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A bis(ferrocene) three tiered molecular folding ruler can be induced to undergo a large scale extension and 

contraction process either chemical or better electrochemical methods.  
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$�)HUURFHQH�%DVHG�6ZLWFKDEOH�0ROHFXODU�)ROGLQJ�

5XOHU�

6\Q¡YH����6FRWWZHOO�D�-RQDWKDQ�(��%DUQVOH\D�E�&��-RKQ��0F$GDP�D�.HLWK�&��
*RUGRQD�E�DQG�-DPHV�'��&URZOH\D��

�

�

$� ���O�ELS\ULGLQH�DSSHQGHG� ELV�IHUURFHQH�� WKUHH� WLHUHG�

PROHFXODU� IROGLQJ� UXOHU�� FDQ� EH� VZLWFKHG� IURP� D� IROGHG�

FRQIRUPDWLRQ�WR�DQ�H[WHQGHG�FRQIRUPDWLRQ�E\�WKH�DGGLWLRQ�RI�

>&X�&+�&1��@�3)��� DQG� ���
�GLPHVLW\O����
�ELS\ULGLQH�� 7KLV�

H[WHQVLRQ� DQG� FRQWUDFWLRQ� SURFHVV� FRXOG� EH� WULJJHUHG� HLWKHU�

FKHPLFDOO\�RU�HOHFWURFKHPLFDOO\�DQG�ZDV�UHYHUVLEOH��

�

1DQRVFDOH� PROHFXODU� PDFKLQHV� DUH� FULWLFDO� IRU� WKH� IXQFWLRQLQJ� RI�
ELRORJLFDO�V\VWHPV���,QVSLUHG�E\�WKHVH�V\VWHPV�FKHPLVWV�KDYH�EHJXQ�
WR� FUHDWH� V\QWKHWLF� DQDORJXHV��� 0ROHFXODU� PDFKLQHV� EDVHG� RQ� ERWK�
PHFKDQLFDOO\� LQWHUORFNHG� DUFKLWHFWXUHV� �0,$V�� DQG� QRQ�LQWHUORFNHG�
V\VWHPV�KDYH�EHHQ�GHYHORSHG�DQG�WKH�SLRQHHULQJ�ZRUN�LQ�WKLV�DUHD�OHG�
WR� WKH� DZDUG� RI� WKH� ����� 1REHO� SUL]H� LQ� &KHPLVWU\� WR� 6DXYDJH��
6WRGGDUW�DQG�)HULQJD���:KLOH�0,$V�KDYH�EHHQ�H[SORLWHG�WR�JHQHUDWH�
VRPH� LPSUHVVLYH� V\QWKHWLF� PDFKLQHV�� LQFOXGLQJ� V\QWKHWLF� URWDU\�
PRWRUV��� PROHFXODU� PXVFOHV��� DQG� D� VHTXHQFH�VSHFLILF� SHSWLGH�
V\QWKHVLVHU�� WKHUH� KDYH� EHHQ� LQFUHDVLQJ� HIIRUWV� WR� JHQHUDWH� QRQ�
LQWHUORFNHG� V\VWHPV�� DV� WKH\� DUH� SRWHQWLDOO\� V\QWKHWLFDOO\� PRUH�
DFFHVVLEOH�� ,Q� SDUWLFXODU�� V\VWHPV� LQFRUSRUDWLQJ� PHWDO� LRQV� DUH�
EHFRPLQJ� PRUH� DQG� PRUH� FRPPRQ� GXH� WR� WKH� XVHIXO� NLQHWLF� DQG�
WKHUPRG\QDPLF� SURSHUWLHV� RI� WKH� FRRUGLQDWLRQ� ERQGV��� 1RQ�
LQWHUORFNHG�V\QWKHWLF�PDFKLQHV�KDYH�EHHQ�H[SORLWHG�WR�GHYHORS�URWDU\�
PRWRUV��� PROHFXODU� ZDONHUV�F�� �� DQG� URERWV���� 0RUH� UHFHQWO\�� QRQ�
LQWHUORFNHG� URWDU\�PRWRUV� KDYH� DOVR� EHHQ� XVHG� WR� ³GULYH´� QDQRFDUV�
DFURVV�VXUIDFHV����DQG�FRQWUDFW���DQG�H[SDQG���JHOV��

6DQGZLFK� FRPSOH[HV� VXFK� DV� IHUURFHQH� �IF�����
PHWDOORFDUERUDQHV��� � DQG� ODQWKDQLGH� ELV�SRUSK\ULQDWH�V��� KDYH� EHHQ�
XVHG�DV� URWDU\�FRPSRQHQWV� LQ�D� UDQJH�RI�QRQ�LQWHUORFNHG�PROHFXODU�
PDFKLQHV�GXH�WR�WKHLU�PROHFXODU�EDOO�EHDULQJ���SURSHUWLHV����+RZHYHU��
WKH� YDVW� PDMRULW\� RI� WKHVH� VDQGZLFK� V\VWHPV� RQO\� FRQWDLQ� RQH�
PROHFXODU� EDOO�EHDULQJ� XQLW� DQG� VZLWFK� IURP� D� VWDFNHG� �V\Q�� WR�
XQVWDFNHG� �DQWL�� VWDWH� �)LJXUH� �D��� 7KH� H[FHSWLRQ� LV� WKH� HOHJDQW�
SRO\PHULF�PROHFXODU�IROGLQJ�UXOHU�RI�7DNHXFKL�DQG�FR�ZRUNHUV���H�7KH�
DXWKRUV� GHYHORSHG� D� SRO\PHU� FRQWDLQLQJ� ]LQF� SRUSK\ULQ� XQLWV� DV� D�
UHFRJQLWLRQ� VLWH� IRU� D� GLWRSLF� JXHVW� PROHFXOH�� DQG� FHULXP�,9��
ELV�SRUSK\ULQDWH��URWDWDEOH�MRLQWV��7KH�V\VWHP�ZDV�GHVLJQHG�WR�H[WHQG�
DQG� FRQWUDFW� XSRQ� WUHDWPHQW� ZLWK� D� FKHPLFDO� VWLPXOXV� LQ� D� VLPLODU�
IDVKLRQ� WR� PXVFOHV�� ,Q� LWV� QDWXUDO� VWDWH� WKH� FHULXP�,9��

ELV�SRUSK\ULQDWH��SRO\PHU�DGRSWV�DQ�H[WHQGHG�FRQIRUPDWLRQ��DQG�WKH�
DGGLWLRQ�RI�����GLD]DELF\FOR>�����@RFWDQH��'$%&2��ZDV�VXSSRVHG�WR�
LQGXFH� WKH� IROGLQJ� RI� WKH� ³UXOHU´� LQWR� D� FRQWUDFWHG� VWDFNHG� IRUP��
8QIRUWXQDWHO\�� ZKLOH� 89�YLV� VSHFWURVFRS\� FRQILUPHG� WKH� ELQGLQJ�
'$%&2� WR� WKH� ]LQF� SRUSK\ULQ� VLWHV�� G\QDPLF� OLJKW� VFDWWHULQJ�
H[SHULPHQWV�LQGLFDWHG�WKDW�WKHUH�ZDV�OLWWOH�FRQWUDFWLRQ�REVHUYHG��ZLWK�
WKH�DYHUDJH�SRO\PHU�VL]H�UHPDLQLQJ�DSSUR[LPDWHO\����QP�LQ�GLDPHWHU��
7KH�UH�³H[WHQVLRQ´�RI� WKH�SRO\PHU�ZDV�DFKLHYHG�YLD�SURWRQDWLRQ�RI�
WKH�'$%&2�JXHVW�ZLWK�WULIOXRURDFHWLF�DFLG��

+HUHLQ��LQVSLUHG�E\�WKH�GHVLJQ�RI�WKH�SRO\PHULF�IROGLQJ�UXOHU���H�
ZH�EXLOG�RQ�RXU�SUHYLRXV�ZRUN�ZLWK�IHUURFHQH�URWRUV��H����I�DQG�UHSRUW�
D�WULSOH�WLHUHG�GLIHUURFHQH�PROHFXODU�IROGLQJ�UXOHU��)LJXUH����GLIFELS\���
$GGLWLRQDOO\��ZH��H[DPLQH�WKH�VZLWFKLQJ�IURP�D�VWDFNHG��V\Q��V\Q��WR�
DQ�H[WHQGHG��DQWL��DQWL��FRQIRUPDWLRQ��GULYHQ�E\�WKH�FRPSOH[DWLRQ�DQG�
GHFRPSOH[DWLRQ�RI�D�FRSSHU����
�GLPHVLW\O����
�ELS\ULGLQH�IUDJPHQW�WR�
WKH����O�ELS\ULG\O� �ELS\��ELQGLQJ�VLWHV�RI�GLIFELS\��7KH�V\VWHP�ZDV�
VWXGLHG�XVLQJ�D�FRPELQDWLRQ�RI�QXFOHDU�PDJQHWLF�UHVRQDQFH��105���
DQG� 89�YLV� VSHFWURVFRSLHV�� F\FOLF� YROWDPPHWU\� �&9�� DQG� GHQVLW\�
IXQFWLRQDO� WKHRU\� �')7��� 6LPLODU� WR� RXU� SUHYLRXVO\� UHSRUWHG�
PRQRIHUURFHQH� URWDU\� VZLWFK���I� D� FRPELQDWLRQ� RI� HOHFWURVWDWLF� DQG�
VWHULF� UHSXOVLRQ� GHVWDELOLVHV� WKH� V\Q�� V\Q� FRQIRUPDWLRQ� RI� GLIFELS\�
XSRQ�FRPSOH[DWLRQ�JHQHUDWLQJ�WKH�DQWL��DQWL�URWDPHU��7KLV�H[WHQVLRQ�
DQG� FRQWUDFWLRQ� SURFHVV� ZDV� FRPSOHWHO\� UHYHUVLEOH� DQG� FRXOG� EH�
WULJJHUHG�HLWKHU�FKHPLFDOO\�RU�HOHFWURFKHPLFDOO\��
� 7KH� WULSOH� WLHUHG� GLIHUURFHQH� IROGLQJ� UXOHU� �GLIFELS\�� ZDV�
V\QWKHVLVHG� IURP� �����\O�HWK\Q\O������ELS\ULGLQH�����LRGR�
IHUURFHQH��I� DQG� ����GLHWK\Q\O�����ELV�KH[\OR[\�EHQ]HQH� LQ� PRGHVW�
\LHOG� ������ V\QWKHVLVHG� XVLQJ� PRGLILHG� OLWHUDWXUH� SURFHGXUHV�
�(6,������ �+� 105� VSHFWURVFRS\�� GHQVLW\� IXQFWLRQDO� WKHRU\� �')7��
FDOFXODWLRQV� DQG�;�UD\� FU\VWDOORJUDSK\�ZHUH� XVHG� WR� GHWHUPLQH� WKH�
SUHIHUUHG� FRQIRUPDWLRQ� RI� GLIFELS\� �(6,���� 7KH� SURWRQ� VLJQDOV�
DVVRFLDWHG� ZLWK� WKH� LQWHUQDO� S\ULG\O� �+G�I��û/�  � ��������� SSP�� DQG�
SKHQ\O�ULQJV��û/� ������SSP��RI�GLIFELS\�ZHUH�VKLIWHG�XSILHOG�UHODWLYH�
WR�WKRVH�RI�WKH�VLQJO\�DUPHG�PRGHO�FRPSRXQGV�������\O�HWK\Q\O����¶�
ELS\ULGLQH�IHUURFHQH�DQG�����GLHWK\Q\O�����ELV�KH[\OR[\�EHQ]HQH�
�6���� VXJJHVWLQJ� WKDW� GLIFELS\� DGRSWHG� D� VWDFNHG� �V\Q�� V\Q��
FRQIRUPDWLRQ� LQ� VROXWLRQ� �(6,���� 7KLV� ZDV� IXUWKHU� VXSSRUWHG� E\�
FRPSXWDWLRQDO� PRGHOOLQJ� RI� WKH� V\VWHP�� ')7� FDOFXODWLRQV� �&$0�
%�/<3�����*�G��� '0)� VROYHQW� ILHOG�� ZHUH� XVHG� WR� GHWHUPLQH� WKH�
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�

UHODWLYH� HQHUJLHV� RI� D� VHULHV� RI� GLIIHUHQW� URWDWLRQDO� FRQIRUPHUV� RI�
GLIFELS\� �WKH� DQJOH� �.�� EHWZHHQ� WKH� ELS\� DQG� SKHQ\O� ³DUPV´� RI�
GLIFELS\� ZDV� YDULHG� IURP� ����Û� WR� ���Û� DQG� WKH� FRPSRXQG� HQHUJ\�
PLQLPLVHG���7KHVH�FDOFXODWLRQV�VKRZHG��DV�H[SHFWHG��WKDW�WKH�VWDFNHG��
IXOO\�HFOLSVHG��V\Q��V\Q��URWDPHU��LQLWLDO�DQJOH�.� ��Û��ZDV�WKH�ORZHVW�
HQHUJ\� FRQIRUPDWLRQ� IRU� GLIFELS\� E\� ��� N-� PRO��� �)LJ�� �D�� (6,����
$GGLWLRQDO�HYLGHQFH�IRU�VWDFNHG��V\Q��V\Q��FRQIRUPDWLRQ�ZDV�REWDLQHG�

IURP� ;�UD\� FU\VWDOORJUDSK\� �)LJ�� �E� DQG� (6,���� 7KH� PROHFXODU�
VWUXFWXUH� RI�GLIFELS\� FOHDUO\� VKRZHG� WKDW� WKH� ELS\ULG\O� DQG� SKHQ\O��
VXEVWLWXHQWV�DUH�VWDFNHG��FHQWURLG�FHQWURLG�GLVWDQFH�������c��DQG�WKH�
IHUURFHQH� F\FORSHQWDGLHQH� �&S�� ULQJV� DUH� HFOLSVHG�� ZLWK� D� GLKHGUDO�
DQJOH�RI�����Û�EHWZHHQ�WKH�VXEVWLWXHQWV��FRQVLVWHQW�ZLWK�WKH��+�105�
VSHFWUDO�DQG�FRPSXWDWLRQDO�GDWD��)LJ���E�DQG�(6,����

&]Pµ��� íX� ��� '�v��]�� ��]uµo]� ����}v�]À�� �Á]��Z]vP� }(� (���}��v�� ~(��� �}�}��u}o��µo��� ��� ^Çv�Z��]�� }(� �Z�� �]�}����~/�� �}u�o�Æ�
��µî~�](��]�Ç�~�]u���]�Ç�î�~W&ò�î� (�}u��](��]�Ç� �v�� �Z�� �Z�u]��o� �v���o����}�Z�u]��o� �Á]��Z]vPX� ~]�� ��µ~�,ï�E�ð�~W&ò�� ~î� ��X�U�
�]u���]�Ç�~î���X�U����oïU�îõô�<V�~]]���Ç�o�u�~î���X�U����oïU�îõô�<V�~]]]��=î�rU�����}v�U�ìXí�D�E�µðW&ò�V��v��~]À������Ç�~î���X�U�rî�rU�
����}v�U�ìXí�D�E�µðW&òX��

� :H� FKRVH� WR� XVH� WKH� FRSSHU�,�� ���
�GLPHVLW\O����
�ELS\ULGLQH���
FRPSOH[�>&X�GLPHVELS\��&+�&1��@��GHYHORSHG�E\�6FKPLWWHO�DQG�FR�
ZRUNHUV�WR�XQIROG�WKH�GLIFELS\��)LJ���E���7KH�FRPSOH[�LV�ZHOO�NQRZQ�
WR� FOHDQO\� IRUP� KHWHUROHSWLF� FRPSOH[HV� VXFK� DV�
>&X�ELS\��GLPHVELS\�@��DQG�ZH��I�DQG�RWKHUV���KDYH�SUHYLRXVO\�XVHG�
WKH� PRWLI� WR� JHQHUDWH� VZLWFKDEOH� V\VWHPV�� 5HDFWLRQ� RI� GLIFELS\� LQ�
DFHWRQH� VROXWLRQ� ZLWK� >&X�&+�&1��@�3)��� DQG� WKH� VWHULFDOO\� EXON\�
ELS\ULGLQH� OLJDQG� ���
�GLPHVLW\O����
�ELS\ULGLQH��� �GLPHVELS\�� ZDV�
DFFRPSDQLHG� E\� D� FRORXU� FKDQJH� IURP� RUDQJH� WR� UHG� LQGLFDWLYH� RI�
FRPSOH[DWLRQ��)LJ���E�DQG�(6,�����I������+�105����&�105��DQG�,5�
VSHFWURVFRS\�� FRPELQHG� ZLWK� +5(6,�06� DQG� HOHPHQWDO� DQDO\VLV��
FRQILUPHG� WKH� IRUPDWLRQ� RI� WKH� H[SHFWHG� GLFRSSHU�,�� FRPSOH[�
>&X��GLIFELS\��GLPHVELS\��@�3)����� 7KH� PDVV� VSHFWUXP� RI� WKH�
FRPSOH[� GLVSOD\HG� WZR� SHDNV� DW� P�]�  � ���������
>&X��GLIFELS\��GLPHVELS\��@��� DQG� P�]�  � ����������
>&X��GLIFELS\��GLPHVELS\���3)��@�� FRQVLVWHQW� ZLWK� WKH� FOHDQ�
IRUPDWLRQ�RI�WKH�GLFRSSHU�,��FRPSOH[��(6,����
� 'XH� WR� WKH� FRPELQDWLRQ� RI� HOHFWURVWDWLF� DQG� VWHULF� UHSXOVLRQ�
JHQHUDWHG�XSRQ�FRPSOH[�IRUPDWLRQ�LW�ZDV�H[SHFWHG�WKDW�WKH�GLIFELS\�
ZRXOG� VZLWFK� FRQIRUPDWLRQ� IURP� WKH� V\Q�� V\Q� WR� WKH� DQWL�� DQWL�
URWDPHU���I�$Q�H[DPLQDWLRQ�RI� WKH� �+�105�VSHFWUD�RI� WKH�FRPSOH[�
>&X��GLIFELS\��GLPHVELS\��@�3)����� WKH� GLIHUURFHQH� IROGLQJ� UXOHU�
GLIFELS\� DQG� WKH� FRUUHVSRQGLQJ� PRGHO� FRPSRXQG� 6�� SURYLGHG�
H[SHULPHQWDO�VXSSRUW�IRU�WKLV�FRQIRUPDWLRQ�VZLWFK�RQ�FRPSOH[DWLRQ��
$V�GLVFXVVHG�DERYH��WKH�SURWRQ�UHVRQDQFH�RI�WKH�FHQWUDO�SKHQ\O�XQLW�RI�
GLIFELS\�ZDV�VKLIWHG�XSILHOG�UHODWLYH�WR�WKRVH�RI�WKH�PRGHO�FRPSRXQG�
6��� LQGLFDWLQJ� WKDW� WKH� WULSOH� WLHUHG�GLIHUURFHQH� IROGLQJ� UXOHU�SKHQ\O�
ULQJV� DGRSWV� D� VWDFNHG� �V\Q�� V\Q�� FRQIRUPDWLRQ� LQ� VROXWLRQ� �(6,����
8SRQ�FRPSOH[DWLRQ�WR�WKH�>&X�GLPHVELS\�@��WKH��SURWRQ�VLJQDOV�RI�WKH�
SKHQ\O�XQLW�VKLIW�GRZQILHOG�WR�D�YDOXH�WKDW�ZDV�DOPRVW�LGHQWLFDO�WR�WKDW�

REVHUYHG�IRU�WKH�PRGHO�FRPSRXQG�6��LQGLFDWLQJ�WKDW�WKH�SKHQ\O�DUP�
RI�WKH�GLFRSSHU�,��FRPSOH[�LV�QR�ORQJHU���VWDFNHG��(6,����
� ')7� FDOFXODWLRQV� �&$0�%�/<3�����*�G���'0)� VROYHQW� ILHOG��
ZHUH� XVHG� WR� H[DPLQH� WKH� UHODWLYH� HQHUJLHV� RI� GLIIHUHQW� URWDWLRQDO�
FRQIRUPHUV� RI� WKH� GLFRSSHU�,�� FRPSOH[�
>&X��GLIFELS\��GLPHVELS\��@�3)�����(6,����7KH�UHVXOWLQJ�HQHUJ\�SORW�
UHYHDOHG�WKDW�WKH�DQWL��DQWL�URWDPHU��.� ����Û��ZDV�WKH�ORZHVW�HQHUJ\�
FRQIRUPDWLRQ��(6,����)XWKHUPRUH��DV�WKH�DQJOH��.��EHWZHHQ�WKH�FHQWUDO�
SKHQ\O� DQG� WHUPLQDO� ELS\� ³DUPV´� RI� WKH� IROGLQJ� UXOHU� FRPSOH[�ZDV�
UHGXFHG�WKH�HQHUJ\�LQFUHDVHG��7KH�HQHUJLHV�RI�FRQIRUPDWLRQV�ZLWK�.���
���Û�ZHUH�VR�KLJK�WKDW�WKHVH�URWDPHUV�ZRXOG�QRW�EH�UHDGLO\�DFFHVVLEOH��
SUHVXPDEO\�GXH�WR�WKH�HOHFWURVWDWLF�DQG�VWHULF�UHSXOVLRQ��(6,����7KXV�
LW�FDQ�EH�VXUPLVHG�WKDW�WKH�ELS\�DUPV�RI�WKH�URWRU�PXVW�KDYH�H[WHQGHG�
WR� DW� OHDVW� ���Û� DZD\� IURP� WKH� FHQWUDO� SKHQ\O� DUP� LQ� VROXWLRQ��
JHQHUDWLQJ�DQ�DQWL��DQWL�URWDPHU��'LVDSSRLQWLQJO\��ZH�ZHUH�XQDEOH�WR�
JHQHUDWH� ;�UD\� TXDOLW\� VLQJOH� FU\VWDOV� RI�
>&X��GLIFELS\��GLPHVELS\��@�3)����GHVSLWH�H[WHQVLYH�HIIRUWV��
� +DYLQJ�FRQILUPHG�WKDW�GLIFELS\��V\Q��V\Q��DQG�WKH�FRUUHVSRQGLQJ�
GLFRSSHU�,�� FRPSOH[� � �DQWL�� DQWL�� ZRXOG� DGRSW� WZR� GLIIHUHQW�
FRQIRUPDWLRQV�ZH�QH[W�H[DPLQHG�LI�ZH�FRXOG�FOHDQO\�DQG�UHYHUVLEO\�
VZLWFK�EHWZHHQ�WKH�IROGHG�DQG�H[WHQGHG�FRQIRUPDWLRQV��$GGLWLRQ�RI�
WZR�HTXLYDOHQWV�RI����������WHWUDD]DF\FORWHWUDGHFDQH��F\FODP�� WR�DQ�
FKORURIRUP� �&'&O��� VROXWLRQ� RI� >&X��GLIFELS\��GLPHVELS\��@�3)����
FDXVHG�DQ�LPPHGLDWH�FRORXU�FKDQJH�IURP�UHG�WR�RUDQJH��)LJ���E��LL���
(6,���DQG�WKH�SUHFLSLWDWLRQ�RI�D�ZKLWH�VROLG��LQGLFDWLQJ�WKDW�WKH�&X�,��
LRQV�KDG�EHHQ�UHPRYHG�IURP�WKH�IHUURFHQH�FRPSOH[���D����E��+�105�
DQG�89�YLV�VSHFWURVFRS\�DQG�(606��(6,���FRQILUPHG�WKDW�RQO\�WKH�
IUHH�GLIFELS\�DQG�GLPHVELS\�ZHUH�SUHVHQW�LQ�VROXWLRQ��
� $GGLWLRQ�RI�WZR�HTXLYDOHQWV�RI�>&X�&+�&1��@�3)���WR�WKH�VROXWLRQ�
UHJHQHUDWHG� WKH� FKDUDFWHULVWLF� UHG� FRORXU� RI� WKH� FRPSOH[�

Page 3 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
A

ri
zo

na
 o

n 
06

/0
6/

20
17

 1
8:

55
:0

4.
 

View Article Online
DOI: 10.1039/C7CC03358C

http://dx.doi.org/10.1039/c7cc03358c


:}µ�v�o�E�u�� �KDDhE/��d/KE�

dZ]��i}µ�v�o�]����dZ��Z}Ç�o�^}�]��Ç�}(��Z�u]���Ç�îìíî� :X�E�u�XU �îìíîU�ììU�írï�n�ï �

�

>&X��GLIFELS\��GLPHVELS\��@�3)����� DQG� WKH� �+� 105� VSHFWUXP�
�(6,���LQGLFDWHG�WKDW�WKH�FRPSOH[�KDG�TXDQWLWDWLYHO\�UH�IRUPHG��7KLV�
FKHPLFDOO\�GULYHQ� V\Q�� V\Q�WR�DQWL��DQWL� VZLWFKLQJ�SURFHVV� FRXOG�EH�
UHSHDWHG� D� QXPEHU� RI� WLPHV� �!��� LQGLFDWLQJ� WKDW� VZLWFKLQJ� ZDV�
FRPSOHWHO\�UHYHUVLEOH��(6,����+RZHYHU��WKH�PHWKRG�OHG�WR�WKH�EXLOG�
XS�RI�ZDVWH�E\�SURGXFWV��&X�,,��F\FODP��ZKLFK�FRXOG�SRWHQWLDOO\�OHDG�
WR� WKH� ORVV� RI� IXQFWLRQ���� 7KHUHIRUH�ZH� DOVR� H[DPLQHG�ZKHWKHU� WKH�
HOHFWURFKHPLFDO� &X�,��&X�,,�� VZLWFKLQJ� SURFHVV� GHYHORSHG� E\�
6DXYDJH�HW�DO����FRXOG�EH�H[SORLWHG�WR�H[WHQG�DQG�FRQWUDFW�GLIFELS\��

�
&]Pµ��� îX���� �� �o}�� �Z}Á]vP� �Z�� ��o�µo����� ~�&dU� ��Dr�ï>zWU�
�D&��}oÀ�v��(]�o�����o��]À���v��PÇ�}(��Z���]((���v���}v(}�u����
}(��](��]�Ç����}�������vP��}(��]Z����o��vPo��U��������oor�v�r��]�l�
�������v���]}v�}(��Z���}o]�����������µ��µ���}(��](��]�ÇX�,Ç��}P�v�
��}u�� }(� �Z�� �}u�o�Æ� ���� }u]����� (}�� �o��]�ÇX� ���]�]}v�o�
��Ç���oo}P���Z]������]o����v����(}µv��]v��Z���^/�X�

� &9������P9�V����DFHWRQH������0�1%X�3)���H[SHULPHQWV�VKRZHG�
WKDW� WKH� >&X��GLIFELS\��GLPHVELS\��@�3)���� FRPSOH[� GLVSOD\V� WZR�
FKHPLFDOO\�UHYHUVLEOH�SURFHVVHV�DW������DQG������9�UHVSHFWLYHO\��)LJ��
�� UHG�EURZQ� WUDFH�� ZKLOH� WKH�GLIFELS\� GLVSOD\V� D� VLQJOH� IHUURFHQ\O�
EDVHG�FKHPLFDOO\�UHYHUVLEOH�SURFHVVHV�DW������9��%\�FRPSDULVRQ�ZLWK�
WKH�UHODWHG�SUHYLRXVO\�SUHSDUHG�PRGHO�V\VWHPV�������WKH�ILUVW�R[LGDWLRQ�
SURFHVV� RI� >&X��GLIFELS\��GLPHVELS\��@�3)���� ZDV� DVVLJQHG� WR� WKH�
&X,,�,�FRXSOH�ZKLOH�WKH�VHFRQG�R[LGDWLRQ�SURFHVV�LV�IHUURFHQ\O�EDVHG���
� 7KH�&9�H[SHULPHQW�ZLWK�>&X��GLIFELS\��GLPHVELS\��@�3)����ZDV�
WKHQ� FDUULHG� RXW� LQ� WKH� SUHVHQFH� RI� WZR� HTXLYDOHQWV� RI� ������������
WHUS\ULGLQH��WHUS\���7KH�DQRGLF�SRWHQWLDO�VZHHS�VKRZHG�WKH�WZR�SHDNV�
FRUUHVSRQGLQJ�WR�WKH�&X,,�,�DQG�IHUURFHQ\O�R[LGDWLRQ�SURFHVVHV��2Q�WKH�
UHYHUVH�VFDQ��RQO\�WKH�UHGXFWLRQ�RI�WKH�IHUURFHQLXP�EDFN�WR�IHUURFHQH�
LV� REVHUYHG�� 1R� SHDN� FRUUHVSRQGLQJ� WR� WKH� UHGXFWLRQ� RI� WKH�
>&X��GLIFELS\��GLPHVELS\��@��� FRPSOH[� ZDV� REVHUYHG�� ,QVWHDG�
SURFHHGLQJ� LQ� WKH� FDWKRGLF� GLUHFWLRQ�� D� SHDN� FRUUHVSRQGLQJ� WR� WKH�
UHGXFWLRQ� RI� WKH� SHQWDFRRUGLQDWHG� >&X�GLPHVELS\��WHUS\�@�3)����
FRPSOH[� ZDV� REVHUYHG� DW� ������ 9� �)LJ�� �� EODFN� WUDFH��� 7KLV�
HOHFWURFKHPLFDO�EHKDYLRXU�LV�YHU\�VLPLODU�WR�WKDW�REVHUYHG�SUHYLRXVO\�

E\�XV�ZLWK�RXU�PRQRIHUURFHQH�URWRU�V\VWHP��I�DQG�6DXYDJH�HW�DO���D����E�
LQ�WKHLU�PROHFXODU�PDFKLQHV��
� %XON�HOHFWURO\VLV�LQ�WKH�SUHVHQFH�RI�WZR�HTXLYDOHQWV�RI�WHUS\�ZDV�
DFFRPSDQLHG�E\�D�FRORXU�FKDQJH�IURP�GHHS�UHG�EURZQ�WR�RUDQJH��WKH�
VDPH�DV�ZDV�REVHUYHG�IRU�WKH�FKHPLFDO�VZLWFKLQJ�SURFHVV�ZLWK�F\FODP�
�(6,����6SHFWURHOHFWURFKHPLVWU\� �DFHWRQH������0�%X�13)���277/(�
FHOO�� (6,��� RI� WKH� >&X��GLIFELS\��GLPHVELS\��@�3)���� FRPSOH[�
FRQILUPHG�WKDW�GXULQJ�WKH�EXON�R[LGDWLRQ�WKH�0/&7�EDQG���PD[� �����
����QP��GHFUHDVHV�XQWLO�D�VSHFWUXP�FRQVLVWHQW�ZLWK�³IUHH´�GLIFELS\�LV�
JHQHUDWHG�� (6,�06� DQDO\VLV� RI� WKH� WHUS\� DQG�
>&X��GLIFELS\��GLPHVELS\��@�3)����PL[WXUH� EHIRUH� EXON� HOHFWURO\VLV�
GLVSOD\HG� SHDNV� GXH� WR� WKH� >&X��GLIFELS\��GLPHVELS\���3)��@���
>&X��GLIFELS\��GLPHVELS\��@���DQG�>WHUS\�+@��LRQV��$IWHU�R[LGDWLRQ�
WKH� PDVV� VSHFWUXP� RQO\� FRQWDLQ� SHDNV� FRQVLVWHQW� ZLWK�
>&X�WHUS\��GLPHVELS\�@����>GLIFELS\�+@��DQG�>GLIFELS\�1D@��LRQV��
� &RPELQHG�WKHVH�UHVXOWV�VXJJHVW�WKDW��XSRQ�R[LGDWLRQ�RU�UHGXFWLRQ�
RI�WKH�FRSSHU�LRQV��WKH�>&X�GLPHVELS\�@Q��IUDJPHQWV�DUH�VHW�LQ�PRWLRQ��
DV�ZDV�REVHUYHG�LQ�WKH�PRQRIHUURFHQH�URWRU�V\VWHP���I�8SRQ�R[LGDWLRQ�
RI�>&X��GLIFELS\��GLPHVELS\��@��� WR�>&X��GLIFELS\��GLPHVELS\��@����
WKH� UHVXOWLQJ� WHWUDKHGUDOO\� FRRUGLQDWHG�&X�,,�� LRQV� DUH� XQVWDEOH� DQG�
WKLV�OHDGV�WR�WKH�PLJUDWLRQ�RI�WKH�>&X�GLPHVELS\�@���IUDJPHQW�WR�WKH�
WHUS\� OLJDQGV� JHQHUDWLQJ� WKH� PRUH� VWDEOH� ILYH�FRRUGLQDWH�
>&X�WHUS\��GLPHVELS\�@���FRPSOH[���I� �6LPLODUO\��XSRQ� UHGXFWLRQ�RI�
WKH� &X�,,�� EDFN� WR� &X�,�� WKH� >&X�WHUS\��GLPHVELS\�@�� FRPSOH[� LV�
XQVWDEOH� DV� WKH� FRSSHU�,�� LRQV� DUH� LQ� WKH� SHQWDFRRUGLQDWH� WULJRQDO�
ELS\UDPLGDO�HQYLURQPHQW��$V�VXFK� WKH�>&X�GLPHVELS\�@�� IUDJPHQWV�
PLJUDWH� EDFN� WR� WKH� GLIFELS\� UHJHQHUDWLQJ� WKH� FRPSOH[�
>>&X��GLIFELS\��GLPHVELS\��@���� DQG� UHWXUQLQJ� WKH� FRSSHU�,�� LRQV� WR�
WKH�SUHIHUUHG�WHWUDKHGUDO�FRRUGLQDWLRQ�HQYLURQPHQW��7KLV�UHVXOWV�LQ�DQ�
HOHFWURFKHPLFDOO\� LQGXFHG� H[WHQVLRQ� DQG� FRQWUDFWLRQ� RI� WKH�
GLIHUURFHQH�PROHFXODU�IROGLQJ�UXOHU�GLIFELS\��
� +HUHLQ� ZH� KDYH� VKRZQ� WKDW� D� ���O�ELS\ULGLQH�DSSHQGHG� WULSOH�
WLHUHG�GLIHUURFHQH�PROHFXODU� IROGLQJ�UXOHU�GLIFELS\�FDQ�EH�VZLWFKHG�
IURP�D�IROGHG�VWDFNHG��V\Q��V\Q��WR�DQ�H[WHQGHG�XQVWDFNHG��DQWL��DQWL��
FRQIRUPDWLRQ� XSRQ� WKH� DGGLWLRQ� RI� >&X�&+�&1��@�3)��� DQG�
GLPHVELS\� WR� WKH� URWRU� XQLWV�� 7KLV� VZLWFKLQJ� LV� GULYHQ� E\� D�
FRPELQDWLRQ�RI� HOHFWURVWDWLF� DQG� VWHULF� UHSXOVLRQ�ZKLFK�GHVWDELOL]HV�
WKH�IROGHG�FRQIRUPDWLRQ�XSRQ�FRSSHU�,��FRPSOH[DWLRQ�DQG�JHQHUDWHV�
WKH� H[WHQGHG� URWDPHU�� 7KH� H[WHQVLRQ� DQG� FRQWUDFWLRQ� SURFHVV� ZDV�
FRPSOHWHO\� UHYHUVLEOH� DQG� FRXOG� EH� WULJJHUHG� HLWKHU� FKHPLFDOO\� RU�
HOHFWURFKHPLFDOO\�� 7KH� FKHPLFDOO\� GULYHQ� SURFHVV� FDQ� EH� UHSHDWHG�
PXOWLSOH� WLPHV� EXW� D� ODUJH� DPRXQW� RI� &X�,,��F\FODP� ZDVWH� VORZO\�
EXLOGV�XS�LQ�VROXWLRQ��7KH�HOHFWURFKHPLFDO�VZLWFKLQJ��LQ�WKH�SUHVHQFH�
RI� WHUS\�� SURYLGHV� D� FOHDQ� UHYHUVLEOH�PHWKRG� IRU� WKH� H[WHQVLRQ�DQG�
FRQWUDFWLRQ�RI�WKH�GLIHUURFHQH�PROHFXODU�IROGLQJ�UXOHU��)XUWKHUPRUH��
WKH� H[WHQVLRQ� DQG� FRQWUDFWLRQ� RI� WKH� GLIHUURFHQH�PROHFXODU� IROGLQJ�
UXOHU� LV� RI� D� ODUJHU� PDJQLWXGH� WKDQ� WKDW� REVHUYHG� IRU� SUHYLRXVO\�
UHSRUWHG�IHUURFHQH�VZLWFKHV����
� �

&]Pµ��� ïX� �s�� ~íìì�us� �ríU� ����}v�U� ìXí� D� �µðEW&ò�� }(� �Z��

�](��]�Ç� ~^�U� ��µî~�](��]�Ç�~�]u���]�Ç�î�~W&ò�î� ~^�U�

��µ~����Ç�~�]u���]�Ç��~W&ò�î� ~^�U� �v��

��µî~�](��]�Ç�~�]u���]�Ç�î�~W&ò�î�]v��Z�������v���}(�����Ç�~^�X�

Page 4 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
A

ri
zo

na
 o

n 
06

/0
6/

20
17

 1
8:

55
:0

4.
 

View Article Online
DOI: 10.1039/C7CC03358C

http://dx.doi.org/10.1039/c7cc03358c


�KDDhE/��d/KE� :}µ�v�o�E�u��

ð�n �:X �E�u�XU �îìíîU�ììU�írï� dZ]��i}µ�v�o�]����dZ��Z}Ç�o�^}�]��Ç�}(��Z�u]���Ç�îìíî�

�

7KH� ILQGLQJV� SUHVHQWHG� VXJJHVW� WKDW� WKH� PROHFXODU� ³IROGLQJ� UXOHU´�
GHVLJQ�RI�7DNHXFKL�DQG�FR�ZRUNHUV��H�FRXOG�SRWHQWLDOO\�EH�H[SORLWHG�
WR� GHYHORS� VWLPXOL� UHVSRQVLYH� �QDQR�PROHFXODU� DFWXDWRUV�� :H� DUH�
FXUUHQWO\� WU\LQJ� WR� LPSURYH� WKH� V\QWKHVLV� RI� WKH� IHUURFHQH� EDVHG�
IROGLQJ� UXOHU� XQLW� DQG� GHYHORS� PHWKRGV� WR� LQFRUSRUDWH� WKHP� LQWR�
FRQGHQVHG�SKDVHV�LQ�RUGHU�WR�WUDQVIHU�WKH�PROHFXODU�OHYHO�PRWLRQ�LQWR�
XVHIXO�ZRUN��
� 6�6�DQG�-(%�WKDQN�WKH�8QLYHUVLW\�RI�2WDJR�IRU�3K'�VFKRODUVKLSV��
&-0� WKDQNV� WKH� 1=� 0LQLVWU\� RI� %XVLQHVV�� ,QQRYDWLRQ� DQG�
(PSOR\PHQW�6FLHQFH� ,QYHVWPHQW�)XQG� �*UDQW�1R��822;������ IRU�
ILQDQFLDO� VXSSRUW�� -'&� WKDQNV� WKH� 0DUVGHQ� )XQG� �*UDQW� QR��
822������ DQG� WKH� 8QLYHUVLW\� RI� 2WDJR� �'LYLVLRQ� RI� 6FLHQFHV�
5HVHDUFK�*UDQW��IRU�VXSSRUWLQJ�WKLV�ZRUN��7KH�1HZ�=HDODQG�H6FLHQFH�
,QIUDVWUXFWXUH��1H6,��LV�WKDQNHG�IRU�FRPSXWDWLRQDO�WLPH��
�

1RWHV�DQG�UHIHUHQFHV�
D�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�2WDJR��32�%R[�����'XQHGLQ��1HZ�

=HDODQG�� )D[�� ���� �� ���� ������ 7HO�� ���� �� ���� ������ (�PDLO��

MFURZOH\#FKHPLVWU\�RWDJR�DF�Q]�
E�0DF'LDUPLG�,QVWLWXWH�IRU�$GYDQFHG�0DWHULDOV�DQG�1DQRWHFKQRORJ\��1HZ�

=HDODQG�

�(OHFWURQLF� 6XSSOHPHQWDU\� ,QIRUPDWLRQ� �(6,�� DYDLODEOH�� WKH�

VXSSOHPHQWDU\�LQIRUPDWLRQ�FRQWDLQV�WKH�H[SHULPHQWDO�SURFHGXUHV���+�DQG�
��&� 105�� +5�(6,�06�� 89�9LV�� HOHFWURFKHPLFDO� DQG� FU\VWDOORJUDSKLF�

GDWD��&&'&�UHIHUHQFH�QXPEHU����������6HH�'2,����������E������[��

�
��� 0��6FKOLZD��0ROHFXODU�0RWRUV��:LOH\�9&+�9HUODJ�*PE+�	�&R��.*D$��

������
��� )RU� VRPH� VHOHFWHG� UHFHQW� UHYLHZV� VHH�� D��&�� &KHQJ� DQG� -�� )�� 6WRGGDUW��

&KHP3K\V&KHP�� ���������� ����������� E�� (��5��.D\� DQG�'��$�� /HLJK��
$QJHZ��&KHP���,QW��(G��������������������������F��6��(UEDV�&DNPDN��'��
$��/HLJK��&��7��0F7HUQDQ�DQG�$��/��1XVVEDXPHU��&KHP��5HY��������������
�������������

��� D��'��$��/HLJK��$QJHZ��&KHP���,QW��(G���������������������������E��-��&��
%DUQHV�DQG�&��$��0LUNLQ��3URF��1DWO��$FDG��6FL��8��6��$������������������
�����

��� D��0��5��:LOVRQ��-��6ROD��$��&DUORQH��6��0��*ROGXS��1��/HEUDVVHXU�DQG�'��
$��/HLJK��1DWXUH�����������������������E��'��$��/HLJK��-��.��<��:RQJ��)��
'HKH]�DQG�)��=HUEHWWR��1DWXUH�����������������������F��-��9��+HUQDQGH]��
(��5��.D\�DQG�'��$��/HLJK��6FLHQFH������������������������

��� D��*��'X��(��0RXOLQ��1��-RXDXOW��(��%XKOHU�DQG�1��*LXVHSSRQH��$QJHZ��
&KHP��� ,QW��(G��������������������������E��<��/LX��$��+��)ORRG��3��$��
%RQYDOOHW��6��$��9LJQRQ��%��+��1RUWKURS��+��5��7VHQJ��-��2��-HSSHVHQ��7��
-�� +XDQJ�� %�� %URXJK�� 0�� %DOOHU�� 6�� 0DJRQRY�� 6�� '�� 6RODUHV�� :�� $��
*RGGDUG�� &��0�� +R� DQG� -�� )�� 6WRGGDUW�� -��$P��&KHP�� 6RF��� �����������
�����������

��� %��/HZDQGRZVNL��*��'H�%R��-��:��:DUG��0��3DSPH\HU��6��.XVFKHO��0��-��
$OGHJXQGH�� 3�� 0�� (�� *UDPOLFK�� '�� +HFNPDQQ�� 6�� 0�� *ROGXS�� '�� 0��
'
6RX]D��$��(��)HUQDQGHV�DQG�'��$��/HLJK��6FLHQFH����������������������

��� )RU�VRPH�VHOHFWHG�UHFHQW�H[DPSOHV�VHH���D��$��1RRU��'��/��0DORQH\��-��(��
0��/HZLV��:��.��&��/R�DQG�-��'��&URZOH\��$VLDQ�-��2UJ��&KHP������������
��������� E�� -�� (�� %HYHV�� 9�� %ODQFR�� %�� $�� %OLJKW�� 5�� &DUULOOR�� '�� 0��
'
6RX]D��'��+RZJHJR��'��$��/HLJK��$��0��=��6ODZLQ�DQG�0��'��6\PHV��-��
$P��&KHP��6RF�������������������������F��'��5D\��-��7��)R\��5��3��+XJKHV�
DQG�,��$SUDKDPLDQ��1DW��&KHP����������������������G��'��6RRNVDZDW��6��-��
3LNH��$��0��=��6ODZLQ�DQG�3��-��/XVE\��&KHP��&RPPXQ�������������������
�������H��6��-��3LNH�DQG�3��-��/XVE\��&KHP��&RPPXQ������������������
������

��� D��$��)DXONQHU��7��YDQ�/HHXZHQ��%��/��)HULQJD�DQG�6��-��:H]HQEHUJ��-��
$P��&KHP��6RF���������������������������E��%��6��/��&ROOLQV��-��&��0��
.LVWHPDNHU��(��2WWHQ�DQG�%��/��)HULQJD��1DW��&KHP����������������������F��
6��3��)OHWFKHU��)��'XPXU��0��0��3ROODUG�DQG�%��/��)HULQJD��6FLHQFH��������
����� ������� � G��1��.RXPXUD�� 5��:�� -�� =LMLVWUD��5��$��9DQ�'HOGHQ�� 1��
+DUDGD�DQG�%��/��)HULQJD��1DWXUH����������������������

��� D��$��*��&DPSDQD��$��&DUORQH��.��&KHQ��'��7��)��'U\GHQ��'��$��/HLJK��8��
/HZDQGRZVND�DQG�.��0��0XOOHQ��$QJHZ��&KHP���,QW��(G������������������
������E��0��-��%DUUHOO��$��*��&DPSDQD��0��YRQ�'HOLXV��(��0��*HHUWVHPD�

DQG�'��$��/HLJK��$QJHZ��&KHP���,QW��(G�����������������������F��0��YRQ�
'HOLXV��(��0��*HHUWVHPD�DQG�'��$��/HLJK��1DW��&KHP��������������������

���� D��6��.DVVHP��$��7��/��/HH��'��$��/HLJK��$��0DUNHYLFLXV�DQG�-��6ROD��1DW��
&KHP����������������������E��-��&KHQ��6��-��:H]HQEHUJ�DQG�%��/��)HULQJD��
&KHP��&RPPXQ������������������������

���� �D��$��6D\ZHOO��$��%DNNHU��-��0LHONH��7��.XPDJDL��0��:ROI��9��*DUFtD�
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