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�

$%675$&7��1HZO\�GHVLJQHG�VW\U\OLPLGD]ROLXP�EDVHG�JUDIWHG�DQLRQ�H[FKDQJH�PHPEUDQHV�

�6W,P�$(0V���LQ�ZKLFK�LPLGD]ROLXP�LRQLF�JURXSV�DUH�DWWDFKHG�WR�VW\UHQH�DW�WKH�IDU�VLGH�IURP�

WKH� JUDIW� FKDLQV�� ZHUH� SUHSDUHG� E\� UDGLDWLRQ�LQGXFHG� JUDIW� SRO\PHUL]DWLRQ� RI� p����

LPLGD]ROLXP\O��VW\UHQH�RQWR�SRO\�HWK\OHQH�co�WHWUDIOXRORHWK\OHQH���(7)(��ILOPV��IROORZHG�E\�

N�DON\ODWLRQ�DQG�LRQ�H[FKDQJH�UHDFWLRQV��6W,P�$(0�KDYLQJ�DQ�LRQ�H[FKDQJH�FDSDFLW\��,(&��RI�

����� PPRO�J� ZLWK� D� JUDIWLQJ� GHJUHH� �*'�� RI� a����� SRVVHVVHV� SUDFWLFDO� FRQGXFWLYLW\� �!���

P6�FP��HYHQ�ZLWK�D�YHU\�ORZ�ZDWHU�XSWDNH��a�����DQG�KLJK�VWDELOLW\�RYHU�����K�LQ�D���0�.2+�

VROXWLRQ�DW����&��7KHUH�H[LVWV�D�FULWLFDO�,(&��,(&F��LQ�WKH�UDQJH�RI����±����PPRO�J�RYHU�ZKLFK�

WKH� PHPEUDQH� VKRZHG� KLJK� ZDWHU� XSWDNH�� ZKLFK� UHVXOWHG� LQ� SURQRXQFHG� VXVFHSWLELOLW\� WR�

K\GURO\VLV��8VLQJ�VPDOO�DQJOH�QHXWURQ�VFDWWHULQJ�WHFKQLTXH�ZLWK�D�FRQWUDVW�YDULDWLRQ�PHWKRG��

ZH�IRXQG�WKH�K\GURSKLOLF�SKDVH�LQ�6W,P�$(0V�ZLWK�,(&V�ORZHU�DQG�KLJKHU�WKDQ�,(&F�VKRZV�

³UHYHUVH�PLFHOOHV´�ZLWK�ZDWHU�GRPDLQV�GLVSHUVHG� LQ� WKH�SRO\PHU�PDWUL[�DQG�³PLFHOOHV´�ZLWK�

JUDIW�SRO\PHU�DJJUHJDWHV�GLVSHUVHG�LQ�WKH�ZDWHU�PDWUL[��UHVSHFWLYHO\��7KH�IXUWKHU�DQDO\VLV�RI�

PLFHOOH�VWUXFWXUHV�XVLQJ�WKH�KDUG�VSKHUH�OLTXLG�PRGHO�DQG�3RURG�OLPLW�DQDO\VLV�UHYHDOV�WKDW�WKH�

LQWHUIDFLDO� VWUXFWXUHV� RI� LRQLF� JURXSV� DUH� HVVHQWLDO� IRU� WKH� HOHFWURFKHPLFDO� SURSHUWLHV� DQG�

GXUDELOLW\� RI� 6W,P�$(0V�� ,Q� DGGLWLRQ�� 6W,P�$(0� ZLWK� DQ� ,(&� RI� ����� PPRO�J� DQG� WKH�

PD[LPXP�SRZHU�GHQVLW\�RI����P:�FP��LQ�WKH�K\GUD]LQH�K\GUDWH�IXHO�FHOO�WHVW��H[KLELWHG�ORQJ�

WHUP� GXUDELOLW\� XQGHU� FRQVWDQW� FXUUHQW� ����� P$�� XS� WR� ���� K�� ZKLFK�� WKXV� IDU�� LV� WKH� EHVW�

GXUDELOLW\�DW����&�IRU�SODWLQXP�IUHH�DONDOLQH�W\SH�OLTXLG�IXHO�FHOOV��

� �

Page 11 of 118 Soft Matter



 
 

3 

,��,QWURGXFWLRQ�

$QLRQ�H[FKDQJH�PHPEUDQH� �$(0��IXHO�FHOOV� UHSUHVHQW�D�QHZ�JHQHUDWLRQ�RI�SRWHQWLDOO\�

GLVUXSWLYH��ORZ�WHPSHUDWXUH�IXHO�FHOO�WHFKQRORJ\�ZLWK�WKH�SRWHQWLDO�WR�HOLPLQDWH�WKH�KLJK�FRVW�

EDUULHUV� RI� PDLQVWUHDP� SURWRQ� H[FKDQJH� PHPEUDQH� �3(0�� IXHO� FHOOV������ +RZHYHU�� WKH�

SHUIRUPDQFH�RI�$(0�IXHO�FHOOV�LV�QRW�DV�JRRG�DV�WKDW�RI�3(0�IXHO�FHOOV��HVSHFLDOO\�WKH�PHPEUDQH�

FRQGXFWLYLW\� DQG� ORQJ�WHUP� GXUDELOLW\�� 7KH� NQRZOHGJH� RI� $(0� PDWHULDOV� LV� VWLOO� OLPLWHG��

LQFOXGLQJ�PROHFXODU� GHVLJQ�� KLHUDUFKLFDO� VWUXFWXUHV� LQ� WKH�PHPEUDQH�� DQG� VWUXFWXUH�SURSHUW\�

UHODWLRQVKLSV������ �

7R� IDEULFDWH�$(0V�� D� UDGLDWLRQ�JUDIWLQJ� WHFKQLTXH� LV� D� SURPLVLQJ�PHWKRG�� ,W� DOORZV� WR�

LQWURGXFH�PDQ\�LRQ�FRQGXFWLQJ�JURXSV��DV�JUDIW�SRO\PHUV�WR�DFKLHYH�KLJK�LRQ�FRQGXFWLYLW\��LQWR�

PHFKDQLFDOO\� DQG� WKHUPDOO\� VWDEOH� SRO\PHU� EDVH� ILOPV� ZLWK� WKH� UHWHQWLRQ� RI� WKH� RULJLQDO�

SURSHUWLHV�RI�WKHVH�SRO\PHUV�������,Q�WKH�SDVW�\HDUV��ZH�LQWHQVLYHO\�GHYHORSHG�ERWK�$(0V�DQG�

3(0V�WKDW�ZHUH�EDVHG�RQ�IOXRULQDWHG�SRO\PHUV�RU�IXOO\�DURPDWLF�K\GURFDUERQ�SRO\PHU�ILOPV�

XVLQJ� WKLV� PHWKRG���±��� 5HFHQWO\�� ZH� DSSOLHG� WKH� UDGLDWLRQ� JUDIWLQJ� PHWKRG� WR� SUHSDUH�

LPLGD]ROLXP�W\SH�$(0V�RQ�SRO\�HWK\OHQH�co�WHWUDIOXRURHWK\OHQH���(7)(��EDVH�ILOPV��$(0V�

H[KLELWHG�ORZHU�ZDWHU�XSWDNH��:8��DQG�KLJKHU�DONDOLQH�VWDELOLW\�WKDQ�WKH�FRUUHVSRQGLQJ�$(0V�

FRQWDLQLQJ�WULPHWK\ODPPRQLXP�K\GUR[LGH�RZLQJ�WR�WKH�ORZ�EDVLFLW\�RI�LPLGD]ROLXP�K\GUR[LGH�

DV� DQ� $UUKHQLXV� EDVH������ )XUWKHUPRUH�� $(0V� FRQWDLQLQJ� ZHDN� EDVH� LPLGD]ROLXP� JURXSV�

LQGXFHG� ORZ� GDPDJH� WR� SRO\PHU� EDFNERQHV� WKURXJK� VHOI�EDVH�FDWDO\]HG� GHJUDGDWLRQ���� 7R�

VXSSUHVV�E�HOLPLQDWLRQ� DQG� ULQJ�RSHQLQJ� K\GURO\VLV� RI� LPLGD]ROLXP� JURXSV����ZH� LPSURYHG�

$(0V�E\�JUDIWLQJ���PHWK\O�N�YLQ\OLPLGD]ROH��,P���ZKLFK�KDV�D�PHWK\O�SURWHFWLQJ�JURXS�DW�WKH�

LPLGD]ROH� &��� SRVLWLRQ� DQG� FR�JUDIWLQJ�ZLWK� K\GURSKRELF� VW\UHQH� �6W�� LQWR� (7)(� WR� REWDLQ�

,P�6W�$(0V�������

:H�LQYHVWLJDWHG�GHWDLOHG�VWUXFWXUHV�DQG�LQWHUSOD\�EHWZHHQ�WKH�VWUXFWXUH�DQG�SURSHUWLHV�RI�

WKHVH� ,P�6W�$(0V� LQ� RXU� ODWHVW� ZRUN� XVLQJ� WKH� VPDOO�DQJOH� QHXWURQ� VFDWWHULQJ� �6$16��

WHFKQLTXH�ZLWK�D�FRQWUDVW�YDULDWLRQ�PHWKRG��������7KH�PDLQ�VWUXFWXUDO�IHDWXUHV�ZHUH�VXPPDUL]HG�
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DV� IROORZV�� ����7KH�PHPEUDQHV� FDQ� EH� FKDUDFWHUL]HG� DV� D� ³FRQGXFWLQJ�QRQ�FRQGXFWLQJ� WZR�

SKDVH´�V\VWHP��DV�LOOXVWUDWHG�LQ�6FKHPH����7KH�FRQGXFWLQJ�SKDVH�LV�FRPSRVHG�RI�ZDWHU�DQG�WKH�

PDMRULW\�RI�JUDIW�SRO\PHUV�ZKHUH�ERWK�,P�DQG�6W�XQLWV�DUH�FRYDOHQWO\�ERQGHG�WR�HDFK�RWKHU�DQG�

EHKDYH�FRRUGLQDWHO\��7KH�QRQ�FRQGXFWLQJ�SKDVH�LV�PDGH�RI�(7)(�FKDLQV��DQG�WKH�UHVW�SDUWV�RI�

JUDIW�SRO\PHUV�DUH�FRQVWUDLQHG�LQ�DPRUSKRXV�(7)(�GRPDLQV��7KLV�PRGHO�DOORZV�WR�HYDOXDWH�WKH�

GLVWULEXWLRQ�RI�JUDIW�SRO\PHUV�LQ�ERWK�FRQGXFWLQJ�DQG�QRQ�FRQGXFWLQJ�SKDVHV�LQ�D�TXDQWLWDWLYH�

PDQQHU�DQG�LV�JHQHUDOO\�DSSOLFDEOH�IRU�JUDIWHG�SRO\PHU�PDWHULDOV������$(0V�FRQWDLQLQJ�JUDIWV�

ZLWK�ORZ�K\GURSKRELFLW\��i.e.��ORZ�6W�FRQWHQW��H[KLELW�D�KRPRJHQHRXV�FRQGXFWLQJ�SKDVH�ZLWK�

K\GUDWHG�GLVSHUVHG�LRQV��WKXV��FRQGXFWLYLW\�LQFUHDVHV�ZLWK�DQ�LQFUHDVH�LQ�WKH�K\GUDWLRQ�OHYHO��,Q�

FRQWUDVW�� $(0V� FRQWDLQLQJ� JUDIW� SRO\PHUV� ZLWK� PRUH� K\GURSKRELF� XQLWV� �6W�� H[KLELW� D�

KHWHURJHQHRXV�FRQGXFWLQJ�SKDVH��LQ�ZKLFK��±��QP�LQ�GLDPHWHU�ZDWHU�SXGGOHV�DUH�GLVSHUVHG�LQ�

WKH� K\GURSKLOLF�ZDWHU�JUDIW� SRO\PHU� SKDVH�� ,W�ZDV� DOVR� GHWHUPLQHG� WKDW� DQLRQ� WUDQVSRUW� DQG�

PHPEUDQH�DONDOLQH�GXUDELOLW\�ZHUH�VXSSUHVVHG�E\�WKH�ZDWHU�SXGGOH�VWUXFWXUH����7KHUHIRUH��DQ�

LQFUHDVH�LQ�WKH�K\GURSKRELFLW\�RI�JUDIW�SRO\PHUV�LQWURGXFHV�WKH�PRUSKRORJLFDO�WUDQVLWLRQ�IURP�

D�KRPRJHQHRXV�WR�KHWHURJHQHRXV�FRQGXFWLQJ�SKDVH��DQG�WKH�UHVXOWDQW�ZDWHU�SXGGOHV�HQKDQFH�E�

HOLPLQDWLRQ�DQG�K\GURO\VLV�GHJUDGDWLRQ�UHDFWLRQV���� �

7R�IXUWKHU�LPSURYH�DONDOLQH�GXUDELOLW\��LQ�WKLV�VWXG\��ZH�GHVLJQ�D�QHZ�PROHFXODU�VWUXFWXUH��

VW\U\OLPLGD]ROLXP� �6W,P��� LQ� ZKLFK� LPLGD]ROLXP� JURXSV� DUH� FRQQHFWHG� ZLWK� 6W� JURXSV� LQ�

SHUSHQGLFXODU�RULHQWDWLRQV��DV�VKRZQ�LQ�6FKHPH����7KLV�PROHFXODU�GHVLJQ�VDWLVILHV�WKH�FRPSOHWH�

UHPRYDO� RI� E�HOLPLQDWLRQ� UHDFWLRQV� DQG� K\GURO\VLV� RI� LPLGD]ROLXP� ULQJV�� &RQWUDU\� WR� WKH�

SDUDOOHOO\�DUUDQJHG�,P�DQG�6W�JURXSV�LQ�SUHYLRXV�FRSRO\PHU�W\SH�,P�6W�$(0V��QHZ�$(0V�DUH�

H[SHFWHG� WR� KDYH� D� FOHDU� SKDVH� VHSDUDWLRQ� EHWZHHQ� K\GURSKLOLF� FDWLRQLF� KHDGJURXSV� DQG�

K\GURSKRELF�JUDIW�SRO\PHU�FKDLQV��ZKLFK�PD\�HIILFLHQWO\�UHGXFH�:8�DQG�K\GURO\VLV�UHDFWLRQ��

%HFDXVH� WKH� LRQ�H[FKDQJH� FDSDFLW\� �,(&�� RI� $(0V� LV� WKH� PRVW� FUXFLDO� SDUDPHWHU�� ZKLFK�

GHWHUPLQHV�WKHLU�SURSHUWLHV��H�J���FRQGXFWLYLW\��:8��PHFKDQLFDO�VWUHQJWK��DQG�GXUDELOLW\���ZH�

V\VWHPDWLFDOO\� SUHSDUHG� D� VHULHV� RI� $(0V� FRQWDLQLQJ� GLIIHUHQW� *'V�� ZKLFK� DOPRVW� OLQHDUO\�
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FRUUHVSRQG� WR� ,(&�� WR� LQYHVWLJDWH�HOHFWURFKHPLFDO�SURSHUWLHV�DQG�GXUDELOLW\�RI�$(0V�DQG� WR�

HOXFLGDWH�WKH�UHODWLRQVKLS�EHWZHHQ�WKHVH�SURSHUWLHV�DQG�KLHUDUFKLFDO�VWUXFWXUHV�RI�WKH�PHPEUDQHV��

6XFK� VWXGLHV� DUH� LPSRUWDQW� DQG� UHOHYDQW� WR� HVWDEOLVK� LPSURYHG� GHVLJQ� UXOHV� IRU� IXHO� FHOO�

PHPEUDQHV�� �

,,��([SHULPHQWDO�GHWDLOV�

,,���0DWHULDOV�

(7)(�ILOPV�>7HI]HO����/=��PDVV�GHQVLW\��d(7)(�� �����J�FP���FU\VWDOOLQLW\��XF�� �����@�

ZLWK�D�WKLFNQHVV�RI����PP�ZHUH�SXUFKDVHG�IURP�'X3RQW�DQG�XVHG�DV�D�EDVH�ILOP��,RGRSURSDQH�

ZDV�SXUFKDVHG�IURP�7RN\R�&KHPLFDO�,QGXVWU\�&R���/WG��6RGLXP�K\GULGH����±����LQ�RLO���6W��

KH[DQH��N,N-GLPHWK\OIRUPDPLGH� �'0)��� HWKDQRO�� SRWDVVLXP� FDUERQDWH� �.�&2���� SRWDVVLXP�

K\GUR[LGH��.2+���K\GURFKORULF�DFLG��+&O���DQG�D�����PRO�/�VRGLXP�K\GUR[LGH�VROXWLRQ��1D2+��

ZHUH�SXUFKDVHG�IURP�:DNR�3XUH�&KHPLFDO�,QGXVWULHV��/WG��7KHVH�FKHPLFDOV�ZHUH�XVHG�ZLWKRXW�

IXUWKHU�SXULILFDWLRQ������'LR[DQH�DQG�GLFKORURPHWKDQH��&+�&O���ZHUH�REWDLQHG�IURP�.LVKLGD�

&KHPLFDO�&R���/WG��'HXWHUDWHG�ZDWHU�������DWRP��'��ZDV�SXUFKDVHG�IURP�6LJPD�$OGULFK�&R��

/WG��:DWHU�XVHG�LQ�H[SHULPHQWV�ZDV�SXULILHG�XVLQJ�D�0LOOLSRUH�0LOOL�4�89�V\VWHP�DQG�KDG�D�

UHVLVWDQFH�RI������0:�FP�DQG�WKH�WRWDO�RUJDQLF�FDUERQ�FRQWHQW�RI�����SSE�� �

,,���3UHSDUDWLRQ�RI�$(0V�

�����(WKHQ\OSKHQ\O���H�LPLGD]ROH� ZDV� SUHSDUHG� DFFRUGLQJ� WR� WKH� OLWHUDWXUH���� 6RGLXP�

K\GULGH�LQ�RLO�������J�������PPRO��ZDV�ZDVKHG�ZLWK�KH[DQH����P/�î����LQ�D�WZR�QHFNHG�URXQG�

ERWWRP�IODVN������P/��XQGHU�QLWURJHQ�DWPRVSKHUH��7KHQ��'0)�����P/��ZDV�DGGHG�WR�WKH�IODVN��

�����(WKHQ\OSKHQ\O���H�LPLGD]ROH�������J�������PPRO��ZDV�VORZO\�DGGHG�ZLWK�D�VSDWXOD�RYHU�

���PLQ�XQGHU�VWLUULQJ��7KH�UHVXOWDQW�VROXWLRQ�ZDV�VWLUUHG�IRU����PLQ�DW�URRP�WHPSHUDWXUH��WKHQ��

LRGRSURSDQH�������J�������PPRO��LQ�'0)����P/��ZDV�LQMHFWHG�YLD�V\ULQJH�IRU����PLQ��$IWHU�

DGGLWLRQDO����K�RI�VWLUULQJ�DW�URRP�WHPSHUDWXUH��WKH�VROXWLRQ�ZDV�TXHQFKHG�E\�ZDWHU�����P/���

7KH�DTXHRXV�OD\HU�ZDV�VDWXUDWHG�ZLWK�.�&2��DQG�H[WUDFWHG�ZLWK�&+�&O�������P/�î�����7KH�

H[WUDFW�ZDV�GULHG�RYHU�PDJQHVLXP�VXOIDWH�����J���$IWHU�&+�&O��ZDV�HYDSRUDWHG��WKH�REWDLQHG�
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6 

EURZQ�RLO�ZDV�GLVVROYHG�LQ�KH[DQH������P/��DQG�SDVVHG�WKURXJK�&HOLWH��+\IOR�6XSHUFHO�WR�

REWDLQ�SXUH������HWKHQ\OSKHQ\O��N�SURS\OLPLGD]ROH� �6W,P��DV�DQ�RUDQJH�FRORUHG�RLO� ������J��

����\LHOG���

(7)(�ILOPV������FP�u�����FP��ZHUH�SXW�LQ�D�6FKOHQN�WXEH�DQG�LUUDGLDWHG�XVLQJ�D���&R�Ȗ�UD\�

VRXUFH��467�7DNDVDNL��*XQPD��-DSDQ��DW�URRP�WHPSHUDWXUH�LQ�DUJRQ�DWPRVSKHUH�ZLWK�D�WRWDO�

GRVH�RI����N*\�DW�WKH�GRVH�UDWH�RI����N*\�Kí���3UH�LUUDGLDWHG�(7)(�ILOPV�ZHUH�LPPHGLDWHO\�

LPPHUVHG�LQ�DUJRQ�SXUJHG�PRQRPHU�VROXWLRQV����P/��FRQVLVWLQJ�RI�6W,P�LQ�����GLR[DQH�����

ZW����IROORZHG�E\�KHDWLQJ�XQGHU�DUJRQ�DWPRVSKHUH�DW����&�IRU������WR����K��*UDIWHG�(7)(�ZDV�

WDNHQ�RXW��ZDVKHG�WKUHH�WLPHV�XVLQJ�����P/�RI�����GLR[DQH�DW�URRP�WHPSHUDWXUH��DQG�UHIOX[HG�

LQ�����P/�RI�HWKDQRO�IRU���K�WR�H[WUDFW�UHVLGXDO�PRQRPHUV�DQG�KRPRSRO\PHUV��7KH�REWDLQHG�

ILOPV�ZHUH�GULHG�XQGHU�YDFXXP�DW����&�IRU���K�� �

� � � � � )RU�N�DON\ODWLRQ��JUDIWHG�ILOPV�ZHUH�LPPHUVHG�LQ�D���0�GLR[DQH�VROXWLRQ�RI�LRGRSURSDQH�

�����P/��DW����&�IRU����K��7KH�ILOPV�ZHUH�ZDVKHG�VHYHUDO�WLPHV�XVLQJ����P/�RI�GLR[DQH��7KHQ��

WKH�ILOPV�ZHUH�LPPHUVHG�LQ�����P/�RI�D���0�+&O�GLR[DQH�VROXWLRQ��������YRO���WR�EH�WUDQVIRUP�

IURP�LRGLGH��,í��WR�FKORULGH��&Oí��IRUPV��7KH�VROXWLRQ�ZDV�UHSODFHG�WKUHH�WLPHV�HYHU\�KRXU�WR�

HQVXUH�WKH�FRPSOHWLRQ�RI�WKH�LRQ�H[FKDQJH�UHDFWLRQ��7KH�ILOPV�ZHUH�UHPRYHG�IURP�WKH�VROXWLRQ�

DQG�ZDVKHG�XVLQJ�GHLRQL]HG�ZDWHU��)LQDOO\��WKH�ILOPV�ZHUH�GULHG�LQ�D�YDFXXP�RYHQ�DW����&�IRU�

���K�� �

7KHQ��$(0V�LQ�WKH�FKORULGH�IRUP�ZHUH�VRDNHG�LQ�D���0�.2+�DTXHRXV�VROXWLRQ������P/��

DW�URRP�WHPSHUDWXUH�IRU���K�RU�LQ�D���0�1D+&2��DTXHRXV�VROXWLRQ������P/��WR�UHSODFH�FKORULGH�

�&Oí�� LQ� WKH� ILOP� WR� K\GUR[LGH� �2+í�� DQG� �+&2�í�������� 7KH� PROHFXODU� VWUXFWXUH� RI� JUDIW�

SRO\PHUV�ZDV�FRQILUPHG�E\���&�VROLG�VWDWH�105�VSHFWURVFRS\��DV�VKRZQ�LQ�)LJXUH�6��LQ�WKH�

6XSSRUWLQJ�,QIRUPDWLRQ��

(7)(�EDVHG�EHQ]\OWULPHWK\ODPPRQLXP��%70$��LRQRPHU�IRU�IXHO�FHOO�SHUIRUPDQFH�WHVW�

ZDV�SUHSDUHG�DV� IROORZV��7KH�SUH�LUUDGLDWHG�(7)(�ILOP�ZDV� ILUVW� LPPHUVHG� LQ�DUJRQ�SXUJHG�

FKORURPHWK\OVW\UHQH�VROXWLRQ� �����Y�Y� LQ�[\OHQH��DW�����&�IRU���K��7KH�JUDIWHG� ILOPV�ZHUH�
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ZDVKHG� ZLWK� WROXHQH� VHYHUDO� WLPHV� DQG� GULHG� XQGHU� YDFXXP�� DQG� WKHQ� LPPHUVHG� LQ�

WULPHWK\ODPLQH�����ZW���VROXWLRQ�DW�URRP�WHPSHUDWXUH�IRU���K�WR�REWDLQ�TXDWHUQL]HG�%70$�LQ�

FKORULGH�IRUP��

,,����&KDUDFWHUL]DWLRQ�RI�$(0V�

7KH�FRPSOHWLRQ�RI�LRQ�H[FKDQJH�UHDFWLRQV�ZDV�FRQILUPHG�E\�PRQLWRULQJ�LRGLGH�DWRPV�RI�

JUDIW�W\SH� $(0V� DORQJ� WKH� FURVV�VHFWLRQDO� GLUHFWLRQ� XVLQJ� D� VFDQQLQJ� HOHFWURQ� PLFURVFRS\�

�6(0��-(2/��-60�������LQVWUXPHQW�HTXLSSHG�ZLWK�DQ�HQHUJ\�GLVSHUVLYH�;�UD\�DQDO\]HU��(';���

6ROLG�VWDWH� ��&� FURVV� SRODUL]DWLRQ�PDJLF� DQJOH� VSLQQLQJ� �0$6�� 105� H[SHULPHQWV� ZHUH�

SHUIRUPHG�XVLQJ�D�%UXNHU�$9$1&(�����VSHFWURPHWHU�DW�WKH�RSHUDWLQJ�IUHTXHQF\�RI������0+]��

7KH� VDPSOHV�ZHUH�SDFNHG�DV�SRZGHUV� LQ� D�=U2�� URWRU�ZLWK� D�GLDPHWHU�RI���PP��7KH�0$6�

IUHTXHQF\�ZDV�VHW�WR����N+]��DQG�WKH�VDPSOH�WHPSHUDWXUH�ZDV����&��$�WRWDO�RI���í��.�VFDQV�

ZHUH�FROOHFWHG�LQ�WKH�VSHFWUDO�ZLGWK�RI����N+]�ZLWK�D�UHF\FOH�GHOD\�RI���V��$OO�VSHFWUD�ZHUH�

REWDLQHG� DW� WKH� FURVV� SRODUL]DWLRQ� WLPH� RI� ��PV� WKURXJK� EURDGEDQG� SURWRQ� GHFRXSOLQJ�� 7KH�

VSHFWUD�ZHUH�H[WHUQDOO\�UHIHUHQFHG�WR�JO\FLQH��������SSP��� �

7KH�*'�RI�$(0�ZDV�HVWLPDWHG�IURP�WKH�ZHLJKW�FKDQJH�LQ�JUDIWHG�ILOPV�E\�WKH�IROORZLQJ�

HTXDWLRQ�� � �

ሺΨሻܦܩ ൌ ௐ೒ିௐబ

ௐబ
ൈ ͳͲͲΨ� � � � � � � � � ����

ZKHUH�w�� DQG�wJ� DUH� WKH�ZHLJKWV� RI�PHPEUDQHV� EHIRUH� DQG� DIWHU� JUDIWLQJ� LQ� WKH� GU\� VWDWH��

UHVSHFWLYHO\��

7KH�,(&�RI�$(0�ZDV�GHWHUPLQHG�XVLQJ�D�VWDQGDUG�EDFN�WLWUDWLRQ�PHWKRG��7KH�PHPEUDQH�

LQ�WKH�2+í�IRUP�ZDV�LPPHUVHG�LQ����P/�RI�D�����1�+&O�VROXWLRQ��9UHI��P/��IRU����K��7KHQ��WKH�

VROXWLRQ�ZDV� WLWUDWHG�ZLWK�D�VWDQGDUG�1D2+������1��VROXWLRQ��9PHP��P/�� WR�S+� �����E\�DQ�

DXWRPDWLF�WLWUDWRU��+,5$180$�&20�������6XEVHTXHQWO\��WKH�PHPEUDQHV�ZHUH�ZDVKHG�DQG�

LPPHUVHG�LQ�GHLRQL]HG�ZDWHU�IRU����K�WR�UHPRYH�UHVLGXDO�+&O�DQG�WKHQ�GULHG�XQGHU�YDFXXP�DW�

���&�RYHUQLJKW�DQG�ZHLJKHG�WR�GHWHUPLQH�GU\�PDVVHV�LQ�WKH�&Oí�IRUP��7KH�H[SHULPHQWDO�,(&�
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�,(&H[S��YDOXH�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�� �

,(&H[S� �C�u��9UHI�í�9PHP����WGU\� � ���� �

ZKHUH�C�LV�WKH�FRQFHQWUDWLRQ�RI�WKH�1D2+�VROXWLRQ��DQG�WGU\�LV�WKH�PDVV�RI�GU\�$(0V���í��� �

7KH� :8� RI� $(0� ZDV� FDOFXODWHG� E\� WKH� ZHLJKW� PHDVXUHPHQWV� XVLQJ� WKH� IROORZLQJ�

HTXDWLRQ�� �

� � � � ���ሺΨሻ ൌ ௐೢ ೐೟ିௐ೏ೝ೤

ௐ೏ೝ೤
ൈ ͳͲͲΨ� � � � � ����

ZKHUH�WZHW�UHSUHVHQWV�WKH�ZHLJKW�RI�$(0�LQ�WKH�K\GUDWHG�VWDWH��7R�PHDVXUH�:8��$(0�ZDV�

FRPSOHWHO\�K\GUDWHG�LQ�ZDWHU�DQG�OLJKWO\�ZLSHG�ZLWK�.LPZLSHV�WR�UHPRYH�H[FHVV�ZDWHU�RQ�WKH�

VXUIDFH�EHIRUH�ZHLJKLQJ��7KH�K\GUDWLRQ�QXPEHU��OZ��ZDV�FDOFXODWHG�E\�:8�DQG�,(&H[S�XVLQJ�

WKH�IROORZLQJ�HTXDWLRQ�� �

O௪ ൌ ଵ଴ௐ௎
ெೢூா஼೐ೣ೛

� � � � � � � � � � � � ����

ZKHUH�MZ�����J�PRO��LV�WKH�PROHFXODU�ZHLJKW�RI�ZDWHU��7KXV��WKH�WRWDO�ZDWHU�YROXPH�IUDFWLRQ�

�IZ��RI�ZHW�$(0�FDQ�EH�FDOFXODWHG�E\�HTXDWLRQ������ �

� � � � � � ߶௪ ൌ
ೈೆȀభబబሺభశಸವȀభబబሻ

೏ೢ
భ

೏ಶ೅ಷಶ
ାಸವȀభబబ೏೒ೝೌ೑೟

ାೈೆȀభబబሺభశಸವȀభబబሻ
೏ೢ

� � � � � � � ����

ZKHUH� dZ DQG� dJUDIW� DUH� WKH� PDVV� GHQVLW\� RI� ZDWHU� DQG� WKH� JUDIW� FKDLQV�� ERWK� RI� ZKLFK� DUH�

DSSUR[LPDWHO\� ���� J�FP��� 6LPLODUO\�� WKH� YROXPH� IUDFWLRQV� RI� (7)(� � ߶ா்ிா ൌ

భ
೏ಶ೅ಷಶ

భ
೏ಶ೅ಷಶ

ାಸವȀభబబ೏೒ೝೌ೑೟
ାೈೆȀభబబሺభశಸವȀభబబሻ

೏ೢ

��DQG�JUDIWV��߶௚௥௔௙௧ ൌ
ಸವȀభబబ
೏೒ೝೌ೑೟

భ
೏ಶ೅ಷಶ

ାಸವȀభబబ೏೒ೝೌ೑೟
ାೈೆȀభబబሺభశಸವȀభబబሻ

೏ೢ

��LQ�WKH�ZDWHU�

VZROOHQ�VWDWH�FDQ�EH�GHGXFHG�DV�ZHOO�� �

7KH�DQLRQ�FRQGXFWLYLW\�RI�$(0�ZDV�PHDVXUHG� LQ� WKH�SODQH�GLUHFWLRQ�DW�����N+]�XVLQJ�

IRXU�SRLQW�SUREH�DOWHUQDWLQJ�FXUUHQW�HOHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\�ZLWK�DQ�HOHFWURGH�

V\VWHP� FRQQHFWHG� WR� DQ� /&5� PHWHU� �+,2.,� ����� /&5� +L7(67(5�� DW� WKH� GHVLUHG�

WHPSHUDWXUH���� $(0� ZDV� IXOO\� K\GUDWHG� LQ� QLWURJHQ�VDWXUDWHG� GHLRQL]HG� ZDWHU� DQG� SODFHG�

EHWZHHQ�WZR�SODWLQXP�HOHFWURGHV��7KH�DQLRQ�FRQGXFWLYLW\�ı��P6�FP��ZDV�FDOFXODWHG�IURP�WKH�
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REWDLQHG�UHVLVWDQFH�R��ȍ��DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ�� �

� ı (mS/cm)  �L ���S�î�R��î����� � � � � � � � ����

ZKHUH�L��FP��LV�WKH�GLVWDQFH�EHWZHHQ�WZR�HOHFWURGHV��DQG�S��FP���LV�WKH�FURVV�VHFWLRQDO�DUHD�RI�

WKH�PHPEUDQH�REWDLQHG�E\�PXOWLSO\LQJ�WKH�PHPEUDQH�WKLFNQHVV�E\�WKH�PHPEUDQH�ZLGWK��

7KH�DONDOLQH�VWDELOLW\�RI�$(0�ZDV�H[DPLQHG�E\�VRDNLQJ�WKH�PHPEUDQH�LQ�D���0�.2+�

VROXWLRQ�LQ�D�YLDO�DW����&�IRU�XS�WR�a����K�DQG�HYDOXDWHG�E\�PHDVXULQJ�D�FKDQJH�LQ�WKH�DQLRQ�

FRQGXFWLYLW\� DW� ���&��%HIRUH� WKH� FRQGXFWLYLW\�PHDVXUHPHQW�� WKH�PHPEUDQH�ZDV� WKRURXJKO\�

ZDVKHG�ZLWK�1��EXEEOHG�GHLRQL]HG�ZDWHU��

,,����6$16�PHDVXUHPHQW�

6$16�PHDVXUHPHQWV�ZHUH�PDLQO\�SHUIRUPHG�RQ�D�.:6���6$16�GLIIUDFWRPHWHU�RSHUDWHG�

E\�-XHOLFK�&HQWHU� IRU�1HXWURQ�6FLHQFH�DW� WKH�QHXWURQ�VRXUFH�+HLQ]�0DLHU�/HLEQLW]� �)50�,,�

UHDFWRU��LQ�*DUFKLQJ��*HUPDQ\����7KH�LQFLGHQW�QHXWURQ�EHDP�DW�.:6���ZDV�PRQRFKURPDWL]HG�

ZLWK�D�YHORFLW\�VHOHFWRU�WR�KDYH�WKH�DYHUDJH�ZDYHOHQJWK��O��RI���c�ZLWK�D�ZDYHOHQJWK�UHVROXWLRQ�

RI�'O�O�  � �����7KH� VFDWWHULQJ�SDWWHUQV�ZHUH� FROOHFWHG�ZLWK� D� WZR�GLPHQVLRQDO� VFLQWLOODWLRQ�

GHWHFWRU�DQG�FLUFXODUO\�DYHUDJHG�WR�REWDLQ�VFDWWHULQJ�LQWHQVLW\�SURILOHV�DV�D�IXQFWLRQ�RI�q��ZKHUH�

q� LV� WKH� VFDWWHULQJ� YHFWRU��ZKLFK� LV� GHILQHG� E\ q�  � ��S�O�VLQ�T�����O� DQG�T� DUH� WKH� QHXWURQ�

ZDYHOHQJWK�DQG�VFDWWHULQJ�DQJOHV��UHVSHFWLYHO\��6RPH�6$16�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�

DQ� ,%$5$.,�PDWHULDOV� GHVLJQ�GLIIUDFWRPHWHU� �L0$7(5,$�� DW� WKH� -DSDQ�3URWRQ�$FFHOHUDWRU�

5HVHDUFK�&RPSOH[��-�3$5&��XQGHU�D�XVHU�SURJUDP��SURSRVDO�1R������%������WR�FRQILUP�WKH�

VFDWWHULQJ�VSHFWUD�DW�KLJK�q�UDQJH��7R�IROORZ�WKH�PHPEUDQH�VWUXFWXUH�DW�WKH�UHDO�H[SHULPHQWDO�

FRQGLWLRQ�� $(0V� ZHUH� PHDVXUHG� LQ� D� K\GUR[LGH� IRUP�� 7R� SUHYHQW� GHJUDGDWLRQ�� H[FHVV�

K\GUR[LGH�LRQV�ZHUH�FRPSOHWHO\�UHPRYHG�E\�ZDVKLQJ�$(0V�LQ�GHJDVVHG�ZDWHU�XQGHU�1��IORZ��

7KH� REWDLQHG� VFDWWHULQJ� SURILOHV� ZHUH� FRUUHFWHG� IRU� WKH� LQVWUXPHQW� EDFNJURXQG�� GHWHFWRU�

VHQVLWLYLW\��DQG�VFDWWHULQJ�IURP�HPSW\�FHOO��DQG�ILQDOO\�FDOLEUDWHG�WR�DEVROXWH�VFDOH��FPí���XVLQJ�

D� 3OH[LJODV� VHFRQGDU\� VWDQGDUG�� 7KH� LQFRKHUHQW� VFDWWHULQJ� LQWHQVLW\� RI� HDFK� VDPSOH� ZDV�

HVWLPDWHG�E\�WKH�IODW�SDUW�RI�WKH�SURILOH�DW�KLJK�q�UDQJH�DQG�ZDV�VXEWUDFWHG�IURP�WKH�DEVROXWH�
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VFDWWHULQJ�LQWHQVLW\�SURILOH��$OO�6$16�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW����r����q&��

,,����0HPEUDQH�HOHFWURGH�DVVHPEO\�IDEULFDWLRQ�DQG�IXHO�FHOO�WHVW� �

7KH�PHPEUDQH� HOHFWURGH� DVVHPEO\� �0($��ZDV� IDEULFDWHG�XVLQJ� WKH�FDWDO\]HG�JDV�GLIIXVLRQ�

HOHFWURGH��*'(��PHWKRG��$(0���������PPRO�J��DQG�%70$�������PPRO�J��LQ�FKORULGH�IRUP�

ZHUH�IUR]HQ�LQ�OLTXLG�1��DQG�JURXQG�LQWR�SRZGHU�IRU���PLQ�XVLQJ�D�IUHH]HU�PLOO��-)&������-DSDQ�

$QDO\WLFDO�,QGXVWU\��DQG�XVHG�DV�LRQRPHU��7KH�FDWDO\VW�DQG�LRQRPHU�SRZGHU�ZHUH�PL[HG�DQG�

JULQGHG� IRU���PLQ�ZLWK�D�PRUWDU�DQG�SHVWOH�� WKHQ����P/�RI�GHLRQL]HG�ZDWHU�ZDV�DGGHG��DQG�

JULQGLQJ�FRQWLQXHG�IRU���PLQ�WR�REWDLQ�D�KRPRJHQRXV�VOXUU\��7KHQ����P/�RI���SURSDQRO�ZDV�

DGGHG�ZLWK�JULQGLQJ��7KH�LQN�ZDV�KRPRJHQL]HG�E\�XOWUDVRQLFDWLRQ��:7����0��IRU���K�DW�URRP�

WHPSHUDWXUH�� 7KH� FDWDO\VW� LQN�ZDV� VSUD\HG� RQ� WKH� JDV� GLIIXVLRQ� OD\HU� �*'/�� 6,*5$&(7���

*'/��%&��DQG�GULHG�LQ�DLU�WR�SUHSDUH�*'(��7KH�LRQRPHU�UDWLR�ZDV�DGMXVWHG�WR�EH����ZW��RQ�

WKH�EDVLV�RI�DQRGH�DQG�FDWKRGH��)RU�WKH�DQRGH�VLGH��1L±&�FDWDO\VW��������1L��ZDV�XVHG��DQG�WKH�

FDWDO\VW� ORDGLQJ�ZDV�DGMXVWHG� WR�����������PJ�FP���7KH�FDWKRGH�VLGH�ZDV�SUHSDUHG�XVLQJ�DQ�

13&�������&R±)H��FDWDO\VW��DQG�WKH�FDWDO\VW�ORDGLQJ�ZDV�DGMXVWHG�WR������������PJ�FP���7KH�

JHRPHWULF�VXUIDFH�DUHDV�RI�DOO�*'(V�ZHUH�����FP���7KH�*'(V�DQG�PHPEUDQHV�ZHUH�LPPHUVHG�

LQ� ��0�.2+�RYHUQLJKW� DW� URRP� WHPSHUDWXUH�� DQG� H[FHVV�.2+�ZDV� JHQWO\�ZLSHG� IURP� WKH�

PHPEUDQHV�DQG�*'(V��7KHQ��WKH�PHPEUDQH�ZDV�VDQGZLFKHG�EHWZHHQ�WZR�*'(V�WR�IDEULFDWH�

0($�� �

7KH�IXHO�FHOO�SHUIRUPDQFH�ZDV�LQYHVWLJDWHG�LQ�D�VLQJOH�FHOO�ZLWK�VHUSHQWLQH�IORZ�FKDQQHOV�

ZLWK����ZW��K\GUD]LQH�K\GUDWH�DQG�D���0�.2+�DTXHRXV�VROXWLRQ�DV�D�IXHO�DW����&��7KH�IORZ�

UDWH�RI�K\GUD]LQH�K\GUDWH�IXHO�ZDV�DGMXVWHG�WR����P/�PLQ��$W�WKH�FDWKRGH�VLGH��WKH�KXPLGLILHG�

R[\JHQ�JDV� IORZ�UDWH�DQG� WKH�EDFN�SUHVVXUH�ZHUH�RSWLPL]HG� WR�EH�����P/�PLQ�DQG����N3D��

UHVSHFWLYHO\��WR�REWDLQ�WKH�PD[LPXP�SHUIRUPDQFH��&XUUHQW±YROWDJH�FXUYHV�ZHUH�UHFRUGHG�XVLQJ�

DQ�HOHFWURQLF�ORDG��'XUDELOLW\�ZDV�HYDOXDWHG�E\�WKH�2&9�KROG�WHVW�ZLWK�DQ�R[\JHQ�IORZ�UDWH�RI�

����P/�PLQ�ZLWKRXW�EDFN�SUHVVXUH��9ROWDJH�ORVV�ZDV�UHFRUGHG�XQGHU�FRQVWDQW�FXUUHQW�GHQVLW\�

RI�����P$�FP��IRU�����K�� �
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,,,��5HVXOWV�DQG�GLVFXVVLRQ�

,,,���3UHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�$(0V�

,,,�����3UHSDUDWLRQ�

� $V� VKRZQ� LQ� 6FKHPH� ��� WKH� UDGLDWLRQ�LQGXFHG� JUDIW� SRO\PHUL]DWLRQ� RI� 6W,P� LQWR� SUH�

LUUDGLDWHG�(7)(�ILOPV�ZDV�FRQGXFWHG�LQ�WKH�PRQRPHU�VROXWLRQ�RI�6W,P�LQ�����GLR[DQH�DW����&�

IRU� �������� K� WR� REWDLQ� 6W,P�JUDIWHG� (7)(� ILOPV� ZLWK� *'V� LQ� WKH� UDQJH� RI� �±����� 7KH�

PROHFXODU�VWUXFWXUH�RI�WKH�JUDIW�SRO\PHUV�ZDV�FRQILUPHG�E\���&�VROLG�VWDWH�105�VSHFWUXP�DV�

VKRZQ�LQ�)LJXUH�6��LQ�WKH�VXSSRUWLQJ�LQIRUPDWLRQ��*HQHUDOO\��*'�UDSLGO\�LQFUHDVHV�ZLWK�WLPH�

LQ�WKH�ILUVW����K��PHDQLQJ�WKDW�LQ�WKLV�WLPH�VSDQ��WKH�UHDFWLRQ�WLPH�LV�D�FUXFLDO�IDFWRU�WR�YDU\�*'��

7KH�ORQJHU�WKH�UHDFWLRQ�WLPH�LV��WKH�ODUJHU�LV�*'��:KLOH�DIWHU����K��DQ�LQFUHDVH�LQ�*'�ZLWK�WLPH�

VORZV�GRZQ��DQG�*'�LV�XS� WR�a����DW����K��FORVH� WR� WKH�VDWXUDWLRQ�YDOXH�XQGHU� WKH�FXUUHQW�

UDGLDWLRQ�FRQGLWLRQ��7KH�SORW�RI�*'�DV�D�IXQFWLRQ�RI�UHDFWLRQ�WLPH�LV�VKRZQ�LQ�)LJXUH�6��LQ�WKH�

6XSSRUWLQJ�,QIRUPDWLRQ��

7KH�REWDLQHG�6W,P�JUDIWHG�(7)(��WKH�ILOPV�ZHUH�N�PHWK\ODWHG�ZLWK�LRGRSURSDQH�LQ�����

GLR[DQH�WR�JLYH�$(0V�LQ�WKH�LRGLGH�IRUP��7KH�1�DON\ODWLRQ�UHDFWLRQ�RI�6W,P�XQLWV�RI�WKH�JUDIWV�

LQ� KRPRSRO\PHU�JUDIWHG� ILOP� SURFHHGHG� TXDQWLWDWLYHO\�� HYLGHQFHG� E\� WKH� ZHLJKW� FKDQJH�

PHDVXUHPHQW���� %HFDXVH� WKH� LRQ�H[FKDQJH� UHDFWLRQ� RI� $(0V� IURP� LRGLGH� WR� K\GUR[LGH� LQ�

JUDIWHG�W\SH�$(0V�ZDV�VORZ��ZH�FRQGXFWHG�WKH�LRQ�H[FKDQJH�UHDFWLRQ�IRU�WKH�K\GUR[LGH�IRUP�

YLD�WKH�FRUUHVSRQGLQJ�FKORULGH�IRUP�RI�$(0V��QDPHO\��,í�Æ�&Oí�Æ�2+í���7KH�FRPSOHWLRQ�RI�

UHDFWLRQV�ZDV�FRQILUPHG�E\�WKH�6(0�(';�VSHFWUXP��DV�SUHYLRXVO\�UHSRUWHG���� �

� 7KH� UHSUHVHQWDWLYH� ,(&H[S� YDOXHV� GHWHUPLQHG� E\� WKH� FRQYHQWLRQDO� WLWULPHWULF� DQDO\VLV�

VKRZQ�LQ�7DEOH���ZHUH�SORWWHG�DV�D�IXQFWLRQ�RI�*'�LQ�)LJXUH�6��LQ�WKH�6XSSRUWLQJ�,QIRUPDWLRQ��

7KHVH� ,(&H[S�YDOXHV�DUH�DW���±����OHYHOV�RI� WKH�H[SHFWHG� ,(&��,(&FDO��FDOFXODWHG�XVLQJ� WKH�

PLOOLPRODU�DPRXQW�RI�D�TXDWHUQDU\�DPPRQLXP�VDOW�LQ�WKH�XQLW�ZHLJKW����J��RI�$(0��$�VLPLODU�

SKHQRPHQRQ�ZDV�DOVR�REVHUYHG�IRU�$(0V�FRQWDLQLQJ�LPLGD]ROLXP�RU�DQLOLQLXP�K\GUR[LGH�LQ�

JUDIW�SRO\PHUV�����������,Q�RXU�ODWHVW�UHSRUW��ZH�HOXFLGDWHG�WKDW�WKLV�SKHQRPHQRQ�ZDV�GXH�WR�WKH�
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GLVWULEXWLRQ� RI� D� SDUW� RI� JUDIW� SRO\PHUV� �ZKLFK� DUH� QRQ�FRQGXFWLYH�� LQ� WKH� QRQ�FRQGXFWLYH�

SKDVH����:H�DOVR�VWDWHG�WKDW�WKH�UDWLR�RI�,(&H[S�WR�,(&FDO��,(&H[S�,(&FDO��LQFUHDVHV�ZLWK�*'�DQG�

DSSUR[LPDWHO\�FKDUDFWHUL]HV�WKH�UDWLR�RI�JUDIW�SRO\PHUV�LQ�WKH�FRQGXFWLQJ�SKDVH�WR�WKH�WRWDO�JUDIW�

SRO\PHUV�� 7KHUHIRUH�� DQ� LQFUHDVH� LQ� *'� LV� DQ� HIIHFWLYH� ZD\� WR� LQFUHDVH� WKH� IUDFWLRQ� RI�

³FRQGXFWLYH´�JUDIW�SRO\PHUV�RYHU�WKH�WRWDO�JUDIW�SRO\PHUV�PDGH����

,,,�����&RQGXFWLYLW\��:8��DQG�K\GUDWLRQ�QXPEHU�

7KH� FKDUDFWHULVWLFV� RI� WKHVH�$(0V� DUH� OLVWHG� LQ� 7DEOH� ��� 7KH� LQLWLDO�2+í� FRQGXFWLYLW\�

�V2+í��RI�$(0V�ZLWK�GLIIHUHQW�*'V�DW����&�ZDV�SORWWHG�DV�D�IXQFWLRQ�RI�,(&H[S�LQ�)LJXUH���D���

6LPLODU�WR�SUHYLRXV�3(0V�DQG�$(0V��V2+í�LQFUHDVHV�ZLWK�DQ�LQFUHDVH�LQ�,(&H[S�RZLQJ�WR�WKH�

LQFUHDVHG�QXPEHU�GHQVLW\�RI� LRQLF�JURXSV��DQG�DOVR�ZLWK�DQ� LQFUHDVH� LQ� WKH� WHPSHUDWXUH�� i.e.�

���&�DV�VKRZQ�LQ�)LJXUH�6��LQ�WKH�6XSSRUWLQJ�,QIRUPDWLRQ��RZLQJ�WR�WKH�HQKDQFHG�LRQ�WUDQVIHU�

DW�HOHYDWHG�WHPSHUDWXUH��%\�OLQHDU�H[WUDSRODWLRQ�RI�WKH�GDWD�LQ�)LJXUH���D��WRZDUG�]HUR��RQH�FDQ�

REWDLQ�D�VLPLODU�WKUHVKROG�YDOXH�RI���� IRU�V2+í� ����ZKLFK�UHSUHVHQWV�WKH�RQVHW�RI�DQLRQ�WUDQVSRUW��

7KH�H[LVWHQFH�RI�WKLV�WKUHVKROG�IRU�WKH�DQLRQ�WUDQVSRUW�UHVXOWV�IURP�GLVFRQQHFWHG�LRQ�FKDQQHOV�

LQ�$(0V�ZLWK�YHU\�ORZ�,(&V�� �

7KH�:8�DQG�OZ�RI�$(0V�ZHUH�SORWWHG�DV�D�IXQFWLRQ�RI�,(&H[S�LQ�)LJXUHV���E��DQG���F���

UHVSHFWLYHO\��)LJXUH���E��VKRZV�D�VORZ�LQFUHDVH�LQ�:8�DW�,(&H[S�YDOXHV�ORZHU�WKDQ������PPRO�J��

DQG�WKHQ�D�UDSLG�LQFUHDVH�LQ�:8�ZLWK�DQ�LQFUHDVH�LQ�,(&H[S��)LJXUH���F��VKRZV�D�GLVFRQWLQXRXV�

LQFUHDVH�LQ�OZ�ZLWK�DQ�LQFUHDVH�LQ�,(&H[S��QDPHO\��$(0V�VKRZHG�OZ�RI�DSSUR[LPDWHO\����DW�

,(&H[S�ORZHU�WKDQ������PPRO�J��DQG�WKRVH�RI���±���DW�,(&H[S�KLJKHU�WKDQ�����PPRO�J��7KH�OZ�RI�

$(0�ZLWK�,(&H[S�RI�����PPRO�J�UHSUHVHQWV�D�YDOXH��a����DW�WKH�WUDQVLWLRQ��7KLV�GLVFRQWLQXRXV�

FKDQJH�LQ�OZ�PD\�LQGLFDWH�WKH�H[LVWHQFH�RI�D�VLJQLILFDQW�VWUXFWXUDO�PRGLILFDWLRQ��ZKLFK�HQDEOHV�

WKH�PHPEUDQH�WR�DGVRUE�PRUH�ZDWHU��7R�H[SODLQ�WKHVH�FKDQJHV��ZH�GHILQH�FKDUDFWHULVWLF�,(&�

�,(&F���ZKLFK�LV�WKH�FURVVRYHU�RI�WZR�OLQHDU�UHODWLRQVKLSV�LQ�)LJXUH���E���WR�EH�DSSUR[LPDWHO\�

���±����PPRO�J��7KXV��WKH�FRUUHVSRQGLQJ�FKDUDFWHULVWLF�*'��*'F��LV�LQ�WKH�UDQJH�RI���±�����

:H�SUHVXPH�GLVWLQFW�FKDQJHV�LQ�ERWK�WKH�VWUXFWXUH�DQG�SURSHUWLHV�EHIRUH�DQG�DIWHU�FKDUDFWHULVWLF�
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,(&F�RU�*'F��ZKLFK�ZLOO�EH�GLVFXVVHG�LQ�GHWDLO�LQ�ODWHU�VHFWLRQV��

,Q�FRQWUDVW�WR�:8�DQG�OZ��WKH�,(&H[S�GHSHQGHQFH�RI�FRQGXFWLYLW\�VHHPV�PRUH�FRQWLQXRXV��

DV�VKRZQ�LQ�)LJXUH���D���7KLV�VXJJHVWV�WKDW�WKH�VWUXFWXUDO�FKDQJH�SUHGLFWHG�IURP�WKH�XQXVXDO�

MXPS�RI�OZ�GRHV�QRW� DIIHFW� WKH� DQLRQ�FRQGXFWLQJ�EHKDYLRU��$� VLPLODU�SKHQRPHQRQ�ZDV� DOVR�

UHSRUWHG�E\�$PHO�et al.��LQ�ZKLFK�WKH\�REVHUYHG�D�VWHHS�LQFUHDVH�LQ�:8�EXW�QRW�FRQGXFWLYLW\�LQ�

TXDWHUQDU\�DPPRQLXP�SRO\�VXOIRQH��EDVHG�$(0V�ZLWK�,(&���� �

&RPSDUHG�ZLWK�WKH�SUHYLRXVO\�UHSRUWHG�,P�6W�$(0V�ZLWK�VLPLODU�,(&�������WKHVH�QHZ�$(0V�

VKRZ�VLPLODU� FRQGXFWLYLWLHV�EXW�PXFK� ORZHU�:8�DQG�OZ��7KLV�RFFXUV�SUREDEO\�EHFDXVH� WKH�

K\GURSKLOLF�K\GURSKRELF�SKDVH�VHSDUDWLRQ�LV�PXFK�VWURQJHU�LQ�WKH�FXUUHQW�$(0V�EHFDXVH�WKH�

KRPRSRO\PHU� JUDIW� FKDLQV� ZLWK� PRUH� UHJXODUO\� DUUDQJHG� K\GURSKLOLF� ,P� JURXSV� DUH�

SHUSHQGLFXODUO\�FRQQHFWHG� WR�K\GURSKRELF�6W�XQLWV� UDWKHU� WKDQ� WKRVH� LQ� ,P�6W�$(0V��ZKLFK�

FRQWDLQ�FRSRO\PHU�JUDIWV�ZLWK�SDUDOOHOO\�FRQQHFWHG�,P�DQG�6W�VHJPHQWV�LQ�D�UDQGRP�PDQQHU��

7KXV� WKH� UHLQIRUFHG�K\GURSKRELF� GRPDLQV� LQ� WKH�JUDIW� FKDLQV� WRJHWKHU�ZLWK� VHPL�FU\VWDOOLQH�

GRPDLQV�LQ�(7)(�EDVH�ILOPV�FRQVWUDLQ�WKH�PHFKDQLFDO�DQG�GLPHQVLRQDO�FKDQJH�RI�$(0V�DJDLQVW�

WKH�ZDWHU�VZHOOLQJ��7KLV�HIIHFW�LV�OLNH�WKH�DGGLWLRQ�RI�FURVV�OLQNHUV�WR�SRO\HWK\OHQH�EDVHG�$(0V��

ZKLFK�LQFUHDVHG�WKH�LRQ�GHQVLW\�VR�WKDW�WKH�FRQGXFWLYLW\��EXW�GHFUHDVHG�WKH�ZDWHU�VZHOOLQJ����,W�

LV�UDWLRQDO�WKDW�D�FOHDU�PLFURSKDVH�VHSDUDWLRQ�EHWZHHQ�LRQLF�JURXSV�DQG�SRO\PHU�EDFNERQH�LV�DQ�

HIILFLHQW�ZD\�WR�FUHDWH�ZDWHU�LRQ�FKDQQHOV�DQG�UHGXFH�:8��

,,,�����/RQJ�WHUP�DONDOLQH�GXUDELOLW\�

� 7KH� DONDOLQH� GXUDELOLW\� RI� WKHVH� $(0V�ZDV� HYDOXDWHG� E\� IROORZLQJ� WKH� FKDQJH� LQ� WKH�

PHPEUDQH�FRQGXFWLYLW\�ZKHQ�$(0V�ZHUH�LPPHUVHG�LQ���0�.2+�DW����&������)LJXUH���VKRZV�

D�FKDQJH�LQ�WKH�UHODWLYH�FRQGXFWLYLWLHV�RI�$(0V�ZLWK�GLIIHUHQW�*'V�RI�������������DQG������

GHVLJQDWHG� DV�$(0����$(0����$(0���� DQG�$(0��� DW� ���&� RQ� WKH� EDVLV� RI� WKHLU� LQLWLDO�

FRQGXFWLYLWLHV��UHVSHFWLYHO\��$(0���VKRZV�DQ�H[FHOOHQW�DONDOLQH�VWDELOLW\�RYHU�����K��MXGJLQJ�

IURP� LWV� FRQVWDQW� FRQGXFWLYLW\� ���±���P6�FP� DW� ���&�� GXULQJ� WKH� HQWLUH� LPPHUVLRQ� SHULRG��

DOWKRXJK�WKH�VXUIDFH�RI�WKH�PHPEUDQH�DSSHDUV�WR�EH�VOLJKWO\�URXJKHU�WKDQ�LWV�LQLWLDO�VWDWH�� �
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$(0���ZLWK�PRGHUDWH�FRQGXFWLYLW\�DQG�KLJK�VWDELOLW\�LQ�DQ�DONDOLQH�VROXWLRQ�FRQWDLQLQJ�

ORZ�:8�LV�DOPRVW� WKH�EHVW�$(0�XS�WR�QRZ�FRPSDUHG�ZLWK� WKH�RWKHU�$(0V�UHSRUWHG� LQ� WKH�

OLWHUDWXUH������+RZHYHU�� DOO� RWKHU� WKUHH�$(0V�ZLWK� ,(&V�!� ,(&F� VKRZ�SRRU� GXUDELOLW\� LQ� WKH�

DONDOLQH�VROXWLRQ��$IWHU�����K��WKH�UHODWLYH�FRQGXFWLYLWLHV�RI�WKRVH�$(0V�GHFUHDVHG�WR�OHVV�WKDQ�

���� OHYHO� RI� WKHLU� LQLWLDO� YDOXHV��7KH� HYDOXDWLRQ�RI�PHPEUDQH�GXUDELOLW\� IRU� DOO�$(0V�ZDV�

PDUNHG�LQ�7DEOH����7KH�UHVXOWV�VKRZ�WKDW�VLPLODU�WR�:8�DQG�OZ��WKH�ORQJ�WHUP�DONDOLQH�GXUDELOLW\�

DOVR�H[KLELWV�D�GUDPDWLF�FKDQJH�DFURVV�,(&F��

,,,��� 6WUXFWXUDO� DQDO\VLV� RI� 6W,P�$(0V�ZLWK� GLIIHUHQW� ,(&V� LQ� GU\� DQG�ZDWHU�VZROOHQ�

VWDWHV�

� $V�PHQWLRQHG�DERYH��WKH�:8��OZ��DQG�DONDOLQH�GXUDELOLW\�RI�$(0V�KDYH�WUDQVLWLRQ�SRLQWV�

DW�,(&F�����±����PPRO�J��RU�*'F����±������DV�VKRZQ�LQ�)LJXUH����%HFDXVH�WKH�XQXVXDO�,(&H[S�

GHSHQGHQFH�RI�PHPEUDQH�SURSHUWLHV�FDQQRW�EH�H[SODLQHG�E\�RQO\�FKHPLFDO�VWUXFWXUHV�DQG�WKHLU�

SULPDU\� SURSHUWLHV�� WKH� HIIHFW� RI� KLJKHU�RUGHU� VWUXFWXUDO� WUDQVLWLRQ� PD\� EH� SURIRXQG� LQ� WKH�

PHPEUDQH��7KXV��WR�FODULI\�ZKHWKHU�WKH�H[SHFWHG�VWUXFWXUDO�FKDQJH�RFFXUV�RU�QRW��WKUHH�$(0V�

ZLWK�*'V�RI��������DQG�����DQG�IRXU�$(0V�ZLWK�*'V�RI�������������DQG������ZKLFK�KDYH�

ORZHU�DQG�KLJKHU�,(&V�WKDQ�,(&F��ZHUH�VHOHFWHG�WR�SHUIRUP�6$16�PHDVXUHPHQWV�� �

)LJXUHV� ��D�� DQG���E�� VKRZ� WKH�6$16�SURILOHV� RI� WKHVH�$(0V� LQ�GU\� DQG� IXOO\�ZDWHU�

VZROOHQ�VWDWHV�DW�URRP�WHPSHUDWXUH��UHVSHFWLYHO\��)RU�ZDWHU�VZROOHQ�$(0V��'�2�ZDV�XVHG�DV�D�

VROYHQW� WR�REWDLQ�KLJKHU�VFDWWHULQJ� LQWHQVLW\�DQG� ORZHU� LQFRKHUHQW�VFDWWHULQJ�EDFNJURXQG��7R�

FDWFK�WKH�VWUXFWXUDO�IHDWXUHV�DW�KLJK�q�UDQJH��WKH�LQFRKHUHQW�VFDWWHULQJ�LQWHQVLW\�ZDV�UHPRYHG�

IRU�DOO�SURILOHV��7KH�RULJLQDO�VFDWWHULQJ�SURILOHV�EHIRUH�WKH�LQFRKHUHQW�VFDWWHULQJ�FRUUHFWLRQ�IRU�

$(0V�LQ�GU\�DQG�ZHW�VWDWHV�DUH�VKRZQ�LQ�)LJXUHV�6��D��DQG�6��E��LQ�WKH�6XSSRUWLQJ�,QIRUPDWLRQ��

UHVSHFWLYHO\�� $FFRUGLQJ� WR� WKH� VFDWWHULQJ� IHDWXUHV�� DV� GLVFXVVHG� LQ� RXU� SUHYLRXV� SDSHUV�� ZH�

H[SHGLHQWO\�VHSDUDWH�WKHVH�6$16�SURILOHV�LQWR�WZR�q�UHJLRQV��5HJLRQ�,�DW�q�������QPí��LV�UHODWHG�

WR�WKH�PLFURSKDVH�VHSDUDWLRQ�EHWZHHQ�FRQGXFWLQJ�QRQ�FRQGXFWLQJ�SKDVHV��DQG�5HJLRQ�,,�DW�q�!�

����QPí��LV�UHODWHG�WR�WKH�ORFDO�VWUXFWXUHV�LQ�WKH�FRQGXFWLQJ�SKDVH���� �
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,,,�����'U\�$(0V�

,Q�5HJLRQ�,��D�EURDG�FRUUHODWLRQ�SHDN�DW�DSSUR[LPDWHO\�����±�����QPí��ZDV�REVHUYHG�IRU�

DOO�GU\�$(0V�LQ�)LJXUH���D���7KHVH�W\SLFDO�EURDG�SHDNV�ZLWK�D�d�VSDFLQJ�RI�DSSUR[LPDWHO\����

QP�ZHUH�ZHOO�FKDUDFWHUL]HG�DV�WKH�PLFURSKDVH�VHSDUDWLRQ�EHWZHHQ�(7)(�EDVH�PDWHULDO�DQG�JUDIW�

SRO\PHUV� FRQVWUDLQHG� E\� WKH� DOWHUQDWLRQ� RI� FU\VWDOOLQH� SKDVH� DQG� DPRUSKRXV� SKDVH�� DV�

PHQWLRQHG�LQ�RXU�SUHYLRXV�VWXGLHV�������7KH�SHDN�LQWHQVLW\�LQFUHDVHG�ZLWK�,(&�DW�����,(&��������

PPRO�J��DQG�WKHQ�NHSW�DV�D�FRQVWDQW�RU�HYHQ�VOLJKWO\�GHFUHDVHG�OHYHO�ZKHQ�,(&�IXUWKHU�LQFUHDVHG��

$�VLPLODU�SKHQRPHQRQ�KDV�EHHQ�UHSRUWHG�EHIRUH�LQ�(7)(�EDVHG�SRO\�VW\UHQH�VXOIRQLF�DFLG��

JUDIWHG�3(0��ZKLFK�ZDV�DWWULEXWHG�WR�WKH�SRVVLEOH�IRUPDWLRQ�RI�H[WUD�36�JUDIW�SRO\PHU�GRPDLQV�

ZKHQ�,(&�ZDV�KLJK����6LPLODU�WR�RXU�SUHYLRXV�UHSRUWV��WKH�SHDN�SRVLWLRQ�VKLIWHG�WR�WKH�ORZ�q�

UDQJH�ZLWK�DQ�LQFUHDVH�LQ�,(&�HVSHFLDOO\�DW�,(&��������PPRO�J��*'���������DQG�WKH�EURDGQHVV�

RI� WKH� SHDN� LQFUHDVHG�� ZKLFK� VXJJHVWV� WKDW� WKH� LQFRUSRUDWLRQ� RI� PRUH� JUDIW� SRO\PHUV� LQ�

DPRUSKRXV� GRPDLQV� H[SDQGHG� WKH� VWDFNLQJ� GLVWDQFH� DQG� SHUWXUEHG� WKH� RUGHULQJ�

DUUDQJHPHQW���í���$W�,(&�!�������WKH�ORZ�q�VKLIW�RI�WKH�SHDN�ZDV�QRW�FOHDU��ZKLFK�FRQILUPHG�

WKDW�JUDIW�SRO\PHUL]DWLRQ�LQ�ODPHOODU�VWDFNV�QHDUO\�VWRSSHG��DQG�WKH�SRO\PHUL]DWLRQ�SURFHHGHG�

PRVW� OLNHO\� RXWVLGH� RI� ODPHOODU� VWDFNV����$OO� SURILOHV� RI� GU\�$(0V� DW�q� !� ���� QPí�� REH\HG�

3RURG¶V�ODZ��i.e.�� �ସ����ZKLFK�FKDUDFWHUL]HV�WKH�GLVWLQFW�SKDVH�VHSDUDWLRQ�EHWZHHQ�JUDIWିݍ�ሻ�̱ݍሺܫ

SRO\PHUV�DQG�(7)(�EDVH�PDWHULDOV�ZLWK�D�VKDUS�ERXQGDU\�� �

$W�WKH�KLJK�q�UDQJH�RI�q�!�����QPí���5HJLRQ�,,���QR�VSHFLILF�VWUXFWXUH�IHDWXUH�RI�I�q��SURILOHV�

ZDV�REVHUYHG�UHJDUGOHVV�RI�,(&�RU�*'��HYHQ�WKRXJK�WKHUH�ZHUH�PDQ\�UHSRUWV�VKRZLQJ�LRQRPHU�

SHDNV�LQ�WKLV�q�UHJLRQ��7KLV�RFFXUUHG�SUREDEO\�EHFDXVH�QR�REYLRXV�LRQ�FKDQQHOV�ZHUH�IRUPHG�

ZLWKRXW� ZDWHU�� 7KXV�� GU\� $(0V� ZLWK� GLIIHUHQW� ,(&V� VKRZ� VLPLODU� ORFDO� VWUXFWXUHV� DQG�

GLVWULEXWLRQ�RI�JUDIW�FKDLQV�� �

,,,�����$(0V�HTXLOLEUDWHG�LQ�'�2�

$W� WKH�q�UDQJH�RI� ����±�����QPí�� �5HJLRQ� ,��� E\� FRPSDULQJ�)LJXUHV� ��D�� DQG���E��� LW� LV�

GHWHUPLQHG�WKDW�'�2�HTXLOLEUDWHG�$(0V�H[KLELWHG�WKH�FRUUHODWLRQ�SHDN�DW�ORZHU�q�FRPSDUHG�WR�
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WKH�FRUUHVSRQGLQJ�GU\�$(0V�EHFDXVH�WKH�LQFRUSRUDWLRQ�RI�ZDWHU�ZLWK�WKH�JUDIW�SRO\PHUV�LQ WKH�

DPRUSKRXV�GRPDLQV�H[SDQGHG� WKH�SHULRGLF� ODPHOODU�d�VSDFLQJ�RI�FU\VWDOOLQH�DQG�DPRUSKRXV�

SKDVHV��%HFDXVH�WKH�VFDWWHULQJ�SURILOHV�RI�DOO�ZHW�$(0V�DOVR�VKRZHG�VLPLODU�3RURG¶V�EHKDYLRU�

WR�WKRVH�RI�GU\�$(0V�LQ�WKLV�UHJLRQ��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�LQFRUSRUDWLRQ�RI�ZDWHU�GRHV�

QRW�GHWHULRUDWH� WKH�VKDUS�ERXQGDU\�EHWZHHQ�K\GUDWHG�JUDIW�SRO\PHUV�DQG�K\GURSKRELF�(7)(�

EDVH�PDWHULDOV�� �

$W�WKH�KLJK�q�UDQJH��5HJLRQ�,,���D�ZDWHU�VZHOOLQJ�LQGXFHG�SHDN��ZKLFK�ZDV�QRW�REVHUYHG�

LQ� GU\� $(0V�� QHZO\� DSSHDUHG�� 6SHFLILFDOO\�� DOO� '�2�HTXLOLEUDWHG� $(0V� VKRZHG� D� FOHDU�

VFDWWHULQJ�PD[LPXP��L�H���LRQRPHU�SHDN���ZKLFK�LQGLFDWHG�WKH�IRUPDWLRQ�RI�LRQLF�FOXVWHUV�LQ�WKH�

FRQGXFWLQJ�SKDVH�������7KH�LRQ�FOXVWHULQJ�HIIHFW�KDV�EHHQ�UHJDUGHG�DV�DQ�HIIHFWLYH�IDFWRU�IRU�WKH�

IDVW�GLIIXVLRQ�RI�ZDWHU�DQG�FRQGXFWLRQ�RI�LRQV�WKURXJK�WKH�PHPEUDQH�������7KH�LRQRPHU�SHDN�RI�

$(0���VHHPHG�WR�EH�VOLJKWO\�EURDGHU�WKDQ�RWKHU�$(0V�DQG�KDG�WKH�ORZHVW�LQWHQVLW\��7KH�SHDN�

SRVLWLRQ��q���LV�a����QPí���ZKLFK�LQGLFDWHG�WKDW�WKH�PHDQ�GLVWDQFH�EHWZHHQ�WZR�LRQLF�GRPDLQV��

d��� �S�q����ZDV�DSSUR[LPDWHO\�����QP��7KH�SHDN�EHFDPH�VKDUSHU�ZLWK�KLJKHU�LQWHQVLW\�ZKHQ�

,(&�LQFUHDVHG��ZKLFK�VXJJHVWHG�WKH�IRUPDWLRQ�RI�PRUH�GLVWLQFW�ZHOO�VHSDUDWHG�QDQRGRPDLQV��

:H�VXPPDUL]HG�DOO�d��RI�ZHW�$(0V�LQ�7DEOH���DQG�SORWWHG�WKHP�DV�D�IXQFWLRQ�RI�,(&�LQ�)LJXUH�

��F���7KLV�UHVXOW�VKRZV�WKDW�d��EDUHO\�FKDQJHV�DW�,(&���,(&F��RU�*'���*'F���DQG�WKHQ�VWHDGLO\�

LQFUHDVHV�DW� ,(&�!� ,(&F��7KXV�� WKH� ,(&� �RU�*'��GHSHQGHQFH�RI�d�� VKRXOG�DOVR� UHODWH� WR� WKH�

VWUXFWXUDO� FKDQJH� DFURVV� ,(&F�� VLPLODU� WR� ZKDW� ZH� REVHUYHG� LQ� WKH� :8� DQG� GXUDELOLW\�

PHDVXUHPHQWV��

,,,���&KDUDFWHULVWLF�KLHUDUFKLFDO�VWUXFWXUHV�LQWHUSUHWHG�E\�FRQWUDVW�YDULDWLRQ�PHWKRG�

,,,����� &RQGXFWLQJ�QRQ�FRQGXFWLQJ� WZR�SKDVH� IHDWXUH� DQG� WKH� GLVWULEXWLRQ� RI� JUDIW�

SRO\PHUV�LQ�ERWK�SKDVHV�

7R� UHYHDO� WKH� VWUXFWXUDO� GLIIHUHQFH� LQ� WKHVH� $(0V�� WKH� FRQWUDVW� YDULDWLRQ� 6$16�

PHDVXUHPHQWV�ZHUH�SHUIRUPHG�IRU�$(0V�ZLWK�ORZHU�,(&V��i.e.��$(0����RU�KLJKHU�,(&V��i.e.��

$(0���DQG�$(0����WKDQ�,(&F��7KH�VFDWWHULQJ�SURILOHV�RI�WKHVH�WKUHH�$(0V�HTXLOLEUDWHG�LQ�
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GLIIHUHQW� +�2�'�2� PL[WXUHV� DUH� VKRZQ� LQ� )LJXUH� 6�� LQ� WKH� 6XSSRUWLQJ� ,QIRUPDWLRQ�� $V�

PHQWLRQHG�LQ�6FKHPH����WKH�VWUXFWXUDO�DQDO\VLV�LQ�5HJLRQ�,�DOORZHG�XV�WR�FODULI\�WKH�PLFURSKDVH�

VHSDUDWLRQ� FKDUDFWHULVWLFV� RI� WKH� PHPEUDQHV�� 2XU� UHFHQWO\� UHSRUWHG� VWUXFWXUDO� PRGHO� RI�

³FRQGXFWLQJ�QRQ�FRQGXFWLQJ�WZR�SKDVH�V\VWHP´�FDQ�EH�XVHG�WR�GHVFULEH�PLFURSKDVH�VHSDUDWLRQ�

DQG�WKH�GLVWULEXWLRQ�RI�JUDIW�SRO\PHUV�LQ�HDFK�SKDVH�IRU�JUDIW�W\SH�$(0V�ZLWK�,P�6W�FRSRO\PHU�

JUDIWV�RQWR�(7)(����7KH�PRGHO�ZDV�YHULILHG�E\�UXOLQJ�RXW�RWKHU�SRVVLEOH�VWUXFWXUDO�PRGHOV�LQ�

UHI������+HUH��ZH�DSSO\�WKLV�PRGHO�WR�DQDO\]H�WKH�VWUXFWXUH�RI�FXUUHQW�PHPEUDQHV��:H�RPLW�WKH�

GHWDLOHG�GHVFULSWLRQ�RI�WKH�PRGHO�DQG�RQO\�PHQWLRQ�WKH�WZR�LPSRUWDQW�IDFWV��6SHFLILFDOO\������WKH�

QRQ�FRQGXFWLQJ� SKDVH� �SKDVH� ��� LV�PDGH� RI� (7)(� EDVH� SRO\PHUV� DQG� QRQ�FRQGXFWLYH� JUDIW�

SRO\PHUV��7KH�FRQGXFWLQJ�SKDVH��SKDVH���� LV�PDGH�RI�FRQGXFWLYH�JUDIW�SRO\PHUV�DQG�ZDWHU��

3KDVHV���DQG���DUH�FOHDUO\�VHSDUDWHG������7KH�YROXPH�IUDFWLRQV�RI�JUDIW�SRO\PHUV�GLVWULEXWHG�LQ�

FRQGXFWLQJ� �IF�JUDIW�� DQG� QRQ�FRQGXFWLQJ� �IQF�JUDIW�� SKDVHV� FDQ� EH� HYDOXDWHG� LQ� D� TXDQWLWDWLYH�

PDQQHU�E\�WKH�FRQWUDVW�YDULDWLRQ�DQG�FRQWUDVW�PDWFKLQJ�6$16�PHWKRG��DV�VKRZQ�LQ�)LJXUHV�6��

DQG�6��LQ�WKH�6XSSRUWLQJ�,QIRUPDWLRQ�� �

$V�OLVWHG�LQ�7DEOH����ZH�HVWLPDWHG�IQF�JUDIW�DQG�IF�JUDIW�RI�HDFK�$(0��WKH�FDOFXODWLRQ�PHWKRGV�

ZHUH�GHVFULEHG�LQ�WKH�6XSSRUWLQJ�,QIRUPDWLRQ��IRU�WKH�GLVWULEXWLRQ�RI�JUDIW�SRO\PHUV�LQ�HLWKHU�

FRQGXFWLQJ�RU�QRQ�FRQGXFWLQJ�SKDVHV��:LWK�DQ� LQFUHDVH� LQ� ,(&��IF�JUDIW� LQFUHDVHG� IURP�������

�$(0���� WR� ������ �$(0����� ZKHUHDV� IQF�JUDIW� ZDV� UHODWLYHO\� FRQVWDQW� ZLWK� D� YDOXH� RI�

DSSUR[LPDWHO\������� �

,,,�����1DQRSKDVH�VHSDUDWHG�VWUXFWXUH�LQ�WKH�FRQGXFWLQJ�SKDVH� �

,Q�5HJLRQ� ,,� �q�!�����QPí����DOO�6$16�SURILOHV�RI�ZDWHU�VZROOHQ�$(0V�VKRZHG�D�FOHDU�

LRQRPHU� SHDN��ZKLFK� LV� WKH� W\SLFDO� VWUXFWXUDO� IHDWXUH� RI� WKH� FRQGXFWLQJ� SKDVH�� DV� VKRZQ� LQ�

)LJXUHV���E��DQG�6���&RPSDUHG�WR�SUHYLRXVO\�UHSRUWHG�,P�6W�$(0V���� WKH� LRQRPHU�SHDNV�RI�

FXUUHQW�6W,P�$(0V�DUH�PXFK�VKDUS��ZKLFK�LQGLFDWHV�D�PRUH�GLVWLQFW�QDQRSKDVH�VHSDUDWLRQ�LQ�

WKH�FRQGXFWLQJ�SKDVH�RZLQJ� WR� WKH� OLQHDU�FKHPLFDO�DUUDQJHPHQW�RI�6W� DQG� ,P�PRLHWLHV��7KH�

FRQWUDVW�YDULDWLRQ�H[SHULPHQWV�IRU�WKH�UHSUHVHQWDWLYH�PHPEUDQHV�$(0����$(0����DQG�$(0���

Page 26 of 118Soft Matter



 
 

18

VKRZHG�WKDW�WKH�SURILOHV�DURXQG�WKH�LRQRPHU�SHDN�ZHUH�VXSHULPSRVHG�ZLWK�RQH�DQRWKHU�E\�WKH�

YHUWLFDO�VKLIWLQJ�RI�WKH�FXUYHV�>)LJXUHV�6��D�±6��F�@��ZKLFK�FRQILUPHG�WKDW�WKH�FRQGXFWLQJ�SKDVH�

FDQ� EH� WUHDWHG� DV� D� WZR�FRPSRQHQW� V\VWHP�� i.e.�� LW� FRQVLVWV� RI� K\GURSKLOLF� �ZDWHU�� DQG�

K\GURSKRELF��JUDIW�SRO\PHU��FRPSRQHQWV�� �

7KH� RULJLQ� RI� WKH� LRQRPHU� SHDN� LV� DWWULEXWHG� WR� WKH� FRUUHODWLRQ� RI� RQH� RI� WKHVH� WZR�

FRPSRQHQWV�� $FFRUGLQJ� WR� %DELQHW¶V� SULQFLSOH���� LW� LV� QRW� SRVVLEOH� WR� GLVWLQJXLVK� ZKLFK�

FRPSRQHQW� FRUUHVSRQGV� WR� WKH� FRUUHODWLRQ� SHDN� IURP� D� VFDWWHULQJ� FXUYH� DORQH�� 1DPHO\�� IRU�

$(0V��LW�LV�QRW�FOHDU�IURP�RQO\�)LJXUH���ZKHWKHU�WKH�K\GURSKLOLF�GRPDLQV�DUH�GLVSHUVHG�LQ�WKH�

K\GURSKRELF�PDWUL[��³UHYHUVH�PLFHOOHV´��RU�WKH�RSSRVLWH��³PLFHOOHV´���DV�LOOXVWUDWHG�LQ�)LJXUHV�

��D��DQG���E���UHVSHFWLYHO\��+RZHYHU��FRQVLGHULQJ�WKH�YROXPH�IUDFWLRQ�RI�VFDWWHULQJ�REMHFWV�DQG�

WKH�PDWUL[��ZKLFK�JHQHUDOO\�FRUUHVSRQG�WR�PLQRU�DQG�PDMRU�FRPSRQHQWV�LQ�D�V\VWHP��RQH�FDQ�

HVWLPDWH�WKDW�HLWKHU�D�K\GURSKLOLF�RU�D�K\GURSKRELF�GRPDLQ�LV�D�VSKHUH��i.e���WKH�H[DFW�FRPSRQHQW�

IRU�WKH�RULJLQ�RI�WKH�LRQRPHU�SHDN���,Q�WKH�IROORZLQJ�VHFWLRQV��ZH�DSSO\�WKH�KDUG�VSKHUH�OLTXLG�

PRGHO�DQG�3RURG�OLPLW�DQDO\VLV�WR�DVVLJQ�WKH�RULJLQ�RI�WKH�LRQRPHU�SHDN��

+DUG�VSKHUH�OLTXLG�PRGHO�DQDO\VLV�

)LUVW��ZH�HPSOR\�WKH�KDUG�VSKHUH��+6��OLTXLG�PRGHO�GHYHORSHG�E\�.LQQLQJ�DQG�7KRPDV�

XVLQJ�WKH�3HUFXV±<HYLFN�FRUUHODWLRQ�IXQFWLRQ��ZKLFK�GHVFULEHV�WKH�VWUXFWXUH�RI�LRQLF�FRQGXFWLQJ�

PDWHULDOV���������������,Q�WKLV�PRGHO��VFDWWHULQJ�REMHFWV�DUH�DVVXPHG�WR�EH�VSKHULFDO�SDUWLFOHV�ZLWK�

DQ� DYHUDJH� UDGLXV� �R6�� UDQGRPO\� GLVWULEXWHG� LQ� WKH� FRQGXFWLQJ� SKDVH�� 7KH� SDUWLFOHV� DUH�

FRQVLGHUHG�WR�EH�OLTXLG�OLNH�ZLWK�LVRWURSLF�VSDWLDO�GLVWULEXWLRQ��DQG�WKH�DYHUDJH�GLVWDQFH�EHWZHHQ�

WKH�QHDUHVW�QHLJKERU�SDLU��r���LV�ODUJHU�WKDQ��RV��,Q�WKLV�VWXG\��d���ZKLFK�LV�GHWHUPLQHG�IURP�WKH�

LRQRPHU�SHDN�PD[LPXP��LV�XVHG�DV�r���7KXV��WKH�REVHUYHG�VFDWWHULQJ�LQWHQVLW\��I�q���LV�H[SUHVVHG�

DV�D�IXQFWLRQ�RI�WKH�YROXPH�IUDFWLRQ�RI�VSKHUHV�LQ�WKH�FRQGXFWLQJ�SKDVH��96��DQG�R6�����������7KH�

GHWDLOV�RI�KRZ�WR�DSSO\�WKLV�PRGHO�WR�JUDIWHG�$(0V�IRU�WKH�GHWHUPLQDWLRQ�RI R6�DQG�96�FDQ�EH�

IRXQG�LQ�UHI������7KH�LRQRPHU�SHDNV�LQ�WKH�VFDWWHULQJ�SURILOHV�LQ�)LJXUH���E��ZHUH�ILWWHG�ZHOO�E\�

WKH�+6�OLTXLG�PRGHO��DV�KLJKOLJKWHG�LQ�)LJXUH����7KH�YDOXHV�RI�R6�DQG�96��REWDLQHG�E\�WKH�EHVW�
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ILWWLQJ�FXUYHV�IRU�WKH�VFDWWHULQJ�GDWD��DUH�OLVWHG�LQ�7DEOH����7KH�R6�YDOXHV�RI�$(0V�LQFUHDVHG�

IURP������c�WR������c�ZLWK�DQ�LQFUHDVH�LQ�,(&�IURP������WR������PPRO�J��96�VHHPHG�WR�EH�D�

PRUH�FRQVWDQW�YDOXH�DV�D�IXQFWLRQ�RI�,(&V�ZLWK�D�VOLJKW�LQFUHDVH�IURP������WR������LQ�WKH�ORZ�

,(&�UDQJH�� �

7KH�FRPSRQHQW�LQ�WKH�VSKHUH�FDQ�EH�VSHFLILHG�DV�ZDWHU�RU�JUDIW�SRO\PHUV�E\�FRPSDULQJ�

WKHLU� YROXPH� IUDFWLRQV� LQ� WKH� FRQGXFWLQJ� SKDVH�ZLWK� 96�� 6SHFLILFDOO\�� ZH� ILUVW� HVWLPDWH� WKH�

YROXPH�IUDFWLRQV�RI�ZDWHU��9Z��DQG�JUDIW�SRO\PHUV��9JUDIW� ��í9Z��DQG�WKHQ�FKHFN�ZKHWKHU�9Z�

RU�9JUDIW�PDWFKHV�WKH�YDOXH�RI�96��9Z�FDQ�EH�LQGHSHQGHQWO\�HVWLPDWHG�IURP� I௖ି௚௥௔௙௧��ZKLFK�LV�

GHWHUPLQHG�IURP�FRQWUDVW�YDULDWLRQ�H[SHULPHQWV��0HWKRG����RU�IURP�OZ��ZKLFK�LV�GHWHUPLQHG�

IURP�WKH�:8�PHDVXUHPHQWV��0HWKRG����XVLQJ�WKH�IROORZLQJ�HTXDWLRQV�� �

0HWKRG���� � � � ௪ܸଵ ൌ
Iೢ

IೢାI೎ష೒ೝೌ೑೟
� � � � � � � � � � � ����

0HWKRG���� � � ௪ܸଶ ൌ
ଵ଼Oೢ

ଵ଼Oೢାெೞ೐೒
� � � � � � � � � � � � � ����

ZKHUH� MVHJ�  � ���� �J�PRO�� LV� WKH� PROHFXODU� ZHLJKW� RI� RQH� UHSHDWLQJ� XQLW� ZLWK� DQ� LRQLF�

LPLGD]ROLXP�KHDG�RQ�WKH�JUDIW�SRO\PHU�FKDLQ��$V�OLVWHG�LQ�7DEOH����WKH�9Z��YDOXHV�DUH�DOPRVW�

WKH�VDPH�DV�WKH�YDOXHV�RI�9Z���ZKLFK�FRQILUPV�QRW�RQO\�WKH�FRUUHFWQHVV�RI�9Z��EXW�DOVR�YDOLGLW\�

RI�WKH�TXDQWLWDWLYH�DQDO\VLV�LQ�WKH�FRQGXFWLQJ�QRQ�FRQGXFWLQJ�PLFURSKDVH�VHSDUDWLRQ�VWUXFWXUH�

PRGHO�XVLQJ�WKH�FRQWUDVW�YDULDWLRQ�PHWKRG�LQ�6HFWLRQ�,,,������7KH�DYHUDJH�YDOXH�RI�9Z��DQG�9Z��

ZDV�GHILQHG�DV�9Z�IRU�$(0����$(0����DQG�$(0����ZKLOH�WKH�9Z��YDOXH�ZDV�XWLOL]HG�DV�9Z�

IRU�RWKHU�$(0V��DV�OLVWHG�LQ�7DEOH���� �

6LPLODU� WR� WKH� ,(&�GHSHQGHQFH�RI�:8�DQG�OZ� VKRZQ� LQ�)LJXUH����9Z�H[KLELWHG�PLQRU�

�����±������DQG�PDMRU������±������FRPSRQHQWV�IRU�6W,P�$(0V�ZLWK�ORZHU�DQG�KLJKHU�,(&V�

WKDQ�,(&F��UHVSHFWLYHO\��7KH�FRPSDULVRQ�RI�96�ZLWK�9Z�RU�9JUDIW�LQ�7DEOH���ZDV�SORWWHG�LQ�)LJXUH�

��D��DV�D�IXQFWLRQ�RI�*'��,W�VKRZV�WKDW�96�LV�FORVH�WR�9Z�IRU�$(0V�ZLWK�ORZ�,(&���,(&F�DQG�WR�

9JUDIW�IRU�$(0V�ZLWK�KLJK�,(&�!�,(&F��7KLV�UHVXOW�LQGLFDWHV�WKDW�WKH�VWUXFWXUH�RI�WKH�FRQGXFWLQJ�

SKDVH�LQ�WKHVH�$(0V�YDULHV�IURP�³UHYHUVH�PLFHOOHV´��ZDWHU�SXGGOHV�GLVSHUVHG�LQ�WKH�SRO\PHU�
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PDWUL[��WR�³PLFHOOHV´��JUDIW�SRO\PHU�DJJUHJDWHV�GLVSHUVHG�LQ�ZDWHU��DFURVV�WKH�FULWLFDO�SRLQW�RI�

,(&��,(&F���1RWH�WKDW�96�RI�$(0���LV�VOLJKWO\�VPDOOHU�WKDQ�9Z�SUREDEO\�EHFDXVH�WKH�VSKHULFDO�

ZDWHU�GRPDLQV�LQ�$(0���DUH�QRW�ZHOO�GHYHORSHG�DQG�OHVV�FRQQHFWHG�GXH�WR�WKH�VPDOO�QXPEHU�

GHQVLW\�RI�FDWLRQ�JURXSV�LQ�WKH�PHPEUDQH��,QVWHDG��$(0���ZLWK�WKH�,(&��FORVH�WR�WUDQVLWLRQ�

YDOXH��,(&F��VKRZHG�ODUJHU�9Z��a�����WKDQ�WKH�FRUUHVSRQGLQJ�96��SUREDEO\�UHVXOWLQJ�IURP�WKH�

PL[HG�VWUXFWXUHV�RI�³PLFHOOHV´�DQG�³UHYHUVH�PLFHOOHV´�LQ�WKH�PHPEUDQH��

3RURG�OLPLW�DQDO\VLV� �

7R�FRQILUP�WKH�FRPSRQHQW�RI�WKH�VSKHUHV�LQ�WKH�FRQGXFWLQJ�SKDVH�RI�$(0V�DQG�LWV�*'�

GHSHQGHQFH�REWDLQHG�DERYH�E\�WKH�KDUG�VSKHUH�OLTXLG�PRGHO�LQ�WKH�ODVW�VHFWLRQ��ZH�DSSO\�WKH�

3RURG�OLPLW�DQDO\VLV�WR�HVWLPDWH�WKH�FRPSRQHQW�RI�WKH�VSKHUHV�DQG�WKH�DYHUDJHG�UDGLXV�RI�VSKHUHV��

GHILQHG�DV�R3RURG��WR�GLVWLQJXLVK�LW�IURP�R6�REWDLQHG�E\�WKH�KDUG�VSKHUH�OLTXLG�PRGHO�������� �

%HFDXVH� LGHDO� WZR�FRPSRQHQW� V\VWHPV� �H�J��� FKDUJHG� FROORLGDO� V\VWHP� DQG� DQ� LRQLF�

PHPEUDQH�VROXWLRQ��GLVFXVVHG� LQ� WKLV� VWXG\�SRVVHVV�D�FOHDU� LQWHUIDFLDO�ERXQGDU\�� I�q�� VKRXOG�

GHFUHDVH�DV�aqí��IRU�ODUJH�q��VR�FDOOHG�3RURG�ODZ��ZLWK�WKH�SURSRUWLRQDOLW\�FRQVWDQW��ZKLFK�LV�

UHODWHG�WR�WKH�WRWDO�DUHD�RI�WKH�JUDIW�SRO\PHU�ZDWHU�LQWHUIDFH��$��LQ�WKH�VFDWWHULQJ�YROXPH��9�������

���7KXV��DV�q�o�f�� �

���
௤՜ஶ

�ସݍοܾଶ6Ȁߨʹሻoݍሺܫ � � � � � � � ����

ZKHUH�6� �$�9��DQG�'b�LV�WKH�VFDWWHULQJ�OHQJWK�GHQVLW\�GLIIHUHQFH�EHWZHHQ�JUDIW�SRO\PHUV�DQG�

ZDWHU��'�2���ZKLFK�LV�a�����u������FPí��LQ�WKLV�VWXG\��,Q�)LJXUH����ZH�SORW�Iq��YHUVXV�q�IRU�DOO�

$(0V�� $OO� SURILOHV� H[KLELW� D� FRQVWDQW� EHKDYLRU� DW� KLJK�q� UDQJH�� ZKLFK� LQGLFDWHV� WKH� VKDUS�

SRO\PHU�ZDWHU�LQWHUIDFH��7KXV��6�RI�HDFK�$(0�ZDV�H[WUDFWHG�XVLQJ�HT������DQG�LV�OLVWHG�LQ�7DEOH�

���

2ZLQJ�WR�WKH�HQHUJHWLF�UHTXLUHPHQW�RI�WKH�VSKHULFDO�VKDSH�WR�PLQLPL]H�WKH�LQWHUIDFLDO�IUHH�

HQHUJ\��WKH�VSKHULFDO�VWUXFWXUHV�RI�³UHYHUVH�PLFHOOH´�RU�³PLFHOOH´�PRGHOV�DUH�ZLGHO\�DFFHSWHG�

DV�W\SLFDO�PLFURVFRSLF�VWUXFWXUHV�IRU�SRO\PHUV�FRQVLVWLQJ�RI�K\GURSKLOLF�K\GURSKRELF�XQLWV��DV�
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LOOXVWUDWHG�LQ�)LJXUHV���D��DQG���E���UHVSHFWLYHO\��7KH�VL]H�DQG�FRPSRQHQW�RI�VSKHULFDO�GRPDLQV�

DUH�UHODWHG�WR�6��DV�ZLOO�EH�GLVFXVVHG�LQ�GHWDLO�EHORZ��7KH�PL[HG�VWUXFWXUHV�PD\�H[LVW�LQ�$(0����

WKXV��WKLV�DQDO\VLV�LV�QRW�DSSOLHG�WR�WKH�$(0���PHPEUDQH�� �

)RU� WKH� ³UHYHUVH�PLFHOOHV´� PRGHO�� WKH� VSKHULFDO� GRPDLQV� DUH� FRPSRVHG� RI� ZDWHU�� DV�

LOOXVWUDWHG�LQ�)LJXUH���D���7KXV��WKH�3RURG�UDGLXV�RI�ZDWHU�VSKHUHV��R3RURG�Z��FDQ�EH�HVWLPDWHG�

IURP�WKH�LQWHUIDFH�TXDQWLW\�RI�6�RQ�WKH�EDVLV�RI�WKH�IROORZLQJ�HTXDWLRQ��í���

ܴ௉௢௥௢ௗǡ௪ ൌ ଷIೢ
6
� � � � � � � � �����

R3RURG�Z�YDOXHV�IRU�DOO�$(0V�DUH�OLVWHG�LQ�7DEOH����7KH�R3RURG�Z�YDOXHV�RI�$(0V�ZLWK�ORZ�,(&V���

,(&F�DUH�QHDUO\�FRQVWDQW�DW�DSSUR[LPDWHO\������c��ZKLFK�LV�FRPSDUDEOH�WR�R6��DSSUR[LPDWHO\�

�����c��REWDLQHG�IURP�WKH�+6�OLTXLG�PRGHO��:KHUHDV��WKRVH�RI�$(0V�ZLWK�KLJK�,(&V�!�,(&F�

DUH�HVWLPDWHG�WR�EH�����±�����c��ZKLFK�LV�PXFK�ODUJHU�WKDQ�WKH�FRUUHVSRQGLQJ�R6��DV�VKRZQ�LQ�

)LJXUH���E���7KH�YDOXHV�IRU�$(0V�ZLWK�KLJK�,(&V�H[FHHG�WKH�XSSHU�OLPLW�RI�WKH�PHDQ�GLVWDQFH�

EHWZHHQ�WZR�VSKHUHV��i.e.��d����ZKLFK�LQGLFDWHV�WKDW�WKH�³UHYHUVH�PLFHOOHV´�PRGHO�GRHV�QRW�PDWFK�

WKH�FDVH�RI�$(0V�ZLWK�KLJK�,(&V�� �

)RU�WKH�³PLFHOOHV´�PRGHO��WKH�VSKHULFDO�GRPDLQV�DUH�PDGH�RI�JUDIW�SRO\PHUV��DV�LOOXVWUDWHG�

LQ�)LJXUH���E���7KH�3RURG� UDGLXV�RI�JUDIW�SRO\PHU� VSKHUHV� R3RURG�J�� FDQ�EH�HVWLPDWHG�E\� WKH�

IROORZLQJ�HTXDWLRQ��

ܴ௉௢௥௢ௗǡ௚ ൌ
ଷI೎ష೒ೝೌ೑೟

6
� � � � � � � � � �����

$V�OLVWHG�LQ�7DEOH���DQG�SORWWHG�LQ�)LJXUH���E���WKH�UHVXOWDQW�R3RURG�J�YDOXHV�RI�$(0V�ZLWK�KLJK�

,(&V�!�,(&F�DUH�LQ�WKH�UDQJH�RI�����±�����c��ZKLFK�LV�FRPSDUDEOH�WR�R6�YDOXHV�DQG�FRQILUPV�

WKH�YDOLGLW\�RI�WKH�³PLFHOOHV´�PRGHO��%RWK�R3RURG�Z�DQG�R3RURG�J DUH�ODUJHU�WKDQ�d�����ZKLFK�PHDQV�

WKDW�VSKHULFDO�GRPDLQV�VKRXOG�EH�FRQQHFWHG�WR�RQH�DQRWKHU�DQG��WKXV��ZHOO�SHUFRODWHG��2Q�WKH�

EDVLV�RI�WKH�DERYHPHQWLRQHG�FRPSDULVRQ�EHWZHHQ�R6�DQG�R3RURG�IRU�DOO�$(0V�ZLWK�YDULRXV�,(&V��

LW�LV�FRQFOXGHG�WKDW�6W,P�$(0V�SRVVHVV�³UHYHUVH�PLFHOOHV´�DQG�³PLFHOOHV´�PRGHO�VWUXFWXUHV�LQ�

ORZ�DQG�KLJK�,(&�UDQJHV�LQ�WKH�FRQGXFWLQJ�SKDVHV��DV�VFKHPDWLFDOO\�LOOXVWUDWHG�LQ�)LJXUHV���D��
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DQG���E���UHVSHFWLYHO\�� �

/RFDO�VWUXFWXUHV�DURXQG�LPLGD]ROLXP�LRQLF�JURXSV� �

$QRWKHU� LPSRUWDQW� SDUDPHWHU� SRVVLEO\� REWDLQHG� IURP� WKH� 3RURG� OLPLW� DQDO\VLV� LV� WKH�

LQWHUIDFLDO�DUHD�RFFXSLHG�SHU�LRQLF�KHDG��S��������:H�DVVXPH�WKDW�DOO�LRQLF�LPLGD]ROLXP�JURXSV�

ZLWK� WKH� WRWDO�QXPEHU�RI�1LRQ�H[LVWLQJ� LQ� WKH�VFDWWHULQJ�YROXPH�RI�9�DUH� ORFDWHG�DW� WKH�JUDIW�

SRO\PHU�ZDWHU�LQWHUIDFH�ZLWK�DQ�RFFXSLHG�DUHD�RI�S��7KXV��WKH�S�YDOXH�FDQ�EH�FDOFXODWHG�XVLQJ�

WKH�IROORZLQJ�HTXDWLRQ�� �

ܵ ൌ 6
ே೔೚೙Ȁ௏

ൌ ௩బ6
I೎ష೒ೝೌ೑೟

� � � � � � � � � � � � �����

ZKHUH v�� LV� WKH� YROXPH� RI� JUDIW� SRO\PHU� DVVRFLDWHG� ZLWK� RQH� LRQLF� JURXS�� ZKLFK� FDQ� EH�

FDOFXODWHG� IURP� WKH� HTXLYDOHQW� ZHLJKW� RI� WKH� UHSHDWLQJ� XQLW� DQG� LWV� PDVV� GHQVLW\� RI�

DSSUR[LPDWHO\� ���� c��� DQG� IF�JUDIW� LV� WKH� HIIHFWLYH� YROXPH� IUDFWLRQ� RI� JUDIW� SRO\PHU� LQ� WKH�

FRQGXFWLQJ�SKDVH��DV�ZH�TXDQWLWDWLYHO\�GHWHUPLQHG�LQ�WKH�DERYHPHQWLRQHG�VHFWLRQ�� �

7KH�UHVXOWDQW�S�YDOXHV�DUH�VKRZQ�LQ�7DEOH���DQG�)LJXUH���F���7KH�REWDLQHG�YDOXH�VKRZV�

WKDW�S�LV�DSSUR[LPDWHO\�FRQVWDQW����±���c����UHJDUGOHVV�RI�,(&�DQG�:8��7KH�S�YDOXHV�RI�WKHVH�

6W,P�$(0V�DUH�UHODWLYHO\�ODUJHU�WKDQ�WKRVH�REWDLQHG�IRU�ORQJ�SHQGDQW�VLGH�FKDLQ�3)6,����±���

c���������RU�VKRUW�SHQGDQW�VLGH�FKDLQ�3)6,����±���c�����SDUWLDOO\�EHFDXVH�RI�WKH�ODUJHU�VL]H�RI�

LPLGD]ROLXP�FDWLRQLF�JURXS�FRPSDUHG�WR�WKH�VXOIRQLF�DFLG�JURXS�LQ�WKRVH�V\VWHPV��DQG�SDUWLDOO\�

EHFDXVH�RI�WKH�ZHDNHU�LQWHUDFWLRQ�EHWZHHQ�WKH�LRQ�SDLU�RI�LPLGD]ROLXP�FDWLRQ�DQG�2+í�WKDQ�

WKDW�RI�VXOIRQLF�DFLG�DQG�+�2���ZKLFK�KDV�EHHQ�FRQILUPHG�E\�PROHFXODU�G\QDPLFV�VLPXODWLRQ�

VWXGLHV����

� � � � ,W�LV�SRVVLEOH�WR�HVWLPDWH�WKH�DYHUDJH�QXPEHU�RI�LRQLF�JURXSV�SHU�VSKHULFDO�GRPDLQ��nion��

XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�� �

݊௜௢௡ ൌ
ସSோು೚ೝ೚೏మ

ௌ
� � � � � � � � � � � � �����

7KXV��WKH�REWDLQHG�nion YDOXHV�DUH�VKRZQ�LQ�7DEOH���DQG�)LJXUH���F���)RU�$(0V�ZLWK�,(&V���

,(&F�� nion� LV� DSSUR[LPDWHO\� ��±���� )RU� $(0V� ZLWK� ,(&V� !� ,(&F�� nion� LQFUHDVHV� WR� ��±����
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%HFDXVH�S�LV�DOPRVW�FRQVHUYHG��WKH�ODUJHU�YDOXH�RI�nion�LV�DWWULEXWHG�WR�WKH�ODUJHU�SDUWLFOH�VL]H�RI�

PLFHOOHV�UHODWLYH�WR�UHYHUVH�PLFHOOHV��

7KH�VWUXFWXUH�LQYHUVLRQ�IURP�³UHYHUVH�PLFHOOHV´�WR�³PLFHOOHV´�LQFUHDVHV�WKH�WRWDO�:8�DQG�

OZ�DQG�DOVR� ORZHUV�PHPEUDQH�VWDELOLW\� LQ�DONDOLQH�VROXWLRQV��%HFDXVH� WKH� LRQLF� LPLGD]ROLXP�

JURXSV� LQ� ³UHYHUVH�PLFHOOHV´� DQG� ³PLFHOOHV´� IDFH� WKH� LQQHU� DQG� RXWHU� LQWHUIDFH� GLUHFWLRQ� RI�

VSKHULFDO�GRPDLQV��WKH�IRUPHU�RQH�LV�VXUURXQGHG�E\�IHZHU�IUHH�VSDFHV�LQ�WKH�ZDWHU�GRPDLQ�WKDQ�

WKH�ODWWHU�RQH��ZKLFK�OHDGV�WR�VPDOOHU�OZ��DV�VFKHPDWLFDOO\�VKRZQ�LQ�)LJXUHV���F��DQG���G���,Q�

RWKHU�ZRUGV��HYHQ�WKRXJK�WKH�DUHD�RI�LQWHUIDFH�RFFXSLHG�E\�RQH�LRQLF�JURXS��S��LV�FRQVHUYHG��

ZLWK�DQ�LQFUHDVH�LQ�,(&��D�KLJKHU�UHDFWLRQ�UDWH�RI�K\GURO\VLV�DURXQG�WKH�LRQLF�JURXSV�LV�H[SHFWHG�

RZLQJ�WR�WKH�LQFUHDVHG�QXPEHU�RI�ZDWHU�PROHFXOHV�DURXQG�WKH�LRQLF�JURXSV��ZKLFK�FRQVLGHUDEO\�

GHFUHDVHV� VWDELOLW\� LQ� DONDOLQH� VROXWLRQV��(YHQ� WKRXJK� WKH� VWUXFWXUH� HYROXWLRQ� LQ� WKHVH�6W,P�

$(0V� LV� VLPLODU� WR� WKRVH�RI� SHUIOXRURVXOIRQDWHG� LRQRPHU�PHPEUDQHV� �i.e.��1DILRQż5� DQG� LWV�

GHULYDWLYHV���WKH�FKHPLFDO�FRPSRVLWLRQ�DQG�VL]H�RI�K\GURSKRELF�GRPDLQV�LQ�WKHVH�6W,P�$(0V�

DUH�XQLTXH������� �

,,,����+\GUD]LQH�K\GUDWH�IXHO�FHOO�SHUIRUPDQFH�DQG�GXUDELOLW\�

7KH� IXHO�FHOO�SHUIRUPDQFH� LV� VWURQJO\�GHSHQGHQW�RQ� WKH�SURSHUW\�RI�$(0V�� VXFK�DV�

ZDWHU�SHUPHDELOLW\�DQG�IXHO�EDUULHU�SURSHUW\�LQ�DGGLWLRQ�WR�LQWHUDFWLRQ�ZLWK�FDWDO\VW�OD\HUV��:H�

IDEULFDWHG�IRXU�0($V�XVLQJ�6W,P�$(0V��ZLWK�,(&V�RI������PPRO�J��$(0����������PPRO�J�

�$(0���������PPRO�J��$(0�����DQG������PPRO�J��$(0�����DQG�WKH�PRVW�IUHTXHQWO\�XVHG�

RUJDQLF� FDWLRQV�%70$�SRZGHU� DV� DQ� LRQRPHU�ZLWK�1L±&� �����PJ�FP��� DQG�13&������ �����

PJ�FP��� DV� DQ� DQRGH� DQG� FDWKRGH�� UHVSHFWLYHO\�� 7KH� VLQJOH� K\GUD]LQH� K\GUDWH� IXHO� FHOO�

SHUIRUPDQFH�ZDV�VKRZQ�LQ�)LJXUH�6���0($�ZLWK�$(0���VKRZHG�WKH�EHVW�SHUIRUPDQFH�DQG�

DFKLHYHG�WKH�PD[LPXP�SRZHU�GHQVLW\�RI����P:�FP��DW�WKH�FXUUHQW�GHQVLW\�RI����P$�FP���DW�

WKH�RSWLPDO�IORZ�UDWH�RI����P/�PLQ�ZLWK�D�EDFN�SUHVVXUH�RI����.3D�DW�WKH�FDWKRGH�VLGH��&RQWUDU\�

WR�$(0����0($�ZLWK�$(0���DQG�$(0���SUHVHQWHG�QHDUO\�QR�SHUIRUPDQFH��DQG�ZLWK�$(0���

DFKLHYHG�ORZHU�SHUIRUPDQFH�RI����P:�FP��DW�WKH�FXUUHQW�GHQVLW\�RI����P$�FP��� �
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$FFRUGLQJ�WR�WKH�H[�VLWX�PHPEUDQH�GXUDELOLW\�WHVW�UHVXOWV�LQ�DQ�DONDOLQH�VROXWLRQ�VKRZQ�LQ�

)LJXUH���DQG�WKH�DERYHPHQWLRQHG�VWUXFWXUH�DQDO\VLV��$(0���LV�UHJDUGHG�DV�WKH�PRVW�VXLWDEOH�

PHPEUDQH�ZLWK�ERWK�JRRG� FRQGXFWLYLW\� DQG� DONDOLQH�GXUDELOLW\� RZLQJ� WR� LWV� UHYHUVH�PLFHOOH�

VWUXFWXUH��+RZHYHU��0($�IDEULFDWHG�ZLWK�$(0���VKRZHG�VXFK�SRRU� IXHO�FHOO�SHUIRUPDQFH��

DOWKRXJK�WKH�H[�VLWX�PHPEUDQH�SURSHUWLHV�ZHUH�JRRG��7KLV�UHVXOW�LQGLFDWHV�WKDW�WKH�UHDO�IXHO�FHOO�

RSHUDWLRQ�FRQGLWLRQ�VKRXOG�EH�GHYLDWHG�IURP�WKH�H[�VLWX�DONDOLQH�VROXWLRQ��7KH�VWUXFWXUDO�DQDO\VLV�

RI�WKH�PHPEUDQHV�UHTXLUHG�IRU�WKH�GXUDELOLW\�LQ�WKH�UHDO�IXHO�FHOOV�LV�QRW�VXIILFLHQW��+RZHYHU��VR�

IDU��WKH�PHPEUDQH�VWUXFWXUHV�LQ�WKH�IXHO�FHOO�FDQQRW�EH�DQDO\]HG�FOHDUO\��7KXV��ZH�EHOLHYH�LW�LV�

RQH� RI� WKH� SURPLVLQJ� PHWKRGV� WR� HVWLPDWH� WKHP� LQ� IXHO� FHOO� RSHUDWLQJ� FRQGLWLRQ� IURP� WKH�

HYLGHQFH�RI�WKH�PHPEUDQH�VWUXFWXUHV�LQ�H[�VLWX�VROXWLRQV��ZKLFK�DUH�FOHDUO\�DQDO\]HG��,W�LV�NQRZQ�

WKDW�WKH�PHPEUDQH�XQGHU�WKH�IXHO�FHOO�RSHUDWLRQ�FRQGLWLRQ�LV�UHODWLYHO\�GU\�FRPSDUHG�WR�WKDW�LQ�

DQ�DONDOLQH�VROXWLRQ��7KH�ORZHU�K\GUDWLRQ�LQFUHDVHV�WKH�K\GURSKRELFLW\�RI�WKH�PHPEUDQH�VXUIDFH��

ZKLFK�GHFUHDVHV�VXUIDFH�DGKHVLRQ�WR�LRQRPHUV�DQG�FDWDO\VW�OD\HUV�DQG�GLVFRQQHFWV�WKH�QHWZRUN�

VWUXFWXUH�RI�LRQLF�FKDQQHOV�LQ�WKH�PHPEUDQH��&RQVHTXHQWO\��WKH�LQ�VLWX�FRQGXFWLQJ�SURSHUWLHV�RI�

$(0���DQG�HYHQ�$(0����DUH�ZRUVH�WKDQ�WKRVH�RI�WKH�IXOO\�K\GUDWHG�FRQGLWLRQ�LQ�WKH�H[�VLWX�

VROXWLRQ�WHVW��ZKLFK�OHDGV�WR�WKH�SRRU�IXHO�FHOO�SHUIRUPDQFH��,Q�DGGLWLRQ��WKH�ORZHU�K\GUDWLRQ�

HIIHFW�LQ�0($�SRVVLEO\�VKLIWV�WKH�VWUXFWXUH�WUDQVLWLRQ�SRLQW�RI�,(&F�WRZDUG�KLJKHU�,(&�YDOXHV��

7KXV��$(0V�ZLWK�UHODWLYHO\�KLJKHU�,(&��i.e.��$(0����DVVHPEOHG�LQ�0($�PD\�SRVVLEO\�NHHS�

WKH� VWDEOH� UHYHUVH�PLFHOOH� VWUXFWXUH�� ZKLFK� LV� HVVHQWLDO� IRU� WKH� ORQJ�WHUP� LQ� VLWX� GXUDELOLW\�

UHTXLUHPHQW�� �

,W� VKRXOG� EH� DGGUHVVHG� WKDW� 0($� IDEULFDWHG� ZLWK� $(0��� VKRZHG� ZRUVH� IXHO� FHOO�

SHUIRUPDQFH�WKDQ�$(0���SUREDEO\�RZLQJ�WR�WKH�IDFW�WKDW�$(0���ZLWK�D�PLFHOOH�VWUXFWXUH�LV�

VWUXFWXUDOO\�WRR�ZHDN�WR�H[KLELW�JRRG�SHUIRUPDQFH�LQ�HLWKHU�H[�VLWX�DONDOLQH�VROXWLRQV�RU�XQGHU�

VHYHUH�K\GUD]LQH�.2+�DONDOLQH�IXHO�FHOO�FRQGLWLRQV�� �

,Q�RUGHU�WR�LPSURYH�WKH�IXHO�FHOO�SHUIRUPDQFH��DQLRQ�FRQGXFWLQJ�LRQRPHUV�W\SLFDOO\�QHHG�

WR�KDYH�D�FKHPLFDO�VWUXFWXUH�WKDW�LV�VLPLODU�WR�WKDW�RI�$(0V�DV�ZHOO�DV�KLJKHU�DQLRQ�FRQGXFWLYLW\�
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FRPSDUHG� WR� WKDW� RI� $(0V� WR� DFKLHYH� JRRG� DGKHVLRQ� DQG� FRQQHFWLYLW\� RI� LRQ�SDWKV� DW� WKH�

PROHFXODU� OHYHO�� 7KHUHIRUH�� ZH� UH�DVVHPEOH� 0($� XVLQJ� $(0��� DV� PHPEUDQH� DQG� ILQH�

SRZGHUHG� $(0��� LQ� FKORULGH� IRUP� DV� DQLRQ�FRQGXFWLQJ� LRQRPHU�� ZKLFK� ZDV� SUHSDUHG� E\�

SXOYHUL]DWLRQ�XVLQJ�D�IUHH]HU�PLOO�DFFRUGLQJ�WR�WKH�OLWHUDWXUH����7KH�PXFK�LPSURYHG�IXHO�FHOO�

SHUIRUPDQFH�ZDV� DFKLHYHG�ZLWK� WKH�PD[LPXP�SRZHU� GHQVLW\� RI� ���P:�FP�� DW� WKH� FXUUHQW�

GHQVLW\�RI�����P$�FP��DV�VKRZQ�LQ�)LJXUH���D���,W�DOVR�H[KLELWHG�D�KLJK�2&9�RI������9��ZKLFK�

LQGLFDWHG�ORZ�IXHO�DQG�JDV�SHUPHDELOLW\��7KH�R[\JHQ�IORZ�UDWH�VKRZHG�D�FRQVLGHUDEOH�HIIHFW�RQ�

WKH�FHOO�SHUIRUPDQFH�LQ�ZKLFK�WKH�SHUIRUPDQFH�ZDV�LPSURYHG�DW�WKH�RSWLPDO�IORZ�UDWH�RI�����

P/�PLQ�ZLWK�D�EDFN�SUHVVXUH�RI����.3D�DW�WKH�FDWKRGH�VLGH��

6LQFH�0($�IDEULFDWHG�ZLWK�$(0���H[KLELWV� WKH�EHVW�IXHO�FHOO�SHUIRUPDQFH�� WKH�IXUWKHU�

GXUDELOLW\�WHVW�ZDV�SHUIRUPHG�DW�WKH�FRQVWDQW�FXUUHQW�GHQVLW\�RI�����P$�FP��DW����&��$V�VKRZQ�

LQ�)LJXUH���E���WKLV�VLQJOH�FHOO�H[KLELWHG�H[FHOOHQW�GXUDELOLW\�XS�WR�����K�DQG�PDLQWDLQHG�������

������9��RI�WKH�LQLWLDO�YROWDJH��7R�RXU�NQRZOHGJH��WKLV�LV�RQH�RI�WKH�PRVW�GXUDEOH�DONDOLQH�W\SH�

IXHO�FHOOV���í���7KHVH�UHVXOWV�VKRZHG�WKDW�,P�6W�$(0V�DQG�WKHLU�LRQRPHU�SRZGHUV�DUH�SURPLVLQJ�

PDWHULDOV�IRU�DONDOLQH�IXHO�FHOO�DSSOLFDWLRQV�LQ�WHUPV�RI�SHUIRUPDQFH�DQG�ORQJ�WHUP�GXUDELOLW\��

7KLV�UHVXOW�DOVR�FRQILUPV�RXU�SUHYLRXV�SUHVXPSWLRQ�WKDW�$(0V�XQGHU�WKH�LQ�VLWX�GXUDELOLW\�WHVW�

FRQGLWLRQ�DUH�OHVV�K\GUDWHG�WKDQ�WKRVH�LQ�WKH�H[�VLWX��VROXWLRQ��WHVW��WKXV�$(0V�ZLWK�KLJKHU�,(&��

i.e.�$(0����VWLOO�SRVVHVV�VWDEOH�UHYHUVH�PLFHOOH�VWUXFWXUH�DQG�PDLQWDLQ�ORQJ�WHUP�GXUDELOLW\��,W�

LV�HVVHQWLDO�DQG�FRPSOLFDWHG� WR�XQGHUVWDQG�WKH�PHPEUDQH�SHUIRUPDQFH�DQG�LQ�VLWX�GXUDELOLW\�

XQGHU�WKH�IXHO�FHOO�FRQGLWLRQV����7KHUHIRUH��WKH�H[�VLWX�H[DPLQDWLRQV�RI�FRQGXFWLQJ�SURSHUWLHV��

GXUDELOLW\�� DQG�PHPEUDQH�PRUSKRORJLHV� DUH� LPSRUWDQW� WR� RIIHU� D�PHFKDQLVWLF� LQVLJKW� LQ� WKH�

PHPEUDQH�SURSHUWLHV±PRUSKRORJ\�UHODWLRQVKLSV�� �

,9��&RQFOXVLRQV�

,Q� WKLV� VWXG\�� ZH� SUHSDUHG� QHZ� JUDIW�W\SH�$(0V�� FRPSRVHG� RI� SRO\������VW\U\O��1�1�

GLSURS\OLPLGD]ROLXP� K\GUR[LGH�� KRPRSRO\PHU� JUDIW� FKDLQV� FRQWDLQLQJ� GLIIHUHQW� ,(&V�� RQ�

(7)(�ILOPV�YLD�WKH�UDGLDWLRQ�LQGXFHG�JUDIWLQJ�WHFKQLTXH��:H�LQYHVWLJDWHG�WKH�HIIHFWV�RI�,(&�RQ�
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HOHFWURFKHPLFDO�SURSHUWLHV�DQG�GXUDELOLW\�LQ�DONDOLQH�VROXWLRQV��$�FULWLFDO�,(&�YDOXH��,(&F�����±

����PPRO�J��ZDV�REVHUYHG��%HORZ�,(&F��WKH�PHPEUDQHV�VKRZ�ORZ�:8�DQG�YHU\�JRRG�DONDOLQH�

VWDELOLW\�LQ�D���.2+�VROXWLRQ�DW����&��$ERYH�WKLV�YDOXH��WKH�PHPEUDQHV�DGVRUE�PRUH�ZDWHU�DQG�

DUH�VXVFHSWLEOH�WR�K\GURO\VLV�� �

7KLV�SKHQRPHQRQ�ZDV�LQWHUSUHWHG�E\�VWUXFWXUH�HYROXWLRQ�XVLQJ�WKH�6$16�WHFKQLTXH�ZLWK�

WKH�FRQWUDVW�YDULDWLRQ�PHWKRG��:H�SURSRVHG�WKDW�DW�,(&V���,(&F��WKH�VWUXFWXUH�RI�FRQGXFWLQJ�

SKDVH�LQ�$(0V�ZDV�FKDUDFWHUL]HG�E\�WKH�WUDGLWLRQDO�³UHYHUVH�PLFHOOHV´�PRGHO��:KLOH�DW�,(&�!�

,(&F��WKH�VWUXFWXUH�FKDQJHG�WR�WKH�QHWZRUN�VWUXFWXUH�RI�³PLFHOOHV´��7KH�IXUWKHU�DQDO\VLV�XVLQJ�

WKH�KDUG�VSKHUH�OLTXLG�PRGHO�DQG�3RURG�OLPLW�DQDO\VLV�UHYHDOHG�WKDW�WKLV�VWUXFWXUH�LQYHUVLRQ�ZDV�

GRPLQDWHG�E\�WKH�SRO\PHU�ZDWHU�LQWHUIDFLDO�HQHUJ\��ZKLFK�LPSRVHG�WKH�FRQVHUYDWLRQ�RI�LQWHUIDFH�

DUHD�SHU�LRQLF�JURXS��7KXV��$(0V�ZLWK�WKH�³UHYHUVH�PLFHOOHV´�VWUXFWXUH�ZHUH�PRUH�DONDOLQH�

GXUDEOH�RZLQJ�WR�WKH�ORZHU�QXPEHU�RI�ZDWHU�PROHFXOHV�DURXQG�RQH�LRQLF�JURXS��ZKLFK�UHVXOWHG�

LQ�D�VORZHU�K\GURO\VLV�UHDFWLRQ�UDWH��7KH�UHVXOWV�LQ�WKLV�VWXG\�LQGLFDWHG�WKDW�WKH�PROHFXODU�GHVLJQ�

LQ�WKLV�W\SH�RI�$(0V�WR�SUHYHQW�LRQLF�VWUXFWXUH�LQYHUVLRQ�IURP�³UHYHUVH�PLFHOOHV´�WR�³PLFHOOHV´�

LV�FUXFLDO�WR�VXSSUHVV�:8�DQG�WKH�VXVFHSWLELOLW\�RI�WKH�K\GURO\VLV�UHDFWLRQ��$Q�LQFUHDVH�LQ�WKH�

K\GURSKRELFLW\�RI�WKH�JUDIW�SRO\PHU�EDFNERQH�DQG�WKH�LQWURGXFWLRQ�RI�ODUJHU�FKHPLFDO�KLQGUDQFH�

DURXQG� LRQLF� JURXSV�PLJKW� EH� D� SUDFWLFDO�ZD\� WR� NHHS� WKH� ³UHYHUVH�PLFHOOHV´� VWUXFWXUH� DQG�

LPSURYH�WKH�PHPEUDQH�VWDELOLW\�LQ�DONDOLQH�VROXWLRQV�� �

0($�IDEULFDWHG�ZLWK�$(0���VKRZHG�YHU\�SRRU�IXHO�FHOO�SHUIRUPDQFH��DOWKRXJK�WKH�H[�

VLWX�PHPEUDQH�SURSHUWLHV�ZHUH�JRRG��+RZHYHU��$(0���ZLWK�WKH�,(&�RI������PPRO�J��ZLWK�WKH�

PD[LPXP�SRZHU�GHQVLW\�RI����P:�FP��LQ�WKH�K\GUD]LQH�K\GUDWH�IXHO�FHOO�WHVW��H[KLELWHG�ORQJ�

WHUP�GXUDELOLW\�XQGHU�FRQVWDQW�FXUUHQW������P$��XS�WR�����K��ZKLFK�WKXV�IDU�VKRZHG�WKH�EHVW�

GXUDELOLW\�DW����&�FRPSDUHG�WR�RWKHU�SODWLQXP�IUHH�DONDOLQH�W\SH�OLTXLG�IXHO�FHOOV��,Q�WKH�W\SLFDO�

SODWLQXP�IUHH�K\GUD]LQH�K\GUDWH�IXHO�FHOO�WHVW��WKH�PHPEUDQH�K\GUDWLRQ�OHYHO�LQ�0($�ZDV�OHVV�

WKDQ�WKDW�LQ�DQ�DONDOLQH�VROXWLRQ��$FFRUGLQJO\��,(&F�PRVW�OLNHO\�VKLIWHG�WR�KLJKHU�,(&�YDOXHV��

i.e.��!������PPRO�J�� �
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1RWHV�

7KH�DXWKRUV�GHFODUH�QR�FRPSHWLQJ�¿QDQFLDO�LQWHUHVW��

$FNQRZOHGJPHQWV�

7KLV�ZRUN�ZDV� SDUWLDOO\� VXSSRUWHG� E\�*UDQW�LQ�$LG� IRU� 6FLHQWLILF�5HVHDUFK� �$�� IURP� -DSDQ�

6RFLHW\� IRU� WKH� 3URPRWLRQ� RI� 6FLHQFH� �-636�� �.$.(1+,� *UDQW� 1XPEHU�� ��+������� DQG�

SDUWLDOO\�VXSSRUWHG�E\�³$GYDQFHG�IXQFWLRQDO�SRO\PHU�PDWHULDOV�DOOLDQFH´�SURMHFW�XQGHU�467�

LQQRYDWLRQ�KXE�SURJUDP�LQ�FROODERUDWLRQ�ZLWK�SDUWLFLSDQW�FRPSDQLHV��
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PHPEUDQHV�IRU�IXHO�FHOO�DSSOLFDWLRQV��Int. J. Hydrogen Energy�������35�������������

��� *DVWHLJHU��+��$���3DQHOV��-��(���<DQ��6��*��'HSHQGHQFH�RI�3(0�IXHO�FHOO�SHUIRUPDQFH�RQ�

FDWDO\VW�ORDGLQJ��J. Power Sources�������127�����������

��� -DFREVRQ��0��=���&ROHOOD��:��*���*ROGHQ��'��0��&OHDQLQJ�WKH�DLU�DQG�LPSURYLQJ�KHDOWK�ZLWK�

K\GURJHQ�IXHO�FHOO�YHKLFOHV��Science�������308�������������

��� :HH�� -��+��$SSOLFDWLRQV� RI� SURWRQ� H[FKDQJH�PHPEUDQH� IXHO� FHOO� V\VWHPV��Renewable & 

Sustainable Energy Reviews�������11�������������

��� :DQJ��<���&KHQ��.���0LVKOHU��-���&KR��6��&���$GURKHU��;��&��$�UHYLHZ�RI�SRO\PHU�HOHFWURO\WH�

PHPEUDQH�IXHO�FHOOV��7HFKQRORJ\��DSSOLFDWLRQV��DQG�QHHGV�RQ�IXQGDPHQWDO�UHVHDUFK��Appl. 

Energy�������88������������

��� 9DUFRH�� -��5���6ODGH��5��&��7��3URVSHFWV� IRU� DONDOLQH�DQLRQ�H[FKDQJH�PHPEUDQHV� LQ� ORZ�

WHPSHUDWXUH�IXHO�FHOOV� Fuel Cells�������5�����������

��� 6L��=��4LX��/���'RQJ��+���*X��)���/L��<���<DQ��)�(IIHFWV�RI�6XEVWLWXHQWV�DQG�6XEVWLWXWLRQ�

3RVLWLRQV�RQ�$ONDOLQH�6WDELOLW\�RI�,PLGD]ROLXP�&DWLRQV�DQG�7KHLU�&RUUHVSRQGLQJ�$QLRQ�

([FKDQJH�0HPEUDQHV��ACS Appl. Mater. Interfaces�������6�������������

����9DUFRH��-��5���$WDQDVVRY��3���'HNHO��'��5���+HUULQJ��$��0���+LFNQHU��0��$���.RKO��3��$���

.XFHUQDN�� $�� 5��� 0XVWDLQ��:�� (��� 1LMPHLMHU�� .��� 6FRWW�� .��� ;X�� 7��� =KXDQJ�� /�� $QLRQ�

H[FKDQJH�PHPEUDQHV�LQ�HOHFWURFKHPLFDO�HQHUJ\�V\VWHPV��Energy Environ. Sci.�������7�������

������

����&RXWXUH�� *��� $ODDHGGLQH�� $��� %RVFKHW�� )��� $PHGXUL�� %�� 3RO\PHULF� PDWHULDOV� DV� DQLRQ�
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H[FKDQJH�PHPEUDQHV�IRU�DONDOLQH�IXHO�FHOOV��Prog. Polym. Sci.�������36������������� �

����0HUOH��*���:HVVOLQJ��0���1LMPHLMHU��.��$QLRQ�H[FKDQJH�PHPEUDQHV�IRU�DONDOLQH�IXHO�FHOOV��

$�UHYLHZ��J. Membr. Sci.�������377��������

����:DQJ��<��-���4LDR��-���%DNHU��5���=KDQJ��-��$ONDOLQH�SRO\PHU�HOHFWURO\WH�PHPEUDQHV�IRU�IXHO�FHOO�

DSSOLFDWLRQV��Chem. Soc. Rev.�������42�������������

����%DORJ�� 6��� *DVVHU�� 8��� 0RUWHQVHQ�� .��� *XEOHU�� /��� 6FKHUHU�� *�� *��� %HQ� \RXFHI�� +�� �

&RUUHODWLRQ� EHWZHHQ� PRUSKRORJ\�� ZDWHU� XSWDNH�� DQG� SURWRQ� FRQGXFWLYLW\� LQ� UDGLDWLRQဨ

JUDIWHG�SURWRQဨH[FKDQJH�PHPEUDQHV��Macromol. Chem. Phys.�������211�����������

����,ZDVH��+���6DZDGD��6���<DPDNL��7���.RL]XPL��6���2KQXPD��0���0DHNDZD��<��+LHUDUFKLFDO�

VWUXFWXUH�DQDO\VLV�RI�JUDIW�W\SH�SRO\PHU�HOHFWURO\WH�PHPEUDQHV�FRQVLVWLQJ�RI�FURVV�OLQNHG�

SRO\WHWUDIOXRURHWK\OHQH�E\�VPDOO�DQJOH�VFDWWHULQJ�LQ�D�ZLGH�4�UDQJH��Macromolecules�������

45�������������

����7DS��7��'���6DZDGD��6���+DVHJDZD��.���<RVKLPXUD��<���2ED��0���2KQXPD��0���.DWVXPXUD��

<��� 0DHNDZD�� <�� +LHUDUFKLFDO� VWUXFWXUH�SURSHUW\� UHODWLRQVKLSV� LQ� JUDIW�W\SH� IOXRULQDWHG�

SRO\PHU�HOHFWURO\WH�PHPEUDQHV�XVLQJ�VPDOO��DQG�XOWUDVPDOO�DQJOH�;�UD\�VFDWWHULQJ�DQDO\VLV��

Macromolecules�������47�������������

����<RVKLPXUD��.���.RVKLNDZD��+���<DPDNL��7���6KLVKLWDQL��+���<DPDPRWR��.���<DPDJXFKL��6���

7DQDND�� +��� 0DHNDZD�� <�� ,PLGD]ROLXP� FDWLRQ� EDVHG� DQLRQ�FRQGXFWLQJ� HOHFWURO\WH�

PHPEUDQHV�SUHSDUHG�E\�UDGLDWLRQ�LQGXFHG�JUDIWLQJ�IRU�GLUHFW�K\GUD]LQH�K\GUDWH�IXHO�FHOOV��

J. Electrochem. Soc.�������161��)����)�����

����=KDR��<���<RVKLPXUD��.���6KLVKLWDQL��+���<DPDJXFKL��6���7DQDND��+���.RL]XPL��6���6]HNHO\��

1���5DGXOHVFX��$���5LFKWHU��'���0DHNDZD��<��,PLGD]ROLXP�EDVHG�DQLRQ�H[FKDQJH�PHPEUDQHV�

IRU� DONDOLQH� DQLRQ� IXHO� FHOOV�� HOXFLGDWLRQ� RI� WKH� PRUSKRORJ\� DQG� WKH� LQWHUSOD\� EHWZHHQ� WKH�

PRUSKRORJ\�DQG�SURSHUWLHV��Soft Matter�������12�������������

����<RVKLPXUD�� .��� =KDR�� <��� +DVHJDZD�� 6��� +LURNL�� $��� .LVKL\DPD�� <��� 6KLVKLWDQL�� +���

<DPDJXFKL�� 6��� 7DQDND�� +��� .RL]XPL�� 6��� $SSDYRX��0��6��� 5DGXOHVFX�� $��� 5LFKWHU�� '���
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0DHNDZD��<�� ,PLGD]ROLXP�EDVHG�DQLRQ�H[FKDQJH�PHPEUDQHV�IRU�DONDOLQH�DQLRQ�IXHO�FHOOV������

HOXFLGDWLRQ�RI�WKH�LRQLF�VWUXFWXUH�DQG�LWV�LPSDFW�RQ�FRQGXFWLQJ�SURSHUWLHV��Soft Matter�������13��

�����������

����<RVKLPXUD��.���=KDR��<���+LURNL��$���.LVKL\DPD��<���6KLVKLWDQL��+���<DPDJXFKL��6���7DQDND��

+���.RL]XPL��6���+RXVWRQ��-���$SSDYRX��0��6���5DGXOHVFX��$���5LFKWHU��'���0DHNDZD��<��

5HYHUVH� UHODWLRQVKLSV� RI� ZDWHU� XSWDNH� DQG� DONDOLQH� GXUDELOLW\� ZLWK� K\GURSKLOLFLW\� RI�

LPLGD]ROLXP�EDVHG�JUDIWHG�DQLRQ�H[FKDQJH�PHPEUDQHV��Soft Matter������ 14�������������

����=KDR�� <��� <RVKLPXUD�� .��� 7DNDPDWVX�� +��� +LURNL�� $��� .LVKL\DPD�� <��� 6KLVKLWDQL�� +���

<DPDJXFKL��6���7DQDND��+���.RL]XPL��6���5DGXOHVFX��$���$SSDYRX��0��6���0DHNDZD��<��

,PLGD]ROLXP�EDVHG� DQLRQ� H[FKDQJH� PHPEUDQHV� IRU� DONDOLQH� DQLRQ� IXHO� FHOOV�� LQWHUSOD\�

EHWZHHQ�WKH�PRUSKRORJ\�DQG�DQLRQ�WUDQVSRUW�EHKDYLRU��J. Electrochem. Soc.�������166 (8)��

)����)�����

����/L��1���<DQ��7���/L��=���7KXUQ�$OEUHFKW��7���%LQGHU��:��+��&RPE�VKDSHG�SRO\PHUV�WR�HQKDQFH�

K\GUR[LGH�WUDQVSRUW�LQ�DQLRQ�H[FKDQJH�PHPEUDQHV��Energy Environ. Sci.�������5�������������

����/L�� 1��� =KDQJ�� 4��� :DQJ�� &��� /HH�� <�� 0��� *XLYHU�� 0�� '�� 3KHQ\OWULPHWK\ODPPRQLXP�

IXQFWLRQDOL]HG�SRO\VXOIRQH�DQLRQ�H[FKDQJH�PHPEUDQHV��Macromolecules�������45�������

������

����=KDQJ�� )��� =KDQJ�� +��� 4X�� &�� ,PLGD]ROLXP� IXQFWLRQDOL]HG� SRO\VXOIRQH� DQLRQ� H[FKDQJH�

PHPEUDQH�IRU�IXHO�FHOO�DSSOLFDWLRQ��J. Mater. Chem.�������21���������������

����=KDQJ��+���6KHQ��3��5HFHQW�GHYHORSPHQW�RI�SRO\PHU�HOHFWURO\WH�PHPEUDQHV�IRU�IXHO�FHOOV��

Chem. Rev.�������112�������������

����0RUWHQVHQ��.���*DVVHU��8���*XHUVHO�� 6��$��� 6FKHUHU��*��*��6WUXFWXUDO� FKDUDFWHUL]DWLRQ� RI�

UDGLDWLRQဨJUDIWHG�EORFN�FRSRO\PHU�ILOPV��XVLQJ�6$16�WHFKQLTXH��J. Polym Sci. Polym. Phys. 

Ed.�������46�������������

����1DVHI��0��0���+HJD]\��(��$��3UHSDUDWLRQ�DQG�DSSOLFDWLRQV�RI�LRQ�H[FKDQJH�PHPEUDQHV�E\�

UDGLDWLRQ�LQGXFHG�JUDIW�FRSRO\PHUL]DWLRQ�RI�SRODU�PRQRPHUV�RQWR�QRQ�SRODU�ILOPV��Prog. 
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Polym. Sci.�������29�����������

����6RQJ��-��0���.R��%��6���6RKQ��-��<���1KR��<��&���6KLQ��-��$�VWXG\�RQ�WKH�PRUSKRORJ\�RI�

SRO\VW\UHQH�JUDIWHG�SRO\�HWK\OHQH�alt�WHWUDIOXRURHWK\OHQH���(7)(��ILOPV�SUHSDUHG�XVLQJ�D�

VLPXOWDQHRXV�UDGLDWLRQ�JUDIWLQJ�PHWKRG��Rad. Phys. Chem.�������97�����������

����2NXPXUD��1���,NHGD��<��Japan Patent��������������������

����5DGXOHVFX��$���3LSLFK��9���)ULHOLQJKDXV��+���$SSDYRX��0��6��.:6����WKH�KLJK�LQWHQVLW\���

ZLGH�4��UDQJH�VPDOODQJOH�QHXWURQ�GLIIUDFWRPHWHU� IRU�VRIW�PDWWHU�DQG�ELRORJ\�DW�)50�,,��

Journal of Physics: Conference Series�������351����������

����0DHNDZD�� <��� <RVKLPXUD�� .��� 7DNHXFKL�� .��� +LURNL�� $��� :DWDQDEH�� 6��� +DJLZDUD�� 7���

6KLVKLWDQL��+���<DPDJXFKL��6���7DQDND��+��$ONDOLQH�GXUDEOH�DQLRQ�FRQGXFWLQJ�HOHFWURO\WH�

PHPEUDQHV�SUHSDUHG�E\�UDGLDWLRQ�LQGXFHG�JUDIWLQJ�RI���PHWK\O���YLQ\OLPLGD]ROH�IRU�QRQ�

SODWLQXP GLUHFW�K\GUD]LQH�K\GUDWH�IXHO�FHOOV� ECS Trans.�������80�����������

����:DQJ��/�4���%ULQN��-��-���/LX��<���+HUULQJ��$��0���3RQFH�*RQ]DOH]��-���:KHOOLJDQ��'��.���

9DUFRH�� -�� 5�� 1RQ�IOXRULQDWHG� SUH�LUUDGLDWLRQ�JUDIWHG� �SHUR[LGDWHG�� /'3(�EDVHG� DQLRQ�

H[FKDQJH�PHPEUDQHV�ZLWK�KLJK�SHUIRUPDQFH�DQG�VWDELOLW\��Energy Environ. Sci.�������10��

�����������

����3RQFH�*RQ]DOH]�� -���:KHOOLJDQ��'��.���:DQJ��/�4���%DQFH�6RXDOKL��5���:DQJ��<���3HQJ��

<�4���3HQJ��+�4���$SSHUOH\��'��&���6DURGH��+��1���3DQGH\��7��3���'LYHNDU��$��*���6HLIHUW��6���

+HUULQJ��$��0���=KXDQJ��/���9DUFRH�� -��5��+LJK�SHUIRUPDQFH�DOLSKDWLF�KHWHURF\FOLF�EHQ]\O�

TXDWHUQDU\�DPPRQLXP�UDGLDWLRQ�JUDIWHG�DQLRQ�H[FKDQJH�PHPEUDQHV��Energy Environ. Sci.�������

9�������������

����$PHO��$���*DYLVK��1���=KX��/���'HNHO��'��5���+LFNQHU��0��$���(LQ�(OL��<��%LFDUERQDWH�DQG�

FKORULGH�DQLRQ�WUDQVSRUW�LQ�DQLRQ�H[FKDQJH�PHPEUDQHV��J. Membr. Sci. ������514�����������

����=KDQJ�� 0��� .LP�� +�� .��� &KDONRYD�� (��� 0DUN�� )��� /YRY�� 6�� 1��� &KXQJ�� 7�� &�� 0�� 1HZ�

SRO\HWK\OHQH�EDVHG�DQLRQ�H[FKDQJH�PHPEUDQHV��3(�$(0V��ZLWK�KLJK�LRQLF�FRQGXFWLYLW\��

Macromolecules�������44�������������
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����6HH�IRU�H[DPSOH��5RH��5��-��Methods of X-ray and neutron scattering in polymer science��

2[IRUG�8QL��3UHVV��1HZ�<RUN��������

����:DQJ��:��4��� /LX��:�� -��� 7XGU\Q��*�� -��� &ROE\�� 5��+���:LQH\��.�� ,��0XOWL�OHQJWK� VFDOH�

PRUSKRORJ\�RI�SRO\�HWK\OHQH�R[LGH��EDVHG�VXOIRQDWH�LRQRPHUV�ZLWK�DONDOL�FDWLRQV�DW�URRP�

WHPSHUDWXUH��Macromolecules�������43�������������

����+VX��:��<���*LHUNH��7��'��,RQ�WUDQVSRUW�DQG�FOXVWHULQJ�LQ�1DILRQ�SHUIOXRULQDWHG�PHPEUDQHV��

J. Membr. Sci.�������13����������� �

����.LP��6��<���3DUN��0��-���%DOVDUD��1��3���-DFNVRQ��$��&RQILQHPHQW�HIIHFWV�RQ�ZDWHU\�GRPDLQV�

LQ�K\GUDWHG�EORFN�FRSRO\PHU�HOHFWURO\WH�PHPEUDQHV��Macromolecules�������43�������������

����.XVRJOX��$���0RGHVWLQR��0��$���+H[HPHU��$���6HJDOPDQ��5��$���:HEHU��$��=��6XEVHFRQG�

PRUSKRORJLFDO� FKDQJHV� LQ� 1DILRQ� GXULQJ� ZDWHU� XSWDNH� GHWHFWHG� E\� VPDOO�DQJOH� ;�UD\�

VFDWWHULQJ��ACS Macro Lett.�������1���������

����6HLW]��0��(���&KDQ��&��'���2SSHU��.��/���%DXJKPDQ��7��:���:DJHQHU��.��%���:LQH\��.��,��

1DQRVFDOH� PRUSKRORJ\� LQ� SUHFLVHO\� VHTXHQFHG� SRO\�HWK\OHQH�co�DFU\OLF� DFLG�� ]LQF�

LRQRPHUV��J. Am. Chem. Soc.�������132�������������

����<DUXVVR��'��-���&RRSHU��6��/��0LFURVWUXFWXUH�RI�LRQRPHUV��LQWHUSUHWDWLRQ�RI�VPDOO�DQJOH�[�

UD\�VFDWWHULQJ�GDWD��Macromolecules�������16�������������

����(UWHP�� 6�� 3��� 7VDL�� 7��+���'RQDKXH��0��0��� =KDQJ��:��� 6DURGH��+��� /LX��<��� 6HLIHUW�� 6���

+HUULQJ��$��0���&RXJKOLQ��(��%��3KRWR�&URVV�/LQNHG�$QLRQ�([FKDQJH�0HPEUDQHV�ZLWK�

,PSURYHG�:DWHU�0DQDJHPHQW�DQG�&RQGXFWLYLW\��Macromolecules�������49�����������

����(ODEG��<��$���+LFNQHU��0��$��%ORFN�FRSRO\PHUV�IRU�IXHO�FHOOV��Macromolecules�������44����

����

����/L��1���:DQJ��&���/HH��6��<���3DUN��&��+���/HH��<��0���*XLYHU��0��'��(QKDQFHPHQW�RI�SURWRQ�

WUDQVSRUW�E\�QDQRFKDQQHOV�LQ�FRPE�VKDSHG�FRSRO\�DU\OHQH�HWKHU�VXOIRQH�V��Angew. Chem.�

������123�������������

����&KHQ�� '�<��� +LFNQHU�� 0�� $�� ,RQ� FOXVWHULQJ� LQ� TXDWHUQDU\� DPPRQLXP� IXQFWLRQDOL]HG�
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EHQ]\OPHWK\O� FRQWDLQLQJ� SRO\�DU\OHQH� HWKHU� NHWRQH�V��Macromolecules� ������ 46�� �����

������ �

����/LX��/���$KOILHOG��-���7ULFNHU��$���&KX��'���.RKO��3��$��$QLRQ�FRQGXFWLQJ�PXOWLEORFN�FRSRO\PHU�

PHPEUDQHV�ZLWK�SDUWLDO�IOXRULQDWLRQ�DQG�ORQJ�KHDG�JURXS�WHWKHUV��J. Mater. Chem. A�������4��

������������� �

����3DQ��-���&KHQ��&���/L��<���:DQJ��/���7DQ��/���/L��*���7DQJ��;���;LDR��/���/X��-���=KXDQJ��/��

&RQVWUXFWLQJ�LRQLF�KLJKZD\�LQ�DONDOLQH�SRO\PHU�HOHFWURO\WHV��Energy Environ. Sci.�������7������

�����

����'DQJ��+��6���:HLEHU��(��$���-DQQDVFK��3��3RO\�SKHQ\OHQH�R[LGH��IXQFWLRQDOL]HG�ZLWK�TXDWHUQDU\�

DPPRQLXP�JURXSV�via�IOH[LEOH�DON\O�VSDFHUV�IRU�KLJK�SHUIRUPDQFH�DQLRQ�H[FKDQJH�PHPEUDQHV��J. 

Mater. Chem. A�������3������������� �

����'DQJ��+��6���-DQQDVFK��3��([SORULQJ�GL൵HUHQW�FDWLRQLF�DON\O�VLGH�FKDLQ�GHVLJQV�IRU�HQKDQFHG�

DONDOLQH� VWDELOLW\� DQG� K\GUR[LGH� LRQ� FRQGXFWLYLW\� RI� DQLRQ�H[FKDQJH� PHPEUDQH��

Macromolecules�������48�������������

����'DQJ��+�� 6��� -DQQDVFK�� 3��$ONDOL�VWDEOH�DQG�KLJKO\�DQLRQ�FRQGXFWLQJ�SRO\�SKHQ\OHQH�R[LGH�V�

FDUU\LQJ�TXDWHUQDU\�SLSHULGLQLXP�FDWLRQV��J. Mater. Chem. A�������4���������������

����.LQQLQJ�� '�� -��� 7KRPDV�� (�� /�� +DUG�VSKHUH� LQWHUDFWLRQV� EHWZHHQ� VSKHULFDO� GRPDLQV� LQ�

GLEORFN�FRSRO\PHUV��Macromolecules�������17�������������

����3HUFXV��-��.���<HYLFK��*��-��$QDO\VLV�RI�FODVVLFDO�VWDWLVWLFDO�PHFKDQLFV�E\�PHDQV�RI�FROOHFWLYH�

FRRUGLQDWHV��Phys. Rev.�������110��������

����.DOHU�� (�� :��� %HQQHWW�� .�� (��� 'DYLV�� +�� 7��� 6FULYHQ�� /�� (�� 7RZDUG� XQGHUVWDQGLQJ�

PLFURHPXOVLRQ�PLFURVWUXFWXUH��$�VPDOOဨDQJOH�[ဨUD\�VFDWWHULQJ�VWXG\��J. Chem. Phys.�������

79�������������

����6HJXFKL��7���7DPXUD��1��0HFKDQLVP�RI�GHFD\�RI�DON\O�UDGLFDOV�LQ�LUUDGLDWHG�SRO\HWK\OHQH�RQ�

H[SRVXUH�WR�DLU�DV�VWXGLHG�E\�HOHFWURQ�VSLQ�UHVRQDQFH��J. Phys. Chem.�������77���������

����6HJXFKL��7���7DPXUD��1��(OHFWURQ�VSLQ�UHVRQDQFH�VWXGLHV�RQ�UDGLDWLRQ�JUDIW�FRSRO\PHUL]DWLRQ�
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LQ�SRO\HWK\OHQH��,,��*UDIWLQJ�LQLWLDWHG�E\�DOO\O�UDGLFDOV�WUDSSHG�LQ�LUUDGLDWHG�SRO\HWK\OHQH��J. 

Polym. Sci. Polym. Chem. Ed.�������12�������������

����6PLW�� ,��� %H]MDN�� $�� 6WUXFWXUDO� FKDQJHV� LQ� WKH� JUDIWHG� FRSRO\PHU� SRO\HWK\OHQH�VW\UHQH��

Polymer�������22�����������

����3RURG��*��;�UD\�ORZ�DQJOH�VFDWWHULQJ�RI�GHQVH�FROORLG�V\VWHPV��3DUW�,���Kolloid Zeit�������

124����������

����*HEHO�� *��� 0RRUH�� 5�� %�� 6PDOO�DQJOH� VFDWWHULQJ� VWXG\� RI� VKRUW� SHQGDQW� FKDLQ�

SHUIXRURVXOIRQDWHG�LRQRPHU�PHPEUDQHV��Macromolecules�������33�������������

����*HEHO��*�� 6WUXFWXUDO� HYROXWLRQ� RI�ZDWHU� VZROOHQ� SHUIOXRURVXOIRQDWHG� LRQRPHUV� IURP� GU\�

PHPEUDQH�WR�VROXWLRQ��Polymer�������41�������������

����/RSSLQHW��%��*HEHO��*��5RGOLNH�FROORLGDO�VWUXFWXUH�RI� VKRUW�SHQGDQW�FKDLQ�SHUIOXRULQDWHG�

LRQRPHU�VROXWLRQV��Langmuir�������14�������������

����+DQ��.��:��� .R�� .�� +��� $EX�+DNPHK�� .��� %DH�� &��� 6RKQ�� <�� -��� -DQJ�� 6�� 6��0ROHFXODU�
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A long side chain imidazolium-based graft-type anion exchange 

membrane: Novel electrolyte and alkaline durable properties and the 

structural elucidation using SANS contrast variation  

 

Yue Zhao,1,* Kimio Yoshimura,1 Ahmed Mohamed Ahmed Mahmoud,1 Hwan-Chul Yu,1 Shun 

Okushima,1 Akihiro Hiroki,1 Yoshihiro Kishiyama,2 Hideyuki Shishitani,2 Susumu 

Yamaguchi,2 Hirohisa Tanaka,3 Yohei Noda,4 Satoshi Koizumi,4 Aurel Radulescu,5 Yasunari 

Maekawa1,* 

 

S1. Determination of Inc-graft and Ic-graft. Same as we reported in ref. 20, a specific matching 

point exists in the 2-phase system to make the scattering intensity minimum, at which the 

scattering length density (SLD) of phase 1 (b1) is close to that of phase 2 (b2), namely, b1| b2. 

This criterion allows us to determine the distribution of graft polymer in phases 1 and 2 in a 

quantitative manner. To search the matching point, the evolution of I(q1)1/2 with the volume 

fraction of D2O in the water mixture, fD2O, is presented in Figure S5. The volume fraction of 

D2O at the matching point (fD2O,m) was determined from the minimum value of I(q1)1/2 to be 

about 70%, 60%, and 56% for AEM14, AEM42, AEM86, respectively.  

Obviously, Inc-graft and Ic-graft also satisfy Eq. (S1) below: 

Inc-graft + Ic-graft = Igraft       (S1) 

It is worthy to note that the SLD of the non-conducting phase (b1) is a constant, being 

independent of fD2O due to the strong immiscibility with water. The SLD of the conducting 

phase (b2), however, varies with the incorporated water. b1 or b2 can be given in terms of Inc-

graft and Ic-graft as shown in the following equations: 

 ܾଵ = థ೙೎ష೒ೝೌ೑೟௕೒ೝೌ೑೟ାథಶ೅ಷಶ௕ಶ೅ಷಶ
థ೙೎ష೒ೝೌ೑೟ାథಶ೅ಷಶ

   (S2) 

 ܾଶ = థ೎ష೒ೝೌ೑೟௕೒ೝೌ೑೟ାథೢ௕ೢ
థ೎ష೒ೝೌ೑೟ାథೢ

      (S3) 
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where bX (X= graft, ETFE or w, represents graft polymer, ETFE or water, respectively) means 

the SLD of X, which can be calculated theoretically according to the molecular structure and 

the mass density of X.20 Thus bgraft = 1.07 u 1010 cm-2. The exact mass density of either ETFE 

crystalline or amorphous chain is unknown; however, plenty of previous reports showed that 

the scattering intensity of the neat ETFE base films is very weak, suggesting a negligible small 

difference in the SLD of ETFE crystalline and amorphous domains.14, 16, 20 Therefore, it is 

reasonable to use the average mass density of ETFE film of ~1.7 g/cm3 to roughly estimate the 

SLD of ETFE crystalline and amorphous domains to be ~ 2.7 u 1010 cm-2. bw is a function of 

fD2O given by 

ܾ௪ = ܾ஽ଶை ஽݂ଶை + ܾுଶை(1 െ ஽݂ଶை)         (S4) 

where bD2O and bH2O are the SLD of D2O and H2O being 6.34 and -0.56 (u 1010 cm-2), 

respectively.36 

At the matching point of fD2O,m, Eqs. (S2) and (S3) were equivalent to each other. In 

conjunction with Eq. (S1), we can accurately estimate Inc-graft and Ic-graft for each AEM as listed 

in Table 2. 
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Figure S1 13C solid-state NMR spectrum of (a) ETFE, (b) poly(StIm)-grafted ETFE with a 

grafting degree of 46%, (c) StIm-AEM with a grafting degree of 50% in Cl- form. 
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Figure S2 Plot of GD as a function of grafting polymerization time 
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Figure S3 Plot of effective IECexp as a function of GD. 
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Figure S4 Plot of VOH- at 60 oC as a function of IECexp. 
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Figure S5 SANS intensity profiles of (a) dry AEMs and (b) AEMs equilibrated in D2O, with 

different GDs equilibrated in D2O before incoherent scattering correction. 
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Figure S6 SANS profiles obtained from (a) AEM14; (b) AEM42; and (c) AEM86 equilibrated 

in water mixture with different representative fD2O.  
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Figure S7 The volume fraction fD2O dependence of I(q1)1/2 observed for AEMs equilibrated in 

H2O/D2O water mixtures shown in Figure S4.  
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Figure S8  Vertically shifted SANS profiles around the ionomer peak for (a) AEM14; (b) 

AEM42; and (c) AEM86 equilibrated in H2O/D2O water mixtures with 

representative fD2O. 
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Figure S9  Polarization curve and power density of the single hydrazine hydrate fuel cell 

fabricated with AEM42 or AEM98 as a membrane, and BTMA as an ionomer at 

80°C, 50 mL/min oxygen flow rate, and 20 mL/min hydrazine hydrate with 10 KPa 

backpressure at the cathode side. 
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ABSTRACT: Newly designed styrylimidazolium-based grafted anion-exchange membranes 

(StIm-AEMs), in which imidazolium ionic groups are attached to styrene at the far side from 

the graft chains, were prepared by radiation-induced graft polymerization of p-(2-

imidazoliumyl) styrene onto poly(ethylene-co-tetrafluoloethylene) (ETFE) films, followed by 

N-alkylation and ion-exchange reactions. StIm-AEM having an ion exchange capacity (IEC) of 

0.54 mmol/g with a grafting degree (GD) of ~18%, possesses practical conductivity (>50 

mS/cm) even with a very low water uptake (~10%) and high stability over 600 h in a 1-M KOH 

solution at 80°C. There exists a critical IEC (IECc) in the range of 0.7–0.8 mmol/g over which 

the membrane showed high water uptake, which resulted in pronounced susceptibility to 

hydrolysis. Using small-angle neutron scattering technique with a contrast variation method, 

we found the hydrophilic phase in StIm-AEMs with IECs lower and higher than IECc shows 

“reverse-micelles” with water domains dispersed in the polymer matrix and “micelles” with 

graft polymer aggregates dispersed in the water matrix, respectively. The further analysis of 

micelle structures using the hard-sphere liquid model and Porod limit analysis reveals that the 

interfacial structures of ionic groups are essential for the electrochemical properties and 

durability of StIm-AEMs. In addition, StIm-AEM with an IEC of 0.95 mmol/g and the 

maximum power density of 80 mW/cm2 in the hydrazine hydrate fuel cell test, exhibited long-

term durability under constant current (8.0 mA) up to 455 h, which, thus far, is the best 

durability at 80°C for platinum-free alkaline-type liquid fuel cells.
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I. Introduction

Anion-exchange membrane (AEM) fuel cells represent a new generation of potentially 

disruptive, low-temperature fuel cell technology with the potential to eliminate the high-cost 

barriers of mainstream proton exchange membrane (PEM) fuel cells.1-13 However, the 

performance of AEM fuel cells is not as good as that of PEM fuel cells, especially the membrane 

conductivity and long-term durability. The knowledge of AEM materials is still limited, 

including molecular design, hierarchical structures in the membrane, and structure/property 

relationships.8-13 

To fabricate AEMs, a radiation grafting technique is a promising method. It allows to 

introduce many ion-conducting groups (as graft polymers to achieve high ion conductivity) into 

mechanically and thermally stable polymer base films with the retention of the original 

properties of these polymers.14-28 In the past years, we intensively developed both AEMs and 

PEMs that were based on fluorinated polymers or fully aromatic hydrocarbon polymer films 

using this method.15–21 Recently, we applied the radiation grafting method to prepare 

imidazolium-type AEMs on poly(ethylene-co-tetrafluoroethylene) (ETFE) base films. AEMs 

exhibited lower water uptake (WU) and higher alkaline stability than the corresponding AEMs 

containing trimethylammonium hydroxide owing to the low basicity of imidazolium hydroxide 

as an Arrhenius base.8-10 Furthermore, AEMs containing weak base imidazolium groups 

induced low damage to polymer backbones through self-base-catalyzed degradation.10 To 

suppress �-elimination and ring-opening hydrolysis of imidazolium groups,17 we improved 

AEMs by grafting 2-methyl-N-vinylimidazole (Im), which has a methyl-protecting group at the 

imidazole C-2 position and co-grafting with hydrophobic styrene (St) into ETFE to obtain 

Im/St-AEMs.17-21

We investigated detailed structures and interplay between the structure and properties of 

these Im/St-AEMs in our latest work using the small-angle neutron scattering (SANS) 

technique with a contrast variation method.18, 20 The main structural features were summarized 
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as follows. (1) The membranes can be characterized as a “conducting/non-conducting two-

phase” system, as illustrated in Scheme 1. The conducting phase is composed of water and the 

majority of graft polymers where both Im and St units are covalently bonded to each other and 

behave coordinately. The non-conducting phase is made of ETFE chains, and the rest parts of 

graft polymers are constrained in amorphous ETFE domains. This model allows to evaluate the 

distribution of graft polymers in both conducting and non-conducting phases in a quantitative 

manner and is generally applicable for grafted polymer materials. (2) AEMs containing grafts 

with low hydrophobicity (i.e., low St content) exhibit a homogeneous conducting phase with 

hydrated dispersed ions; thus, conductivity increases with an increase in the hydration level. In 

contrast, AEMs containing graft polymers with more hydrophobic units (St) exhibit a 

heterogeneous conducting phase, in which 3–4-nm in diameter water puddles are dispersed in 

the hydrophilic water/graft polymer phase. It was also determined that anion transport and 

membrane alkaline durability were suppressed by the water puddle structure.21 Therefore, an 

increase in the hydrophobicity of graft polymers introduces the morphological transition from 

a homogeneous to heterogeneous conducting phase, and the resultant water puddles enhance �-

elimination and hydrolysis degradation reactions.21 

To further improve alkaline durability, in this study, we design a new molecular structure, 

styrylimidazolium (StIm), in which imidazolium groups are connected with St groups in 

perpendicular orientations, as shown in Scheme 2. This molecular design satisfies the complete 

removal of �-elimination reactions and hydrolysis of imidazolium rings. Contrary to the 

parallelly arranged Im and St groups in previous copolymer-type Im/St-AEMs, new AEMs are 

expected to have a clear phase separation between hydrophilic cationic headgroups and 

hydrophobic graft polymer chains, which may efficiently reduce WU and hydrolysis reaction. 

Because the ion-exchange capacity (IEC) of AEMs is the most crucial parameter, which 

determines their properties (e.g., conductivity, WU, mechanical strength, and durability), we 

systematically prepared a series of AEMs containing different GDs, which almost linearly 
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correspond to IEC, to investigate electrochemical properties and durability of AEMs and to 

elucidate the relationship between these properties and hierarchical structures of the membranes. 

Such studies are important and relevant to establish improved design rules for fuel cell 

membranes. 

II. Experimental details

II-1 Materials

ETFE films [Tefzel 100LZ, mass density (dETFE) = 1.7 g/cm3, crystallinity (Xc) = 0.36] 

with a thickness of 25 �m were purchased from DuPont and used as a base film. Iodopropane 

was purchased from Tokyo Chemical Industry Co., Ltd. Sodium hydride (50–72% in oil), St, 

hexane, N,N-dimethylformamide (DMF), ethanol, potassium carbonate (K2CO3), potassium 

hydroxide (KOH), hydrochloric acid (HCl), and a 0.1 mol/L sodium hydroxide solution 

(NaOH) were purchased from Wako Pure Chemical Industries, Ltd. These chemicals were used 

without further purification. 1,4-Dioxane and dichloromethane (CH2Cl2) were obtained from 

Kishida Chemical Co., Ltd. Deuterated water (99.9 atom% D) was purchased from Sigma-

Aldrich Co. Ltd. Water used in experiments was purified using a Millipore Milli-Q UV system 

and had a resistance of 18.2 M� cm and the total organic carbon content of <10 ppb. 

II-2 Preparation of AEMs

2-(4-Ethenylphenyl)-1H-imidazole was prepared according to the literature.29 Sodium 

hydride in oil (1.32 g, 31.5 mmol) was washed with hexane (2 mL × 2) in a two-necked round 

bottom flask (100 mL) under nitrogen atmosphere. Then, DMF (20 mL) was added to the flask. 

2-(4-Ethenylphenyl)-1H-imidazole (5.10 g, 30.0 mmol) was slowly added with a spatula over 

10 min under stirring. The resultant solution was stirred for 30 min at room temperature; then, 

iodopropane (5.18 g, 30.5 mmol) in DMF (5 mL) was injected via syringe for 10 min. After 

additional 16 h of stirring at room temperature, the solution was quenched by water (15 mL). 

The aqueous layer was saturated with K2CO3 and extracted with CH2Cl2 (200 mL × 2). The 

extract was dried over magnesium sulfate (10 g). After CH2Cl2 was evaporated, the obtained 
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brown oil was dissolved in hexane (400 mL) and passed through Celite® Hyflo Supercel to 

obtain pure 2-(4-ethenylphenyl)-N-propylimidazole (StIm) as an orange-colored oil (4.78 g, 

75% yield).

ETFE films (5.0 cm � 5.0 cm) were put in a Schlenk tube and irradiated using a 60Co γ-ray 

source (QST Takasaki, Gunma, Japan) at room temperature in argon atmosphere with a total 

dose of 50 kGy at the dose rate of 10 kGy h−1. Pre-irradiated ETFE films were immediately 

immersed in argon-purged monomer solutions (7 mL) consisting of StIm in 1,4-dioxane (50 

wt%), followed by heating under argon atmosphere at 60°C for 0.67 to 16 h. Grafted ETFE was 

taken out, washed three times using 100 mL of 1,4-dioxane at room temperature, and refluxed 

in 200 mL of ethanol for 2 h to extract residual monomers and homopolymers. The obtained 

films were dried under vacuum at 80°C for 4 h. 

     For N-alkylation, grafted films were immersed in a 1-M dioxane solution of iodopropane 

(120 mL) at 60°C for 24 h. The films were washed several times using 30 mL of dioxane. Then, 

the films were immersed in 120 mL of a 1-M HCl/dioxane solution (50/50 vol%) to be 

transform from iodide (I−) to chloride (Cl−) forms. The solution was replaced three times every 

hour to ensure the completion of the ion-exchange reaction. The films were removed from the 

solution and washed using deionized water. Finally, the films were dried in a vacuum oven at 

80°C for 24 h. 

Then, AEMs in the chloride form were soaked in a 1-M KOH aqueous solution (100 mL) 

at room temperature for 6 h or in a 1-M NaHCO3 aqueous solution (100 mL) to replace chloride 

(Cl−) in the film to hydroxide (OH−) and (HCO3
−).17-21 The molecular structure of graft 

polymers was confirmed by 13C solid-state NMR spectroscopy, as shown in Figure S1 in the 

Supporting Information.

ETFE-based benzyltrimethylammonium (BTMA) ionomer for fuel cell performance test 

was prepared as follows: The pre-irradiated ETFE film was first immersed in argon-purged 

chloromethylstyrene solution (50% v/v in xylene) at 60 °C for 16h. The grafted films were 
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washed with toluene several times and dried under vacuum, and then immersed in 

trimethylamine (40 wt%) solution at room temperature for 24h to obtain quaternized BTMA in 

chloride form.

II-3. Characterization of AEMs

The completion of ion-exchange reactions was confirmed by monitoring iodide atoms of 

graft-type AEMs along the cross-sectional direction using a scanning electron microscopy 

(SEM, JEOL, JSM-5600) instrument equipped with an energy dispersive X-ray analyzer (EDX). 

Solid-state 13C cross polarization/magic angle spinning (MAS) NMR experiments were 

performed using a Bruker AVANCE 300 spectrometer at the operating frequency of 75.5 MHz. 

The samples were packed as powders in a ZrO2 rotor with a diameter of 4 mm. The MAS 

frequency was set to 10 kHz, and the sample temperature was 25°C. A total of 15−20K scans 

were collected in the spectral width of 23 kHz with a recycle delay of 5 s. All spectra were 

obtained at the cross polarization time of 2 ms through broadband proton decoupling. The 

spectra were externally referenced to glycine (176.0 ppm). 

The GD of AEM was estimated from the weight change in grafted films by the following 

equation:  

         (1)𝐺𝐷(%) =
𝑊𝑔 ―𝑊0

𝑊0
× 100%

where w0 and wg are the weights of membranes before and after grafting in the dry state, 

respectively.

The IEC of AEM was determined using a standard back titration method. The membrane 

in the OH− form was immersed in 15 mL of a 0.1-N HCl solution (Vref, mL) for 24 h. Then, the 

solution was titrated with a standard NaOH (0.1 N) solution (Vmem, mL) to pH = 7.0 by an 

automatic titrator (HIRANUMA COM-555). Subsequently, the membranes were washed and 

immersed in deionized water for 24 h to remove residual HCl and then dried under vacuum at 

50°C overnight and weighed to determine dry masses in the Cl− form. The experimental IEC 
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(IECexp) value was calculated using the following equation: 

IECexp = C � (Vref − Vmem) / Wdry (2) 

where C is the concentration of the NaOH solution, and Wdry is the mass of dry AEMs.17−21 

The WU of AEM was calculated by the weight measurements using the following 

equation: 

          (3)WU(%) =
𝑊𝑤𝑒𝑡 ―𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100%

where Wwet represents the weight of AEM in the hydrated state. To measure WU, AEM was 

completely hydrated in water and lightly wiped with Kimwipes to remove excess water on the 

surface before weighing. The hydration number (�w) was calculated by WU and IECexp using 

the following equation: 

            (4)�𝑤 =
10𝑊𝑈
𝑀𝑤𝐼𝐸𝐶𝑒𝑥𝑝

where Mw (18 g/mol) is the molecular weight of water. Thus, the total water volume fraction 

(�w) of wet AEM can be calculated by equation (5). 

             (5)𝜙𝑤 =
𝑊𝑈/100(1+ 𝐺𝐷/100)

𝑑𝑤

1
𝑑𝐸𝑇𝐹𝐸

+
𝐺𝐷/100
𝑑𝑔𝑟𝑎𝑓𝑡

+
𝑊𝑈/100(1+ 𝐺𝐷/100)

𝑑𝑤

where dw and dgraft are the mass density of water and the graft chains, both of which are 

approximately 1.0 g/cm3. Similarly, the volume fractions of ETFE (𝜙𝐸𝑇𝐹𝐸 =

) and grafts ( ) in the water-swollen 
1

𝑑𝐸𝑇𝐹𝐸

1
𝑑𝐸𝑇𝐹𝐸

+
𝐺𝐷/100
𝑑𝑔𝑟𝑎𝑓𝑡

+
𝑊𝑈/100(1+ 𝐺𝐷/100)

𝑑𝑤

𝜙𝑔𝑟𝑎𝑓𝑡 =
𝐺𝐷/100
𝑑𝑔𝑟𝑎𝑓𝑡

1
𝑑𝐸𝑇𝐹𝐸

+
𝐺𝐷/100
𝑑𝑔𝑟𝑎𝑓𝑡

+
𝑊𝑈/100(1+ 𝐺𝐷/100)

𝑑𝑤

state can be deduced as well. 

The anion conductivity of AEM was measured in the plane direction at 100 kHz using 

four-point probe alternating current electrochemical impedance spectroscopy with an electrode 

system connected to an LCR meter (HIOKI 3522 LCR HiTESTER) at the desired 

temperature.17 AEM was fully hydrated in nitrogen-saturated deionized water and placed 

between two platinum electrodes. The anion conductivity σ (mS/cm) was calculated from the 
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obtained resistance R (X) according to the following equation. 

σ (mS/cm) = L / (S × R) × 103        (6)

where L (cm) is the distance between two electrodes, and S (cm2) is the cross-sectional area of 

the membrane obtained by multiplying the membrane thickness by the membrane width.

The alkaline stability of AEM was examined by soaking the membrane in a 1-M KOH 

solution in a vial at 80°C for up to ~600 h and evaluated by measuring a change in the anion 

conductivity at 60°C. Before the conductivity measurement, the membrane was thoroughly 

washed with N2-bubbled deionized water.

II-4. SANS measurement

SANS measurements were mainly performed on a KWS-2 SANS diffractometer operated 

by Juelich Center for Neutron Science at the neutron source Heinz Maier-Leibnitz (FRM II 

reactor) in Garching, Germany.30 The incident neutron beam at KWS-2 was monochromatized 

with a velocity selector to have the average wavelength (�) of 5 Å with a wavelength resolution 

of 	�/� = 20%. The scattering patterns were collected with a two-dimensional scintillation 

detector and circularly averaged to obtain scattering intensity profiles as a function of q, where 

q is the scattering vector, which is defined by q = (4�/�)sin(�/2). � and � are the neutron 

wavelength and scattering angles, respectively. Some SANS measurements were performed on 

an IBARAKI materials design diffractometer (iMATERIA) at the Japan Proton Accelerator 

Research Complex (J-PARC) under a user program (proposal No. 2017B0210) to confirm the 

scattering spectra at high-q range. To follow the membrane structure at the real experimental 

condition, AEMs were measured in a hydroxide form. To prevent degradation, excess 

hydroxide ions were completely removed by washing AEMs in degassed water under N2 flow. 

The obtained scattering profiles were corrected for the instrument background, detector 

sensitivity, and scattering from empty cell, and finally calibrated to absolute scale (cm−1) using 

a Plexiglas secondary standard. The incoherent scattering intensity of each sample was 

estimated by the flat part of the profile at high-q range and was subtracted from the absolute 
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scattering intensity profile. All SANS measurements were performed at 25 ± 0.5°C.

II-5. Membrane electrode assembly fabrication and fuel cell test 

The membrane electrode assembly (MEA) was fabricated using the catalyzed gas diffusion 

electrode (GDE) method. AEM98 (1.71 mmol/g) and BTMA (2.74 mmol/g) in chloride form 

were frozen in liquid N2 and ground into powder for 5 min using a freezer mill (JFC-300, Japan 

Analytical Industry) and used as ionomer. The catalyst and ionomer powder were mixed and 

grinded for 5 min with a mortar and pestle; then, 1 mL of deionized water was added, and 

grinding continued for 5 min to obtain a homogenous slurry. Then, 7 mL of 2-propanol was 

added with grinding. The ink was homogenized by ultrasonication (WT-100M) for 1 h at room 

temperature. The catalyst ink was sprayed on the gas diffusion layer (GDL, SIGRACET®, 

GDL35BC) and dried in air to prepare GDE. The ionomer ratio was adjusted to be 10 wt% on 

the basis of anode and cathode. For the anode side, Ni–C catalyst (64.5% Ni) was used, and the 

catalyst loading was adjusted to 2.5 ± 0.1 mg/cm2. The cathode side was prepared using an 

NPC-2000 (Co–Fe) catalyst, and the catalyst loading was adjusted to 1.45 ± 0.1 mg/cm2. The 

geometric surface areas of all GDEs were 5.0 cm2. The GDEs and membranes were immersed 

in 1-M KOH overnight at room temperature, and excess KOH was gently wiped from the 

membranes and GDEs. Then, the membrane was sandwiched between two GDEs to fabricate 

MEA. 

The fuel cell performance was investigated in a single cell with serpentine flow channels 

with 10-wt% hydrazine hydrate and a 1-M KOH aqueous solution as a fuel at 80°C. The flow 

rate of hydrazine hydrate fuel was adjusted to 20 mL/min. At the cathode side, the humidified 

oxygen gas flow rate and the back pressure were optimized to be 100 mL/min and 10 kPa, 

respectively, to obtain the maximum performance. Current–voltage curves were recorded using 

an electronic load. Durability was evaluated by the OCV-hold test with an oxygen flow rate of 

100 mL/min without back pressure. Voltage loss was recorded under constant current density 

of 8.0 mA/cm2 for 455 h. 
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III. Results and discussion

III-1 Preparation and characterization of AEMs

III-1.1 Preparation

 As shown in Scheme 2, the radiation-induced graft polymerization of StIm into pre-

irradiated ETFE films was conducted in the monomer solution of StIm in 1,4-dioxane at 60°C 

for 0.67�16 h to obtain StIm-grafted ETFE films with GDs in the range of 8–98%. The 

molecular structure of the graft polymers was confirmed by 13C solid-state NMR spectrum as 

shown in Figure S1 in the supporting information. Generally, GD rapidly increases with time 

in the first 12 h, meaning that in this time span, the reaction time is a crucial factor to vary GD. 

The longer the reaction time is, the larger is GD. While after 12 h, an increase in GD with time 

slows down, and GD is up to ~98% at 16 h, close to the saturation value under the current 

radiation condition. The plot of GD as a function of reaction time is shown in Figure S2 in the 

Supporting Information.

The obtained StIm-grafted ETFE, the films were N-methylated with iodopropane in 1,4-

dioxane to give AEMs in the iodide form. The N-alkylation reaction of StIm units of the grafts 

in homopolymer-grafted film proceeded quantitatively, evidenced by the weight change 

measurement.18 Because the ion-exchange reaction of AEMs from iodide to hydroxide in 

grafted-type AEMs was slow, we conducted the ion-exchange reaction for the hydroxide form 

via the corresponding chloride form of AEMs (namely, I− � Cl− � OH−). The completion of 

reactions was confirmed by the SEM-EDX spectrum, as previously reported.18 

 The representative IECexp values determined by the conventional titrimetric analysis 

shown in Table 1 were plotted as a function of GD in Figure S3 in the Supporting Information. 

These IECexp values are at 76–93% levels of the expected IEC (IECcal) calculated using the 

millimolar amount of a quaternary ammonium salt in the unit weight (1 g) of AEM. A similar 

phenomenon was also observed for AEMs containing imidazolium or anilinium hydroxide in 

graft polymers.20, 31-33 In our latest report, we elucidated that this phenomenon was due to the 
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distribution of a part of graft polymers (which are non-conductive) in the non-conductive 

phase.20 We also stated that the ratio of IECexp to IECcal
 (IECexp/IECcal) increases with GD and 

approximately characterizes the ratio of graft polymers in the conducting phase to the total graft 

polymers. Therefore, an increase in GD is an effective way to increase the fraction of 

“conductive” graft polymers over the total graft polymers made.20

III-1.2 Conductivity, WU, and hydration number

The characteristics of these AEMs are listed in Table 1. The initial OH− conductivity 

(�OH
−) of AEMs with different GDs at 25°C was plotted as a function of IECexp in Figure 1(a). 

Similar to previous PEMs and AEMs, �OH
− increases with an increase in IECexp owing to the 

increased number density of ionic groups, and also with an increase in the temperature, i.e. 

60°C as shown in Figure S4 in the Supporting Information, owing to the enhanced ion transfer 

at elevated temperature. By linear extrapolation of the data in Figure 1(a) toward zero, one can 

obtain a similar threshold value of 0.2 for �OH− = 0, which represents the onset of anion transport. 

The existence of this threshold for the anion transport results from disconnected ion channels 

in AEMs with very low IECs. 

The WU and �w of AEMs were plotted as a function of IECexp in Figures 1(b) and 1(c), 

respectively. Figure 1(b) shows a slow increase in WU at IECexp values lower than 0.54 mmol/g, 

and then a rapid increase in WU with an increase in IECexp. Figure 1(c) shows a discontinuous 

increase in �w with an increase in IECexp, namely, AEMs showed �w of approximately 10 at 

IECexp
 lower than 0.54 mmol/g, and those of 22–27 at IECexp higher than 0.9 mmol/g. The �w of 

AEM with IECexp of 0.8 mmol/g represents a value (~14) at the transition. This discontinuous 

change in �w may indicate the existence of a significant structural modification, which enables 

the membrane to adsorb more water. To explain these changes, we define characteristic IEC 

(IECc), which is the crossover of two linear relationships in Figure 1(b), to be approximately 

0.7–0.8 mmol/g. Thus, the corresponding characteristic GD (GDc) is in the range of 20–25%. 

We presume distinct changes in both the structure and properties before and after characteristic 
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IECc or GDc, which will be discussed in detail in later sections.

In contrast to WU and �w, the IECexp dependence of conductivity seems more continuous, 

as shown in Figure 1(a). This suggests that the structural change predicted from the unusual 

jump of �w does not affect the anion-conducting behavior. A similar phenomenon was also 

reported by Amel et al., in which they observed a steep increase in WU but not conductivity in 

quaternary ammonium poly(sulfone) based AEMs with IEC.34 

Compared with the previously reported Im/St-AEMs with similar IEC,17-21 these new AEMs 

show similar conductivities but much lower WU and �w. This occurs probably because the 

hydrophilic/hydrophobic phase separation is much stronger in the current AEMs because the 

homopolymer graft chains with more regularly arranged hydrophilic Im groups are 

perpendicularly connected to hydrophobic St units rather than those in Im/St-AEMs, which 

contain copolymer grafts with parallelly connected Im and St segments in a random manner. 

Thus the reinforced hydrophobic domains in the graft chains together with semi-crystalline 

domains in ETFE base films constrain the mechanical and dimensional change of AEMs against 

the water swelling. This effect is like the addition of cross-linkers to polyethylene-based AEMs, 

which increased the ion density so that the conductivity, but decreased the water swelling.35 It 

is rational that a clear microphase separation between ionic groups and polymer backbone is an 

efficient way to create water/ion channels and reduce WU.

III-1.3 Long-term alkaline durability

 The alkaline durability of these AEMs was evaluated by following the change in the 

membrane conductivity when AEMs were immersed in 1-M KOH at 80°C.8-13 Figure 2 shows 

a change in the relative conductivities of AEMs with different GDs of 18, 30, 42, and 56%, 

designated as AEM18, AEM30, AEM42, and AEM56 at 60°C on the basis of their initial 

conductivities, respectively. AEM18 shows an excellent alkaline stability over 600 h, judging 

from its constant conductivity (50–60 mS/cm at 60°C) during the entire immersion period, 

although the surface of the membrane appears to be slightly rougher than its initial state. 
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AEM18 with moderate conductivity and high stability in an alkaline solution containing 

low WU is almost the best AEM up to now compared with the other AEMs reported in the 

literature.8-21 However, all other three AEMs with IECs > IECc show poor durability in the 

alkaline solution. After 600 h, the relative conductivities of those AEMs decreased to less than 

10% level of their initial values. The evaluation of membrane durability for all AEMs was 

marked in Table 1. The results show that similar to WU and �w, the long-term alkaline durability 

also exhibits a dramatic change across IECc.

III-2 Structural analysis of StIm-AEMs with different IECs in dry and water-swollen 

states

 As mentioned above, the WU, �w, and alkaline durability of AEMs have transition points 

at IECc (0.7–0.8 mmol/g) or GDc (20–25%), as shown in Figure 1. Because the unusual IECexp 

dependence of membrane properties cannot be explained by only chemical structures and their 

primary properties, the effect of higher-order structural transition may be profound in the 

membrane. Thus, to clarify whether the expected structural change occurs or not, three AEMs 

with GDs of 8, 11, and 14% and four AEMs with GDs of 30, 42, 56, and 86%, which have 

lower and higher IECs than IECc, were selected to perform SANS measurements. 

Figures 3(a) and 3(b) show the SANS profiles of these AEMs in dry and fully water-

swollen states at room temperature, respectively. For water-swollen AEMs, D2O was used as a 

solvent to obtain higher scattering intensity and lower incoherent scattering background. To 

catch the structural features at high-q range, the incoherent scattering intensity was removed 

for all profiles. The original scattering profiles before the incoherent scattering correction for 

AEMs in dry and wet states are shown in Figures S5(a) and S5(b) in the Supporting Information, 

respectively. According to the scattering features, as discussed in our previous papers, we 

expediently separate these SANS profiles into two q-regions. Region I at q < 1.3 nm−1 is related 

to the microphase separation between conducting/non-conducting phases, and Region II at q > 

1.3 nm−1 is related to the local structures in the conducting phase.20 
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III-2.1 Dry AEMs

In Region I, a broad correlation peak at approximately 0.15–0.25 nm−1 was observed for 

all dry AEMs in Figure 3(a). These typical broad peaks with a d-spacing of approximately 30 

nm were well characterized as the microphase separation between ETFE base material and graft 

polymers constrained by the alternation of crystalline phase and amorphous phase, as 

mentioned in our previous studies.18-20 The peak intensity increased with IEC at 0 < IEC < 0.95 

mmol/g, and then kept as a constant or even slightly decreased level when IEC further increased. 

A similar phenomenon has been reported before in ETFE-based poly(styrene sulfonic acid)-

grafted PEM, which was attributed to the possible formation of extra PS graft polymer domains 

when IEC was high.16 Similar to our previous reports, the peak position shifted to the low q-

range with an increase in IEC especially at IEC < 0.95 mmol/g (GD < 42%), and the broadness 

of the peak increased, which suggests that the incorporation of more graft polymers in 

amorphous domains expanded the stacking distance and perturbed the ordering 

arrangement.18−20 At IEC > 0.95, the low-q shift of the peak was not clear, which confirmed 

that graft polymerization in lamellar stacks nearly stopped, and the polymerization proceeded 

most likely outside of lamellar stacks.18 All profiles of dry AEMs at q > 0.2 nm−1 obeyed 

Porod’s law, i.e., ,36 which characterizes the distinct phase separation between graft 𝐼(𝑞) ~ 𝑞―4

polymers and ETFE base materials with a sharp boundary. 

At the high-q range of q > 1.3 nm−1 (Region II), no specific structure feature of I(q) profiles 

was observed regardless of IEC or GD, even though there were many reports showing ionomer 

peaks in this q-region. This occurred probably because no obvious ion channels were formed 

without water. Thus, dry AEMs with different IECs show similar local structures and 

distribution of graft chains. 

III-2.2 AEMs equilibrated in D2O

At the q-range of 0.15–0.25 nm−1 (Region I), by comparing Figures 3(a) and 3(b), it is 

determined that D2O-equilibrated AEMs exhibited the correlation peak at lower q compared to 
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the corresponding dry AEMs because the incorporation of water with the graft polymers in the 

amorphous domains expanded the periodic lamellar d-spacing of crystalline and amorphous 

phases. Because the scattering profiles of all wet AEMs also showed similar Porod’s behavior 

to those of dry AEMs in this region, it can be concluded that the incorporation of water does 

not deteriorate the sharp boundary between hydrated graft polymers and hydrophobic ETFE 

base materials. 

At the high-q range (Region II), a water-swelling-induced peak, which was not observed 

in dry AEMs, newly appeared. Specifically, all D2O-equilibrated AEMs showed a clear 

scattering maximum (i.e., ionomer peak), which indicated the formation of ionic clusters in the 

conducting phase.37-43 The ion clustering effect has been regarded as an effective factor for the 

fast diffusion of water and conduction of ions through the membrane.44-51 The ionomer peak of 

AEM08 seemed to be slightly broader than other AEMs and had the lowest intensity. The peak 

position, q2, is ~3.0 nm−1, which indicated that the mean distance between two ionic domains, 

d2 (=2�/q2), was approximately 2.1 nm. The peak became sharper with higher intensity when 

IEC increased, which suggested the formation of more distinct well-separated nanodomains. 

We summarized all d2 of wet AEMs in Table 2 and plotted them as a function of IEC in Figure 

3(c). This result shows that d2 barely changes at IEC < IECc (or GD < GDc), and then steadily 

increases at IEC > IECc. Thus, the IEC (or GD) dependence of d2 should also relate to the 

structural change across IECc, similar to what we observed in the WU and durability 

measurements.

III-3 Characteristic hierarchical structures interpreted by contrast variation method

III-3.1 Conducting/non-conducting two-phase feature and the distribution of graft 

polymers in both phases

To reveal the structural difference in these AEMs, the contrast variation SANS 

measurements were performed for AEMs with lower IECs (i.e., AEM14) or higher IECs (i.e., 

AEM42 and AEM86) than IECc. The scattering profiles of these three AEMs equilibrated in 
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different H2O/D2O mixtures are shown in Figure S6 in the Supporting Information. As 

mentioned in Scheme 1, the structural analysis in Region I allowed us to clarify the microphase 

separation characteristics of the membranes. Our recently reported structural model of 

“conducting/non-conducting two-phase system” can be used to describe microphase separation 

and the distribution of graft polymers in each phase for graft-type AEMs with Im/St copolymer 

grafts onto ETFE.20 The model was verified by ruling out other possible structural models in 

ref. 20. Here, we apply this model to analyze the structure of current membranes. We omit the 

detailed description of the model and only mention the two important facts. Specifically, (1) 

the non-conducting phase (phase 1) is made of ETFE base polymers and non-conductive graft 

polymers. The conducting phase (phase 2) is made of conductive graft polymers and water. 

Phases 1 and 2 are clearly separated. (2) The volume fractions of graft polymers distributed in 

conducting (�c-graft) and non-conducting (�nc-graft) phases can be evaluated in a quantitative 

manner by the contrast variation and contrast matching SANS method, as shown in Figures S6 

and S7 in the Supporting Information. 

As listed in Table 2, we estimated �nc-graft and �c-graft of each AEM (the calculation methods 

were described in the Supporting Information) for the distribution of graft polymers in either 

conducting or non-conducting phases. With an increase in IEC, �c-graft increased from 0.133 

(AEM14) to 0.274 (AEM86), whereas �nc-graft was relatively constant with a value of 

approximately 0.03. 

III-3.2 Nanophase separated structure in the conducting phase 

In Region II (q > 1.3 nm−1), all SANS profiles of water-swollen AEMs showed a clear 

ionomer peak, which is the typical structural feature of the conducting phase, as shown in 

Figures 3(b) and S6. Compared to previously reported Im/St-AEMs,20 the ionomer peaks of 

current StIm-AEMs are much sharp, which indicates a more distinct nanophase separation in 

the conducting phase owing to the linear chemical arrangement of St and Im moieties. The 

contrast variation experiments for the representative membranes AEM14, AEM42, and AEM86 
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showed that the profiles around the ionomer peak were superimposed with one another by the 

vertical shifting of the curves [Figures S8(a)–S8(c)], which confirmed that the conducting phase 

can be treated as a two-component system, i.e., it consists of hydrophilic (water) and 

hydrophobic (graft polymer) components. 

The origin of the ionomer peak is attributed to the correlation of one of these two 

components. According to Babinet’s principle,36 it is not possible to distinguish which 

component corresponds to the correlation peak from a scattering curve alone. Namely, for 

AEMs, it is not clear from only Figure 3 whether the hydrophilic domains are dispersed in the 

hydrophobic matrix (“reverse-micelles”) or the opposite (“micelles”), as illustrated in Figures 

4(a) and 4(b), respectively. However, considering the volume fraction of scattering objects and 

the matrix, which generally correspond to minor and major components in a system, one can 

estimate that either a hydrophilic or a hydrophobic domain is a sphere (i.e., the exact component 

for the origin of the ionomer peak). In the following sections, we apply the hard-sphere liquid 

model and Porod limit analysis to assign the origin of the ionomer peak.

Hard-sphere liquid model analysis

First, we employ the hard-sphere (HS) liquid model developed by Kinning and Thomas 

using the Percus–Yevick correlation function, which describes the structure of ionic conducting 

materials.20, 36, 52-58 In this model, scattering objects are assumed to be spherical particles with 

an average radius (RS) randomly distributed in the conducting phase. The particles are 

considered to be liquid-like with isotropic spatial distribution, and the average distance between 

the nearest-neighbor pair (r0) is larger than 2Rs. In this study, d2, which is determined from the 

ionomer peak maximum, is used as r0. Thus, the observed scattering intensity, I(q), is expressed 

as a function of the volume fraction of spheres in the conducting phase (VS) and RS.20, 54-56 The 

details of how to apply this model to grafted AEMs for the determination of RS and VS can be 

found in ref. 20. The ionomer peaks in the scattering profiles in Figure 3(b) were fitted well by 

the HS-liquid model, as highlighted in Figure 5. The values of RS and VS, obtained by the best-
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fitting curves for the scattering data, are listed in Table 3. The RS values of AEMs increased 

from 10.2 Å to 12.6 Å with an increase in IEC from 0.24 to 1.72 mmol/g. VS seemed to be a 

more constant value as a function of IECs with a slight increase from 0.33 to 0.41 in the low 

IEC range. 

The component in the sphere can be specified as water or graft polymers by comparing 

their volume fractions in the conducting phase with VS. Specifically, we first estimate the 

volume fractions of water (Vw) and graft polymers (Vgraft = 1−Vw) and then check whether Vw 

or Vgraft matches the value of VS. Vw can be independently estimated from , which is �𝑐 ― 𝑔𝑟𝑎𝑓𝑡

determined from contrast variation experiments (Method-1) or from �w, which is determined 

from the WU measurements (Method-2) using the following equations: 

Method-1)               (7)𝑉𝑤1 = �𝑤

�𝑤 + �𝑐 ― 𝑔𝑟𝑎𝑓𝑡

Method-2)                (8)𝑉𝑤2 =
18�𝑤

18�𝑤 +𝑀𝑠𝑒𝑔

where Mseg = 255 (g/mol) is the molecular weight of one repeating unit with an ionic 

imidazolium head on the graft polymer chain. As listed in Table 2, the Vw1 values are almost 

the same as the values of Vw2, which confirms not only the correctness of Vw, but also validity 

of the quantitative analysis in the conducting/non-conducting microphase separation structure 

model using the contrast variation method in Section-III.3.1. The average value of Vw1 and Vw2 

was defined as Vw for AEM14, AEM42, and AEM86, while the Vw2 value was utilized as Vw 

for other AEMs, as listed in Table 3. 

Similar to the IEC dependence of WU and �w shown in Figure 1, Vw exhibited minor 

(0.43–0.45) and major (0.61–0.65) components for StIm-AEMs with lower and higher IECs 

than IECc, respectively. The comparison of VS with Vw or Vgraft in Table 3 was plotted in Figure 

7(a) as a function of GD. It shows that VS is close to Vw for AEMs with low IEC < IECc and to 

Vgraft for AEMs with high IEC > IECc. This result indicates that the structure of the conducting 

phase in these AEMs varies from “reverse-micelles” (water puddles dispersed in the polymer 
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matrix) to “micelles” (graft polymer aggregates dispersed in water) across the critical point of 

IEC (IECc). Note that VS of AEM08 is slightly smaller than Vw probably because the spherical 

water domains in AEM08 are not well-developed and less connected due to the small number 

density of cation groups in the membrane. Instead, AEM30 with the IEC, close to transition 

value (IECc) showed larger Vw (~0.5) than the corresponding VS, probably resulting from the 

mixed structures of “micelles” and “reverse-micelles” in the membrane.

Porod limit analysis 

To confirm the component of the spheres in the conducting phase of AEMs and its GD 

dependence obtained above by the hard sphere liquid model in the last section, we apply the 

Porod limit analysis to estimate the component of the spheres and the averaged radius of spheres, 

defined as RPorod, to distinguish it from RS obtained by the hard sphere liquid model.36, 58 

Because ideal two-component systems (e.g., charged colloidal system and an ionic 

membrane/solution) discussed in this study possess a clear interfacial boundary, I(q) should 

decrease as ~q−4 for large q (so-called Porod law) with the proportionality constant, which is 

related to the total area of the graft polymer/water interface (A) in the scattering volume (V). 36, 

58 Thus, as q � �, 

        (9)lim
𝑞→∞

𝐼(𝑞)�2𝜋∆𝑏2�/𝑞4

where � = A/V, and 	b is the scattering length density difference between graft polymers and 

water (D2O), which is ~5.27 � 1010 cm−2 in this study. In Figure 6, we plot Iq4 versus q for all 

AEMs. All profiles exhibit a constant behavior at high-q range, which indicates the sharp 

polymer/water interface. Thus, � of each AEM was extracted using eq. (9) and is listed in Table 

4.

Owing to the energetic requirement of the spherical shape to minimize the interfacial free 

energy, the spherical structures of “reverse-micelle” or “micelle” models are widely accepted 

as typical microscopic structures for polymers consisting of hydrophilic/hydrophobic units, as 
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illustrated in Figures 4(a) and 4(b), respectively. The size and component of spherical domains 

are related to �, as will be discussed in detail below. The mixed structures may exist in AEM30; 

thus, this analysis is not applied to the AEM30 membrane. 

For the “reverse-micelles” model, the spherical domains are composed of water, as 

illustrated in Figure 4(a). Thus, the Porod radius of water spheres, RPorod,w, can be estimated 

from the interface quantity of � on the basis of the following equation59−61

        (10)𝑅𝑃𝑜𝑟𝑜𝑑,𝑤 =
3�𝑤
�

RPorod,w values for all AEMs are listed in Table 4. The RPorod,w values of AEMs with low IECs 

< IECc are nearly constant at approximately 11.8 Å, which is comparable to RS (approximately 

10.5 Å) obtained from the HS-liquid model. Whereas, those of AEMs with high IECs > IECc 

are estimated to be 23.8–26.3 Å, which is much larger than the corresponding RS, as shown in 

Figure 7(b). The values for AEMs with high IECs exceed the upper limit of the mean distance 

between two spheres (i.e., d2), which indicates that the “reverse-micelles” model does not match 

the case of AEMs with high IECs. 

For the “micelles” model, the spherical domains are made of graft polymers, as illustrated 

in Figure 4(b). The Porod radius of graft polymer spheres, RPorod,g, can be estimated by the 

following equation:

         (11)𝑅𝑃𝑜𝑟𝑜𝑑,𝑔 =
3�𝑐 ― 𝑔𝑟𝑎𝑓𝑡

�

As listed in Table 4 and plotted in Figure 7(b), the resultant RPorod,g values of AEMs with high 

IECs > IECc are in the range of 14.2–14.8 Å, which is comparable to RS values and confirms 

the validity of the “micelles” model. Both RPorod,w and RPorod,g are larger than d2/2, which means 

that spherical domains should be connected to one another and, thus, well-percolated. On the 

basis of the abovementioned comparison between RS and RPorod for all AEMs with various IECs, 

it is concluded that StIm-AEMs possess “reverse-micelles” and “micelles” model structures in 

low and high IEC ranges in the conducting phases, as schematically illustrated in Figures 8(a) 
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and 8(b), respectively. 

Local structures around imidazolium ionic groups 

Another important parameter possibly obtained from the Porod limit analysis is the 

interfacial area occupied per ionic head (S).59-61 We assume that all ionic imidazolium groups 

with the total number of Nion existing in the scattering volume of V are located at the graft 

polymer/water interface with an occupied area of S. Thus, the S value can be calculated using 

the following equation: 

            (12)𝑆= �
𝑁𝑖𝑜𝑛/𝑉 =

𝑣0�

�𝑐 ― 𝑔𝑟𝑎𝑓𝑡

where v0 is the volume of graft polymer associated with one ionic group, which can be 

calculated from the equivalent weight of the repeating unit and its mass density of 

approximately 424 Å3, and �c-graft is the effective volume fraction of graft polymer in the 

conducting phase, as we quantitatively determined in the abovementioned section. 

The resultant S values are shown in Table 4 and Figure 7(c). The obtained value shows 

that S is approximately constant (80–93 Å2), regardless of IEC and WU. The S values of these 

StIm-AEMs are relatively larger than those obtained for long-pendant side chain PFSI (55–61 

Å2)59, 60 or short-pendant side chain PFSI (70–74 Å2)61 partially because of the larger size of 

imidazolium cationic group compared to the sulfonic acid group in those systems, and partially 

because of the weaker interaction between the ion-pair of imidazolium cation and OH− than 

that of sulfonic acid and H3O+, which has been confirmed by molecular dynamics simulation 

studies.62

    It is possible to estimate the average number of ionic groups per spherical domain, nion, 

using the following equation: 

            (13)𝑛𝑖𝑜𝑛 =
4�𝑅𝑃𝑜𝑟𝑜𝑑2

𝑆

Thus, the obtained nion values are shown in Table 4 and Figure 7(c). For AEMs with IECs < 

IECc, nion is approximately 19–22. For AEMs with IECs > IECc, nion increases to 28–32. 
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Because S is almost conserved, the larger value of nion is attributed to the larger particle size of 

micelles relative to reverse-micelles.

The structure inversion from “reverse-micelles” to “micelles” increases the total WU and 

�w and also lowers membrane stability in alkaline solutions. Because the ionic imidazolium 

groups in “reverse-micelles” and “micelles” face the inner and outer interface direction of 

spherical domains, the former one is surrounded by fewer free spaces in the water domain than 

the latter one, which leads to smaller �w, as schematically shown in Figures 8(c) and 8(d). In 

other words, even though the area of interface occupied by one ionic group (S) is conserved, 

with an increase in IEC, a higher reaction rate of hydrolysis around the ionic groups is expected 

owing to the increased number of water molecules around the ionic groups, which considerably 

decreases stability in alkaline solutions. Even though the structure evolution in these StIm-

AEMs is similar to those of perfluorosulfonated ionomer membranes (i.e., Nafion  and its ○R

derivatives), the chemical composition and size of hydrophobic domains in these StIm-AEMs 

are unique.59-61 

III-3. Hydrazine hydrate fuel cell performance and durability

The fuel cell performance is strongly dependent on the property of AEMs, such as 

water permeability and fuel barrier property in addition to interaction with catalyst layers. We 

fabricated four MEAs using StIm-AEMs, with IECs of 0.54 mmol/g (AEM18), 0.78 mmol/g 

(AEM30) 0.95 mmol/g (AEM42), and 1.71 mmol/g (AEM98), and the most frequently-used 

organic cations BTMA powder as an ionomer with Ni–C (2.5 mg/cm2) and NPC-2000 (1.6 

mg/cm2) as an anode and cathode, respectively. The single hydrazine hydrate fuel cell 

performance was shown in Figure S9. MEA with AEM42 showed the best performance and 

achieved the maximum power density of 38 mW/cm2 at the current density of 90 mA/cm2, at 

the optimal flow rate of 50 mL/min with a back pressure of 10 KPa at the cathode side. Contrary 

to AEM42, MEA with AEM18 and AEM30 presented nearly no performance, and with AEM98 

achieved lower performance of 25 mW/cm2 at the current density of 60 mA/cm2. 
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According to the ex situ membrane durability test results in an alkaline solution shown in 

Figure 2 and the abovementioned structure analysis, AEM18 is regarded as the most suitable 

membrane with both good conductivity and alkaline durability owing to its reverse-micelle 

structure. However, MEA fabricated with AEM18 showed such poor fuel cell performance, 

although the ex situ membrane properties were good. This result indicates that the real fuel cell 

operation condition should be deviated from the ex situ alkaline solution. The structural analysis 

of the membranes required for the durability in the real fuel cells is not sufficient. However, so 

far, the membrane structures in the fuel cell cannot be analyzed clearly. Thus, we believe it is 

one of the promising methods to estimate them in fuel cell operating condition from the 

evidence of the membrane structures in ex situ solutions, which are clearly analyzed. It is known 

that the membrane under the fuel cell operation condition is relatively dry compared to that in 

an alkaline solution. The lower hydration increases the hydrophobicity of the membrane surface, 

which decreases surface adhesion to ionomers and catalyst layers and disconnects the network 

structure of ionic channels in the membrane. Consequently, the in situ conducting properties of 

AEM18 and even AEM30, are worse than those of the fully hydrated condition in the ex situ 

solution test, which leads to the poor fuel cell performance. In addition, the lower hydration 

effect in MEA possibly shifts the structure transition point of IECc toward higher IEC values; 

Thus, AEMs with relatively higher IEC, i.e., AEM42, assembled in MEA may possibly keep 

the stable reverse-micelle structure, which is essential for the long-term in situ durability 

requirement. 

It should be addressed that MEA fabricated with AEM98 showed worse fuel cell 

performance than AEM42 probably owing to the fact that AEM98 with a micelle structure is 

structurally too weak to exhibit good performance in either ex situ alkaline solutions or under 

severe hydrazine/KOH alkaline fuel cell conditions. 

In order to improve the fuel cell performance, anion-conducting ionomers typically need 

to have a chemical structure that is similar to that of AEMs as well as higher anion conductivity 
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compared to that of AEMs to achieve good adhesion and connectivity of ion-paths at the 

molecular level. Therefore, we re-assemble MEA using AEM42 as membrane and fine-

powdered AEM98 in chloride form as anion-conducting ionomer, which was prepared by 

pulverization using a freezer mill according to the literature.63 The much improved fuel cell 

performance was achieved with the maximum power density of 80 mW/cm2 at the current 

density of 140 mA/cm2 as shown in Figure 9(a). It also exhibited a high OCV of 0.86 V, which 

indicated low fuel and gas permeability. The oxygen flow rate showed a considerable effect on 

the cell performance in which the performance was improved at the optimal flow rate of 100 

mL/min with a back pressure of 10 KPa at the cathode side.

Since MEA fabricated with AEM42 exhibits the best fuel cell performance, the further 

durability test was performed at the constant current density of 8.0 mA/cm2 at 80°C. As shown 

in Figure 9(b), this single cell exhibited excellent durability up to 455 h and maintained 64.7% 

(0.68 V) of the initial voltage. To our knowledge, this is one of the most durable alkaline-type 

fuel cells.64−66 These results showed that Im/St-AEMs and their ionomer powders are promising 

materials for alkaline fuel cell applications in terms of performance and long-term durability. 

This result also confirms our previous presumption that AEMs under the in situ durability test 

condition are less hydrated than those in the ex situ (solution) test; thus AEMs with higher IEC, 

i.e. AEM42, still possess stable reverse-micelle structure and maintain long-term durability. It 

is essential and complicated to understand the membrane performance and in situ durability 

under the fuel cell conditions.67 Therefore, the ex situ examinations of conducting properties, 

durability, and membrane morphologies are important to offer a mechanistic insight in the 

membrane properties–morphology relationships. 

IV. Conclusions

In this study, we prepared new graft-type AEMs, composed of poly(2-(4-styryl)-N,N-

dipropylimidazolium hydroxide) homopolymer graft chains containing different IECs, on 

ETFE films via the radiation-induced grafting technique. We investigated the effects of IEC on 
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electrochemical properties and durability in alkaline solutions. A critical IEC value, IECc (0.7–

0.8 mmol/g) was observed. Below IECc, the membranes show low WU and very good alkaline 

stability in a 1 KOH solution at 80°C. Above this value, the membranes adsorb more water and 

are susceptible to hydrolysis. 

This phenomenon was interpreted by structure evolution using the SANS technique with 

the contrast variation method. We proposed that at IECs < IECc, the structure of conducting 

phase in AEMs was characterized by the traditional “reverse-micelles” model. While at IEC > 

IECc, the structure changed to the network structure of “micelles”. The further analysis using 

the hard-sphere liquid model and Porod limit analysis revealed that this structure inversion was 

dominated by the polymer/water interfacial energy, which imposed the conservation of 

interface area per ionic group. Thus, AEMs with the “reverse-micelles” structure were more 

alkaline-durable owing to the lower number of water molecules around one ionic group, which 

resulted in a slower hydrolysis reaction rate. The results in this study indicated that the 

molecular design in this type of AEMs to prevent ionic structure inversion from “reverse-

micelles” to “micelles” is crucial to suppress WU and the susceptibility of the hydrolysis 

reaction. An increase in the hydrophobicity of the graft polymer backbone and the introduction 

of larger chemical hindrance around ionic groups might be a practical way to keep the “reverse-

micelles” structure and improve the membrane stability in alkaline solutions. 

MEA fabricated with AEM18 showed very poor fuel cell performance, although the ex 

situ membrane properties were good. However, AEM42 with the IEC of 0.95 mmol/g, with the 

maximum power density of 80 mW/cm2 in the hydrazine hydrate fuel cell test, exhibited long-

term durability under constant current (8.0 mA) up to 455 h, which thus far showed the best 

durability at 80°C compared to other platinum-free alkaline-type liquid fuel cells. In the typical 

platinum-free hydrazine hydrate fuel cell test, the membrane hydration level in MEA was less 

than that in an alkaline solution. Accordingly, IECc most likely shifted to higher IEC values, 

i.e., > 0.95 mmol/g. 
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Figure caption

Scheme 1 Schematic illustration of conducting/non-conducting two-phase system

Scheme 2 Preparation procedure for AEMs

Figure 1 Plots of (a) OH− conductivities (�OH
−); (b) WU; (c) hydration number (�w) at RT 

as a function of effective IECexp

Figure 2 Time-dependence of relative OH− conductivity (�t/�0) of AEMs with different 

IECs after immersion in a 1-M KOH solution at 80°C

Figure 3 SANS profiles measured for AEMs with different IECs (a) at dry condition and (b) 

equilibrated in D2O at room temperature. The vertical dashed line indicates the 

boundary between two q-Regions. (c) Plot of d2 as a function of IEC

Figure 4 Schematic illustrations of the structure model for the ideal two-component system 

(a) “reverse-micelles”, and (b) “micelles”

Figure 5 Highlighted SANS profiles (symbols) in Region II of Figure 3(b) for AEMs with 

different IECs. The best-fitted theoretical profiles (solid line), which are based on 

the HS-liquid model analysis, are also shown in the figure. 

Figure 6 Porod plot of SANS profiles shown in Figure 3(b)

Figure 7 Plots of (a) VS, Vw, and Vgraft; (b) RS, RPorod,w, and RPorod,g; and (c) S and nion, as a 

function of GD. The regions marked with dotted circles indicate good consistency 

of VS with Vw or Vgraft (part a), and of RS with RPorod,w or RPorod,g (part b) to verify 

the applicability of “reverse-micelles” or “micelles” models.

Figure 8 Schematic illustrations of the structure models in the conducting phase of (a) 

“reverse-micelles” model for AEMs with IEC < IECc; (b) “micelles” model for 

AEMs with IEC > IECc; and the correlations of water uptake and membrane 

alkaline stability in the structure models of (c) “reverse-micelles” and (d) “micelles”

Figure 9 Performance tests of MEA fabricated with AEM42 as a membrane, and AEM98 as 

an ionomer: (a) Polarization curve and power density at 80°C, 100 mL/min oxygen 
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flow rate, and 20 mL/min hydrazine hydrate with 10 KPa backpressure at the 

cathode side; (b) OCV-hold test at 80°C, 100 mL/min oxygen flow rate, and 20 

mL/min hydrazine hydrate without backpressure
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Table 1 Characteristics of AEMs equilibrated in water at 25°C

AEMs Grafting 

time (h)

GD

(%)

WU 

(%)

�w IECcal

(mmol/g)

IECexp

(mmol/g)

IECexp

/IECcal

�0 (mS/cm)

60°C   

RT

Time of �t /�0 ~ 

20% (h)

AEM08 0.67 8 5.0 10.6 0.34 0.26 0.76 17   9 >6001)

AEM11 0.8 11 7.5 11.2 0.45 0.37 0.82 23    12 >6001)

AEM14 1.0 14 9 11.6 0.56 0.43 0.77 39    18 >6001)

AEM18 1.2 18 10 10.3 0.63 0.54 0.85 50    24 >6001)

AEM30 2.0 30 20 14.4 1.0 0.78 0.78 60    43 450

AEM42 4.0 42 42 24.6 1.15 0.95 0.83 97    56 320

AEM56 5.0 56 53 22.9 1.54 1.29 0.84 116   78 200

AEM86 10.0 86 74 26.8 1.8 1.53 0.85 156   92 < 721)

AEM98 16.0 98 80 25.8 1.88 1.72 0.91 181  100 < 721)

1) AEM08, AEM11, AEM14 and AEM18 did not show visible conductivity decrease during 
the durability test up to 600h. AEM86 and AEM98 were physically damaged after immersing 
in 1 KOH solution at 80 oC for 3 days.  

Table 2 d2, �x of component x (x: graft, c-graft, and nc-graft) and Vw of AEMs equilibrated in 

water

AEMs d2 (Å) �graft �c-graft
2) �nc-graft

2) �c-graft /�graft �ETFE �w Vw1   Vw2

AEM08 21.0 0.111 - - - 0.814 0.075 -       0.43

AEM11 21.0 0.141 - - - 0.753 0.106 -       0.44

AEM14 21.0 0.169 0.133 0.036 0.79 0.708 0.123 0.45    0.45

AEM30 22.0 0.261 - - - 0.513 0.226 -       0.50

AEM42 22.5 0.262 0.238 0.024 0.9 0.367 0.371 0.61    0.63
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AEM56 23.4 0.284 - - - 0.298 0.418 -       0.62

AEM86 26.1 0.304 0.275 0.029 0.9 0.208 0.488 0.64    0.65

2)�c-graft and �nc-graft are obtained from eqs. (S1)–(S4) in the Supporting Information

Table 3 RS and VS, obtained from the hard-sphere liquid model, and estimated Vw and Vgraft 

AEMs RS (Å) VS Vw
3) Vgraft

AEM08 10.2 0.33 0.43 0.57

AEM11 10.5 0.39 0.44 0.56

AEM14 10.7 0.41 0.45 0.55

AEM30 11.0 0.38 0.50 0.50

AEM42 11.2 0.40 0.61 0.39

AEM56 11.6 0.40 0.62 0.38

AEM86 12.6 0.36 0.64 0.36

3) Average value of Vw1 and Vw2 for AEM14, AEM42 and AEM86, and the value of Vw2 for 

other AEMs shown in Table 3

Table 4 Parameters obtained from the Porod limit analysis

AEMs RPorod,w (Å) RPorod,g (Å) � (Å−1) S (Å2) nion

AEM08 11.9  Yes4) - 0.019 81 22

AEM11 11.8  Yes4) - 0.027 84 21

AEM14 11.7  Yes4) - 0.032 89 19

AEM30 - - 0.029 93 -

AEM42 25.2  No4) 14.8  Yes4) 0.044 86 32

AEM56 23.8  No4) 14.6  Yes4) 0.053 87 31

AEM86 26.3  No4) 14.2  Yes4) 0.056 90 28
4) Consistency with HS liquid model.
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Scheme 1

Scheme 2
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Figure 1
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Figure 2
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Figure 3

Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Structure-property relationships of newly developed AEMs were studied. Hydrazine-hydrate 
fuel cell tests show good performance and thus far best durability.
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