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7KH JURXQG VWDWH )H2 PROHFXOHV ZHUH JHQHUDWHG E\ SKRWRO\VLV RI D )H�&2���0�2�� 1�2��+H PL[WXUH XVLQJ DQ
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WKH URWDWLRQDO WHPSHUDWXUH RI WKH JURXQG VWDWH )H2 PROHFXOHV LV ORZHU WKDQ URRP WHPSHUDWXUH� 7KH /,) LQWHQVL�

WLHV RI )H2 PROHFXOHV DW GLIIHUHQW SDUWLDO SUHVVXUHV RI 2�� 1�2 DQG 1� ZHUH PRQLWRUHG DV D IXQFWLRQ RI WKH WLPH

GHOD\ EHWZHHQ WKH SKRWRO\VLV DQG SUREH ODVHU SXOVHV WR REWDLQ WKH GHSOHWLRQ UDWH FRQVWDQWV IRU WKH JURXQG VWDWH

)H2� 7KH\ ZHUH ��� � ��� × ��−��� ��� � ��� × ��−��� DQG ��� � ��� × ��−�� FP�PROHFXOH−�V−� E\ 2�� 1�2� DQG

1�� UHVSHFWLYHO\�

,QWURGXFWLRQ

7KH )H2 PROHFXOH LQ WKH JDV SKDVH LV D WUDQVLHQW PROHFXODU

VSHFLHV ZKLFK KDV GUDZQ VXEVWDQWLDO LQWHUHVW EHFDXVH RI LWV

FRPSOLFDWHG VSHFWURVFRSLF SURSHUWLHV ZLWK KLJK PXOWLSOLFLW\

DV ZHOO DV LWV SRWHQWLDO LPSRUWDQFH LQ DVWURSK\VLFV�� 9DULRXV

H[SHULPHQWDO WHFKQLTXHV KDYH EHHQ HPSOR\HG WR JHQHUDWH

)H2 LQ WKH JDV SKDVH� 7KH\ LQYROYH UHDFWLRQV RI 2� ZLWK )H

DWRPV HYDSRUDWHG IURP DUF GLVFKDUJH RI DQ LURQ HOHFWURGH��

KDOORZ FDWKRGH GLVFKDUJH�� D KLJK WHPSHUDWXUH RYHQ FRQWDLQ�

LQJ PHWDOOLF LURQ���� EXUQLQJ IHUURFHQH LQ D �����0+] PLFUR�

ZDYH GLVFKDUJH���� DQG ODVHU DEODWLRQ�� +RZHYHU� PRVW RI

WKHVH H[SHULPHQWDO PHWKRGV JHQHUDWH H[FLWHG VWDWH )H2 PROH�

FXOHV KDYLQJ VXEVWDQWLDO WKHUPDO HQHUJLHV GXH WR WKH KLJK

WHPSHUDWXUH FRQGLWLRQV���� 7KXV� 0HUHU DQG FRZRUNHUV XVHG

SXOVHG ODVHU DEODWLRQ�PROHFXODU EHDP DSSDUDWXV WR JHQHUDWH

JURXQG VWDWH )H2 PROHFXOHV KDYLQJ ORZ URWDWLRQDO WHPSHUD�

WXUH�� 5HFHQWO\� ZH KDYH UHSRUWHG WKDW JURXQG VWDWH )H2 PROH�

FXOHV LQ WKH JDV SKDVH FDQ EH HDVLO\ SUHSDUHG DW URRP WHP�

SHUDWXUH E\ SKRWRO\]LQJ D )H�&2���2��+H PL[WXUH XVLQJ DQ

XQIRFXVHG ZHDN 89 ODVHU SXOVH DQG WKH UHVXOWV RI UDGLDWLYH

OLIHWLPH PHDVXUHPHQW IRU WKH )H2 RUDQJH V\VWHP���

7KH UHDFWLRQ RI DWRPLF )H ZLWK 2� DQG 2� LQ WKH XSSHU

DWPRVSKHUH KDV GUDZQ VXEVWDQWLDO LQWHUHVW VLQFH WKH ILUVW

REVHUYDWLRQ RI WKLQ DWRPLF LURQ OD\HU LQ WKH PHVRVSKHUH���

5HFHQWO\� +HOPHU DQG 3ODQH KDYH VWXGLHG WKH IROORZLQJ UHDF�

WLRQV WR XQGHUVWDQG NLQHWLF EHKDYLRU RI WKH DWRPLF LURQ OD\HU

LQ WKH PHVRVSKHUH���

N�
)H � 2�→ )H2 �2� ���

N�
)H � 2� � 1� → )H2� � 1� ���

7KH\ REVHUYHG WKDW WKH UHDFWLRQV ��� DQG ��� SURFHHGHG

YHU\ HIILFLHQWO\ ZLWK N� �������� × ��−�� FP�PROHFXOH−�V−�

DQG N� ���� × ��−�� FP�PROHFXOH−�V−� DW ��� .� 6LQFH WKH

UHDFWLRQ LQ (T� ��� RFFXUV YHU\ HIILFLHQWO\� WKH NLQHWLF EHKDY�

LRU RI )H2 LQ 2� DQG 1� ZLOO EH LPSRUWDQW IRU XQGHUVWDQGLQJ

DWPRVSKHULF FKHPLVWU\ DW KLJK DOWLWXGH�

,Q WKLV ZRUN� ZH KDYH JHQHUDWHG WKH JURXQG VWDWH )H2 PRO�

HFXOHV IURP SKRWRO\VLV RI D )H�&2���2� RU 1�2�+H PL[WXUH

DW URRP WHPSHUDWXUH� DQG LQYHVWLJDWHG WKH GHSOHWLRQ NLQHWLFV

RI WKH WUDQVLHQW )H2 PROHFXOH LQ WKH JDV SKDVH� 0RQLWRULQJ

WKH YDULDWLRQ RI /,) LQWHQVLWLHV RI WKH )H2 PROHFXOHV ZLWK

UHVSHFW WR WKH GHOD\ WLPH EHWZHHQ WKH SKRWRO\VLV DQG SUREH

SXOVHV HQDEOHG XV WR REWDLQ WKH GHSOHWLRQ UDWH FRQVWDQWV IRU

WKH WUDQVLHQW )H2 PROHFXOHV E\ 2�� 1�2 DQG 1� DW UHODWLYHO\

ORZ WHPSHUDWXUH FRQGLWLRQV�

([SHULPHQWDO 0HWKRG

$ VFKHPDWLF GLDJUDP RI WKH H[SHULPHQWDO VHWXS LV VKRZQ

LQ )LJXUH �� 7KH UHDFWLRQ FHOO ZDV PDGH RI D � O S\UH[ EXOE

DQG WZR�SDLUV RI ��� FP S\UH[ 2�ULQJ MRLQWV ZHUH DWWDFKHG WR

DOORZ ODVHU EHDP WR SDVV DQG WR FRQQHFW WR D JDV KDQGOLQJ

YDFXXP UDFN� 7KH VDPSOH JDV IRU )H DWRP VRXUFH ZDV D SUH�

PL[WXUH RI ���� )H�&2�� LQ +H RU LQ 1� DQG VORZO\ IORZHG

WKURXJK WKH FHOO� :KHQ WKH SUHVVXUH RI WKH )H�&2�� LQ +H RU

LQ 1� IORZLQJ WKURXJK WKH FHOO ZDV VWDELOL]HG DW D FHUWDLQ

SUHVVXUH� WKH RWKHU UHDFWDQW JDV� SXUH 2� RU 1�2� ZDV LQWUR�

GXFHG GLUHFWO\ WR WKH FHOO RSHQLQJ D QHHGOH YDOYH LQVWDOOHG RQ

)LJXUH �� $ VFKHPDWLF GLDJUDP RI WKH H[SHULPHQWDO VHWXS�
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D VHSDUDWHG OLQH� 7KH IORZ UDWH RI WKH JDVHV LQ WKH UHDFWLRQ

FHOO ZDV a��� PPRO PLQ−� DQG WKH WRWDO SUHVVXUH DV ZHOO DV

WKH SDUWLDO SUHVVXUHV RI WKH JDVHV LQ WKH FHOO ZDV FRQWUROOHG E\

DGMXVWLQJ WKH RSHQLQJV RI WKH LQOHW QHHGOH YDOYHV DQG WKH H[LW

7HIORQ YDOYH� :KHQ WKH SUHVVXUH LQ WKH FHOO ZDV VWDELOL]HG

DJDLQ� XQIRFXVVHG 89 ODVHU SXOVHV ZHUH VHQW WR WKH FHOO WR

SKRWRO\]H )H�&2��� 7KH SXOVH HQHUJ\ RI WKH SKRWRO\VLV ODVHU

�4XDQWHO <*����7'/�� ZLWK 1%3� ZDV a��� P-�SXOVH DQG

WKH EHDP GLDPHWHU ZDV � PP�

$ VHFRQG ODVHU �4XDQWHO <*����7'/�� ZLWK 1%3 DQG

'*2� ZDV XVHG WR SUREH WKH JURXQG VWDWH )H2�;�∆�� PROH�

FXOHV� 7KH GHOD\ WLPH EHWZHHQ WKH SKRWRO\VLV DQG SUREH ZDV

VHW DW ���� µV WR DYRLG WKH LQWHUIHUHQFH IURP DQ\ IOXRUHV�

FHQFH GXH WR WKH SKRWRO\VLV ODVHU SXOVH� 7KH SXOVH HQHUJ\ RI

WKH SUREH ODVHU ZDV a��� P-�SXOVH� 7KH OLQHZLGWK RI WKH

SUREH ODVHU ZDV QDUURZ �a���� FP−�� HQRXJK WR H[FLWH D IHZ

URYLEURQLF OHYHOV� 7KH ODVHU ZDV VFDQQHG LQ WKH ������� QP

UHJLRQ WR H[FLWH )H2�;�∆�� WR RUDQJH V\VWHP���� )OXRUHV�

FHQFH IURP WKH H[FLWHG )H2 PROHFXOHV ZDV PRQLWRUHG DW ��R

ZLWK UHVSHFW WR WKH ODVHU EHDP GLUHFWLRQ XVLQJ D �� FPPRQR�

FKURPDWRU �6SH[ ����&� HTXLSSHG ZLWK D KRORJUDSKLF JUDW�

LQJ DQG D +DPPDPDWVX 5��� SKRWRPXOWLSOLHU �30� WXEH�

7KH VLJQDO IURP WKH 30 WXEH ZDV GLJLWL]HG ZLWK D WUDQVLHQW

GLJLWL]HU �7HNWURQL[ ����+%� DQG WUDQVIHUUHG WR D ODERUDWRU\

FRPSXWHU IRU VLJQDO DYHUDJLQJ DQG VWRUDJH�

5HVXOWV

$EVRUSWLRQ DQG HPLVVLRQ VSHFWUD DQG URWDWLRQDO WHP�

SHUDWXUH� 7KH VWURQJ DEVRUSWLRQ EDQGV LQ WKH RUDQJH V\V�

WHP RI )H2 PROHFXOHV OLH LQ WKH ������� QP UHJLRQ�� )LJXUH

� VKRZV D SRUWLRQ RI D ORZ UHVROXWLRQ H[FLWDWLRQ VSHFWUXP RI

)H2 PROHFXOHV JHQHUDWHG LQ WKH UHDFWLRQ FHOO� 7KH ZDYH�

OHQJWK RI WKH SKRWRO\VLV ODVHU ZDV ����� QP� ZKLFK LV VOLJKWO\

RII�UHVRQDQFH IUHTXHQF\ RI WKH )H�]�'� D D�'�� WUDQVLWLRQ�

7KH SUREH ODVHU ZDV VFDQQHG LQ WKH ������������ ������

������ DQG ����������� QP UHJLRQV ZKLOH WKH IOXRUHVFHQFH

IURP WKH H[FLWHG VWDWHV ZDV PRQLWRUHG DW ������ ����� DQG

����� QP� UHVSHFWLYHO\� 7KH WRWDO SUHVVXUH ZDV ��� 7RUU RI D

JDV PL[WXUH FRPSRVHG RI ���� )H�&2��� ��� 2� DQG DERXW

��� +H� 7KH GHOD\ WLPH EHWZHHQ WKH SKRWRO\VLV DQG SUREH

SXOVHV ZDV �� µV WR DYRLG LQWHUIHUHQFH IURP WKH HPLVVLRQV

FDXVHG E\ WKH SKRWRO\VLV ODVHU� 7KH H[FLWDWLRQ VSHFWUXP

FOHDUO\ VKRZV FKDUDFWHULVWLF IHDWXUHV RI )H2 RUDQJH V\VWHP

ZKLFK ZDV SDUWLDOO\ DQDO\]HG E\ 0HUHU DQG FRZRUNHUV����:H

DOVR LQYHVWLJDWHG H[FLWDWLRQ VSHFWUD IRU )H2 PROHFXOHV XVLQJ

GLIIHUHQW SKRWRO\VLV ODVHU ZDYHOHQJWK ZKLFK FRUUHVSRQGV

H[DFWO\ WR WKH )H DWRPLF WUDQVLWLRQ IUHTXHQF\� 7KH VKDSH DQG

UHODWLYH LQWHQVLWLHV RI WKH H[FLWDWLRQ VSHFWUD GLG QRW FKDQJH

E\ FKDQJLQJ WKH SKRWRO\VLV ODVHU ZDYHOHQJWK ZKHWKHU LW

PDWFKHV WKH DWRPLF WUDQVLWLRQ IUHTXHQF\ RI WKH )H DWRP RU

QRW�

$ W\SLFDO WLPH UHVROYHG IOXRUHVFHQFH VSHFWUD REVHUYHG

IURP H[FLWDWLRQ RI ����� QP EDQG KHDG LV VKRZQ LQ )LJXUH ��

7KLV EDQG KDV EHHQ DVVLJQHG IRU WKH ; �∆� �Y�  �� → �∆��Y
  

�� WUDQVLWLRQ E\ 0HUHU DQG FRZRUNHUV�� 7KH SUHVVXUH DQG

FRPSRVLWLRQV RI WKH JDV PL[WXUH ZHUH WKH VDPH DV WKRVH RI

)LJXUH �� 7KH IOXRUHVFHQFH VLJQDO ZDV FROOHFWHG DIWHU �� QV

IURP WKH SUREH ODVHU SXOVH WR DYRLG WKH HIIHFW RI WKH VFDWWHUHG

ODVHU OLJKW� 7KH WLPH LQWHUYDOV DUH DUELWUDULO\ FKRVHQ WR H[DP�

LQH DQ\ FKDQJH RI WKH UHODWLYH HPLVVLRQ LQWHQVLWLHV RI WKH WZR

SHDNV LQ GLIIHUHQW WLPH GRPDLQV� ,W LV FOHDUO\ VHHQ WKDW WKH UHO�

DWLYH HPLVVLRQ LQWHQVLWLHV RI WKH WZR SHDNV LQ )LJXUH � DUH WKH

VDPH LQ GLIIHUHQW WLPH SHULRGV� VXJJHVWLQJ WKDW WKH\ FRPH

IURP WKH VDPH XSSHU VWDWH� 7KH HQHUJ\ VSDFLQJ EHWZHHQ WKH

ODVHU IUHTXHQF\ DQG WKH ILUVW VWURQJ HPLVVLRQ SHDN LV ��� �

)LJXUH �� $ SRUWLRQ RI D ORZ UHVROXWLRQ H[FLWDWLRQ VSHFWUXP RI
)H2 JHQHUDWHG IURP SKRWRO\VLV RI D ���� )H�&2��� ��� 2� DQG
a��� +H PL[WXUH� 7RWDO SUHVVXUH ZDV ��� 7RUU� $� ����� QP EDQG�
%� ����� QP EDQG� &� ����� QP EDQG� DQG '� ����� QP EDQG�

)LJXUH �� 7\SLFDO WLPH UHVROYHG IOXRUHVFHQFH VSHFWUD RI )H2

REVHUYHG IURP ����� QP EDQG H[FLWDWLRQ DW ����� QP� �D� ������
QV� �E� ������� QV� DQG �F� ������� QV SHULRG�
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�� FP−�� DQG WKDW EHWZHHQ WKH WZR HPLVVLRQ SHDNV LV ��� � �

FP−�� 7KHVH HQHUJ\ VSDFLQJV PDWFK ZHOO ZLWK WKRVH RI

JURXQG VWDWH YLEUDWLRQDO OHYHOV UHSRUWHG SUHYLRXVO\�������ZKHQ

WKH HPLVVLRQ SHDNV DUH DVVLJQHG IRU ��
���� DQG ��
���� EDQGV�

UHVSHFWLYHO\�

)LJXUH ��D� VKRZV D SDUWLDOO\ UHVROYHG URWDWLRQDO H[FLWDWLRQ

VSHFWUXP RI WKH )H2 PROHFXOH� 7KH ODVHU ZDV VFDQQHG LQ WKH

����� ������ QP������� ������ QP� FP−� UHJLRQ� DQG IOXR�

UHVFHQFH ZDV PRQLWRUHG DW ����� QP� %HFDXVH RI WKH VPDOOHU

URWDWLRQDO FRQVWDQW RI WKH XSSHU OHYHO ������ FP−�� FRPSDUHG

WR WKDW RI WKH JURXQG VWDWH ������� FP−��� WKH VSHFWUXP VKRZV

D UHG GHJUDGHG VKDSH���� $OWKRXJK WKH URWDWLRQDO OLQHV DSSHDU�

LQJ DERYH ����� FP−� DUH VHYHUHO\ FRQMHVWHG� D SRUWLRQ RI

WKH 3�EUDQFK URWDWLRQDO OLQHV DUH ZHOO UHVROYHG DQG WKHVH

OLQHV DUH DVVLJQHG IURP 0HUHU DQG FRZRUNHUV�� ,W LV VHHQ WKDW

WKH URWDWLRQDO OLQH LQWHQVLWLHV DUH QRW UHJXODU VKDSH GXH WR

H[WHQVLYH URWDWLRQDO SHUWXUEDWLRQV� 1HYHUWKHOHVV� ZH FDQ GHGXFH

DQ DSSUR[LPDWH URWDWLRQDO WHPSHUDWXUH EDVHG RQ WKH LQWHQVL�

WLHV RI WKRVH OHVV GLVWXUEHG URWDWLRQDO OLQHV� :KHQ WKH LQWHQ�

VLW\ GLVWULEXWLRQV RI WKH OHVV GLVWXUEHG 3�EUDQFK URWDWLRQDO

OLQHV DUH FRQVLGHUHG� D YDOXH RI ��� � �� . LV REWDLQHG IURP

WKH VORSH RI OQ>,�-���- � �@ ZLWK UHVSHFW WR (U�-� DV VKRZQ LQ

)LJXUH ��E��

'HSOHWLRQ NLQHWLFV RI WKH JURXQG VWDWH )H2 E\ 2�� 1�2

DQG 1�� 'HSOHWLRQ NLQHWLFV RI WKH JURXQG VWDWH )H2 PROH�

FXOHV E\ 2�� 1�2 DQG 1� ZDV VWXGLHG E\ H[FLWLQJ )H2 PROH�

FXOHV DW ����� QP DQG PRQLWRULQJ WKH /,) LQWHQVLWLHV DW �����

QP DV D IXQFWLRQ RI WKH WLPH GHOD\ EHWZHHQ WKH SKRWRO\VLV

DQG SUREH ODVHU SXOVHV� )LJXUH � VKRZV WKH WHPSRUDO YDULD�

WLRQ RI WLPH LQWHJUDWHG )H2 HPLVVLRQ LQWHQVLWLHV DW ����� QP

DW YDULRXV SUHVVXUHV RI 2�� 1�2� DQG 1�� 7KH SDUWLDO SUHVVXUH

RI ���� )H�&2�� LQ +H ZDV NHSW FRQVWDQW DW ��� 7RUU DQG WKDW

RI WKH SXUH TXHQFKLQJ JDV �2� RU 1�2� ZDV YDULHG WR PHD�

VXUH GHSOHWLRQ UDWH FRQVWDQWV E\ 2� DQG 1�2� 2Q WKH RWKHU

)LJXUH �� �D� 3DUWLDOO\ UHVROYHG URWDWLRQDO H[FLWDWLRQ VSHFWUXP� DQG
�E� LQWHQVLW\ GLVWULEXWLRQ RI WKRVH 3�EUDQFK URWDWLRQDO OLQHV RI WKH
)H2 PROHFXOH� 7KH ODVHU ZDV VFDQQHG LQ WKH ����� ������ QP��
����� ������ QP� FP−� UHJLRQ� DQG IOXRUHVFHQFH ZDV PRQLWRUHG DW
����� QP�

)LJXUH �� 9DULDWLRQ RI /,) LQWHQVLWLHV REVHUYHG DW ����� QP IRO�
ORZLQJ ����� QP H[FLWDWLRQ YV GHOD\ WLPH DQG 2��1�2 SUHVVXUHV�
�D� ����9 �� ����8 �� ����B �� DQG ���� A � 7RUU RI 2�� �E� ����9 ��
����8 �� �����B �� ���� A �� DQG ����> � 7RUU RI 1�2� DQG �F�
����9 �� ����8 �� ����B �� ���� A � DQG �����> � 7RUU RI 1��

)LJXUH �� 3UHVVXUH GHSHQGHQFH RI GLVDSSHDUDQFH UDWH RI WKH JURXQG
VWDWH )H2� �D� 1�2�8 �� �E� 2��> � DQG �F� 1�� ? ��
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KDQG� WKH SDUWLDO SUHVVXUH RI 2� ZDV NHSW FRQVWDQW DW ��� 7RUU

DQG WKH SDUWLDO SUHVVXUHV RI ���� )H�&2�� LQ 1� ZHUH FKDQJHG

WR LQYHVWLJDWH GHSOHWLRQ UDWH FRQVWDQW E\ 1�� 7R DYRLG WKH

HIIHFW RI KLJK�O\LQJ H[FLWHG VWDWH )H DWRPV� )H�&2�� ZDV

SKRWRO\]HG DW ����� QP� ZKLFK LV RII UHVRQDQW IURP WKH )H

DWRPLF WUDQVLWLRQ IUHTXHQF\ ������ QP�� $V WKH SDUWLDO SUHV�

VXUH RI WKH TXHQFKLQJ JDV LQFUHDVHV� WKH )H2 HPLVVLRQ LQWHQ�

VLW\ GHFUHDVHV EXW LWV GHFD\ UDWH LQFUHDVHV� 6LQFH WKH GLI�

IXVLRQDO ORVV IURP WKH REVHUYDWLRQ YROXPH EHFRPHV VPDOOHU

DW KLJKHU SUHVVXUHV� ERWK WKH V\VWHPDWLF GHFUHDVH RI )H2

LQWHQVLW\ DQG WKH LQFUHDVH LQ GHFD\ UDWH ZLWK LQFUHDVLQJ WKH

SUHVVXUHV RI WKH TXHQFKLQJ JDV DUH VXJJHVWLYH RI WKH FROOL�

VLRQDO GHSOHWLRQ RI WKH JURXQG VWDWH )H2 PROHFXOHV E\ WKHVH

TXHQFKLQJ JDVHV� 7KH PDJQLWXGHV RI WKH GHSOHWLRQ UDWH FRQ�

VWDQWV DUH GHWHUPLQHG IURP WKH VORSHV RI 6WHUQ�9ROPHU SORWV

VKRZQ LQ )LJXUH �� 7KH\ DUH ��� � ��� × ��−��� ��� � ��� ×
��−��� DQG ��� � ��� × ��−�� FP�PROHFXOH−�V−� IRU 2�� 1�2�

DQG 1�� UHVSHFWLYHO\�

'LVFXVVLRQ

7KH VWURQJ EDQGV LQ WKH DEVRUSWLRQ VSHFWUXP VKRZQ LQ )LJ�

XUH � FRUUHVSRQG WR WKH Ω��Ω
� � WUDQVLWLRQV�� DQG WKH LQWHQ�

VLWLHV IRU WKH Ω� � ������ QP� DQG Ω� � ������ QP� QRW

VKRZQ��� WUDQVLWLRQV DSSHDU PXFK ZHDNHU WKDQ WKRVH RI Ω� 

�� 6LQFH WKH VSLQ�RUELW VSOLWWLQJV LQ WKH JURXQG VWDWH RI )H2

DUH ������� FP−�� WKH LQWHQVLWLHV RI WKH DEVRUSWLRQ VSHFWUXP

VXJJHVW WKDW WKH UHDFWLRQ WHPSHUDWXUH IRU WKH )H2 IRUPDWLRQ

LV QRW KLJK� ,QGHHG� WKLV LV FRQVLVWHQW ZLWK WKH ORZ URWDWLRQDO

WHPSHUDWXUH REWDLQHG IURP WKH TXDOLWDWLYH DQDO\VLV RI WKH

URWDWLRQDO OLQH LQWHQVLW\ GLVWULEXWLRQV�

'RZQV DQG FRZRUNHUV KDYH VWXGLHG SKRWRR[LGDWLRQ RI

PDWUL[�LVRODWHG )H�&2���
����� 7KH\ SKRWRO\]HG )H�&2�� PRO�

HFXOHV LQ DQ 2��GRSHG $U PDWUL[� DQG WKH\ LGHQWLILHG ILYH

LQWHUPHGLDWHV >�η��2��)H�&2��� �η��2��)H�&2��� �η��2���

)H&2� �η��2���η��2��)H&2� DQG �η��2�)H&2@ DQG WZR HQG

SURGXFWV� L�H�� SHUR[RLURQ >�η��2��)H@ DQG LURQ WULR[LGH >�η��

2��)H@� 7KXV� WKH UHVXOWV IURP SKRWRR[LGDWLRQ UHDFWLRQ LQ WKH

PDWUL[�LVRODWHG PHGLXP FDQQRW H[SODLQ WKH IRUPDWLRQ RI

WUDQVLHQW )H2 PROHFXOHV REVHUYHG LQ WKLV ZRUN�

0LWFKHOO DQG +DFNHWW KDYH VWXGLHG UHDFWLRQV RI )H DWRPV

ZLWK VPDOO PROHFXOHV� LQFOXGLQJ 2� DQG1�2� LQ WKH JDV SKDVH�
��

7KH\ XVHG D IRFXVVHG YLVLEOH ODVHU SXOVH WR JHQHUDWH )H

DWRPV IURP 03' RI )H�&2�� RU IHUURFHQH FRQWDLQHG LQ WKH

JDV PL[WXUH� DQG PHDVXUHG UHPRYDO UDWHV RI )H DWRPV� 7KH\

UHSRUWHG WKDW WKH JURXQG DQG PHWD VWDEOH VWDWHV )H DWRPV

ZHUH XQUHDFWLYH ZLWK 2� RU 1�2 DW URRP WHPSHUDWXUH� EHFDXVH

WKH\ FRXOG QRW REVHUYH DQ\ /,) VLJQDO IURP )H2 PROHFXOHV�

:H DOVR LQYHVWLJDWHG WKH UHDFWLRQ RI )H DWRPV ZLWK 2� DQG

1�2 DQG UHDFKHG WKH VDPH FRQFOXVLRQ ZLWK 0LWFKHOO DQG

+DFNHWW EDVHG RQ WKH ODVHU SRZHU GHSHQGHQFH RI /,) LQWHQVL�

WLHV RI )H2 PROHFXOHV DQG )H DWRPV��� 1HYHUWKHOHVV� WKH

03' RI )H�&2�� LQ WKH SUHVHQFH RI 2� RU 1�2 E\ 0LWFKHOO

DQG +DFNHWW LV EDVLFDOO\ WKH VDPH SKRWRR[LGDWLRQ UHDFWLRQ LQ

WKLV ZRUN� DOWKRXJK WKH\ XVHG D IRFXVVHG ODVHU EHDP� +RZ�

HYHU� LW ZRXOG EH YHU\ GLIILFXOW IRU WKHP WR REVHUYH /,) IURP

)H2 PROHFXOHV XQGHU WKHLU KLJK SUHVVXUH FRQGLWLRQV� FRQVLG�

HULQJ WKH UHODWLYHO\ ODUJH GHSOHWLRQ UDWH FRQVWDQWV RI WKH

JURXQG VWDWH )H2 PROHFXOHV ZLWK UHVSHFW WR 2� DQG 1�2�

,W ZDV QRW SRVVLEOH WR LGHQWLI\ WKH TXHQFKLQJ SURGXFWV LQ

WKLV ZRUN� +RZHYHU� WKHUH DUH D IHZ SODXVLEOH ELPROHFXODU

UHDFWLRQV IRU WKH GHSOHWLRQ RI WKH JURXQG VWDWH )H2 E\ 2� DQG

1�2�

)H2 � 2� → )H � 2� ∆+
R ��� N- PRO−� ���

)H2 � 2 � → )H2� � 2 ∆+
R ��� N- PRO−� ���

)H2 � 2 � → 2�)H2 ∆+
R −��� N- PRO−� ���

)H2 � 1�2 → )H2� � 1� ∆+
R −��� N- PRO−� ���

7KH UHDFWLRQ HQWKDOSKLHV ZHUH WDNHQ IURP +HOPHU DQG 3ODQH��

DQG 5HI� ��� 6LQFH WKH UHDFWLRQV ��� DQG ��� DUH KLJKO\ HQGR�

WKHUPLF� WKHVH UHDFWLRQV DUH XQOLNHO\ WR RFFXU DW ORZ WHPSHU�

DWXUH� 2Q WKH RWKHU KDQG� UHDFWLRQV ��� DQG ��� DUH VXIIL�

FLHQWO\ H[RWKHUPLF� WKH JURXQG VWDWH )H2 PROHFXOHV VHHP WR

EH UHDGLO\ GHSOHWHG E\ WKHVH UHDFWLRQV� %HFDXVH WKH ZDYH�

OHQJWK �λ ! ��� QP� RI WKH SKRWRO\VLV ODVHU LV WRR ORQJ WR GLV�

VRFLDWH 2�� WKH GHSOHWLRQ RI )H2 PROHFXOHV E\ DWRPLF

R[\JHQ LV QRW FRQVLGHUHG LQ WKLV ZRUN�

7KH PDJQLWXGH RI WKH JURXQG VWDWH )H2 GHSOHWLRQ UDWH FRQ�

VWDQW E\ 1� LV VLPLODU WR WKDW RI 2�� $QGUHZV DQG FRZRUNHUV
��

KDYH VWXGLHG UHDFWLRQ RI ODVHU�DEODWHG )H DWRPV ZLWK 1�2�

12� DQG 2� LQ FRQGHQVLQJ QLWURJHQ� DQG WKH\ KDYH LGHQWLILHG

YDULRXV WHUQDU\ LURQ QLWULGH R[LGH PROHFXOHV VXFK DV 1)H2�

1)H2�� 1�)H2 HWF� (YHQ WKRXJK LW ZDV QRW SRVVLEOH WR LGHQ�

WLI\ WKH 1� TXHQFKLQJ SURGXFW LQ WKLV ZRUN� RQH RI WKH SUL�

PDU\ H[LW FKDQQHO PLJKW EH WKH IRUPDWLRQ RI 1�)H2� VLQFH LW

LV DOVR H[SHFWHG KLJKO\ H[RWKHUPLF FRQVLGHULQJ WKH ODUJH

H[RWKHUPLFLW\ RI (T� ����

$FNQRZOHGJPHQW� 7KLV ZRUN LV ILQDQFLDOO\ VXSSRUWHG LQ

SDUW E\ WKH .RUHD 6FLHQFH DQG (QJLQHHULQJ )RXQGDWLRQ ����

�������������� DQG LQ SDUW E\ WKH 0LQLVWU\ RI (GXFDWLRQ

�%65,����������
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�� &KHXQJ� $� 6�&�� /HH� 1�� /\\UD� $� 0�� 0HUHU� $� -�� 7D\�
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�� &KHXQJ� $� 6�&�� /\\UD� $� 0�� 0HUHU� $� -�� 7D\ORU� $� :�

-� 0RO� 6SHFWURVF� ����� ���� ����

�� %DUQHV� 0�� )UDVHU� 0� 0�� +DMLJHRUJLRX� 3� *�� 0HUHU� $�
-�� 5RVQHU� 6� '� -� 0RO� 6SHFWURVF� ����� ���� ����

��� 6RQ� +� 6�� /HH� .�� 6KLQ� 6� .�� .X� -� .� &KHP� 3K\V�

/HWW� ����� ���� ����
��� %URDGIRRW� $� /�� -RKDQVRQ� $� (� -� *HRSK\V� 5HV� �����

���� �����

��� +HOPHU� 0�� 3ODQH� -� 0� &� -� &KHP� 6RF� )DUDGD\ 7UDQV�



'HSOHWLRQ .LQHWLFV RI *URXQG 6WDWH )H2 0ROHFXOHV E\ 2�� 1�2� DQG 1� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

����� ��� ��� LELG� ����
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��� )DQIDULOOR� 0�� &ULEE� +� (�� 'RZQV� $� -�� *UHHQH� 7� 0��

$OPRQG� 0� -� ,QRUJ� &KHP� ����� ��� �����
��� )DQIDULOOR� 0�� 'RZQV� $� -�� *UHHQH� 7� 0�� $OPRQG� 0�

-� ,QRUJ� &KHP� ����� ��� �����

��� 0LWFKHOO� 6� $�� +DFNHWW� 3� $� -� &KHP� 3K\V� ����� ���
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5HI� 'DWD ����� ��� VXSSO� ��
��� $QGUHZV� /�� &KHUWLKLQ� *� 9�� &LWUD� $�� 1HXURFN� 0� -�
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