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nanocrystal with strong evidence supporting that the emi!!"#$%"1%!&'()*¥'#$%"&'

"# M"#$%"&'()% N"#$% "#$%.

&8=;7'8;K8'J@6:C@B'5;=>D?'6:D'=67="EF'B;";:K'7=:D=7'C8=B'l6 7C;<@>67>5'
6DH6:C6K=E@?'FE7'B6U;:K'A7;K8C'V8,CIAZF OTO'?8RE>E7'<8676<CZK?"
EF?EB="J@6:C@B'DEC™jiovph"+E?C'ad'*)4"?C7@<C@7=?";:HE>H="C8='B;";:K'EF'

D;FF=7=:C'<E>E7'a4?'CEK=C8=7";:CE'E:='F;>BT"&8;?'<6 *k<8C<b83:D'C;B=

;:CE'6'F;>B';:'E7TD=7'8BU="KEED'J@6>;C5'V8;C=">;K8C'A5'?;,B@>BE¥-H=7L'C8;?"

VE@>D'86-"CE'A='DE:='6FC=7'C&823=?"EF'6>>'ERESED @="CE?@FF,;<;=:C'?;Y='

<E:C7E>'EH=7'a4?T

0]¢



Table 1.1. 2E>E7'<8676<C=7;?C;<?'6:D'?C7T@<C@7="FE7'?EB="J@6:C@B'DEC'V8;C="*)4?T

. . "1(. " .
FL8 . -AHKAH:8 -D@CEAgL | 31| 38MB:BCKS
)>=<C7E>@B;:=2< +A=D'ad?" ZNTPbUNTA( gf ' | i;=K>=2t al.*2
N=)' 2 Q.M
RBE?ISERA67=D | D'8§4'.8E76'D ZNTMINTPN[| hN | S6:Ket al.53
*65=7?EFa4'6.D’
= =7 { ! =B:7' 46
P=<CTE>@B;:=7¢  ppoir it 872 | ZNTRINTPC[| 1| 4=B:7etal
RSE?ISEPA6?=D +:A=D'a4?" ZNTPNL'NTM cO ';Y6'21E5§>@t
RBE2IBEPA6?=D +A=D'ad?" ZNTPPLNTP| hO | 28=" et al®®
RSE?ISEBA6?=D | a4 ®(I167C;<>=? | ZNTPILNTPN cb’ ';Y6'21E5f>@t
RBE?ISEBA6?=D | 25E786<U=D'ad’F->B1 ZNTddL'NTdN .1 ° ';Y63F5§>@t
O'C5I=EFa4Q" , | <87-@D=r
? 2=
RBEVISERA6?=D | ) o o 8530 | ZNTPPLNTP| he -2

I"HEY0& %™ ()%6)*+$, &HY6"&( Yo, (LHSM HBS & () +,)"--. %! "&Yo+#()YoH)0%&.)
IS 1HS%EHS I HSV& Yo BHSWES Y& B()S*+,)-.)-"(S(/H# $+"+),-OH("&HS*+()$
IHSHUE! )+, * "HBIVHE &)+ 18 (&1 H.5'-% T H#'$% &S () $I¥S0&I"HS
IHBHYOE ()*+,%)$- 41(, - )+ (+$%.-H0-8%$1 2+ 208U#SY68, (") *+1$" '-)" (+. 4/ 15"
I"HEY&I HSV& () B HSYo& H () (%6 &t ) "HSM HEV& () (+,(-. I"HS"%&™! I"H$%&"&"
I"HS%& HISYES(%0) MR HSY A" HS N"HSYO& () +(,-"+&. (/& *0+&(12(313(."2(-*4&(
I"HSOYSE H(H)SHY) ' SH, +-) /D& 01 24 (Yot ) S#"1"(803.1, . AHHS BB B/oH& Yot ("H
I"HB06& (8)*1+" &- A" HSYo8Y6™ (" Vo RIMSYLE. " H (1) HS+#| 1) S1-#S.[#+1(01$2'SI-#$
IS8, (") *+ X H), (IR 1-*(/<0/B(Yo, LHH2*(/*1"HSY&! (") 1+ (/*OH) & 1/%3**41*

PHSHYSE ()M (+, - I01'2)3)$AHI5I6'+ # HTHYS' A131'BI5HSI39"

Oon



1 | 1 1 L |

1

Normalized Absorbance (au)

Normalized Emission Intensity (au)

T
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Flgure 1.4."1A?E7IC;E:'6:D'=B;??;E:'EF'2D,¥8,;C=">;K8C":6: E<757C6>7T '&8= D67
;:=?'"?8EV'C8="6A?E7IC;E:"?I=<C7@BL'6:D'C8='<E:C;:@E@?">;:=?"?8EV'C8="

?IZ<C7@B'EF':6:E<75?C6>?'::<6|?@>6C=|R;9W81‘-“ IE>5B=7"ZA>@=[lIRR2IL"
6:D".6:E<75?C6>7?",:"?E>@C;E:'Z7=D[T"#26C@W>6C=D:E<757C6>?'<E6 G'0G'
I*)4'CE'BGU='6'V8;C:'*)4T

"#S%&H#S() S+ ##)$-#(./$012%3)#*$435"$*##-$5,(-$#23//31)$3)$5"#$,#*$
"#$%B&'()*+,-+()$+.%(/"*0"%%+&"&, 1/2*("%+$03**3,&+*4$1(/.0+1/$" ($*+"%0,*(+4$/-$1(+
M"#$%&#("E)N"HI%S& () (*)+"&(,&)#-)./("0(12345(67$2$(4)4".&826)92(34(:;<(
I" 1"H$%&H () #)* &+, #-*" */0%(&01*2#,"3*'4*%-'0(3*56QBantum yields of
MES%& (") *+",-* .- 1*00-[#Y(-0*"*+ 1 2+*""* 3456 > #*"* 7 - (+#0*#8* 11$%- " 11 2% (+-*
"#$%"&'()*+,'&"-%".*'/0"$,")$'01,*1'/01'%2*""-*'0/"'+% 1 #-&#++'$#HS03 L (-%0#+-")$'42) %*'
"#$%&'%()%*+,(+) 1!

MH#S%&'()*+,-+((1"H#S%E&' (") *+,-(*.-"*1%0"$+ A"#S%"&'(%$%"()*+,-",%.+,$#'
"#S%& (#($)*' &%+,-)./((+&)!)0-',1))2)-&/(,/")I(,), *+(-&"I&',)*'&%+,)+3)
"#S%& (#(S) (*(+,"-.&*1.)#.),*II'0).%0'/[#($)*(0)#. N"#$%&' Y (#)*$(+,+#-% #%+#"[-. #+0%
"#$$%&'%(%)*+#,%-(.+%/(0%1 (2# * (8D 2884 " #$%& %' () *+!& F'#$%&' () #(*$%!"*%
electronthole pair to the core nanocrystal."#% I"#$%&" (&)*+,-&./0-1)&.$2I"#$%&"!

I"H#$" 0618 #1& #(11&)1$*+ Ithat produce!I"#$%& #("SHSY& H()* (&&S$+(+" #-)'(&)"

OF



I"HEY6& ()$*%0)+" - &"+)H*%00) 1, +2+%6H#)$*%6)#3-281%),2) 30$-EM TBSTHA'BYA II'#
I"HSBHSYOE S(H)*$+#,$-'.10%") +$")$%&'S' 1", . 2)B2BI%6&" &I (") +$"I" - $"H#, 1/ %"
IHSY68 &()*")+" (%', JOYH-Y6"12-, %' Vo3 JHIMR" HSVYo& Yotk (SHY' () <" H(+'H, - Yo+ (HSIH(+'#
I"HSY& (" SEY6)H HHBEU Y& & (IBWHEYL BHS YB& ()*+,*"$-./0 N"HS%&' (") *
IHS HS V018 H! I HSHY& () HSSHI& (1) "SI HSU VL HSHYHE 'S () Yo H+ $Yo+-H%
I"HBU&! () *+%0',+- I"HS%&! () &*(") 1"HS%" &' () $*+ - (| & HSY& SSHITHSYo8 () $* &t +$,($
IHBY6&" ()*($+,%-'(".&/%-," (0! (%-(+-0!, %o-+&(1/"$$2

I SO HSUBEBIO& () 1" HSY0 &Y' (H)*+# - ["0), LOH2Y6)#3-I$%.H#, HABY6&:
I"HB06& ($1"()*+ SV S% " #$& %S in the white light spectrum!I"#$%&. (&()*+)!(%6&
I"HBY6& () (HSH+$, 1+-#. ((OHSLHE 28HS 1HIABBHSHY" &Y H(HYO) $*+$) H# H$-#E., $&,$
I"HHS%8SY'S( & )SH(+),-"B+./06-(108)-"06)"1$,#)-Yo&IVHHS %' +-28) %o &S!()35.-(0(VoH$
I"HEY0& V0" (HSYOE (1) *+* H-"+"% +/0%1* 234" " HSYo&H Vot ($))*+&,-%' -$ &H#$
IHBI00& ()4, -8+ ) QY HSY08 HI& () Yo+ * HYK HSVo&H &()*) L ERIHY " S&EH () &*+ H#
IHS"HO & HSYo& (H)HBU&S+,) &) -$. VBBV &" (H) HYo#+) Yo-(# $/%-, HOLH#2/'3/' 1#
I'H$%& ()*$+7),$)-$.)/,)/0$-&(H1 HHS&ISI"HS/+/8*' 2-1433)/$+,,) ) &IBI&S$!"H#$
I"IHB06& (") ("*+$,-$+),.//0123, A"SHOHTS  I"HH"SYA HSWESY68 H( 1*%o+" (" $-#./
IHSY68 1 ()*(+&,)-1,.(H%+1(0B1(/, +1(%6&1("211&(31%-*(A$)H$(*115(06 (/1 (2!, %6011 (06(
I"#$%"&'%"&()*$+),$-). +( BHS%&((3)&I*&+$S$,"-. B, 10" HATHBI% " #I$!"%S$
I HEY6& (B) 8+ *(HHH- (/-0 L+H4( 2+ B $Yo8. ()1 HSY6& (86) -+ (*$+ *-
IHIS I HSYOE "8 " (&) + H-&-#.&, N HEU HSIV0N"H$1 066" 1SRHSU&SH (B) &M HS U &

I"IH$68 (") !

Oc



I"HS Yo&H )4+, +-

!llll !llll !llll !llll !"" !""
I"HSSE () +&, -

I"H$068 ()" HSIBHSY0 & () YoH& Yo+ Vo#%0), &, SY6&"-#. %+, () &H+%/ *01&-%62.*% &, $%6«
IHBIVOHEY () +HE, B&-'$. " I I HSIVHEY ("H-, 0" LI 23*4-+A&#2'2I35" [# #%4 22438,
I"HBY08 ()*+)%,4)-.-*$&/1%0.01) L#+*8H) Yo, #) Yo&#. Yo (#-96) 28#34).-3). +U6H&) %0, #) Yo &
I"HS00&(()*+%,-((./0#+(12* O/MBEYH&Y' (I'&) *$+,-$%"$." %'(&!'&)"/+&.'0"1%)"
I"HSIH06& ™ ()F1+&,$,-."/01$102

I"HSEHB&BY6 ()" +,-(%' [ --+0123+4™ $H#I5. (-.+)"($+"+678

I"H$%&' () (+$% I'#$% & (&BIHSIHUIBHSY0& Yo" () %) *+$, &HUBHE Y6 &Y' (&)#(1
I"H$%&! (&) +&" -'&., 810128 #&IA'5SY&EHE. BSHE-'8. TA HBH&.&$59" '53&H(("7.718'(&.6'5-&
I"HB%&!($)*++8,-+./01$, 2" $$345+6-+ TBHSYoH!" &' B(H) &(IH'$*+ I"tHH#" $U " HSW &S |
'8 IS8 ()*+, 5%, SIHS 1" IHS"06I&I"( " II"HS%&H Yo(HS) Yo+ *-$./#01$
I"HB96&Y6' () *(+,-OSH( (X 10 (%ESL.SL  WHSV&HH )+, JH-*([ -H"HY " HS Y&
IHBO&! )+ ($+ - (8-S + (" HBIHSVHEY Vo () 4"+ S HSY"+  (H#,-("HHSYS& H&()*
I"HSYRIHISY8, () &S+ - /051!, $*2-3$,45,//$26$623*"5$'5".$)2$( (253+/) -AT#$
IHISHYOE Yo("H)") Vo +S)H H#"1&, %" )-" 1% (HBSYoRI"HBVU&H" (JH+&H1%) + %), &Y6) (&-1*&H#1. %
I"HBURHS (S&)H+I8S, +SI"HSI-#. YD OHE | ) 7SI (+#$), $I"HSIVH& I+ HIHS
I"H'SY68I6H () (&+I0()H,-,."I(OI&H"S"1('1.8+ %', (2%*)HIb(8HY%" &$%. &("#%("//(3"1'(,.(

I"#$ I"HIS HUSRH S(H") +,-". $"& HEUS-"H" 1%+ H)FSVH& (HYSHS! %o

Ot



I"H$%& ()

I"#1$%&!" ()*

"#$$%&'()*+)&&$,)-./(0*)&$10-'23*4* .
"#$%8&%'()*+,&-+3.#)#PN#I&)H#0$1*$+-23" -*$4'0252#054#, "' 0+$5)'4$6" #)+$

et al" !For a typical ultrasmall nanocrystal synthesis, !"#$%$&'()*+$,-./01-2,$3'4'$

prepared in a glove box. 6 g trih9"#$%&'1(&")*+,!-).+,/012134,5,6,'+-7.+"$%78)*+,

(HDA), 0.51 g dodecylphosphonic acid (DDPA, 2.0 !"#$%&'()&*+,-.&/&0")!12!&

oxide (CdO, 1.0 mmol) were loaded into a threeQ"#$%&'(!)%*'++',%-..%,/%0123%$4%

"H#P%&HS " #()$*+ %P, &--#'$*&-. $+$-#/0#1+-21#$0113#$+""$- #$!- #1$*&-.$+$1233#1$

septum. The center neck was fitted with a self9vashing bump trap through which

argon gas was flowed. The mixture was stirred and heated to 150°C while being

purged with a 12%auge needle in the rubber septum. After removing the needle, the

M"#I"#$%E& )& (**$'+,&"$&-$% " HUMT#S "H# VIR H#$% &' (%0)&* Yo +,-.%&. %! "#$%/'.01%

I"#$%&"#$"%$&' ($)"$)*+$&"#$!"#%0&' () #+!,(-).&P)* #+,('()." (%) &,,)#)" ()

M"#$%&'()&*+,&"-+./-(&0#"12%3&+&. 4" #$%$&%0'(("($%)*+$,-""./" I"D-AS%H#&' () *+!

I"#$"%&' "#$%E&" (&! ) S +(+&,*-%#.(%/,"$0/(%o/*(1*2#"' (-3) ("2(%/* (4T HSosB(&

M"#$%&'()$**'+(,$*('#"'$%&'D"#1$%&$$' ($%"&'%0)*%+",)'(-%) & BROO& #& (1#)*+,-#.,$%0/#

"#$%"&'$'T"#1$%8&$$' ($%0) *+,#1%00)*$%0+#--$+%.$/)#01%%2*$&%)*$%&#3($")4,&%,5%

MHPY& (") >+, 1- B (H&* PO I L.*, P SH) H#Y*#2*(0.4'#) 3(#1* 2% #A4* $#) #%) . * (#*"*

"#$%&$HH#'()%0*+%,-%'. Y/E$%E& ' B(&)*+#,$*!-./0.+$Ing an 18Fauge needle

Of



lowering the temperature to about 125°C. The reaction was then immediately

cooled to 90°C with compressed air:'

The nanocrystals were cleaned using a threeStep centrifugation method.
The reaction solution was evenly divided between four 30 mL centrifuge tubes and
was precipitated by methanol. The tubes were spun at 6000 rpm for 3 minutes
producing a large!""#$%&$##'()%!"'(*$+8& %! S##S,-%%./$%01!$+2","2,%("0%*$3"2,$*)%"2*%
"#$%#E&EH P ()$)*) Yot +,#,$-+$.$/0$E2Enol for each "#$%&&' (IS} Bisher Scientific

FS30D !"#3$%#3$%&" (was used briefly to aid in this suspension!""#$%&"&'&()*&%+*"

I"#$9%& ()*$+,-&$.8'($&-/)($0),-(+. 1)$- 2SI HS%I &P () *+'+,1 JH#$!-1+"$%+,.$
I"HBY6& ()< +$"H, " */"0"* 1, &*0b#*2333*011¥4'0*53416&, #". )< 7*.19%((*8""#$%6&$!' (%
I"HH" 008 (Y1) +,-"+.96$/"%(, ") 0'S 0% & (Yo+"- 03" +1%6'0+ %S/ Vol " $%6& (Yo+ 2((*#3"+9620%

I"H#$6&96' ()*+, (,"#$1+"&(-.,(,1"1%0(+&(1*%(0./1'

M##SN G #P%&' (&%) *#+,-$+.- I

I"#H" U "HIWESU & H*) (+#,&*,'-. #*"#-'01%2-+#,%#3&(45,- #,5-#
M#P%&'(")™* CLN"HSU%EH Yo () #" #)+,'H#)-.)'0#1%/'2)3)&4),5)%6#)(,78%,"),5)
M#S%E' (") N"H#IHP%E&S'&"(I")%&H#YH#P "#S%&'(%)*%oH+,--%"-./%01&2/%3!#+%"$%
direct light on the flask. The nanocrystals were heated and vigorously stirred.
30,000 molar excess of formic acid "#$%%$"&'()!%*H#$"%%&%$' ($') &S*+"#,5(-.&$") &S
M"#$%&™ ()*+,-*.(+(%*/0%)+%$)*("1(23456 ((7-*(/&8%P)* (9+! (+##"9*.(%" (," % &'$*(
I"H#S%EN"#IS%& # ) (*H+(,-((#.(-#/0*&"(  "H#PYIRHPUE' (Y0)#*+,- #" (Yo#/10" 1$%#2&3#

"SI0 H ()*+HHE), 18-)*+" [HO0#S)%!/)$+,1)8+)23456)) 7-#18)&-#)0+'9&1+1),%0)

Oc



I"HB00& ™ () *)#)+ #969%6)-.#,).$)/0.10).1)/49%)%23$)#1)4566)"27) &*")85)T4D6%6&." %! ()%
I"HSY08I6H() V0 +" & (, & BHBI&! (") *+" (%" -%%- *(#*/* mL centrifuge tubes and
I"HSHU&'S" () +,,$-%.$/0-$)*$.1' &(2#3$$452$-2#&6(1'7$(0%$6"82-$!"#$%&($1'(0$"$91"6$

I"#$%&' ) #S*"$&+)$#!(,-

I'#$$%&& ' && (") *&$+),$-+./+*/0) & N"H#S%N&H | () *+#,+*-#.(&/$) &"$

"#5%& Vo HBUH " #S "HU0 &S " #&'(%)*+&,+*-&$%o#, $)#. $&!,/&,&0#%), #.$& (Y&
I"#$%&'&() "+, "#"*1-).%*/"011()"2$"&1#"*13)4"&")  "#$WH&™ I"#P%&'$& (#
M#P%& (") *++,-.+/0"1(01+&2.)3+#4+(-%..+3244.%.1 (+5" ($-."+#4+(%."(.3+!"I#$%E&'(")'+
U068 #™ (&)8""*+" ,8&-&(.5+,7&(8) " . 90+(§12) " . #after treatment.’

The molar excess of formic acid to nanocrystals, the concentration of the
nanocrystal solution, the lighting environment of the treatment, the use of solvents
in the treatment, the reaction time of the treatment, and parameters of the original
"#$%&'%"" (&) #+,&-&(.,$, (%" (/%B185 "#H"#SI"H"#$%&$'(a consistently high
quantum yield of near 40%. The molar excess of formic acid to nanocrystal was
varied from about 15,000 to about 65,000 by changing the volume of formic acid
added to the flask for each treatment. The concentration range of the nanocrystal

solution was varied from ~1.00x1073!"# 1" 1 1" ' IM. Based on a prior report!

I"HISI"BE! (") ($Y0)*+,)-%6) 1S /+)( WH N"HY&"HBIVHEN "HEY& () * (YoYort+ - #

I"H'$%" &% $()*+,'()-$./$+(-0%$&0() )-$1)$%60"$2+3&4$!(%0$#115$3)'$011'$+(-0%8$1)6$./$

I"HB008'S" ("(H&) (&Y6$*&+!, - &. "WBRIPEH 1 &H()*'+ - HH'$U&'Y" ()F'+, %) &'-%o H/'



"H#H % &' (Yo)#H(%0*+,)-. Yo# [0VBRHS Y0 & %' ) # (Yo +,#"1#,+)#- (. &/HO L' 2# .1 3#+"" 3t (Yo >+, &#"--#
with Al foil over the reaction flask)." '

I"#order to explore!!"#$#%YARESY&' (#) & *+* #%!-.*' VoHP% & "#'(&") *$($&
I"H#S%E&H ()*1+#,+1-#$) &, $*&I'BHNE&! () *(&&S+(+,-" ) (&) $/#HH N"HHSUL"#"$%&' " |
M"H#"#$%E&" &()*H"#SW HA "H#E%&' () *+&$#), (-&.8," /) JOHS%&' () *+" $% &' F$% &' ()
"H#PYHP&H()+,"1-.(,,) - % /0(#%#,-0.(,",) */O(#% "I#$%& () &*+,'(+- ""#$%&'S

I"HBO&1(')* (+96,%0 (#0611 (-1 0H%(+.) () Y(&*&"], LI #1(.&IH#23 . &4(-%')*&"#5(02*&"#5(

IHSI&1()* ($Yo&(H+H), 1S+ 1(NHO(+()H +$)-L((2%8H3(+($-&+SARHS(5+ (B} HEBH(S
IS8 (") *+, -+ ()&IFHFOIH(L-'+$ - 2% (1-+1"HSY6& (") *3#%0, - *"*4-))-(*"3(-%o* (1-*
I"H$%& () Yok 1*+,%"-) &$%6(./&801"$&..(22(%&3,$&A"$$-25(48.") 8%6-2%()(&,)48.%,6()&%-8%61(&
I"HSSE (%) I$Y0) %)+, (H&)-." )& OHY%'&' (1

IHEYHE () +$(), #$-8.$/8%6)H0$) +$ (- SUMI&'() I"HIS HIU& (& JHE&!"((*(+&
I"HHSY6068& ()¥) %0+, ) (+. ) H.)SHO) #1121 I"HSUHE N ()*$+),-1()*$.&+$"HEIH/$0%)1$
" IS YR HS Y8 () HHS(), - Y+, ") OH-"1'23"&") 0" W' #$%&heating rampup of
about 10 minutes which increased the reaction time and a faster heating rampQip of
about 3 minutes which reduced the reaction time was also I"#$%&!"""#$%"&%' ()*+,"
I'HE VHES (BHSU& SHON H HS%R! | I"HS%" &' (8)*&*"+&%,$*-"%.)/,)/"#%$0". 152("3"
I"HEY68& (YoH" $I06& (1" HEVo&H & () Y6* (8$Yo(&) YoH &HUHE SU&N " HSY68H' ()*+,-$
I'H$1%"& HISUS($)*'+,%'-.%/$,%'1"0% 2" I"#$%&!" ()*%$+,%-$'%*+, (BHS%H#S&
IHSUHBV& () *H(+HHI"HSY!

IHEY6& )<+, "+ (OB HE-*H+) O'$(1/-*23$HS+/445'."%6'()/( )+ 7"14$(5",.

I"HSY0& I"HI (VS + - &YoI+/% S0+, (H*$%0( 1 (2(1HBYOE™ () +") %" ()F+" )+ )" HS$" #

Oor



concentration in TBP appearing to directly influence the final quantum yield both
before and after treatment. Accordingly!"#$%&'()"*+",$,*&-.)%%$/)"0(-("1$2("3,"
"#$"%&™"%(')*+,%$-.$'. &/0&#-.%!01%20/#'3%4/-5%6 78% Vo & -HBEE&H #1" () *+*",-Yott#
FI"#'$%&%' () #+& #$-")"$+)"&+"./$&%.$+!"$01& %0+ 1 2BHE%H "#$%&™ () *+&" (#,'(

I"#$Y0&HUSIH S(#)

I"#$$%& ()&* N'#$%&' ()# .

I"#$%"#8A " HS%& H& $+5&, "% $&*-./1&.+$" $%&"0%&10.+$" $%&0"023+4#."5#&
I"H$90& )+, + Q" HSWESY& (H*+& H 1 HSV& ('S *+ 1I"#S%$H#& ()$*8+%0',,&-.'%&
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