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6XOIRQDWHG� 6FKLII� %DVH� &RSSHU�,,�� &RPSOH[HV� DV� (IILFLHQW� DQG� 6HOHFWLYH�

&DWDO\VWV�LQ�$OFRKRO�2[LGDWLRQ��6\QWKHVHV�DQG�&U\VWDO�6WUXFWXUHV��

6XVDQWD�+D]UD�
D�/XtVD�0�'�5�6��0DUWLQV�
D�E�0��)iWLPD�&��*XHGHV�GD�6LOYD
D�DQG�$UPDQGR�-��

/��3RPEHLURD�

D
�&HQWUR�GH�4XtPLFD�(VWUXWXUDO��,QVWLWXWR�6XSHULRU�7pFQLFR��8QLYHUVLGDGH�GH�/LVERD��$Y��5RYLVFR�3DLV������±�����/LVERD���

������3RUWXJDO��(�PDLO��K�VXVDQWD#JPDLO�FRP�DQG�IDWLPD�JXHGHV#WHFQLFR�XOLVERD�SW�
E�&KHPLFDO�(QJLQHHULQJ�'HSDUWPHQW��,QVWLWXWR�6XSHULRU�GH�(QJHQKDULD�GH�/LVERD��,QVWLWXWR�3ROLWpFQLFR�GH�/LVERD��5������

�����&RQVHOKHLUR�(PtGLR�1DYDUUR������������/LVERD��3RUWXJDO��(�PDLO��OPDUWLQV#GHT�LVHO�LSO�SW��
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�(OHFWURQLF�6XSSOHPHQWDU\�,QIRUPDWLRQ��(6,��DYDLODEOH��)LJXUHV�6��DQG�6���7DEOHV�6��DQG�6���&&'&���������±���������IRU���
±���� UHVSHFWLYHO\�� FRQWDLQ� WKH� VXSSOHPHQWDU\� FU\VWDOORJUDSKLF�GDWD� IRU� WKLV� SDSHU��7KHVH�&,)�GDWD� FDQ� DOVR� EH�REWDLQHG� IUHH�RI�

FKDUJH�IURP�WKH�&DPEULGJH�&U\VWDOORJUDSKLF�'DWD�&HQWUH�YLD�KWWS���ZZZ�FFGF�FDP�DF�XN�GDWDBUHTXHVW�FLI�RU�IURP�WKH�&DPEULGJH�

&U\VWDOORJUDSKLF� 'DWD� &HQWUH�� ��� 8QLRQ� 5RDG�� &DPEULGJH� &%�� �(=�� 8.�� ID[�� ������ ����� ���� ���� RU� H�PDLO��

GHSRVLW#FFGF�FDP�DF�XN��6XSSOHPHQWDU\�GDWD�DVVRFLDWHG�ZLWK�WKLV�DUWLFOH�FDQ�EH�IRXQG�LQ�WKH�RQOLQH�YHUVLRQ��

�
�
�
�
�
�
�
�
�
�
�
�
�

�

�

�

�

�

�

�

�

�

Page 1 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 R
U

T
G

E
R

S 
ST

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
18

/1
0/

20
15

 0
7:

42
:4

2.
 

View Article Online
DOI: 10.1039/C5RA19498A

http://dx.doi.org/10.1039/c5ra19498a


� î�

$EVWUDFW�

7KH� UHDFWLRQ� EHWZHHQ� ��DPLQREHQ]HQHVXOIRQLF� DFLG� DQG� ��K\GUR[\���PHWKR[\EHQ]DOGHK\GH�

SURGXFHV� WKH� DF\FOLF� 6FKLII� EDVH� ��>���K\GUR[\���

PHWKR[\SKHQ\O�PHWK\OLGHQHDPLQR@EHQ]HQHVXOIRQLF� DFLG� �+�/�� ����� ,Q� VLWX� UHDFWLRQV� RI� WKLV�

FRPSRXQG�ZLWK�&X�,,��VDOWV�DQG��HYHQWXDOO\�� LQ� WKH�SUHVHQFH�RI�S\ULGLQH��S\��RU����¶�ELS\ULGLQH�

����¶�ELS\��OHDG�WR�WKH�IRUPDWLRQ�RI�WKH�PRQRQXFOHDU�FRPSOH[HV�>&X/�+�2��@�����DQG�>&X/����¶�

ELS\�@�'0)�+�2� ���� DQG� WKH� GLSKHQR[R�EULGJHG� GLFRSSHU� FRPSRXQGV� >&X/�S\�@�� ���� DQG�

>&X/�(W2+�@���+�2������,Q���±���WKH�/
�±�OLJDQG�DFWV�DV�D�WULGHQWDWH�FKHODWLQJ�VSHFLHV�E\�PHDQV�RI�

RQH�RI�WKH�2�VXOIRQDWH�DWRPV��WKH�2�SKHQR[R�DQG�WKH�1�DWRPV��7KH�UHPDLQLQJ�FRRUGLQDWLRQ�VLWHV�

DUH�WKHQ�RFFXSLHG�E\�+�2��LQ��������¶�ELS\ULGLQH��LQ�����S\ULGLQH��LQ����RU�(W2+��LQ�����+\GURJHQ�

ERQG� LQWHUDFWLRQV� UHVXOWHG� LQ�46
6:sv;�DQG� LQ�48

8:st;�JUDSK�VHWV� OHDGLQJ� WR�GLPHULF� VSHFLHV� �LQ���

DQG����UHVSHFWLYHO\���WR��'�FKDLQ�DVVRFLDWLRQV��LQ���DQG����RU�WR�D��'�QHWZRUN������&RPSOH[HV���±�

��DUH� DSSOLHG� DV� VHOHFWLYH� FDWDO\VWV� IRU� WKH� KRPRJHQHRXV� SHUR[LGDWLYH� �ZLWK� WHUW�

EXW\OK\GURSHUR[LGH�� 7%+3�� R[LGDWLRQ� RI� SULPDU\� DQG� VHFRQGDU\� DOFRKROV�� XQGHU� VROYHQW�� DQG�

DGGLWLYH�IUHH�FRQGLWLRQV�DQG�XQGHU�ORZ�SRZHU�PLFURZDYH��0:��LUUDGLDWLRQ��$�TXDQWLWDWLYH�\LHOG�

RI�DFHWRSKHQRQH�ZDV�REWDLQHG�E\�R[LGDWLRQ�RI���SKHQ\OHWKDQRO�ZLWK�FRPSRXQG��� >72)V�XS� WR�

���� î� ���� K��@� DIWHU� ��� PLQ� RI� 0:� LUUDGLDWLRQ�� ZKHUHDV� WKH� R[LGDWLRQ� RI� EHQ]\O� DOFRKRO� WR�

EHQ]DOGHK\GH�LV�OHVV�HIIHFWLYH��72)�����K�����7KH�VHOHFWLYLW\�RI���WR�R[LGL]H�WKH�DOFRKRO�UHODWLYH�

WR�WKH�HQH�IXQFWLRQ�LV�GHPRQVWUDWHG�ZKHQ�XVLQJ�FLQQDP\O�DOFRKRO�DV�VXEVWUDWH���

.H\ZRUGV�� 6XOIRQDWHG� 6FKLII� EDVH�0RQRQXFOHDU�'LQXFOHDU�3\ULGLQH����¶�%LS\ULGLQH�$OFRKRO�

2[LGDWLRQ�0LFURZDYH��
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� ï�

,QWURGXFWLRQ�

2YHU� WKH� SDVW� IHZ� GHFDGHV� WKHUH� KDV� EHHQ� D� PDUNHG� GHYHORSPHQW� LQ� WKH� FRRUGLQDWLRQ�

FKHPLVWU\� RI� 6FKLII� EDVH� PHWDO� FRPSOH[HV��� HQFRXUDJHG� E\� WKH� YDULHW\� RI� WKHLU� VROLG� VWDWH�

VWUXFWXUHV���PDJQHWLF�����IOXRUHVFHQFH��DQG�FDWDO\WLF��SURSHUWLHV��7KRXJK�D�ODUJH�QXPEHU�RI�6FKLII�

EDVHV� RI� YDULRXV� W\SHV��±�� LQFOXGLQJ� WKRVH� FRQWDLQLQJ� WKH� FDUER[\OLF� DFLG� JURXS��� KDYH� EHHQ�

UHSRUWHG��VXOIRQDWHG�6FKLII�EDVHV�DUH�UDUH�DQG�RQO\�D�IHZ�PHWDO�FRPSOH[HV�DUH�NQRZQ���DOWKRXJK�

FRYDOHQW� RU� QRQ�FRYDOHQW� �+�ERQGLQJ�� LQWHUDFWLRQV� YLD� VXOIRQDWH� R[\JHQ� DWRPV� FRXOG� JHQHUDWH�

LQWHUHVWLQJ� PXOWLQXFOHDU�D±H� RU� VXSUDPROHFXODU� VWUXFWXUHV��D±F� &DWDO\WLF� SURSHUWLHV� RI� VXOIRQDWHG�

6FKLII�EDVH�PHWDO�FRPSOH[HV�KDYH�DOVR�EHHQ�UDUHO\�LQYHVWLJDWHG��D�E�H�7KXV��WKH�V\QWKHVHV�RI�D�QHZ�

VXOIRQDWHG� 6FKLII� EDVH� DQG� WKHLU� FRSSHU� FRPSOH[HV�ZKLFK� FRXOG� EH� XVHIXO� IRU� IXUWKHU� FDWDO\WLF�

VWXGLHV��GHVHUYH�WR�EH�H[SORUHG�DQG�FRQVWLWXWH�D�JHQHUDO�DLP�RI�WKH�FXUUHQW�VWXG\���

7KH�R[LGDWLRQ�RI�DOFRKROV�WR�FDUERQ\O�FRPSRXQGV�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�UHDFWLRQV�

LQ�V\QWKHWLF�RUJDQLF�FKHPLVWU\�DV�ZHOO�DV�LQ�FKHPLFDO�LQGXVWU\������0RUHRYHU��LW�LV�RI�LQWHUHVW�IRU�

WKH�GHYHORSPHQW�RI� HQYLURQPHQWDOO\�EHQLJQ�SURGXFWLRQ�SURFHVVHV�RI�QHZ�PDWHULDOV� DQG�HQHUJ\�

VRXUFHV��H���D�

0DQ\� FDWDO\WLF�PHWKRGV� KDYH�EHHQ� GHYHORSHG� IRU� WKH�R[LGDWLRQ� RI� DOFRKROV����$� UHFHQW�

HQYLURQPHQWDOO\� FRPSDWLEOH�DSSURDFK�FRQFHUQV�R[LGDWLRQV�ZLWK�FRSSHU�FDWDO\VWV�DQG�GLR[\JHQ��

K\GURJHQ� SHUR[LGH� RU� WHUW�EXW\OK\GURSHUR[LGH� �7%+3�� DV� R[LGDQWV���F���J���� +HQFH�� LQVSLUHG� E\�

RXU� SUHYLRXV� FDWDO\WLF� DSSOLFDWLRQV� RI� D� IHZ� VXOIRQDWHG� 6FKLII� EDVH� FRSSHU� FRPSOH[HV� LQ� WKH�

SHUR[LGDWLYH�R[LGDWLRQ�RI� F\FORKH[DQH�D�H� DQG� LQ� WKH�QLWUR�DOGRO� UHDFWLRQ��E�ZH�KDYH� DQWLFLSDWHG�

WKDW� WKH�QHZ�FRSSHU�,,�� FRPSOH[HV�EHDULQJ� D� VXOIRQDWHG�6FKLII�EDVH� FRXOG�EH�DFWLYH� LQ� DOFRKRO�

R[LGDWLRQ�FDWDO\VLV���

,Q� DFFRUG�� WKH� QHZ� VXOIRQDWHG� 6FKLII� EDVH� ��>���K\GUR[\���

PHWKR[\SKHQ\O�PHWK\OLGHQHDPLQR@EHQ]HQHVXOIRQLF� DFLG�+�/� ���� �6FKHPH� ��� LV� SUHSDUHG� IURP�

WKH� FRQGHQVDWLRQ� UHDFWLRQ� RI� ��K\GUR[\���PHWKR[\EHQ]DOGHK\GH� DQG� ��DPLQREHQ]HQHVXOIRQLF�

DFLG��$GGLWLRQ�RI�&X�,,��VDOW�V��WR�WKH�VDPH�UHDFWDQW�PL[WXUHV�LQ�GLIIHUHQW�VROYHQWV��0H2+��(W2+�

RU� '0)�� DQG� LQ� WKH� DEVHQFH� RU� LQ� WKH� SUHVHQFH� RI� DQ� 1�KHWHURF\FOH� >S\ULGLQH� �S\�� RU� ���¶�

ELS\ULGLQH� ����¶�ELS\�@� SURGXFHV� WKH� PRQRQXFOHDU� FRSSHU� FRPSOH[HV� >&X/�+�2��@� ���� DQG�

>&X/����¶�ELS\�@�'0)�+�2����� DQG� WKH�GLSKHQR[R�EULGJHG�GLFRSSHU� FRPSOH[HV� >&X/�S\�@�� ����
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� ñ�

5HVXOWV�DQG�'LVFXVVLRQ�

6\QWKHVHV�DQG�&KDUDFWHUL]DWLRQ�

7KH� >���@� FRQGHQVDWLRQ� RI� ��K\GUR[\���PHWKR[\EHQ]DOGHK\GH� DQG� ��

DPLQREHQ]HQHVXOIRQLF�DFLG�LQ�DTXHRXV�HWKDQRO�OHDGV�WR�WKH�IRUPDWLRQ�RI�WKH�6FKLII�EDVH�+�/�����

�6FKHPH�����ZKLFK�FDQ�EH�LVRODWHG�RU�XVHG� LQ�VLWX�IRU�IXUWKHU�V\QWKHVHV�RI�FRSSHU�,,��FRPSOH[HV�

�6FKHPH� ���� +HQFH�� DGGLWLRQ� RI� DQ� DTXHRXV� PHWKDQRO� ������ VROXWLRQ� RI� &X�2$F���+�2� DQG�

&X&O���+�2� �LQ� ���� PRODU� UDWLR�� WR� WKDW� VROXWLRQ� RI� +�/� ���� SUHSDUHG� LQ� VLWX� SURGXFHV� WKH�

PRQRQXFOHDU�FRSSHU�,,�� FRPSOH[�>&X/�+�2��@� �����:KHQ� WKH� UHDFWLRQ� LV�SHUIRUPHG� LQ�DTXHRXV�

HWKDQRO� ������ DQG� RQO\� ZLWK� &X�2$F���+�2� DV� WKH� FRSSHU�,,�� VDOW�� WKH� GLSKHQR[R� EULGJHG�

GLFRSSHU�,,��FRPSOH[�>&X/�(W2+�@���+�2�����LV�REWDLQHG��7KH�PRQRQXFOHDU�FRPSOH[�>&X/������

ELS\�@�'0)�+�2�����LV�V\QWKHVL]HG�VLPLODUO\�IURP�WKH� LQ�VLWX�UHDFWLRQ�RI����&X�2$F���+�2�DQG�

�����ELS\ULGLQH� ������ELS\�� LQ� DTXHRXV� '0)� ������ VROXWLRQ�� ZKLOH� WKH� DQDORJRXV� UHDFWLRQ� ZLWK�

S\ULGLQH� �S\�� LQVWHDG� RI� �����ELS\� XVLQJ� DTXHRXV� PHWKDQRO� VROXWLRQ� JHQHUDWHV� WKH� GLSKHQR[R�

EULGJHG� GLFRSSHU�,,�� FRPSOH[� >&X/�S\�@�� ����� $V� QR� SURGXFW� ZDV� LVRODWHG� IURP� WKH� DWWHPSWHG�

GLVWLQFW�LQ�VLWX�UHDFWLRQV�RI���ZLWK�HLWKHU�&X�2$F���+�2�RU�&X&O���+�2�LQ�DTXHRXV�PHWKDQRO��ZH�

WULHG�WKH�UHDFWLRQ�ZLWK�ERWK�VDOWV�WRJHWKHU�LQ�WKLV�VROYHQW�DQG�WKXV�FRPSRXQG���ZDV�LVRODWHG���

$OO�WKH�FRPSRXQGV����±����ZHUH�FKDUDFWHUL]HG�E\�HOHPHQWDO�DQDO\VLV��,5�VSHFWURVFRS\�DQG�

VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�VWXG\��7KH�6FKLII�EDVH���ZDV�DOVR�FKDUDFWHUL]HG�E\�WKH��+�105�

VSHFWUXP��7KH\�ZHUH�LVRODWHG�LQ�PRGHUDWH�WR�JRRG�\LHOGV����±������

� � 7KH�,5�VSHFWUXP�RI�WKH�6FKLII�EDVH�+�/�����H[KLELWV�WKH�H[SHFWHG�EDQGV�DW������

DQG������FP±��ZKLFK�DUH�LQGLFDWLYH�RI�WKH�& 1�ERQG�DQG�WKH�VXOIRQDWH�JURXS��UHVSHFWLYHO\��,Q�WKH�

,5�VSHFWUD�RI�WKH�PHWDO�FRPSOH[HV����±�������& 1��LV�REVHUYHG�LQ�WKH�UDQJH�RI�����±�����FP±���

ZKHUHDV�WKH�VXOIRQDWH�JURXSV�DUH�HYLGHQFHG�E\�WKH�PHGLXP�LQWHQVH�EDQGV�DW�WKH�����±�����FP±��

UDQJH��D±G�

�

'HVFULSWLRQ�RI�WKH�&U\VWDO�6WUXFWXUHV��

7KH�FU\VWDO�VWUXFWXUHV�RI�WKH�6FKLII�EDVH�DQG�LWV�PRQR��RU�GLFRSSHU�GHULYDWLYHV����±����DUH�

VKRZQ�LQ�)LJXUH����,PSRUWDQW�ERQG�GLVWDQFHV�DQG�DQJOHV�DUH�SUHVHQWHG�LQ�7DEOH����&RPSRXQG���LV�

DSSUR[LPDWHO\�SODQDU�DV�PHDVXUHG�E\�WKH�DQJOH�EHWZHHQ�WKH�OHDVW�VTXDUH�SODQHV�RI�WKH�DURPDWLF�
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� ò�

ULQJV���������7DEOH�����8SRQ�2�1�FKHODWLRQ�WR�WKH�PHWDO�FDWLRQ�E\�PHDQV�RI�WKH�SKHQROLF�2���WKH�

LPLQH� 1�� DQG� D� VXOIRQDWH� 2�DWRPV�� WKH� EDVLF� IRUP� RI� �� �/���� EHFRPHV� KLJKO\� GLVWRUWHG� DV�

HYLGHQFHG�E\�WKH�DQJOH�YDOXHV�������±��������7DEOH����RI�WKRVH�O�V��SODQHV��IROORZLQJ�WKH�RUGHU���

�������������6XFK�D�GLVWRUWLRQ�LV�DOVR�HQYLVDJHG�WKURXJK�WKH�1±&±&±6�DQG�&±1±&±&62��WRUVLRQ�

DQJOHV�ZKLFK��KRZHYHU��WUDLO�LQ�D�GLIIHUHQW�ZD\��7DEOH������������������IRU�WKH�IRUPHU��DQG���������

�� �� �� IRU� WKH� ODWWHU��� 'HVSLWH� DOO� WKHVH� YDULDQFHV�� WKH� 1LPLQH�&VS�� ERQG� GLVWDQFHV� LQ� �� ±� �� DUH�

VLPLODU�DQG�YDU\�LQ�WKH���������������������c�UDQJH���

7R�DFFRPSOLVK�WKH�SHQWDFRRUGLQDWLRQ�VSKHUH�RI�WKH�PHWDO��WKH�FRSSHU�FDWLRQV�LQ���±���DUH�

WKHQ�ERXQG� WR� WZR�ZDWHU�PROHFXOHV� �LQ�����RQH������ELS\�FKHODWRU� �LQ�����RQH�S\��LQ����DQG�RQH�

HWKDQRO�PROHFXOH��LQ�����3UREDEO\�DV�D�UHVXOW�RI�WKH�FKHODWLQJ�PRGH�RI�ELS\ULGLQH��WKH�/�±�OLJDQG�

LQ� �� RFFXSLHV� ERWK� HTXDWRULDO� �2�SKHQR[R� DQG�1�LPLQH� DWRPV�� DQG� DSLFDO� �2�VXOIRQDWH�� VLWHV��

WKXV�FRQWUDVWLQJ�ZLWK�WKH�RWKHU�FRPSOH[HV�������DQG����LQ�ZKLFK�LW�RFFXSLHV�WKUHH�RI�WKH�HTXDWRULDO�

SRVLWLRQV�� 7KH� 2�� GHVFULSWRU� YDOXHV���� EHWZHHQ� ����� �LQ� ��� DQG� ����� �LQ� ����PD\� EH� D� UHVXOW� RI�

VWHULF� LQWHUIHUHQFHV� LQYROYLQJ� WKH� OLJDQGV��&RPSRXQGV���DQG���DUH�PRQRQXFOHDU��ZKLOH���DQG���

DUH�GLQXFOHDU�VSHFLHV�ZLWK�DQ�LQYHUVLRQ�FHQWUH�LQ�WKH�PLGGOH�RI�WKH�&X�2��FRUH��&RQVHTXHQWO\��WKH�

FRSSHU�FDWLRQ�LQ�WKH�FRPSOH[HV�DUH�LQYROYHG�LQ���PHPEHUHG��LQ���DQG�������PHPEHUHG��LQ����DQG�

��PHPEHUHG��LQ�DOO�FDVHV��PHWDOODF\FOHV���

7KH� &X±1/� ERQG� GLVWDQFHV� OLH� LQ� WKH� ��������� ±� ��������� c� UDQJH� �7DEOH� ��� DQG� DUH�

VOLJKWO\�VKRUWHU�WKDQ�WKRVH�LQYROYLQJ�WKH�RWKHU�1�OLJDQGV�>���������±����������c@��7KH�HTXDWRULDO�

&X±2SKHQR[R�GLVWDQFHV�>���������±����������c@�DUH�VKRUWHU�WKDQ�WKH�D[LDO�>���������DQG������������

c� LQ� �� DQG� ��� UHVSHFWLYHO\@� DQG� WKH� &X�2VXOIRQDWH�RQHV� >��������� ±� ��������� c@�� $OWKRXJK� WKH�

&X�2ZDWHU�ERQG�GLVWDQFH�RI����������c�LQ���LV�WKH�ORQJHVW�IRXQG�LQ�WKLV�ZRUN��DQG�VOLJKWO\�ORQJHU�

WKDQ�WKH�VXP�RI�WKH�9DQ�GHU�:DDOV�UDGLL�RI�FRSSHU�DQG�R[\JHQ�DWRPV�������c���DOO�WKH�SDUDPHWHUV�

DUH�FRPSDUDEOH�WR�WKRVH�IRXQG�LQ�WKH�OLWHUDWXUH��D±G�

6HYHUDO� +�ERQG� LQWHUDFWLRQV� VWDELOL]H� VWUXFWXUHV� �� ±� �� DQG� ��� 7KH� PROHFXOH� RI� �� LV�

LQYROYHG�LQ�WZR�LQWUDPROHFXODU�+�ERQG�F\FOHV��7DEOH�6���ZLWK�JUDSK�VHW�55
5:x;�OLQNLQJ�WKH�LPLQR�

QLWURJHQ� DWRP� �DV� GRQRU�� DQG� ERWK� WKH� SKHQROLF� DQG� VXOIRQDWH� R[\JHQ� DWRPV� �DV� DFFHSWRUV���

+RZHYHU�� WKH� PRVW� LQWHUHVWLQJ� IHDWXUH� RI� WKH� FU\VWDO� VWUXFWXUH� RI� �� LV� WKH� H[WHQVLYH� +�ERQG�

LQWHUDFWLRQV� RI� WKH� FU\VWDOOL]DWLRQ� ZDWHU� PROHFXOHV� OHDGLQJ� WR� WKH� IRUPDWLRQ� RI� LQILQLWH� FKDLQV�

DORQJ� WKH� FU\VWDOORJUDSKLF�E� D[LV� �)LJXUH��$���7KHVH� DUH� IXUWKHU� LQWHUOLQNHG�E\�+�ERQGV� WR� WKH�

6FKLII� EDVH�� JHQHUDWLQJ� �'� OD\HUV� �)LJXUH� �%�� ZKLFK� DUH� VWDELOL]HG� E\� ������� VWDFNLQJ�
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� ó�

LQWHUDFWLRQV��$OVR� UHVXOWLQJ� IURP�WKH�SUHVHQFH�RI�FU\VWDOOL]DWLRQ�ZDWHU�PROHFXOHV�� FRPSRXQGV���

DQG���IRUP�ULQJ�JUDSK�VHWV�RI�W\SH�46
6:sv;�DQG�48

8:st;��UHVSHFWLYHO\��WKH�IRUPHU�LQYROYLQJ�RQH�RI�

WKH�+�DWRPV�RI� WKH�ZDWHU�PROHFXOH��DV�GRQRU��DQG�DQ�2�PHWKR[LGH��DV�DFFHSWRU���DQG�WKH�ODWWHU�

OLQNLQJ�ERWK�+�DWRPV�RI�ZDWHU� WR� WZR�2�VXOIRQDWH� DWRPV�RI� WKH� VDPH�PRLHW\� �)LJXUH�6����7KH�

VWUXFWXUH� RI� �� IXUWKHU� JHQHUDWHV� LQILQLWH� �'� GRXEOH� FKDLQV� LQYROYLQJ� WKH� FRRUGLQDWHG� ZDWHU�

PROHFXOHV�DQG�YLFLQDO�VXOIRQDWH�2�DWRPV��)LJXUH�����7KH�VWURQJHVW�+�LQWHUDFWLRQV�LQ���LQFOXGH�WKH�

FU\VWDOOL]DWLRQ� ZDWHU� PROHFXOH�� ERWK� DV� GRQRU� DQG� DV� DFFHSWRU�� DQG� WKH� FRRUGLQDWHG� HWKDQRO�

PROHFXOH��DV�GRQRU���JLYLQJ�ULVH�WR�46
6:{;�JUDSK�VHWV��2YHUDOO�D��'�FKDLQ�LV�IRUPHG�LQ�WKH�FU\VWDO�

SDFNLQJ�RI����)LJXUH�6����

�

7DEOH����6HOHFWHG�ERQG�GLVWDQFHV��c���ERQG�DQJOHV�DQG�WRUVLRQ�DQJOHV�����IRU�+�/�����DQG�WKH�
PHWDO�FRPSOH[HV��������

�

� �� ��� ��� ��� ���

,QYROYLQJ�WKH�DQLRQLF�OLJDQG�/
�±
�

1±&VS�� ��������� ��������� ��������� ��������� ���������

1±&$U� ��������� ��������� ��������� ��������� ���������

��1±&±&±6� �������� �������� ��������� �������� ��������

��&±1±&±&62�� ���������� ��������� ��������� ��������� ���������

��O��V��SODQHV�RI�DURPDWLF�
ULQJV�

����� ������ ������ ������ ������

,QYROYLQJ�WKH�PHWDO�

&X�FRRUGLQDWLRQ�VSKHUH� �� 2�1��� 2�1��� 2�1�� 2�1��

2��GHVFULSWRU� � ����� ����� ����� �����

0±262�� �� ��������� ��������� ��������� �����������

0±2SKHQR[R��HTXDWRULDO�� �� ��������� ��������� ��������� �����������

0±2SKHQR[R��D[LDO�� �� �� �� ��������� �����������

0±2RWKHU� ��
���������

���������
�� �� �����������

0±1/� �� ��������� ��������� ��������� �����������

0±1RWKHU� �� ��
���������

���������
��������� ��

262�±0±2SKHQR[R�� �� ����������� ���������� ����������� ����������

1/±0±2�1������ �� ����������� ���������� ����������� ����������

��&X±1±&±&62�� �� ��������� ��������� ��������� ��������

0ÂÂÂ0��LQWUDPROHFXODU�� �� �� �� ����������� ����������

0ÂÂÂ0��LQWHUPROHFXODU�� �� ������ ���������� ��������� ����������
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�

)LJXUH����,GHDOL]HG�EDOO�DQG�VWLFN�SUHVHQWDWLRQ�RI�WKH�FU\VWDO�VWUXFWXUH�RI��±��ZLWK�DWRP�ODEHOLQJ�
VFKHPHV��&U\VWDOOL]DWLRQ�VROYHQW�PROHFXOHV�LQ������DQG���DV�ZHOO�DV�K\GURJHQ�DWRPV�LQ���DQG���DUH�
RPLWWHG�IRU�FODULW\��6\PPHWU\�FRGHV�WR�JHQHUDWH�HTXLYDOHQW�DWRPV���±[��±\��±]�����DQG�±[���±\��
�±]������
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$� %�

)LJXUH�����$��5HSUHVHQWDWLRQ��DORQJ�WKH�FU\VWDOORJUDSKLF�E�D[LV��RI�DQ�LQILQLWH�FKDLQ�RI�K\GURJHQ�
ERQGHG� �GRWWHG� OLQHV�� ZDWHU� PROHFXOHV� LQ� WKH� VWUXFWXUH� RI� ��� DQG� �%�� IUDJPHQW� RI� WKH� �'�
VXSUDPROHFXODU� SDFNLQJ� GLDJUDP�RI��� FRQVWUXFWHG� E\� K\GURJHQ� ERQGV� EHWZHHQ� WKH�6FKLII� EDVH�
DQG� WKH� ODWWLFH�ZDWHU�PROHFXOHV�� DOVR� HYLGHQFLQJ� WKH������� VWDFNLQJ� EHWZHHQ� DGMDFHQW� DURPDWLF�
ULQJV��

�

�

)LJXUH����+�ERQG�VXSSRUWHG�GRXEOH�FKDLQ��'�DVVRFLDWLRQ�LQ����

�

Page 9 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 R
U

T
G

E
R

S 
ST

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
18

/1
0/

20
15

 0
7:

42
:4

2.
 

View Article Online
DOI: 10.1039/C5RA19498A

http://dx.doi.org/10.1039/c5ra19498a


� íì

,W�LV�ZRUWKZKLOH�PHQWLRQLQJ�WKDW�VXOIRQDWHG�6FKLII�EDVHV�DUH�RI�JUHDW�LQWHUHVW�GXH�WR�WKHLU�

YHUVDWLOH�FRPSOH[�IRUPDWLRQ�DELOLWLHV��WKH\�FDQ�IRUP�PRQRPHUV��GLPHUV��WHWUDPHUV�DQG�SRO\PHUV�

�ERWK� �'� DQG� �'���� ,Q� RQH� RI� RXU� HDUOLHU� VWXGLHV�ZH�KDYH� UHSRUWHG� WKDW� WKH�6FKLII� EDVH� ��>���

K\GUR[\SKHQ\O�PHWK\OLGHQHDPLQR@EHQ]HQHVXOIRQLF� DFLG� FDQ� IRUP� VROYDWRPRUSKV� ZKLFK� KDYH�

LGHQWLFDO�EDVLF�VWUXFWXUH�EXW�ZLWK�GLIIHUHQW�QRQ�FRRUGLQDWHG�VROYHQWV��G�:H�KDYH�DOVR�LQWURGXFHG�D�

ELV�����DH��F\FORKH[DQH�����GLFDUER[\ODWR�2�2
�2

�2



��WHWUDFRSSHU
�D�H� DQG� WKUHH� SVHXGRKDOLGH�

EULGJHG� FRSSHU� FRPSOH[HV�E� FRQWDLQLQJ� �����S\ULG\OPHWK\OHQHDPLQR�EHQ]HQHVXOIRQDWH�� 7KH�

WHWUDFRSSHU�FRPSOH[�ZDV�DQ�HIILFLHQW�FDWDO\VW�IRU�WKH�F\FORKH[DQH�R[LGDWLRQ�LQ�ERWK�FRQYHQWLRQDO�

�&+�&1�+�2�
�D�DQG�QRQ�FRQYHQWLRQDO��LRQLF�OLTXLG��VROYHQWV��H�ZKLOH�SVHXGRKDOLGH�FRPSOH[HV�E�

ZHUH�IRXQG�WR�FDWDO\]H�WKH�+HQU\�UHDFWLRQ�LQ�DTXHRXV�PHGLXP���

7KH�LQWHUHVWLQJ�PROHFXODU�VWUXFWXUHV�DQG�FDWDO\WLF�SURSHUWLHV�RI�VXFK�FRPSRXQGV�LQVSLUHG�

XV��L��WR�V\QWKHVL]H�FRSSHU�FRPSOH[HV�RI�WKH�QHZ�VXOIRQDWHG�6FKLII�EDVH�OLJDQG���>���K\GUR[\���

PHWKR[\SKHQ\O�PHWK\OLGHQHDPLQR@EHQ]HQHVXOIRQDWH��/�±���DV�GHVFULEHG�DERYH��DQG��LL��WR�DSSO\�

WKHP�LQ�DOFRKRO�R[LGDWLRQ�VWXGLHV��VHH�EHORZ����

�

$OFRKRO�2[LGDWLRQ�&DWDO\]HG�E\�&RSSHU�&RPSOH[HV���±���

&RPSOH[HV���±����DV�ZHOO�DV�WKHLU�VDOW�SUHFXUVRUV�&X�2$F���+�2�DQG�&X&O���+�2��ZHUH�

WHVWHG�DV�FDWDO\VWV�IRU�WKH�KRPRJHQHRXV�R[LGDWLRQ�RI���SKHQ\OHWKDQRO�DQG�EHQ]\O�DOFRKRO��FKRVHQ�

DV� PRGHOV�� WR� DFHWRSKHQRQH� RU� EHQ]DOGHK\GH�� UHVSHFWLYHO\�� XVLQJ� DTXHRXV� WHUW�EXW\O�

K\GURSHUR[LGH��%XW22+��7%+3��DV�R[LGL]LQJ�DJHQW��XQGHU�RSWLPL]HG�FRQGLWLRQV�RI������&��ORZ�

SRZHU�����:��PLFURZDYH�LUUDGLDWLRQ��0:�������RU�����IRU�EHQ]DOGHK\GH��PLQ�UHDFWLRQ�WLPH�DQG�

LQ�D�VROYHQW��DQG�DGGLWLYH�IUHH�PHGLXP��6FKHPH����7DEOH�����7KH�HYHQWXDO�RUJDQRFDWDO\WLF�DELOLW\�

RI� WKH� 6FKLII� EDVH� +�/� ���� ZDV� DOVR� HYDOXDWHG� �HQWULHV� �� DQG� ��� 7DEOH� ���� 8QGHU� WKH� DVVD\HG�

FRQGLWLRQV�� DFHWRSKHQRQH� RU� EHQ]DOGHK\GH� IRU� WKH� R[LGDWLRQ� RI� ��SKHQ\OHWKDQRO� RU� EHQ]\O�

DOFRKRO��UHVSHFWLYHO\��ZHUH�WKH�RQO\�SURGXFWV�GHWHFWHG�E\�*&±06�DQDO\VLV��WKXV�UHYHDOLQJ�D�YHU\�

VHOHFWLYH�R[LGDWLRQ�V\VWHP��

7KH�FRSSHU�,,��FRPSOH[�FDWDO\VWV���±���H[KLELW�JRRG�SHUIRUPDQFH��EHVW�72)�YDOXH�RI������

[�����K±��ZLWK����HQWU\���RI�7DEOH����OHDGLQJ�WR�\LHOGV��EDVHG�RQ�WKH�DOFRKRO��RI�DFHWRSKHQRQH�RU�

EHQ]DOGHK\GH� LQ� WKH� ����� ±� ������ RU� ����� ±� ������ UDQJHV�� UHVSHFWLYHO\� �7DEOH� ��� )LJXUH� ����

+RZHYHU��WKH�R[LGDWLRQ�RI�EHQ]\O�DOFRKRO�ZDV�VLJQLILFDQWO\�VORZHU�DV�VKRZQ�E\�WKH�ORZHU�72)�
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FRPSDUHG�WR�WKH�(W2+�OLJDQG��LQ�����DSSHDUV�WR�VOLJKWO\�HQKDQFH�WKH�FDWDO\WLF�DFWLYLW\��FRPSDUH�

HQWULHV���DQG���RU����DQG����RI�7DEOH�����DV�REVHUYHG�LQ�RWKHU�FDVHV���H�N��

7KH�UHDFWLRQV�SHUIRUPHG�XQGHU�WKH�VDPH�FRQGLWLRQV�EXW�LQ�WKH�SUHVHQFH�RI�WKH�PRQRQXFOHDU�

FRPSOH[HV����DQG����UHVXOWHG�LQ�ORZHU�\LHOGV�LQ�DFHWRSKHQRQH��EHWZHHQ������DQG��������HQWULHV���

DQG����7DEOH�����DQG�DOVR�LQ�EHQ]DOGHK\GH��EHWZHHQ������DQG��������HQWULHV����DQG�����7DEOH�����

+RZHYHU��LI�QXFOHDULWLHV�DUH�FRQVLGHUHG��WKH�PRQRQXFOHDU�FRPSRXQGV���DQG���EHFRPH�WKH�PRVW�

HIIHFWLYH�RQHV��KLJKHU�72)V�SHU�PHWDO�DWRP��XQGHU�WKH�XVHG�FRQGLWLRQV���

�

)LJXUH� ��� 0:�DVVLVWHG�� VROYHQW�� DQG� DGGLWLYH�IUHH� DFHWRSKHQRQH� ���� RU� EHQ]DOGHK\GH� ����
SURGXFWLRQ� �VHH� 7DEOH� ��� E\� R[LGDWLRQ� RI� ��SKHQ\OHWKDQRO� RU� EHQ]\O� DOFRKRO�� UHVSHFWLYHO\��
FDWDO\]HG�E\���±����

�

%ODQN� WHVWV�ZHUH� SHUIRUPHG� XQGHU� WKH� VDPH� UHDFWLRQ� FRQGLWLRQV� EXW� LQ� WKH� DEVHQFH� RI� WKH�

FRSSHU�FRPSRXQGV��QR�VLJQLILFDQW�FRQYHUVLRQ�RI���SKHQ\OHWKDQRO�RU�EHQ]\O�DOFRKRO�ZDV�REVHUYHG�

�HQWU\���RU�����7DEOH�����0RUHRYHU��WKH�UHSODFHPHQW�RI�WKH�FRSSHU�,,��FRPSOH[HV����±����E\�WKHLU�

LQRUJDQLF�VDOW�SUHFXUVRUV� UHVXOWHG� LQ�D�GUDVWLF�GHFUHDVH�RI�DFWLYLW\� �FRPSDUH� H�J��� HQWULHV���RU���

ZLWK�HQWULHV���RU����UHVSHFWLYHO\��7DEOH�����

7KH� XVHG� ORZ� SRZHU� ���� :�� 0:� LUUDGLDWLRQ� SURYLGHV� D� PXFK� PRUH� HIILFLHQW� V\QWKHWLF�

PHWKRG� WKDQ� FRQYHQWLRQDO� KHDWLQJ� �RSHQ� DWPRVSKHUH� RU� QRQ�SUHVVXUL]HG� UHIOX[LQJ�� VHH�

([SHULPHQWDO�6HFWLRQ�EHORZ���DOORZLQJ�WKH�DWWDLQPHQW�RI�VLPLODU�RU�EHWWHU�\LHOGV�LQ�PXFK�VKRUWHU�

ì îì ðì òì ôì íìì

í

î

ï

ð
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WLPHV��)LJXUH����IRU�WKH�R[LGDWLRQ�RI���SKHQ\OHWKDQRO�LQ�WKH�SUHVHQFH�RI�����7KH�SURPRWLQJ�HIIHFW�

RI�0:�PHWKRGV�ZDV�REVHUYHG� LQ�RWKHU�FDVHV���F±J���N�P�Q����$W������&�� WKH�0:�DVVLVWHG�PHWKRG�

ZLWK���OHDGV�WR�WKH�DOPRVW�TXDQWLWDWLYH�R[LGDWLRQ�RI���SKHQ\OHWKDQRO�WR�DFHWRSKHQRQH�LQ�RQO\����

PLQV��ZKHUHDV�E\�WKH�FRQYHQWLRQDO�PHWKRG�RI�KHDWLQJ��HYHQ�DW�WKH�KLJKHU�WHPSHUDWXUH�RI������&��

WKH�TXDQWLWDWLYH�FRQYHUVLRQ�ZDV�QRW�\HW�DSSURDFKHG�DIWHU�����K��$WWHPSWV�WR�SHUIRUP�WKH�R[LGDWLRQ�

DW� URRP� WHPSHUDWXUH� �ZLWKRXW�0:�RU�FRQYHQWLRQDO�KHDWLQJ�� IDLOHG�� DQG� WKH�PLQLPXP� UHTXLUHG�

WHPSHUDWXUH� LV���� �&��7KH�RYHUDOO� WHPSHUDWXUH�FRHIILFLHQW� �LQ� WKH���±�����&�UDQJH��RI� WKH�0:�

R[LGDWLRQV�LV�FD�������

�

�
�

)LJXUH����,QIOXHQFH�RI�WKH�WHPSHUDWXUH�DQG�UHDFWLRQ�WLPH�RQ�WKH�\LHOG�RI�DFHWRSKHQRQH�REWDLQHG�
E\�0:�DVVLVWHG��í��RU�FRQYHQWLRQDO������R[LGDWLRQ�RI���SKHQ\OHWKDQRO�LQ�WKH�SUHVHQFH�RI����
�

�

2XU�V\VWHP�DIIRUGV�DFHWRSKHQRQH�XSRQ�R[LGDWLRQ�RI���SKHQ\OHWKDQRO��LQ�WKH�SUHVHQFH�RI���

RU���� LQ�FRPSDUDEOH�\LHOGV�ZLWK�WKRVH�RI�RWKHU�VXFFHVVIXO�0:�DVVLVWHG�R[LGDWLRQV�RI�VHFRQGDU\�

DOFRKROV�LQYROYLQJ�D�&X�,,��FRPSOH[�ZLWK�D�6FKLII�EDVH�DQG�GLHWKDQRODPLQH�OLJDQGV��\LHOGV�XS�WR�

����� 721�  � �������F� DONR[\�������WULD]DSHQWDGLHQDWH� &X�,,�� FRPSOH[HV� �\LHOGV� XS� WR� ������

721� ��������I�M�EXW�LQ�PXFK�KLJKHU�\LHOGV�WKDQ�LQ�WKH�SUHVHQFH�RI�YDULRXV�PRQRQXFOHDU�&X�,,��

FRPSOH[HV� EHDULQJ� D]DWKLD�PDFURF\FOHV� �\LHOGV� XS� WR� �����721� � ������J�N� RU� DU\K\GUD]RQHV�

�\LHOGV�XS� WR������721� �������P� FRSSHU�FRQWDLQLQJ�PHWDO�RUJDQLF� IUDPHZRUNV� �02)V��EDVHG�

RQ� �����S\ULG\O�WHWUD]ROH� EXLOGLQJ� EORFNV� �\LHOGV� XS� WR� ����� 721�  � ������G� RU� FRRUGLQDWLRQ�

SRO\PHUV�ZLWK� S\UD]RODWR�EDVHG� WHFWRQV� �\LHOGV� XS� WR� �����721� ��������Q� 6LPLODU� \LHOGV� DUH�
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DOVR�REVHUYHG�ZLWK�EL��RU�WHWUDQXFOHDU�FDJH�OLNH�&X�,,��VLOVHVTXLR[DQHV��\LHOGV�XS�WR�������721�

 �������L�O�ZLWK�FRQYHQWLRQDO�KHDWLQJ��

0RUHRYHU��WKH�DOPRVW�TXDQWLWDWLYH�FRQYHUVLRQ�RI�EHQ]\O�DOFRKRO�WR�EHQ]DOGHK\GH��REWDLQHG�

ZLWK� WKH� ��7%+3�0:� V\VWHP� �HQWU\� ���� 7DEOH� ���� LV� DOVR� QRWLFHDEOH�� VLQFH� SUHYLRXV� &X�,,��

FDWDO\VW��7%+3��0:�PHWKRGV�OHG�WR�ORZHU�EHQ]DOGHK\GH�\LHOGV��XS�WR�������Q�DQG�DOVR�QHHGHG�

KLJKHU�UHDFWLRQ�WHPSHUDWXUHV�������&��Q�RU������&��P���7KXV��RXU�V\VWHP�FRXOG�FRQVWLWXWH�D�IDVWHU�

DQG� HFR�IULHQGO\� DOWHUQDWLYH� WR� WKH� XVXDOO\� SUHIHUUHG� DHURELF� R[LGDWLRQ� LQ� WKH� SUHVHQFH� RI� WKH�

DGGLWLYH� QLWURV\O� 7(032� ���������WHWUDPHWK\O�SLSHULGLQ\OR[\O�� UDGLFDO� DQG� XVLQJ� FRQYHQWLRQDO�

KHDWLQJ���D���E����

7KH�VHOHFWLYLW\�RI�RXU�EHVW�FDWDO\WLF�V\VWHP���7%+3�0:�ZDV�IXUWKHU�LQYHVWLJDWHG�E\�XVLQJ�

FLQQDP\O�DOFRKRO�DV�VXEVWUDWH�DQG�ZDWHU�DV�VROYHQW��XQGHU�WKH�DERYH�RSWLPL]HG�FRQGLWLRQV������

�&������PLQ�UHDFWLRQ�WLPH�����:�0:�LUUDGLDWLRQ���&LQQDPDOGHK\GH������\LHOG��72)�RI�����K����

ZDV� WKH�XQLTXH�SURGXFW�GHWHFWHG� �6FKHPH����� FOHDUO\� UHYHDOLQJ� WKH�SUHIHUHQFH�RI�RXU�R[LGDWLRQ�

V\VWHP�IRU�WKH�DOFRKRO�IXQFWLRQ��0RUHRYHU��WKH�UHSRUWHG�\LHOG�LQ�WKH�SUHVHQW�ZRUN�LV�FRQVLGHUDEO\�

KLJKHU� WKDQ� WKH� SUHYLRXVO\� REWDLQHG� �������R� E\� +�,2��� LQ� ZDWHU�� LQ� WKH� SUHVHQFH� RI� 5X�,,,��

FRPSRXQGV�LPPRELOL]HG�RQ�VLOLFD��DW�URRP�WHPSHUDWXUH��

�

2+ 2

�

DT��7%+3� 0:

�

6FKHPH����+RPRJHQHRXV�R[LGDWLRQ�RI�FLQQDP\O�DOFRKRO��E\�WKH���7%+3�0:�V\VWHP�LQ�ZDWHU��

�

7KH�DOFRKRO�SHUR[LGDWLYH�R[LGDWLRQ�LV�EHOLHYHG�WR�SURFHHG�PDLQO\�YLD�D�UDGLFDO�PHFKDQLVP�

DV� SURSRVHG� IRU� RWKHU� FRSSHU� FRPSOH[HV���� ZKLFK� LQYROYHV� ERWK� FDUERQ�� DQG� R[\JHQ�FHQWUHG�

UDGLFDOV��D���E���� ,Q� IDFW�� D� VWURQJ� LQKLELWLRQ� HIIHFW� ZDV� REVHUYHG� ZKHQ� LW� LV� FDUULHG� RXW� LQ� WKH�

SUHVHQFH� RI� HLWKHU� WKH� FDUERQ�UDGLFDO� WUDS� &%U&O�� RU� WKH� R[\JHQ�UDGLFDO� WUDS� 3K�1+� �H�J���

DFHWRSKHQRQH� \LHOG� GHFUHDVHV� WR� ���� DQG� ������ UHVSHFWLYHO\��� ,W� PD\� LQYROYH� H�J��� W%X2Ú� DQG�
W%X22Ú� UDGLFDOV� SURGXFHG� LQ� WKH� &X� SURPRWHG� GHFRPSRVLWLRQ� RI� 7%+3��L���� DFFRUGLQJ� WR� WKH�

IROORZLQJ�HTXDWLRQV�����±������

�
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&X,,���W%X22+�o�&X,���W%X22Ú���+�� � � ����

&X,���W%X22+�o�&X,,±2+���W%X2Ú��� � ����������������

&X,,±2+���W%X22+�o�&X,,±22±W%X���+�2�� ����������������

W%X2Ú���5�&+2+�o�W%X2+���5�&Ú±2+� � � ����

W%X22Ú���5�&+2+�o�W%X22+���5�&Ú±2+� � ����

&X,,±22±W%X���5�&Ú±2+�o�5�&� 2���
W%X22+���&X,� ���� ��

�

+RZHYHU��LW�ZDV�QRW�SRVVLEOH�WR�GHWHFW�DQ\�R[\JHQDWHG�LQWHUPHGLDWH�VSHFLHV��FRQFHLYDEO\�

GXH�WR�WKHLU�KLJK�UHDFWLYLW\���

,W�LV�ZRUWK�WR�PHQWLRQ�WKDW��WR�RXU�NQRZOHGJH��WKH�SUHVHQW���7%+3�0:�DQG���7%+3�0:�

FDWDO\WLF� V\VWHPV� DUH� DPRQJ� WKH� IDVWHVW� DQG� PRVW� HIIHFWLYH� FRSSHU� FDWDO\]HG� 0:�DVVLVWHG��

VROYHQW�� DQG� DGGLWLYH�IUHH� R[LGDWLRQV� RI� ��SKHQ\OHWKDQRO� DQG� EHQ]\ODOFRKRO� DQG� WKLV� W\SH� RI�

VXOIRQDWHG�6FKLII�EDVH�FRSSHU�V\VWHPV�KDV�EHHQ�DSSOLHG�LQ�DOFRKRO�R[LGDWLRQ�RQO\�IRU�WKH�VHFRQG�

WLPH� DIWHU� D� PRQRQXFOHDU� FRSSHU� FRPSOH[� FRQWDLQLQJ��������K\GUR[\QDSKWKDOHQ���

\O�PHWK\OHQH�DPLQR�EHQ]HQHVXOIRQDWH���F�

,Q�YLHZ�RI�WKH�DFKLHYHG�UHVXOWV�� WKH�KHWHURJHQL]DWLRQ�RI�FRPSRXQGV���DQG���DW�GLIIHUHQW�

VXSSRUWV� �FDUERQ� DQG� ]HROLWLF�PDWHULDOV�� LQ� RUGHU� WR� UHQGHU� WKHP� KHWHURJHQHRXV�� DQG� WKHUHIRUH�

UHXVDEOH�FDWDO\VWV��LV�HQYLVDJHG��

�

&RQFOXVLRQV�

%\�WDNLQJ�DGYDQWDJH�RI�WKH�FRRUGLQDWLQJ�DELOLW\�RI�WKH�VXOIRQDWH�JURXS�RI�WKH�DF\FOLF�6FKLII�

EDVH� ��>���K\GUR[\���PHWKR[\SKHQ\O�PHWK\OLGHQHDPLQR@EHQ]HQHVXOIRQLF� DFLG� +�/� ����� WZR�

PRQRQXFOHDU� FRSSHU� FRPSOH[HV� >&X/�+�2��@� ����� >&X/����¶�ELS\�@�'0)�+�2� ���� DQG� WZR�

GLSKHQR[R�EULGJHG�GLFRSSHU�FRPSRXQGV�>&X/�S\�@������DQG�>&X/�(W2+�@���+�2�����KDYH�EHHQ�

V\QWKHVL]HG�� 7KH� FU\VWDO� ODWWLFHV� RI� DOO� FRPSRXQGV� DUH� VWDELOL]HG� E\� QRQ�FRYDOHQW�+�ERQG� DQG�

������VWDFNLQJV�LQWHUDFWLRQV�WKDW�JHQHUDWHG��'�SRO\PHULF�QHWZRUNV��LQ����DQG�D��'�GRXEOH�FKDLQ�

�LQ������
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7KHVH� PHWDO� FRPSOH[HV� ��� ±� ��� HIILFLHQWO\� FDWDO\]H� WKH� QHDW� PLFURZDYH� DVVLVWHG� ��

SKHQ\OHWKDQRO�R[LGDWLRQ�UHDFWLRQ�WR�DFHWRSKHQRQH��XQGHU�PLOG�FRQGLWLRQV�DQG�LQ�WKH�DEVHQFH�RI�

DQ\� DGGLWLYH�� 2YHUDOO� ����� DQG� ������ \LHOGV� ZHUH� REWDLQHG� ZLWK� WKH� FDWDO\VWV� �� DQG� ���

UHVSHFWLYHO\��7R�RXU�NQRZOHGJH��WKH�FDWDO\WLF�V\VWHPV���7+%3�0:�DQG���7+%3�0:�DUH�DPRQJ�

WKH� IDVWHVW� DQG� PRVW� HIIHFWLYH� FRSSHU� FDWDO\]HG� 0:�DVVLVWHG�� VROYHQW�� DQG� DGGLWLYH�IUHH�

R[LGDWLRQV� RI� VHFRQGDU\� DOFRKROV� DQG� WKLV� W\SH� RI� VXOIRQDWHG� 6FKLII� EDVH� V\VWHPV� KDV� EHHQ�

LQYHVWLJDWHG�LQ�DOFRKRO�R[LGDWLRQ�RQO\�IRU�WKH�VHFRQG�WLPH��

7KH�LQ�VLWX�V\QWKHWLF�PHWKRGRORJ\�IRU�WKH�FRSSHU�,,��FRPSOH[HV���±���LQ�GLIIHUHQW�VROYHQWV�LV�

TXLWH�HDV\���

�,Q�VXPPDU\��D�VLPSOH�DQG�HIILFLHQW�SURWRFRO�IRU�WKH�V\QWKHVLV�RI�IRXU�HIIHFWLYH�DQG�VHOHFWLYH�

FRSSHU�,,�� FDWDO\VWV� IRU� DOFRKRO� R[LGDWLRQ� LV� SUHVHQWHG� DQG� WKH� H[WHQVLRQ� RI� WKLV� VWXG\� WR� WKH�

SUHSDUDWLRQ�RI�IXUWKHU�FRSSHU�FRPSOH[HV�ZLWK�WKHVH�W\SHV�RI�OLJDQGV�DQG�WR�WKHLU�DSSOLFDWLRQV�LQ�

R[LGDWLRQ�FDWDO\VLV�GHVHUYHV�WR�EH�H[SORUHG��

([SHULPHQWDO�6HFWLRQ�

0DWHULDOV�DQG�3K\VLFDO�0HWKRGV�

$OO� WKH� UHDJHQWV� DQG� VROYHQWV�ZHUH� SXUFKDVHG� IURP� FRPPHUFLDO� VRXUFHV� DQG� XVHG� DV� UHFHLYHG��

7KH�ZDWHU�XVHG�IRU�DOO�SUHSDUDWLRQV�DQG�DQDO\VHV�ZDV�GRXEOH�GLVWLOOHG�DQG�GH�LRQLVHG��(OHPHQWDO�

DQDO\VHV�ZHUH�SHUIRUPHG�E\�WKH�0LFURDQDO\WLFDO�6HUYLFH�RI�WKH�,QVWLWXWR�6XSHULRU�7pFQLFR��)7�,5�

VSHFWUD�ZHUH� UHFRUGHG� LQ� WKH� UHJLRQ� ���±����� FP±�� RQ� D�%UXNHU�9HUWH[� ��� VSHFWURSKRWRPHWHU�

ZLWK� VDPSOHV�DV�.%U�GLVNV��7KH� �+�105�VSHFWUXP�ZDV� UHFRUGHG�DW�DPELHQW� WHPSHUDWXUH�RQ�D�

%UXNHU� ���� 8OWUD6KLHOG70� VSHFWURPHWHU�� 7KH� FKHPLFDO� VKLIWV� DUH� UHSRUWHG� LQ� SSP� XVLQJ�

WHWUDPHWK\OVLODQH�DV�DQ�LQWHUQDO�UHIHUHQFH��

�

6\QWKHVHV�

+�/��+�2� ����� 7R� D� KRW� DQG� VWLUUHG� ZDWHU� VROXWLRQ� ���� P/�� RI� ��DPLQREHQ]HQHVXOIRQLF� DFLG�

������� J�� ���� PPRO�� ZDV� DGGHG� GURSZLVH� DQ� HWKDQRO� VROXWLRQ� ���� P/�� RI� ��K\GUR[\���

PHWKR[\EHQ]DOGHK\GH��������J������PPRO���7KH�UHVXOWHG�\HOORZ�VROXWLRQ�ZDV�ILOWHUHG�DQG�NHSW�DW�

URRP�WHPSHUDWXUH�RYHUQLJKW��$IWHU���GD\��\HOORZ�FU\VWDOV��VXLWDEOH�IRU�;�UD\�GLIIUDFWLRQ�DQDO\VLV��

IRUPHG�ZKLFK�ZHUH�FROOHFWHG�E\�ILOWUDWLRQ�DQG�ZDVKHG�ZLWK�HWKDQRO��<LHOG�������J��������$QDO��
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FDOFG��IRU�&��+��12�6�����������&��������+�������1��������IRXQG��&��������+�������1��������

)7�,5� �FP±��� .%U��� ��2+��� ����EU�� ��1±+��� ����EU�� ��& 1��� ����V�� ��&±2��� ����V��

��VXOIRQDWH�������V������V�� �+�105��'062�'���/� �SSP����������V��$U�2+���������V��&+ 1���

�����±�������P����$U�+���������EU��1±+���������V��2±&+����

>&X/�+�2��@� ����� 7R� D� KRW� DQG� VWLUUHG� DTXHRXV� PHWKDQRO� ������ VROXWLRQ� ���� P/�� RI� ��

DPLQREHQ]HQHVXOIRQLF�DFLG��������J������PPRO��DQG���K\GUR[\���PHWKR[\EHQ]DOGHK\GH��������

J������PPRO���DQ�DTXHRXV�PHWKDQRO�������VROXWLRQ�����P/��RI�&X�2$F���+�2��������J������PPRO��

DQG� &X&O���+�2� ������� J�� ���� PPRO�� ZDV� DGGHG� GURSZLVH� WR� REWDLQ� D� EURZQ� VROXWLRQ�� 7KH�

VROXWLRQ�ZDV�ILOWHUHG�DQG�NHSW�DW�URRP�WHPSHUDWXUH��$IWHU���GD\V�EURZQ�FU\VWDOV��VXLWDEOH�IRU�;�

UD\�GLIIUDFWLRQ�DQDO\VLV��IRUPHG�ZKLFK�ZHUH�FROOHFWHG�E\�ILOWUDWLRQ�DQG�ZDVKHG�ZLWK�FROG�DTXHRXV�

PHWKDQRO� VROXWLRQ� ������� <LHOG�� ������ J� ������� $QDO�� FDOFG�� IRU� &��+��&X12�6� ���������� &�

�������+�������1��������IRXQG�&��������+�������1��������)7�,5��FP����.%U�����2+�������EU��

��& 1�����������&±2�������V����VXOIRQDWH�������P������V��

>&X/������ELS\�@�'0)�+�2������7R�D�KRW�DQG�VWLUUHG�DTXHRXV�'0)�������VROXWLRQ�����P/��RI���

DPLQREHQ]HQHVXOIRQLF�DFLG��������J������PPRO��DQG���K\GUR[\���PHWKR[\EHQ]DOGHK\GH��������

J�� ���� PPRO��� ZDV� DGGHG� GURSZLVH� D� '0)� VROXWLRQ� ��� P/�� RI� &X�2$F���+�2� ������� J�� ����

PPRO���$IWHU����PLQV��WR�WKH�UHVXOWHG�JUHHQ�VROXWLRQ�ZDV�DGGHG�GURSZLVH�D�'0)�VROXWLRQ����P/��

RI� ���¶�ELS\ULGLQH� ������� J�� ���� PPRO�� DIIRUGLQJ� D� GDUN� JUHHQ� VROXWLRQ�� $IWHU� RQH� KRXU�� WKH�

VROXWLRQ� ZDV� ILOWHUHG� DQG� NHSW� DW� URRP� WHPSHUDWXUH�� $IWHU� D� IHZ� GD\V� GDUN� JUHHQ� FU\VWDOOLQH�

FRPSRXQGV�� VXLWDEOH� IRU�;�UD\� GLIIUDFWLRQ� DQDO\VLV�� IRUPHG�ZKLFK�ZHUH� FROOHFWHG� E\� ILOWUDWLRQ��

<LHOG�� ������ J� ������� $QDO�� FDOFG�� IRU� &��+��&X1�2�6� ���������� &� �������+� ������1� �������

IRXQG�&��������+�������1��������)7�,5� �FP±���.%U�����2+�������EU����& 1�����������&±2���

����P����VXOIRQDWH�������P������V��

>&X/�S\�@�� ����� 7R� D� KRW� DQG� VWLUUHG� DTXHRXV� PHWKDQRO� ������ VROXWLRQ� ���� P/�� RI� ��

DPLQREHQ]HQHVXOIRQLF�DFLG��������J������PPRO��DQG���K\GUR[\���PHWKR[\EHQ]DOGHK\GH��������

J������PPRO��ZDV�DGGHG�GURSZLVH�D�PHWKDQRO�VROXWLRQ����P/��RI�S\ULGLQH��������J������PPRO���

$IWHU���K��ZDV�DGGHG�GURSZLVH�DQ�DTXHRXV�PHWKDQRO� ������VROXWLRQ�����P/��RI�&X�2$F���+�2�

������� J�� ���� PPRO�� WR� REWDLQ� D� JUHHQ� VROXWLRQ�� 7KH� VROXWLRQ� ZDV� ILOWHUHG� DQG� NHSW� DW� URRP�

WHPSHUDWXUH��$IWHU�RQH�GD\�JUHHQ�FU\VWDOV��VXLWDEOH�IRU�;�UD\�GLIIUDFWLRQ�DQDO\VLV��IRUPHG�ZKLFK�

ZHUH�FROOHFWHG�E\�ILOWUDWLRQ�DQG�ZDVKHG�ZLWK�FROG�PHWKDQRO��<LHOG��������J��������$QDO��FDOFG��
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IRU�&��+��&X�1�2��6�� ����������&��������+�������1�������� IRXQG�&��������+�������1��������

)7�,5��FP����.%U�����& 1�����������&±2�������V����VXOIRQDWH�������P������V��

>&X/�(W2+�@���+�2� ����� 7R� D� KRW� DQG� VWLUUHG� DTXHRXV� HWKDQRO� ������ VROXWLRQ� ���� P/�� RI� ��

DPLQREHQ]HQHVXOIRQLF�DFLG��������J������PPRO��DQG���K\GUR[\���PHWKR[\EHQ]DOGHK\GH��������

J������PPRO��ZDV�DGGHG�GURSZLVH�DQ�DTXHRXV�HWKDQRO�������VROXWLRQ�����P/��RI�&X�2$F���+�2�

�������J�� ����PPRO�� WR� REWDLQ� D�JUHHQ� VROXWLRQ��$IWHU� WZR�KRXUV�� WKH� VROXWLRQ�ZDV� ILOWHUHG� DQG�

NHSW� DW� URRP� WHPSHUDWXUH�� $IWHU� �� GD\� JUHHQ� FU\VWDOV�� VXLWDEOH� IRU� ;�UD\� GLIIUDFWLRQ� DQDO\VLV��

IRUPHG�ZKLFK�ZHUH�FROOHFWHG�E\�ILOWUDWLRQ�DQG�ZDVKHG�ZLWK�FROG�HWKDQRO��<LHOG��������J��������

$QDO��FDOFG��IRU�&��+��&X�1�2��6������������&��������+�������1��������IRXQG�&��������+�������

1� ������� )7�,5� �FP±��� .%U��� ��2+��� ����EU�� ��& 1��� ����V�� ��&±2��� ����P�� ��VXOIRQDWH���

����P������V��

�

&U\VWDO�6WUXFWXUH�'HWHUPLQDWLRQV�

;�UD\�TXDOLW\�VLQJOH�FU\VWDOV�RI�WKH�FRPSRXQGV�ZHUH�LPPHUVHG�LQ�FU\R�RLO��PRXQWHG�LQ�D�

Q\ORQ� ORRS� DQG�PHDVXUHG� DW� URRP� WHPSHUDWXUH� ��� ±� ���� ,QWHQVLW\� GDWD� ZHUH� FROOHFWHG� XVLQJ� D�

%UXNHU� $3(;�,,� 3+2721� ���� GLIIUDFWRPHWHU� ZLWK� JUDSKLWH� PRQRFKURPDWHG� 0R�..� ���

���������UDGLDWLRQ��'DWD�ZHUH�FROOHFWHG�XVLQJ�SKL�DQG�RPHJD�VFDQV�RI������SHU�IUDPH�DQG�D�IXOO�

VSKHUH�RI�GDWD�ZDV�REWDLQHG��&HOO�SDUDPHWHUV�ZHUH�UHWULHYHG�XVLQJ�%UXNHU�60$57�VRIWZDUH�DQG�

UHILQHG� XVLQJ� %UXNHU� 6$,17��D� RQ� DOO� WKH� REVHUYHG� UHIOHFWLRQV�� $EVRUSWLRQ� FRUUHFWLRQV� ZHUH�

DSSOLHG�XVLQJ�6$'$%6���D�6WUXFWXUHV�ZHUH�VROYHG�E\�GLUHFW�PHWKRGV�E\�XVLQJ�WKH�6+(/;6����

SDFNDJH��E�F�DQG�UHILQHG�ZLWK�6+(/;/��������E�F�&DOFXODWLRQV�ZHUH�SHUIRUPHG�XVLQJ�WKH�:LQ*;�

6\VWHP±9HUVLRQ�����������G�7KH�K\GURJHQ�DWRPV� DWWDFKHG� WR� FDUERQ�DWRPV�DQG� WR� WKH�QLWURJHQ�

DWRPV�ZHUH� LQVHUWHG�DW�JHRPHWULFDOO\�FDOFXODWHG�SRVLWLRQV�DQG� LQFOXGHG� LQ� WKH�UHILQHPHQW�XVLQJ�

WKH�ULGLQJ�PRGHO�DSSUR[LPDWLRQ��8LVR�+��ZHUH�GHILQHG�DV����8HT�RI�WKH�SDUHQW�QLWURJHQ�DWRPV�RU�

WKH�FDUERQ�DWRPV�IRU�SKHQ\O�DQG�PHWK\OHQH�UHVLGXHV��DQG����8HT�RI�WKH�SDUHQW�FDUERQ�DWRPV�IRU�

WKH�PHWK\O�JURXSV��/HDVW�VTXDUH�UHILQHPHQWV�ZLWK�DQLVRWURSLF�WKHUPDO�PRWLRQ�SDUDPHWHUV�IRU�DOO�

WKH� QRQ�K\GURJHQ� DWRPV� DQG� LVRWURSLF� RQHV� IRU� WKH� UHPDLQLQJ� DWRPV� ZHUH� HPSOR\HG��

&U\VWDOORJUDSKLF�GDWD�DUH�VXPPDUL]HG�LQ�7DEOH�6���6XSSOHPHQWDU\�,QIRUPDWLRQ�ILOH��DQG�VHOHFWHG�

ERQG� GLVWDQFHV� DQG� DQJOHV� DUH� SUHVHQWHG� LQ� 7DEOH� ��� &&'&� �������±�������� IRU� �±���

UHVSHFWLYHO\��FRQWDLQ�WKH�VXSSOHPHQWDU\�FU\VWDOORJUDSKLF�GDWD�IRU�WKLV�SDSHU���
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*HQHUDO�3URFHGXUHV�IRU�WKH�2[LGDWLRQ�RI�$OFRKROV�

0:�DVVLVWHG� PHWKRG�� 7KH� FDWDO\WLF� WHVWV� XQGHU� PLFURZDYH� LUUDGLDWLRQ� �0:�� ZHUH�

SHUIRUPHG� LQ� D� IRFXVHG� $QWRQ� 3DDU�0RQRZDYH� ���� PLFURZDYH� UHDFWRU� XVLQJ� D� VHDOHG� �� P/�

FDSDFLW\�F\OLQGULFDO�3\UH[�UHDFWLRQ�WXEH�ZLWK�D����PP�LQWHUQDO�GLDPHWHU��ILWWHG�ZLWK�D�URWDWLRQDO�

V\VWHP�DQG�DQ�,5�WHPSHUDWXUH�GHWHFWRU��7KH�DOFRKRO������PPRO���7%+3�������DTXHRXV�VROXWLRQ��

����PPRO��DQG�FDWDO\VW�SUHFXUVRU����±�����PRO������±����PRO��YV��VXEVWUDWH��ZHUH�LQWURGXFHG�LQ�

WKH�WXEH�ZKLFK�ZDV�WKHQ�SODFHG�LQ�WKH�PLFURZDYH�UHDFWRU��,Q�WKH�H[SHULPHQWV�ZLWK�UDGLFDO�WUDSV��

&%U&O�� �����PPRO��RU�1+3K�� �����PPRO��ZDV� DGGHG� WR� WKH� UHDFWLRQ�PL[WXUH��7KH�V\VWHP�ZDV�

VWLUUHG�DQG�LUUDGLDWHG����±����:��IRU������±�����K�DW����±������&��

� &RQYHQWLRQDO� KHDWLQJ�PHWKRG��7KH� FDWDO\WLF� DVVD\V�ZHUH� FDUULHG� RXW�ZLWK� FRQYHQWLRQDO�

KHDWLQJ� �RLO�EDWK�� LQ�DLU��XVLQJ����P/�URXQG�ERWWRPHG� IODNV�HTXLSSHG�ZLWK�D� UHIOX[� FRQGHQVHU��

7KH�DOFRKRO� �����PPRO���7%+3������DTXHRXV�VROXWLRQ������PPRO��DQG�WKH�FDWDO\VW�����PRO�������

PRO��YV��VXEVWUDWH��ZHUH�LQWURGXFHG�LQ�WKH�IODVN�DQG�YLJRURXV�VWLUUHG�GXULQJ�WKH�GHVLUHG�UHDFWLRQ�

WLPH��

�3URGXFWV� H[WUDFWLRQ� DQG� DQDO\VLV��$IWHU� WKH� UHDFWLRQ�� WKH�PL[WXUH�ZDV� DOORZHG� WR� FRRO�

GRZQ�WR�URRP�WHPSHUDWXUH������P/�RI�EHQ]DOGHK\GH��LQWHUQDO�VWDQGDUG��DQG�����P/�RI�&+�&1�

�WR� H[WUDFW� WKH� VXEVWUDWH� DQG� WKH� RUJDQLF� SURGXFWV� IURP� WKH� UHDFWLRQ�PL[WXUH��ZHUH� DGGHG��7KH�

REWDLQHG�PL[WXUH�ZDV�VWLUUHG�IRU�FD�����PLQ�DQG�WKHQ�D�VDPSOH����P/��ZDV�WDNHQ�IURP�WKH�RUJDQLF�

SKDVH�DQG�DQDO\VHG�E\�*&�RU�*&�06��7KH� LQWHUQDO� VWDQGDUG�PHWKRG�ZDV�XVHG� WR�TXDQWLI\� WKH�

RUJDQLF�SURGXFWV��

&KURPDWRJUDSKLF� DQDO\VHV� ZHUH� XQGHUWDNHQ� E\� XVLQJ� D� )LVRQV� ,QVWUXPHQWV� *&� �����

VHULHV�JDV�FKURPDWRJUDSK�ZLWK�D�'%������-	:��FDSLOODU\�FROXPQ��'%�:$;��FROXPQ�OHQJWK�����

P�� LQWHUQDO� GLDPHWHU�� ����� PP��� ),'� GHWHFWRU�� DQG� WKH� -DVFR�%RUZLQ� Y������ VRIWZDUH�� 7KH�

WHPSHUDWXUH�RI�LQMHFWLRQ�ZDV������&��7KH�LQLWLDO�WHPSHUDWXUH�ZDV�PDLQWDLQHG�DW������&�IRU���PLQ��

WKHQ�UDLVHG�����&�PLQ�WR������&�DQG�KHOG�DW�WKLV�WHPSHUDWXUH�IRU���PLQ��+HOLXP�ZDV�XVHG�DV�WKH�

FDUULHU�JDV��7KH� SURGXFWV�ZHUH� LGHQWLILHG� E\� FRPSDULVRQ� RI� WKHLU� UHWHQWLRQ� WLPHV�ZLWK� WKRVH� RI�

NQRZQ�UHIHUHQFH�FRPSRXQGV��

*&�06�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�D�3HUNLQ�(OPHU�&ODUXV�����&�LQVWUXPHQW��+H�DV�

WKH�FDUULHU�JDV���7KH� LRQL]DWLRQ�YROWDJH�ZDV����H9��*DV�FKURPDWRJUDSK\�ZDV�FRQGXFWHG� LQ� WKH�

WHPSHUDWXUH�SURJUDPPLQJ�PRGH�� XVLQJ� D� 6*(� %3;�� FROXPQ� ����P� î� �����PP� î� ����� �P���

5HDFWLRQ�SURGXFWV�ZHUH� LGHQWLILHG�E\�FRPSDULVRQ�RI� WKHLU� UHWHQWLRQ� WLPHV�ZLWK� WKRVH�RI�NQRZQ�
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UHIHUHQFH� FRPSRXQGV�� DQG�E\� FRPSDULQJ� WKHLU�PDVV� VSHFWUD� WR� IUDJPHQWDWLRQ�SDWWHUQV�REWDLQHG�

IURP�WKH�1,67�VSHFWUDO�OLEUDU\�VWRUHG�LQ�WKH�FRPSXWHU�VRIWZDUH�RI�WKH�PDVV�VSHFWURPHWHU���

�

�

$FNQRZOHGJHPHQWV�

)LQDQFLDO� VXSSRUWV� IURP� WKH�)XQGDomR� SDUD� D�&LrQFLD� H� D�7HFQRORJLD� �)&7��� 3RUWXJDO�� IRU� WKH�

SRVWGRF� JUDQW� 6)5+�%3'������������ �6�+��� DQG� IRU� WKH� 8,'�48,������������ SURMHFW�� DUH�

DFNQRZOHGJHG��7KH�DXWKRUV�DFNQRZOHGJH�WKH�3RUWXJXHVH�105�1HWZRUN��,67�8/�&HQWUH��IRU�WKH�

DFFHVV�WR�WKH�105�IDFLOLW\��

�

�

�

�

5HIHUHQFHV�

�� D��(��/��*DYH\�DQG�0��3LONLQJWRQ��&RRUG��&KHP��5HY������������������E��:��/��0DQ��:��:��<��/DP�DQG�

7��&��/DX��$FF��&KHP��5HV������������ ����� F��0��5H]DHLYDOD� DQG�+��.H\SRXU��&RRUG��&KHP��5HY�� ������

����������G��5��*DQJXO\��%��6UHHQLYDVXOX�DQG�-�� -��9LWWDO��&RRUG��&KHP��5HY������������� ������H���3��$��

9LJDWR��6��7DPEXULQL�DQG�/��%HUWROR��&RRUG��&KHP��5HY�������������������I��)��/DP��-��;��;X�DQG�.��6��

&KDQ��-��2UJ��&KHP������������������J��&��&DPS��9��0RXJHO��3��+RUHJODG��-��3pFDXW�DQG�0��0D]]DQWL��-��

$P��&KHP�� 6RF������������� ������� K�� -��;LDR��&��;��&KHQ��4��.��/LX�� -��3��0D� DQG�<��%��'RQJ��&U\VW��

*URZWK�'HV������������������L��0��*��6FKZDE��%��)DVVEHQGHU��+��:��6SLHVV��$��7KRPDV��;��)HQJ�DQG�.��

0�OOHQ��-��$P��&KHP��6RF�������������������

��� D��6��+D]UD��5��.RQHU��0��1D\DN��+��$��6SDUNHV�� -��$��.��+RZDUG�DQG�6��0RKDQWD��&U\VW��*URZWK�'HV��

������ ��� ������ E�� 6�� +D]UD�� 6�� 6DVPDO�� 0�� 1D\DN�� +�� $�� 6SDUNHV�� -�� $�� .�� +RZDUG� DQG� 6�� 0RKDQWD��

&U\VW(QJ&RPP����������������F��0��1D\DN��$��-DQD��0��)OHFN��6��+D]UD�DQG�6��0RKDQWD��&U\VW(QJ&RPP�

�����������������

�� D��6��+D]UD��6��%KDWWDFKDU\D��0��.��6LQJK��/��&DUUHOOD��(��5HQWVFKOHU��7��:H\KHUPXHOOHU��*��5DMDUDPDQ�DQG�

6��0RKDQWD��,QRUJ��&KHP�������������������E��6��+D]UD��6��6DVPDO��0��)OHFN��)��*UDQGMHDQ��0��7��6RXJUDWL��

0��*KRVK��7��'��+DUULV��3��%RQYLOOH��*�� -��/RQJ�DQG�6��0RKDQWD�� -��&KHP��3K\V�� ����������� ��������±

����F��2��.DKQ��$FF��&KHP��5HV�����������������G��5��+HUFKHO��5��%RþD��0��*HPELFNê��.��)DON��+��)XHVV��

:��+DDVH�DQG�,��6YRERGD��,QRUJ��&KHP������������������

�� D��'��=KDQJ��+��:DQJ��<��&KHQ��=��+��1L��/��7LDQ�DQG�-��-LDQJ��,QRUJ��&KHP�������������������E��0��=KDR��

&��=KRQJ��&��6WHUQ��$��*��0��%DUUHWW�DQG�%��0��+RIIPDQ��-��$P��&KHP��6RF�������������������F��6��6DVPDO��

6��+D]UD�� 3��.XQGX�� 6��0DMXPGHU��1��$OLDJD�$OFDOGH�� (�� 5XL]� DQG� 6��0RKDQWD�� ,QRUJ�� &KHP������������

������
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�� D��&��5HGVKDZ��0��5�� -��(OVHJRRG�� -��:��$��)UHVH��6��$VKE\��<��&KDR�DQG�$��0XHOOHU��&KHP��&RPPXQ��

����������������E��;��<DQJ�DQG�5��$��-RQHV��-��$P��&KHP��6RF�������������������F��6��/LDR��;��<DQJ�DQG�

5�� $�� -RQHV�� &U\VW�� *URZWK� 'HV�������� ���� ����� G�� 6�� 0DMXPGHU�� /�� 0DQGDO� DQG� 6�� 0RKDQWD�� ,QRUJ��

&KHP������������������

�� D��-��4��:X��/��3DQ��<��*��/L��6��5��/LX�DQG�<��6��/L��2UJDQRPHWDOOLFV�����������������E��.��.��%DQLD��'��

%KDUDOL��%��9LVZDQDWKDQ�DQG�5��&��'HND��,QRUJ��&KHP������������������F��6��+DQGD��9��*QDQDGHVLNDQ��6��

0DWVXQDJD�DQG�0��6KLEDVDNL��-��$P��&KHP��6RF�������������������G��6��0DMXPGHU��6��6DUNDU��6��6DVPDO��(��

&��6DxXGR�DQG�6��0RKDQWD��,QRUJ��&KHP������������������

�� D��$��%XUNKDUGW���(��7��6SLHOEHUJ���+��*|UOV�DQG�:��3ODVV��,QRUJ��&KHP������������������E��&��5HGVKDZ�DQG�

0��5��-��(OVHJRRG��&KHP��&RPPXQ��������������F��=��3XWHURYi��-��9DOHQWRYi��=��%RMNRYi��-��.RåtãHN�DQG�)��

'HYtQVN\��'DOWRQ�7UDQV������������������

�� D��6��+D]UD��6��0XNKHUMHH��0��)��&��*XHGHV�GD�6LOYD�DQG�$��-��/��3RPEHLUR��56&�$GYDQFHV�����������������

E��6��+D]UD��$��.DUPDNDU��0��)��&��*XHGHV�GD�6LOYD��/��'OKiQ��5��%RFD�DQG�$�� -��/��3RPEHLUR��1HZ�-��

&KHP������������������F��6��+D]UD��$��.DUPDNDU��0��)��&��*XHGHV�GD�6LOYD��/��'OKiQ��5��%RFD�DQG�$��-��/��

3RPEHLUR��,QRUJ��&KHP��&RPPXQ�����������������G��6��+D]UD��$��.DUPDNDU��0��)��&��*XHGHV�GD�6LOYD�DQG�

$��-��/��3RPEHLUR��56&�$GYDQFHV�����������������H��$��3��&��5LEHLUR��/��0��'��5��6��0DUWLQV��6��+D]UD�DQG�

$��-��/��3RPEHLUR��&RPSW��5HQG��&KLP�����������������I��6��+��=KDQJ��<��6RQJ��+��/LDQJ�DQG�0��+��=HQJ��

&U\VW(QJ&RPP����������������J��%��6UHHQLYDVXOX��0��9HWULFKHOYDQ��)��=KDR��6��*DR�DQG�-��-��9LWWDO��(XU��-��

,QRUJ��&KHP��������������

�� � D��-��(��%DFNYDOO��(G���0RGHUQ�R[LGDWLRQ�PHWKRGV���QG�HGQ���:LOH\��������E��5��$��6KHOGRQ��,��$UHQGV�DQG�8��

+DQHIHOG��*UHHQ�&KHPLVWU\� DQG�&DWDO\VLV��:LOH\�9&+��:HLQKHLP�� ������ F��8OOPDQQ¶V�(QF\FORSHGLD� RI�

,QGXVWULDO�&KHPLVWU\���WK�HGQ���:LOH\�9&+��:HLQKHLP��������G��5��$��6PLOH\�DQG�+��/��-DFNVRQ��&KHPLVWU\�

DQG�WKH�&KHPLFDO�,QGXVWU\��&5&�3UHVV��%RFD�5DWRQ�)/��������H�� 6��$OERQHWWL��5��0D]]RQL�DQG�)��&DYDQL��

+RPRJHQHRXV�� +HWHURJHQHRXV� DQG� 1DQRFDWDO\VLV�� LQ�7UDQVLWLRQ� 0HWDO� &DWDO\VLV� LQ� $HURELF� $OFRKRO�

2[LGDWLRQ��������&K����S���±�����

��� D�� <�� <�� .DUDEDFK�� 0�� 1�� .RS\ORYLFK�� .�� 7�� 0DKPXGRY� DQG� $�� -�� /�� 3RPEHLUR��0LFURZDYH�DVVLVWHG�

FDWDO\WLF� R[LGDWLRQ� RI� DOFRKROV� WR� FDUERQ\O� FRPSRXQGV�� LQ� $GYDQFHV� LQ� 2UJDQRPHWDOOLF� &KHPLVWU\� DQG�

&DWDO\VLV��$��-��/��3RPEHLUR��(G���:LOH\�9&+��:HLQKHLP��������&K�����������E��0��1��.RS\ORYLFK��$��3��

&��5LEHLUR��(��&��%��$��$OHJULD��1��0��5��0DUWLQV��/��0��'��5��6��0DUWLQV� DQG�$�� -��/�� 3RPEHLUR��$GY��

2UJDQRPHW�� &KHP�� ������ ���� ���� F�� *�� 7RMR�� 0�� )HUQDQGH]�� 2[LGDWLRQ� RI� DOFRKROV� WR� DOGHK\GHV� DQG�

NHWRQHV��6SULQJHU��������G��5��$��6KHOGRQ��,��:��&��(��$UHQGV��*��-��7��%ULQN�DQG�$��'LMNVPDQ��$FF��&KHP��

5HV�����������������H��*��(��'REHUHLQHU�DQG�5��+��&UDEWUHH��&KHP��5HY������������������I��0��6��6LJPDQ�

DQG�'��5��-HQVHQ��$FF��&KHP��5HV�����������������J��%��/��5\ODQG�DQG�6��6��6WDKO��$QJHZ��&KHP��,QW��(G��

(QJO�� ���������� ������ K��0��6XWUDGKDU�� /��0��'��5��6��0DUWLQV��0��)��&��*XHGHV� GD�6LOYD� DQG�$�� -�� /��

3RPEHLUR��&RRUG��&KHP��5HY�����������±��������±�����
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3RPEHLUR��'DOWRQ�7UDQV������������������F��$��6DEEDWLQL��/��0��'��5��6��0DUWLQV��.��7��0DKPXGRY��0��1��

.RS\ORYLFK��0��*��%��'UHZ��&��3HWWLQDUL�DQG�$��-��/��3RPEHLUR��&DW��&RP������������������G��5��1DVDQL��

0�� 6DKD�� 6�� 0�� 0RELQ�� /�� 0�� '�� 5�� 6�� 0DUWLQV�� $�� -�� /�� 3RPEHLUR�� $�� 0�� .LULOORY� DQG� 6��

0XNKRSDGK\D\��'DOWRQ�7UDQV������������������H��.��7��0DKPXGRY��0��1��.RS\ORYLFK��$��6DEEDWLQL��0��

*��%��'UHZ��/��0��'��5��6��0DUWLQV��&��3HWWLQDUL�DQG�$��-��/��3RPEHLUR��,QRUJ��&KHP������������������I��3��

-�� )LJLHO��0�� 1��.RS\ORYLFK�� -�� /DVUL��0�� )�� &��*XHGHV� GD� 6LOYD�� -�� -�� 5�� )UD~VWR� GD� 6LOYD� DQG�$�� -�� /��

3RPEHLUR��&KHP��&RPPXQ������������������J��5��5��)HUQDQGHV��-��/DVUL��$��0��.LULOORY��0��)��&��*XHGHV�
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