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!"#$%&'() (

*+%',-.!%*,+ (

(

!"!  #$%&'(%&$)*

-/0/1234/56(27(5/8(496/:;91<(95=(9<</4>1?(<6:96/@;/<(72:(2:@95;A(</4;A25=BA62:C

>9</=(2362/1/A6:25;A(496/:;91<(;<(9(3:2>1/4(27(@:/96(;56/:/<6(82:1=8;=/D(9<(:/</9:AE/:<(

<//F(62(:/<210/(6E/(GB/<6;25<(3/:6;5/56(62(6E/(A:/96;25(27(;5/H3/5<;0/D(:/1;9>1/D(/77;A;/56D(

95=(<69>1/(9A6;0/(19?/:(A24325/56<I(,:@95;A(</4;A25=BA62:<(9<(6E/(>9<;<(72:(

3E26202169;A(9A6;0/(19?/:<(<E28(<;@5;7;A956(3:24;</I(%E/;:(495?(966:9A6;0/(966:;>B6/<(

;5A1B=/(6E/(9>;1;6?(62(6B5/(>95=@93(/5/:@;/<(B<;5@(/1/A6:25(=2596;5@(2:(8;6E=:98;5@(

@:2B3<J))C)KLD(<21B6;25C3E9</(</17C9<</4>1?J)MC)NLD(6E/(9>;1;6?(62(72:4(6E;5D(71/H;>1/(

7;14<JOPD(O)LD(95=(6E/(9>B5=95A/(27(A9:>25C>9</=(<69:6;5@(496/:;91<I(%E/</(496/:;91<(

91<2(3:/</56(=;77/:/56(AE911/5@/<(6E95(6E/;:(;52:@95;A(A2B56/:39:6<D(9<(6E/?(6/5=(62(72:4(

E/6/:2@/5/2B<(95=(A2439:96;0/1?(42:/(=;<2:=/:/=(<6:BA6B:/<JQD(RD(OOLD(E90/(E;@E(

71B2:/<A/5A/(GB956B4(?;/1=<(6E96(A243/6/(=;:/A61?(8;6E(AE9:@/(</39:96;25D(95=(6/5=(62(

>/(A25<;=/:9>1?(42:/(7:9@;1/(8;6E(:/<3/A6(62(/50;:254/5691(A25=;6;25<I((

(

%E/(7;/1=(27(2:@95;A(2362/1/A6:25;A<(95=(3E26202169;A<(;<(79A;5@(9(<6;11(42:/(7B5=94/5691(

AE911/5@/D(9<(6E/:/(;<(<6;11(4BAE(6E96(5//=<(62(>/(B5=/:<622=(9>2B6(6E/(:21/(27(421/AB19:(

<A91/(<6:BA6B:91(7/96B:/<(6E96(;439A6(6E/(7B5A6;25(27(6E/</(=/0;A/<I(%E/(<B></6(27(6E/</(

3/:72:495A/ C/<</56;91(3:2A/<</<(6E96(2AAB:(8;6E;5(</4;A25=BA6;5@(9A6;0/(19?/:<D(<BAE(

9<(/HA;625(@/5/:96;25D(=;77B<;25D(95=(=;<<2A;96;25D(95=(AE9:@/(6:95<7/:(95=(6:95<32:6D(
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!"#$!%%$&'"()*%+$,#-#),#)'$ ()$'.#$!/0%0'+$(1$-.('(*#)#"!'#,$&-#20#&$'($3(4#$!%()*$!),$

/#'5##)$2."(3(-.("#&$50'.0)$3(%#26%!"$!&&#3/%0#&789:; <$5.02.$0&$!$&#)&0'04#$16)2'0()$

(1$3(%#26%!"$&2!%#$&'"62'6"#7=98>;?$@.0&$'.#&0&$50%%$!,,"#&&$&(3#$(1$'.#$03-("'!)'$

3!'#"0!%&$&20#)2#$A6#&'0()&$!03#,$!'$*!0)0)*$!$'.("(6*.$6),#"&'!),0)*<$!), $2()'"(%<$

(4#"$'.#$-"(-#"'0#&$'.!'$-"(3('#$("$0).0/0'$,011#"#)'$16)2'0()!%0'0#&?$$

$

@.0&$'.#&0&$!,,"#&&#&$'.#$16),!3#)'!%$A6#&'0()$(1$.(5$3(%#26%!"9&2!%#$-!2B0)*$!11#2'&$

'.#$3#2.!)0&3 <$!),$!"#$%&"'()*"&+$(1$2."(3(-.("#$2(6-%0)*$0)$("*!)02$&#302(),62'0)*$

)!)(&'"62'6"#&?$C)$(",#"$'($!2.0#4#$'.#$,#&0"#,$%#4#%$(1$2()'"(%<$'.#$-"#20&#$"#%!'0()&.0-$

/#'5##)$)!)(&'"62'6"#$!"2.0'#2'6"# $!),$#%#2'"()02$&'"62'6"#$)##,$'($/#$0,#)'010#,?$

D0'.0)$'.#$10#%,$(1$&#302(),62'("$&+)'.#&0&<$&+)'.#'02!%%+$'6)!/%#$-"(-#"'0#&$%0B#$

3(%#26%!"$5#0*.'<$-(%+,0&-#"&0'+$!),$&6/&'0'6#)'$!,,0'0()$.!4#$/##)$(/&#"4#,$'(($

0),62#$2.!)*#&$0)$)!)(&'"62'6"#$-.('(-.+&02&<$/6'$'.#$16),!3#)'!%$"#!&()&$1("$'.(&#$

2.!)*#&$.!,$)('$/##)$2%#!"%+$0,#)'010#,?$E(5$,(#&$'.#$&'"#)*'.$!),$,0"#2'0()!%0'+$(1$

2."(3(-.("#$2(6-%0)*$!11#2'$3(4#3#)'$(1$-.('(*#)#"!'#,$2.!"*#&<$!),$'.#"#1("#$'.#$

16)2'0()!%0'+<$(1$'.#&#$3!'#"0!%&F$$@.#$4!&'$3!G("0'+$(1$2.!"!2'#"0H!'0()$'#2.)0A6#&$

26""#)'%+$0)$6&#$!"#$"#%0!/%#$"#-("'#"&$(1$&'"62'6"!%$0)1("3!'0()<$/6'$.!4#$%030'#,$!/0%0'+$

'($"#-("'$()$'"!)&-("'$-"(2#&&#&$50'.$'.#$-"(-#"$"#&(%6'0()$("$("0#)'!'0()$0)1("3!'0()?$

@.#$5("B$-"#&#)'#,$.#"#$,#'!0%&$'.#$"#2#)'$!,4!)2#3#)'&$0)$(6"$6),#"&'!),0)*$(1$

'.#&#$03-("'!)'$2()2#-'&<$!&$5#%%$!&$'.#$,#4#%(-3#)'$(1$)#5$#I-#"03#)'!%$'#2.)0A6#&$

,#&0*)#,$&-#20102!%%+$'($-"(/#$#I20'()$!),$2.!"*#$'"!)&-("'$,+)!302&$,0"#2'%+?$$

$
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!"# $%&'()('*+,-'+-./0)+'&-123'&*+45&(*/, -

J-'02!%%+$0),62#,$#I20'!'0()&$

0)$("*!)02$&#302(),62'("&$!"#$

'+-02!%%+$2()&0,#"#,$!&$K"#)B#%$

-(%!"()02$#I20'()&7L<$M<$NO9NP;?$

Q)$#%#2'"()$1"(3$'.#$.0*.#&'$

(226-0#,$3(%#26%!"$("/0'!%$

REJSJT$'($/#$-"(3('#,$'($

'.#$%(5#&'$6)(226-0#,$

3(%#26%!"$("/0'!%$RUVSJT<$

%#!40)*$/#.0),$!$%(2!%0H#,<$

-(&0'04#$2.!"*#$4!2!)2+$

2(33()%+ $"#1#""#,$'($!&$!$.(%#?$K0*6"#$8$RQT$0%%6&'"!'#&$'.#$"#&6%'0)*$#I20'#,$#%#2'"()02$

RW! #X<$"#,T$!),$.(%#$RW! . X<$/%6#T$5!4#16)2'0()&<$50'.$&(%0,$!""(5&$"#-"#&#)'0)*$&-0)9

- !0"#,$#%#2'"()&<$!),$'.#$,!&.#,$!""(5$"#-"#&#)'0)*$'.#$2.!"*#$4!2!)2+$R.(%#T?$@.#$

$,%"&'($9!$)#6'"!%$A6!&09-!"'02%#$6&#,$'($"#-"#&#)'$!$&0)*%#$6)0'$(1$#%#2'"()02$#I20'!'0()9$

0&$2(3-( &#,$(1$'.#$2(6%(3/02!%%+$/(6),$#%#2'"()Y.(%#$-!0"?$@.#$#I20'()02$5!4#16)2' 0()$

0&$!$2(3-(&0'#$(1$'.#$#I20'#,$#%#2'"()$!),$.(%#$5!4#16)2'0()&$$

$RW$! #Z$! . XT$!),$C)$!$'03#90),#-#),#)'$-02'6"#<$2.(02#$(1$&-#20102$-.!&#&$"#&6%'$0)$!)$

!&+33#'"02$2.!"*#$,#)&0'+$,0&'"0/6'0()$'.!' $,#10)#&$!$,0-(%#$3(3#)'?$

$

$
6'05/2-!"$[2.#3!'02$(1$#%#2'"()$!),$.(%#$5!4#16)2'0()&$
6-()$#I20'!'0()$RQT<$!),$2(3-(&0'#$#I20'()$5!4#16)2'0()&$
0),02!'0)*$'.#$,0-(%#$,0"#2'0()$2!6&#,$/+$&6-#"-(&0'0()&$(1$
#%#2'"()$5!4#16)2'0()&$(1$,011#"#)'$-.!&#&$R\T?$
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C)$!$'03#9,#-#),#)'$-02'6"#<$'.# $,0-(%#$3(3#)'$Rµ) 0&$#&&#)'0!%%+$!)$(&20%%!'0()$(1$

2.!"*#$,#)&0'+$0),62#, $/+$!$'03#$,#-#),#)'$-#"'6"/!'0()$R'.#$#I20'!'0()T<$!),$

'.#"#1("#$2!""0#&$!$'03#$,#-#),#)2#$(1$'.#$1("3$µR'T]WµW^(&R" 'T<$5.#"#$_"  0&$'.#$/!),$

*!-$#)#"*+ ?$K0*6"#$8$R\T$0%%6&'"!'#&$'5( $#I20'()02$5!4#16)2'0()&$5.02.$"#-"#&#)'$

#)#"*#'02!%%+$#A604!%#)'$&6-#"-(&0'0()&$(1$W! . X$50'.$#%#2'"()02$5!4#16)2'0()&$'.!'$!"#$

(6'$(1$-.!&#$/+$#Y!<$R!$0&$'.#$!--"(-"0!'#$%!''02#$2()&'!)'$1("$'.#$#I20'#,$2."(3(-.("# $

&-#20#&T<$,#10)0)*$(--(&0'#%+$("0#)'#,$,0-(%#$3(3#)'&? $$@.#$-.!&#$(1$µ$0&$0""#%#4!)'$1("$

!$&0)*%#$,0-(%#<$/6'$'.#$"#%!'04#$-.!&#&$(1$2(6-%#,$,0-(%#&$03-!2'$(-'02!%$&#%#2'0()$"6%#&$

!&$'.#$'"!)&0'0()$,0-(%#$3(3#)'$0&$#).!)2#,$("$4!)0&.#&$,6#$'($2()&'"62'04#$("$

,#&'"62'04#$0)'#"1#"#)2#$(1$'.#$2.!"*#$,#)&0'+$(&20%%!'0()&?$$

$

!"7 $%&'(*+-8*59:'+0-)+4-;'<<5,'*+-

!"7"!-;'9*:2-&*59:'+0 -

`I20'()$2(6-%0)*$(1$0),040,6!%$2."(3(-.("#&$50'.0)$("*!)02$&#302(),62'0)*$3!'#"0!%&$

0&$'.#$3#2.!)0&3$#)!/%0)*$,0116&0()!%$3('0()?$̀!2.$2."(3(-.("#$.!&$!)$!&&(20!'#,$

,0-(%#$3(3#)'<$!),$(",#"#,$!""!)*#3#)'&$(1$2."(3(-.("#&$2!)$/#$6),#"&'((,$0)$'.#$

2()'#I'$(1$&03-%#$-#"'6"/!'0()$'.#("+$

3(,#%&$R&030%!"$'($Ea2B#%$@.#("+T<$0)$

5.02.$'.#$&'"#)*'.$(1$'.#$,0-(%#$

2(6-%0)*$0&$!$&#)&0'04#$16)2'0()$(1$/('. $

"#%!'04#$("0#)'!'0()$!),$0)'#"9

2."(3 (-.("#$,0&'!)2#?$K0*6"#$N$

$
6'05/2-#"$Q$-!0"$(1$2(6-%#,$,0-(%#&$
&#-!"!'#,$/+$"!,06&$="--
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,#-02'&$!$-!0"$(1$2(6-%#,$,0-(%#&$(1$!"/0'"!"+$"#%!'04#$("0#)'!'0()$&#-!"!'#,$/+$"!,06&$=<$

!),$#A6!'0()$8$#I-"#&&#&$'.#$#)#"*+$(1$'.#$0)'#"!2'0()$/#'5##)$'.#3?$$

!  

  

!  

VAB(R
"

) =
!  
µ A #

!  
µ B

R3 $
3(

!  
µ A #

!  
R )(

!  
µ B #

!  
R )

R5 $

D0'.0)$'.0&$N9,0-(%#$/!&0&<$bQ$!),$b\ $!"#$%0)#!"$,0-(%#&$&#-!"!'#,$/+$!$"!,06&$4#2'("$=<$

!),$c Q\ R=T$0&$'.#$2(""#2'0()$'($'.#$#)#"*+$(1$!$&0)*%#$,0-(%#$,6#$'($'.#$-"#&#)2#$(1$

!)('.#" ?$$Q&$cQ\$$$0&$!)!%(*(6&$'($!$Ea2B#%$("$'0*.'9/0),0)*$-!"!3#'#" <$0'&$3!*)0'6,#$

!),$&0*)$,#'#"30)# $'.#$#)#"*+$(",#"0)*$(1$2(6-%#,$,0-(%#$&'!'#&<$!),$'.#"#1("#$'.#$

(-'02!%$&#%#2'0()$"6%#&?$K0*6"#$O$&.(5&$!$&2.#3!'02$&.(50)*$'.#$-(&&0/%#$!""!)*#3#)'&$

1("$'.#$'5($%030'0)*$2!&#&$1("$,0-(%#$("0#)'!'0()d$1!2#9'( 91!2#$RQ<$\T$!),$.#!,$'($'!0%$R^<$

eT?$@.#$"#&6%'0)*$5!4#16)2'0()&$1("$'.#$2(6-%#,$#I20'()$&'!'#&$!"#$2.!"!2'#"0H#,$!&$

&+33#'"02$("$!)'0&+33#'"02$50'.$"#&-#2'$'($'"!)&%!'0()<$5.#)$'.#$2.!"*#$,#)&0'+$

(&20%%!'0()&$!"#$0)$!),$(6' $(1$-.!&#<$"#&-#2'04#%+?$C)$'.#$2!&#$(1$1!2#9'( 91!2#$2(6-%0)*<$

'.#$0))#"$-"(,62'$(1$µ$50'.$=$0&$H#"(<$!),$'.#$10"&'$'#"3$0)$'.#$#I-"#&&0()$,#'#"30)#&$

'.#$4!%6#$(1$cQ\ ?$@.#$0)'#"!2'0() $#)#"*+$0&$)#*!'04#$1("$'.#$!)'0-!"!%%#%$2(6-%0)*$2!&#$

RQT<$5.0%#$'.#$-!"!%%#%92(6-%#,$,0-(%#&$-"(,62#$!$-(&0'04#$$`<$3!B0)*$'.#$!)'0&+33#'"02$

!""!)*#3#)' $'.#$%(5#"$#)#"*+$&'!'#?$K("$'.#$.#!, 9'( 9'!0%$2!&#<$'.#$-!"!%%#%$

2()10*6"!'0()$2()&'0'6'#&$'.#$%(5#"$#)#"*+$&'!'#$5.#)$Wf W$0&$&3!%%$2(3-!"#,$'($WbQ?b/ W?$

>!?$

-
6'05/2-7"$K!2#$'($1!2#$RQ<$\T$!),$.#!,$'($'!0%$R^<$eT$2(6-%#,$,0-(%#$&2.#3!'02?$
$
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!"7"#-$%&'(*+-;'<<5,'*+$

\#2!6&#$'"!)&1#"$(1$#I20'!'0()&$/#'5##)$2(6-%#,$,0-(%#&$40!$0)2(.#"#)'$g.(--0)*h$0&$'.#$

3!G("$3#2.!)0&3$/+$5.02.$K"#)B#%$#I20'()&$,0116&#$50'.0)$("*!)02$&#302(),62'("&7M;<$

2."(3( -.("#$!%0*)3#)'$2"0'02!%%+$03-!2'&$'.#$'03#&2!%#&$!),$,0"#2'0()!%0'+$(1$.(--0)*$

#4#)'&?$^(.#"#)'$'"!)&-("'$(226"&$()%+$50'.0)$'.#$#%#2'"()02$-(%!"0H!'0()$-.!&#9

2(.#"#)2#$'03#$RiN>>$1&T$!),$0&$'.6&$0*)("#,$.#"#0)?$K0*6"#$:$&.(5&$!$"#-"#&#)'!'0()$(1$

!$&#302(),62'0)*$-(%+3#"$2.!0)$!&$!$&#"0#&$(1$2(6-%#,$2."(3(-.("#$&#*3#)'&?$Q1'#"$

-.('(#I20'!'0()<$# I20'()&$2!)$/#$'"!)&1#""#,$/#'5##)$&0'#&$40!$.(--0)* $!%()*$!),$

/#'5##)$2.!0)&$0)$!)$!**"#*!'#?$E(--0)* $0&$&030%!"$'($!$,0-(%#90),62#,$,0-(%#$

0)'#"!2'0() &$0)$K(6"0#"$f#&()!)2#$`)#"*+$@"!)&1#"$RKf`@T<$0)$5.02.$'.#$(&20%%!'0)*$

,0-(%#$3(3#)'$()$()#$2."(3(-.("#$0),62#&$!$-.!&# 9.!"3()02$(&20%%!'0()$0)$!$

)#0*./("0)*$,0-(%#<$'.#"#/+$'"!)&1#""0)*$'.#$#I20'!'0()?$$

$
6'05/2-@"$[2.#3!'02$(1$#I20'()$,0116&0()$40!$'"!)&1#"$(1$#I20'!'0()&$/#'5##)$
!,G!2#)'$2."(3(-.("#&$50'.0)$!),$/#'5##)$-(%+3#"$2.!0)&$0)$!$#9&'!2B?$

$
$
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C1$5#$2()&0,#"$,0116&0()$!%()*$!$&0)*%#$-(%+3#"$2.!0)$!&$!$&#"0#&$(1$0,#)'02!%$.(--0)*$

#4#)'&<$6),#"&'!),0)*$'.#$"#%!'0()&.0-$/#'5##)$'.#$&'"#)*'.$(1$'.#$,0-(%#$2(6-%0)*$!),$

'.#$.(--0)*$'03#$/#'5##)$2."(3(-.("#&$/#2(3#&$!$& '"!0*.'1("5!", $'03#9,#-#),#)'$

-#"'6"/!'0()$'.#("+$-"(/%#3?$ $`A6!'0()$N$"#-"#&#)'&$'.#$5!4#16)2'0() $#I-"#&&#,$!&$!$

&'!'#$4#2'("$0)$!$'5( 92."(3(-.("#$/!&0& $

!  

" (t) = {CA(t)Exp(#i$ At),CB (t)Exp(#i$ Bt)}, " (t = 0) = [1,0]$

5.#"#$WQ̂<\$R'TWN$!"#$'.#$-"(/!/0%0'0#&$(1$'.#$$#I20'()$"#&0,0)*$()$2."(3(-.("#$Q$!),$\<$

!),$_j Q<\$!"#$#!2.$#A6!%$'($'.#$/!),*!-$#)#"*+?$C1$5#$!&&63#$'.#$6&6!%$2(),0'0()$'.! '$

^ Q$,(#&)h'$2.!)*#$(4#"$'.#$2(6"&#$(1$!$&0)*%#$'03#$&'#-$'.#)$'.#$-"(/!/0%0'+$(1$'"!)&1#"$

0&$*04#)$/+$#A6!'0()$O?$

  

!  

Cb(t) =
i
!

VAB(t)Exp(" i(# A "
t =0

thop

$ # B)t)dt$

@.#$"#%!'0()&.0-$,#&2"0/#,$/+$#A6!'0()$O$/#2(3#&$#4#)$&03-%#"$01$5#$3!B#$'5($

"#!&()!/%#$!&&63-'0()&?$@.#$10"&'$0&$'.!'$0)$'.#$%030'$(1$5#!B$2(6-%0)*$R3#!)0)*$'.#$

3!*)0'6,#$(1$cQ\ $0&$&3!%%$2(3-!"#,$'($'.#$/!),*!-$#)#"*+T<$5#$2!)$0*)("#$'.#$'03#$

,#-#),#)2#$(1$cQ\$!), $0)&'#!,$"#-%!2#$cQ\$R'T$50'.$0'&$3!*)0'6,#$WcQ\$W<$!),$'.#$&#2(),$

0&$'.!'$&0'#&$Q$!),$\$!"#$0&(#)#"*#'02<R3#!)0)*$j Q]j \ T$!),$'.#$$#I-()#)'0!%$'#"3$0)$'.#$

0)'#*"!),$*(#&$'($8?$K0)!%%+<$#A6!'0()$:$,#&2"0/#&$'.#$-"(/!/0%0'+$(1$'"!)&1#""0)*$!)$

#I20'!'0()$1"(3$2."(3(-.("#&$Q$'($\$$

  

!  

PAB(t) = CB(t)
2

=
|VAB |

!
t

" 

# 
$ 

% 

& 
'  

2

$

>7?$

>#?$

>@?$
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@.#$#I20'!'0()$0&$&622#&&16%%+$'"!)&1#""#,$5.#)$'.#$-"(/!/0%0'+$,#&2"0/#,$/+$#A6!'0()$:$

0&$6)0'+$RkQ\ R'T]8T<$0)$5.02.$2!&#<$'.#$'"!)&0'0()<$("$.(--0)*<$'03#$'.(- $$0&$0)4#"&#%+$

-"(-("'0()!%$'($'.#$3!*)0'6,#$(1$c Q\$<$!&$#I-"#&&#,$/+$#A6!'0()$=?$

  

!  

thop =
!

VAB

$

$C)$'.0&$5!+<$'.#$3!*)0'6,#$(1$'.#$,0-(%#$2(6-%0)*$,02'!'#&$'.#$'03#&2!%#$1("$.(--0)*$

!), <$2()&#A6#)'%+<$'.#$#I20'() $,0116&0()?$@.#&#$.(--0)*$'03#&$2!)$/#$#I'"#3#%+$1!&'$0)$

2()G6*!'#,$-(%+3#"&$%0B#$-(%+$O9.#I+%'.0(-.#)#$RkOE@T<$1("$5.02.$(6"$2!%26%!'0()$

"#'6")&$.(--0)* $'03#&$(1$=98>$1#3'(&#2(),&$R2(""#&-(),0)*$'($WcQ\$W]P>9=>$3#cT?$

$

k!"'026%!"%+$0)$-(%+3#"$2.!0)$!&&#3/%0#&<$'.#$.(--0)*$'03#&$/#'5##)$%0)#!"%+$!),$

2(1!20!%%+92(6-%#,$,0-(%#&$0&$%0B#%+$'($(226"$!'$,011#"#)'$"!'#&?$@.0&$0&$,6#$0)$-!"'$'($1!2'$

'.!'$,011#"#)'$'#"3&$0)$'.#$,0-(%#$(-#"!'("$2()'"0/6'#$'($WcQ\$W$1("$'.#$,011#"#)'$

!""!)*#3#)'&<$!),$0)$-!"'$'($'.#$,011#"#)2#$0)$'.#$3!*)0'6,#$(1$'.#$"!,06&$4#2'("$=-

/#'5##)$2."(3(-.("#&$()$'.#$&!3#$4#"&6&$,011#"#)'$2.!0)&78l<$N><$NL;?$$C)$&+&'#3&$

'.!'$!"#$2(3-(&# ,$(1$/('.$2(%%0)#!"%+9$!),$2(1!20!%%+92(6-%#,$2."(3(-.("#&<$'.#$'5( 9

,03#)&0()!%$,0116&0()$"!'#$50%%$/#$,02'!'#,$/+$2(3/0)!'0() $(1$'.#$0),040,6!%$.(--0)*$

-"(/!/0%0'0#&?$@.#("#'02!%%+<$/+$3!)0-6%!'0)*$4!"0!/%#&$%0B#$#9&'!2B$,0&'!)2#&<$

2."(3(-.("#$!%0*)3#)'&< $!),$2.!0)$-%!)!"0'+<$'.#$.(--0)*$'03#&$0)$#!2.$,0"#2'0()$

2(6%,$/#$(-'030H#,$'($-"(,62#$!,4!)'!*#(6&$,0116&0()$2(),0'0()&7P<$NM;?$$$

$

$

$

>A?$
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!"7"7-192&(/*,&*9B-*<-&*59:24-4'9*:2,-

@.#$2(6-%#,$2(3/0)!'0()&$(1$,0-(%#&$50'.$,011#"#)'$3!*)0'6,#&$!),$,0"#2'0()&$.!4#$

,0&'0)2'$&-#2'"(&2(-02$&0*)!'6"#&<$5.02.$2!)$/#$6&#,$'($,#'#"30)#$2."(3(-.("#$

!%0*)3#)'$0)$&#302(),62'("$)!)(&'"62'6"#&78>;?$K0*6"#$=$&.(5&$!)$#%#2'"()02$&'!'#$

&2.#3!'02$1("$'.#$1!2#9'( 91!2#$("$E9!* *"#*!'#$!),$.#!, 9'( 9'!0%$("$m9!**"#*!'#$2(6-%#,$

,0-(%#$2()10*6"!'0()&?$@.#$-!"!%%#%$!),$!)'0-!"!%%#%$,0-(%#$2(6-%0)*$2()10*6"!'0()&$

2()&'0'6'#$'.#$.0*.$!),$%(5$#)#"*+$%030'&$(1$'.#0"$"#&-#2'04#$/!),&$R50'.$/!),50,'.$

D]NWcQ\ W<$50'.$'.#$&0)*%#<$6)2(6-%#,$,0-(%#$#%#2'"()02$&'!'#$%(2!'#,$2#)'"!%%+$()$'.#$

#)#"*+$&2!%#$RcQ\ ]>T78>;?$@.#$3!*)0'6,#$(1$'.#$2(6-%0)*$RWcQ\ WT$,#'#"30)#&$'.#$50,'.$(1$

'.#$/!),<$!),$'.#$,0-(%#&$!"#$2()&0,#"#,$g5#!B%+$2(6-%#,h$01$WcQ\ W$0&$&3!%%$2(3-!"#,$'($

$
6'05/2-A"$['!'#$,0!*"!3$1("$2(6-%#,$,0-(%#&$0)$2(1!20!%$E9!**"#*!'#$!),$%0)#!"$m9
!**"#*!'#$!""!)*#3#)'?$@.#$/%6#$!),$"#,$!""(5&$"#&-#2'04#%+$0),02!'#$!%%(5#,$
!/&("-'0()$!),$#30&&0()$'"!)&0'0()&$/#'5##)$'.#$*"(6),$RW)]>XT$!),$10"&'$#I20'#,$
&'!'#$RW)]8XT<$50'.$'.#$!""(5$%0)#50,'.$0),02!'0)*$'.#$"#%!'04#$(&20%%!'("$&'"#)*'.$
1("$#30&&0()$'"!)&0'0()&?$$
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'.#$/!),*!-$#)# "*+<$!),$g&'"()*%+$2(6-%#,h$01$2(3-!"!/%#$0)$#)#"*+7l<$L<$O>;?$C1$WcQ\ W$0&$

()$'.#$(",#"$(1$'.#$40/"!'0()!%$&-!20)*<$'.#)$'.#$40/"()02$&'"62'6"#$()$'.#$&-#2'"63$50%%$

)('$/#$,0&2#")!/%#<$5.02.$0&$'.#$2!&#$1("$&'"()*%+$2(6-%#,$E9!**"#*!'#&?$$

$

D0'.0)$'.#$5#!B%+$2(6-%#,$"#*03#$RWcQ\$Wnn$ \̀!),*!-T <$!)'020-!'#,$'($/#$'+-02!%$1("$3(&'$

("*!)02$&#302(),62'0)*$)!)(&'"62'6"#&$#I0&'<$'.#$40/"()02$&'"62'6"#$&6-#"03-(&#,$()$

'.#$!/&("-'0()$!),$#30&&0()$&-#2'"!$2!""+$,#'!0%#,$&'"62'6"!%$0)1("3!'0()$!/(6'$'.#$

2())#2'040'+$(1$2."(3(-.("#&$0)$'.#&#$3!'#"0!%&?$$@.#$/%6#$!),$"#,$4#"'02!%$!""(5&$0)$

'.#$10*6"#$=$&2.#3!'02$"#-"#&#)'$(-'02!%%+$!%%(5#,$40/"()02$!/&("-'0()$!),$#30&&0()$

'"!)&0'0()&$/#'5##)$'.#$#%#2'"()02$*"(6),$&'!'#$W)]>X$!),$10"&'$#I20'#,$&'!'#$

W)]8<4]><8X<$!),$'.#0"$%0)#50,'.&$"#-"#&#)'$'.#$"#%!'04#$(&20%%!'("$&'"#)*'.&$(1$'.#$

#30&&0()$'"!)&0'0()&?$Q/&("-'0()$0&$!%%(5#,$1("$'.#$*"(6),$&'!'#$'($'.#$)(,#%#&&$#I20'#,$

&'!'#<$5.02.$0&$!'$'.#$'(-$(1$'.#$/!),$1("$E9!**"#*!'#&$R2(1!20!%%+$2(6-%#,T$!),$()$'.#$

/(''(3$1("$m9!**"#*!'#&$R%0)#!"%+$2(6-%#,T?$K("$m9!**"#*!'#&<$#30&&0()$1"(3$'.#$

/(''(3$(1$'.#$/!),$0&$&'"()*%+$!%%(5#,<$!),$'.#$-.!&#93!'2.#,$,0-(%#$!%0*)3#)'&$%#!,$

' ($2(.#"#)'$&6-#"$"!,0!)' $#11#2'&$R&(3#'03#&$2!%%#,$!3-%010#,$&-()'!)#(6&$#30&&0()$("$

Q[`T7M;?$$^()&#A6#)'%+<$m9!**"#*!'#&$!"#$&'"()*%+$#30&&04#$&-#20#&$!),$.!4#$#).!)2#,$

"!,0!'04#$,#2!+$"!'#&$R&.("'#"$%01#'03#&T?$@.#$>9>$'"!)&0'0()$0)$m9!**"#*!'#&$0&$"#&()!)'<$

!),$&'(B#&$&.01'&$1("$m9!**"#*!'#&$2()&#A6#)'%+$&3!%%?$$

$
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C)$&'!"B$2()'"!&'<$E9!**"#*!'#&$!"#$4#"+$5#!B$#30''#"&?$@.0&$0&$,6#$'($'.#$1!2'$'.!'$

!/&("-'0() $(226"&$'($'.#$'(-$(1$'.#$40/"()02$/!),<$!),$36&'$&6/&#A6#)'%+$'.#"3!%0H#$'($

'.#$/(''(3$/#1("#$#30&&0()$2!)$(226"<$0)$!22(",!)2#$50'.$o!&.!h&$"6%#7O8;?$@.#$

'.#"3!%0H!'0()$-"(2#&&$0&$1!&'<$.(5#4#"$'.#$'"!)&0'0()$,0-(%#$3(3#)'$1("$'.0&$&'!'#$

4!)0&.#&$/#2!6&#$(1$2(3-%#'#$,#&'"62'04#$0)'#"1#"#)2#$(1$'.#$(6'9(19-.!&#$2(6-%#,$

,0-(%#&<$!),$'.#$>9>$'"!)&0'0()$0&$2(3-%#'#%+$,!"B$1("$-#"1#2'$E9!**"#*!'#&?$E0*.9

'#3-#"!'6"#$#11#2'&$!),$&'"62'6"!%$,0&(",#"$50%%$"#%!I$'.#&#$2()&'"!0)'&$'($!)$#I'#)' <$

.(5#4#"$'.#$!&&(20!'#,$%01#'03#$'#),$'($/#$!)$(",#"$(1$3!*)0'6,#$%()*#"$!'$%#!&'$'.!)$

'.#0"$m9!**"#*!' #$2(6)'#"-!"'&<$!),$A6!)'63$+0#%,&$!"#$'+-02!%%+$4#"+$%(5?$@.#$.0*.#"$

(",#"$40/"()02$"#-%02!&$R>98<$>9N<$#'2T$!"#$5#!B%+$#30&&04#<$(50)*$0)$-!"'$'($%!''02#$

,0&'("'0()&$!),$-.()()$2(6-%0)* 7ON;?$$

$

$̀I-#"03#)'!%%+<$E$!),$m$!**"#*!'#&$!"#$'+-02!%%+$0,#)'010#,$/+$'.#0"$&-#2'"!%$

2.!"!2'#"0&'02&?$K0*6"#$l <$5.02.$0&$/(""(5#,$1"(3$f #1#"#)2#$7M;<$&.(5&$'.#$&036%!'#,$

!/&("-'0()$R/%6#T$!),$#30&&0()$R"#,T$&-#2'"!$1("$'.#("#'02!%$E9!),$m9!**"#*!'#&?$

[-#2'"(&2(-02!%%+<$E9!**"#*!'#&$!"#$0,#)' 010!/%#$/+$>9>Y>98$40/"()02$-#!B$0)'#)&0'+$

$
6'05/2-C"$[036%!'#,$E9$!),$m9!**"#*!'#$!/&("-'0()$R/%6#T$!),$#30&&0()$R"#,T$&-#2'"!$1"(3$
K?^?$[-!)(?7M;$
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"!'0(&$'.!'$!"#$362.$%#&&$'.!)$8$0)$/('.$!/&("-'0()$!),$#30&&0()?$K("$!$-#"1#2'%+$2(1!20!%$

E9!**"#*!'#<$'.0&$"!'0($5(6%,$/#$#I!2'%+$><$!&$'.#$>9>$'"!)&0'0()$0&$,0&!%%(5#,?$C)$m9

!**"#*!'#&<$'.#$!)!%(*(6&$0)'#)&0'+$"!'0(&$!"#$362.$%!"*#"$'.!)$8?$S!)+$'."##$

,03#)&0()!%$)!)(&'"62'6"#&$.!4#$/('.$.#!, 9'( 9'!0%$!),$1!2#9'( 91!2#$2(6-%0)*$

3#2.!)0&3&<$!),$!"#$'.6&$2()&0,#"#,$'($/#$.+/"0,$Em9!**"#*!'#&?$C)$Em9!**"#*!'#&<$

'.#$2.!"!2'#"0H!'0()&$!"#$3!,#$!22(",0)*$'($'.#$,(30)!)' $2(6-%0)*$3#2.!)0&3<$!),$

50%%$/#$"#1#""#,$'($!&$gE9'+-#h$("$gm9'+-#h$5.#)$#I.0/0'0)*$&-#2'"!%$0)'#)&0'+$"!'0(&$C>9>YC>98$

%#&&$("$3("#$'.!)$8?$@.#0"$&-#2'"!$(1'#)$2()'!0)$E9'+-#$!),$m9'+-#$6),#"%+0)*$

2(3-()#)'&<$50'.$("0*0)$#)#"*0#&$'.!'$!"#$(11&#'$/+$!--"(I03!'#%+$'.#$1"##$#I20'()$

/!),50,'.$RDT?$$

$

$

K0*6"#$P$&.(5&$!$&#"0#&$(1$#I-#"03#)'!%%+$3#!&6"#,$/6%B<$&6&-#)&0()9-.!&#$!/&("-'0()$

!),$&0)*%#$)!)(10/#"<$&(%0,9&'!'# $#30&&0()$&-#2'"!$"#-"#&#)'!'04#$(1$)!)(10/#"&$3!,#$

1"(3$kOE@$3(%#26%!"$5#0*.'&$"!)*0)*$1"(3$8>$'($l=$Be!7OO;?$@.#$40/"()02$&'"62'6"#$()$

'.#$!/&("-'0()$!),$#30&&0()$&-#2'"!$!"#$2%#!"<$!),$!%%(5$1("$!226"!'#$0,#)'0102!'0()$(1$

-
6'05/2-D"$`I-#"03#)' !%$[6&-#)&0()9-.!&#$!/&("-'0()$&-#2'"!$!),$&0)*%#$)!)(10/#"$
#30&&0()$&-#2'"!$1("$kOE@$)!)(10/#"&$1("3#,$1"(3$,011#"#)'$-(%+3#"$3(%#26%!"$5#0*.'&$
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'.#$,(30)!)'$2(6-%0)*$,0"#2'0()$50'.0)$'.#$)!)(10/#"?$@.#$&-#2'"63<$/#0)*$4#"+$

&#)&0'04#$'($*"(&&$&'"62'6"!%$2.!)*#&<$.!&$%()*$/##)$'.#$&'!),!",$(1$2.!"!2'#"0H!'0()$1("$

("*!)02$)! )(&'"62'6"#,$3!'#"0!%&78M<$O:<$O=;?$E(5#4#"<$!&$!$'03#9$!),$(1'#)$

("0#)'!'0()!%%+9$!4#"!*#,$3#!&6"#3#)'< $%!2B&$'.#$!/0%0'+$'($,0"#2'%+$0)'#""(*!'#$'.#$

#11#2'&$(1$'.(&#$&'"62'6"!%$2.!)*#&$()$'.#$3(4#3#)'$(1$#I20'()&$!),$2.!"*#$2!""0#"&$

'."(6*.$'.#$3!'#"0!% ?$@.#$#I-#"03#)'&$,#&2"0/#,$0)$'.#$)#I'$&#2'0()$!"#$,#&0*)#,$'($

-"(40,#$2(3-%03#)'!"+$0)1("3!'0()$'($'.#$&'"62'6"!%$0)1("3!'0()$!4!0%!/%#$1"(3$

5!4#%#)*'.$"#&(%4#,$&-#2'"(&2(-+?$$
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$
^EQk@`f$N$

`pk`fCS`q@QU$

-

#"!-E'32 FE)0024-E'32F=2,*:G24-HI*(*:53'+2,&2+&2 -

@.#$#I-#"03#)'!%$5("B$,0&26&&#,$50'.0)$'.0&$,0&&#"'!'0()$5!&$2(),62'#,$6&0)*$!$

2(3-%#3#)'!"+$&60'#$(1$-.('(%630)#&2#)2#$03!*0)*$'((%&<$0)2%6,0)*$5!4#%#)*'.9

"#&(%4#,$!/&("-'0()$!),$#30&&0()$&-#2'"(&2(-+<$'03#9'!**#, 9'03#9$"#&(%4#,$R@O"T$&0)*%#$

-.('()$2(6)'0)*< $!&$5#%%$!&$@"!)&30&&0()$`%#2'"()$[-#2'"(&2(-+$R@`ST<$!),$Q'(302$

K("2#$S02"(&2(-+$RQKST?$[0)2#$'.#$!1("#3#)'0()#,$'#2.)0A6#&$!"#$!%%$#3-%(+#,$50'.0)$

'.#0"$&'!),!",$(-#"!'0)*$-"(2#,6"#&<$'.0&$&#2'0()$50%%$1(26&$()$'03#9!),$-(%!"0H!'0()9

"#&(%4#,$&0)*%#$-.('()$2(6)'0)*$!&$!$-"(/#$(1$,0"#2'0()!%$2(6-%0)*$0)$0&(%!'#,$(",#"#,$

)!)(&'"62'6"#& ?$$

$

K0*6"#$L$&.(5&$!$

&2.#3!'02$(1$'.#$'03#9!),$

-(%!"0H!'0()$"#&(%4#,$

&0)*%#$-.('()$2(6)'0)*$

#I-#"03#)'!%$&#'6-?$

U0)#!"%+$-(%!"0H#,<$

-02(&#2(),$-6%&#,$,0(,#$

%!&#"$#I20'!'0()<$$
6'05/2-J"$@03#$!),$-(%!"0H!'0()$"#&(%4#,$&0)*%#$-.('()$
2(6)'0)* $#I-#"03#)'!%$&#'6-?$$
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2()10*6"#,$1("$#-090%%630)!'0()$0&$,0"#2'#,$40!$!$,02."(02$30""("$!),$1(26&#,$()'($'.#$

&!3-%#$-%!0)$'.(6*.$!$.0*.$)63#"02!%$!-#"'6"#$R8?:$qQT$(0%$(/G#2'04#?$K%6("#&2#)2#$1"(3$

'.#$&!3-%#$5!&$2(%%#2'#,$'.(6*.$'.#$&!3#$(/G#2'04#$!),$-!&&#&$'."(6*.$!$%()*$-!&&$

10%'#"$R'($#%030)!'#$&2!''#"#,$%!&#"$%0*.'T$!),$!$3('("0H#,$1%0-$30""("$,0"#2'&$'.#$(-'02!%$

&0*)!%$#0'.#"$'($!$^^e$2!3#"!$("$'($'.#$-.('()$2(6)'0)*$,#'#2'0()$'"!0)?$@.#$-.('() 9

2(6)'0)*$6)0'$0&$2(3-(&#,$(1$!$)#6'"!%$=>Y=>$/#!3$&-%0''#"$!),$'5($Q4!%!)2.#$

k.('(,0(,# $RQkeT$,#'#2'("&$&#'$6-$0)$'.#$E!)/6"+9\"(5) 9@50&&$2()10*6"!'0()?$Q$.0*.$

10,#%0'+$%0)#!"$-(%!"0H!'0()$&#%#2'("$(-'02$R%0)#!"$!)!%+H#"T$0&$-%!2#,$!1'#"$'.#$/#!3$&%0''#"$

!),$0)$1"()'$(1$#!2.$Qke?$K("$'.0&$-!"'026%!"$#I-#"03#)'<$'.#$1!&'$!I#&$(1$'.#$%0)#!"$

!)!%+H#"&$.!4#$/##)$!%0*)#,$&($'.!'$-#"-#),026%!"$-(%!"0H!'0()$2(3-()#)'&$(1$'.#$

#30''#,$%0*.'$!"#$2(%%#2'#,$0)$#!2.$2.!))#%?$@.#$,#'#2'0()$(-'02&$!"#$2(%%0)#!"$50'.$'.#$

&!3-%#$-%!)#$I$!),$+$!I#&<$!),$-!"!%%#%$RcT$!),$-#"-#),026%!"$RET$'($'.#$#I20'!'0()$

$
6'05/2-K"$@O"$!),$'."##$&'#-&$'($2!%26%!'#$'.#$-(%!"0H!'0()$2()'"!&'$-!"!3#'#"$SR'"#%T?$
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-(%!"0H!'0()$"#&-#2'04#%+?$$@.#$(6'-6'$&0*)!%&$1"(3$#!2.$(1$'.#$-(%!"0H!'0()9&#%#2'#,$

Qke$'"!0)&$!"#$2())#2'#,$40!$!$&0*)!%$"(6'#"$'($!$@^[k^$3(,6%#$Rk02(r6!)'$

k02(E!"-O>>T$"6))0)*$0)$@03#9@!**#, 9@03#9f#&(%4#,$R@O"T$3(,#?$$

$

@O"$0&$!$@^[k^$9("$'03#$2(""#%!'#,$&0)*%#$-.('()$2(6)'0)* 9$3#'.(,$'.!'$-"(40,#&$10)#$

'030)*$0)1("3!'0()$()$'5($,011#"#)'$'03#&2!%#&$'($-"(40,#$3!I03!%$1%#I0/0%0'+$0)$,!'!$

!)!%+&0&?$K0*6"#$M$&.(5&$!$&2.#3!'02$(1$'.#$3#2.!)02&$(1$@O"$R'(-T$!),$!)$0%%6&'"!'0()$(1$

'.#$"#A60"#,$&'#-&$'($2!%26%!'#$'.#$-(%!"0H!'0()$2()'"!&'$-!"!3#'#"?$$C)$@O"$#I-#"03#)'&<$

'.#$&!3-%#$0&$#I20'#,$/+$!$2()'0)6(6&$'"!0)$(1$&.("'$%0*.'$-6%&#&$R-6%&#$50,'.$!"(6),$8=$

-&T$1"(3$'.#$-6%&#,$,0(,#$%!&#"$50'.$!$'6)!/%#$"#-#'0'0()$"!'#?$C'$0&$03-("'!)'$'.!'$'.#$

'03#$/#'5##)$#I20'!'0()$-6%&#&$R'.#$0)4#"&#$(1$'.#$%!&#"$"#-#'0'0()$"!'#T$0&$*"#!'#"$'.!)$

("$#A6!%$'($'.#$:$'03#&$'.#$1%6("#&2#)2#$%01#'03#$(1$'.#$&!3-%#?$`!2.$#30''#,$-.('()$0&$

g'!**#,h$50'.$'5($,0&'0)2'$'03#$'!*&d$!$*%(/!%$("$!/&(%6'#$'03#$"#*0&'#"#,$'($'.#$&'!"'$(1$

'.#$#I-#" 03#)'<$!),$!$%(2!%$("$"#%!'04#$'03#$"#*0&'#"#,$'($'.#$3(&'$"#2#)'$%!&#"$-6%&#?$

[0)2#$'.#$-.('()&$.!4#$!%"#!,+$/##)$&("'#,$!22(",0)*$'($-(%!"0H!'0()<$#!2.$-.('()$!%&($

2!""0#&$!$WcX$("$WEX$-(%!"0H!'0()$g'!*h$0)$'.#$1("3$(1$!$,#'#2'("$2.!))#%?$Q$.0&'(*"!3$(1$

'.#$*%(/!%$'03#&$0)$/('.$-(%!"0H!'0()$2.!))#%&$50%%$-"(,62#$!$-!0"$(1$0)'#)&0'+$R2(6)'&$

-#"$&#2(),T$'"!G#2'("0#&$%0B#$'.#$()#&$&.(5)$0)$&'#-$8$(1$10*6"#$M?$$

$

-

-

-
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#"#-EI2-E'32 F=2,*:G24-H*:)/'L)('*+-8*+(/),(-H)/)32(2/ -

Q)+$!"/0'"!"+$&#2'0()$(1$'.#$0)'#)&0'+$'"!G#2'("+$2!)$'.#)$/#$/0))#,$/+$%(2!%<$("$"#%!'04#<$

'03#$'($-"(,62#$'.#$1%6("#&2#)2#$%01#'03#$,#2!+&$&.(5)$0)$&'#-$N?$$`I-()#)'0!%$10'&$'($

'.#$!""04!%$'03#$.0&'(*"!3&$+0#%,$1%6("#&2#)2#$%01#'03#&?$$

!  

m(" n) =
NH (" n) # NV (" n)
NH (" n) + NV (" n) $

$

@.#$-(%!"0H!'0()$2()'"!&'$-!"!3#'#"$!'$!)+$'03#$R%) $]$'.#$)'.$'03#$/0)T$!1'#"$'.#$%!&#"$

-6%&#$0&$*04#)$/+$#A6!'0()$l <$!),$'.#$"#&(%6'0()$(1$'.#$'03#9"#&(%4#,$-(%!"0H!'0()$

2()'"!&'$-!"!3#'#"$RSR%TT$0&$%030'#,$()%+$/+$'.#$"#&(%6'0()$(1$'.#$'03#9'( 9,0*0'!%$

2()4#"'#"$R!/(6'$:$-&T?$D0'.0)$(6"$#I-#"03#)'!%$2()4#)'0()<$-(&0'04#$4!%6#&$(1$S$

2(""#&-(),$'($#30&&0()$#4#)'&$-"#1#"#)'0!%%+$-(%!"0H#,$-!"!%%#%$'($'.#$#I20'!'0()$

-(%!"0H!'0()<$!),$)#*!'04#$4!%6#&$(1$S$2(""#&-(),$'($'"!)&4#"&#$-(%!"0H#,$#30&&0()$

#4#)'&?$@.#$%030'0)*$4!%6#&$(1$S$!"#$sY9$8<$2(""#&-(),0)*$'($#30&&0()$-(%!"0H#,$

#I2%6&04#%+$0)$'.#$-!"!%%#%$("$'"!)&4#"&#$,0"#2'0()&$"#&-#2'04#%+?$K("$&'!'02$%0)#!"%+$

-(%!"0H#,$#30&&0()<$'.#$4!%6#$(1$S$50%%$/#$*04#)$/+$(̂&RN&T<$5.#"#$&$0&$'.#$!)*%#$(1$'.#$

%0)#!"$-(%!"0H!'0()$4#2'("$50'.$'.#$&!3-%#$-%!)#$t$!I0&<$!),$50%%$/#$0),#-#),#)'$(1$'03#?$

@.#$'03#$#4(%6'0()$(1$SR%T$0&$0),02!'04#$(1$,0116&0()$#4#)'&<$!),$50%%$/#$,0&26&&#,$0)$

,#'!0%$0)$'.#$)#I'$&#2'0()?$$

$

RlT$
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$
^EQk@`f$O$

f`[VU@[$Qqe$eC[^V[[CJq $

-

7"!-M)(2/'):-H:)(<*/3, -

C)$(",#"$'($,#&0*)$3("#$#11020#)'$-.('(!2'04#$3!'#"0!%&<$5#$)##,$'($6),#"&'!),$'.#$

,0"#2'0()9,#-#),#)'$,0116&0()$(1$#I20'()&$!),$-(%!"()&$'."(6*.$2(6-%#,$,0-(%#$

&+&'#3&?$@.0&$'!&B$"#A60"#&$3!'#"0!%$-%!'1("3&$'.!'$!11(",$&#-!"!'#$!22#&&$'($,011#"#)'$

,0-(%#$2(6-%0)*$3#2.!)0&3&<$!&$5#%%$!&$,#'#2'!/%#$0)1("3!'0()$!/(6'$'.#$"#%#4!)'$

("0#)'!'0()&$(1$'.#&#$2(6-%0)*&$50'.0)$'.#$3!'#"0!%$40!$-.('(%630)#&2#)2#$03!*0)*?$

C,#!%$3!'#"0!%$-%!'1("3&$.!4#$B)(5)$2"+&'!%$&'"62'6"#&<$%!"*#$!&-#2'$"!'0(&<$.0*.%+$

1%6("#&2#)2#$A6!)'63$+0#%,&<$!),$40/"()02!%%+$&'"62'6"#,$!/&("-'0()$!),$#30&&0()$

&-#2'"!?$K("$'.#$&'6,0#&$,0&26&&#,$.#"#<$5#$2()&0,#"#,$'5($0,#!%$3!'#"0!%$-%!'1("3&$

50'.$'.#&#$-"(-#"'0#&d$-(%+$O9.#I+%'.0(-.#)#$RkOE@T<$!$-(%+3#"$5.(&#$0)'#"$!),$0)'"!$

2.!0)$2(6-%0)*$2!)$/#$'6)#,<$!),$'#'"!!H!'#""+%#)#$R@Q@T$5.(&#$2(6-%0)*$3#2.!)02&$

!"#$("0#)'!'0()$&-#20102?$$

-

7"!"!-H*:BF7FI2%B:-(I'*9I2+2 $>97NE?-+)+*<'O2/,$

kOE@$0&$!$-(-6%!"$&#302(),62'0)*$-(%+3#"$1("$("*!)02$-.('(4(%'!02$!--%02!'0()&$

/#2!6&#$(1$0'&$"#%!'04#%+$.0*.$.(%#$3(/0%0'0#&7O<$Ol<$OP;<$!),$!)$0,#!%$3!'#"0!%$1("$(6"$

&'6,0#&$/#2!6&#$0'$"#!,0%+$6),#"*(#&$&(%6'0()9-.!&#$&#%19!&&#3/%+$0)'($2"+&'!%%0)#$

)!)(50"#& 7O<$N><$O><$O:<$O=<$OL;?$K0*6"#$8>$&.(5&$!$,0!*"!3$(1$'.#$0)'#")!%$&'"62'6"#$(1$

'.#&#$)!)(10/#"&<$5.02.$0&$B)(5)$,6#$'($#I'#)&04#$&'6,0#&$0)2%6,0)*$I9"!+$
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2"+&'!%%(*"!-.+7O=;?$

k(%+3#"$2.!0)&$!&&#3/%#$

40!$&0,#92.!0)$0)'#"!2'0()&$

0)'($%!3#%%!#<$!),$

&6/&#A6#)'%+$40!$4!)$,#"$

D !!%&$0)'#"!2'0()&$'($1("3$

302"()&$%()*$#9&'!2B&?$@.#$,0-(%#$2(6-%0)*$0)$)!)(10/#"&$0&$#),9'( 9#),$!%()*$'.#$50,'.$

(1$'.#$)!)(10/#"$R0)'"!92.!0)T<$!),$1!2#9'( 91!2#$!2"(&&$'.#$#9&'!2B$R0)'#"92.!0)T7l<$Nl<$

OM;?$@.#$-"#&#)2#$(1$/('.$2(6-%0)*$3#2.!)0&3&<$!),$'.#$1!2'$'.!'$'.#+$(226"$!%()*$

("'.(*()!%$2"+&'!%%(*"!-.02$!I#&$3!B#&$'.#$kOE@$)!)(10/#"$!)$0,#!$3(,#%$&+&'#3$1("$

&'6,+0)*$,0"#2'0()!%$2(6-%0)*$0)$&#302(),62'0)*$-(%+3#"&?$$

-

7"!"#-E2(/))L)(2//B:2+2-&/B,():, -

@.#$10#%,&$(1$("*!)02$-.('(4(%'!02$!),$(-'(#%#2'"()02$"#&#!"2.$!"#$"#2#)'%+$"#2(*)0H0)*$

&3!%%$ 3(%#26%#&$ !&$ -"(30&0)*$ -"(&-#2'&$ 1("$ !2'04#$ %!+#"$ 2(3-()#)'&$ (1$ .0*.$

-#"1("3 !)2#$ 3!'#"0!%&?$ [3!%%$ 3(%#26%#&$ .!4#$ -"(4#,$ '($ /#$ !,4!)'!*#(6&$ 1("$ &62.$

!--%02!'0()&<$ 0)$ -!"'$ ,6#$ '($ '.#0"$ !/0%0'+$ '($ /"0,*#$ '.#$ *!-$ /#'5##)$ &#3092"+&'!%%0)#$

-(%+3#"02$3!'#"0!%&$!),$!'(302!%%+$2())#2'#,$0)("*!)02&?$V)%0B#$3(&'$-(%+3#"&<$&3!%%$

3(%#26%#&$ #!&0%+$ !&&#3/%#$ '.#3&#%4#&$ 0)'($ "(/6&'<$ .0*.%+$ (",#"#, $ 2"+&'!%%0)#$ !""!+&<$

5.02.$ 2!)$ "!)*#$ 0)$ &0H#$ 1"(3$ '.#$ )!)($ '($ 3!2"(&2(-02$ &2!%#&?$ K6"'.#"3("#<$ 0)'#"9

2."(3(-.("#$0)'#"!2'0()&$0)$&3!%%$3(%#26%#$!&&#3/%0#&$!"#$2()&0,#"!/%+$&'"()*#"$'.!)$

$
6'05/2-!P"$Q$&'"62'6"!%$"#-"#&#)'!'0()$(1$!$-O.'$
)!)(10/#"$!),$&(%4!'#,$2.!0)?$
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'+-02!%$ 0)'#"92.!0) $ 0)'#"!2'0()&$ &##)$ 0)$ &#3092(),62'0)*$ -(%+3#"&7:>;<$ 5.02.$ 3!+$

1!20%0'!'#$(-'(#%#2'"()02!%%+$"#%#4!)'$-"(2#&&#&$%0B#$2.!"*#$'"!)&-("'?$$

$

f+%#)#$,+#&$0)$-!"'026%!"$.!4#$*!")#"#,$2()&0,#"!/%#$!''#)'0()$/#2!6&#$'.#+$.!4#$/##)$

&.(5)$'($/#$&'!/%#$!),$#!&0%+$!,!-'!/%#$/60%,0)*$/%(2B&$1("$3!'#"0!%&$50'.$!$50,#$"!)*#$

(1$16)2'0()!%0'0#&7:89=N;?$`I'#)&04#$&'6,0#&$()$&#4#"!%$3#3/#"&$(1$'.#$"+%#)#$,+#$1!30%+$

.!4#$%!0,$'.#$*"(6),5("B$1("$6),#"&'!),0)*$'.#$#11#2'&$(1$"0)*9&+&'#3$&0H#7:=<$=O9==;<$

,#"04!'040H!'0()<$ &6/&'0'6'0()<$ %(59%#4#%$ -!2B0)*7:N;<$ !),$ 2."(3(-.("#$ !%0*)3#)'$ ()$

'.#$ #%#2'"()02$ &'"62'6"#$ (1$ "+%#)#$ ,+#&<$ !),$ '.#$ 3#'.(,&$ 1("$ ("*!)0H0)*$ '.#&#$ &3!%%$

3(%#26%#&$0)'($(",#"#,$!&&#3/%0#&$.!4#$!%&($/##)$5#%%$,#3()&'"!'#,78:<$=l;?$S62.$(1$

5.! '$5#$B)(5$!/(6'$2."(3(-.("#$2(6-%0)*$0)$"+%#)#$,+#&$.!&$&'#33#,$1"(3$&'6,0#&$

(1$'.#$keC$!/&("-'0()$&-#2'"63Z$6)1("'6)!'#%+$'.#$-.('(%630)#&2#)2#$1"(3$2"+&'!%%0)#$

!&&#3/%0#&$(1$keC$0&$,(30)!'#,$/+$#I203#"$#30&&0()<$%#!,0)*$'($/"(!,/!),$&-#2'"!$50'.$

)($"#&(%4!/%#$40/"()02$1#!'6"#&?$$

$

@#'"!!H!'#""+%#)#$R@Q@T<$()#$(1$'.#$

)#5#&'$"+%#)#$,+#$,#"04!'04#&7=P;<$

-"#&#)'&$!)$#I2#-'0()!%$(--("'6)0'+$'($

&'6,+$'.#$,#%02!'#$/!%!)2#$/#'5##)$E$!),$

m$'+-#$2(6-%0)*$3#2.!)0&3&$!),$.(5$

'.#&#$3#2.!)0&3&$!"#$!11#2'#,$/+$

!&&#3/%+$(1$&0)*%#$3(%#26%#&$0)'($3!)+9302"()$%()*$2"+&'!%&<$,6#$0)$%!"*#$-!"'$'($'.#$

$
6'05/2-!!" $[2.#3!'02$(1$@Q@$2"+&'!%$
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1!2'$'.!'$40/"()02$&-#2'"!%$&'"62'6"#$0&$-"#&#"4#,$0)$2"+&'!%%0)#$!**"#*!'#&7:><$=l;?$@.#$

2"+&'!%$&'"62'6"#$(1$@Q@$0&$B)(5) 7=l<$=P;<$!),$'.#$2"+&'!%%(*"!-.02$!I#&$2!)$#!&0%+$/#$

0,#)'010#,$50'.$0)9&0'6$#I20'!'0()$!)0&('"(-+$3#!&6"#3#)'&?$$K0*6"#$88$&.(5&$!$

&'"62'6"!%$"#-"#&#)'!'0()$ (1$'.#$@Q@$2"+&'!%$&'"62'6"#<$%((B0)*$!%()*$'.#$2"+&'!%$*"(5'.$

!I0&$R,#&0*)!'#,$!9!I0&T?$$$

$

7"-#-=2,5:(,- -

7"#"!-H*:B-7FI2%B:-(I'*9I2+2-+)+*<'O2/, -

$

S!)+$-.('(-.+&02!%$-"(-#"'0#&$(1$kOE@$)!)(10/#"&$&.(5#,$!$-"(1(6),$,#-#),#)2#$()$

'.#$-(%+3#"$3(%#26%!"$5#0*.'?$K0*6"#$8N$&.(5&$'.#$2.!)*#$&-#2'"!%$%0)#&.!-#$1"(3$E9

%0B#$'($m9%0B#<$!$,"!&'02$!''#)6!'0()$(1$'.#$)!)(10/#"$!&-#2'$"!'0(<$!),$!$&.!"-$0)2"#!&#$0)$

'.#$1%6("#&2#)2#$,#2!+$"!'#$1("$)!)(10/#"&$3!,#$1"(3$l=$Be!$4&$8O$Be!$kOE@$2.!0)&?$

@.#&#$2.!)*#&$!"#$#11#2'&$(1$-(%+3#"$2.!0)$1(%,0)*<$5.02.$5!&$&'6,0#,$0)$,#'!0%$!),$

$
6'05/2-!#"$S(%#26%!"$5#0*.'$,#-#),#)'$&-#2'"!<$-.+&02!%$!--#!"!)2#$!),$-.('(%630)#&2#)2#$

,#2!+$,+)!302&$0)$0&(%!'#,$kOE@$)!)(10/#"&?$
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"#-("'#,$0)$Q--#),0I$Q?$$@.#$0)2"#!&#$0)$'.#$m9'+-#$2.!"!2'#"$(1$'.#$)!)(10/#"&$3!,#$

1"(3$1(%,#,$2.!0)&$.!&$03-("'!)'$2()&#A6#)2#&$1("$#I20'()$!),$-(%!"()$,0116&0()$

-"(2#&&#&?$

$

@03#9!), 9-(%!"0H!'0()$"#&(%4#,$-.('(%630)#&2#)2#$&-#2'"(&2(-+$5!&$#3-%(+#,$1("$

'.#$-6"-(&#$(1$,0&#)'!)*%0)*$'.#$,+)!302&$(1$0)'#"9!),$0)'"! 92.!0)$#I20'()&$!),$

-(%!"()&$0)$k(%+$O9.#I+%$'.0(-.#)#$)!)(10/#"&?$Q&$0),02!'#,$0)$10*6"#$8O<$'.#$0)'#)&0'+$

16)2'0()&$'.!'$"#&6%'$1"(3$#I20'()02$!),$-(%!"()02$"#2(3/0)!'0()$#4#)'&$.! 4#$,011#"#)'$

1("3&<$!),$'.#&#$#4#)'&$(226"$()$,011#"#)'$'03#&2!%#&?$@.#$4!&'$3!G("0'+$(1$#I20'()$

"#2(3/0)!'0() $(226"&$50'.0)$'.#$10"&'$=$)!)(&#2(),&<$!),$1%6("#&2#)2#$,#2!+$-"(10%#&$

1("$'.0&$-&#6,( 910"&'$(",#"$B0)#'02$-"(2#&&$!"#$5#%%9"#-"#&#)'#,$/+$&63&$(1$,#2!+0)*$

#I-()#)'0!%&?$K("$*#30)!'#$#I20'()&$'.!'$%04#$%()*$#)(6*.$'($,0&&(20!'#$!),$1("3$

-(%!"()&$'.!'$2!)$,0116&#$&#-!"!'#%+<$"#2(3/0)!'0()$0&$3#,0!'#,$/+$'6))#%0)*$!),$'.#$

B0)#'02$"#-"#&#)'!'0()&$!"#$362.$3("#$2(3-%02!'#,?$k(%!"()$-!0"$"#2(3/0)!'0()$#4#)'&$

(226"$()$'03#&2!%#&$%()*#"$'.!)$=$)&<$!),$'.#0"$0)'#)&0'+$16)2'0()&$!"#$"#-"#&#)'#,$/+$

$
6'05/2-!7"$C)'#"$!),$0)'"!$2.!0)$#I20'()&<$-(%!"()&$!),$"#2(3/0)!'0()$"!'#$#A6!'0()&?$
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-(5#"%!5$,#2!+&7=L;?$@.#$4#2'("$2())#2'0)*$'.#$#%#2'"()$!),$.(%#$0)$!)+$

"#2(3/0)!'0()$#4#)'$,#10)#&$'.#$-(%!"0H!'0()$(1$'.#$"#&6%'0)*$#30''#,$-.('()Z$

0)1("3!'0()$'.!'$0&$6&#,$'($,011#"#)'0!'#$0)'#"9$4&$C)'"!92.!0)$-"(2#&&#&?$$Q$2%(&#"$

#I!30)!'0()$(1$'.#&#$,+)!302$-"(2#&&#&$!),$'.#$-(%+3#"$-"(-#"'0#&$'.!'$!11#2'$'.#3$0&$

!4!0%!/%#$0)$Q--#),0I$\?$$

C)$(",#"$'($-#"1("3$'03#9!), 9-(%!"0H!'0()$"#&(%4#,$-.('(%630)#&2#)2#$#I-#"03#)'&$()$

&0)*%#$kOE@$)!)(10/#"&<$5#$("0#)'#,$!)$0&(%!'#,$)!)(10/#"$&($'.!'$'.#$%0)#!"%+$-(%!"0H#,$

#I20'!'0()$5!&$!%0*)#,$'"!)&4#"&#$'($'.#$2"+&'!%$!I0&$R-!"!%%#%$'($'.#$2."(3(-.("#$!I0&T?$

@.#$1%6("#&2#)2#$1"(3$'.!'$)!)(10/#"$0&$'.#)$&("'#,$0)'($-(%!"0H!'0()$2.!))#%&$!&$

,#&2"0/#,$-"#40(6&%+<$!),$'.#$-(%!"0H!'0()$"#&(%4#,$@Of$#I-#"03#)'&$5#"#$2(),62'#,?$

@.#$"#&6%'$(1$'.0&$#I-#"03#)'$0&$!$-02(&#2(),$"#&(%4#,$-(%!"0H!'0()$2()'"!&'$-!"!3#'#"$

RSR%TT$0)$5.02.$-(&0'04#$R)#*!'04#T$S$4!%6#&$2(""#&-(),$'($#30&&0()$-"#1#"#)'0!%%+$

-(%!"0H#,$0)$'.#$0)'"!9$R0)'#"9T2.!0)$,0"#2'0()$(1$'.#$)!)(10/#"?$$

$

K0*6"#$8:$

&.(5&$

"#-"#&#)'!'04#$

&-#2'"!$!),$

'03#9"#&(%4#,$

-(%!"0H!'0()$

2()'"!&'$

-!"!3#'#"&$1("$

$
6'05/2-!@"$[-#2'"!$!),$SR'T$26"4#&$1("$&0)*%#$)!)(10/#"&$3!,#$1"(3$l=$
Be!$kOE@$0)$^E^%OY^EN̂ %N$$R-6"-%#T$$!),$'(%6#)#$R/%6#T!),$8O$BeQ$
kOE@$!%&($0)$^E^%OY^EN̂ %NR"#,T$
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&0)*%#$)!)(10/#"&$3!,#$1"(3$8O$oe!$R"#,T$!),$l= $Be! $R-6"-%#T$40!$&(%4#)'$

3!"*0)!%0H!'0()$(1$^E^%O$50'.$^EN̂ %N<$!),$'.#$&!3#$l=$Be!$R/%6#T$-(%+3#"$40!$

&6-#"&!'6"!'#,$'(%6#)#$&(%6'0()&?$Q%%$)!)(10/#"&$0)$'.0&$#I-#"03#)'$5#"#$#I20'#,$!%()*$

'.# $0)'"!92.!0)$,0"#2'0()?$SRuT$1("$'.#$30I#,$&(%4#)'91("3#,$10/#"&$(1$/('.$3(%#26%!"$

5#0*.'&$0&$&.(5&$-"#1#"#)'0!%%+$0)'"! 92.!0)$#30&&0()$!'$#!"%+$'03#&<$!),$,#2!+&$A602B%+$

'($1!4("$0)'#"92.!0)$#30&&0()$!'$%!'#"$'03#&<$0),02!'0)*$!$1!&'$,#-%#'0()$(1$'.#$0)'"!92.!0)$

#I20'()$-(-6%!'0()$0)$1!4("$(1$'.#$%()*#"9%04#,$0)'#"92.!0)$#I20'()&?$@.#$E9'+-#$'($m9

'+-#$&-#2'"!%$'"!)&0'0()$50'.$0)2"#!&0)*$3(%#26%!"$5#0*.'$0&$!22(3-!)0#,$/+$!)$
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ABSTRACT:A combination of wavelength-, time-, and polarization-
resolved photoluminescence imaging on isolated P3HT nano! bers of
varying molecular weight (from 10 to 65 kDa) has revealed a transition in
dominant exciton coupling from primarily interchain (H-aggregation) for
low molecular weight nano! bers, to predominantly intrachain (J-
aggregation) coupling for high molecular weight nano! bers. Based on
nano! ber width measurement from TEM imaging, the driving force for this
transition appears to be folding of individual polymer chains within the
lamellae, resulting in enhanced chain planarity and reduced torsional
disorder.

! INTRODUCTION

In polymer-based organic photovoltaics (OPVs), directional
control over exciton migration within the active layer and
e" cient charge harvesting at the donor" acceptor interface
represent important goals in achieving OPVs with improved
power conversion e" ciencies. Crystalline nano! bers (or
nanowires) of poly (3-hexylthiophene)! one of the most
studied polymers for OPV applications1" 7! have attracted a
great deal of interest because of the potential for e" cient
exciton or charge migration along speci! c directions (transverse
or parallel) with respect to the nano! ber axis, processes which
strongly depend on structural order and molecular packing
within the aggregate.8" 13 Although chain folding has been
suspected to be an important factor in determining electronic
and structural properties of P3HT aggregates,8,14" 18 the
photophysical consequences of such conformational changes
have not been speci! cally identi! ed. In this paper, we show a
transition between two-dimensional (both intra- and interchain
coupling) and one-dimensional (predominantly intrachain)
coupling with increasing polymer molecular weight, as
evidenced by time-, polarization-, and wavelength-resolved
photoluminescence measurements. TEM imaging of isolated
nano! bers shows that the nano! ber width reaches a more or
less constant value for molecular weights >13 kDa, implying
that the onset of polymer chain folding within the nano! ber
strongly a#ects the balance of intra- and interchain excitonic
couplings.

Within the coupled exciton picture developed by Spano,19

di#erent coupling types (H- or J-aggregate) are readily
identi! ed spectroscopically by intensity di#erences in origin
(0" 0) and sideband (0" 1, or higher) vibronic transitions
where the integer designations refer to the number of
vibrational quanta in the initial/! nal states. In H-type (face-
to-face) coupled systems, electronic transitions between the
ground state and the lowest energy level of the vibronic excited
state (origin transition) are forbidden by symmetry, a selection
rule that is relaxed by static and dynamic disorder. Conversely,
in J-type (head-to-tail) aggregates, the origin transition is
strongly allowed, giving rise to much larger 0" 0 intensities
relative to the 0" 1 sideband. Therefore, the 0" 0/0" 1 intensity
ratio of intrachain (interchain) excitonic coupling is larger
(smaller) than 1.20 Both experimental and theoretical studies
have shown that inter- and intrachain excitonic coupling are
codependent in the semicrystalline P3HT structures, making
them hybrid spectroscopic entities now being referred to as HJ-
aggregates.9,21

Molecular packing in P3HT aggregate structures is a sensitive
function of polymer properties (regioregularity, molecular
weight, and polydispersity), solvent, and processing con-
ditions.12,18Recent quantitative studies of absorption, emission,
and computational studies on P3HT thin! lms by Silva and co-
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workers have show that the balance between intra- and
interchain excitonic coupling strongly depends on the chain
planarity and torsional disorder in the aggregate region.22

Despite the extensive studies on structure and photo-
luminescence of semicrystalline P3HT! lms, their intrinsic
nanoscale structural heterogeneity (domain size, orientation,
etc.) complicates a direct and quantitative correlation between
their morphology and optoelectronic properties that is essential
for engineering OPV device active layers.23! 25 Isolated
nanostructures (nanoparticles/nano! bers) of P3HT o" er a
route toward disentangling these structural heterogeneities,
allowing the correlation of photophysical features with
aggregate structure.9,11! 13,26,27In particular, isolated crystalline
quasi-1D nano! bers represent an attractive platform for study
because the nominal internal chain packing structure is
known.28

Crystalline P3HT nano! bers are formed via self-assembly of
polymer chains into lamellar sheets and subsequent! -stacking
in marginal solvents.8 In P3HT nano! bers, the crystallographic
a, b, c-axes correspond to the vertical (alkyl chain), longitudinal
(! -stack), and transverse (backbone) dimensions, respec-
tively.8,11 Moule!and co-workers showed the e" ect of solvent
on formation kinetics of nano! bers with high molecular weight
P3HT (65 and 48 kDa), suggesting that stronger intrachain
coupling is associated with poorer solvent quality (i.e., a
decrease in the Flory! Huggins parameter).12 Recent work by
Grey and Moule! showed that the photoluminescence of
isolated 65 kDa P3HT nano! bers was characteristic of a J-
aggregate structure, and they observed a strong dependence of
torsional disorder and intrachain coherence length on environ-
mental temperature and pressure. This is manifested
spectroscopically as a transition from primarily intrachain (J-
type) to interchain (weak H-type) coupling.13 While all of the
aforementioned solubility, pressure, and temperature studies on
nano! bers have been mostly conducted on high molecular
weight (>48 kDa) P3HT, a wealth of new information can be
achieved by photoluminescence studies of low molecular
weight nano! bers.

In the work presented here, we examine the photo-
luminescence spectra and polarization dynamics of isolated,
crystalline, high regioregular P3HT nano! bers as a function of
polymer molecular weight ranging from 10 to 65 kDa. Evidence
for polymer chain folding is seen by TEM imaging, which
reveals that nano! ber widths (transverse direction) take on a
constant value forMn > 13 kDa. The e" ect of increasing
molecular weight is manifested in distinctly di" erent dominant
coupling types: from H-type in the lowMn regime, to
predominant J-type in the highMn regime. We show further
evidence, with picosecond resolved polarization dynamics, for a
transition from predominantly one-dimensional (J-type)
coupling to two-dimensional coupling (both intra- and
interchain) asMn is decreased. These e" ects can be explained
within a structural picture in which highMn P3HT chains fold
within the lamella resulting in enhanced chain planarity and
possible loss of thiophene ring registration (slip-stacking) in the
subsequent lamellar packing.

! RESULTS
Nano! bers (NFs) of high regioregular (" 98%) P3HT with
di" erent molecular weights (ranging from 10 to 65 kDa as
measured by gel permeation chromatography (GPC)) were
prepared by adding dichloromethane (DCM) to the well-
dissolved P3HT in chloroform (CF) (0.2 mg/mL) for a! nal

1:7 volume ratio of CF to DCM, and samples were left at 0¡C
in the dark overnight. The 10! 48 kDa P3HT samples with 1.2
PDI were synthesized using standard Grignard Metathesis,29

and 65 kDa P3HT with 2.1 PDI was purchased from Aldrich
and used as supplied.

Samples of isolated nano! bers for photoluminescence
imaging were taken by drop casting nano! bers on plasma-
cleaned cover glass from the CF/DCM mixed solvent with a
concentration 100 times less that the stock solution. Figure 1a,b

show representative photoluminescence images of single
nano! bers from 13 and 65 kDa P3HT, respectively, indicating
that lowMn P3HT nano! bers are signi! cantly long (up to tens
of micrometers), while highMn P3HT nano! bers appear much
shorter (# 1 " m), consistent with previously reported
observations.9,11,13 Figure 1c shows steady-state ensemble
absorption spectra of P3HT nano! bers (suspended in CF/
DCM mixed solvent) with di" erent molecular weights. The
absorption spectra of such suspensions contain contributions
from both crystalline and amorphous P3HT; the contribution
of the crystalline component can be extracted by subtracting
the scaled measured absorption spectrum of well-dissolved
P3HT in chloroform, which is peaked at 450 nm.30 All of the
absorption spectra are normalized to their maximum values to
better represent the decrease (increase) of amorphous
(crystalline) contribution to the spectrum as molecular weight
increases. The nearly monotonic decrease in the contribution of
amorphous absorption with increasing molecular weight is
likely due to a decrease in solubility with molecular weight
(Supporting Information, Figure SI.1).

Within the weak interchain coupling framework model
developed by Spano,31 we can assess the strength of the

Figure 1.Representative photoluminescence images of nano! bers on
cover glass made from (a) 13 kDa and (b) 65 kDa P3HT. Ensemble
absorption spectra of suspended nano! bers in CF/DCM mixed
solvent (c) and solid-state emission spectra of individual nano! bers
(d) made from P3HT with a variety of molecular weights: 10 (black),
13 (red), 23 (yellow), 32 (green), 48 (blue), and 65 (purple) kDa.
Arrows in panels c and d indicate changes in the spectral features as
molecular weight is increased.
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interchain coupling in the P3HT nano! ber families through the
simpli! ed equation
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wherew0 is the frequency of the vibrational mode coupled to
the electronic transition (! w0! 170 meV). Here, the strength of
excitonic coupling between neighboring chains (free-exciton
bandwidth,W) is related to the ratio of the absorption origin
and its! rst vibronic replica intensities,A0" 0/ A0" 1. Figure 2

shows the free-exciton bandwidth computed from eq 1 for
di" erent nano! ber families plotted as a function of molecular
weight (as measured by GPC). Interestingly, the free exciton
bandwidth of P3HT nano! bersincreasesfrom 95 to 130 meV as
molecular weight is increased from 10 to 13 kDa and then
decreases as molecular weight is increased to 65 kDa. This
reveals that the interchain coupling strength does not change
monotonically as molecular weight increases, and in fact, it is
maximum for NFs made with 13 kDa P3HT.

Figure 1d shows the wavelength resolved photoluminescence
of individual P3HT nano! bers in the solid state normalized to
their 0" 0 PL peak intensities. Unlike the ensemble absorption,
single nano! ber photoluminescence shows minimal (high-
energy) contributions from free P3HT and produces purely
crystalline emission spectra of P3HT nano! bers. We used the
measured 0" 0/0" 1 intensity ratios in the photoluminescence
spectrum (I0" 0/ I0" 1) to identify the typeandstrength of the
dominant excitonic coupling in isolated nano! bers,11,19and we
plotted this as a function of molecular weight in Figure 2 (red
pentagons). With a trend similar to absorption, the PL intensity
ratios of NFs! rst decrease from 1 to 0.88 as molecular weight
is increased from 10 kDa to the critical 13 kDa value and then
rise with molecular weight increase to 1.81 at 65 kDa. While the
changes in exciton bandwidth extracted from the absorption
spectrum report only on changes in the interchain coupling
strength, the extremum in the intensity ratio of the emission
spectrum at critical molecular weight indicates a transition in
the dominant excitonic coupling type from weak H-type to

strong J-type coupling with increasing molecular weight. We
recognize that the weak H-aggregate model assumes only one
type of coupling (interchain) is relevant to absorption. Thus,
this model is designed to report only on changes in interchain
coupling strength. However, considering that the 0" 0
electronic transition is symmetry forbidden in H-aggregates,
both the existence and marked increase in the absorption origin
(0" 0) intensity with increasingMn indicate a signi! cant
contribution from J-aggregate absorption. TheMn dependent
red shift of the origin transition supports this assessment, which
is consistent with previous reports by Banerji et al.32Within this
interpretation, the 0" 0/0" 1 intensity ratio now indicates the
relative changes in the coupling balance, rather than an absolute
change in the interchain coupling strength. The decrease in the
0" 0/0" 1 absorption intensity ratio from 10 to 13 kDa
indicates that, even in the event that both absolute intrachain
(0" 0) and interchain (0" 1) absorption increase, there is a
large increase in therelativeinterchain coupling contribution as
evidenced by an enhanced free-exciton bandwidth. Likewise,
the monotonic decrease in W (increase in 0" 0/0" 1 ratio) that
occurs after the critical value (13 kDa) reveals that the
enhancement in the J-coupling becomes more important than
the changes in H-coupling. The results of this interpretation are
consistent with the now standard HJ-aggregate model analysis
of the photoluminescence spectrum.

The spectroscopic results beg the question of what structural
variations between the di" erent molecular weight nano! bers
drive the observed changes in exciton coupling type and
strength. Silva and co-workers have demonstrated that the
intrachain coherence length is a dominant factor governing the
electronic communication in! lms.22 They indicated further
that the two-dimensional excitonic coupling balance is sensitive
to the chain planarity in the aggregate region and that reduction
of torsional disorder is associated with enhanced intrachain
coherence length, thus reducing interchain excitonic coupling
as evidenced spectroscopically by changes in intensities of
electronic origin and vibronic sidebands. Several studies have
reported that as molecular weight of the polymer chain exceeds
a critical value, the folded conformation becomes energetically
more favorable than the extended conformation;8,15" 18 this is
consistent with scanning tunneling microscopy (STM)
evidence of polymer chain folding and side chain interdigitation
in high molecular weight P3HT reported by Bauerle and co-
workers.14 Liu et al. demonstrated that single nano! bers are
composed of a collection of single lamellar sheets, in which the
lamellar thickness corresponds directly to the stem length.8

Therefore, TEM imaging of single nano! bers a" ords direct
access to the stem length, which we have correlated with the
photophysical changes to further investigate the observed
transition at 13 kDa molecular weight.

Figure 3 shows a representative TEM image of NFs formed
in CF/DCM mixed solvent from 13 kDa P3HT and P3HT
nano! ber widths (red squares) along with their corresponding
chain contour length (black circles) as a function of molecular
weight. As GPC is well-known to overestimate molecular
weight determination for sti" -chain polymers, we apply a
multiplicative correction factor of 0.52, as determined by
Holdcroft,33when calculating chain contour length. We observe
excellent agreement between measured nano! ber width and
chain contour length at lowMn up to 13 kDa, and then the two
curves diverge asMn exceeds 13 kDa. This observation is
consistent with the previous study by Liu et al.8 and clearly
indicates the extended con! guration of lowMn chains and

Figure 2.Free-exciton bandwidth (blue diamonds) and corresponding
I0" 0/ I0" 1 PL intensity ratios (red pentagon) from nano! bers of
di" erent P3HT molecular weights (* denotes molecular weight values
measured by GPC).
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folded structure of highMn chains within the lamellae. The
broadening of the average nano! ber width distribution
(indicated by error bar) is probably due to polydispersity and
edge e" ects in lowMn nano! bers34 and to heterogeneity in
chain folding for highMn nano! bers. On the basis of the TEM
results, we conclude that the observed extremum at 13 kDa in
the type and magnitude of exciton coupling inferred by
spectroscopic measurement is associated with single-chain
folding atMn > 13 kDa.

This critical 13 kDa value marks the separation between two
photophysically distinct molecular weight regimes. Below the
folding threshold, the extended conformation of the chains
allows for some#exibility in the polymer backbone
conformation, resulting in a high degree of torsional disorder,
which limits intrachain coherence lengths. Therefore, interchain
coupling is dominant in this regime. The observed increase in
the strength of the H-coupling with increasing molecular
weight in this regime is most likely due to a decrease in packing
disruption (caused by the presence of noncrystallizable edge
groups) as chain length increases.34 For molecular weights
larger than the 13 kDa threshold, interdigitation of side chains
in the folded polymers limits the torsional disorder to increase
the chain planarity.22,32

Changes in chain planarity, inter- and intrachain coupling
e$ ciency associated with polymer chain folding strongly impact
photoluminescence decay dynamics as well.10,11,22Figure 4
shows representative measured photoluminescence decay
curves from sum of single nano! bers made from 13 kDa (red
open circles) and 65 kDa (purple closed circles) P3HT. The
nano! bers whose decays contributed to the sum were randomly
oriented with respect to the excitation polarization in order to
separate molecular weight from polarization e" ects. Each sum
contains the same number of nano! bers; the signi! cantly lower
signal-to-noise ratio seen in the 13 kDa! bers is a function of
the low quantum yields characteristic of H-aggregates. We
observed a clear increase in the overall PL decay rate with
higher molecular weight, consistent with an increase in J-
aggregate character associated with polymer chain folding.25

Table 1 summarizes the PL decay constants extracted from

multiexponential! ts and shows comparable decay dynamics in
the 100 ps to nanosecond range for both extended and folded
chains. For the higherMn NFs, we observed a signi! cant
ultrafast decay component with a short time constant that was
not resolvable with our instrumentation. Silva et al. recently
reported a slight decrease in overall ultrafast (femtosecond) PL
decay rate in P3HT! lms with increasing chain planarity (J-
coupling).22 However, such ultrafast processes are hidden in
our measurements of isolated NFs. As we have shown
previously, PL decay in isolated NFs is also highly sensitive
to excitation polarization (either polarized along theb- or a/ c-
direction); thus, this seeming disagreement could be attributed
to polarization selection of crystalline domains within the! lm
with random orientations in their study. A more detailed
discussion of this e" ect will be reported elsewhere.

Figure 5 shows the combined e" ect of P3HT molecular
weight and solvent processing on the H/J-aggregate character
of the NFs as probed by wavelength-, time-, and polarization-
resolved photoluminescence. The PL spectra were modeled as
a single progression of three Gaussians separated by 170! 177
meV, with electronic origin (0! 0) transition energy, sideband
intensities, and full width at half-maximum (fwhm) as
adjustable parameters. The justi! cation for allowing sideband
fwhm to#oat as an adjustable parameter is that, within a two-
particle approximation, only single-particle states are optically
accessible from the (vibration-less) ground state and contribute
to the 0! 0 origin intensity, while sideband emission contains
contributions from both single- and two-particle states.19 This
e" ect gives rise to a spectral dilation with sideband transition
line widths that can be signi! cantly larger than the origin. It is
noteworthy that the low molecular weight H-type NFs (5a: red
circle) have 0! 1 sideband line widths that are essentially
identical to the origin, while the high molecular weight J-type

Figure 3.(Right) Representative TEM image of nano! bers formed
from CF/DCM mixed solvent with 13 kDa P3HT. (Left) Molecular-
weight-dependent nano! ber width (red squares) measured from TEM
images and their corresponding polymer chains contour length (black
circles). Chain contour lengths are calculated according to the
corrected molecular weight (correction factor: 0.52). Molecular
weight* is measured by GPC. Inset: magni! ed TEM image of
designated part of a single 13 kDa nano! ber with 14 nm width.

Figure 4.PL decay dynamics of 13 and 65 kDa P3HT nano! bers that
have strong H-aggregate and J-aggregate spectroscopic signatures,
respectively, along with! ts containing three exponentials. Measured
instrument response is shown in! lled gray.

Table 1. PL Decay Constants Extracted from
Multiexponential Fits of 13 kDa and 65 kDa PL Decay
Dynamics Shown in Figure 4

decay constant 13KDa NF 65 KDa NF

! 0 n/a instrument limited <1 ps
! 1 0.144 ns 0.205 ns
! 2 0.960 ns 1.04 ns
! 3 2.4 ns 2.4 ns
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NFs have sideband line widths! 20% larger than that of the
origin. Interestingly, solvent processing impacts this feature of
the photoluminescence as well; in comparing the PL spectra of
65 kDa NFs formed from toluene (5a: blue square) versus
mixed solvent (5a: purple circle), we! nd that the NFs made in
toluene can properly be modeled with a J-aggregate spectrum as
indicated by the quantitative! t to the measured spectrum (here
the sideband fwhm is! 11% larger than the origin). For 65 kDa
NFs prepared from mixed solvent, the! t to the measured PL
spectrum using one vibronic progression (an ideal J-aggregate
type) model is much poorer and its sideband line width is
almost twice as large as that of 65 kDa toluene NFs; the
residual (di" erence between measured and model J-aggregate
spectrum) appears like a small H-type aggregate component in
the PL spectrum (5b:! lled gray curve). These subtle
di" erences between 65 kDa NFs prepared from toluene and
CF/DCM can be ascribed to the fact that although J-coupling is
dominant in both high molecular weight NFs, the interchain
coupling may still have a notable contribution to the emission
for the mixed-solvent system.

This Òone-dimensionalÓ (mostly intrachain) versusÒtwo-
dimensionalÓ (combined intra- and interchain coupling)
behavior is further demonstrated in the polarization dynamics
from the di" erent NFs. We have shown recently how time- and
polarization-resolved photoluminescence (TPRPL) spectrosco-
py can be used to disentangle intra- and interchain#uorescence
processes in isolated NFs.10 Using a polarized excitation pulse,
we followed the time-evolution of the polarization anisotropy
parameter,M, on a picosecond time scale by detecting PL
photons tagged by time (relative to the excitation pulse) and
polarization (parallel or transverse to the NFb-axis). HereM is
de! ned as [Ntrans(t + dt) " Npara(t + dt)]/ [ Ntrans(t + dt) +
Npara(t + dt)], where Ntrans,para(t + dt) are the numbers of
detected PL photons polarized transverse and parallel to the

NF b-axis at time (t + dt) relative to the excitation pulse. The
polarization of 440 nm excitation was transverse to NFb-axis
(NF growth axis). By our convention, a positive value ofM
corresponds to PL polarized mostly along the polymer chain
axis (transverse to the NFb-axis).

For the 65 kDa NFs made from toluene, the polarization
anisotropy parameterM was approximately constant (! +0.6)
over a time scale of 20 ns. In contrast, both NFs made from
mixed solvent (65 and 13 kDa) show an initial positive
anisotropy, which decayed on a subnanosecond time scale
giving anegativeanisotropy (PL polarized mostly along the NF
b-axis) at longer times. This behavior is qualitatively similar to
our previous observations where the fast decay in (positive)
polarization anisotropy derives from picosecond decay of
intrachain excitons, followed by relatively slow decay of
interchain excitons.10

The picture that has emerged from these studies is that the
initial branching ratio (M (!=0)) of inter- and intrachain
excitons is de! ned by the extent of H- and J-coupling in the NF
and the mode of excitation (polarization parallel or
perpendicular to the NFb-axis), and the time dependence in
PL polarization anisotropy re#ects the di" erent decay rates of
the inter- and intrachain species. An increase in the initial value
of M as molecular weight increases indicates an increase in the
relative contribution of intrachain coupling at high molecular
weights, which is consistent with steady-state spectroscopic
results. In both low and high molecular weight NFs made from
CF/DCM mixed solvent, the electronic communication is still
occurring with reasonable strength in both dimensions of the
NF (they are still quasi 2D structures). However, while the
inter- and intrachain coupling strengths are roughly balanced in
the low molecular weight NF, they are very clearly skewed in
the intrachain direction for the high molecular weight NF as a
result of the folded chains. Comparing 65 kDa NFs made from
CF/DCM mixed solvent with those made from toluene, the
polarization contrast reveals a dramatic solvent e" ect, with the
toluene-formed NFs appearing essentially one-dimensional.
M(! ) for the toluene NFs does not ever change sign and
maintains a large positive polarization indicative of an
overwhelming majority of intrachain state population. This
observation is consistent with the subtle changes in the spectra
between high molecular weight NFs formed in CF/DCM
mixed solvent and toluene. The change in the e" ective
dimensionality between NFs formed via di" erent methods
from the same polymer may show that chain folding may
possibly occur di" erently in di" erent solvents, and so the
coupling balance of folded chains is further a" ected by solvent
choice and processing conditions. This change in the e" ective
photophysical dimensionality is especially important to
consider when engineering donor" acceptor interfaces in device
active layers.

! CONCLUSIONS
Through a systematic study of wavelength-, time-, and
polarization-resolved single nano! ber photophysics and
correlation with polymer chain conformation, we have shown
that the e" ective dimensionality of exciton coupling within the
nano! ber, along itsb- andc-axes, is reduced from quasi-2D
(both intra- and interchain coupling) to quasi-1D (almost
exclusively intrachain coupling) as P3HT molecular weight is
increased. TEM imaging of nano! bers presented here shows
that the nano! ber width becomes constant above 13 kDa
molecular weight, indicating that polymer chain folding

Figure 5. (a) Steady-state emission spectra of individual P3HT
nano! bers: 13 kDa from CF/DCM (red circle), 65 kDa from CF/
DCM (purple circle), and 65 kDa from toluene (blue square). Black
solid lines are model spectra consisting of a single progression of three
Gaussians. Filled gray curve is the residual of the! tted model for 65
kDa NF from CF/DCM. (b) Emission polarization anisotropy of
decay dynamics of corresponding P3HT nano! bers shown in (a).
PositiveM value corresponds to PL polarized along the chain
backbone (transverse to nano! ber growth axis). Excitation polarization
(440 nm) was transverse to NF growth axis (b-axis).
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becomes important as molecular weight exceeds this critical
value. Thus, the photoluminescence signatures of a transition
from H- to J-type coupling with increasing molecular weight
can be understood as a response to the increased planarization
of P3HT backbones and possible misregistration of! -stacked
thiophene rings in adjacent lamellar stacks (slip stacking)
induced by chain folding within lamellae. Interestingly, the
mixed dimensionality can be hidden by conventional PL
spectral measurements as evidenced by the comparison of
P3HT nano! bers of the same molecular weight (65 kDa)
formed from CF/DCM versus toluene. Here, the emission
spectra are very similar, and both indicate J-type excitonic
coupling, however, the time evolution of polarization contrast
are dramatically di" erent, indicating a noticeable mixed H- and
J-coupling for the mixed-solvent system.

As discussed in a recent review by Muthukumar and
Briseno,17 the existence of a polymer stem length threshold
(folding threshold) has important consequences for crystal
packing in all three dimensions. Small changes in the folding
threshold could a" ect thiophene ring registration between
adjacent lamellae and consequently! -stacking distance and
coupling strength, which greatly a" ects both the interchain
communication and the chain planarity. The predicted
consequences of folding threshold changes closely resemble
previously observed solvent e" ects, and therefore, we suspect
that the molecular weight folding threshold is solvent-speci! c.
A systematic molecular weight study to determine folding
thresholds in di" erent solvents would be ideal for con! rming
this hypothesis; however, the crystallization of low molecular
weight P3HT into nano! bers in di" erent solvents and under
many processing conditions is not trivial due to drastic increase
in the solubility of lowMn versus highMn polymers in most
solvents. Further computational studies on solvent-dependent
molecular weight folding thresholds and associated crystal-
structure-dependent excited state dynamics could provide
valuable new insights that are not easily accessible by
experiment.
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Time- and Polarization-Resolved Photoluminescence Decay from
Isolated Polythiophene (P3HT) Nano! bers
Joelle A. Labastide,  Mina Baghgar,à Aidan McKenna,¤ and Michael D. Barnes* ,  ,à

  Department of Chemistry,àDepartment of Physics, and¤Department of Chemical Engineering, University of
Massachusetts! Amherst, Amherst, Massachusetts 01003, United States

ABSTRACT:Isolated nano! bers present unique opportunities to investigate excitonic
processes and dynamics in a con! ned crystalline geometry, where structural order in the
transverse (intrachain) and longitudinal (interchain) directions can be tuned by polymer
molecular weight, regioregularity, and solvent processing conditions. We report on time- and
polarization-resolved photoluminescence (TRPL) studies from isolated crystalline P3HT
nano! bers (also known as nanowires), which reveal a highly reproducible short-time decay
behavior, appearing as an ampli! ed spontaneous emission process (biexciton annihilation) as
signaled by a quadratic excitation power dependence in amplitude and decay rate. In the long-
time (5! 100 ns) regime, we observed a power-law decay in the photoluminescence similar to
that seen in thin! lms and nanoparticles; however, for certain nano! ber families (prepared from
p-xylene) we observe an extremely long-lived PL component which we postulate arises from
deeply trapped carriers in chain packing faults within the NF. Finally, we probe depolarization
dynamics in individual nano! bers using polarization-resolved TRPL measurements in which
both arrival time and (parallel/perpendicular) polarization state relative to the nano! ber axis are resolved, delineating the
di" erent dynamics associated with intra- and interchain excitons.

1. INTRODUCTION
The search for e# cient photovoltaic devices based on cheap,
solution-processable semiconducting polymers has spurred a
massive research e" ort on the development of new materials
and strategies for controlled nanoscale morphologies of OPV
active layers.1! 8 Much of this new research has focused on
poly(alkylthiophene) (e.g., poly(3-hexylthiopehene), P3HT)-
based systems, and a wealth of new information on photo-
physical processes is emerging from a variety of thin-! lm9! 11

and nanoparticle12,13 photoluminescence measurements. One
of the key limitations, however, is the signi! cant nanoscale
structural heterogeneity in bulk structures, deriving from a
combination of P3HT molecular weight and regioregularity
e" ects, as well as processing conditions, making a direct
connection between polymer morphology and photophysics
di# cult.14! 17 Quasi-two-dimensional crystalline nano! bers
(NFs) of P3HT, formed by assembly of lamellar sheets via
! ! ! interactions, present an interesting model system to study
the connection between polymer structure and photophy-
sics.18! 21 However, only very recently have experimental
techniques evolved to probe photoluminescence properties of
isolated nano! bers.22! 24

In this paper, we present results of time- and polarization-
resolved photoluminescence measurements on isolated NFs
designed to investigate the role of regioregularity, molecular
weight, and solvent processing on inter- and intrachain
coupling and the fate of photogenerated charges within the
nano! ber. We identi! ed three distinct time regimes in the
photoluminescence decay that can be assigned to di" erent
processes within the nano! ber: In the long (>5 ns) time
regime, the PL decay behavior can be understood within a

model similar to that proposed by Silva25and Rumbles,26where
exciton dissociation followed by polaron di" usion and
subsequent trapping or recombination leads to a modi! ed
power law decay. In the short-time regime, we show that the
fastest decay component derives from a cooperative biexciton
decay process, in which both the amplitude and decay rate scale
approximately quadratically with excitation intensity. Finally,
polarization-resolved PL decay in the nano! ber frame gives
interesting new insights into intra- and interchain coupling in
isolated nano! bers and how that coupling can be modi! ed by
solvent processing conditions.

Poly(alkylthiophene)s! in particular, regioregular (rr) poly-
(3-hexylthiophene) (P3HT)! represent perhaps the most
widely studied hole-transporting polymer for organic energy
harvesting applications.27 It is commonly accepted that the
primary photoexcitations in P3HT are singlet Frenkel excitons
initially delocalized over 15! 20 monomer units.10 As shown by
transient absorption experiments,10,28photoproduced excitons
in isolated single P3HT chains undergo a torsional relaxation
(self-trapping) on an ultrafast time scale of" 100 fs, followed by
singlet exciton recombination with a characteristic time scale of
#600 ps. In aggregated P3HT, charge separation followed by
carrier di" usion and recombination via tunneling is associated
with long-time (10! 100 ns in thin! lms) photoluminescence
decay.11,25,26,29Photophysical behavior in crystalline P3HT is
intimately connected to regioregularity and molecular
weight,17,30! 34 both of which control intra- and interchain
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structural coherence lengths. Increasing the regioregularity of
the polymer allows for better alignment of hexyl side chains
during crystallization, which can also a! ect planarity of the
polymer chains within the nano"ber and is manifest in
di! erences in excitonic (H or J type) coupling.35! 37

Figure 1 shows a schematic of the dynamic model for
photoexcitations in P3HT in which excitons can recombine

directly or dissociate. Upon dissociation, the polaron pair can
undergo di! usion followed by recombination via tunneling9 or
become trapped and recombine after being released.26,38Direct
exciton recombination results in short time relaxation dynamics
(i.e., photon detection events occurring in the" rst 3 ns) that
follow exponential rate laws; in semicrystalline P3HT, two
#uorescence lifetimes of" 180 ps (! 1) and 1.5 ns (! 2) are
observed. In the long-time regime (10! 100 ns), PL decay is
governed by polaron pair recombination via tunneling and
follows a power law rate equation,I(t) = At! (1+" ).9 In this
model, the parameter" is a dimensionless ratio of tunneling
width to mean electron! hole radius. Recently, this model has
been generalized to accommodate long-lived trapped charges,
which account for sub-power law behavior whereI(t) #
constant.26,38

Crystalline P3HT nano"bers represent an interesting model
system with a well-de"ned chain packing structure that has
been characterized extensively by X-ray di! raction and high-
resolution electron microscopy.19,20,39! 42 Assembled in sol-
ution by addition of poor solvents for P3HT, these quasi-two-
dimensional nanostructures are particularly interesting in the
context of organic photovoltaic applications because of their
potential to enable long-range charge transport. In a poor
solvent, elongated P3HT chains assemble via side-chain
interactions into lamellar sheets; these lamellae assemble
along theb (010 crystallographic axis) direction via van der
Waals interactions to form nano"bers that range from#100 nm
to tens of micrometers in length.20,42The separation distance
between lamellar sheets, as measured by X-ray di! raction and
high-resolution transmission electron microscopy, is essentially
the van der Waals contact diameter#3.8 •, and the center-to-
center distance between individual chains in the transversea! c
(100 and 001 crystallographic axes) direction depends on the
degree of side-chain interdigitation, typically# 1.5 nm.
Knowledge of the basic NF assembly structure enables
photophysical properties such as charge photogeneration,
separation, and transport to be correlated directly with inter-
and intrachain coupling.24,41,43Recent work by Moule20 and

Brinkmann42 have shown how the local microstructure of
individual nano"bers can be controlled to a certain extent by
solvent interactions and polymer structure (regioregularity and
molecular weight).

In recent single-nano"ber experiments by Gray and co-
workers, wavelength-resolved photoluminescence in very small
(<1 " m length) isolated NFs showed spectroscopic signatures
of (intrachain) J-type excitonic coupling, evidenced by strong
0! 0 luminescence with small (<90 meV) Stokes shift with
respect to the solution phase origin.23 Recently, work in our
group on extended (>3" m length) nano"bers revealed
spectroscopic signatures of both J- and H-type coupling, as
signaled by the presence of multiple vibronic replicas o! set by
#80 meV.24While it has been commonly thought that only one
type of excitonic coupling would dominate (H or J), recent
work by Yamagata and Spano suggests that hybrid H/J
coupling! sensitive to the precise cofacial alignment of
thiophene rings! is possible in these systems.43 Thus, isolated
nano"bers present unique opportunities to investigate excitonic
processes and dynamics in a con"ned crystalline geometry,
where inter- and intrachain couplings can be tuned by polymer
molecular weight, regioregularity, and solvent processing
conditions.

2. EXPERIMENTAL SECTION
Two main families of P3HT nano"bers were used in this
study:1 nano"bers prepared by marginalizing the chloroform-
solvated polymer environment with dichloromethane to a"nal
v/v ratio of 1:7 CHCl3:CH2Cl2 (referred to as theÒmixed
solventÓ);2 nano"bers prepared from a solution ofp-xylene.
The mixed solvent presents a milder environment for the
polymer with slower crystallization rates, while crystallization in
p-xylene is highly accelerated due to poorer polymer solubility.
Within each solvent family, we generated nano"bers made from
both commercially available regioregular P3HT (Reike Metals,
15 000 MW, 93% regioregularity) and P3HT of high
regioregularity (hrr) (98%) prepared by the Grignard meta-
thesis (GRIM) polymerization of 2,5-dibromo-3-hexylthio-
phene, as reported by McCullough and co-workers.44 A critical
experimental issue for spectroscopic study of isolated nano-
"bers is to reach suitably dilute concentrations without
compromising the nano"ber structure. To accomplish this,
P3HT nano"ber suspensions were diluted in heptane (a
marginal solvent for P3HT with high vapor pressure) in order
to minimize"ber bunching (typically 10" L of NFs in 1:7
chloroform/DCM to #0.75 mL of heptane). To prevent
precipitation, 0.25 mL of the chloroform/DCM mixture was
added to the heptane suspension for a"nal volume of about 1
mL. A small amount of the suspension of NFs in heptane was
drop-cast on to a plasma cleaned glass coverslip, which gave a
density of about"ve well-separated nano"bers in an area of
#100" m2. All nano"bers were probed directly on glass with no
host polymer (e.g., PMMA) matrix.

Isolated P3HT nano"bers were excited with a weakly focused
(#20 " m diameter spot size) pulsed diode laser (440 or 532
nm) set up in epi-illumination geometry with an average input
intensity of about 1 kW/cm2. The#uorescence was collected
through the same objective and combination of dichroic mirror
and long-pass" lter (Omega Optical XF3082, 530 nm cut-on)
which images almost exclusively the aggregate component of
the PL spectrum.24 The#uorescence was then imaged into two
channels by a 50/50 neutral beam splitter, and a pair of linear
analyzers, oriented in orthogonal directions to de"ne detection

Figure 1.Schematic model for radiative recombination in crystalline
P3HT. Direct recombination of relaxed (self-trapped) excitons follow
distributed exponential kinetics in the short-time regime. Exciton
dissociation followed by recombination (via tunneling) follows a
power law decay. Subpower law decay (I(t) # constant) appears for
long-lived trapped carriers.
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channels corresponding to parallel (H) and perpendicular (V)
polarizations relative to the excitation polarization. Fluores-
cence photons in each channel were detected by separate
avalanche photodiode detectors (APD, ID Quantique 400),
whose output pulses were sorted via a high-precision router and
input to the TCSPC module (PicoQuant PicoHarp300). While
essentially the entire NF is illuminated in a particular
experiment, the combination of magni! cation and spatial
! ltering (primarily by the spatial extent of the APDs), we
detect only! 500 nm segment of the NF photoluminescence in
a TRPL run.

In conventional time-tagged-time resolved (T3R) single
photon counting spectroscopy,"uorescence intensity trajecto-
ries are readily constructed by binning detected photon events
by coarse (absolute) time in regular intervals or lifetime
trajectories by sorting photon events by local (relative) arrival
time within a given absolute time interval. The addition of a
polarization tag allows us to access information about the time
scales for depolarization in the nano! ber system by looking at
the polarization contrast ratio, de! ned asM(! ) = (Ipara" Iperp)/
(Ipara + Iperp) as a function of relative time,! , following the
excitation pulse, where para/perp can be explicitly de! ned
relative to the nano! ber axis. In a typical measurement, two
TCSPC (local arrival time) histograms are generated
corresponding to the two polarization channels; the time-
dependent polarization contrast parameter,M(! ), can be
readily determined with a resolution that is limited ultimately
by the time-to-digital converter (#4 ps) and over a dynamic
range that is determined by the laser repetition rate (25" 200
ns). The polarization contrast ratio as a function of relative
detection time thus gives direct information on the
equilibration time scale for intra- vs interchain excitations.

3. RESULTS AND DISCUSSION
3.1. Short Time PL Decay Behavior of P3HT Nano-

! bers: E" ect of Molecular Weight and Regioregularity.
As we have previously reported,8 single P3HT chains drop-cast
from dilute chloroform solutions show reproducible single-
exponential decay dynamics with a lifetime of#600 ps. The
emergence of short lifetime transients or long-time power law
decay in thin! lms,10,25nanoparticles,12 and nano! bers23,24are
not seen in single chain luminescence and appear to be
cooperative e#ects that are related to crystalline aggregates. In
our previous work on wavelength-resolved photoluminescence
of isolated nano! bers, we observed subtle di#erences in the PL
spectra from nano! bers made from P3HT of di#erent
molecular weights and regioregularity suggestive of di#erent
intra- and interchain coupling. In this section, we examine the
short-time luminescence of di#erent nano! ber families to
identify the role of intra- and interchain coupling on both
relative amplitude and decay constant in the short and
intermediate time regimes. In all cases, the nano! bers showed
nonexponential short-time decay behavior, where the relative
amplitude of the short-time component and decay rate
increases nonlinearly with increasing pump power. Changes
in the dispersion (reproducibility) of the decay parameter
distributions depend sensitively on the nature of the P3HT and
processing conditions, suggesting that varying degrees of
structural heterogeneity exist within each family of nano! bers.

Figure 2 shows typical PL decay from two di#erent
nano! bers made from the mixed solvent using 15 kDa/93%
rr-P3HT. In the 0" 5 ns time range, the PL decay was
biexponential with exponential decay parameters! 1 (nominally

180 ps) and! 2 (#1.5 ns). The! 1 process is much faster than
normal relaxed singlet exciton recombination and accounts for
a surprisingly large fraction of the PL decay (>90%). We have
observed a similar decaycomponent in the PL from
semicrystalline P3HT nanoparticles with typical relative
amplitudes that vary from 75 to 95% depending on size and
crystal fraction. Our hypothesis was that this short-time decay
component derives from biexciton recombination: a coopera-
tive e#ect between excitons on closely spaced adjacent chains in
which the recombination of one exciton enhances the
probability of the adjacent exciton recombination. As a
cooperative two-exciton process, the amplitude (and decay
rate) for this process should scale quadratically as a function of
excited-state population.

Figure 3 shows the PL decay from the same nano! ber excited
with 300" W (blue) and 600" W (red) average power. The
inset shows the dependence of the prompt transient decay
constant and amplitude (extracted from! tting the PL decay)
from the same isolated nano! ber scanning excitation power.a

The ! t to ! 1 amplitude vs laser power shows a clear quadratic
dependence, consistent with a biexciton decay process. The
lifetime of this process decreases (decay rate increases) with
increasing laser power, which is also consistent with a biexciton
decay process, but because of signal-to-noise constraints
(primarily due to low count rates at the lower laser powers),
it is di$ cult to say de! nitively whether 1/! 1 is actually
quadratic. Decrease in the PL lifetime in P3HT! lms has
recently been reported by Rumbles26 and co-workers to result
from exciton quenching due to intrinsic (dark) charge carriers
in P3HT systems, with a number density estimated to be
! 1015" 1020 cm" 3. In an isolated nano! ber, if we assume a
carrier density of#1016 cm" 3, then the number of dark carriers
(per " m length) is of order unity and should not signi! cantly
a#ect the relaxation dynamics. Finally, as indicated on the main
graph in Figure 4, the total PL count rate also shows a
nonlinear increase with excitation power, consistent with a

Figure 2.Typical short-time PL decay from two di#erent P3HT
nano! bers made from 15 kDa 93% rr-P3HT illustrating the
heterogeneity in PL decay within a nano! ber family. The solid curves
represent double-exponential! ts to the TRPL decay curves for single
P3HT NFs drop-cast on glass. The inset is a PL image of two extended
nano! bers, with the blue box indicating the collection area of about 1
" m2.
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biexciton decay process like ampli! ed spontaneous emission,
rather than a quenching process.

This assignment is useful in elucidating structural informa-
tion from the short-time relaxation dynamics in crystalline
P3HT nano! bers. Knoester45 and Spano46 have related
inhomogeneous spectral broadening for individual chains in
P3HT crystalline aggregates, showing that polymer chains
within an aggregate should have identical transition frequencies
(decreased inhomogeneous broadening) if the spatial correla-
tion length signi! cantly exceeds the conjugation length of the
chains. Our hypothesis is that the e" ects of site heterogeneity
also manifest as distributed kinetics in relaxation processes;
thus, the dispersion of PL decay parameters for the associated
spectral transitions should correlate with the degree of
structural disorder within the aggregate.

Figure 4 shows the dispersion of PL decay parameters
(amplitude and time constant) associated with the short time
#uorescence from di" erent NF subfamilies prepared from
mixed solvent using P3HT with di" erent regioregularity (top)
and molecular weight (bottom). We extracted amplitudes (A1,
A2) and time constants (! 1, ! 2) from biexponential! ts to the PL
decay (t ! 5 ns) and then generated correlation plots of the
amplitudes (A1, A2) vs lifetimes (t1, t2). Figure 4a shows the
e" ect of regioregularity for NFs of 93% and 98% regioregularity
(both with 14 kDa MW). For the 93% rr P3HT, the nano! bers
show signi! cant dispersion (!A1" = 0.92± 0.034,! ! 1" = 0.191
± 0.027) in parameters associated with both PL decay
components, while the dispersion in PL decay parameters
from nano! bers prepared from the 98% rr P3HT is
considerably smaller (!A1" = 0.91± 0.012,! ! 1" = 0.193±
0.008). This analysis shows that regioregularity signi! cantly
impacts aggregate order in individual nano! bers.

Figure 4b shows the normalizedA1 vs ! 1 and A2 vs ! 2
correlation plots for NFs assembled from 98% rr P3HT with
15, 32, and 48 kDa molecular weight. This analysis shows that
the contribution (amplitude) of! 1 (biexciton aggregate
emission) to the total PL decay increases with increasing
molecular weight, while! ! 1" remains fairly constant. This
molecular weight e" ect may also be (partly) responsible for the
dispersion ofA1 among di" erent regioregular P3HT nano! bers
(Figure 4a) with the same average molecular weight, but with a
larger polydispersity index (PDI = 2 vs 1.1 for orange circles).
The two NF families (98% rr and 93% rr) have identical
average values of! 1 (! ! 1" = 0.191) andA1 (!A1" = 0.91) but
with much larger variation in relative contribution of! 1 (0.034
vs 0.012). Interestingly, the change in the regioregularity
manifests in an increase in! ! 2" (! ! 2" = 1.46± 0.089 in 98% rr
NFs and! ! 2" = 1.28± 0.220 in 93% rr NFs), presumably as a
result of increased intrachain order (e" ective conjugation
length). The increase in the biexciton recombination rate with
increasing molecular weight also re#ects increase in intrachain
order in the higher molecular weight polymer chains. This may
also re#ect the well-known solubility e" ect that causes
fractionation,20,47in which the heaviest and most regioregular
polymer chains will crystallize more readily under the same
conditions as their lower MW and rr counterparts. The
decreasing solubility of higher molecular weight polymer in the
marginal solvent may encourage the chains to be more planar
and therefore pack more closely, increasing the e$ ciency of
biexciton recombination and manifesting as an increase inA1
and slight decrease int1.

3.2. Solvent E! ects on the Intra/Interchain Coupling.
Nano! bers formed from the chloroform" dichloromethane

Figure 3.Power dependence ofA1 and! 1. Main plot: TRPL decay
curves from a single nano! ber excited with 300" W (blue circles) and
600" W (pink circles) and showing an approximately 4! increase in
the emission intensity with 2! increase in excitation#ux. Inset:
amplitude of! 1 (left axis) and lifetime (! 1, right axis) vs input power,
showing quadratic increase of amplitude and decrease in lifetime.

Figure 4.Comparison of#uorescence lifetime components and their
respective normalized amplitudes from biexponential! ts to the short-
time regimes (<10 ns) of TRPL decay curves for single P3HT NFs
drop-cast on glass. (a) shows these parameters for a collection of single
NFs made with 14 kDa P3HT with 93% regioregularity (gray
diamonds, PDI = 2) and 98% (red, PDI = 1.1). (b) is a similar plot
comparing NFs made with 98% regioregular P3HT with MW = 14
kDa (red circles), 32 kDa (blue diamonds), and 48 kDa (green open
circles).
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solvent mixture have been shown by X-ray di! raction to have a
high degree of long-range order in the interchain (010! -
stacking) direction.20 Conversely, NFs formed fromp-xylene, a
bad solvent for P3HT, show characteristic XRD signatures of
chain packing defects. This is also re"ected in the photo-
luminescence spectra from single nano#bers formed from
xylene (a) and the mixed solvent system (b) with 532 nm
excitation also shown in Figure 5. As in our earlier report,24 the
PL spectra were modeled as a sum of three di! erent vibronic
progressions. In contrast with NFs made from the mixed
solvent, which show two H-like spectral components and a
single J-like species (Figure 5b), NFs made from xylene show
oneJ-like species, one H-component, and a third component
which is ambiguous (with 0! 0/0! 1 intensity ratios for NFs in
this family forming a distribution with a mean value of around
1) (Figure 5a). We hypothesize the presence of the
ÒuncoupledÓpolymer chain vibronic sequence (withI0! 0/ I0! 1
" 1) in the xylene-formed NFs to be a spectral signature of low
degrees of spatial correlation along the! -stack axis.
Furthermore, in the absence of proper interchain communica-
tion, there seems to be an enhancement of the intrachain
coupling strength (a 3-fold increase inI0! 0/ I0! 1 for the j-type
sequence, Figure 5a,#lled) when compared to the analogous
sequence in the mixed solvent Nfs (Figure 5b,#lled). This is
perhaps an indication that the inter/intrachain exciton
population equilibrium may favor the intrachain states in the
absence of good spatial correlation along the! -stack axis.

Figure 5c shows amplitude/lifetime correlation plots for the
short-time decay components for nano#bers of the same P3HT
(32 kDa, 98% rr) formed from xylene and from the mixed
solvent system. The distribution oft1 amplitudes for the xylene
family is clearly bimodal with some nano#bers showing decay
dynamics similar to those formed from the mixed solvent
system and a well-separated subpopulation of NFs showing
very low rates of biexciton recombination. Figure 5d shows that
the total PL intensity is proportional to the amplitude of"1,
further illustrating that this biexciton ampli#ed spontaneous
emission process dominates the relaxation process.

3.3. Polarization Evolution in Single P3HT Nano! bers.
Cooperative photophysical e! ects in crystalline P3HT nano-
structures derive from interactions between di! erent cofacially
aligned thiophene rings in a! -stack (H-type coupling) or
between adjacent planar segments of the same polymer chain
(J-type coupling). Because the directions of these interactions
are almost completely orthogonal in the quasi-2D nano#bers,
photophysical properties associated with inter- and intrachain
recombination events are anticipated to be highly polarized in
orthogonal directions. However, this information is obscured in
NF ensembles, thin#lms, and nanoparticles because of the
random orientation of the crystal growth (b) axis. For isolated
NFs, time- and polarization-resolved photoluminescence
measurements provide a means to directly probe these
interactions in the NF frame! either parallel (b polarized) or
perpendicular (a! c polarized) to the nano#ber axis. In these
experiments, di! erent nano#bers were selected with long axes
oriented parallel or perpendicular to the linear excitation
polarization; from the polarizationÒtagÓ attached to each
photon detection event, we generated the polarization contrast
parameter,M(") = (nac ! nb)/( nac + nb), wherenac/b is the
number of detected photons in a polarization perpendicular/
parallel (to thenanof iber long axis) channel at relative time,"
(ps).

Figure 6 (lower) shows the picosecond-resolved polarization
anisotropy parameter,M("), for nano#bers formed fromp-
xylene (a) and mixed solvent (b) for long axes oriented parallel
(blue) and perpendicular (red) to the excitation polarization.
Here, a positive value ofM corresponds to an anisotropy
perpendicular (transverse)to the nano#ber axis (intrachain
excitons), while negative anisotropy values correspond to
emission primarily parallel to the nano#ber axis. For the xylene-
formed nano#bers withb-axis orientation perpendicular to the
excitation polarization (Figure 6a, red), we observed a strong
positive anisotropy (M # +0.6) at early times following the
excitation pulse, which decays to a negative (M # ! 0.4)
anisotropy on a time scale of#300 ps. This indicates that a
signi#cant fraction of the PL decay (for transverse excitation) is
polarized along the nano#ber axis (i.e., has signi#cant interchain

Figure 5.Representative photoluminescence spectra from single P3HT nano#bers made from xylene (a) and mixed (chloroform/DCM) solvent
(b). The vibronic progressions that compose the model spectrum (black solid curve) are shown in gray, and the j-type sequence has been#lled to
illustrate the relative contribution. Amplitude/lifetime correlation plots for nano#bers made from each solvent are shown in (c). The PL intensity
dependence of the correlation plot is color encoded in (d) for the xylene-formed nano#bers.
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character). For excitation polarization parallel to the nano! ber
long axis (Figure 6b, blue), the polarization anisotropy is also
positive but is essentially constant over the 0.1! 10 ns time
interval.

Parallel (Figure 6b, blue) and perpendicular (Figure 6b,red)
excitation of nano! bers formed in the marginal chloroform/
DCM solvent mixture reveals qualitative similarities to their
xylene-formed counterparts, with clear di" erences in the
magnitudes ofM and time scales associated with depolarization.
The maximum value ofM for the mixed solvent NF is only
+0.3, and the minimum is even shallower atM = ! 0.15.
Examination of the inset plots in Figure 6, which show the
short-time behavior on an expanded (log) time scale, reveals
that the initial depolarization time forM(! ) (in the red curves)
is an order of magnitude longer for the mixed solvent! bers,
which depolarize over the course of more than 1 ns, compared
to about" 180 ps in the xylene! bers. When excited with
parallel polarization to the nano! ber long axis, the emission is
again always positive, although the anisotropy decays quickly,
rather than remaining constant over the 10 ns range.

The picture that has emerged from this study is that both
intra- and interchain excitons are formed with either transverse

or parallel excitation polarization with an initial equilibrium
established on a time scale shorter than our instrumental
resolution (4 ps). For transverse excitation, more e# cient
production of intrachain excitons leads to ampli! ed sponta-
neous emission (! 1 process) that depletes the population of
intrachain excitons on a time scale of#300 ps, giving rise to the
strong short-time positive polarization anisotropy (and
subsequent rapid decay). The excitations that remain are
primarily interchain excitons that decay on a much longer time
scale, and are associated with a negative anisotropy. Conversely,
for parallel excitation, relatively little ASE occurs, and the time-
dependent polarization anisotropy re$ects the equilibrium
(steady state) populations of inter and intra chain excitons.
The signi! cant compression of the magnitude ofM(! ) for the
mixed solvent! bers (compared to the xylene! bers) is thought
to be a result of better interchain order, which allows more
excitonic population of the interchain states. More detailed
studies on the time evolution of polarization contrast in
individual nano! bers will be reported elsewhere. Altogether, we
! nd that M(t) for the nano! bers formed under milder
conditions (marginal mixed solvent) shows much closer
competition for population of the inter- vs intrachain states.
This competition is heavily a" ected by solvent quality, in that
decreasing the solvent quality generally decreases in the long-
range interchain order.

3.4. Long Time Decay Dynamics in NFs: Dynamics of
Charge-Separated States.The inter- and intrachain
processes that manifest as distinct vibronic species in the
emission spectrum also have interesting manifestations in the
long-time PL decay dynamics. In the 5! 100 ns time regime, the
photoluminescence derives from exciton dissociation followed
by polaron di" usion and ultimately recombination via
tunneling.25 As in thin! lms25,30,49or nanoparticles,12 the PL
decay in this time regime follows a power law (I[ t] # At! [1+" ]),
where (1 +" ) is slope of the log PL count rate vs log[t] plot. In
the model proposed by Silva and co-workers,25 when polaron
pairs recombine via tunneling, the power law exponent," , is
inversely proportional to the mean electron! hole radius,!R".
For trapped charge carriers, the recombination rate will re$ect
the lifetime (depth) of the trap state.

Figure 7 shows three representative PL decay traces from
di" erent individual nano! bers in the long time (10! 100 ns)
regime, where we have identi! ed three di" erent distinct
behaviors: single power law (top, blue), double power (middle,
red), and a single power law followed by an apparent dc o" set
which is the subpower law region (bottom, green). The onset
time and initial decay dynamics of the power law region (# 5!
20 ns) are similar for all nano! bers studied, while the slope
(power law exponent) and relative contribution can vary
signi! cantly. In thin! lms and nanoparticles, the observation of
power law decay is the signature of exciton dissociation,
followed by long-time carrier di" usion and polaron-pair
recombination.38,48! 51 The appearance of a double- or
subpower law behavior is not observed in thin! lms or
nanoparticles and thus appears to be unique to P3HT
nano! bers.

The vertical lines indicate the region of the decay (# 4! 15
ns) used to identify the primary power law exponent" 1. The
right panel shows histograms of" 1 for three di" erent P3HT NF
families: (A) 14K MW; (B) 93% rr, 14K MW; (C) 98% rr, and
32K MW, 98% rr. These results show clearly that the mean
power law exponent is to within experimental uncertainty
independent of molecular weight for given regioregularity and

Figure 6. Time-resolved polarization contrast parameterM(! ) vs
photon arrival time for single nano! bers made fromp-xylene (a) and
the chloroform/DCM solvent mixture (b). The red traces represent
M(t) when excitation polarization is oriented transverse to the
nano! ber #-stack axis, and blue traces are the same under parallel-
polarized excitation. The insets are expanded views of the short time
dynamics designed to highlight the di" erence in depolarization times
between the two samples.
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increases signi! cantly with decreasing regioregularity for given
molecular weight. In all three cases,! ! 1" is signi! cantly larger
than the reported thin-! lm value of! = 0.54, suggesting a
smaller mean electron! hole distance in nano! bers; the large
(" 2! ) increase in! ! 1" with decrease in regioregularity (which
a" ects both intra- and interchain order) suggests an even
tighter polaron! pair distance in the lower rr NFs.

Figure 8 shows representative long time PL decay dynamics
from 32 kDa P3HT nano! bers made from xylene and mixed
(chloroform/DCM) solvent. While NFs made from the mixed
solvent show exclusively single power law dynamics, NFs made
fromp-xylene showed a double or subpower law behavior. We
identi! ed a second power law exponent,! 2, in the time range of
" 20! 100 ns, and the distribution of! 2 values for NFs made
from p-xylene is shown as a! lled histogram in Figure 8b.
Indeed, a large fraction of NFs from thep-xylene family have
values of! 2 that are negative; such decay behavior cannot be
explained in the context of a dissociation! tunneling recombi-

nation model since! must be a ratio of two positive numbers.25

As seen by the distribution of power law exponents obtained
from the di" erent NF families, all power law exponents from
the mixed solvent NFs have values intermediate to the two
distributions! 1 and! 2 from the xylene-formed nano! bers. In
the context of the solvent e" ects (and associated di" erences in
chain packing defects), and the observed short-time polar-
ization analysis, the subpower law behavior appears to derive
from lamellar packing defects which simultaneously weaken
interchain coupling and act as charge traps. It is also tempting
to speculate that the enhancement of! 1 (relative to the mean
power law exponent for the mixed solvent) derives from an
increase in intrachain tunneling as a response to the unavailable
interchain pathway in the poorly packed nano! bers. Although
the process of charge separation itself scrambles the polar-
ization signature of these events, the combination of
regioregularity and solvent e" ects (and the absence of a
molecular weight e" ect) makes this assignment reasonable.

Figure 7.Left: three typical decay pro! les from single nano! bers showing single power law (blue), double power law (red), and power law plus sub
power law behavior (green). Right: histogram of power law exponents from! rst power law region (! 1, indicated on right) of PL decay from three
families of nano! bers made from 14 kDa P3HT with 93% and 98% regioregularity and 32 kDa P3HT with 98% regioregularity.

Figure 8.Decay pro! les and power law! ts for 32 kDa 98% rr P3HT nano! bers formed from xylene (blue) and chloroform/DCM (red) and
histograms of power law exponents obtained from those! ts (right).
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4. SUMMARY AND CONCLUSIONS
The time-resolved photoluminescence studies on isolated
P3HT nano! bers presented here have enabled us to identify
three distinct time domains associated with di" erent recombi-
nation processes in crystalline P3HT nanostructures. The! rst
two occur within the! rst 5 ns and are well described by
exponential rate laws consistent with biexciton and single-
exciton radiative decay processes, while the long time dynamics
follow power law decays associated with charge-separation and
polaron-pair recombination. Biexciton aggregate emission in
the nano! ber accounts for more than 90% of PL emission, with
an average time constant of! 180 ps. The quantitative
dependence on the amplitude and decay rate of this PL
component was observed to be dependent on both
regioregularity and molecular weight, indicating a delicate
sensitivity to aggregate order and structural coherence. The
relaxed singlet exciton decay, occurring on a time scale of! 1.5
ns, is an intrachain species a" ected by the regioregularity and
planarity (as indicated by the correlation with J-type spectral
intensity) of the polymer chains in an aggregate. Roughly 1% of
the PL decay is contained within the 5" 100 ns time regime and
follows a combination of power law, bilinear power law, or
subpower law decay depending on the nature of the P3HT
used in the nano! ber preparation or solvent processing
conditions. There is su# cient evidence that charge separation
processes occur along chains as well as between chains,
producing the rate constants that describe the beginning and
end power law behavior, respectively. The correlation between
the subpower law behavior seen at very long time scales and the
low biexciton recombination rates at very short times bolsters
the hypothesis that there are deeper and more frequently
occurring charge traps in the interchain direction.

We have identi! ed the short-time PL decay component as a
biexciton recombination process involving intrachain excitons,
which appears as an ampli! ed spontaneous emission (ASE)
process between adjacent chains in an aggregate. Perhaps
somewhat ironically, the implication is that the observed
biexciton decay! which competes directly with exciton
dissociation! is most e# cient in the same well-ordered stacks
of polymer chains that are also expected to e# ciently separate
and transport charges. Thus, it appears that increasing the
structural order in this system also increases the rate of
biexciton annihilation, which competes directly with charge
separation. This presents an interesting challenge when using
polythiophenes as photovoltaic materials, since structural
defects that inhibit the biexciton process tend also to inhibit
charge transfer between polymer chains. Finding a way to
inhibit the ampli! ed spontaneous emission, while maintaining
charge separation and transport e# ciencies in crystalline
nano! bers will prove important to maximizing their perform-
ance in photovoltaic active layers.
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EVOLUTION OF HJ AGGREGATE BEHAVIOR IN TETRAAZATERRYLENE (TAT):
 FROM SINGLE MOLECULES TO EXTENDED CRYSTALS
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1. Introduction  
 
1.1 Motivation  
 
The fields of organic photovoltaic and optoelectronic research are recently recognizing 
small molecules as promising prospects for active layer components of high 
performance materials. Small molecules have proved to be advantageous for such 
applications, in part due to their ability to bridge the gap between semi -crystalline 
polymeric materials and atomically connected inorganics. Unlike most polymers, small 
molecules easily assemble themselves into robust, highly crystalline arrays, which can 
range in siz e from the nano to macroscopic scales. Furthermore, inter -chromophore 
interactions in small molecule assemblies are considerably stronger than typical inter -
chain interactions seen in semi -conducting polymers, which may facilitate 
optoelectronically releva nt processes like charge transport. While the efficiency of 
charge separation processes in small molecule assemblies may never match those of 
inorganic materials like silicon, the fact that they are direct bandgap materials with high 
absorption extinction coefficients is of substantial benefit. Rylene dyes in particular have 
garnered considerable attention because they have been shown to be stable and easily 
adaptable building blocks for materials with a wide range of functionalities. Extensive 
studies on several members of the rylene dye family have laid the groundwork for 
understanding the effects of ring -system size, derivativization, substitution, low -level 
packing, and chromophore alignment on the electronic structure of rylene dyes, and the 
methods for  organizing these small molecules into ordered assemblies have also been 
well demonstrated.  
 
There is quite a lot that still needs to be understood about the effects of molecular -scale 
structure on the photophysics of small molecule assembles before they can be 
engineered as reliable materials for next generation optoelectronics, particularly 
because the structural differences between assembles that promote charge transport 
and those that emit light strongly occur on this scale. Extensive sets of spectrosc opic tools 
and computational models have been developed to extract information from 
absorption and photoluminescence spectra of single molecules and their assemblies, 
which make use of the signatures of structure -sensitive vibronic coupling. Much of what 
we know about chromophore coupling in rylene dyes has stemmed from studies of the 
PDI absorption spectrum; unfortunately the photoluminescence from crystalline 
assemblies of PDI is dominated by excimer emission, leading to broadband spectra with 
no resolvab le vibronic features.  
 
Tetraazaterrylene (TAT), one of the newest rylene dye derivatives, presents an 
exceptional opportunity to study the delicate balance between H and J type coupling 
mechanisms and how these mechanisms are affected by assembly of singl e molecules 
into many -micron long crystals, due in large part to the fact that crystallization does not 
render the spectral vibronic structure unresolvable. In this study, we leveraged the 
information contained in the emission spectrum to understand the ph otophysical 
consequences of structural changes related to the self -assembly of TAT, and show 
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experimentally that the extent and dimensionality of crystal growth dictate the balance 
between long -range coulomb interactions and local, possibly triplet mediate d, charge 
transfer processes. We suggest that these qualities can be manipulated though 
controlled crystal growth mechanisms to select for advantageous photophysical 
properties in TAT -based materials.   
 
1.2. Progressive Self-Assembly  
 
Because the extended  crystal structures of TAT are heavily seeded by crystallites that 
form in solution, it was possible to interrogate the structure of TAT crystals by analyzing the 
photoluminescence spectrum at different stages of growth  by trapping the solution -
formed nucl eation sites. There is a hierarchical growth pattern which consists of several 
steps, each having distinct and important spectral signatures. Here we characterize TAT 
at different stages of its progressive assembly: single molecules, small 2D crystallites,  3D 
crystallites, large clusters and finally extended crystals, in order to directly link the 
structural changes with their related photophysical effects.  
 
In accordance with the model recently developed by Yamagata et al, we decompose 
each photoluminesce nce spectrum into two vibronic progressions, to which weÕve 
assigned the labels V1 and V2. The vibronic intensity envelope of V1, the component 
belonging to the singlet exciton, is a consequence of the direction and strength of the 
coulomb coupling between  chromophores  within the structure. We postulate here that 
the secondary progression, V2, belongs to the triplet exciton, whose origin is offset from 
the singlet transition by the exchange energy for intersystem crossing. Interactions 
between triplet excit ons -including triplet -triplet annihilation - have been implicated in the 
creation of charge transfer states which play an important role in the photophysics of 
extended crystals of TAT in the solid state (cite spano). The intensity envelope for V2 is 
dicta ted  in high dimensional structures  by the local charge  transfer interactions .  
 

 2. Sample Preparation and Experimental Details  
 
In order to assess the role of concentration on TAT self -assembly in solutions, stock 
solutions of 4 00 mM TAT in chloroform were made and vigorously sonicated. From the 
stock, d ilutions were prepared of concentrations 4 0 µM, 4.0 µM, and 0.4 µM. The dilutions 
were drop cast on to plasma -cleaned glass . Photoluminescence  spectra  were acquired 
using a 485  nm argon air-cooled laser (Spectra -Physics 360C) configured for epi 
illumination.  An inverted  microscope (Nikon TE 300) a nd  oil immersion objective (1.4 
N.A./100 ! ) were  used to collect the fl uorescence through  a  dichroic mirror and long pass 
filter combin ation and which transmitted  to an Acton 2150i spectrometer (300 grooves/in 
grating, blazed at 550 nm) aligned to the side port of the microscope.  
 
The single molecule/small cluster experiments were done by diluting the stock solution 
with  a 1 mg/ml solution of  poly methyl methacrylate (PMMA) in chloroform . 
Aliquots of volume 50ml were spin coated at  2200 rpm , with  acceleration  400rpm/sec, 
and spin time of 120 seconds under nitrogen. The single molecule  and nanocrystallite  
spectra were taken u nder vac uum using the above set up. The  large clusters were cast 
from the same solutions after sitting overnight and without sonicating . Extended crystals  
were formed dropcasting the 400 mM stock solution  directly onto glass substrates and did 
not require a vacuum.   
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3. Results and Discussion  
 
3.1. Solution ÐPhase Nucleation  

 
Considerable changes in the  overall  
emission spectral lineshape and 
photoluminescence  (PL) decay 
dynamics as a function of the 
concentration of tetraazaterrylene / 
chloroform  solutions indicate the 
formation of nucleation sites that 
ultimately seed self -assembly of 
micron -sized extended crystals. 
Figure 1  (A-D) shows the 
concentration dependence of the 
PL spectrum  from over 4 decades in 
concentration, and corresponding 
PL decay profiles. The spectrum  of 
the most concentrated solution (A), 
suggests that it is composed of a 
mixture of crystalline, semi -crystalline 
aggregate and solvated single -
molecule s.  The spectrum of the  
most dilute solution (0.4 µM) has 
definite single -molecule character , 
perhaps with amorphous clusters, 
which  may be responsible for  the 
broadening of the vibronic features.   
 
The scale d solid -state extended 
crystal sp ectrum has been 

superimposed on  each of the solution phase spectra to convey the gradual 
disappearance of the ordered crys tal component in the PL spectrum under dilution . ItÕs 
important to note, that even at near -saturation conditions, where the contribution of 
extended crystal -like fluorescence is high, the solutions are transparent with no turbidity 
or obvious scattering, indicating that the solution -formed crystallites a re very small.  
 
Note that the  associated long -lived  (! >10 ns) exponential decay component  also 
disappears upon dilution. Although, the  photoluminescence decay dynamics (figure 1, 
right) also carry concentration  dependence,  neither the short - nor long -lived 
components  of the PL decay change significantly between 4 ! M and 0.4 ! M, suggesting 
that the longer -lived PL decay component  (! ~2.5 ns) is an intrinsic molecular property 
and not exclusively resultant  from  aggregation .  
 
3.2 The Single Molecule Emission Spectrum  
 
 

 
Figure 1. Photoluminescence Spectra  (left, markers)  and 
TCSPC histograms (right markers)  from solutions of TAT in 
chloroform under dilution from 400 µM (A) to 0.4 (µM), 
showing fits (solid lines). The scaled solid -state extended 
crystal spectrum (grey, shaded) is superimposed on the 
solution phase spectra.  
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Figure 2  shows the 
photoluminescence spectrum 
from an isolated TAT molecule i n 
a PMMA matrix,  cast from a 0.04 
µM solution in chloroform.  The PL 
images of these molecules were 
rapidly blinking, quickly 
photobleaching, diffraction 
limited spots, even in a vacuum 
environment.  The distributions of 
spectrally integrated intensities 
(B), and peak intensity ratios (A) 
are sharply peaked for a random 
survey of the sample, and we 
attribute the spread in ea ch 
distribution to orientation  
differences in the PMMA matrix, 
and blinking. The repre sentative 
single molecule spectrum (C , red 
marker s) belongs to the peak 
population in both histograms, having an integrated intensity of 30,000 Counts (per 30 
second integration) and a P1/ P2 peak intensity ratio of 1.6, which is slightly higher than 
the value predicted by computational modeling for solution phase TAT ( I0-0/I 0-1 =1.4). 
 
The PL spectrum of single molecule TAT has remarkably narrow linewidths at room 
temperature, affording an unusually clear picture of the underlying vibronic structure. The 
most noteworthy feature of the spectrum is the asymmetry in the peak lineshapes, 
suggestive  of two different vibronic progressions  V1 (C, grey filled) and V2 (C, grey 
dashed) . The principal progression, V1, carries 70% of the integrated intensity, and is 
characterized by vibronic spacing ! =142 meV,  origin energy E 0,sm=2.29 eV and linewidth 
" v1= 31 meV . The secondary progression , V2, carries the remaining 30 % intensity and is 
characterized by # =149 meV, an origin offset from V1 of 51 meV, and linewidth " v2= 45 
meV.  Though the difference in  the energy spacing (7 meV)  for the two vibrational 
progressions is outside of our experimental error (2 -3 meV), we acknowledge the 
possibility that both progressions could be consequent of the same vibration.  From a 
combination of Raman spectroscopy and TDDFT calculations we have discovered 
several molecular vibrations with A 1 symmetry with energies between 1100 and 1300 cm -

1, which is common for highly symmetric polyatomics like TAT.  Therefore we postulate that 
the vibronic structure superimposed on the spectrum  is likely a composite of closely 
spaced modes coupled to  the main electronic transition, which may increase the 
uncertainty in the total energy of the coupled vibronic sequence.  
 
When attempting to understand the physical origins of the progressi on V2, we 
considered two likely possibilities. The first of these is that V1 and V2 progressions 
represent two different vibrations coupled to the same electronic state. For this to be true 
however, V1 and V2 would be required to share the same origin, giv en that the 0 -0 
transition is vibrationless. In this case, the  vibronic spacing of V2 would  necessarily  be 51 
meV , and TDDFT calculations predict that  a low energy vibration with A1 symmetry and 
the appropria te spacing (~57 meV) does exist .  However, this low energy vibration did 
not show up with appreciable intensity in the experimental Raman  spectrum (available in 
SI). 

 
Figure 2.  Peak intensity ratio (A) and spectrally integrated intensity (B) 
histograms for single molecules of TAT cast from CHCL 3/PMMA. 
Representative single molecule emission spectrum (C, markers) with 
model spectrum (red solid line underlying vibronic progressions V1 (filled 
grey) and V2 (dashed grey).  
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We instead propose that the second, red -shifted, vibronic progression originates from a 
triplet state. Under this designation, t he appreci able intensity ( !  30) suggests fairly strong 
spin-orbit coupling, and places an estimate of the exchange energy around 50 meV . This 
value is  well within the measured exchange energies for other organic semiconducting 
materials [cite ppv paper etc] . Interactions between triplet excitons -including triplet -
triplet annihilation - have been implicated in the creation of charge transfer states which 
play an important role in the photophysics of TAT extended crystals in the solid state (cite 
spano) . The bi-exponential nature of the decay in solution at low concentration, along 
with the remarkably low solution -phase quantum yields  also suggests that there may be 
significant involvement of triplet states in the photolumin escence decay.  
 
3.3. J-to -H Transitions in TAT Nanocrystallites  
 

 
Figure 3.  (A,B) shows 
representative PL spectra 
from spectroscopically 
distinct TAT 
nanocrystallites. The 
crystallites  were assayed 
by spin -casting from a 0.4 
µM solution of TAT in 
CHCL3/PMMA.   These 
crystallites are smaller 
than the camera 
diffraction limit (< 300 nm 
in all dimensions) and 
blink rapidly in a similar 
fashion to the single 
molecules, however they 
have drastically different 
statistics. The structu re of 
TAT crystals grown on 
silica substrates via 
chemical vapor 
deposition (CVD) is 
known (briseno et al), 
and preliminary excitation 

polarization anisotropy experiments (which will be reported elsewhere) suggest that the 
crystal structure upon self -assembly from chloroform solutions is similar.  
 
We observed cluster spectra that appeared distinctly H -like (A) and J -like (B) with some 
considerable variability in count rate. As indicated by the intensity scales, the H -like 
clusters have significantly lower integrated intensities (60,000 counts)  while the J -like 
clusters showed 5 - 10x higher intensiti es. This is consistent with the  well -known behavior for 
H and J aggregates.  Notably, the integrated intensity histogram in (C) does not consist of 
strictly J-typ e and H -type emitters; there is a continuum of spectral characteristics  
bound ed by these two species, with the single molecule intensities making up the highest 
intermediate population at around 30,000 counts.  
  
Figure 4  (A-D) shows representative spectra  spanning the continuum from J - to H- 
aggregates. The spectra were modeled using two spectral components that were 

          Figure 3. Histogram of spect rally integrated photoluminescence intensities  
(C)  for nanocrystallites of TAT under unpolarized  excitation, with representative 
spectra with statistically high (B) and low (A) intensities.  
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identified from the single -mole cule measurements (v1 and v2). The spectrum in (A) has 
the smallest contribution of V2 to the total intensity carrying less relative intensity than in 
the single molecule spectrum at 20%, and (D) has the largest relative contribution of V2, 
carrying almost half of the total intensity (47%). The increase in the V2 spectral 
contribution is accompanied with an order of magnitude reduction in the integrated 
intensity. The schematic in figure 4 (E) illustrates the likely structure of the nanocrystallites.   
We believe it likely that crystallization nucleates in the molecular plane, as TAT molecules 
assemble into the T -stack  pattern. In contrast with its close cousin terrylene, the nitrogens 
in the TAT structure draw electron density into the center of the molecule, leaving the 
outside rings slightly electron deficient. When packing, the lone pairs on the nitrogens 
interact w ith the outside rings to produce the T -stack pattern and box -like unit cell. 
Subsequent assembly of the T-stacked  planes via ! -stacking produces the 3 -dimensional 
crystal structure.  
 
The effective chromophore coupling along either dimension of the chromop hore plane 
is end -to -end, and would therefore produce J-aggregate -like emission. The reason that 
the peak intensity ratios for the J -type species are not drastically larger than those from 
the single molecule could be because the  TAT structure is different  than  a traditional 
linear J-aggregate. We speculate that the component of the transition dipole moment 
oriented transverse to the conjugation axis of the molecule is comparatively smaller, 
therefore lessening the strength of the end -to -end coupling. Since  there is no obvious 
mechanism for charge transfer in this plane, we see spectra whose shape resembles the 
single molecule spectrum, but with slightly larger intensity ratios (I 0-0/I 0-1 often > 2) and 
statistically larger integrated intensities. A marked i ncrease in the radiative decay rate 
relative to the single molecule is a well -known effect of J -type coupling, and probably 
competes with the intersystem crossing, resulting in the observed increase in the relative 
contribution of V1.  

 
Figure 4 . Photoluminescence spectra from different nanocrystallites with progressively decreasing spectrally 
integrated intensities (A -D), showing the evolution of the underlying vibronic progressions V1 (shaded) and 
V2 (dashed lines) with growth along the crystal -axis (a-axis) as indicated in the schematic (E).  
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The structural reaso n behind the J - to - H transition  of V1 from figure 4 (A -D) is very likely to 
do with balance between directional chromophore interactio ns within the crystal 
structure caused by growth along the crystallographic a -axis. Spectra with contributions 
from coulo mb interactions in both directions exhibit progressively H -type emission, 
signaled by lower overall emission intensities and peak intensity ratios (I 0-0/I 0-1 often < 1).  
Since the proposed triplet - mediated charge transfer interactions occur along the ! -
stack (or a -axis), larger spectral intensity contributions from the secondary progression, 
V2, are also associated with growth in this direction.  We are not sure what causes the J -
to -H transition of V2, but we speculate that it is a result of the balance  between 
increasing contributions from long -range coulomb interactions  (associated with H -type 
progression envelopes) and short -range charge -transfer interactions (associated with J -
type progression envelop es), both occurring along the ! -stack axis.  
 
3.4. Polarization Dependent Photophysics of  Large  Nanocrystallites  
 
The directional nature of the coupling mechanisms allows for direct interrogation of the 
charge transfer interaction using linearly polarized excitation.  Figure 5 shows the 
photoluminescence image (C), the emission intensity trajectory in response to rotating 
input polarization angle (D) and polarization -resolved PL decays for excitation polarized 
along the x -axis and emission polarized along the x -axis (A, red mar kers) and y -axis (B, 
blue markers) with fits (black  lines) to the long -time fluorescence decay (t > 10 ns).  

 
Large polarization contrast 
parameter values (0.4<M<0.6), as 
are typically seen for these large 
nanocrystallites, indicate that the 
overall tran sition dipole moment 
along the p -stack axis is small 
compared to that of the 
chromophore plane, which is 
oriented roughly 21 ¡ off of the Y -
axis. The balance of the elements 
that contribute to the transition 
dipole moment is more 
complicated in larger extended 
structures and will be reported in 
detail at a later time.  
 
Figure 5 A and B show the 
photoluminescence decay 
dynamics for a large 
nanocryst allites with an extended 
a -axis excited along the crystal axis 
with linearly polarized light. The 
fluorescence was resolved into its x 
(parallel to the crystal axis) and y 
(transverse) components. Emission 

polarized  parallel to the crystal axis is well -rep resented with a powerlaw decay model  
(I(t)=A*t -p), while emission polarized transverse to the crystal axis follows exponential 
decay dynamics. The presence of powerlaw emission is indicative of exciton dissociation 
and recombination via tunneling, and  is consistent with a strong contribution of the 
charge transfer mechanism to the overall photoluminescence  in the p -stack direction . 

 
Figure 5. Polarization -resolved photoluminescence decay for the 
nanocrystal with extended a -axis showing powerlaw fits (I(t)=A*t -

p)for t >10 n s for excitation polarized along the in the x direction 
and emission polarized in the X (A, red markers) and Y (B, blue 
markers) directions. Photoluminescence image (C) with relevant 
axis assignments and photoluminescence Intensity trajectory 
(blue markers ) in response to rotating excitation polarization 
(grey dashed) showing significant excitation anisotropy (D).  
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The large values of the powerlaw exponents (P~ -4.5) suggest small electron -hole 
separation distances  within these nanocrystalli tes. While the short -lived exponential 
components (t<5 ns) seen in both emission directions c an be confidently assigned to 
geminate single t-exciton recombination, the long -lived exponential decay shown in 
figure 5(B) is likely originates from a triplet sta te. Although we believe these crystallites to 
be at least partially formed in the solutions from which theyÕre cast , all the decays seen 
from solution phase TAT are exponential. We speculate that the significant contraction of 
the crystal lattice that occurs during the suspension -to -solid transition turns the dense 
collection of triplet states (characterized by the lon g lived exponential decays) into well -
formed charge transfer states (producing powerlaw emission).   
 
 
3.5. Large  Hybrid  Clusters 

The penultimate step in the hierarchica l growth of extended TAT crystals is large cluster 
formation. Large clusters are cast from solutions that have been allowed to nucleate 
overnight, and appear under illumination to be larger than the diffraction limit, and to 
photobleach steadily with littl e to no visible blinking at early times, and some blinking 
around the periphery of the cluster appearing at late times. Figure 6  (A) shows a hybrid 
cluster spectrum that appears as a mixture of amorphous (single -molecule like) spectra, 
and a J -aggregate core , as indicated in the inset schematic .  The spectra from back to 
front are taken sequentially in time suggesting that photobleaching of the amorphous 
surface occurs more quickly, leaving the ordered core mainly  intact.  Intensity ratios of 
the peaks P1 /P2 and P3/P4 were seen to be independent of  time, indicating that they 
belong to separate vibronic progressions.  
 
The single molecule spectrum is a perfect representation of the cluster spectrum high -
energy region with a small shift (b,c,grey shaded). Th e low energy region looks like a very 
redshifted J -aggregate (b, c, maroon shaded), which is consistent with crystal growth in 
the chromophore plane. The crystal core spectrum features a very redshifted origin, 
larger peak intensity ratios, and slower phot obleaching, all consistent with higher order 

 
Figure 6. Spectral changes in large clusters during photo bleaching (A). Spectra for first (C) and last (D) frames in 
the time sequence showing unde rlying single molecule -like (blue shaded) and crystal -core (maroon shaded) 
components. The inset shows a crystalline core with an amorphous surrounding layer consistent with the spectrum.  
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crystallization.  Decomposition of the spectrum into two regions with different 
photobleaching rates and significantly different origins reveals that the large clusters are 
composed of a J -aggregate core and sing le molecule halo, with the latter dominating 
the photoluminescence at early times (B), and contributing roughly equally at later times 
(C).   
 
3.6. Progressive Assembly of Extended TAT crystals  
 
Figure 7 shows the spectral 
relationship be tween isolated 
single molecules, large hybrid 
clusters and e xtended crystals. As 
shown in (A ), there is a small red 
shift (! E=26 meV)  between the 
isolated single molecule spectrum   
(grey line)  and the high -energy 
region of the small cluster (grey 
shaded), which is consistent with a 
change in the dielectric 
environment upon aggregation. 
There is an even smaller red shift 
(only 12 meV) between the origin 
of the j-aggregate cluster core  
(maroon shaded)  and the 
extended crystal spectrum origin.  
In fact, the pos itions of the vibronic 
components that compose the 
crystal spectrum are nearly 
identical to those composing the 
cluster core, but due to slightly 
smaller vibronic  spacing in the 
crystal there is a minor mismatch of 
the low energy components.  
 
 
The fact the there is a surprisingly 
small red shift  in the origin energy 
during the transition from  cluster  (a 
structure barely bigger than the 
diffraction limit ) to a many -micron - 
long extended crystal suggests that j-aggregate  cluster cores  have dimensi ons 
comparable to the thermodynamic limit for crystal thickness. Also, the distinct J -type 
shape of the crystalline core suggests that crystals grow preferentially laterally prior to 
forming large " -stac ks. Although the lineshapes  for extended crystals and  small clusters 
look drastically different, we propose that this change is due primarily to the j -to -h 
transition of both V1 and V2 crystalline spectral components , occurring as a 
consequence of the exaggerated aspect ratios of extended crystals.  
 

 4. Con clusions  
 
Tetraazaterrylene undergoes discrete hierarchical self -assembly via solution -phase 
nucleation to form extended crystals. The discrete nature of the assembly process 

 

 
Figure 7. Progressive assembly of TAT  from single molecule to large 
cluster (A), and cluster to crystal (B ).  The isolated single molecule (A , 
grey solid l ine) is shown for reference, and the large cluster spectrum 
(maroon dashed) is shown with components: shifted single molecule 
(grey filled) and  the cry stalline core ( , maroon filled ).  The compo nents 
of the crystal spectrum (B , grey markers) are not shown as well, but v1 
for the crystal is H -type with an origin very close in energy to that of the 
cluster core.  
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allowed for step -by -step interrogation of the intermediate stages and elucidatio n of their 
spectral characteristics. In light of new information afforded by characterization of single 
molecules and nanocrystallites, we suggest that the balance between coulomb 
coupling and charge transfer interactions is actually two -dimensional , depending heavily 
on differential growth rates of the chromophore and ! -stack planes. In crystals with 
exaggerated aspect ratios with respect to the nucleation seeds, the balance effectively 
boils down to one dimension, since the dominant coulomb coupling and charge transfer 
interactions both occur along the ! -stack.  The charge transfer mechanism can be 
selectively activated using polarized excitation. The size and shape dependence of this 
effect will be reported in detail elsewhere.  
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The problem of short characteristic exciton di! usion lengths
(! 10! 15 nm) in organic semiconductors has generated

signi"cant interest in nanostructured assemblies of conjugated
polymers for solar energy harvesting applications. Directed
assembly of p-/n-type semiconducting polymer nanoparticles
o! ers an interesting possible solution to the mesoscale morphol-
ogy problem in organic light harvesting systems, where both
dimensions and stable packing geometries may give rise to more
robust and e# cient organic PV devices.1a! e Recent studies by
several groups point to the importance of control over particle
size and internal structural order for the optimization of charge
e# ciency and charge separation.1c,d,2 The interesting aspect of
the nanoparticle approach for photovoltaic applications is that
for certain nanoparticle packing structures that can, in principle,
be de"ned by nanoparticle size, there exist extended, continuous,
conducting paths for electrons and holes. In keeping with this
thinking, the Venkatraman group has devised new synthetic
methodologies for preparing nanoparticles of organic semicon-
ductors with tunable sizes and degrees of crystallinity. In this
Letter, we examine the time- and polarization-resolved photo-
luminescence (PL) from individual regioregular rr-P3HT (poly-
3-(hexylthiophine)) nanoparticles as a function of both size and
internal crystallinity (unpublished results). Our measurements
reveal PL dynamics that depend on both size and internal
structure, and that are qualitatively di! erent from extended
P3HT" lms in every decay time regime. Perhaps most interesting
is the observed size dependence in the long-time regime, which,
when described with a power law decay (related to mean
electron! hole separation distances), shows signi"cantly larger

exponent values than those recently observed in extended" lms.3

These results yield new understanding of the relationship
between photophysics and nanoparticle properties and imply
the feasibility of hierarchical assemblies of conducting polymer
nanoparticles4 as a route to higher e# ciency in organic PV
systems.

The photophysics of polythiophene and polythiophene
blends are currently the focus of intense research e! orts across
many di! erent disciplines. Recent studies of time-resolved
pump! probe polarization anisotropy in absorption and
luminescence5 using $uorescence upconversion6 and streak
camera techniques3,7have been reported for P3HT in thin" lms,
pointing to exciton migration and charge separation processes
that occur on time scales on the order of a few picoseconds,6a

as well as long time scale dynamics attributed to radiative re-
combination of polaron pairs.3,8However, because of the sensi-
tivity to path length and absorber density in ultrafast methods,
such techniques are di# cult to apply to single molecules or
isolated nanostructures. Polarization methods, in particular, are
powerful tools for elucidating the details of internal order and
multichromophoric characterin single-polymer chains and
nanoparticles.4,9a! 9e However, suchÒsteady-stateÓpolarization
methods are incapable of recovering dynamical information from
single molecules or isolated nanostructures on time scales shorter
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ABSTRACT:We report on a remarkable size and internal structure dependence on time-
and polarization-resolved photoluminescence (PL) from individual regioregular rrP3HT
(poly-3-(hexylthiophine)) nanoparticles. For the smallest particles (! 34 nm) with rela-
tively low crystallinity (40%), the time evolution of polarization contrast is nearly stationary;
for intermediate-sized particles (! 65 nm), depolarization occurs on a 1! 2 ns time scale.
The largest and most crystalline particles studied (118 nm, 70%) show a PL depolarization
on a time scale of <50 ps. In every time regime, we observe P3HT nanoparticle PL dynamics
that are qualitatively di! erent from those of extended" lms and single-polymer chains,
highlighted by intriguing di! erences in power law dynamics in the PL intensity at long times.
This work may support the hypothesis that hierarchical assemblies of conducting polymer
nanoparticles could o! er a route to higher e# ciency in organic photovoltaic systems.
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than! 1 ! s due to limitations imposed by mechanical rotation
times or CCD camera frame rates.

Figure 1 summarizes the properties of the P3HT nanoparticles
under investigation here. The ratio between the intensities of the
vibronic band (610 nm) and the main absorption band in the
UV/vis absorption spectra of aqueous dispersions of nanoparti-
cles provided a measure of net crystallinity. High-resolution
transmission electron microscopy (HRTEM) images con! rm
the semicrystalline nature of the nanoparticles and provide the
additional insight that the particles are actually polycrystalline,
with multiple crystalline domains that are nonuniformly or-
iented. The nominal sizes of the nanoparticle families were
determined with dynamic light scattering (DLS) and con! rmed
with AFM surface height scans.

The experiments described here employ a variant of time-
tagged/time-resolved (T3R) single-photon counting, with ac-
cess to polarization dynamics on time scales ultimately limited by
the (picosecond) time-to-digital conversion resolution. We used
a pair of high-timing precision avalanche photodiodes (APDs)
(id Quantique id100! 50) arranged in a Hanbury! Brown Twiss
con! guration and registered to the same point in the sample
plane. This point corresponds to the center of an iris that was
placed in the emission path and tightened so that the"uores-
cence signal of only a single particle would be sent through the
detection path. This, along with sparse particle populations in the
sample plane (described in Supporting Information), ensured
that all signals collected were from single particles. A neutral 50/
50 beamsplitter was used to divide the"uorescence signal,
followed by linear analyzers in front of each APD to sort signal
photons by polarization state (perpendicular/parallel) with
respect to the polarization of the excitation pulse. The individual
APD signals were input into a precision channel router
(PicoQuant PHR800 Uni-Router) and directed into a time-to-
digital converter (PicoQuant TimeHarp300_V2) operating in
T3R mode. As in conventional T3R measurements,10 this
approach enables construction of"uorescence lifetime trajec-
tories by sorting a cluster of photon events within a givenglobal

time segment by (local) arrival time relative to the most recent
excitation pulse. Because each detected photon has an additional
polarizationÒtagÓ, we have access to information on the picose-
cond time evolution of the polarization contrast, as well as
polarization correlations between individual photon detection
events.

We used a vertically polarized PicoQuant pulsed diode laser
operating at 440 nm (pulse width" 50 ps) with a 10 or 40 MHz
repetition rate as an excitation source. The laser spot was weakly
focused (! 10 ! m spot size) and set up in epi-illumination
geometry, with an average nominal input intensity of! 1 kW/
cm2. Nanoparticle sizes were determined using both dynamic
light scattering (DLS) and in situ AFM surface height measure-
ments. Isolated P3HT nanoparticle samples were prepared by
drop-casting from dilute (! 10! 9 M) aqueous solution onto
plasma-cleaned glass coverslips. PL data from individual particles
were accumulated for typically 3! 5 min. Detailed count rate
analysis (Supporting Information) of the PL from di#erent
nanoparticle families showed the onset of a process that com-
petes with radiative recombination and that scales with the
particle size and internal volume fraction of crystalline P3HT.
This could be a similar e#ect as that observed for collapsed MEH-
PPV chains by the Scheblykin group.11

Figure 2 summarizes the PL decay distributions from two
di#erent NP families, 115 nm (55% crystallinity), and 118 nm
(70% crystallinity). Each single-particle decay function was! t to
a decaying three-exponential function convoluted with our
instrument response function (see Supporting Information for
details). The peaks in Figure 2 are Gaussian! ts to histograms of
decay constants, whose areas have been scaled according to the
relative contribution to the total detected PL, thus approximating
a decay rate probability function. The dashed gray curve repre-
sents the distribution of single-exponential decay constants
obtained from single chains of P3HT cast from chloroform.
Thus, the central peak, which appears between 300 and 900 ps
depending on particle size, is associated with radiative decay of
the relaxed singlet exciton,6aalthough it presents with consider-
able variability among the di#erent nanoparticle families (data
not shown). The long-time decay components that appear above
500 ps are most sensitive to the crystallinity! an e#ect that is most
prominent in the largest nanoparticle family with the highest
crystallinity.

Figure 1.(Left) HRTEM image of a 116 nm particle. Crystalline
domains of about 5! 10 nm have been highlighted. The insets display
the crystalline arrangements of each crystal. From these images, it is
evident that the internal crystalline domains are randomly oriented.
(Right) Normalized UV! vis absorption of four nanoparticle families.
(Bottom) Two of these nanoparticles have di#erent mean sizes (32 and
60 nm as determined from DLS) and the same crystallinity, as
determined by the UV! vis absorption, while (Top) we display UV! vis
absorption for two families of similar size but di#erent crystalinity, as
evident from the di#erence in the shoulder at 600 nm.

Figure 2.Gaussian! ts of histograms of PL decay components from
P3HT nanoparticles: 118 nm, 70% crystalline and 115 nm, 55%
crystalline. Histogram areas have been normalized to show the relative
contributions (amplitudes) of each decay component. The distribution
of single-exponential decay times for single P3HT chains of®"¾= 600 ps
is shown by the dashed curve (arbitrary scale).
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Figure 3A! C displays polarization-resolved PL decay data for
34 and 60 nm (both with 40% crystallinity) and 118 nm (70%
crystallinity) NPs, compared with the (single-exponential) PL
decay of a single P3HT chain (gray trace). Figure 3D! F shows
the corresponding polarization contrast,M = (Npara !
Nperp)/( Npara+ Nperp); Npara/perpare the number of detected
counts in the parallel/perpendicular polarization channels as a
function of local photon arrival time (ns). In this analysis, the
localphoton arrival times (relative times referenced to the
excitation pulse) were binned to give approximately equal
numbers of counts in each local time segment, thus roughly
equal in uncertainty inM. For the 34 nm sample, the polarization
contrast appears nearly stationary in local time, with a typical
mean value ofM = 0.25. For the largest particles, the PL appears
to be almost completely depolarized at early times and acquires a
weak (positive) bias at longer times. By far the most interesting
behavior is seen for the 60 nm NPs, which show PL depolariza-
tion on a 1! 2 ns time scale. In every particle family studied, the
time variation of polarization contrast with local time appears
roughly independent of which global time segment is selected in
the PL trajectory. Thus, the underlying dynamics governing the
time evolution of polarization contrast seem to be constant in
coarse time and only weakly associated with photobleaching. We
speculate that the size dependence in the time evolution of
polarization contrast could be due to the relationship between
crystal domain sizes and the number of di! erent crystalline
domains within each nanoparticle. Preliminary HRTEM results
(Figure 1) show that the largest particles with the largest percent
crystallinity are polycrystalline, with crystal domains that are on
the order of 10 nm. If the average initial crystalline domain size is
independent of nanoparticle size (that is, formed prior to
nanoparticle assembly), then size constraints allow for only
two or three crystalline domains in the smallest particles, thus
producing strong (and constant) polarization anisotropies. In

contrast, the largest polycrystalline particles would presumably
have randomly oriented domains, thereby giving depolarized
emission at short time scales.

Recent reports3 have suggested that radiative recombination
in P3HT occurs primarily at the interface of lamellar (crystalline)
and poorly stacked (amorphous) domains.3,12a,12bCharge se-
paration occurs over subnanosecond time scales (thus scram-
bling the polarization in emission) by dissociation of excitons
created at interfaces between lamellar (aggregate) and poorly
stacked (nonaggregate) domains. Thus, the time evolution of the
polarization contrast that we observe in the 34 and 60 nm
nanoparticles could be related to anisotropic exciton di! usion
within the crystal domain directions. The distinct time evolution
in the 60 nm particle family may be a consequence of a crystal
ÒripeningÓe! ect. In smaller particles, surface energy and size
constraints would inhibit further growth of crystalline domains
through nucleation. Because the nanoparticles with the highest
crystallinity are likely highly polycrystalline, there may be numer-
ous nucleation sites, which would mean that the average indivi-
dual domain size would not change very much through nucleated
crystal growth. The 60 nm particle with low crystallinity may
have the proper conditions for signi"cant nucleated crystal
growth, and therefore, the crystal domains may be larger than
those in the small and large, but polycrystalline, particles.

In the model proposed recently by Paquin and co-workers to
describe the time dependence of PL decay in P3HT" lms,3 the
long-time dynamics can be modeled with a power law, given by
I(t) ! A3t

! (1+! ), whereA is an amplitude and the power law
exponent! is given by the ratio of the mean e! /h+ radius and a
distance parameter characterizing tunneling in the material.3,8b

Paquin and co-workers reported a value of! = 0.54 for neat
P3HT" lms, which appeared to be independent of temperature
and polarization. Figure 4 shows a comparison of PL decay in the
long-time regime from 60 and 170 nm P3HT nanoparticles with
40 and 50% crystallinity, respectively. Because the PL is so weak
in this time regime at room temperature, PL decay signals from
approximately 20 di! erent nanoparticles, collected individually,
within a particular family were combined for the analysis. For the

Figure 3.Polarization-resolved PL decay from di! erent P3HT nano-
particles, (A) 34 nm/40%xtal, (B) 60 nm/40%xtal, and (C) 118 nm/
70%xtal. The corresponding polarization contrast parameter time
evolution for (A! C) is given in (D! F). The scale for the polarization
contrast,M, is the same for all (D! F), and the time-resolved count data
have been segmented to give approximately equal numbers of total
counts at each time. The di! erent traces in (D! F) correspond to
di! erent time segments in the PL trajectory.

Figure 4.Power law analysis of long-time PL decay from 60 nm (blue
triangles and red squares denote di! erent polarization components) and
170 nm (gray circles, polarization contributions combined) P3HT
nanoparticles. Signals from" 20 di! erent particles within the same size
family were combined. The data were binned at 5 ns intervals between
20 and 100 ns. The red and blue solid lines represent" ts to the PL data
with a power law argument of! = 1.7; the solid black line indicates a
power law" t with ! = 0.7 (( 0.1).
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170 nm sample, we recovered a value of! = 0.7( 0.1, which is
close to the reported thin! lm value.3 For the 60 nm sample, we
obtained a value of! = 1.7 (( 0.1), nearly a factor of 3 larger than
the thin! lm value. This suggests that the average electron! hole
radius is signi! cantly larger in the 60 nm particles. This could be
due in part to screened electrostatic interactions between carriers
inside the nanoparticle and charges on the surfactant bound to
the surface. Alternatively, a reduction of the charge tunneling
distance in the material due to con! nement in the nanoparticles
could also increase the value of the power law exponent. The
larger power law exponent for the PL decay in 60 nm particles
may, as we speculated earlier, be associated with larger crystalline
domain sizes.

In summary, our measurements of polarization- and time-
resolved photoluminescence from P3HT nanoparticles have
revealed an interesting dependence on particle size and internal
structure. Qualitatively, these results can be interpreted in terms
of an enhanced probability of charge separation upon photo-
excitation that competes with radiative recombination and
increases with increasing internal P3HT nanoparticle crystal
fraction. This interpretation is supported by the PL intensity
and count rate data, which shows a dramatic fallo" (compared
with a simpler3 dependence) with particle size, (shown in
Supporting Information). In addition, the time evolution of
polarization contrast indicates an interesting size/structure-de-
pendent polarization dephasing; the origin of this is not com-
pletely clear. Finally, the power law analysis of the long-time PL
decay suggests a signi! cantly larger mean electron! hole radius
for smaller nanoparticles, which may facilitate higher charge
harvesting e# ciencies in a nanoparticle-based organic photovol-
taic architecture.
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