
��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

T���``````````````````�``````````````````�``````````````````�``````````````````�```````````�Acta Cryst.�	����
��"��
�T��

MS21-O5�%FWFMPQNFOU�PG�B�NPEFSBUF
QSFTTVSF�DFMM�GPS�UIF�TNBMM�NPMFDVMF

CFBNMJOF�*���BU�%JBNPOE�-JHIU�4PVSDF
$IBSMJF�+��.D.POBHMF�
�4DPUU�$��.D,FMMBS�
�+PSHF�4PUFMP�
�.BSL

3��8BSSFO�
�%BWF�3��"MMBO�
�4UFQIFO�"��.PHHBDI�

���&B4U$IFN�4DIPPM� PG�$IFNJTUSZ
�5IF�6OJWFSTJUZ� PG�&EJOCVSHI

&)���++
�6,
��� %JBNPOE� -JHIU� 4PVSDF
� 3VUIFSGPSE� "QQMFUPO� -BCPSBUPSZ

%JEDPU
�6,�

FNBJM��D�K�NDNPOBHMF!FE�BD�VL
4JODF�UIF�JOWFOUJPO�PG�EJBNPOE�BOWJM�DFMMT�	%"$T

�UIFZ

IBWF� CFDPNF� UIF� QSJNBSZ� QSFTTVSF� DFMM� EFTJHO� UIBU� IBT
EPNJOBUFE�IJHI�QSFTTVSF�TDJFODF�XIFO�LCBS�QSFTTVSFT�BSF
SFRVJSFE�� 5IFZ� IBWF� NBEF� EBUB� DPMMFDUJPO� 	CPUI
TJOHMF�DSZTUBM�BOE�QPXEFS
�SPVUJOF
�IPXFWFS�UIFZ�BSF�OPU
XJUIPVU� UIFJS� MJNJUBUJPOT�� 'JOF� DPOUSPM� PG� QSFTTVSF� JT
EJGGJDVMU�UP�BDIJFWF�BOE�NFBTVSF�BDDVSBUFMZ
�QBSUJDVMBSMZ�BU
MPXFS� QSFTTVSFT�� 'PS� NPTU� NPMFDVMBS� TZTUFNT� TUVEJFE� BU
QSFTTVSF
� UIJT� JT� OPU� BO� JTTVF
� UIPVHI� PGUFO� JOUFSFTUJOH
QIBTF�CFIBWJPVS�PS�DPNQSFTTJCJMJUZ�DBO�PDDVS�FWFO�CFMPX
��LCBS��$VSSFOUMZ�UIFSF�JT�SFMBUJWF�QBVDJUZ�PG�QSFTTVSF�DFMM
EFTJHOT� XJUI� DFMMT� DBQBCMF� PG� HFOFSBUJOH� QSFTTVSF� GSPN
BNCJFOU�QSFTTVSF�UP�TFWFSBM�LCBS�
$VSSFOUMZ
�HBT�DFMMT�IBWF�CFFO�NBEF�XIJDI�BMMPX����mT

PG� CBS� PG� QSFTTVSF� UP� CF� BQQMJFE� UP� B� DSZTUBM� VTJOH� B
DPNQSFTTFE� HBT
� UIPVHI� UIFTF� TZTUFNT� IBWF� QSJNBSJMZ
CFFO� CVJMU� UP� TUVEZ� UIF� VQUBLF� PG� HBTFT� JOUP� QPSPVT
NBUFSJBMT���PS�DIFNJDBM�SFBDUJPOT�CFUXFFO�UIF�HBT�BOE�UIF
TPMJE�TBNQMF�BU�FMFWBUFE�UFNQFSBUVSF�BOE�QSFTTVSF�����5IJT
GBMMT� TPNFXBZ� TIPSU�PG� UIF�LCBST�PG�QSFTTVSF� SFRVJSFE� UP
DMPTF�UIF�HBQ�PO�%"$T�
)FSF� XF� IBWF� CFHVO� UP� EFWFMPQ� B� TUBUJD� MJRVJE� DFMM

DBQBCMF�PG�SFBDIJOH���LCBS�UIBU�XPVME�OPU�POMZ�DMPTF�UIF
QSFTTVSF� HBQ� CFUXFFO� DVSSFOU� HBT� DFMM� UFDIOPMPHZ� BOE
%"$T
� CVU� BMMPX� UIF� JOWFTUJHBUJPO� PG� NBUFSJBMT� GSPN
WBDVVN
� UP� �� LCBS� XJUI� UIF� TBNQMF� JO� B� IZESPTUBUJD
FOWJSPONFOU� BOE� BT� B� GVODUJPO� PG� WFSZ� TNBMM� QSFTTVSF
TUFQT�	DB���CBS

�BMMPXJOH�GPS�UIF�GJSTU�UJNF�B�IJHI�EFHSFF
PG�DSZTUBMMPHSBQIJD�EFUBJM�UP�CF�PCUBJOFE�XJUIPVU�UIF�VTVBM
MJNJUBUJPOT� BTTPDJBUFE� XJUI� NPEFSO� %"$� UFDIOPMPHZ�
5IJT� XJMM� BMMPX� VT� UP� PCTFSWF� TUSVDUVSBM� DIBOHFT
� QIBTF
USBOTJUJPOT�BOE�DBMDVMBUF�XJUI�NVDI�HSFBUFS�QSFDJTJPO� UIF
CVML�NPEVMJ�PG�TPGU�NPMFDVMBS�NBUFSJBMT�
��:VGJU
�%��4����)PXBSE
�+��"��,��+��"QQM��$SZTUBMMPHS�

��
��������
�	����
�
��$IVQBT
�1��+��FU�BM��+��"QQM��$SZTUBMMPHS����
��������


	����
�
�� +FOTFO
� 5�� 3�� FU� BM�� +�� "QQM�� $SZTUBMMPHS�� ��


���������
�	����
�
��"OESJFVY
� +�� FU� BM�� +��"QQM��$SZTUBMMPHS����
��������


	����
�
,FZXPSET�� NPEFSBUF� QSFTTVSF� DSZTUBMMPHSBQIZ
� OFX
JOTUSVNFOUBUJPO

.4����)JHI�SFTQPOTF�TZTUFNT
JO�QSBDUJDBM�BOE�FYUSFNF
DPOEJUJPOT

$IBJST��:BSPTMBW�'JMJODIVL
�%NJUSZ�$IFSOZTIPW

MS22-O1�5JNF�SFTPMWFE�9�SBZ�EJGGSBDUJPO
SFWFBMT�UIF�PSJHJOT�PG�IJHI�EJFMFDUSJD�BOE

FMFDUSPNFDIBOJDBM�SFTQPOTFT�JO
GFSSPFMFDUSJDT

4FN�O�(PSGNBO�
�)ZFPLNJO�$IPF�
�.JDIBFM�;JPMLPXTLJ�

5IBOBLPSO�*BNTBTSJ�
�+BDPC�+POFT�
�7MBEJNJS�4IWBSUTNBO�
�+BO

%FD�
�6MMSJDI�1JFUTDI�

���%FQBSUNFOU� PG� 1IZTJDT
�6OJWFSTJUZ� PG� 4JFHFO
�%�����
� 4JFHFO

(FSNBOZ
��� %FQBSUNFOU� PG� .BUFSJBMT� 4DJFODF� BOE� &OHJOFFSJOH
� /PSUI
$BSPMJOB�4UBUF�6OJWFSTJUZ
�3BMFJHI
�/$
������
�64"
��� *OTUJUVUF� GPS� .BUFSJBMT� 4DJFODF
� 6OJWFSTJUZ� PG� %VJTCVSH�&TTFO

%�������&TTFO
�(FSNBOZ
���*OTUJUVUF�PG�.BUFSJBMT�4DJFODF
�6OJWFSTJUZ�PG�4JMFTJB
����#BOLPXB
4USFFU
�1-��������,BUPXJDF
�1PMBOE

FNBJM��HPSGNBO!QIZTJL�VOJ�TJFHFO�EF
'FSSPFMFDUSJDT�BSF�UIF�DMBTT�PG�NBUFSJBMT�JO�XIJDI�UXP�PS

NPSF� FRVJWBMFOU� TUBUFT� PG� TQPOUBOFPVT� QPMBSJ[BUJPO� BSF
TXJUDIBCMF�CZ�BO�FYUFSOBM�FMFDUSJD�GJFME��'FSSPFMFDUSJDT�BSF
JOUFSFTUJOH� GPS� UIFJS� FYDFMMFOU�EJFMFDUSJD� BOE�QJF[PFMFDUSJD
QSPQFSUJFT��"MUIPVHI�UIF�TUSPOH�SFTQPOTFT�PG�GFSSPFMFDUSJDT
UP� BO� FYUFSOBM� FMFDUSJD� GJFME� BSF� DMFBSMZ� DPOOFDUFE� UP� UIF
JOUFOTF�EZOBNJDT�PG�B� GFSSPFMFDUSJD� TXJUDIJOH
� UIF�EFUBJMT
PG� UIF� BDDPNQBOZJOH� QSPDFTTFT� SFNBJO� VODMFBS�� 'PS
FYBNQMF
� JU� JT� QBSUJDVMBSMZ� EJGGJDVMU� UP� TFQBSBUF� JOUSJOTJD
	BUPNJD
� BOE� FYUSJOTJD� 	EPNBJO�XBMM� NPUJPO

DPOUSJCVUJPOT��#PUI�PG�UIFN�NBZ�CF�FRVBMMZ�JNQPSUBOU�GPS
UIF� NBUFSJBMT� QSPQFSUJFT
� UIFZ� DPVME� CF� BDUJWBUFE� CZ
FMFDUSJD� GJFMET�PG�EJGGFSFOU�NBHOJUVEFT�BOE�IBWF�EJGGFSFOU
UFNQPSBM�EZOBNJDT�
5IJT� QSFTFOUBUJPO� FYQMPSFT� UIF� NFDIBOJTNT� PG� IJHI

EJFMFDUSJD�BOE�QJF[PFMFDUSJD�SFTQPOTF�JO�GFSSPFMFDUSJDT�BOE
SFMBUFE� 	F�H�� SFMBYPS� GFSSPFMFDUSJD
� TZTUFNT� VTJOH
UJNF�SFTPMWFE�9�SBZ�EJGGSBDUJPO� <�>��8F�CFOFGJU� GSPN� UIF
DBQBCJMJUJFT�PG�9�SBZ�EJGGSBDUJPO� UP�TFOTF� UIF�WBSJBUJPO�PG
BUPNJD
� NFTPTDPQJD
� NBDSPTDPQJD� BOE� FWFO� EJTPSEFS
QBSBNFUFST� BU� UIF� TBNF� UJNF�� 5IJT�XBZ� UIF� EZOBNJDT� PG
F�H��BUPNJD�QPTJUJPOT
�EPNBJO�TJ[FT�BOE�MBUUJDF�QBSBNFUFST
VOEFS� FMFDUSJD� GJFME� DBO� CF� JOWFTUJHBUFE� BOE
JOUFSDPOOFDUFE� XJUI� POF� BOPUIFS�� 8F� XJMM� EFNPOTUSBUF
IPX� PVS� SFDFOU� 9�SBZ� EJGGSBDUJPO� TUVEJFT� PG
4S���#B���/C�0�� TJOHMF� DSZTUBMT� SFWFBMFE� UIBU
FMFDUSPNFDIBOJDBM�SFTQPOTF�PG�VOJBYJBM�GFSSPFMFDUSJDT�NBZ
FYQSFTT� UIF� DPSSFMBUJPO� CFUXFFO� UIF� MBUUJDF� QBSBNFUFS	T

BOE�UIFJS�EPNBJO�TJ[F	T
�<�>��8F�XJMM�GVSUIFS�TIPX�IPX�BO
BOPNBMPVT� 9�SBZ� TDBUUFSJOH� BMMPXT� TUVEZJOH� JOUSJOTJD
EZOBNJDT�PG�QPMBSJ[BUJPO�SFWFSTBM�JO�UIF�QFSPWTLJUF�CBTFE
#B5J0��#J;O���5J���0��



��UI�&VSPQFBO�$SZTUBMMPHSBQIJD�.FFUJOH
���SE���UI�"VHVTU�����
�3PWJOK
�$SPBUJB

Acta Cryst.�	����
��" 
�T���``````````````````�``````````````````�``````````````````�``````````````````�```````````�

<�>�4��(PSGNBO��$SZTU�3FW
���	�
���������
�	����
��`
<�>� 4�� (PSGNBO
� )�� $IPF
� 7�� 7�� 4IWBSUTNBO
� .�

;JPMLPXTLJ
� .�� 7PHU
� +�� 4USFNQGFS
� 5�� �VLBTJFWJD
� 6�
1JFUTDI
�+��%FD��1IZT��3FW��-FUU����
�������
�	����
�

� GFSSPFMFDUSJDT
� FMFDUSPNFDIBOJDBM� DPVQMJOH

UJNF�SFTPMWFE�9�SBZ�EJGGSBDUJPO

MS22-O2�4USVDUVSBM�GMFYJCJMJUZ�JO
QSPUPUZQJDBM�[FPMJUJD�JNJEB[PMBUF

GSBNFXPSLT
.JDIBFM�5��8IBSNCZ�
�4FCBTUJBO�)FOLF�
�5IPNBT�%��#FOOFUU�


$BSPMJOF�.FMMPU�%SB[OJFLT�
�:VBO[IFOH�:VF�
�"OUIPOZ�,�
$IFFUIBN�

���%JBNPOE�-JHIU�4PVSDF�-UE�
�6,
��� %FQBSUNFOU� PG� .BUFSJBMT� 4DJFODF� ��.FUBMMVSHZ
� 6OJWFSTJUZ� PG
$BNCSJEHF
�6,
���$/34�6.3�����
�4PSCPOOF�6OJWFSTJUwT
�61.$�6OJW�1BSJT���

$PMM�HF�EF�'SBODF
�'SBODF
���4FDUJPO�PG�$IFNJTUSZ
�"BMCPSH�6OJWFSTJUZ
�%FONBSL

FNBJM��NJDIBFM�XIBSNCZ!EJBNPOE�BD�VL
*O� SFDFOU� ZFBST
� JU� IBT� CFDPNF� BQQBSFOU� UIBU� DFSUBJO

.FUBM�0SHBOJD� 'SBNFXPSL� 	.0'
� DPNQPVOET
EFNPOTUSBUF� SFNBSLBCMF� TUSVDUVSBM� GMFYJCJMJUZ�
6OEFSTUBOEJOH� UIJT� CFIBWJPVS� JT� DSVDJBM� UP� JOUFSQSFUJOH
BETPSQUJPO� JO� QPSPVT� DPNQPVOET�� .*-���� QSPWJEFT� UIF
QSPUPUZQJDBM� FYBNQMF
� VOEFSHPJOH� BO� BOJTPUSPQJD
lCSFBUIJOHm� USBOTJUJPO� PO� FYDIBOHF� PG� BETPSCBUF
NPMFDVMFT
� CZ� DPPMJOH� PS� CZ� BQQMJDBUJPO� PG� NFDIBOJDBM
QSFTTVSF��� 1IBTF� USBOTJUJPOT� BMTP� JOGMVFODF� UIF� HBT
BETPSQUJPO�CFIBWJPVS�PG�;FPMJUJD�*NJEB[PMBUF�'SBNFXPSLT
	;*'T

� B� TJHOJGJDBOU� TVCDMBTT� PG� .0'T�� ;*'��
EFNPOTUSBUFT� B� HBUF�PQFOJOH� USBOTJUJPO� PO� BETPSQUJPO� PG
HBT�NPMFDVMFT� BOE� BQQMJDBUJPO�PG�NFDIBOJDBM� QSFTTVSF
�
�
XIJDI�JT�BDIJFWFE�CZ�B�SPUBUJPO�PG�UIF�NFUIZMJNJEB[PMBUF
MJOLFS� VOJUT� UP� PQFO� UIF� XJOEPXT� PG� UIF� TPEBMJUF� DBHFT�
;*'��
�BMTP�CFBSJOH�B�TPEBMJUF�GSBNFXPSL
�EFNPOTUSBUFT�B
TMJHIUMZ� EJGGFSFOU� HBUF�PQFOJOH� USBOTJUJPO
� BDIJFWFE� CZ� B
DPODPNJUBOU�SPUBUJPO�PG�UIF�CFO[JNJEB[PMBUF�MJOLFST�BOE�B
EJTUPSUJPO�PG�UIF�TUSVDUVSF��
8F�SFQPSU�OFX�SFTVMUT�JO�UIF�VOEFSTUBOEJOH�PG�UIF�OBUVSF

PG� UIF� QIBTF� USBOTJUJPOT� JO� ;*'��� BOE� ��� BOE� NPTU
TJHOJGJDBOUMZ
� UIF� GJSTU� FYBNQMF� PG� FYUSFNF� JTPUSPQJD
GMFYJCJMJUZ� JO� ;*'� DPNQPVOET��� %FTPMWBUFE� ;*'��	;O

VOEFSHPFT� BO� JTPUSPQJD� QIBTF� USBOTJUJPO� PO� DPPMJOH� GSPN
���`,� UP� ��`,
� MFBEJOH� UP� B� ��� �� SFEVDUJPO� JO� QPSF
WPMVNF� BOE� B� DMPTVSF� PG� UIF� QPSF� TQBDF�� 5IJT� QPSPVT� UP
OPO�QPSPVT� QIBTF� USBOTJUJPO� XBT� JOWFTUJHBUFE� CZ� in situ
TZODISPUSPO�QPXEFS�9�SBZ�EJGGSBDUJPO
�XIJDI�BMMPXFE�UIF
NFDIBOJTN� UP� CF� EFUFSNJOFE� BOE� BMTP� UP� DPOGJSN� JUT
EJTDPOUJOVPVT�OBUVSF��5IF�OFX�MPX�UFNQFSBUVSF�TUSVDUVSF
JT�NBSHJOBMMZ� MFTT� EFOTF� UIBO� UIBU� PG� UIF� EFOTFTU� LOPXO
;*'�QIBTF
�;*'�[OJ��#Z�DPNCJOJOH�TUSVDUVSBM�SFTVMUT�XJUI
%4$� NFBTVSFNFOUT� BOE� %'5� DBMDVMBUJPOT
� UIF� ESJWJOH
GPSDF� GPS� UIJT� OFX� BOE� VOFYQFDUFE� USBOTJUJPO� XBT
FTUBCMJTIFE�� 6TJOH� UIFTF� SFTVMUT
� JU� JT� OPX� QPTTJCMF� UP
VOEFSTUBOE�UIF�HBT�BETPSQUJPO�CFIBWJPVS�PG�UIJT�JNQPSUBOU
GSBNFXPSL�DPNQPVOE�
`3FGFSFODFT
�`�4FSSF�et al.
�Adv. Mater.
�����
���
�����v�����
�`� .PHHBDI� et al.
� Angew. Chem. Int. Ed.
� ����
� ��


����v�����
�`�'BJSFO�+JNFOF[�et al.
�J. Am. Chem. Soc.
�����
����


����v�����
�`�;IBP�et al.
�Chem. Mater.
�����
���
�����v�����
�`� 8IBSNCZ� et al.
� Angew. Chem. Int. Ed.
� ����


	accepted
�


