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' &RSSHU , &RRUGLQDW IPR QP3 REOBRAW KSHKLY & U\VWDO
6SHFWUDO DQG 7KHUPDO BWXG\

IDKOGUGDUWDWKDAIPK UDBORONEDU 'HR Q&RH \KH® BPBHAD &R XIGF ©D
'XVEPDQ@®F DYFH U
D'HSDUWPHQW Rl & KHPLVWU\ 6KDKURRG 8QLYHUVLW\ RI 7THFKQRORJ
E'HSDUWPHQW Rl &KHPLVWU\ )DFXOW\ RI 6FLHQFH *ROHVWDQ 8QLYF
F'HSDUWPHQW RI & KHPLVWU\ 3D\DPH 1RRU 8QLYHUVLW\ ODVKKD(
G,QVWHV\R(I 3K\VLF Rl WKH &]HFK $FDGHP\ RI 6FLHQFHY 1D 60ORYDQFH
5HFHLYHNREHU$SFFHSWHGPEHU

$ QHZ ' FRSSHU , FRRUGL@PDWLRE SRDKPIHH #EXWQLWUREHGKWDRBIQIHP LQH ZDV
VIQWKHVL]HG DQG FKDUDFWHLOB]HBQ B\ RRIYMYBEID. P QODVHG LR UHWKKIWVQHZ FRP SR X
FU\WWWDOOL]JHV LQ D PRQRFOL®LF ¥KWWHR PPLHWKU ¥ B DFHL WU RRISS/ ROMVLRIGRQH B RKRPWU
WIKHRKLII EDVH DKBDIQG[UEOH 6FKLII EDVH FRPSRXQG LV FRERGHQ DAV WG \® RJPRS HK H
JHRPHWU\ DURXQG WKH FRSSHU , LRQV LV GIL\RWRRIW HGD W VI R G DG SXODL@D UW R K H PV
ORUHRYHU WKH QDQRSDUWLFOHV RDVYHWW H R B VKRG DLDG WK D X DFWWHDWIR € GFE\ ;5'

.H\ZRUGVFRSSHRRUGLQDWLRRHIFPRPHLY LPHWU\ & U\WVNPOOHWNODXRWX B HEDMWIQRSDU

,1752'8&7,21 7KHFRR UG L QB RVRIRRYIW KW U D Q \PLHMLIR®
FRP SO HYHYI O X HEQ WHIBR P S H WELHAN DK €
&RSSRQRIW KRR VDVE X Q GVIUPWQ F HWDRQU LJDG GO H [ LEIQHB V K X W KA-D U FIHOH RW L R Q
W KHHD U VF KKK W8 OD\BISHUR QBELRORJ LW KOH. J DWRG RFECR®F L O WHDW M BW M G CREW L R Q
WHFKQRDRGQEXBWREBY@KWRRUGLQ WKHJ\VW D@ KH LJOGJIDQRGORZQWURKBLQJ
FKHPL\RWERSSFRQVIRMW\VZLGMDULRW'FRRUGLGEWRRRWBEX U DMYKPHWB®QWHU
GLIIHOHDDMIGWR QRYDOHIQGLYDOHQ\> @K LM B H [ LELO IDIQIBEHH HKQ WGRR U P
PHWRDDGVLRWDWKNEX ,ZLWE HOHFWPRQRLDQGSRO\QXFBWBRIPSOHM[HV @Q
FRQILJXU\NWRBW VR DF LIX F IO W W HDWVLU HFHDWH ER R U G LSPGO PREMRIGR S SHU
EHH®HY RW RVGKW\ Q W KRIFIRS S HRR P S O H | P H WKTDOEHH FAQKVEK E NRHLFQWV 1 Q WHBLXMINRIAK H L U
WKDDWH QYROY® G LI IHUFHIWD QMWL FWIORZVR[LFARERVIWQ GLGEBYDLODE L@ W\
> @ ORUHR YWHKHNRIP SR X[V BIQWHUH 6H Y HIWDMHJ)LE IOMU B RIQ@ UJI DRIGAKKIHQHUD O
SKRW R F KHEREDIO\D QRIS E BRS HUWRH IRUP X 0®+ o/ KD YEHHLH S R UGMKBILWH UD W X L
,QS DML F X\XBRIS S HFIR P S OFIRMDW DI QB .> @ KH\PPMULEELGHQGBWRIEBD VBILID QG V
SKRV S KIRUGXORXIU DALLIDIMUBRH. Q W BWHY 'FR QW DY.RUQRS D FBIURP R QUKMHR VWW X G LH G
LP SR URMDIRIW K HU PBO/Q GH\@®BEXR UHVIFRP S R X®)XGW RV K HHLOWRH S U H S D WDDQVBLIRHDL U
7$') PDWHURDO DALLIKPL WOMIRGHY Y VWDELOLW\ XQGHU VHYHUDO R[LGDWLY
R O L HKPAL WWAOHRIAK HPH PR V> @ > @V XDDRWKW URWY REW K 0\ H DSUGHHRU
IRUP K H ORPIS O H[RIZ/H Y Bl U H DY\DHOR 1D
&RUUHVSRQGLRDUDXWKRODML#JX DLQF U MDMRYI R U P DOML RERIBEROH. J D QVGR
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6FKHPAKH SUHSDUDWLRQ SURFHGXUH R

EULGEHWZAH®DROQOR UHR WHKEHU L G FIRQJ3HUNQRPHU 7* '7$ ODE V\VWHP 7HFKQR
OLJDWGEKY DQB&6 LR GV U W LFVSIDQNHDY BOQLWURJHQ DWPRVSKHUHfZRMXLQ KHDYV
W KRIU P DRW. R FRR UG LSFOONPR Q\@ WKH WHPSHUDWXUH fSD:QDRISRZGHU
,QRXSUHY ZRXVWWHWUHS RUWMHBIRAYSHUGWDFWLRQ ;5 SDWWHUQ RI WKH FRPS
FRR UG LRPOPRRYW DAEMQAX@F RUHY %UXNHU $:6 GLIIUDFWRPHWHU .. $'9$18
@+HUHAKB UH\VDHQHWVE' FRSSHWRRUGRQDWGLDWLRQ ZLWK QLFNHO EHWDf ILOWH
SRO\PEM/ — @ SUHSDURWIUHHDFRVLR®H VFDQQLQJ HOHFWURQ PLFURVFRS\
DQHXW\WPIPGI W IUEE GH@WIDIVDNOH. JZQ®WKREWDLQHG IURP PBEKLOLSV ;/
&X,6FKHPHY DQRWKHU REMHFWLYH RI WKLV UHVHDUFK ZH
KDYH SUHSDUHG WKH QDQRSDUWLFIHNVSBIWLROLAI REKE XOWUDVRQLF

DVVLVWHG PHWKRG 7KH IOH[LE@WVHFKALUDQG [/ ZDV S
IURP WKH FRQGIQQWR]RQGRIK\GH ZLWHEK

(;3(5,0(17%/ EXWDQHGLDPLQH LQ PHWKDQRO LQ PRC
LGHI> @ )RU WKH SUHSDUDWLRQ RI

ODWHULDOV DQG OHWKRGV PPRO LQ WKH PLQLPXP DPR X@WR ZROI\

7TKH UHTXLUHG FKHZHB B ORR PRIGDEEDOGEWWRYD VROXWLRQ R&1&X, P/ PPR
DYDLODEOH DQG XVHG DV UHFHLYHBQAMXK RMXW I'XWWUKHIUQ $ XFRHIIEEEBRDIRRHW R
(OHPHQWDO DQDO\WHV ZHUH SHUIRVRIOXWVRQ IDDNHMHUD HAWQ &FKH UHVXOWL(
25DSLG DQDO\|HU DQG WHXODWAH G IWDEHGHAMW KREDVHYHUDO GDWRDMRUPPEL
JRXULHU WUDQVIRYPVISGIIFRMWB & H )JJ/'H VUH.MROESCHS RIQQ JO B DF URVYWDACDWO ORU U D SK

D .%U GLVN RQ3BQQIPHHU VSHFWUR IROFREFHRHLD2 & + 1

7KH 105 VSHFWUXP ZDV UHFRUGHG IRX®G% &8.(5 '5; + 1,5 %UT7FP
$9%$1&( VSHFWURPHWHU DW 0+] IRU WKH 6FKLI+BDVH& 1

oLJDQG / $PmO FKKIPIWY DUHXQHWBRUWE G + Q05 '062 SSH +

GRZQIUHR®6 7TKH/* '7$ZDSHUIRUPHG &R R+ & + &&&+ +$ Ut



' &RSSHU , &RRUGLQDWLRRQ) @RIRBB U&KE&BROHV 1R -XQH

O,N

Slow evaporation

Single crystal of 1

Cul
CH;CN

\Z/\/\/Z\

Nanoparticles of 1

Ultrasonic bath

NO,

6FKHPBFKHPDWLF GLDJUDP IRU WKH SUHSDUDWLRQ RI VLQJOH FU

+ $U + &+ 1 XVLQJ KDUPRQLF UHILQHPHQW 7KH EUL
IRXQEHWGBLVREKBWDHIEQ D PDMRU DQG PL
SBUHSDUDWLRPQ R| @& X DQRSDUWLFROWHWLRQ ZLWK DQ RFFXSDQF\ UDWLF
JRU WKH SUHSDUDWLRQ RI QDQRE&DUWMWWFOBRJIRIDSKDFVRIDWMLR@WRWDLOV

&X, PPRQ &% P/ ZDV SODFHGWHRFAMROXWLRQ DQG UHILQHPHQWYV DI
XOWUDVRQLF EDWK ZLWK D SRZHU RXWSXW RI .+] 7KHQ D
VROXWLRQ RI / &APRO PLQzZRY D®EBEB/76 $1' ',6&866,21
GURSZLVH WR WKH DERYH VROXWLRQ $IWHU ILOWUDWLRQ WKH SUHSDUHG
QDQRSDUWZHROHVZBYKHG ZLWK DWRHHERQWWHVARDD@EWHUL]DWLRQ

GUDW URRP WHPSHUDWXUH 6FKHPH 7KH' FKDLQ FRSSHU , FRRUGLQDWLF
SUHSDUHG E\ WKH UHDFWLRQ &1 / OLJD
; UDBW U XFWDWHHUPLQDWLRQ 7KH FU\WWWDOV RI W HRRPDWE R SIHY DW!

$ VLQJOH FU\WWDO RI WKH GLPHQUERQW GP\N 17KHWPHFWUXP RI WKH IUHF
PP ZDV FKRVHDR\ IRUIIUDFWLRQ WKRXG\D %RWKDFWHULVWRR EDOSR Q@/LQ.
H[SHULPHQWY ZHUH GRQH DPMUFOMKHRPHWKLRXU & 1 @URXSHE VSHFWUXP
GLIIUDFWRPHMRND ®ASHLIDNX 2[IRUBI 'LLIQGERMILRIQYV NERNWEILWWHEHWFKLQJ
XVLQJ .&® ¢ PLFURIRFROWE®LPDWKHHG ORZHU IUHTXHQF\ 7KLV REVHUYDV
VRXUFH DQG D &&' GHWHFWRU $WIODYQE LYFWHRRIMMVER ,IRIRQ 7KH EDQG
PHDVXULQJ D VWURQJO\ DEVRUELQJL @ DWPKSH i HRIL RER LRRWE B N[B BEWK XP RI |
WKH FRSSHU VRXUFH ZDV WKH WD VWRDQBGVIWR RV KMK H UFRIRAD WDFU HD\Y ISK LDQ
&U\WWDO VWUXFWXUHV ZHUH HDVLOYLRIDWICR @V F |SDV B MOKUSKNT@I Z LIVQIG L F L
SURJUDP 683%5)@®NG UHILQHG ZLWKEWRB \V-DIQD WKH UHJIERQDWWHGE WR WK
SURJUDP SDR\DIRODW ULV OXDYMVY WHFEREDMWHF & & VWUHWFKLQJ YLEUDWLRQ
RQ 7KH VWUXFWXUH SORWV ZHUH SUKBDUGE VSHEWRREGRIG L) VERZQ LQ
$00 K\GURJHQ DWRPV ZHUH GLVFHWQLEROH 7IKH /ILIIBDBE FBIW) R X U LCHUG S
PDSV DQG FRXOG EH UHILQHG WWK W HDOIRSKDENOLHF SHRRHRQW\ 7KH VLJIQD
$FFRUGLQJ WR FRPPRQ SUDFWLFHDUYHDWREY WEHED GWE POYRWLE SURWRQV 7
ZHUH NHSW LQ LGHDG SRVLWIRIQG ZLSVKP &V DVVLIJQHG WR WKH LPLQLF !
ZLV8Kyw VHW 8¥R 1R K\GURJHQ DWRPV SAHRUMRQV LQ WKH VSHFWUXP FR
IRXRER LW UROBAI\G UR DM@ PV WZHHIU 8 HVGN U XF WX U H
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7TDEORU\VWDO  ORWDBH®EGEHBWH LY HAMWQPWOV RI

&KHPRO IRUPXOD )RUPXO®+Z&X_ 1RW
&U\WWDO V\VWHP 6SDFH DRRRS BLFLF
Dc
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f
9ROXPH ¢
= 6
— PP 50w
OHDVXUHG UHIOHFWLRQV LQGHSHQGHQW
3DUDRHWHU

5HIOHFWLRQV ZLWK , ! 1,
5) 1 1) Z5)
TrLolPD]

GUlpp OdLg M

7KHUBDGG\ R FRQWDLQV RQH FRSSHU DQG RQH LRGL
7KHIWKHUPDO EHKDYLRU RI ZDV WRKGIHEDWQGBU /D QKWURIARDG KDOI RI
DWPRVSKHUH 7KH WKHUPRJUDY LPHWUWHIFVLRQ FHQRIHWERRFIWW®HEHWZHHC
FRPSRXQG LV UHSUHVHQWHG LQ )LJ $V MKRZ0O WBWKEWARRHEHODWLRQ VS|
WKDW WKHUH LV QR GHWHFWDROHERKMKQ &KX XSLWARVDEBRGWEH GHVFULEHG
7KHUHIRUH WKH &X , RERUGLODUEGROSRQWLVWLQJ RI WZR LRGLQH DQG
WR f& ZKLOH IXUWKHU KHDWLQJWREX&FYLILVED VW KBMAEIEX WV H[KLELYV
GHFRPSRVLWLRQ LQ WZR VWHSV V\PPHWUFIKAEID\WRMABHRX Q@& KH WLRMOMH DV
FRPSRXQG VKRZV D ZHLJKW ORVPRGRGHQWDWVOH WKHP/Q@ MWRL\WRU P7 k& X H
WHPSHUDWXUH UD®@JH) RVKH VHFRQ®UHVN & QOHERGICQH BPYLGIRHMWLQJ D

FRPSRXQELWKID ZHLJKW ORVV RIQHWZREMWEZH@QLJ 7HH &G LVWDQFH
DQG f& 7KH ILQDO SURGXFW LV &XV ¢ VLPLODU WR WKH FRUUHVSF
UHSRUWHG &X FRBSBIMI KEDEELVWDQFH R

&U\VBIMWXFWXUH R DQG ¢ DUH FRQVLVWHQW

; UD\ DQDO\WLV VKRZ®/ WKEW WHKRIRUGLQDWDMRAR Q@GR O EHORIXGF R UH V
FRPSOH[ FU\WWDOOL]HV LQ D PRQRFOLQ@FKW\V&/HWPNEZDWHKH ESWEZHHQ &X ,
JURZXSF $3»7@ GLDIRDPLVY VKRZQ L&X)LJIJ&X IUDJPHQW c LV ORZH
DQG WKH VHOHFWHG ERQG OHQJWKIV &XQ & XD QUOBHNHOQWH JLYKIK EQLGJILQJ
7TDEOI%DVHE& UDDQDOWHIN/\PPHXMWYUUWER@XQRJIJOHVY EHWZHHQ &%, LRQV DUH 1
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Cu(a)

)LJ 257(3 GLDJUDP RI VKRZLQJ DVXG DEIRFRBW VEKHKBHWSODFHPHQW HOO
DUH GUDZQ DW WKH SUREDELOLW\ OHYHO +\GURJHQ DWRPV DUH
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%WRQG OHQJIJWKV %RQG DQJOHW %RQG DQJOHNV
& X &X &X E 1 & &

&X, E 1 &X & 1 &

& X1 1 &X&X E & 1 &X

1 & , &X&X E 1 & &

& X& X E 1 &X E 1 & &

1 & ,&X, E &X, E&X E

1 &

& & D

' P / /Y
i 17 1/ b
Vi / /S Ve
oo oo e t
N T NS 1 N 1 & N
( Cua) < Cu(b) Cu(e)
/ e ~ H
! /X /7 4
ol Al ol
)LJ $ SHUVSHFWLYH YLHIZXRQQLFKMDMIORAI WKH > @ GLUHFWLRC
1 &X E &X, E f TKHVYADQRSDUWLFOHV 7KH ;5' SDWWHUQ R

GHYLDWLRQGLIAMRMRUWHG WULJRQDOFRQD QDOW HIHR ZHW K\ WKUH V PRUSBIKWOR J\5'
WKH &X , FHOWHUAXOW DOWKRXJIK RIKMW KN EQ BV RSCHDML RQHW KHDYV VW XGLHC
EHQJHQH ULKLERDWHKELEPQG LV FKDRLIJHRY¥RRSDWBLHG DQDO\WLV )LJ 7KH
WR RXU SUHYBERXVAQUWHSRUWYO S URGKIOAW WK SODUWLFOHY GRQITW KDYH XQ
VLPLODU VWUXFWXUH DUH VRPH SDUWLFOHV ZLWK FU\WWDO VL

1IDQRSDUWLFOHV RI &21&/86,216

1DQRSDUWLFOHV RI  ZHUH SUHSDUHG E\ WKH XOWUDVRQLF
DVVLVWHG PHWKRG LQ DXFHWRKRIZW UW BHI @ R[QEWHREFK)ILUI EDVH OLIJDQG / ZD
'5' SDWWHUQ RI WKH SUHSDUHG QD QHRGHWIWLAO BV THKH VKDARS SHONV FRRU
LQWKS SDW \WRQ QAIKIKL JKU\V W DFOWK B LMRQW D LIRQLUBWLGIKM HZFRP SR XQOF
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FKDUDFWHUL]HS XYLRJ DFG VUQVWB@ $ 1 *XSWD 9 6LQIJK 9 .XPDU / %
- UD\ DQDOWMHV VWUXFWXUH DQDO\WLW FREHLUPWLWEK 3RO\KHGURQ
GLVWRUWHG WULJRQDO SODQDU JHRBHW UL\XD R XB6E® QVK-H PRSSHKEDQUIROV 6K
,Q WKH FU\WWDO VWUXFWXUH WKH 6FRRONKEHBWRGRPSRXQG / LV
FRRODGMIHG WR FRSSHUPRQR®NQDND \DHEDVLIDQRE &KHQJ -L@ 4 6X =KRX
7KH UHVXOW Rl WKH 7* DQDO\VLV VKRZV WHKK¥E WKHXQ@EIZ FRPROPXQ G UDQV
LV VWDEOH XS WR DERXW 7& 7KH ;5 SDWWHUQ DQG 6(0
LPDJHV FRQILUP WKH SUHSDUDWLR Q@ R®$W3K HARDQ R 8 D B V$L FOMHWQRILUR ) 6 3V
/ + )XUODQ 6LOYD & *'HIORYHL®D
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7HFKQRORJYROHAVWDQ S8QLYHUVLW\ *8 OHD@IG 8DIDPH * ;LD / )HQJ $&6 $S
1RRU 8QLYHUVLW\ IRU ILQDQFEZRB VXSORWWIRFHWKLY ZRUN
FU\WWWDOORJUDSK\ ZDV VXSSRWBWRIG>E®@8 KM SURMHEMQZRRG ' +DOO ' % &
WKH &]HFK B6FLHQFH )RXQGDWMRKH XVI$QW =L GOWEZKOHQOWWPRIXU 7 20LYLHU
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&U\WWWDOORJUDSKLF GDWD H[FOXG@®Q0 VWWQNXNFWXUYROIDFWRAWVXPIRQQ 0
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