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Abstract

Project Code: MRG5080324

Project Title: Quantum Chemical Calculations on the Structural and Electronic

Properties of Fluorene-Phenylene Copolymers

Investigator: Miss Rungtiwa Chidthong Nakhon Pathom Rajabhat University

E-mail Address: rungtiwa@npru.ac.th, chidthong r@hotmail.com

Project Period: 2 years

In this work, the structural and electronic properties of fluorene-phenylene
copolymer (Poly[9,9-dihexylfluorene)-alt-co-1,4-phenylene)], (FP), and its derivative
(Poly[9,9-dihexylfluorene)-alt-co-(2,5-dialkyloxy-1,4-phenylene)], (FMP), were
theoretically investigated by mean of quantum chemical calculation. The ground and
excited state optimization of (FP), and (FMP), n=1-4 were calculated using B3LYP and
TD-B3LYP levels of calculation, respectively. It was found that ground and state
geometries of (FP), and (FMP), are non-planar whereas the excited state geometries
show more planarity than that of ground state. Moreover, excited state geometries are
quinoid type structures. On the basis of ground and excited state structures, the

vertical excitation energies (E and fluorescence energy (E,) of (FP), and (FMP),

)
excit
were calculated by TD-B3LYP level of calculation. The obtained results were plotted
and extrapolated to 1/n, the good linearity was obtained. Additionally, the electron

transition is assigned mainly from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) or S, — S;. From the results, E__, of
(FP), calculated by TD-B3LYP/SVP and TD-B3LYP/SVP+ levels of calculation are 2.89
et Of (FMP), obtained from TD-B3LYP/SVP, TD-
B3LYP/SVP+ and TD-B3LYP/TZVP levels of calculation are 2.89, 2.87 and 2.85 eV,
respectively. Next, E, of (FP), calculated by TD-B3LYP/SVP and TD-B3LYP/SVP+

and 2.87 eV, respectively. While, E



levels of calculation are 2.27 and 2.26 eV, respectively. Whereas, E,, of (FMP),
obtained by TD-B3LYP/SVP, TD-B3LYP/SVP+ and TD-B3LYP/TZVP levels of

calculation are 2.52, 2.50 and 2.50 eV, respectively. It can be seen that E and E

excit flu

do not suffer appreciable variation with the additional of methoxy group in fluorene unit.
Finally, the radiative lifetimes of (FP), and (FMP), were computed. It was found that
radiative lifetimes of (FP), and (FMP), are in the range of 0.49-0.69 nanosecond. This
fundamental data is useful for making the promising polymers which can be use

employed for LED materials.

Keywords: Fluorene-Phenylene Copolymer, Vertical Excitation Energy, Fluorescence

Energy, Radiative Lifetime
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Executive Summary
1. anudrayuazna1zalgnd
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luflyduinmmaasuazinaluladldianuldsuudasnglanuazdaumadiimn laonislu
;:' Ao o LA . @ <A [ AV va a ¢
anulfsuslasniianuimagedwisdanmswawaasdsanalneife @wwilumalulad latins)szaus
fadu uardnuidunsdumlmnaluladiduiriwiunin laslanizagn9ds nens@nsiuazidodin
& o Qs U v I 1 3 U v v v
Theoretical & Computational Chemistry Gsilanudmanuazinwiiisatnsunn azfulaindrsanumamnin
ndumlwnaluladiies Mldiniiiag gunsal Adwrsanuszainldunuysdannans wiu rawlu 3u
{ o o @ t% < . A
wlu Mysanuuusialtlumssnsliaead I9niaun wIalia SARS w3aulins=nd conducting polymer 44
dunikluizgidunaniaananuiniimsunlunalulad 1,&w13ni conducting  polymer /1%
dselomiunnane 1w tuaulsznauwad Light emitting diodes (LCDs) displays #38%1i12a189n88903aa
aauRaas Insanridlatio imwmas (sensors) loansioas uazdu 9 snunung
Tulanvasannumianiinisdinermaasuazinalulad tawrsananidsanivinnismasaslu
weasfiamsle ihesnndiluniess mainanasadluiasd judnsldaunarild fdunulunmmasas
o AdAa a a a a A o L o o LY P '
g9 Ifaaafindify ifavenfoniomsfisanauiuninaass wiawinsznidinisnanaslaudnad el
v 1 ] a 1 v v o e a ‘é {
andad imzdunlimainsnaiuguiladsdn 9 lunsnaassdldniaidedinaluniinanss Swiefiaunn

tolumifinmemuant@dng 9 vasljisomiassiindasnsdnmidenisnsdanslaslfuudiaainis
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addadA

~a . . A v v 1 o o
AauRILAaT (Computer simulation) TiANNGBITAINIANIAILATRTFaNINTIEIdEMIdwImlY
TZAUAIAUGY (Quantum calculation) uaznavaINIANMEILITRIUABNTatIUNIRANBM lanDag ldan
NRINWINTANUA LW TENITTWIN WA T AT ARNA LWL WTIE adhidaduainsAnsdrsuuudianinig
AaNRILABT (Computer simulation) # GavihldimaanInaanuuuisgailmaild sanuuusfitinguailiacg
9 uazthliiudrlatal fisenngeenndudauds o 1d

Tatiuaiinsldwedwainiihlugasmniusiinauaniaaisiwiuinn Sawediwainidiiingg
andnunungasnnisudanaulununais 9 dru dreg1agu gunsalisfineuaniaad (semiconductor
devices) qﬂﬂitﬁlﬁmﬁummamwa (Display Devices) vt 2801w labtop, jaflo NABIRIAR WIRNN LoULTas
(sensors) LUALABI (Batteries) Lﬁﬁaarq%ilz (Solar cells) 2937 i (Circuits) lalaa (organic light emitting

. A Al = P a el o o o Aaa A P VIS A A6 [y ' a
diodes) HasnillaifIsuisunadiuatniaainnudfnauwnsaasniaaindszinnaiunid wa? wudiwed

fd! Qs o lil gl lil v L lﬂl k3 wa lil v a 2; 1 [l
wasisahmansnfazdiuudsulassivldioteldldauifaanidasnis annslifianugseinle
PUIUMITUIURIaNTELIUNIEIIUNIILAz I nillanGaludIunouann (mass-production) wdatnily
AnugamnnItuuwlinnidainuaiissnwgs 9 iudigrasnanioimeindinsdasnisdanauat)

Organic Light Emitting Devices (OLED) (Juginyniniasldiuanuaulaadrsunnnimafinmeim
Inmenaaiuazinaluladiunainsgasmnisy Wesand1 OLED  smansnwlsusidlaauainudains
wazdUssdninmnlumadduasigs Sangnaldnusniuu uaziwfaandsnulnintasndt norganic Light
Emitting Devices

OLED iinanmidiuisznaudine 9 asiide dszneudisiagnilaui@nsilsiuss (emissive materials)

A & a & A & a a6 . , . &
B30 TUNBALNDT (polymer layer) ‘ﬁdL‘lJ%I&lLaqamSauYIiﬂ (organic molecules) ’J’ldagiz%?’l\‘lﬂlﬂ‘l’m’m’m

(cathode) UazaL (anode) Taqiusumtazlaudiduasnidiindsurasndsnn 2 sila Ao TUNIUAT
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Iuﬂﬁlﬁ;ﬁuﬁfﬁqmmLLawmmﬁﬂﬁgﬂﬁmwﬁmﬂu OLED 1% poly(para-phenylene), polythiophene,
polypyrrole, poly(para-phenylene vinylene) polythiophene LLazﬁlu 9 lag) OLED ﬁ1ﬁ§Uﬂ?1Mﬁﬂuﬁa OLED ‘ﬁ
T RILFIFLAS UIn 1T wasluussandreau i Miduiaandudvninisvesindsofazdne
AUFNTAGS 9 LLa:Lﬂuﬁﬁyumﬂﬁq@

waawgia%u (polyfluorene W38 PF) Lfluwaamai{ﬁqéﬁﬁﬁﬁgﬂﬁmﬂﬁﬂu OLED Lﬁaamﬂﬁqmauﬁa
Aananolszms 1u musnissusdinIunsuuy photoluminescence (PL) Uaz electroluminescence (EL) &
@1 quantum efficiency 84 photoluminescence (5} ﬁﬂ’nuﬁ’mﬂﬂu@iﬂqm%ﬂﬁuaz oxidation (thermal and
oxidative stability) s1xnInazaelaaluasazaoduniden 9 1tu asalswasy inmnszlalasiausu usziu 9
uazdAunuwiInulIzanm 3.0-32 eV udatslsiaunadngleIudildaifonaiotszng it wIETLLse
aaﬂma:rﬂﬁsJuvLaJija"l,é’f%‘umm%auﬂ%aninmvlwws’f}oﬁNaﬁﬂﬁqmauﬁ’@maamuﬂﬁﬂuLLﬂaaﬁTw 359
'ﬁmsJaﬂ'ﬂdﬁﬁ)zﬂ?ﬂﬂ;d‘ﬁaL'ﬁﬂwaﬁWgIa’%uIﬂwﬁﬂu'i%miﬁmaulaﬁamnﬁuwa'&ma%’é‘uaﬂumﬂﬁwaﬁﬂg

ToTu v Tw3au nlaWn uaziiasn

(b)Poly[9,9-dihexylfluorene)-alt-co-(2,5-dialkoxy-1,4-phenylene)], (FOP),

o

sU 1 Tassgsrslan aaLwaﬁrs:ﬂmwQia%fuﬁ'uﬂ'ﬁaﬁumﬂ*ﬁﬁﬂmlmmﬁa o

lwnwidpilddraaslanainluanalanefwefznianglesuioiifiadu Gun 1) Suduwefined
Asai uazAinmauifueslasiaii MITaEeIAININAN1IZAY (ground state) UATANNIZNNTZGU (excited
state) laslanizadnibiiangnnizduitesnndslifnimmenunisiinmlassaiiivasnafiwesinaan

§NNNZONNTEG W AnwauiandlannIannduazanianisilasussvaslanadwassiailaslETn i 1w o
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2. Jagdszasa

\Wamdnlasaairinaunaiingi (conformational analysis) ian1zA (ground state) UazdN1IEYN
NIzeL (excited state) vasuauamaiuazlanaivaswgloTunuilfiadu (fluorene-phenylene monomer
and dimer) lagldmssuwindioszdouisninlouay

iWamlassainefiafinafiga (optimized structure) Baian1IEAU LazENIZYNNITGUTRIlanaTNaT
wwivglaiunuifiadulaslsnmisumdissndoyitnemauey
\WafinmantniBiinnsafing (electronic properties) vaslanafinaiiznitnglasunuilfiadulas
lEmsdmindisszdouitneniauay

P o o ¢ ' v @ LN A& A € a & : A o Aa
WWamanusunuizninlasainuauanedianniefindvadlanafwe fizniavglauiuiliia
i

a' ' o a & ' A o Aa A o Y =
\NamANUNLNWEI9 (Energy gap) lawadinaiizwineglasunuifadulasnmsdwindisszdoy
ADNMIMIUAN

A ' [ & ' .. e s
LwammwmmuwQaaLiamwﬁ (fluorescence energy) nAlumTUR IR (radiative lifetime) w84
lawaRweTiznhavglounviiiadulasmisunmdissndoyitnemandy
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3. sudsulsivw

3.1

3.2

3.3
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3.5

3.6

3.7

ﬁﬂmﬁuﬂiﬁagammmﬁ'ﬂﬁLﬁmﬁaa
aﬁ”ﬁdme‘jmaﬂmda%ﬁa“umwgia%uﬁ'uﬂﬁaﬁuﬁaUIﬂiLm'su molden
=3 2 6 O 3 6 6 a 6 1 a
ﬂﬂwﬂmmiwﬂauwanwwuaﬂmamwmawauamanmz‘l@Luasmaﬂﬂwaamaﬁzmww;ﬂmu
ﬁuﬂﬁaﬁuﬁamazﬁuuammazgﬂmzﬁuﬁamuﬁw‘i% B3LYP/SVP W&z TD-B3LYP/SVP
AU
A aa o A ° o A a A & &
‘mszmslmﬁmamaumwmm:aua’msumwmﬁmLﬁmUswq@’uawauamail,l,a:vlmwasmao
a 6 1 =} w Aa =
lawaRwerzniavlglounudiladu
ﬁnwﬂmaa%ﬁaﬁama:ﬁuuazama:gﬂmzﬁwaaIﬂwaaL&Ja*fa:%iwﬂgia’%uﬁ’uﬂﬁaﬁuﬁam:Lﬁﬂu
3% B3LYP/SVP W&z TD-B3LYP/SVP @u&1au
U REFIST UU%%'meaué’uﬁmmmuﬁwm%’umwﬂmaa%aﬁLaﬁmﬁq@ma{mauamﬁ lawwas
6 6 a 6 1 a v Ala A
Tnswes Lm:mmzmasmaﬂﬂwaaLuasszmwaw§IaiuﬂUWuaau
P laTIR AT USURINIMIAILOUNAIY  (Energy  gap) WIDWAINUIEWINMIONNITdURTD
A & o & & & &
wWasusnzananmiziwiduanizgnnizdurainaainat Townas nswas uazinnizivasvas
lawafiwairznitvwgloiunuiliafudnszndositnaaaudy  (TD-B3LYP/ISVP)  uazvitug

s v a 6 1 = o Aa 4 v a . .
waamugﬂm:@umaaIﬂwaaLuaiiw’mwgIasunuWuaaum gLNAWA Linear extrapolation
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3.8 mIWAIuWRealIETud (fluorescence energy) vadnauainad lawat Inswed uaz innsziuad
°11a\ﬂﬂwaaLaJa%szmww;ﬂa‘%'uﬁ'uﬂﬁaﬁuﬁam:Lﬁmu'ﬁ%mamaué’u(TD-BBLYP/SVP, TD-
B3LYP/SVP+)  uazvimiawasiungeaissoudradlanafiweiszninavglaiunuidiiafuedqe
WakA Linear extrapolation

39  wzduuuresmidaiiasmvaivadlanafimairzniiavglaunuidadudisluunsy molekel

3.10 Yhwsnmlunadduas (radiative lifetime) vasvaslanadimaiszniravgloiuiuiiadulas
ATNMIEWITUAIBENNT

T=— (1)

{ = 8
lagfl ¢ fanasIugs (3x10° m/s)
A s 6
= AOWRINUNRDBLIRLTE
f fa oscillator strength
3.1 wiszdspTnmanzaungaiafiwi Mo una K wé’amuﬂgamsmmuﬁ WRZ LI WA TLUEINES
a 6 1 = “ Aa =
°1Ja<1°naﬂﬂwaamaii:mwanIaﬁuﬂUWuaau
A % A A o [ [ e
312 Awvvdaya anUNuNaUaIM YA R R lATIETI LDUNRIING WRINUN YD DLTFLTUTUAZLIAT
luﬂWSLﬂdoLmemIﬂwaaLua'jfizudﬂanIa%uﬁ'uWﬁaﬁu
3.13 WIUAsURaNIEIWI a5 T8 U3 T N9 UANNUAIINNNTNARBIL N WIS D UATANY
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AnRAdDK
112 (3 |4 |5 |6 7 |8 |9 [10[11 |12
3.1 v | v
32,3334 vV |V |V I V|V |V
3.5,3.6 VAR AR AR AR AR
3.12,3.13 v ivi v v VAR AR AR AR AR
U9 2 sioud)
3.7 v v iv|v
3.8,3.9 v |V AR ARAR
3.10. 3.11 v v v vy
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1l#1 1 Theoretical Investigation on Structural and Electronic Properties of Fluorene-Phenylene

Copolymer ANAINATENNTDARNNNLUINTANT Polymers (impact factor 2005 = 2.849)

i 2 TD-DFT investigation on excited state structure, fluorescence energy and lifetime of Poly
fluorene-Phenylene Copolymer AAINATENNTOARNUNLUINTANT J. Comput. Chem.

(impact factor 2005 = 3.785)
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T Wi 16 dannlull 2000 Bndnenmaas U 3 vinu @e Alan  Heeger,
Alan MacDiarmid W&z Hideki Shirakawa 163051978 lbUARNITLAN l8NaNWATAUND
a ) Y a o Y a J s )
wadlaS Wi (Braun et al, 2002) wadinaSin Wi wIawediwasnialindu
wadwasnilawaivesmolanandunusiduiaduiuseg (aromatic  m-conjugated
=} A & a dll d' 1 -] v
polymer)  Hzuddidulnaauginalasiusslnauriniedeunllanszniaolaili
A & va & @ ° o . . A A a & A &
woSwailauddiduiagun i (conducting  materials)  wiawana@ndianniafing
(plastic electronics materials) lasfiann13¥in IWANT=1I19 1.5-4 eV dratsvaInadiues
nvdhldurn wedwala3u (polyfluorene) wadlslaWu (polythiophene) waAw#iadu
a dll a {& s o 1 dq,
(poly para-phenylene) wadauloa (polycarbazole) lLazat & WaNLNDINIAIWILAR Y
unaulavasiinisgasmniranazaimsnsdnm iasaniduiagniisudanis
a & a 6 . a . Aa o a 6 ' y
BuannIafind (electronics) Lazaawdnaa (optical) Na lasaunsniilanafwasinanild
Iiluasndsznavlunaea light emitting diode (LED), solar cell, transistor, sensor L8z
electronic circuit
wadwglaiu (polyfluorene wia PF) iluwadimainidihsiianinldiuainuaula
uwazgnihanyszgndldidu organic light emitting diodes (OLED) t#asanilguauiiang
WanoUIzny L% & uILUaILRIREIIWNILUY photoluminescence  (PL) W&z
electroluminescence (EL) ) quantum efficiency 83 photoluminescence G Janw
dunusdagmngiluaz oxidation (thermal and oxidative stability) snanynazans ld@luen
o a A & \ & PN A a o
Maza1odunidens 9 1w asalswesy innszlalasiousu uazdu 9 uazluouwasnsy
Uszanas 3.0-3.2 eV udadnilsfianunadnglatudsfidaifonaodsznis uiu ussdfiss
sanv1vzidaouldialdsuainusaunienseua Wi dsinarinlAandfursadig
Wasnulade denudsinsliudaadaidunednglatulasmuiunefinaioiaauas
lumolawadinglatu iiu Iw3du Ioleilu uasifiadu



(BuEHPW],‘:[MEHPPV}y Co-polymers
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{ v a S @ o { ' !
LLﬁ@NﬂWiLl]aEI%LLI]QGI@?GKTN“H@GW amua%ﬂammﬁﬁwam NI A IR

waangla3u poly(9,9-dihexylfluorene) Qﬂﬁdmi’]zﬁﬁxuﬂ%uimﬁaﬂ 1989 lang
W38 waIludlu (Ohmori, Y. et al., 1991) laswwuin poly(9,9-dihexylfluorene) LUaILad
shuAinuenan 470 nm LLazﬁy’\anIa%uuazmgﬁuﬁ(maawgIa’%ummsmﬂdoLLm
wgaanawﬁuéﬁﬁﬂmmﬁwga luianavainglaiudsznavd olassansvasluffadidn
rigid planar LLa:mmmmLﬂﬁlﬂu%gﬂaﬁ%’u@mmmﬁ c-9 & ﬂgﬂaﬁ%’uﬁeﬁ%mm C9 2z
ﬁﬂsziﬂ“ﬁﬁ@iamia:mwaawaﬁWgIa%uluaﬁia:awULLa:Lﬁm“ﬁaq@iaauﬂammwaawﬁ
daunlutl 1993 nquwas Masahiko VL@TE%mﬁ:ﬁwaﬁﬂgia‘%uuazwud’]msmﬁmﬁmmm
araneldlussazanedunsdrialy 1u asaliwady udadralsiaunwediwesiginmey
latien degree of polymerization @‘iﬁ (Masahiko, F. et al., 1993)

GaNIRNITTNLINWATFILATIZR poly[(2,7'-(9-9-dioctylfluorene)] lae palladium-
catalyzed coupling Wuin lémsazanemndes issussdinSuiinnuenneindszano
410 walwas & quantum  yield  U32anm 0.87 nsiuiin1s&aiasnzs Poly[(1,4-
phenylene)-2,7-(9,9-dioctylfluorene)], Poly[2,7’-(9,9-dioctyl-2’,7-bifluorene)], Poly-2,7’-
(diethyl 9,9-dioctyl-2,7’-bifluorene-9’,9’-dicarboxylate)], Poly[2,7-(ethyl 9,9-dioctyl-2,7’-
bifluorene-9’-carboxylate)] WS Poly[2,7’-[(methoxyethoxy)ethyl 9,9-dioctyl-2’,7-
bifluorene-9'-carboxylate]] #9woRiuasnaniiliuasdingu Je1 quantum  yield G
(Ranger, et al., 1997)



Tud) 1999 Yu, W-L  uszaclasoanzAuas@nsnant@vas poly(9,9-
dihexylfluorene)  Wu31 poly(9,9-dihexylfluorene) TR ugadiIund photoluminescence
efficiency 13zanth 40% e highest occupied molecular orbital (HOMO) uae lowest
unoccupied molecular orbital (LUMO) 71 5.66 Waz 2.62 eV ¢1ni1 vacuum @u&1au
Liao, L.S. WazAms (2000) IGANEN&NUABENNTAANFLAZLAUNAIINUVEY poly(9,9-
dihexylfluorene) Al photoelectron spectroscopy W11 poly(9,9-dihexylfluorene) fen
lonization Potential (IP) L8z energy band gap (E,) WiNNU 5.60 + 0.05 eV Uaz 3.10 +
010 eV  aN&9U daulull 2000 Blondin  wazame laaILATIZA poly(2,7-(9,9-
dioctylfluorene)) lagld palladium-catalyzed Suzuki coupling reaction e poly(2,7-(9,9-
dioctylfluorene)) N3 yield NNy 85-90% LURILEIRINIIN WALAA excimer WazwuUILla
AANNSLAA excimer  ITHINAMALAG red  shift a9 photoluminescence  (PL) W@y
electroluminescence  (EL)  uaziinsdnawadngleTuuazaunus ldszondlgidu
electron transport materials 1w OLED (Kulkarni et al., 2004)

] =3 A v A a a 1 a a A v a A
adnalsfimmannueninilaandadivaswadngloin wudwednglesuiitaifode
a i A i A o A o , £
\fia excimer %38 aggregation larudrunIzuaiWiniaauTauluszniantugy
& 2 a d . . . . . .- -
\Jw LED @9tiaannnyndl high energy barrier for hole junction LLag insufficient stability
sadudadriavasmsliwefiweiziiailu LED Sedgmidgnuilalasmadfsuudamy
Wartduluduniba co Tull 1988 lalinoaumaduwadweivsriia ldun ny aryls 117
"Lﬂil'ﬂuLaqmlaawaﬁWgIa‘%uLﬁaﬂ%’uﬂ‘gaauﬂ'@moﬁLﬁﬂmaﬁﬂﬁ?LLa:Lﬁuﬂiz%w%mwmao
thermal  stability lasmIRILATIZA 9,9-di-n-hexylfluorene W14 nickel(0)-mediated

. . = ' . a :’ a vaan & a 6
polymerization TIWUI1 9,9-di-n-hexylfluorene lungesdidu sudasidnniafindvesans
XL o a 6 g ' a a 6 o ' .
Haunurinvadvanaiua’ uasaasiuvasnadiaslulanafiwes wazdawuin 9,9-di-n-
hexylfluorene azane'lad luarvinazansdunsgnaly (Kreyenschmidt et al., 1998) diannlis
1) 1998 Janietz 1@31891UNTFILATIEA poly(9,9-dioctylfluorene) Wazwuin @ne LWln
DONTLATULALIANTY (IP) WAz electron affinity (EA) H@1 5.80 eV Uaz 2.12 eV USRI
(Janietz et al, 1998) lull 1999 Kim WRZABAINHINUNTRILATIER fluorenedivinylene
duU[ATen Wittig uaziinaidulauiana pyridine $918u electron transporting asluanld

a & o o a ca o v & o o Aa a & oA,
wadinas ililanafiwasnlaazarelansluaivinazarsniiduazldivn Jdn
LOLWAINW 3.85 eV Af1 IP Uaz EA LYINNU -5.67 WAz -2.82 eV aua1au Jerauen

1 J Qs =Y L= o
ARUY D photoluminescence (PL) u3xa1mh 440-540 wluuas Punusiaalvinasais
lanadwasafiafiarnnsasindu electron transporting layer td (Kim et al., 1999)

wananidiinInenunidianzdlanefiweiiznitenglesuiunefines
a dl [ Aa A = 1 a a a (n:ll a = A
siadn 13w Adadn Isladlu wuinrfauazdSumwesnedinesniduaslUinadefuas



electroluminescence (EL) Aravoana 1ul) 2000 Donat-Bouillud SWWLN3&ILATIZH
Poly[1,4-(phenylene)-2,7-(9,9-dioctylfluorene)] (PPF) Wu31 PPF 861 Aspe 882 Amission
WiNAL 364 waz 425 Wlulas aNE1aU (Donat-Bouillud et al., 2000) 1ui) 2001 Liu waz
Az MpnwMIFLazilaneadweisznitgloIuny aryl monomer 10 Tfia lawida
vanalaiAd U 2 uaz/wia 5 p090glo3u uazduaszilandisen palladium-
catalyzed Suzuki coupling wuisuTasannsefinflfsuulasausievosuonsLuein
dasly ualawediwasilassnsilasuasdings las poly[2,7-(9,9-dihexlyfluorene)-co-
alt-2,5-phenylene] N&ILATERIETA A, Tussasanouasluilsuvinny 369.5 uaz 408

W IHUATANNENNY DA Amisson WWRITAZABLASIWARUYINAL 371 wae 422 W lwiaas
TAUDUWAINWANND 2.92 eV @1 %PL efficiency luansazanauazNauyinny 84.5 uay
77.8 % @W&1AU (Liu, B. et al, 2001) dai1n Belletéte LAZAMEIIINUNNTIILATIZR
ﬁm’smua:mé’ﬂmmzmwwzmaaamgﬁuf phenylene-fluorene Wu731 2,7-Bis(1-phenyl)-9,9-
dioctylfluorene (PFP) $61 Aape B8Z Aemission LINNL 329 Uaz 361 w1luiuas aus1au
wananisslddminmnautaang § wudn NnMIEIwIMAIAIYINaTTuIERINg
lasunuifiadudinszndoud® HF/6-31G* lddyanaiduyiiniy 345 uaz 1345 adm

PAMIAIBAINRINUNINTZGH (excitation energy) drp3ziiioudT ZINDO/S wuin

MINTMETY (transition) luuuy S, <— S, ApaTastiunsedouiivesdlinasauuUy
at swnadlunsniuituainHomo luss LUMO WAZIWAINUNINTZGULINAY
31,585 cm™ (Belletéte et al. 2001)

ludl 2002 Zeng LRZAUEFILATIEH Poly(9,9-dihexylfluorene-2,7-diyl) (PDHF),
Poly[(9,9-dihexylfluorene)-alt-co-1,4-(phenylene)] (PDHEP) wae Poly[(9,9-dihexyl

fluorene)-alt-co-(2,5-dimethoxy-1,4-phenylene)] (PDHFDMOP) Wu31 @1 A, 289 PDHF,

PDHEP uaz PDHFDMOP L¥inny 379, 371 kaz 372 Wluias aNeay a1 Ay cqon 289
PDHF, PDHEP uaz PDHFDMOP infu 452, 446 uae 425 wluldas Aununadans
(energy gap) L¥iNNU 2.88, 2.92 Uaz 2.92 eV eUS19L (Zeng et al. 2001)
wanandnisgaanzingloTunuAdadunazaynusud Salinnsmeau
msansmaaddmuesasmaniies laud miswimmanianislassairses
poly(2,7-(9,9-dioctylfluorene)) WuinanMIAwIe8sadsudT HF/6-31G* lé ground
state potential energy curve 184 bifluorene (BF) ﬁag‘mas‘%u 2 Yy JArinnu 45 uas
135 836 G'fiomﬁvl,ﬁﬁmlﬂé”t,ﬁmﬁ'mg‘umﬁ“‘*ﬁ'maa biphenyl 7 l&a1nn1sduImaan
seLdauAnaeanin uazdawudnng ethyl Aidnunis 9 vas BF liTnasia potential energy
curve (Blondin et al, 2000) &ud1yuNaiTUvad poly(2,7-fluorene) Hd1 26 aie 9



ROAARBINUAINNNNINAREY HananHLudl 2000 Belletéte Lazame ANIIATIAIIN
aﬂ’l’szﬁmladmgﬁuﬁﬂl QGWQIQ%‘H (fluorene derivatives: 1-(9,9-dioctylfluoren-2-
yl)phenylene (FP), 2-(9,9-dioctylfluoren-2-yl)thiophene (FT), 2-(9,9-dioctylfluoren-2-yl)-3-
methylthiophene (FMT), 2-(9,9-dioctylfluoren-2-yl)-3,4-(ethylenedioxy)thiophene (FEDOT)
uaz 9,9,9',9-tetraoctyl-2,2"-bifluorene (FF) ¢183:t08U3T HF/6-31G(d) Wui1 nsidfe
' A o . A a ' A ' Y a W
nijunuiludunian 9 vasnglatulilnadelaseaitsvasgleInudtivaaianluns
fwim laseaenanziuvasnedinesasnariduuuy nonplanar  Ssanuiilu
A o &K o a e [ a A & o | @
nonplanar AzunWiatasdunuwafinaininduniungleiu las FP fyunaituiriniy
1 1 L 1 ] > o A 1 { £ 3 U L s
45.3 2961 T2HEWIIERI F AU P Sduriniy 1.491 A Sadnnlaflndi@oaiuyanaiu
284 biphenyl N ldanmidwindioszidoyiTdeany (46 ase) suyanaituuazany
' @ [V 9 ' o A a ) @ {
BNIERININBEE F AU T w89 FT waunin FP (1.478 A) Tsatunelaineimiasuves
Isleflulfifinanuinznzsiesniyannindosvasilila (Briere et al,, 2004)

Dkhissi et al. @wimmaNtanlasiansuazantasidnniafinguad 3,4-
ethylenedioxythiophene  @183:10803% DFT/B3LYP/6-31G  Was HF/6-31G {8
p ~ o . @ . . ' o . P= a
Wisufisulaseaine aromatic AU quinoid  WU3N lasda3ng aromatic  AANNLED YT
1NNI1ATIFINS quinoid EIUENLA optical 7ileanmIdwIsalusztisudT INDO/SCI
laolas9a31997n HE  wae DFT wazldanuaunusi3dumantaadnad oaIwadan

optical t¥inNU 2.10 Waz 1.65 eV @u&1aU (Dkhissi et al., 2003)
£ v A o a ¢ o o o a ad
Tasmlulunsnilassaiefaniziinveswedwesnialni azldsadouis
singles configuration interaction (CIS) Chakraborty WLAEAMLINEITUNITATITHAN
lassaenaneiuwas bslefuuas cyano derivatives lasldseifouit RHF/3-21G(d)
L% v a 1 1 v J L
WazaN e Iziouds CIS/3-21G WuINFUi eI relax  2898NELTUNY
ANNEBILeRLNLNES (Chakraborty and coworker (2001) TuTl 2003 Tirapattur WazATky
MNonwmIRwImmlanaiianzisiazaniiziiivesayiuszasvalaiu laun
1-(fluoren-2-yl)phenylene (FP), 2-(fluoren-2-yl)thiophene (FT) 8 2-(fluoren-2-yl)-3-
methylthiophene (FMT) lagld5218ou3T restricted Hartree-Fock (RHF/6-31G(d) wae
restricted configuration/singles (RCIS/6-31G(d) mu&1au wudilassaiisluanaimai
| d' d? a U d' L | a
\Juluy nonplanar Nanzin wazdilassauwuy planar Nanzi lasdunmanug
TUIN Sy <= S, TawdsnumInzduiaznisnungeaaudandwImldidalndifs
AUNINARDY (ANNUANAIIRBLNIN 0.2 eV) (Tirapattur et al., 2003) 3NN U 2004
Belletéte uazami Anmlavsainsnanniziuuazannzinveseunusanlan lasfnw
1aS9aTHNIANITABUALRAITLIVDI N N -diethyl-2,2"-bicarbazole ~ (CC)  2-(N-

ethylcarbazole-2-yl)thiophene (CT) lae  2-(N-ethylcarbazole-2-yl)-9,9-diethylfluorene



(CFI) d2832188U3% RHF/6-31G* uaz RCISE-31G* anday lalassasnafian1isin

WRZEN1ILLINIULLY nonplanar L&y planar  AINEIAY WANNTNIIWETU b HIaA1IzL

HwmInTuaTuaIn S, <— S, (Belletéte et al., 2004) woNINNAGITMIANBFNTENS
lassairsvasnadnglaiu (PF) LazauWuT poly(2,7-fluorene-alt-co-5,7-
dihydrodibenz]c,eJoxepin) (PFDBO) Aign1ziudinsziiouss DFT/6-31G wazansii
meosudsudt CIS/3-21G wudwmmﬁuluLaqaﬁﬁau%@mﬁmmaluma%waﬁvxlgﬂa%m:
ﬁﬂﬁLﬁ@miﬁmmamsmﬁauﬁmaoﬁmﬂwhwaﬁﬂﬂﬁu Imda%ﬁwaﬂmaqaﬁamaz
I Tenuduszwnuinnitaninziusinlwinisiedaniivesdianasandniinis
nuFTu dunInuisuan HoMo 'l LuMo Eﬂiﬁaaaﬁ’ﬁﬁamao PFDBO AsNeaRe
Auziineves PF lasnguaiinasauluwisnglaiusesluiana PFDBO fiansmuzinilauny
Imaqa F, asmvl,iﬁmumjuﬁLgﬂmaumaamoﬁm%ﬂmlaa’m%m'é"mlﬁmsmzmyﬁa
¥auninnauuduly FDBO %ummlmﬁui’mmﬁmaL%@L%ﬁﬂuaavlﬂluINLaqamao
PFDBO azvhlfiianstanansnisiaieniiuasdianason (conjugated block) Tuluiana
PFDBO L;‘J"am%mmﬁyuﬁuimaqa PF (Wang, J.-F., et al., 2004)

Tudl 2005 ﬁmﬁwmmmsﬁﬂmiﬂsm%aﬁamaz‘ﬁvwaa fluorene-phenylene
oligomer lagl#521581U5% HF uaz DFT (DFT/B3LYP, DFT/B3P86, DFT/B3PW91 uaz
DFT/MPW1PW91) wuinlassaafianizisiuuuy non-planar damwmsanmnlassaing

Arnznlasldsadouit CIS WUNEMINTIURTULUD S, <— S, uaztdunsinfaun
289818nA50%3 N HOMO 'l LUMO (Gong, et al., 2005) Liasanndednavadnis
furaensztdouds cIs wudn AmslaszdaudT TDDFT was RI-CC2 1iNanilasiasnd
maﬂmaqaﬁam’;zﬁ’] (Aquino et al., 2005, Beenken et al., 2005, Lukes et al., 2005 and
Serrano-Andrés et al., 2005) lagin1IINoNWMIFIWIBNaIINTENEMNBLENATE UL
Imaqa malonaldehyde, o-hydroxybenzadehyde, salicylic acid, 7-hydroxy-1-indanone
Wae 2-(2’hydroxyphenyl)-benzothiazole Agnziilasls cC2 waflauaasliiAuiinisg
fuIuaa8 TDDFT waz RI-CC2 sunTnatunamIiafauivaddianasanla wazdiuan
laiialassaiouuy quinoid luan izt (Lukes et al., 2005)
lunsdneiand@diannieingueinafuasnIaldInuinazauITanIan
04 v ad A v . . 3 ' a [
WDUWEINKIFIN 2 35 A Mmamlaseaiiauuy periodic udlszanmldgwadiueiny
MIEnAila extrapolation LNBUTZNAFAILALNRINUVBINERLNDS HaNINRLAIEIN
1 1 Qs 1 Q & v o
FANAMVLANGIIVBINRINUIINANNLANANIVEI HOMO NU LUMO &4 laannisdiuins
L3 = ada 1 ] =3 Qdd‘p & = 1 e 1 a
Mesndoui® HE waz DFT udadnd lsianudTiduiiasnsmidwasnuwuuuas 9 8

TIHITBATATWIIANAILDLNEIW, IP e EA  UaIwaRazianian wad lnlaln
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wad lwlsa wed trazlaa uazlawafiwasseninglslafunulsezlaadlasaidouds DFT
wueuaunasnuiwslddduanarsnmmasasines 0.1 eV (Salzner et al.,
1998) FUWOLNWAINUVDY poly(2,5-pyridine) (PPy) Hewvinnu 3.2 uaz 2.5 eV lasidu
MINTIRETUIIN N — T Uas T — T Wd1ey Teaasnanlnaidesnuaiainms
naagy (3 eV) (Vaschetto et al., 1999) luil 2000 Belletéte WATATIILINUAITAIAN
WRI9I% HOMO  Uaz LUMO 284 1-(9,9-dioctylfluoren-2-yl)phenylene (FP), 2-(9,9-
dioctylfluoren-2-yl)thiophene (FT), 2-(9,9-dioctylfluoren-2-yl)-3-methylthiophene (FMT),
2-(9,9-dioctylfluoren-2-yl)-3,4-(ethylenedioxy) thiophene (FEDOT) L& 9,9,9°,9-tetraoctyl-
2,2’-bifluorene (FF) Wu31 LUMO Naul@ antibonding a8z HOMO Naulla bonding 37N
MImMINNuETUa83: 88133 ZINDO/S  (lassasnnanmadiwimaisssdouds

HF/6-31G*)  wudmannudtusesluanandriiduwuy oo uazlinanfeunvas

dLlanasauan HOMO 4 LUMO w32 S, <— S, ‘LLE]ﬂ%ﬁﬂﬁgdvlﬁﬁ’]ﬁ’laLﬂﬂ@%Nﬂﬁiglﬂﬂﬁu
uazwnealsairudvasnglasuluasazans lolaaianion (Belletéte et al. 2000)

w8 2000 Kwon uszamsdnsnismaLaunasuainadlsleflufidenuag
WUTW (TB)  wazd NG (TN)  lasnsduwimalnszisuis ZINDO/S, CIS  waz
TDDFT wWuduaunaseuwaas TN Jendininuas TB (Kwon et al. 2000) wonNINALNS
WINaIUNIINIEdUuaadislaluivayiutvesloon ludansndouds CIs/3-21G* wuin
vy oo lufinarilddinasauninizduaaslslefuandiaaas (Chakraborty
et al., 2001)

MIfmmmaNansdEnnsafinguasauansuasuasnaaiuasnaain e s

o & A = ' N R en o o &
NMIANAWBITULIDE € 1uﬂ 2001 ﬂf“]]l]"]]a\‘] Belletéte ﬂﬂjﬂ"]ﬁuu@lﬂﬂﬂﬂq?dﬂaﬂawwuﬁm9\1

nga%u wWud MIinTuEtuveslaanaainadunInmuiiuain s, <— s, Wafnm
MeovzdoudT ZINDO/S uazlassainszasasuInmMsiwImaa i uis HF/6-31G
Agn1z S, tanMIAReufivasdianasanatn HOMO U LUMO #3831n antibonding
1463 bonding uazlassaien LUMO w38 S; Sanuiduszuiuunnnit HOMO %38 S,
(Belletéte et al, 2001) NEuvBY Belletéte F9TEIMUHNANIWIFULG spectroscopic AT

. . A a 6 1 A
photophysical a3 fluorene-phenylene oligomer #iaWaaLBRLINDI (polyester) WL &
MINTIUFTUIIN HOMO 1) LUMO ladnmarsseidouds zINDo/s  (lassasnsann
HF/6-31G*) lagminmudduniialuiwiunusedluians (wnw x) MaAuaNUEIT
lgwsamadungarsueiandlilumolanglauinliiia red  shit usinaiuns

A ¢ A a o A & Ao o A aa

ganduuazWgaamand WaRiasanlanseiiianziundwiudiosadouis HF
6-31G*  wulmauanuenmeldnianmslanymalddionyaiueiialilnada



11

Iﬂidﬁ%ﬁwaﬂwLaqaﬁama:ﬁ?u wazfanuiwesasidanuidurasuas luminescence
g9 Funanzdnivin ldszgndldlunasa LED éﬂ%?ﬂ%gLLﬂuﬁqumaqamaa
poly(fluorene-phenylene) 4 wiaaniiln 2 Uszian fe wyliiBLanavas 13U methoxy
W8z amino NUMYTUBLANATA LT cyano WU L afUI IITER NS HOMO uaz
LUMO énhasadsuds AM1 Naﬁvl,@i”ﬁamnawy; diamino %38 dicyano U9 Aaazyinlw
AULDUNRINUAARIBLNNRIRIATY (Zeng et al. 2002)

lumsmaud@didnnsefindvasluanalasldnmdwindivszidsuds TDDFT
s wudn lRafiauasindeeliofiouiussidoud® HE u@f computational  cost
VAN URSWLINNIIE1WIHA28 TDDFT Wwaﬁgﬂﬁaomﬂt,ﬁal*’ﬁﬁ'ﬂmLaqammmﬁﬂﬁo
ﬂmﬂmaLLa:ﬂ'&lﬂﬁﬁﬁuiuLaqaﬁﬁmLmuwé'amw,mu (Ma et al. 2002) aghslsfianuie
mumimaqa%@%u @hwé’omuﬂmimz@juﬁﬁﬂmm"[@i”ﬁ]:ﬁﬁw‘imdﬁmmmﬁw@aaq
(Hirata et al, 2003) 1ull 2001 Hsu uazAmztszyndldazidouds TDDFT lums
A ANAIWRINUNNTNILAUVBY trans-1,3-butadiene, trans-trans-1,3,5-hexatriene, all-
trans-1,3,5,7-octatetraene La¢ all-frans-1,3,5,7,9-decapentaene WU butadiene LAz
decapentaene [AamMInsmETwIINanzAuwlUSIanns i 2'A, uaz 1'B, Taafigne
1'B, u TDDFT TWddnimnasasilszanm 0.4-0.7 ev udlnaidlunsdt 2'A, lan
ATWRINBNNTYANA (S —>  S;)  UATWAIUMIANEUED (S; —>  Sp) 3a4 poly
(p-phenylene vinylene) (PPV) Sieini 2.44 was 2.16 eV Mu&6L G9mIsuwimaas
528033 TDDOFT faldiiusdouitnaussmanzaudnsumantammanuatues
PPV

Isnuwmsaneautadiannseinsuazaandnaawad poly(2,7-fluorene) @le
321801U3T DFT uaz TDDFT |ddwasaun1anszguad bifluorene 910 sziilauds DFT
Waz TDDFT YiNNU 3.58 Uaz 4.24 eV eNUAIAU §IBLOUNRIBV8d poly(2,7-fluorene)
fenszunne 3.25-3.3 eV (Briere et al., 2004) Wang uazamse (2001) §1u1wian IP, EA
LR WOLWAIII%H HOMO-LUMO (Ay.) W84 polyfluorene (PF) Laz poly(2,7-fluorene-alt-
co-5,7-dihydrodibenz[c,e]oxepin) (PFDBO) 28321 0807% DFT/B3LYP WLaz@1wI thnian
WAIHIBNNINTZGW (Egs) ﬂaﬁuﬂﬁaﬂﬁumaoﬂﬂsg@ﬂﬁu Nane) 92852108035 TDDFT wae
ZINDO lag#1@AaUWRIIIUAINIT extrapolation ATLALWAIINK HOMO-LUMO 'lilgan
wadiwas @auen IP, EA uaz Au,s AT extrapolation 1Ug 1/n = 0 1guiu i@
luiana PFDBO i luUdsanuls PF s lddeunsmItndeniivesdianasenunaals PF
vilifia blue shift BaimlnaTuN1IIQaNULAZNNIANLUEIZEI PFDBO deawSsufioy
fiu PF (Wang et al., 2004) ugiiiatfia phenylene 11U aansls PF wuinifia red shift
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UUALUNATUNIAANABUATULDUNWAIIH HOMO-LUMO (Gong et al., 2005) udtnilaans
1 oligofluorene @3¢ thiophene WU IwmMItAnsuTanssULazlRBIENATaUUAZE
wudnflafmadnsolawefiwas duaunssnuidenanssuaziia bathochromic shift
maamﬂﬂ@l%'umig]@ﬂau (Fabiano et al., 2005)
uaﬂmﬂmiﬁﬁmmm@hawﬂaﬁLﬁﬂmaﬁﬂﬁuazaawaﬂaamaawaﬁWQIa'%uLLﬁa
MIFWIMNIARAauRaaTTIRINNTAMIAIT 19T e TR IuEs (radiative lifetime) o
aneae I@mﬁ"’a"lﬂLtﬁa@i’lﬁ’m%ﬁmmsmmLmomvl,ﬁmﬂwéﬁmuWQaaLimsﬁuﬁéﬁavlﬁmﬂ
Tassaofianiisd Lukes (2000)  WIANTTIANTIUSILRIVEY methylene-bridged
oligomers @atfinanmdatsazlsandndndrniudwamn 2, 4, 6 uaz 8 29 lagldsziday
75 TDDFT, RICC2 uaz ZINDO/S  wuiiainaiunsganauuiazwgoalsaimudien
Lv\ﬁauﬁ'umﬂnm%’mnﬂmm@amLL@iWé’dmuWQaanmeﬁuﬁﬁaUﬂiﬁ@hﬁnﬂmimaaa
YULALINWAT effective  conjugation length  HA1Uszanmh 13-14  &IBAITITIANT
wasuzelanlnalfesnuaannIInaaas (Lukes et al., 2005)

ANTYINBNITIILA € ﬁ]:Lﬁudﬁwa?ngIa%uLLa:mgﬁuﬁ‘ﬁauﬁ'@ﬁmmxaulu
myth Wl iduiag LED usl Cornil (2003) wuihdadasvaswadnglasulumuinlylfidu
LED @a hole ﬁ*’ﬂg’saﬂqu@aaﬂ"lﬂéfﬁLﬁ@mﬂmiﬁm IP Heg Fatadraiazutlalas
mmawgﬁaﬁ%’uﬁiﬁaﬁﬂmau \Tw Naaanand (alkoxy) m’%amﬁuﬁﬁmﬁwﬁﬂué’aww
ﬂi:ﬁﬂﬁmﬁauﬁ (charge carrier) adldluluiananalaiu lull 2005 Yang Fuasew
aunutgloiu 3 oila ﬁnﬂmslﬁum‘gtmuﬁ A dimethoxy a3ldlunglaiu @a poly(2,7-
(3,6-dimethoxy-fluorene) (PDMOF), poly(2,7-(3,6-dimethoxy-fluorene)-co-alt-fluorene
(PDMOFF) tLaz poly(2,7-(3,6-dimeth-oxy-fluorene)-co-alt-2,5-thiophene (PDMOFT) W31
nILAunY methoxy azdiNadad IP A lFUa WS99 HOMO-LUMOR entiudiwtlszan s
0.4 eV @1 IP aaadlszanm 0.3 eV LﬁaLﬂ%ﬁmﬁﬂuﬁuwaﬁwQIﬁu FarnltAensanas
UaJ energy barrier lunns injection U84 hole lFds=anSa1naas LED ﬁma“ﬁu WRENIT
\aung lslaAuaslumolawadnglauilvlaanafiannuiiu planar UNTH FIna 1
sutiannsauiannsiliu hole creating uaz electron accepting a41% wonNANINIATUAZ
AL (2004) TNHITWBNTEIBIHATILOUNRIINH HOMO-LUMO  arevziaudd B3LYP/
6-31G* LazWAIIBNNINTEdUus8321d8uqs ZINDO/B3LYP/6-31G* LR
TDDFT//B3LYP/6-31G* 184 fluorene-thiophene oligomer  @9AneInsIzannaasiua
NMINARaI (Poolmee et al, 2004) uaztilddnmanaiunisganiuvasluiana
AINA1IA2835 SACCI (Poolmee et al., 2006)

Waisa 9 ﬁéaﬁmuazﬂmz (2007) ladnulassaiafianinzdy wasn

Wgamimsﬁu@? WaLTWTIANTLUR LRIV fluorene-pyridine oligomer WuUINlATIET1N
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v A & ' v A g A o &

FN1zNANULT % planar Nqﬂﬂﬁqiﬂiﬂﬁiqﬂﬂﬁﬂquwu Nﬂ"lWﬂ\‘i\T]%W@ﬂﬂL?ﬁLsﬁu@l
1 a J ] s & o J 1 a

Uzunh 2.16 eV LLaz"H?\‘]%Q@]ﬂ’]SLﬂﬂGLLaGL‘YnﬂU 0.38 ns ‘ﬁﬂﬂqiﬂquﬁm%qﬂ’]ﬁ?\i%ﬁﬂﬂ'ﬁ

Ll]aldLL&OﬁﬂiZIU"Eﬁ@Ehx‘l&l’]ﬂl%ﬂ'ﬁﬂ%‘ﬂ’]ﬂﬂ'ﬁﬂ']ﬂLLﬁ\‘i'ﬂ%ﬂﬂqiLﬂa‘GLLaO"UE’]GIﬂWBaL&lﬂ%ﬁﬁ(ﬂ

ﬁ%aﬁlzﬁﬂﬂ"ﬁa%mﬂnﬂiﬂizqﬂ@‘iﬁwaamﬁﬁlu LED 'l& (Chidthong et al., 2007)



I aq a o
ATLULVIDNIFIIAIVY
a = &
1. Lmaauauazqﬂmm
A fAAAA A wa a &
1. ﬂawwaLmaiwsﬁwmzuuﬂgummsagﬂm
6 @ A U
2. qﬂmmuuwnma;&a

3. 130981389 W

AadA o ) a
2. A5AHNNNTIVY

1. mlavasnannasiauti (conformational analysis) AENIZNY (ground state)
vasnaualuaTizniawglaIuriudiiadu (Fluorene-phenylene, FP) 31 1(a) lasldszidioy
3% B3LYP/SVP 31N 3@N®1284 Srivichitkamol WU hexyl group tuénuniban 9 'lud
nadasutanilassainsuaznasusasauRusoanadnglaiu lasny hexyl group lu
funian 9 aztaslunsazansvasnadiaes (Srivichitkamol et al., 2004) @9l

=S & aql/d v d' o 1 A a %
MIANENATIRIIIGUNUN hexyl group ludunibsnl 9 wasnglaTueas hydrogen atom
WNaUszngansnennslumsdIwI

2. wlasasnaunafiutuianizisn  (excited state) vaINauaLNaIIERING
walaTunuiitadulasldzidouis TD-BILYP/SVP

= v A a A A & .. . s

3. AnwlanaiifiaiiosNgafian1iziu (ground state optimization) UaiNaualyas
lawas lanuasuazinnsziweivesnglasuiliiadulodlnuasuaz Fluorene-2,5-dialkoxy-
1,4-phenylene oligomer lagltsiiau3s B3LYP/SVP

4. Anwlansifieiosngafianiizi (excited state optimization) vaduanalies
lawas lanuasuaziansziweivesnglasuiliiaduladlnuaiuaz Fluorene-2,5-dialkoxy-
1,4-phenylene oligomer lagl43z1d8u3% TD-B3LYP/SVP

5. ilavwsivniaiomngananiziuanmeamaanunInzdu (vertical excitation

6 6 6 6 A Aa A
energy, E vasnauaias  lawas Vlmmamazmm:mawaanIaquaau

excit)
loAlniwasuaz  Fluorene-2,5-dialkoxy-1,4-phenylene oligomer laslgszifisuids  TD-
B3LYP/SVP 8z TD-B3LYP/SVP+

6. ﬁﬂmm%nﬁlLaﬁm‘?'iq@ﬁann:ﬁwmmdwwé’amwlgiaLﬁ?msﬁwf (fluorescence
energy, E,,) Tainauaiat lawe’ lasweiuazianizneizasnglaiuilfiaduladlnued
wae Fluorene-2,5-dialkoxy-1,4-phenylene oligomer lagld3z18813% TD-B3LYP/SVP uaz

TD-B3LYP/SVP+
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7. WAT9TI0189MIUaILRS  (radiative  lifetime) w89 Poly[fluorene-1,4-
phenylene], (FP), 8z Poly(Fluorene-2,5-dialkoxy-1,4-phenylene), (FMP), 37n&UN13

CS

T=——— (1)
2
2( EFIu ) f
A A =
I@’IEJ"YI c 8 AIMULIVLLRA
E., @a Wé’ddﬂuWQIaLiaLsﬁu@T
f fa oscillator strength



a o a '3
HANIIIVLULLASIVNITITNHNA

% ¢ o A & Y ¢ =
1. Iﬂiﬂﬂiqdﬂa%wailuﬁuﬂaﬂ"’]zw%u’a:aﬂ"’)zli’]‘ﬂaﬁ&la%a LNE]S‘IIE]ONQTB‘J%

nuARaan (Fluorene-phenylene monomer, FP)

31 2 usasnaRpuguneTTunwusznanay 7 veargleIuiliiaduvouawas (FP)

A o @ & A o Aa A
L&Jamiﬂimﬁ\mauamawaoWgIaiuﬂuWuaau (Fluorene-phenylene monomer,
FP) anduwimmlassainsnannasintuaioszdouid B3LYP wuinannmsduwlmm
lawsiwnaunaiintusasuauaiuas (FP) lasmanyuyunansiay 7 (3U 2) aud 0-180
29 laoldiouds B3LYP/SVP  laanusunusssninInasnuaunns  (relative
A € o ! A A A ° ° . A
energy) Nyunatiud 9 a9l 3 wuimnHfanzAuisadige 2 duniinyu
& @ A [ o ' A A A VA
naitutlzanm 30 uaz 150 asen Admasnutesnii 1 Alauaasidalua Hagegaaf
Uszanm 90 asenlasddwdsnuduintiviiiy 2.2 Alauaseddelus wazyunaitu 0
Q Q Q =) 1 & Y & 1 LU
WaT 180 B4AN NNAINUFNANTUIzN M 1.4 AlaunasIdelua Touaadlmininlaseaing
yasuanaluasiduuuy non-planar Lﬁaﬁﬂmaa%“wﬁ@m‘hqmaaﬂﬁw (yamnaITuiny
30 a4¢n) avinImlassaanianauuazaiiosiga (full optimization) Ganszidnuis
a Y ' o A A A4 a A a ¢ Ao ' |
Wearu wudlansieisnnziuiieiosngadyanasfundunbmineas 7 iy
A = A e, o & ] A o Aaa a A
357 asm Badunnbudwilesssiseweuamaiizwitmgloiuniuiiiadunani:

F
Wl wluy non-planar
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AE (kcal/mol)

0 I L] I L]
0 30 60 90 120 150 180
torsion angle (degree)

v o ¢ . o v o A co o ' o
31 3 ULRAIANNFUNUTIZAININRINUTUANTNYUNBITUAIUA 0-180 89AN VBIWUDE
6 ] = v Aa A d' % a {d‘
BRI 7 maauauamass:ﬁa’]dWQIaiuﬂUWuaau Tagf o UNUANMVFUNWTNFNIL
NN LAINNITE I e 832LT8UAT B3LYP/SVP Ua: e LNWANNFNNWINaN1I2IN

ldanmsdnwimenyszidsuis TD-B3LYP/SVP

A A o & o A o AV o o @ a aa

WaRasanlassasaeunasintuianizildanmsdwimalssadsuis
TD-B3LYP/SVP (31 3) wuhnmildliyadiga 2 dunenigunaitudlszanm 0-15 uaz
165-180 897 UAZIAFIFAN 90 B3N lasTANAINUFUANTIVINAL 13.1 N launaadde
Tua WRINUFUWNTV2IIATIFNS conformation AxnNTLTAININAIAEA1IZAY (10.9
a a d! v & 1 % €d' % &
AlawnaaIdalua) Tauaadlitininlassainsvasnanatnasnaniizinduuwuy planar
\Wavin full  optimization  waslansaTaInaINaN1IzII W dyunaTunfus:

WNNBLAT 7 LWiNNAL 7.7 89¢n
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¢ o . . ' [

2. nyuilaseasvnannasiuz (conformational analysis) Na@n12zi% (ground
. I3 Y a

state) uazaNIZII (excited state) waslawasvasgloswiudAadn (fluorene-

phenylene dimer)

16 -

14 4

12 -

=
o
1

AE (kcal/mol)
T3

I I
0 30 60 90 120 150 180
torsion angle (degree)

] v
6 v o

Qs Qs ( 1 Q Qs Q (d 1
31 4 uEAIAMUFURBTITRININAINBFUANTAYUNBTTUAILG 0-180 2961 VDI
fluorene-phenylene dimer 18l © UNUANMNFUNUTAFANILAUA IFINATE W AT
32188057 B3LYP/SVP 1Az @  UWNuAMNFUNWTNFN1IZL3N 101NN TR 1w e 28

sufiouds TD-B3LYP/SVP 1o 4, @ Uz = WNUYA 7, 21 UAE 28 AUEIGY

111 fluorene-phenylene dimer mﬁ']mmmima'ﬁ%’wmauWas’m%’uﬁaﬂ’n:ﬁuﬁasl
s21fi01AT BALYP/SVP wudildanuduiutseniawdanuauiniiugunaidu digd 4
Lﬁamﬁﬂuywmiﬁm‘mmm;f 7, 21 unz 28 vadlawaiznitiglaIuiuifiaduan o-
180 @49e wuiwmnmsﬁ@ﬁuﬁ:ﬁ.ﬁamwffmz"tﬁmwﬂﬁg@ﬁ']qmaomwxlaaaﬁ;@ 20FIFA
284N N%I0 energy barrier MiRe9ALAL7 laNUS: P1-F1 (WUEZRN8LEY 7), F1-P2
(WWBERUNELAY 21) WAZ P2-F2 (WUFZANNLLAT 28) NATNRINUANSINANTIYINAD 2.2,

2.4 uaz 2.4 filauaaaidalua ausay WWavh full optimization vaslawwes layunaitu
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PYDINIFNNNWTLAD W2 P1-F1 F1-P2  way P2-F2 {1 37.2, 37.1 Waz 34.6 8d@
o o A v & & o A &
AURIAY TILRAIMALARI lanasTlaT98319LULY nonplanar AaA1z N
1 v 6 L% d' 2 d' %] > {d{' d'
mﬂmmﬁmauvxlammuﬂ"l@mnmsmaﬂuLLﬁJawaawmmuﬂﬂm&latﬂaﬂugw
NOTTUAILGA 0-180 BIeN VOIYU 7, 21 Uaz 28 maa"l,@L;Jﬂ%ﬁx%dﬂdﬂgia%uﬁ'ﬁ\lﬁaﬁuﬁ
FNZNLENNNIIRI I3 T 813 T TD-B3LYP RATWRIUFNANTLYNNY 4.1,
145 uaz 8.8 Nlauaaaidalia enusiau wudwwé’aamﬁ'ﬂﬁmammzmw F1-P2 @
NN P2-F2 1az P1-F1 GalAatitasannnsnwnee F1-P2 wYanuszninawe 21 11w
o 4.4 . m C
Wuszfiagiananazas latuas miw‘"’luﬁamﬂumsmﬁauﬁLwaﬂzgﬂimaqa F1-P1 W8y
F2-P2 a3sagnimesdnd Waihlassadilawaianriinig full optimization layunaidun
AT 7, 21 WAL 28 1YINNU 27.9, 9.6 WAz 10.6 89A1 ANNAIAL

¥ A _a A .. = g )
3. Tassasontan 837§ (optimized structure) NANIzNBULAZANIZLI
P & o I
3.1 Tﬂsamﬂo‘nmnmnqmnamfazwmtamm'szLs'mao‘[ﬂwaamassxmw
ﬂQfa’%uﬁuﬁﬁa§%mnmsﬁﬂuam€ffaﬂszl,ﬁﬂfu%%' B3-LYP/SVP waz TD-B3LYP/SVP
A o o & & & & a &
Watlassgvasuanatuas tawwas lastvasuaziaaszinasvaslanadnes
' a o Ala A ° o A P A
szmwwgﬂasuﬂuWuaaummmsmimaasnm%mzawLLazLﬁmmmgﬂ (full
optimization) NFNIENBLAZENIZITG285:1080U3T B3LYP/SVP  Waz TD-B3LYP/SVP
ANAIAU Imm%wﬁvlﬁl,l,amlugﬂ 5 LRz 6 NUEIAL ﬁlzvlﬁmwmaﬁ'm:s:%iw%lgia%u
Auifiadu (F-P) uazifiadunugledu (P-F) uazyunaituszning F-P uaz P-F uaaied
AT 1 LLa:LLamﬂ’nwm'sﬁuﬁﬂugﬂ 7 N6 1 LRWINLDLNNAINL1IVDIR 8 Lot
J o 0 0 1 { a
VNV ﬂ’J’]SJU"I’JW%ﬁZRWJNINLaQR F-P way P-F nﬂiwLaqaﬁmvlmﬂﬁammaamnuﬂ
LRAS IRLRARINIIRIANIDANEIRNL AN LATIaTIvalanafiuasThadhbe laun13An e
Tassasnuanalasoy  Laasziuas
' = A ~ P @ ' a & o o
amﬂsnmmumﬂmumm_wmum’swuﬁzizmﬁﬂuLaqamﬂnzwuﬂmmazm
aanaaaluwansng 1 wazgy 7 ‘wmhm’mmaﬁuﬁzswd’]ﬂuLaanQIa'%uLLa:Wﬁaﬁunﬂ
ot 1 ] U Qs lé v Q L { 1 = N Qs
WD ANaaARI0ENILAL LATA sﬁaaa@ﬂaaaﬂugwa%uﬁa@mL%%Lﬁmﬂu LT 1411“/19‘5"15%
FIRUIN 7 Ta18089310 35.7 Liw 7.7 aden Lainaidfuwntasainaniiz il
(% a%’ =3 1 [ a {d‘ dgl/ & 1
&N nanndaziAninlassanevasledlnwasnan iz duiuy nonplanar &1
lassgnan1zng9nd duuuy nonplanar W EwEEIN LAWLINATIFIINFNIZ
danudu planarity snnilassaienaneiin (unastunianiiziirlatasninaw

co A &
NDITUNINIIZNW)
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()

ETIJ 5 lasiaie [9,9-dihexylfluorene)-alt-co-1,4-phenylene)]  oligomers, (FP),
(n) vonawes (@) lawed (0) laswas (@) waszwas Aldnmiswmdssaiouss
B3LYP/SVP
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()

31] 6 lasIEis [9,9-dihexylfluorene)-alt-co-1,4-phenylene)]  oligomers, (FP),
(n) vanawes @) lawad (@) laswed () wasmwes Aldanmiswmdisndouds
TD-B3LYP/SVP
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1.50 —=—B3LYP/SVP n=1

138 N ﬁbﬁx ﬁbﬁ% —o—TD-B3LYP/SVP
ot xﬁp‘ﬁfﬂvhxﬁw
el M@MM%

0

1.354 v

1.50 4
e WA%MWAWAWA Jo

1.35
1.354

n=2

R (A)

150 1=3

TN I I T A U s A e

O 80
Atom numberlng

31U 7 ANNIRUTEVDY (FP), NRNNITNY (Sp) Wazan1Izid (Sy) 289 (FP),, n=1-4 Nild

NNMIwI a3 08135 B3LYP/SVP (s) liaz TD-B3LYP/SVP (0) ausay



a1919 1 mmm’;ﬁuﬁ:LLaszquwa%"ﬁ'umaa (FP), n=1-4

distance (A)
n=1 n=2 n=3 n=4
TD-B3LYP/ TD-B3LYP/ TD-B3LYP/ TD-B3LYP/

B3LYP/SVP SVP B3LYP/SVP SVP B3LYP/SVP SVP B3LYP/SVP SVP

d; 1.488 1.443 1.488 1.475 1.488 1.482 1.488 1.486

dig 1.470 1.425 1.468 1.436 1.468 1451 1.468 1.462

da1 1.486 1.446 1.486 1.458 1.486 1.474

dos 1.486 1.452 1.486 1451 1.486 1.466

dss 1.470 1.451 1.468 1.433 1.468 1.438

ds2 1.486 1.461 1.486 1.453

dsg 1.486 1471 1.486 1.456

dse 1.470 1.463 1.468 1.445

ds3 1.486 1.473

dzo 1.486 1.480

dz7 1.470 1.467

dor1F1 -35.7 7.7 -37.2 -27.9 37.0 33.0 375 36.0
Pr1-p2 37.1 9.6 -35.5 -16.6 35.6 27.3
Pro-F2 -34.6 -10.6 35.5 13.3 35.0 22.2
Fro-p3 -36.25 -18.4 -35.4 -13.7
Pp3-F3 -36.1 -25.4 35.5 16.1
rapa -35.4 -26.5
Prara 36.1 31.42

P denotes the phenylene ring and F the fluorene ring.
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32 lawadwiadasfigafianiizivuazaniiziizasennnsvasnalain-
Anasulanadwas  Tasldnsarwrmalrgsaiauss B3-LYP/SVP LA
TD-B3LYP/SVP

U8 usz 9 LLamImaa‘s’w’uaaamgﬁufmaanIa%u-WﬁaﬁuIﬂwa'ﬁma%ﬁiﬂumi
o v A A A P & o AV o o o ~
dwmmlansifieiosfigaiannzinuazanziifldnnnmdmindissadou
%%B3LYP/SVP LLae TD-B3LYP/SVP AR

31] 8 laseaie [9,9-fluorene]-alt-co(2,5-dimethoxy-1,4-phenylene)] oligomers, (FMP),,
(n) vanawas (@) lewad (@) laswas (@) warzwed Aldmnmiswmeissdouss
B3LYP/SVP
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Ell 9 laveais [9,9-fluorenel-alt-co(2,5-dimethoxy-1,4-phenylene)] oligomers, (FMP),,
() vanawas (@) lewad (@) laswas (@) warzwad Aldmnmiswmdissdouss
TD-B3LYP/SVP

LUBIAANNININBDZIZHINDEADNGA maﬂmaqa [9,9-fluorene]-alt-co(2,5-
dimethoxy-1,4-phenylene)] oligomers WL11ANENINHIZIZAINNDZABNGN § NENIE
NULAEEANIZLN LLET@NI‘LLEI] 10 LHANANTINANMVININUTLIZTAINRANENULAZFANIZL
wRWINTA uana19nwuInen  aniunnwrzluiwinnuvaslanafnash 1w Wwde

' ' o o [ =
WUNBLAT 11, 18, 25, 36 LAz 43 Neanadad9lnefIAY ULEAIAIANTIN 2 TILEAININT
‘Ylwuh'zl,(ﬂEl’J“IJE](‘lIﬂNﬁi’]d‘Y]ﬁﬂ’]’JiW%LﬂﬂUuLﬂuW%ﬁzﬂ‘ﬂﬁﬂ’]’JZLi’] wiadlavariailn

. . A [ o v
LWL Quinoid structure maa@ﬂaaaﬂumsa@awawma%u
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—=—B3LYP/SVP
—o—TD-B3LYP/SVP n=1

L) n:2

L) n:3

1.40
1.354
1.50

%Zg - MZ\‘A? &%ﬁ W}\AMXAJA%WA%A 5

00

R (A)
PP PP
2553
—'al;'-'—'-' Jalala
gy
?c-
i.é-
j%}

Atom numbermg

31l 10 ANNBNIWUTZL9 (FMP),, n=1-4 AFNMIZA (So) WazaN L3 (S;) V09 (FMP),,
n=1-4 Aldnnsdmndissaonds BLYP/SVP (m) usz TD-B3LYP/SVP (o)
AVAIAL



M99 2 mmm’;ﬁuﬁzLLaszquwa%'umaa (FMP),, n=1-4

distance (A)
n=1 n=2 n=3 n=4
B3LYP/ TD-B3LYP/ B3LYP/ TD-B3LYP/ B3LYP/ TD-B3LYP/ B3LYP/ TD-B3LYP/

SVP SVP SVP SVP SVP SVP SVP SVP

dig 1.490 1.457 1.490 1.478 1.490 1.485 1.490 1.489
dig 1.467 1.436 1.468 1.452 1.468 1.454 1.468 1.463
dos 1.489 1.481 1.489 1.465 1.489 1.478
dss 1.489 1.470 1.489 1.457 1.489 1.469
ds3 1.470 1.450 1.468 1.435 1.469 1.441
dso 1.489 1.463 1.489 1.457
ds1 1.489 1.475 1.489 1.460
dss 1.467 1.464 1.468 1.447
dss 1.489 1.477
dgs 1.489 1.484
do3 1.470 1.468
Pp1-F1 -46.0 -36.8 -45.8 -41.9 -46.4 -42.9 -45.3 -44.4
Pvp2-F1 -45.2 -42.9 -44.7 -32.9 45.0 38.8
dvp2-F2 -45.1 -34.3 -44.7 -29.5 -44.8 -34.9
Pp3-F2 -45.1 -31.8 -44.7 -30.1
Pp3-F3 45.4 36.6 44.7 30.3
Ipars -45.0 -38.2
dupars -45.1 -41.4

MP denotes the methyloxy phenylene ring and F the fluorene ring.
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WouBsuifisuanusnwuszues (FP), AU (FMP), lasft n=1-4 Agnisiuile
NNMIWIA8321 00035 BLYP/SVP WU AMUBMAKEZ18902AadeNd 9 284
(FP), uaz (FMP), I laduandriiuadnalindanguasiianlndidusiuann 9 asgud 11

o= Y V.
;EELM%&M o
SAMAAAL 7
= LJ&MA AALANLL

Atom numberlng

31l 11 ANUBNRUTRI (FP), (@) Uaz (FMP), (2), n=1-4 fignzin (So) lagms

AwIn2832 0 8UAT B3LYP/SVP

gﬂﬁ 12 ugeamISsufisuenunIiuszwes (FP), fu (FMP), lagfl n=1-4 9
gnazn i ldanmasuindosndouds TD-BALYPISVP asifininanusninussaad
axAaNdd 9 2ad (FP), nu (FMP), ddnlauandnans LL@]E]EJ’NVlJﬂ@]’mL%JE]Wﬁ]’]ifm&JN
m%%’umaa‘[maqa (FP), NU (FMP), (#1319 1 uaz 2) wmmumimmaa (FP), Neniiag
N1 (FMP), %38 (FP), Aauidu planarity 8nnn3n (FMP), FaugeaiAwinnsiedand

vasdidnasaululuianaves (FP), ifaldandlulaiana (FMP),
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1.50 —e—FP

1.45 —A—FMP n=1
1.40
1.35
1.50
1.45
1.40
1.35
1.50
1.45 oo, o\ A J& n=3
1.40 V \J 2d Sa e

1.35 : ,
1.50

_TNVRYRTINEYS

n=2

R (A)

1.35 T
40 60 80

Atom numbering

31l 12 ANUBNIRUTDI (FP), (@) Uaz (FMP), (2), n=1-4 Nan1zi3N (S;) Tasny
AuIal832 dsuiT TD-B3LYP/SVP
L 9’ - - -
4. WaYIIWN1INITAW (Vertical Excitation Energy, E_ )
v Y A ya A ’ & o @ a A
4.1 waamumsmzqumaowQ'[amﬂuaau‘[ﬂwaamas‘nmu'smmmzmﬂmﬁ
TD-B3LYP/SVP LLtaz TD-B3LYP/SVP+
o v A o P d' & & & &
mimoaﬁmwLﬁmqu@waﬂn:wmmwauamai lowas laswas uwazieasy
was izwjﬁawQIa‘%uﬁuWﬁaﬁumnmiﬁﬂmm@T’JmeﬁUU"E% B3LYP/SVP 16N i
@i’]wé'amumsnszéjuﬁ'smnﬁmuﬁ% TD-B3LYP/SVP Waz TD-B3LYP/SVP+ la@1adusad

luanse 3
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@139 3 AWAINUNINIZAUUAL oscillator strength w83 (PF), nlanmdiuwimene

s2.08U3% TD-B3LYP/SVP nu TD-B3LYP/SVP+

TD-B3LYP/SVP TD-B3LYP/SVP+
state excitation  oscillator excitation oscillator
energy, (eV) strength  energy, (eV)  strength

n=1 S 3.99 0.904 3.91 0.874
S, 4.33 0.009 4.22 0.025
Ss 4.66 0.004 4.60 0.003
Sy 491 0.004 4.83 0.004
Ss 4.95 0.005 4.87 0.007
n=2 S 3.33 2.040 3.28 1.990
S, 3.81 0.000 3.77 0.000
Ss 3.95 0.091 3.87 0.082
Sy 411 0.005 4.01 0.013
Ss 4.15 0.002 4.03 0.000
n=3 S 3.28 3.015 3.24 2.969
Sz 3.66 0.163 3.62 0.172
Ss 3.71 0.032 3.67 0.014
S4 3.98 0.114 3.94 0.413
Ss 3.98 0.590 3.94 0.263
n=4 S 3.19 3.909 3.16 3.843
S, 3.45 0.442 3.42 0.440
Ss 3.58 0.002 3.54 0.003
Sy 3.71 0.642 3.67 0.612
Ss 3.77 0.035 3.74 0.011
n=oo S 2.89 2.87
Expt.” S 3.34 (in film)

3.36 (in chloroform)

* Liu, B., et al., 2001.

] i ! { { ] Y '
NN 3 WudA oscillator strength Sidnannfigan S, TuaaslwiAninig
wWasnudas  (transition)  vaswadNaIbIuuuy  S;—>S;  WAZRINITDIUSUNANT

NUBFTUAILFAIAITN 4 FINUIMINTIBRTWTUILLL  HOMO —> LUMO 91NKA

@319 3 WUT1 @" vertical excitation energy (E. ) Sfaaadilia n wiaanusxels

excit:

a & A & Y A P =S ' ' A A £ A A
WARLNBDILWNNYY LLRZDININTIUIN Sy 019 S5 WU A1 E UALANNTW LNANITITHWIAINY

excit

LaANAIUaITLdauATNlTIunTAIWwII WU tiatlfew basis set 30 SVP 1w SVP+

WUIAN E_ . Seuandranuitaennn (0.02 eV) aduuddananadlein sadouis TD-

excit

B3LYP/SVP 1ilwAsNinunzaulumsnidl E. . vaslanafiiasuiad

excit
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®1319 4 @1 Dominant contributions V8ININTIUETUVES (FP), N laNTAIwIIsee

21 i8U3% TD-B3LYP/SVP laultlassgssanmasiwimaraszidsuds B3LYP/SVP

MO/character (Dominant contributions)

Oligomers state TD-B3LYP/S\VP

n=1 So—S1 HOMO—LUMO (97%)
So—S; HOMO—LUMO+1 (79%)
So—S3 HOMO-1—LUMO (50%)
So—Ss HOMO-3—LUMO (30%)
So—Ss HOMO-2—LUMO (52%)

n=2 So—S1 HOMO—LUMO (98%)
S—S; HOMO-1—-LUMO (59%)
So—Ss HOMO—LUMO+1 (56%)
So—Ss HOMO—LUMO+2 (74%)
So—Ss HOMO—-LUMO+3 (72%)

n=3 So—S1 HOMO—LUMO (94%)
So—S2 HOMO-1—LUMO (80%)
So—Ss HOMO—LUMO+1 (80%)
So—Ss HOMO-2—LUMO (62%)

n=4 So—S1 HOMO—LUMO (88%)
S—S; HOMO-1—-LUMO (56%)
So—Ss HOMO—LUMO+1 (55%)
So—Ss HOMO-1—-LUMO+1 (77%)
So—Ss HOMO-2—LUMO (74%)

A o a v o ¢ '
LWaKIA1INANTNN 3 WNVYUNTINLFAIANURUNWIIZWIN E

AUAIINENN

excit

solowafwes (n) ldaegy 13 9an3d 13 dwasaunisnszguaas (PF), Alean
5218813% TD-B3LYP/SVP uaz TD-B3LYP/SVP+ fiein 2.89 uaz 2.87 eV au&1au lag

LAY o ° & ada . o a4y v
mwvlmmﬂmimmmmaa\n'ﬁwmmmﬂmw"l,mnﬂmimaaa (3.34 eV 3NNNIINA[DI

1w thin film uaz 3.36 eV M Inaaadluansazaiuaaalswasy (Liu, B., et al., 2001))
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3.44E

% 3.2 1 B B3LYP/SVF
~ O TD-B3LYP/!

excit

{1E =2.87¢eV
2.6 excit

2.4 - E_..(Expt.) =3.34 eV (in film) and

2.2 4 3.36 eV (in chloroform)

2.0 T T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/n

31U 13 NIINUAAIA NN UTIZAIINSINUMINIZGUALEIUNALLEY (PF), fildann

M3 WIwA 183210803 TD-B3LYP/SVP (m ) Wae TD-B3LYP/SVP+ (o)

'Y (% o 3 = SHla A a & A
4.2 waomum‘sn‘sz@;umaaa%wuﬁﬂaaﬂQfa‘m-ﬂuaaufﬂwaaL&Jas‘n
AW ILA28 L8135 TD-B3LYP/SVP waz TD-B3LYP/SVP+
A o v AN v ° o ~ aa o
L3Jauﬂlﬂiﬂﬁi"lx‘mq@ﬁﬂﬂﬂﬂ‘iﬂﬂu’lELL@’JUizL‘UUU’J‘E B3LYP/SVP vL'L]ﬂ”I%’JM‘V\’]
WRITUNNINIZ (vertical excitation energy, E,,.,) #83z1ilsuds TD-B3LYP/SVP, TD-

B3LYP/SVP+ W&z TD-B3LYP/TZVP WUMRINNIONIAN E_ . U839 poly[(fluorene)-(2,5-

excit

dialkoxy-1,4-phenylene)], (FMP), AN 5
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@139 5 FWAIIUNNTNITAUUAZ oscillator strength 2849 (FMP), Aldanmasurmee
sudsudd TD-B3LYP/SVP, TD-B3LYP/SVP+ was TD-B3LYP/TZVP

TD-B3LYP/SVP TD-B3LYP/SVP+ TD-B3LYP/TZVP
state  excitation oscillator excitation oscillator excitation  oscillator
energy, eV strength energy, eV strength energy, eV strength

n=1 Si 3.77 0.373 3.75 0.402 3.73 0.387
S, 4.32 0.012 4.23 0.005 4.23 0.007

S3 4.35 0.458 4.30 0.001 4.29 0.438

S, 4.65 0.008 4.59 0.006 4,57 0.007

Ss 4.70 0.010 4.64 0.008 4.64 0.007

n=2 Si 3.33 1.458 3.31 1.475 3.30 1.460
S, 3.66 0.030 3.66 0.036 3.64 0.035

S3 3.82 0.015 3.79 0.014 3.78 0.014

S, 4.05 0.220 4.03 0.192 4.02 0.196

Ss 4.12 0.379 4.09 0.286 4.08 0.353

n=3 Si 3.17 2.399 3.16 2.416 3.15 2.407
S, 3.45 0.075 3.43 0.075 3.42 0.072

S3 3.57 0.023 3.55 0.019 3.54 0.018

S4 3.64 0.075 3.64 0.106 3.62 0.097

Ss 3.76 0.209 3.74 0.172 3.73 0.175

n=4 Si 3.11 3.384 3.08 3.397 3.06 3.399
S, 3.31 0.001 3.29 0.001 3.28 0.001

S3 3.48 0.075 3.46 0.072 3.45 0.071

S4 3.49 0.274 3.49 0.323 3.47 0.294

Ss 3.61 0.178 3.58 0.155 3.57 0.156

n=co Si 2.89 2.87 2.85
Expt.” S 3.32 (in film)

3.35 (in chloroform)

* Liu, B., et al., 2001.

1] , , , , ) P 2 '
PMNANTWN 5 WU E_ . UAI8aadlasdn oscillator strength LANAW 1Hanw

excit

) & { { . o
FJ"I’J@"IEJI‘D’&J']T]‘?J% uaziilallfaw basis set 289N IEIWIBAIN SVP 1% SVP+ uaz TZVP

1 1 a 1 1 e [l a ) s A 1 e = é
WU E SJﬂ'WVLSJLL@IﬂGﬂGﬂ%ﬂﬂ%‘iﬂJuﬂa’]ﬂfy I@UN@’]LL@Iﬂ@]’]\‘]ﬂ%LWUG 0.02 eV a3

excit

asuneladn ElumtﬁmaaamgﬁufmaﬂﬂwaaLuai{i:mww;ﬂa‘%uﬁuﬂﬁaﬁu \WaLlRew basis

set 910 SVP il SVP+ uaz TZVP % 61 E_ . n1sidfsuuilasiasunn

excit
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®13719 6 A1 Dominant contributions VBININTIUETUVRS (FMP), 71 lFanseuItuans

sufi8u3% TD-B3LYP/SVP laultlassgssanmaswimdraszidsuds B3LYP/SVP

MO/character (Dominant contributions)

Oligomers  state TD-B3LYP/SVP

n=1 So—S1 HOMO—LUMO (96.6%)
So—S> HOMO—LUMO+1 (78.4%)
So—S3 HOMO-1—LUMO (90.6%)
So—Ss HOMO—LUMO+2 (66.7%)
So—Ss HOMO-2—LUMO (52.4%)

n=2 So—S1 HOMO—LUMO (96.1%)
So—S> HOMO-1—LUMO (92.0%)
So—S3 HOMO—LUMO+1 (92.2%)
So—Ss HOMO-3—LUMO (42.9%)
So—Ss HOMO-1—-LUMO+1 (69.0%)

n=3 So—S1 HOMO—LUMO (91.0%)
So—S, HOMO-1—-LUMO (70.9%)
So—S3 HOMO—LUMO+1 (73.6%)
So—Ss HOMO-2—LUMO (72.4%)
So—Ss HOMO-1—-LUMO+1 (67.5%)

n=4 So—S1 HOMO—LUMO (82.7%)
So—S, HOMO-1—-LUMO (55.7%)
So—S3 HOMO—LUMO+1 (52.4%)
So—Ss HOMO-2—LUMO (48.9%)
So—Ss HOMO-1—-LUMO+1 (36.6%)
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4.0 -
3.8 1
3.6 4
S 1
2
< 3.4
w” y
3.2 -
3.0
] et = 2:89eV m (B3LYP/SVP)
28 E_.=287eV O (TD-B3LYP/SVP+)
o E_ =285eVA (TD-B3LYP/TZVP)
2.6 ' T ' T ' T ' T ' T ' |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/n

31l 14 rmwLLammmé‘uﬁufiz%dwa@hwé‘ddmmsmz@juﬁ'umuﬂﬁwadmmsmmzl
Tduas (FMP), Alaanmiswimaanszifionds TD-B3LYP/SVP (m ) TD-B3LYP/SVP+
(0) U8z TD-B3LYP/TZVP & )

e E. - fdwaldanindeuds TD-B3LYP/SVP, B3LYP/SVP+ uaz TD-

excit

B3LYP/TZVP (174 5) snidaunmuiuanusnvasssls ldnmueasgy 14 naniled
o & o A & [y A o ] a ¢ a A A
snwuzduduess Ianudwduasigs Warhuioe E,, vedlanafiwaiziial wuid

M E,,, WNw 2.89, 2.87 uaz 2.86 eV awiau lage E,, Newineladdn liuanens

NAIINNTAIUITAUINBNLAZAN E aniuilszlomiagnannnlwmsdnunig

excit

Lﬂ§UuLLﬂawaﬂmaqamnama:ﬁuvlﬂ SIRNTITHIN

Walssufisudn E. . w89 (FMP), nu (FP), Wui1 @1 E. . fNladevinnu

excit excit

Fspneznanldihmaidany methoxy adlumelduas (FP), lilnasdedwasaunis

NIz (E,,) udadila

excit)
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5. WagowWgaalsalLwe (Fluorescence Energy, E,,) Waz2933amstlasuas

Flu
(Radiative Lifetime)
51 waswngaasdwanazdndiamslasussvasdglosuiliadn
Tanadwasnawimalaszdau3s TD-B3LYP/SVP uaz TD-B3LYP/SVP+
dalassesiiannad (S,) Adwmldanszfeuds TD-B3LYP/SVP an
ﬁﬁmmmwéﬁmuwQaanmsﬁu@?@ﬁmuﬁﬁﬁ% TD-B3LYP/SVP uaz TD-B3LYP/SVP+
AAlduaasssne 7 wudn aenusmmslgennd @hWé’Nﬁ%WgﬂﬂLsaLmu@Tﬁm
AARIRIUAT  oscillator strength Lﬁ&l"'ﬁu ﬁwﬁagaﬁ"[ﬁmﬁsluﬂs’]mmmmmﬁuﬁuﬁf
s:%dwwé’amuwgaanmmuﬁﬁ'umwmumﬂﬁ mwxl"?'ivlﬁuamﬁagﬂ 15 91031 15 WU
mwé‘amuWQaammsﬁuﬁmaawaaL;Ja%ﬁﬁﬁmm"lﬁﬁnmuﬁsm'i%' TD-B3LYP/SVP a2
TD-B3LYP/SVP+ §6n 2.27 Was 2.26 eV auaney Souaasiiduindgmiuwedwessia

= A . A v [ &
% NILUReW basis set vaJNa@lamwaamuﬂgaanmsﬁum

A1 7 LLammwé'amuwQaaLsmeﬁu@T oscillator strength (LRAILWINAL) UazT9TIA
PoamsasuEy  (radiative lifetime) a9  (FP), #lsanmsdwimassadouds
TD-B3LYP/SVP uaz TD-B3LYP/SVP+ laslassainsunannmseinwimalsseiiouds
TD-B3LYP/SVP

TD-B3LYP/SVP TD-B3LYP/SVP+
Fluorescence energy Lifetime Fluorescence energy  Lifetime

(eV) (ns) (eV) (ns)
n=1 3.53 (1.049) 1.77 3.45 (1.036) 1.87
n=2 2.84 (2.416) 1.18 2.79 (2.354) 1.26
n=3 2.67 (3.351) 0.96 2.63 (3.280) 1.02
n=4 2.63 (4.008) 0.83 2.60 (3.918) 0.87
n=co 2.27 0.55 2.26 0.51

expt.” 2.94 (in film)

3.04 (in chloroform)

* Liu, B., et al., 2001.
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m TD-DFT/SVP
O TD-DFT/SVP+

289E, =227eV

4 F

E., (Expt.)=2.94¢eV (in film) and
3.04 eV (in chloroform)
221E, =2.26eV

{-r
2.0 v T v T v T v T v T v 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/n

31 15 nWuaAIAMNFNINUTIRRINNA TN UNgaaITIIUAN LA IUNT LY (PF), N4
NnMIdw a3t 08135 TD-B3LYP/SVP Laz TD-B3LYP/SVP+

LﬁaLﬂ'%ﬂuLﬁwwéﬁmuﬂgaaLimsﬁuﬁﬁvlﬁ'mnmsﬁ’]mmﬁamuﬁw%% TD-
B3LYP/SVP uaz TD-B3LYP/SVP+ fiudflaainminaasswuin Wé’dd']%ﬂgaanmsﬁuﬁ
Admalddardnindiainmmases Fyonzdunaunanssiumavesindouss
DFT w38 B3LYP

MIPEN radiative lifetime w1 ldanmsenwimlasltauns (1) lanadsanss 7
IRAWINA radiative  lifetime  wad FP  oligomer saadiilofinanugnameldues
lawadiwasannuanatyasiduiaasziuas ML oUATNWLEAIANNTNNUTIZNIN
radiative lifetime AusunauvatnueELls (3U 16) lden radiative lifetime w84
FMP ¥l 0.55 Uaz 0.51 ns laadwasinungoaliaiaud launanmadwines
321i8U72% TD-B3LYP/SVP Waz TD-B3LYP/SVP+ ¢nusau
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=
ol
]

m  TD-B3LYP/SVP

llifetime = 0.55 ns o TD-B3LYP/SVP+

0.5+

radiative lifetime (ns)
H
o
|

lifetime = 0.51 ns

0.0 v | v | v | v | v | v 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/n

31 16 NTINANUANRUTITWINY radiative lifetime AUFIUNALVD (PF),

5.2 wé’amuﬂgaaLsamuﬁuazﬁw%’%mmﬂﬂdameaaa%ﬁuﬁ‘maaﬂgfﬁﬁuﬁu
Anasdulanadwasnaiwiaarasztiguis TD-B3LYP/SVP uazTD-B3LYP/SVP+
las9gigves  (FMP), n=1-3  flaanmidmwmeissadouds  TD-
B3LYP/SVP mmﬁﬂmmmﬁwwé’amwlgaawmmu@?ﬁamuﬁuu’i%‘ TD-B3LYP/SVP,
TD-B3LYP/SVP+ Was TD-B3LYP/TZVP Wa&adadianing 8 %zLﬁ%’iﬁWﬁddﬂ%W@ﬂaLiaLﬁﬁu@T
1 a R . ' A £ a
AARIATNANNE VIR LT WaRLNaSLAA oscillator strength FALANTW Tuvzideiny
nItURuullad basis set 390 SVP il SVP+ waz TZVP ludinadadiwadinn
&4 = o [ & , A | A e o @
‘V\Ig}aaLimerju@lsmﬁlzmu"[mwwaamwlg}aanmmuwmvl,umawuﬂmamawummy N
o ! . . . . [ 6 6 A a = v
NN3NeAN radiative lifetime UasnanatNas tatuas waz taswas lU@suwnmwnuisuny

funauTadINanatias lawwas uaz lasiuas VL@‘Tﬂi’mlé'agﬂ 17
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M1319 8 memwﬁdmuwQaaLsmeﬁm‘T oscillator strength (L&ASMILAL) UAZTI9TIR
PaINILUSILRS  (radiative lifetime) w83  (FMP), Pldannmaswimsesadouas
TD-B3LYP/SVP, TD-B3LYP/SVP+ uaz TD-B3LYP/TZVP laslasdasn9anannmssuin
a2892108U7% TD-B3LYP/SVP

TD-B3LYP/SVP TD-B3LYP/SVP+ TD-B3LYP/TZVP

Fluorescence  Lifetime Fluorescence Lifetime Fluorescence Lifetime
energy (eV) (ns) energy (eV) (ns) energy (eV) (ns)
n=1 3.26 (1.023) 2.12 3.24 (0.879) 2.50 3.23(0.993) 2.22
n=2 3.05 (1.595) 1.37 3.03 (1.626) 1.54 3.02 (1.610) 1.57
n=3 2.67 (2.895) 1.12 2.66 (2.902) 1.13 2.65 (2.901) 1.13
n= 2.52 0.61 2.50 0.49 2.50 0.69

Expt.* 2.97 (in film)

3.00 (in chloroform)

* Liu, B., etal., 2001.

3 N3y 17 WUdﬂWé’Nﬁ%WgaaLimmuﬁmao (FMP), AldnmIfinmeas
32108035 TD-B3LYP/SVP, TD-B3LYP/SVP+ &z TD-B3LYP/TZVP fiewvinnu 2.52,
2.50 U@z 2.50 eV @1usIau I@mhwé’amu%lgaanamu@i’ﬁﬁ’mamvl,ﬁﬁmLmn@mmﬂ
drfldannnmsduao LL@iaﬂ'ﬁdvliﬁmuwéﬁmuwQaammmuﬁﬁﬂxiwﬁaU'Nmﬂ@iami
aTUNUENTANTIUa LIV (FMP), 1asazrinldnsnufasi9naanuua a5t a duasd
V\Igaanmsﬁm‘f 'ﬁ’maoLtaawgaaL‘saLsﬁus‘TﬁLﬂéaaaﬂuw LRZFINNTORIAIAINENIN AUV DS
LLaGWQQaLmLGﬁu@TﬁLﬂa'aaaﬂm"l@"f

Lﬁaﬁﬁﬂ"]wé‘amuWQIaLsaLmu@TﬂJad (FMP), sndnuwrmlasldzunis (1) wuinladn
T9TIAVBINM LU FILEIAILRAIIUANT 8 WNAT19TI I T aIuaIn T swnsIWAL
saunauzasanuomelsidaigl 18 laslddrga3iamaddussnnindouis
TD-B3LYP/SVP, TD-B3LYP/SVP+ as TD-B3LYP/TZVP Winnu 0.61, 0.49 ua¥ 0.69
W Iu3uf audeu
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m TD-B3LYP/SVP
O TD-B3LYP/SVP+
A TD-B3LYP/TZVP

30 B =252ev

> JE. =250eV 4
&)’ Flu
B 284 '
| E., (Expt.)=2.97 eV (in film) and
26 - R 3.00 eV (in chloroform)
|E,, =2.50eV
2.4 ' , . | : | : | . :
0.2 0.4 0.6 0.8 1.0 1.2
1/n

31 17 nrvuaeIeNUEIR USRI INR I uWRaaLIRITUANUEIUNA LS (FMP), Pl
PINMIAWIMAI8I2 D8I TD-B3LYP/SVP, TD-B3LYP/SVP+ uas TD-B3LYP/TZVP
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1.2 -

radiative lifetime (ns)

o
(0 0]
1

lifetime=0.61ns m B3LYP/SVP
] lifetime=0.49ns O TD-B3LYP/SVP+
0.4- lifetime=0.69ns A TD-B3LYP/TZVP

|
0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/n

31 18 nMWANNFNRUTILNI radiative lifetime AUEIUNALEI (FMP),

@n radiative lifetime  wadlawafinasnigasdpaziiuiltzlumiagnsninlunis
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Abstract: The structural and electronic properties of fluorene-phenylene copolymer (FP),, n=1-4
were studied by means of quantum chemical calculations based on density functional theory
(DFT) and time dependent density functional theory (TD-DFT) using B3LYP functional.
Geometry optimizations of these oligomers were performed for the ground state and the lowest
singlet excited state. It was found that (FP), is nonplanar in its ground state while the electronic
excitations lead to planarity in its S; state. Absorption and fluorescence energies were calculated
using TD-B3LYP/SVP and TD-B3LYP/SVP+ methods. Vertical excitation energies and
fluorescence energies were obtained by extrapolating these values to infinite chain length,
resulting in extrapolated values for vertical excitation energy of 2.89 and 2.87 eV, respectively.
The S; «<— Sy electronic excitation is characterized as a highest occupied molecular orbital to
lowest unoccupied molecular orbital transition and is distinguishing in terms of oscillator
strength.  Fluorescence energies of (FP), calculated from TD-B3LYP/SVP and TD-
B3LYP/SVP+ methods are 2.27 and 2.26 eV, respectively. Radiative lifetimes are predicted to
be 0.55 and 0.51 ns for TD-B3LYP/SVP and TD-B3LYP/SVP+ calculations, respectively. These
fundamental information are valuable data in designing and making of promising materials for

LED materials.

Key words: fluorene-phenylene; TD-DFT; excited state; vertical excitation energy; fluorescence

energy; lifetime
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Introduction

Conducting polymers have been increasing interest in novel m-conjugated materials exhibiting
light emitting properties. Conjugated polymers are widely investigated for used in light emitting

diodes (LED)”, solar cellsg'lo, field-effect transistors'!'!?

, etc. Among these applications, the
development of tunable and flexible polymeric light emitting diodes has been extensively studied
for both basic structural properties and industrial applications."” '*'® Polydialkylfluorenes are
found to be highly fluorescent compounds, high efficient blue emission, reasonable mobility and
good thermal and chemical stabilities, which make them suitable for applications in LEDs.'*%°
Poly(9,9-dialkylfluorene) reveals a good and non-dispersive hole transport.””>* However, it was
observed that the excimers formation and poor electron mobility limit their application in blue

LEDs.”** To overcome these problems, the inclusion of various monomer such as pyridine™*,

39-43 44-46

phenylene™ and thiophene™” in fluorene oligomer or polymer backbone is
recommended.
Recently, novel fluorene-phenylene based copolymers displaying interesting blue

d3> ¥ Moreover, theoretical

electroluminescence have been synthesized and characterize
investigation on both ground and excited states of fluorene-phenylene oligomers has been carried
out. Belletéte et al. reported the theoretical methods and spectroscopic and photophysical
properties of fluorene-based dimers.*> Fluorene-phenylene based oligomers, which can be used
as polyester were also investigated theoretically using HF/6-31G* and ZINDO/S. While
poly(9,9-dihexylfluorene-1,4-phenylene) unit cells were investigated on the influence of electron
acceptors on the geometric and electronic properties by quantum chemical calculations.”® In

addition the ground state and first excited state properties of oligofluorenes using RHF/6-31G*

and RCIS/6-31G* were studied, respectively.” Gong ez al. calculated the HOMO-LUMO energy

John Wiley & Sons, Inc.
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differences, singlet-singlet electronic transitions and excited state optimization of fluorene-
phenylene monomer.”’  However, the investigation of ground and excited state properties,
fluorescence energy and radiative lifetime of poly(fluorene-phenylene) are still a very challenging
task. Therefore, the main objectives of this work are to investigate the ground and excited state
structures, electronic and optical properties of poly[2,7-(9,9-difluorene)-co-alt-p-phenylene),
(FP),. Fluorescence energies and radiative lifetimes are also predicted. These information are

needed and useful for the development of LEDs materials.

Methods

In this study, fluorene (F) and phenylene (P) oligomer was theoretical studied. The ground and
excited conformational curves for the interring torsion angle between the fluorene (F) and
phenylene (P) units were investigated in the steps of 30°. Geometry optimizations in the ground
and excited states were calculated using the split valance polarization (SVP) basis set.”' The
ground state conformation analysis and optimization were performed using density functional
theory (DFT) calculations. The excited state conformation study and optimization were studied
by time dependent density functional theory (TD-DFT) calculations. The B3LYP**™* functional
was used in the DFT and TD-DFT calculations, respectively. In order to reduce computational
time, alkyl groups at the 9 position were replaced by hydrogen-atom on the five membered ring

of the fluorene unit. Sriwichitkamol et al.>

studied the effect of the alkyl group on fluorene
oligomers and they proved that the length of alkyl group does not affect the structural and
electronic properties of fluorene oligomers. In fact, the alkyl side chain is helpful in increasing

the solubility of the polymer. On the basis of optimized geometries, the excitation energies and

fluorescence energies were calculated at the TD-B3LYP/SVP and TD-B3LYP/SVP+ levels of

John Wiley & Sons, Inc.
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theory. The SVP+ basis set was constructed by augmenting the SVP basis with a set of s and p
functions on carbon. The exponents of these additional basis functions were obtained by
dividing the smallest respective exponent of the SVP basis set by the factor of three. Vertical
excitation energies were performed on the basis of ground state optimized geometries. The
fluorescence energies were computed as the vertical de-excitation based on the lowest excited
state optimized structures. The first five singlet-singlet electronic transition (S; < Sp) were
calculated at the TD-B3LYP/SVP and TD-B3LYP/SVP+ levels of calculation. An extrapolating
technique was employed in the electronic calculations to estimate the energy gaps of the polymer.
Moreover, the results were compared with the experimental data. All calculations were done
using Turbomole version 5.7°° program packages, running on Linux 3.4 GHz PC. In this work,
the properties (excitation energy, fluorescence energy and radiative lifetime) of a series of
oligomers with increasing chain length were calculated following by extrapolation to infinite

chain length.** >

Results and discussion

Geometries of poly(fluorene-phenylene) copolymer
The molecular structure of FP copolymer, containing the bond numbering is illustrated in Figure
1. The ground state (Sp) and first lowest excited state (S;) conformational curves around the
interring bond number 7 of the FP monomer were calculated by the B3LYP/SVP and TD-
B3LYP/SVP methods and depicted in Figure 2. According to the calculations, the Sy and S;
states show similar two minima. The energy barrier against planarity for ground state (2.20
kcal/mol) is lower than that of excited state (13.14 kcal/mol). Whereas torsion energy at planar

structures for Sy (1.42 kcal/mol) is higher than S; state (0.01 kcal/mol). The ground state
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optimized bond distance of F1-P1 (bond number 7) computed by B3LYP/SVP is 1.488 A and
optimized torsion angle is 35.7°. The results implied that monomer structure is nonplanar at
ground state. Comparing these results to the optimized interring distance (bond number 7) and
torsion angle of FP monomer as calculated by HF/6-31G* level, we observed that the interring
distance and torsion angle calculated from B3LYP/SVP are close to that computed by HF/3-
21G* (r=1.485 A and torsion angle :38.10).50 The excited state interring distance (bond number
7) and torsion angle calculated by TD-B3LYP/SVP are 1.443 A and 7.7°, respectively. The
obtained results indicate that excited state monomer prefers planarity than that of the ground
state.

Insert Figure 1

Insert Figure 2

The ground state and first lowest excited state potential energy curves of FP dimer

calculated by B3LYP/SVP method is further studied as shown in Figure 3. The ground state
energy barriers as obtained from F1-P1 (bond number 7), P2-F1 (bond number 21), and P2-F2
(bond number 28) are 2.21, 2.40 and 2.38 kcal/mol, respectively, whereas excited state energy
barriers are 4.08, 15.54 and 8.81 kcal/mol, respectively. Interestingly, the torsion angles between
F1-P1 (bond number 7), P2-F1 (bond number 21), and P2-F2 (bond number 28) are decreased
from -37.2° to -27.9°, 37.1° to 9.6° and -34.6° to -10.6°, respectively. These indicated that the
torsion angles between the two adjacent units are reduced in excited state as compared with the
ground state. Consequently, the excited state structure of the dimer comes closer to planarity.

Insert Figure 3

To understand the structural properties of fluorene-phenylene oligomer (FP),, the

comparison between ground state and first lowest excited state geometries in terms of bond

length and torsion angle were extended studied using B3LYP/SVP and TD-B3LYP/SVP

John Wiley & Sons, Inc.

Page 6 of 31



Page 7 of 31

©CoO~NOUTA,WNPE

Journal of Computational Chemistry

calculations, respectively. Optimized bond lengths and torsion angles of (FP),, n=1-4, calculated
by B3LYP/SVP and TD-B3LYP/SVP methods are shown in Table 1. The relative optimized
interring distances and torsion angles of (FP),, n=1-4, in the ground and excited states are
illustrated in Figure 4. It was found that bond distances do not suffer appreciable variation with
the oligomers size in the series of (FP),. And it implied that we can depict the basic bond
distances of the polymers as their oligomers. For torsion angle, the ground state interring torsion
angles of fluorene and phenylene oligomers are in the range of 34.6-37.5°. Similarly as found in
the monomer and dimer, the torsion angles in excited state are smaller than that of the ground
state. Therefore, the conjugation is well found in the excited state and it is also obviously that
excited structure has a strong coplanar tendency. These behaviors have been also found in the

58-60

case of poly(fluorene-vinylene) copolymer57, poly(fluorene-pyridine) copolymer and
poly

polycalrbaurzole.m'62

Insert Figure 4

Insert Table 1

Vertical Excitation Energy
From the previous study, the electronic excitation of fluorene-phenylene (FP) monomer was
theoretically studied and it was found that the excitation energy, investigated by CIS/6-31G*
method is 4.04 eV.* In addition, the singlet-singlet excitation energy of FP monomer performed
by TD-B3LYP/ 6-31G* is 4.12 eV." In our study, the vertical excitation energies (E,.;) of FP
copolymer were focused. The TD-B3LYP/SVP and TD-B3LYP/SVP+sp were employed to
obtain the vertical excitation energies of the first five singlet-singlet transitions of (FP), In each
case, the ground state optimized structures were used to investigate the vertical excitation

energy. The first five vertical excitation energies and oscillator strengths (f) of (FP),, n=1-4,
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were listed in Table 2. For all oligomers, excitation energies were decreased as the increase of
conjugation length indicating delocalizing of the electron along the chain. Therefore, the chain
lengths of polymer have effect on electronic transition. The S; <— Sy electronic transition appears
to have the highest intensity as determined by its large oscillator strength contribution. On the
other hand, the S,, S3, S4 and Ss electronic transition showed small oscillator strengths. From the
data in Table 2, TD-B3LYP/SVP excitation energies are found to be similar to that obtained from
TD-B3LYP/SVP+ calculations as the difference are less than 0.1 eV. These results are in the
same trend as found in our previous study.60
Insert Table 2

It is also interestingly to see the relationship between excitation energies and the inverse
chain length as plotted in Figure 5. The linear relation was observed between excitation energies
by both methods and the inverse chain length. Excitation energies of fluorene-phenylene
copolymer predicted from TD-B3LYP/SVP and TD-B3LYP/SVP+ calculations are 2.89 and 2.87
eV, respectively, which are underestimated than those of experimental results®™® (3.34 eV in
film and 3.36 eV in chloroform solution).”> Several investigations displayed that TD-DFT
calculations give underestimate excitation energies as compared to experimental data. For
example, calculated excitation energies of carbazole derivatives from the group of Suramitr®
showed lower E,,.; than experimental results of about 0.1 eV. Additionally, Briere et al. also
reported the underestimate TD-DFT values of the poly(2,7-fluorene), poly(2,7-carbazole) and
poly(p—phenylene).66 However, there are some successful investigations on excitation energy
calculated by TD-DFT level of calculation which agreed well with experimental data.> 7%
Insert Figure 5

Insert Table 3

John Wiley & Sons, Inc.
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From the analysis of the wave function in Table 3, it is clearly to explain that the S| <— Sp
electronic transition corresponds mainly to the promotion of an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) as
indicated by the highest dominant contribution. It is reasonable that since LUMO « HOMO
excitation is strong in the S; <— Sy electronic transition and as analysis above that with the
elongating of molecular chain, E,.; decrease. Additionally, the S, <— Sy revealed smaller
character as compared with S; <— Sy. Dominant contributions for the monomer, dimer, trimer
and tetramer are characterized predominantly by the transition of an electron from LUMO+1 «
HOMO, LUMO <« HOMO-1, LUMO <~ HOMO-1 and LUMO <~ HOMO-1, respectively.

It is important to analyze the HOMO-LUMO describing the lowest singlet excitation.
These orbitals are displayed in Figure 6 for the monomer to dimer. The HOMO and LUMO are
delocalized practically along the entire n-conjugated chain with the HOMO more concentrated on
the side towards the other end. Therefore, a charge transfer toward the phenylene end will occur
on the excitation to the LUMO. From HOMO in Figure 6, there is interring antibonding between
the bridged carbon atoms. In contrast, LUMO is characterized by the interring bonding. These
may explain the singlet excitation involving mainly the promotion of an electron from the
HOMO to LUMO and the planarization in the excited state.

Insert Figure 6

Fluorescence Energy and Lifetime
On the basis of S; optimized structures based on TD-B3LYP/SVP calculation, the fluorescence
energy of fluorene-phenylene oligomers were computed, using TD-B3LYP/SVP and TD-

B3LYP/SVP+ calculations. Fluorescence energies and oscillator strengths (in parentheses) are
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collected in Table 4. All fluorescence energies were decreased with the elongation of fluorene-
phenylene chain. The opposite trend was found for oscillator strengths. The fluorescence
energies are ranged between 3.53 to 2.63 eV and 3.45 to 2.60 eV by TD-B3LYP/SVP and TD-
B3LYP/SVP+ calculations, respectively. TD-B3LYP/SVP results are found to be slightly higher
than those of TD-B3LYP/SVP+ results. Additionally, fluorescence energies between TD-
B3LYP/SVP and TD-B3LYP/SVP+ calculations are differently less than 0.1 eV. The addition
of fluorene-phenylene units leads to decreasing in fluorescence energies as compared between
TD-B3LYP/SVP and TD-B3LYP/SVP+ calculations. According to the data in Table 4, the
relationship between fluorescence energies and the reciprocal chain lengths as demonstrated in
Figure 7. The extrapolated fluorescence energies calculated by TD-B3LYP/SVP and TD-
B3LYP/SVP+ methods are 2.27 and 2.26 eV, respectively. Linear dependence on the inverse
number of repeating units are clearly found. The diffuse function leads to very small decreased
in fluorescence energy. The basis set dependence of fluorescence energies is somewhat equal to
the one found for vertical excitation energy (see earlier). In this work, a comparison of
theoretical prediction and experimental results were also studied. It can be seen that fluorescence
energies presented in Table 4 are lower than that of experimental results. However, the Stokes
shift of 0.62 and 0.61 eV (from 2.27 and 2.26 eV, respectively), computed as the difference
between absorption and fluorescence energies agree well with experimentally observed values of
0.40 and 0.32 eV, respectively, (E...; equals to 3.24 eV in film and 3.36 eV in CHCI; solution
and Egy, equals to 2.94 eV in film and 3.04 eV in CHCI; solution).33
Insert Figure 7
Insert Table 4
Finally, the corresponding fluorescence energies and oscillator strengths were used in the

calculations of the radiative lifetimes according to the formula (in au).”""!
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rT=——"F— ey

where c is the velocity of light, Eg;, is the fluorescence transition energy, and f is oscillator
strength. The radiative lifetimes are summarized in Table 4. Extension of oligomer chain leads
to a decrease of radiative lifetime. Lifetime extrapolated to n —oo0 from TD-B3LYP/SVP and
TD-B3LYP/SVP+ results are 0.55 and 0.51 ns, respectively. The difference between the two
basis sets is only 0.04 eV. For the sake comparison, a chemical similar system, fluorescence
lifetime in THF solution of poly(9,9-dihexylfluorene) is 0.46 ns.”” Radiative lifetime of
poly(fluorene-pyridine) calculated by TD-B3LYP/SVP and TD-B3LYP/SVP+ are 0.25 and 0.38
ns, respectively.”’ Radiative lifetime values can be used for more understand of emission and
fluorescence energies. Moreover, fluorescence lifetime gives useful information in discrimination

of particles.

Conclusions

A systematic theoretical study was performed on fluorene-phenylene oligomers for ground and
excited states properties starting from monomer to tetramer. Full B3LYP and TD-B3LYP
geometry optimizations on both ground and lowest excited stated were performed. The behavior
of torsion angles of monomer and dimer are similar that non-planar structures were obtained in
ground state. In the first excited state, electronic excitation leads to a quinoid-like character,
shortening of interring distances and lowering torsion angles. Vertical excitation from Sy to S,
corresponds to the HOMO-LUMO transition and possesses much higher oscillator strength.
Vertical excitation energies and fluorescence energies indicate very good linear relation with the

reciprocal chain length. The extrapolated vertical excitation energies are lower than the

John Wiley & Sons, Inc. 11
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experimental results. The fluorescence energies are quite underestimated to those of the
available experimental data. The computed radiative lifetimes are in the range of 0.51-0.55 ns.
Our investigations have shown that detailed and reliable calculations on the properties of
electronically ground and excited states of oligomer sizes relevant for comparison with
experiment are possible nowadays. According to our study, we suggested that these studies

should also be regarded as a first step toward the fluorescence spectra and radiative lifetime.
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Figure captions

Figure 1. Molecular structure and numbering scheme of poly[2,7-(9,9-difluorene)-co-alt-p-

phenylene), (FP), used in this study.

Figure 2. Torsional potential energy curves around bond number 7 (see Figure 1) for the ground
state of FP monomer as obtained from the B3ALYP/SVP (open circles) calculations and the lowest

excited state as calculated using the TD-B3LYP/SVP method (solid circles).

Figure 3. Torsional potential curves around bond number 7 (open circles), 21 (open triangles)
and 28 (open squares) (see Figure 1) for the ground state of FP dimer as computed from
B3LYP/SVP calculations and for the lowest excited state using the TD-B3LYP/SVP approach

(solid circles, solid triangles and solid squares, respectively).

Figure 4. Optimized bond lengths (10\) of (FP), in the ground state (Sp) and the lowest excited
state (S;), obtained from B3LYP/SVP (solid squares) and TD-B3LYP/SVP (open circles)

calculations.

Figure 5. Lowest excitation energies (E,..;) computed by the TD-B3LYP/SVP (solid squares)
and TD-B3LYP/SVP+ (solid circles) methods as a function of reciprocal chain length n of the

oligomer (FP),.
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Figure 6. Plots of the HOMO to LUMO of (a) (FP) and (b) (FP), performed by the B3LYP/SVP

and TD-B3LYP/SVP approaches.

©CoO~NOUTA,WNPE

11 Figure 7. Dependence of fluorescence energies on the reciprocal chain length of (FP), as

13 computed by TD-B3LYP/SVP (solid squares) and TD-B3LYP/SVP+ (solid circles) calculations.
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Table

Table 1. Optimized interring distances, d (A) and torsion angle, ¢ (deg) of (FP), (n=1-4) in the
ground state (Sp) and the lowest singlet excited state (S;), obtained from B3LYP/SVP and TD-

B3LYP/SVP calculations.

Table 2. Calculated and experimental excitation energies and oscillator strengths of fluorene-

phenylene oligomers. Geometries were optimized at B3ALYP/SVP level.

Table 3. Dominant orbital contributions for the first five excitation energies of FP oligomers

using TD-B3LYP/SVP method.

Table 4. Calculated fluorescence energies (oscillator strengths in parentheses) and radiative
lifetimes of FP oligomers as obtained from TD-B3LYP/SVP and TD-B3LYP/SVP+ calculations.

Geometries were optimized at TD-B3LYP/SVP level.
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n

Molecular structure and numbering scheme of poly[2,7-(9,9-difluorene)-co-alt-p-phenylene), (FP)n
used in this study.
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Optimized bond lengths (.&) of (FP)n in the ground state (S0) and the lowest excited state (S1),
obtained from B3LYP/SVP (solid squares) and TD-B3LYP/SVP (open circles) calculations.
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15 34k

o excit
B TD-B3LYP/SVP
@ TD-B3LYP/SVP+

20 o JEexcic = 2:87 €V

23 2.4 - E,.Expt) =3.34 eV (in film) and

24 2.2 3.36 eV (in chloroform)

26 2.0 Y T L T L T T T L T ! |
27 0.0 0.2 0.4 0.6 0.8 1.0 1.2

29 1/n

Lowest excitation energies (Eexcit) computed by the TD-B3LYP/SVP (solid squares) and TD-
32 B3LYP/SVP+ (solid circles) methods as a function of reciprocal chain length n of the oligomer (FP)n.
33 217x150mm (96 x 96 DPI)
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(a)

HOMO LOMO

(b)

Plots of the HOMO to LUMO of (a) (FP) and (b) (FP)2 performed by the B3LYP/SVP and TD-
B3LYP/SVP approaches.
287x141mm (96 x 96 DPI)
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B TD-B3LYP/SVP
® TD-B3LYP/SVP+

19 2289 =227ev
20 i 1 ™

EFIu (Expt.) = 2.94 eV (in film) and
3.04 eV (in chloroform)

28 0.0 0.2 0.4 0.6 0.8 1.0 1.2

30 1/n

33 Dependence of fluorescence energies on the reciprocal chain length of (FP)n as computed by TD-
34 B3LYP/SVP (solid squares) and TD-B3LYP/SVP+ (solid circles) calculations.
203x149mm (96 x 96 DPI)
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1

2

3

4

5 Table 1.

6

; monomer dimer trimer tetramer

9 So S So S So S So S
10 B3LYP/SVP TD-B3LYP/SVP B3LYP/SVP TD-B3LYP/SVP B3LYP/SVP TD-B3LYP/SVP B3LYP/SVP TD-B3LYP/SVP
11 d7 1.488 1.443 1.488 1.475 1.488 1.482 1.488 1.486
12 dus 1.470 1.425 1.468 1.436 1.468 1.451 1.468 1.462
13 4y 1.486 1.446 1.486 1.458 1.486 1.474
12' dog 1.486 1.452 1.486 1.451 1.486 1.466
16 & 1.470 1.451 1.468 1.433 1.468 1.438
17 da 1.486 1.461 1.486 1.453
18 dag 1.486 1.471 1.486 1.456
19 dsq 1.470 1.463 1.468 1.445
20 4, 1.486 1.473
2 7 1.486 1.480
23 d77 1.470 1.467
24

25 ¢p1F1 -35.7 1.7 372 279 37.0 33.0 375 36.0
26 1 po 37.1 9.6 -35.5 -16.6 35.6 27.3
% oo 34.6 10.6 35.5 13.3 35.0 222
29 Pr2-p3 -36.25 -18.4 35.4 -13.7
30 ¢p3.p3 -36.1 254 35.5 16.1
31 s py -35.4 -26.5
32 oana 36.1 31.42
34 P denotes the phenylene ring and F the fluorene ring.

35

36

37

38

39

40

41

42

43

44

45 1
46 John Wiley & Sons, Inc.

47

48
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1

2

3

4 Table 2.

5

6

7

8 TD-B3LYP/SVP TD-B3LYP/SVP+
9 state excitation  oscillator excitation oscillator
10

11 energy, (eV) strength  energy, (eV)  strength
12 n=1 S 3.99 0.904 3.91 0.874
13 S, 4.33 0.009 422 0.025
14 S; 4.66 0.004 4.60 0.003
ig S4 491 0.004 4.83 0.004
17 Ss 4.95 0.005 4.87 0.007
18

19 n=2 Si 3.33 2.040 3.28 1.990
20 S, 3.81 0.000 3.77 0.000
21 S; 3.95 0.091 3.87 0.082
gg S, 4.11 0.005 4.01 0.013
o4 Ss 4.15 0.002 4.03 0.000
25

26 n=3 Sy 3.28 3.015 3.24 2.969
27 S, 3.66 0.163 3.62 0.172
gg S, 3.71 0.032 3.67 0.014
20 S4 3.98 0.114 3.94 0.413
31 Ss 3.98 0.590 3.94 0.263
32

33 n= Si 3.19 3.909 3.16 3.843
34 S, 3.45 0.442 3.42 0.440
gg S; 3.58 0.002 3.54 0.003
37 S4 3.71 0.642 3.67 0.612
38 Ss 3.77 0.035 3.74 0.011
39

40 n=o0 S 2.89 2.87

phs Expt?® S, 3.34 (in film)

43 3.36 (in chloroform)

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

John Wiley & Sons, Inc.
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Table 3.
Oligomers state MO/character (Dominant contributions)
TD-B3LYP/SVP

n=1 So—S; HOMO—LUMO (97%)
So—S» HOMO—LUMO+1 (79%)
So—S3 HOMO-1—-LUMO (50%)
So—S, HOMO-3—LUMO (30%)
So—Ss HOMO-2—LUMO (52%)

n=2 So—Si HOMO—LUMO (98%)
So—S> HOMO-1-LUMO (59%)
So—S3 HOMO—LUMO+1 (56%)
So—S4 HOMO—LUMO+2 (74%)
So—Ss HOMO—LUMO+3 (72%)

n=3 So—Si HOMO—LUMO (94%)
So—S; HOMO-1—-LUMO (80%)
So—S3 HOMO—LUMO+1 (80%)
So—S, HOMO-2—LUMO (62%)
So—Ss HOMO-1—-LUMO+1 (80%)

n=4 So—S; HOMO—LUMO (88%)
So—S» HOMO-1—-LUMO (56%)
So—S3 HOMO—LUMO+1 (55%)
So—S4 HOMO-1—-LUMO+1 (77%)
So—Ss HOMO-2—LUMO (74%)

John Wiley & Sons, Inc.

23

Page 30 of 31



Page 31 of 31

©CoO~NOUTA,WNPE

Journal of Computational Chemistry

Table 4.
TD-B3LYP/SVP TD-B3LYP/SVP+

Fluorescence energy Lifetime Fluorescence energy  Lifetime
(eV) (ns) (eV) (ns)
n=1 3.53(1.049) 1.77 3.45 (1.036) 1.87
n=2 2.84 (2.416) 1.18 2.79 (2.354) 1.26
n=3 2.67 (3.351) 0.96 2.63 (3.280) 1.02
n= 2.63 (4.008) 0.83 2.60 (3.918) 0.87
n=o0 2.27 0.55 2.26 0.51

expt.” 2.94 (in film)
3.04 (in chloroform)
24

John Wiley & Sons, Inc.
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