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1.1 Necessity of new material approaches

5HDVRQV� WR�SXUVXH�VFLHQWLÀF�UHVHDUFK�DUH� WR�H[SORUH�QHZ�SRVVLELOLWLHV�� WR�VROYH�VRFLHWDO�
SUREOHPV�DQG�WR�JDLQ� LQVLJKWV� WR�KRZ�QDWXUH�IXQFWLRQV��&KHPLVWU\�FRPELQHV�FXULRVLW\�
DQG�XWLOLW\�WR�WKH�VHUYLFH�RI�PDQNLQG���������)XQFWLRQDO�PDWHULDOV�DUH�WKH�FKHPLFDO�DQVZHU�
WR�VROYLQJ�VRFLHWDO�SUREOHPV�DQG�WLPH�LV�SUHVVLQJ�WR�GHYHORS�QHZ�VROXWLRQV��7KH�ZLGH�
YDULHW\�RI�FXUUHQW�VRFLHWDO�SUREOHPV��VXFK�DV�WKH�HQYLURQPHQWDO�LPSDFW�RI�SODVWLFV��&22, 
HQHUJ\�VWRUDJH���FKHPLFDO��SROOXWLRQ��DQG�VKRUWDJH�RI�UDUH�HDUWK�PHWDOV��DVN�IRU�FRPSOHWHO\�
QHZ�VROXWLRQV�DQG�LQQRYDWLYH�PDWHULDOV��$Q�LPSRUWDQW�FKDOOHQJH�LV�WKH�GHYHORSPHQW�RI�
PDWHULDOV�WKDW�FDQ�EH�UHF\FOHG��RU�UHXVHG������

:H�FXULRXVO\�ZRQGHU�KRZ�QHZ�VROXWLRQV�PLJKW�EH�LQVSLUHG�E\�QDWXUDO�V\VWHPV�
DQG�KRZ�QHZ�LQVLJKWV�FDQ�EH�DSSOLHG��=RRPLQJ�LQ�RQ�ELRORJLFDO�FHOOV��RQH�FDQ�REVHUYH�
PDQ\�HVVHQWLDO�DQG�IDVFLQDWLQJ�SURFHVVHV�RFFXUULQJ��VXFK�DV�FHOOXODU�FRPPXQLFDWLRQ�DQG�
WUDQVSRUW��PRWLOLW\��DQG�WKH�G\QDPLFV�RI�WKH�F\WRVNHOHWRQ�GXULQJ�PXOWLSOLFDWLRQ������7R�
RUJDQL]H�DQG�DFKLHYH�IXQFWLRQDOLW\��WKHVH�FHOOXODU�V\VWHPV�XVH�GLͿHUHQW�DSSURDFKHV��VXFK�
DV� UHDFWLRQ�QHWZRUNV�ZLWKLQ�PXOWLSOH� FRPSDUWPHQWV�� RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�
DQG�UHDFWLRQ�GLͿXVLRQ�SURFHVVHV��������$V�VXFK��FHOOV�DFKLHYH�D�FRPSOH[�PLFURDUFKLWHFWXUH�
RI�PXOWLSOH�FRPSDUWPHQWV�DQG�VWUXFWXUHV��UHJXODWH�G\QDPLF�SDWWHUQV��VKRZ�VHOI�KHDOLQJ�
EHKDYLRU�DQG�UHF\FOH�EXLOGLQJ�EORFNV��$OO�WKHVH�SURFHVVHV�RFFXU�RXW�RI�HTXLOLEULXP�XQGHU�
WKH�FRQVXPSWLRQ�RI�HQHUJ\�DQG�PDWWHU��&HOOV�DUH�D�IDVFLQDWLQJ�LQVSLUDWLRQ�IRU�QHZ�PDWHULDO�
DSSURDFKHV��EXW�RQO\�LI�WKH�SULQFLSOHV�FDQ�EH�WUDQVODWHG�WR�IXQFWLRQDO�V\QWKHWLF�V\VWHPV��

1DWXUH� LV� DOO� DERXW� G\QDPLFV� DQG� ELRORJLFDO�PDWHULDOV� DUH� W\SLFDOO\� SDUW� RI� DQ�
HQHUJ\�RU�PDWHULDO� ORRS�LQ�ZKLFK�WKH\�FDQ�EH�UHXVHG�RU�UHF\FOHG������7KLV�UHTXLUHV�WKH�
LQSXW�RI�HQHUJ\� LQ�VXFK�D�ZD\�WKDW� LW� LV�DSSOLHG� WR� WKH� IRUPDWLRQ�RI�PDWHULDOV��1DWXUH�
DSSOLHV�WKH�¶VSRQWDQHRXV·�DVVHPEO\�RI�VPDOO�PROHFXOHV�WR�EXLOG�PDWHULDOV�DQG�VWUXFWXUHV��
IRU�H[DPSOH�FHOO�PHPEUDQHV�DQG�PLFURWXEXOHV��,Q�WKHVH�PDWHULDOV��WKH�VHOI�DVVHPEO\�RI�
VPDOO�PROHFXODU�EXLOGLQJ�EORFNV�LV�FRPELQHG�ZLWK�DFWLYDWLQJ�UHDFWLRQV��WKDW�VXSSO\�HQHUJ\�
WR�WKH�V\VWHP�DQG�FRQWURO�G\QDPLF�VWUXFWXUH�IRUPDWLRQ��$IWHU�DFWLYDWLRQ�RI�WKH�EXLOGLQJ�
EORFNV�WKH�IRUPHG�PDWHULDOV�UHVLGH�RXW�RI�HTXLOLEULXP��2YHU�WLPH��WKH\�ZLOO�GHFD\�EDFN�
WR� WKH�RULJLQDO�QRQ�DFWLYH�EXLOGLQJ�EORFNV�DQG�ZDVWH�SURGXFWV�� UHDG\� IRU�D�QHZ�F\FOH��
,Q� WKLV� IDVKLRQ��PLFUR�� DQG�PDFURVFRSLF�PDWHULDOV� DUH� IRUPHG� RXW�RI�HTXLOLEULXP� DQG�
FDQ�EH�FRQWUROOHG�WKURXJK�FKHPLFDO�DQG�RU�SK\VLFDO�SDUDPHWHUV��:LWKLQ�WKH�FRPSOH[LW\�
RI�FHOOV��WKHVH�SURFHVVHV�DUH�DQ�HVVHQWLDO�SDUW�RI�WKH�VSDWLDO�GLͿHUHQWLDWLRQ�DQG�WUDQVLHQW�
VHOI�RUJDQL]DWLRQ��7KHVH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEOHG�PDWHULDOV�RͿHU�DQ�LPSRUWDQW�
VFLHQWLÀF�DQG�WHFKQRORJLFDO�RSSRUWXQLW\������

1.2 Complexity in materials

$Q�REMHFWLYH�RI�WKLV�UHVHDUFK�LV�WR�FRPELQH�LQVLJKWV�RI�&RPSOH[LW\�VFLHQFH�ZLWK�0DWHULDO�
VFLHQFHV��:KDW� LV�FRPSOH[LW\� LQ�PDWHULDOV��FDQ�ZH�V\QWKHVL]H�D�PDWHULDO�ZLWK�FRPSOH[�
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,QWURGXFWLRQ

SURSHUWLHV"�&RPSOH[LW\�LV�WKH�EURDGHVW�UHVHDUFK�ÀHOG�WR�GDWH��FURVVLQJ�EULGJHV�EHWZHHQ�
FKHPLVWU\�� LQIRUPDWLFV��ELRORJ\��SK\VLFV��PHGLFDO�ÀHOGV��HFRORJ\�DQG�PDQ\�RWKHU�ÀHOGV�
�����7KH�XQLTXHQHVV�RI�WKLV�MRLQW�HͿRUW�LV�WKDW�HDFK�VXEÀHOG�KDV�D�QHZ�YLHZSRLQW�WRZDUGV�
FRPSOH[LW\�DQG�EULQJV� LQ�QHZ�DVSHFWV�� W\SLFDO�SKHQRPHQD�DUH� IRU� H[DPSOH�QHWZRUNV��
WHPSRUDO�RVFLOODWLRQV�DQG�VSDWLDO�SDWWHUQV��+RZHYHU��DFURVV�WKHVH�ÀHOGV�RQH�UHFRJQL]HV�
WKH�V\QFKURQLFLW\�LQ�WKHVH�SKHQRPHQD�WKDW�VHHP�WR�FRQWDLQ�XQLYHUVDO�VLJQDWXUHV�

$�SRVVLEOH�GHVFULSWLRQ�RI�D�FRPSOH[�V\VWHP�LV�WKH�HPHUJHQFH�RI�SURSHUWLHV�LQ�D�ODUJH�
JURXS�RI�LQWHUDFWLQJ�FRPSRQHQWV��ZKLFK�DUH�GULYHQ�E\�ORFDO�IRUFHV������7KHVH�LQWHUDFWLRQV�
FDQ�OHDG�WR�GLͿHUHQW�NLQG�RI�SDWWHUQV�DQG�VKDSHV�LQ�PDWHULDOV�WKDW�DUH�H[SUHVVHG�LQ�ERWK�
VSDFH�DQG�WLPH��([DPSOHV�RI�WKHVH�SDWWHUQV�DUH�]HEUD�ÀVK�VWULSHV������&D2+ signaling waves 
EHWZHHQ�FHOOV�����DQG�WKH�G\QDPLF�QDWXUH�RI�PLFURWXEXOHV�ZLWKLQ�FHOOV������$Q�LQWHUHVWLQJ�
H[DPSOH�RI�FRPSOH[LW\�LQ�D�ODUJH�JURXS�RI�LQWHUDFWLQJ�FRPSRQHQWV��LV�WKH�EHKDYLRU�RI�D�
VFKRRO�RI�ÀVK������7KH�G\QDPLFV�RI�WKH�VFKRRO�FDQ�EH�GHVFULEHG�E\�D�VLPSOH�VHW�RI�UXOHV�IRU�WKH�
LQGLYLGXDO�ÀVK�DQG�WKURXJK�WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�ÀVK��UHVXOWV�LQ�WKH�PDFURVFRSLF�
EHKDYLRU�RI� WKH� VFKRRO�RI�ÀVK� ������7KHVH� FRPSOH[� V\VWHPV�DUH� W\SLFDOO\�QRQ�OLQHDU� LQ�
their dependence on the number of components and/or interactions, which makes them 
FKDOOHQJLQJ�WR�DQDO\]H��&RPSOH[LW\�PLJKW�EH�GHVFULEHG�DV�WKH�QRW�\HW�XQGHUVWDQGLQJ�RI�
DOO�WKHVH�LQWHUDFWLRQV�DQG�IXQFWLRQV�WKDW�OHDG�WR�WKH�FRPSOH[�RUJDQL]DWLRQ�RI�IRU�H[DPSOH�
D�FHOO�RU�DQ\�OLYLQJ�PDWWHU���������

)RU� FRPSOH[LW\� LQ� FKHPLVWU\�� WZR� UHVHDUFK� WRSLFV� DUH� W\SLFDOO\� FRQVLGHUHG�
LPSRUWDQW�� UHDFWLRQ�GLͿXVLRQ� �5'�� V\VWHPV� DQG� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\�� 7KH�
ÀHOG�RI�5'�REWDLQHG�LWV�LQVSLUDWLRQ�IURP�WKH�HPHUJHQFH�RI�SDWWHUQV�LQ�ELRORJLFDO�PDWHULDOV��
VXFK�DV�WKH�]HEUD�ÀVK�VNLQ�SDWWHUQV��7KH�LQLWLDO�H[SHULPHQWDO�GHYHORSPHQWV�LQ�WKLV�ÀHOG�
date back to the 1900s and more theoretical insights were obtained after the work of 
7XULQJ�LQ�����V�����������,Q�5'�V\VWHPV�WZR�SURFHVVHV�RFFXU�VLPXOWDQHRXVO\��WKH�GLͿXVLRQ�
RI�VSHFLHV�DQG�WKH�UHDFWLRQV�EHWZHHQ�WKHVH�VSHFLHV��ZKLFK�FDQ�UHVXOW�LQ�RUGHUHG�SDWWHUQV��
7KH�ZHOO�VWXGLHG�RVFLOODWLQJ�V\VWHP�RI�WKH�%HORX]RY�=KDERWLQVN\��%=��UHDFWLRQ�������KDV�
OHG�WR�WKH�GHYHORSPHQW�RI�D�PDWXUH�UHVHDUFK�ÀHOG�ZLWK�WKHRUHWLFDO�XQGHUVWDQGLQJ�RI�QRQ�
OLQHDULW\�DQG�SDWWHUQ�IRUPDWLRQ��������6R�IDU��RUJDQLF�FKHPLVWU\�KDV�QRW�EHHQ�H[WHQVLYHO\�
EHHQ�DSSOLHG�LQ�5'�V\VWHPV��

2XW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�LV�DQ�LPSRUWDQW�DVSHFW�LQ�QDWXUDO�V\VWHPV�DQG�
VFLHQWLÀF�LQWHUHVWV�GDWHV�EDFN�WR�WKH�LQLWLDO�ZRUNV�E\�3ULJRJLQH�LQ�WKH�����V�RQ�GLVVLSDWLYH�
VHOI�VXVWDLQHG� VWUXFWXUHV� ������ ,Q� WKHVH� V\VWHPV�� VHOI�DVVHPEOHG� VWDWHV� RFFXU�RXWVLGH�RI�
HTXLOLEULXP� DQG� UHTXLUH� WKH� FRQWLQXRXV� LQÁX[� RI� HQHUJ\� WR� VXVWDLQ� VWDEOH� VWDWHV� ������
7KHVH�VWDWHV�WKHUHIRU�VKRZ�D�GHSHQGHQFH�RQ�WKH�HQHUJ\�ÁX[�WKURXJK�WKH�V\VWHP�UHVXOWLQJ�
LQ�SURSHUWLHV�VXFK�DV�DGDSWDELOLW\��VHOI�KHDOLQJ�DQG�UHF\FODELOLW\��$V�WKH�QDWXUDO�SDWWHUQV�
DQG�G\QDPLF�FHOOXODU�EHKDYLRU�DUH�DQ�LPSRUWDQW�PRWLYDWLRQ�IRU�VWXG\LQJ�5'�DQG�RXW�RI�
HTXLOLEULXP�VHOI�DVVHPEOHG�V\VWHPV��LW�LV�VXUSULVLQJ�WKDW�VR�IDU�RQO\�OLPLWHG�UHVHDUFK�KDV�
EHHQ�SHUIRUPHG�RQ�PROHFXODU�V\VWHPV�IRU�WKHVH�DSSURDFKHV��6XFK�PROHFXODU�V\VWHPV�ZLOO�
OHDG�WR�WKH�GHYHORSPHQW�RI�QHZ�W\SHV�RI�PDWHULDOV��ZLWK�WKH�UHODWHG�SRWHQWLDO�DSSOLFDWLRQV��
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1DWXUDO� V\VWHPV� DQG� PDWHULDOV� DOVR� SRVH� FKDOOHQJHV� IRU� QHZ� GHYHORSPHQWV��
Questions that need to be addressed are; which component is the most important in 
D�FRPSOH[�PDWHULDO�DQG�KRZ�GR�WKH�PXOWLSOH� LQWHUDFWLRQV�ZRUN�WRJHWKHU�IRU�REWDLQLQJ�
D�ZRUNLQJ� V\VWHP"� 7R� SDUWO\� VROYH� WKHVH� TXHVWLRQV� UHVHDUFK� LV� GRQH� E\� H[WUDFWLQJ� RU�
SURGXFLQJ�WKH�QDWXUDO�FRPSRQHQWV�RI�FRPSOH[�V\VWHPV�DQG�VHDUFKLQJ�IRU�WKH�PLQLPDO�
FRPSRQHQWV�QHFHVVDU\�WR�REWDLQ�D�IXQFWLRQDO�V\VWHP��3DUWO\�WKLV�UHVHDUFK�LV� OLPLWHG�E\�
WKH�KLJK�FRVWV��HFRQRPLF�DQG�WLPH��LQYROYHG�IRU�WKHVH�QDWXUDO�V\VWHPV��7KHVH�FRVWV�SRVH�
D�SRWHQWLDO�ULVN�IRU�IXWXUH�DSSOLFDWLRQV�RI�WKH�HQYLVLRQHG�UHVHDUFK�

1.3 Challenges

,Q�WKH�FXUUHQW�WKHVLV�ZH�DGGUHVV�PXOWLSOH�FKDOOHQJHV�WR�GHYHORS�QHZ�PDWHULDO�DSSURDFKHV�
EDVHG� RQ� WKH� FRPELQDWLRQ� RI� VHOI�DVVHPEO\�� UHDFWLRQ�GLͿXVLRQ� DQG� RXW�RI�HTXLOLEULXP�
SURFHVVHV�� $FWLYH� RXW�RI�HTXLOLEULXP� PDWHULDOV� DUH� D� VWHS� WRZDUGV� SURJUDPPDEOH�
PDWHULDOV�� ZKHUH� WKH� SURSHUWLHV� DUH� GHWHUPLQHG� E\� FKHPLFDO� IXHOV�� WLPH� DQG� UHDFWLRQ�
FRQGLWLRQV�� 6HOI�KHDOLQJ� EHKDYLRU� DQG� UHF\FODELOLW\� RI� WKH� LQLWLDO� FRPSRXQGV� RͿHU�
DQ� DWWUDFWLYH� PHWKRG� IRU� PRUH� VXVWDLQDEOH� DSSOLFDWLRQV� RI� PDWHULDOV�� $OWKRXJK� WKH�
inspiration comes from the microscopic level of cells, future applications are envisioned 
WR�EH�PDFURVFRSLF�PDWHULDOV��,Q�WKH�SURFHVV�WRZDUGV�WKH�VHOI�RUJDQL]DWLRQ�RI�PDWHULDOV�LQ�
VSDFH�DQG�WLPH��WKH�FRPELQDWLRQ�RI�UHDFWLRQ�GLͿXVLRQ�ZLWK�RUJDQLF�VHOI�DVVHPEO\�RͿHUV�
WKH�SRVVLELOLW\�WR�PDQLSXODWH�PDWHULDO�VKDSHV�DQG�SDWWHUQV��7KH�FDSDELOLW\�WR�FRQVWUXFW�
DQG�RUJDQL]H�PDWHULDOV�DFURVV�PXOWLSOH�OHQJWK�VFDOHV��IURP�WKH�GLͿXVLRQ�JUDGLHQWV�RI�SUH�
SDWWHUQHG� FRPSRQHQWV� RͿHUV� DQ� DWWUDFWLYH�SRWHQWLDO� IRU�PDWHULDOV� VFLHQFHV�� 7R�XVH� WKH�
YHUVDWLOLW\�RI�SURWHLQV�DQG�HQ]\PHV��PHWKRGV�QHHG�WR�EH�GHYHORSHG�IRU�ELQGLQJ�RI�WKHVH�
SURWHLQV�WR�VHOI�DVVHPEOHG�PDWHULDOV�LQ�D�UHYHUVLEOH�IDVKLRQ��

The developments as described in this thesis are aimed at achieving the fascinating 
SURSHUWLHV�DQG�IXQFWLRQDOLWLHV�VLPLODU�WR�WKRVH�REVHUYHG�LQ�QDWXUDO�V\VWHPV��ZLWK�FRQWURO�
RYHU� WUDQVLHQW�PDWHULDO� IRUPDWLRQ� DQG� LQWHUDFWLRQV�ZLWK� ELRORJLFDO� V\VWHPV��+RZHYHU��
VFLHQWLVWV� VKRXOG� QRW� �UH�SURGXFH� OLYLQJ� V\VWHPV�� EXW� EH� LQVSLUHG� E\� DQG� DSSO\� WKH�
REVHUYHG�IDVFLQDWLQJ�IXQFWLRQDOLWLHV�RI�ELRORJLFDO�V\VWHPV�WR�QHZ�PDWHULDOV��

1.4 Outline of thesis

7KH�DLP�RI�WKLV�ZRUN�LV�WR�GHYHORS�QHZ�DSSURDFKHV�IRU�VRIW�PDWHULDOV��E\�VHOI�DVVHPEO\�
DQG� RXW�RI�HTXLOLEULXP� SURFHVVHV�� &KDSWHU� �� SUHVHQWV� D� OLWHUDWXUH� RYHUYLHZ� RI� VHOI�
DVVHPEO\�� UHDFWLRQ�GLͿXVLRQ� DQG� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\�� 7KH� FKDSWHU� JLYHV�
DQ�LQVLJKW�WR�KRZ�ELRORJLFDO�V\VWHPV�FRPELQH�WKHVH�WKUHH�DVSHFWV�DQG�ZKDW�WKH�FXUUHQW�
VWDWH�RI�WKH�DUW� LV� LQ� VFLHQFH��&KDSWHU��� UHSUHVHQWV�D�JHQHUDO�DSSURDFK� WRZDUGV�RXW�RI�
HTXLOLEULXP�IRUPDWLRQ�RI�PDWHULDOV�GULYHQ�E\�D�FKHPLFDO�UHDFWLRQ��2XU�GHVLJQ�OHDGV�WR�
FRQWURO�RYHU�PDWHULDO�SURSHUWLHV��VXFK�DV�VWLͿQHVV�DQG�OLIHWLPHV��DQG�VWULNLQJO\�VKRZV�D�
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,QWURGXFWLRQ

PLFURVFRSLF�G\QDPLF�EHKDYLRU�VLPLODU�WR�WKDW�REVHUYHG�LQ�PLFURWXEXOHV��ZKLFK�IRUPHG�
WKH�LQVSLUDWLRQ�RI�WKH�GHVLJQ��&KDSWHU���UHSUHVHQWV�DQ�H[WHQVLRQ�RI�WKH�RXW�RI�HTXLOLEULXP�
VHOI�DVVHPEO\� GHVLJQ� WRZDUGV� WKH� FROORLGDO� UHJLPH�� ,Q� &KDSWHU� �� D� WKHUPRG\QDPLF�
GLVFXVVLRQ�LV�SUHVHQWHG�RQ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\��7KH�LQWURGXFWLRQ�RI�UHDFWLRQ�
GLͿXVLRQ� FRPELQHG� ZLWK� RUJDQLF� VHOI�DVVHPEO\� LV� GLVFXVVHG� LQ� &KDSWHU� ��� +HUH� ZH�
show the formation of self-assembled structures of which shape and dimensions can be 
FRQWUROOHG��:H�IXUWKHU�VKRZ�WKH�IXQFWLRQDOL]DWLRQ�RI�WKH�VXSUDPROHFXODU�VWUXFWXUHV�ZLWK�
SURWHLQ�UHFRJQLWLRQ�VLWHV��,Q�WKH�ÀQDO�&KDSWHU����D�VXSUDPROHFXODU�FRQVWUXFW�LV�SUHVHQWHG�
IRU�UHYHUVLEOH�ELQGLQJ�RI�SURWHLQV�WR�VHOI�DVVHPEOHG�ELOD\HUV��
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2.1 Introduction

7KH�IXQFWLRQDOLW\�DQG�FRPSOH[LW\�RI�1DWXUDO�V\VWHPV�LV�D�JUHDW�LQVSLUDWLRQ�IRU�VFLHQWLVWV�
DQG�HQJLQHHUV��HVSHFLDOO\�IRU�WKH�GHVLJQ�DQG�V\QWKHVLV�RI�QHZ�PDWHULDOV���������6HOI�KHDOLQJ��
PRYHPHQW�� JURZWK�� DGDSWDELOLW\� DQG� SDWWHUQ� IRUPDWLRQ� DUH� H[DPSOHV� RI� ELRORJLFDO�
SKHQRPHQD� WKDW� DFWHG� DV� LQVSLUDWLRQ� IRU� QHZ� DUWLÀFLDO� GHVLJQV�� %LRORJLFDO� V\VWHPV�
DFKLHYH�DQG�PDLQWDLQ� WKHVH� LQWULFDWH� IXQFWLRQV�� WDVNV�DQG�VWUXFWXUHV�E\�RSHUDWLQJ�RXW�
RI�HTXLOLEULXP� WKURXJK� WKH� FRQVXPSWLRQ�RI� HQHUJ\� DQG�PDWWHU�� 6SDWLDO� GLͿHUHQWLDWLRQ�
RI�WKHVH�WUDQVLHQW�VXSUDPROHFXODU�V\VWHPV�LV�DFKLHYHG�E\�WKH�UHDFWLRQ�DQG�GLͿXVLRQ�RI�
PROHFXODU�FRPSRQHQWV���������7KH�XVH�RI�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�DQG�UHDFWLRQ�
GLͿXVLRQ� ZLOO� OHDG� WR� WKH� GHYHORSPHQW� RI� ELR�LQVSLUHG� SURJUDPPDEOH� PDWHULDOV� E\�
FRPELQLQJ�GHYHORSPHQWV�LQ�WKH�ÀHOGV�RI�FKHPLVWU\��ELRORJ\��SK\VLFV�DQG�PDWKHPDWLFDO�
PRGHOLQJ���������

,Q�1DWXUH��PXOWLSOH�FRPSRQHQWV�VHOI�DVVHPEOH�LQWR�IXQFWLRQDO�VWUXFWXUHV��ZLWKLQ�
FHOOV� IRU�H[DPSOH�GRXEOH�VWUDQGHG�'1$��IROGHG�SURWHLQV��DQG�FHOOXODU�PHPEUDQHV������
7KH�G\QDPLFV�LQ�FHOOV�DUH�WKH�DUFKHW\SLFDO�H[DPSOH�RI�WKH�FRPSOH[LW\�ZLWKLQ�ELRORJLFDO�
V\VWHPV��7KHVH� FHOOXODU�G\QDPLFV� DUH�RUJDQL]HG�DV� UHDFWLRQ�QHWZRUNV�ZLWKLQ�PXOWLSOH�
FRPSDUWPHQWV� ZLWK� WKH� DLP� WR� DFKLHYH� D� YDULHW\� RI� IXQFWLRQV�� DQG� WKURXJK� RXW�RI�
HTXLOLEULXP� VHOI�DVVHPEO\� DQG� UHDFWLRQ�GLͿXVLRQ� SURFHVVHV� WKHVH� ELRORJLFDO� IXQFWLRQV�
DUH�DFKLHYHG������0LWRVLV��WKH�GLYLVLRQ�RI�FHOOV��LV�D�UHPDUNDEOH�H[DPSOH�RI�KRZ�RXW�RI�
HTXLOLEULXP�VHOI�DVVHPEOHG�PDWHULDOV�FDQ�SHUIRUP�LQWULFDWH�WDVNV��FRQWUROOHG�LQ�ERWK�VSDWLDO�
DQG� WHPSRUDO�GLPHQVLRQV� �����'XULQJ�PLWRVLV� WKH�SDUHQW�'1$�RI� WKH�FHOO� LV� UHSOLFDWHG�
DQG�VSOLW� LQWR� WZR�GLͿHUHQW�VHWV�RI�FKURPRVRPHV��RQH�IRU�HDFK�FRUUHVSRQGLQJ�QXFOHXV�
��������,Q�WKH�LQLWLDO�VWHSV�RI�WKLV�SURFHVV��WKH�UHSOLFDWHG�'1$�¶GDXJKWHUV·�DUH�PRYHG�LQWR�
RSSRVLWH� GLUHFWLRQ� E\� VHOI�DVVHPEOHG�PLFURWXEXOH�� 7KH�PLFURWXEXOHV� DVVHPEOH� RXW�RI�
HTXLOLEULXP�WKURXJK� WKH�FRQVXPSWLRQ�RI�JXDQRVLQH� WULSKRVSKDWH� �*73��DV�D� FKHPLFDO�
IXHO��6XEVHTXHQWO\��PRWRU�SURWHLQV� WUDQVSRUW� WKH�'1$�VSLQGOHV�RYHU� WKH�PLFURWXEXOHV�
������5HDFWLRQ�GLͿXVLRQ�SURFHVVHV�RI�WKH�PROHFXODU�FRPSRQHQWV�FRQWULEXWH�WR�WKH�VSDWLDO�
RUJDQL]DWLRQ��OHDGLQJ�WR�WKH�RULHQWDWLRQ�LQ�RSSRVLWH�GLUHFWLRQV�����������(YHQWXDOO\�WKH�'1$�
¶GDXJKWHUV·�DUH�FDSWXUHG�ZLWKLQ�D�VHOI�DVVHPEOHG�PHPEUDQH��IRUPLQJ�WKH�QXFOHXV��7KLV�

Figure 2.1 Self-assembly of monomers into ordered structures. Illustrations of surfactants 
WKDW�VHOI�DVVHPEO\�LQWR�PLFHOOHV��$��DQG�VPDOO�PROHFXOH�JHODWRUV�WKDW�VHOI�DVVHPEOH�LQWR�D�ÀEURXV�
network (B). 
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6SDWLDO�DQG�WUDQVLHQW�VHOI�DVVHPEO\�IRU�FRPSOH[LW\�LQ�PDWHULDOV

simplistic description of a process that is essential to all living creatures, illustrates how 
WKH� FRPELQDWLRQ� RI� VHOI�DVVHPEO\�� RXW�RI�HTXLOLEULXP�SURFHVVHV� DQG� UHDFWLRQ�GLͿXVLRQ�
SKHQRPHQD�IRUP�D�FRPSOH[�V\VWHP�WKDW�SHUIRUPV�WDVNV�LQ�D�VSDWLDO�GLͿHUHQWLDWHG�DQG�
WUDQVLHQW�PDQQHU��

,Q� WKLV� FKDSWHU� DQ� RYHUYLHZ� LV� JLYHQ� RI� VHOI�DVVHPEO\�� UHDFWLRQ�GLͿXVLRQ� DQG�
RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\��)LUVW�� WKH�EDVLFV�RI�6HOI�$VVHPEO\� �6$��DUH�GLVFXVVHG�
IRU�XQGHUVWDQGLQJ�KRZ�VPDOO�PROHFXOHV�IRUP�ZHOO�GHÀQHG�VWUXFWXUHV��7R�JDLQ�LQVLJKWV�
WR�KRZ�PDWHULDO� VKDSHV� DQG�SDWWHUQV� DUH� IRUPHG� LQ� VSDFH��5HDFWLRQ�'LͿXVLRQ� �5'�� LV�
LQWURGXFHG��1H[W��UHFHQW�GHYHORSPHQWV�LQ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�DUH�GLVFXVVHG�
IRU�XQGHUVWDQGLQJ�WKH�EDVLFV�RI�WLPH�GHSHQGHQW�SURSHUWLHV��)LQDOO\��WKH�PDLQ�FKDOOHQJHV�
IRU�WKLV�WKHVLV�DUH�SODFHG�LQ�SHUVSHFWLYH��

2.2 Soft matter, self-assembly and materials 

7KH�VSRQWDQHRXV�DVVHPEO\�RI�VPDOO�PROHFXOHV�LQWR�ZHOO�GHÀQHG�VWUXFWXUHV�DQG�PDWHULDOV��
KHOG� RQO\� WRJHWKHU� E\� QRQ�FRYDOHQW� LQWHUDFWLRQV�� RͿHUV� JUHDW� SRWHQWLDO� IRU� ERWK� WKH�
development of materials and for understanding the fundamental processes of living 
V\VWHPV�������������6RPH�RI�WKH�ÀUVW�GLVFRYHUHG�VHOI�DVVHPEOHG�VWUXFWXUHV��PDGH�IURP�ELOH�
VDOWV��SX]]OHG� UHVHDUFKHUV� DQG� WKH\�QDPHG� WKHVH�REVHUYHG�PDFURPROHFXODU� VWUXFWXUHV�
¶FRPSOH[·� ������ ,Q� WKH� ODVW�GHFDGHV�WKH�ÀHOG�RI�VPDOO�PROHFXOH�6$�KDV�EHHQ�H[SDQGLQJ�
UDSLGO\�OHDGLQJ�WR�QHZ�GHYHORSPHQWV�VXFK�DV�GUXJ�GHOLYHU\�V\VWHPV�������IRRG�SURGXFWV�
������FOHDQXS�RI�RLO�VSLOOV������DQG�PDWHULDOV�IRU�FHOO�JURZWK������

6$�RI�PROHFXODU�PRQRPHUV�LQWR�RUGHUHG�VWUXFWXUHV�IRUPV�D�VLPSOH�DSSURDFK�WR�
IXQFWLRQDO�VXSUDPROHFXODU�PDWHULDOV��)LJ������� ����������$W�WKHUPRG\QDPLF�HTXLOLEULXP�
conditions, these supramolecular materials assemble spontaneous and under 
FKDQJLQJ�FRQGLWLRQV�FDQ�EH�IRUPHG�UHYHUVLEOH��7KH�ÁH[LELOLW\� LQ�PROHFXODU�GHVLJQ�DQG�
VHOI�RUJDQL]DWLRQ� LQWR� VXSUDPROHFXODU� VWUXFWXUHV� PDNHV� 6$� PDWHULDOV� DWWUDFWLYH� IRU�
DSSOLFDWLRQV� ������ 7KH� LQFRUSRUDWLRQ�RI� IXQFWLRQDO� JURXSV� LQ� VPDOO�PROHFXOH� 6$�RͿHUV�
WKH�SRVVLELOLW\� WR� WXQH� WKH� IXQFWLRQDOLW\� RI� VXSUDPROHFXODU�PDWHULDOV� DW� WKH�PROHFXODU�
OHYHO� ���������:KHQ� WKH�6$�PROHFXOHV�FDQ�EH� VZLWFKHG�EHWZHHQ�DJJUHJDWLQJ�DQG�QRQ�
DJJUHJDWLRQ� E\� D� WULJJHU�� WKH� PDWHULDOV� EHFRPH� UHVSRQVLYH� DQG� DGDSWLYH� WR� H[WHUQDO�
VWLPXOL��IRU�H[DPSOH�DV�VHHQ�LQ�JHODWLRQ�WULJJHUHG�E\�S+��WHPSHUDWXUH�RU�OLJKW������

7KH� VHOI�DVVHPEO\� SURFHVV� RI� VPDOO� PROHFXOHV� LQWR� ODUJHU� DJJUHJDWHV� FDQ� EH�
GHVFULEHG� E\� XVLQJ� D� VLPSOH� PRGHO� LQ� ZKLFK� WKH� PRQRPHUV� DQG� DJJUHJDWHV� DUH� LQ�
HTXLOLEULXP��DOVR�VHH�&KDSWHU��� ������7KH�DJJUHJDWHV� �$Q��FRQVLVW�RI�Q�PRQRPHUV��0���
ZLWK�Q�EHLQJ�WKH�DJJUHJDWLRQ�QXPEHU�DQG�PRQRPHUV�EHLQJ�IRU�H[DPSOH�VXUIDFWDQWV�RU�
JHODWRUV��HT������7KH�IRUPDWLRQ�RI�WKH�DJJUHJDWHV�WKHQ�RFFXUV�DERYH�WKH�FULWLFDO�DJJUHJDWLRQ�
FRQFHQWUDWLRQ� �&$&���$W� WKLV� FRQFHQWUDWLRQ� WKH� FKHPLFDO� SRWHQWLDOV� RI� WKH�PRQRPHUV�
�ۚM��DQG�DJJUHJDWHV��ۚN��DUH�HTXDO��DQG�DGGHG�PRQRPHUV�ZLOO�IRUP�QHZ�DJJUHJDWHV�WR�
EDODQFH�WKH�SRWHQWLDOV��HT�������������
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)URP�WKLV�VLPSOH�PRGHO�DQ� LPSRUWDQW� LQVLJKW� LV�REWDLQHG�� WKURXJK�WKH�UHDOL]DWLRQ�WKDW�
LQ�HTXLOLEULXP�WKHUH�LV�D�FRQWLQXRXV�H[FKDQJH�RI�PRQRPHUV�EHWZHHQ�WKH�VROXWLRQ�SKDVH�
DQG�WKH�DJJUHJDWHG�VWUXFWXUHV��7KHVH�H[FKDQJH�G\QDPLFV�DUH�FRQWUROOHG�E\�WKH�UDWHV�RI�
PROHFXOHV�ELQGLQJ�DQG�UHOHDVLQJ�DQG�OLIHWLPHV�UDQJH�IURP�YHU\�VKRUW�IRU�PLFHOOHV�WR�ORQJ�
IRU�ELOD\HUV��IURP����ۚV�XS�WR�����KU��UHVSHFWLYHO\�������7KHVH�G\QDPLFV�DUH�LPSRUWDQW�WR�
enable the aggregates to respond to changes in environmental conditions, self-healing 
EHKDYLRU��DQG�JURZWK�VKULQNDJH�G\QDPLFV����������

$QRWKHU� LPSRUWDQW� IHDWXUH� RI� VHOI�DVVHPEO\�� LV� WKH� DVVHPEO\� RI� PROHFXODU�
PRQRPHUV��ZLWK�VL]HV�RI�DQJVWURPV��c���LQWR�VWUXFWXUHV�ZLWK�VL]HV�UDQJLQJ�LQ�WKH�RUGHU�RI�
QDQRPHWHU��QP��WR�PLFURPHWHU��ۚP������������7KLV�IRUPDWLRQ�RI�VWUXFWXUHV��DJJUHJDWHV�RU�
PDWHULDOV�LV�LQWHUHVWLQJ�IRU�DSSOLFDWLRQV��HVSHFLDOO\�DV�WKLV�LV�W\SLFDOO\�LQ�VL]H�UDQJHV�WKDW�
DUH�RWKHUZLVH�XQSUDFWLFDO�IRU�WRS�GRZQ�PDQXIDFWXULQJ�VWUDWHJLHV�����������

6XSUDPROHFXODU� VHOI�DVVHPEO\� RI� VPDOO�PROHFXOHV� SURGXFHV� RUGHUHG� VWUXFWXUHV��
ZKLFK�DUH�IXQFWLRQDO�DQG�FRQWLQXRXVO\�H[FKDQJH�ZLWK�WKH�HQYLURQPHQW��1DWXUH�FUHDWLYHO\�
XVHV�VHOI�DVVHPEO\�WR�PDNH�G\QDPLF��DQG�VSDWLDOO\�GLVWULEXWHG�VWUXFWXUHV�DQG�PDWHULDOV��
IRU�IXQFWLRQV�VXFK�DV�FRPPXQLFDWLRQ��WUDQVSRUW�DQG�PRYHPHQW��

����5HDFWLRQ�GL;XVLRQ��SDWWHUQV�DQG�RUJDQL]DWLRQ

5HDFWLRQ�GLͿXVLRQ� RͿHUV� DQ� DWWUDFWLYH� VWUDWHJ\� WR� FRQWURO� WKH� VSDWLDO� GLVWULEXWLRQ� RI�
PDWHULDOV�� ,Q�WKH�5HDFWLRQ�'LͿXVLRQ��5'��PRGHO��UHDFWDQWV�GLͿXVH�DQG�UHDFW�RYHU�WLPH�
IRUPLQJ�JUDGLHQWV�RI� WKH�SURGXFW�ZLWKLQ� WKH�GLͿXVLRQ�PHGLD��$GGLWLRQDO� LQWHUDFWLRQV��
VXFK�DV� DXWRFDWDO\VLV�RU�SUHFLSLWDWLRQ�� OHDG� WR� VSDWLDO� DQG�RU� WHPSRUDO� VWUXFWXUHV� WKDW�
FDQ�EH�REVHUYHG�DQG�DSSOLHG����������7ZR�RI�WKH�HDUO\�SLRQHHUV�RI�WKH�5'�SKHQRPHQD�
ZHUH�/LHVHJDQJ�ZLWK�SHULRGLF�SUHFLSLWDWLRQV�LQ������������DQG�/XWKHU�ZLWK�SURSDJDWLQJ�
ZDYHV� LQ� ����� ������ %RWK� UHDOL]HG� WKDW� 5'� SURFHVVHV� DUH� LPSRUWDQW� IRU� WKH� VHOI�
RUJDQL]DWLRQ�RI�PROHFXOHV�LQWR�SDWWHUQV�ZLWK�OHQJWK�VFDOHV�XS�WR�FHQWLPHWHUV��,W�ZDV�WKH�
mathematician Turing who later proposed that the principles of RD could be responsible 
IRU�PRUSKRJHQHVLV� LQ� OLYLQJ�V\VWHPV�������7RGD\�� WKH�5'�PRGHO� LV�XVHG�WR�XQGHUVWDQG�
DQG�VWXG\�D�ZLGH�YDULHW\�RI�SKHQRPHQD��VXFK�DV�URFN�������������DQG�VNLQ�SDWWHUQV������
�����EDFWHULDO�FRORQL]DWLRQ�������&D2+�SURSDJDWLQJ�ZDYHV�����������DQG�PRUSKRJHQHVLV������
�)LJ��������7KH�SHULRGLF�SUHFLSLWDWLRQV�RI�/LHVHJDQJ�ULQJV����������DOVR�KDYH�D�UHPDUNDEOH�
resemblance to patterns as found in natural minerals with compositional zoning, such 
DV�=HEUD� URFN� ����� DQG� LULV� DJDWH� ����� �)LJ�� ����$�%��� ,Q� UHFHQW� \HDUV� DUWLÀFLDO� SHULRGLF�
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SUHFLSLWDWLRQ�V\VWHPV�KDYH�EHHQ�XVHG�IRU�FRQVWUXFWLQJ�PLFURDUFKLWHFWXUHV����������DQG�LQ�
RSWLFDO�DSSOLFDWLRQV�����������

7KH�EDVLF�SULQFLSOHV�RI�5'�V\VWHPV�FDQ�EH�LOOXVWUDWHG�E\�DQ�H[DPSOH�RI�DQ�DSSOLFDWLRQ�
LQ�WKH�PHGLFDO�ÀHOG��,Q�PHGLFDO�DQDO\VLV��5'�RI�DQWLJHQV�DQG�DQWLERGLHV�LV�XVHG�WR�LGHQWLI\�
DQG�TXDQWLI\�WKH�DQWLERGLHV�E\�IRUPDWLRQ�RI�SUHFLSLWDWLRQ�OLQHV�����������7KLV�LV�SHUIRUPHG�
in a simple RD setup, wvhere a sample containing antigens is placed in the center of a 
GLͿXVLRQ�PDWUL[��ZLWK�NQRZQ�DQWLERGLHV�SODFHG�DURXQG�LW�DW�D�À[HG�GLVWDQFH��)LJ��������
7KH�FRPSRQHQWV�GLͿXVH�WRZDUGV�HDFK�RWKHU�DQG�UHDFW�DW� WKH�FURVVLQJ�RI� WKH�JUDGLHQWV�
WR� IRUP�FRPSOH[HV� �)LJ�� ���%���7KHVH� FRPSOH[HV� DUH�REVHUYHG�DV�ZKLWH�SUHFLSLWDWHV� LQ�
WKH�GLͿXVLRQ�PDWUL[�DQG�FDQ�EH�XVHG�WR�LGHQWLI\�WKH�DQWLJHQ�DQWLERG\�FRPSOH[HV��7KLV�
LOOXVWUDWHV�WKH�EDVLF�SULQFLSOHV�RI�5'�V\VWHPV��ZKHUH�PXOWLSOH�FRPSRQHQWV�GLͿXVH�DQG�
XSRQ�FURVVLQJ�UHDFW��WR�IRUP�JUDGLHQWV�DQG�SDWWHUQV�RI�WKH�UHDFWLRQ�SURGXFWV��

'HVSLWH� WKH� UHVHPEODQFH� EHWZHHQ� DUWLÀFLDO� DQG� QDWXUDO� 5'� V\VWHPV�� D� SURSHU�
XQGHUVWDQGLQJ� RI� WKH� ELRORJLFDO� RVFLOODWLQJ� 5'� PHFKDQLVPV� LV� VWLOO� LQ� WKH� PDNLQJ��
7KH� WKHRUHWLFDO� ZRUN� RQ� 5'� V\VWHPV� E\� RI� /XWKHU� DQG� 7XULQJ� ODLG� WKH� EDVLV� IRU� WKH�
GHYHORSPHQWV� LQ�SURSDJDWLQJ�5'�ZDYHV�RI�RVFLOODWLQJ� UHDFWLRQV� ������:LWKLQ� FKHPLFDO�

)LJXUH�����3DWWHUQ�DQG�VWUXFWXUH�IRUPDWLRQ�LQ�QDWXUDO��$��&��'��(��DQG�DUWLÀFLDO�V\VWHPV�
(B, F, G).  (A) Brazilian iris agate with rings as seen against the sun. (B) A two dimensional 
/LHVHJDQJ� SDWWHUQ�� LQ� ZKLFK� D� GRXEOH� VSLUDO� LV� REVHUYHG� ������ �&�� %UDQFKLQJ� SDWWHUQ� RI� D� 3��
GHGULWLIRUPLV�EDFWHULD��������'��:LOG�W\SH��:7��]HEUD�ÀVK�DQG�D�OHRSDUG�]HEUD�ÀVK��(�������ZLWK�
skin patterns that have a resemblance to Turing patterns (F)(50). Hierarchical microarchitectures 
PDGH�RI�VLOLFDWHV�LQ�JUDGLHQWV�RI�FDUERQ�GLR[LGH��*��������$��,PDJH�FRXUWHV\�RI�5RFN�\RXU�ZRUOG�
gems.
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sciences, a seminal reaction used to investigate RD phenomena is the oscillating Belousov-
=KDERWLQVN\�UHDFWLRQ�������$�VROLG�WKHRUHWLFDO�XQGHUVWDQGLQJ�RI�SDWWHUQ�IRUPDWLRQ�LQ�5'�
SURFHVVHV�KDV�EHHQ�REWDLQHG�IURP�VWXGLHV�RQ�WKLV�V\VWHP��ZKLFK�KDYH�IRXQG�LQ��'�DQG�
�'� WR� IRUP� VSLUDO�ZDYHV�� FKDRWLF�SDWWHUQV� DQG�7XULQJ�SDWWHUQV� ����� �������� 6\VWHPDWLF�
DQDO\VLV�RI�WKHVH�SDWWHUQV�IRUPHG�E\�FKHPLFDO�RVFLOODWRUV�KDV�EHHQ�DFKLHYHG�WKURXJK�WKH�
LQWURGXFWLRQ�RI�FRQWLQXRXVO\�IHG�XQVWLUUHG�UHDFWRUV��ZKHUH�FRPSRQHQW�GLͿXVH�LQ�D�WKLQ�
LQHUW�JHO�OD\HU�YLVXDOL]LQJ�VSDWLDO�SDWWHUQV����������

&RPSXWDWLRQDO�VWXGLHV�VKRZ�WKH�SRWHQWLDO�RI�5'�PHFKDQLVPV�IRU�WKH�IRUPDWLRQ�RI�
SDWWHUQV��)RU�PRVW�RI�WKH�LQRUJDQLF�DUWLÀFLDO�V\VWHPV�WKH�UHDFWLRQ�DQG�GLͿXVLRQ�SDUDPHWHUV�
DUH�KRZHYHU�KDUG�WR�DGMXVW��ZKLFK�OLPLWV�WKH�SRVVLELOLWLHV��7R�RYHUFRPH�WKHVH�FKDOOHQJHV�
QHZ�DSSURDFKHV�DUH�EHLQJ�GHYHORSHG��IRU�H[DPSOH�RQ�WKH�EDVLV�RI�'1$�V\VWHPV�����������
%\� ¶SURJUDPPLQJ·�QHZ�FKHPLFDO� UHDFWLRQ�QHWZRUNV��ZLWK�RUWKRJRQDO� FRQWURO�RYHU� WKH�
UHDFWLRQ� DQG�GLͿXVLRQ� UDWHV� DUELWUDU\�SDWWHUQV�ZHUH� DFKLHYHG�� )RU� H[DPSOH�� DWWDFKLQJ�
DQ�LQDFWLYH�GUDJ�EORFN�RQ�WKH�'1$�VHTXHQFH�OHG�WR�VORZHU�GLͿXVLRQ�DQG�¶SURJUDPPHG·�
GLͿHUHQFHV�LQ�IURQW�SURSDJDWLQJ�EHKDYLRU������

7KH�FRPELQDWLRQ�RI� VHOI�DVVHPEO\�DQG�5'�DOORZV� IRU� WKH�FRQVWUXFWLRQ�DQG�VHOI�
organization of matter across multiple length scales and is of increased interest for 
PDWHULDO� VFLHQFH� ���������7KH�SURSDJDWLQJ�GLͿXVLRQ� IURQWV� LQWHUSOD\�ZLWK� UHDFWLRQ�DQG�
VHOI�DVVHPEO\� SURFHVVHV�� DQG� WKH� VHOI�DVVHPEOLQJ� PROHFXOHV� RUJDQL]H� LQWR� ORQJ�UDQJH�
SDWWHUQV�XSRQ�FURVVLQJ�RI�WKH�FULWLFDO�DJJUHJDWLRQ�FRQFHQWUDWLRQV��)RU�QDQR�VL]HG�SDUWLFOHV�
DQG� FU\VWDOOLWHV� LQ� YLVFRXV� HQYLURQPHQWV�� VWXGLHV� KDYH� VKRZQ� WKDW� WKH� PRUSKRORJ\�
DQG� FKHPLFDO� DFWLYLW\� LQÁXHQFHG� WKH� IURQW�SURSDJDWLRQ�DQG� WKXV� DͿHFWHG� WKH� ORFDWLRQ�
ZKHUH�WKH�VHOI�DVVHPEOHG�VWUXFWXUHV�DUH�IRUPHG������������5HPDUNDEO\��WKH�XVH�RI�RUJDQLF�
FKHPLVWU\�DQG�6$�IRU�5'�V\VWHPV�UHPDLQV�ODUJHO\�XQH[SORUHG�DQG�LQ�&KDSWHU���ZH�VKRZ�
a new approach towards organic RD based materials, with control over dimension and 
FKHPLFDO�IXQFWLRQDOLW\�

)LJXUH�����5HDFWLRQ�GL;XVLRQ�LQ�DQ�2XFKWHUORQ\�WHVW� (A) Ouchterlony agar matrix, with 
cut out wells. Inner well contains antibodies, outer wells contain antigens. (B) Illustration of 
FRQFHQWUDWLRQ�SURÀOH�EHWZHHQ�LQQHU�DQG�RXWHU�ZHOO�RI�DQWLERGLHV�DQG�DQWLJHQV��ZLWK�LQ�WKH�PLGGOH�
the precipitate concentration. 
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,Q�FRQFOXVLRQ��WKH�ÀHOG�RI�5'�RͿHUV�D�WRROER[�DQG�WKHRUHWLFDO�XQGHUVWDQGLQJ�IRU�
GHYHORSPHQW�RI�RUJDQL]HG�PDWHULDOV�DFURVV�PXOWLSOH�OHQJWK�VFDOHV��1HZ�W\SHV�RI�PDWHULDOV�
DUH�IRUHVHHQ�WKURXJK�WKH�XVH�RI�5'�V\VWHPV�FRPELQHG�ZLWK�RUJDQLF�6$��LQ�ZKLFK�WKH�5'�
SDUDPHWHUV�FDQ�EH�XVHG�IRU�RUJDQL]LQJ�PDWHULDO�VWUXFWXUHV�DQG�VKDSHV�

2.4 Out-of-equilibrium self-assembly

6HOI�DVVHPEO\�RI�VWUXFWXUHV�XQGHU�RXW�RI�HTXLOLEULXP�FRQGLWLRQV�LV�DQ�H[FLWLQJ�VFLHQWLÀF�
FKDOOHQJH� DQG� RͿHUV� LQVLJKWV� LQWR� WKH� FRPSOH[LW\� RI� QDWXUDO� V\VWHPV�� ,Q� FHOOV� DQG�
WLVVXH�� VHOI�DVVHPEO\� FUHDWHV� G\QDPLF� DJJUHJDWHV� WKDW� DUH� IRUPHG� GULYHQ� E\� HQHUJ\�
FRQYHUVLRQ�� 7KLV� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\� LQ� FHOOV� FUHDWHV� DGDSWLYH�� RUJDQL]HG�
DQG�VHOI�UHSOLFDWLRQ�EHKDYLRU�WKDW�GHSHQG�RQ�WKH�HQHUJ\�GHOLYHUHG��+HUH�ZH�GLVFXVV�WKH�
GHYHORSPHQWV� LQ� UHFHQW� \HDUV� WKDW� FRPH� IURP� IRXU� UHVHDUFK�ÀHOGV�� DUWLÀFLDO� FHOOV�� IXHO�
GULYHQ�QDQR�SURSXOVLRQ��RXW�RI�HTXLOLEULXP�VHOI�DVVHPEOLQJ�V\VWHPV�DQG�PDWHULDOV��)LUVW�
DUWLÀFLDO�FHOOV�DUH�GLVFXVVHG�WR�LOOXVWUDWH�WKH�SRWHQWLDO�RI�6$�V\VWHPV�RQ�WKHLU�ZD\�WRZDUGV�
HTXLOLEULXP��6HFRQG�� WKH�XVH�RI�FKHPLFDO� IXHOV� LV� LQWURGXFHG�E\� IXHO�GULYHQ�PRWLRQ�RI�
QDQRSDUWLFOHV�� 7KHQ� WKH� VHOI�DVVHPEO\� LQ� RXW�RI�HTXLOLEULXP� V\VWHPV� LV� GLVFXVVHG� WR�
UHODWH� HQHUJ\�GLVVLSDWLRQ�ZLWK� VHOI�DVVHPEO\��)LQDOO\�� WKH� IRUPDWLRQ�RXW�RI�HTXLOLEULXP�
materials are treated in which a fuel driven chemical reaction activates a molecular self-
DVVHPEO\�SURFHVV��

$UWLÀFLDO�FHOOV
$�JURZLQJ�LQWHUHVW�LV�VHHQ�LQ�WKH�GHYHORSPHQW�RI�DUWLÀFLDO�FHOOV��ZKLFK�DUH�LQVSLUHG�E\�
WKH�FRPSOH[LW\�RI�WKH�QDWXUDO�PDFKLQHU\�ZLWKLQ�FHOOV�����������6FLHQWLVWV�DUH�GHYHORSLQJ�
the most important aspects, such as the cellular compartments and the multiplication of 
WKHVH�¶FHOOV·��)LJ�����$�����������DQG�LQIRUPDWLRQ�PXOWLSOLFDWLRQ�ZLWKLQ�WKH�¶FHOOV·�������)RU�
H[DPSOH��ELRFKHPLFDO�UHDFWLRQ�QHWZRUNV�IRU�WKH�WUDQVFULSWLRQ�DQG�WUDQVODWLRQ�PDFKLQHU\�
ZHUH�LQFRUSRUDWHG�LQ�OLSRVRPHV��7KHVH�V\VWHPV�ZHUH�WKHQ�XVHG�IRU�KH�PXOWLSOLFDWLRQ�RI�
'1$�DQG�V\QWKHVL]LQJ�SURWHLQV�IURP�'1$�WHPSODWHV��WKURXJK�WKH�VXSSO\�RI�PROHFXODU�
FRPSRQHQWV� ��������� � )DVFLQDWLQJO\�� UHFHQWO\� LW� KDV� EHHQ� VKRZQ� WKDW� WKH� LQWHUDFWLRQV�
EHWZHHQ�VHOI�UHSOLFDWLRQ�RI�'1$�DQG�VHOI�UHSURGXFWLRQ�RI�FHOOXODU�PHPEUDQHV�VHHP�WR�
FRQWURO�HDFK�RWKHU�������,W�ZDV�REVHUYHG�WKDW�WKH�FHOOXODU�PLPLFV�WKDW�GLG�QRW�VKRZ�'1$�
UHSOLFDWLRQ�DOVR�GLG�QRW�VKRZ�PHPEUDQH�UHSURGXFWLRQ��LQGLFDWLQJ�FURVV�IXQFWLRQDO�HͿHFWV�
WKDW� ZHUH� QRW� DQWLFLSDWHG� �)LJ�� ���%��� 7KHVH� VPDOO� VWHSV� WRZDUGV� WKH� GHYHORSPHQW� RI�
DUWLÀFLDO�FHOOV�DUH�LQWHUHVWLQJ�IRU�WKH�DLP�RI�¶JURZLQJ·�PDWHULDOV�����������$V�PLPLFV��WKHVH�
V\VWHPV�W\SLFDOO\�DUH�RQ�WKHLU�ZD\�WRZDUGV�HTXLOLEULXP��ZKHUHDV�ELRORJLFDO�JURZLQJ�FHOOV�
UHTXLUH�WKH�FRQWLQXRXV�LQSXW�RI�HQHUJ\�DQG�PDWWHU�WR�V\QWKHVL]H�WKH�EXLOGLQJ�EORFNV�DQG�
DVVHPEOH� WKH� FRQVWUXFWV�� 7KLV� LQSXW� RI� ¶HQHUJ\·� IRU� WKH� JURZWK� DQG�PXOWLSOLFDWLRQ� IRU�
DUWLÀFLDO�FHOOV�RͿHUV�D�IXWXUH�FKDOOHQJH�WRZDUGV�ELRPLPHWLF�V\VWHPV��



 
��

Fuel driven propulsion
$FKLHYLQJ� DXWRQRPRXV�PRYHPHQW� WKURXJK� WKH� FRQVXPSWLRQ� RI� D� IXHO��PXFK� OLNH� DQ�
RUGLQDU\�FDU�EXW�WKHQ�RQ�WKH�QDQR�VFDOH��LV�D�KLJKO\�LQWHUHVWLQJ�GHYHORSPHQW�LQ�FXUUHQW�
VFLHQFHV�DQG�UHODWHV� WR� WKH�FRQVXPSWLRQ�RI�HQHUJ\� IRU� IXQFWLRQ� ������5HVHDUFKHUV�KDYH�
GHYHORSHG� SURSXOVLRQ� V\VWHPV� IRU� QDQR�VL]HG� SDUWLFOHV� WKDW� XVH� FKHPLFDO� IXHOV� IRU�
PHFKDQLFDO� PRWLRQ� ������ 7KH� GHFRPSRVLWLRQ� UHDFWLRQ� RI� GLVVROYHG� +2O2 to H2O and 
gaseous O2� LV�W\SLFDOO\�XVHG�DQG�LV� ORFDOL]HG�E\�XVLQJ�D�PHWDO�FDWDO\VW��%\�SODFLQJ�WKH�
SODWLQXP��3W��FDWDO\VWV�ZLWKLQ�D�VWRPDWRF\WH��WKH�GHFRPSRVLWLRQ�UHDFWLRQ�RI�WKH�IXHO�+2O2 

to O2�WRRN�SODFH�LQ�WKH�LQQHU�SDUW�DQG�WKH�H[SXOVLRQ�RI�WKH�JDVHRXV�ZDVWH�SURGXFW�OHG�WR�
PRWLRQ�LQ�WKH�RSSRVLWH�GLUHFWLRQ��)LJ�����$�������6XFK�PRPHQWXP�LQGXFHG�SURSXOVLRQ�
DSSURDFKHV�KDYH�EHHQ�VXFFHVVIXOO\�DSSOLHG�LQ�GLͿHUHQW�V\VWHPV�WR�DFKLHYH�WUDQVODWLRQDO�
DQG� URWDWLRQDO�PRYHPHQW�� XVLQJ� IRU� H[DPSOH� FDWDO\WLF�PHWDO�SDUWLFOHV� RU� LPPRELOL]HG�
PROHFXODU�FDWDO\VWV�IRU�ORFDOL]DWLRQ�RI�WKH�UHDFWLRQ����������

7KH�FRPELQDWLRQ�RI�VHOI�DVVHPEO\�DQG�ORFDOL]HG�FDWDO\VWV�RͿHU�DQRWKHU�DSSURDFK�
WR�DFKLHYH� IXHO�GULYHQ�PRWLRQ� �ÀJ����&������� ,Q� VXFK�D� V\VWHP��D�TXDQWXP�GRW�KDV�DQ�
HQ]\PH�DWWDFKHG�WR�LWV�VXUIDFH�WR�ORFDOL]H�WKH�PRWLRQ�LQGXFLQJ�UHDFWLRQ��7KH�PRWLRQ�LV�
LQGXFHG�E\�WKH�DFWLYDWLRQ�RI�SUHFXUVRU��\LHOGLQJ�D�SHSWLGH�EDVHG�JHODWRU��ZKLFK�LV�FDSDEOH�

)LJXUH�����$UWLÀFLDO�FHOO�ZLWK�PXOWLSOLFDWLRQ���$��'HYDUDM�HW�DO��VKRZHG�D�ELRPLPHWLF�PRGHO�
of membrane assembly, with a copper catalyzed click reaction forming a synthetic phospholipid 
�������%��6XJDZDUD�HW�DO��IRXQG�D�FKHPLFDO�LQWHUDFWLRQ�EHWZHHQ�DPSOLÀFDWLRQ�RI�'1$��%�,��VHOI�
UHSOLFDWLRQ��DQG�WKH�VHOI�UHSURGXFWLRQ�RI�YHVLFOHV��%�,,��������
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RI� VHOI�DVVHPEOLQJ��7KH�ELRFDWDO\WLF� DFWLYDWLRQ�RI� WKH�SUHFXUVRU� LQGXFHG� ORFDOL]HG� VHOI�
DVVHPEO\� IRUPLQJ�ÀEURXV� VWUXFWXUHV�RQ� WKH� VXUIDFH�RI� WKH�TXDQWXP�GRW��ZKLFK� OHG� WR�
SURSXOVLRQ� ������ 7KLV� DSSURDFK� LV� VLPLODU� WR� WKH� ELRORJLFDO� SURSXOVLRQ� RI� WKH� EDFWHULD�
/LVWHULD�PRQRF\WRJHQHV, WKURXJK�WKH�SRO\PHUL]DWLRQ�RI�DFWLQ� ������7KHVH�H[DPSOHV�VKRZ�
WKH�UHOHYDQFH�RI�PRWLRQ�LQ�ELRORJLFDO�V\VWHPV�Dnd WKH�SRWHQWLDO�RI�FRXSOLQJ�VHOI�DVVHPEO\�
ZLWK�HQ]\PDWLF�UHDFWLRQV��IRU�WKH�SURSXOVLRQ�RI�D�QDQRSDUWLFOH�FDUULHU�����������

)XHO� GULYHQ� PRYHPHQW� LV� D� ÀUVW� VWHS� WRZDUGV� RXW�RI�HTXLOLEULXP� V\VWHPV��
ZKLFK�FKDQJH�LQ�VSDFH�DQG�WLPH�DQG�DUH�LQVSLUHG�E\�ELRORJLFDO�H[DPSOHV��$XWRQRPRXV�
PRYHPHQW� FDQ� EH� LQGXFHG� E\�PRPHQWXP� RU� VHOI�DVVHPEO\� SURFHVVHV�� ZLWK� FDWDO\VWV�
ORFDOL]HG�WR�VXUIDFHV�RI�WKH�PRYLQJ�SDUWLFOHV���

 
Out-of-equilibrium systems 
,Q�RXW�RI�HTXLOLEULXP�V\VWHPV�� WKH� VHOI�DVVHPEO\�RI� WKH� LQGLYLGXDO� FRPSRQHQWV�RFFXUV�
RQO\�GXULQJ�WKH�GLVVLSDWLRQ�RI�HQHUJ\��7KH�HQHUJ\�GLVVLSDWLRQ��L�H��FRQVXPSWLRQ�RI�IXHO��
DFWLYDWHV�WKH�LQWHUDFWLRQV�IRU�VHOI�DVVHPEO\�DQG�FRQVWUXFWV�VHOI�DVVHPEOHG�V\VWHPV��7KH�

Figure 2.5 Fuel driven propulsion systems. �$���$�VWRPDWRF\WH�ÀOOHG�ZLWK�SODWLQXP�FDWDO\VW�
was propelled by the expulsion of gaseous oxygen, leading to random motion of the stomatocytes 
as long as fuel (H2O2��ZDV�SUHVHQW��E\�YDQ�+HVW�HW�DO��������8OLMQ�HW�DO��VKRZHG�WKH�SURSXOVLRQ�RI�
a quantum dot with an enzyme attached to the surface, driven by the self-assembly of molecular 
ÀEHUV�������7KHVH�ZHUH�IRUPHG�ORFDOO\�E\�WKH�GHSKRVSKRU\ODWLRQ�UHDFWLRQ�RI�D�QRQ�DFWLYH�SUHFXUVRU�
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XVH�RI�SK\VLFDO�HQHUJ\�VRXUFHV��LQVWHDG�RI�FKHPLFDO�IXHOV��RͿHUV�D�ZLGHU�UDQJH�RI�GULYLQJ�
IRUFHV�ZLWK�H[WHUQDO�FRQWURO��VXFK�DV�OLJKW�������GLVVROXWLRQ�SURFHVVHV�����������HOHFWULFDO�
ÀHOGV�����������DQG�PDJQHWLF�ÀHOGV������

7KHRUHWLFDO�LQVLJKWV�ZHUH�DFKLHYHG�E\�REVHUYLQJ�V\VWHPV�RI�ÁRDWLQJ�IHUURPDJQHWLF�
VSLQQHUV��ZKLFK�VKRZHG�GLͿHUHQW�IRUPV�RI�VHOI�DVVHPEOHG�SDWWHUQV�DW�GLͿHUHQW�URWDWLRQ�
VSHHGV�RI�WKH�PDJQHWLF�ÀHOG�����������7KH�PDJQHWLF�ÀHOGV�GULYH�WKH�VSLQQHUV�WRJHWKHU��EXW�
WKH�VSLQQLQJ�RI�WKH�GLVNV�JHQHUDWHV�YRUWLFHV�LQ�WKH�ÁXLG�WKDW�FDXVH�UHSXOVLRQ��7KLV�EDODQFH�
EHWZHHQ�WKH�DWWUDFWLYH�DQG�UHSXOVLYH�IRUFHV�GHSHQGHG�RQ�WKH�URWDWLRQDO�IRUFHV��L�H��HQHUJ\�
GLVVLSDWLRQ��DQG�GHWHUPLQHG�WKH�SDWWHUQV�IRUPHG��7KH�UDWH�RI�HQHUJ\�GLVVLSDWLRQ�LQ�RXW�
RI�HTXLOLEULXP�VHOI�DVVHPEOLQJ�V\VWHPV�WKXV�KDV�D�VLJQLÀFDQW�LQÁXHQFH�RQ�WKH�V\VWHPV�
HͿHFWLYH�VWDWHV�����������

7R� DFKLHYH� DGGLWLRQDO� ¶IXQFWLRQDOLWLHV·� LQ� VHOI�DVVHPEOHG� V\VWHPV� XQGHU� RXW�
RI�HTXLOLEULXP� FRQGLWLRQV�� VHYHUDO� GHVLJQV� KDYH� EHHQ� UHVHDUFKHG� ����� ���� ���� ���� �����
)RU� H[DPSOH�� ZKHQ� SRO\GLPHWKR[\VLODQH� �3'06�� SODWHOHWV� KDYH� K\GURSKRELF� DQG�
K\GURSKLOLF� VLGHV�� DWWUDFWLYH� FDSLOODU\� IRUFHV� EHWZHHQ�SODWHOHWV� DULVH� ����� �����&DWDO\WLF�
consumption of H2O2  to gaseous O2�ZDV� ORFDOL]HG�E\�D�3W�SODWHOHW� LQ� WKH�3'06��DQG�
FDXVHG� WKH�SURSXOVLRQ�RI� WKHVH�SODWHOHWV��'XULQJ� WKH�PRYHPHQW�� WKH�SODWHOHWV� FROOLGHG�
and self-assembled, upon which new functionalities were found such as the directed 
PRYHPHQW�LQ�D�VWUDLJKW�OLQH��7KLV�¶IXQFWLRQDOLW\·�RI�GLUHFWLRQDOLW\�RQO\�H[LVWHG�IRU�DV�ORQJ�
DV�WKH�V\VWHP�ZDV�RXW�RI�HTXLOLEULXP��L�H��PRYLQJ��

,Q�UHFHQW�\HDUV�LPSUHVVLYH�DSSOLFDWLRQV�RI�RXW�RI�HTXLOLEULXP�GULYHQ�V\VWHPV�ZHUH�
DFKLHYHG��DV�ZHOO�DV�D�EHWWHU�WKHRUHWLFDO�XQGHUVWDQGLQJ�RI�WKH�WKHUPRG\QDPLF�IRUFHV��7KDW�
the balance between attractive and repulsive forces controls the self-assembled states is 
DQ�LPSRUWDQW�LQVLJKW��DQG�LW�VKRZV�KRZ�WKH�GLͿHUHQW�VWDWHV�WKHQ�GHSHQG�RQ�WKH�ÁX[�RI�
GLVVLSDWHG�HQHUJ\��,Q�WKHVH�VHOI�DVVHPEOHG�VWDWHV��QHZ�IXQFWLRQDOLWLHV�DULVH�WKDW�DUH�RQO\�
SUHVHQW�DV�ORQJ�DV�WKH�V\VWHP�UHPDLQV�RXW�RI�HTXLOLEULXP�

 

Figure 2.6 Out-of-equilibrium materials.��$��8OLMQ�HW�DO��VKRZHG�WKH�IRUPDWLRQ�RI�D�JHODWLQRXV�
material that is formed through the enzymatic conversion of non-active precursor 1 to the active 
JHODWRU����������%��)\OHV�HW�DO��SUHSDUHG�D�GLVVLSDWLYH�PHPEUDQH�WUDQVSRUW�V\VWHP��WKDW�ZDV�RQO\�
able to incorporate into the membrane in an out-of-equilibrium situation. In this state, the system 
was able to transport ions across the membrane (100). 
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Out-of-equilibrium materials
'HYHORSLQJ� PDWHULDOV� WKDW� H[LVW� XQGHU� RXW�RI�HTXLOLEULXP� FRQGLWLRQV� ZLWK� SURSHUWLHV�
that are controlled through consumption of chemical fuels, opens up new approaches 
IRU�WKHLU�GHVLJQ�DQG�DSSOLFDWLRQ��1HZ�GHVLJQ�VWUDWHJLHV�DUH�EHLQJ�GHYHORSHG�WR�DFKLHYH�
PDWHULDO�IRUPDWLRQ�XQGHU�RXW�RI�HTXLOLEULXP�FRQGLWLRQV���������������7\SLFDOO\�LQ�WKHVH�
VWUDWHJLHV��D�QRQ�DFWLYH�SUHFXUVRU�LV�DFWLYDWHG�E\�D�UHDFWLRQ�ZLWK�WKH�FKHPLFDO�IXHO�DQG�
WKHUHDIWHU�WKH�DFWLYDWHG�FRPSRXQG�VHOI�DVVHPEOHV��$Q�LPSRUWDQW�DVSHFW�RI�WKLV�SURFHVV�LV�
the reversed reaction towards the initial starting compound, which should occur through 
D�VHFRQGDU\�PHFKDQLVP�FUHDWLQJ�ZDVWH��DOVR�VHH�&KDSWHU����$�ÀUVW�H[DPSOH�RI�WKLV�SURFHVV�
ZDV�GHYHORSHG�LQ�RXU�JURXS�DQG�LV�H[WHQGHG�LQ�&KDSWHUV���DQG���������,Q�VKRUW��WKH�IXHO�
GULYHQ� DON\ODWLRQ� RI� FDUER[\ODWHV� DFWLYDWHV� D� K\GURJHODWRU� XSRQ�ZKLFK� VHOI�DVVHPEO\�
RFFXUV��%\�DTXHRXV�K\GURO\VLV��WKH�IRUPHG�SURGXFWV�UHWXUQ�WR�WKH�QRQ�DFWLYH�VWDWH��ZKLFK�
FDQ�SRWHQWLDOO\�EH�UHF\FOHG�E\�DGGLWLRQ�RI�QHZ�IXHO��

8VLQJ� ELR�FDWDO\WLF� UHDFWLRQV�� WKH� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\� RI� SHSWLGH�
QDQRÀEHUV� ZDV� DFKLHYHG� E\� 8OLMQ� HW� DO��� FUHDWLQJ� JHODWLQRXV� PDWHULDOV� ZLWK� WLPH�
GHSHQGHQW� PDWHULDO� SURSHUWLHV� �)LJ�� ������ 2YHUDOO� WKLV� V\VWHP� GLVVLSDWHG� HQHUJ\� WR�
SURGXFH�QDQRÀEHUV� IURP�WKH� LQGLYLGXDO�FRPSRQHQWV��EXW�GLG�QRW� �\HW�� VKRZ�PXOWLSOH�
F\FOL�RI�PDWHULDO� IRUPDWLRQ� ������ ,Q�D� UHYHUVHG�GHVLJQ�� WKH�JHODWLQRXV�PDWHULDO�ZDV� WKH�
HTXLOLEULXP�FRQGLWLRQ�DQG�FRQVXPSWLRQ�RI�D�IXHO��$73��OHG�WR�WKH�IRUPDWLRQ�RI�D�OLTXLG��
7KLV�DSSURDFK�ZDV�HYHQ�WHVWHG�ZLWKLQ�PLFH�WR�VKRZ�LQ�YLYR�K\GURJHO�IRUPDWLRQ�������

,Q� QDWXUDO� V\VWHPV�� WKH� RXW�RI�HTXLOLEULXP� VWUXFWXUHV� DUH� D� URXWH� WRZDUGV�
VSHFLÀF� IXQFWLRQV�� 7R� GHYHORS� D� FDWDO\WLF� V\VWHP� WKDW� GHSHQGV� RQ� DJJUHJDWLRQ�� WKH�
UHGR[� FRQWUROOHG� VHOI�DVVHPEO\� RI� SHSWLGHV�� FRQWDLQLQJ� KLVWLGLQHV� DV� FDWDO\WLF� VLWHV�
ZDV� UHVHDUFKHG�� 7KHVH� V\VWHPV�ZHUH� ELRFRPSDWLEOH� DQG� VKRZHG� K\GURJHODWLRQ� XSRQ�
UHGXFWLRQ�RI�DQ�LQFRUSRUDWHG�VHOHQLXP�R[LGH�IXQFWLRQDOLW\�������9LWDPLQ�&�ZDV�XVHG�WR�
UHGXFH�WKH�VHOHQLXP�R[LGH�WR�VHOHQLGH��LQYRNLQJ�VHOI�DVVHPEO\�RI�WKH�SHSWLGHV��8SRQ�WKH�
addition of H2O2��VHOHQLXP�ZDV�R[LGL]HG�OHDGLQJ�WR�GLVDVVHPEO\�RI�WKH�SHSWLGHV��8SRQ�
DVVHPEO\��WKH�FDWDO\WLF�DFWLYLW\�RI�DWWDFKHG�KLVWLGLQH�XQLWV�VWURQJO\�GHFUHDVHG��$V�VXFK��D�
ELRFRPSDWLEOH�RXW�RI�HTXLOLEULXP�PDWHULDO�ZDV�DFKLHYHG�LQ�ZKLFK�WKH�FDWDO\WLF�DFWLYLW\�
FDQ�EH�WXUQHG�RQ�DQG�RͿ��GHSHQGLQJ�RQ�WKH�DJJUHJDWLRQ�VWDWH��5HPDUNDEO\��LQ�WKH�ZRUN�RI�
)\OHV�HW�DO���WKH�RXW�RI�HTXLOLEULXP�IRUPDWLRQ�RI�D�PHPEUDQH�VSDQQLQJ�SRUH�ZDV�VKRZQ��
HQDEOLQJ�WUDQVSRUW�DFURVV�PHPEUDQHV��������

,Q�FRQFOXVLRQ��RXW�RI�HTXLOLEULXP�PDWHULDOV�DUH�UDSLGO\�JDLQLQJ�LQWHUHVW��HVSHFLDOO\�
LQ�WKH�ÀHOG�RI�VPDOO�PROHFXOH�K\GURJHODWRUV��&RQWURO�RYHU�WKHLU�PDWHULDO�SURSHUWLHV�DUH�
shown via reactions with chemical fuels, leading to time and fuel dependent material 
SURSHUWLHV�� 7KH� SURJUDPPDEOH� SURSHUWLHV� RI� RXW�RI�HTXLOLEULXP�PDWHULDOV�ZLOO� OHDG� WR�
QHZ�SRVVLELOLWLHV�DQG�DSSOLFDWLRQV�

 
2.5 Perspective on Nature inspired complex materials 

+RZ�GR�ZH�DFKLHYH�D�OHYHO�RI�FRPSOH[LW\�FRPSDUDEOH�WR�ELRORJLFDO�FHOOV"�7KHVH�ELRORJLFDO�
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V\VWHPV� KDYH� WKH� FKDUDFWHULVWLF� WKDW� WKH\� FRPELQH� VHOI�DVVHPEO\� ZLWK� D� FRPSOH[�
RUJDQL]DWLRQ�RI�LQWHUDFWLRQV�DQG�HQHUJ\�GLVVLSDWLRQ�WR�DFKLHYH�D�IXQFWLRQDO�V\VWHP��6FLHQFH�
LV�QRW�\HW�FDSDEOH�RI�SURGXFLQJ�VXFK�FRPSOLFDWHG�V\VWHPV��ZKLFK�UHTXLUH�PXOWLSOH�RXW�RI�
HTXLOLEULXP�V\VWHPV�ZRUNLQJ�WKURXJK�LQWHUDFWLQJ�PHFKDQLVPV��7R�XQGHUVWDQG�WKH�EDVLF�
SKHQRPHQD�� QHZ�GHVLJQV� DUH�PDGH�ZKLFK� FRPELQH�PXOWLSOH� DVSHFWV�� VXFK� DV� HQHUJ\�
GLVVLSDWLRQ��RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�DQG�UHDFWLRQ�GLͿXVLRQ��%\�FRPELQLQJ�WKH�
RXW�RI�HTXLOLEULXP�SURFHVVHV�ZLWK�UHDFWLRQ�GLͿXVLRQ�DSSURDFKHV��QHZ�SRVVLELOLWLHV�ZLOO�
EH�FUHDWHG�WR�RUJDQL]H�PDWWHU�DFURVV�PXOWLSOH�OHQJWK�VFDOHV��7KH�IRUPDWLRQ�RI�WHPSRUDU\�
and spatial patterns of self-assembled materials would contribute to bringing the research 
ÀHOGV�RI�5'�DQG�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�FORVHU� WRJHWKHU�� ,Q� WKLV�FKDSWHU�� LW� LV�
DOVR�REVHUYHG�WKDW�IRU�QHZ�RXW�RI�HTXLOLEULXP�PDWHULDOV�D�FRPELQDWLRQ�QHHGV�WR�EH�PDGH�
EHWZHHQ�VHOI�DVVHPEO\�DQG�D�FKHPLFDO�UHDFWLRQ��:KHQ�WKHVH�V\VWHPV�DUH�FRXSOHG�WR�RXW�
RI�HTXLOLEULXP�SURFHVVHV��WKLV�ZLOO�OHDG�WR�WKH�GHYHORSPHQW�RI�SURJUDPPDEOH�PDWHULDOV�
WKDW�DUH�WLPH�DQG�IXHO�GHSHQGHQW��(VSHFLDOO\�WKH�FRPELQDWLRQ�RI�PXOWLSOH�V\VWHPV�WKDW�
FRQWDLQ�LQWHUDFWLRQV�ZLWK�HDFK�RWKHU�ZRXOG�EH�D�FKDOOHQJLQJ�HQGHDYRU�DQG�LQHYLWDEO\�OHDG�
WRZDUGV�FRPSOH[LW\�RI�PDWHULDOV��7KH�NQRZOHGJH�RI�EXLOGLQJ�VXFK�V\VWHPV�LV�ZRUWKZKLOH�
RQ�LWV�RZQ��EXW�WKH�DSSOLFDWLRQ�RI�WKHVH�PDWHULDOV�ZLOO�GULYH�WKH�IXWXUH�EUHDNWKURXJKV��
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)XHO�GULYHQ� VHOI�DVVHPEO\� RI� DFWLQ�ÀODPHQWV� DQG�PLFURWXEXOHV� LV� D� NH\� FRPSRQHQW� RI�
FHOOXODU�RUJDQL]DWLRQ��&RQWLQXRXV�HQHUJ\�VXSSO\�PDLQWDLQV�WKHVH�WUDQVLHQW�ELRPROHFXODU�
DVVHPEOLHV� IDU� IURP� WKHUPRG\QDPLF� HTXLOLEULXP�� ZKLFK� IXQGDPHQWDOO\� GLͿHUV� IURP�
FXUUHQW� V\QWKHWLF� VHOI�DVVHPEOHG� V\VWHPV� DW� WKHUPRG\QDPLF� HTXLOLEULXP�� 7KLV� ZRUN�
GHVFULEHV�WKH�WUDQVLHQW�VHOI�DVVHPEO\�RI�V\QWKHWLF�PROHFXOHV�LQWR�DFWLYH�PDWHULDOV�GULYHQ�
E\�WKH�FRQVXPSWLRQ�RI�D�FKHPLFDO�IXHO��DQG�LQ�ZKLFK�SURSHUWLHV�DQG�EHKDYLRU�VXFK�DV�
OLIHWLPH��VWLͿQHVV�DQG�VHOI�UHJHQHUDWLRQ�FDSDELOLW\�DUH�GHWHUPLQHG�E\�UHDFWLRQ�UDWHV�DQG�
IXHO�OHYHOV��LQVWHDG�RI�HTXLOLEULXP�FRPSRVLWLRQ��$QDO\VLV�RI�ÀEHU�G\QDPLFV�VKRZV�VWURQJO\�
non-linear behavior including VWRFKDVWLF� ÀEHU� FROODSVH� DQG� VLPXOWDQHRXV� JURZWK� DQG�
VKULQNDJH��UHPLQLVFHQW�RI�PLFURWXEXOH�G\QDPLFV��7KHVH�DFWLYH�PDWHULDOV�DUH�D�NH\�VWHS�
WRZDUGV�V\QWKHWLF�VHOI�RUJDQL]LQJ�RXW�RI�HTXLOLEULXP�V\VWHPV�

7KLV�FKDSWHU�LV�SXEOLVKHG��%RHNKRYHQ�-���+HQGULNVHQ :RXWHU�(���.RSHU G.J.M., Eelkema R, van 
Esch J.H., Transient assembly of active materials fueled by a chemical reaction, Science, 349�������
��������6KDUHG�ÀUVW�DXWKRUV�
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3.1 Introduction

$FWLYH� VHOI�DVVHPEO\� GULYHQ� E\� FKHPLFDO� IXHOV� LV� DW� WKH� EDVLV� RI� PDQ\� HVVHQWLDO�
SURFHVVHV� LQ� OLYLQJ�RUJDQLVPV�� LQFOXGLQJ� FHOOXODU� WUDQVSRUW�� FHOO�PRWLOLW\��SUROLIHUDWLRQ��
DQG�PRUSKRJHQHVLV� �1���$FWLYH� VHOI�DVVHPEOHG� VWUXFWXUHV� VXFK� DV� DFWLQ� QHWZRUNV� DQG�
PLFURWXEXOHV� �2�� GLVWLQJXLVK� WKHPVHOYHV� IURP� HTXLOLEULXP� VHOI�DVVHPEOHG� V\VWHPV�
DQG�PDWHULDOV�����E\�WKHLU�DELOLW\�WR�XWLOL]H�WKH�IUHH�HQHUJ\�SURYLGHG�E\�WKH�FRQYHUVLRQ�
RI� WKH� IXHO� WR� DFKLHYH� WUDQVLHQW� VWUXFWXUH� IRUPDWLRQ� DQG� WR� FDUU\� RXW� ZRUN� ���� ���� LQ�
DGGLWLRQ�� WKHLU� EHKDYLRU� LV� FRQWUROOHG� E\� WKH� NLQHWLFV� RI� IXHO� FRQVXPSWLRQ� LQVWHDG� RI�
WKHUPRG\QDPLF� VWDELOLW\�� 7KH� UHDOL]DWLRQ� RI� DUWLÀFLDO� DFWLYH�PDWHULDOV� FUHDWHG� WKURXJK�
D� IXHO�GULYHQ� VHOI�DVVHPEO\� SURFHVV� ZRXOG� IXUWKHU� WKH� XQGHUVWDQGLQJ� RI� NLQHWLFDOO\�
FRQWUROOHG�G\QDPLF�EHKDYLRU�DQG�DVVRFLDWHG�VSDWLRWHPSRUDO�RUJDQL]DWLRQ��,W�ZRXOG�DOVR�
RSHQ�QHZ�RSSRUWXQLWLHV�IRU�IXUWKHU�GHYHORSPHQWV�LQ�DFWLYH�VHSDUDWLRQ�DQG�GUXJ�GHOLYHU\��
VHOI�KHDOLQJ�DQG�DGDSWLYH�PDWHULDOV��DQG�DXWRQRPRXV�FKHPLFDO�SURFHVVHV� �����7KH� IHZ�
DUWLÀFLDO� FKHPLFDOO\� IXHOHG� DFWLYH� VHOI�DVVHPEOLQJ� V\VWHPV� WKDW� KDYH� EHHQ� UHSRUWHG�
W\SLFDOO\�XVH�ELRORJLFDO�FRPSRQHQWV�VXFK�DV�'1$������HQ]\PHV�����RU�SURWHLQ�EXLOGLQJ�
EORFNV�������������RU�WKH\�H[SORLW�DQ�RVFLOODWLQJ�UHDFWLRQ�WR�SHULRGLFDOO\�VKLIW�WKH�HTXLOLEULXP�
RI�VHOI�DVVHPEOLQJ��QDQR�SDUWLFOHV��11���7KH�XVH�RI�FRPSOH[�ELRORJLFDO�FRPSRQHQWV�DQG�
RVFLOODWLQJ�UHDFWLRQV�PDNHV�WKHVH�V\VWHPV�H[SHQVLYH��FRPSOLFDWHG�WR�XVH��DQG�DSSOLFDEOH�
WR�D�OLPLWHG�UDQJH�RI�ZRUNLQJ�FRQGLWLRQV��7KH�RQO\�PROHFXODU�IXHO�GULYHQ�VHOI�DVVHPEO\�
SURFHVV�KDV�UHFHQWO\�EHHQ�GHYHORSHG�LQ�RXU�ODE��12���VKRZLQJ�WKH�IRUPDWLRQ�RI�GLVSHUVHG�
ÀEURXV� VWUXFWXUHV�ZLWK�YHU\� VORZ�G\QDPLFV�� LQKLELWLQJ� WKH� IRUPDWLRQ�RI� WUXH�DUWLÀFLDO�
DFWLYH�PDWHULDOV��$V� RI� \HW�� LW� UHPDLQV� D� FKDOOHQJH� WR� DFKLHYH� WKH� IRUPDWLRQ� RI� DFWLYH�
PDWHULDOV�ZKHUH�WHPSRUDO�PDWHULDO�SURSHUWLHV�DUH�FRQWUROOHG�E\�IXHO�FRQYHUVLRQ�NLQHWLFV�

3.2 Results and discussion

+HUH�ZH�UHSRUW�D�JHQHUDO�DSSURDFK�WRZDUGV�V\QWKHWLF�WUDQVLHQW�VHOI�DVVHPEOLQJ�PROHFXODU�
PDWHULDOV�GULYHQ�E\�WKH�FRQVXPSWLRQ�RI�FKHPLFDO�HQHUJ\��DQG�LQ�ZKLFK�OLIHWLPH��VWLͿQHVV�
DQG� UHJHQHUDWLYH� EHKDYLRU� DUH� FRQWUROOHG� DQG� FDQ� EH� WXQHG� E\� WKH� NLQHWLFV� RI� IXHO�
FRQYHUVLRQ��7KH�V\VWHP�FRQVLVWV�RI�VLPSOH�FKHPLFDOV�WKDW�DUH�FRPPHUFLDOO\�RU�V\QWKHWLFDOO\�
available on multi-gram scale, and it can operate in water at room temperature, on 
WLPHVFDOHV�RI�KRXUV� WR�GD\V��7R�RXU� VXUSULVH�� WKHVH�QHZ�DFWLYH�PDWHULDOV�GLVSOD\�QRQ�
OLQHDU�ÀEHU�G\QDPLFV��UHPLQLVFHQW�RI�WKH�G\QDPLF�LQVWDELOLW\�REVHUYHG�LQ�PLFURWXEXOHV�

To arrive at a chemical fuel-driven active material, we coupled a switchable self-
DVVHPEOLQJ�V\VWHP�WR�D�FKHPLFDO�UHDFWLRQ�F\FOH��XVLQJ�WKH�IROORZLQJ�GHVLJQ�SULQFLSOHV���L��
a molecule that can be switched between a non-associating state and an associating state 
E\�WKH�UHPRYDO�DQG�UH�LQVWDOOPHQW�RI�D�UHSXOVLYH�LRQLF�FKDUJH���LL��D�FKHPLFDO�¶DFWLYDWLRQ·�
UHDFWLRQ�EHWZHHQ�WKH�VHOI�DVVHPEOLQJ�PROHFXOH�DQG�D�VDFULÀFLDO�UHDFWDQW��L�H���WKH�IXHO��WKDW�
UHPRYHV�WKH�UHSXOVLYH�LRQLF�FKDUJH�RI�WKH�VHOI�DVVHPEOLQJ�PROHFXOH��WKHUHE\�DFWLYDWLQJ�
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WKH�VHOI�DVVHPEOLQJ�EXLOGLQJ�EORFN���LLL��D�FKHPLFDO�´GH�DFWLYDWLRQµ�UHDFWLRQ�WKDW�UHVWRUHV�
WKH�FKDUJH�DQG�UHWXUQV�WKH�RULJLQDO�FKDUJHG�VHOI�DVVHPEOLQJ�PROHFXOH��DQG��LY��GLͿHUHQW�
SDWKZD\V� IRU� WKH� DFWLYDWLQJ� DQG� GH�DFWLYDWLQJ� FKHPLFDO� UHDFWLRQV� WR� IRUP� D� UHDFWLRQ�
F\FOH�GULYHQ�E\� WKH� FRQVXPSWLRQ�RI� WKH� IXHO�� ,W� VKRXOG�EH�QRWHG� WKDW� LI� WKH� DFWLYDWLQJ�
and deactivating reactions would proceed along the same path, adding a reactant would 
PHUHO\�VKLIW�WKH�FKHPLFDO�HTXLOLEULXP��DV�LV�W\SLFDOO\�REVHUYHG�LQ�WULJJHUHG�VHOI�DVVHPEO\�
SURFHVVHV����������

Figure 3.1. Chemically fueled transient self-assembly. (A) Chemical structures of tested 
PROHFXODU�JHODWRUV������DQG�����%��,Q�D�W\SLFDO�UHDFWLRQ�F\FOH��FDUER[\ODWH�JURXSV�RQ�WKH�LQDFWLYH�
VHOI�DVVHPEOLQJ�EXLOGLQJ�EORFNV���D���D��DQG��D��UHDFW�ZLWK�PHWK\ODWLQJ�DJHQW�'06���&+�)2SO�, 
WKH�IXHO��WR�JLYH�PHWK\O�HVWHUV��E���E��DQG��E��WDEOH�6�����ÀJ��6����������7KHVH�DFWLYDWHG�EXLOGLQJ�
EORFNV�VHOI�DVVHPEOH� LQWR�ÀEURXV�VWUXFWXUHV��0HWK\O�HVWHUV�FDQ�K\GURO\]H�ERWK�LQ�WKH�DVVHPEOHG�
and free state to revert to the original inactive building block. One full cycle produces CH�OH 
(methanol) and CH�SO�

ï (monomethylsulfate, MMS) as waste products. (C) Cryo-TEM 
PLFURJUDSKV�RI�D�JHO�RI���DW�W ����PLQ��S+����>�@� ����P0��>'06@� �����P0��VFDOH�EDU� �����
QP����'��$�W\SLFDO�VDPSOH�LQ�D�UHDFWLRQ�F\FOH��S+�����>�@� ����P0��>'06@� �����P0��DW�W �����
������K��ZLWK0ܟ���ÁXRUHVFHLQ�DGGHG�IRU�FRORULQJ�



 
��

6HOI�DVVHPEOLQJ�PROHFXOHV�FRQWDLQLQJ�DQLRQLF�FDUER[\ODWH�JURXSV�LQ�FRPELQDWLRQ�
ZLWK� DQ� HVWHU�IRUPLQJ� FDUER[\ODWH� DON\ODWLRQ� UHDFWLRQ� DV� WKH� DFWLYDWLQJ� UHDFWLRQ� DQG�
DQ� HVWHU� K\GURO\VLV� UHDFWLRQ� DV� GHDFWLYDWLQJ� UHDFWLRQ� FDQ� IXOÀOO� WKH� DERYHPHQWLRQHG�
UHTXLUHPHQWV��+HUH�� WKH�FDUER[\ODWH�FDUULHV�D�QHJDWLYH�FKDUJH� WKDW�FDQ�EH�UHPRYHG�E\�
UHDFWLRQ�ZLWK�DQ�DON\ODWLQJ�HOHFWURSKLOH�IXHO�WR�IRUP�D�QHXWUDO�HVWHU�IXQFWLRQ��(VWHUV�FDQ�
XQGHUJR�VSRQWDQHRXV�K\GURO\VLV�LQ�DTXHRXV�HQYLURQPHQWV��OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�
D�FKDUJHG�FDUER[\ODWH�DQG�DQ�DOFRKRO�ZDVWH�SURGXFW��$V�VXFK��D�FDUER[\ODWH�IXQFWLRQ�FDQ�
EH�XVHG�WR�FRQWURO�WKH�PROHFXODU�DVVHPEO\�SURFHVV��E\�FKDQJLQJ�WKH�QHW�FKDUJH�RQ�WKH�
PROHFXOH�WKURXJK�NLQHWLFDOO\�FRQWUROOHG�DON\ODWLRQ�DQG�K\GURO\VLV��)LJ���������

.LQHWLF� DQDO\VLV� RI� WKH� DON\ODWLRQ� RI� FDUER[\ODWHV� WR� GULYH� VXSUDPROHFXODU�
DVVHPEO\�UHYHDOHG�WKDW�D�VXEVWDQWLDO�DFFHOHUDWLRQ�RI�WKH�UHDFWLRQ�NLQHWLFV�DV�FRPSDUHG�WR�
RXU�SUHYLRXV�VWXG\�LV�NH\�WR�WKH�IRUPDWLRQ�RI�DQ�DFWLYH�JHO�VWDWH��12���7R�UHDFK�WKLV�JRDO��
ZH�VHOHFWHG�D�PRUH�UHDFWLYH�DON\ODWLQJ�DJHQW�DQG�DGMXVWHG�S+�OHYHOV�E\�PHDQV�RI�D�EXͿHU�
WR�HQDEOH�WKH�IRUPDWLRQ�DQG�GHFD\�RI�VXSUDPROHFXODU�VWUXFWXUHV�RQ�WLPHVFDOHV�RI�KRXUV�
LQVWHDG�RI� WKH�SUHYLRXVO\� UHSRUWHG� �� WR� ���GD\V� �12��� ,QFUHDVLQJ�EXͿHU� FRQFHQWUDWLRQV�
UHVXOWHG�LQ�D�V\VWHP�FDSDEOH�RI�DXWRQRPRXVO\�IRUPLQJ�VRIW�PROHFXODU�PDWHULDOV�ZLWKRXW�
FRQWLQXRXV�S+�DGMXVWPHQW��DQG�D�VZLWFK�WR�PRQRFDUER[\ODWHV�DV�WKH�DFWLYH�JHODWRUV��

8VLQJ�WKLV�V\VWHP��ZH�WHVWHG�VHYHUDO�PROHFXODU�JHODWRUV�FRQWDLQLQJ�WZR�RU�WKUHH�
FDUER[\ODWH�PRLHWLHV�IRU�WKH�IRUPDWLRQ�RI�DFWLYH�PDWHULDOV��1-3��)LJ��������7KHVH�ELV��DQG�WULV�
FDUER[\ODWH�JHODWRUV�IRUP�LVRWURSLF�DTXHRXV�VROXWLRQV�DERYH�WKH�S.a�RI�WKHLU�FDUER[\ODWHV�
�S.a�a������$FWLYH�K\GURJHO�PDWHULDOV�ZHUH�REWDLQHG�GXULQJ�D�UHDFWLRQ�F\FOH�RI�JHODWRU�2 
or 3 ZLWK�WKH�FRPPHUFLDOO\�DYDLODEOH�VWURQJ�PHWK\ODWLQJ�DJHQW�GLPHWK\OVXOIDWH� �'06��
�&+3�262���)LJ�������XQGHU�K\GURO\WLF��EDVLF��FRQGLWLRQV��,Q�D�W\SLFDO�UHDFWLRQ�F\FOH��WKH�
EDWFK�ZLVH�DGGLWLRQ�RI�'06�WR�EXͿHUHG�VROXWLRQV�RI�1-3�UHVXOWV�LQ�LWV�WUDQVLHQW�PHWK\ODWLRQ��
\LHOGLQJ�PHWK\O�HVWHUV�1b, 2b, and 3b �)LJ�����$�%��ÀJV��6����DQG�6��������� Under these 
conditions gelator 1�IRUPV�D�JHODWLQRXV�SUHFLSLWDWH�EXW�IDLOV�WR�IRUP�D�K\GURJHO��:H�ÀQG�
WKDW�K\GURJHOV�RI�2 and 3 FRQVLVW�RI�EXQGOHV�RI�ÀEHUV�RI�RYHU�D�PLFURPHWHU�LQ�OHQJWK�DW�
KLJK�EXͿHU�FRQFHQWUDWLRQV��ZLWK�LQGLYLGXDO�ÀEHU�GLDPHWHUV�RI���DQG����QP��UHVSHFWLYHO\��
�)LJ�����&�����%��ÀJ��6����������

)RFXVLQJ�RQ�2��PRUH�GHWDLOHG�NLQHWLF�LQYHVWLJDWLRQV�VKRZ�WKDW�W\SLFDOO\����PLQ�DIWHU�
addition of fuel the concentration of 2b�UHDFKHV�D�FULWLFDO�JHODWLRQ�FRQFHQWUDWLRQ��&*&���
ZKHUH�WKH�IRUPDWLRQ�RI�ÀEHUV�OHDGV�WR�PDFURVFRSLF��VHPLWUDQVSDUHQW�JHO�PDWHULDOV��)LJ��
���'���7KH�&*&�RI�2b�ZDV�HVWLPDWHG�IURP�LQYHUWHG�WXEH�WHVWV�DQG�UKHRORJ\�H[SHULPHQWV�
WR�EH�EHWZHHQ�����P0�DQG�����P0��EXW�LW�FRXOG�QRW�EH�GHWHUPLQHG�DFFXUDWHO\�EHFDXVH�
RI�WKH�G\QDPLF�QDWXUH�RI�WKH�PDWHULDO��YLGH�LQIUD��WDEOH�6�����ÀJ��6����������2YHU�WLPH��2b 
K\GURO\]HV�EDFN�WR�2a��OHDGLQJ�WR�WKH�EUHDNGRZQ�RI�ÀEHUV�DQG�WKH�GLVVROXWLRQ�RI�WKHVH�
JHOV��,Q�D�UHDFWLRQ�F\FOH�DW�WKH�UHODWLYHO\�ORZ�S+�YDOXH�RI����WKH�K\GURO\VLV�UHDFWLRQ�WRRN�
SODFH�DW�D�VORZ�UDWH��SURGXFLQJ�JHOV�WKDW�SHUVLVW�IRU�ZHHNV��5XQQLQJ�D�UHDFWLRQ�F\FOH�DW�
KLJKHU�S+�YDOXHV� LQFUHDVHG�WKH�UDWH�RI�K\GURO\VLV��DV�D�UHVXOW�� WKH�FRQFHQWUDWLRQ�RI�2b 
UHDFKHG�D�PD[LPXP�YDOXH�DIWHU�ZKLFK� LW�GHFUHDVHG�WR�]HUR�RQ�WKH� WLPHVFDOH�RI�KRXUV��
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)RU� LQVWDQFH��D�JHO� IRUPHG�DW�S+����KDG�D� OLIHWLPH�RI�DURXQG����KRXUV� ������/LNHZLVH��
reducing the amount of fuel added at pH 11 resulted in a change in gel lifetime from 
����LQLWLDO�IXHO�FRQFHQWUDWLRQ�>'06@0 ����P0��WR�OHVV�WKDQ���KRXUV��>'06@0  ����P0���
7KH� WLPHVFDOHV�RI�JHO� IRUPDWLRQ�DQG�GLVVROXWLRQ� WKXV�GHSHQG�VWURQJO\�RQ� WKH�UHDFWLRQ�
FRQGLWLRQV� HPSOR\HG�� 0RUHRYHU�� WKH� PDWHULDO� SURSHUWLHV� DQG� WKHLU� WLPH� GHSHQGHQFH�
FKDQJH�ZLWK�FKDQJLQJ�UHDFWLRQ�FRQGLWLRQV��+HQFH��WKH�UHDFWLRQ�F\FOH��VWDUWHG�E\�2a and 
'06��FRQVWLWXWHV�D�IXHO�GULYHQ�VHOI�DVVHPEOLQJ�V\VWHP�WKDW�FDQ�RSHUDWH�DXWRQRPRXVO\��DW�
UHDFWLRQ�F\FOH�WLPHVFDOHV�RI���WR����KRXUV��DQG�WKDW�SURYLGHV�DFFHVV�WR�WKH�DFWLYH�JHO�VWDWH��

7KH�UKHRORJ\�RI�2- and 3-based active materials showed the formation of gels and 
D�UDSLG�LQFUHDVH�LQ�JHO�VWLͿQHVV�DIWHU�WKH�DGGLWLRQ�RI�IXHO��)LJ�����$��ÀJV��6����WR�6����������
$W�S+����WKH�QHDU�DEVHQFH�RI�D�GHDFWLYDWLQJ�K\GURO\VLV�UHDFWLRQ�UHVXOWHG�LQ�VWLͿ�JHOV�ZLWK�
SHUVLVWHQW�VWRUDJH�PRGXOL��*·��LQ�WKH����N3D�UDQJH�DQG�D�ORVV�IDFWRU��WDQ�G��RI�a�����IRU�
2; for 3�LW�UHVXOWHG�LQ�D�*·�RI�����N3D�ZLWK�D�WDQ�G�RI�a�����7KH�VWRUDJH�DQG�ORVV�PRGXOL�
DUH�FRQVWDQW�RYHU�D�ZLGH�IUHTXHQF\�UDQJH��ZKLFK�LV�W\SLFDO�EHKDYLRU�IRU�VRIW�ÀEULOODU�JHOV�
IRUPHG�IURP�VXSUDPROHFXODU�JHODWRUV�������+LJKHU�S+�YDOXHV�UHVXOWHG�LQ�OHVV�VWLͿ�JHOV��
DQG�RYHU�WLPH�D�GHFOLQLQJ�VWRUDJH�PRGXOXV�ZDV�REVHUYHG��ZLWK�D�GHFD\�UDWH�WKDW�LQFUHDVHG�
ZLWK�S+��&KDQJLQJ�WKH� LQLWLDO�FRQFHQWUDWLRQ�RI�IXHO�FKDQJHG�ERWK�WKH� OLIHWLPH�DQG�WKH�

Figure 3.2. Macroscopic mechanical behavior of the active material. (A) Rheology time 
VZHHSV�RI�VROXWLRQV�RI���GXULQJ�D�UHDFWLRQ�F\FOH�DW�YDU\LQJ�'06�FRQFHQWUDWLRQV��>'06@0=150 
WR�����P0��S+�����DQG� �%��DW�YDU\LQJ�S+� �>'06@0 ����P0��S+��� WR������ �&��)XHO�GULYHQ�
JHO� UHJHQHUDWLRQ�� SKRWRJUDSKV� RI� DQ� DFWLYH� JHO� RI� �� EHIRUH�� GLUHFWO\� DIWHU� DQG� ���PLQXWHV� DIWHU�
PHFKDQLFDO�SHUWXUEDWLRQ�RI�WKH�JHO��$OO�H[SHULPHQWV��>�@0=50 mM. 
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PD[LPXP�VWLͿQHVV�RI�WKH�JHOV��ZLWK�UHVXOWV�UDQJLQJ��IRU�LQVWDQFH��IURP�VKRUW�OLYHG��YHU\�
ZHDN�JHOV�DW�>'06@0� �����P0�WR�PXFK�VWURQJHU�JHOV�ZLWK�OLIHWLPHV�RI�PXOWLSOH�GD\V�DW�
>'06@0� �����P0��)LJ�����%���7KH�REVHUYHG�VWURQJ�GHSHQGHQFH�RQ�IXHO�FRQFHQWUDWLRQV�
DQG�S+�ZDV�FRQÀUPHG�E\�D�NLQHWLF�UHDFWLRQ�PRGHO�IRU�2��7KHVH�PDWHULDOV�DOVR�VKRZHG�
IXHO�GULYHQ�VHOI�UHJHQHUDWLQJ�EHKDYLRU�DIWHU�GHVWUXFWLYH�PHFKDQLFDO�SHUWXUEDWLRQ��:KHQ�
GHVWUR\HG�GXULQJ�WKH�ÀUVW�KRXUV�DIWHU�WKH�DGGLWLRQ�RI�IXHO��JHOV�RI�2�TXLFNO\�UHJDLQ�DQG�
VXUSDVVHG�WKH�VWLͿQHVV�REWDLQHG�EHIRUH�GHVWUXFWLRQ��)LJ�����&�����'�(��ÀJV��6�����WR�6�����
������ 7KLV� EHKDYLRU� LV� JHQHUDOO\� QRW� REVHUYHG� LQ� FRQYHQWLRQDO� ORZ�PROHFXODU� ZHLJKW�
JHOV�QHDU�WKHUPRG\QDPLF�HTXLOLEULXP��,I�SHUWXUEHG�ODWH�LQ�WKH�UHDFWLRQ�F\FOH��ZKHQ�WKH�
IXHO�ZDV�GHSOHWHG��WKH�UHJHQHUDWLRQ�FDSDELOLW\�GURSHG�EHORZ���DQG�HYHQWXDOO\�ZDV�ORVW�
FRPSOHWHO\�� 7KXV�� WKH�PHFKDQLFDO� DQG� UHJHQHUDWLYH� EHKDYLRU� RI� WKHVH� DFWLYH�PDWHULDOV�
LV� VWURQJO\�GHSHQGHQW� RQ� WKH�SURJUHVVLRQ�RI� WKH� UHDFWLRQ� F\FOH��$OWHUQDWLYHO\��ZH� DOVR�
VKRZHG�WKDW�WKH�V\VWHP�FDQ�RSHUDWH�XQGHU�FRQWLQXRXV�ÁRZ�FRQGLWLRQV�ZLWK�D�FRQWLQXRXV�
VXSSO\�RI�IXHO��SURORQJLQJ�WKH�OLIHWLPH�RI�WKH�PDWHULDO��)LJ��6����������

 To link the observed macroscopic behavior to the molecular scale reactions, we 
SHUIRUPHG� D� NLQHWLF� DQDO\VLV� RI� WKH� DFWLYH�PDWHULDOV� IURP�JHODWRU�2�� 6WDUWLQJ� IURP� WKH�
pronounced dependence of gel life times on fuel concentration and pH, we developed 
a simple kinetic model based on two competing chemical reactions: the forward 
DON\ODWLRQ�RI�2a to 2b E\�'06�DQG� WKH� UHYHUVH�K\GURO\VLV�RI�2b to 2a� �)LJ�����%���7KH�
GLUHFW�K\GURO\VLV�RI�'06�WR�PRQRPHWK\O�VXOIDWH��006��ZDV�DOVR�WDNHQ�LQWR�DFFRXQW�DV�D�
VHSDUDWH�EDFNJURXQG�UHDFWLRQ��8VLQJ�NLQHWLF�GDWD�IURP�+3/&�DQG�1+�105�VSHFWURVFRS\�
measurements, we determined the rate constants of all relevant reactions, allowing the 
construction of a kinetic model for the formation of 2b��)LJ�������)LJV��6����WR�6�����������
:H�IRXQG�WKDW�WKH�UDWH�RI�DON\ODWLRQ�N1>2a@>'06@��ZLWK�N1 ����0-1h-1 at pH 10, followed a 
OLQHDU�GHFD\�XQWLO�DOO�'06�KDG�EHHQ�GHSOHWHG�DQG�VKRZHG�D�PDUJLQDO�YDULDWLRQ�ZLWK�WKH�
S+��7KH�K\GURO\VLV�UDWH�N2>2b@>2+-@��ZLWK�N2 ������ M-1h-1�DW�S+�����WDEOH�6����������RQ�
WKH�RWKHU�KDQG�LV�H[SRQHQWLDOO\�GHSHQGHQW�RQ�S+��6XEWUDFWLQJ�WKH�K\GURO\VLV�UDWH�IURP�
WKH�DON\ODWLRQ�UDWH�JLYHV�WKH�QHW�UDWH�RI�IRUPDWLRQ�RI�2b �)LJ�����&���

8VLQJ�WKHVH�UDWHV��ZH�GHÀQH�WZR�UHJLPHV�WKURXJK�ZKLFK�WKH�DFWLYH�JHOV�SURJUHVV��DW�
ÀUVW�WKH�V\VWHP�LV�LQ�D�JURZWK�UHJLPH�ZKHUH�WKH�DON\ODWLRQ�RI�2a�LV�WKH�GRPLQDQW�UHDFWLRQ��
6XEVHTXHQWO\��WKH�V\VWHP�PRYHV�WR�WKH�GHFD\�UHJLPH�LQ�ZKLFK�K\GURO\VLV�LV�WKH�GRPLQDQW�
UHDFWLRQ��:H�DSSOLHG�WKLV�PRGHO�WR�DQDO\]H�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�EHKDYLRU�RI�WKH�
V\VWHP�DQG�WKH�JRYHUQLQJ�FKHPLFDO�UHDFWLRQV�RYHU�WLPH��7KH�PRGHO�VKRZHG�WKDW��XQOLNH�
V\VWHPV� DVVHPEOLQJ� QHDU� WKHUPRG\QDPLF� HTXLOLEULXP�� WKH� EHKDYLRU� RI� WKHVH� IXHOHG�
V\VWHPV�HYROYHV�RYHU�WLPH�DQG�LV�VWURQJO\�GHSHQGHQW�RQ�WKH�YDULRXV�UHDFWLRQ�SDUDPHWHUV��
HVSHFLDOO\�IXHO�OHYHOV�DQG�S+��7KH�OLIHWLPHV�RI�WKHVH�DFWLYH�JHOV�DUH�JOREDOO\�FRQQHFWHG�WR�
WKH�SHULRG�ZKHUH�>2b@�LV�KLJK��ZKLFK�LV�FRQWUROOHG�E\�WKH�LQLWLDO�UHDFWLRQ�SDUDPHWHUV��S+��
>2a@0��>'06@0���DQG�FDQ�EH�SUHGLFWHG�ZLWK�WKH�NLQHWLF�PRGHO��)LJ�����$�%���+RZHYHU��ZH�
REVHUYHG�D�GHOD\�EHWZHHQ�2b�RYHU�WLPH�>2b@t��)LJ�����$��DQG�WKH�UKHRORJLFDO�EHKDYLRU��)LJ��
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Figure 3.3. Kinetics of transient gelator formation. �$� DQG�%��7KH� LQÁXHQFH� RI� UHDFWLRQ�
conditions on the concentration of 2b over time. The black markers depict data points obtained 
IURP�+3/&�� 7KH� VXUIDFH� SORWV� GHSLFW� WKH� NLQHWLF�PRGHO� REWDLQHG� �$�� DW� GLͿHUHQW� S+� DQG� �%��
DW�GLͿHUHQW�'06�FRQFHQWUDWLRQV�ZLWK� LQLWLDO�S+����� �&��5DWHV�RI�DON\ODWLRQ�RI�2a (blue lines), 
hydrolysis of 2b (red lines) and net formation of 2b��EODFN�OLQHV��DJDLQVW�WLPH�DW�S+�������DQG����
�>2a@� ����P0��>'06@� �����P0���EOXH�DUHDV�LQGLFDWH�QHW�DON\ODWLRQ������UHG�DUHDV�QHW�K\GURO\VLV�
(-). (D) The relative regeneration of the gels as determined by rheology versus the concentration of 
UHPDLQLQJ�IXHO�DW�WKH�PRPHQW�RI�SHUWXUEDWLRQ��VTXDUH��S+����WULDQJOH��S+�����FLUFOH��S+�����>2@0 = 
���P0��>'06@0  �����P0��)LJ��6�������������(� Mechanical response of a gel after perturbation 
DQG�DGGLWLRQ�RI�QHZ�IXHO��*·��UHG���*µ��EODFN����%OXH�DUURZV�DW�����DQG�����KU��LQGLFDWH�SHUWXUEDWLRQ�
by applying strain, the red arrow at 5.5 hr. indicates a perturbation and addition of 200 mM 
DMS. Values between horizontal black lines indicate relative regeneration ratios.
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���$���7KLV�HͿHFW�PD\�LQGLFDWH�D�QXFOHDWHG�JURZWK�PHFKDQLVP�RI�JHO�ÀEHU�IRUPDWLRQ��DQG�
ZDV�QRW�DFFRXQWHG�IRU�LQ�WKH�NLQHWLF�PRGHO��

Most remarkable, however, is the observation that the gel state persists for periods 
H[WHQGLQJ�IDU�EH\RQG�WKH�WLPH�ZKHQ�UHDVRQDEOH�FRQFHQWUDWLRQV�RI�2b�ZHUH�SUHVHQW��)RU�
LQVWDQFH�� WKH�S+���� V\VWHP� FRQWDLQHG� D� JHO�ZLWK�*·!���3D� DIWHU� ���KRXUV� RI� UHDFWLRQ��
HYHQ�WKRXJK�>2b@�KDV�GURSSHG�EHORZ�����P0�DIWHU���KRXUV��7KH�GHSHQGHQFH�RQ�UHDFWLRQ�
SDUDPHWHUV�DQG�WUDQVLHQW�FKDUDFWHU�RI�WKH�V\VWHP�LQGLFDWHV�NLQHWLFDOO\�FRQWUROOHG�VWDWHV�
WKDW�GR�QRW�UHVLGH�DW�WKHUPRG\QDPLF�PLQLPXP��

8VLQJ� WKH�PRGHO��ZH�HVWLPDWHG� WKH� IXHO� FRQFHQWUDWLRQ�DW�DQ\�JLYHQ� WLPH� LQ� WKH�
UHJHQHUDWLRQ� H[SHULPHQWV�� 7KH� UHJHQHUDWLRQ� FDSDELOLW\� ����� RI� WKHVH� PDWHULDOV� KDV� DQ�
H[SRQHQWLDO�GHSHQGHQFH�RQ�WKH�IXHO�FRQFHQWUDWLRQ�DW�WKH�PRPHQW�RI�SHUWXUEDWLRQ��)LJ��
���'��� EXW� DSSHDUV� LQGHSHQGHQW� RI� WKH� S+�� FOHDUO\� VKRZLQJ� WKDW� WKLV� EHKDYLRU� LV� IXHO�
GULYHQ� DQG� LV� QRW� VLJQLÀFDQWO\� LQÁXHQFHG� E\� WKH� K\GURO\VLV� UDWH� �)LJ�� 6����������������
:KHQ�>'06@t �����P0�WKH�JHOV�DUH�QR�ORQJHU�DEOH�WR�IXOO\�UHJHQHUDWH��LQGLFDWLQJ�WKDW�WKH�
rate of formation of 2b��QHHGHG�IRU�QHWZRUN�UHSDLU��EHFRPHV�WRR�VPDOO��7KH�QRWLRQ�WKDW�
WKH�UHJHQHUDWLRQ�LV�IXHO�GULYHQ�LPSOLHV�WKDW�LW�FDQ�EH�UHVWRUHG�DW�DQ\�WLPH�E\�WKH�DGGLWLRQ�
RI�QHZ�IXHO��,QGHHG��WKH�DGGLWLRQ�RI�IXHO�WR�D�JHO�WKDW�ZDV�XQDEOH�WR�UHJHQHUDWH��UHVWRUHG�
LWV�UHJHQHUDWLRQ�FDSDELOLW\��)LJ�����(���

 
To gain more insight into the divergence between the timescales of the 

PDFURVFRSLF�EHKDYLRU�DQG�WKH�XQGHUO\LQJ�FKHPLFDO�UHDFWLRQ�QHWZRUN��ZH� LQYHVWLJDWHG�
WKH�ÀEHU�G\QDPLFV�RI�DFWLYH�JHOV�IURP�2�ZLWK�ORZ�DQG�KLJK�K\GURO\VLV�UDWHV��S+�������
XVLQJ�FRQIRFDO�PLFURVFRS\��)LJ�������PRYLHV�6�����)LJ��6�����WR�6�����������,Q�DOO�FDVHV��DIWHU�
WKH�DGGLWLRQ�RI�IXHO��ÀEHU�JURZWK�LV�REVHUYHG�DIWHU�D�VKRUW�ODJ�SHULRG��FRLQFLGLQJ�ZLWK�D�
UDSLG�LQFUHDVH�LQ�JHO�VWLͿQHVV��)LJ�����$�����$���$W�S+����D�UDSLG�LQFUHDVH�LQ�WKH�WRWDO�ÀEHU�
OHQJWK�ZDV�LQLWLDOO\�REVHUYHG�XQWLO�WKH�JURZWK�OHYHOHG�RͿ��DQG�RQO\�YHU\�IHZ�VKULQNLQJ�
ÀEHUV�ZHUH�REVHUYHG��)LJ�����$���7KH�DFWLYH�JHOV�ZLWK�KLJKHU�K\GURO\VLV�UDWHV��S+������
WR�����DOVR�VKRZHG�WKLV�UDSLG�LQFUHDVH��EXW�WKH\�UHDFKHG�D�FOHDU�PD[LPXP�DIWHU�ZKLFK�
WKH�ÀEHUV�HQWHUHG�D�VKULQNLQJ�UHJLPH�DQG�WKH�WRWDO�ÀEHU�OHQJWK�GHFUHDVHG��7KH�WUDQVLWLRQ�
between these two regimes coincided with the moment when the gels reached their 
PD[LPXP�VWRUDJH�PRGXOXV��%RWK�WKH�PRPHQW�RI�WUDQVLWLRQ�EHWZHHQ�UHJLPHV�DQG�WKH�UDWH�
RI�GHFUHDVH�LQ�WKH�WRWDO�ÀEHU�OHQJWK�GHSHQGHG�RQ�WKH�S+�DQG�PDWFKHG�ZLWK�WKH�HYROXWLRQ�
RI�WKH�VWRUDJH�PRGXOL�RI�WKH�JHOV��)LJ�����$�����$���$�VLJQLÀFDQW�WRWDO�ÀEHU�OHQJWK�SHUVLVWV�
ODWH�LQ�WKH�UHDFWLRQ�F\FOH��GHVSLWH�D�QHJOLJLEOH�FRQFHQWUDWLRQ�RI�2b��$OO�JHOV�VKRZHG�WKHLU�
KLJKHVW�OHYHO�RI�VWUXFWXUH��WRWDO�ÀEHU�OHQJWK��JHO�VWLͿQHVV��PLGZD\�LQ�WKH�UHDFWLRQ�F\FOH�

$W� WKH�PLFURVFRSLF� OHYHO�� VHYHUDO�RWKHU�XQH[SHFWHG�REVHUYDWLRQV�DUH�PDGH� �)LJ��
���%���,QVWHDG�RI�JUDGXDO�DQG�VLPXOWDQHRXV�VKULQNLQJ�RI�DOO�ÀEHUV��WKH�DVVHPEOLHV�WHQG�
WR�FROODSVH�VWRFKDVWLFDOO\�ZLWK�UDWHV�XS�WR�����P�PLQ��)LJ�����$���7KH�ÀEHUV�VKUXQN�RQO\�
DW� WKHLU� WLSV�DQG�GR�QRW� IUDFWXUH�RU�GLVVROYH�DORQJ� WKH�ÀEHU��$OVR�� IRU�D� FHUWDLQ�SHULRG�
ERWK�JURZLQJ�DQG�VKULQNLQJ�ÀEHUV�ZHUH�REVHUYHG�LQ�HDFK�RWKHU·V�SUR[LPLW\��UDQGRPO\�
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GLVWULEXWHG� WKURXJKRXW� WKH�PLFURVFRSH� IRFDO�SODQH� �)LJ�����%��)LJV��6����� WR�6�����������
7KHVH�REVHUYDWLRQV�DUH� LQFRQVLVWHQW�ZLWK�ÀEHU�GLVVROXWLRQ�GULYHQ�E\�D�GHFUHDVH�RI� WKH�
solution concentration of 2b�� ,QVWHDG�� WKHVH� ÀQGLQJV� SRLQW� WR� K\GURO\VLV� RI�2b taking 
SODFH�ERWK� LQ�VROXWLRQ�DQG�ZLWKLQ� WKH�ÀEHUV��7KH�K\GURO\VLV�UDWH�GHSHQGV�RQ�WKH� WRWDO�
concentration of 2b��LUUHVSHFWLYH�RI�WKH�IUDFWLRQ�ERXQG�LQ�ÀEHUV�������7KH�REVHUYHG�IDVW��
VWRFKDVWLF�FROODSVH�RI�ÀEHUV�VXJJHVWV�WKDW�WKH\�EHFRPH�XQVWDEOH�DERYH�D�FHUWDLQ�FULWLFDO�
K\GURO\VLV�OHYHO�RI�2b��DW�ZKLFK�PRPHQW�WKH\�UDSLGO\�GLVVROYH��ZKLFK�PD\�DFFRXQW�IRU�WKH�
discrepancies between molecular reaction rates, and the macroscopic and microscopic 
EHKDYLRU��7KHVH�REVHUYDWLRQV�VKRZ�VXUSULVLQJ�VLPLODULWLHV�WR�WKH�EHKDYLRU�RI�PLFURWXEXOH�
�GH�SRO\PHUL]DWLRQ�VXFK�DV�QRQ�OLQHDU�ÀEHU�G\QDPLFV�DQG�G\QDPLF�LQVWDELOLW\��ZKLFK�DUH�

Figure 3.4. Microscopic analysis of the active material. �$��8SSHU�SDQHO��QRUPDOL]HG�WRWDO�
ÀEHU� OHQJWK� DJDLQVW� WLPH� LQ� WKH� UHDFWLRQ� F\FOH��$UURZV� LQGLFDWH� WKH� UHDFWLRQ� F\FOH� WLPH�ZKHUH�
*·�UHDFKHV�LWV�PD[LPXP�YDOXH��VHH�)LJ���$���/RZHU�SDQHO��UDWHV�RI�ÀEHU�JURZWK��EOXH��DQG�ÀEHU�
VKULQNDJH��UHG���DW�YDULRXV�S+���%��&RQIRFDO�PLFURJUDSKV�RYHU�WLPH��VKRZLQJ�GLVWLQFW�ÀEHU�JURZWK��
VKULQNDJH��DQG�RYHUODSSLQJ�SHULRGV�GXULQJ�D�UHDFWLRQ�F\FOH��*URZLQJ�ÀEHUV�DUH�LQGLFDWHG�LQ�EOXH�
FLUFOHV�DQG�VKULQNLQJ�ÀEHUV�DUH�LQGLFDWHG�LQ�UHG�FLUFOHV��$OO�VDPSOHV�SUHSDUHG�ZLWK�>2@� ����P0��
>'06@� �����P0��DW�S+�������6FDOH�EDU� �����P�
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3.3 Conclusions 

7KLV�ZRUN�GHPRQVWUDWHV� WKH� IDU�IURP�HTXLOLEULXP�VHOI�DVVHPEO\�RI�PROHFXODU�EXLOGLQJ�
EORFNV�GULYHQ�E\�D�FKHPLFDO�IXHO��OHDGLQJ�WR�WKH�WUDQVLHQW�IRUPDWLRQ�RI�DQ�DFWLYH�PDWHULDO��
,Q� WKHVH� IDU�IURP�HTXLOLEULXP� PDWHULDOV�� SURSHUWLHV� DQG� EHKDYLRU� VXFK� DV� OLIH� WLPH��
VWLͿQHVV�DQG� VHOI�UHJHQHUDWLRQ� FDSDELOLW\�DUH�GHWHUPLQHG�E\� UHDFWLRQ�NLQHWLFV� DQG� IXHO�
OHYHOV� UDWKHU� WKDQ�E\� HTXLOLEULXP�FRPSRVLWLRQ��7KHVH�PDWHULDOV� VKRZ�QRQ�OLQHDU�ÀEHU�
G\QDPLFV� UHPLQLVFHQW� RI�PLFURWXEXOH� EHKDYLRU�� DQG� WKH\� FRQVWLWXWH� D� NH\� VWHS� LQ� WKH�
GHYHORSPHQW�RI�V\QWKHWLF�VHOI�RUJDQL]LQJ�RXW�RI�HTXLOLEULXP�V\VWHPV�
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Chapter 3 Supporting Information 
Transient Assembly of Active Materials Fueled by a Chemical Reaction
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3.4 Experimental section

3.4.1 Materials
$OO� PDWHULDOV� �1�1Х�'LEHQ]R\O�/�F\VWLQH� �'%&�� 2��� GLPHWK\O� VXOIDWH� �'06��� VRGLXP� WHWUDERUDWH�
GHFDK\GUDWH��QLOH� UHG��'22��ZHUH�SXUFKDVHG�IURP�6LJPD�$OGULFK�DQG�XVHG�DV�UHFHLYHG��&RPSRXQGV�1 
and 3�ZHUH�VXFFHVVIXOO\�V\QWKHVL]HG�DFFRUGLQJ�WR�OLWHUDWXUH�SURFHGXUHV����������:DWHU�ZDV�SXULÀHG�XVLQJ�
D�0LOOLSRUH�$)6���V\VWHP��04�ZDWHU���$OO�DFWLYH�JHOV�ZHUH�SUHSDUHG�LQ�����P0�ERUDWH�EXͿHUHG�04�ZDWHU�
DW�S+�������������RU�����7KH�S+�RI�WKH�ERUDWH�VROXWLRQ�ZDV�DGMXVWHG�ZLWK�FRQFHQWUDWHG�DTXHRXV�VROXWLRQV�RI�
1D2+�RU�+&O��,I�SUHFLSLWDWLRQ�RI�VDOWV�RFFXUUHG�GXULQJ�WKH�SUHSDUDWLRQ�SURFHVV��WKHQ�WKH�EXͿHU�VROXWLRQV�
ZHUH�VKRUWO\�KHDWHG�WR�DFKLHYH�D�FOHDU�VROXWLRQ�
:DUQLQJ��dimethyl sulfate is highly toxic and should be handled in a fume hood using appropriate protective gear.

3.4.2. Methods
Nuclear Magnetic Resonance Spectroscopy (NMR)
1+�105� VSHFWUD�ZHUH� UHFRUGHG�XVLQJ� D� %UXNHU�$YDQFH����� VSHFWURPHWHU�� RSHUDWLQJ� DW� ����0+]� RU� D�
$JLOHQW������RSHUDWLQJ�DW����0+]��6SHFWUD�ZHUH�UHFRUGHG�DW����������&�LQ�+2O with 10% D22��RU�'062�G��
using solvent suppression to suppress the H22�SHDN��

Active materials preparation
$FWLYH�PDWHULDO�VDPSOHV�ZHUH�SUHSDUHG�DGGLQJ�WKH�UHTXLUHG�DPRXQW�RI�'06��OLT���QHDW��WKURXJK�D�SLSHW�WR�
����P/�VROXWLRQ�RI����P0�2, 25mM of 1 or 3�LQ�����P0�ERUDWH�EXͿHU�DW�WKH�GHVLUHG�S+��S+��������������RU�
����LQ�D�����P/�YLDO��7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�GLVVROXWLRQ�RI�WKH�'06�DQG�WKH�VDPSOHV�ZHUH�XVHG�
GLUHFWO\��,QLWLDO�IXHO�GULYHQ�JHODWLRQ�H[SHULPHQWV�XVLQJ�SKRVSKDWH�EXͿHUV�VKRZHG�YHU\�VLPLODU�EHKDYLRU�WR�
ERUDWH�EXͿHU��LQGLFDWLQJ�WKDW�WKH�REVHUYHG�HͿHFWV�DUH�QRW�VSHFLÀF�WR�WKH�EXͿHU�HPSOR\HG��

Gelation tests by the inverted tube method
Time dependent gelation
$FWLYH�PDWHULDO�VDPSOHV�IRU�WLPH�GHSHQGHQW�JHODWLRQ�WHVWV�ZHUH�SUHSDUHG�DV�GHVFULEHG�DERYH��S+���������
P/�RI����P0�2���DIWHU�ZKLFK������/�������PJ������P0��'06�ZDV�DGGHG��7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�
GLVVROXWLRQ�RI�WKH�'06�DQG�WKH�VDPSOHV�ZHUH�DOORZHG�WR�VWDQG�DW��������&�IRU�D�SUHGHWHUPLQHG�WLPH��W�
 ����PLQ�����PLQ�����PLQ��HWF���XVLQJ�DQ�LQGLYLGXDO�VDPSOH�IRU�HDFK�WLPH�SRLQW��$IWHU�WKH�SUHGHWHUPLQHG�
WLPH��D�YLDO�ZDV�LQYHUWHG��WKH�´LQYHUWHG�WXEH�WHVWµ�������,I�WKH�JHO�FRXOG�VXSSRUW�LWV�RZQ�ZHLJKW�IRU�PRUH�
WKDQ����VHFRQGV��LW�ZDV�GHÀQHG�DV�D�JHO�

Fuel dependent gelation
6DPSOHV�IRU�IXHO�GHSHQGHQW�JHODWLRQ�WHVWV�ZHUH�SUHSDUHG�DV�GHVFULEHG�DERYH��S+���������P/�RI����P0�2���
DQG�DSSURSULDWH�DPRXQWV�RI�'06�ZHUH�DGGHG�WR�REWDLQ�FRQFHQWUDWLRQV�RI�����������������������������������
P0�'06��7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�GLVVROXWLRQ�RI�'06�DQG�WKH�VDPSOHV�ZHUH�DOORZHG�WR�VWDQG�DW�
�������&�IRU����PLQXWHV��$IWHU�WKLV�WLPH��WKH�VDPSOH�ZDV�VXEMHFWHG�WR�DQ�LQYHUWHG�WXEH�WHVW�

Gel regeneration in vial 
6DPSOHV�JHO�UHJHQHUDWLRQ�LQ�YLDO�WHVWV�ZHUH�SUHSDUHG�DV�GHVFULEHG�DERYH��S+���������P/�RI����P0�2���DIWHU�
ZKLFK������/�������PJ������P0��'06�ZDV�DGGHG��7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�GLVVROXWLRQ�RI�WKH�'06�
DQG�WKH�VDPSOHV�ZHUH�DOORZHG�WR�VWDQG�DW��������&�IRU�D�SUHGHWHUPLQHG�WLPH��W� ����PLQ�����PLQ�����PLQ��
HWF����$IWHU�WKLV�WLPH��D�VDPSOH�ZDV�VXEMHFWHG�WR�DQ�LQYHUWHG�WXEH�WHVW��,I�D�JHO�ZDV�IRUPHG��LW�ZDV�SK\VLFDOO\�
SHUWXUEHG�E\�YRUWH[LQJ�WKH�JHO����VHFRQGV�DW������USP��XSRQ�ZKLFK��LQ�DOO�FDVHV��D�ÁXLG�ZDV�IRUPHG��$IWHU�
SHUWXUEDWLRQ�WKH�JHO�ZDV�SODFHG�EDFN�DW��������&�DQG�DOORZHG�WR�UHJHQHUDWH�IRU�D�SHULRG�RI����PLQXWHV��
$IWHU�WKHVH����PLQXWHV�DQRWKHU�LQYHUWHG�WXEH�WHVW�ZDV�SHUIRUPHG�WR�VHH�LI�WKH�JHO�KDG�UHJHQHUDWHG��

Active material spin-down
$FWLYH�PDWHULDO�ZDV�SUHSDUHG�DV�GHVFULEHG�DERYH�IRU�S+�������P0�'06���P/��$IWHU�WZR�KRXUV�RI�UHDFWLRQ�
WKH�DFWLYH�PDWHULDOV�ZHUH�SK\VLFDOO\�WUDQVIHUUHG�WR�D�FHQWULIXJH�WXEH��FRQWDLQLQJ�D�FXWRͿ�ÀOWHU�RI�����0:�
�0HUFN�0LOLSRUH��$PLFRQ��8OWUD�����$�EXͿHU�ZDV�SODFHG�RQ�WRS���P/�����P0�%RUDWH�S+������IROORZHG�
E\�D���PLQ�������USP�FHQWULIXJH�VSLQ�F\FOH��7KLV�ZDV�UHSHDWHG�ZLWK�DQRWKHU��P/�RI�EXͿHU��QRZ�ZLWK����
PLQXWHV�RI�VSLQQLQJ�DQG�ÀQDOO\�DJDLQ�D����PLQXWHV�VSLQ�F\FOH�ZLWK���P/�RI�04�ZDWHU��7KH�VDPSOHV�ZHUH�
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WUDQVIHUUHG�WR�D�URXQG�ERWWRP�ÁDVN��DQG�IUHH]H�GULHG�IRU����KRXUV��

+LJK�3HUIRUPDQFH�/LTXLG�&KURPDWRJUDSK\�0DVV�6SHFWURPHWU\��+3/&�06�
+3/&�06�ZDV�SHUIRUPHG�RQ�D�6KLPDG]X�/LTXLG�&KURPDWRJUDSK�0DVV�6SHFWURPHWHU��/&06�������ZLWK�
D�;%ULGJH�6KLHOG�53�������P�����[���PP�FROXPQ�DQG�D�63'�0���GLRGH�DUUD\�GHWHFWRU��6DPSOHV�ZHUH�
SUHSDUHG�E\�GLOXWLQJ�DOLTXRWV�RI�WKH�DFWLYH�JHO�����WLPHV�ZLWK�FROG�04�ZDWHU��7KLV�GLOXWHG�VDPSOH�ZDV�
GLUHFWO\�LQMHFWHG�LQWR�WKH�+3/&��$OO�VDPSOHV�ZHUH�UXQ�RQ�JUDGLHQW�RI�������WR��������0H2+�+2O + 1% 
Et31��1HJDWLYH�DQG�SRVLWLYH�PRGH�(6,�ZHUH�XVHG�IRU�WKH�DVVLJQPHQW�RI�WKH�SHDNV�DQG�WKH�FRQFHQWUDWLRQV�RI�
2a and 2b�ZHUH�GHWHUPLQHG�E\�LQWHJUDWLRQ�RI�DEVRUEDQFH�DW�����QP��7DEOH�6����7KH�H[WLQFWLRQ�FRHFLHQWV�
for 2a and 2b ZHUH�DVVXPHG�WR�EH�HTXDO��7KH�GRXEOH�PHWK\ODWHG�SURGXFW��ELV�PHWK\O�HVWHU�RI�2��ZDV�QRW�
REVHUYHG�XQGHU�DQ\�RI�WKH�XVHG�FRQGLWLRQV�

Table S1. Retention times and mass spectrometry data of 2a and 2b.

Cryogenic-Transmission Electron Microscopy (cryo-TEM)
$� IHZ�PLFUROLWHUV� RI� DFWLYH� JHO�ZDV� GHSRVLWHG� RQ� D�4XDQWLIRLO� ������ KROH\� FDUERQ� FRDWHG� JULG��$� )(,�
9LWURERW�ZDV� XVHG� WR� EORW� DZD\� WKH� H[FHVV� OLTXLG� DQG� WR� SOXQJH� WKH� JULG� LQWR� OLTXLG� HWKDQH�� )UR]HQ�
K\GUDWHG�VSHFLPHQV�ZHUH�PRXQWHG�LQ�D�FU\R�KROGHU��*DWDQ��PRGHO������DQG�REVHUYHG�LQ�D�3KLOLSV�&0�
����HOHFWURQ�PLFURVFRSH��RSHUDWLQJ�DW�����N9��0LFURJUDSKV�ZHUH�UHFRUGHG�XQGHU�ORZ�GRVH�FRQGLWLRQV�RQ�
D�VORZ�VFDQ�&&'�FDPHUD��*DWDQ��PRGHO������

Atomic force microscopy (AFM)
$�170'7�1WHJUD�$)0�ZDV�RSHUDWHG�LQ�WDSSLQJ�PRGH�DW�URRP�WHPSHUDWXUH������&���6DPSOHV�ZHUH�VSLQ�
FRDWHG�RQ�D�6L�ZDIHU�FKLS�DQG�XVHG�ZLWKRXW�IXUWKHU�DGMXVWPHQWV��

Rheology
2VFLOODWRU\�H[SHULPHQWV�ZHUH�SHUIRUPHG�XVLQJ�D�UKHRPHWHU��$5�*���7$�LQVWUXPHQWV��LQ�D�VWUDLQ�FRQWUROOHG�
PRGH��HTXLSSHG�ZLWK�D�VWHHO�SODWH�DQG�SODWH�JHRPHWU\�RI����PP�LQ�GLDPHWHU�DQG�HTXLSSHG�ZLWK�ZDWHU�
WUDS��7KH�WHPSHUDWXUH�RI�WKH�SODWHV�ZDV�FRQWUROOHG�DW����������&��

$FWLYH�PDWHULDO�VDPSOHV�IRU�UKHRORJ\�H[SHULPHQWV�ZHUH�SUHSDUHG�DV�GHVFULEHG�DERYH��DW�WKH�GHVLUHG�S+�
�S+���� ���� ������ RU� ���� ���P0�2, or 25mM 3�� DQG� WKH� DSSURSULDWH� DPRXQWV� IRU�GLͿHUHQW�GHVLUHG�'06�
FRQFHQWUDWLRQV��'LUHFWO\�DIWHU�GLVVROYLQJ�WKH�'06������P/�RI�WKH�VDPSOH�ZDV�SRVLWLRQHG�RQ�WKH�UKHRPHWHU�
SODWH�DQG� WKH�XSSHU�SODWH�ZDV�EURXJKW�GRZQ� WR� LWV�PHDVXULQJ�SRVLWLRQ��7LPH�VZHHSV�ZHUH�PHDVXUHG�
XQGHU������VWUDLQ�ZLWK�D�IUHTXHQF\�RI���+]�������UDG�V���$OO�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�LQ�WKH�OLQHDU�
YLVFRHODVWLF�UHJLRQ��

6DPSOHV�IRU�UHJHQHUDWLRQ�WHVWV�ZHUH�SUHSDUHG�DV�GHVFULEHG�DERYH��S+��������������RU��������P0�2a 200 
P0�'06���$IWHU�D�SUHGHWHUPLQHG�WLPH��W� ����PLQ�����PLQ�����PLQ��HWF����WKH�VDPSOH�ZDV�VXEMHFWHG�WR�D�
VWUDLQ�VZHHS��IURP������WR�������DIWHU�ZKLFK�*·�ZDV�ORZHU�WKDQ�*··��IRUPLQJ�D�ÁXLG���HQVXULQJ�FRPSOHWH�
GHVWUXFWLRQ�RI�WKH�JHO��$IWHU�WKH�VWUDLQ�VZHHS��WKH�VDPSOHV�ZHUH�DQDO\]HG�IRU�VHOI�UHJHQHUDWLRQ�XVLQJ�D�
WLPH�VZHHS��7KH�UHJHQHUDWLYH�EHKDYLRU�ZDV�DVVHVVHG�DW�YDULRXV�WLPHV�DQG�HDFK�GDWD�SRLQW��W� ����PLQ�����
PLQ�����PLQ��HWF���ZDV�REWDLQHG�ZLWK�D�QHZ�VDPSOH�

)XHO�GHSHQGHQW�UHJHQHUDWLRQ�WHVWV�ZHUH�SHUIRUPHG�ZLWK�VDPSOHV�SUHSDUHG�DV�GHVFULEHG�DERYH�����P0�2a, 
S+���������P0�'06���7KH�VDPSOH�ZDV�VXEMHFWHG�WR�VWUDLQ�VZHHSV�DW�����KRXUV�DQG�����KRXUV�RI�WKH�WLPH�
VZHHS��WR�GHWHUPLQH�WKH�UHODWLYH�UHJHQHUDWLRQ��$IWHU�WKH��nd�VWUDLQ�VZHHS��WKH�*·�ZDV�OHIW�WR�UHJHQHUDWH�
XQWLO�DIWHU�DSSUR[LPDWHO\�����KRXUV�D�SODWHDX�ZDV�REVHUYHG��$W�WKLV�WLPH�WKH�PHDVXUHPHQW�ZDV�VWRSSHG��



 
��

WKH�WRS�SODWH�OLIWHG�DQG������/�RI�'06�ZDV�DGGHG�WR�WKH�PL[WXUH��$IWHU�UHSRVLWLRQLQJ�WKH�WRS�SODWH�D�VWUDLQ�
VZHHS�ZDV�SHUIRUPHG�WR�LQGXFH�PL[LQJ�RI�WKH�DGGHG�'06�DQG�WKH�UHJHQHUDWLRQ�RI�WKH�*·�ZDV�PHDVXUHG�
RYHU�WLPH��)LJ��������

&RQIRFDO�/DVHU�6FDQQLQJ�0LFURVFRS\��&/60�
&/60�PLFURJUDSKV�ZHUH�REWDLQHG�XVLQJ�D�=HLVV�/60�����FRQIRFDO�ODVHU�VFDQQLQJ�PLFURVFRSH��ZLWK�DQ�
H[FLWDWLRQ�EHDP�RI�����QP�DQG���������HPLVVLRQ�ÀOWHU��)OXRUHVFHQFH�ZDV�FROOHFWHG�E\�PHDQV�RI�D�=HLVV�
��[������RLO�LPPHUVLRQ�REMHFWLYH�DQG�WKH�VHQVLWLYLW\�RI�GHWHFWRUV�DQG�ÀOWHUV�ZHUH�DGMXVWHG�LQ�RUGHU�WR�REWDLQ�
PD[LPXP�VLJQDO�WR�QRLVH�UDWLR��,PDJHV�ZHUH�UHFRUGHG�DW�OHDVW����ۚ P�DERYH�WKH�JODVV�VXUIDFH��$UHDV�RI������
E\������SL[HOV�ZHUH�UHFRUGHG�FRUUHVSRQGLQJ�WR�����PP�E\�����PP��'XULQJ�WKH�WLPH�VHULHV��D�IUDPH�ZDV�
UHFRUGHG�HYHU\�PLQXWH�

6DPSOHV�ZHUH�SUHSDUHG�E\�PL[LQJ���P/�RI�����P0�QLOH�UHG�LQ�HWKDQRO�ZLWK�����P/�RI����P0�2a in 500 
P0�ERUDWH�EXͿHU�DW�WKH�DSSURSULDWH�S+��$V�D�UHVXOW�WKH�ÀQDO�FRQFHQWUDWLRQ�RI�QLOH�UHG�ZDV����ۚ0��7KH�
UHDFWLRQ�F\FOH�ZDV�VWDUWHG�E\�DGGLWLRQ�RI�����ۚ/�������PJ������P0��'06��$IWHU�DGGLWLRQ�RI�'06�WKH�YLDO�
ZDV�YRUWH[HG�IRU���PLQXWH�WR�LQGXFH�GLVVROXWLRQ�RI�WKH�'06�DIWHU�ZKLFK�D�GURS�RI�WKH�PL[WXUH�ZDV�SODFHG�
in a chamber made of a glass microscope slide and an inert rubber gasket, and then sealed with a second 
JODVV�VOLGH�

Fiber tracking
7KH�ÀEHU�JURZWK�DQG� VKULQNDJH�EHKDYLRU�ZDV� WUDFNHG�XVLQJ� WKH�0WUDFN-� �YHUVLRQ��������KWWS���ZZZ�
LPDJHVFLHQFH�RUJ�PHLMHULQJ�VRIWZDUH�PWUDFNM��� SOXJLQ� IRU� ,PDJH-� �1,+�� ����� KWWS���LPDJHM�QLK�JRY�
LM����8VLQJ�0WUDFN-��WKH�HQGSRLQWV�RI�JURZLQJ�RU�VKULQNLQJ�ÀEHUV�ZHUH�GHWHUPLQHG�EHWZHHQ�HDFK�IUDPH��
7KH� VRIWZDUH�XVHV� WKLV�GDWDVHW� WR� FDOFXODWH� WKH� JURZWK�RU� VKULQNDJH� UDWH� EHWZHHQ� IUDPHV��2QO\�ÀEHUV�
ZHUH�VHOHFWHG�ZKLFK�UHPDLQHG�LQ�IRFXV�GXULQJ�JURZLQJ�RU�VKULQNLQJ��2QO\�ÀEHUV�WKDW�FKDQJHG�LQ�OHQJWK�
IRU�ORQJHU�WKDQ�WZR�IUDPHV�DQG�RI�ZKLFK�WKH�UHPDLQLQJ�ÀEHU�VWD\HG�LQ�IRFXV�ZHUH�FRXQWHG�DV�YDOLG�GDWD�
SRLQWV�� 7R� HQVXUH� VWDWLVWLFDO� UHOLDELOLW\�� DW� OHDVW� ���� JURZLQJ� ÀEHUV� SHU� H[SHULPHQW� ZHUH� FRXQWHG� DQG�
DV�PDQ\�DV�SRVVLEOH� VKULQNLQJ�ÀEHUV�ZHUH� FRXQWHG�� UHDFKLQJ�XS� WR�����ÀEHUV� IRU�S+�����7KH�GDWDVHWV�
ZHUH�DQDO\]HG�XVLQJ�D�FRGH�ZULWWHQ�LQ�0DWODE�5����E�IRU�YLVXDO�UHSUHVHQWDWLRQ�DQG�RUJDQL]DWLRQ�RI�WKH�
UHFRUGHG�GDWD��7KH�FRGH�LV�DYDLODEOH�RQ�UHTXHVW�

3.4.3. Supporting Experiments
Active material precursors
6HYHUDO�FDUER[\OLF�DFLG�VXUIDFWDQWV�DQG�K\GURJHODWRUV�DUH�VHOHFWHG�DQG�LQYHVWLJDWHG�IRU�WKH�DFWLYH�PDWHULDO�
IRUPDWLRQ� DQG� SURSHUWLHV�� :H� VHOHFWHG� VHYHUDO� ELV�� DQG� WULV�DFLG� K\GURJHODWRUV�� R[DO\OELVOHXFLQH� �1���
1�1Х�GLEHQ]R\O�/�F\VWLQH� �2� and FLV��FLV�F\FORKH[DQH�������WULFDUERQ\O�WULVSKHQ\OJO\FLQH� �3�� )LJ�������
7KHVH�PROHFXOHV�ZHUH�VHOHFWHG�EDVHG�RQ�WKHLU�FDUER[\OLF�DFLG�JURXS�DQG�JHODWLQJ�FDSDELOLWLHV��DQG�ZHUH�
FRPPHUFLDOO\�DYDLODEOH�RU�VXFFHVVIXOO\�V\QWKHVL]HG�����������,QLWLDOO\��ZH�DOVR�WHVWHG�FRPPHUFLDOO\�DYDLODEOH�
PRQR� DFLG� VXUIDFWDQWV� DQG� K\GURJHODWRUV�� VXFK� DV� IDWW\� DFLGV� DQG� SURWHFWHG� DPLQR� DFLGV� IRU� DFWLYH�
PDWHULDO�IRUPDWLRQ��7KHVH�ZHUH�IRXQG�WR�EH�QRW�VXFLHQWO\�VROXEOH�XQGHU�WKH�KLJK�EXͿHU�FRQFHQWUDWLRQV��
DV�UHTXLUHG�IRU�RXU�H[SHULPHQWDO�DSSURDFK�DQG�ZHUH�QRW�IXUWKHU�LQYHVWLJDWHG��VHH�WDEOH�6��

7DEOH�6��6ROXELOLW\�RI�DFLG�K\GURJHODWRUV�LQ�%RUDWH�EX;HU�DQG�PDWHULDO�IRUPDWLRQ�XSRQ�UHDFWLRQ�ZLWK�
DMS. 
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Active materials initial tests
,QLWLDO� H[SHULPHQWV� DUH� SHUIRUPHG� RQ� WKH� R[DO\O� ELV�OHXFLQH� �1��� GLEHQ]R\O� F\VWHLQH� �2��� DQG� FLV��FLV�
F\FORKH[DQH�������WULFDUERQ\O�WULVSKHQ\OJO\FLQH� �3��� WR� GHWHUPLQH� WKHLU� DFWLYH� PDWHULDO� SURSHUWLHV� DQG�
ZRUNLQJ�UDQJH���
   
Oxalyl bisleucine, 1
7R�WHVW���IRU�WKH�IRUPDWLRQ�RI�DFWLYH�PDWHULDO�XSRQ�DGGLWLRQ�RI�WKH�'06��LQLWLDO�WHVWV�ZHUH�SHUIRUPHG��)LJ��
6������'XULQJ�WKHVH�LQLWLDO�H[SHULPHQWV�LW�ZDV�REVHUYHG�WKDW�1 formed precipitates, at three hours after the 
DGGLWLRQ�RI�'06�DW�'06�FRQFHQWUDWLRQV�RI���P0�XS�WR����P0��)LJ�6���%��&���)XUWKHUPRUH��IRU�>'06@��
 ���� WR����P0�WKH�DPRXQW�RI�SUHFLSLWDWH�YLVXDOO\�GHFUHDVHG�RYHU� WKH� WLPH�RI� ���GD\V��7KLV� WLPH�DQG�
fuel dependent behavior of 1�ZDV�PHDVXUHG�E\�WXUELGLW\�PHDVXUHPHQWV��PRQLWRULQJ�DW�D�ZDYHOHQJWK�RI�
���QP��)LJ��6����&���6DPSOHV�ZHUH�SUHSDUHG�DV�IROORZV��VROXWLRQV�RI���P0�1a�LQ�ERUDWH�EXͿHU�����P0���
�P/���ZLWK�WKH�S+�DGMXVWHG�WR�S+����$W�WKH�VWDUW�RI�WKH�PHDVXUHPHQWV��'06�ZDV�DGGHG�DW�FRQFHQWUDWLRQV�
RI� ��� WR����P0��XQGHU� FRQWLQXRXV� VWLUULQJ�DW� ���&��)RU� WKH� WXUELGLW\�PHDVXUHPHQWV�� D� VDPSOH�RI� ����
ۚ/�ZDV�WDNHQ�IURP�WKH�EXON�VROXWLRQ�IRU�DQDO\VLV�DQG�UHWXUQHG�DIWHUZDUGV��7KH�FRQWDLQHU�ZDV�SURSHUO\�
VHDOHG�WR�SUHYHQW�HYDSRUDWLRQ��,W�LV�REVHUYHG�WKDW�WKH�WXUELGLW\�LQFUHDVHV�DIWHU�DGGLWLRQ�RI�WKH�'06��DQG�
WKH�UHODWLYH�LQFUHDVH�GHSHQGV�RQ�WKH�DPRXQW�RI�IXHO�DGGHG��7KH�WLPH�RI�IXOO�WXUELGLW\�GHFUHDVH�LV����GD\V�
IRU�WKH���P0�VDPSOH�ZKHUHDV�WKH����P0�IXHO�UHPDLQHG�WXUELG�IRU����GD\V��7R�DQDO\]H�WKH�FRQWHQW�RI�WKH�

Figure S3.1: Active material of 1
(A) The structure of oxalyl bisleucine 1. Compound 1�IRUPV�D�FOHDU�VROXWLRQ�LQ�ERUDWH�EXͿHU���%��$IWHU�DGGLWLRQ�RI�
'06�����P0���RYHU�WLPH�D�SUHFLSLWDWH�LV�IRUPHG����P0��S+�����&��/LJKW�VFDWWHULQJ�DW����QP�UHYHDOV�WKDW�WKH�
intensity of the scattering depends on the concentration of DMS used and changes in time. (D) 1H-nmr analysis of 
WKH�ÀOWUDWHG��DQG�GULHG��SUHFLSLWDWH�VKRZV�WKH�IRUPDWLRQ�RI�D�PHWK\O�HVWHU��2&+�������SSP��'062�G�). 
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SUHFLSLWDWH��IUHVK�VDPSOHV�ZHUH�SUHSDUHG��VSXQ�GRZQ�DQG�DQDO\]HG�E\��+�QPU��'062�G����)LJ��6����'���
7KH�SUHFLSLWDWH�ZDV�IRXQG�WR�FRQWDLQ�WKH�PRQR�PHWK\O�HVWHU�1b��DV�LQGLFDWHG�E\�WKH�SHDN�DW�����SSP�DQG�
UHODWLYH�LQWHJUDO�YDOXHV��2YHUDOO��1�LV�REVHUYHG�WR�IRUP�DQ�DFWLYH�PDWHULDO��DV�D�SUHFLSLWDWH�RI�WKH�PHWK\O�
HVWHU��ZLWK�ERWK�WLPH�DQG�IXHO�GHSHQGHQW�SURSHUWLHV��

Dibenzoylcysteine, 2
,Q�WKH�LQLWLDO�WHVWV��LW�LV�REVHUYHG�WKDW�FRPSRXQG�2�IRUPV�DQ�RSDTXH�K\GURJHO�XSRQ�DGGLWLRQ�RI�'06��)LJ��
�����������6DPSOHV�ZHUH�SUHSDUHG�DFFRUGLQJ�WR�WKH�DFWLYH�PDWHULDO�SURWRFRO��GHVFULEHG�DERYH��$W�PLQLPXP�
FRQFHQWUDWLRQV�RI�a���P0�RI�'06�JHODWLRQ�RI�WKH�VROXWLRQ�LV�DFKLHYHG��ZKHUHDV�DW�ORZHU�FRQFHQWUDWLRQV�D�
FOHDU�VROXWLRQ�UHPDLQV��)XUWKHUPRUH�LW�LV�REVHUYHG�WKDW�WKH�K\GURJHOV�IRUPHG�DW�S+���DUH�VWLͿHU�FRPSDUHG�
WR�D�KLJK�S+��VXFK�DV�����7KH�PLQLPXP�DPRXQW�RI�'06�QHFHVVDU\�WR�REWDLQ�JHODWLRQ�LV�REVHUYHG�WR�EH�LQ�

Figure S2: Active material of 3
�$��7KH�EHKDYLRU�RI�&LV��FLV�F\FORKH[DQH�������WULFDUERQ\O�WULVSKHQ\OJO\FLQH�3 as an active material, which forms a 
FOHDU�VROXWLRQ�LQ�ERUDWH�EXͿHU���%��$IWHU�DGGLWLRQ�RI�'06�����P0���RYHU�WLPH�D�K\GURJHO�LV�IRUPHG����P0��S+����
(C) 1+�105�DQDO\VLV�RI�WKH�VSXQ�GRZQ��DQG�GULHG��JHO�VKRZV�WKH�IRUPDWLRQ�RI�D�PHWK\O�HVWHU������SSP��'062�G���
H2O-suppressed). (D, E) AFM images show that 3�IRUPV�EXQGOHV�RI�ÀEHUV�ZLWK�LQGLYLGXDO�ÀEHU�GLDPHWHU�RI���QP�
DQG�EXQGOHV�RI���QP��6FDOHEDUV� ܟ��P��'�ܟ�����P��(���
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WKH�RUGHU�RI����P0��DV�GHWHUPLQHG�E\�YLDO�LQYHUVLRQ�DIWHU���KRXU��$V�2 showed promising initial results, 
DQG�LW�LV�FRPPHUFLDOO\�DYDLODEOH��LW�ZDV�VHOHFWHG�IRU�IXUWKHU�UHVHDUFK�RQ�WKH�DFWLYH�PDWHULDO�SURSHUWLHV��DV�
GHVFULEHG�LQ�WKLV�ZRUN��

&LV��FLV�F\FORKH[DQH�������WULFDUERQ\O�WULVSKHQ\OJO\FLQH��3 
3� LV� DOVR� WHVWHG� DV� DQ� DFWLYH�PDWHULDO�� LQ� D� VLPLODU� IDVKLRQ� WR� WKH� RWKHU� SUHFXUVRUV� �)LJ�� 6������ 'XULQJ�
initial gelation tests with the 3��XSRQ�DGGLWLRQ�RI�'06�DQ�RSDTXH�JHO�ZDV�IRUPHG�RYHU�WLPH��)LJ��6����%���
6DPSOHV�ZHUH�SUHSDUHG�DFFRUGLQJ�WR�WKH�DFWLYH�PDWHULDO�SURWRFRO��DW�D�FRQFHQWUDWLRQ�RI���P0�3, due to 
ORZ�VROXELOLW\�RI�WKH�SUHFXUVRU��$V�GHWHUPLQHG�E\�WKH�YLDO�LQYHUVLRQ�WHVW�DIWHU�WKUHH�KRXUV��LW�LV�REVHUYHG�
WKDW�D�PLQLPXP�DPRXQW�RI����P0�'06��DW�S+����� LV�QHFHVVDU\� WR� IRUP�D�JHO��$W�S+�����QR�JHO�ZDV�
IRUPHG�GXULQJ�WKHVH�H[SHULPHQWV��$)0�LPDJHV�VKRZ�WKDW 3�IRUPV�EXQGOHV�RI�ÀEHUV�ZLWK�LQGLYLGXDO�ÀEHU�
GLDPHWHU�RI���QP��)LJ�6����'��(���7R�GHWHUPLQH�WKH�FRQWHQW�RI�WKH�K\GURJHO�ÀEHUV��D�IUHVK�VDPSOH�ZDV�
SUHSDUHG�DW�S+�������P0�'06��$IWHU�JHODWLRQ��WKH�JHO�ZDV�VSXQ�GRZQ��IUHH]H�GULHG�DQG�DQDO\]HG�E\�
1+�105��'062�G�, H22�VXSSUHVVHG���7KH�ÀEHUV�ZHUH�IRXQG�WR�FRQWDLQ�WKH�ELVPHWK\O�HVWHU�RI�3, based 
RQ�WKH�UHODWLYH�LQWHJUDOV�RI�WKH�SKHQ\O�ULQJV������SSP��DQG�PHWK\O�HVWHU������SSP���)LJ��6����&���5HVXOWV�
IURP�ERWK�&26<��'26<�DQG�+64&$'�QPU�VWXGLHV��GDWD�QRW�VKRZQ��VXSSRUWHG�WKLV�ÀQGLQJ�EXW�FRXOG�
QRW�H[FOXGH�RWKHU�SRVVLELOLWLHV��$V�3 is found to form an active material, in a gelatinous state, it is further 
DQDO\]HG�E\�UKHRORJ\�VLPXOWDQHRXV�ZLWK�2�IRU�FRPSDULVRQ���

Rheology traces

Time trace rheology of 2
%\�PHDQV�RI�RVFLOODWRU\�UKHRORJ\�WKH�PDWHULDO�SURSHUWLHV�RI�DFWLYH�JHOV�ZHUH�GHWHUPLQHG�ZLWK����P0�2, at 
GLͿHUHQW�S+���²����YDOXHV�DQG�'06�FRQFHQWUDWLRQV�����²����P0���)LJ��6������7KH�JHOV�IRUPHG�ZLWK�ORZ�
K\GURO\VLV�UDWHV��S+���DQG�����>'06@� �����P0��W\SLFDOO\�VKRZHG�D�UDSLG�LQFUHDVH�LQ�VWRUDJH�PRGXOL��
:LWKLQ�����KRXU�DIWHU�DGGLWLRQ�RI�'06�WKH�PDWHULDOV�REWDLQHG�VWRUDJH�PRGXOL�LQ�WKH�UDQJH�RI����N3D�DQG�D�
WDQ�G�RI�������)LJ��6���$��%���7KH�*·�DQG�*µ�ZHUH�FRQVWDQW�RYHU�D�ZLGH�IUHTXHQF\�UDQJH��DV�VKRZQ�IRU�S+�
��DW���KRXUV�UHDFWLRQ�WLPH��)LJ��6������$IWHU�����KRXUV�WKH�VWRUDJH�PRGXOL�RI�WKHVH�JHOV��S+��������GHFUHDVHG�
OHVV�WKDQ�����RUGHUV�RI�PDJQLWXGH��7KH�DFWLYH�JHOV�ZLWK�KLJK�K\GURO\VLV�UDWHV��S+������DQG�����>'06@� �
����P0��DOVR�VKRZHG�D�UDSLG�LQFUHDVH�LQ�VWRUDJH�PRGXOL��DOWKRXJK�WKH�JHODWLRQ�WLPH�LV�GHOD\HG��7DEOH�6���
)LJ��6����&��(���7KHVH�JHOV�UHDFKHG�D�ORZHU�PD[LPXP�VWRUDJH�PRGXOXV�RI���N3D�IRU�JHOV�DW�S+������DQG�
RQO\�����3D�IRU�JHOV�DW�S+�����0RUHRYHU��LQ�WLPH�WKHVH�JHOV�VKRZHG�D�GHFUHDVH�LQ�VWRUDJH�DQG�ORVV�PRGXOL�
RI���DQG�����RUGHUV�RI�PDJQLWXGH�ZLWK�UHVSHFW�WR�WKH�PD[LPXP�REWDLQHG�PRGXOXV�IRU�S+������DQG�S+�����
UHVSHFWLYHO\��
7KH�JHOV�IRUPHG�DW�GLͿHUHQW�'06�FRQFHQWUDWLRQV��S+�����DOVR�VKRZ�D�GHSHQGHQFH�RI�WKHLU�SURSHUWLHV�RQ�
WKH�UHDFWLRQ�FRQGLWLRQV� �)LJ��6���'�)���7KH�JHODWLRQ� WLPH�� L�H��� WKH�PRPHQW�ZKHUH� WKH�VWRUDJH�PRGXOXV�
H[FHHGV�WKH�ORVV�PRGXOXV��*·�*µ!����RFFXUV���KRXU�DIWHU�DGGLWLRQ�IRU�����P0�'06�EXW�DOPRVW�GLUHFWO\�
DIWHU� WKH� DGGLWLRQ� RI� ����P0�'06�� )XUWKHUPRUH�� WKH�PD[LPXP� VWRUDJH�PRGXOXV� LQFUHDVHV�ZLWK� WKH�
DPRXQW�RI�'06�DGGHG�WR�WKH�UHDFWLRQ��$IWHU�UHDFKLQJ�WKH�PD[LPXP�PRGXOL��WKH�VWRUDJH�DQG�ORVV�PRGXOL�
VORZO\�GHFUHDVH�IRU�KLJK�LQLWLDO�'06�FRQFHQWUDWLRQV��DQG�UDSLGO\�GHFUHDVH�IRU�ORZHU�LQLWLDO�FRQFHQWUDWLRQV�
RI�'06��JLYLQJ�D�OLTXLG�VDPSOH�IRU�����P0�'06�DIWHU�����KRXUV��)LJ��6���'���$W�WKLV�WLPH��WKH�VWRUDJH�DQG�
loss moduli have decreased 2 orders of magnitude to 10-2 3D�IRU�����P0�'06��DQG�WKH�JHO�LV�FRPSOHWHO\�
GLVVROYHG��*·�*µ�����$OO�JHOV�IRUPHG�DW�KLJKHU�'06�FRQFHQWUDWLRQV�VKRZ�VORZHU�GHFUHDVH�LQ�WKH�VWRUDJH�
DQG�ORVV�PRGXOL��DQG�UHPDLQ�D�JHO�RQ�WKH�WLPHVFDOH�RI�WKH�H[SHULPHQWV��

Time trace rheology of 3
The time and pH dependence of the gels of 3�ZHUH�DQDO\]HG�E\�RVFLOODWRU\� UKHRORJ\, at conditions of 
25mM 3�����P0�ERUDWH�EXͿHU�����P0�'06�DQG�GLͿHUHQW�LQLWLDO�S+��)LJ��6������)RU�S+����WKH�*·�FURVVHV�
WKH�*µ�DIWHU����PLQXWHV�RI�WKH�VWDUW�RI�WKH�UHDFWLRQ��ZKLFK�LQGLFDWHV�WKH�IRUPDWLRQ�RI�D�JHO�PDWHULDO��7KH�
VWRUDJH�PRGXOXV� LQFUHDVHV�UDSLGO\�WR�UHDFK�D�*·�RI�����3D�DIWHU���KRXUV��ZLWK�D� WDQ�չ�RI�a�����$�VOLJKW�
LQFUHDVH�RI�WKH�VWRUDJH�PRGXOXV�LV�VHHQ�RYHU�WLPH�IRU�WKH�S+���VDPSOH��UHDFKLQJ�ÀQDO�YDOXHV�RI�����3D��)RU�
KLJKHU�S+�OHYHOV��S+������������VOLJKWO\�ZHDNHU�JHOV�DUH�IRUPHG�UHDFKLQJ�PD[LPXP�*·�RI����3D�DQG����3D��
UHVSHFWLYHO\��$W�WKHVH�KLJKHU�K\GURO\VLV�UDWHV��over time these gels showed a decrease in storage and loss 
PRGXOL�RI�����DQG���RUGHU�RI�PDJQLWXGH�ZLWK�UHVSHFW�WR�WKH�PD[LPXP�REWDLQHG�PRGXOXV�IRU�S+����DQG�
������UHVSHFWLYHO\��7KH�ZHDNQHVV�RI�WKHVH�JHOV�DOVR�FDXVHG�VLJQLÀFDQW�QRLVH�LQ�WKH�PHDVXUHPHQW��ZKLFK�
ZDV�REVHUYHG�UHSHDWHGO\�DQG�UDQGRPO\��$W�S+�����KRZHYHU�QR�JHO�IRUPDWLRQ�LV�REVHUYHG��LQGLFDWLQJ�WKDW�
KH�FULWLFDO�JHO�FRQFHQWUDWLRQ�LV�QRW�UHDFKHG�XQGHU�WKHVH�FRQGLWLRQV� 
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Fig. S3.4: Rheology
)UHTXHQF\�VZHHS�DW���KRXUV�LQ�D�UHDFWLRQ�F\FOH��S+����>'06@� �����P0���7KH�UHG�OLQH�GHQRWHV�WKH�VWRUDJH�
PRGXOXV��*·���WKH�EODFN�OLQH�WKH�DVVRFLDWHG�ORVV�PRGXOXV��*µ��

Fig. S3.3: Rheology over time
5KHRORJ\�WUDFHV�DW�GLͿHUHQW�LQLWLDO�S+�YDOXHV��$��%��&��(��DQG�GLͿHUHQW�LQLWLDO�'06�FRQFHQWUDWLRQV��'��(��)������
mM of 2a LQ�ERUDWH�EXͿHU���7KH�DFWLYH�JHOV�ZHUH�SUHSDUHG�E\�WKH�JHQHUDO�PHWKRG��7KH�UHG�OLQHV�GHQRWH�WKH�VWRUDJH�
moduli (G’) and black lines the associated loss moduli (G”).
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Studies to determine rate constants
The following reaction scheme is used in the modeling of the time-dependent concentrations:

We applied the following procedure to determine the three reaction constants, k0, k1, k2, in this kinetic 
PRGHO��)LUVW��LQLWLDO�YDOXHV�IRU�N0, k1, k2 ZHUH�REWDLQHG�IURP�NLQHWLF�GDWD�IRU�WKH�FRQFHQWUDWLRQV�RI�'06�DQG�
2b��7KHQ�WKH�GULIW�RI�WKH�S+�GXULQJ�D�UHDFWLRQ�F\FOH�ZDV�GHWHUPLQHG�DQG�LQFRUSRUDWHG�LQWR�WKH�PRGHO��
DV�GHVFULEHG�EHORZ��,Q�WKH�ODVW�VWHS��WKH�YDOXHV�RI�N1 and k2�ZHUH�UHÀQHG�E\�D�JOREDO�RSWLPL]DWLRQ�XVLQJ�
WKH�NLQHWLF�PRGHO�ZLWK�WKH�FRQFHQWUDWLRQ�SURÀOHV�RI�2b GXULQJ�D�UHDFWLRQ�F\FOH��DW�WKUHH�GLͿHUHQW�LQLWLDO�

Fig. S3.5: Rheology over time of 3
5KHRORJ\�WUDFHV�DW�GLͿHUHQW�LQLWLDO�S+�YDOXHV��������$��%��&��(��DW����P0�'06�����P0�RI���LQ�ERUDWH�EXͿHU��7KH�
active gels were prepared by the general method. The red lines denote the storage moduli (G’) and black lines the 
associated loss moduli (G”).
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S+�YDOXHV�DQG�WDNLQJ�WKH�S+�GULIW��VHH�EHORZ��LQWR�DFFRXQW��7KH�FRPSOHWH�SURFHGXUH�ZLWK�H[SHULPHQWDO�
determined data and obtained rate constants k0, k1, k2 is as follows:

NMR experiment to determine k0
6ROYHQW�VXSSUHVVHG�1+�105�ZDV�XVHG�WR�GHWHUPLQH�WKH�K\GURO\VLV�UDWH�FRQVWDQW�RI�'06�LQ�ERUDWH�EXͿHU��
7R�D�����P/�DTXHRXV�VROXWLRQ�RI�����P0�ERUDWH��S+�������DQG�����ZDV�DGGHG������P/�'06�������PJ������
P0��DIWHU�ZKLFK�VSHFWUD�ZHUH�WDNHQ�HYHU\���PLQXWHV�JLYLQJ���SHDNV��'06������SSP��V���006������SSP�
�V���0H2+������SSP��V���&RQFHQWUDWLRQV�RI�'06�ZHUH�FDOFXODWHG�E\�WKH�UDWLR�RI�>'06@�WR�>006@�WDNLQJ�
LQWR�DFFRXQW�WKDW�>'06@���>006@� �����P0��7KH�K\GURO\VLV�RI�'06�SURGXFHV�++ resulting in a drift of 
WKH�S+��7KH�S+�GULIW�GXULQJ�WKH�UHDFWLRQ��VHH�)LJXUH�6������ZDV�QRW�FRUUHFWHG�EXW�GLG�QRW�DSSHDU�WR�KDYH�D�
VLJQLÀFDQW�LQÁXHQFH�RQ�WKH�UDWH�FRQVWDQW�VLQFH�D�OLQHDU�FRUUHODWLRQ�ZDV�REWDLQHG�IRU�OQ>'06@�DJDLQVW�WLPH��
7KH�GLͿHUHQW�YDOXHV�IRU�N0�DW�YDULRXV�S+�YDOXHV�DUH�FRQWULEXWHG�WR�WKH�GLͿHUHQFH�LQ�LRQLF�VWUHQJWK�IRU�WKH�
GLͿHUHQW�LQLWLDO�S+��7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�GXSOLFDWH��)LJ��6�����

 +3/&�VWXG\�WR�GHWHUPLQH�N1 and k2.
To determine k1 and k2, the concentrations of 2a and 2b GXULQJ�D�UHDFWLRQ�F\FOH�ZHUH�IROORZHG�E\�PHDQV�RI�
+3/&�06��7KH�FRQFHQWUDWLRQV�ZHUH�PHDVXUHG�GXULQJ�D�UHDFWLRQ�F\FOH��E\�WDNLQJ�D�����P/�VROXWLRQ�RI����
mM 2a�LQ�����P0�ERUDWH�EXͿHU�DW�S+�����������LQ�D���P/�YLDO�DQG�DGGLQJ�������/�'06�������PJ������P0���
7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�GLVVROXWLRQ�RI�'06�DQG�VWLUUHG�DW��������&��$OO�F\FOHV�ZHUH�SHUIRUPHG�LQ�
GXSOLFDWH��)LJ��6������)URP�WKHVH�UHDFWLRQ�F\FOHV��N1 and k2�DUH�GHWHUPLQHG�E\�FDOFXODWLQJ�WKH�DSSURSULDWH�
VORSHV��)LJ��6�����)LJ��6������DV�GHVFULEHG�EHORZ��

To determine second order rate constant k1� IURP� WKH�+3/&�GDWD� LQ�)LJ�� 6����� WKH� VORSH�RI� WKH�QDWXUDO�
logarithm of 2a against time LV�GHWHUPLQHG�GLUHFWO\�DIWHU�WKH�DGGLWLRQ�RI�'06��)LJ��6������%DVHG�RQ�N0 and 
WKH�PD[LPXP�REWDLQHG�FRQFHQWUDWLRQV�RI�2b��LW�LV�HVWLPDWHG�WKDW�����RI�WKH�'06�GXULQJ�WKH�UHDFWLRQ�F\FOH�
LV�FRQVXPHG�E\�WKH�K\GURO\VLV�UHDFWLRQ�RI�'06��7KHUHIRUH�LW�LV�DVVXPHG�WKDW�LQ�WKH�ÀUVW�����KRXU�RI�WKH�
UHDFWLRQ�F\FOH��WKH�'06�FRQFHQWUDWLRQ�FDQ�EH�FDOFXODWHG�IURP�WKH�K\GURO\VLV�RI�'06��HT������7KHQ�SORWWLQJ�
the natural logarithm of 2a�RYHU�>'06@t�YHUVXV�WLPH��DFFRUGLQJ�WR�HTXDWLRQ����JLYHV�OLQHDU�ÀWV�IRU�DOO�WKUHH�
FRQGLWLRQV��)LJ��6������7KH�OLQHDU�ÀWV�YDOLGDWH�WKH�DVVXPSWLRQ�WKDW�WKH�'06�FRQFHQWUDWLRQ�FDQ�EH�HVWLPDWHG�
IURP�WKH�K\GURO\VLV�RI�'06�GXULQJ�WKH�ÀUVW�����KRXUV��7KH�YDOXHV�RI�N1 are obtained from the slopes of the 
ÀWV��JLYLQJ�N1�YDOXHV�RI�����������DQG�����0-1hr-1 IRU�S+������������UHVSHFWLYHO\�
 

Fig. S3.6. Hydrolysis of DMS. 
Natural logarithm of the concentration of DMS against time in the hydrolysis of DMS, as determined by 1H-NMR. 
/LQHDU�ÀWV�JLYH�WKH�ÀUVW�RUGHU�UDWH�FRQVWDQWV��S+����N0� ������KU-1��S+�����N0 = 1.01 hr-1��S+�����N0� ������KU-1), 
�VTXDUHV�S+����FLUFOHV�DW�S+�����WULDQJOHV�DW�S+�����UHG�OLQHV�DUH�OLQHDU�ÀWV���
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)LJ��6�����&RQFHQWUDWLRQ�SURÀOHV�RI��E�GXULQJ�UHDFWLRQ�F\FOHV��
&RQGLWLRQV�����P0�1������P0�'06��LQLWLDO�S+����$��S+�����%��DQG�S+�����&���7KH�V\PEROV�PDUN�WKH�+3/&�GDWD�
SORWWHG�ZLWK�VWDQGDUG�HUURU��7KH�UHG�OLQH�LV�WKH�FRQFHQWUDWLRQ�SURÀOH�RI�2b as calculated from the kinetic model using 
the optimized values for the rate constants k0, k1, k2 correcting for the pH drift during a reaction cycle (vide infra, 
WDEOH�6���ÀJ��6���

Fig. S3.8. Determination of k1 
k1�ZDV�GHWHUPLQHG�IURP�D�OLQHDU�ÀW�RI�OQ>1@�>'06@t�DJDLQVW�WLPH��&RQGLWLRQV�����P0�2a, 200 mM DMS, initial pH 
���$���S+�����%��DQG�S+�����&���7KH�UHG�OLQHV�VKRZ�WKH�OLQHDU�ÀWV��

Fig. S3.9. Determination of k2 by plotting ln [2b] versus time. 
&RQGLWLRQV�����P0�2a������P0�'06��LQLWLDO�S+����$��S+�����%��DQG�S+�����&���N2 was determined from the linear 
ÀW��UHG��RI�WKH�QDWXUDO�ORJDULWKP�RI�>2b@�DJDLQVW�WLPH�
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)URP�WKH�+3/&�GDWD�LQ�)LJ��6�����WKH�VHFRQG�RUGHU�UDWH�FRQVWDQW�N2 LV�HVWLPDWHG�E\�SORWWLQJ�WKH�VORSH�RI�WKH�
QDWXUDO�ORJDULWKP�RI�>2b@�DJDLQVW�WLPH��)LJ��6������7R�GR�VR��RQO\�WKH�GDWD�EH\RQG�W� �����KRXUV�ZDV�XVHG�
WR�DVVXUH�WKDW�WKH�K\GURO\VLV�RI�2b ZDV�WKH�RQO\�UHDFWLRQ�WDNLQJ�SODFH��L�H���DOO�'06�KDG�EHHQ�FRQVXPHG���
)XUWKHUPRUH��WKH�S+�ZDV�GHWHUPLQHG�WR�UHPDLQ�QHDUO\�FRQVWDQW�DIWHU�����KRXUV��)LJ��6�������$W�HDFK�S+��
OLQHDU�ÀWV�RI�OQ>2b@�YHUVXV�WLPH�ZHUH�REWDLQHG��LQGLFDWLQJ�WKDW�WKH�K\GURO\VLV�RI�2b ZDV�WKH�RQO\�UHDFWLRQ�
WDNLQJ�SODFH�XQGHU�VWDEOH�S+�FRQGLWLRQV��)LJ��6������7KH�YDOXHV�RI�N2�DUH�REWDLQHG�E\�FRUUHFWLQJ�IRU�WKH�S+�
�vide infra���JLYLQJ�N2�YDOXHV�RI�����������DQG��������� M-1hr-1� IRU�S+������������UHVSHFWLYHO\��7KH�HUURUV�LQ�N2 
DUH�UHODWLYHO\�ODUJH�GXH�WR�WKH�ORZ�FRQFHQWUDWLRQV�RI�2+- FRPELQHG�ZLWK�WKH�PHDVXUHPHQW�HUURUV��WDEOH�
6���

Drift in pH
7KH�VROXWLRQ�S+�RI�DQ\�VDPSOH�ZDV�IRXQG�WR�GHFUHDVH�GXULQJ�HDFK�UHDFWLRQ�F\FOH��GHVSLWH�EXͿHULQJ�WKH�
VROXWLRQ��7KLV�S+�GULIW�ZLOO�GHSHQG�RQ�WKH�LQLWLDO�UHDFWLRQ�FRQGLWLRQV��7R�PRQLWRU�WKLV�GULIW��WKH�S+�ZDV�
PHDVXUHG�GXULQJ�D�UHDFWLRQ�F\FOH��E\�WDNLQJ�D�����P/�VROXWLRQ�RI����P0�2a�DQG�DGGLQJ�������/�'06�������
PJ������P0��LQ�����P0�ERUDWH�EXͿHU�DW�S+�����������LQ�D���P/�YLDO��7KH�YLDO�ZDV�YRUWH[HG�WR�LQGXFH�
GLVVROXWLRQ�RI�'06�DQG�VWLUUHG�DW��������&��0HDVXUHG�S+�LV�FRQYHUWHG�WR�>2+@-��DFFRUGLQJ�WR�>2+@- = 10��
�����S+���7KH�S+�GULIWHG�WR�ORZHU�YDOXHV�DV�D�UHVXOW�RI�WKH�UHDFWLRQV���DQG����)LJ��6������
7R�HVWLPDWH�WKH�S+�GULIW�GXULQJ�D�UHDFWLRQ�F\FOH��D�EDODQFH�HTXDWLRQ�IRU�WKH�ERUDWH�EXͿHU�LV�PDGH�DQG�DGGHG�
WR�WKH�UHDFWLRQ�NLQHWLFV�PRGHO��7KH�HTXLOLEULXP�GLVWULEXWLRQ�RI�WKH�GLͿHUHQW�ERUDWH�VSHFLHV��LV�FDOFXODWHG�
EDVHG�RQ�WKH�PXOWLSOH�UHDFWLRQV�IRU�WKH�ERUDWH�EXͿHU��HT������������S.���������S.�)���)RU�S.D3, the reported 
YDOXH�ZDV�IRXQG�WR�JLYH�EHVW�UHVXOWV��7R�FDOFXODWH�WKH�S+�GULIW�LW�LV�DVVXPHG�WKDW�WKH�S+�LV�LQ�HTXLOLEULXP�
RQ� WKH� WLPHVFDOH� RI� WKH� H[SHULPHQWV�� 7KH� DFWLYLW\� FRHFLHQWV� DW� GLͿHUHQW� LRQLF� VWUHQJWK� DUH� HVWLPDWHG�
EDVHG�RQ�WKH�'DYLHV�HTXDWLRQ��HT�����������7KH�HTXDWLRQV������DUH�FRPELQHG�ZLWK�WKH�FKDUJH�QHXWUDOLW\�LQ�
VROXWLRQ�DQG�PDVV�FRQVHUYDWLRQ�GXULQJ�WKH�UHDFWLRQ��7KH�UHVXOWLQJ�VHW�RI�HTXDWLRQV�LV�WKHQ�QXPHULFDOO\�
VROYHG��XVLQJ�WKH�OHDVW�VTXDUHV�URXWLQH�/64121/,1�LQ�0DWODE��7KH�S+�LV�QXPHULFDOO\�FDOFXODWHG��DV�SDUW�
RI�WKH�NLQHWLF�PRGHO�GHVFULEHG�EHORZ��7KH�PRGHO�JDYH�D�FORVH�ÀW��GDVKHG�OLQHV�LQ�)LJ��6����$�&��IRU�DOO�S+�
YDOXHV��7KH�VPDOO�GHYLDWLRQV�EHWZHHQ�WKH�QXPHULFDOO\�FDOFXODWHG�DQG�PHDVXUHG�S+�DUH�DWWULEXWHG�WR�WKH�
FRPSOH[�QDWXUH�RI�WKH�ERUDWH�EXͿHU�

Fig. S3.10. The [OH-] drift over time. 
The pH was measured over time, for reaction cycles starting with 50 mM 2a������P0�'06�DW�LQLWLDO�S+����$���S+�
����%��DQG�S+�����&���7KH�PHDVXUHG�S+�LV�FRQYHUWHG�WR�>2+@-��UHG�OLQHV���DFFRUGLQJ�WR�>2+@- = 10�������S+�. The black 
dots are simulated pH values for the same conditions (50 mM 2a and 200 mM DMS) as calculated by the kinetic 
model and taking the pH drift into account using the pH model described below. 
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Reaction kinetics model 
The reaction kinetics model describes the time dependent concentration of 2a, 2b�� '06�� 006� DQG�
OH- XVLQJ�WKH�GLͿHUHQWLDO�HTXDWLRQV�����DQG�WKH�PRGHO��7KH�HTXDWLRQV�����GHVFULEH�WKH�WLPH�GHSHQGHQW�
PHWK\ODWLRQ�DQG�K\GURO\VLV�UDWHV�RI�FRPSRQHQWV�2a, 2b�DQG�WKH�'06�FRQFHQWUDWLRQV��7KH�EDFNJURXQG�
K\GURO\VLV�RI�'06�LV�ÀUVW�RUGHU�LQ�WKH�'06�FRQFHQWUDWLRQ�DQG�VKRZV�QR�GHSHQGHQFH�RQ�WKH�GULIW�RI�S+��DV�
VKRZQ�E\�105�H[SHULPHQWV��)LJ��6������7KH�UHVXOWLQJ�VHW�RI�GLͿHUHQWLDO�HTXDWLRQV�LV�QXPHULFDOO\�VROYHG�
XVLQJ�WKH�RGH���URXWLQH�LQ�0DWODE��ZLWK�WKH�DGGLWLRQ�RI�WKH�LQ�HTXLOLEULXP�FDOFXODWHG�S+��HT���������7KH�
H[SHULPHQWDOO\�GHWHUPLQHG�UDWH�FRQVWDQWV�DUH�XVHG�DV�LQLWLDO�YDOXHV��$V�WKH�XQFHUWDLQWLHV�LQ�N1 and k2 are 
ODUJH��WKHVH�FRQVWDQWV�ZHUH�DOORZHG�WR�EH�YDULHG�E\�WKH�PRGHO�GXULQJ�D�ÀWWLQJ�SURFHGXUH��ZKHUH�WKH�PRGHO�
LV�FRPSDUHG�WR�WKH�PHDVXUHG�+3/&�GDWD��)LJ��6������7DEOH�6����VKRZV�WKH�IRXQG�UHDFWLRQ�FRQVWDQWV�DQG�WKH�
HUURUV�LQ�WKH�SDUDPHWHUV�IRU�WKH�JOREDO�ÀWV�DW�WKH�GLͿHUHQW�UHDFWLRQ�FRQGLWLRQV��

7KH�ÀWWHG�UDWH�FRQVWDQWV�ZHUH�XVHG�IRU�REWDLQLQJ�WKH�PRGHOHG�GDWD��7KH�REWDLQHG�UHVXOWV�DUH�SORWWHG�LQ�
)LJ��6�����UHG�OLQH���VKRZLQJ�D�JRRG�ÀW�RI�WKH�NLQHWLFV�PRGHO�DQG�WKH�PHDVXUHG�FRQFHQWUDWLRQV��7KLV�PRGHO�
LV�WKHQ�XVHG�WR�REWDLQ�WKH�FRQFHQWUDWLRQ�SURÀOHV�RI�2b�DW�GLͿHUHQW�LQLWLDO�S+�DQG�'06�FRQFHQWUDWLRQV��)LJ��
6�����.

7DEOH�6�����5HDFWLRQ�FRQVWDQWV�DV�GHWHUPLQHG�IURP�GDWD�DQG�PRGHO�ÀWV�

)LJ��6������&RQFHQWUDWLRQ�SURÀOHV�RI�UHDFWLRQ�F\FOHV�GHSHQGLQJ�RQ�'06�FRQFHQWUDWLRQV��
Concentration of 2b�RYHU�WLPH�FDOFXODWHG�E\�WKH�NLQHWLF�PRGHO�IRU�GLͿHUHQW�S+�YDOXHV�DQG�LQLWLDO�'06�FRQFHQWUDWLRQV��
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Experiments to determine the Critical Gelation Concentration (CGC)
8VLQJ�WKH�LQYHUWHG�WXEH�WHVW��WKH�PDFURVFRSLF�&*&�ZDV�GHWHUPLQHG��$V�WKH�EHKDYLRU�RI�WKH�V\VWHP�FKDQJHV�
RYHU�WLPH�GXULQJ�D�UHDFWLRQ�F\FOH��WKH�WLPH�DW�ZKLFK�D�JHO�LV�IRUPHG�ZDV�GHWHUPLQHG��7KH�FRQFHQWUDWLRQ�
of 2b�DW� WKH�JHODWLRQ� WLPH�ZDV�HVWLPDWHG�E\�+3/&�DQG�WKH�NLQHWLF�PRGHO�GHVFULEHG�DERYH� �)LJ��6������
WDEOH�6������,W�ZDV�REVHUYHG�WKDW��DW�S+�����JHOV�ZHUH�IRUPHG�EHWZHHQ������KRXUV�DQG�����KRXUV��ZKLFK�
FRUUHVSRQGV�WR�D�FRQFHQWUDWLRQ�EHWZHHQ�����DQG�����P0��UHVSHFWLYHO\��&*&� �����������P0���EDVHG�RQ�
WKH�+3/&�DQG�WKH�NLQHWLF�PRGHO��7R�FRQÀUP�WKLV�FRQFHQWUDWLRQ��D�VHFRQG�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�
ZKLFK�WKH�>'06@0�ZDV�YDULHG�DQG�WKH�JHO�IRUPDWLRQ�ZDV�GHWHUPLQHG�ZLWK�WKH�LQYHUWHG�WHVW�WXEH��,Q�WKLV�
H[SHULPHQW��JHOV�ZHUH�RQO\�IRUPHG�LI�����P0�'06�RU�PRUH�ZDV�DGGHG��1H[W��WKH�NLQHWLF�PRGHO�LV�XVHG�WR�
HVWLPDWH�WKH�PD[LPXP�FRQFHQWUDWLRQ�RI�2b�IRU�WKH�GLͿHUHQW�FRQFHQWUDWLRQV�RI�'06��7DEOH�6���ULJKW�VLGH���
)URP�WKHVH�PD[LPXP�FRQFHQWUDWLRQV�WKH�FRUUHVSRQGLQJ�&*&�LV�GHWHUPLQHG�WR�EH�EHWZHHQ�����DQG�����
P0��&*&� �����P0�������P0���$W�'06�FRQFHQWUDWLRQV�RI�KLJKHU�WKDQ�����P0�SKDVH�VHSDUDWLRQ�RFFXUV�
GXH�WR�LQFRPSOHWH�GLVVROXWLRQ�RI�'06��1HYHUWKHOHVV�WKHVH�PL[WXUHV�GR�IRUP�RSDTXH�JHOV��7KH�DYHUDJH�RI�
WKH�&*&V�GHWHUPLQHG�E\�ERWK�PHWKRGV�ZDV�XVHG�DV�DQ�XSSHU�OLPLW�IRU�WKH�&*&������P0��

Table S3.4: Macroscopic morphology against time or [DMS]0 during a reaction cycle at pH 11.

Table S3.5: Rheological estimation of CGC. The concentration of 2b is estimated at the moment that G’ 
crosses G”, based on HPLC data and the kinetic model.

 * 'DWD�HVWLPDWHG�XVLQJ�NLQHWLF�PRGHO�DW�UHOHYDQW�FRQGLWLRQV� 
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To compare the above results and to gain insights into the gel dissolution, the gel point is also determined 
E\�UKHRORJ\��+HUH��ZH�XVH�WKH�SRLQW�ZKHUH�WKH�UDWLR�*·�*µ�EHFRPHV�JUHDWHU�WKDQ�RQH��DQG�WKH�JHO�GLVVROXWLRQ�
SRLQW�ZKHUH�WKH�UDWLR�*·�*´�EHFRPHV�VPDOOHU�WKDQ�RQH��WDEOH�6����7KH�DVVRFLDWHG�FRQFHQWUDWLRQV�RI�2b at 
WKHVH�SRLQWV�DUH�HVWLPDWHG�EDVHG�RQ�WKH�PHDVXUHG�+3/&�GDWD��LI�DYDLODEOH��DQG�WKH�NLQHWLF�PRGHO��%DVHG�
RQ�WKH�PHDVXUHG�GDWD�LW�ZDV�HVWLPDWHG�WKDW�DW�WKH�JHO�SRLQW�*·�*µ!���GXULQJ�IRUPDWLRQ���WKH�FRQFHQWUDWLRQ�
of 2b�LV�DURXQG�����P0��ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�WKH�REVHUYHG�PDFURVFRSLF�&*&��YLGH�VXSUD���7KH�
PRPHQW�RI�JHO�GLVVROXWLRQ� �*·�*µ����RFFXUV�DIWHU�DURXQG����KRXUV� �S+������ZKLFK� LV�EH\RQG� WKH� ODVW�
H[SHULPHQWDOO\�PHDVXUHG�FRQFHQWUDWLRQ�RI�2b������P0�DIWHU���KRXUV�DW�S+������:LWK�WKH�NLQHWLF�PRGHO�WKH�
concentration of 2b�LV�HVWLPDWHG�WR�EH�EHORZ����P0�DIWHU����KRXUV��DW�WKH�PRPHQW�RI�GLVVROXWLRQ��7KLV�ORZ�
YDOXH�VWURQJO\�GHYLDWHV�IURP�WKH�YDOXH�REVHUYHG�GXULQJ�IRUPDWLRQ��LQGLFDWLQJ�WKDW�WKH�SURFHVVHV�RI�JHO�
IRUPDWLRQ�DQG�GLVVROXWLRQ�DUH�QRW�HTXLYDOHQW��,W�VXJJHVWV�WKDW��GXULQJ�WKH�ODWHU�VWDJHV�RI�D�UHDFWLRQ�F\FOH��
WKH�ÀEHUV�DOVR�FRQWDLQ�VLJQLÀFDQW�DPRXQWV�RI�2a �)LJ��6������WDEOH�6�����

Regeneration capability
7KH�UHJHQHUDWLRQ�FDSDELOLW\��5&��RI�WKH�DFWLYH�JHOV�����P0�2a������P0�'06�ZLWK�S+�YDOXHV�RI�������RU�
����ZDV�GHWHUPLQHG�E\�RVFLOODWRU\�UKHRORJ\��)LJ��6������6������6������6�������$IWHU�DQ�LQLWLDO�WLPH�VZHHS�
RI�D�VHW�OHQJWK��WKH�VDPSOHV�ZHUH�VXEMHFWHG�WR�D�VWUDLQ�VZHHS���PD[��VWUDLQ��������)RU�DOO�VDPSOHV�LW�ZDV�
REVHUYHG�WKDW�DW�WKH�HQG�RI�WKH�VWUDLQ�VZHHS�WKH�*·�ZDV�ORZHU�WKDQ�WKH�*µ��LQGLFDWLQJ�WKDW�WKH�VDPSOHV�
KDYH�EHFRPH�ÁXLG��$IWHU�WKLV�VWUDLQ�VZHHS��UHJHQHUDWLRQ�RI�WKH�JHO�UKHRORJ\�ZDV�PHDVXUHG�ZLWK�D�WLPH�
VZHHS��7KH�UHJHQHUDWLRQ�FDSDELOLW\�ZDV�GHWHUPLQHG�E\�GLYLGLQJ�WKH�*·�MXVW�EHIRUH�WKH�VWUDLQ�VZHHS�DQG�
WKH�PD[LPXP�REWDLQHG�*·�DIWHU�WKH�VWUDLQ�VZHHS��)LJ��6������6������6�������7KH�FRQFHQWUDWLRQ�RI�'06�DW�
WKH�PRPHQW�RI�HDFK�VWUDLQ�VZHHS�ZDV�LQIHUUHG�IURP�WKH�NLQHWLF�PRGHO��)LJ��6�����VKRZV�WKH�UHJHQHUDWLRQ�
FDSDELOLW\�LQ�UHODWLRQ�WR�WKH�'06�FRQFHQWUDWLRQV�IRU�GLͿHUHQW�LQLWLDO�S+�YDOXHV��LQ�ZKLFK�HDFK�GDWD�SRLQW�
UHSUHVHQWV�DQ�LQGLYLGXDO�H[SHULPHQW��$W�KLJK�'06�FRQFHQWUDWLRQV��DOO�JHOV�VKRZHG�KLJK�5&V��UHDFKLQJ�XS�
WR������IRU�S+����DQG�WKH�5&V�VKRZ�H[SRQHQWLDO�GHSHQGHQFH�RQ�WKH�'06�FRQFHQWUDWLRQ��LQGHSHQGHQW�RI�
S+��)LJ�������)LJ��6�������%HORZ�WKH�SRLQW�ZKHUH�5& ��QR�FRPSOHWH�VHOI�UHJHQHUDWLQJ�EHKDYLRU�LV�REVHUYHG��
)RU�DOO�S+�YDOXHV��5& ��RFFXUV�DW�>'06@t a����P0��LQGLFDWLQJ�WKDW�D�PLQLPXP�FRQFHQWUDWLRQ�RI�'06�LV�
QHFHVVDU\�IRU�WKH�UHJHQHUDWLRQ�RI�WKH�JHO�QHWZRUN�DIWHU�PHFKDQLFDO�SHUWXUEDWLRQ��
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Fig. S3.12: Regeneration
'06�GHSHQGHQW� UHJHQHUDWLRQ� FDSDELOLW\� IRU� S+� ��� S+� ���� S+� ���� 5HJHQHUDWLRQ� FDSDELOLWLHV� DV� GHWHUPLQHG� E\�
UKHRORJ\�IRU�LQLWLDO�S+�RI����$��VTXDUHV�������%��WULDQJOHV�������&��FLUFOHV��ZLWK�HVWLPDWHG�HUURUV��,Q�'�DOO�GDWD�SORWWHG�
WRJHWKHU�DV�VKRZQ�LQ�WKH�PDLQ�DUWLFOH��)LJ������LQFOXGLQJ�HUURUV��/LQHV�DUH�H[SRQHQWLDO�ÀWV�WR�WKH�GDWD��LQVHWV�VKRZ�ÀW�
SDUDPHWHUV�DQG�FRHFLHQW�RI�GHWHUPLQDWLRQ��DQG�HDFK�GDWD�SRLQW�UHSUHVHQWV�DQ�LQGLYLGXDO�H[SHULPHQW�
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Fig. S3.13: Regeneration traces (rheology) at pH 9.

Fig. S3.14: Regeneration traces (rheology) at pH 10.

Fig. S3.15: Regeneration traces (rheology) at pH 11.
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Fig. S3.16: Fiber growth rates.
(DFK�GDWD�SRLQW�LV�WKH�UDWH�RI�JURZWK��EOXH��RU�VKULQNDJH��UHG��RI�DQ�LQGLYLGXDO�ÀEHU�EHWZHHQ�WZR�IUDPHV��DV�PHDVXUHG�
E\�FRQIRFDO�PLFURVFRS\�DQG�DQDO\]HG�XVLQJ�,PDJH-��7KH�WRWDO�ÀEHU�OHQJWK��WRS��LV�GHWHUPLQHG�IURP�WKH�VXP�RI�WKH�
LQGLYLGXDO�ÀEHUV�DQG�QRUPDOL]HG�WR�WKH�PD[LPXP�ÀEHU�OHQJWK��(DFK�SDQHO�UHSUHVHQWV�DQ�LQGLYLGXDO�H[SHULPHQW��DW�
the indicated pH.
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Fiber Tracking 
7KH� JURZLQJ� DQG� VKULQNLQJ� RI� JHO� ÀEHUV� LV� WUDFNHG� LQ�VLWX� XVLQJ� FRQIRFDO� PLFURVFRS\�� WR� LQYHVWLJDWH�
WKH�WLPH�GHSHQGHQW�EHKDYLRU�RI�ÀEHU�G\QDPLFV��7KH�JURZWK�DQG�VKULQNLQJ�RI�ÀEHUV�DUH�UHSUHVHQWHG�DV�
SRVLWLYH�DQG�QHJDWLYH�JURZWK�UDWHV��UHVSHFWLYHO\��7KH�UDWHV�DW�HDFK�WLPH�VWHS�IRU�HDFK�PHDVXUHG�ÀEHU�DUH�
YLVXDOL]HG�LQ�D�VFDWWHU�SORW�RI�DOO�WKH�PHDVXUHG�ÀEHUV�GXULQJ�WKH�H[SHULPHQWV��)LJ��6�������7KH�OHQJWKV�RI�
WKH�ÀEHUV�DW�HDFK�WLPH�VWHS�DUH�H[WUDFWHG�DQG�VXPPHG�RYHU�WLPH��RI�ZKLFK�WKH�QRUPDOL]HG�UHFRUGV�DUH�
SORWWHG�DERYH�WKH�VFDWWHU�SORWV��
$OO�DFWLYH�JHOV�VKRZHG�D�UDSLG�LQFUHDVH�LQ�WRWDO�ÀEHU�JURZWK��DIWHU�DQ�LQLWLDO�GHOD\�RI�a����KRXUV��)LJ��6�������
7KLV�JURZWK�W\SLFDOO\�OHYHOHG�RͿ�DIWHU���KRXUV��EXW�D�QXPEHU�RI�JURZLQJ�ÀEHUV�DUH�REVHUYHG�EH\RQG�WKLV�
SRLQW��,Q�DOO�FRQGLWLRQV�WKH�KLJKHVW�JURZWK�UDWHV�����PP�PLQ��DUH�REVHUYHG�GLUHFWO\�DW�WKH�EHJLQQLQJ�RI�
WKH�JURZWK�SHULRG��DIWHU�ZKLFK�WKH�JURZWK�UDWHV�GHFD\�RYHU�WLPH��)URP�WKH�NLQHWLF�PRGHO�LW�LV�REVHUYHG�
WKDW�GLUHFWO\�DIWHU� WKH�'06�DGGLWLRQ� WKH� UDWH�RI�DON\ODWLRQ� LV�PD[LPDO�� LWV� UDWH�RI� VXEVHTXHQW�GHFUHDVH�
GHSHQGV�RQ�WKH�S+��)LJ��������)XUWKHUPRUH�WKH�LQFUHDVH�LQ�WRWDO�ÀEHU�OHQJWK�RFFXUV�IDVWHVW�LQ�WKH�JHOV�ZLWK�
ORZ�K\GURO\VLV�UDWHV��L�H��S+���DQG�S+�����IRU�ZKLFK�����RI�WKH�WRWDO�ÀEHU�OHQJWK�JURZWK�RFFXUV�LQ�WKH�ÀUVW�
��KRXUV�RI�WKH�H[SHULPHQW��$IWHU�WKLV�SRLQW�WKH�UDWH�RI�JURZWK�GHFUHDVHV�DQG�WKH�WRWDO�ÀEHU�OHQJWK�OHYHOV�
RI��VKRZLQJ�VOLJKW�GHFUHDVH�IRU�S+����DW�WKH�HQG�RI�WKH�H[SHULPHQW��7KHVH�JHOV�VKRZHG�RQO\�IHZ�VKULQNLQJ�
ÀEHUV��DOWKRXJK�S+����DOUHDG\�FRQWDLQHG�D�VXEVWDQWLDOO\�ODUJHU�DPRXQW�RI�VKULQNLQJ�ÀEHUV�FRPSDUHG�WR�
JHOV�SUHSDUHG�DW�S+����
)RU�JHOV�ZLWK�KLJKHU�K\GURO\VLV�UDWHV��S+������DQG�S+������WKH�JURZWK�RI�WKH�WRWDO�ÀEHU�OHQJWK�WDNHV�SODFH�
DW�D� ORZHU�UDWH��UHDFKLQJ�PD[LPD�DW�����KRXUV�IRU�S+������DQG�DW�����KRXUV�IRU�S+�����)LJ��6�������7KH�
DPRXQW�RI�VKULQNLQJ�ÀEHUV�DQG�WKH�UDWH�RI�VKULQNLQJ�RI�WKHVH�ÀEHUV�LV�REVHUYHG�WR�LQFUHDVH�ZLWK�S+��ZLWK�
UDWHV�DV�IDVW�DV������P�PLQ��)LJ��6�������,Q�VKDUS�FRQWUDVW�WR�WKH�JHOV�DW�S+���DQG�����DIWHU����KRXUV��WKH�
WRWDO�ÀEHU�OHQJWK�KDV�GHFUHDVHG�WR�a����DQG�a����IRU�JHOV�DW�S+������DQG�S+�����UHVSHFWLYHO\��DW�ZKLFK�
WLPH�WKH�PHDVXUHPHQW�ZDV�VWRSSHG�
)URP�WKH�NLQHWLF�PRGHO�LW�LV�REVHUYHG�WKDW�WKH�K\GURO\VLV�UDWH�RI�2b�LQFUHDVHV�ZLWK�S+��)LJ�������)LJ��6������
7KHUH�LV�D�GLͿHUHQFH�LQ�WLPH�EHWZHHQ�WKH�PRPHQWV�ZKHUH�WKH�PD[LPXP�FRQFHQWUDWLRQ�RI�2b is reached 
DQG�RI�PD[LPXP�ÀEHU�OHQJWK��7KH�PRPHQW�RI�PD[LPXP�ÀEHU�OHQJWK�RFFXUV�ODWHU�LQ�WLPH�FRPSDUHG�WR�
WKH�PD[LPXP�FRQFHQWUDWLRQ�RI�2b��$OVR�WKH�GHFUHDVH�RI�WKH�WRWDO�ÀEHU�OHQJWK�RFFXUV�VORZHU�FRPSDUHG�WR�
WKH�K\GURO\VLV�RI�2b��)RU�H[DPSOH��IRU�S+����DW���KRXUV�WKH�PHDVXUHG�FRQFHQWUDWLRQ�RI�2b�HTXDOV�����RI�
WKH�PD[LPXP�FRQFHQWUDWLRQ�EXW�VWLOO�����RI�WKH�WRWDO�ÀEHU�DPRXQW�LV�REVHUYHG�DW�WKLV�PRPHQW�LQ�WLPH��

7KH�QRUPDOL]HG�WRWDO�ÁXRUHVFHQFH�LQWHQVLWLHV�RI�WKH�PHDVXUHG�IUDPHV�GXULQJ�D�WLPH�WUDFH�DUH�SORWWHG�IRU�
GLͿHUHQW� LQLWLDO�S+� �)LJ��6�������7KH� WRWDO�ÁXRUHVFHQFH�HTXDOV� WKH� VXP�RI�DOO� WKH� LPDJHG�ÀEHUV�GXULQJ�
DQ�H[SHULPHQW��7KHVH�QRUPDOL]HG�ÁXRUHVFHQFH� LQWHQVLWLHV�VKRZ�VWURQJ� LQFUHDVHV� LQ� WKH�ÀUVW���KRXUV�RI�
HDFK� H[SHULPHQW� DIWHU�ZKLFK� WKH\� UHDFK� D�PD[LPXP� DURXQG� ���� KRXUV�� 7KH� GHFUHDVH� LQ� ÁXRUHVFHQFH�

)LJ��6������1RUPDOL]HG�ÁXRUHVFHQFH�LQWHQVLWLHV�IRU�WLPH�VHULHV�DW�GL;HUHQW�LQLWLDO�S+��
7KH�PHDVXUHPHQWV�IRU�VDPSOHV�RI�D��S+����UHG�OLQH���E��S+�������EODFN�OLQH���F��S+�����JUHHQ�OLQH���DOO�VDPSOHV�PDGH�
with 50 mM 1������P0�EXͿHU�DQG�����P0�'06�
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LQWHQVLWLHV�VKRZV�D�GHSHQGHQFH�RQ�S+��GHFUHDVLQJ�WR�a����DQG�a����IRU�S+������DQG�����UHVSHFWLYHO\��
7KHVH�REVHUYDWLRQV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�REVHUYDWLRQV�IRU�WKH�WUDFNHG�ÀEHUV�DQG�LQGLFDWH�WKDW�
WKH�ÀEHU�WUDFNLQJ�SURFHVV�FRYHUV�D�UHSUHVHQWDWLYH�SDUW�RI�WKH�VDPSOH�
 
Surface plots
7R�UXOH�RXW�WKH�H[LVWHQFH�RI�ODUJH�VFDOH�JUDGLHQWV�RYHU�WKH�ZKROH�VDPSOH�DUHD�GXULQJ�PHDVXUHPHQW��WKH�
LQGLYLGXDO�ÀEHU�G\QDPLFV�DUH�SORWWHG�RQ�D�;<�VXUIDFH��)LJ��6����������8VLQJ�D�FRGH�ZULWWHQ�LQ�0DWODE��WKH�
PHDVXUHG�GDWD�LV�SORWWHG�LQ�RQ�D�JUDSK�ZLWK�WKH�;�<�D[HV�LQ��P�DQG�WKH�FRORU�EDUV�LQGLFDWH�WKH�PRPHQWV�
LQ� WLPH� RI� ÀEHU� JURZWK� DQG� VKULQNDJH�� ,W� LV� REVHUYHG� WKDW� WKH� JURZWK� RI� WKH� ÀEHUV� RFFXUV� UDQGRPO\�
GLVWULEXWHG�RYHU�WKH�VXUIDFH��7KH�QXPEHU�RI�JURZLQJ�ÀEHUV�DUH�HYHQO\�GLVWULEXWHG�LQ�WKH�;�DQG�<�GLUHFWLRQ��
LQGLFDWLQJ�WKDW�QR�ODUJH�VFDOH�JUDGLHQW�RI�WKH�VDPSOHV�H[LVW��7KH�IRUPHG�ÀEHUV�DUH�SDUWO\�GLVWULEXWHG�LQ�
VSKHUHV�DURXQG�FHQWHU�SRLQWV��)RU�WKH�VKULQNLQJ�ÀEHUV��WKH�QXPEHU�DQG�ORFDWLRQ�RI�VKULQNLQJ�ÀEHUV�DUH�
HYHQO\�GLVWULEXWHG�LQ�WKH�;�DQG�<�GLUHFWLRQ��DJDLQ�LQGLFDWLQJ�WKDW�QR�ODUJH�VFDOH�JUDGLHQW�RYHU�WKH�VDPSOHV�
H[LVW��,W�LV�REVHUYHG�WKDW�WKH�RFFXUUHQFH�RI�D�VKULQNLQJ�ÀEHU�DW�D�VSHFLÀF�ORFDWLRQ�GRHV�QRW�GLUHFWO\�OHDG�WR�
RFFXUUHQFH�RI�PRUH�VKULQNLQJ�ÀEHUV�LQ�WKH�FORVH�YLFLQLW\��

)LJ��6������6XUIDFH�SORWV�RI�ÀEHU�JURZWK�EHKDYLRU�DW�S+����
D��D�UHSUHVHQWDWLYH�FRQIRFDO�PLFURVFRS\�LPDJH�����[�����P��GXULQJ�WKH�PHDVXUHPHQW��E��LV�D�VXUIDFH�SORW�RI�WKH�
SHULRG�ZKHUH�ERWK�JURZLQJ��EOXH��DQG�VKULQNLQJ�ÀEHUV��UHG��DUH�REVHUYHG���K��K���F��DQG�G��VKRZ�DOO�JURZLQJ��F��
DQG�VKULQNLQJ��G��ÀEHUV�GXULQJ�WKH�HQWLUH�PHDVXUHPHQW��ZLWK�WKH�FRORU�EDU�LQGLFDWLQJ�WKH�PRPHQW�RI�D�ÀEHU�HYHQW�
in minutes.
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)LJ��6������6XUIDFH�SORWV�RI�ÀEHU�JURZWK�EHKDYLRU�DW�S+�����
D��D�UHSUHVHQWDWLYH�FRQIRFDO�PLFURVFRS\�LPDJH�����[�����P��GXULQJ�WKH�PHDVXUHPHQW��E��LV�D�VXUIDFH�SORW�RI�WKH�
SHULRG�ZKHUH�ERWK�JURZLQJ��EOXH��DQG�VKULQNLQJ�ÀEHUV��UHG��DUH�REVHUYHG���K��K���F��DQG�G��VKRZ�DOO�JURZLQJ��F��
DQG�VKULQNLQJ��G��ÀEHUV�GXULQJ�WKH�HQWLUH�PHDVXUHPHQW��ZLWK�WKH�FRORU�EDU�LQGLFDWLQJ�WKH�PRPHQW�RI�D�ÀEHU�HYHQW�
in minutes.

)LJ��6������6XUIDFH�SORWV�RI�ÀEHU�JURZWK�EHKDYLRU�DW�S+�������
D��D�UHSUHVHQWDWLYH�FRQIRFDO�PLFURVFRS\�LPDJH�����[�����P��GXULQJ�WKH�PHDVXUHPHQW��E��LV�D�VXUIDFH�SORW�RI�WKH�
SHULRG�ZKHUH�ERWK�JURZLQJ��EOXH��DQG�VKULQNLQJ�ÀEHUV��UHG��DUH�REVHUYHG���K��K���F��DQG�G��VKRZ�DOO�JURZLQJ��F��DQG�
VKULQNLQJ��G��ÀEHUV�GXULQJ�WKH�PHDVXUHPHQW��ZLWK�WKH�FRORU�EDU�LQGLFDWLQJ�WKH�PRPHQW�RI�D�ÀEHU�HYHQW�LQ�PLQXWHV�



 
��

)LJ��6������6XUIDFH�SORWV�RI�ÀEHU�JURZWK�EHKDYLRU�DW�S+�����
D��D�UHSUHVHQWDWLYH�FRQIRFDO�PLFURVFRS\�LPDJH�����[�����P��GXULQJ�WKH�PHDVXUHPHQW��E��LV�D�VXUIDFH�SORW�RI�WKH�
SHULRG�ZKHUH�ERWK�JURZLQJ��EOXH��DQG�VKULQNLQJ�ÀEHUV��UHG��DUH�REVHUYHG���K��K���F��DQG�G��VKRZ�DOO�JURZLQJ��F��
DQG�VKULQNLQJ��G��ÀEHUV�GXULQJ�WKH�HQWLUH�PHDVXUHPHQW��ZLWK�WKH�FRORU�EDU�LQGLFDWLQJ�WKH�PRPHQW�RI�D�ÀEHU�HYHQW�
in minutes.
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Active material formation under continuous fuel addition 
7R�NHHS�D�IRUPHG�DFWLYH�PDWHULDO�LQ�DQ�RXW�RI�HTXLOLEULXP�VLWXDWLRQ��D�VHWXS�IRU�FRQWLQXRXV�DGGLWLRQ�RI�
IXHO�ZDV�GHVLJQHG��$Q�DFWLYH�PDWHULDO�VDPSOH�ZDV�SUHSDUHG��E\�PL[LQJ�D���PO�VROXWLRQ�RI����P0��D��LQ�
���P0�ERUDWH�EXͿHU�DW�S+������ZLWK������ۚO�RI�'06�����P0���$IWHU�YLJRURXV�VWLUULQJ��WKLV�VROXWLRQ�LV�
SODFHG�LQ�D�FXYHWWH������PO��DQG�VHDOHG�DLUWLJKW�ZLWK�D�FDS��7KLV�FDS�ZDV�ÀWWHG�ZLWK�WZR�WXEHV��DQ�LQOHW�
and outlet of which the inlet was placed just above the active material level and the outlet at the top of 
WKH�FXYHWWH��)LJ��6����$���7KH�DFWLYH�PDWHULDO�IRUPDWLRQ�ZDV�DOORZHG�WR�IRUP�RYHU�DQ�KRXU�DIWHU�ZKLFK�WKH�
ÁRZ�IRU�D�FRQWLQXRXV�VLWXDWLRQ�ZDV�VWDUWHG���7KH�ÁRZ�VHTXHQFH�FRQVLVWHG�RI�WKH�IROORZLQJ�VWHSV��

7KH�VDPSOHV�DUH�DQDO\]HG�E\�PHDVXULQJ� WKHLU� WXUELGLW\�XVLQJ�89�YLV� WUDQVPLVVLRQ�DW�D�ZDYHOHQJWK�RI�
���QP��7ZR�VDPSOHV�ZHUH�PHDVXUHG� LQ�HDFK�H[SHULPHQW��RQH�EDWFK� VDPSOH�DQG�RQH� FRQWLQXRXV�ÁRZ�
VDPSOH��7KH�GDWD�ZDV�WKHQ�QRUPDOL]HG�WR�WKH�PD[LPXP�RI�WKH�EDWFK�VDPSOH��

 
 



 
��

Three regimes are distinguished in the above plot: the initial growth of the active material, from 0 to 
�K����VXSSO\�RI�WKH�DFWLYH�PDWHULDO��IURP��K���WR������KU��DQG�WKH�GHFD\�RI�DFWLYH�PDWHULDO�IURP�DERXW�
��KU��)LJ��6�������,Q�JUH\�D�EDWFK�VDPSOH�LV�YLVLEOH��PHDVXUHG�XQGHU�LGHQWLFDO�FRQGLWLRQV��EXW�ZLWKRXW�WKH�
FRQWLQXRXV�ÁRZ��7KLV�EDWFK�VDPSOH�KDV�RQO\�DGGHG��PO�RI�S+���EXͿHU�DW� WKH�VDPH�PRPHQW� WKDW� WKH�
ÁRZ�VWDUWV�IRU�WKH�FRQWLQXRXV�VDPSOH��7KH�VWURQJ�GHFD\�DIWHU���KRXUV�RI�WKH�FRQWURO�VDPSOH�LV�WKXV�IXOO\�
FRQWULEXWHG�WR�WKH�K\GURO\VLV�UHDFWLRQ��,Q�WKH�LQLWLDO�SKDVH�RI�WKH�FRQWLQXRXV�H[SHULPHQW��6WHS������P/�RI�
EXͿHU�FRQWDLQLQJ����P0�IXHO�DQG���P0�JHODWRU�2a�DUH�SODFHG�LQ�WKH�FXYHWWH��)URP�WKLV�SRLQW�RQ�D�JHO�
LV�IRUPHG��DV�LQGLFDWHG�E\�DQ�LQFUHDVH�LQ�VFDWWHULQJ�LQWHQVLW\��$IWHU��KU��PLQ��6WHS����WKH�ÁRZ�LV�VWDUWHG�
VXSSO\LQJ�WKH�SUHFXUVRU�2a�DQG�WKH�IXHO�WR�WKH�V\VWHP��,Q�WKLV�UHJLPH�����D�IXUWKHU�LQFUHDVH�RI�VFDWWHULQJ�LV�
REVHUYHG��LQGLFDWLQJ�WKDW�WKH�VXSSO\�RI�FRPSRQHQWV�FDXVHV�DQ�LQFUHDVH�LQ�WKH�ÀEHU�FRQFHQWUDWLRQ��%HWZHHQ�
���DQG����KRXUV��D�VWDELOL]DWLRQ�RI� WKH�VFDWWHULQJ�RFFXUV��DIWHU�VORZLQJ�GRZQ�WKH�VXSSO\�RI� WKH�IXHO�E\�
GHFUHDVLQJ�WKH�ÁRZ�UDWH��7KLV�RFFXUV�ZLWK�D�ODJ�WLPH�GXH�WR�WKH�PL[LQJ�DQG�GLͿXVLRQ�SURFHVVHV�WDNLQJ�
SODFH��$IWHU�6WHS���DW�ZKLFK�WKH�VXSSO\�RI�WKH�IXHO�LV�FRPSOHWHO\�VWRSSHG���GHFD\�RI�WKH�JHO�LV�REVHUYHG��
7KHVH�REVHUYDWLRQV�LQGLFDWH�WKDW� WKH�IRUPDWLRQ�DQG�GHFD\�RI� WKH�DFWLYH�PDWHULDO�FDQ�EH�FRQWUROOHG�LQ�D�
FRQWLQXRXV�H[SHULPHQW��E\�VXSSO\LQJ�ERWK�IXHO�DQG�QRQ�DFWLYDWHG�EXLOGLQJ�EORFN�2a��

)LJ�� 6������ $FWLYH�PDWHULDO� IRUPDWLRQ� DQG� GHFD\� GXULQJ� FRQWLQXRXV� ÁRZ� H[SHULPHQW�� IROORZHG� E\�
turbidity at 640nm. 
,QLWLDOO\�D�JHO�LV�SUHPDGH�E\�LQMHFWLRQ�RI���P0��D�����P0�'06�LQ�ERUDWH�EXͿHU��DQG�OHIW�WR�VWDQG�IRU��KU��PLQ�
�$������7KHQ�WKH�FRQWLQXRXV�ÁRZ�LV�VWDUWHG�FRQWDLQLQJ�ERWK�'06�DQG���LQ�ERUDWH�EXͿHU��WR�VXSSO\�WKH�JHO�ZLWK�QHZ�
IXHO�DQG�WR�UHSODFH�EXLOGLQJ�EORFNV��$������(YHQWXDOO\�WKH�ÁRZ�RI�'06�LV�VWRSSHG��WR�OHW�WKH�DFWLYH�PDWHULDO�GHFD\������
7KH�VFDWWHULQJ�LQWHQVLW\�LV�IROORZHG�GXULQJ�WKLV�SURFHVV�RI�WKH�VDPSOH�ZLWK�FRQWLQXRXV�ÁRZ��%��UHG�OLQH��DQG�D�EDWFK�
SURFHVV��%��JUH\�OLQH��ZLWKRXW�WKH�ÁRZ�SURFHGXUH��'DWD�DUH�QRUPDOL]HG�WR�PD[LPXP�RI�WKH��EDWFK��FRQWURO�VDPSOH�
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&ROORLGDO� SDUWLFOHV� ZLWK� FDUER[\OLF� DFLG� FDUU\LQJ� SRO\PHU� KDLUV� ZHUH� SUHSDUHG� DQG�
IRXQG�WR�VKRZ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\��IXHOOHG�E\�DQ�DON\ODWLRQ�UHDFWLRQ��7KH�
DJJUHJDWHV�VKRZ�WUDQVLHQW�VHOI�DVVHPEO\�DQG�FDQ�EH�UHF\FOHG�E\�PXOWLSOH�IXHO�DGGLWLRQV��
7KLV�ZRUN�SUHVHQWV�DQ�H[WHQVLRQ�RI�D�JHQHUDO�DSSURDFK�WRZDUGV�RXW�RI�HTXLOLEULXP�VHOI�
DVVHPEO\��GULYHQ�E\�FKHPLFDO�IXHOV��

7KLV�FKDSWHU�LV�EDVHG�RQ�FROODERUDWLYH�ZRUN�DQG�ZLOO�SDUWO\�EH�SXEOLVKHG�LQ�WKH�3K�'��WKHVLV�RI�%DV�
YDQ�5DYHQVWHLMQ��8WUHFKW�8QLYHUVLWHLW���$�MRLQHG�SXEOLFDWLRQ�LV�LQ�SUHSDUDWLRQ��

Out-of-equilibrium self-assembly of 
colloidal particles driven by a chemical fuel

4



 
��

4.1 Introduction

2XW�RI�HTXLOLEULXP� VHOI�DVVHPEOLQJ� PDWHULDOV� WKDW� VKRZ� WUDQVLHQW� SURSHUWLHV� XSRQ�
HQHUJ\�GLVVLSDWLRQ�DUH�DQ�H[FLWLQJ�QHZ�FKDOOHQJH�IRU�VFLHQFH��7KLV�FKDOOHQJH�LV�LQVSLUHG�
E\�WKH�FRPSOH[�G\QDPLF�EHKDYLRU�RI�ELRORJLFDO�V\VWHPV��1���IRU�H[DPSOH��VSDWLRWHPSRUDO�
VHOI�DVVHPEO\��DGDSWDELOLW\��VHOI�KHDOLQJ�DQG�UHF\FODELOLW\��DV�LV�REVHUYHG�LQ�PLFURWXEXOH�
DQG� FHOOV� �1, 2��� &ROORLGDO� VHOI�DVVHPEOLQJ� V\VWHPV� RͿHU� D� SRZHUIXO� VWUDWHJ\� WRZDUGV�
ERWWRP�XS�GHVLJQ�RI�PHVRVFRSLF�VWUXFWXUHV��DV�GHWHUPLQHG�E\�WKH�VXUIDFH�FKHPLVWULHV��
SDUWLFOH� LQWHUDFWLRQV�DQG�VKDSH��������)RU�FROORLGDO�V\VWHPV��D�YDULHW\�RI�HQHUJ\�GULYHQ�
VWUDWHJLHV�KDYH�EHHQ�GHYHORSHG�WR�DFKLHYH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\��ZLWK�HQHUJ\�
VRXUFHV�VXFK�DV�OLJKW��PDJQHWLF�IRUFHV��DQG�HOHFWULF�ÀHOGV���������)RU�H[DPSOH��WKH�OLJKW�
GULYHQ�UHYHUVLEOH�VHOI�DVVHPEO\�RI�JROG�SDUWLFOHV�KDV�EHHQ�DSSOLHG�WR�IRUP�D�¶VHOI�HUDVLQJ�
LQNV·�������7KH�DUWLÀFLDO�FROORLGDO�V\VWHPV�IRU�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�RͿHU�QHZ�
LQVLJKWV��EXW�UHPDLQ�UHODWLYHO\�¶VLPSOH·�FRPSDUHG�WR�ELRORJLFDO�V\VWHPV��7KHVH�ELRORJLFDO�
V\VWHPV� W\SLFDOO\� UHO\� RQ� WKH� FRQVXPSWLRQ� RI� FKHPLFDO� IXHOV�� VXFK� DV� WKH� HQHUJ\� ULFK�
DGHQRVLQH� WULSKRVSKDWH� �$73���)RU� H[DPSOH��ZKHQ�$73� UHDFWV�ZLWK�DFWLQ�$73�DFWLQ� LV�
IRUPHG�ZKLFK�KDV�D�VWURQJHU�ELQGLQJ�FRQVWDQW�IRU�WKH�DFWLQ�ÀODPHQWV��7KH�DOWHULQJ�RI�WKH�
FKHPLFDO�LQWHUDFWLRQV�EHWZHHQ�DFWLQV�E\�UHDFWLRQ�ZLWK�$73�WKXV�OHDGV�WR�VHOI�DVVHPEO\�
LQWR�ÀODPHQWV����������&KHPLFDO�IXHO�SURSHOOHG�PRWLRQ�RI�FROORLGV�XSRQ�GHFRPSRVLWLRQ�
RI�K\GURJHQ�SHUR[LGH�KDV�EHHQ�DFKLHYHG��OHDGLQJ�WR�DXWRQRPRXV�PRYHPHQW��������������
6RPH�RI�WKHVH�FKHPLFDO�IXHO�SURSHOOHG�V\VWHPV�GR�VKRZ�VHOI�DVVHPEO\��EXW�RQO\�GXH�WR�WKH�
FROOHFWLYH�PRWLRQ�RI�WKH�SDUWLFOHV��11���7KH�XVH�RI�FKHPLFDO�IXHOV�WR�IRUP�VHOI�DVVHPEOHG�
PDWHULDOV�E\�DGDSWLQJ�WKH�FKHPLFDO�LQWHUDFWLRQV�EHWZHHQ�WKH�EXLOGLQJ�EORFNV�LV�DQ�RSHQ�
FKDOOHQJH�IRU�RXW�RI�HTXLOLEULXP�FROORLGDO�V\VWHPV��

&KHPLFDO�IXHO�GULYHQ�DVVHPEOLHV�WKDW�DUH�WUDQVLHQW�LQ�WLPH��IRUP�D�QHZ�DSSURDFK�
WR� RXW�RI�HTXLOLEULXP� SDUWLFOH� VHOI�DVVHPEO\�� ,Q� VPDOO� PROHFXOH� VHOI�DVVHPEO\�� VHYHUDO�
VWUDWHJLHV� DUH� GHYHORSHG� IRU� IXHO� GULYHQ� VHOI�DVVHPEO\�� FUHDWLQJ� V\VWHPV� WKDW� IRUP�
PROHFXODU�JHOV��PHPEUDQHV��DQG�PHPEUDQH�WUDQVSRUW�V\VWHPV����������5HFHQWO\��D�QHZ�
DSSURDFK�WR�D�FKHPLFDO�IXHO�GULYHQ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�IRU�VPDOO�PROHFXOHV�
LV�GHYHORSHG�E\�XV�DV�GLVFXVVHG�LQ�&KDSWHU�����21���,Q�WKLV�DSSURDFK��WKH�FKHPLFDO�IXHO�
GULYHQ�FRQYHUVLRQ�RI�D�FDUER[\ODWH�WR�DQ�HVWHU��UHPRYHV�DQ�LRQLF�FKDUJH�DQG�LQGXFHV�D�VHOI�
DVVHPEO\�SURFHVV��8QGHU�WKH�K\GURO\WLF�FRQGLWLRQV�XVHG��D�VHFRQG�UHDFWLRQ�K\GURO\VHV�
WKH� IRUPHG�HVWHUV�EDFN� WR� WKH�DFLGV�� OHDGLQJ� WR�GLVDVVHPEO\��7KH�ZKROH� UHDFWLRQ� F\FOH�
SURGXFHV�RXW�RI�HTXLOLEULXP�PDWHULDOV�ZLWK�FRQWUROODEOH�WUDQVLHQW�SURSHUWLHV��$OWKRXJK�
WKH�GHVLJQ�SULQFLSOHV�ZHUH�PDGH� IRU�PROHFXODU� V\VWHPV�� WKH\�DUH�QRW� OLPLWHG� WR� VPDOO�
PROHFXOHV�DQG�FDQ�DOVR�EH�DSSOLHG�LQ�RWKHU�ÀHOGV��DQG�KHUH�ZH�H[WHQW�WKHP�WR�FROORLGDO�
VHOI�DVVHPEO\��
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4.2 Results & Discussion

+HUHLQ�ZH� SUHVHQW� DQ� RXW�RI�HTXLOLEULXP� FROORLGDO� VHOI�DVVHPEOLQJ� V\VWHP�� GULYHQ� E\�
D�FKHPLFDO�IXHO�ZLWK�WUDQVLHQW�DVVHPEOLHV�DQG�UHF\FODELOLW\�RI�WKH�EXLOGLQJ�EORFNV��)LJ��
���$���,Q�SUHYLRXV�ZRUN�WKH�DFWLYDWLQJ�UHDFWLRQ�RFFXUUHG�WKURXJK�WKH�PHWK\ODWLRQ�RI�D�
FDUER[\OLF�DFLG�E\�D�VDFULÀFLDO�DON\ODWLQJ�IXHO��VXFK�DV�PHWK\O�LRGLGH�RU�GLPHWK\O�VXOSKDWH�
�'06���&KDSWHU����������7R�WKLV�HQG��ZH�GHYHORSHG�D�FROORLGDO�SDUWLFOH�ZLWK�SRO\PHULF�
KDLUV� ����� WKDW� FRQWDLQ� FDUER[\OLF� DFLGV��ZKLFK� IRUP� VWDEOH� FROORLGDO�GLVSHUVLRQ�XQGHU�
EDVLF� S+� FRQGLWLRQV� GXH� WR� VWHULF� VWDELOL]DWLRQ� DQG� HOHFWURVWDWLF� UHSXOVLRQ� �)LJ�� ���%���
:KHQ�UHDFWLQJ�ZLWK�WKH�IXHO��DON\ODWLRQ�RI� WKH�DFLGV�IRUPV�PHWK\O�HVWHUV�DQG�UHPRYHV�
WKH�HOHFWURVWDWLF�UHSXOVLRQ��7KH�K\GURSKRELF�DWWUDFWLRQ�EHWZHHQ�WKH�PHWK\O�HVWHUV�LQ�WKH�
SRO\�PHWK\O�PHWKUDFU\ODWH��S00$��KDLUV�WKHQ�LQGXFHV�WKH�DJJUHJDWLRQ�RI�WKH�SDUWLFOHV��
8QGHU�DTXHRXV�EDVLF� FRQGLWLRQV�� WKH� IRUPHG�HVWHUV�DUH�QRW� VWDEOH�DQG�K\GURO\]H�RYHU�
WLPH��UHLQVWDWLQJ�WKH�LRQLF�FKDUJH��7KH�DGGLWLRQ�RI�WKH�FKHPLFDO�IXHO�SXVKHV�WKH�EDODQFH�
EHWZHHQ�DON\ODWLRQ�DQG�K\GURO\VLV�WRZDUGV�DON\ODWLRQ�DQG�LQGXFHV�DJJUHJDWLRQ��EXW�DV�
WKH�IXHO�LV�FRQVXPHG�WKH�EDODQFH�LV�UHYHUVHG�HYHQWXDOO\�OHDGLQJ�WR�GLVDVVHPEO\�FDXVHG�
E\�WKH�UHLQVWDWHG�LRQLF�FKDUJHV�

7KH� FROORLGDO� GHVLJQ� FRQWDLQHG� WZR� GLͿHUHQW� DVSHFWV�� )LUVWO\�� WKH� SUHVHQFH� RI�
FDUER[\OLF� JURXSV� IRU� WKH� IXHO� GULYHQ� HVWHULÀFDWLRQ� ZKLFK� LQGXFHV� WKH� DJJUHJDWLRQ��
6HFRQGO\�� WKH� FROORLGV� VKRXOG�EH� VWDEOH�DW�KLJK� LRQLF� VWUHQJWKV�GXH� WR� WKH�QHFHVVLW\�RI�
D�EXͿHU� IRU�NHHSLQJ� WKH�S+�DW�EDVLF� OHYHOV�XSRQ� IXHO� DGGLWLRQ��$�QHXWUDO�K\GURSKLOLF�
VSDFHU�EHWZHHQ� WKH�FROORLG�VXUIDFH�DQG� WKH�FDUER[\ODWH� WHUPLQDO�EORFN�SURYLGHV� VWHULF�
VWDELOL]DWLRQ� IRU� WKH� FROORLGDO� VWDELOLW\� �)LJ�� ���%��� 7R� WKLV� HQG� ZH� SUHSDUHG� SDUWLFOHV�

Figure 4.1. Out-of-equilibrium self-assembly of particles with polymer hairs, 
containing carboxylic acids. (A) In the reaction cycle, the dispersed colloids react with the 
chemical fuel, dimethylsulfate (DMS) to be activated and then self-assemble into aggregates. Over 
time the energy is dissipated, through the hydrolysis reaction and the particles disassembly. (B) In 
the non-active state the hairs contain more carboxylic acid groups, whereas in the activated state 
mainly the methyl esters are present. 
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FRQWDLQLQJ�D�SRO\VW\UHQH�FRUH��ZLWK�KDLUV�RI�SRO\�1�LVRSURS\ODFU\ODPLGH��DV�K\GURSKLOLF�
VSDFHU�DQG�SRO\PHULF�PHWK\O�PHWKDFU\ODWH�PL[HG�ZLWK�PHWKDFU\OLF�DFLGV��S00$�0$��
DV�WHUPLQDO�EORFN��

7KH�SDUWLFOHV�ZHUH�V\QWKHVL]HG�VWDUWLQJ�E\�D�VHHGHG�HPXOVLRQ�SRO\PHUL]DWLRQ�WR�
IRUP�SRO\VW\UHQH�SDUWLFOHV� IXQFWLRQDOL]HG�ZLWK�DWRPLF� WUDQVIHU� UDGLFDO�SRO\PHUL]DWLRQ�
VXUIDFH� LQLWLDWRUV� �6,�$753��)LJ�� ���$�VWHS� ,���2QWR� WKHVH�SDUWLFOHV�KDLUV�RI�K\GURSKLOLF�
SRO\�1�LVRSURS\ODFU\ODPLGH�� �S1,3$0�� ZHUH� JUDIWHG�� WKDW� ZHUH� WKHQ� H[WHQGHG� ZLWK�
SRO\�PHWK\O�PHWKDFU\ODWH� �S00$��� WKURXJK�FRQWLQXHG�$753��$V�FDUER[\OLF�DFLGV�DUH�
QRW� FRPSDWLEOH� ZLWK� $753�� S00$� ZDV� VHOHFWHG� DQG� XSRQ� K\GURO\VLV� SDUWO\� IRUPV�
PHWKDFU\OLF�DFLG�����������,QIUDUHG��,5��VSHFWURVFRS\�FRQÀUPHG�WKDW�WKH�V\QWKHVLV�RI�WKH�
GHVFULEHG�SDUWLFOHV�ZDV� VXFFHVVIXO�� VKRZLQJ�ERWK� WKH�S1,3$0�UHODWHG� VLJQDOV�DW� �����
cm-1�������FP-1�������FP-1�DQG�WKH�S00$�VLJQDOV�DW������FP-1��$OVR�WKH�K\GURG\QDPLF�
GLDPHWHU�RI�WKH�SDUWLFOHV�LQFUHDVHV�IURP�����QP�IRU�WKH�SRO\VW\UHQH�SDUWLFOHV�ZLWK�$753�
VXUIDFH� LQLWLDWRU�� WR� ����QP� IRU� WKH�SRO\PHU�KDLU� JUDIWHG�SDUWLFOHV��7KH�SRO\GLVSHUVLW\�
LQGH[� �3',�� UHPDLQV� ORZ� DIWHU� WKH� FRPSOHWH� JUDIWLQJ� SURFHGXUH�� LQGLFDWLQJ� WKDW� ZH�
REWDLQHG�D�VWDEOH�GLVSHUVLRQ�RI�KDLU\�FROORLGV��%HWZHHQ�SDUWLFOHV�ZLWK�RQO\�S1,3$0�KDLUV�
RU�S1,3$0�S00$�KDLUV�QR�ODUJH�GLͿHUHQFH�LV�REVHUYHG�LQ�WKH�K\GURG\QDPLF�GLDPHWHU�
RU� LQ� WKH�3',��7KLV� LV� LQ� DJUHHPHQW�ZLWK� WKH� ORZ�FRQFHQWUDWLRQ�RI�00$�XVHG�GXULQJ�
V\QWKHVLV�DQG�D�KLJK�VXUIDFH�DUHD��OHDGLQJ�WR�VPDOOHU�LQFUHDVH�RI�VL]H��7R�HQVXUH�WKDW�WKH�
DFLGV�JURXSV�DUH�IRUPHG�ZH�DQDO\]H�WKH�]HWD�SRWHQWLDO�RI�WKH�SDUWLFOHV�DQG�REVHUYH�WKDW�DW�
EDVLF�S+�����D�QHJDWLYH�]HWD�SRWHQWLDO�RI�����P9�LV�REWDLQHG���)LJ�����&��$W�S+����D�QHXWUDO�
]HWD�SRWHQWLDO� LV�REVHUYHG�� LQGLFDWLQJ�WKDW�WKH�PHWKDFU\OLF�DFLG�JURXSV�DUH�SURWRQDWHG��
'/6�PHDVXUHPHQWV�DOVR�VKRZ�WKDW�WKH�K\GURG\QDPLF�GLDPHWHU�LQFUHDVHV�IURP�����QP�DW�
S+����WR�����QP�DW�S+����ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�WKH�RSWLFDO�PLFURJUDSKV��)LJ�����&��
'���7KHVH�UHVXOWV�VKRZ�WKDW�ZH�KDYH�SUHSDUHG�FROORLGV�ZLWK�FDUER[\OLF�DFLG�FRQWDLQLQJ�
SRO\PHU�EUXVKHV��DQG�WKDW�SURWRQDWLRQ�RI�WKH�DFLG�JURXSV�OHDGV�WR�DJJUHJDWLRQ��

'06�K\GURO\VHV� WR� IRUP�PHWK\O� VXOSKXULF� DFLG� LQ� DTXHRXV� VROXWLRQV� ORZHULQJ�
WKH�S+�VLJQLÀFDQWO\� �)LJ�� ����� DOVR� VHH�&KDSWHU�����7R�NHHS� WKH�S+�PRUH� VWDEOH�ERUDWH�
EXͿHUHG�VROXWLRQV�DUH�XVHG��8SRQ�GLVSHUVLQJ�WKH�SDUWLFOHV�LQ�WKH�ERUDWH�EXͿHU��ZH�ÀQG�
WKDW�WKH�FROORLGV�IRUP�VWDEOH�GLVSHUVLRQV�IRU�PXOWLSOH�GD\V�DW�PD[LPXP�FRQFHQWUDWLRQV�RI�
���P0�ERUDWH�EXͿHU��EDVHG�RQ�ERURQ���$Q�LQMHFWLRQ�RI�'06�LQ�WKH�EXͿHU�FRQFHQWUDWLRQ�
ZLWK�DQ�LQLWLDO�S+����HTXDOLQJ����P0�'06�LQ�VROXWLRQ��OHDGV�WR�D�ÀQDO�S+�RI���IRU�D�EXͿHU�
FRQFHQWUDWLRQ�RI����P0��7KHUHIRUH��ZH�XVH����P0�'06�DV�D�PD[LPXP�IXHO�FRQFHQWUDWLRQ��
to minimize the pH drop and keep the pH above 7, preventing pH induced aggregation 
�)LJ�����&���

:LWK�WKLV� LQ�KDQG�ZH�VHW�RXW� WR�H[SORUH�WKH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�RI�
RXU� FROORLGDO� V\VWHP�� WKURXJK� WKH� UHDFWLRQ�ZLWK� WKH� FKHPLFDO� IXHO� GLPHWK\O� VXOSKDWH�
�'06��� 7KH� DJJUHJDWLRQ� EHKDYLRU� LV� VWXGLHG� E\� DGGLWLRQ� RI� '06�� DW� FRQFHQWUDWLRQV�
EHWZHHQ� �� DQG� ��� P0�� WR� EXͿHU� VROXWLRQV� RI� WKH� FDUER[\OLF� DFLG� FDUU\LQJ� SDUWLFOHV��
%DVHG�RQ� UHDFWLRQ�NLQHWLF�PRGHOLQJ� LQ�&KDSWHU����ZH�H[SHFW� WKDW�PRVW�RI� WKH� IXHO�KDV�
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UHDFWHG�DIWHU���KUV��IURP�ZKLFK�SRLQW�RQ�WKH�K\GURO\VLV�LV�WKH�PDLQ�UHDFWLRQ�RFFXUULQJ��
7KHUHIRUH��WKH�VDPSOHV�DUH�DQDO\]HG�DW���KUV�DQG����KUV�DIWHU�WKH�IXHO�DGGLWLRQ�E\�'/6�DQG�
RSWLFDO�PLFURVFRS\��:H�REVHUYH�D�VLJQLÀFDQW�LQFUHDVH�LQ�WKH�K\GURG\QDPLF�GLDPHWHU�DQG�
SRO\GLVSHUVLW\�LQGH[��3',��DIWHU���KUV��LQGLFDWLQJ�WKDW�DJJUHJDWHV�DUH�IRUPHG��)LJ�����$���
7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�PLFURVFRS\�LPDJHV��LQ�ZKLFK�ZH�PDLQO\�REVHUYHG�
DJJUHJDWHV� �)LJ�����%���1R� IXHO�GHSHQGHQW� WUHQG� LV�REVHUYHG� LQ� WKH� VL]H�RI� WKH� IRUPHG�
DJJUHJDWHV��DW�WZR�KRXUV�DIWHU�IXHO�DGGLWLRQ��7KHVH�VDPSOHV�DUH�VWLUUHG�IRU�DQ�DGGLWLRQDO�
���KUV�WR�OHW�WKH�K\GURO\VLV�DQG�GLVDVVHPEO\�WDNH�SODFH��$IWHU�WKLV�SHULRG��WKH�GLVSHUVLRQV�

)LJXUH������6\QWKHVLV�RI�SDUWLFOHV�ZLWK�SRO\PHU�KDLUV�DQG�FKDUDFWHUL]DWLRQ�
�$�� 3DUWLFOHV� V\QWKHVLV�� �,�� FROORLGDO� $753� LQLWLDWRUV� DUH� IRUPHG� E\� VHHGHG� HPXOVLRQ�
polymerization with cross-linked polystyrene particles, styrene (ST), divinylbenzene (DVB), 
DQG������EURPRLVREXW\U\OR[\��HWK\O�DFU\ODWH��%,($���2Q�WKHVH�$753�LQLWLDWRUV���,,��K\GURSKLOLF�
SRO\�1�LVRSURS\ODFU\ODPLGH�� �S1,3$0�� EUXVKHV� �JUHHQ�� DUH� JUDIWHG� IROORZHG� E\� �,,,�� D� FKDLQ�
extensions reaction with methyl methacrylate (blue). (B) Hydrodynamic diameter (red square) 
DQG�SRO\GLVSHUVLW\�LQGLFHV��3',��EODFN�VTXDUHV��DV�GHWHUPLQHG�E\�'/6�RI�WKHVH�SDUWLFOHV�LQ���P0�
ERUDWH�EXͿHU��S+������������&��=HWD�SRWHQWLDO�DW�S+�����������'��3DUWLFOHV��S+�����DQG�DJJUHJDWHV�
�S+����DV�REVHUYHG�ZLWK�RSWLFDO�PLFURVFRSH�ZLWK�D�PDJQLÀFDWLRQ�RI���[�
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DUH�UH�DQDO\]HG�E\�ERWK�'/6�DQG�PLFURVFRS\�� ,Q�DOO�FDVHV� WKH�FROORLGDO�VWDELOLW\�RI� WKH�
GLVSHUVLRQ�ZDV� UHJDLQHG��'/6� VKRZHG� WKDW� IRU� ERWK� WKH�K\GURG\QDPLF�GLDPHWHU� DQG�
3',�VLPLODU�YDOXHV�DV�EHIRUH�IXHO�DGGLWLRQ�DUH�REWDLQHG��$OVR��LQ�WKH�PLFURJUDSKV�RQO\�
ZHOO�GLVSHUVHG�FROORLGDO�SDUWLFOHV�DUH�REVHUYHG��)LJ�����%���7KHVH�UHVXOWV�VKRZ�WKDW�D�IXHO�
LQGXFHG�DJJUHJDWLRQ�RFFXUV��DQG�FRQÀUP�WKDW�WKH�DJJUHJDWLRQ�SURFHVV�LV�UHYHUVHG�RYHU�
WLPH��LQ�WRWDO�IRUPLQJ�DQ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�SURFHVV�

$V� WKH� FROORLGDO� DJJUHJDWLRQ� SURFHVV� LV� EDVHG� RQ� UDQGRP� FROOLVLRQV�� WKH� ORZ�
SDUWLFOH�FRQFHQWUDWLRQ�OLPLWV�WKH�ÀQDO�DJJUHJDWH�VL]H��7R�WKLV�HQG�ZH�PHDVXUHG�WKH�WLPH�
GHSHQGHQW� DJJUHJDWLRQ� EHKDYLRU� DW� WZR� GLͿHUHQW� SDUWLFOH� FRQFHQWUDWLRQV� GXULQJ� WKH�
ÀUVW� �� KUV� DQG� DIWHU� ��� KUV� E\�'/6��8SRQ� DGGLWLRQ� RI� ���P0�'06� WR�GLVSHUVLRQV� RI�
SDUWLFOHV�LQ�EXͿHU��ZH�REVHUYH�WKDW�RYHU�WLPH�DJJUHJDWLRQ�RFFXUV�UHDFKLQJ�D�PD[LPXP�
DW�����KUV��)LJ�����&���DW�GLOXWLRQV�RI����RU�����WLPHV��VHH�H[SHULPHQWDO�VHFWLRQ��DQG�XQGHU�
VWLUULQJ�FRQGLWLRQV��$W���� WLPHV�GLOXWLRQ�D�FOHDU�PD[LPXP�RI�����QP� LV� UHDFKHG��DIWHU�
ZKLFK� LW� VORZO\�GHFUHDVHV��$W� WKH� ORZHU�SDUWLFOH�GHQVLW\� RI� ���� WLPHV�GLOXWLRQ��ZH�GR�
REVHUYH�D�OHVV�SURQRXQFHG�LQFUHDVH�LQ�DJJUHJDWH�VL]H��UHDFKLQJ�D�PD[LPXP�RI�����QP��
)RU� ERWK� FRQFHQWUDWLRQV� WKH� GLV�DVVHPEO\� SURFHVV� RFFXUV� RYHU� D� SHULRG� ORQJHU� WKDQ� ��
KRXUV�� HYHQWXDOO\� UHDFKLQJ� VWDEOH�GLVSHUVLRQV� DIWHU� ��� KUV�� 7KLV� LV� FRQVLVWHQW�ZLWK� WKH�
IDVW�NLQHWLFV�RI�DON\ODWLRQ�DQG�VORZHU�K\GURO\VLV�UHDFWLRQ�DV�UHSRUWHG�LQ�&KDSWHU����7KHVH�
results indicate that the aggregation process is dependent on the particle concentrations, 
DQG�WKDW�WKH�WLPH�VFDOHV�DUH�UHODWHG�WR�WKH�DON\ODWLRQ�DQG�K\GURO\VLV�UHDFWLRQ��

:H� IXUWKHU� REVHUYH� WKDW� WKH�PD[LPD� RI� REWDLQHG� DJJUHJDWH� VL]HV� DUH� UHODWLYHO\�
ORZHU�FRPSDUHG�WR�WKH�SUHYLRXV�REWDLQHG�GDWD��)LJ�����$�����&���7KH�GLͿHUHQFH�EHWZHHQ�
WKH�H[SHULPHQWV�LV�WKH�DJH�RI�WKH�SDUWLFOHV�LQ�WKH�WZR�XVHG�VWRFN�VROXWLRQV��DV�GHWHUPLQHG�
IURP� WKH� PRPHQW� RI� V\QWKHVLV�� ,Q� WKH� IXHO� GHSHQGHQW� PHDVXUHPHQWV�� SDUWLFOH� VWRFN�
VROXWLRQV� ZHUH� XVHG� ZLWKLQ� D� ZHHN� DIWHU� V\QWKHVLV�� ZKHUHDV� IRU� WKH� FRQFHQWUDWLRQ�
GHSHQGHQW�PHDVXUHPHQWV��ZH�XVHG�VWRFN�VROXWLRQV�WKDW�ZHUH���PRQWKV�ROG��7R�FKHFN�WKH�
UHSURGXFLELOLW\�RI�IUHVK�VDPSOHV��ZH�SUHSDUHG�QHZ�SDUWLFOHV�DQG�PHDVXUHG�WKH�DJJUHJDWH�
size upon addition of fuel and obtained sizes of ~1000nm for 100 times diluted samples 
7KHVH�UHVXOWV�ZHUH�VLPLODU�WR�EHIRUH��FRQÀUPLQJ�WKDW�WKH�DJH�RI�WKH�SDUWLFOHV�LQÁXHQFHV�
WKH�IXHO�GULYHQ�DJJUHJDWLRQ�EHKDYLRU��$�SRVVLEOH�H[SODQDWLRQ�IRU�WKLV�REVHUYDWLRQ�LV�WKH�
IROORZLQJ��DIWHU�V\QWKHVLV��WKH�SRO\PHU�KDLUV�SDUWO\�FRQVLVW�RI�HVWHU�JURXSV�WKDW�IXUWKHU�
K\GURO\]H�RYHU�WLPH��,Q�FRPSDULVRQ�WR�IUHVK�SDUWLFOHV��ROGHU�SDUWLFOHV�ZLOO�FRQWDLQ�PRUH�
acid groups, and thus upon addition of the same amount of fuel, not all acid groups will 
EH�FRQYHUWHG�WR�HVWHUV��7KLV�OHDGV�WR�D�UHVLGXDO�UHSXOVLRQ�EHWZHHQ�SDUWLFOHV��ORZHULQJ�WKH�
REWDLQHG�DJJUHJDWH�VL]HV��7KLV�LQGLFDWHV�WKDW�WKH�PD[LPXP�DJJUHJDWH�VL]HV�DUH�GHSHQGHQW�
RQ� WKH�DPRXQW�RI�DFLG�JURXSV� LQ� WKH�SRO\PHU�KDLUV�DQG�UHVLGXDO�FKDUJH�DIWHU�UHDFWLRQ�
ZLWK�WKH�DON\ODWLQJ�IXHO�

:H�LQYHVWLJDWHG�LI�WKH�GLVDVVHPEO\�EHKDYLRU�ZDV�DFWXDOO\�LQGXFHG�E\�WKH�K\GURO\VLV�
RI� WKH� FDUER[\ODWHV� RQ� WKH�SRO\PHU�KDLUV�� DQG�QRW� WKH� FOHDYDJH� RI� WKH�SRO\PHU�KDLUV��
The p1,3$0�SRO\PHU�KDLUV�DUH�DWWDFKHG�E\�DQ�HVWHU�WR�WKH�SRO\VW\UHQH�FRUH�DQG�FRXOG�
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SRWHQWLDOO\�K\GURO\]H�XQGHU�EDVLF�FRQGLWLRQV��7KHUHIRUH��ZH�LQYHVWLJDWHG�WKH�VWDELOLW\�RI�
WKH�VXUIDFH�JUDIWHG�SRO\PHU�KDLUV�E\�,5�VSHFWURVFRS\��:H�LGHQWLÀHG�WKH�QRUPDOL]HG�SHDN�
ratio between the amide stretch of the p1,3$0�KDLUV��DW������FP-1�DQG�SRO\VW\UHQH�VLJQDO�
DW� ���� FP-1� RI� IUHVKO\�SUHSDUHG�SDUWLFOHV� DQG�DIWHU� ���GD\V�RI� VWLUULQJ� LQ�ERUDWH�EXͿHU�
����P0��S+����)LJ�����%���7KLV�UDWLR�ZDV�IRXQG�WR�EH�DOPRVW�LGHQWLFDO�VKRZLQJ�WKDW�WKH�
SRO\PHU�SDUWLFOH�KDLUV�DUH�QRW�FOHDYHG�IURP�WKH�VXUIDFH�RYHU� WLPH��7KHVH�REVHUYDWLRQV�
VKRZ�WKDW�WKH�SRO\PHU�KDLUV�DUH�VWDEOH�XQGHU�WKH�XVHG�K\GURO\WLF�FRQGLWLRQV�GXULQJ�WKH�
H[SHULPHQWV��

:H�GR�REVHUYH�WKDW�WKHUH�LV�GLͿHUHQFH�LQ�LQLWLDO�K\GURG\QDPLF�VL]H�EHWZHHQ�IUHVKO\�
SUHSDUHG�SDUWLFOHV�DQG�ROGHU�EDWFKHV��:H�DOVR�ÀQG�WKDW�WKH�ROGHU�EDWFKHV�UHTXLUH�KLJKHU�
FRQFHQWUDWLRQV�RI�IXHO�WR�VKRZ�DJJUHJDWLRQ��LQGLFDWLQJ�WKDW�D�ODUJHU�QXPEHU�RI�FDUER[\OLF�
DFLG�JURXSV�DUH�SUHVHQW�RQ�WKH�SDUWLFOHV��7KHVH�REVHUYDWLRQV�DUH�LQ�DJUHHPHQW�ZLWK�WKH�

Figure 4.3. Transient self-assembly of particles
�$��+\GURG\QDPLF�GLDPHWHUV�DV�PHDVXUHG���KUV�DQG����KUV�DIWHU�DGGLWLRQ�RI�'06��FRQFHQWUDWLRQV�
RI� ����� P0� LQ� ��� P0� ERUDWH� EXͿHU�� E\� '\QDPLF� /LJKW� 6FDWWHULQJ� �'/6��� 6DPSOHV� VKRZ�
DJJUHJDWLRQ�DW��KUV�DQG�UHWXUQ�WR�VWDEOH�FROORLGDO�GLVSHUVLRQV�DIWHU���KUV���%��2SWLFDO�PLFURVFRS\�
LPDJHV�DW���KUV�DQG����KUV�DIWHU�IXHO�DGGLWLRQ���P0�'06��RSWLFDO�PLFURVFRSH�ZLWK�D�PDJQLÀFDWLRQ�
RI����[����&��+\GURG\QDPLF�GLDPHWHUV�DV�GHWHUPLQHG�E\�'/6�RYHU�WLPH��3DUWLFOHV�DUH�GLOXWHG����
DQG�����WLPHV��VHH�6,��'06����P0��LV�DGGHG�DW�W� ����LQ���P0�ERUDWH�EXͿHU�
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FRQFHQWUDWLRQ�GHSHQGHQW�DJJUHJDWLRQ�EHKDYLRU��DV�GHVFULEHG�DERYH��
$QRWKHU� FRQWURO�ZDV� WKH�XVH�RI� VDPSOHV�ZLWK�RQO\�p1,3$0�EUXVKHV�XSRQ� IXHO�

addition, thus without the p00$�0$�WHUPLQDO�SDUW�� ,Q� WKHVH� VDPSOHV�QR� VLJQLÀFDQW�
LQFUHDVH�RI�WKH�K\GURG\QDPLF�GLDPHWHU�ZDV�REVHUYHG����KUV�DIWHU�IXHO�DGGLWLRQ��)LJ�����$���
7KHVH�REVHUYDWLRQ�XQGHUOLQH� WKDW� WKH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�RI� WKH�SRO\PHU�
KDLU�JUDIWHG�SDUWLFOHV��RFFXUV�WKURXJK�WKH�DON\ODWLRQ�DQG�K\GURO\VLV�RI� WKH�FDUER[\ODWH�
PRLHWLHV�SUHVHQW�RQ�WKH�KDLUV��

$V�DQ�H[WHQVLRQ�RI�WKH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�ZH�DWWHPSWHG�WR�UHF\FOH�
WKH�XVHG�SDUWLFOHV��E\�WKH�LQMHFWLRQ�RI�QHZ�IXHO��:H�REVHUYHG�WKH�WUDQVLHQW�DJJUHJDWLRQ�
XSRQ�DGGLWLRQ�RI�WKH�ÀUVW�IXHO�E\�RSWLFDO�PLFURVFRS\��)LJ��������$IWHU����KUV�WKH�FROORLGV�
DUH� IXOO\�GLVSHUVHG�DJDLQ��8SRQ�DGGLWLRQ�RI�D� VHFRQG� IXHO� VKRW��ZH�DJDLQ�REVHUYH� WKH�
DJJUHJDWLRQ�IROORZHG�E\�WKH�GLVDVVHPEO\�DIWHU����KUV�$GGLQJ�D�WKLUG�IXHO�VKRW�GLG�OHDG�WR�
renewed aggregation but due to pH levels below 7, the pH driven aggregation could not 
EH�H[FOXGHG��)LJ�����&���7R�RYHUFRPH�WKH�SUREOHP�RI�WKH�VWURQJ�S+�FKDQJH��ZKLFK�OLPLWV�
PXOWLSOH�UHDFWLRQ�F\FOHV��ZH�UHF\FOHG�WKH�SDUWLFOHV�E\�VHSDUDWLRQ��,Q�D�QHZ�H[SHULPHQW�
ZH�ÀUVW�SHUIRUP�D�IXOO�UHDFWLRQ�F\FOH�RI����KUV�DIWHU�ZKLFK�WKH�SDUWLFOHV�DUH�VHSDUDWHG�E\�
FHQWULIXJDWLRQ�DQG�UH�GLVSHUVHG�LQ�D�IUHVK�EXͿHU�VROXWLRQ��7KH�UH�GLVSHUVHG�FROORLGV�LQ�
IUHVK�EXͿHU�KDYH�D�VL]H�RI�����QP��VLPLODU�WR�REVHUYHG�VL]HV�EHIRUH�VHSDUDWLRQ��)LJ�����&���
8SRQ�DGGLWLRQ�RI����P0�RI�'06��DIWHU���KUV�D�VL]H�RI�����QP�LV�PHDVXUHG��$IWHU����KUV�WKH�
FROORLGDO�VWDELOLW\�RI�WKH�GLVSHUVLRQ�ZDV�UHJDLQHG�DQG�'/6�VKRZHG�VLPLODU�K\GURG\QDPLF�
GLDPHWHU�YDOXHV�DV�EHIRUH�IXHO��XSRQ�ZKLFK�D�QHZ��UH�F\FOH�FRXOG�EH�VWDUWHG��$V�VXFK��
ZH�DUH�DEOH�WR�VHSDUDWH�WKH�¶ZDVWH·��DQG�UHF\FOH�WKH�FROORLGV�IRU�D�QHZ�IXHOOHG�LQGXFHG�
DJJUHJDWLRQ�F\FOH���

)LJXUH������1HFHVVLW\�RI�DFLG�JURXSV�DQG�SDUWLFOH�VWDELOLW\�LQ�ERUDWH�EX;HU
�$�� 2SWLFDO� PLFURVFRS\� LPDJH� RI� S1,3$0� JUDIWHG� SRO\VW\UHQH� SDUWLFOHV� LQ� ERUDWH� EXͿHU� S+�
�����P0�DW���KUV�DIWHU�DGGLWLRQ�RI���P0�'06��1R�DJJUHJDWHV�DUH�REVHUYHG��%��,QIUDUHG��,5��
VSHFWUD�RI�SDUWLFOHV�IXQFWLRQDOL]HG�ZLWK�S1,3$0�DQG�S00$��IUHVK�DIWHU�V\QWKHVLV��EODFN��DQG�
DIWHU����GD\V�LQ�ERUDWH�EXͿHU����P0��S+����UHG���
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4.3 Conclusions

:H� VKRZHG� D� FROORLGDO� V\VWHP� ZLWK� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\� IXHOOHG� E\� D�
FKHPLFDOO\�UHDFWLRQ��7R�WKLV�DLP��ZH�SUHSDUHG�SRO\VW\UHQH�SDUWLFOHV�JUDIWHG�ZLWK�SRO\PHU�
EUXVKHV��FRQVLVWLQJ�RI�WKH�EORFN�FRSRO\PHU�RI�p1,3$0�DQG�p00$�ZLWK�SDUWO\�FRQWDLQLQJ�
FDUER[\OLF� DFLGV�� 8SRQ� UHDFWLRQ�ZLWK� D� FKHPLFDO� DON\ODWLQJ� IXHO�� WKH� FDUER[\ODWHV� DUH�
PHWK\ODWHG�OHDGLQJ�WR�DJJUHJDWLRQ�RI�WKH�SDUWLFOHV��2YHU�WLPH�WKH�IRUPHG�HVWHUV�K\GURO\]H�
XQGHU�WKH�XVHG�K\GURO\WLF�FRQGLWLRQV��UHVWRULQJ�WKH�QHJDWLYH�FKDUJH�RQ�WKH�RXWHU�SDUWV�
RI�WKH�SRO\PHU�EUXVKHV��ZKLFK�LQGXFHV�GLV�DVVHPEO\�RI�WKH�DJJUHJDWHV��7KLV�SURFHVV�LV�
WUDQVLHQW�LQ�WLPH��UHDFKLQJ�D�PD[LPXP�DJJUHJDWH�VL]H�DIWHU�����KUV�DQG�UHWXUQLQJ�WR�VWDEOH�
VROXWLRQV�LQ����KUV��7KH�SDUWLFOHV�FDQ�EH�UHXVHG��E\�GLUHFW�DGGLWLRQ�RI�D�QHZ�IXHO�LQMHFWLRQ�
RU� UHF\FOHG�E\�VHSDUDWLRQ�DQG�UH�GLVSHUVLRQ� LQ� IUHVK�EXͿHU�� WR�VWDUW�D�QHZ�IXHO�GULYHQ�
DJJUHJDWLRQ� F\FOH��7KHVH� UHVXOWV�KRZ� WKDW�RXU�SUHYLRXV�SURSRVHG�GHVLJQ� UXOHV� FDQ�EH�
H[WHQGHG�IURP�VPDOO�PROHFXOH�VHOI�DVVHPEO\�WRZDUGV�RWKHU�ÀHOGV��VXFK�DV�FROORLGDO�VHOI�
DVVHPEO\��&KDSWHU�����7KH�GHYHORSPHQW�RI�WKH�IXHO�GULYHQ�FROORLGDO�VHOI�DVVHPEO\�LV�DQ�
LPSRUWDQW�VWHS�WRZDUGV�HQJLQHHULQJ�RXW�RI�HTXLOLEULXP�FROORLGDO�VWUXFWXUHV��

Figure 4.5. Repeated out-of-equilibrium particle aggregation, by multiple fuel 
addition. 2SWLFDO�PLFURVFRS\�LPDJHV�VKRZLQJ�WKH�SDUWLFOH�DJJUHJDWHV�DW���,���KUV�,,����KUV�DIWHU�
1st� IXHO� DGGLWLRQ�� �,,,�� �KUV� DQG� �,9�� ��KUV� DIWHU� �nd� IXHO� DGGLWLRQ� DQG� �9��� �KUV� DIWHU� �rd fuel 
DGGLWLRQ��,QLWLDO�FRQGLWLRQV��ERUDWH�EXͿHU����P0��S+����IXHO�DGGLWLRQ�HTXDOV���P0�'06��$IWHU�
WKH��rd�VWHS��WKH�S+�GURSSHG�EHORZ���DW�ZKLFK�WKH�S+�GULYHQ�DJJUHJDWLRQ�FDQQRW�EH�H[FOXGHG��
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4.4 Experimental section
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VLJQLÀFDQW�FRQWULEXWLRQ��,�ZDQW�WR�WKDQN�%DV�IRU�WKH�V\QWKHVLV�RI�WKH�SRO\PHU�KDLU�JUDIWHG�SDUWLFOHV��DQG�D�
ODUJH�SDUW�RI�WKH�PHDVXUHPHQWV��,�DOVR�ZDQW�WR�WKDQN�SURI��:LOOHP�.HJHO�IRU�KHOS�LQ�VHWWLQJ�XS�WKH�UHVHDUFK�
DQG�FKHFNLQJ�WKH�PDQXVFULSW�

Materials. 
6W\UHQH� �6W�� ������ GLYLQ\OEHQ]HQH� �'9%�� ����PL[WXUH� RI� LVRPHUV�� WHFK�� JUDGH��� PHWK\O� PHWKDFU\ODWH�
�00$�� ������ 1�LVRSURS\ODFU\ODPLGH� �1,3$0�� ������ ��EURPRLVREXW\U\O� EURPLGH� �%L%E�� ������
��K\GUR[\HWK\O�DFU\ODWH��+($�������FRQWDLQV���������SSP�PRQRPHWK\O�HWKHU�K\GURTXLQRQH�DV�LQKLELWRU���
VRGLXP�VXOIDWH��1D�62���$&6�UHDJHQW���������DQK\GURXV���FRSSHU�EURPLGH��&X�,�%U��������1�1�1Х�1Х�1ХХ�
SHQWDPHWK\OGLHWK\OHQHWULDPLQH��30'7$�������DQG�GLPHWK\O�VXOIDWH��'06�����������ZHUH�REWDLQHG�IURP�
6LJPD�$OGULFK��3RWDVVLXP�SHUVXOIDWH��.36��!�����IRU�DQDO\VLV���VRGLXP�ELVXOÀWH��1D+62���$&6�UHDJHQW��DQG�
S\ULGLQH��!������ZHUH�SXUFKDVHG�IURP�$FURV�2UJDQLFV��'LVRGLXP�WHWUDERUDWH�GHFDK\GUDWH��1D�%�2�Ã���
+�2�� IRU� DQDO\VLV��� VRGLXP� K\GUR[LGH� �1D2+�� �� ����� DQG� K\GURFKORULF� DFLG� �+&O�� ���� IXPLQJ�� IRU�
DQDO\VLV��ZHUH�REWDLQHG�IURP�0HUFN��0HWKDQRO��0H2+��([FHHGV�$&6�VSHFLÀFDWLRQV��ZDV�REWDLQHG�IURP�
-�7��%DNHU�DQG�GLFKORURPHWKDQH��'&0��3HSWLGH�V\QWKHVLV��IURP�%LRVROYH�������EURPRLVREXW\U\OR[\��HWK\O�
DFU\ODWH��%,($��ZDV�SUHSDUHG�DV�GHVFULEHG�SUHYLRXVO\�������7KH�ZDWHU�XVHG�WKURXJKRXW�DOO�V\QWKHVHV�ZDV�
SXULÀHG�XVLQJ�D�0LOOL�4�ZDWHU�SXULÀFDWLRQ�V\VWHP�

Synthesis of 2-(2-bromoisobutyryloxy) ethyl acrylate (BIEA). 
7KH� V\QWKHVLV� RI� %,($�ZDV� DGDSWHG� IURP� UHIHUHQFH� ��� ������$� VROXWLRQ� RI� ��K\GUR[\HWK\O� DFU\ODWH� ����
P/������PPRO��DQG�S\ULGLQH�����P/������PPRO��LQ�'&0������P/��ZDV�VWLUUHG�DQG�FRROHG�LQ�DQ�LFH�EDWK��
8QGHU�QLWURJHQ� DWPRVSKHUH�� D� VROXWLRQ� RI� ��EURPRLVREXW\U\O� EURPLGH� �%L%E�� ������P/�� ����PPRO�� LQ�
'&0�����P/��ZDV�DGGHG�GURS�ZLVH�RYHU�WKH�FRXUVH�RI���K��'XULQJ�WKH�DGGLWLRQ�D�ZKLWH�SUHFLSLWDWH�ZDV�
IRUPHG��+%U�S\ULGLQH���$IWHU�FRPSOHWH�DGGLWLRQ�RI�WKH�%L%E�VROXWLRQ��WKH�UHDFWLRQ�PL[WXUH�ZDV�VWLUUHG�DQ�
DGGLWLRQDO���K�DW�URRP�WHPSHUDWXUH��
7KH�SUHFLSLWDWH�ZDV�ÀOWHUHG� RͿ� DQG�'&0�ZDV� HYDSRUDWHG�XQGHU� UHGXFHG�SUHVVXUH��$�\HOORZ�RLO� DQG�
DGGLWLRQDO�SUHFLSLWDWH�ZDV� IRUPHG��7KH�DGGLWLRQDO�SUHFLSLWDWH�ZDV�ÀOWHUHG�RͿ�DQG�ZDVKHG�ZLWK�'&0��
7KH�'&0�IURP�ZDVKLQJ�DQG�WKH�\HOORZ�RLO�ZHUH�FRPELQHG�DQG�ZDVKHG�ZLWK�ZDWHU����WLPHV�����P/�SHU�
ZDVKLQJ�VWHS���7KH�RLO�SKDVH�ZDV�GULHG�RYHU�1D�62��DQG�ÀQDOO\��WKH�'&0�ZDV�HYDSRUDWHG�XQGHU�UHGXFHG�
SUHVVXUH��7KH�UHVXOWLQJ�\HOORZ�RLO�ZDV�GLVWLOOHG�WR�FRPSOHWH�WKH�SXULÀFDWLRQ�SURFHGXUH�\LHOGLQJ�D�FRORUOHVV�
RLO���+�105������0+]��&'&O���չ��������G���+���������GG���+���������G���+��������V���+��������V���+��

6\QWKHVLV�RI�EURPLQDWHG�FROORLGDO�LQLWLDWRUV��&3V�%U��
To prepare the brominated initiator colloids, a core-shell approach was chosen in which the cross-linked 
SRO\VW\UHQH� FROORLGV� �&3V�� SDUWLFOHV� VHUYHG� DV� VHHG� SDUWLFOHV� IRU� EURPLQDWHG� FRUH�VKHOO� SDUWLFOHV�� 7KH�
WZR�VWHS�SURFHGXUH�FDQ�EH�VXPPDUL]HG�LQ�WKH�IROORZLQJ�ZD\��,Q�WKH�ÀUVW�VWHS��&3V�ZHUH�SUHSDUHG�XVLQJ�
FRQYHQWLRQDO�HPXOVLRQ�SRO\PHUL]DWLRQ��7KHVH�SDUWLFOHV�ZHUH�XVHG�LQ�D�VHHGHG�HPXOVLRQ�SRO\PHUL]DWLRQ�LQ�
ZKLFK�D�VKHOO�RI�VW\UHQH��'9%�DQG�%,($�ZDV�JURZQ�DURXQG�WKH�FRUH�SDUWLFOHV���7KH�FUXGH�VHHG�GLVSHUVLRQ�
����P/��ZDV�LQWURGXFHG�LQ�D�����P/�URXQG�ERWWRP�ÁDVN��WRJHWKHU�ZLWK�ZDWHU�����P/���7KH�GLVSHUVLRQ�ZDV�
KHDWHG�WR�����&�DQG�SXUJHG�ZLWK�QLWURJHQ�IRU����PLQ��$IWHU�GHJDVVLQJ��D�PL[WXUH�RI�VW\UHQH����P/��DQG�
'9%������/��ZDV�DGGHG��7KH�PL[WXUH�ZDV�VWLUUHG�IRU����PLQ�DIWHU�ZKLFK�%,($�������J��ZDV�LQMHFWHG��$IWHU�
��PLQ�RI�VWLUULQJ��WKH�SRO\PHUL]DWLRQ�ZDV�VWDUWHG�E\�WKH�DGGLWLRQ�RI�D�GHJDVVHG��DTXHRXV�.36�VROXWLRQ�����
PJ�LQ���P/�ZDWHU���7KH�SRO\PHUL]DWLRQ�ZDV�DOORZHG�WR�UXQ�IRU���K�DIWHU�ZKLFK�WKH�UHDFWLRQ�ZDV�VWRSSHG�
E\�UHPRYLQJ�WKH�ÁDVN�IURP�WKH�RLO�EDWK��7KH�SDUWLFOHV�ZHUH�ZDVKHG�ZLWK�ZDWHU�DQG�HWKDQRO�WKUHH�WLPHV��
)7�,5��$75��VSHFWURVFRS\�ZDV�XVHG�WR�FRQÀUP�VXFFHVVIXO�VXUIDFH�PRGLÀFDWLRQ��'\QDPLF�/LJKW�6FDWWHULQJ�
�'/6��VKRZHG�D�Z�DYHUDJH�UDGLXV�RI�����QP�DQG�D�SRO\GLVSHUVLW\�LQGH[��3',��RI�������

$WRPLF�WUDQVIHU�UDGLFDO�SRO\PHUL]DWLRQ��$753��RQ�&3V�%U
1,3$0�������PPRO������J��DQG�&X�,�%U�������PPRO�����PJ��ZHUH�ZHLJKHG�DQG�WUDQVIHUUHG�GLUHFWO\�LQWR�
DQ�RYHQ�GULHG�6FKOHQN�ÁDVN��$�0H2+�+22�PL[WXUH�������Y�Y�������P/��ZDV�DGGHG�DQG�WKH�VROXWLRQ�ZDV�
VWLUUHG�IRU���PLQXWHV�WR�OHW�WKH�1,3$0�DQG�WKH�&X�,�%U�GLVVROYH��$�OLJKW�JUHHQ�VROXWLRQ�ZDV�REWDLQHG��$IWHU�
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FRPSOHWH�GLVVROXWLRQ��30'(7$������PPRO�����ۚ/��ZDV�DGGHG�UHVXOWLQJ�LQ�D�EOXH���JUHHQ�PL[WXUH��7KH�
PRQRPHU�FDWDO\VW�PL[WXUH�ZDV�GHJDVVHG�E\�HYDFXDWLRQ�DQG�UHÀOOLQJ�ZLWK�QLWURJHQ����F\FOHV���
,Q�D�VHSDUDWH�6FKOHQN�ÁDVN�� WKH�&3V�%U�GLVSHUVHG� LQ�D����� �Y�Y��0H2+�+22�PL[WXUH� �����P/����ZW���
ZHUH�GHJDVVHG�E\�HYDFXDWLRQ�DQG� UHÀOOLQJ�ZLWK�QLWURJHQ� ��� F\FOHV���$IWHU�GHJDVVLQJ�� WKH�PL[WXUH�ZDV�
LQMHFWHG�LQWR�WKH�PRQRPHU�FDWDO\VW�PL[WXUH�XQGHU�LQHUW�DWPRVSKHUH��7KH�UHVXOWLQJ�UHDFWLRQ�PL[WXUH�ZDV�
ZKLWH�JUHHQ��$IWHU���KRXUV������P/�RI�D�GHJDVVHG�VROXWLRQ�RI�00$������P/��GLVVROYHG�LQ�WKH�0H2+�
H22�PL[WXUH�������Y�Y�����P/��ZDV�LQMHFWHG�XQGHU�LQHUW�DWPRVSKHUH��7KH�$753�UHDFWLRQ�ZDV�DOORZHG�WR�
UXQ�IRU����PRUH�KRXUV�DW�URRP�WHPSHUDWXUH���$IWHU�WKLV�SHULRG��WKH�UHDFWLRQ�ZDV�WHUPLQDWHG�E\�H[SRVXUH�
RI� WKH�PL[WXUH� WR�DLU�\LHOGLQJ�DQ� LQWHQVH�EOXH�FRORU��3DUWLFOHV�ZHUH�ZDVKHG�VHYHUDO� WLPHV�ZLWK�0H2+��
���P0�DTXHRXV�1D+623� VROXWLRQ� DQG�0LOOL4�ZDWHU�� 7KH�1D+623 solution was used to facilitate the 
UHPRYDO�RI�WKH�FRSSHU�FDWDO\VW��6XFFHVVIXO�JUDIWLQJ�ZDV�FRQÀUPHG�XVLQJ�,5�VSHFWURVFRS\�DQG�G\QDPLF�
OLJKW�VFDWWHULQJ��'/6��PHDVXUHPHQWV�

'LVVLSDWLYH�DJJUHJDWLRQ�RI�S�6W��J�S�1,3$0�FR�00$��FROORLGV��
$�GLVSHUVLRQ�FRQWDLQLQJ�S�6W��g�S�1,3$0-co-00$��FROORLGV�����ۚ/��VROLG�FRQWHQW�EDVHG�RQ�SRO\VW\UHQH�
FRUH�SDUWLFOHV� ���ZW���ZDV�GLOXWHG�LQ�GLVRGLXP�WHWUDERUDWH�GHFDK\GUDWH�EXͿHU������P/����²����P0�EDVHG�
RQ�ERURQ���7KH�UHVXOWLQJ�GLVSHUVLRQ�ZDV�VOLJKWO\�VRQLFDWHG��)LQDOO\��'06�ZDV�DGGHG��7KH�FRQFHQWUDWLRQ�
RI�IXHO�LQ�WKH�VDPSOH�ZDV�YDULHG�EHWZHHQ���DQG����P0��7KH�VDPSOHV�ZHUH�VWLUUHG�IRU���K��DIWHU�ZKLFK�WKH�
GLVSHUVLRQ�ZDV�SUREHG�IRU�DJJUHJDWLRQ�XVLQJ�RSWLFDO�PLFURVFRS\�DQG�'/6��7KHVH�DQDO\VHV�ZHUH�UHSHDWHG�
DIWHU����K�WR�LQYHVWLJDWH�WKH�UHYHUVLELOLW\�RI�WKH�DJJUHJDWLRQ��7KH�S+�ZDV�PRQLWRUHG�GXULQJ�WKH�SURFHVV�WR�
HQVXUH�D�EDVLF�UHDFWLRQ�HQYLURQPHQW��,I�FROORLGDO�VWDELOLW\�ZDV�UHJDLQHG��D�VHFRQG�GLVVLSDWLYH�F\FOH�FRXOG�
EH�FDUULHG�RXW�E\�DGGLWLRQ�RI�IUHVK�'06��7KLV�SURFHVV�ZDV�UHSHDWHG�XQWLO�WKH�S+�RI�WKH�PL[WXUH�GURSSHG�
EHORZ�����

Characterization. 
,QIUDUHG��,5��VSHFWUD�ZHUH�REWDLQHG�XVLQJ�D�3HUNLQ(OPHU�)7�,5�),5�)URQWLHU�6SHFWURPHWHU�LQ�DWWHQXDWHG�
WRWDO�UHÁHFWDQFH��$75��PRGH��0HDVXUHPHQWV�ZHUH�FDUULHG�RXW�RQ�SRZGHUV�REWDLQHG�E\�GU\LQJ�WKH�SDUWLFOH�
GLVSHUVLRQ��
'\QDPLF�OLJKW�VFDWWHULQJ��'/6��DQG�]HWD�SRWHQWLDO��=3��PHDVXUHPHQWV�ZHUH�SHUIRUPHG�XVLQJ�D�0DOYHUQ�
=HWDVL]HU�1DQR�XVLQJ�KLJKO\�GLOXWHG�DTXHRXV�GLVSHUVLRQV��6ROXWLRQV�DUH�PDGH�LQ����WLPHV�GLOXWLRQ������/�
RI�D���ZW��GLVSHUVLRQ�LQ���P/�ZDWHU�DQG�����WLPHV�GLOXWLRQ������/�RI�D���ZW��GLVSHUVLRQ�LQ���P/�ZDWHU��:H�
HVWLPDWHG�WKDW�WKHVH�VDPSOHV�FRQWDLQHG�a���WR�a���Q0�RI�00$�IRU�WKH����DQG�����WLPHV�GLOXWHG�VDPSOHV��
UHVSHFWLYHO\��'/6�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�XVLQJ�JODVV�VDPSOH�FHOOV��7KH�PHDVXUHPHQWV�FRQVLVWHG�RI�
��UXQV�RI����LQGLYLGXDO�PHDVXUHPHQWV�LQ�EDFNVFDWWHU�PRGH��������DQG�ZHUH�UXQ�DW�����&��$Q�HTXLOLEUDWLRQ�
WLPH�RI� ��PLQXWHV�ZDV�DSSOLHG� WR� HQVXUH� WKDW� WKH�GLVSHUVLRQ�ZDV�DW� WKH� VHW� WHPSHUDWXUH��7KH� VL]HV�RI�
WKH�FROORLGV�RU�DJJUHJDWHV�DUH�UHSRUWHG�DV�D�=�DYHUDJH�GLDPHWHU�DQG�WKH�FRUUHVSRQGLQJ�SRO\GLVSHUVLW\�
LQGH[� �3',���7KHVH�YDOXHV�DUH�REWDLQHG�E\�XVLQJ� WKH� FXPXODQW�PHWKRG�DV�GHVFULEHG� LQ� UHIHUHQFH� ������
)RU�WKH�WLPH�VHULHV��WKH�'/6�PHDVXUHPHQWV�FRQVLVWHG�RI���UXQV�RI����LQGLYLGXDO�PHDVXUHPHQWV��WR�HQVXUH�
VKRUW�PHDVXUHPHQW�WLPH��7KH�DEVROXWH�YDOXHV�REWDLQHG�IRU�WKH�=�DYHUDJH�GLDPHWHU�DQG�WKH�3',�IRU�WKH�
DJJUHJDWHG�GLVSHUVLRQV�DUH�OHVV�UHOLDEOH��1HYHUWKHOHVV��WKHVH�YDOXHV�FDQ�VWLOO�EH�XVHG�WR�YHULI\�LI�D�FROORLGDO�
GLVSHUVLRQ�LV�UDQGRPO\�DJJUHJDWLQJ��ZKLFK�UHVXOWV�LQ�KLJKHU�=�DYHUDJH�GLDPHWHUV�DQG�3',�YDOXHV��
)RU�WKH�=3�PHDVXUHPHQWV����UXQV�RI�DW�OHDVW����LQGLYLGXDO�PHDVXUHPHQWV�ZHUH�XVHG�WR�REWDLQ�D�VWDWLVWLFDOO\�
UHOLDEOH�SRWHQWLDO��7KH� HOHFWURSKRUHWLF�PRELOLWLHV� DQG�'/6�PHDVXUHPHQWV�ZHUH� FDUULHG�RXW� LQ� DTXHRXV�
VROXWLRQV�RI�S+������DQG�����$OWHUQDWLRQV�RI�WKH�S+�ZHUH�DFKLHYHG�E\�WKH�DGGLWLRQ�RI�+&O�RU�1D2+����
2SWLFDO�PLFURVFRS\�LPDJHV�RI�WKH�SDUWLFOHV�WKURXJKRXW�WKLV�VWXG\�ZHUH�REWDLQHG�XVLQJ�D�1LNRQ�(FOLSVH�
7L�8�LQYHUWHG�PLFURVFRSH�HTXLSSHG�ZLWK�DQ�,QÀQLWL;�VFRXW�FDPHUD��$���ð�PDJQLÀFDWLRQ�REMHFWLYH�ZDV�
XVHG��
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:H�GLVFXVV�WKH�WKHRUHWLFDO�IUDPHZRUNV�IRU�QRQ�HTXLOLEULXP�VHOI�DVVHPEO\�DQG�LOOXVWUDWH�
WKHVH�IRU�WKH�W\SLFDO�PROHFXODU�VHOI�DVVHPEO\�V\VWHP��,W�LV�IRXQG�WKDW�PRGHO�SUHGLFDWLRQV�
FRPSDUH�IDYRXUDEO\�WR�H[SHULPHQWDO�UHVXOWV�RQ�DQ�RXW�RI�HTXLOLEULXP�JHODWLQJ�V\VWHP��
([WHQVLRQV�RI�WKH�PRGHO�WR�PRUH�LQWHUHVWLQJ�EHKDYLRXU�VXFK�DV�EL�VWDELOLW\�GXH�WR�QRQ�
OLQHDU�DQG�DXWRFDWDO\WLF�IRUPDWLRQ�NLQHWLFV�DUH�GLVFXVVHG��

7KLV�FKDSWHU�LV�SXEOLVKHG�DV��.RSHU�*�-�0���+HQGULNVHQ�:�(���1RQ�HTXLOLEULXP�PROHFXODU�VHOI�
DVVHPEO\��FKDSWHU���LQ�1RQ�HTXLOLEULXP�7KHUPRG\QDPLFV�ZLWK�$SSOLFDWLRQV�������

Non-equilibrium molecular self-assembly

5



 
��

5.1 Introduction

6WUXFWXUH� IRUPDWLRQ� LQ� ÁXLGV� LV� RIWHQ� WRR� FRPSOH[� WR� DOORZ� IRU� D� IXOO�ÁHGJHG�
WKHUPRG\QDPLF�GHVFULSWLRQ��7KH�FODVVLFDO�DSSURDFK�WR�VROXWLRQ�WKHUPRG\QDPLFV�ZRXOG�
EH�WR�FDSWXUH�VXFK�GHYLDWLRQV�IURP�LGHDOLW\� LQ�WHUPV�RI�DFWLYLW\�FRHFLHQWV�RU�RVPRWLF�
YLULDO�FRHFLHQWV������7KHVH�FRHFLHQWV�LQ�SULQFLSOH�FDQ�EH�UDWLRQDOL]HG�E\�FRQVLGHULQJ�
WKH�PROHFXODU� LQWHUDFWLRQV�EHWZHHQ�WKH�VROXWH�DV�PRGXODWHG�E\� WKH�VROYHQW�DV� LV�GRQH�
E\� WKH� 0F0LOODQ�0D\HU� WKHRU\� ����� 6WURQJ� QRQ�LGHDOLWLHV� OHDGLQJ� WR� ODUJH� YDOXHV� IRU�
WKHVH� FRHFLHQWV� DUH� XVXDOO\� WKH� UHVXOW� RI� WKH�PRUH� LQWHUHVWLQJ� FKHPLFDO� GLVVRFLDWLRQ�
DQG� DVVRFLDWLRQ�SURFHVVHV�� )RU� LQVWDQFH�� DFWLYLWLHV� LQ� WKH� FDVH� RI� LRQLF�GLVVRFLDWLRQ� DUH�
DOPRVW�FRPSOHWHO\�GHVFULEHG�E\�ZKDW�LV�NQRZQ�DV�WKH�9DQ¶W�+RͿ�IDFWRU�DQG�WKH�GHJUHH�
RI�GLVVRFLDWLRQ��DQG�WR�D�PLQRU�H[WHQW�E\�WKH�HOHFWURVWDWLF�LQWHUDFWLRQV�EHWZHHQ�WKH�LRQV�
����� 6LPLODUO\�� WKLV� LV� WUXH� IRU� WKH�DVVRFLDWLRQ�SURFHVVHV��7KLV� FKDSWHU�ZLOO� IRFXV�RQ� WKH�
ZHDN�SURFHVVHV�WKDW�JLYH�ULVH�WR�DJJUHJDWLRQ�ZKLOH�WKH�PROHFXOHV�NHHS�WKHLU�LGHQWLW\�DQG�
LQWHUDFW�� IRU� LQVWDQFH�� WKURXJK�9DQ�GHU�:DDOV� IRUFHV�RU�K\GURJHQ�ERQGLQJ��7KH�VWURQJ�
SURFHVVHV�VXFK�DV�SRO\PHUL]DWLRQ�LQYROYLQJ�FRYDOHQW�ERQGV�DUH�QRW�FRQVLGHUHG�KHUH�

:HDN�DVVRFLDWLRQ�LV�RFFXUULQJ�LQ�DOPRVW�DOO�PL[WXUHV��HYHQ�LQ�WKH�VR�FDOOHG�VLPSOH�
VROXWLRQV��,Q�DFWXDO�IDFW��ZHDN�DVVRFLDWLRQ�LV�RIWHQ�WKH�SUHFXUVRU�RI�SKDVH�VHSDUDWLRQ�ZKLFK�
EHFRPHV�PRUH�SURPLQHQW�� WKH�FORVHU� WKH�PL[WXUH�DSSURDFKHV� WKH� OLPLWLQJ�WHPSHUDWXUH�
RU�FRQFHQWUDWLRQ��SUHVVXUH�LV�JHQHUDOO\�QRW�D�UHOHYDQW�YDULDEOH���,W�XVXDOO\�JLYHV�ULVH�WR�
´VRIWµ�FOXVWHUV�RI�VROXWH�PROHFXOHV�DV�FDQ�EH�GHWHFWHG�E\�OLJKW�VFDWWHULQJ�WHFKQLTXHV�����
RU�FU\VWDOV�ZKHQ�D�VROLG�SKDVH�LV�QHDU��7KH�VWUXFWXUH�RI�WKH�FOXVWHUV�KLJKO\�GHSHQGV�RQ�
WKH�QDWXUH�RI�WKH�VROXWH�PROHFXOHV�DV�ZHOO�DV�RQ�WKH�VROYHQW��DQG�FDQ�HLWKHU�EH�UDPLÀHG�
RU�FRPSDFW�ZLWK�LOO�GHÀQHG�DJJUHJDWLRQ�QXPEHUV��RU�WKH\�FDQ�H[KLELW�H[SOLFLW�VWUXFWXUHV�
VXFK�DV�VSKHULFDO�PLFHOOHV�RU� WKUHDGOLNH�PLFHOOHV��VHH�)LJXUH������/LQHDU�DJJUHJDWHV�DUH�
WKH�W\SLFDO�LQWHUPHGLDWHV�EHWZHHQ�D�UDQGRP�VWUXFWXUH�ZLWK�\HW�D�FOHDU�RUJDQL]DWLRQ��7KH�
IRUPDWLRQ� RI� UHODWLYHO\�ZHOO�GHÀQHG� FOXVWHUV� LV�ZKDW� LV� SUHVHQWO\� FDOOHG�molecular self-
assembly��WKH�FUHDWLRQ�RI�VRIW�PDWWHU�LQ�FRPSOH[�OLTXLGV�����

(YHQ� LI� VHOI�DVVHPEO\� LQ� LWVHOI� LV� D� NLQHWLF� SURFHVV�� DQG� KHQFH� LQYROYHV� QRQ�
HTXLOLEULXP� SURFHVVHV�� LW� LV� JHQHUDOO\� EHOLHYHG� WKDW� WKHUH� DUH� VWULNLQJ� GLͿHUHQFHV�
GHSHQGLQJ� RQ� ZKHWKHU� VHOI�DVVHPEO\� RFFXUV� XQGHU� HTXLOLEULXP� RU� QRQ�HTXLOLEULXP�
FRQGLWLRQV��7KH�VSRQWDQHRXVO\�IRUPHG�PRUSKRORJLHV�IRU�HTXLOLEULXP�VHOI�DVVHPEO\�VKRZ�
GLͿHUHQW�G\QDPLFV�DQG�UHVSRQVH�WKDQ�WKRVH�IRU�QRQ�HTXLOLEULXP�VHOI�DVVHPEO\��VXVWDLQHG�

Figure 5.1�9DULRXV�DJJUHJDWH�VWUXFWXUHV��IURP�OHIW�WR�ULJKW��UDPLÀHG��FRPSDFW��OLQHDU��VSKHULFDO��
micellar and wormlike micellar.
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WKURXJK�WKH�FRQWLQXRXV�SXPSLQJ�RI�HQHUJ\�LQWR�WKH�V\VWHP��$Q�H[DPSOH�RI�WKH�ÀUVW�NLQG�
FDQ�EH�IRXQG�LQ�WKH�XVH�RI�FKHPLFDOO\�GHVLJQHG�V\VWHPV�WR�SURYLGH�VSHFLÀF�IXQFWLRQDOLWLHV�
WKDW� DOORZ� IRU� D� ULFK� YDULHW\� RI� WKHUPRG\QDPLF� SKDVHV� DV� D� URXWH� WR� WXQH� WKHLU� VHOI�
DVVHPEO\�DQG�PDWHULDO�SURSHUWLHV��������$Q�H[DPSOH�RI�WKH�VHFRQG�NLQG�IURP�1DWXUH�LV�WKH�
PLFURWXEXOH�QHWZRUN��ZKLFK�LV�IRXQG�LQ�DOO�HXNDU\RWLF�FHOOV�WKDW�DUH�LQYROYHG�LQ�PLWRVLV��
FHOO�PRWLOLW\�� LQWUDFHOOXODU� WUDQVSRUW�� DQG� WKH�PDLQWHQDQFH� RI� FHOO� VKDSH�� 7KLV� QHWZRUN�
LV� D� QRQ�FRYDOHQW� SRO\PHU� QHWZRUN� DQG� DVVHPEOHV� XSRQ� FRQVXPSWLRQ� RI� JXDQRVLQH�
WULSKRVSKDWH� �*73��� EXW� GHSRO\PHULVHV� IDVW� ZKHQ� WKH� ERXQG� JXDQRVLQH� GLSKRVSKDWH�
�*'3��LV�ORVW��,QVSLUHG�E\�SURFHVVHV�LQ�1DWXUH��VXFK�DV�WUDQVLHQW�VHOI�DVVHPEO\��G\QDPLF�
LQVWDELOLW\� DQG� UHFRQÀJXUDELOLW\�� QHZ� V\VWHPV� KDYH� EHHQ� GHYHORSHG� �������� 7KH� VHOI�
DVVHPEOLQJ� VWUXFWXUHV� DUH� JHQHUDWHG� WKURXJK� FKHPLFDO� UHDFWLRQV� E\� VXSSO\� RI� HQHUJ\�
WR� WKHVH� XSKLOO� FRQYHUVLRQV�� GHWHUPLQLQJ� WKH� WHPSRUDO� SURSHUWLHV� RI� WKHVH� VWUXFWXUHV��
$OWHUQDWLYHO\�GULYLQJ�ÀHOGV��VXFK�DV�OLJKW��FDQ�EH�XVHG�WR�FRQYHUW�HQHUJ\�LQWR�PROHFXODU�
PRWLRQ�������

The emergence of new, so-called “dissipative structures”, can be understood 
WKHRUHWLFDOO\�DQG�FDQ�EH�WUDFHG�EDFN�WR�WKH�SLRQHHULQJ�ZRUN�RI�3ULJRJLQH�RQ�GLVVLSDWLYH�
VHOI�VXVWDLQHG� VWUXFWXUHV�� VHH� IRU� LQVWDQFH� WKH� ERRN� E\� 1LFROLV� DQG� 3ULJRJLQH� ������
+RZHYHU�� GHVSLWH� WKH�ZRUN� FDUULHG� RXW� UHODWLQJ� WKHVH� VWUXFWXUHV� WR� G\QDPLF� V\VWHPV��
FKDRV�WKHRU\�DQG�QRQ�HTXLOLEULXP�SKDVH�WUDQVLWLRQV��D�IXQGDPHQWDO��JHQHUDO�WKHRUHWLFDO�
IUDPHZRUN�WR�XQGHUVWDQG�QRQ�HTXLOLEULXP�PROHFXODU�VHOI�DVVHPEO\�LV�VWLOO�PLVVLQJ�

,Q� HTXLOLEULXP� VHOI�DVVHPEO\�� WKH� VWUXFWXUHV� DQG� PRUSKRORJLHV� WKDW� FDQ� EH�
REWDLQHG�DUH�FRQVWUDLQHG�E\�WKH�XQGHUO\LQJ�WKHUPRG\QDPLFV�RI�WKH�V\VWHP��7KHUHIRUH��
WKH�SRVVLELOLW\� WR�GHVLJQ�RU� WDLORU�SDUWLFXODU�VWUXFWXUHV��UHOLHV�HVVHQWLDOO\�RQ�WKH�SURSHU�
GHVLJQ�RI�WKH�V\VWHP��2QH�QHHGV�WR�PRGLI\�WKH�SK\VLFDO�FRQVWLWXHQWV�WR�REWDLQ�GHVLUHG�
PRUSKRORJLHV��2Q�WKH�RWKHU�KDQG��LQ�QRQ�HTXLOLEULXP�VHOI�DVVHPEO\��WKH�H[WHUQDO�LQSXW�
PLJKW� WXQH� WKH� SURSHUWLHV� RI� WKH� HPHUJLQJ�� VHOI�DVVHPEOHG� GRPDLQV� ������$V� D� UHVXOW��
WKLV�VFHQDULR�LQ�SULQFLSOH�RͿHUV�PRUH�ÁH[LELOLW\�WR�JHQHUDWH�GLͿHUHQW�NLQGV�RI�VWUXFWXUHV��
0RUHRYHU��WKHVH�VWUXFWXUHV��VXVWDLQHG�LQ�VWHDG\�VWDWH�E\�WKH�H[WHUQDO�VXSSO\�RI�HQHUJ\��FDQ�
H[KLELW�DGDSWLYH�EHKDYLRXU�WKDW�RͿHUV�WKH�SRVVLELOLW\�WR�GHYHORS�VPDUW��KLJKO\�UHVSRQVLYH�
PDWHULDOV��

,Q� JHQHUDO�� WKH� VHOI�DVVHPEOHG� V\VWHPV� RXW� RI� HTXLOLEULXP� KDYH� VWURQJHU�
DGDSWDELOLW\�WKDQ�WKHLU�HTXLOLEULXP�FRXQWHUSDUWV��EHFDXVH�WKH\�FDQ�FKDQJH�LQ�UHVSRQVH�WR�
PRGLÀFDWLRQV�RI�WKH�DSSOLHG�H[WHUQDO�ÀHOGV�WKDW�VXVWDLQ�WKHP��8QGHU�FHUWDLQ�FRQGLWLRQV�
WKH\�FDQ�VHOI�KHDO��VXFK�DV�ZKHQ�DQ�H[WHUQDO�IRUFH�GULYHV�WKH�V\VWHP�WR�UHWXUQ�WR�LWV�LQLWLDO�
VWDWH���7KH�FRUUHVSRQGLQJ�VHOI�DVVHPEOHG�VWUXFWXUHV�UHDFW�E\�UHWXUQLQJ�WR�WKHLU�SUHYLRXV�
FRQÀJXUDWLRQV�� UHVXOWLQJ� LQ� VHOI�KHDOLQJ�� +RZHYHU�� VLQFH� WKH� UHVSRQVH� LV� G\QDPLF��
GLͿHUHQW�VFHQDULRV�FDQ�EH�H[SORUHG��SURYLGLQJ�IXUWKHU�PDOOHDELOLW\� WR�VHOI�DVVHPEO\�� ,Q�
VRPH�FDVHV�� WKH�GULYLQJ� IRUFH�FRXOG� OHDG� WR� WZR�RU�PRUH�FRPSHWLQJ�VWUXFWXUHV��8QGHU�
WKRVH�FRQGLWLRQV��LI�YDULDWLRQV�ZLWK�UHVSHFW�WR�D�JLYHQ�GULYLQJ�IRUFH�DUH�VPDOO��WKH�V\VWHP�
ZLOO�UHOD[�WR�WKH�VDPH�W\SH�RI�VWUXFWXUHV��ZKLOH�XQGHU�D�ODUJH�DGGLWLRQDO�IRUFLQJ�LW�FDQ�OHDG�



 
��

WKH�V\VWHP�WR�DFFRPPRGDWH�WR�WKH�VHFRQG��DOORZHG�FRQÀJXUDWLRQ��7KLV�ZLOO�EH�GLVFXVVHG�
LQ� 6HFWLRQ� ����� 7KH� HQHUJ\� FRQVXPSWLRQ� RI� WKHVH� GLVVLSDWLYH� VWUXFWXUHV� DOVR� SURYLGHV�
D�QDWXUDO� FRQQHFWLRQ�ZLWK� WKH� DELOLW\� RI� OLYLQJ� V\VWHPV� WR� VHOI�UHSOLFDWH��+RZHYHU�� WKH�
FRQWURO�RI�VHOI�DVVHPEO\�WR�SURGXFH�VWUXFWXUHV�WKDW�VHOI�UHSOLFDWH�UHTXLUHV�FDUHIXO�WXQLQJ�
DQG�FRQWURO�RI�DPELHQW�FRQGLWLRQV�������

,Q� WKLV� FKDSWHU�ZH�ZLOO�GLVFXVV� WKH� IXQGDPHQWDOV�RI�PROHFXODU� VHOI�DVVHPEO\� LQ�
6HFWLRQ������DQG�H[SODLQ�KRZ�WKLV�FRUUHVSRQGV�WR�RXW�RI�HTXLOLEULXP�IXHOOHG�VHOI�DVVHPEO\�
LQ� 6HFWLRQ� ����� 7KH� LPSRUWDQW� HͿHFW� RI� ELVWDELOLW\� DQG� DXWRFDWDO\VLV� DUH�GLVFXVVHG� DQG�
UHODWHG�WR�WKH�G\QDPLF�EHKDYLRXU�IRU�QDWXUDO�RXW�RI�HTXLOLEULXP�V\VWHPV�LQ�6HFWLRQV�����
DQG������)LQDOO\��WKH�UROH�RI�QRQ�HTXLOLEULXP�WKHUPRG\QDPLFV�LV�GLVFXVVHG�LQ�UHODWLRQ�WR�
VHOI�DVVHPEO\�DQG�IXWXUH�DSSOLFDWLRQV�RI�WKH�SUHVHQWHG�DSSURDFK�LQ�6HFWLRQ���������

5.2 General Principles

Equilibrium
)URP�D�IRUPDO�SRLQW�RI�YLHZ��PROHFXODU�VHOI�DVVHPEO\�FDQ�EH�UHJDUGHG�DV�DQ�LQÀQLWH�FKDLQ�
RI�VXFFHVVLYH�DVVRFLDWLRQ�HTXLOLEULD�DV�� � �

where Sn  denotes an aggregate of n �VSHFLHV��7KH�VHW�RI�HTXDWLRQV�LPSOLFLWO\�FRQWDLQV�WKH�
PRUH�JHQHUDO�HTXLOLEULD ��:KHQ�DOO�WKHVH�VSHFLHV�DUH�LQ�FKHPLFDO�
HTXLOLEULXP�WKHLU�FKHPLFDO�SRWHQWLDOV��SHU�PROHFXOH��DUH�LGHQWLFDO�DQG�IRU�VXFLHQWO\�ORZ�
PROH�IUDFWLRQV�RQH�PD\�ZULWH

� � �����

in which Bk  is Boltzmann’s constant and T LV� WHPSHUDWXUH��7KH�PROH� IUDFWLRQV� nx  for 
molecules in aggregate Sn �DUH�FRQVWUDLQHG�E\�WKH�WRWDO�DPRXQW�RI�VSHFLHV� tx  as

     � �����

                      �����

µn = µn
o +
kBT
n

ln
xn
n
= µ1             (n =1,2,�),

xn = xt
n=1

�

�  .
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Once the standard chemical potentials µn
� �DUH�VSHFLÀHG��WKH�VHW�RI�HTQV���������������

FDQ�EH�VROYHG��DOEHLW�PRVW�RI�WKH�WLPH�RQO\�QXPHULFDOO\��)RU�LQVWDQFH��IRU�OLQHDU�DJJUHJDWHV�
with n�1  bonds in a chain of n �PROHFXOHV��WKH�VWDQGDUG�FKHPLFDO�SRWHQWLDOV�DUH�GHÀQHG�
as

� � � �����

with B �WKH�ERQG�*LEEV�HQHUJ\�������)RU�PDQ\�FRPPRQ�DJJUHJDWHV��VXFK�DV�VSKHUH�OLNH�
PLFHOOHV��ZRUPOLNH�PLFHOOHV�DQG�YHVLFOHV��DSSUR[LPDWH�IRUPV�IRU�WKH�FKHPLFDO�SRWHQWLDOV�
KDYH�EHHQ�GHULYHG�E\�1DJDUDMDQ�DQG�5XFNHQVWHLQ���������

� 0DQ\�W\SHV�RI�DJJUHJDWHV��LQ�SDUWLFXODU�WKH�JOREXODU�RQHV�VXFK�DV�PLFHOOHV��KDYH�
D�UDWKHU�ZHOO�GHÀQHG�DJJUHJDWLRQ�QXPEHU�N ��W\SLFDO�YDOXHV�DUH����²������VR�WKDW�IRU�WKHVH�
VWUXFWXUHV�WKH�FKDLQ�RI�HTXLOLEULD�LQ�HTQ�������UHGXFHV�WR

� � � � � �����

VHH�)LJXUH����D��7KH�EHKDYLRXU�RI�WKLV�PRGHO�LV�GHWHUPLQHG�E\�WZR�SDUDPHWHUV�RQO\��WKH�
aggregation number, N ��DQG�WKH�HTXLOLEULXP�FRQVWDQW��K ��WKDW�GHVFULEH�WKH�HTXLOLEULXP��
HTQ��������EHWZHHQ�PRQRPHUV�DQG�DJJUHJDWHV�DV

     �����

7RJHWKHU�ZLWK�PDVV�FRQVHUYDWLRQ��WKLV�PRGHO�FDQ�EH�QXPHULFDOO\�VROYHG��VHH�)LJXUH����E��
IRU�DQ�H[DPSOH������

$V� ORQJ� DV� WKH� WRWDO� PROH� IUDFWLRQ� tx  remains below the critical aggregation 
FRQFHQWUDWLRQ� �FDF��� QR� DJJUHJDWHV� DUH� formed and the monomer mole fraction 
IROORZV� WKH� WRWDO�PROH� IUDFWLRQ�� %H\RQG� WKLV� FDF�� WKH�PRQRPHU�PROH� IUDFWLRQ� UHPDLQV�
YLUWXDOO\� FRQVWDQW� DW� WKH� FDF� YDOXH� DQG� WKH� UHPDLQGHU� RI� WKH� WRWDO� PROH� IUDFWLRQ� RI�
PRQRPHUV�LV�DJJUHJDWHG��7KH�FDF�LV�UHODWHG�WR�WKH�FKHPLFDO�SRWHQWLDO�RI�WKH�IUHH�PRQRPHUV�
DQG�RI�WKH�PRQRPHUV�LQ�DJJUHJDWHV�E\

   ����D�

ZKHUH�WKH�HTXLOLEULXP�FRQVWDQW�LV�JLYHQ�E\

   ����E�

µn
o = µ1

o + 1� 1
n

�

�
�

�

�
�B            (n =1,2,�),

NS1
K� ��� �� SN ,

xN = N Kx1( )
N
.

�7KH�FRQYHQWLRQDO�GHÀQLWLRQ�RI�DVVRFLDWLRQ�HTXLOLEULXP��DGRSWHG�KHUH��GHYLDWHV�IURP�WKH�,83$&�FRQYHQWLRQ��:H�
follow literature convention (15) here to avoid confusion.

xc = K
�N /(N�1) � K �1  for N �1 ,

K = exp � µN
o �µ1

o( ) / (kBT ){ }



 
��

LQ�WHUPV�RI�WKH�VWDQGDUG�FKHPLFDO�SRWHQWLDOV�LQWURGXFHG�E\�HTQ�������

Gibbs energy of formation
,Q� WKH� K\SRWKHWLFDO� LQLWLDO�� QRQ�VHOI�DVVHPEOHG� VWDWH�� WKH� FKHPLFDO� SRWHQWLDO� RI� WKH�
PRQRPHUV��FRQVLGHUHG�GLOXWH��LV�JLYHQ�E\�

    � �����

+HQFH�� WKH�PRODU�*LEEV�HQHUJ\�RI� IRUPDWLRQ� ���� �fG  of the self-assembled state with 
UHVSHFW�WR�WKH�QRQ�VHOI�DVVHPEOHG�VWDWH�LV�JLYHQ�E\��7KH�PHWKRGRORJ\�WR�DFWXDOO\�HYDOXDWH�
WKH�*LEEV�HQHUJLHV�RI� IRUPDWLRQ� LV�UHODWLYHO\�XQNQRZQ��VHH� WKH�GLVFXVVLRQ�E\�*HUKDUWO�
�����IRU�DQ�H[DPSOH�

� � � �����

Figure 5.2 Schematic representation of self-assembly of monomers into aggregates (a) 
graphical example of monomer 1x , and aggregate mole fraction Nx  as a function of total mole 
fraction tx �E��� cx is the critical mole fraction of the self-assembly process, 30�N .

µt = µ1
o + kBT ln xt .

�fG = x1µ1 + xNµN � xtµt � kBT ln 1� xN 1�
1
N

�

�


�

�
�

�
�
	



�
�
.
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+HUH�WKH�ODVW�WHUP�DFFRXQWV�IRU�WKH�FKDQJH�LQ�WKH�VROYHQW�HQWURS\�GXH�WR�WKH�FKDQJH�
in mole fractions of monomers and aggregates; when considered at low monomer 
FRQFHQWUDWLRQV��LW�FDQ�EH�DEVRUEHG�LQ�WKH�DJJUHJDWH�FKHPLFDO�SRWHQWLDO��,Q�)LJXUH�����WKH�
*LEEV�HQHUJ\�RI�IRUPDWLRQ�LV�SORWWHG�YHUVXV�WKH�FRQYHUVLRQ�RI�PRQRPHUV�IRU�D�VSHFLÀF�
value of the total monomer mole fraction tx ��7KH�FRQYHUVLRQ� � � � LV�GHÀQHG�VXFK� WKDW�
x1 = xt 1��( )  and xN = xt�  and as such gives the fraction of monomers that 
KDYH�EHHQ�FRQYHUWHG�LQWR�DJJUHJDWHV�

Gibbs energy of reaction, the thermodynamic driving force

7KH�*LEEV�HQHUJ\�RI�UHDFWLRQ� � rG �LV�WKH�VORSH�RI�WKH�*LEEV�HQHUJ\�RI�IRUPDWLRQ�YHUVXV�
FRQYHUVLRQ��VHH�)LJXUH�����

� � � � ������

,W�YDQLVKHV�DW�WKH�SRLQW� �eq �ZKHUH�HTXLOLEULXP�LV�UHDFKHG��VHH�)LJXUH������,Q�DGGLWLRQ��LW�
SURYLGHV�IRU�WKH�GULYLQJ�IRUFH�WRZDUGV�HTXLOLEULXP�ZKHQ�WKH�V\VWHP�LV�DZD\�IURP�LW��:H�
KDYH�H[SUHVVHG�WKH�*LEEV�HQHUJ\�RI�UHDFWLRQ�SHU�DJJUHJDWH�UDWKHU�WKDQ�SHU�PRQRPHU�

Figure 5.3 Graphical example of Gibbs energy of formation for the self-assembled 
state as a function of the conversion � . Indicated is the equilibrium conversion �eq where the 
VORSH�� WKH� UHDFWLRQ�*LEEV� HQHUJ\��YDQLVKHV��7KH� IRUPDWLRQ�*LEEV� HQHUJ\�GLͿHUHQFH�EHWZHHQ� WKH�
between the initial state and the equilibrium state is the maximum work W  that is available by the 
self-assembly process.

� rG = N µN �µ1( ) = kBT ln
xN

N Kx1( )
N

�

�

�
��

�

�

�
��
.



 
��

Conversion rate

7KH�VHW�RI�NLQHWLF�HTXDWLRQV�EHORQJLQJ�WR�WKH�FKDLQ�RI�VXFFHVVLYH�HTXLOLEULD��JLYHQ�E\�HTQ��
�������IRUPV�D�VHW�RI�%HFNHU�'|ULQJ�HTXDWLRQV������DV�KDYH�EHHQ�IRUPXODWHG�E\�$QLDQVVRQ�
DQG�:DOO�����

with for each aggregate size 2,3,� $n �IRUZDUG�DQG�EDFNZDUG�UDWH�FRHFLHQWV�  and 
� UHVSHFWLYHO\�� t � UHSUHVHQWV� WLPH�� )URP� H[SHULPHQWDO� REVHUYDWLRQV�� DV� ZHOO� a s 

IURP� DQ� DQDO\VLV� RI� WKH�HTXLOLEULXP�VL]H�GLVWULEXWLRQ� ����� LW� LV�NQRZQ�WKDW� WKHUH� LV�D�
VLJQLÀFDQW� DPRXQW� RI� PRQRPHU� VWLOO� SUHVHQW� DQG� FRH[LVWLQJ� ZLWK� D� ODUJH� DPRXQW� RI�
DJJUHJDWHG�PDWHULDO��7\SLFDOO\��LW�LV�TXLWH�VKDUSO\�SHDNHG�DURXQG�WKH�DJJUHJDWLRQ�QXPEHU�
N �� DV� GLVFXVVHG� DERYH�� 7KHUH� LV� OLWWOH�PDWHULDO� LQ� DJJUHJDWHG� IRUP�ZLWK� DJJUHJDWLRQ�
numbers between about 5 and N or much larger than N ��7KXV�WKH�UDQJH�RI�DJJUHJDWH�
VL]HV�IRU�ZKLFK�VLJQLÀFDQW�DPRXQWV�RI�PRQRPHU�DUH�SUHVHQW�GLYLGHV�QDWXUDOO\�LQWR�WZR�
UHJLRQV�� ÀUVWO\� D� UHJLRQ� RI� VPDOO� DJJUHJDWHV�� GRPLQDWHG� E\� WKH� PRQRPHU� IRUP�� EXW�
LQFOXGLQJ�D�VPDOO�QXPEHU�RI�GLPHUV��WULPHUV��DQG�VR�RQ��DQG�VHFRQGO\�D�UHJLRQ�FHQWUHG�RQ�
WKH�PRVW�SUREDEOH�DJJUHJDWH�VL]H��DW�ZKLFK�WKH�VL]H�GLVWULEXWLRQ�KDV�LWV�PD[LPXP��7KHVH�
WZR�UHJLRQV�DUH�VHSDUDWHG�E\�D�UHJLRQ�RI�H[WUHPHO\�ORZ�FRQFHQWUDWLRQ�RI�DJJUHJDWHV��7KH�
NLQHWLFV� GHWHUPLQLQJ� KRZ� VXFK� D� V\VWHP� DSSURDFKHV� HTXLOLEULXP� LWVHOI� IDOOV� LQWR� WZR�
VWDJHV��,QLWLDOO\��WKH�PDWWHU�LQ�HDFK�RI�WKHVH�WZR�UHJLRQV�VHOI�HTXLOLEUDWHV�DQG�WKHQ��RYHU�D�
much longer timescale, molecules are transferred from one region to the other, until the 
WZR�UHJLRQV�HYHQWXDOO\�UHDFK�JOREDO�HTXLOLEULXP��7KLV�ODWWHU�SURFHVV�KDV�EHHQ�PRGHOOHG�
E\�D�FRQWUDFWLRQ�RI�WKH�IXOO�%HFNHU�'|ULQJ�VFKHPH��HTQ���������LQWR�WKH�VLPSOH�UDWH�HTXDWLRQ�
�����RI�PRQRPHUV�LQWR�DJJUHJDWHV�WKDW�IRU�WKH�SUHVHQW�VLWXDWLRQ�UHDGV

� � � � � ������

with forward and backward rate constants 1k  and Nk ��UHVSHFWLYHO\��UDWH�FRQVWDQWV�GLͿHU�
IURP�WKRVH�LQ�HTQ��������EHFDXVH�RI�WKH�FRQWUDFWLRQ�SURFHGXUH���%\�VROYLQJ�HTQ��������IRU�
VWDWLRQDULW\��RQH�HDVLO\�YHULÀHV�WKDW�WKH�UDWH�FRQVWDQWV�VDWLVI\

������

S1 +S1

�k2
�k '2

� ���� ��� S2

S2 +S1

�k3
�k '3

� ���� ��� S3

�

Sn�1 +S1

�kn
�k 'n

� ���� ��� Sn
              �

	




�
�
�
�

�

�
�
�
�

�

d
dt x1 = �2 �k2x1

2 + 2 �k '2 x2

     + � �kmxm�1x1 +
�k 'm xm( )

m=3

�

�

�
d
dt xn =

�knx1xn�1 �
�k 'n xn

        � �kn+1xnx1 +
�k 'n+1 xn+1

�

�

�

�
�
�
��

�

�
�
�
�
�

,

r � r1 � rN = k1x1
N � kN

xN
N
,
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� � � � � ����������������

:LWK�WKH�GHÀQLWLRQV�RI�WKH�FKHPLFDO�SRWHQWLDOV�LQ�HTQ��������WKH�FRQYHUVLRQ�UDWH�GHÀQHG�E\�
HTQ��������FDQ�EH�ZULWWHQ�LQ�WHUPV�RI�WKH�GULYLQJ�IRUFH�JLYHQ�E\�HTQ��������DV

� � � ������

7KH�ÀQDO�H[SRQHQWLDO�IRUP�RI�UHDFWLRQ�UDWH�LQ�WHUPV�RI�WKH�GULYLQJ�IRUFH�LV�ZKDW�LV�IRXQG�
W\SLFDOO\�IRU�FKHPLFDO�UHDFWLRQV�DQG�FDQ�EH�IRXQG�LQ�PDQ\�WH[W�ERRNV����������,W�KDV�EHHQ�
GHULYHG�IURP�0HVRVFRSLF�1RQ�(TXLOLEULXP�7KHUPRG\QDPLFV��01(7�������

,Q� )LJXUH� ���� WKH� UHODWLRQVKLS� RI� WKH� IRUPDWLRQ� UDWH� DV� D� IXQFWLRQ� RI� WKH� GULYLQJ�
WKHUPRG\QDPLF�IRUFH�LV�SUHVHQWHG��,W�H[KLELWV�²�DV�H[SHFWHG�²�D�VWULNLQJ�QRQOLQHDULW\�QRW�
XQOLNH�WKDW�RI�DQ�HOHFWULFDO�GLRGH�RU�HOHFWURGH��

:RUN��DYDLODEOH�DQG�ORVW
7KH� DYDLODEOH� ZRUN� IURP� WKH� VHOI�DVVHPEO\� UHDFWLRQ� LV� JLYHQ� E\� WKH� *LEEV� HQHUJ\� RI�
UHDFWLRQ��VHH�DOVR�)LJXUH������7KH�UDWH�DW�ZKLFK�WKH�FRQYHUVLRQ�WDNHV�SODFH�GHWHUPLQHV�WKH�
rate at which this work can be delivered, so that

     ����������������

Under conditions where there is no coupling, this work is lost to the environment as 
WKHUH�DUH�QR�PHDQV� WR�XVH� LW�� ,W� WKHQ� LV�GLVVLSDWHG� LQ� WKH� IRUP�RI�KHDW��:LWK�D�FRXSOHG�

1 .N
N

k K
k

�

r = k1x1
N 1� exp �

N µN �µ1( )
kBT

�
�
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�
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�
= k1x1
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� rG
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Figure 5.4 Graphical example of the relationship between formation rate and thermodynamic 
force for self-assembling systems.



 
��

HOHFWURFKHPLFDO�UHDFWLRQ��KRZHYHU���VRPH�RI��WKLV�ZRUN�FDQ�EH�WXUQHG�XVHIXO�
$V� PHQWLRQHG� DERYH�� VHH� HTQ� �������� WKH� WKHRUHWLFDO� IUDPHZRUN� SURYLGHG� E\�

01(7��KDV�EHHQ�XVHG�WR�GHVFULEH�WKH�G\QDPLFV�RI�VHOI�DVVHPEO\������DQG�WR�LGHQWLI\�WKH�
UHOHYDQW�HQWURS\�SURGXFWLRQ��LW�FDQ�EH�XVHG��IRU�H[DPSOH��WR�XQGHUVWDQG�WKH�HQHUJHWLFV�
DVVRFLDWHG�WR�WKH�VHOI�DVVHPEO\�SURFHVV�XQGHU�JHQHULF�QRQ�HTXLOLEULXP�FRQGLWLRQV��7KH�
FKDQJH� LQ� HQWURS\�GXULQJ� WKH� VHOI�DVVHPEO\�SURFHVV� LV� FORVHO\� OLQNHG� WR� WKH� UHGXFWLRQ�
LQ� SKDVH� VSDFH� ������ 7KHUHIRUH�� WKHUH� LV� D� FOHDU� FRQQHFWLRQ� EHWZHHQ� 01(7� DQG� WKH�
FRPSOHPHQWDU\�WKHRUHWLFDO� WUHDWPHQWV�WKDW�IRFXV�RQ�TXDQWLI\LQJ�WKH�UDWH�DW�ZKLFK�WKLV�
FRQÀJXUDWLRQ� VSDFH� GHFUHDVHV� GXULQJ� VHOI�DVVHPEO\�� 7KH� ODWWHU� GRHV� QRW� LGHQWLI\� WKH�
UHOHYDQW�ÁX[HV�DQG�IRUFHV�FRQWUROOLQJ�VHOI�DVVHPEO\��ZKLOH�WKH�H[SUHVVLRQ�IRU�WKH�HQWURS\�
SURGXFWLRQ� SURYLGHG� ����� E\� 01(7� FDQ� EH� XVHG� WR� TXDQWLI\� VXFK� VKULQNDJH�� KHQFH�
FRQQHFWLQJ�PRUH�FOHDUO\�WKH�LQWULQVLF�GLVVLSDWLYH�SURFHVV�ZLWK�WKH�WKHRU\�RI�G\QDPLFDO�
V\VWHPV��0RUHRYHU��01(7�GRHV�QRW�RQO\�DOORZ�D�SURSHU�XQGHUVWDQGLQJ�RI�VHOI�DVVHPEO\�
NLQHWLFV��LWV�WKHUPRG\QDPLF�EDVLV�SURYLGHV�DOVR�D�QDWXUDO�EDVLV�WR�GHVFULEH�FRQVLVWHQWO\�
WKHUPDO�ÁXFWXDWLRQV�DQG�FRUUHODWLRQV�LQ�VXFK�NLQHWLF�SURFHVVHV�������,W�LV�DOVR�UHTXLUHG�WR�
understand coupling with other processes such as an electrochemical process that uses 
WKH�ZRUN�SURGXFHG�E\�WKH�VHOI�DVVHPEO\�RU�WKHUPDO�GULYLQJ�IRUFHV�DV�ZH�VKDOO�HODERUDWH�
PRUH�RQ�LQ�6HFWLRQ�����

5.3 Fuelled Self-Assembly

7KH� VLPSOH� VHOI�DVVHPEO\� SURFHVV� GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ� KDV� RQO\� RQH�
VWDWLRQDU\�VWDWH�ZKLFK�LV�WKH�HTXLOLEULXP�VWDWH��,WV�EHKDYLRXU�LV�IXOO\�GHVFULEHG�LQ�WHUPV�RI�
WKH�´HTXLOLEULXP�FRQVWDQWµ�K �WKDW�LV�UHODWHG�WR�WKH�UDWH�FRHFLHQWV�GHÀQHG�E\�HTQ��������
and the aggregation number N ��'ULYLQJ�VXFK�D�V\VWHP�RXW�RI�HTXLOLEULXP�E\�D�FRQVWDQW�
VXSSO\� RI�PRQRPHUV�PLJKW� UHYHDO�PRUH� LQWHUHVWLQJ� G\QDPLFV�� 7KH� DLP� LV� WR� UHDFK� D�
VWHDG\�VWDWH�RWKHU�WKDQ�WKH�HTXLOLEULXP�VWDWH�DQG��KHQFH��PRQRPHUV�KDYH�WR�EH�WDNHQ�RXW�
RI�WKH�V\VWHP�DV�ZHOO�

,Q�)LJXUH�����DQ�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�H[SHULPHQW�LV�VNHWFKHG��ZKHUH�
at a given constant feed rate, tr ��PRQRPHUV�DUH�IRUPHG�IURP�SUH�PRQRPHUV��L�H��SDUWV�WKDW�
form a monomer upon DVVRFLDWLRQ�� 6XEVHTXHQWO\�� WKHUH� DUH� WZR�GHFD\� FKDQQHOV�
IURP�PRQRPHUV�EDFN�WR�SUH�PRQRPHUV��GLUHFWO\��ZLWK�UDWH� L1r ��DQG�LQGLUHFWO\�WKURXJK�WKH�
VHOI�DVVHPEO\�VWHS�ZLWK�UDWH�

LNr ��7KH�GLUHFW�UDWH�GHSHQGV� on the population of the 
monomer state 1x  and is JLYHQ�E\

     �����������

whereas the indirect rate depends on the population of the self-assembled state Nx  as

L1 1' ,r k x�



 
��

1RQ�HTXLOLEULXP�PROHFXODU�VHOI�DVVHPEO\

     �����������

with rate constants k  and 'k �

7KH�LQGLUHFW�FKDQQHO�LV�FRXSOHG�WR�WKH�VHOI�DVVHPEO\�SURFHVV�IRU�ZKLFK�WKH�UDWH�LV�
JLYHQ�E\�HTQ���������7KH�FRQWLQXRXV�IRUPDWLRQ�RI�QHZ�PRQRPHUV�GULYHV�WKH�VHOI�DVVHPEO\�
RXW� RI� HTXLOLEULXP��7KH�PRQRPHU� IRUPDWLRQ� UHDFWLRQ� DQG� WKH� VXEVHTXHQW�GHVWUXFWLRQ�
PD\� EH� DVVXPHG� WR� EH� FRQWUROOHG� E\� H[WHUQDO� UHDFWLRQV�� KHQFH� WKH� QDPH� IXHOOHG� VHOI�
DVVHPEO\��$W�ORZ�IHHG�UDWHV��WKH�PRQRPHU�PROH�IUDFWLRQ� 1x  remains low, below the cac, 
DQG��KHQFH��WKHUH�LV�QR�SRSXODWLRQ�RI�WKH�VHOI�DVVHPEOHG�VWDWH��7KHUHIRUH��WKH�GHFD\�UDWH�
LV�VROHO\�YLD�WKH�GLUHFW�FKDQQHO�DV�YLVXDOL]HG�LQ�)LJXUH������)RU�ODUJHU�IHHG�UDWHV��WKH�VHOI�
DVVHPEOHG� VWDWH� LV� IXOO\� RFFXSLHG� DQG� RQO\� D�PLQRULW\� RI� WKH�PRQRPHUV� ²�ZLWK�PROH�
IUDFWLRQ�FORVH�WR�WKH�FDF�²�LV�VWLOO�LQ�WKH�IUHH�PRQRPHU�VWDWH��$V�D�FRQVHTXHQFH��WKH�ODUJHU�
SDUW�RI�WKH�GHFD\�LV�WKURXJK�WKH�LQGLUHFW�FKDQQHO�DQG�WKH�IUDFWLRQ�WKDW�IROORZV�WKH�GLUHFW�
FKDQQHO�LV�QHJOLJLEOH��VHH�)LJXUH������7KH�DFWXDO�FURVV�RYHU�WDNHV�SODFH�DURXQG�WKH�FULWLFDO�
DJJUHJDWLRQ�FRQFHQWUDWLRQ�DQG�LV�VOLJKWO\�PRGLÀHG�E\�WKH�UHODWLYH�UDWH�IDFWRU

� � � � � ������

where (c)
1Lr LV�WKH�GLUHFW�UDWH��VHH�HTQ��������� (c)

LNr WKH�LQGLUHFW�UDWH��HTQ���������DQG� (c)
1r the 

IRUZDUG�DJJUHJDWLRQ�UDWH��DOO�DW�WKH�FDF�DV�LQGLFDWHG�E\�WKH�VXSHUVFULSW��F��

LN Nr kx�

Figure 5.5 Schematic representation of a dual channel out-of-equilibrium self-assembly process. 
See the text for further details.

Kr = rL1
(c) 1
rLN
(c)
+
1
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7KH� UHVXOW� DV� VNHWFKHG� LQ� )LJXUH� ����� DOEHLW� UHPLQLVFHQW� RI� WKH� HTXLOLEULXP�
EHKDYLRXU� LOOXVWUDWHG�E\�)LJXUHV�����DQG������ LV�RQO\�DFKLHYHG�ZKHQ� WKH�V\VWHP� LV�RXW�
RI� HTXLOLEULXP�� 7KH� WUXH� HTXLOLEULXP� VWDWH� RI� WKH�PRGHO� LV�ZKHUH� WKHUH� DUH� RQO\� SUH�
PRQRPHUV� DQG�QR�PRQRPHUV� RU� DJJUHJDWHV� DW� DOO�� 7KLV� VWDWH� LV� DWWDLQHG� DW� YDQLVKLQJ�
IHHG�UDWHV��:LWK�ÀQLWH�IHHG�UDWHV��D�QRQ�HTXLOLEULXP�VWDWLRQDU\�VWDWH�VHWV�LQ�RI�ZKLFK�WKH�
FKDUDFWHULVWLFV�DUH�GHVFULEHG�DERYH��,PSRUWDQWO\��WKH�FKHPLFDO�SRWHQWLDOV�KDYH�YDOXHV�WKDW�
GLͿHU�VLJQLÀFDQWO\�IURP�WKRVH�LQ�HTXLOLEULXP��,Q�DFWXDO�IDFW��ZRUN�LV�GHOLYHUHG�DW�D�UDWH�
H[DFWO\�JLYHQ�E\�HTQ��������ZLWK�D�QRQ�YDQLVKLQJ�*LEEV�HQHUJ\�RI�UHDFWLRQ��LW�ZLOO�YDQLVK�
LQ�HTXLOLEULXP�RQO\�

,Q�&KDSWHU����ZH�KDYH�VKRZQ�WKH�RXW�RI�HTXLOLEULXP�IRUPDWLRQ�RI�DFWLYH�PDWHULDOV�
��������WKDW�H[KLELWV�D�EHKDYLRXU�WKDW�LV�YHU\�UHPLQLVFHQW�RI�ZKDW�LV�GHVFULEHG�DERYH��VHH�
)LJXUH� ����� ,Q� WKLV� V\VWHP�� WKH�SUH�PRQRPHU� LV� D� ORZ�PROHFXODU�ZHLJKW� JHODWRU�1�1·�
GLEHQ]R\O��/��F\VWLQH��'%&��FRQWDLQLQJ�WZR�FDUER[\ODWH�JURXSV�SHU�PROHFXOH�WKDW�UHDFWV�
ZLWK�DON\ODWLQJ�IXHOV�WR�IRUP�D�QHXWUDO�HVWHU��7KH�PRQRPHU�LV�IRUPHG�E\�UHPRYLQJ�WKH�
FKDUJH� RI� WKH� FDUER[\ODWH�� E\� IRUPLQJ� WKH� HVWHU�� DQG� KHQFH� DOORZV� IRU� WKH�PROHFXODU�
VHOI�DVVHPEO\� SURFHVV� DQG� HYHQWXDOO\� JHODWLRQ�� 7KH� OHDNDJH� UHDFWLRQ� IURP� PRQRPHU�
EDFN�WR�SUH�PRQRPHU�WDNHV�SODFH�ZKHQ�WKH�HVWHU�XQGHUJRHV�VSRQWDQHRXV�K\GURO\VLV�LQ�
DTXHRXV�HQYLURQPHQWV�OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�D�FKDUJHG�FDUER[\ODWH�DQG�DQ�DOFRKRO�
ZDVWH�SURGXFW��7KH�K\GURO\VLV�RI� WKH�HVWHU�JURXS�LV�GHSHQGHQW�RQ�WKH�S+��DQG�RFFXUV�
IDVWHU�DW�PRUH�EDVLF�FRQGLWLRQV��'XULQJ�D�UHDFWLRQ�F\FOH�� WKH�SUH�PRQRPHU�UHDFWV�ZLWK�
WKH�FRPPHUFLDOO\�DYDLODEOH�VWURQJ�PHWK\ODWLQJ�DJHQWGLPHWK\OVXOIDWH��'06���&+3�262���
XQGHU�EDVLF�FRQGLWLRQV��7KH�EDWFK�ZLVH�DGGLWLRQ�RI�'06�WR�EXͿHUHG�VROXWLRQV�WKH�SUH�

Figure 5.6 Direct and indirect rate fractions in the dual channel dissipative self-assembly process 
as a function of the relative feed rate t 1 c/ ( )Nr k x .
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1RQ�HTXLOLEULXP�PROHFXODU�VHOI�DVVHPEO\

PRQRPHU�UHVXOWV�LQ�LWV�WUDQVLHQW�PHWK\ODWLRQ��\LHOGLQJ�LQFUHDVLQJ�PRQRPHU�OHYHOV��
7KH� PRQRPHUV� VHOI�DVVHPEOH� LQWR� ÀEUHV� ZLWK� D� PRQRGLVSHUVH� �� QP� GLDPHWHU�

DQG�PXOWLSOH�PLFURPHWUHV�LQ�OHQJWK��7\SLFDOO\�����PLQXWHV�DIWHU�DGGLWLRQ�RI�WKH�IXHO��WKH�
PRQRPHU�FRQFHQWUDWLRQ�ZLOO�UHDFK�WKH�&ULWLFDO�*HODWLRQ�&RQFHQWUDWLRQ��&*&���ZKHUH�WKH�
IRUPDWLRQ�RI�ÀEUHV�OHDGV�WR�PDFURVFRSLF��VHPL�WUDQVSDUHQW�JHO�PDWHULDOV��2YHU�WLPH��WKH�
PRQRPHUV�K\GURO\VH�EDFN�WR�SUH�PRQRPHUV��OHDGLQJ�WR�WKH�EUHDNGRZQ�RI�ÀEUHV�DQG�WKH�
GLVVROXWLRQ�RI�WKHVH�JHOV��7KH�YLVFRHODVWLF�EHKDYLRXU�RI�WKH�JHO�DV�PHDVXUHG�GXULQJ�WKH�
UHDFWLRQ�F\FOH��VHH�&KDSWHU����UHYHDOV�G\QDPLFV�WKDW�LV�UHPLQLVFHQW�RI�ZKDW�LV�GLVSOD\HG�LQ�
)LJXUH������,PSRUWDQWO\��LQ�WKH�H[SHULPHQW�WKH�GHFD\�UDWH�IURP�WKH�VHOI�DVVHPEOHG�VWDWH�WR�
WKH�SUH�PRQRPHU�VWDWH�LV�PXFK�OHVV�WKDQ�ZKDW�UHVXOWV�IURP�WKH�PRGHO�GHVFULEHG�DERYH��
7KLV�LV�ODUJHO\�GXH�WR�WKH�IDFW��WKDW�LQ�OLQHDU�DJJUHJDWHV�WKH�WHUPLQDWLQJ�PRQRPHUV�DUH�OHVV�
WLJKWO\�ERXQG�WR�WKH�DJJUHJDWHV�WKDQ�WKRVH�LQ�EHWZHHQ��

5.4 Bistability

0LFHOODU�V\VWHPV�WKDW�FDWDO\VH�WKHLU�RZQ�IRUPDWLRQ�KDYH�DWWUDFWHG�FRQVLGHUDEOH�VFLHQWLÀF�
LQWHUHVW� ������������ ,Q�SDUWLFXODU�� WKH� H[DPSOH� UHSRUWHG�E\�%DFKPDQQ��/XLVL�� DQG�/DQJ�
LQ� ����� ����� DWWUDFWHG� TXLWH� VRPH� DWWHQWLRQ� ODUJHO\� EHFDXVH� RI� WKHLU� K\SRWKHVLV� RI�
“autopoietic self-replication” of micelles and their discussion with respect to the basic 
FKHPLFDO�PHFKDQLVPV�DW�WKH�RULJLQ�RI�/LIH�������,W�ZDV�FODLPHG�WKDW�WKH�ELSKDVLF�DONDOLQH�
K\GURO\VLV�RI�DQ�HVWHU� VKRZV�KLJKO\�QRQOLQHDU�NLQHWLFV� WKDW� FRXOG�EH�DWWULEXWHG� WR� WKH�
HͿHFW�RI�PLFHOODU�DXWRFDWDO\VLV��,Q�WKLV�UHDFWLRQ��HWK\O�FDSU\ODWH��(&���ZKLFK�LV�SUDFWLFDOO\�
LPPLVFLEOH�ZLWK�ZDWHU��XQGHUJRHV�DONDOLQH�K\GURO\VLV�ZKHQ�SODFHG�LQ�FRQWDFW�ZLWK�DQ�
XQGHUO\LQJ�DTXHRXV�VROXWLRQ��7KH�UHDFWLRQ�\LHOGV�DPSKLSKLOLF�VRGLXP�FDSU\ODWH��ZKLFK�
LV�NQRZQ�WR�IRUP�DQLRQLF�PLFHOOHV�LQ�DTXHRXV�PHGLD��0DQ\�DWWHPSWV�KDYH�EHHQ�PDGH�

Figure 5.7 Chemically fuelled transient self-assembly. In a reaction cycle, pre-monomers 
DBC react with methylating agent DMS to give monomers that subsequently self-assemble 
LQWR� ÀEURXV� DJJUHJDWHV�� 7KH� IRUPHG�PRQRPHUV� FDQ� K\GURO\VH� ERWK� LQ� WKH� DVVHPEOHG� DQG� IUHH�
state to revert to the original pre-monomer. Overall, one full cycle produces methanol and 
monomethylsulfate as waste products. 
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WR�PRGHO�WKLV�UHDFWLRQ�XQWLO�LQ������%XKVH�HW�DO��UHYHDOHG�WKDW�WKH�EHKDYLRXU�ZDV�QRW�VR�
PXFK�GXH�WR�DXWRFDWDO\VLV��EXW�UDWKHU�DURVH�IURP�D�WUDQVSRUW�SKHQRPHQRQ�RI�(&�VZROOHQ�
PLFHOOHV�WR�WKH�DTXHRXV�SKDVH�ZKLFK�VSHG�XS�WKH�K\GURO\VLV�UHDFWLRQ�VLJQLÀFDQWO\�������

� 1HYHUWKHOHVV��WKHUH�DUH�PDQ\�UHSRUWV�LQ�WKH�OLWHUDWXUH�ZKHUH�ELVWDEOH�EHKDYLRXU�
LV�FODLPHG�IRU�DVVRFLDWLQJ�PROHFXODU�V\VWHPV��VHH�IRU�LQVWDQFH�WKH�VKRUW�RYHUYLHZ�LQ�WKH�
SDSHU�E\�%DOO�DQG�+D\PHW�������$�UHODWLYHO\�FOHDU�FXW�H[SHULPHQW�ZDV�UHSRUWHG�E\�WKHVH�
DXWKRUV������LQ�ZKLFK�WKH�FKDUJH�WUDQVIHU�LQWHUDFWLRQV�RI�GUXJ�PROHFXOHV�ZHUH�VWXGLHG��
7KH�FRQGXFWLYLW\�RI�DQ�DTXHRXV�LRGLQH�VROXWLRQ�ZDV�PHDVXUHG�ZKLOH�D�VROXWLRQ�RI�WKH�
DPSKLSKLOLF�GUXJ�DPLRGDURQH�ZDV�DGGHG��,Q�WKH�UHYHUVH�H[SHULPHQW��WKH�FRQGXFWLYLW\�RI�
WKH�DPLRGDURQH�VROXWLRQ�ZDV�IROORZHG�DV�LRGLQH�VROXWLRQ�ZDV�DGGHG��7KH�FRQGXFWLYLW\�
FXUYHV� SURYLGH� FOHDU� HYLGHQFH� RI� ELVWDELOLW\�� WKH� IRUZDUG� DQG� UHYHUVH� FXUYHV� GR� QRW�
FRLQFLGH��6LPLODU� UHVXOWV�ZHUH�REWDLQHG� IRU� WKH�DONDOLQH�K\GURO\VLV�RI�&��� WR�&���HWK\O�
DONDQRDWHV� ������ $QRWKHU�� UHODWLYHO\� UHFHQW�� H[DPSOH� LQYROYHV� WKH� .UDͿW� WHPSHUDWXUH��
L�H��WKH�WHPSHUDWXUH�DW�ZKLFK�D�PLFHOODU�VROXWLRQ�RI�JLYHQ�FRQFHQWUDWLRQ�IRUPV�PLFHOOHV�
������ 6XFK� D� WUDQVLWLRQ� FDQ� EH� IROORZHG�E\� FRQGXFWLYLW\�PHDVXUHPHQWV�� DQG� DOVR� KHUH�
WKH� IRUZDUG� DQG� UHYHUVH� VFDQV� WR� ÀQG� WKH� WHPSHUDWXUH� GR� QRW� SURYLGH� RYHUODSSLQJ�
FXUYHV��,Q�WKHVH�H[SHULPHQWV��VLJQLÀFDQW�WLPH�LQWHUYDOV�RI����PLQXWHV�RU�PRUH�ZHUH�EXLOW�
LQ� WR�HTXLOLEUDWH� WKH� V\VWHP��8QIRUWXQDWHO\��QR�GHSHQGHQFH�RQ�HTXLOLEUDWLRQ� WLPH�ZDV�
UHSRUWHG�IRU�WKHVH�V\VWHPV��6XFK�LQIRUPDWLRQ�ZRXOG�DLG�LQ�DVVHVVLQJ�WKH�QRQ�HTXLOLEULXP�
FKDUDFWHU�RI�WKHVH�VROXWLRQV�

$�NLQHWLF�ELVWDELOLW\�FDQ�EH�GHPRQVWUDWHG�LQ�D�&RQWLQXRXVO\�6WLUUHG�7DQN�5HVHUYRLU�
�&675���DV�VKRZQ�E\�%XKVH�et al.�IRU�WKH�DERYH�GLVFXVVHG�ELSKDVLF�VXUIDFWDQW�V\VWHP�����
DQG� IXUWKHU� GLVFXVVHG� E\� %DOO� DQG�+D\PHW� ������:H� VKDOO� KHUH� JLYH� D�PRUH� LQWXLWLYH�
SUHVHQWDWLRQ� EDVHG� RQ� JUDSKLFDO� DQDO\VLV�� /HW� XV� ÀUVW� UHYLHZ� WKH� &675�� DQ� LGHDOL]HG�
YHVVHO�ZKHUH� LW� LV�DVVXPHG�WKDW� WKH�FRQWHQWV�DUH� LGHDOO\�PL[HG�DW�DOO� WLPHV��$�VROXWLRQ�
of monomers is fed at a given volumetric rate Q  and in order to maintain a constant 
volume V RI�OLTXLG�LQ�WKH�YHVVHO��WKH�FRQWHQW�LV�GLVFDUGHG�DW�WKH�VDPH�UDWH��7KH�LPSRUWDQW�
FKDUDFWHULVWLF�RI�D�&675�LV�LWV�UHVLGHQFH�WLPH�RI�ZKLFK�WKH�LQYHUVH�LV�WKH�UHIUHVKPHQW�UDWH

    
 ��������������������������������������

6WDWLRQDU\�VWDWHV�DUH�UHDFKHG�DIWHU�ZDLWLQJ�RXW�D�IHZ�WLPHV�WKH�UHVLGHQFH�WLPH��)RU�WKH�
ELVWDELOLW\�H[SHULPHQW��OHW�XV�DVVXPH�D�&675�WKDW�LQLWLDOO\�LV�VROHO\�ÀOOHG�ZLWK�VROYHQW�DQG�
that its feed consists of a solution of monomer mole fraction 0x ��$V�ORQJ�DV�WKH�UHDFWRU�
content has not reached the cac, the actual monomer mole fraction 1x  in the 
reactor increases with time t  according to

  
      �����������

ZKHUH�WKH�ÀUVW�WHUP�DFFRXQWV�IRU�WKH�IHHG�DQG�WKH�VHFRQG�WHUP�IRU�WKH�GLVFKDUJH��2QFH�WKH�

0 .Qk
V

�

dx1

dt
= k0 x0 � x1( )      for    x0 � xc ,



 
��

1RQ�HTXLOLEULXP�PROHFXODU�VHOI�DVVHPEO\

PRQRPHU�FRQFHQWUDWLRQ�LV�VXFLHQW��WKH�VHOI�DVVHPEO\�UHDFWLRQ�SURFHHGV��7\SLFDOO\��WKHUH�
LV�D�VORZ�DQG�QRQ�FDWDO\VHG�SURFHVV�WKDW�UXQV�ZKHWKHU�DJJUHJDWHV�DUH�DOUHDG\�SUHVHQW�RU�
QRW��IRU�VLPSOLFLW\�LWV�UDWH�LV�PRGHOOHG�DV�EHLQJ�ÀUVW�RUGHU�� 1k x ��$�VHFRQG��IDVWHU�SURFHVV�
GRHV�LQYROYH�DXWRFDWDO\VLV�DQG��KHQFH��PXVW�LQYROYH�DJJUHJDWHV��7KH�EDFNZDUG�UHDFWLRQ��
where aggregates disassemble into monomers is neglected here under the assumption 
WKDW�LWV�WLPH�VFDOH�LV�WRR�ODUJH�FRPSDUHG�WR�WKH�UHVLGHQFH�WLPH��$�VLPSOH�PRGHO�UDWH�ZRXOG�
be k3x x0 � x( ) 2  which involves the presence of two aggregates and one additional 
PRQRPHU��2WKHU�IRUPV�RI�UDWH�DUH�HTXDOO\�SHUPLVVLEOH��WKRXJK��7KH�RYHUDOO�UHDFWLRQ�UDWH�
HTXDWLRQ�QRZ�WDNHV�WKH�IRUP

 �����������

*UDSKLFDOO\��WKH�UDWH�FDQ�EH�UHSUHVHQWHG�DV�LQ�)LJXUH����D��ZKHUH�WKH�IHHG�UDWH�LV�UHSUHVHQWHG�
E\�WKH�VWUDLJKW�OLQH�DQG�WKH�FKHPLFDO�UHDFWLRQ�LV�UHSUHVHQWHG�E\�WKH�RWKHU�OLQH�ZLWK�D�FOHDU�
PD[LPXP�DQG�D�VPDOO�EXW�QRQ]HUR�UDWH�ZKHQ�WKH�PRQRPHU�PROH�IUDFWLRQ�LQ�WKH�UHDFWRU�
HTXDOV�WKDW�RI�WKH�IHHG��&URVVLQJV�RI�WKHVH�WZR�OLQHV�LQGLFDWH�VWDWLRQDU\�VWDWHV��L�H���LW�LV�
ZKHUH�WKH�RYHUDOO�UHDFWLRQ�UDWH�YDQLVKHV��7KH�RXWHU�WZR�FURVVLQJV�DUH�VWDEOH�VWDWLRQDU\�
VWDWHV�DQG�WKH�PLGGOH�RQH�LV�QRW�VWDEOH�DV�RQH�PD\�HDVLO\�YHULI\�E\�FRQVLGHULQJ�WKH�PROH�
IUDFWLRQ�GHSHQGHQFH�RI�WKH�UDWH��7KH�ELVWDELOLW\�LV�EHVW�YLVXDOL]HG�LQ�)LJXUH����E��ZKHUH�WKH�
VWDWLRQDU\�VWDWH�PROH�IUDFWLRQ�RI�WKH�UHDFWRU�LV�JLYHQ�DV�D�IXQFWLRQ�RI�WKH�IHHG�UDWH��7KHUH�
are two branches: one at low feed rates, where the monomer mole fraction is low and 
DJJUHJDWLRQ�WDNHV�SODFH��DQG�RQH�DW�KLJK�UDWHV��ZKHUH�WKHUH�LV�QR�VLJQLÀFDQW�DJJUHJDWLRQ��
7KH�UHJLRQ�LQ�EHWZHHQ�H[KLELWV�K\VWHUHVLV�DV�LV�W\SLFDO�IRU�ELVWDELOLW\��

5.5 Autocatalysis

7KH�ELVWDELOLW\�H[DPSOH�ZLWK�WKH�&675�GLVFXVVHG�DERYH��6HFWLRQ������FOHDUO\� LOOXVWUDWHV�
WKDW�PXOWLVWDELOLW\�� i.e.�� WKH�RFFXUUHQFH�RI�PRUH� WKDQ�RQH�VWDEOH�VWDWLRQDU\�VWDWH�� FDQ�EH�
DFKLHYHG�ZLWK�VHOI�DVVHPEOLQJ�PROHFXODU�V\VWHPV�SURYLGHG�WKDW�WKH�IRUPDWLRQ�UHDFWLRQ�
LV� DXWRFDWDO\WLF�� 7KH� VLWXDWLRQ�ZDV� GLͿHUHQW� IRU� WKH� IXHOOHG� VHOI�DVVHPEO\�� 6HFWLRQ� �����
ZKLFK�LQYROYHG�D�UHJXODU�DJJUHJDWH�IRUPDWLRQ�UHDFWLRQ�DQG�GLG�QRW�H[KLELW�PXOWLVWDELOLW\��
'HVSLWH� WKH� REYLRXV� QRQ�OLQHDULW\� RI� WKH� DJJUHJDWH� IRUPDWLRQ� UDWH� WKHUH� LV� RQO\� RQH�
VWDWLRQDU\�VWDWH�� ,W� LV� FOHDU��KRZHYHU�� WKDW�ZKHQ� WKH�DJJUHJDWH� IRUPDWLRQ�UDWH�HTXDWLRQ�
IRU�WKLV�H[DPSOH�ZRXOG�EH�DXWRFDWDO\WLF�WKLV�V\VWHP�ZRXOG�DOVR�VKRZ�PXOWLVWDELOLW\��$V�
GLVFXVVHG�DERYH��ELVWDELOLW\�KDV�EHHQ�IRXQG�LQ�VHOI�DVVHPEOLQJ�UHDFWLRQV��EXW�VR�IDU�WKHVH�
KDYH� QRW� EHHQ� UHODWHG� WR� DXWRFDWDO\VLV�� 7KH� ELVWDELOLW\� LQ� WKH� HWK\O� FDSU\ODWH� H[DPSOH�
GLVFXVVHG� DERYH� ZDV� GXH� WR� D� SKDVH� WUDQVIHU� VWHS� DQG� IRU� WKH� RWKHU� WZR� H[DPSOHV��
ZKLFK�LQYROYHG�K\VWHUHVLV�LQ�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH�UHVSHFWLYHO\��QR�PROHFXODU�
PHFKDQLVP�ZDV�SURYLGHG��

dx1

dt
= k0 x0 � x1( )� k1x1 � k3x1 x0 � x1( )

2
      for  k0t �1.
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7KH�TXHVWLRQ�WKHQ�DULVHV�ZKHWKHU�PROHFXODU�VHOI�DVVHPEO\�LWVHOI�FDQ�EH�DXWRFDWDO\WLF��
6R�IDU��WKH�VWDUWLQJ�SRLQW�IRU�D�WKHRUHWLFDO�DQDO\VLV�KDV�EHHQ�WKH�VHW�RI�%HFNHU�'|ULQJ��%'��
HTXDWLRQV������ZKLFK�DVVXPHV�WKH�IRUPDWLRQ�RI�DJJUHJDWHV�WR�SDVV�WKURXJK�D�VHTXHQFH�
RI� VWHS�ZLVH�PRQRPHU� DGGLWLRQV� RU� UHPRYDOV��7KH�PRGHO�KDV� UHFHQWO\� DFTXLUHG� VRPH�
UHQHZHG�LQWHUHVW�IRU�WKH�DUFKHW\SDO�PROHFXODU�VHOI�DVVHPEO\�V\VWHP�RI�PLFHOODU�VROXWLRQV�
������7KH�UHVXOW�RI�D�GHWDLOHG�DQDO\VLV�LV�WKDW�²�JLYHQ�WKH�SUHVHQFH�RI�RQH�VWDWLRQDU\�VWDWH�
LGHQWLÀHG�DV�WKH�HTXLOLEULXP�VWDWH�²�WKH�NLQHWLFV�DV�GHVFULEHG�E\�WKH�%'�HTXDWLRQV�LV�QRW�
FDSDEOH�RI�SURSHUO\�GHVFULELQJ�WKH�NLQHWLFV�RI�H[SHULPHQWDO�V\VWHPV��$OUHDG\�ORQJ�EHIRUH�
WKH� VHPLQDO�ZRUN�RI�$QLDQVVRQ�DQG�:DOO�RQ� WKH� VDPH�PRGHO� ������ LW�ZDV�NQRZQ� WKDW�
WKH�G\QDPLFV�RI�PLFHOOH�IRUPDWLRQ�LQYROYHV�WZR�FKDUDFWHULVWLF�WLPH�VFDOHV��D�VKRUW�WLPH�
VFDOH�DVVRFLDWHG�ZLWK�WKH�H[FKDQJH�RI�IUHH�PRQRPHUV�DQG�PRQRPHUV�LQ�DJJUHJDWHV�DQG�
D�ORQJ�WLPH�VFDOH�DVVRFLDWHG�ZLWK�WKH�EUHDN�XS�DQG�IRUPDWLRQ�RI�D�ZKROH�DJJUHJDWH��7KH�
SUREOHP�WKDW�KDV�EHHQ�LGHQWLÀHG�UHFHQWO\�LV��WKDW�WKH�PRGHO�SUHGLFWLRQV�IRU�WKH�UDWLR�RI�
WKH�ORQJ�DQG�WKH�VKRUW�WLPH�VFDOH�DSSHDUV�WR�EH�WRR�ODUJH�������,Q�D�VXEVHTXHQW�DQDO\VLV��
WKH�VDPH�DXWKRUV�GLVFXVV�DQ�H[WHQVLRQ�RI� WKH�PRGHO�ZKHUH� WKH�FRQGLWLRQ�RI� VWHS�ZLVH�
PRQRPHU� DGGLWLRQ� LV� UHOD[HG�� ,Q�SDUWLFXODU�� WKH�EUHDN�XS�RI� DJJUHJDWHV� LQ� WZR�KDOYHV�
as well as the formation of super-aggregates consisting of twice the average amount of 
PRQRPHUV�LV�DOORZHG��,W�LV�WKH�IRUPDWLRQ�RI�VXSHU�DJJUHJDWHV�WKDW�EULQJV�WKH�VHSDUDWLRQ�
RI�WKH�VKRUW�DQG�ORQJ�WLPH�VFDOH�ZLWKLQ�H[SHULPHQWDOO\�DFFHVVLEOH�UDQJH�������7KH�DXWKRUV�
FRQFOXGH�E\� WKH� VWDWHPHQW�´,PSOLFLW� LQ�RXU�PRGHO� LV� WKDW� WKH� IRUPDWLRQ�RI�PLFHOOHV� LQ�
D� VXSHUVDWXUDWHG� VROXWLRQ� SURFHHGV� E\� DFFUHWLRQ� RI�PRQRPHUV� WR� D� SURSHU�PLFHOOH� WR�
IRUP�D�VXSHU�PLFHOOH�IROORZHG�E\�ÀVVLRQ�RI�WKH�VXSHU�PLFHOOH�WR�WZR�SURSHU�PLFHOOHV��WKH�

Figure 5.8 Graphical example of bistability in a continuously stirred tank reactor. a) 
Analysis of rate equation in linear part (red) and nonlinear part (black) where the closed circles 
LQGLFDWH� VWDEOH� VWDWLRQDU\�SRLQWV� DQG� WKH� RSHQ� FLUFOH� DQ�XQVWDEOH� RQH�� UDWHV� VFDOHG�E\� 0 0k x . b) 
Relative stationary monomer mole fraction as a function of feed rate. Hysteresis between two 
VWDEOH�PRGHV�LV�LQGLFDWHG�E\�DUURZV��3DUDPHWHUV�FKRVHQ�DUH� -1

1 0.05 s�k  and -1
3 4.5 s�k ��VHH�HTQ�

(5.21).
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IRUPDWLRQ�RI�PLFHOOHV�LV�FDWDO\VHG�E\�PLFHOOHV�µ�
)XVLRQ�DQG�ÀVVLRQ�KDYH�EHHQ� H[SHULPHQWDOO\�REVHUYHG� LQ�PLFHOODU� V\VWHPV�� IRU�

LQVWDQFH��LQYROYLQJ�WKH�QRQ�LRQLF�VXUIDFWDQW�7ULWRQ�;��������������,W�LV�GHSOR\HG�LQ�V\VWHPV�
ZKHUH�YDULRXV�UHDFWDQWV�IRU�D�FKHPLFDO�UHDFWLRQ�DUH�WUDQVSRUWHG�E\�VZROOHQ�PLFHOOHV�WR�
UHDFW�XSRQ�IXVLRQ��$OVR�WKHRUHWLFDOO\��IXVLRQ�DQG�ÀVVLRQ�KDYH�EHHQ�DVVHVVHG���������DQG��
DSDUW�IURP�DFFHOHUDWLQJ�WKH�IRUPDWLRQ�NLQHWLFV��QR�LQIRUPDWLRQ�LV�DYDLODEOH�RQ�DXWRFDWDO\WLF�
HͿHFWV��$�VLPSOH�HͿHFWLYH�UDWH�HTXDWLRQ�DV�REWDLQHG�E\�FRQWUDFWLRQ�RI�WKH�%HFNHU�'|ULQJ�
HTXDWLRQV��VXFK�DV�HTQ���������LV�KHQFH�QRW�NQRZQ�IRU�VXFK�D�FDVH��7KH�VXJJHVWLRQ�IRU�D�
FDWDO\WLF� UDWH�HTXDWLRQ�DV�PDGH�E\�ZULWLQJ�HTQ� ������� IRU� WKH�GHPRQVWUDWLRQ�RI�NLQHWLF�
ELVWDELOLW\�ZDV� LQ�DFWXDO� IDFW� LQVSLUHG�E\� WKH� LGHD� WKDW� WZR�DJJUHJDWHV�DQG�PRQRPHUV�
would coalesce into one super-aggregate that upon further growth would split into three 
SURSHU�DJJUHJDWHV��$�VLPLODU�DSSURDFK�FDQ�EH� IRXQG� LQ� WKH�PRGHOOLQJ�RI� WKH�G\QDPLF�
LQVWDELOLW\� IRU�PLFURWXEXOHV� ������)RU� WKHVH�V\VWHPV��PRUH� LV�NQRZQ�DERXW� WKH�DFWXDOO\�
RFFXUULQJ�SKHQRPHQD��������� LQ�UHODWLRQ� WR� WKHLU�G\QDPLF�EHKDYLRXU��DOEHLW� WKDW�PDQ\�
PRUH�IDFWRUV�FRQWULEXWH�WKDW�DUH�GLFXOW�WR�FRQWURO��0RUH�H[SHULPHQWDO�ZRUN�LV�UHTXLUHG�
WR�XQFRYHU�WKH�DFWXDO�PHFKDQLVPV�UHVSRQVLEOH�IRU�DXWRFDWDO\WLF�EHKDYLRXU�LQ�QDWXUDO�DQG�
V\QWKHWLF�V\VWHPV�

5.6 Role of Non-equilibrium Thermodynamics for Self-Assembly

7KH�6HFRQG�/DZ�RI�7KHUPRG\QDPLFV�SURYLGHV�D�JHQHUDO�IUDPHZRUN�IRU�WKH�DVVHVVPHQW�
RI�WKH�HFLHQF\�RI�D�SURFHVV��)RU�WKH�H[DPSOHV�GLVFXVVHG�KHUH�� LW�ZRXOG�VWDWH�WKDW�WKH�
HQWURS\�SURGXFHG�GXULQJ�WKH�SURFHVV�LQ�D�VWDWLRQDU\�VWDWH�FDQ�EH�UHODWHG�WR�WKH�GLͿHUHQFH�
LQ�HQWURSLHV�RI�WKH�LQSXW�VWUHDP�DQG�WKH�RXWSXW�VWUHDP��)RU�WKH�H[DPSOH�RI�WKH�IXHOOHG�VHOI�
DVVHPEO\�LQ�6HFWLRQ������DQ�HDUOLHU�DQDO\VLV�KDV�OHG�WR�WKH�FRQFOXVLRQ�WKDW�WKH�GLVVLSDWLRQ�
LV�ODUJHO\�GXH�WR�WKH�UHDFWLRQV�GULYLQJ�WKH�VHOI�DVVHPEO\�RXW�RI�HTXLOLEULXP�������$�VLPLODU�
FRQFOXVLRQ�LV�H[SHFWHG�IRU�WKH�FDVH�ZKHUH�WKH�UHDFWLRQ�LV�FDUULHG�RXW�LQ�D�&675��VHH�6HFWLRQ�
�����DV�IULFWLRQ�ORVV�YDOXHV�DUH�W\SLFDOO\�RUGHUV�RI�PDJQLWXGH�OHVV�WKDQ�WKRVH�FRQQHFWHG�WR�
FKHPLFDO�HQHUJ\�FKDQJHV��

7KH�IRUPDOLVP�RI�QRQ�HTXLOLEULXP�WKHUPRG\QDPLFV�DOORZV�IRU�WKH�LGHQWLÀFDWLRQ�
RI�WKH�YDULRXV�FRQWULEXWLRQV�WR�WKH�HQWURS\�SURGXFWLRQ��7KH�H[DPSOHV�KHUH�IHDWXUH�D�VHW�
RI�FRXSOHG�UHDFWLRQV������DQG�WKH�PRUH�JHQHUDO�H[SUHVVLRQ�IRU�WKH�DYDLODEOH�DQG�²�LQ�WKH�
DEVHQFH�RI�XWLOL]DWLRQ�²�ORVW�ZRUN�UHDGV

� � � � ����������������

ZKHUH�WKH�VXP�LQFOXGHV�DOO�UHDFWLRQV��)RU�WKH�IXHOOHG�VHOI�DVVHPEO\��WKH�VXPPDWLRQ�ZRXOG�
LQFOXGH� D� UHDFWLRQ� GULYLQJ� WKH� VHOI�DVVHPEO\�� WKH� VHOI�DVVHPEO\� SURFHVV� LWVHOI� DQG� WKH�
OHDNDJH�UHDFWLRQ��7KH�UHDFWLRQV�LQ�JHQHUDO�ZLOO�EH�FRXSOHG�DQG�LW�LV�LPSRUWDQW�WR�UHDOL]H�



 
90

WKDW�IRU�DQ\�FRQMXJDWH�VHW�RI�UHDFWLRQ�UDWHV�DQG�*LEEV�HQHUJLHV�RI�UHDFWLRQV��WKH�H[SUHVVLRQ�
�������ZLOO�KROG�������$V�IRU�FKHPLFDO�UHDFWLRQV��WKH�UHODWLRQ�EHWZHHQ�VHOI�DVVHPEO\�UDWH�
DQG�WKH�*LEEV�HQHUJ\�RI�UHDFWLRQ�FDQ�EH�QRQ�OLQHDU��VHH�HTQ���������$V�VKRZQ�H[SOLFLWO\�
IRU�FKHPLFDO� UHDFWLRQV�� WKLV�GRHV�QRW� LPSRVH�DQ\� OLPLWDWLRQ� WR� WKH�YDOLGLW\�RI� WKH�QRQ�
HTXLOLEULXP�WKHUPRG\QDPLFV� IRUPDOLVP������� ,Q�SDUWLFXODU��ZH�VKRZHG� WKH�YDOLGLW\�RI�
HTQ� ������������ 7KH�ZRUN� QHHGHG� WR�PDLQWDLQ� WKH� QRQ�HTXLOLEULXP� VWUXFWXUH� LV� GUDZQ�
IURP�WKH�FRXSOLQJ�RI�UHDFWLRQV��RQ�WKH�FRVW�RI�VRPH�RI�WKH�HQHUJ\�VXSSO\�

 7KH�FRXSOLQJ�EHWZHHQ�ÁX[HV�DQG� IRUFHV� WKDW�FRQWULEXWH� WR�HQWURS\�SURGXFWLRQ�
becomes even more interesting when heat and mass transfer as well as electrochemical 
UHDFWLRQV�DUH�LQYROYHG��$V�VXUPLVHG�EHIRUH��WKH�ZRUN�ORVW�LQ�WKH�VHOI�DVVHPEO\�SURFHVV�FRXOG�
DFWXDOO\�EH�SXW�WR�VRPH�XVH�LQ�DQ�HOHFWURFKHPLFDO�GHYLFH��$V�DQ�H[DPSOH��WKH�K\GURO\VLV�
RFFXUULQJ� LQ� WKH� IXHOOHG� VHOI�DVVHPEO\�SURFHVV� LV� UHDGLO\� SHUIRUPHG� HOHFWURFKHPLFDOO\��
7KLV�ZRXOG�RSHQ�WKH�URXWH�WR�VWRUH�DQG�UHWULHYH�HQHUJ\�IURP�VHOI�DVVHPEOLQJ�V\VWHPV��
7KH�DVVRFLDWHG�FRXSOLQJ�RI�UHDFWLRQV�ZLOO�EH�QRQ�OLQHDU�LQ�FKDUDFWHU�DQG�DV�VXFK�RQO\�YHU\�
IHZ�H[DPSOHV�DUH�ZRUNHG�RXW�DQG�QRQH�LQ�GHWDLO����������

5.7 Conclusion

,Q� WKLV�FKDSWHU�ZH�KDYH�GLVFXVVHG�WKH�SULQFLSOHV�RI�PROHFXODU�VHOI�DVVHPEO\�SURFHVVHV�
DQG�VRPH�V\VWHPHWLF�DSSURDFKHV�WR�UXQ�WKHVH�SURFHVVHV�RXW�RI�HTXLOLEULXP��,W�ZDV�IRXQG�
WKDW�ZLWK�UHJXODU�DJJUHJDWH�IRUPDWLRQ�NLQHWLFV��D�VLQJOH�VWDWLRQDU\�VWDWH�LV�REWDLQHG�WKDW�
LV�UHPLQLVFHQW�RI�WKH�HTXLOLEULXP�VWHDG\�VWDWH�DOEHLW�WKDW�HQWURS\�LV�SURGXFHG��0XOWLSOH�
VWDWLRQDU\�VWDWHV�DUH�SRVVLEOH�ZKHQ�DJJUHJDWH�IRUPDWLRQ�LV�SDUWLDOO\�DXWRFDWDO\WLF��6R�IDU��
YHU\�IHZ��LI�DQ\��H[SHULPHQWDO�PRGHO�V\VWHPV�KDYH�EHHQ�UHSRUWHG�WKDW�H[KLELW�WKLV�NLQG�RI�
EHKDYLRXU�DOWKRXJK�LW�LV�WR�EH�H[SHFWHG�WKDW�VRPH�ZHOO�NQRZQ�V\VWHPV�VKRZLQJ�IXVLRQ�
DQG�ÀVVLRQ�RI�DJJUHJDWHV�PLJKW�GHPRQVWUDWH�PXOWLVWDELOLW\��

7KH� TXDQWLÀFDWLRQ� RI� WKH� ORVW� ZRUN� LQ� WHUPV� RI� D� QRQ�OLQHDU� UHODWLRQ� EHWZHHQ�
UHDFWLRQ�UDWH�DQG�WKHUPRG\QDPLF�GULYLQJ�IRUFHV�LV�RQH�RI�WKH�PDLQ�FRQWULEXWLRQV�RI�WKLV�
FKDSWHU�UHJDUGLQJ�WKH�QRQ�HTXLOLEULXP�WKHUPRG\QDPLF�DQDO\VLV��)XUWKHU�SRVVLELOLWLHV�IRU�
WKHUPRG\QDPLF�DQDO\VLV�KDYH�EHHQ�GLVFXVVHG�IRU�PRUH�FRPSOHWH�V\VWHPV�LQYROYLQJ�VHOI�
DVVHPEO\�
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Spatial and chemical controlled self-
DVVHPEOHG�PDWHULDO�E\�UHDFWLRQ�GL;XVLRQ

5HDFWLRQ�GLͿXVLRQ��5'��RͿHUV�JUHDW�SRVVLELOLWLHV�IRU�WKH�FUHDWLRQ�RI�QDQR��DQG�PLFURVFDOH�
SDWWHUQV�� DQG� WKH� VSDWLDOO\� UHVROYHG� IRUPDWLRQ� RI� IXQFWLRQDO� PDWHULDOV�� 6R� IDU�� WKLV�
FRQFHSW�KDV�PRVWO\�EHHQ�DSSOLHG�WR� LQRUJDQLF�DQG�ELRORJLFDO�PDWHULDOV��ZLWK�D�QRWDEOH�
DEVHQFH� RI� RUJDQLF� UHDFWLRQV�� 6WLOO�� WKH� XVH� RI� RUJDQLF� FKHPLVWU\� LQ�5'� RͿHUV� ERWK� DQ�
H[WUHPHO\�ZLGH� UDQJH� RI� SRVVLEOH� FKHPLFDO� UHDFWLRQV� DQG� IXQFWLRQDOLW\�� DV�ZHOO� DV� WKH�
SUHFLVH�FRQWURO�RYHU�FKHPLFDO�NLQHWLFV�DFURVV�PXOWLSOH�WLPH�VFDOHV��+HUH�ZH�GHVFULEH�WKH�
FRPELQHG� UHDFWLRQ�GLͿXVLRQ� DQG� VHOI�DVVHPEO\� �5'�6$�� RI� D� VXSUDPROHFXODU� JHODWRU�
leading to the formation of organic material structures with controllable shape, size, 
DQG� FKHPLFDO� IXQFWLRQDOL]DWLRQ�� ,Q� WKLV� V\VWHP��PXOWLSOH� FRPSRQHQWV� GLͿXVH� WRZDUGV�
RQH� DQRWKHU�� WR� UHDFW� DW� WKH� FURVVLQJ� RI� WKH� GLͿXVLRQDO� IURQWV� DQG� IRUP� K\GURJHODWRU�
PROHFXOHV��HYHQWXDOO\�OHDGLQJ�WR�D�VXSUDPROHFXODU�VWUXFWXUH�WKURXJK�VHOI�DVVHPEO\��:H�
VKRZ� WKDW� WKH�SDWWHUQHG�VWUXFWXUHV� FDQ�EH�FKHPLFDOO\�GLͿHUHQWLDWHG�DQG�XVHG� WR� IRUP�
SHUPDQHQW�FKHPLFDO�JUDGLHQWV��)XUWKHUPRUH��ZH�DUH�DEOH�WR�IXQFWLRQDOL]H�VWUXFWXUHV�ZLWK�
PROHFXODU�UHFRJQLWLRQ�VLWHV�IRU�ELQGLQJ�WR�SURWHLQV��8VLQJ�W\SLFDO�5'�SDUDPHWHUV�VXFK�DV�
GLͿXVLRQ�OHQJWK�DQG�UHDFWLRQ�NLQHWLFV��ZH�DUH�DEOH�WR�DGMXVW�WKH�GLPHQVLRQV�RI�WKH�5'�6$�
VWUXFWXUHV�YLD�WKH�UHDFWLRQ�FRQGLWLRQV��7R�RXU�NQRZOHGJH��WKLV�ZRUN�LV�D�ÀUVW�H[DPSOH�RI�
DQ�5'�EDVHG�DSSURDFK�WR�WKH�IRUPDWLRQ�RI�RUJDQLF�PDWHULDOV��7KH�YHUVDWLOLW\�RI�RUJDQLF�
FKHPLVWU\�FRPELQHG�ZLWK�VHOI�DVVHPEO\�JUHDWO\�EURDGHQV�WKH�VFRSH�RI�PDWHULDOV�PDGH�
XVLQJ�UHDFWLRQ�GLͿXVLRQ

This chapter is in preparation for publication 6
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6.1 Introduction

5HDFWLRQ�GLͿXVLRQ� DQG� VHOI�DVVHPEO\� SURFHVVHV� DUH� ZLGHVSUHDG� WKURXJKRXW� QDWXUH��
FRQWUROOLQJ�WKH�IRUPDWLRQ�RI�D�UDQJH�RI�VWUXFWXUHV��IURP�DFWLQ�ÀODPHQWV��WR�VNLQ�SDWWHUQV�
�������,Q�5HDFWLRQ�'LͿXVLRQ��5'���WZR�UHDFWDQWV�GLͿXVH�DQG�UHDFW��IRUPLQJ�JUDGLHQWV�DQG�
giving rise to localized structure formation of the reaction products in case of precipitation, 
SRO\PHUL]DWLRQ�RU�VHOI�DVVHPEO\��5���'HSHQGLQJ�RQ�WKH�LQLWLDO�ORFDOL]DWLRQ�RI�WKH�UHDFWDQWV�
DQG� W\SLFDO� 5'� SDUDPHWHUV� VXFK� DV� GLͿXVLRQ� OHQJWK� DQG� UHDFWLRQ� NLQHWLFV�� LQWULFDWH�
SURGXFW�SDWWHUQV�FDQ�EH� IRUPHG��5���)RU� LQVWDQFH�SULQWLQJ�RU�VWDPSLQJ�WHFKQLTXHV�FDQ�
EH�XVHG�WR�ORFDOL]H�UHDFWDQWV��$V�VXFK��PDWHULDOV�SURGXFHG�WKURXJK�5'�FRQWDLQ�VSDWLDOO\�
heterogeneous distribution of matter and chemical gradients, which are unachievable 
WURXJK�VWDQGDUG�EXON�SURGXFWLRQ�PHWKRGV�RI�PDWHULDOV���������3ULQFLSOHV�RI�5'�DOVR�RͿHU�
LQVLJKWV�LQWR�WKH�HPHUJHQFH�RI�FRPSOH[�ELRORJLFDO�PDWHULDOV�DQG�IXQFWLRQV��IRU�H[DPSOH�
FHOO�VLJQDOLQJ��DQG�RUGHULQJ� LQ�EDFWHULDO�FRORQLHV� ������������DOVR�VHH�FKDSWHU�����6LQFH�WKH�
ÀUVW�SUHFLSLWDWLRQ�SDWWHUQV�UHSRUWHG�E\�/LHVHJDQJ��5'�KDV�HQMR\HG�VLJQLÀFDQW�DWWHQWLRQ�
�10���IRU�H[DPSOH�IRU�WKH�LGHQWLÀFDWLRQ�RI�DQWLJHQV��11, 12��DQG�LQ�SHULRGLF�SUHFLSLWDWLRQ�
V\VWHPV����������,Q�UHFHQW�\HDUV��HVSHFLDOO\�WKH�XVH�RI�LQRUJDQLF�5'�V\VWHPV�KDV�H[SDQGHG�
LQWR� D� ZLGH� UDQJH� RI� VFLHQWLÀF� DQG� WHFKQRORJLFDO� DUHDV�� VXFK� DV� ELRPLQHUDOL]DWLRQ��
DQG� WKH� IRUPDWLRQ�RI�PLFUROHQVHV� ���� �����5HVHDUFKHUV�KDYH�XVHG�YDULRXV�PHWKRGV� IRU�
SURGXFLQJ�5'�PDWHULDOV�VXFK�DV�SRO\PHU�ÀOP�SUHFLSLWDWLRQV��VWDPSLQJ�WHFKQLTXHV��DQG�
FKHPLFDO�JUDGLHQWV�������������7KDW�WKH�XVH�RI�JUDGLHQWV��ZKLFK�LV�LQKHUHQW�WR�5'��DOORZV�
IRU�DFFXUDWH�FRQWURO�RYHU�SUHFLSLWDWLRQ�UHDFWLRQV�LV�FOHDU�IURP�D�UHFHQW�H[DPSOH�LQ�ZKLFK�
UHPDUNDEO\�FRPSOH[�DUFKLWHFWXUHV�DUH�REWDLQHG�������7KH�UHSRUWHG�LQRUJDQLF�5'�SDWWHUQV�
DQG�VWUXFWXUHV�UHDFK�KLJK�OHYHOV�RI�FRPSOH[LW\�DQG�UHVROXWLRQ��EXW�UHPDLQ�OLPLWHG�WR�WKH�
GLͿXVLRQ�DQG�SUHFLSLWDWLRQ�RI�VDOWV��$V�VXFK��WKH\�ODFN�LQ�FKHPLFDO�GLYHUVLW\�DQG�W\SLFDOO\�
GR�QRW�DOORZ�FRQWURO�RYHU�UHDFWLRQ�NLQHWLFV�RU�FKHPLFDO�IXQFWLRQDOL]DWLRQ��$�IHZ�UHFHQW�
H[DPSOHV�RI�5'�XVLQJ�ELRORJLFDO�UHDFWDQWV�KDYH�VKRZQ�WKDW�FKHPLFDO�JUDGLHQWV�FDQ�EH�
SURJUDPPHG�XVLQJ�'1$�EDVHG�DXWRFDWDO\WLF�UHDFWLRQ�QHWZRUNV��������������1RWDEO\��WKH�
XVH�RI�RUJDQLF� UHDFWLRQV� LV�HQWLUHO\�DEVHQW� LQ� UHSRUWHG�5'�V\VWHPV��2UJDQLF�FKHPLVWU\�
RͿHUV�ERWK�DQ�H[WUHPHO\�ZLGH�UDQJH�RI�SRVVLEOH�FKHPLFDO�UHDFWLRQV�DQG�IXQFWLRQDOLW\��DV�
ZHOO�DV�WKH�SRVVLELOLW\�WR�SUHFLVHO\�FRQWURO�FKHPLFDO�NLQHWLFV�DFURVV�PXOWLSOH�WLPH�VFDOHV��
,Q� WKLV� FKDSWHU�ZH� GHVFULEH� WKH� IRUPDWLRQ� RI� ORFDOL]HG� RUJDQLF� 5'�PDWHULDOV� WKURXJK�
GLͿXVLRQ�� UHDFWLRQ� DQG� VHOI�DVVHPEO\� RI� VPDOO� PROHFXOHV�� DOORZLQJ� FRQWURO� RYHU� WKH�
VKDSH�DQG� VL]H�RI� WKH� IRUPHG� VWUXFWXUHV�� DV�ZHOO� DV� WKHLU� FKHPLFDO�GLͿHUHQWLDWLRQ�DQG�
IXQFWLRQDOL]DWLRQ��

6.2 Results & Discussion

,Q�RXU� DSSURDFK�ZH� FRPELQH� UHDFWLRQ�GLͿXVLRQ�DQG� VHOI�DVVHPEO\� �5'�6$�� WR� FRQWURO�
WKH�VSDWLDO�GLVWULEXWLRQ�RI�VXSUDPROHFXODU�PDWHULDOV��5'�6$�UHTXLUHV�D�PXOWLFRPSRQHQW�
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UHDFWLRQ�LQGXFLQJ�D�VHOI�DVVHPEO\�SURFHVV�� WR�DOORZ�LQGHSHQGHQW�GLͿXVLRQ�RI�UHDFWDQWV�
DQG� VHOI�DVVHPEO\� RI� SURGXFWV� DW� WKH� FURVVLQJ� RI� WKH� GLͿXVLRQDO� IURQWV�� :H� UHFHQWO\�
UHSRUWHG� D� VXSUDPROHFXODU� K\GURJHODWRU� WKDW� LV� IRUPHG� LQ� WKH� JHODWLRQ�PHGLXP� E\� D�
PXOWLFRPSRQHQW� FKHPLFDO� UHDFWLRQ��7KHUH�� WKH�DFLG�FDWDO\]HG� UHDFWLRQ�RI�K\GUD]LGH H 
DQG�DOGHK\GH A1�OHDGV�WR�WKH�IRUPDWLRQ�RI�WKH�WULVK\GUD]RQH�JHODWRU�G1��)LJ�����D�������

)LJXUH������5HDFWLRQ�GL;XVLRQ�RI�D�WZR�FRPSRQHQW�VHOI�DVVHPEOLQJ�JHODWRU��(A) H and 
A1 react to form gelator G1 under ambient conditions in water, with acid acting as a catalyst. 
(B) A schematic illustration of a space-time plot of the RD-SA process. Reactants H (circle, left) 
and A1 (triangle, right) are placed on opposite sides of the agar gel matrix. Over time H and A1 
GLͿXVH�WKURXJK�WKH�PDWUL[��DQG�UHDFW�XSRQ�FURVVLQJ�WR�IRUP�JHODWRU�G1, which self-assembles into 
D�ÀEURXV�JHO�QHWZRUN��7KLV�SURFHVV�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�WXUELG�ZKLWH�OLQH�FRQVLVWLQJ�RI�JHO�
ÀEHUV��ZLWKLQ�WKH�GLͿXVLRQ�PDWUL[��&��



 
��

When G1�UHDFKHV�FRQFHQWUDWLRQV�DERYH�LWV�FULWLFDO�JHODWLRQ�FRQFHQWUDWLRQ��&*&���LW�VHOI�
DVVHPEOHV�LQWR�ÀEHUV�DQG�LQ�VLWX�IRUPV�D�QRQ�WUDQVSDUHQW�VXSUDPROHFXODU�QHWZRUN��7KH�
rate of formation of the supramolecular network can be controlled through the acid 
FDWDO\]HG�K\GUD]RQH�UHDFWLRQ��ZKLFK�GHSHQGV�RQ�WKH�FRQFHQWUDWLRQ�RI�UHDFWDQWV�DQG�WKH�
SUHVHQFH�RI�D�FDWDO\VW�����������,Q�RXU�5'�6$�DSSURDFK��UHDFWDQWV�H and A1�GLͿXVH�RYHU�
a distance and react upon crossing of the moving fronts, forming the product G1 that 
VHOI�DVVHPEOHV�LQWR�D�VXSUDPROHFXODU�PDWHULDO��)LJ�����E���,Q�D�W\SLFDO�5'�6$�H[SHULPHQW��
H and A1� DUH�SODFHG�DW�GLVWDQFH�RI� �� FP�RQ� WKH�RSSRVLWH� VLGHV�RI� DQ�DJDU�JHO�PDWUL[�
�DFWLQJ�DV�D�GLͿXVLRQ�PHGLXP���DQG�OHIW�WR�GLͿXVH�RYHU�WLPH��)LJ�����F���$W�WKH�FURVVLQJ�RI�
WKH�GLͿXVLRQDO�IURQWV��WKH�WZR�FRPSRQHQWV�UHDFW�LQ�D�PXOWL�VWHS�UHDFWLRQ�WR�IRUP�JHODWRU�
G1��:H�REVHUYH�WKDW�G1 forms a non-transparent supramolecular structure within the 
DJDU�PDWUL[� DQG� DSSHDUV� DV� D� WXUELG� OLQH� DW� WKH� LQWHUFHSW� RI� WKH� WZR� GLͿXVLRQ� IURQWV�
�)LJ�����F�������6WUXFWXUH�IRUPDWLRQ�LV�REVHUYHG�DIWHU�a���KUV��,W�LV�DOVR�REVHUYHG�WKDW�WKH�
VXSUDPROHFXODU�VWUXFWXUH�YHUWLFDOO\�H[WHQGV�IURP�WKH�ERWWRP�RI�WKH�3HWUL�GLVK�WR�WKH�WRS�
RI�WKH�DJDU�PDWUL[��7KH�IRUPHG�VWUXFWXUHV�W\SLFDOO\�DFKLHYH�D�ZLGWK�RI�����PP�ZLWKLQ����
KUV��ZLWK�WRWDO�H[SHULPHQW�WLPHV�UHDFKLQJ����KUV��)LJ�����D���DQG�WKH�IRUPHG�VWUXFWXUHV�DUH�
VWDEOH�IRU�PRQWKV��

:LWK�WKLV�LQ�KDQG��ZH�VHW�RXW�WR�H[SORUH�WKH�SRWHQWLDO�RI�5'�6$�WR�FRQWURO�VKDSH��
FKHPLFDO�GLͿHUHQWLDWLRQ�DQG�IXQFWLRQDOL]DWLRQ�RI�WKH�IRUPHG�VWUXFWXUHV��$W�ÀUVW��ZH�ORRNHG�
DW�WKH�LQÁXHQFH�RI�WKH�LQLWLDO�ORFDOL]DWLRQ�RI�UHDFWDQWV��GLͿXVLRQ�GLPHQVLRQV��DQG�WKH�XVH�
RI�GLͿHUHQW�UHDFWDQWV�RQ�WKH�IRUPHG�VKDSHV��%\�SRVLWLRQLQJ�WKH�UHDFWDQWV�LQ�SUH�GHVLJQHG�
ORFDWLRQV��ZH�DQWLFLSDWHG�WR�REWDLQ�D�YDULHW\�RI��'�VKDSHV��)LJ��������)RU�WKLV�SXUSRVH��ZH�
VWDUW�ZLWK�D�EDVLF�PHWKRG�IRU�SODFLQJ�WKH�FRPSRQHQWV�UHODWLYH�WR�HDFK�RWKHU��7KLV�FRQVLVWV�
RI�FXWWLQJ�UHVHUYRLUV�RXW�RI�DQ�DJDU�PDWUL[�DQG�SODFLQJ�VROXWLRQV�ZLWK�WKH�FRPSRQHQWV�LQ�
WKH�RSSRVLWH�UHVHUYRLUV��)LJ�����D�E���$IWHU�SODFLQJ�WKH�FRPSRQHQWV�DQG�DJDU�PDWUL[��WKH�
FRPSRQHQWV�GLͿXVH�WKURXJK�WKH�DJDU�PDWUL[��)LJ�����D�I��DOVR�VHH�H[SHULPHQWDO�VHFWLRQ���
:KHUH�WKH�GLͿXVLRQDO�IURQWV�RI�H and A1 meet, we observe the local formation of the 
VXSUDPROHFXODU�VWUXFWXUH��7R�FUHDWH�D�JUHDWHU�ÁH[LELOLW\�DQG�UREXVWQHVV�LQ�SURGXFLQJ�RI�
WKH�VKDSHG�VWUXFWXUHV��ZH�DSSO\�D�PHWKRG�LQ�ZKLFK�D�PROG�ZLWK�HPERVVHG�UHVHUYRLUV�
LV�XVHG��7KHVH�UHVHUYRLUV�DUH�ÀOOHG�ZLWK�WKH�FRPSRQHQWV� LQ�DJDU�DQG�DIWHU�JHODWLRQ��DQ�
DGGLWLRQDO�DJDU�PDWUL[� LV�SODFHG�RQ� WRS�RI� WKH�PROG��:LWK� WKLV�PHWKRG�ZH�DUH�DEOH� WR�
IRUP�YDULRXV�FRQWLQXRXV�VKDSHV�VXFK�DV�FLUFOHV��WULDQJOHV�DQG�ZDYHV��)LJ������%��'��(���
:KHQ�WKH�PROG�FRQVLVWV�RI�D�PDWUL[�RI�UHVHUYRLUV��WKH�IRUPHG�VWUXFWXUHV�FRQVLVW�RI�VHYHUDO�
FRQQHFWHG�VHJPHQWV�JHQHUDWHG�E\�UHDFWLRQV�RI� WKH�GLͿXVLRQDO�SDWWHUQV�IURP�WKH� LQLWLDO�
VRXUFHV��)LJ�����I���,Q�WKHVH�VKDSHV�WKH�FHQWHU�RI�WKH�GLͿXVLRQDO�IURQWV�FDQ�EH�GLVWLQJXLVKHG�
from the edges as the connections between two adjacent gel lines are less dense than 
WKHLU�FHQWHUV��)LJ������F��I��J���1H[W��ZH�WHVWHG�LI�WKH�FRPSRQHQWV�FRXOG�DOVR�EH�SULQWHG�DV�
SRLQW�VRXUFHV�RQ�DQ�XQVKDSHG�DJDU�PDWUL[�� IURP�ZKLFK�WKH\�GLͿXVH�WKURXJK�WKH�DJDU��
,QGHHG��ZH�REVHUYH� WKDW� E\�SULQWLQJ� UHDFWDQW� UHVHUYRLUV� RQ� WRS�RI� WKH�PDWUL[� OHDGV� WR�
WKH�IRUPDWLRQ�RI�VXSUDPROHFXODU�VWUXFWXUHV�LQ�WKH�DJDU�JHO�DIWHU�GLͿXVLRQ�DQG�UHDFWLRQ�
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�)LJ�����J���7KH�UHVHUYRLUV�DUH�SULQWHG�LQ�WKH�QHJDWLYH�RI�WKH�GHVLUHG�LPDJH��DQG�DV�VXFK�
ZH�FDOO�WKLV�WKH�¶QHJDWLYH·�SULQWLQJ�PHWKRG��%\�SUHFLVH�SRVLWLRQLQJ�RI�UHDFWDQW�UHVHUYRLUV�
ZLWK�GLͿHUHQW�PHWKRGV��ZH�DUH�DEOH�WR�JHQHUDWH�D�UDQJH�RI�VKDSHV��LQFOXGLQJ�VTXDUHV�DQG�
JULGV��WULDQJOHV��DQG�HYHQ�OHWWHUV��

$Q�DGYDQWDJH�RI�RXU�DSSURDFK�LV�WKDW�LW�HDVLO\�DOORZV�FKDQJLQJ�RI�UHDFWDQWV��DQG�ZH�
FRPSDUHG�GLͿHUHQW�DOGHK\GHV�UHJDUGLQJ�WKHLU�HͿHFW�RQ�WKH�IRUPDWLRQ�RI�VXSUDPROHFXODU�
VWUXFWXUHV� DQG� WKHLU� PRUSKRORJ\�� )URP� SUHYLRXV� ZRUN� ZH� NQRZ� WKDW� WKH� JHODWLRQ�
SURSHUWLHV�RI�WKH�VXSUDPROHFXODU�K\GUD]RQH�JHODWRU�GHSHQG�RQ�WKH�PROHFXODU�GHVLJQ�RI�
WKH�DOGHK\GH�XVHG�LQ�WKH�V\VWHP��25���5HSODFLQJ�DOGHK\GH�A1�ZLWK�D�VOLJKWO\�GLͿHUHQW�
EHQ]DOGHK\GH� �A4) resulted in a change in the line width of the formed structure, 
PRVW�OLNHO\�RQ�DFFRXQW�RI�D�GLͿHUHQW�&*&�IRU�WKH�IRUPHG�WULVK\GUD]RQH��$OGHK\GH�A2 
�����GLK\GUR[\EHQ]DOGHK\GH��UHVXOWHG�LQ�D�PRUH�GUDVWLF�FKDQJH�LQ�WKH�REWDLQHG�PDWHULDO�
DIWHU� 5'�6$�� DV�� DSDUW� IURP�ZLGHU� OLQHV�� WKH� IRUPHG� 5'�6$� VWUXFWXUHV� VKRZ� D�PRUH�
FU\VWDOOLQH�PRUSKRORJ\��DV�REVHUYHG�YLVXDOO\��)LJ�����F���:H�DUH�WKXV�DEOH�WR�FRQWURO�WKH�
VKDSH�RI�VXSUDPROHFXODU�VWUXFWXUHV�E\�UHDFWDQW�SRVLWLRQLQJ��DQG�DGMXVW�WKH�PRUSKRORJ\�
WKURXJK�FKRLFH�RI�UHDFWDQWV�

Figure 6.2: Diversity of the formed structures by RD-SA. In A-G, the structure (left) 
UHVXOWV�IURP�5'�6$�UXQ�IURP�D�VWDUWLQJ�SRLQW�FRQÀJXUDWLRQ�DV�VKRZQ�LQ�WKH�FDUWRRQ�RQ�WKH�ULJKW��
The blue areas denote the agar matrix, circles and triangles represent H and A1, respectively. (A) 
An RD-SA supramolecular gel line formed by RD of H, from the left, and A1, from the right, 
LQ�D�S+���DJDU�GLͿXVLRQ�PDWUL[���%��%\�VKDSLQJ�WKH�DJDU�PDWUL[��WKH�5'�6$�IRUPHG�OLQHV�DUH�
REWDLQHG�LQ�GLͿHUHQW�VKDSHV�VXFK�DV�ZDYHV���&��$Q�5'�6$�JULG�PDGH�IURP�DOGHK\GHV�A1 and A2 
WR�FRPSDUH�WKH�GLͿHUHQFH�LQ�VHOI�DVVHPEO\�EHKDYLRU���ORZHU�OHIW�A2, upper right A1). (D-F) To show 
WKH�YHUVDWLOLW\�RI�WKH�5'�IRUPHG�JHO�VWUXFWXUHV��GLͿHUHQW�GHVLJQV�DUH�FUHDWHG�E\�D�PROG�DSSURDFK�
WR� REWDLQ�D� FLUFOH� DQG�D� WULDQJOH�� �)��$�JULG� IRUPHG�E\�5'�6$��E\� OHWWLQJ� FRPSRQHQWV�GLͿXVH�
from multiple sources from a mold below the agar matrix (SI). (G) Using the RD-SA approach to 
‘negative print’ our research group name. Droplets of reactants in agar solutions are placed on top 
RI�D�VROLGLÀHG�DJDU�OD\HU��WR�GLͿXVH�DQG�IRUP�VXSUDPROHFXODU�VWUXFWXUHV�DW�WKH�LQWHUVHFWLRQ�RI�WKH�
GLͿXVLRQ�JUDGLHQWV��6FDOH�EDUV��D���FP��E²J���FP�
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7R�IXUWKHU�H[WHQG�WKH�VFRSH�RI�WKH�V\VWHP�ZH�DLPHG�IRU�FKHPLFDO�GLͿHUHQWLDWLRQ�DQG�
IXQFWLRQDOL]DWLRQ�RI�WKH�IRUPHG�VXSUDPROHFXODU�VWUXFWXUHV��:H�SUHYLRXVO\�VKRZHG�WKDW�
ÁXRUHVFHQW�DOGHK\GH�SUREHV�FDQ�EH�PL[HG�LQ�ZLWK�A1�WR�ODEHO�JHO�ÀEHUV�����������DOORZLQJ�
YLVXDOL]DWLRQ� E\� ÁXRUHVFHQFH� PLFURVFRS\�� :H� XVHG� WKLV� PHWKRGRORJ\� WR� FKHPLFDOO\�
ODEHO�5'�6$�IRUPHG�VWUXFWXUHV��E\�PL[LQJ�ÁXRUHVFHQW�DOGHK\GH� LQ� WKH�VROXWLRQ�RI�A1, 
SUHFHGLQJ�GLͿXVLRQ�DQG�UHDFWLRQ��7KH�IRUPHG�VWUXFWXUHV�ZHUH�VKRZQ�WR�FRQVLVW�RI�D�ÀQHO\�
GLVWULEXWHG� QHWZRUN� RI� VXSUDPROHFXODU� ÀEHUV�� DV� YLVXDOL]HG� E\� FRQIRFDO� ÁXRUHVFHQFH�
PLFURVFRS\��7KHVH�REVHUYDWLRQV�FRQÀUP�WKDW�WKH�ÁXRUHVFHQW�G\HV�ZHUH�LQFRUSRUDWHG�LQWR�
WKH�VXSUDPROHFXODU�ÀEHUV�DQG�QRW�MXVW�FR�GLͿXVHG�ZLWK�A1. )XUWKHUPRUH��WKHVH�UHVXOWV 
FRQÀUP�WKDW�WKH�PDWHULDOV�IRUPHG�WKURXJK�5'�6$�UHWDLQ�D�ÀEURXV�QDWXUH�VLPLODU�WR�WKDW�
REVHUYHG�LQ�EXON�������7KH�IRUPHG�ÀEHU�QHWZRUNV�DOVR�KDYH�D�YLVXDOO\�REVHUYDEOH�FRORU�
depending on the added probe, while forming white supramolecular structures in the 
DEVHQFH� RI� SUREH� �)LJ�� ���D��� 7R� FUHDWH� FKHPLFDOO\�GLͿHUHQWLDWHG� VWUXFWXUHV� E\�5'�6$��
reactants H and A1 are placed DOWHUQDWLQJO\� LQ� DQ� DUUD\� RI� SRLQW� VRXUFHV��ZKLOH� HDFK�
source of A1�LV�PL[HG�ZLWK�D�GLͿHUHQW�FRORU�ÁXRUHVFHQW�DOGHK\GH��%\�WKH�5'�6$�SURFHVV��
ZH� WKHQ� JHQHUDWH� D� JULG� RI� GLͿHUHQWO\� FRORUHG�ÀEHU� QHWZRUN� VTXDUHV�ZLWK� HDFK� FRORU��
EHORQJLQJ�WR�D�GLͿHUHQW�ÁXRUHVFHQW�ODEHO�LQGLFDWLYH�RI�FKHPLFDO�GLͿHUHQWLDWLRQ��7KXV��ZH�
FDQ�REVHUYH�FKHPLFDO�GLͿHUHQWLDWLRQ�ZLWKLQ�WKH�REWDLQHG�VWUXFWXUHV��ERWK�RSWLFDOO\�DQG�
E\�ÁXRUHVFHQFH�PLFURVFRS\��)LJ�����D�E���

1H[W��ZH�XVHG�D�VHPL��'�5'�6$�DSSURDFK�WR�IRUP�D�GLͿXVLRQ�RULHQWHG�JUDGLHQW�
in an attempt to show the formation of chemical gradients within the formed network 
VWUXFWXUHV��6SDWLDO�JUDGLHQWV�RI�FKHPLFDO�FXHV�OHDG�WR�UHVSRQVHV�RI�PDQ\�FHOO�W\SHV�������
:H�PL[HG�H�LQ�DJDU�DW�D�FRQFHQWUDWLRQ�RI����P0�DQG�S+����DQG�PDGH�DQ�H-loaded agar 
PDWUL[�RI���FP�ZLGH��A1�ZDV�PL[HG�ZLWK�DQ�DOGHK\GH�ÁXRUHVFHQW�SUREH�LQ�EXͿHU�DQG�
DOORZHG�WR�GLͿXVH�LQ�IURP�RQH�VLGH�RI�WKH�DJDU�PDWUL[��'XULQJ�WZR�ZHHNV�ZH�REVHUYHG�
IRUPDWLRQ� RI� PDWHULDO� ZLWKLQ� WKH� DJDU� PDWUL[�� DQG� DQDO\VLV� E\� FRQIRFDO� ÁXRUHVFHQFH�
PLFURVFRS\�VKRZHG�WKH�IRUPDWLRQ�RI�D�SHUPDQHQW�GHQVLW\�JUDGLHQW�ZLWKLQ�WKH�IRUPHG�
ÀEHU�QHWZRUN��)LJ�����F���7KH�FOXVWHUV�RI�ÀEHUV� IRUPHG�FORVH�WR� WKH�VRXUFH�RI�A1 show 
D� KLJK� ÀEHU� GHQVLW\��ZKHUHDV� WKH� GHQVLW\� LV� ORZHU�ZKHQ�PRYLQJ� IXUWKHU� WRZDUGV� WKH�
RWKHU�HQG�RI�WKH�PDWUL[��)LJ�����F���7KLV�JUDGLHQW�LQ�ÀEHU�QHWZRUN�GHQVLW\�LV�TXDQWLÀHG�E\�
PHDVXULQJ�WKH�ÁXRUHVFHQFH�LQWHQVLW\�RYHU�WKH�IXOO�GLVWDQFH��)LJ�����G���6XUSULVLQJO\��WKH�
JUDGLHQW�LV�QRW�FRPSOHWHO\�JUDGXDO��EXW�VKRZV�WKH�IRUPDWLRQ�RI�D�EDQG�DV�WKH�QRUPDOL]HG�
ÁXRUHVFHQFH�KDV�D�ORFDO�PLQLPXP�DW�a��PP�GLVWDQFH�IURP�WKH�VRXUFH�RI�A1, after which 
LW�JUDGXDOO\�GHFUHDVHV�WRZDUGV�WKH�HQG��7KLV�SKHQRPHQRQ�LV�REVHUYHG�LQ�ERWK�ORFDO�ÀEHU�
GHQVLW\�DV�ZHOO�DV�LQ�WKH�VXPPHG�ÁXRUHVFHQFH�LQWHQVLW\��DQG�PD\�KDYH�DQ�RULJLQ�VLPLODU�
WR�WKH�/LHVHJDQJ�SDWWHUQV�REVHUYHG�LQ�SUHFLSLWDWLRQ�V\VWHPV��5, 10���

7R� IXUWKHU� FDSLWDOL]H� RQ� WKH� SRWHQWLDO� RI� FKHPLFDO� GLͿHUHQWLDWLRQ� RI� RUJDQLF�
PDWHULDOV�PDGH�E\�5'�6$��ZH�DWWHPSWHG�WR�IXQFWLRQDOL]H�WKHVH�VWUXFWXUHV�ZLWK�PROHFXODU�
UHFRJQLWLRQ�VLWHV� IRU�SURWHLQV��+HUH�� WKH�PRGXODU�QDWXUH�RI� WKH�VHOI�DVVHPEOLQJ�V\VWHP�
HPSOR\HG�LQ�WKLV�ZRUN�SOD\V�D�SLYRWDO�UROH��25���:H�XVHG�WKH�H[WHQVLYHO\�GHVFULEHG�QRQ�
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FRYDOHQW�ELQGLQJ�RI� WKH� OHFWLQ�&RQFDQDYDOLQ�$��&RQ$��WR�PDQQRVH�DV�D�SURWHLQ�OLJDQG�
LQWHUDFWLRQ�����������$V�D�VWDUW��ZH�DGGHG�PDQQRVH�ODEHOHG�DOGHK\GH��AM��WR�D�VROXWLRQ�RI�
A1 �A1�����P0��AM�����P0��VHH�H[SHULPHQWDO�VHFWLRQ�������:H�SULQWHG�A1 and A1+AM 
UHVHUYRLUV��DQG�DOORZHG�GLͿXVLRQ�DQG�UHDFWLRQ�ZLWK�H�XVLQJ�DQ�5'�6$�SURWRFRO�VLPLODU�

)LJXUH������&KHPLFDO�GL;HUHQWLDWLRQ��JUDGLHQW�IRUPDWLRQ�DQG�IXQFWLRQDOL]DWLRQ�RI�5'�
SA structures. (a) A large grid made with several aldehyde-functionalized dyes, (yellow, orange 
DQG� SXUSOH��� DGGHG� IRU� FKHPLFDO� GLͿHUHQWLDWLRQ�ZLWKLQ� D� VLQJOH� VWUXFWXUH� ���P0�H�� ���P0�
A1�� ��PRO��ÁXRUHVFHQW� DOGHK\GH� ODEHOV� ��PDVV��DJDU�ZLWK����P0�SKRVSKDWH� EXͿHU�� S+����
6,����E��&KHPLFDOO\�GLͿHUHQWLDWHG�JHO�FURVV��ZLWK�WZR�DOGHK\GH�IXQFWLRQDOL]HG�G\HV��ÁXRUHVFHLQ��
UKRGDPLQH��LQFRUSRUDWHG�LQWR�WKH�JHO�ÀEHUV��DV�LPDJHG�E\�FRQIRFDO�ÁXRUHVFHQFH�PLFURVFRS\��,PDJH�
LV� D� JULG� RI� ��[�� LQGLYLGXDO�PLFURJUDSKV�� OHDGLQJ� WR� YLVLEOH� HGJHV�� �F��$� SHUPDQHQW� FKHPLFDO�
gradient formed by letting A1� GLͿXVH� IURP� WKH� OHIW� LQWR� D� DJDU� JHO� FRQWDLQLQJ�H, imaged by 
ÁXRUHVFHQFH� LPDJLQJ� �&RQGLWLRQV�� ���P0�H� LQ���Z�Y� DJDU�� S+���� DQG�����P0�A1 in 100 
P0�SKRVSKDWH�EXͿHU�S+���6,����G��)OXRUHVFHQFH�LQWHQVLW\�PHDVXUHG�IRUP�OHIW�WR�ULJKW�LQ�F��WKH�
yellow line is the average of multiple measurements. (e) Fluorescence image of ConA bound to a 
gel pattern made by RD-SA with mannose aldehyde incorporated in the right structure. Image is 
taken after removing unbound ConA by soaking. (f) Fluorescence intensity measured in e, along 
WKH�UHG�DUURZ��7KH�JUHHQ�GDVKHG�GDWD�LV�EHIRUH�VRDNLQJ��EODFN�LV�DIWHU�VRDNLQJ��6FDOH�EDUV��D���FP��
E��F��H���PP�
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WR�WKH�RQH�LQ�)LJ�����E���7KLV�UHVXOWHG�LQ�WKH�IRUPDWLRQ�RI�PP�VFDOH�VXSUDPROHFXODU�VKDSHV�
ZLWKLQ� WKH� DJDU�PDWUL[�� %HFDXVH� RI� WKH� DOGHK\GH�SULQWLQJ� SDWWHUQ�� RI� WKH� WZR� IRUPHG�
ÀEHU�VKDSHV��RQO\�RQH�ZDV�ODEHOHG�ZLWK�PDQQRVH��1H[W��ÁXRUHVFHLQ�ODEHOHG�&RQ$�ZDV�
DOORZHG�WR�GLͿXVH�LQWR�WKH�PDWUL[��WR�ELQG�WR�WKH�PDQQRVH�JURXSV�RQ�WKH�ÀEHUV��7KH�HQWLUH�
PDWUL[�ZDV�VXEVHTXHQWO\�VRDNHG�LQ�EXͿHU�VROXWLRQV�IRU�VHYHUDO�GD\V�WR�UHPRYH�XQERXQG�
RU� XQVSHFLÀFDOO\� ERXQG� SURWHLQ�� &RQIRFDO� PLFURVFRS\� VKRZV� WKDW�� DIWHU� VRDNLQJ�� WKH�
DPRXQW� RI� &RQ$� UHODWLYHO\� GHFUHDVHV� PRUH� RQ� WKH� ÀEHU� VWUXFWXUHV� ZLWKRXW� PDQQRVH�
functionalized groups, when compared to those that do contain mannose functionalized 
JURXSV� �)LJ�� ���H�I��� 7KH� UHODWLYH� VWDELOLW\� RI� &RQ$� RQ� WKH� PDQQRVH�IXQFWLRQDOL]HG�
VXSUDPROHFXODU� VWUXFWXUHV� VKRZV� WKH� SRWHQWLDO� RI� FKHPLFDO� GLͿHUHQWLDWLRQ� WR� SRVLWLRQ�
ELRORJLFDO�IXQFWLRQDOLWLHV�LQ�VSDFH�

&RQWUROOLQJ�GLPHQVLRQV�WKURXJK�UHDFWLRQ�GLͿXVLRQ�SDUDPHWHUV
+DYLQJ�HVWDEOLVKHG�WKH�FDSDELOLW\�WR�SDWWHUQ�FKHPLFDOO\�GLͿHUHQWLDWHG�DQG�IXQFWLRQDOL]HG�
structures, we continued to investigate our approach for controlling the dimensions of the 
IRUPHG�VKDSHV��5'�V\VWHPV�W\SLFDOO\�ZRUN�XQGHU�UHDFWLRQ�RU�GLͿXVLRQ�OLPLWHG�FRQGLWLRQV��
ZKLFK�LV�H[SUHVVHG�E\�WKH�'DPNöKOHU��Da��QXPEHU��HTXDWLRQ�����������'LͿXVLRQ�OLPLWHG�
FRQGLWLRQV��Da�!����VLJQLI\�WKDW�WKH�WLPH�IRU�UHDFWLRQ�LV�VKRUWHU�WKDQ�WKH�WLPH�IRU�GLͿXVLRQ��
DQG�WKH�SDWWHUQ�GLPHQVLRQV�DUH�GHÀQHG�E\�GLͿXVLRQ��2SSRVLWHO\��XQGHU�UHDFWLRQ�OLPLWHG�
FRQGLWLRQV��Da �����WKH�UHDFWLRQ�NLQHWLFV�GHWHUPLQH�WKH�SDWWHUQ�GLPHQVLRQV��)RU�5'�6$��
VHOI�DVVHPEO\�LV�DQ�DGGLWLRQDO�SURFHVV�VWHS�WR�WDNH�LQWR�DFFRXQW��DV�VWUXFWXUH�IRUPDWLRQ�
ZLOO�WDNH�SODFH�XSRQ�UHDFKLQJ�WKH�&*&��

7R� LQYHVWLJDWH� WKH� HͿHFW� RI� UHDFWLRQ� DQG� GLͿXVLRQ� SDUDPHWHUV� RQ� WKH� VWUXFWXUH�
GLPHQVLRQV�� ZH� H[SORUHG� WKH� SDUDPHWHU� VSDFH� RI� WKH� Da� QXPEHU�� :H� ÀUVW� DGMXVWHG�
UHDFWLRQ�SDUDPHWHUV� VXFK� DV�S+�DQG� FRQFHQWUDWLRQV�� DQG� DQDO\]HG� WKH� IRUPDWLRQ� DQG�
ZLGWKV�RI�WKH�UHVXOWLQJ�5'�6$�VWUXFWXUHV�RYHU�WLPH��7KH�K\GUD]RQH�IRUPLQJ�UHDFWLRQ�RI�
H with A1�LV�DFLG�FDWDO\]HG�DQG�UHDFWLRQ�NLQHWLFV�LV��GHSHQGHQW�RQ�WKH�S+�LQ�WKH�DJDU�
PDWUL[��7KLV�DOORZV�IRU�DGMXVWLQJ�WKH�UHDFWLRQ�UDWH�FRQVWDQW��kr��RYHU���RUGHUV�RI�PDJQLWXGH�
EHWZHHQ�S+���DQG����,W�LV�REVHUYHG�WKDW�WKH�ZLGWK�RI�WKH�UHVXOWLQJ�OLQH�VKDSHG�VWUXFWXUHV�
LQFUHDVHV�ZLWK�LQFUHDVLQJ�S+��UDQJLQJ�IURP�����PP�DW�S+�����WR����PP�DW�S+����)LJ�����D���
6LPXOWDQHRXVO\�� WKH� IRUPDWLRQ� WLPH� �W50� RI� WKHVH� OLQHV� DOVR� LQFUHDVHV� IURP����� WR� �����
PLQXWHV��:KHQ�FKDQJLQJ� WKH�FRQFHQWUDWLRQV�RI�H and A1� �DW� FRQVWDQW�H:A1 UDWLR��ZH�
observe that a minimal initial concentration of 10 mM of H�LV�QHFHVVDU\�IRU�WKH�IRUPDWLRQ�
RI�ÀEHU�VWUXFWXUHV��%\�DGMXVWLQJ�WKH�UHDFWLRQ�SDUDPHWHUV��S+�DQG�FRQFHQWUDWLRQ��ZH�DUH�
DEOH�WR�FRQWURO�WKH�IHDWXUH�VL]H�RI�WKH�5'�6$�VWUXFWXUHV��
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1H[W��ZH�HVWLPDWHG�Da for the various reaction parameters to indicate if the RD-
6$�SURFHVV�LV�UHDFWLRQ�RU�GLͿXVLRQ�OLPLWHG��DQG�FRPSDUHG�WKH�HͿHFW�RQ�WKH�REWDLQHG�OLQH�
widths �)LJ�����F���$W�S+����WKH�UHDFWLRQ�LV�YHU\�VORZ�DQG�ZH�HVWLPDWH�WKH�Da number at 
������6,���8QGHU�WKHVH�FRQGLWLRQV�5'�6$�OHDGV�WR�UHODWLYHO\�ZLGH�OLQHV�����PP��)LJ�����E���
$W�WKLV�ORZ�Da�QXPEHU�WKH�SURFHVV�LV�PDLQO\�UHDFWLRQ�OLPLWHG�DQG�WKH�JHODWRU�SURGXFWV�
FURVV�GLͿXVH� XQWLO� VHOI�DVVHPEO\� RFFXUV�� 7KH� UHDFWLRQV� DUH� IDVWHU� DW� ORZHU� S+� RU� KLJK�
concentrations of reactants, which results in higher Da�QXPEHUV��8QGHU�WKHVH�FRQGLWLRQV��
WKH�IRUPHG�5'�6$�VWUXFWXUHV�VKRZ�D�UHGXFHG�ZLGWK��)LJ�����E���ZLWK�WKH�VPDOOHVW�ZLGWK�RI�
����PP�RFFXUULQJ�DW�D�GLͿXVLRQ�OLPLWHG�Da�RI���������������FRQGLWLRQV�S+�������P0�H, ����
mM A1,�/� ����PP��6,���0RVW�RI�WKH�SHUIRUPHG�H[SHULPHQWV�KDYH�HVWLPDWHG�Da’s between 
����� DQG� ��� VLJQLI\LQJ� WKDW� WKH\� DUH� IRUPHG�XQGHU� UHDFWLRQ� OLPLWHG� FRQGLWLRQV��8QGHU�
VXFK�FRQGLWLRQV��WKH�OLQH�ZLGWKV�DUH�VWURQJO\�GHSHQGHQW�RQ�WKH�UHDFWLRQ�NLQHWLFV��ZKLFK�
LV�FRQÀUPHG�ZKHQ�FRPSDULQJ�WKH�GLͿHUHQW�H[SHULPHQWV�IRU�WKH�S+�DQG�FRQFHQWUDWLRQ�
VHULHV��7KHUH��ZH�REVHUYH�WKDW�WKH�OLQH�ZLGWK�VKRZV�D�VLPLODU�GHSHQGHQFH�RQ�WKH�Da �)LJ��
���E���)RU�H[DPSOH��ZKHQ�FRPSDULQJ�DQ�H[SHULPHQW� LQ�WKH�FRQFHQWUDWLRQ�VHULHV� �S+����
15mM of H)�ZLWK�DQ�H[SHULPHQW� LQ� WKH�S+�VHULHV� �S+���������P0�RI�H���ERWK�KDYH�D�
similar Da RI� ���� ���������� DQG� UHVXOW� LQ� OLQHV�RI� D� VLPLODU�ZLGWK�RI� ���� ����������PP� 
These observations suggest that the Da�QXPEHU�FDQ�EH�XVHG�WR�SUHGLFW��WR�VRPH�H[WHQW��
WKH�IHDWXUH�VL]H�RI�WKH�5'�6$�VWUXFWXUHV��

7R�WHVW�WR�ZKLFK�H[WHQW�WKH�Da number can be used for predicting the feature sizes, 
we adjusted Da�E\�FKDQJLQJ�WKH�GLͿXVLRQ�OHQJWK��/���%\�GHFUHDVLQJ�/�and keeping pH 

Figure 6.4. Dimension control of the RD-SA formed supramolecular structures (a) The 
graph gives the dependence of the line width (left, black markers) and t50 (right, red markers) on 
WKH�S+�XVHG�GXULQJ�WKH�IRUPLQJ�RI�WKH�5'�6$�VWUXFWXUHV��/LQHV�DUH�DGGHG�WR�JXLGH�WKH�H\H���E��7KH�
GHSHQGHQFH�RI�WKH�REVHUYHG�OLQH�ZLGWK�RQ�'D�DW�WKH�GLͿHUHQW�5'�FRQGLWLRQV��7KH�5'�SDUDPHWHUV�
for the individual experiments are used to calculate the Da, which is then plotted versus the 
obtained line width. 
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DQG�FRQFHQWUDWLRQ�FRQVWDQW��ZH�YDU\�Da�EHWZHHQ������DQG����S+�������P0�RI�H���%DVHG�
on the results for the kinetic parameters we anticipate that a smaller Da gives larger 
ZLGWKV��$�W\SLFDO�H[SHULPHQW��/� �����PP��S+������P0�RI�H��ZLWK�D�Da�RI�����UHVXOWV�LQ�D�
VWUXFWXUH�ZLGWK�RI�����PP��)LJ�����F��EODFN�FLUFOHV���/RZHULQJ�Da�WR������E\�FKDQJLQJ�/ to 
����PP��UHVXOWV�LQ�REWDLQHG�VWUXFWXUH�ZLGWKV�RI�����PP��:H�WKXV�REVHUYHG�WKDW�GHFUHDVLQJ�
Da�E\�GHFUHDVLQJ�/ leads to smaller instead of the large widths, in contrast to what was 
REVHUYHG�ZKHQ� FKDQJLQJ� WKH� NLQHWLF� SDUDPHWHUV�� 7KHVH� UHVXOWV�PD\� EH� H[SODLQHG� E\�
FRQVLGHULQJ� WKH� WKUHH�VWHS�SURFHVV�RI�5'�6$��GLͿXVLRQ�� UHDFWLRQ�DQG�VHOI�DVVHPEO\��$W�
low Da�QXPEHUV��WKH�GLͿXVLRQ�WLPHV�DUH�VKRUWHU�WKDQ�UHDFWLRQ�WLPHV�DQG�WKH�SURFHVV�LV�
UHDFWLRQ�OLPLWHG��7KH�VHTXHQWLDO�SURFHVV�RI�UHDFWLRQ�DQG�VHOI�DVVHPEO\�LV�OLPLWHG�E\�WKH�
PRPHQW�RI�VXUSDVVLQJ�WKH�FULWLFDO�JHODWLRQ�FRQFHQWUDWLRQ�RI�WKH�UHDFWLRQ�SURGXFWV��:KHQ�
the Da�QXPEHU�LV�ORZHUHG�E\�GHFUHDVLQJ�WKH�OHQJWK��WKH�GLͿXVLRQDO�ÁX[�EHFRPHV�ODUJHU�
DQG� WKH�FRQFHQWUDWLRQV�DW� WKH� FURVVLQJ�RI� WKH� WZR� LQLWLDO� FRPSRQHQW�JUDGLHQWV� UDSLGO\�
LQFUHDVH�LQ�WLPH��7KLV�FDXVHV�WKH�SURGXFWV�WR�EH�IRUPHG�DW�VKRUWHU�WLPHVFDOHV�OHDGLQJ�WR�
PRUH�UDSLG�VXUSDVVLQJ�RI�WKH�FULWLFDO�JHODWLRQ�FRQFHQWUDWLRQ��&*&���8SRQ�FURVVLQJ�WKH�
&*&�WKH�SURGXFWV�DUH�PRUH�SURQH�WR�DJJUHJDWH�LQVWHDG�RI�EURDGHQLQJ�E\�GLͿXVLRQ�DQG�
IRUP�VPDOO�IHDWXUH�VL]HV��$GMXVWLQJ�Da E\�FKDQJLQJ�/ leads to smaller feature sizes and is 
UHDVRQHG�WR�EH�FDXVHG�E\�D�PRUH�UDSLG�VXUSDVVLQJ�RI�WKH�&*&�

7KH� VHOI�DVVHPEO\�ZLWKLQ� WKH�5'�6$� DSSURDFK� VKRZV� DQ� DGGLWLRQDO�Da regime 
FRPSDUHG� WR� W\SLFDO� 5'� V\VWHPV�� ZHUH� WKH� VHOI�DVVHPEO\� RI� WKH� PROHFXODU� JHODWRU�
GHWHUPLQHV�WKH�IHDWXUH�VL]HV�RI�WKH�IRUPHG�VWUXFWXUHV��7KLV�UHJLPH�LV�W\SLFDOO\�QRW�REVHUYHG�
IRU�LQRUJDQLF�SUHFLSLWDWLRQ�V\VWHPV��DV�WKH\�JHQHUDOO\�RSHUDWHG�XQGHU�GLͿXVLRQ�OLPLWHG�
FRQGLWLRQV��:LWK�D�Da�LQ�WKH�RUGHU�RI�����WR����RXU�VHWXS�RSHUDWHV�XQGHU�UHDFWLRQ�OLPLWHG�
FRQGLWLRQV��ZKLFK�LV�VLPLODU�WR�WKH�VLWXDWLRQ�RI�FHOOXODU�V\VWHPV��&HOOV�KDYH�W\SLFDO�Da’s 
RI�a�������VXJJHVWLQJ�WKDW�5'�6$�PD\�OHDG�WR�VLPLODUO\�LQWHUHVWLQJ�DQG�ULFK�SKHQRPHQD�
DV�VHHQ�LQ�FHOOV����������

6.3 Conclusions

Based on the in-situ formation of an organic supramolecular gelator in a multicomponent 
reaction, we developed the formation of organic material structures with controllable 
VKDSH��VL]H��DQG�FKHPLFDO�IXQFWLRQDOL]DWLRQ�WKURXJK�FRPELQHG�UHDFWLRQ�GLͿXVLRQ�DQG�VHOI�
DVVHPEO\��5'�6$��RI�D�VXSUDPROHFXODU�JHODWRU��:H�VKRZHG�WKDW�WKH�SDWWHUQHG�VWUXFWXUHV�
FRXOG� EH� FKHPLFDOO\� GLͿHUHQWLDWHG� DQG� XVHG� WR� IRUP� SHUPDQHQW� FKHPLFDO� JUDGLHQWV��
)XUWKHUPRUH��ZH� DUH� DEOH� WR� IXQFWLRQDOL]H� VWUXFWXUHV�ZLWK�PROHFXODU� UHFRJQLWLRQ� VLWHV�
IRU�ELQGLQJ�WR�SURWHLQV��8VLQJ�W\SLFDO�5'�SDUDPHWHUV�OLNH�GLͿXVLRQ�OHQJWK�DQG�UHDFWLRQ�
NLQHWLFV��ZH�DUH�DEOH�WR�DGMXVW�WKH�GLPHQVLRQV�RI�WKH�5'�6$�VWUXFWXUHV�YLD�WKH�UHDFWLRQ�
FRQGLWLRQV��7R�RXU�NQRZOHGJH��WKLV�ZRUN�LV�D�ÀUVW�H[DPSOH�RI�DQ�5'�EDVHG�DSSURDFK�WR�
WKH� IRUPDWLRQ�RI�RUJDQLF�PDWHULDOV��7KH�DELOLW\� WR� WXQH� WKH�PDWHULDO�GLPHQVLRQV� LQ�5'�
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E\�FKDQJLQJ�WKH�VHOI�DVVHPEO\�DQG�UHDFWLRQ�NLQHWLFV�RI�RUJDQLF�FRPSRQHQWV�LV�D�XQLTXH�
SRVVLELOLW\� DQG�KDV� VR� IDU� QRW� \HW� EHHQ� H[SORUHG��7KH�YHUVDWLOLW\� RI� RUJDQLF� FKHPLVWU\�
FRPELQHG� ZLWK� VHOI�DVVHPEO\� JUHDWO\� EURDGHQV� WKH� VFRSH� RI� PDWHULDOV� PDGH� XVLQJ�
UHDFWLRQ�GLͿXVLRQ�� )XWXUH� UHVHDUFK� RQ� RUJDQLF� EDVHG�5'�6$�ZLOO� EULQJ� VPDUW� GHVLJQV�
RI� QHZ�PDWHULDOV� E\� V\QHUJLVWLF� FRPELQDWLRQV� RI� VHOI�DVVHPEO\� DQG� UHDFWLRQ�GLͿXVLRQ�
SURFHVVHV�
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6.4 Experimental section
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VRIWZDUH��'DWD�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�0$7/$%������E�DQG�,PDJH-��KWWS���LPDJHM�QLK�JRY��

Methods

General sample preparation
6WRFN�VROXWLRQV�RI�K\GUD]LGH�H ����P0��DQG�DOGHK\GH�A1������P0��ZKHUH�XVHG��XQOHVV�VWDWHG�GLͿHUHQWO\��
([SHULPHQWV�ZHUH�SHUIRUPHG�ZLWK�DQ�LQLWLDO�PRODU�UDWLR�RI�K\GUD]LGH H: DOGHK\GH A1  ��������WR�HQVXUH�DQ�
H[FHVV�RI�DOGHK\GH�JURXSV�SHU�K\GUD]LGH�JURXS��

RD-SA experiments by cutting reservoirs in agar gels 
7R�SUHSDUH�WKH�DJDU�JHO�PDWUL[�IRU�5HDFWLRQ�'LͿXVLRQ�DQG�6HOI�$VVHPEO\��5'�6$��H[SHULPHQWV�����P/�RI�
��Z�Y���DJDU�VROXWLRQV�LQ����P0�SKRVSKDWH�EXͿHU�DW�WKH�GHVLUHG�S+�ZHUH�KHDWHG�XQWLO�GLVVROYHG��:KHQ�
VWLOO�ZDUP��WKHVH�VROXWLRQV�ZHUH�SRXUHG�LQ�D�SODVWLF�3HWUL�GLVK��GLDPHWHU�FD�����PP��KHLJKW�FD�����PP��
DQG�OHIW�WR�JHODWH�XSRQ�FRROLQJ��$�VODE�RI�WKH�DJDU�PDWUL[�ZLWK�GHVLUHG�GLPHQVLRQV��ZDV�PDGH�E\�FXWWLQJ�
WZR�SDUDOOHO� OLQHV�DW�HTXDO�GLVWDQFH� IURP�WKH�FHQWHU�RI� WKH�3HWUL�GLVK��7KH� WZR�RXWHU� VHJPHQWV�RI�DJDU�
ZHUH�UHPRYHG��IRUPLQJ�WZR�FRPSDUWPHQWV��7KH�WZR�VHSDUDWHG�FRPSDUWPHQWV�IRU�WKH�5'�VROXWLRQV�ZHUH�
FRPSOHWHO\�VHSDUDWHG��DV�WKH�DJDU�JHO�H[WHQGV�IXOO\�WR�WKH�VLGHV�RI�WKH�3HWUL�GLVK��HQVXULQJ�WKDW�QR�PL[LQJ�
RI�VROXWLRQV�RFFXUV��7KH�WZR�5'�FRPSRQHQWV��H, A1��ZHUH�GLVVROYHG�LQ�WKH�VDPH�EXͿHU�DV�XVHG�IRU�WKH�
DJDU�JHO�SUHSDUDWLRQ��7KH�WZR�VROXWLRQV��ZHUH�WKHQ�SODFHG�LQ�WKH�WZR�VHSDUDWHG�FRPSDUWPHQWV�DQG�OHIW�
WR�GLͿXVH�LQ�D�FORVHG�KXPLGLÀHG�HQYLURQPHQW�WR�SUHYHQW�HYDSRUDWLRQ�RI�OLTXLGV��:KHQ�D���GLPHQVLRQDO�
JULG�RI�SRLQWV�VRXUFHV�ZDV�XVHG�IRU�WKH�H[SHULPHQWV��PXOWLSOH�KROHV��RI���PP�LQ�GLDPHWHU��ZHUH�FXW�LQ�WKH�
JHODWHG�DJDU��7KH�GLͿHUHQW�FRPSRQHQWV�ZHUH�WKHQ�SODFHG�DOWHUQDWLQJ�LQ�WKH�VHTXHQWLDO�KROHV�DQG�OHIW�WR�
GLͿXVH�LQ�D�FORVHG�DQG�KXPLGLÀHG�HQYLURQPHQW��7KH�UHVHUYRLUV�FDQ�EH ÀOOHG�E\�HLWKHU�DTXHRXV�VROXWLRQV�
RI�WKH�FRPSRQHQWV�RU�ZLWK�DJDU�JHOV����Z�Y��LQ�EXͿHU��FRQWDLQLQJ�WKH�FRPSRQHQWV��)LJ�����E��

RD-SA by mold stamping
7R�IRUP�VKDSHV�RI�5'�6$�VWUXFWXUHV��D�3'06�PROG�LQVLGH�D�3HWUL�GLVK�ZDV�XVHG�FRQWDLQLQJ�WKH�VHSDUDWH�
FRPSRQHQWV��$�3'06�PROG�LV�PDGH�E\�HPERVVLQJ�VKDSHG�GHSUHVVLRQV�LQWR�LW��VXFK�DV�FLUFOHV��WULDQJOHV�
DQG�VTXDUHV�RU�DQ�DUUD\�RI�VTXDUHG�GHSUHVVLRQV��7KHVH�HPERVVHG�GHSUHVVLRQV�DFWHG�DV�UHVHUYRLUV��DQG�
DUH�ÀOOHG�ZLWK�DJDU�VROXWLRQV�FRQWDLQLQJ�H and A1 LQ�GLͿHUHQW�UHVHUYRLUV ����P0�H������P0�A1��S+�����
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7KH�PROG�ZLWK�WKH�DJDU�ZDV�OHIW�WR�FRRO�GRZQ�WR�URRP�WHPSHUDWXUH��WR�DOORZ�WKH�DJDU�WR�JHODWH��$�VHFRQG�
DJDU�OD\HU�ZDV�XVHG�DV�WKH�GLͿXVLRQ�DQG�UHDFWLRQ�OD\HU�IRU�WKH�IRUPDWLRQ�RI�WKH�5'�6$�VWUXFWXUH�JULG��
7KHUHIRUH��DQ�DJDU�VROXWLRQ�OD\HU����Z�Y����S+����ZDV�SRXUHG�RQ�WKH�WRS�RI�WKH�3'06�PDVWHU�ZLWK�WKH�
VROXWLRQV� LQ�DJDU�DQG�OHIW� WR�JHODWH��7KLV�VHWXS�ZDV�SODFHG�LQ�D�FORVHG�DQG�KXPLGLÀHG�HQYLURQPHQW�WR�
DOORZ�IRU�GLͿXVLRQ�WR�WDNH�SODFH��$IWHU����²����KUV�WKH�VDPSOH�ZDV�WDNHQ�RXW�DQG�WKH�3'06�PDVWHU�ZDV�
JHQWO\�UHPRYHG�IURP�WKH�DJDU�OD\HU�E\�SXVKLQJ�D�JODVV�VOLGH�EHWZHHQ�WKH�3'06�PDVWHU�DQG�WKH�DJDU�OD\HU��
ZKLFK�FRQWDLQHG�WKH�IRUPHG�5'�6$�VWUXFWXUHV�

RD-SA by ‘negative’ printing
7R�IRUP�OHWWHUV�E\�5'�6$��ZH�XVHG�WKH�IROORZLQJ�SURFHGXUH��7ZR�VHSDUDWH�VROXWLRQV�ZHUH�SUHSDUHG��RQH�
containing H� ����P0� LQ� ��Z�Y���DJDU��S+���� DQG�RQH� FRQWDLQLQJ�A1 ����P0� LQ� ��Z�Y���DJDU��S+�
����$�SODVWLF�3HWUL�GLVK�ZDV�ÀOOHG�ZLWK�DQ�DJDU�VROXWLRQ�OD\HU����Z�Y����S+����DQG�OHIW�WR�JHODWH��$IWHU�
cooling, the solutions containing H and A1 ZHUH�SODFHG�DV�YLVFRXV�JHO�GURSOHWV�RQ�WKH�DJDU�OD\HU��DFWLQJ�DV�
GLͿXVLRQ�DQG�UHDFWLRQ�PHGLXP� 7KH�GURSOHWV�ZHUH�SODFHG�DV�QHJDWLYH�SULQW�RI�WKH�GHVLUHG�ÀQDO�VWUXFWXUH�
VKDSH��VXFK�DV�WKH�$60�DEEUHYLDWLRQ��:H�WRRN�FDUH�WR�HQVXUH�QR�GLUHFW�FRQWDFW�ZDV�PDGH�EHWZHHQ�GURSOHWV�
FRQWDLQLQJ�WKH�GLͿHUHQW�FRPSRQHQWV��DOVR�VHH�)LJ�����J�IRU�LOOXVWUDWLRQ�RI�VWDUWLQJ�SRVLWLRQV�IRU�WKH�¶QHJDWLYH�
SULQW·��7KH�VDPSOH�ZDV�OHIW�VWDQGLQJ�IRU�a��KU�LQ�D�FORVHG�HQYLURQPHQW�WR�DOORZ�WKH�GLͿXVLRQ�RI�H and A1�

6XSSOHPHQWDU\�ÀJXUH�6����5'�6$�VWUXFWXUHV�SURGXFHG�E\�GL;HUHQW�DOGHK\GHV�LQ�DQ�DJDU�PDWUL[��
/HIW��,PDJHV�RI�WKH� IRUPHG�VWUXFWXUHV��0LGGOH��$�VFKHPH�RI�WKH�SULQWLQJ�SDWWHUQV��5LJKW��WKH�GLͿHUHQW�PROHFXOHV�
XVHG��&RQGLWLRQV�����P0�+\GUD]LGH������P0�$OGHK\GH��S+������Z�Y���DJDU�DV�D�PDWUL[�

6XSSOHPHQWDU\�ÀJXUH�6����5'�6$�VWUXFWXUHV�SURGXFHG�E\�VWDPSLQJ��ODEHOHG�ZLWK�$)��
/HIW��LPDJH�RI�WKH�IRUPHG�VWUXFWXUHV��PLGGOH�DQG�ULJKW�LPDJHV�E\�&/60��&RQGLWLRQV�����P0�+\GUD]LGH������P0�
$OGHK\GH��S+������Z�Y���DJDU�DV�PDWUL[0ܟ������AF��6FDOH�EDUV��PLGGOHܟ������P��ULJKWܟ�����P��



 
���

Comparative self-assembly studies
7R�LQYHVWLJDWH�WKH�VHOI�DVVHPEO\�EHKDYLRU�DQG�PRUSKRORJ\�LQ�WKH�5'�6$�VHWXS�GLͿHUHQW�DOGHK\GHV�ZHUH�
XVHG�ZLWKLQ�D�VLQJOH�VHWXS��$OGHK\GH�VROXWLRQV�RI�����P0�ZHUH�SUHSDUHG�LQ�SKRVSKDWH�EXͿHU�S+����XVLQJ�
DOGHK\GHV�A1, A2, A3 and A4 �)LJ��6������DQG�D�VWRFN�VROXWLRQ�RI�K\GUD]LGH�H ����P0�LQ�SKRVSKDWH�EXͿHU�
S+�����$��[��PDWUL[�RI�KROHV�ZDV�FXW�LQ�D�IUHVKO\�SUHSDUHG�DJDU�JHO���Z�Y����S+����DQG�WKH�VWRFN�VROXWLRQV�
ZHUH�SODFHG�DOWHUQDWLQJ�DV�VKRZQ�LQ�ÀJXUH�6�����PLGGOH���DQG�WKH�FRPSRXQGV�ZHUH�OHIW�WR�GLͿXVH�LQ�D�
FORVHG�DQG�KXPLGLÀHG�HQYLURQPHQW��

&KHPLFDOO\�GLͿHUHQWLDWLRQ�E\�ÁXRUHVFHQW�ODEHOLQJ�RI�5'�6$�VWUXFWXUHV
7R�FKHPLFDOO\�ODEHO�WKH�IRUPHG�5'�6$�VWUXFWXUHV��ÁXRUHVFHQW�ODEHOHG�DOGHK\GHV��AM, AR, AC, solutions 
RI� �� P0� LQ� 04�� ZHUH� DGGHG� WR� WKH� DOGHK\GH� VWRFN� VROXWLRQV� �A1,� ���� P0�� S+� ���� \LHOGLQJ� ÀQDO�
FRQFHQWUDWLRQV�RI�a���ۚ0�ÁXRURSKRUH�ODEHOHG�DOGHK\GH��7KH�VWRFN�VROXWLRQ�RI�A1 ZLWK�ÁXRUHVFHQW�ODEHO�
ZDV�XVHG�DV�VXFK�LQ�WKH�VHWXSV�DV�GHVFULEHG�LQ�WKH�RWKHU�VHFWLRQV��7KH�VHWXS�ZDV�OHIW�WR�GLͿXVH�LQ�D�FORVHG�
DQG�KXPLGLÀHG�HQYLURQPHQW�WR�SUHYHQW�HYDSRUDWLRQ�RI�OLTXLGV��7KH�VHWXS�ZDV�OHIW�VWDQGLQJ�LQ�D�FORVHG�
DQG�KXPLGLÀHG�HQYLURQPHQW�WR�SUHYHQW�HYDSRUDWLRQ�RI�OLTXLGV�WR�DOORZ�WKH�FRPSRXQGV�WR�GLͿXVH��)LJ��
������
7KH� IRUPHG�VWUXFWXUHV�ZHUH�DQDO\]HG�E\�ÁXRUHVFHQFH�PLFURVFRS\�DQG�RU�&/60��XVLQJ� WKH� IROORZLQJ�
VHWWLQJV�� )OXRUHVFHLQ�DOGHK\GH� �([F�� ���QP�� (P�� �������QP��� 5KRGDPLQH�DOGHK\GH� �([F�� ���QP�� (P��
�������QP���&\DQLQH�DOGHK\GH��([F�����QP��(P���������QP��

Stamping with the RD-SA approach
)RU�WKH�SUHFLVH�SRVLWLRQLQJ�RI�WKH�5'�6$�FRPSRQHQWV�D�VWDPSLQJ�PHWKRG�ZDV�GHYHORSHG�XVLQJ�D�KRPH�
PDGH� FHOO�� FRQVLVWLQJ�RI� D� JODVV� VOLGH�� D� UXEEHU� JDVNHW� IRU� VSDFLQJ� DQG�D�3HUVSH[�KROGHU� �ÀJXUH� 6�������
7KH�3HUVSH[�KROGHU�KDV�WKH�IROORZLQJ�GLPHQVLRQV��GLDPHWHU���PP��KHLJKW���PP��,W�FRQWDLQV�D�JULG�RI�
F\OLQGHUV�ZLWK� LQQHU�GLDPHWHU�RI��PP��)RU� WKHVH�H[SHULPHQWV�� W\SLFDOO\�VWRFN�VROXWLRQV�RI�H� ����P0��
and A1 �����P0��ZHUH�SUHSDUHG�LQ�D�EXͿHUHG�DJDU�PHGLXP������P0�SKRVSKDWH�EXͿHU����Z�Y���DJDU���
7KH� F\OLQGHUV� RI� WKH� 3HUVSH[� KROGHU� ZHUH� ÀOOHG� LQ� DQ� DOWHUQDWLQJ� IDVKLRQ� ZLWK� WKH� ZDUP� K\GUD]LGH�
DJDU�VROXWLRQV��7KHVH�VROXWLRQV�ZHUH�OHIW�WR�FRRO�GRZQ�DQG�JHODWH��DIWHU�ZKLFK�WKH�UHPDLQLQJ�F\OLQGHUV�
ZHUH�ÀOOHG�ZLWK�DOGHK\GH�DJDU�VROXWLRQV�DQG�OHIW�WR�FRRO��&RROLQJ�W\SLFDOO\�WDNHV���PLQXWHV��7R�VWDUW�WKH�
H[SHULPHQW��WKH�FHOO�FKDPEHU��FRQVLVWLQJ�RI�D�JODVV�SODWH�DQG�UXEEHU�JDVNHW��ZDV�ÀOHG�ZLWK�EXͿHU�RU�DJDU�
JHO�DQG�WKH�3HUVSH[�KROGHU�ZDV�SODFHG�RQ�WRS�

Chemical labeling for enzyme binding to RD-SA structures
)RU�ODEHOLQJ�WKH�5'�VHOI�DVVHPEOHG�VWUXFWXUHV�ZLWK�&RQFDYDOLQ$��&RQ$���DQ�DOGHK\GH�ERXQG�PDQQRVH�
�AM��ZDV�PL[HG� LQ� D� VROXWLRQ�RI� DOGHK\GH�A1� ����P0�A1�� ���P0�AM, S+��� ��Z�Y���DJDU�� ���ۚ0�
AR)�� 7KHVH�ZHUH�SODFHG� WRJHWKHU� LQ� D�3HUVSH[�KROGHU� �DV�GHVFULEHG�DERYH��� DOWHUQDWLQJ�ZLWK�PL[WXUHV�
containing H� ����P0�H�� ��Z�Y��� DJDU�� S+� ���� 7KH� H[SHULPHQW�ZDV� WKH� SHUIRUPHG� DFFRUGLQJ� WR� WKH�
SURFHGXUH�LQ�ÀJXUH�6�����,Q�VKRUW��WKH�KROGHU�ZDV�SODFHG�RQ�WRS�RI�DQ�DJDU�JHO�DQG�OHIW�WR�GLͿXVH�LQ�D�FORVHG�
DQG�KXPLGLÀHG�HQYLURQPHQW�IRU��KU��7KH�WLPH�ZDV�NHSW�LQWHQWLRQDOO\�VKRUW�WR�SUHYHQW�WKH�IRUPDWLRQ�RI�D�
GHQVH�VXSUDPROHFXODU�QHWZRUN��ZKLFK�ZRXOG�QRW�DOORZ�WKH�&RQ$�WR�SHQHWUDWH��6XEVHTXHQWO\��WKH�KROGHU�

6XSSOHPHQWDU\�ÀJXUH�6����3KRWRJUDSK�RI�WZR�3HUVSH[�KROGHUV��ZLWK�D�UXEEHU�JDVNHW�IRU�WKH�H[SHULPHQWV�DW�D�VPDOO�
VFDOH��7KH�FHOO�FKDPEHU��FRQVLVWLQJ�RI�UXEEHU�JDVNHW�RQ�D�JODVV�VOLGH��LV�ÀOOHG�ZLWK�WKH�VROXWLRQ�RI�DJDU�LQ�EXͿHU�RU�MXVW�
EXͿHU�GHSHQGLQJ�RQ�WKH�GHVLUHG�VHWXS��
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ZDV�UHPRYHG��DQRWKHU�JDVNHW�ZDV�SODFHG�RQ�WRS�DQG�ÀOOHG�ZLWK�D�EXͿHUHG�VROXWLRQ�RI�&RQ$���P0��S+�
����7KLV�ZDV�FORVHG�ZLWK�D�JODVV�VOLGH�DQG�OHIW�WR�GLͿXVH�LQ�D�FORVHG�DQG�KXPLGLÀHG�HQYLURQPHQW�IRU���KU��
$IWHU� WKLV�SHULRG�� WKH�VDPSOH�ZDV�DQDO\]HG�XVLQJ�ÁXRUHVFHQFH�PLFURVFRS\��7R�UHPRYH� WKH�QRQ�ERXQG�
&RQ$��WKH�WRS�OLTXLG�ZDV�UHPRYHG�DQG�IUHVK�EXͿHU�ZDV�SODFHG�RQ�WRS�DQG�OHIW�WR�VWDQG�IRU���KU��ZLWK�WKH�
WRS�OLTXLG�EHLQJ�UHSODFHG�HYHU\���KU��7KH�ÀQDO�VDPSOH�ZDV�DJDLQ� LPDJHG�E\�ÁXRUHVFHQFH�PLFURVFRS\��
,PDJHV�ZHUH�DQDO\]HG�ZLWK�,PDJH-�WR�H[WUDFW�WKH�ÁXRUHVFHQFH�LQWHQVLW\�SURÀOHV��

Time traces of RD-SA structures for determining kinetics and widths by camera 
7R�IROORZ�IRUPLQJ�RI�5'�JHO�SDWWHUQV� LQ� WLPH�� WKH�H[SHULPHQWV�ZHUH�SHUIRUPHG�ZKLOH�PRQLWRUHG�ZLWK�
D�GLJLWDO�FDPHUD��$�SODVWLF�3HWUL�GLVK�ZDV�ÀOOHG�ZLWK���Z�Y���DJDU�DW�WKH�GHVLUHG�S+�DQG�OHIW�WR�JHODWH��
7KH�GHVLUHG�GLPHQVLRQV�ZHUH�PDGH�ZLWK�WZR�SDUDOOHO�FXWV��DW�HTXDO�GLVWDQFH�IURP�WKH�FHQWHU��7KH�RXWHU�
DJDU�VHJPHQWV�ZHUH�UHPRYHG��FUHDWLQJ�WZR�FRQWDLQHUV�IRU�WKH�VROXWLRQV��7KH�3HWUL�GLVK�ZLWK�DJDU�JHO�VODE�
ZDV�SODFHG�RQ�D�ÁDW�3OH[LJODV�SODWH�DERYH�D�GLJLWDO�PLFURVFRSH�FDPHUD��7KH�H[SHULPHQWV�ZHUH�VWDUWHG�DW�
WKH�PRPHQW�WKDW�WKH�WZR�VROXWLRQV�RI�5'�6$�FRPSRQHQWV�ZHUH�SODFHG�LQ�WKH�VHSDUDWHG�FRPSDUWPHQWV��
,PDJHV� ZHUH� WDNHQ� HYHU\� ��� PLQXWHV�� 7KH� H[SHULPHQWV� ZHUH� FRQWLQXHG� IRU� DQ� DSSURSULDWH� WLPH�� IRU�

6XSSOHPHQWDU\�ÀJXUH�6����Schematic image of the process used for the ConA binding setup. 

6XSSOHPHQWDU\�ÀJXUH�6����7LPH�GHSHQGHQW�IRUPDWLRQ�RI�VXSUDPROHFXODU�K\GURJHO�OLQHV��
7KH�IRUPDWLRQ�RI�D�VXSUDPROHFXODU�5'�6$�VWUXFWXUH�LV�IROORZHG�LQ�WLPH��$���3KRWR����W� ���PLQ��SKRWR����W� �����PLQ�
ÀUVW�REVHUYDWLRQ�VWUXFWXUH��SKRWR����W� �����PLQ������RI�PD[LPXP�LQWHQVLW\��SKRWR����W� ������PLQ��%��1RUPDOL]HG�
intensity (black diamonds) was tracked at a spot on the agar strip where supramolecular hydrogel line was formed 
ÀUVW��GHSLFWHG�E\�WKH�DUURZV�LQ�SKRWR�����$W������RI�PD[LPXP�WKH�KDOI�WLPH�RI�IRUPDWLRQ�LV�GHWHUPLQHG��W50. Along 
WKH�OLQH�VKRZQ�LQ�SKRWR����WKH�LQWHQVLW\�LV�PHDVXUHG�WR�GHWHUPLQH�WKH�ZLGWK��Z��RI�WKH�VXSUDPROHFXODU�OLQH�DW�����RI�
PD[LPXP�QRUPDOL]HG�LQWHQVLW\��%��JUH\�WULDQJOHV��&���7KH�YHUWLFDO�GDVKHG�OLQH�UHSUHVHQWV��W50 – time point at which 
the width of the supramolecular hydrogel line is determined.



 
���

��� WR�����KRXUV�GHSHQGLQJ�RQ�H[SHULPHQWDO� FRQGLWLRQV��7KH�GLJLWDO� LPDJHV�ZHUH�DQDO\]HG�E\� ,PDJH-��
H[WUDFWLQJ�LQWHQVLWLHV�IURP�WKH�LPDJHV�RYHU�WKH�IXOO�GLͿXVLRQDO�OHQJWK��ÀJ��6�����SXUSOH�OLQH�LQ�LQVHW�SKRWR�
���DQG�VWRULQJ�WKH�GDWD��7KLV�GDWD�ZDV�WKHQ�SURFHVVHG�XVLQJ�FXVWRP�EXLOW�0$7/$%�����E�FRGH��7KLV�FRGH�
FRQWDLQV�WKH�IROORZLQJ�VWHSV��IURP�WKH�UDZ�LQWHQVLW\�SURÀOH��WKH�EDFNJURXQG�LV�VXEWUDFWHG��LQWHQVLWLHV�DUH�
QRUPDOL]HG��DQG�WKH�ZLGWK�RI��'�5'�K\GURJHO�SDWWHUQ�LV�GHWHUPLQHG�DV�WKH�KRUL]RQWDO�GLVWDQFH�EHWZHHQ�
WZR� VORSHV� DW� ���� RI� WKH�PD[LPXP� LQWHQVLW\� �ÀJ�� 6��� LQVHW� JUDSK� D��� DW� HDFK� WLPH� SRLQW�� 7KH� t50 was 
GHWHUPLQHG�E\�WDNLQJ�WKH�WLPH�YDOXH�DW�����RI�WKH�PD[LPXP�UHDFKHG��LQWHQVLW\��ÀJ��6�����JUHHQ�DUURZV�
LQ�LQVHW�SKRWR�����7KH�ZLGWKV�XVHG�IRU�FRPSDULVRQ�EHWZHHQ�PHDVXUHPHQWV�DUH�WKH�ZLGWKV�PHDVXUHG�DW�
three times t50��$IWHU�WKUHH�WLPHV�t50��SODWHDXV�DUH�REVHUYHG�LQ�WKH�ZLGWK�YV��WLPH�FXUYHV�IRU�WKH�VKRUW�ODVWLQJ�
H[SHULPHQWV��7KH�PRPHQW��RI��W50�ZDV�FKRVHQ�DV�PRPHQW�WR�GHWHUPLQH�WKH�VWUXFWXUHV�ZLGWK��$OO�GDWD�LV�
VXPPDUL]HG�LQ�WDEOHV�6����6���

'LͿXVLRQ�EHKDYLRU
&ORVH�DQDO\VLV�RI�WKH�JHO�IRUPDWLRQ�RYHU�WLPH�JLYHV�WZR�LPSRUWDQW�REVHUYDWLRQV��WKH�ÀUVW�REVHUYDWLRQ�LV�
WKDW� WKH�DSSHDUDQFH�RI� WKH�JHO� W\SLFDOO\�RFFXUV�DIWHU�a���KUV��$V� WKH�FRPSRQHQWV� LQ� WKHVH�H[SHULPHQWV�
KDG�WR�GLͿXVH�RYHU�D�FP�GLVWDQFH��WKLV�WLPHVFDOH�IRU�WKHVH�H[SHULPHQWV�PDWFKHV�ZLWK�WKH�WLPHVFDOH�IRU�
GLͿXVLRQ��7KH�VHFRQG�REVHUYDWLRQ�LV�WKDW�WKH�LQLWLDO�JHO�OLQH�LV�IRUPHG�WR�WKH�VLGH�RI�A1 from the middle and 
moves towards the side of H�IURP�WKH�PLGGOH��$V�WKH�XVHG�FRPSRQHQWV�DUH�QRW�FRPSOHWHO\�HTXDO�LQ�VL]H��
D�VPDOO�GLͿHUHQFH�LQ�GLͿXVLRQDO�VSHHG�LV�DQWLFLSDWHG��7KLV�LV�FRQÀUPHG�E\�GLͿXVLRQ�QPU�PHDVXUHPHQWV�
�'26<���JLYLQJ�GLͿXVLRQDO�FRHFLHQWV�RI�������cm2�V�DQG�������cm2/s for H and A1��UHVSHFWLYHO\��7KH�
QRQ�FHQWHUHG�IRUPDWLRQ�RI�WKH�JHO�OLQH�LV�WKXV�XQGHUVWRRG�IURP�WKH�GLͿHUHQFH�LQ�GLͿXVLRQDO�VSHHGV��7KH�
VXEVHTXHQW�IRUPDWLRQ�RI�WKH�OLQH�WRZDUGV�WKH�FHQWHU�RI�WKH�VDPSOH�LV�FRQWULEXWHG�WR�WKH�PXOWLSOH�UHDFWLRQV�
WKDW�RFFXU�WR�IRUP�WKH�ÀQDO�JHODWRU�G1��ZLWK�WKH�IROORZLQJ�DUJXPHQWDWLRQ��7KH�PL[LQJ�JUDGLHQWV�UHDFW�
DQG�SURGXFH�D�PL[WXUH�RI�WKH�G1�FRPSRQHQW��ZLWK�������DQG���DOGHK\GH�JURXSV�DWWDFKHG��8SRQ�UHDFWLQJ�
WKH�GLͿXVLRQDO�VSHHG�RI�WKHVH�VSHFLHV�GHFUHDVHV�LQHYLWDEO\��'XH�WR�WKH�UDWLRQ�RI�H : A1,  of 1:3, A1 has a 
KLJKHU�LQLWLDO�FRQFHQWUDWLRQ�DQG�WKXV�D�JUHDWHU�ÁX[�WKDQ�H�SDVVLQJ�WKH�LQLWLDO�IRUPHG�JHO�OLQH��:H�WKXV�
reason that at the H side of the initial gel line the local concentration of G1 keeps on increasing and the 
JHO�OLQH�H[SDQGV�WRZDUGV�WKH�H�VLGH��7KLV�UHDVRQLQJ�VXJJHVWV�WKDW�WKH�UHDFWLRQV�SOD\�D�VLJQLÀFDQW�UROH�LQ�
WKH�IRUPDWLRQ�RI�WKH�JHO�VWUXFWXUHV��

Structure dimension comparison
:H�FRPSDUH�WKH�HͿHFWV�RI�WKH�FRQGLWLRQV�RQ�WKH�GLPHQVLRQV�RI�WKH�5'�6$�IRUPHG�VWUXFWXUHV��:H�DQDO\]HG�
GLͿHUHQW�FRQGLWLRQV�E\�FKDQJLQJ�WKH�S+��/�DQG�FRQFHQWUDWLRQV��:H�XVHG�WKH�5'�6$�VHWXS�WR�IRUP�VWUDLJKW�
OLQHV�DQG�V\VWHPDWLFDOO\�FKDQJHG�WKH�FRQGLWLRQV��ZLWK�S+�EHWZHHQ���DQG����/�EHWZHHQ������DQG���FP��DQG�
concentration of H EHWZHHQ����DQG����P0��$OO�H[SHULPHQWV�ZHUH�REVHUYHG�DV�WLPH�WUDFHV�DQG�DFFRUGLQJO\�
DQDO\]HG�� ZLWK� WKH� UHVXOWV� RI� WKH� VHSDUDWH� H[SHULPHQWV� LQ� WDEOH� 6����6����� 7R� EH� DEOH� WR� FRPSDUH� WKH�
REWDLQHG�VWUXFWXUH�GLPHQVLRQ�EHWZHHQ�H[SHULPHQWV��WKH�Da�IRU�HDFK�H[SHULPHQW�LV�GHWHUPLQHG�DQG�XVHG�WR�
SORW�WKH�VWUXFWXUH�ZLGWKV��7R�GHWHUPLQH�WKH�'DPNRKOHU��Da��QXPEHU��WKH�UHDFWLRQ�GLͿXVLRQ�HTXDWLRQV�DUH�
PDGH�GLPHQVLRQOHVV��HT��������7KH�K\GUD]RQH�IRUPDWLRQ�UHDFWLRQ�LV�GHVFULEHG�DV�D�VHFRQG�RUGHU�UHDFWLRQ��
EHWZHHQ�K\GUD]LGH�DQG�DOGHK\GH�JURXSV��:H�DVVXPHG�WKDW�WKH�VXSUDPROHFXODU�JHO�FRQVLVWV�SXUHO\�RXW�RI�
gelator G1�DQG�WKXV�WKUHH�VHTXHQW�UHDFWLRQV�EHWZHHQ�WKH�K\GUD]LGH�H�DQG�DOGHK\GH�JURXSV�KDYH�WR�RFFXU��
:H�DVVXPHG�WKDW�WKH�WKLUG�UHDFWLRQ�LV�OLPLWLQJ�DQG�RQO\�WKLV�UHDFWLRQ�LV�WDNHQ�LQWR�DFFRXQW��7R�GHWHUPLQH�
WKH�UHDFWLRQ�FRQVWDQWV�ZH�XVHG�WKH�PRGHO�UHDFWLRQ�6���ZKLFK�GRHV�QRW�VHOI�DVVHPEOH�DOORZLQJ�IRU�NLQHWLF�
DQDO\VLV�ZLWK�89�YLV��ÀJ��6������7KH�UHTXLUHG�UHDFWLRQ�FRQVWDQWV��DW�GLͿHUHQW�S+��ZHUH�PHDVXUHG�E\�89�YLV�
IRU�WKH�K\GUD]RQH�UHDFWLRQ�6���7R�HVWLPDWH�WKH�k�IRU�HDFK�XVHG�S+��ZH�PHDVXUHG�WKH�DOGHK\GH�K\GUD]LGH�
UHDFWLRQ�6��E\�89�YLV�DQG�GHWHUPLQHG�WKH�LQGLYLGXDO�k�YDOXHV�DW�HDFK�S+��WDEOH�6����7KH�²ORJ�k��RI�WKLV�
GDWD�LV�WKHQ�SORWWHG�YHUVXV�WKH�S+�DQG�ZH�REWDLQHG�D�OLQHDU�ÀW�ZLWK�52�RI��������ÀJ��6�����

To calculate the Da�IRU�WKH�GLͿHUHQW�FRQGLWLRQV�ZH�HVWLPDWHG�WKH�UHDFWLRQV�FRQVWDQWV��k��DW�WKH�XVHG�S+��
WKH�GLͿXVLRQ�FRHFLHQW��DA1��DQG�WKH�XVHG�GLͿXVLRQ�OHQJWK��/���7KH�k values for the pH as applied in the 
5'�6$�VHWXS�ZHUH�LQWHUSRODWHG�XVLQJ�WKH�REWDLQHG�ÀW��7KH�GLͿXVLRQ�FRQVWDQW�RI G1 was estimated to be 
����� cm2s-1��EDVHG�RQ�WKH�6WRNHV�(LQVWHLQ�UHODWLRQ�DQG�D�PROHFXODU�UDGLXV��r��RI�����QP��7KH�GLͿXVLRQ�
OHQJWK��/��ZDV�WDNHQ�DV�KDOI�RI�WKH�GLVWDQFH�RI�WKH�DJDU�PDWUL[��DV�GHWHUPLQHG�IURP�WKH�LPDJHV�GXULQJ�WKH�
PHDVXUHPHQWV��&RQFHQWUDWLRQV��&0��ZHUH�WDNHQ�DV�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�WKH�K\GUD]LGH�FRPSRQHQW��
The Da� IRU�HDFK�H[SHULPHQW�ZDV�HVWLPDWHG�� WKH�GDWD� LV�VXPPDUL]HG�LQ� WKH� WDEOHV�6����6����EHORZ��DQG�
UHVXOWV�DUH�SORWWHG�LQ�ÀJXUH����%��7KH�HUURUV�IRU�Da were estimated based on the individual errors of the 
VHSDUDWH�SDUDPHWHUV�LQ�HTXDWLRQ����
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7DEOH�6�����0HDVXUHG�UHDFWLRQ�FRQVWDQWV�IRU�UHDFWLRQ�6���DW�S+

7DEOH�6�����&RQGLWLRQV�DQG�RXWFRPHV�IRU�WKH�FRQFHQWUDWLRQV�VHULHV

6XSSOHPHQWDU\�ÀJXUH�6�����| pH dependence of the forward rate constant for the hydrazone formation reaction 
S1. The -log(k) of the determined rate constants is plotted versus the pH at which they are measured. 

6XSSOHPHQWDU\�ÀJXUH�6�����| The hydrazone formation reaction used for kinetic analysis
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7DEOH�6�����&RQGLWLRQV�DQG�RXWFRPHV�IRU�WKH�OHQJWK�VHULHV
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Supramolecular binding of proteins to 
lipid bilayers

,Q� WKLV�ZRUN�ZH� UHSRUW� WKH�ELQGLQJ�RI�DQ�<HOORZ�)OXRUHVFHQW�3URWHLQ� �<)3��SURWHLQ� WR�
OLSLG�ELOD\HUV��WKURXJK�KRVW�JXHVW�ELQGLQJ�RI�WKH�JXHVWV�:**�<)3�DQG�PHPEUDQH�ERXQG�
0HWK\O�9LRORJHQ� �092+��ZLWK� WKH�FXFXUELW>�@XULO� �4���KRVW��7KH� WHPSRUDU\�ELQGLQJ�RI�
SHULSKHUDO�SURWHLQV�WR�FHOO�PHPEUDQHV�LV�LQ�ELRORJLFDO�V\VWHPV�XVHG�WR�DFKLHYH�IXQFWLRQV��
VXFK�DV�FHOO�VLJQDOLQJ��7KH�ELQGLQJ�RI�SURWHLQV�RQWR�OLSLG�ELOD\HUV�KDV�VHHQ�PDQ\�UHFHQW�
GHYHORSPHQW�EXW�VR�IDU�KDV�QRW�\HW�EHHQ�DFKLHYHG�E\�WKH�KRVW�JXHVW�FKHPLVWU\�RI�4���,Q�
RXU�DSSURDFK��ZH�PDNH�XVH�RI�WKH�WHUQDU\�FRPSOH[�IRUPHG�E\�4���092+�DQG�WU\SWRSKDQ��
To bind the MV2+ moieties to lipid membranes we coupled it to a cholesterol-anchoring 
JURXS��09�DQFKRU���7KH�ELQGLQJ�RI�DQ�<)3�SURWHLQ�WR�OLSLG�ELOD\HUV��WKURXJK�KRVW�JXHVW�
ELQGLQJ� RI� WKH� JXHVWV�:**�<)3� DQG�PHPEUDQH� ERXQG�092+� ZLWK� WKH� 4�� KRVW��:H�
ÀQG�WKDW�D�FRPSOH[�LV�IRUPHG�EHWZHHQ�WKH�OLSLG�DQFKRU�EDULQJ�D�092+�XQLW��WKH�4��DQG�
WU\SWRSKDQ��7KLV�ZRUN�IRUPV�D�VWHS�WRZDUGV�WKH�VXSUDPROHFXODU�ELQGLQJ�RI�SHULSKHUDO�
SURWHLQV�RQWR�OLSLG�PHPEUDQHV�

This chapter is based on collaborative work and has partly been published 
LQ� WKH� 3K�'�� WKHVLV� RI� GU�� 5DOSK� %RVPDQV� �Eindhoven University 
RI� 7HFKQRORJ\�� DQG� DV� 5�3�*�� %RVPDQV�� :RXWHU� (�� +HQGULNVHQ��
0�� 9HUKHLMGHQ� 3�� -RQNKHLMP�� 5�� (HONHPD�� -�� +�� Y� (VFK�� DQG� /��
%UXQVYHOG�� 6XSUDPROHFXODU� SURWHLQ� LPPRELOL]DWLRQ� RQ� OLSLG�
ELOD\HUV��Chemistry –A European Journal���������in press. 7
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7.1 Introduction

%LRORJLFDO�V\VWHPV�XVH�WKH�WHPSRUDU\�ELQGLQJ�RI�SHULSKHUDO�SURWHLQV�WR�FHOO�PHPEUDQHV�WR�
DFKLHYH�IXQFWLRQV��VXFK�DV�PHPEUDQH�WUDFNLQJ��PHPEUDQH�VKDSLQJ�DQG�FHOO�VLJQDOLQJ�
�1, 2���7KH� ORFDOL]DWLRQ�RI�SURWHLQV�RQ�FHOO�PHPEUDQHV� LV� FUXFLDO� IRU�DOO�RUJDQLVPV�DQG�
LQFUHDVLQJ� UHVHDUFK� LQ� WKH� ODVW� GHFDGHV� KDV� UHYHDOHG� LWV� LPSRUWDQFH� IRU�PDQ\� FHOOXODU�
SURFHVVHV� ���� ���� 7KLV� DQFKRULQJ� RI� SURWHLQV� RFFXUV� WKURXJK� ERWK� FRYDOHQW� DQG� QRQ�
FRYDOHQW�OLQNDJHV��3URWHLQV�DUH�W\SLFDOO\�VHQVLWLYH�WR�VPDOO�FKHPLFDO�DOWHUDWLRQV��OHDGLQJ�
WR� FRQIRUPDWLRQDO� FKDQJHV� DQG� SRWHQWLDOO\� SURWHLQ� LQDFWLYDWLRQ�� 7KHUHIRUH�� DQFKRULQJ�
SURFHVVHV�ZRUN�RUWKRJRQDOO\�WR�WKH�DFWLYH�VLWH�WR�HQVXUH�SURWHLQ�IXQFWLRQDOLW\��7KH�ELQGLQJ�
RI�SURWHLQV�WR�FHOOXODU�PHPEUDQHV�LV�D�G\QDPLF�SURFHVV��ZKHUH�SURWHLQV�UHYHUVLEO\�ELQG�
WR� DQG�SHUIRUP�DQ�DFWLRQ�RQ� WKH�PHPEUDQH��7KH�DQFKRULQJ�RI� WKHVH�GHOLFDWH�SURWHLQV�
is also of great interest for biomaterial applications, such as drug screening and tissue 
HQJLQHHULQJ��5���:KLOH�UHYHUVLEOH�ELQGLQJ�RI�SURWHLQV�LV�XVHG�IRU�PDQ\�FHOOXODU�SURFHVVHV��
LW�UHPDLQV�D�VFLHQWLÀF�FKDOOHQJH�WR�GHYHORS�D�UHYHUVLEOH�SURWHLQ�ELQGLQJ�VWUDWHJ\�IRU�OLSLG�
ELOD\HUV�

6HYHUDO� VWUDWHJLHV� KDYH� EHHQ� GHYHORSHG� WR� LPPRELOL]H� SURWHLQV� RQWR� OLSLG�
PHPEUDQHV��XVLQJ�HLWKHU�FRYDOHQWO\�OLQNLQJ�RI�SURWHLQV�WR�OLSLGV��������RU�VXSUDPROHFXODU�
ELQGLQJ�� )RU� WKH� VXSUDPROHFXODU� VWUDWHJLHV�� WKH� ELQGLQJ� RFFXUV� EHWZHHQ� WZR�
FRPSOHPHQWDU\�VLWHV��RQH�DWWDFKHG�WR�D�¶VXUIDFH·��WKH�RWKHU�RQH�WR�WKH�WDUJHW�SURWHLQ��10, 
11���([DPSOHV�RI�VWUDWHJLHV�WKDW�KDYH�EHHQ�GHYHORSHG�UDQJH�IURP�WKH�KRVW�JXHVW�FKHPLVWU\�
RI� F\FORGH[WULQH� DQG� DGDPDQWLQH�� WR� WKH� &X2+ or Ni2+ mediated binding of His�-tags 
ZLWK�QLWULORWULDFHWLF�DFLG�VXUIDFHV��5���DQG�FRLOHG�FRLO�SHSWLGH�ELQGLQJ�PRWLIV��12���2WKHU�
DSSURDFKHV�XVH�SURWHLQV�DV�WKH�ELQGLQJ�VLWHV��VXFK�DV�WKH�61$3�IXVLRQ�SURWHLQV��11���DQG�
WKH� WHWUDPHU� VWUHSWDYLGLQ� WKDW� ELQGV� WR� ELRWLQ�� D� VPDOO�PROHFXOH� �5��� 7KH� VWUHSWDYLGLQ�
ELRWLQ�LV�WKH�VWURQJHVW�QRQ�FRYDOHQW�ELQGLQJ�VWUDWHJ\�DQG�KDV�D�ELQGLQJ�FRQVWDQW�LQ�GH�
RUGHU�RI�.a ~1015 M-1��PDNLQJ�LW�D�VHPL�FRYDOHQW�ERQG��7KHVH�KLJK�ELQGLQJ�FRQVWDQWV�OLPLW�
WKH�GLVVRFLDWLRQ�RI�WKH�FRPSOH[�DQG�WKXV�WKH�UHPRYDO�RI�WKH�ERXQG�SURWHLQ��5HYHUVLEOH�
ELQGLQJ�FDQ�EH�DFKLHYHG�WKURXJK�ZHDNHU�ELQGLQJ�VWUDWHJLHV�VXFK�DV�D�VLQJOH�+,6�WDJ�RQ�
QLWULORWULDFHWLF�DFLG�VXUIDFHV�ZLWK�D�.a ~107 M-1��EXW�UHTXLUH�WKH�DGGLWLRQ�RI�KHDY\�PHWDOV�
WKDW�FRXOG�GHWHULRUDWH�WKH�IXQFWLRQDOLW\�RI�VHQVLWLYH�SURWHLQV��5���(VSHFLDOO\�VWUDWHJLHV�LQ�
ZKLFK�DPLQR�DFLGV�DUH�XVHG�RͿHU�DQ�DWWUDFWLYH�DSSURDFK�IRU�WKH�ELQGLQJ�RI�SURWHLQV��,W�
KDV�EHHQ�VKRZQ�WKDW�GLPHUL]DWLRQ�RI�<HOORZ�)OXRUHVFHQW�3URWHLQV��<)3��ZLWK�Q�WHUPLQDO�
H[SUHVVHG�WU\SWRSKDQ��:**�<)3��LV�DFKLHYHG�E\�XVLQJ�FXFXUELW>�@XULO��4���DV�D�KRVW�IRU�
WZR�JXHVW�WU\SWRSKDQV������

7KH�IDPLO\�RI�FXFXUELWXULOV�LV�ZHOO�NQRZQ�DV�V\QWKHWLF�KRVWV�ZKLFK�IRUP�D�GRQXW�
VKDSHG�PROHFXOH�ZLWK� D�K\GURSKRELF� FDYLW\� DQG�ELQG�SRVLWLYHO\� FKDUJHG� DPPRQLXP�
DQG�PHWDO�VDOWV����������4��RͿHUV�DQ�H[FHSWLRQDO�SRVVLELOLW\�WR�ELQG�WZR�GLͿHUHQW�JXHVWV�
ZLWKLQ�D�VLQJOH�ELQGLQJ�SRFNHW����������7KLV�KHWHURJHQHLW\�RI�GLͿHUHQW�JXHVWV�RͿHUV�XQLTXH�
SRVVLELOLWLHV�WR�FUHDWH�ELQGLQJ�VWUDWHJLHV�ZKLFK�DUH�VHOHFWLYH�IRU�KHWHUR�FRXSOLQJ�RI�GLͿHUHQW�
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PRLHWLHV�EDVHG�RQ�WKH�ELQGLQJ�VHOHFWLYLW\�RI�4��ZLWK�WKH�JXHVWV��([DPSOHV�RI�PROHFXODU�
JXHVWV�DUH�QDSKWKDOHQH��22�������GLPHWK\OGLD]DS\UHQLXP������DQG�PHWK\OYLRORJHQ��092+�
������ZLWK�ELQGLQJ�FRQVWDQWV�XS�WR�a��11M-2��7KH�FRPELQDWLRQ�RI�092+�DQG�WU\SWRSKDQ�
�:��LV�D�ZHOO�NQRZQ�H[DPSOH��DQG�KDV�EHHQ�H[WHQGHG�WR�VXSUDPROHFXODU�ELQGLQJ�RI�VPDOO�
SHSWLGHV�����������7KURXJK�JHQHWLF�FRGLQJ��DQ�1�WHUPLQDO�:�FDQ�EH�LQVWDOOHG�RQ�SURWHLQV�
DQG�LV�XVHG�DV�D�JXHVW�IRU�WKH�GLPHUL]DWLRQ�RI�SURWHLQV��7KLV�RͿHUV�D�ELQGLQJ�VWUDWHJ\�WKDW�
LV�QRQ�LQWUXVLYH�DQG�HDV\�WR�LQFRUSRUDWH�ZLWK�GLͿHUHQW�SURWHLQV��'HVSLWH�WKH�PDQ\�UHFHQW�
GHYHORSPHQWV�RI�SURWHLQ�ELQGLQJ�XVLQJ�4���WKH�KRVW�JXHVW�FKHPLVWU\�RI�4��KDV�QRW�\HW�
EHHQ�DSSOLHG�WR�WKH�ELQGLQJ�RI�SURWHLQV�RQWR�OLSLG�ELOD\HUV�

+HUH� ZH� UHSRUW� D� UHYHUVLEOH� ELQGLQJ� VWUDWHJ\� IRU� SURWHLQV� RQWR� OLSLG� ELOD\HUV��
WKURXJK�KRVW�JXHVW�FKHPLVWU\�ZLWK�DQ�DQFKRUHG�JXHVW�PROHFXOH��%LQGLQJ�SURWHLQV�ZLWK�
WKH�4��KRVW�JXHVW�FKHPLVWU\�RͿHUV� WKH�SRWHQWLDO� IRU�PXOWLSOH�JXHVWV��DQG�LQWHUPHGLDWH�
ELQGLQJ�VWUHQJWKV�IRU�UHYHUVLEOH�ELQGLQJ��%\�FRPELQLQJ�4��ZLWK�D�092+ ELOD\HU�ERXQG�
JXHVW�DQG�D�:**�<)3�SURWHLQ�DV�D�VHFRQGDU\�JXHVW��D�WHUQDU\�FRPSOH[�LV�IRUPHG��)LJ��
������$V�VXFK�WKLV�DSSURDFK�ELQGV�WKH�<)3�SURWHLQ�WR�OLSLG�ELOD\HUV��ERWK�VHOHFWLYHO\�DQG�
UHYHUVLEO\��

Figure 7.1. Illustration of WGG-YFP binding to a lipid bilayer through Q8 host-guest 
chemistry. 7KH� FXFXUELW>�@XULO� �4��� DQG� WKH�PHWK\OYLRORJHQ� FKROHVWHURO� DQFKRU� �09�DQFKRU��
IRUP�D�WHUQDU\�������FRPSOH[�ZLWK�WKH�1�WHUPLQDO� WU\SWRSKDQ�RI� WKH�:**�<)3��DQG�ELQG�WKH�
protein to a lipid bilayer. 



 
���

7.2 Results & Discussion

7R�ELQG�WKH�<)3�SURWHLQ�WR�OLSLG�PHPEUDQHV��LW�QHHGV�WR�EH�FRXSOHG�WR�D�OLSLG�PHPEUDQH�
anchoring group that contains the MV2+�PRLHW\��)RU�WKLV�ZH�PDGH�D�PROHFXODU�GHVLJQ�
FRQVLVWLQJ�RI� D�K\GURSKRELF�DQFKRULQJ�JURXS�� D�PROHFXODU� VSDFHU�DQG� WKH�092+ head 
JURXS��09�DQFKRU��)LJ��������7KH�GHVLJQ�FRQVLVWV�RI�D�K\GURSKRELF�FKROHVWHURO�DV�DQFKRULQJ�
JURXS��D�WHWUD�ROLJRHWK\OHQH��7(*��IRU�VROXELOLW\�DQG�OLQNHU�RI�WKH�092+, which acts as a 
ELQGLQJ�JXHVW�ZLWK�WKH�4��FRPSOH[��8SRQ�LQFRUSRUDWLRQ�RI�WKH�FKROHVWHURO�JURXS�LQWR�D�
OLSLG�ELOD\HU��WKH�092+� LV�GLUHFWHG�WRZDUGV�WKH�DTXHRXV�VROXWLRQ�GXH�WR�LWV�K\GURSKLOLF�
QDWXUH��7KH�4��LV�WKHQ�DEOH�WR�ELQG�WR�WKH�092+ XQLW�LQ�VROXWLRQ��7KH�09�DQFKRU�UHTXLUHV�
DQ�RSWLPL]HG�V\QWKHVLV�VWUDWHJ\�WR�FRPELQH�WKH�K\GURSKLOLF�092+ head group and the 
K\GURSKRELF�FKROHVWHURO�DQFKRULQJ�XQLW��,Q�RXU�DSSURDFK��ZH�FKRRVH�WR�LQLWLDOO\�DWWDFK�
D� WHWUD�HWK\OHQH�JO\FRO� �7(*��XQLW� WR� WKH� FKROHVWHURO��PDNLQJ� LW�PRUH�K\GURSKLOLF� DQG�
WKXV�FRPSDWLEOH�ZLWK�SRODU�RUJDQLF�VROYHQWV�IRU�WKH�QH[W�V\QWKHVLV�VWHSV��)LJ�����$��%���
,Q�WKH�IROORZLQJ�VWHSV��ZH�FRXSOH�WKH�7(*�FKROHVWHURO�WR�D�����ELS\ULGLQH��DQG�PHWK\ODWH�
WKH� ELS\ULGLQH�� \LHOGLQJ� WKH�ÀQDO� FRPSRXQG��'XULQJ� WKH� V\QWKHVLV�ZH� DUH� IDFHG�ZLWK�
GLͿHUHQW� FKDOOHQJHV�� VXFK� DV� \LHOGV�� VROXELOLW\� DQG� SXULÀFDWLRQ�� 7KHVH� FKDOOHQJHV� DUH�
PDLQO\�UHODWHG� WR�FRPELQLQJ�D�YHU\�K\GURSKRELF�DQFKRULQJ�JURXS�ZLWK�D�K\GURSKLOLF�
KHDG�JURXS��'XULQJ�WKH�LQLWLDO�V\QWKHVLV��ZH�SHJ\ODWHG�WKH�PRQR�PHWK\OYLRORJHQ�ÀUVW��
DQG�DWWDFKHG�WKH�FKROHVWHURO�XQLW�DV�D�ÀQDO�VWHS��)LJ�����$�ULJKW���7KLV�DSSURDFK�WXUQHG�
RXW�QRW�WR�EH�SRVVLEOH�GXH�WR�WKH�LQVROXELOLWLHV�RI�WKH�GLͿHUHQW�FRPSRXQGV�LQ�WKH�VDPH�
VROYHQW��VR�ZH�FKRVH�WR�LQYHUVH�WKH�V\QWKHVLV�VWUDWHJ\��,Q�WKH�RSWLPL]HG�V\QWKHVLV�DSSURDFK�
WKH�SXULÀFDWLRQ�RI�WKH�09�DQFKRU��)LJ�����%��VWHS����RͿHUV�SXULÀFDWLRQ�FKDOOHQJHV�GXH�WR�
WKH�DPSKLSKLOLF�QDWXUH�RI�WKH�SURGXFW��EXW�LV�HYHQWXDOO\�DFKLHYHG�E\�SUHFLSLWDWLRQ�RI�WKH�
GHVLUHG�SURGXFW�� �7KH�ÀQDO�FRPSRXQG�LV�REWDLQHG�DV�D�UHG�VROLG��ZLWK�RYHUDOO�\LHOG�RI�
���RYHU���VWHSV��7KH�09�DQFKRU�KDV�DQ�DPSKLSKLOLF�QDWXUH�DQG�LW�IRUPV�VRDS\�DTXHRXV�
solutions, which are opalescent and can be turned transparent upon heating to 500&��

7R� WHVW� WKH� IRUPDWLRQ� RI� WKH� WHUQDU\� FRPSOH[� RI� 4�� ZLWK� WKH� 09�DQFKRU� DQG�
WU\SWRSKDQ�� ELQGLQJ� VWXGLHV� DUH� SHUIRUPHG� XVLQJ� 1+�105� DQG� ,VRWKHUPDO� 7LWUDWLRQ�
&DORULPHWU\��,7&���7KH�ELQGLQJ�RI�PHWK\OYLRORJHQ�WR�4��LV�UHSRUWHG�WR�LQGXFH�D�VKLIW�RI�
the aromatic MV2+ VLJQDOV��DV�PHDVXUHG�E\�1+�105�������,Q�WKH�LQLWLDO�VROXWLRQ�RI�WKH�09�
anchor at 250&��EURDG�VLJQDOV�DUH�REWDLQHG�FDXVLQJ�D�QRQ�RSWLPDO�UHVROXWLRQ��7KHVH�HͿHFWV�
DUH�DWWULEXWHG�WR�WKH�VHOI�DVVHPEO\�RI�WKH�09�DQFKRU��GXH�WR�WKH�DPSKLSKLOLF�QDWXUH��DV�
LW�LV�NQRZQ�IRU�VPDOO�PROHFXOH�DJJUHJDWLRQ�WR�KDYH�WKLV�HͿHFW�RQ�105�UHVROXWLRQ�������
)XUWKHUPRUH��XSRQ�PL[LQJ�WKH�09�DQFKRU�DQG�4��DW�URRP�WHPSHUDWXUH�� WKH�VROXWLRQV�
EHFDPH� WXUELG�� LQGLFDWLQJ� WKH� IRUPDWLRQ� RI� DJJUHJDWHV�� 7KHUHIRUH�� WR� LQFUHDVH� WKH�
resolution of the signals and to lower the aggregation, the binding studies are performed 
at 500&��$IWHU�SHUIRUPLQJ� 1+�105�RI�D� VROXWLRQ�RI� ����P0�RI�09�DQFKRU� LQ�'2O, an 
HTXLYDOHQW�DPRXQW�RI�4��LV�DGGHG�DQG�QHZ�1+�105�PHDVXUHPHQWV�DUH�SHUIRUPHG��)LJ��
���$���8SRQ�DGGLWLRQ�RI�4��WR�WKH�VROXWLRQ��WKH�DURPDWLF�SHDNV�RI�092+�VKRZ�DQ�XSÀHOG�
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VKLIW� IURP� ���� SSP� DQG� ���� SSP� WR� ���� SSP� DQG� ���� SSP�� UHVSHFWLYHO\��$GGLWLRQDOO\��
EURDGHQLQJ� RI� WKH� SHDNV� LV� REVHUYHG�� ZKLFK� FDQ� EH� H[SODLQHG� E\� DQ� LQFUHDVH� RI� WKH�
UHODWLYH�VL]H�RI�WKH�SUREHG�PROHFXOHV��7KHVH�REVHUYDWLRQV�VKRZ�WKDW�D�FRPSOH[�LV�IRUPHG�
EHWZHHQ�4��DQG�WKH�09�DQFKRU��ZKLFK�RFFXUV�RQ�WKH�09����DQG�DUH�LQ�DJUHHPHQW�ZLWK�
OLWHUDWXUH�������

7R�LQYHVWLJDWH�WKH�IRUPDWLRQ�RI�WKH�WHUQDU\�FRPSOH[��ZH�XVH�WKH�09�DQFKRU�4��
FRPSOH[�DQG�DGG�WU\SWRSKDQ��$V�D�PLPLF�IRU�WKH�1�WHUPLQDO�WU\SWRSKDQ�RQ�SURWHLQV��ZH�
XVH�D�WU\SWRSKDQ�PHWK\O�HVWHU��7US20H���ZKLFK�KDV�D�.a�RI��������M-1�DV�D�VHFRQGDU\�
guest in a MV2+�4�� FRPSOH[� ������ 8SRQ� DGGLWLRQ� RI� 7US20H� WR� D� VROXWLRQ� RI� 09�
DQFKRU�4��� WKH�DURPDWLF� VLJQDOV�RI� WKH�092+ GHFUHDVH�GXH� WR� IXUWKHU� OLQH�EURDGHQLQJ��
7KH�DURPDWLF�SHDNV�RI�WKH�WRV\ODWH�FRXQWHU�LRQ�KRZHYHU��DUH�XQDͿHFWHG�E\�WKH�DGGLWLRQ�
RI�7US20H�FRQÀUPLQJ�FRPSOH[�IRUPDWLRQ��7KH�DGGLWLRQ�RI�4��WR�DTXHRXV�VROXWLRQV�RI�
WKH�09�DQFKRU�DQG�7US20H�WKXV�OHDGV�WR�WKH�IRUPDWLRQ�RI�WHUQDU\�FRPSOH[HV�RI�WKHVH�
WKUHH�FRPSRXQGV��

7KH�ELQGLQJ�VWUHQJWK�IRU�WKH�WHUQDU\�FRPSOH[�RI�09�DQFKRU�4��7US20H�DW���0&��
LV�GHWHUPLQHG�E\�SHUIRUPLQJ�,7&�PHDVXUHPHQWV��7R�D�VROXWLRQ�RI�����P0�09�DQFKRU�
DQG�����P0�4��LQ����P0�SKRVSKDWH�EXͿHU�DW�S+����D�VROXWLRQ�RI�����P0�7US20H�LV�
WLWUDWHG� �)LJ�� �%��� 7KH� ELQGLQJ� SDUDPHWHUV� DUH� GHWHUPLQHG� E\�PHDVXULQJ� WKH� UHOHDVHG�
KHDWV�XSRQ�DGGLWLRQ�RI�WKH�WLWUDQW�DQG�XVLQJ�D�ELQGLQJ�PRGHO�WR�ÀW�WKH�GDWD��$QDO\]LQJ�
the raw heat data using a 1:1 binding model, reveals a binding constant of .a� ������� M-1 
IRU�7US20H�DQG�WKH�4��09�DQFKRU�FRPSOH[��7DEOH�������7KH�ELQGLQJ�FRQVWDQW�ZH�IRXQG�

Figure 7.2. Synthesis strategy of MV-anchor, designed by retro-synthesis (A) and the used 
synthesis steps with conditions and solvents (B).
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LV�FORVH�WR�WKH�UHSRUWHG�OLWHUDWXUH�YDOXH�LQGLFDWLQJ�WKDW�WKH�7(*�DQG�FKROHVWHURO�GR�QRW�
OLPLW�WKH�ELQGLQJ�������)URP�WKH�ELQGLQJ�HQWKDOSLHV�WKH�YDOXH�IRU�WKH�ӹ+�LV�GHWHUPLQHG�
and combined with the .a�WR�FDOFXODWH�ӹ*�DQG�²7ӹ6��7DEOH�������7KHVH�GDWD�LQGLFDWH�WKDW�
WKH�ELQGLQJ�LV�HQWKDOSLFDOO\�GULYHQ�EXW�HQWURSLFDOO\�XQIDYRUDEOH��ZKLFK�LV�LQ�DJUHHPHQW�
ZLWK�OLWHUDWXUH������

� 7R� GHWHUPLQH� LI� RXU� DSSURDFK� LV� DEOH� WR� ELQG� SURWHLQV� WRW� OLSLG� ELOD\HUV�� ZH�

Figure 7.3. Binding of MV-anchor to Q8 and TrpOMe as determined by 1H-NMR 
(A) and ITC (B). 1H-NMR is performed in D2O at 500C, concentrations ~1 mM. The peaks of 
09�DQFKRU�VKLIW�XSÀHOG� IURP�����SSP�DQG�����SSP�WR�����SSP�DQG�����SSP��UHVSHFWLYHO\��E\�
DGGLWLRQ�RI�HTXLPRODU�4����%��,7&�GDWD�IRU�GHWHUPLQLQJ�WKH�ELQGLQJ�FRQVWDQW�RI�WKH�09�DQFKRU�
4��FRPSOH[�ZLWK�7US20H��7KH�WRS�SORW�FRQWDLQV�WKH�UDZ�GDWD�IRU�SRZHU�DSSOLHG�DV�IXQFWLRQ�RI�
time. In the bottom, the integrated values for the enthalpy are plotted as function of molar ratio 
(B). ITC conditions, 250&�����P0�SKRVSKDWH�EXͿHU��S+������7US20H�ZDV�WLWUDWHG�DW��P0�LQWR�D�
����P0�VROXWLRQ�RI�09�DQFKRU�4���

Table 7.1.�7KHUPRG\QDPLF�ELQGLQJ�GDWD�IRU�09�DQFKRU�4��ZLWK�7US20H��DV�GHWHUPLQHG�E\�,7&

D��0HDQ�YDOXH�RI�WZR�,7&�PHDVXUHPHQWV��XVLQJ�D�����ELQGLQJ�PRGHO��(UURU�LV�JLYHQ�LQ�SDUHQWKHVLV��
b) Gibbs free energy is calculated from averaged association constant. c) Entropic contribution is 
FDOFXODWHG�IURP�ӹ+�DQG�.a. 
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LQYHVWLJDWH�WKH�ELQGLQJ�RI�<)3�ZLWK�WKH�4��09�DQFKRU�FRPSOH[�RQ�VXSSRUWHG�ELOD\HUV��
E\�4XDUW]�&U\VWDO�0LFUREDODQFH�ZLWK�'LVVLSDWLRQ�PRQLWRULQJ��4&0�'���:H�XVH�DQ�<)3�
ZLWK�D�:**�SHSWLGH�PRWLI�H[SUHVVHG�DW�WKH�1�WHUPLQDO��7KLV�WULSHSWLGH�KDV�EHHQ�VKRZQ�
WR�DFW�DV�D�JXHVW�ZLWK�WKH�4��KRVW��7KH�ELQGLQJ�RI� WKH�:**�<)3�WR�WKH�09�DQFKRU� LV�
PHDVXUHG�ZLWK�DQG�ZLWKRXW�4���)XUWKHUPRUH��WKH�VHOHFWLYLW\�IRU�:**�<)3�RYHU�0**�
<)3� DQG� WKH� UHYHUVLELOLW\� RI� RXU� ELQGLQJ� VWUDWHJ\� DUH� GHWHUPLQHG�� ,Q�4&0�� D� TXDUW]�
FU\VWDO�RVFLOODWHV�DW�LWV�DFRXVWLF�IUHTXHQF\�DQG�ZLWK�WKH�DGGLWLRQ�RI�PDVV�RQ�WKH�FU\VWDO�
D�IUHTXHQF\�FKDQJH�LV�PHDVXUHG��7KH�YLVFRHODVWLFLW\�RU�VRIWQHVV�RI�WKH�DGKHUHG�OD\HU�RQ�
WKH� VHQVRU� VXUIDFH� LV� TXDQWLÀHG�E\� WKH�GLVVLSDWLRQ� IDFWRU� �D���7KH� IUHTXHQF\� FKDQJHV��
ӹf��DUH�OLQHDUO\�UHODWHG�WR�WKH�FKDQJHV�LQ�PDVV�E\�DSSO\LQJ�WKH�6DXHUEUH\�HTXDWLRQ��7KLV�
HTXDWLRQ�KROGV�DV�ORQJ�DV�WKH�FKDQJH�LQ�GLVVLSDWLRQ�FDXVHG�E\�WKH�IUHTXHQF\�FKDQJH�LV�
OHVV� WKDQ���� LQ�+]�RI� WKH� IUHTXHQF\� FKDQJH�� DV� LV� WKH� FDVH� IRU� RXU�PHDVXUHPHQWV��7R�
IRUP�D�OLSLG�ELOD\HU�RQ�WKH�VLOLFD�FRDWHG�4&0�VHQVRU��VPDOO�XQLODPHOODU�'23&�YHVLFOHV�
RI�����QP�LQ�GLDPHWHU�DUH�ÁRZQ�RYHU�WKH�FU\VWDO�VHQVRU��,QLWLDOO\�WKHVH�YHVLFOHV�DGKHUH�WR�
WKH�VHQVRU��GHFUHDVLQJ�WKH�IUHTXHQF\�ӹf indicating addition of mass and increasing the 
GLVVLSDWLRQ�ӹD�LQGLFDWLQJ�IRUPDWLRQ�RI�D�YLVFRXV�OD\HU��1H[W��WKH�OLSLG�YHVLFOHV�UXSWXUH��
UHOHDVLQJ�WKH�HQWUDSSHG�ZDWHU�DQG�IRUP�D�ULJLG�ELOD\HU��ZKLFK�LV�REVHUYHG�E\�WKH�GHFUHDVH�
RI�WKH�GLVVLSDWLRQ�ӹD��7KH�REVHUYHG�YDOXHV�IRU�WKH�IUHTXHQF\�ZLWK�D�ӹf of -25 Hz and 
GLVVLSDWLRQ�ӹD of ����������DUH�VLPLODU�WR�HDUOLHU�UHSRUWHG�YDOXHV��25���

%\�4&0�VWXGLHV�ZH�VKRZ�WKDW�WKH�FRPSOH[�LV�IRUPHG�EHWZHHQ�:**�<)3��4��DQG�
WKH�09�DQFKRU�LQFRUSRUDWHG�LQ�D�VXSSRUWHG�'23&�ELOD\HU��%\�DSSO\LQJ�D�VROXWLRQ�RI�4��
����ۚM��RYHU�WKH�VXSSRUWHG�ELOD\HU�ZLWK�DQ�09�DQFKRU�LQFRUSRUDWHG��ZH�REVHUYH�a Df of 
�����+]��)LJ�������7KLV�QHJDWLYH�FKDQJH�LQ�f indicates that additional mass adheres to the 
OLSLG�ELOD\HU��VKRZLQJ�WKDW�4��ELQGV�WR�WKH�LQFRUSRUDWHG�09�DQFKRU��)LJ������EODFN�OLQH���
1H[W��:**�<)3����ۚ0��LV�ÁRZQ�RYHU�WKH�ELOD\HU�LQ�WKH�SUHVHQFH�RI�4������ۚ0��DQG�DQ�
DGGLWLRQDO�ӹf�RI������+]�LV�REVHUYHG��7KLV�LV�XQGHUVWRRG�DV�WKH�ELQGLQJ�RI�WKH�:**�<)3�
SURWHLQ�WR�WKH�OLSLG�ELOD\HU�WKURXJK�WKH�09�DQFKRU�4��FRPSOH[��8SRQ�ULQVLQJ�WKH�VXUIDFH�
ZLWK�EXͿHU��WKH�IUHTXHQF\�LQFUHDVHV�EDFN�WR�WKH�OHYHOV�EHIRUH�4��<)3�ELQGLQJ�������+]��
GXH�WR�WKH�GLVDVVHPEO\�RI�WKH�FRPSOH[HV��7KHVH�UHVXOWV�VKRZ�WKDW�:**�<)3�SURWHLQV�DUH�
ERXQG�WR�OLSLG�ELOD\HU�WKURXJK�WKH�KRVW�JXHVW�FRPSOH[�RI�:**�<)3��4��DQG�09�DQFKRU��

)XUWKHUPRUH�� ZH� REVHUYH� WKDW� 4�� QHHGV� WR� EH� SUHVHQW� GXULQJ� WKH� DGGLWLRQ� RI�
WKH�:**�<)3��:KHQ�D� VROXWLRQ�RI�:**�<)3� LV�ÁRZQ�RYHU� WKH�4�� VDWXUDWHG�ELOD\HU��
FRQWDLQLQJ�DQ�09�DQFKRU��EXW�ZLWKRXW�4�� LQ�VROXWLRQ��QR�ELQGLQJ�RFFXUV��:H�REVHUYH�
a slight decrease of f�RFFXUV�LQLWLDOO\��IROORZHG�E\�D�UDSLG�LQFUHDVH�HQGLQJ�DW�IUHTXHQF\�
OHYHOV�RI�EHIRUH�4��VDWXUDWLRQ��)LJ�������JUH\�OLQH���7KH�LQLWLDO�VOLJKW�GHFUHDVH�LV�H[SODLQHG�
E\�WKH�UDSLG�ELQGLQJ�RI� WKH�:**�<)3�WR� WKH�4��FRPSOH[��7KH�VXEVHTXHQW� LQFUHDVH� LV�
WKHQ�XQGHUVWRRG�E\�WKH�UHOHDVH�RI�WKH�4��:**�<)3�FRPSOH[�DQG�GHSOHWLRQ�RI�WKH�4��
IURP�WKH�VXUIDFH��7KH�DEVHQFH�RI�4��LV�FRQÀUPHG�E\�VHTXHQWLDOO\�ÁRZLQJ�EXͿHU�RYHU�WKH�
ELOD\HU�XSRQ�ZKLFK�QR�IXUWKHU�FKDQJH�LQ�f�LV�VHHQ��7KH�FRQFHQWUDWLRQ�RI�4��LQ�VROXWLRQ�
WKXV�QHHGV�WR�EH�PDLQWDLQHG�GXULQJ�WKH�H[SHULPHQWV�WR�VWDELOL]H�WKH�FRPSOH[�IRUPDWLRQ�
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DQG�ELQG�WKH�:**�<)3��
To test if the binding occurs through our proposed mechanism, several control 

H[SHULPHQWV�DUH�SHUIRUPHG��7R�GHWHUPLQH�D�VSHFLÀF�ELQGLQJ��ZH�ÁRZ�VROXWLRQV�RI�:**�
<)3�DQG�:**�<)3�4��RU�RQO\�4���XS�WR�FRQFHQWUDWLRQV�RI����ۚ 0��RYHU�EDUH�OLSLG�ELOD\HUV 
ZLWKRXW�WKH�09�DQFKRU��)RU�DOO�WKH�GLͿHUHQW�VROXWLRQV��ZH�GR�QRW�REVHUYH�FKDQJHV�RI�'f 
nor DD��7KHVH�UHVXOWV�LQGLFDWH�WKDW�QR�D�VSHFLÀF�ELQGLQJ�RI�WKH�SURWHLQ�:**�<)3�DQG�4��
RQ�WKH�EDUH�'23&�OLSLG�ELOD\HU�RFFXUV�

$GGLWLRQDOO\��ZH�PHDVXUH�WKH�VHOHFWLYLW\�IRU�ELQGLQJ�RI�:**�<)3�RYHU�0**�<)3��
$IWHU�SUHSDULQJ� WKH� OLSLG�ELOD\HU��ZLWK�09�DQFKRU� DQG�4��� WKH�:**�<)3�DQG�0**�
<)3�SURWHLQV�DUH�ÁRZQ�RYHU�WKH�OLSLG�OD\HUV��RQ�GLͿHUHQW�4&0�VHQVRUV��,W� LV�REVHUYHG�
WKDW� WKH�0**�<)3� OHDGV� WR�ӹf RI� ���+]��ZKHUHDV� WKH�:**�<)3� OHDGV� WR�ӹf of -25 Hz, 
ERWK�LQ�WKH�SUHVHQFH�RI�4������ۚ0��)LJ������VWHS�����7KH�ODUJHU�GHFUHDVH�RI� f� IRU�:**�
<)3�LQGLFDWHV�WKDW�DERXW�WKUHH�WLPHV�PRUH�LV�ERXQG�WR�WKH�ELOD\HU��FRPSDUHG�WR�0**�

Figure 7.4. Binding of YFP to supported lipid bilayers as determined by QCM��4&0�
VHQVRJUDPV�VKRZLQJ�WKH�ELQGLQJ�SURFHVV�RI�:**�<)3�ZLWK�4���EODFN�OLQH��DQG�ZLWKRXW�4���JUH\�
OLQH��RQWR�D�'23&�ELOD\HU�FRQWDLQLQJ�09�DQFKRU��7KH�WRS�JUDSK�FRQWDLQV�WKH�FKDQJH�LQ�IUHTXHQF\�
(ӹf) and bottom graph the change in dissipation (ӹD). Dotted lines mark the administering of 
VROXWLRQ�ZLWK�����40ܟ�����������JUH\�OLQH��:**�<)30ܟ���������EODFN�OLQH��:**�<)30ܟ�����
����EXͿHU�����0ܟ�����4
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<)3��2XU�ELQGLQJ�DSSURDFK��XVLQJ�WKH�4��KRVW�JXHVW�FKHPLVWU\��LV�WKXV�PRUH�HͿHFWLYH�IRU�
:**�<)3��+RZHYHU��WKH�0**�<)3�DOVR�VKRZV�D�ELQGLQJ��ZKLFK�LV�XQH[SHFWHG��%LQGLQJ�
H[SHULPHQWV�RI� WKH� WULSHSWLGH�0**�DQG�0**�<)3�E\� ,7&�� VKRZ�WKDW�0**�GRHV�QRW�
KDYH� DQ\� ELQGLQJ� WR� WKH�4��092+� FRPSOH[�� EXW� WKH�0**�<)3�GRHV� VKRZ� D� ELQGLQJ�
������7KHVH�REVHUYDWLRQV� VKRZ� WKDW�DQ�DGGLWLRQDO�ELQGLQJ�RFFXUV�RQ� WKH�SURWHLQ� LWVHOI��
&RPSDULQJ�WKH�ELQGLQJ�FRQVWDQWV�RI�:**�<)3�DQG�0**�<)3�LQ�VROXWLRQ��JLYHV�VLPLODU�
YDOXHV�RI������������5 M-1�DQG������������5 M-1��UHVSHFWLYHO\�������+RZHYHU��WKH�ELQGLQJ�
RI�0**�<)3�LV�PRUH�HQWURSLFDOO\�GULYHQ�WKDQ�:**�<)3��ZKLFK�LQGLFDWHV�WKDW�WKH�PRGH�
RI�ELQGLQJ�IRU�ERWK�SURWHLQV�LV�GLͿHUHQW��7KH�ELQGLQJ�RI�0**�<)3�LV�DWWULEXWHG�WR�WKH�
SUHVHQFH�RI�QRQ�WHUPLQDO�DURPDWLF�PRLHWLHV�RQ�WKH�<)3�SURWHLQ��OHDGLQJ�WR�WKH�GLͿHUHQFH�
LQ�ELQGLQJ�NLQHWLFV��7KHVH�UHVXOWV�VKRZ�WKDW�WKH�ELQGLQJ�ZLWK�4��LV�PRUH�VHOHFWLYH�IRU�WKH�
:**�<)3�RYHU�0**�<)3�DQG�WKDW�DQ�DGGLWLRQDO�ELQGLQJ�PRGH�RFFXUV�WKURXJK�WKH�QRQ�
WHUPLQDO�DPLQR�DFLGV�LQ�WKH�<)3��

'XULQJ� WKH�4&0�PHDVXUHPHQWV�� WKH� FRPSOH[� IRUPDWLRQ� LV� G\QDPLF� E\� QDWXUH�
DQG�FDQ�EH�IRUPHG�UHYHUVLEO\��8SRQ�ÁRZLQJ�D�EXͿHU�VROXWLRQ�RYHU�WKH�OLSLG�ELOD\HUV�D�
UDSLG�LQFUHDVH�LQ�WKH�IUHTXHQF\�LV�REVHUYHG�LQGLFDWLQJ�WKH�UHPRYDO�RI�WKH�ERXQG�SURWHLQV�
�0**�:**�<)3��)LJ��������:H�WKHQ�WHVW�LI�WKLV�LV�LQGHHG�SRVVLEOH�RQ�WKH�VDPH�ELOD\HUV�
E\�DGPLQLVWHULQJ�QHZ�VROXWLRQV�RI�:**�<)3� WR�ERWK�FKDQQHOV�� ,QGHHG��ZH�REVHUYH�D�
GHFUHDVH�RI�WKH�ӹf�LQ�ERWK�FKDQQHOV��LQGLFDWLQJ�DQ�LQFUHDVH�RI�ERXQG�PDVV��)RU�WKH�VHQVRU�
LQ�ZKLFK�LQLWLDOO\�WKH�:**�<)3�ZDV�DGPLQLVWHUHG��)LJ������EODFN�OLQH���WKH�GHFUHDVH�RI�
ӹf�LV�QRZ�VPDOOHU�LQ�UHVSHFW�WR�WKH�ÀUVW�LQMHFWLRQ��ӹf RI�����+]�YHUVXV����+]��5HSHDWLQJ�
WKH�SURFHVV�D�WKLUG�WLPH�VKRZV�D�ORZHU�ӹf RI����+]�DQG�LQGLFDWHV�WKDW�WKH�FRPSOH[�FDQ�EH�
IRUPHG�PXOWLSOH�WLPHV��7KH�GHFUHDVH�LQ�ELQGLQJ�RQ�WKH�VDPSOHV�LV�H[SODLQHG�E\�WKH�ORVV�RI�
09�DQFKRU�GXULQJ�WKH�H[SHULPHQWV��7KLV�H[SHULPHQW�VKRZV�WKDW�WKH�:**�<)3�SURWHLQ�
FDQ�UHSHDWHGO\�EH�ERXQG�WR�WKH�OLSLG�VXUIDFH�WKURXJK�WKH�KRVW�JXHVW�FRPSOH[�ZLWK�4��
09�DQFKRU�

7R� LQYHVWLJDWH� LI� RXU� DSSURDFK� XVLQJ� WKH� 4��09�DQFKRU� FRPSOH[� IRU� ELQGLQJ�
SURWHLQV�ZRXOG�DOVR�ZRUN�RQ�PHPEUDQHV�LQ�VROXWLRQ��ZH�VWXGLHG�WKH�ELQGLQJ�RI�WKH�:**�
<)3�WR�OLSLG�YHVLFOHV��%\�GLͿHUHQWLDO�VFDQQLQJ�FDORULPHWU\��ZH�GHWHUPLQH�LI�WKH�09�DQFKRU�
LV�LQFRUSRUDWHG�LQ�WKH�'33&�YHVLFOHV��)LJ����$���:H�REVHUYH�D�EURDGHQLQJ�RI�WKH�SKDVH�
WUDQVLWLRQ�RI�WKH�YHVLFOHV�GXH�WR�WKH�FKROHVWHURO�PRLHW\�RI�WKH�09�DQFKRU��7KH�09�DQFKRU�
LV�WKXV�LQFRUSRUDWHG�LQWR�WKH�'33&�YHVLFOHV��ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�WKH�4&0�UHVXOWV�
IRU�WKH�VXSSRUWHG�ELOD\HUV��7R�DQDO\]H�WKH�IRUPDWLRQ�RI�WKH�:**�<)3�4��09�DQFKRU�
FRPSOH[�RQ�XQLODPHOODU�YHVLFOHV��ZH�SHUIRUP�FRQIRFDO�ÁXRUHVFHQFH�PLFURVFRS\�VWXGLHV�
XVLQJ�WKH�ÁXRUHVFHQFH�VLJQDO�RI�WKH�<)3��,W�LV�REVHUYHG�WKDW�VROXWLRQV�RI�'33&�YHVLFOHV�
���P0��ZLWK�DQ�09�DQFKRU�����P0��LQFRUSRUDWHG�EXW�ZLWKRXW�4��DGGHG��WKH�:**�<)3�
���ۚ0��LV�VSUHDG�KRPRJHQHRXV�RYHU�WKH�REVHUYHG�DUHD�(data not shown)��+RZHYHU��XSRQ�
DGGLWLRQ�RI�4��QR�VLJQLÀFDQW�FKDQJHV�DUH�REVHUYHG�LQ�WKHVH�H[SHULPHQWV��LQGLFDWLQJ�WKDW�
WKH�ELQGLQJ�RI�WKH�<)3�GRHV�QRW�RFFXU�RQ�WKH�XQLODPHOODU�YHVLFOHV�
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7R�IXUWKHU� LQYHVWLJDWH� WKH�FRPSOH[�IRUPDWLRQ�RQ�XQLODPHOODU�YHVLFOHV��ZH�VWXG\�
WKH�FRPSOH[�RI�7US20H�4��09�DQFKRU�RQ�OLSLG�YHVLFOHV�E\�ÁXRUHVFHQFH�VSHFWURVFRS\�
�)LJ����%��&���7R�GHWHUPLQH�WKH�IRUPDWLRQ��WKH�ÁXRUHVFHQFH�VLJQDO�RI�7US20H�LV�DQDO\]HG�
XSRQ�ELQGLQJ�WR�4��DQG�WKH�LQFRUSRUDWHG�DQ�09�DQFKRU��8SRQ�ELQGLQJ�RI�7US20H�WR�4��
D�GHFUHDVH�RI�WKH�ÁXRUHVFHQFH�LQWHQVLW\�RFFXUV��%DVHG�RQ�OLWHUDWXUH��LW�ZDV�DQWLFLSDWHG�WKDW�
WKH�VHTXHQWLDO�ELQGLQJ�RI�092+�WR�WKLV�FRPSOH[�OHDGV�WR�D�IXUWKHU�GHFUHDVH�RI�LQWHQVLW\��
+RZHYHU��LQ�FRPSDULVRQ�ZLWK�D�FRQWURO�VDPSOH��YHVLFOHV�ZLWKRXW�09�DQFKRU��WKH�LQWHQVLW\�
GHFUHDVHG� VOLJKWO\� OHVV� LQGLFDWLQJ� WKDW� QR� VLJQLÀFDQW� ELQGLQJ� RFFXUV� �)LJ� ���&��� 7KHVH�

Figure 7.5. Determining the selectivity and reversibility of WGG-YFP by QCM. 
7KH� VHOHFWLYLW\� IRU�:**�<)3� �%�� EODFN� OLQH�� RYHU�0**�<)3� �%�� JUH\� OLQH�� LV� GHWHUPLQHG� E\�
FRPSDULVRQ�� ÁRZLQJ� VROXWLRQV� RI� WKH� SURWHLQV� ��� ��0ܟ DQG� RI� 4�� ���� ��0ܟ RYHU�09�DQFKRU�
LQFRUSRUDWHG�ELOD\HUV��1H[W��:**�<)3��0ܟ����ZLWK�4�� ��0ܟ���� LV�DSSOLHG�RQ�ERWK�FU\VWDOV�
to show the reversibility of the binding process. The top graph contains the change in frequency 
(ӹf) and bottom graph the change in dissipation (ӹD). Dotted lines mark the administering of 
VROXWLRQ�ZLWK�����'23&�YHVLFOHV���P0�����QP�����09�DQFKRU0ܟ�����0��4ܟ������3(>�**�0���
RU�:**�<)30ܟ�����0��4ܟ������0ܟ������4�����0ܟ�����0��4ܟ���3(>�**:������0ܟ������4����
����0ܟ������4�����0ܟ�����0��4ܟ���3(>�**:������EXͿHU��
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UHVXOWV�VKRZ�WKDW�WKH�7US20H�4��09�DQFKRU�FRPSOH[�RQ�WKH�VXUIDFH�RI�YHVLFOHV�GRHV�
QRW�IRUP��ZKLFK�VXSSRUW�RXU�ÀQGLQJV�LQ�WKH�PLFURVFRS\�H[SHULPHQWV��

6XUSULVLQJO\�� ZKHQ� ZH� XVH� DJJUHJDWHG� PXOWL�ODPHOODU� YHVLFOHV� IRU� WKH� ELQGLQJ�
H[SHULPHQWV� RI� :**�<)3�� ZH� GR� REVHUYH� ORFDOL]DWLRQ� RI� WKH� <)3� RQWR� WKH� YHVLFOHV�
VXUIDFHV��)LJ����'���:LWKRXW�4��DGGHG��WKH�<)3�VLJQDO�LV�KRPRJHQHRXVO\�GLVWULEXWHG�RYHU�
WKH�REVHUYHG�DUHD��EXW�XSRQ�LQFUHDVHG�FRQFHQWUDWLRQV�RI�4��LQ�WKH�VDPSOHV�ZH�REVHUYH�
FR�ORFDOL]DWLRQ�RI� WKH�<)3�DQG�WKH�YHVLFOHV��7KH�<)3�VLJQDO�RQ� WKH�YHVLFOHV�QRZ�IRUPV�
individual spots on the aggregated vesicles surfaces and with increasing concentrations 
RI�4���WKH�SUHVHQFH�RI�WKHVH�VSRWV�LQFUHDVHV��

7KHVH�UHVXOWV�DUH�LQWHUSUHWHG�DV�IROORZLQJ��WKH�ELQGLQJ�VWUHQJWK�RI�WKH�:**�<)3�
WR� WKH�4��09�DQFKRU�FRPSOH[� LV� LQ� WKH�RUGHU�RI����M-1�DQG�KDV�D�VKRUW� OLIHWLPH��7KLV�
UHODWLYH�ZHDN�ELQGLQJ�LV�FRQÀUPHG�LQ�WKH�4&0�PHDVXUHPHQWV�E\�WKH�UDSLG�UHPRYDO�RI�
WKH�ERXQG�SURWHLQV�XSRQ�FKDQJLQJ�FRQGLWLRQV��7KH�:**�<)3�FRXOG�ELQG�WKURXJK�WKH�
VLQJOH�1�WHUPLQDO�:��EXW�KDV�PXOWLSOH�ELQGLQJ�VLWHV�IRUPHG�E\�WKH�DGGLWLRQDO�DURPDWLF�
PRLHWLHV� RQ� WKH� <)3�� DV� GLVFXVVHG�� 2Q� XQLODPHOODU� YHVLFOHV� D� VLQJOH� ELQGLQJ� RI� WKH�

Figure 7.6. The study of WGG-YFP binding to vesicles with MV-anchor incorporated. 
�$��'6&�PHOWLQJ�FXUYH�RI�'33&�YHVLFOHV���P0�����QP��ZLWK����P0�09�DQFKRU��VKRZLQJ�D�
broadening and lowering of the phase transition. (B) Fluorescence signal of TrpOMe in the presence 
RI�DQ�09�DQFKRU�LQFRUSRUDWHG�LQ�'23&�YHVLFOHV�����QP��P0�DQG�GLͿHUHQW�FRQFHQWUDWLRQV�RI�
4��� �&��1RUPDOL]HG�ÁXRUHVFHQFH� LQWHQVLW\�DW����QP�IRU�7US20H� IRU�%�DQG�FRQWURO� VDPSOH�RI�
'23&���P0�����QP��DQG�7US20H��ERWK�ZLWK�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�4����'��&RQIRFDO�
PLFURVFRS\�LPDJHV�RI�DJJUHJDWHG�YHVLFOHV��'33&���P0��'33&�1%'0ܟ�����EOXH���09�DQFKRU�
����P0��:**�<)30ܟ�����\HOORZ��DQG�4��DW�FRQFHQWUDWLRQV�RI����,�������,,��DQG�����,,,�0ܟ���
:LWK�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�4���WKH�<)3�VLJQDO�EHFRPHV�PRUH�ORFDOL]HG�RQWR�WKH�VXUIDFH�RI�
WKH�'33&�YHVLFOHV��



 
���

1�WHUPLQDO�:**�<)3�ZLOO�RFFXU��EXW�WKLV�ELQGLQJ�LV�WRR�ZHDN�IRU�SURSHU�YLVXDOL]DWLRQ��
:KHQ�DJJUHJDWHG�YHVLFOHV� DUH�XVHG� WKH\�ZLOO� IRUP�FRUQHUV� DQG�SRFNHWV�� LQ�ZKLFK� WKH�
<)3�LV�DEOH�WR�ELQG�WR�PXOWLSOH�DQFKRULQJ�JURXSV��7KH�PXOWLSOH�ELQGLQJ�ZLOO�HQKDQFH�WKH�
ELQGLQJ��7KH�REVHUYHG�LQGLYLGXDO�VSRWV�DUH�VWURQJO\�ORFDOL]HG�:**�<)3�DQG�LQGLFDWH�DQ�
LPPRELOL]DWLRQ�RI�WKH�SURWHLQ��7DNLQJ�LQWR�DFFRXQW�WKH�UHODWLYH�VL]HV�RI�WKH�:**�<)3�DQG�
4������DQG������c�UHVSHFWLYHO\��D�PD[LPXP�RI�WZR�4��FDQ�ELQG�RQWR�D�VLQJOH�<)3�WKURXJK�
WKH�QRQ�WHUPLQDO�DURPDWLF�DPLQR�DFLGV��$OWKRXJK�WKHVH�UHVXOWV�DUH�QRW�FRQFOXVLYH��LW�LV�
DUJXHG�WKDW�LPPRELOL]DWLRQ�RI�:**�<)3�RQ�DJJUHJDWHG�YHVLFOHV�RFFXUV�WKURXJK�WKH�4��
09�DQFKRU�FRPSOH[�ZLWK�WKH�QRQ�WHUPLQDO�DPLQR�DFLGV���

7.3 Conclusions

,Q� WKLV�ZRUN�ZH� UHSRUW� WKH�ELQGLQJ�RI�DQ�<)3�SURWHLQ� WR� OLSLG�ELOD\HUV�� WKURXJK�KRVW�
JXHVW�ELQGLQJ�RI�WKH�JXHVWV�:**�<)3�DQG�PHPEUDQH�ERXQG�092+�ZLWK�WKH�4��KRVW��:H�
ÀQG�WKDW�D�FRPSOH[�LV�IRUPHG�EHWZHHQ�WKH�OLSLG�DQFKRU�EDULQJ�D�092+�XQLW��WKH�4��DQG�
WU\SWRSKDQ��:H�DUH�DEOH�WR�ELQG�:**�<)3�SURWHLQV�WR�VXSSRUWHG�ELOD\HUV��DQG�VKRZ�WKDW�
WKH�FRPSOH[HV�DUH�UHYHUVLEOH�DQG�WKH�ELQGLQJ�SURFHVV�FDQ�EH�UHSHDWHG�PXOWLSOH�WLPHV��:H�
IXUWKHU�DUJXH�WKDW�WKH�:**�<)3�LV�DEOH�WR�ELQG�WR�DJJUHJDWHG�YHVLFOHV�WKURXJK�PXOWLSOH�
ELQGLQJ�VLWHV��7KLV�ZRUN� LV�DQ� LQWHUHVWLQJ�VWHS�WRZDUGV�WKH�VXSUDPROHFXODU�ELQGLQJ�RI�
SHULSKHUDO�SURWHLQV�RQWR�OLSLG�PHPEUDQHV�DQG�WKH�FKDOOHQJHV�WKDW�OLH�DKHDG��
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7.4 Experimental

Acknowledgements
7KH�UHVHDUFK�GLVFXVVHG�LQ�WKLV�FKDSWHU�KDV�EHHQ�D�FROODERUDWLRQ�ZLWK�GU��5DOSK�%RVPDQV�DQG�SURI��GU��/XF�
%UXQVYHOG��,�ZDQW�WR�WKDQN�WKHP�IRU�WKH�H[WHQVLYH�ZRUN��HVSHFLDOO\�RQ�WKH�H[SUHVVLRQ�RI�WKH�<)3�SURWHLQV��
4WRI�PDVV�DQDO\VLV�DQG�WKH�4XDUW]�&U\VWDO�0LFUREDODQFH�H[SHULPHQWV��

6WDUWLQJ�PDWHULDOV�DQG�EXͿHU�VDOWV�DUH�REWDLQHG�IURP�6LJPD�DQG�XVHG�ZLWKRXW�SXULÀFDWLRQ��1H NMR, and 
13&�105�VSHFWUD�DUH�SHUIRUPHG�LQ�WKH�DSSURSULDWH�GHXWHUDWHG�VROYHQWV�RQ�D�%UXNHU�$YDQFH�6SHFWURPHWHU�
����0+]�RU�DQ�$JLOHQW�����0+]�105�6SHFWURPHWHU�ZLWK�RQH�105�SUREH�DW�����0+]��1+��RU�����0+]�
�13&���FKHPLFDO�VKLIWV��չ��DUH�UHSRUWHG�LQ�SDUWV�SHU�PLOOLRQ���0HDVXUHPHQWV�DUH�SHUIRUPHG�DW�����.�XVLQJ�
UHVLGXDO�SURWRQDWHG�VROYHQW�VLJQDOV�DV�LQWHUQDO�VWDQGDUG��+3/&�06 DQDO\VLV�LV�SHUIRUPHG�RQ�D�6KLPDG]X�
/LTXLG� &KURPDWRJUDSK� 0DVV� 6SHFWURPHWHU�� /&06������� /&��$� SXPS� ZLWK� D� GLRGH� DUUD\� GHWHFWRU�
63'�0���

Synthesis MV-anchor

Cholesterol tosylation
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GU\�GLFKORURPHWKDQH��'&0������PO���LV���HT��RI�7($�����PO��DQG�����HT��RI�'0$3������JU��DUH�DGGHG��DQG�
FRROHG�RQ�LFH���0 &���$�VROXWLRQ�RI�7RV&O�������JU�������PPRO������HT���LQ�'&0�����PO��LV�DGGHG��GURSZLVH�
RYHU�D�SHULRG�RI����PLQXWHV��DQG�WKH�PL[WXUH�OHIW�WR�VWLU�IRU����PLQXWHV�RQ�LFH��7KH�PL[WXUH�WXUQV�GDUN�
UHG�TXLFNO\� DIWHU� DGGLWLRQ�RI�7RV&O� VROXWLRQ��7KH�PL[WXUH� LV� OHIW� WR� VWLU� IRU� ��GD\V� DW�57��7KH� UHDFWLRQ�
PL[WXUH�LV�VHTXHQWLDOO\�ZDVKHG�WZLFH�ZLWK�1D&23����Z���DQG�RQFH�ZLWK�GHPL�ZDWHU��$OO�DTXHRXV�OD\HUV�
DUH� FRPELQHG�DQG� H[WUDFWHG� WZLFH�ZLWK�'&0��$OO� RUJDQLF� OD\HUV� DUH� FRPELQHG��GULHG�RQ�1D262� and 
evaporated in vacuo��0XOWLSOH�WLPHV�UHFU\VWDOOL]DWLRQ�IURP�'&0�LQ�0H2+�JLYHV�WKH�SXUH�FRPSRXQG����
\LHOG�������JU�������������PPRO��SURGXFW�UIa������LQ�&+&O3��

1+�105��&'&O3,�չ������G���+�����+]��& &��7RV\O�JURXS���������G���+������+]���& &��7RV\O�JURXS��������
�EU���+��& &+��FKROHVWHU\O�JURXS���������P���+��+&�&+2��2��FKROHVWHU\O�JURXS���������V���+���&+3��7RV\O�
JURXS������������P���+��&+�&+2�&��FKROHVWU\O�JURXS������²������P���+��FKROHVWHU\O�JURXS������������P����+��
FKROHVWHU\O�JURXS���������V���+��FKROHVWHU\O�JURXS��  
13&�105�� �չ������ �&+ C� FKROHVWHU\O��������� ���&+ ����7RV\O��������� ��&+ ��7RV\O��������� ��&+ ��7RV\O���
����������&+ ��&+3��7RV\O����������C+ &��FKROHVWHU\O�����������&���2���FKROHVWHU\O������²�����FDUERQV�RI�WKH�
FKROHVWHU\O�JURXS��

TEG cholesterol 
7KH�V\QWKHVLV�ZDV�DGDSWHG� IURP�UHIHUHQFH� ������$�VROXWLRQ�RI�7RV�FKROHVWHURO� �����JU������PPRO����HT����
LQ�GLR[DQH�����PO�� LV�PL[HG�ZLWK�7(*��WHWUDHWK\OHQH�JO\FRO�����PO�����HT���XSRQ�ZKLFK�DQ�HPXOVLRQ�LV�
IRUPHG��7KLV�PL[WXUH�LV�UHÁX[HG�XQGHU�DUJRQ��DQG�WXUQV�WUDQVSDUHQW�DURXQG���0&��8SRQ�FRPSOHWLRQ�RI�
WKH�UHDFWLRQ��DV�FKHFNHG�E\�7/&��WKH�UHDFWLRQ�PL[WXUH�LV�FRQFHQWUDWHG�in vacuo��DQG�GLOXWHG�ZLWK�'&0��7KH�
GLOXWHG�PL[WXUH�LV�VHTXHQWLDOO\�ZDVKHG�WZLFH�ZLWK�1D&23����Z���DQG�RQFH�ZLWK�GHPL�ZDWHU��$OO�DTXHRXV�
OD\HUV�DUH�FRPELQHG�DQG�H[WUDFWHG�WZLFH�ZLWK�'&0��$OO�RUJDQLF�OD\HUV�DUH�FRPELQHG��GULHG�RQ�1D262� 
and evaporated in vacuo��$�VLOLFD�FROXPQ�LV�XVHG�WR�UHPRYH�WKH�H[FHVV�RI�FKROHVWHURO�IURP�WKH�SURGXFW��
ZLWK�D�JUDGLHQW�RI�&+&O3��WR����Y��&+&/3 ����Y��0H2+��SURGXFW�UI�a�����LQ�&+&O3�����0H2+���\LHOG��
�����JU������������PPRO�

1+�105��&'&O3���չ������EU���+���������W���+��&+22�&KRO��������������P����+��2&+2&+22���������P���+��
FKRO������������P���+��FKRO������²������P���+��FKRO������������P����+��FKRO���������V���+��FKRO��
13&�105��&'&O3���չ��������&+ C�FKROHVWHU\O����������C+ &��FKROHVWHU\O������²����FDUERQV�RI�7(*������²����
�FDUERQV�RI�FKROHVWHU\O���

Tosyl-TEG-cholesterol 
$�VROXWLRQ�RI�7(*�FKROHVWHURO�������JU������PPRO���7($����PO��DQG�'0$3�����PJ�������HT���LQ�7+)�����PO��
is cooled on ice to 00&��DQG�D�VROXWLRQ�RI�7RV&O������JU����PPRO������HT���LQ�7+)����PO��LV�DGGHG�GURSZLVH�
RI�D�SHULRG�RI����PLQXWHV��7KH�VROXWLRQ�LV�OHIW�VWLUULQJ�IRU����KRXUV�DW�URRP�WHPSHUDWXUH��DQG�D�SUHFLSLWDWH�



 
���

LV�IRUPHG��7KH�UHDFWLRQ�PL[WXUH�LV�FRQFHQWUDWHG�LQ�YDFXR�DQG�WKH�UHVLGXH�LV�UHGLVVROYHG�LQ�HWK\O�DFHWDWH�
�(W$F���7KLV�VROXWLRQ�LV�ZDVKHG�WZLFH�ZLWK�GHPL�ZDWHU��GULHG�RQ�1D262��DQG�WKH�(W$F�LV�HYDSRUDWHG�LQ�
YDFXR��7KH�SXUH�SURGXFW�LV�REWDLQHG�DIWHU�D�VLOLFD�FROXPQ�ZLWK�&+&O3��UI�a�������<LHOG�������JU�����������
PPRO�

1+�105��&'&O3����չ������G���+������+]���������G���+�����+]���������P���+���������W���+��������������P���+���
������P���+��FKRO���������V���+��������������P���+��������������P����+���������V���+��
13&�105��&'&O3���չ��������&+ C�FKROHVWHU\O������������&+ ����7RV\O�����������&+ ��7RV\O�����������&+ ��
7RV\O�������������&+ ��&+3��7RV\O����������C+ &��FKROHVWHU\O�� ���²����FDUERQV�RI�7(*������²�����FDUERQV�
RI�FKROHVWHU\O��

Bipy-TEG-Cholesterol
$� VROXWLRQ� RI� 7RV�7(*�&KROHVWHURO� �����PJ�� ����PPRO��� ELS\ULGLQH� �����PJ�� ����PPRO�� �� HT��� DQG�.,�
�����PJ������PPRO����HT���LQ�&+&O3 is heated to 500&�XQGHU�QLWURJHQ�DQG�UHDFWHG�IRU����KU��7KH�UHDFWLRQ�
PL[WXUH� LV� FRQFHQWUDWHG� LQ�YDFXR�DQG� UHGLVVROYHG� LQ�'&0��DQG�ZDVKHG�ZLWK�GHPL�ZDWHU� IRU��� WLPHV��
7KH�FRPELQHG�RUJDQLF� OD\HUV�DQG�WKHVH�DUH�GULHG�ZLWK�0J62���7KH�RUJDQLF� OD\HUV�DUH�HYDSRUDWHG�DQG�
UHGLVVROYHG�LQ�0H2+��XSRQ�DGGLWLRQ�RI�GLHWK\O�HWKHU�D�PLON\�ZKLWH�SUHFLSLWDWH�LV�IRUPHG��7KH�SUHFLSLWDWH�
LV�FDSWXUHG�DQG�GULHG�XQGHU�YDFXXP��<LHOG������PJ������PPRO�������

1+�105��&'&O3����չ������G���+�����+]���������G���+�����+]���������G���+������+]���������G���+�����+]��������
�G���+�����+]���������G���+�����+]���������V���+���������EW���+���������EW���+��������������P����+��������P���+���
������V���+������������P���+������������P����+���������V���+��
13&�105��&'&O3����չ��������& ��%LS\�����������& ��%LS\�����������& ��%LS\����������&+ C�FKROHVWHU\O���������
��& ��%LS\�����������& ��%LS\�����������& ��%LS\������������&+ ����7RV\O�����������&+ ��7RV\O�����������&+ ��
7RV\O������������&+ ��&+3��7RV\O����������C+ &��FKROHVWHU\O����������&���2���FKROHVWHU\O������²�����FDUERQV�
RI�7(*������²�����FDUERQV�RI�FKROHVWHU\O��

MV-TEG-cholesterol
$�PL[WXUH�RI�%LS\�7(*�&KROHVWHURO� �����PJ������PPRO��ZLWK�EXWDQRQH� ����PO�� LV�PDGH�DQG�KHDWHG� WR�
��0&�WR�GLVVROYH��6HTXHQWLDOO\�0H,�����PO����HT���LV�DGGHG�DQG�WKH�UHDFWLRQ�PL[WXUH�LV�OHIW�WR�VWLU�DW���0&�
RYHUQLJKW��7KH�UHDFWLRQ�PL[WXUH�LV�FRQFHQWUDWHG�in vacuo�DQG�UHGLVVROYHG�LQ�(W$F������PO���ZDVKHG�ZLWK�
EULQH������PO��DQG�WKH�FRPELQHG�ZDWHU�OD\HUV�DUH�ZDVKHG�DJDLQ�ZLWK�(W$F��7KH�FRPELQHG�RUJDQLF�OD\HUV�
are dried in vacuo�DQG�UHGLVROYHG�LQ�(W2+�WR�UHPRYH�OHIW�RYHU�VDOWV��ÀOWUDWHG�DQG�GULHG�XQGHU�YDFXXP��
WR�DͿRUG�0Y�7HJ�&KROHVWHURO�����PJ������PPRO��������7KH�092+-anchor is well soluble in polar organic 
VROYHQWV�� VXFK� DV�0H2+�RU� (W2+�� EXW� LV� RQO\� VOLJKWO\� VROXEOH� LQ� QRQ�SRODU� RUJDQLF� VROYHQWV�� VXFK� DV�
GLHWK\OHWKHU�RU�FKRORIRUP�
 1+�105��'062�G�����չ������G���+�����+]���������G���+�����+]���������GG���+�����+]�����+]���������G���+��
���+]���������G���+�����+]���������V���+��������EW���+���������V���+���������EW���+��������������P����+��������P��
�+���������V���+������������P���+������������P����+���������V��+��>:+����/$67�105@�
13&�105��'062�G�����չ���������& ��%LS\�����������& ��%LS\�����������& ��%LS\�����������& ��&KRO�����������& ��
7RV��������� ���&+ ����7RV\O��� ������ ��&+ ��7RV\O��� ������ ���&+ ��&+3��7RV\O��� ������ �C+ &��FKROHVWHU\O�� 
�������&���2���FKROHVWHU\O������²�����FDUERQV�RI�7(*������²�����������FDUERQV�RI�FKROHVWHU\O��
(6,�06�&��H72N2O�

2+
, cDOFXODWHG�P�]����������IRXQG��������

0DOGL�72)��PHDVXUHG���������FDOFXODWHG��������RU��������IRU�UHGXFHG�09+�
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)LJXUH�6����MALDI-TOF spectrum for MV-anchor. 7KH� REVHUYHG� >0@� equals the mass of a reduced MV-
DQFKRU��GXH�WR�WKH�LRQL]LDWLRQ�LQ�0$/',��7KH�PDVV�LV�WKH�VDPH�DV�WKH�FDOFXODWHG�PRQR�LVRWRSLF�PDVV�RI�������'D��
$�VPDOO�XQNQRZQ�LPSXULW\�ZLWK�D�PDVV�RI�����'D�LV�REVHUYHG��

NMR-binding study
1+�105�LV�XVHG�WR�GHWHUPLQH�WKH�ELQGLQJ�EHWZHHQ�09�DQFKRU�DQG�4��LQ�VROXWLRQ��$�����P0�VROXWLRQ�
of MV-anchor in D2O is measured to determine the peak positions of the aromatic MV2+ XQGHU�DTXHRXV�
conditions; չ�����G���+���չ�����G���+���$URPDWLF�SHDNV�RI�WRV\ODWH�FRXQWHULRQ��չ�����G���+���չ�����G���+���$�
ZHLJKWHG�DPRXQW�RI�4��LV�DGGHG�WR�WKH�VROXWLRQ�DQG�GLVVROYHG�E\�VRQLFDWLRQ�����PLQ�DW���0&��չ�����EV���
չ�����EV���$GGLWLRQ�RI�7US20H�LV�DFKLHYHG�E\�DGGLQJ�DQ�DSSURSULDWH�DPRXQW�RI�D���P0�VWRFN�VROXWLRQ�
in H2O to the D22�105�VDPSOH��7KH�105�PHDVXUHPHQW�LV�WKHQ�SHUIRUPHG�XVLQJ�VROYHQW�VXSSUHVVLRQ��

Isothermal Titration Calorimetry (ITC)
7LWUDWLRQ� H[SHULPHQWV� DUH� SHUIRUPHG�ZLWK� D� 93�,7&� FDORULPHWHU� IURP�0LFURFDO�� ,QF��� XVLQJ� D� ���P0�
SKRVSKDWH�EXͿHU��S+������DW���0&��,Q�D�W\SLFDO�H[SHULPHQW�WKH�092+ DQG�4���DW�FRQFHQWUDWLRQV�RI�����P0�
DUH�LQ�WKH�VDPSOH�FHOO�DQG�WKH�VHFRQGDU\�JXHVW�ZDV�LQMHFWHG�IURP�WKH�LQMHFWLRQ�V\ULQJH��DW�FRQFHQWUDWLRQV�RI�
��P0��$�W\SLFDO�SURFHGXUH�RI�VDPSOH�SUHSDUDWLRQ�LV�GHVFULEHG�IRU�WKH�ELQGLQJ�RI�09�DQFKRU�4��FRPSOH[�
ZLWK�7US20H��)RU�D���P/�VROXWLRQ�RI�����X0�4���WKH�GHVLUHG�DPRXQW�RI�4��LV�ZHLJKWHG�LQ�D�YLDO��,Q�D�
second vial, from a stock solution of 10 mM MV-anchor in EtOH, an appropriate amount of solution is 
WDNHQ��a����X/�IRU���P/�ÀQDO�YROXPH��DQG�WKH�(W2+�LV�HYDSRUDWHG�XQGHU�UHGXFHG�SUHVVXUH�DQG�DW�OHDVW�
��KU� LQ�D�YDFXXP�RYHQ��7R�WKLV�YLDO��D���P/�EXͿHU�LV�DGGHG��VRQLFDWHG�WR�GLVVROYH�WKH�09�DQFKRU�DQG�
FRQFHQWUDWLRQ�GHWHUPLQHG�EX�89�YLV��7KLV�VROXWLRQ�WUDQVIHUUHG�WR�WKH�4��YLDO�WR�ZKLFK�WKH�WRWDO�UHTXLUHG�
YROXPH�LV�PDGH�XS�E\�DGGLQJ�DGGLWLRQDO�EXͿHU��7KH�4��LV�WKHQ�GLVVROYHG�E\�VRQLFDWLRQ�IRU����PLQXWHV�
DW���0&��6ROXWLRQV�RI� VHFRQGDU\�JXHVW�7US20H�DUH�PDGH� IURP�D���P0�VWRFN�VROXWLRQ��&RQFHQWUDWLRQV�
RI� VROXWLRQV�DUH�GHWHUPLQHG�DIWHUZDUGV�E\�89�YLV�XVLQJ� WKH�H[WLQFWLRQ�FRHFLHQW� IRU�7US20H�RI�պ

���
= 

�����0-1
 
cm-1, and for MV2+ XVLQJ�պ

���
 �������0-1cm-1 ����� &XFXUELW>�@XULO�HͿHFWLYH�PROHFXODU�ZHLJKW�ZDV�

GHWHUPLQHG�E\�WLWUDWLRQ�DV�GHVFULEHG�E\�.DLIHU�����. 
7KH�WLWUDWLRQ�VFKHPH�FRQVLVWV�RI����LQMHFWLRQV�RI����ۚ/�ZLWK����V�EHWZHHQ�WKH�LQMHFWLRQV��%LQGLQJ�FRQVWDQW�
DQG�HQWKDOS\�DUH�REWDLQHG�E\�ÀWWLQJ� WKH� ,7&�GDWD�XVLQJ�D�����ELQGLQJ�PRGHO�DQG�SHUIRUPHG�ZLWK� WKH�
VXSSOLHG�0LFURFDO�,7&�VRIWZDUH��7KH�HTXLOLEULXP�GLVWULEXWLRQ�RI�WKH�4��09�DQFKRU�FRPSOH[�LQÁXHQFHV�
WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�WKLV�FRPSOH[�LQ�VROXWLRQ��DQG�ZRXOG�FRPSOLFDWHV�WKH�DQDO\VLV�VWURQJO\��$V�LV�
UHSRUWHG�WKH�W\SLFDO�HUURU�GXH�WR�WKLV�HTXLOLEULXP�LV�HVWLPDWHG�WR�EH�����DQG�LV�WKHUHIRUH�LJQRUHG�LQ�WKH�
GDWD�SUHVHQWHG�KHUH������

0$/',�72)�06
0DWUL[�DVVLVWHG� ODVHU� GHVRUSWLRQ� LRQL]DWLRQ� WLPH�RI�ÁLJKW� PDVV� VSHFWURPHWU\� �0$/',�72)� 06�� ZDV�
SHUIRUPHG�RQ�D�$XWRÁH[�6SHHG�0$/',�06�LQVWUXPHQW��%UXNHU��%UHPHQ��*HUPDQ\��HTXLSSHG�ZLWK�D�����
QP�1G�<$*�VPDUWEHDP�ODVHU��0$/',�72)�06�H[SHULPHQWV�DUH�SHUIRUPHG�E\�VSRWWLQJ�VDPSOHV�RQ�D�073�
���� WDUJHW�JURXQG� VWHHO�SODWH�XVLQJ�DQ�ն�F\DQR���K\GUR[\FLQQDPLF�DFLG� �&+&$�� �)OXND�� 6ZLW]HUODQG��
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PDWUL[��6DPSOHV�DUH�����SUHPL[HG�ZLWK�&+&$�LQ�������DFHWRQLWULOH�ZDWHU�VXSSOHPHQWHG�ZLWK�������Y�Y�
WULÁXRUDFHWLF�DFLG��7)$���0DVV�VSHFWUD�DUH�DFTXLUHG�LQ�UHÁHFWRU�SRVLWLYH�LRQ�PRGH�E\�VXPPLQJ�VSHFWUD�
IURP�����VHOHFWHG�ODVHU�VKRWV��7KH�06�VSHFWUD�DUH�FDOLEUDWHG�ZLWK�FHVLXP�WULLRGLGH�RI�NQRZQ�PDVVHV�

:**�<)3�DQG�0**�<)3�H[SUHVVLRQ�DQG�SXULÀFDWLRQ
<)3�SURWHLQ�FRQVWUXFWV�IHDWXULQJ�DQ�1�WHUPLQDO�WU\SWRSKDQ�RU�PHWKLRQLQH�ZHUH�REWDLQHG�E\�PDNLQJ�XVH�
RI� LQWHLQ�VSOLFLQJ��7KH�S7:,1�YHFWRUV�FRQWDLQLQJ�WKH�'1$�FRGLQJ�IRU�:**�<)3�DQG�0**�<)3�ZHUH�
REWDLQHG�IURP�'XQJ�'DQJ��7KH�S7:,1���SODVPLGV�ZHUH� WUDQVIRUPHG�LQ�E. coli %/���'(���KRVW�VWUDLQ�
�1RYDJHQ���7KH�EDFWHULD�ZHUH� FXOWXUHG� LQ� ��/�/%�PHGLXP�FRQWDLQLQJ�����ۚJ�P/-1

 
$PSLFLOLQ� DW� ��� 0&�

DQG����USP�XQWLO�DQ�2'����RI�a�����6XEVHTXHQWO\��SURWHLQ�H[SUHVVLRQ�ZDV�LQGXFHG�E\�DGGLQJ�LVRSURS\O�
շ�'�WKLRJDODFWRS\UDQRVLGH��,37*��WR�D�ÀQDO�FRQFHQWUDWLRQ�RI�����P0��&HOOV�ZHUH�LQFXEDWHG�IRU���KRXUV�
at 25 0&�DQG�����USP�EHIRUH�EHLQJ�KDUYHVWHG�E\�FHQWULIXJDWLRQ� ������J� IRU����PLQXWHV���%DFWHULDO�FHOOV�
ZHUH� O\VHG� E\� UHVXVSHQGLQJ� WKH� SHOOHW� LQ� %XJEXVWHU� 3URWHLQ� ([WUDFWLRQ� 5HDJHQW� VXSSOHPHQWHG� ZLWK�
EHQ]RQDVH��1RYDJHQ��DQG�LQFXEDWHG�IRU���KRXU�DW�URRP�WHPSHUDWXUH��7KH�LQVROXEOH�IUDFWLRQ�ZDV�UHPRYHG�
E\�FHQWULIXJDWLRQ���������J�IRU����PLQXWHV���7KH�VROXEOH�IUDFWLRQ�ZDV�SXULÀHG�E\�DSSO\LQJ�LW�WR�D�FROXPQ�
ÀOOHG�ZLWK�FKLWLQ�EHDGV��1HZ�(QJODQG�%LRODEV��E\�JUDYLW\�ÁRZ��7KH�FROXPQ�ZDV�ZDVKHG�ZLWK����FROXPQ�
YROXPHV�EXͿHU�����P0�VRGLXP�SKRVSKDWH������P0�VRGLXP�FKORULGH����P0�HWK\OHQHGLDPLQHWHWUDDFHWLF�
DFLG� �('7$���S+�����7KH�RQ�FROXPQ� LQWHLQ� VSOLFLQJ�ZDV� LQFXEDWHG�RYHUQLJKW� DW� URRP� WHPSHUDWXUH�E\�
FORVLQJ� WKH�FROXPQ��&OHDYHG�SURWHLQV�ZHUH�HOXWHG� IURP�WKH�FROXPQ�E\�ZDVKLQJ�ZLWK� WKH�VDPH�EXͿHU��
6XEVHTXHQWO\�� WKH� SURWHLQV� ZHUH� SXULÀHG� RQ� 6WURQJ� ,RQ� ([FKDQJH� 6SLQ� &ROXPQV� �3LHUFH� 7KHUPR�
6FLHQWLÀF���3ULRU�WR�ORDGLQJ�WKH�SURWHLQ�RQ�WKH�FROXPQV��WKH�EXͿHU�ZDV�FKDQJHG�WR�EXͿHU�$�����P0�VRGLXP�
SKRVSKDWH�����P0�VRGLXP�FKORULGH��S+����E\�ÀOWUDWLRQ��0LOOLSRUH�FHQWULIXJDO�ÀOWHU�GHYLFH�0:&2����������
3XULÀHG�SURWHLQV�ZHUH� HOXWHG�ZLWK� LQFUHDVLQJ� DPRXQWV�RI� VRGLXP�FKORULGH� LQ�EXͿHU�$��%RWK�SURWHLQV�
HOXWHG�DW������P0�VRGLXP�FKORULGH��%XͿHU�ZDV�FKDQJHG�WR�3%6�EXͿHU�XVLQJ�D�3'����GHVDOWLQJ�FROXPQ�
�*(�+HDOWKFDUH���3URWHLQV�ZHUH�FRQFHQWUDWHG�XVLQJ�DQ�$PLFRQ�8OWUD�FHQWULIXJDO�ÀOWHU�GHYLFH��0:&2�����
N'D���0LOOLSRUH���7KH�SXULW\�DQG�FRUUHFW�PDVV�ZHUH�FRQÀUPHG�E\�6'6�3$*(�HOHFWURSKRUHVLV�DQG�4WRI�
/&�06��)LQDOO\��a��PJ�SHU�OLWHU�FXOWXUH�IRU�:**�<)3�DQG�a��PJ�SHU�OLWHU�FXOWXUH�IRU�0**�<)3�\LHOG�ZDV�
REWDLQHG��&RQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�XVLQJ�WKH�1DQRGURS�1'������VSHFWURSKRWRPHWHU�XVLQJ�WKH�
UHSRUWHG�H[WLQFWLRQ�FRHFLHQW�պ���� �������0-1cm-1 �����

 
3URWHLQV�ZHUH�VWRUHG�DW�����0&�

4WRI�06�DQDO\VLV
3XULW\�DQG�H[DFW�PDVV�RI�WKH�SURWHLQV�ZHUH�GHWHUPLQHG�XVLQJ�D�+LJK�5HVROXWLRQ�/&�06�V\VWHP�FRQVLVWLQJ�
RI�D�:DWHUV�$&48,7<�83/&�,�&ODVV�V\VWHP�FRXSOHG�WR�D�;HYR�*��4XDGUXSROH�7LPH�RI�)OLJKW��4�WRI���
7KH�V\VWHP�ZDV�FRPSULVHG�RI�D�%LQDU\�6ROYHQW�0DQDJHU�DQG�D�6DPSOH�0DQDJHU�ZLWK�)L[HG�/RRS��60�
)/���3URWHLQV�ZHUH�VHSDUDWHG������P/�PLQ-1��E\�WKH�FROXPQ��3RODULV�&��$�UHYHUVH�SKDVH�FROXPQ�����[�����
PP��$JLOHQW��XVLQJ�D�����WR�����DFHWRQLWULOH�JUDGLHQW�LQ�ZDWHU�VXSSOHPHQWHG�ZLWK������Y�Y�IRUPLF�DFLG�
EHIRUH�DQDO\VLV�LQ�SRVLWLYH�PRGH�LQ�WKH�PDVV�VSHFWURPHWHU��'HFRQYROXWLRQ�RI�WKH�P�]�VSHFWUD�ZDV�GRQH�
XVLQJ�WKH�0D[(17��DOJRULWKP�LQ�WKH�0DVVO\Q[�Y�����6&1�����VRIWZDUH�

4XDUW]�&U\VWDO�0LFUREDODQFH
6LOLFD�FRDWHG�����QP��4&0�'�VHQVRUV��46;�����IURP�/27�4XDQWXP�ZHUH�R[LGL]HG�ZLWK�89�R]RQH�IRU�
���PLQXWHV� �893�89�2]RQH�SKRWRUHDFWRU�35������DQG�VXEVHTXHQWO\�ZDVKHG�ZLWK�(W2+�DQG�GULHG� LQ�
D� VWUHDP�RI�QLWURJHQ��7KH� VHQVRUV�ZHUH� VWRUHG� LQ�PLOOL4�ZDWHU�XQWLO�XVH��4&0�'�PHDVXUHPHQWV�ZHUH�
SHUIRUPHG� LQ� D� 4�6HQVH� (�� ��FKDQQHO� TXDUW]� FU\VWDO� PLFUREDODQFH� ZLWK� D� SHULVWDOWLF� SXPS� �%LROLQ�
6FLHQWLÀF���%HIRUH�PRXQWLQJ� WKH�VHQVRUV� LQ� WKH�PLFUREDODQFH� WKH\�ZHUH�RQFH�PRUH�ZDVKHG�ZLWK�(W2+�
DQG�GULHG�XVLQJ�QLWURJHQ�ÁRZ��$OO�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�����WLPHV�3%6�EXͿHU�ZLWK�D�ÁRZ�UDWH�
RI�����/�PLQ�DW���0&�
7KH� OLSLG� ELOD\HU� ZDV� IRUPHG� E\� ÁRZLQJ� ���� QP� ����GLROHR\O�sn�JO\FHUR���SKRVSKRFKROLQH� �'23&��
�$YDQWL�3RODU�/LSLGV��YHVLFOHV�RYHU�WKH�4&0�'�VHQVRU��/LSLGV�ZHUH�PDGH�DV�IROORZV��'23&�ZDV�GLVVROYHG�
LQ�FKORURIRUP�DQG�GULHG�XQGHU�QLWURJHQ�ÁRZ��6XEVHTXHQWO\�WKH�'23&�ZDV�UHVXVSHQGHG�LQ�PLOOL4�ZDWHU�
WR�D�ÀQDO�FRQFHQWUDWLRQ�RI���PJ�PO��7R�JHW�D�VL]H�RI�����QP��WKH�YHVLFOHV�ZHUH����WLPHV�H[WUXGHG��SRUH�
VL]H�����QP���6L]H�ZDV�YHULÀHG�E\�G\QDPLF�OLJKW�VFDWWHULQJ��3ULRU�WR�ÁRZLQJ�WKH�YHVLFOHV�RYHU�WKH�4&0�'�
VHQVRU��WKH�YHVLFOHV�ZHUH�GLOXWHG�����ZLWK�3%6�LQ�RUGHU�WR�HQKDQFH�WKH�YHVLFOH�UXSWXUH�RQ�WKH�VHQVRUV��$IWHU�
D�VWDEOH�ELOD\HU�ZDV�IRUPHG��WKH�GLͿHUHQW�H[SHULPHQWV�ZHUH�SHUIRUPHG�DV�GLVFXVVHG�LQ�WKH�UHVXOWV�VHFWLRQ��
7KH�FXFXUELW>�@XULO�ZDV�SXUFKDVHG�IURP�6LJPD�$OGULFK�DQG�WKH�FRUUHFW�FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�DV�
GHVFULEHG�E\�.DLIHU�HW�DO��������

 
,Q�WKLV�UHSRUW��WKH�ӹI DQG�ӹ'�UHVSRQVHV�RI�WKH��WK�RYHUWRQH�DUH�GHSLFWHG�����

�L� ����
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7R�SUHSDUH�WKH�'23&�ELOD\HUV�ZLWK�LQFRUSRUDWHG�09�DQFKRU��ZH�ÁRZ�D�VROXWLRQ�RI�09�DQFKRU����X0��DQG�
4������X0��RYHU�EDUH�'23&�ELOD\HUV��$�GHFUHDVH�RI�WKH�IUHTXHQF\�RI�'I�a���+]�LV�REVHUYHG��ZKHUHDV�LQ�
WKH�DEVHQFH�RI�4��WKH�GHFUHDVH�LV�RQO\�'I�a��+]��$V�WKH�GLVVLSDWLRQ�FKDQJH�LV�!����WKH�6DXHUEUH\�HTXDWLRQ�
GRHV�QRW�KROG�DQG�WKH�'I�FDQQRW�EH�GLUHFWO\�UHODWHG�WR�WKH�GLͿHUHQFH�LQ�PDVV�RI�WKH�09�DQFKRU������'D��
DQG�WKH�4��09�DQFKRU�FRPSOH[�������������'D���,QVWHDG��WKH�GHFUHDVH�RI�'I�LV�H[SODLQHG�E\�WKH�PRUH�
K\GURSKRELF�QDWXUH�WKH�4��09�DQFKRU�FRPSOH[��DV�LV�REVHUYHG�DV�ZHOO�LQ�HDUOLHU�H[SHULPHQWV�DV�ZHOO��
7KLV�SURYLGHV�D�ODUJHU�GULYLQJ�IRUFH�IRU�WKH�09�DQFKRU�4��FRPSOH[�WR�EH�LQFRUSRUDWHG�LQWR�WKH�ELOD\HU�
FRPSDUHG�WR�WKH�09�DQFKRU�DORQH��7KHVH�REVHUYDWLRQV�VKRZ�WKDW�WKH�LQFRUSRUDWLRQ�RI�WKH�09�DQFKRU�LQWR�
WKH�'23&�ELOD\HU�LV�HQKDQFHG�LQ�WKH�SUHVHQFH�RI�4���)RU�WKH�H[SHULPHQWV�VKRZQ�LQ�ÀJXUH����$�WKH�VXUIDFH�
ZDV�ULQVHG�ZLWK�EXͿHU�WR�UHPRYH�4��IURP�WKH�VXUIDFH��,Q�WKH�H[SHULPHQWV�VKRZQ�LQ�ÀJXUH����%��WKH�:**�
<)3�ZDV�GLUHFWO\�DSSOLHG�DIWHU�LQFRUSRUDWLRQ�RI�WKH�09�DQFKRU�4��FRPSOH[�

Confocal laser scanning microscopy
)RU�WKHVH�VWXGLHV��'23&�OLSLG�YHVLFOHV�DUH�SUHSDUHG��DW�FRQFHQWUDWLRQV�RI���P0��ZLWK�XS�WR����PRO��RI�
09�DQFKRU�LQFRUSRUDWHG�DQG����PRO��RI�1%'�OLSLG�G\H�IRU�LPDJLQJ�RI�WKH�YHVLFOHV��7R�WKHVH�VROXWLRQV�
:**�<)3����X0��DQG�GLͿHUHQW�DPRXQWV�RI�4��DUH�DGGHG�������X0���LQ����P0�SKRVSKDWH�EXͿHU�DW�S+���

'LͿHUHQWLDO�6FDQQLQJ�&DORULPHWU\
'6&�PHDVXUHPHQWV� DUH� SHUIRUPHG�XVLQJ� D�0LFURFDO�93�'6&� FDORULPHWHU��'DWD�ZHUH� FROOHFWHG� RYHU� D�
W\SLFDO�UDQJH�RI���0&�WR����0&�DW���0&�PLQ��ZLWK�WKH�DSSURSULDWH�EXͿHU�DV�UHIHUHQFH��'DWD�LV�DQDO\]HG�XVLQJ�
WKH�VRIWZDUH�SURYLGHG�E\�0LFURFDO��9HVLFOHV�XVHG�IRU�'6&�DQDO\VLV��DUH�SUHSDUHG�DV�GHVFULEHG�EHORZ��XVLQJ�
SKRVSKDWH�EXͿHU�����P0�S+������$IWHU�SUHSDUDWLRQ��WKH�VDPSOHV�DUH�FRROHG��GHJDVVHG�DQG�SODFHG�XVLQJ�
+DPLOWRQLDQ�JDVWLJKW�V\ULQJH��

Vesicle preparation
9HVLFOHV�DUH�SUHSDUHG�XVLQJ�JODVV�ÀOP�UHK\GUDWLRQ�DQG�ZKHQ�QHFHVVDU\�H[WUXVLRQ�IRU�DGMXVWLQJ�VL]H��6WRFN�
VROXWLRQV�RI�'33&�LQ�FKORURIRUP������P0��DQG�09�DQFKRU�����P0��LQ�(W2+�DUH�PL[HG�LQ�WKH�DSSURSULDWH�
DPRXQWV��,Q�D�W\SLFDO�SUHSDUDWLRQ��IRU�D���P/�YHVLFOH�VROXWLRQ�DW��P0�'33&�DQG���PRO��09�DQFKRU�����
X/�RI�'33&�DQG���X/�09�DQFKRU�DUH�PL[HG�LQ�D��P/�YLDO��$�WKLQ�ÀOP�LV�IRUPHG��E\�UHPRYLQJ�WKH�RUJDQLF�
VROYHQWV�LQ�YDFXR�XQGHU�FRQWLQXRXV�URWDWLRQ�DQG�WKH�ÀOP�LV�GULHG�XQGHU�YDFXXP�IRU��KUV��$IWHU�DGGLWLRQ�
RI���P/�EXͿHU��WKH�YLDO�LV�YRUWH[HG�DW����USP�IRU���PLQ�DW�a��0&��7R�IRUP�XQLODPHOODU�YHVLFOH�����IUHH]�
WKDZ�F\FOHV�ZHUH�DSSOLHG�E\�IUHH]LQJ�LQ�OLTXLG�12 and heating in a water bath at 700&��:KHQ�UHTXLUHG�
WKH�YHVLFOH�VROXWLRQV�DUH�H[WUXGHG�WKURXJK�SRO\FDUERQDWH�PHPEUDQHV�RI�����QP�����QP�DQG����QP�DW�
���0&�IRU�WKH�'33&�YHVLFOHV�DQG�57�IRU�'23&�YHVLFOHV��6L]H�GLVWULEXWLRQ�LV�FKHFNHG�XVLQJ�'/6��=HWDVL]HU�
0DOYHUQ��

$PLQR�DFLG�VHTXHQFH�DQG�PROHFXODU�ZHLJKW�RI�WKH�:**�<)3
0:� �������'D
WGG$6:6+34� )(.6$096.*� ( ( / ) 7 * 9 9 3 , �
/9(/'*'91*� +.)696*(*(� *'$7<*./7/� .),&77*./3�93:37/977)� *<*/4&)$5<�
3'+0.4+'))� .6$03(*<94� (57,)).''*� 1<.75$(9.)� ( * ' 7 / 9 1 5 , (�
/.*,').('*� 1,/*+./(<1� <16+19<,0$� '.4.1*,.91� ).,5+1,('*�
694/$'+<44� 173,*'*39/�/3'1+</6<4� 6./6.'31(.� 5'+09//()9�
7$$*,7/*0'� (/<.

$PLQR�DFLG�VHTXHQFH�DQG�PROHFXODU�ZHLJKW�RI�WKH�0**�<)3
0:� �������'D
MGG$6:6+34� )(.6$096.*� ( ( / ) 7 * 9 9 3 , �
/9(/'*'91*� +.)696*(*(� *'$7<*./7/� .),&77*./3�93:37/977)� *<*/4&)$5<�
3'+0.4+'))� .6$03(*<94� (57,)).''*� 1<.75$(9.)� ( * ' 7 / 9 1 5 , (�
/.*,').('*� 1,/*+./(<1� <16+19<,0$� '.4.1*,.91� ).,5+1,('*�
694/$'+<44� 173,*'*39/�/3'1+</6<4� 6./6.'31(.� 5'+09//()9�
7$$*,7/*0'� (/<.
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2OLJRQXFOHRWLGHV��/DQJPXLU 30��������������������'2,���������OD������D�
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(Q]\PHV�FRXSOHG�WR�VHOI�DVVHPEOHG�PDWHULDOV��
,OOXVWUDWLRQ�E\�$DURQ�'LMNVWUD��
The enzymes (green, red) are coupled to the vesicle surface, upon which they become active and are 
able to perform tasks, such as a chemical reaction.The above illustrated process was the original 
LQVSLUDWLRQ� IRU� WKH� UHVHDUFK� LQ� FKDSWHU� �� DQG� IRUPV� DQ� LQVSLULQJ� VWHS� WRZDUGV� FRPSOH[LW\� LQ�
materials.
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Summary
/LYLQJ�FUHDWXUHV�H[LVWV�IRU�DQ�LPSRUWDQW�SDUW�RXW�RI�VRIW�PDWHULDO��VXFK�DV�VNLQ��RUJDQV�
DQG� FHOOV�� WKDW� DUH� IRUPHG�E\� WKH� VHOI�DVVHPEO\�RI�PROHFXODU�EXLOGLQJ�EORFNV�� 6SHFLÀF�
LQWHUDFWLRQV� RI� WKH�PROHFXODU� EXLOGLQJ� EORFNV� OHDG� WR� WKH� VSRQWDQHRXV� DVVHPEO\� LQWR�
ODUJHU� RUJDQL]HG� VWUXFWXUHV�� IRU� H[DPSOH�PROHFXOHV� WKDW� VHOI�DVVHPEOH� LQWR� ÀEHUV� DQG�
HYHQWXDOO\�IRUP�D�PDFURVFRSLF�PDWHULDO��D�JHO��)RU�WKH�HYHU\�GD\�VXUYLYDO�LQ�QDWXUH��LW�
is important that these materials show properties such as healing and self-organizing 
EHKDYLRU�� %LRORJLFDO� FHOOXODU� V\VWHPV� �PDWHULDOV�� DFKLHYH� WKLV� E\� VXVWDLQLQJ� G\QDPLF�
SURFHVVHV�ZLWKLQ�WKH�FHOOV�WKURXJK�WKH�FRQVXPSWLRQ�RI�FKHPLFDO�HQHUJ\��7KLV�SULQFLSOH�
SXWV�WKHVH�PDWHULDOV�RXW�RI�HTXLOLEULXP�DQG�WKH�G\QDPLF�SURFHVVHV�FDQ�RQO\�RFFXU�IRU�DV�
ORQJ�DV�WKHUH�LV�DQ�HQHUJ\�VRXUFH�SUHVHQW��

1DWXUDO�PDWHULDOV�DUH�FRQWLQXRXVO\�DFWLYH�ZLWK�G\QDPLF�SURFHVVHV�RFFXUULQJ��VXFK�
DV�JURZWK��VKULQNDJH�DQG�WUDQVSRUW�PHFKDQLVPV�XQGHU�WKH�FRQVXPSWLRQ�RI�HQHUJ\��)RU�
H[DPSOH��DFWLQ�ZLWKLQ�FHOOV�IRUPV�VHOI�DVVHPEOHG�ÀEHU�QHWZRUNV�XQGHU�WKH�FRQVXPSWLRQ�
RI� D� FKHPLFDO� IXHO�� 7KH� UDSLG� JURZWK� DQG� VKULQNDJH� RI� WKHVH� QHWZRUNV� OHDGV� WR� WKH�
PRYHPHQW�RI�FHOOV��7KH�ELRORJLFDO�IXQFWLRQLQJ�DQG�PDWHULDO�SURSHUWLHV�RI�FHOOV�RULJLQDWH�
IURP� WKH� FRPSOH[LW\� RI� PXOWLSOH� LQWHUDFWLQJ�PHFKDQLVPV�� VXFK� DV� RXW�RI�HTXLOLEULXP�
VHOI�DVVHPEOHG� VWUXFWXUHV�� UHDFWLRQ�GLͿXVLRQ� SURFHVVHV� DQG� SURWHLQ� LQWHUDFWLRQV�� 7KH�
UHVHDUFK� RQ� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\� IRU� QHZ� VRIW�PDWHULDO� DSSURDFKHV� IRUPV�
D� FKDOOHQJH� WKDW� LV� DGGUHVVHG� LQ� WKLV� WKHVLV�� ([WHQGLQJ� WKH� NQRZOHGJH� RQ� RXW�RI�
HTXLOLEULXP�VHOI�DVVHPEO\�DQG�UHDFWLRQ�GLͿXVLRQ�RI�VHOI�DVVHPEOLQJ�PROHFXOHV�ZLOO�RSHQ�
QHZ�RSSRUWXQLWLHV�IRU�SURJUDPPDEOH�DQG�VHOI�KHDOLQJ�PDWHULDOV��

,Q�WKLV�WKHVLV�D�QHZ�GHVLJQ�DSSURDFK�IRU�RXW�RI�HTXLOLEULXP�IRUPHG�VHOI�DVVHPEOHG�
PDWHULDOV�LV�GHVFULEHG�DQG�WHVWHG�H[SHULPHQWDOO\��$�NH\�GHYHORSPHQW�LV�WKH�FKHPLFDO�IXHO�
GULYHQ�VHOI�DVVHPEO\�RI�PROHFXODU�JHODWRUV�DQG�FROORLGDO�SDUWLFOHV��8VLQJ�WKHUPRG\QDPLF�
LQVLJKWV� IRU� WKH� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\� DQ� XQGHUVWDQGLQJ� RI� WKH� GLͿHUHQW�
SURFHVVHV� LV� REWDLQHG�� 7KHQ� WKH� GHYHORSPHQW� RI� DQ� RUJDQLF� UHDFWLRQ�GLͿXVLRQ� EDVHG�
V\VWHP� UHVXOWV� LQ� WKH� VSDWLDO� RUJDQL]DWLRQ� RI� VHOI�DVVHPEOHG�PDWHULDOV�� )LQDOO\�� D� VWHS�
WRZDUGV�FRQWUROOHG�HQ]\PH�LQWHUDFWLRQV�E\�PDWHULDOV�LV�PDGH�WKURXJK�WKH�LPPRELOL]DWLRQ�
RI�SURWHLQV�WR�VHOI�DVVHPEOHG�PDWHULDOV��

)LUVW��WKH�LPSRUWDQFH�RI�QHZ�DSSURDFKHV�IRU�VRIW�PDWHULDOV�DQG�WKH�PDLQ�FKDOOHQJHV�
IRU�WKLV�UHVHDUFK�DUH�LQWURGXFHG�LQ�FKDSWHU����,Q�FKDSWHU����WKH�UHOHYDQW�GHYHORSPHQWV�LQ�
WKH�ÀHOGV�RI�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\�DQG�5HDFWLRQ�'LͿXVLRQ��5'��V\VWHPV�DUH�
GLVFXVVHG��ZKLFK�DUH�LPSRUWDQW�LQ�QDWXUDO�PDWHULDOV��)RU�H[DPSOH�VNLQ�SDWWHUQV��ZKLFK�
FDQ�EH�DFKLHYHG�E\�VSDWLDO�RUJDQL]DWLRQ�RI�WKH�FRPSRQHQWV�DFFRUGLQJ�WR�WKH�5'�PRGHO��
)XUWKHUPRUH�� IURP� UHFHQW� VFLHQWLÀF� H[DPSOHV� RI� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEOHG�
PDWHULDOV�VKRZ�WKDW�QHZ�IXQFWLRQDOLWLHV�FDQ�EH�DFKLHYHG��IRU�H[DPSOH�GLUHFWHG�PRYHPHQW��

� ,Q�FKDSWHU����WKH�QHZ�GHVLJQ�DSSURDFK�IRU�RI�RXW�RI�HTXLOLEULXP�DFWLYH�PDWHULDOV�
LV� LQWURGXFHG�� ,W� LV� GHPRQVWUDWHG� WKDW� E\� WKH� VXSSO\� RI� FKHPLFDO� HQHUJ\�� PROHFXODU�
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DVVHPEOLHV�DUH�IRUPHG�IDU�IURP�WKHUPRG\QDPLF�HTXLOLEULXP��7KH�IRUPHG�PDWHULDOV�VKRZ�
SURSHUWLHV� DQG�EHKDYLRU�� VXFK�DV� OLIHWLPHV� DQG� VHOI�UHJHQHUDWLRQ� FDSDELOLW\�GHSHQGLQJ�
RQ�IXHO�OHYHOV�DQG�DUH�FRQWLQXRXVO\�DFWLYH��7KHVH�DFWLYH�PDWHULDOV�DUH�D�NH\�VWHS�WRZDUGV�
V\QWKHWLF�VHOI�RUJDQL]LQJ�RXW�RI�HTXLOLEULXP�V\VWHPV�

,Q� FKDSWHU� ��� WKH� GHVLJQ� DSSURDFK� LV� XVHG� WR� GHYHORS� D� QHZ� FROORLGDO� RXW�RI�
HTXLOLEULXP� VHOI�DVVHPEOHG� V\VWHP�� 7R� WKLV� HQG�� FROORLGDO� SDUWLFOHV� DUH� SUHSDUHG�ZLWK�
FDUER[\OLF� DFLG� FDUU\LQJ� SRO\PHU� KDLUV� DQG� WKH� VHOI�DVVHPEO\� SURFHVV� LV� GULYHQ� E\� D�
PHWK\ODWLRQ� UHDFWLRQ�� 7KH� DJJUHJDWHV� VKRZ� WUDQVLHQW� VHOI�DVVHPEO\� DQG� WKH� SDUWLFOHV�
FDQ� EH� UHF\FOHG�� 7KLV�ZRUN� VKRZV� WKH� JHQHUDOLW\� RI� WKH� GHVLJQ� SULQFLSOHV� IRU� RXW�RI�
HTXLOLEULXP�VHOI�DVVHPEO\�

7R� XQGHUVWDQG� WKH� SULQFLSOHV� RI� RXW�RI�HTXLOLEULXP� VHOI�DVVHPEO\�� WKH�
WKHUPRG\QDPLF� IUDPHZRUN� LV� GLVFXVVHG�� LQ� FKDSWHU� ��� %DVHG� RQ� WKH� WKHUPRG\QDPLF�
SULQFLSOHV� RI� HTXLOLEULXP� VHOI�DVVHPEO\� DQG� H[WHQVLRQ� LV� PDGH� WR� QRQ�HTXLOLEULXP�
VLWXDWLRQV�� ,W� LV� IRXQG� WKDW� D� VWDWLRQDU\� VHOI�DVVHPEOHG� VLWXDWLRQ� FDQ� RFFXU� RXW�RI�
HTXLOLEULXP��XQGHU�WKH�FRQWLQXRXV�FRQVXPSWLRQ�RI�FKHPLFDO�HQHUJ\��([WHQVLRQV�RI�WKH�
PRGHO�DUH�GLVFXVVHG�IRU�PRUH�XQLTXH�EHKDYLRU�VXFK�DV�EL�VWDELOLW\�GXH�WR�QRQ�OLQHDU�DQG�
DXWRFDWDO\WLF�IRUPDWLRQ�NLQHWLFV�

,Q� FKDSWHU� ��� DQ� RUJDQLF� VHOI�DVVHPEOLQJ� UHDFWLRQ�GLͿXVLRQ� V\VWHP� LV� H[SORUHG�
IRU�WKH�SDWWHUQLQJ�DQG�VKDSLQJ�RI�VRIW�PDWHULDOV��7KH�FRPELQHG�UHDFWLRQ�GLͿXVLRQ�DQG�
VHOI�DVVHPEO\� �5'�6$�� RI� D� VXSUDPROHFXODU� JHODWRU� OHDGV� WR� WKH� IRUPDWLRQ� RI� VKDSHG�
RUJDQLF�VRIW�PDWHULDO���7KH�VKDSH��VL]H�DQG�GLPHQVLRQV�DUH�FRQWUROOHG�WKURXJK�WKH�XVHG�
5'�SDUDPHWHUV��VXFK�DV�GLͿXVLRQ�OHQJWK�DQG�UHDFWLRQ�NLQHWLFV��,W�LV�VKRZQ�WKDW�WKH�VHOI�
assembled structures can also be functionalized with molecular recognition sites for 
ELQGLQJ�RI�SURWHLQV��

,Q�WKH�ODVW�FKDSWHU��WKH�UHYHUVLEOH�ELQGLQJ�RI�SURWHLQV�WR�OLSLG�ELOD\HUV�LV�H[SORUHG��DV�
H[DPSOH�IRU�LQWHUDFWLRQV�EHWZHHQ�PDWHULDOV�DQG�SURWHLQV��7KH�VXSUDPROHFXODU�KRVW�JXHVW�
ELQGLQJ�RI�D�<HOORZ�)OXURHVFHQW�3URWHLQ��<)3��WR�OLSLG�ELOD\HUV�LV�UHSRUWHG��7KH�KRVW�JXHVW�
LQWHUDFWLRQV�RI�FXFXUELW>�@XULO��4����WKH�<)3�DQG�D�OLSLG�ERXQG�PHWK\O�YLRORJHQ��092+��
DUH� XVHG� IRU� WKH� VXFFHVVIXO� ELQGLQJ� WR� VXSSRUWHG� ELOD\HUV�� 7KLV� LV� D� VHOHFWLYH� ELQGLQJ�
ZKLFK�LV�IRUPHG�UHYHUVLEOH��7KLV�ZRUN�LV�DQ�LQWHUHVWLQJ�VWHS�WRZDUGV�WKH�VXSUDPROHFXODU�
ELQGLQJ�RI�SHULSKHUDO�SURWHLQV�RQWR�VHOI�DVVHPEOHG�PDWHULDOV��

,Q� FRQFOXVLRQ�� WKH� UHVHDUFK� LQ� WKLV� WKHVLV�SUHVHQWV�PXOWLSOH�QHZ�DSSURDFKHV� WR�RXW�RI�
HTXLOLEULXP� VHOI�DVVHPEOHG� PDWHULDOV� DQG� IRUPV� DQ� LPSRUWDQW� GHYHORSPHQW� WRZDUGV�
WKH� FRPSOH[LW\� RI� ELRORJLFDO�PDWHULDOV�� 7KH� ÀUVW� VWHSV� DUH� WDNHQ� LQWR� GHYHORSLQJ� VHOI�
assembled material with programmable properties, leading to materials that are self-
KHDOLQJ�DQG�UH�XVDEOH��7KURXJK�WKH�ÀQGLQJV� LQ� WKLV�UHVHDUFK�QHZ�DSSOLFDWLRQV� IRU�VRIW�
PDWHULDOV�FDQ�EH�GHYHORSHG�EDVHG�RQ�WKH�RXW�RI�HTXLOLEULXP�VHOI�DVVHPEO\��
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Samenvatting
/HYHQGH�ZH]HQV�EHVWDDQ�YRRU� HHQ�EHODQJULMN�JHGHHOWH�XLW� ]DFKWH�PDWHULDOHQ�� ]RDOV�GH�
KXLG�� RUJDQHQ� HQ� FHOOHQ�� 'H]H� PDWHULDOHQ� ]LMQ� JHYRUPG� GRRU� GH� ]HOIDVVHPEODJH� YDQ�
PROHFXODLUH�ERXZVWHQHQ��'H� VSHFLÀHNH� LQWHUDFWLHV� WXVVHQ�GLH�PROHFXODLUH�ERXZVWHQHQ�
zorgen voor de spontane assemblage tot grote georganiseerde structuren, bijvoorbeeld 
moleculen die assembleren tot vezels en samen een macroscopisch materiaal vormen; 
HHQ� JHO�� 9RRU� GH� GDJHOLMNVH� RYHUOHYLQJVVWULMG� LQ� GH� QDWXXU� LV� KHW� EHODQJULMN� GDW� GH]H�
PDWHULDOHQ�HLJHQVFKDSSHQ�EH]LWWHQ�]RDOV�KHOHQG�HQ�]HOIRUJDQLVHUHQG�JHGUDJ��%LRORJLVFKH�
FHOOHQ� �PDWHULDOHQ�� JHEUXLNHQ� KLHUYRRU� FRQWLQXH� G\QDPLVFKH� SURFHVVHQ�� GLH� GRRU� KHW�
YHUEUXLN�YDQ�FKHPLVFKH�HQHUJLH�RQGHUKRXGHQ�ZRUGHQ��'LW�SURFHV�SODDWVW�GH]H�PDWHULDOHQ�
XLW�KXQ�WKHUPRG\QDPLVFK�HYHQZLFKW�HQ�NDQ�DOOHHQ�GRRUJDDQ�]RODQJ�HU�HQHUJLH�DDQZH]LJ�
LV�� 1DWXXUOLMNH� PDWHULDOHQ� ]LMQ� GXV� FRQWLQX� DFWLHI� GRRUGDW� HU� G\QDPLVFKH� SURFHVVHQ�
SODDWVYLQGHQ�� ]RDOV� JURHL�� NULPS� HQ� WUDQVSRUWPHFKDQLVPHQ�� (HQ� YRRUEHHOG� LV� KHW�
DFWLQHQHWZHUN�LQ�FHOOHQ��GDW�XLW�JH]HOIDVVHPEOHHUGH�ÀEHUV�EHVWDDW�HQ�JHYRUPG�ZRUGW�GRRU�
YHUEUXLN�YDQ�HHQ�FKHPLVFKH�EUDQGVWRI��+HW�YRRUWGXUHQG�JURHLHQGH�HQ�NULPSHQGH�JHGUDJ�
YDQ� GH]H� QHWZHUNHQ� ]RUJW� YRRU� GH� EHZHJLQJ� YDQ� FHOOHQ��'H�PDWHULDDOHLJHQVFKDSSHQ�
HQ�KHW�ELRORJLVFK�IXQFWLRQHUHQ�YDQ�FHOOHQ�NRPW�YRRUW�XLW�GH�FRPSOH[LWHLW�YDQ�PHHUGHUH�
LQWHUDFWHUHQGH�SURFHVVHQ��]RDOV�XLW�HYHQZLFKW�]HOIDVVHPEODJH��UHDFWLH�GLͿXVLH�SURFHVVHQ�
HQ�HLZLWPHFKDQLVPHQ��2QGHU]RHN�DDQ�XLW�HYHQZLFKW�JH]HOIDVVHPEOHHUGH� VWUXFWXUHQ� LV�
HHQ�JURWH�XLWGDJLQJ�HQ�ZRUGW�EHKDQGHOG�LQ�GLW�SURHIVFKULIW��'H�LQ]LFKWHQ�HQ�NHQQLV�YDQ�
uit-evenwicht zelfassemblage zal nieuwe mogelijkheden creëren voor programmeerbare 
HQ�]HOIKHOHQGH�PDWHULDOHQ����

,Q�GLW�SURHIVFKULIW�ZRUGW�HHQ�QLHXZH�RQWZHUSPHWKRGH�YDQ�XLW�HYHQZLFKW�JHYRUPGH�
JH]HOIDVVHPEOHHUGH� PDWHULDOHQ� EHVFKUHYHQ� HQ� H[SHULPHQWHHO� JHWHVW�� (HQ� EHODQJULMN�
aspect van deze methode is de door chemische brandstof gedreven zelfassemblage van 
PROHFXODLUH�JHODWRUHQ�HQ�FROORwGDOH�GHHOWMHV��,Q]LFKW�LQ�GH]H�SURFHVVHQ�ZRUGW�YHUNUHJHQ�
DDQ� GH� KDQG� YDQ� WKHUPRG\QDPLVFKH� SULQFLSHV� YRRU� GH� XLW�HYHQZLFKW� VLWXDWLH�� 'H�
RQWZLNNHOLQJ�YDQ�HHQ�RUJDQLVFK�UHDFWLH�GLͿXVLHV\VWHHP��5'��UHVXOWHHUW�LQ�GH�UXLPWHOLMNH�
RUJDQLVDWLH� HQ� FRQWUROH� YDQ� JH]HOIDVVHPEOHHUGH�PDWHULDOHQ��8LWHLQGHOLMN�ZRUGW� HU� HHQ�
VWDS�JHPDDNW�QDDU�PDWHULDDOJHFRQWUROHHUGH�HLZLWLQWHUDFWLHV�

Eerst wordt het belang van een nieuwe aanpak voor zachte materialen uitgelegd, 
JHYROJG� GRRU� GH� EHODQJULMNVWH� XLWGDJLQJHQ� LQ� GLW� RQGHU]RHN�� ,Q� KRRIGVWXN� ��ZRUGHQ�
vervolgens de relevante ontwikkelingen behandeld van uit-evenwicht zelfassemblage en 
UHDFWLH�GLͿXVLHV\VWHPHQ��WZHH�EHODQJULMNH�DVSHFWHQ�YDQ�QDWXXUOLMNH�PDWHULDOHQ��9ROJHQV�
het RD-model ontstaan bijvoorbeeld huidpatronen door de ruimtelijke organisatie 
YDQ� GH� FRPSRQHQWHQ�� 5HFHQWH� ZHWHQVFKDSSHOLMNH� RQGHU]RHNHQ� PHW� XLW�HYHQZLFKW�
gezelfassembleerde materialen laten zien dat nieuwe functies, zoals gerichte beweging, 
NXQQHQ� RQWVWDDQ�� 5XLPWHOLMNH� RUJDQLVDWLH� HQ� XLW�HYHQZLFKW� ]HOIDVVHPEODJH� ]LMQ� GXV�
EHODQJULMNH�RQGHUGHOHQ�YRRU�KHW�IXQFWLRQHUHQ�YDQ�QDWXXUOLMNH�]DFKWH�PDWHULDOHQ��

,Q�KRRIGVWXN���ZRUGW�HHQ�QLHXZH�RQWZHUSPHWKRGH�YRRU�XLW�HYHQZLFKW�PDWHULDOHQ�
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EHVSURNHQ�HYHQDOV�GH�H[SHULPHQWHOH�RQWZLNNHOLQJ�GDDUYDQ��+LHU�ZRUGW�JHWRRQG�GDW�GH�
moleculaire structuren in een uit-evenwicht situatie worden gevormd door de toevoer 
YDQ� FKHPLVFKH� EUDQGVWRI�� 'H� JHYRUPGH� PDWHULDOHQ� KHEEHQ� XQLHNH� HLJHQVFKDSSHQ��
zoals levensduur en herstelcapaciteit, die afhankelijk zijn van het brandstofniveau 
HQ� FRQWLQX� DFWLHI� ]LMQ�� 'H]H� DFWLHYH� PDWHULDOHQ� ]LMQ� HHQ� EHODQJULMNH� YRRUXLWJDQJ� YDQ�
QDWXXUJHwQVSLUHHUGH�V\QWKHWLVFKH�XLW�HYHQZLFKW�V\VWHPHQ��

,Q� KRRIGVWXN� �� ZRUGW� GH� QLHXZH� RQWZHUSPHWKRGH� WRHJHSDVW� WHQ� EHKRHYH�
YDQ� GH� RQWZLNNHOLQJ� YDQ� HHQ� FROORwGDDO� XLW�HYHQZLFKW� ]HOIDVVHPEOHUHQG� V\VWHHP��
+LHUYRRU�ZRUGHQ�FROORwGDOH�GHHOWMHV�PHW�UHDFWLHYH�KDUHQ�JHV\QWKHWLVHHUG��'H]H�EHYDWWHQ�
carbonzuurgroepen, zodat ze uit-evenwicht gedreven kunnen worden door een 
PHWK\OHULQJVUHDFWLH�� 'H� DJJUHJDWHQ� YHUWRQHQ� WLMGHOLMNH� ]HOIDVVHPEODJH� HQ� GH� GHHOWMHV�
NXQQHQ�ZRUGHQ�JHUHF\FOHG��'H]H�EHYLQGLQJHQ�ODWHQ�]LHQ�GDW�GH�XLW�HYHQZLFKW�PHWKRGH�
DOJHPHHQ�NDQ�ZRUGHQ�JHEUXLNW��ELMYRRUEHHOG�YRRU�GH�WRHSDVVLQJ�LQ�FROORwGDOH�V\VWHPHQ�

Om de principes van uit-evenwicht zelfassemblage te begrijpen, wordt hiervan 
KHW�WKHUPRG\QDPLVFKH�UDDPZHUN�EHKDQGHOG�LQ�KRRIGVWXN����(U�ZRUGW�HHQ�WKHRUHWLVFKH�
XLWEUHLGLQJ� JHPDDNW� YDQ� GH� WKHUPRG\QDPLVFKH� SULQFLSHV� YRRU� ]HOIDVVHPEODJH� QDDU�
HHQ� XLW�HYHQZLFKW� VLWXDWLH�� (HQ� VWDWLRQDLUH� VLWXDWLH� NDQ� JHYRUPG� ZRUGHQ� LQGLHQ� GH�
zelfassemblage plaatsvindt uit-evenwicht door het continue verbruik van chemische 
HQHUJLH��

,Q� KRRIGVWXN� �� ZRUGW� HHQ� RUJDQLVFK� ]HOIDVVHPEOHUHQG� UHDFWLH�GLͿXVLHV\VWHHP�
RQGHU]RFKW� YRRU� GH� UXLPWHOLMNH� RUJDQLVDWLH� YDQ� ]DFKWH� PDWHULDOHQ�� 'RRU� GH� UHDFWLH�
GLͿXVLH� HQ� ]HOIDVVHPEODJH� �5'�6$�� YDQ� VXSUDPROHFXODLUH� JHODWRUHQ� ZRUGW� PDWHULDDO�
JHFUHsHUG�PHW� HHQ� JHFRQWUROHHUGH� YRUP� HQ� JURRWWH�� 'H� GLPHQVLHV� YDQ� GH�PDWHULDOHQ�
ZRUGHQ� EHSDDOG� GRRU� GH� 5'�SDUDPHWHUV�� ]RDOV� GH� GLͿXVLHOHQJWH� HQ� UHDFWLHVQHOKHLG��
De gevormde materiaalstructuur kan ook gefunctionaliseerd worden met moleculaire 
KHUNHQQLQJVPRWLHYHQ�YRRU�KHW�ELQGHQ�YDQ�HLZLWWHQ��

,Q� KHW� ODDWVWH� KRRIGVWXN� ZRUGW� KHW� RPNHHUEDDU� ELQGHQ� YDQ� HLZLWWHQ� DDQ�
gezelfassembleerde lipide bilagen verkend, als voorbeeld voor toekomstige 
WHUXJNRSSHOLQJVPHFKDQLVPHQ�WXVVHQ�PDWHULDDO�HQ�HLZLWWHQ��'H�ELQGLQJ�YDQ�HHQ�<HOORZ�
)OXRUHVFHQW�3URWHLQ��<)3��DDQ�OLSLGH�ELODJHQ�ZRUGW�EHUHLNW�GRRU�VXSUDPROHFXODLUH�¶KRVW�
JXHVW·� LQWHUDFWLHV�� 'H]H� ELQGLQJ� LV� VHOHFWLHI� HQ� NDQ� RPNHHUEDDU� JHPDDNW�ZRUGHQ��'LW�
werk is een stap in de richting van het supramoleculair binden van perifere eiwitten aan 
JH]HOIDVVHPEOHHUGH�PDWHULDOHQ��

&RQFOXGHUHQG��KHW� RQGHU]RHN� LQ�GH]H� WKHVLV� WRRQW�PHHUGHUH�QLHXZH�PHWKRGHQ�
en nieuwe uit-evenwicht gezelfassembleerde materialen, die samen een stap richting 
GH�V\QWKHVH�YDQ�GH�FRPSOH[LWHLW�YDQ�ELRORJLVFKH�PDWHULDOHQ�]LMQ��'H�QLHXZH�PDWHULDOHQ�
hebben programmeerbare eigenschappen, zijn uit-evenwicht en vertonen daardoor 
]HOIKHOHQG� JHGUDJ� RI� ]LMQ� KHUEUXLNEDDU�� 0HW� GH� PHWKRGHQ� LQ� GLW� RQGHU]RHN� NXQQHQ�
nieuwe toepassingen voor zachte materialen worden ontwikkeld op basis van uit-
HYHQZLFKW�]HOIDVVHPEODJH��
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