÓ�Ë��ÓLÎ�ÓËº¯ºãËÓº��°�ÈãL������¯Ò
ÏäLÓËÓÓL� ¯ËÎÒä�� º¯º}Ò� zv{� mL�� ����&�� ����� °� �º� ����&�� ���� °� �È� ¹¯Ò� ÏäËÓ�ËÓÓL
�mÒ�}º°�L�}ºmÏÈÓÓ«�¹¯Ò�mÒ¹¯º�mÈÓÓL�ÓÈ��Ë¯�«�mL�����ä�°��º���ä�°��¯Òºãº�L�ÓL�²È¯È}�
�Ë¯Ò°�Ò}Ò� ¹º}¯È��
�	°«�� �L°ã«� º¯º}Ò� zv{� °¹º°�Ë¯L�È¼�	°«� ÏäL�ÓËÓÓ«� ¹ºmË¯²ÓL
°�ÈãL� Ü� äÈ¼� äL°�Ë� ÏÈ�È¯��mÈÓÓ«� Ï� ��mº¯ËÓÓ«ä� äÈ¯�ËÓ°Ò��� �È� �¯ºº°�Ò���� �¯Ò� º¯º�L
}ºÓ�ËÓ�¯ºmÈÓÒä� °ºÓ«�ÓÒä� mÒ¹¯ºäLÓ
mÈÓÓ«ä� °¹º°�Ë¯L�È
�	°«� ÏäLÓËÓÓ«� �� ÁÈÏºmºä�
°}ãÈ�L� ¹º}¯Ò��Lm�� �º� º¯º}Ò� zv{� º°ÓºmÓÈ� ÁÈÏÈ� �� ¹º}¯Ò��L� Ü� =U2�� �}�L�ÓÒ®��� ¹L°ã«º¯º}Ò�zv{�º°ÓºmÓÈ�ÁÈÏÈ�=U1L��¹¯Ò°��ÓL®��È}ºÎ�=U2����Ë�¯È�ºÓÈã	ÓÒ®��
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