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ABSTRACT 

Synthesis A n d Op toe lec t ron i c Proper t ies O f N e w F luo rene-2 ,5 -Ď ia ry l -1 ,3 ,4 -Oxad iazo le 

H y b r i d M a t e r i a l s 

Stephen Oyston, University of Durham, 2005 

N o v e l fluorene and sp i rob i f luorene-2,5-d iary l - l ,3 ,4-oxadiazole hybr ids 165 and 171 , 

respectively, have been synthesised b y Suzuki cross-coupl ing methodology. Pyr id ine 

analogues o f 165 and 1 7 1 , 1 8 4 and 185, respect ively, were also synthesised. Further extension 

o f the ir-electron framework was achieved v i a W i t t i g react ion to a f fo rd compound 177. Single 

layer organic l igh t emi t t ing devices ( O L E D ) ร using blends o f M E H - P P V as the emissive 

mater ial w i t h electron transport (ET) materials 165, 171 , 177， 184 and 185 have been 

fabricated. For a l l the devices studied electroluminescence ( E L ) or ig inated exc lus ive ly f r o m 

the M E H - P P V w i t h external quantum eff ic iencies (EQE)ร great ly enhanced (> two orders o f 

magniณde) compared to pure M E H - P P V devices. The іпсофогаї іоп o f pyr id ine i n 

compounds 184 and 185 considerably enhanced the electron a f f i n i t y o f the systems compared 

to compounds 165 and 171 . For a device incorporat ing PEDOT:PSS i n the conf igurat ion 

I T O / P E D O T : P S S / M E H - P P V - 1 8 5 (30 ： 7 0 % b y we igh t ) /Ca /A l an E Q E o f ca. 0 .6% and a 

luminance e f f i c iency o f 1.2 cd A—i at 10.5 V was achieved. 

C12H25Ó 

C12H25O 

1 6 5 X = CH 
1 8 4 Χ = Ν 

171 X = CH 

1 8 5 X - N 

OC12H25 

OC12H25 

OC12H25 
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E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

1 ELECTRON TRANSPORT MATERIALS FOR ORGANIC L I G H T 
E M I T T I N G DIODES 

There has been intense research interest recent ly i n the use o f organic materials for l ight 

emi t t ing diodes ( L E D s ) since or ig ina l reports o f the electroluminescence (EL ) propert ies o f 

conjugated po lymers . ' Th is re inforced the immense interest i n electronic and optoelectronic 

devices made ent i re ly f r o m organic materials b o m from the discovery i n the late seventies 

that certain po lymer ic organic materials can conduct e lectr ic i ty almost as e f f i c ien t l y as 

copper.^ Heeger et al. f ound that ox idat ion o f polyacety lene w i t h halogens (p-doping) 

s ign i f icant ly increased conduct iv i ty ; this can be considered the b i r th o f the field o f conduct ing 

polymers.^ 

Organic l igh t emi t t ing diodes ( O L E D s ) o f fer many advantages over b u l k y inef f ic ient 

cathode ray tubes such as l ow power consumpt ion, l o w we igh t and compact flat screen 

technology. A l s o the poss ib i l i t y o f p roduc ing inexpensive large area flat panel displays v ia 

vapour deposi t ion, first realised by Tang and VanSlyke, '* cou ld prov ide an alternative to l i qu id 

crystal d isplay ( L C D ) technology, as L C D s larger than 12 inches have proven very cost ly and 

d i f f i cu l t to produce.^ Inorganic L E D s m a y also be chal lenged due to the versat i l i ty o f 

conjugated po lymers i n that their physical propert ies (colour, emission e f f i c iency and 

operat ing l i fe t imes) can be fíne-tüned b y man ipu la t ion o f their chemical structure.^ 

b i i t i a l commerc ia l appl icat ions o f organic materials i n d isplay technologies have 

resulted i n Pioneer Electronics in t roduc ing an organic E L monocføome display for 

automobi les. M u l t i c o l o r O L E D s have recent ly seen s igni f icant іпсофогаЇ іоп i n other smal l -

format consumer electronic products such as mob i le phones and portable audio players. 

Eastman Kodak/Sanyo launched the first f u l l co lour , act ive mat r i x O L E D screen d ig i ta l 

camera i n 20037 Acco rd i ng to d isplay industry analysis firm isuppl i /Stanford Resources the 

global market fo r O L E D s w i l l increase from $112 m i l l i o n i n 2003 to $2.3 b i l l i o n i n 2008 . 8 

There are st i l l many d i f f i cu l t ies to overcome inc lud ing colour emission over the fu l l v is ib le 

spectrum, h igher quantum eff ic iencies, lower operat ing voltages and longer device l i fet imes 

before O L E D s can become genuinely commerc ia l l y v iable. 



E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

1.1 ELECTROLUMINESCENCE OF ORGANIC MATERIALS 

E L (Append ix 1) is the non- thermal convers ion o f electr ical energy into l ight i n a substrate 

whereby photon emission results from the recombinat ion o f holes and electrons w i t h i n the 

substrate. Pope et al.^ f i rst observed E L from organic materials i n 1963 b y passing an electric 

current th rough a single an toacene 1 crystal . Later, He l f r i ch reported fluorescence i n 

anthracene crystals us ing charge- in ject ing electrodes and attr ibuted this to the recombinat ion 

o f electrons and holes w i t h i n the anthracene crystal . T w o electrolyt ic solut ions (pos i t ive ly 

and negat ively-charged antføacene) housed i n glass tubes and cemented to the surface o f the 

crystal were responsible for charge transport o f electrons and holes in jected from the cathode 

and anode, respect ively, into the anthracene crystal . E L was witnessed i n the section o f the 

anthracene crystal next to the ho le- in ject ing anode, w h i c h suggests an imbalance o f charge-

carrier in jec t ion and transport. H i g h voltages {ca. 400 V ) were requi red par t ly due to the 

thickness o f the crystals i n bo th instances. Th is l im i ted further breakthroughs un t i l the 1980'ร 

w h e n V ince t t et al. reported E L from th in films o f anthracene subl imed onto ox id ised 

a l um in i um electrodes. Operat ing voltages were brought d o w n to ca. 30 V， al though l o w 

ef f ic iencies were reported due to inef f ic ient electron in ject ion and poor qua l i ty anthracene 

films. 

I n 1987 i t became apparent that organic materials were v iable for optoelectronic 

devices. I n contrast to earlier organic E L devices, Tang and VanSlyke"^ developed an E L 

diode compr is ing a double layer o f t h i n organic films. The first layer, an aromatic d iamine 2 

responsible on l y for hole transport, was deposited onto an i n d i u m t i n ox ide ( I T O ) substrate 

{ca. 750 Å th ick) . A layer o f the E L mater ia l t ns - (8 -hydroxyqu ino l ine )a lumin ium ( А Ц з ) 3 

(ca. 600 Å th ick) f o l l owed this. F ina l l y a l ow w o r k fiinction a l loy o f magnes ium and si lver 

(10:1) was deposited as the cathode for more ef fect ive electron in jec t ion. A l l three layers were 

deposited b y vacuum deposi t ion. The s imp ly fabricated device displayed h igh photon I 

electron quantum eff ic iencies o f 1 % w i t h h igh luminous ef f ic iencies and brightness at d r i v ing 

voltages be low 10 V . The emission peak intensity at V a x 550 n m indicated that the radiat ive 

recombinat ion o f in jected electrons and holes occurs i n the Alqa layer, as the E L emission 

spectrum was ident ical to the photoluminescence (PL) spectrum o f Alq3 th in films. 



E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

S c h e m e 1 : M o l e c u l a r s t r u c t u r e s o f a n t h r a c e n e 1， d i a m i n e 2 a n d A l q a 3 as used b y T a n g a n d V a n S l y k e i n 

t h e i r d o u b l e l a y e r E L diode.'* 

Further w o r k on mu l t i l ayer th in organic film devices b y Adach i et al. ՚ 2 using the luminescent 

hole transport mater ia l N S D 4 as the emit ter and іпсофогаї іп§ an electron transport ing hole 

b lock ing ( E T H B ) mater ia l P B D 5 i n the device conf igurat ion ( I T O / N S D / P B D / M g A g ) gave 

an emission intensi ty o f ~ 1000 cd m—2 at a current o f 100 m A cm'^ and a voltage o f 16 V , 

relat ing to a luminous e f f ic iency o f 0.2 I m พ ' ' . Emiss ion ef f ic iencies o f this device were lo4 

t imes larger than that o f a single layer device ( I T O / N S D / M g A g ) w i thou t P B D . A l so 

eff ic iencies o f a b i layer device ( I T O / T P D / N S D / M g A g ) , where T P D 6 is the hole t ransport ing 

d iamine der ivat ive, were on l y 10^ t imes larger than the single layer device. The emission 

spectra o f the E L devices (Xmax 520 ա ո ) correspond to the P L spectra o f N S D th in films. N o 

emission was evident from the P B D layer. These results established that recombinat ion 

occurred i n the emit ter layer, w i t h the P B D layer b lock ing the transport o f holes wh i l s t 

in jec t ing electrons in to the emi t t ing layer. 

рснз 

4 NSD ОСНз 5 P B D 

6 TPD 

S c h e m e 2 : M o l e c u l a r s t r u c t u r e s o f t h e ho le t r a n s p o r t m a t e r i a l s N S D 4 a n d T P D 6 a n d t h e E T H B 

P B D 5. 



E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

1.2 ELECTROLUMINESCENT CONJUGATED POLYMERS 

Conjugated po lymers are semiconductors due to 7Г molecular orbi ta is be ing delocal ised a long 

the po lymer chain. The i r advantage over non-po lymer ic organic semiconductors is their 

attractive physical /mechanical- propert ies and the poss ib i l i ty o f so lut ion processing to f o r m 

flexible and robust structures ta i lored for a w ide range o f appl icat ions. Conjugated po lymers 

w h i c h have large semiconductor gaps and can be prepared su f f i c ien t ly pure can show h igh 

quanmm yields for photoluminescence. The first example o f E L f r o m an organic po lymer ic 

semiconductor was a serendipitous discovery b y the Cambr idge group o f Fr iend et al, 

reported in 1990. Wh i l s t s tudy ing the electr ical propert ies o f po ly(p-phenylene v iny lene) 

(PPV) 12 i t was found that a strip o f PPV sandwiched between t w o electr ical contacts g lowed 

green i n the dark when a current was appl ied. ' 

1.2.1 P P V & 

PPV and po ly [2 - (2 -e thy lhexy loxy) -5 -methoxy- l ,4 -pheny lenev iny lene ] ( M E H - P P V ) proved 

p ivo ta l materials in the development o f O L E D s throughout the 1990'ร. PPV is a br ight ye l l ow 

fluorescent po lymer w i t h E L max ima at λ 551 n m (2.5 eV) and 520 n m (2.4 eV) i n the 

ye l low-green region o f the v is ib le spectram. The po lymer is insoluble and intractable. The 

direct synthesis o f P P V has been carr ied out u t i l i s ing some w e l l - k n o w n coup l ing reactions, 

i.e. W i t t i g ' ^ and H e c k ' 4 reactions. The p rob lem w i t h these direct syntheses from monomers is 

that the mater ia l produced cannot be easi ly processed. These phys ica l and processing 

problems were overcome b y the in t roduct ion o f a solut ion-processable, sulphonium-precursor 

route to PPV b y Wess l ing and Z immerman , ' ^ ' ' ^ w h i c h meant that so lut ion processing b y spin 

coat ing cou ld be used to manufacture good qua l i ty th in P P V films for use i n E L devices. 

Scheme 3 shows the react ion o f 1,4-bis(dichloromethyl)benzene 7 w i t h 

tetrahydrothiophene 8 y ie ld ing the bis su lphon ium salt 9. Po lymer isat ion o f a methanol ic 

so lut ion o f the monomer gave the colourless water-soluble viscous polye lect ro ly te so lu t ion; 

this was then dialysed against d is t i l led water to remove l o w molecu lar we igh t impur i t ies . The 

molar mass o f the precursor po lymer 10 cou ld not be determined. The react ion o f the 

polye lect ro ly te 10 w i t h re f l ux ing methanol y ie lded the neutral po l ymer 1 1 , w h i c h on gel 

permeat ion chromatography (GPC) gave a number average molar mass M„ o f > 100,000 g 

m o ľ ' โ ' ^ Spin coated th in films o f the precursor po lymer 10 were converted to P P V b y thermal 

4 



E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

e l im ina t ion o f tetrahydrothiophene and H C l to f o r m the alkene bonds. The resultant th in films 
o f P P V 12 were homogenous, dense and un i f o rm . 

CI 
Ө 

S c h e m e 3 : W e s s l i n g a n d Z i m m e r m a n p r e c u r s o r r o u t e t o P P V 1 2 : i ) 8， M e O H , 65 ° С ; і і ) N a O H , 

МеОН/НгО o r BU4NOH, M e O H , 0 "c, n e u t r a l i s a t i o n ( H C l ) , d i a l y s i s ( w a t e r ) ; i i i ) M e O H , 5 0 " C ; i v ) 2 2 0 "c, 
H C l ( g ) / A r , 22 h ; V ) 180 -300 ° С , v a c u u m , 12 h 6 

Ohnish i et al. '8 and also Braun and Heeger'^՚^՛^ have independent ly reported PPV derivatives 

that are soluble i n the conjugated f o rm . These PPV derivat ives such as M E H - P P V 15, w h i c h 

is the most w i d e l y studied PPV der ivat ive (Scheme 4) and other d ia lkoxy-subst i tu ted 

der ivat ives o f P P V owe their increased so lub i l i t y and air s tabi l i ty to the long a l koxy side 

chains. 

Meo 

Ui) 

Meo Meo 
13 14 15 

S c h e m e 4 : P r e p a r a t i o n o f M E H - P P V 15 : i ) 3 - ( b r o m o m e t h y l ) h e p t a n e , кон, E t O H , r e f l u x , 16 h ; і і ) 

H C H O , c o n e . H C l , d i o x a n e , 20»c, 18 h , r e f l u x , 4 h ; і і і ) K O ' B น , T H F , 20 ° С , 24 h . " ' " 

M E H - P P V dissolves readi ly i n solvents such as T H F and CHCI3, w h i c h enables direct 

deposi t ion onto substrates w i thou t the need for thermal treatment dur ing device fabr icat ion, 

w h i c h ^ w a s one o f the ma jo r drawbacks o f the Wess l ing precursor route. A l so the E L 

m a x i m u m o f M E H - P P V is red-šhi f teď to >^ax 626 n m compared to that o f PPV (Xrtiax 551 nm) . 
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The synthesis o f M E H - P P V can be achieved, as before for PPV, or by a dehydrohalogenat ion 
condensation po lymer isa t ion as developed b y G i l ch et al p The G l i ch route shortens the 
preparat ion b y t w o steps and also increases yie lds s ign i f icant ly w i t h molar masses comparable 
w i t h that o f the su lphon ium precursor route. 

S imple O L E D s emp loy ing M E H - P P V in the single layer ( I T O / M E H - P P V / C a ) device 

strucณre have achieved a respectable external quantum ef f i c iency (EQE) o f 1.0%.'^ Ca l c i um 

used here has a lower w o r k func t ion than the prev ious ly used a lum in ium, match ing the 

L U M O o f the M E H - P P V more ef fect ive ly . However , a l um in ium is less reactive i n the 

presence o f mois ture and air, a id ing device stabi l i ty. 

1.3 SINGLE LAYER O L E D STRUCTURES 

The basic structure o f O L E D s consists o f a th in f i l m o f the E L mater ia l sandwiched between 

two electrodes, one o f w h i c h must be transparent. The l ight emi t t ing mater ia l can be an 

organic po lymer , or a smal l non-po lymer ic molecule. Under an appl ied voltage electrons are 

in jected from the cathode ( l ow w o r k fiinction electrode) and holes are in jected from the anode 

(h igh w o r k func t ion electrode) into the organic mater ia l where they migrate under the effect 

o f the external electr ic field.^ 

L i gh t emiss ion is the consequence o f the radiat ive decay o f excitons i n the emissive 

mater ia l produced b y the combinat ion o f electrons and holes in jected from the opposi te ly 

charged ճշշէՀօձշճThe photons o f l ight generated escape through the transparent electrode. 

Figure 1 shows a representation o f a s imple E L device. The device is fabricated b y spin 

coat ing the E L mater ia l , e.g. M E H - P P V , onto a transparent i nd ium- t i n ox ide ( I T O ) , glass or 

po lymer substrate such as commerc ia l l y avai lable poly(ethyleneterephthalate) (PET) coated 

w i t h a layer o f I T O . The vacuum evaporat ion o f a l o w w o r k func t ion metal cathode such as 

A l or Ca completes the E L device structure. 

I n such a device electrons are in jected into the L U M O ( f o rm ing radical anions) and 

the holes in jected into the H O M O ( fo rm ing radical cations) o f the E L mater ia l . Under the 

external field the charges migrate a long the po lymer chains and combinat ion o f the radical 

anions and radical cations w i t h i n a single conjugated segment forms singlet and t r ip let exci ted 

states. Spin a l l owed radiat ive emission (f luorescence) o f the singlet state occurs upon 

re laxat ion to the ground state (see Append ix 1). Tr ip lets usual ly relax to the ground state v ia a 

non-radiat ive pathway. Therefore, e f f i c iency o f these devices is l im i ted as the probab i l i t y o f 
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t r ip le t to singlet exc i ton fo rmat ion from the recombinat ion o f electrons and holes is 3:1 g i v i n g 
a т а х і т г і т e f f i c iency o f E L from the exci ted states o f organic mater ia ls o f 2 5 % . շ 5 The E Q E , 
r j e x t , o f mono layer O L E D s , i.e. the number o f photons асШаІІу seen b y the observer, is related 
to the number o f photons emi t ted per electrons in jected. I n the case o f P P V this value is l o w 
(0 .05%) . ' The observed E Q E , 7/ext, is m u c h lower than the internal e f f i c iency , ๆint, as g i ven b y 
the f o l l o w i n g relat ionsMp.^^ 

î /ext = 1 ? i n t / 2 « ^ 

E q u a t i o n 1 : E x t e r n a l q u a n t u m e f f i c i e n c y ( E Q E ) , Ч е т w h e r e ท is t h e r e f r a c t i v e i n d e x o f t h e o r g a n i c 

m a t e r i a l . 

The luminous e f f ic iency, ๆլ, i n candelas per amp (cd A " ' ) is convenient fo r quan t i f y i ng the 

propert ies o f an O L E D fo r d isplay appl icat ions and is def ined be low. 

Í ; L = A L / loLED 

E q u a t i o n 2 : L u m i n o u s e f f l c i e n c y η լ, w h e r e L is t h e l u m i n a n c e o f t h e O L E D ( c d m '^ ) , A is t h e d e v i c e a c t i v e 

a r e a a n d l o L E D is t h e O L E D c u r r e n t . 

A frequently used e f f i c iency un i t is the luminous power e f f i c iency ηρ ( l m พ ' ' ) , where τ/ρ is 

the rat io o f l uminous power emit ted i n the fo rward d i rec t ion, Lp ( kท) , to the tota l e lectr ical 

power requi red to dr ive the O L E D at a par t icu lar vol tage ( V ) . L u m i n o u s power e f f i c iency is 

useful i n i n t e φ r e t i n g the power dissipated b y a device when used i n a display. 

T;p = L p / I O L E D V 

E q u a t i o n 3ะ L u m i n o u s p o w e r e f f i c i e n c y ηρ. 

Meta l cathode 

[ .no l 

E T H B mater ia l 

E L p o l y m e r 

(a) (b) 

F i g u r e 1ะ S c h e m a t i c r e p r e s e n t a t i o n o f ( a ) a s i n g l e - l a y e r a n d ( b ) a b i l a y e r O L E D . 
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A feature o f the development o f O L E D technology is a lack o f consistency between d i f ferent 
laboratories i n terms o f techniques and parameters to assess device performances, w i t h 
contradictory methods used for measur ing quantum ef f i c iency and device re l iab i l i ty . Th is 
means i t is o f ten not possible to arrive at a meaningfu l compar ison o f data on materials and 
fabricated devices from di f ferent publ icat ions. Forrest and co-workers have publ ished an 
authorat ive discussion on these aspects and fo rma l def in i t ions o f the var ious terms used to 
measure O L E D efficiencies.^^ 

1.3.1 B i l a y e r Devices I n c o r p o r a t i n g E T H B M a t e r i a l s 

The most w i d e l y studied emissive po lymers such as PPV, po ly( f luorene) and their der ivat ives 

are predominant ly ho le transport ing materials, therefore hole in jec t ion and transport 

predominates. Add i t i ona l l y , charge recombinat ion m a y occur too close to the 

polymer/cathode interface, hence, the device e f f i c iency is lowered due to the quenching o f 

excitons b y the meta l electrode. To achieve ef f ic ient E L charge in jec t ion needs to be 

balanced.^^ One w a y to overcome these problems is the fabr icat ion o f b i layer O L E D s 

іпсофогаЇ іп§ E T H B mater ials, first pioneered b y Tang and VanSlyke. '* Th is approach has 

retained the focus o f internat ional research. The E T H B mater ia l is deposited onto the emissive 

po lymer f i l m b y spin coat ing or thermal evaporat ion before deposi t ion o f the cathode, w h i c h 

has a l o w w o r k func t ion matched as c losely as possible to that o f the L U M O o f the E T H B 

mater ia l , to faci l i tate electron in ject ion (F igure 2) . The barr ier to electron in jec t ion is reduced 

using E T H B mater ia ls; also the passage o f holes is inh ib i ted through the E T H B layer. 

Electrons and holes accumulate near the E L p o l y m e r / E T H B layer where recombinat ion is 

conf ined i n the E L po lymer away from the cathode interface.^ App l ica t ions o f such layers i n 

O L E D s reduce the t føeshold vol tage wh i l s t increasing quantum e f f i c iency and device stabi l i ty 

w i t h respect to the analogous monolayer devices. 

E T H B mater ials need to have a h i g h electron a f f in i t y . The most w i d e l y appl ied E T H B 

materials are π-electron def ic ient heterocycles car ry ing im ine n i t rogen 'ร i n the aromatic ring. 

The polar isat ion o f the C*'^-N*' bond due to the e lec t ron-wi thdrawing n i t rogen atom lowers 

the energy o f the H O M O and L U M O levels. Th is increases the electron a f f i n i t y and promotes 

electron in jec t ion f r o m the cathode.^^ Var ious TT-electron def ic ient heterocycl ic moiet ies have 

been incorporated in to low molecular we igh t compounds and polymers fo r use as E T H B 

materials. These inc lude 1,2,4-triazoles, 1,3,5-triazines, pyr id ines, py r im id ines , quinol ines, 

quinoxal ines, 1,3-oxazoles and 1,3,4-oxadiazoles.^^ 

8 
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Vacuum Level 

Ф cathode 

CATHODE 

Ф anode 

ANODE ® 

Figure 2a: Schematic energy level d i ag ram of a generalised bi layer O L E D , i l lus t ra t ing the accumulat ion 

of charge carr iers at the interface of the hole- t ranspor t ing and e lect ron- t ranspor t ing layers, H T L and 

E T L , respectively. (Redrawn f r o m reference 25). 

1.4 2,5-DlARYL-l ,3,4-OXADIAZOLES 

Most o f the practical work described in this thesis concerns new 2,5-diaryl-l ,3,4-oxadiazole 

(OXD) derivatives for OLED applications. It is appropriate, therefore, to review the important 

features of oxadiazoles which have paved the way for the present study. Molecular and 

polymeric OXDs have been widely studied due to their high thermal and chemical stability, 

high photoluminescent quantum yields and the electron deficient nature o f the 1,3,4-

oxadiazole heterocycle.^^ This class of compounds can be synthesised efficiently by a variety 

o f methods using readily available and cheap precursors. A wide range o f fimctionality can 

also be attached at the peripheral aryl groups prior to, or after, the synthesis of the ring system 

to give novel small molecules or polymeric compounds. 

Prompted by the discovery that 2-phenyl-5-(4-biphenyl)-oxazole functioned as an 

efficient scintillation solute, Hayes et α/·30 synthesised a series o f related OXDs in the 1950ร. 

A selection o f relevant derivatives is shown in Scheme 5， including PBD analogue 18. Since 

then-low molecular weight aromatic OXDs have been used as scintillators and laser dyes with 

high photoluminescent efficiencies.՝^' The key breakttaough relevant to contemporary 



Electron Transport Materials for Organic L ight Emi t t ing Diodes 

applications o f OXDs in material science came in 1989 when Adachi et β/. 12 іпсофогаїесі the 
O X D derivative PBD 5 as an electron transport material into a thin film bilayer EL device. 
This work re-ignited interest in OXD derivatives and has been pivotal to the growing field o f 
OLED research throughout the 1990ร, especially as electron transport materials for 
evaporated bilayer devices. 

Polymers incoφorating 1,3,4 oxadiazole moieties were first reported in 1961,32 and 

since then a wide variety of poly(l,3,4-oxadiazole)ร have been prepared: their use as 

advanced materials has been reviewed.^^* Poly( l ,3,4-oxadiazole)ร exhibit excellent fibre and 

film forming capabilities, high thermal stabilities and tough mechanical properties. 

Consequently they have been used as heat resistant reinforcing fibers for advanced composite 

materials and high resistant fibers for the filtration o f hot gases among other applications.^^* 

Cyclic voltammetry (CV) studies o f poly(arylene-1,3,4-oxadiazole)ร wi th various arylene 

groups such as naphthalene, biphenyl and thienylene present in the main chain, show 

reversible ท-doping characteristics. The mesomeric effects o f the aromatic unit in the polymer 

backbone influence the electrochemical behaviour o f these polymerร.^^'^'' Polymers wi th 

electron transport properties (ท-type) had rarely been investigated, therefore, this property o f 

poly(arylene-1,3,4-oxadiazole)ร due to the electron affinity o f the 1,3,4-oxadiazole 

heterocycle is o f great importance. 

The attractive combination o f excellent thennal, mechanical and optoelectronic 

properties has lead to the use o f poly(arylene-l ,3,4-oxadiazole)ร in OLEDs, wi th the 

oxadiazole group in the main chain or as a pendant substituent. They serve as electron 

transport layers in monolayer and bilayer OLEDs wi th PPV as the emissive material, or as the 

emitting layer themselves. Polymeric derivatives have been developed alongside new low 

molecular weight OXD derivatives. Both families are components in many o f the latest EL 

devices. Previous է6¥16ատ^^*՛՛՛՛^^ have covered developments up to 1998; the present review 

w i l l focus on advances in new materials and their applications since then. 

10 
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Scheme 5: Mo lecu la r structures of selected 2,5-diaryl- l ,3,4-oxadiazole derivat ives 16-20 synthesised by 

Hayes ๙ a ť " 

1.4.1 Synthesis of 2,5-DiaryI-l,3,4-Oxadiazoles. 

There are two main routes for the formation o f OXDs each wi th specific advantages (Scheme 

6). The first route involves ทนcleophilic reaction o f aroyl hydrazide 21 wi th an acid chloride 

22 to give the diaroyl hydrazine 23. Dehydrative cyclisation using either S0Cİ2 or P0Cİ3 

yields the 2,5-diaryl-l,3,4-oxadiazole 25. 30 The alternative route (the Huisgen route)^^ 

involves the preparation o f an aromatic tetrazole^^ 24 via the reaction o f sodium azide wi th 

the corresponding arylnitrile. The tetrazole is then reacted wi th the corresponding acid 

chloride 22 leading directly to system 25 via intramolecular ring transformation. 

HN-NH 
23 

SchTme ó: SýntHesis o f Ô X ช : і ) Pyridine, 20 °С 0.5 h, ձ 0.5 h f i i ) Р О С Ь ; i i i fpýŕ iaine Δ. 
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1.4.2 Low Molecular Weight Oxadiazoles as E T H B Materials 

Increasing recent interest in electron transport molecular glasses has arisen from their 

application in OLEDs. The major prerequisites for electron transport molecular glasses are 

summarised in the fol lowing three points.^^ 

1. Materials must give stąble and uniform films. (Vacuum deposited or spin coated). 

2. Materials must have large electron affinity and high electron mobil i ty for efficient 

injection and transport o f electrons. 

3. Materials must possess large exciton energy for preventing the energy transfer o f 

excitons produced in the emissive layer, to the electron transport layer in a bilayer 

device. 

PBD 5 init ial ly employed by Adachi and co-workers has been extensively studied as an 

ETHB material for evaporated bilayer devices.^^'^^ It sti l l plays a pivotal role in OLED 

research as it is available in high purity, sublimes and can be spin coated as a dispersion in a 

range of standard polymers. A t higher temperatures crystallisation o f PBD may occur and 

some incompatibilities wi th polymers exist that may lead to phase separation or 

crystallisation. This crystallisation can be retarded by suspending PBD in an insulating 

polymer such as poly(methyl methacrylate) (PMMA) as demonstrated by Brown et al. A 

mixture o f PBD and P M M A was dissolved in CHCİ3 and spin coated onto a PPV layer in the 

fabrication o f the bilayer OLED. Although the device thickness increased leading to an 

increase in voltage needed to drive the device, the internal EL efficiency increased from 0 . 1 % 

(for an ITO/PPV/Ca device) to 0.8% for (ITO/PPV/PBD-PMMA/Ca).^^ Gong and co

workers"' used poly(vinylcarbazole) (PVK) 27 w i th PBD as the host and tris[9,9-dihexyl-2-

(phenyl-4'-(pyridin-2"-yl))f luorene]iridium(III) [1г(ОРРҒ)з] 26 (Scheme 7) as the guest in an 

electrophosphorescent LED. As stated previously a maximum efficiency o f EL from the 

excited states o f organic materials w i l l be limited to 25%, however there is evidence that for 

some polymers this ratio can be nearer 1 ： 1 .The energy o f the non-emissive triplets can be 

harvested by energy-transfer to a phosphorescent dopant, e.g. transition metal complexes. The 

commonly used concept is to blend a low molecular weight phosphorescent dye into a 

polymer matrix into which holes and electrons are injected. It is important that triplet excitons 

should not be transferred from the triplet emitter to the host, which means that the triplet 

energy _ջք the host should be higher than that o f the emitter. The use o f PPV 12 or 

poly(fluorene) derivatives (which have low triplet energies) is, therefore, limited to red or 

yellow triplet emitters. For higher energy triplet emitters (i.e., blue or green emitters) PVK 27 

12 
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is often used. However, PVK transports holes only, so an ET material needs to be added to get 
balanced electron and hole currents and thereby to enhance device performance. Therefore, 
PBD was mixed with PVK to enable the host blend to transport both holes and electrons^^ 
Electrophosphorescent emission was evident at Xmax 550 ա ո which is characteristic o f 
Ir(DPPF)3, wi th no emission observed from either PVK or PBD, and an EQE of 8% photons 
per electrons. 

「 A ᄀ -įcHCH. 

27 

26 

Scheme 7: Mo lecu la r structures of I r (DPPF )3 26 and P V K 27.՜" 

The oxadiazole dimer dye 1,3-bis(2-(4-řert-butylphenyl)-1,3,4-oxadiazol-5-yl)benzene (OXD-

7) 28c was synthesised based on PBD 5 along wi th other dimer analogs by Tsutsui and co

workers^^ in an effort to improve stability of vacuum deposited thin fikns without adversely 

affecting the electronic and optical properties. OXD-7 28c displayed electronic properties 

very similar to that o f PBD, whilst vacuum deposited films o f 28c gave homogeneous glassy 

films with higher glass transition temperatures than PBD. Also, no degradation due to 

spontaneous crystallisation o f the films was observed after 30 days storage. 

Further work established that employing 28c as an ETHB material in OLEDs wi th several 

different emissive layers gave significant improvements in performance over devices without 

the additional OXD-7 layer.^^ 

Wang, working within our group, synthesised and studied ETHB properties o f novel bis-

1,3,4-oxadiazole-pyridine hybrids and the vinylene and phenylene analogues, including OXD-

7 28c (Scheme 8).՛"* 
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a: Y 

b: Y: 

с: Y 

d: ү= 

28a-h 

=N 

, /> 

-N ᄂ Ń 

Scheme 8: Series o f bis( l ,3,4-oxadiazole) hybr ids 28a-h studied by Wang^'" ' ' " ' 

Previous տաժւշտ^՛*՛՛՛^ have shown that the introduction o f a pyridine unit into the main chain o f 

conjugated /»-phenylene and 9,9-dialkylfluorene type polymers improves the electron 

transport properties o f these materials which are predominantly known as hole transporting 

materials. As a consequence of this, pyridine and 1,3,4-oxadiazole moieties were covalently 

linked to explore the effect o f combining two electron deficient heterocycles. blit ial studies of 

the ETHB properties o f the pyridine-l,3,4-oxadiazole hybrid PDPyDP 28d involved a 

comparison o f bilayer devices, based on MEH-PPV as the emitter, incorporating 28d wi th the 

jP-phenylene and trans-vinyiene analogues PDPDP 28b and PDVDP 28a, respectively, wi th a 

device configuration o f ITO/MEH-PPV/Al for the single layer and ITO/MEH-PPV/28a,b or 

d/Al for the bilayer devices. The ETHB materials were thermally evaporated on top o f the 

MEH-PPV layer. 

For the three bilayer devices incorporating ETHB materials the current versus electric 

field data (Figure 3a) are almost identical (suggesting similar electron transport properties). 

Figure 3b shows light output versus electric field curves for the four OLEDs. The turn on 

voltage for EL is lowered compared to that o f the single layer device, the lowest being 

observed for the device іпсофогаїіп§ 28d. 
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F igure 3ะ C u r r e n t versus electric fíeld (a) and l ight ou tpu t versus electric f ield (b) fo r bo th single and 

bi layer devices inco rpo ra t ing 1^,4-oxadiazole hybr ids 28a,b and d . " 

Figure 4 shows light output versus cxirrent density curves for the four OLEDs, wi th 

approximate linear behaviour for all the devices being observed. EQEs at a current density o f 

50 m A cm"^ were recorded as 5.9 X 10՜^% for the single layer device. For the bilayer devices 

տcoφoгat ing 28a, 28b and 28d EQE，S o f 1.1 X 10՜Vo, 4.2 X 10՜^% and 0.24%, respectively, 

were recorded. The EQE o f the single layer device was, therefore, increased by a factor o f 30 

by incorporating an additional layer o f 28d. 

- • - M E H - P P V 
- A - 2 8 a 
- • ֊ 2 8 b 
- T - 2 8 d 

i ¿ É f ^ ^ 나 디 

0.00 0.05 0.10 0.15 

Current Density (A / cm') 

0.20 

Figure 4ะ L i g h t ou tpu t versus cur ren t density fo r the single layer and b i layer devices inco rpo ra t ing 

The EL emission from the three bilayer deฬces was characteristic o f MEH-PPV and 

independent o f the structure o f the ETL indicating that the EL originated exclusively from the 

MEH-PPV material. The increased electron transport abil ity o f PDPyDP 28d over the two 

analogues 28a шк і 28b was attributed to two possible effects; the introduction o f the 

electronegative pyridine moiety and the molecular crystal packing in the solid state. Firstly 
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the electron deficient pyridine ring decreases the L U M O level o f the PDPyDP molecule more 
than that o f a c = c or a benzene ring, therefore the energy barrier to electron injection into the 
MEH-PPV layer is reduced. The other possibility is that the electron mobi l i ty is higher in 
crystalline PDPyDP than in the other two materials due to molecular packing favouring the 
overlap o f molecular orbitais in the solid state compared to that o f 28a. 

Further studies'*^ compared compounds 28e-g i.e. the novel angular 2,6-, 3,5- and 2,4-

isomers, respectively, o f 28d alongside the pyrimidine compound 28Һ, which would be 

expected to increase electronegativity. Bilayer devices were fabricated using ᅲо as the 

anode, rubrene doped (20% by weight) MEH-PPV as the emissive material, electron transport 

material 28b-h, and A l as the cathode in the configuration ITO/[MEH(Rubrene)] /28b-h /AÍ 

and compared wi th the reference single layer LED configuration o f ITO/[MEH(Rubrene)]/Al. 

Increased EQEs were observed for all bilayer devices wi th respect to the reference LED 

which had an EQE o f 0.007%, due to the ETHB material increasing electron transport. For the 

devices incorporating compounds 28d and the angular isomer 28e, the highest EQEs o f 0.14% 

were achieved for both devices. The device іпсофОгаІіп§ the pyrimidine analogue 28Һ had an 

EQE o f 0.12% comparable to that using the linear phenylene system 28b, wi th an EQE o f 

0.11%. It was concluded that the compounds 28e and 28Һ have comparable EQEs to the 

efficient material PDPyDP 28d， which is more efficient than the widely studied OXD-7 28c, 

for which an EQE o f 0.06% was recorded. 

10՛ 

๐ 1๙ 

1 ๙ 

28Һ 
֊Հ^ MEH(Ru 

Current Density (mA/cm^) 

F igure 5: Ex te rna l q u a n t u m efflciencies versus cur ren t density relat ionships f o r the single layer and 

b i layer devices incorpora t ing 13t4-oxadiazole hybr ids 28հ-հ.^ ՛* ՛ 
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Further increases in EQE for this series o f compounds have been observed by optimising the 
film thickness o f both the MEH(Rubrene) and ETHB material. A maximum EQE of 0.7% was 
acMeved for a device in the configuration ITO/[MEH(Rubrene)] (90 nm)/28d (55 ran)/Al. 
The EL spectra o f all the bilayer devices have essentially identical profiles wi th a peak at Xmax 

= 590 nm and a shoulder at ca. 630 nm, coincident with the EL emission o f a single layer 
MEH-PPV device, indicating that charge recombination and subsequent light emission 
occurred exclusively within the MEH(Rubrene) layer. 

1.4.2.1 Fluorene-OXD Hybr ids 

Antoniadis et 0 / .47 investigated the ETHB and EL properties o f fluorene-oxadiazole hybrids 

29, 30a-c and 31a-b in multilayer vapour-deposited OLEDs combining the very efficient PL 

properties of fluorene wi th the good electron transport properties o f 1,3,4-oxadiazole. These 

hybrids served as model compounds for blue emitting bipolar polymeric analogues as they 

comprise electron donating dimethylamine/diphenylamine and electron accepting oxadiazole 

moieties. LEDs were fabricated using an ITO anode onto which the starburst triphenylamine 

32 was vapour deposited as a hole injecting buffer layer followed by a շ ո Յ hole transport layer 

o f TPD 6. A layer o f 29, 30a-c or 31a-b was deposited as the electron transport and emissive 

layer, followed by a further electron transport layer o f Alq3 3 to enhance adhesion to the M g 

cathode. 

The EL emission spectra o f the device incoφorating compound 29 showed a weak 

blue emission centred at 400 nm attributed to the intrinsic emission o f 29, wi th the majority of 

the emission shifted to longer wavelengths due to strong exciplex formation. For this device a 

maximum photometric efficiency o f 0.6 cd A"' was recorded, approximately 5 times smaller 

than the efficiency recorded for a TPD 6/Alq3 3 device. Exciplex formation was suppressed 

using the bipolar compounds 30a-c and 31a-b wi th amine groups introduced to reduce the 

ionisation potential o f the hybrid. Devices incoφorating the dimethylamine-oxadiazole-

fluorene hybrids 30a-b showed photometric efficiencies up to 8.7 and 6.8 cd A"', respectively; 

they also displayed the lowest operating voltages in the series. The OLED comprising 30a 

had a cyan (blue-green) colour wi th an emission centred at 495 nm. Luminances o f 200-300 

cd n ť 2 were achieved at as low as 6 V with corresponding photometric power efficiencies o f 

4.5 !m พ ' and 3.2 Im พ ՜ ՛ for devices incoφorat įng 30a and 30b, respectively. 
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MeO 

R 2 ՝ 

MeO. OMe 

Compound Ri R2 

29 2-ethylhexyl N/A 
30a 2-ethylhexyl methyl 
30b octyl methyl 
30c 4-methoxyphenyl methyl 
31a octyl phenyl 
31b 4-methoxy phenyl phenyl 

NPB33 

Scheme 9: Molecu lar structures of oxadiazole-f luorene hybr ids 29, 30a-c and 31a-b along w i t h hole 

t ranspor t materials 32 and 33 used in mul t i layer O L E D studies by Antoniad is et al.*^ 

Within the series o f compounds 30a-c and 31a-b substituents Ri were altered in an attempt to 

inhibit possible stacking and excimer formation o f the fluorene molecule, and bulky 

diphenylamino groups were introduced at the R 2 position o f 31a-b to increase glass transition 

and melting temperatures ( T g ) and ( T m ) , respectively. Di f f icul ty arose in evaporation for 

compounds 31a-b incorporating diphenylamino groups wi th temperatures as high as 350-390 

"C needed for reasonable deposition rates. The devices incorporating 31a-b also suffered from 

higher operating voltages (compared to 30a-b), low efficiencies and lifetimes shorter than 100 

ร, attributed to possible destruction o f their chemical structures during the heating process. 

In an attempt to increase lifetimes, a series o f devices incorporating 30a was 

fabricated using the hole transport material NPB 33 instead o f TPD 6 and copper 

phthalocyanine (CuPc) instead o f the starburst triphenylamine 31 , due to the long lifetime 

characteristics and good thermal stability o f these two hole transporting materials. In all cases 

the device lifetimes were not improved. The lifetime o f two devices in the configuration 

ITO/CuPc/NPB/30a(x А)/А1яз(у Â) /Mg having different thickness ratios for 30a and Alq3 

were also eompared. Device A with a thin layer o f 30a (x = 30) and thick Alqa layer (y = 600) 

had a longer lifetime than device B, where (x = 500) and (y =100). For device A the emission 
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characteristics were dominated by the emission o f Ак[з. In this device, the majority o f the 

excitons are formed in the Alq3 region, and only a small portion o f the excitons are confined 

in the 30a layer. Due to this the overall efficiency o f device A (3.2 cd A'^) is lower than that 

o f device В (8.7 cd A'l). The lifetimes o f both devices were significantly improved but were 

still much shorter than expected for devices where 30a is not included/^ The possibility o f 

instability o f the l,3,4-oxadiazole molecules when in the excited state as well as the 

likelihood o f non-reversible reduction or oxidation processes may account for the poor 

performance o f these materials in EL devices. 

Tang et ö/.49 used compound 30b as an EL layer in a blue emitting OLED where a thin 

AI2O3 layer was inserted between the EL /A l cathode interface enhancing current injection, 

device efficiency and reduced driving voltage. These effects from the insertion o f this layer 

were believed to result from the eliminated interaction between the EL layer and the A l 

cathode suspected of non-radiative singlet exciton quenching. 

Wang,^^ working within our group, synthesised the related compound DFD 34， which 

was used as an electron transport material blended over a range of compositions wi th the EL 

polymer MEH-PPV in a single-layer device. This configuration has the advantage o f easy 

manufacture in terms o f a single spin coating process. Light output from the blended OLEDs 

increased as the percentage o f 34 in the blended layer increased from 20-70% by weight but 

decreased at higher percentage compositions. A t an operating voltage o f 25 V the EL o f a 

70% DFD device structure was 8 times that o f a pure MEH-PPV layer reference device at the 

same voltage. 

СбНіз СбНіз 

Scheme 10: Mo lecu la r s t ructure of 34 D F D prepared by Wang . ' " 

The brightness o f this 70% blend device was 280 cd n ť 2 at a current density o f 66 mA cm"^. 

The increased light is indicative o f efficient electron injection attributed to DFD. As 

concentrations o f DFD increased from 20 to 40 to 70 and up to 95% the EQE increased 

accordingly wi th a maximum EQE of 0 . 1 % for the 95% blend compared to that of the pure 

MEH-PPV reference device o f 1 X 10՜3. The EL spectra o f all o f the blend devices were 

almost identical to that o f the reference device wi th no emission evident from DFD, itself a 

19 



Electron Transport Materials for Organic L igh t Emi t t ing Diodes 

blue emitter, even at maximum concentrations o f 95%. EL originated, therefore, exclusively 
from the MEH-PPV. 

Preliminary optimisation o f these devices included the incorporation o f a hole 

transport layer poly(3,4-ethylenedioxythiophene) doped with polystyrene sulphonic acid 

[PEDOT:PSS] inserted between the anode and the blended film. The current and EL versus 

voltage behaviour o f the OLEDs were similar to those without the PEDOT layer, however 

EQEs were all increased by a factor o f approximately 3 independent o f DFD concentrations. 

A maximum observed EQE of 0.3% was recorded for the optimised 95% DFD blend device. 

พ น et α / ·5 ΐ reported the synthesis and characterisation o f efficient ET compounds 35a-

c where two identical ET OXD moieties were connected to a fluorene unit via the sp3 C9 

position to form a rigid 3-D structure. Increased glass transition temperatures relative to PBD 

5 were observed for these compounds and attributed to the non-planar 3-D structure arising 

from the іпсофогаїіоп o f the fluorene moiety/^ Additionally 35a-c displayed good fílm 

forming properties. The PL spectra o f 35a was almost superimposable on that o f a model 

compound 36, indicating that the tetrahedral C9 atom of 35a effectively breaks any 

conjugation between the two OXD moieties. 

Ar 

a) Ar = 

35ач: b) A r : 

с) A r : 

Scheme 11 : Mo lecu la r structures of 35a-c and model compound 36.S1 

Bilayer devices incorporating 35a-c as ETHB materials were fabricated in the configuration, 

ITO/NPB 33/35a-c/Mg:Ag. Devices іпсофогаІіп§ 35b and с gave higher current densities 

than the device іпсофогаїіп§ 35a, with current densities of 500 m A cm'^ at a driving voltage 

o f 10 V. EL spectra o f all three devices had Xmax = 448 nm, identical to that observed from the 

PL o f NPB 33. This result indicates that holes are blocked by the ETHB materials because o f 

the large energy barrier between the H O M O level o f NPB 33 and those o f 35a-c. Also, the 
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small barrier between the L U M O of NPB 33 and those o f 35a-c results in the recombination 

zone being located within the NPB 33 layer. 

Vacuum Level 

Ф anode 

4.8eV 

L U M O 

2.2eV 

NPB 

HOMO 

5.2eV 

L U M O 

2.32-2.55eV 

35a֊c 

HOMO 
֊ 5.9eV 

Ф cathode 

<ะ) Mg:Ag 
3.7eV 

Figure 2b: Energy level d i ag ram for compounds 35a-c." 

บทoptimised devices exhibited maximum brightness values between 450 and 1600 cd ա՜^, 

and EQEs o f 0.33, 0.20 and 0.25 for devices incoφorating 35a-c, respectively. Trilayer 

OLEDs were fabricated incorporating the blue dye PAP-NPA 37 5 3 in the configuration 

ITO/NPB 33/PAP-NPA 37/35a-c/Mg:Ag. A l l three devices gave strong blue emission with 

Xmax = 454 nm resulting from the PAP-NPA. EQEs o f the trilayer OLEDs incoφorating 35a-c 

and PAP-NPA 37 were recorded as 1.40, 1.54 and 1.75, respectively, wi th maximum 

brightnesses reaching ca. 5400-7000 cd m. 2. 

PAP-NPA 37 

Scheme 12: Molecu lar s t ruc ture o f blue dye PAP-NPA 3 7 . " 

In an attempt to improve processability and тофЬо10£Іса1 stability of 1,3,4-oxadiazole 

compounds, Salbeck and օօ-\¥0էե;6էտ^՛՛ synthesised 38, a spiro linked molecule which 

essentially comprised two PBD 5 units orthogonal to each other. 

It was shown by spin coating атофһоиร fi lms o f both PBD 5 and the spiro analogue 

38 onto quartz substrates that řecrystallišaťion o f the атофһоиз PBD f i lm, which occurred at 
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room temperature on standing for a period o f 1 h， was eliminated for the f i lm o f 38 even at 

elevated temperatures. Recrystallisation o f PBD 5 was detectable by the film becoming turbid 

and detection o f a microcrystalline structure by scanning electron microscopy. The film o f 38 

remained атофһоиร and transparent throughout, wi th a smooth surface detected by electron 
tunnelling microscopy. 

N 一 , 、 P h , N - ^ ^ b ^ ^ N P h , 

Spiro-PBD зв Spiro-TAD 39 

Scheme 13: Mo lecu la r structures of sp i ro -PBD 38 and sp i ro -TAD 39 synthesised by Salbeck et ๗ . " 

The higher тофЬо1о§іса1 stability o f 38 was attributed to the steric demands of the spiro 

core. Also compound 38 has a higher stability than PBD with a melting point o f 337 °С and a 

Tg o f 163 °С compared to the melting point of PBD at 138 °С. The electronic properties o f 38 

are almost identical to the parent PBD compound although the emission maximum of 

compound 38 shows a 7 nm red shift compared to PBD attributed to the forced planarisation 

o f the biphenyl units in the spirobifluorene core. 

A blue light emitting bilayer OLED fabricated using a hole transporting aromatic 

amine (spiro-TAD) 39 and compound 38 in the configuration ITO /39/38 /Al:Mg displayed a 

very low turn on voltage o f 2.7 V, wi th a brightness of 500 cd rn—ム measured at 5 ν · 5 4 

Chien^^ reported the isomeric compound 40 wi th two 2-(4-tór/-butylphenyl)-1,3,4-oxadiazole 

groups in the same plane attached to a spirobifluorene unit at the 2 and 7 positions. The 

bipolar analogue 41 was also reported, which incorporated two diphenylamine units 

orthogonal to the oxadiazole plane. 

1.4.2.2 Bipolar O X D Materials 

Bipolar compounds have received considerable attention in the context o f advanced materials. 

In the context of this thesis the possibility of combining electron transport and hole transport 

moieties, as well as an emissive unit in some cases, in one molecule should allow easy 

fabrication o f highly efficient single layer OLEDs. In the bipolar compound 41 the 1,3,4-

oxadiazole conjugated oligoaryl system acts as the electron acceptor whilst the triarylamine 

moiety acts as the donor соип іефа і і. Solvent polarity dependent fluorescence properties were 

observed for 41 due to the highly efficient photoinduced electron transfer reactions. OLED 
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work was not reported for 40 or 41 , although other groups have utilised bipolar compounds in 

OLEDs. 

40 41 

Schemel4: Mo lecu la r s t ruc ture of compound 40 and the b ipo lar analogue 4 1 . * ' 

Hamada et β/·56 synthesised compound 42, the bipolar analogue o f OXD-7 28c, replacing the 

terminal tert-b\xXy\ groups of 28c with electron donating dimethylamine groups and showed 

that this material was useful as a blue emitting layer (EML) instead o f an ET layer due to the 

bipolar nature o f the material, which offers good recombination sites for holes and electron 

charge carriers. Tfeee different device configurations applying 42 as an E M L were compared 

among which the double hetero (DH) structure, wi th the TPD 6 analogue 43 as the HTL , in 

the configuration o f ITO/43/42/OXD-7 28c (ETL)/MgAg showed the best performance with a 

luminance o f 1100 cd n ť 2 observed at a drive current density o f 100 m A cm"^. EL emission 

had Xmax = 475 nm corresponding well w i th the PL Xmax o f the OXD dimer dye 42. 

Scheme 15: Mo lecu la r s t ructure of the b ipo lar compound 42 and H T mater ia l 43. '* 

Tamoto et α / .57 synthesised five new bipolar materials 44-48 for E M L applications, replacing 

dimethylamine groups with triphenylamine units, which possess superior hole transport 

mobility.^^ It was postulated that higher charge carrier mobilities would reduce driving 

voltage and relieve exciplex formation, which usually takes place at the EML/transport layer 

interface. Compounds 44-48 have Tg values above 99 °С, wi th no clear crystallisation 

temperatures indicating that they form desirably stable атофһоиร fi lms. Compound 48 

showed a pronounced Tg of 166.5 °С possibly due to the starburst structure o f the three 

triphenylamine units, also the hexafluoropropane linking unit o f compound 44 is believed to 

enhance to the thermal stability. 
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PhjN 

NPh, 

PhzN 

NPh2 

PhaN NPho 

46 РһгМ 

N N 

NPh, 

NPho 

Scheme 16: Mo lecu la r structures of b ipo lar compounds 44-48 and E T mater ia l 4 9 . " 

For compounds 45-47 the bridging position o f the disubstituted phenylene greatly influenced 

the thermal properties o f the materials with the 1,4-disubstituted phenylene 45 displaying the 

highest thermal stability o f all. Thin films o f 44-48 all showed strong PL in the blue-green 

region wi th \ i i a x = 454, 489, 458, 469 and 487 nm， respectively. For compounds 44 and 46 the 

insulating nature o f the hexafluoropropane unit, and the m-phenylene linkage, respectively, 

contributed to the blue emission. The p- and o- phenylene linkages o f 45 and 47, respectively, 

led to blue-green emission due to the extended conjugation. Comparison o f 46 and 48 implied 

that trisubstitution slightly increased τ conjugation. 
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Scheme 17: Molecu lar s t ructure of t r ipheny lamine H T mater ia l 5 0 . " 

Multilayer devices were fabricated іпсофогаїіп£ a triphenylamine based HT material 5 0 , 

EML 4 4 - 4 8 , compound 4 9 as an ETL and finally a further ETL of Alqa 3 in the configuration 

ITO /50 /EML 42-46/49 /A lq3/Mg:Ag. Each device showed good EL performances over a wide 

range of current densities. For the device incorporating compound 4 6 a maximum luminance 

of 6800 cd m—2 was recorded at a current density of 700 mA cm"^. In contrast, the EL device 

incorporating compound 4 4 showed inferior characteristics. 

Following this pioneering work, Justin Thomas et ๗. 59 synthesised multiply 

substituted carbazole derivatives 5 1 - 5 7 to combine the hole transporting carbazole unit with 

the OXD unit to provide balanced charge injection. Al l these materials were found to be 

атофһоиร with relatively high Tg's. 

A r - N 
O s ^ R 

51 R = D-(f-butyl)phenyl 
52 R = 9,9-di{ท-bufyl)-2-fluorenyl 

53 Ar = 1-naphthyl; R = 9,9-di(ทุ-butyl)-2-fìuoranyl 
54 Ar = 1-pyrenyl; R = 9,9-di(n-butyl)-2-fluorenyl 

55 R = p-(ŕ-butyl)phenyl 
56 R = 9,9-di(ท-butyl)-2-fluorenyl 
57 R = 1-pyrenyl 

Scheme 18: Mo lecu la r s t ructure of carbazole-OXD compounds 51-57.*' 

Three device configurations іпсофогаІіп§ compound 5 5 were compared to ascertain i f this 

series of compounds were applicable as ET, HT or bifiiñctional materials. The device 
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incoφoгating 5 5 as a HT material, with the ET material TPBI 5 8 , in the configuration 

ITO/55/TPBI 58 /Mg:Ag was the only device to produce reasonable light output with bright 

blue-green EL, Xmax = 482 nm, very close to that observed for the film PL of 5 5 (Xmax = 490 

ա ո ) , suggesting that these materials transport holes better than electrons. Therefore, devices 
іпсофогаІіп§ 5 1 - 5 7 as hole transport materials were fabricated in the configuration ITO / 51 -
57 /TPBI 58 /Mg:Ag (Type 1)， also, devices were fabricated іпсофогаііп£ Alq3 3 in the 
configuration ITO /51-57 /Alq3 3/Mg:Ag (Type 2). The type 2 device іпсофогаЇіп§ 5 5 
displayed an emission maximum resembling that of Alq3. Emission profiles of OXD 
derivatives can overlap with that of Alqa in general, therefore, determination of the 
contributions from each component is difficult. However, a larger fwhm (filll-width at half-
maximum) for EL from the Alq3 devices means that mixing of profiles cannot be excluded. 

58 

Scheme 19: Mo lecu la r s t ructure of T P B I 58 . ' ' 

Devices incorporating compounds 5 5 and 5 6 which contain only 1 OXD unit exhibited better 

performances compared to analogues with 2 OXD units ( 5 1 and 5 2 ) . This suggests that 

interraption ofthe hole transport path by the hole blocking OXD moieties is more pronounced 

for the bis-OXD compounds. 

The green emitting type 1 devices іпсофогаІіп§ 5 5 , 5 6 or 5 3 exhibited promising 

efficiencies with maximum EQEs of 5.2, 4.7 and 3.5%, respectively. Type 1 devices 

incorporating compounds 5 1 , 53， 55 and 5 6 displayed superior brightnesses and efficiencies 

compared to type 2 devices іпсофогаІіп§ these materials. Conversely, type 2 devices 

incoφorating compounds 5 4 and 5 7 showed comparatively superior characteristics to the 

corresponding type 1 devices. This has been attributed to the differences of the LUMO 

positions between these two groups; for compounds 5 1 , 5 3 , 5 5 and 5 6 the LUMO resides 

above 2.2 eV, whilst compounds 5 4 and 5 7 possess LUMO levels lower than 2.2 eV; thus 

when the LUMO is lowered injection from the Alq3 layer is enhanced, raising the device 

efficiency. 
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Justin Thomas et β/. 6° synthesised compounds 5 9 - 6 3 , based on 5 5 , incorporating electron 

withdrawing groups such as СҒз and C s N . This series of carbazole-OXD analogues were 

іпсофогаїесі into type 1 and 2 devices as HTLs with the electron transport materials TPBI and 

Alq3, as before. EL spectra observed for the type 1 devices in general resembled the PL 

spectra of vapour deposited samples of the HTL materials, indicating that the excitons are 

effectively confined within the HTLs. However, a slight blue shift relative to the PL spectra 

was observed for devices incorporating the СҒз analogues 5 9 , 6 1 and 63， which was possibly 

due to exciplex formation between the ETL and the HTL. 

R2 

R Ri R2 

55 (-Bu Н Н 

59 СҒз Н н 
60 ŕ-Bu Н Ме 
61 СҒз н Ме 
62 ř-Bu CN Н 
63 СҒз CN Н 

55, 59-63 

Scheme 20: Mo lecu la r s t ruc ture of carbazole-OXD compounds 55-and analogues 59-63.'° 

For type 1 devices the HOMO energy level difference (1.1-0.9 eV) between the HTL and ETL 

is significantly greater than the LUMO gap (0.5-0.3 eV), therefore holes can be effectively 

confined within the HTL. For type 2 devices HOMO (0.9-0.7 eV) and LUMO (1.1-0.9 eV) 

energy gaps between the HTL and ETL were very similar, consequently excitons can form 

within both the ETL and the HTL. In general, the СҒз derivatives exhibited enhanced 

performances over the ř-butyl derivatives. Compound 6 1 excelled in terms of maximum 

brightness (36,930 and 37,600 cd m" ,̂ for device types 1 and 2, respectively) and EQE (3.9 

and 2.1 %; device types 1 and 2, respectively) possibly due to the ETHB properties imparted 

by the fluorine atoms.՚̂ ՝ Placement of the СҒз on the OXD unit enhanced electron deficiency, 

whilst CN substitution on the carbazole nucleus decreased the donor strength of carbazole. 

This functional group positioning allows the fine-tuning of energy levels in these compounds. 

Guan et β/.62 synthesised the thermally stable, highly efficient blue EL material CzOxa 

6 4 . This bipolar material іпсофогаІіп§ OXD and carbazole units was incorporated into 

bilayer and trilayer devices to investigate its EL properties using the HT material TPD 6 for 

the bilayer, and both TPD 6 and the ET material Alq3 3 for the trilayer device. The bilayer 

device ITO/TPD 6/64/Mgo.9Ago.i exhibited onset voltages of 4 V with peak luminance 

efficiencies of 1.35 Im พ ՜ ՛ at a luminance of 524 cd m—2. A maximum luminance of 9,200 cd 

nť 2 at 15 V was observed for this device. In comparison, the device incoφorating Alq3 
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(ITO/TPD 6 / 6 4 / Alq3/Mgo.9Ago.i) showed dramatic improvements in EL performance. The 
outstanding feature of this trilayer device is its blue colour purity ( X = 0.14, y = 0.19) on a 
СШ (Commission L·itemational de l'Eclairage) 1931 chromaticity diagram, accompanied with 
a maximum luminance efficiency of 2.25 Im พ-1 at a luminance of 2170 cd nť 2 and a 
maximum luminance as high as 26200 cd m' 2 at 15 V. 

N-

CzOxa 64 

Scheme 2 1 : Mo lecu la r s t ruc ture of carbazole-OXD der ivat ive CzOxa 64.*^ 

EL spectra of the bilayer and trilayer devices are similar with λη ΐ3χ = 470 nm and a shoulder at 

Xmax = 404 nm. No emission was evident from compound 6 4 (Xmax = 412 nm) and the shoulder 

was ascribed to TPD 6 (Xmax = 400 nm). The new peak at \na\ = 470 nm indicates that an 

exciplex is responsible for EL emission. To identify the emission origin from both devices the 

PL spectra of a molar equivalent тіхШге of TPD 6 and 6 4 spin coated onto a quartz substrate 

were obtained. Two emission bands were observed at Xmax = 400 and 470 nm. The 

disappearance of emission from 6 4 and the appearance of the new emission at Xmax = 470 ա ո 

implied that a new species is generated. The bipolar characteristics of 6 4 increase the number 

of holes and electrons injected into the layers, thereby favouring exciplex formation at the 

HTL/EML interface. 

A series of novel carbazole dimers, trimers, fluorene and OXD hybrids was tested for their 

suitability for triplet emitters in OLEDs by Brunner et я/.63 Energies of the HOMO, singlet 

emission and triplet emission were recorded for a series of materials including compounds 6 5 

and 6 6 . The combination of HT carbazole and ET OXD units for balancing charge transport 

was investigated in an attempt to establish a design rule for compounds with high triplet 

energies and suitable HOMO and LUMO levels for charge injection by commonly used 

injection layers. No OLED device data are currently available on compounds 6 5 and 6 6 . 
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Scheme 22: Mo lecu la r structures of carbazole-OXD derivatives 65 and 66. 

1.4.2.3 OXD Materials as Emitters in OLEDs 

The fluorescent 1,8-naphthalimide-OXD hybrid molecule 6 7 was studied by Jiang and 

օօ\¥օւ1<;6քտ.̂ ՛՛ The oxadiazole moiety facilitates the injection of electrons from the cathode and 

the 1,8-naphthalimide moiety acts as an emitting centre. Two possible mechanisms for EL 

were proposed: the first involves intramolecular electron transfer from the 7r*orbital of the 

oxadiazole moiety to the 7Г*orbital of the 1,8-naphthalimide moiety where recombination of 

the electrons and holes form excitons which then undergo radiative decay. The second 

involves intramolecular energy transfer. It was proposed that recombination occurs in the 

oxadiazole moiety, the energy of the excited oxadiazole is then transferred to the 1,8-

naphthalimide moiety leading to EL characteristics only of the 1,8-naphthalimide moiety. 

Devices incorporating compound 6 7 displayed green-yellow EL at Xmax 532 ա ո , which 

reached a luminance of 225 cd nť 2 at a voltage of 27 V. The maximum luminous efficiency of 

0.43 Im พ ՜ ՛ at 19 V was achieved. 

CH2CH2CH2NH 

ЩСИзһ 

67 

Scheme 23: Mo lecu la r s t ruc ture of 1 ,8-naphthal imide-OXD h y b r i d 6ๆ.^'* 

Liang et al. synthesised the blue light emitting ET complex 2-(5-phenyl-l,3,4-

oxadiazolyl)phenolatolithium LiOXD 6 8 . OLEDs were fabricated incoφorating TPD 6 as a 
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HT layer and 6 8 as the EML in the configuration ITO/TPD 6 / 6 8 / A l . A single layer device 
without TPD was shown to exhibit a low maximum luminance as well as a high turn on 
voltage. The bilayer device displayed blue emission at Xmax = 468 nm with a maximum 
luminance of 2900 cd nť 2 . A maximum current efficiency of 3.9 cd A'' and a luminance 
efficiency of 1.1 Im W—I was obtained. A relatively high EQE value of 2.4 was recorded for 
this device. This impressive EL efficiency was attributed to i) the OXD segment in 6 8 has 
excellent ET ability and і і ) the lithium salt is favourable for electron injection. 

Scheme 24: Hydroxyphenyloxadiazole l i t h i um complex 68.* ' 

The efficiency of a device in the configuration ITO/NPB З3/А1цз/А1 was significantly 

increased when a thin layer of complex 6 8 was inserted between the A l q 3 and aluminium 

electrode to act as an interface material. The performance of 6 8 as an interface material was 

directly related to the tMckness of the complex. The optimum device specifications were as 

follows: ITO/NPB 33(40 nin)/Alq3 3(60 nm)/68(2 nm)/Al, which gave a maximum luminance 

of 18389 cd m—2 at a turn on voltage of 3.0 V. Furthermore, the device exhibited high current 

and power efficiencies of 5.21 cd nť 2 and 2.4 lm w—'， respectively. 

1.4.2.4 EL OXD Complexes 

Luminescent lanthanide complexes are good candidates for pure colour emission OLEDs, 

however the key problem is the very low efficiencies when іпсофогаїесі into LEDs due to 

poor charge-carrier transporting ability. Liang et alý^ synthesised a europium(III) complex 6 9 

incorporating an oxadiazolyl moiety to improve the electron transport properties. The OXD 

moiety was attached though a flexible spacer to a 2-(2-pyridyl)-benzimidazole rPvBM) 

ligand, attached to the europium core, to improve the resulting solubility of the complex. 
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N ՝ N 

(0XD-PyBM)Eu(DBM)3 69 

Scheme 25: Molecu lar s t ructure of the complex ( O X D - P y B M ) E u ( D B M ) 3 6 9 . " 

The oxadiazole moiety and the europium ion are expected to retain their own ET and EL 

properties, respectively, therefore, the complex was expected to exhibit the combined 

properties of efficient ET and highly efficient red EL. A bilayer device incorporating the 

complex 69 and the HT material TPD 6 in the configuration ITO/TPD 6/69/LİF/A1 

emitted red light (Xmax = 612 nm) at driving voltages of 7.8 V, characteristic of the Eu3+ ion in 

the complex. For the bilayer device a maximum brightness of 322 cd nť 2 at a driving voltage 

of 21 V and an EQE of 1.7% was achieved. A control device utilising (Л^-alkyl-substituted 

PyBM)Eu(DBM)3 as an emitter exhibited poor performance, suggesting that the ET ability of 

69 is significantly improved by the introduction of the OXD. Device fabrication is also 

simplified by the introduction of the OXD moiety in the complex. 

Gong et α/· 66 synthesised two novel, tri functional, light emitting molecules based on 

rhenium(I) (Re') 7 0 and ruthenium(II) (Ru") 7 1 bipyridine complexes, where the ET OXD, 

HT triphenylamine and light emitting functional groups are incorporated into one molecule. 

70: X = Ре(СО)зСІ 

71: X = Ru{2.2'-bipyridine)2 2РҒб-

Scheme 26: Re' 70 and R u " 71 b ipyr id ine complexes. 

The complexes 7 0 and 7 1 were doped in different polymer hosts, polycarbonate (PC) and 

poly(vinyl alcohol) (PVOH), respectively, at a concentration of 40%-wt ( 7 0 is a neutral 

compound, however 7 1 is an ionic metal complex). Two single layer devices in the 

configuration ITO/70:PC or 7 1 ：PVOH/Al displayed low turn on voltages with estimated 

EQEs of - 0 . 1 % . The metal complex/polymer systems exhibited EL spectra that were very 

similar to their corresponding PL spectra. 
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1.4.2.5 Highly Branched and Dendritic/Starburst OXD Materials 

The amorphous films of low molecular weight OXDs can suffer from a lack of stability i f 

crystallisation occurs during device fabrication, upon storage or with increased device 

operation temperature. Bulky substituents and non-planar dendritic/starburst molecular 

architectures are often adopted to enhance the solubility of the molecules by preventing the 

molecular stacking.^^ This reduction of intermolecular interactions in films of highly 

branched, dendritic/starburst compounds favour the formation of stable атофһоиร glassy 

materials and hence often increases device efficiency. 

The zeroth-generation dendrimer and widely studied ET material l,3,5-tńs{4-tert-

butylphenyl-1,3,4-oxadiazolyl)benzene (TPOB) 72a was first described by Naito and Miura.^* 

Bettenhausen and Strohriegl^^'^*' later described the synthesis of starburst OXDs with benzene 

cores 72a-j including TPOB 72a, and triphenylbenzene, triethynylbenzene and 

triphenylamine cores 73-75, respectively. Most of the starburst OXD compounds shown in 

Scheme 27 and 28 form amorphous glasses with high Tg's when cooled from the melt. 

However, they mostly crystallise on heating above their Tg. For compounds 72b-e with small 

methyl, ethyl, or trifluoromethyl substituents no Tg's were observed; conversely, for 

compounds 72a, and 72f-h incorporating bulkier tert-bntyi, ethoxy, o-propyl and 

diethylamino groups, respectively, Tg's were observed ranging from 97 "C up to 142 °С for 

72a. 

72 Rl R 2 Ra R 4 Rs Ré 

a H 'Bu Н н 'Bu Н 

b H СНз Н н СНз н 

с H СНз СНз н СНз СНз 

d СҒз Н СҒз СҒз Н СҒз 
e H С2Н5 Н Н С2Н5 Н 
f H ОС2Н5 Н н ОС2Н5 Н 

g H СН(СНз)2 Н н СН(СНз)2 Н 
h H N(C2H5)2 Н н N(C2H5)2 Н 
і H 'Bu Н СҒз Н СҒз 

j СҒз Н СҒз н 'Bu Н 

Scheme 27ะ Mo lecu la r structures of s tarburst O X D compound 72a T P O B and analogues 72b- j . * ' 

In contrast to the symmetrically substituted OXD 72d with six trifluoromethyl substituents, 

the two asymmetrically substituted OXDs 72i-j form stable amorphous films with Tg's at 128 

and 122 "C. Compounds 73 behaved similarly to 72a with the most stable glasses formed by 
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75. Upon both heating and cooling, compound 75 displayed a Tg at 137 "C with neither 

crystallisation nor melting up to 350 °С. The morphological stability of 75 was attributed to 

its non-planar structure, whereby the three core phenyl rings are twisted out of the plane with 

respect to each other7' Compound 74 did not show reproducible DSC scans, which was 

attributed to thermal crosslinking of the triple bonds/^ 

Devices іпсофогаІіп§ 72a as an ETL in the configuration ITO/PPV/72a/Ag were 

comparable with devices іпсофОгаїіп§ PBD 5， with EQEs of 0.1% and a brightness of several 

hundred cd m^P Tokito et β/. 74 also independently reported device รณdies on compound 72a. 

Core Shell 

Scheme 28: Molecu lar structures o f s tarburst O X D compound 73-75. 

Ogawa and co-workers^^ incorporated TPOB 72a into bilayer devices of the configuration 

ITO/HTM/72a/MgAg with a series of атофһоиร triphenylamine HTMร to investigate 

exciplex formation at the interface between ET and HTLs, as a way of tuning the emission 

colour. EL Spectra for the series of devices did not correspond to the PL spectra of TPOB 72a 

and displayed only weak emission bands corresponding to the HTMร. The strong peaks at 

\ n a x =500-580 謹, were assigned to exciplex formation at the interface between the two 

transport layers. PL spectra of spin-coated films of equimolar mixtures of TPOB 72a and each 

of the -HTMs were in good agreement with the. EL spectra of the devices, supporting the 
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exciplex formation theory. The emission colour of the devices resulting from exciplex 
formation was dependent on the ionisation potential of the HTMs. A plot of the energy of the 
EL spectral peaks for the devices versus the ionisation potential of the HTM gave a linear 
relationship. The emission colour of the OLEDs was tuned from greenish-blue to orange 
depending on the ionisation potential of the HT material used: a lower ionisation potential led 
to red-shifted emission. 

Noda et alJ^ applied compound TPOB 72a and Alq3 3 as ET materials in bilayer 

devices where the emitting layer is a p-dopable thiophene/oligothiophene system where ո = 1-

4 thiophene units end-capped with triarylamine substituents. These systems were based on 

2,5-bis {4-[bis(4-methylphenyl)amino]phenyl}thiophene (ท = 1), 2,2'-bithiophene (ท = 2), 

2,2':5',2"-terthiophene (ท = 3) and 2,2':5',2":5",2"'-quarterthiophene (ท = 4). АІЦЗ was 

used for the devices incorporating the oligothiophene systems where ท = 2-4; for these 

devices EL spectra were in agreement with the PL spectra of the emitting material. For the 

device incorporating the thiophene system, ท = 1, emission was evident from the Alq3 layer as 

well as the emissive material, therefore for this device, compound 72a was used and the 

emission originated from the emitting material only. It was shown that by extending the 

thiophene chain from ท = 1-4, and hence varying the conjugation length, the EL colour of the 

devices was ณned from light blue (ท = 1) through to orange (ท = 4). The bilayer devices 

іпсофогаЇіп§ both ET materials exhibited performances more than one order of magnitude 

higher than single layer devices of the EL material. 

Electron transport dendrimers can be superior to comparable oligomers/polymerร as the 

multiple branches of the dendritic strucณre increase the probability of charges finding an 

energetically favoured pathway when hopping from one molecule to another.''' 

To test this theory the րէ generation compound 76 was Տ7ոէհ6տւտ6ժ.՛՛՛ A further 

synthetic route to compound 76 was independently reported by Bettenhausen et al^^ 

Dendrimer 76 formed stable атофһоиร glasses with a melting point of 407 °С during the first 

DSC heating cycle. No recrystallisation took place on cooling and in the second and third 

heating cycles a Tg at 222 °С was observed. This high Tg was comparable with that of 

thermally stable main chain polymers and was the first well-defined low molecular-weight 

OXD glass with a Tg above 200 °C/° 
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Scheme 29: Mo lecu la r s t ruc ture of first generation O X D dendr imer 76.™''^ 

Device studies comparing the ET materials 76, TPOB 72a, PBD 5 (guest-host system in 

polystyrene) and the main-chain OXD polymer 77^^ were carried out using PPV as the EML. 

Al l of the bilayer devices incorporating the ET materials showed considerable increase in the 

brightness and quantum efficiency compared to single layer PPV devices. In all cases the EL 

spectra of the bilayer devices were identical to that of the single layer PPV device. Threshold 

voltages for EL were only slightly increased from 2.5 to 3 V for devices іпсофогаІіп£ 72a 

and 76 compared to the single layer devices. In contrast, the devices incorporating PBD 5 in 

polystyrene or the main chain polymer 77 showed threshold voltages of 5 and 11 V, 

respectively. The best device results were obtained with the dendrimer 76; for the device in 

the configuration ITO/PPV/76/Ag, EQE's of 0.4% were observed, a 4-fold increase compared 

to the devices incorporating TPOB 72a. These results were the first hint that dendrimers 

possess enhanced carrier mobilities compared to linear low molecular-weight and polymeric 

counterparts/^ as predicted in a previous theoretical paper7^ 

О 十 

77 

Scheme ЗОะ Molecu la r s t ruc ture of O X D mai i i chain po lymer 77. 
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Compound 78 the triphenyl core analogue of dendrimer 76 was also investigated by 

Bettenhausen et а/.73 During the first DSC heating a melting point at 388 °С was observed 

with no recrystallisation on cooling. Further heating cycles displayed a Tg at 248 "C, 25 °С 

higher than that of compound 76 with the smaller phenyl core. In addition to the high Tg, 

compound 78 exhibited excellent film forming capabilities. 

78 

Scheme 31 ： Mo lecu la r s t ruc ture of t r i pheny l core dendr imer 7 8 . " 

The X-shaped OXD compounds 79a-c were also synthesised/^ Compounds 79a and 79c 

exhibited similar behaviour in DSC experiments. In the first heating cycle melting points at 

385 and 384 °С were observed. In the following cooling cycle no recrystallisation was 

observed. In the second heating cycle a Tg was detected at 186 °С for 79a and 144 °С for 79c, 

on further heating recrystallisation and melting occurred. For 79b a melting point at 372 °С 

was observed in the first heating cycle. In all subsequent heating and cooling cycles no 

recrystallisation or melting was detected. A Tg at 152 °С was recorded for this compound. 
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R = a) 

b) 

79a-c 

Scheme 32: Molecu lar s t ructure of X-shaped O X D compounds 79a-c . " 

The OXD functionality has been incorporated into various calamitic liquid crystalline 

systems, both as additives^*^ and as mesogens.Zhang et я/.82 synthesised a range of 

tris(oxadiazole) species 80 with benzene or triazine cores and three (trialkoxyaryl)oxadiazole 

arms including compound 80a, l,3,5-tris{5-[3,4,5-tris(octyloxy)phenyl]-l,3,4-oxadiazol-2-

yljbenzene, which was studied in detail. This series of tris(OXD) species form columnar 

discotic liquid-crystalline mesophases rather than amorphous films. 
RQ 

N - 0 

R = (СН2)5СНз, (СН2)гСНз. (СН2)9СНз. (CHzbiCHj 

х= CH, N 

For 80a R= (СН2)7СНз and x= CH 

Scheme 33: Mo lecu la r s t ructure of discoid t r i s (OXD) 80a synthesised by Zhang et al." 

Compound 80a exhibited a columnar discotic liquid-crystalline mesophase between 38 and 

ca. 210 °С and possessed high electron mobility in the solid state. The electron mobility 

measurements were carried out without any attempt to align the directors of the columnar 

material. It is therefore anticipated that processing improvements, perhaps employing surface-

modifying alignment agents, may lead to higher mobilities.^^ 

Verheyde and Dehaen83 prepared generation one (Gl) and generation two (Օշ) OXD 

dendrons and using a tri directional OXD core obtained Gl and Օշ dendrimers 81a and 81b, 

respectively. Compound 81b contains three different OXD layers, which could be 

37 



Electron Transport Materials for Organic Light Emitting Diodes 

advantageous as an ET material as the electrons have an enhanced probability of finding an 
energetically favourable pathway to hop from one site to another in the process of charge 
transport. 

Օշ Denaroท 

Gl Dendron 

81aR = Gi 
81bR = G2 

82a R = Gi 
82b R = G2 

83a R = Gi 
83b R = G2 

Scheme 34: Mo lecu la r s t ruc ture o f dendr imers 81-83. 

Compounds 82a-b and 83a-b with triazine and 1,10-phenanthroline cores, respectively, were 

also synthesised: no optoelectronic properties for 81-83 have been reported. 

The rigid tetrahedral tetraphenylmethane skeleton is an effective core for stable 

amorphous phases of both molecular and oligomeric materials;^"* however, the EL properties 

of these materials have remained largely unexplored. Yeh et alý^ established that compounds 
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84-88 form glassy films which serve as light emitting or charge transport materials. 

OMe 

M e O ^ 

Scheme 35: Mo lecu la r s t ructure o f tetraphenylmethane-based O X D compounds 84-86. 

For compounds 84, 85， and 86 melting points were observed at 400, 337 and 270 °С and Tg'ร 

at 175, 97 and 125 °С, respectively. Exothermic crystallisation temperatures for the three 

compounds were observed between 200 and 220 °С. cv data implied that the 

tetraphenylmethane framework or peripheral substituents hardly altered the electron 

withdrawing ability of the oxadiazole ring in compounds 84-86 compared with that of PBD 5. 

A three-layer device incorporating 86 in the configuration ITO/NPB 33/Alq3/86 /MgAg was 

compared to a reference device incorporating PBD 5 in the configuration ITO/ 33/Alq3 

6/5/MgAg. Compound 86 was chosen for device fabrication because of its acceptable 

volatility under high vacuum. Both devices had turn on voltages for EL at approximately 7-8 

V， with EL characteristic of the Alqa at Xmax = 515 run. At a drive voltage of 12 V the current 
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was three times lower in the 86 device than in the PBD device, and the 86 device was more 

than three times dimmer than the PBD device at the same driving voltage (10 V). With lower 

current density as well as lower EL the 86 device still has a comparable EQE of ca. 0.75% to 

that of the PBD device with an EQE ofca. 1%. 

87 88 

Scheme 36: Mo lecu la r structures of tetraphenylmethane-based O X D / T P A compounds 87 and 8 8 . " 

Bipolar compounds 87 and 88 possess peripheral diarylamine units (meta- and para-linked, 

respectively, to the OXD arms). Tg's were observed at 149 and 187 °С， respectively, with no 

melting point or recrystallisation temperatures observed. A single layer device in the 

configuration ITO/88/Ca/Ag showed blue emission at low applied voltages, which turned 

bluish white at elevated voltages. The device had a photometric efficiency of -0.7 cd A'* at a 

current density o f -10 m A cm'^. The device brightness reached a maximum of 1690 cd m—2 at 

a driving voltage of ֊14 V. Compound 88 behaves predominantly as an ET material, therefore 

a blended system containing both 88 and the HT material PVK 27 was constructed in an effort 

to provide a more efficient device. Doping of PVK with 88 in a 3:1 weight ratio for the device 

configuration ITO/PVK:88/Ca/Ag resulted in a slightly enhanced photometric efficiency of 

0.8 cd A'՝ with a current density of less than 8 mA cm'^. 

Two blue light emitting Y-shaped trimeric compounds having high Tg's have been 

synthesised by Cha and Jin.^^ Compound 89 incorporates three carbazole moieties for HT and 

compound 80 comprises three OXD moieties for effective ET. Both compounds exhibited 

high Tg's at 250 and 156 °С, respectively. 
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Scheme 37: Mo lecu la r s t ructure of Y-shaped t r imers 89 and 90.* ' 

For a b i layer device i ncoφoгa t i ng 89 as both H T and E M L , and 90 as E T and E M L in the 

conf igura t ion I TO / 89 /90 / L İA1 , E L emission was dependent on the appl ied electric f ie ld and 

changed drast ical ly when the appl ied vol tage was higher than 2.5 m V cm\ A t appl ied 

voltages o f 1.5 and 1.83 m V cm. i the device emi t ted between 400-550 n m w i t h Xmax = 451 

w i t h a shoulder at 424 n m . A b o v e 2.5 m V c m ' ' the emission changed w i t h the shoulder 

intensi ty great ly increasing so that Xmax = 424 nm. Emiss ion was attr ibuted to the excitons o f 

bo th compounds w i t h over lapping E L . Increasing the appl ied vol tage again, resulted i n two 

new peaks at ληταχ = 526 and 592 n m i n the green and red regions, respect ively, i n addi t ion to 

the or ig ina l b lue emission. A b o v e an appl ied field o f 2.8 m V c m ' ' the emit ted l ight appeared 

to be wh i te . The t w o new peaks were assigned to exciplexes fo rmed at the interface o f the 

organic layers. THİS study h igh l igh ted a nove l method to design a wh i te l igh t source 
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emp loy ing a b i layer device consist ing o f electron donat ing and electron w i t hd raw ing layers 
bo th o f w h i c h are blue-emit ters, but are able to f o r m green and red l igh t emi t t ing exciplexeร. 
The intensi ty and e f f i c iency o f these devices, however, require further improvement for 
pract ical appl icat ions. 

Cha et ö / .29e studied related branched compounds 91a-b composed o f a l igh t -emi t t ing 

core w h i c h defines the co lour emission, surface groups cont ro l l ing the processing propert ies 

and l inkers a l l ow ing the transport o f charges into the core unit . The 9,10-

bis(phenylethynyl)anthracene core defines E L wavelength w i t h e t h y n y l - O X D units act ing as 

electron-transport ing l inkers between the conjugated sections o f the molecule and the 

per ipheral a l ky l groups. 

91аР = С(СНз)з 
91bR = OCi2H25 

Scheme 38: Mo lecu la r s t ructure of the four -a rmed conjugated compounds 91a and 91 b.^'" 

Compound 91b w i t h dodecy loxy surface groups has a h igh Tg o f 211 "C , exhib i ted good 

so lub i l i t y i n c o m m o n organic solvents and fo rmed good qua l i ty th in films b y spin coat ing 

from solut ion. In contrast, compound 91a w i t h terř-butyl surface groups had l o w so lub i l i t y 

and gave films o f in fer ior qual i ty . A device i n coφo ra t i ng 91b i n the conf igurat ion 

I T 0 / P E D 0 T : P S S / 9 1 b / L i : A l emit ted red l ight w i t h an E Q E o f 0.02%, ind icat ing that the 

oxadiazole moiet ies acted on ly as electron transporters as the core is the on l y red l ight 

emi t t ing chromophore i n the structure. 

Chung et ๗ . 86 synthesised the mul t ib ranched compound 92 w h i c h consists o f t w o 7Г-

conjugated t r i pheny lam ino -OXD units connected to a central TT-conjugated b is -2-
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th ienylethenylene b r idg ing core. These two dist inct c toomophore units have d i f ferent 
electronic excited-state energies as demonstrated b y mode l compounds representing the arm 
and core structures. I t was shown that the mode l arm m i t is a higher energy band gap green 
emi t t ing dye, whereas the mode l core is a lower energy red emi t t ing dye. I t was expected that 
these two chromophores bu i l t in to one molecule 92, w o u l d promote ef fect ive intrasystem 
exci tat ion transport and convers ion f r o m the h igher-energy state to the lower one. For 
compound 92 a ve ry ef fect ive intramolecular energy transfer from the exci ted arm units to the 
ᅲ -con jugated br idge un i t was observed; however no O L E D appl icat ions o f compound 92 
have been reported. 

Scheme 39: Mo lecu la r s t ruc ture of mul t ib ranched compound 92.*՛՛ 

1.4.2.6 L i q u i d C r y s t a l O X D M a t e r i a l s 

The in t roduct ion o f a molecu lar or ientat ion w h i c h promotes a large overlap o f wavef i inc t ion 

of TT-orbitals in conjugated materials would be expected to promote high charge carrier 

m o b i l i t y . T h i s was seen for compound 80a i n the previous section and was the premise for 

the design o f l i qu id crystal ( L C ) O X D materials 93-94 b y Tokuh isa and co-workers^^'*^ as 

h igh qual i ty th in films o f L C materials w i t h a h igh degree o f molecu lar or ientat ion can be 

obtaiñedT^' The O X D cKromophofe served as a mėsogėriic u i i i t i n compound 93. A large 
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enhancement o f electron mob i l i t y . due to a regulated molecular or ientat ion was observed in 

the glassy L C film o f 93; however the azomethine l inkage lacked thermal stabi l i ty. 

C18H37O ОСі8Нз7 

Ņ֊N 

С б Н і з О ^ ^ \ ^ 94 C7H15 

Scheme 40: Molecu lar structures of L C O X D materials 93 -95 . " ' * ' · " 

The L C mater ia l 94 i n w h i c h the O X D c føomophore is d i rect ly substi tuted w i t h a l koxy 

groups exhib i ted very h igh electron mob i l i t ies , at a level o f 10 3 cm2 V—I տ՜'， i n the smectic 

phase attr ibuted to h igh intralayer molecu lar order. Compound 94 also exhib i ted strong P L in 

the L C phase, w i t h emission h igh l y polar ised (order parameter SEL = 0.32) a long the rubb ing 

d i rect ion o f the I T O , and was therefore incorporated in to O L E D s . A device in the 

conf igurat ion ITO/CuPc /94 /A lq3 3 / A l exhib i ted l inear polar ised emission w i t h E L 

corresponding to compound 94 ; however , a l o w E Q E o f 2.8 X 10՜ 5 was recorded for tMs 

device. 

Kawamo to et аґ՝ synthesised the b ipo lar L C 95 incorporat ing an O X D mo ie ty for 

ET , and an amine mo ie ty as a H T uni t , w h i c h exhib i ted L C behaviour and strong b lue 

emission. Compound 95 was used as the E M L i n devices i n the conf igurat ion I T O / 9 5 / M g A g , 

and I T O / P E D O T / 9 5 / M g A g , turn on voltages fo r current were observed at 12 and 8 V , 

respect ively, and the values o f luminance and current density o f the b i layer device were ten 

and s ix t imes higher than those for the single layer device, respect ively. For both devices E L 

was observed to or iginate from the L C 95. Recent ly, achiral nematic L C materials based on 

O X D s have been reported b y Görtz and Goodby.^^ 

1.4.2.7 E l e c t r o c h r o m i c Dev ice A p p l i c a t i o n s o f O X D M a t e r i a l s 

L o w molecu lar we igh t O X D s have been used i n var ious other appl icat ions, W a n g et αί.^^ 

synthesised three new tetrathiaf i i lvalene ( T T F ) derivat ives 96-98 bear ing O X D units as 
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chromophores and demonstrated that con jugat ion o f the t w o moiet ies of fered great potent ia l 

for e lectrochromic devices (ECD)ร . 

C12H250 

Scheme 4 1 : Mo lecu la r s t ruc ture of T T F - O X D mater ials 96-98. 

The opt ical sw i tch ing o f 98 was real ised, wh i l s t app ly ing electr ical square waves across a 

spectroelectrochemical cel l conta in ing a solut ion 98 ( i n D C M ) , the opt ica l absorpt ion around 

the 98+· Xmax peak was swi tched leading to a h ighly- revers ib le co lour ing (dark-

green)/bleaching (orange) process. 

1.4.2.8 M a c r o c y c l i c O X D s 

Mul t identa te O X D , im ine and phenol -conta in ing macrocycles 99 and 100 were synthesised b y 

Perez and 86ՈՈ6յօ .^ ՛ * The two macrocycles can potent ia l ly co-ordinate two M ( I I ) cations w i t h 

electron neutra l i ty after the deprotonat ion o f the phenol group. However , bo th macrocycles 

were found to be insoluble i n a l l c o m m o n organic solvents. 

OH N-N OH N OH N֊N OH N 

Scheme 42: Macrocycles 99 and 100. 
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The use o f azobenzene derivat ives as an " o n - o f f swi tch to cont ro l chemical funct ions is o f 
interest^^ and photochemica l ly reversible switchable azomacrocycles have been prepared.^^ 
Zheng and co-woгkers^' ' prepared azomacrocycle 101 conta in ing t w o O X D moiet ies, but 
found d i f f i cu l t y i n characterisation due to insolubi ty i n a l l c o m m o n organic solvents. 

101 

Scheme 43: Azomacrocycle 1 0 1 . " 

D u et alf^ synthesised t w o macrocyc l ic phosphoramidate receptors 102 and 103 conta in ing 

g lyc ine ethy l ester and O X D units. F r o m the p = 0 and N - H polar groups and the rigid 

aromatic uni ts, hydrogen bond ing and 7Г -stacking may be present and result i n se l f assembly 

or molecular recogni t ion propert ies. The X - r a y structure o f the trans isomer 102 was reported. 

ЕЮгСНгСНМ. 

NHCHzCOzEt EtOjCHzCHN 

N֊N N֊N 

102 103 

Scheme 44: macrocycl ic phosphoramidate receptors 102 and 103.'* 

Macrocyc les 102 and 103 are se l f associated b y intermolecular N - H 0 = p hydrogen bonds 

and intermolecular or in t ramolecular aromatic face-to-face 7Г-7Г interact ions. 
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1.4.3 P o l y m e r i c Oxad iazo les 

Synthesis o f TT-conjugated polyoxadiazoles has been achieved b y direct analogy w i t h their l o w 

molecular we igh t соипїефап8 v ia ring closure o f polyhydrazides w i t h reagents such as POCI3 

and polyphosphor ic ac id, or al ternat ively, b y react ion o f bis(tetrazole)ร w i t h bis(acid 

chlor ide)ร. I n addi t ion, po ly(oxadiazole ether)ร can be prepared b y act ivated ทนcleophi l ic 

polycondensat ion o f oxadiazole d i f luor ides w i t h aromatic d io ls . The electron def ic ient O X D 

uni t has been іпсофогаїесі d i rect ly into the ma in chain or b y attaching i t as a pendant group to 

the po lymer ic ary l backbone. 

F u l l y conjugated aromatic polyoxadiazoles usual ly exhib i t l ow so lub i l i t y i n c o m m o n 

organic solvents resul t ing i n processabi l i ty problems. T o increase so lub i l i t y and hence 

processabi l i ty, w i thou t los ing thermal stabi l i ty , b lock copolymers conta in ing flexible 

e thers^^ '^^ ' ' °Ver f luora lky l /^ ' ' " " ' ^° ' or d i pheny l s i l y l " ' ' ° ^ l inkers have been developed as E T H B 

layers i n po lymer L E D s (PLEO)ร.^^^'^^' 

1.4.3.1 M a i n C h a i n O X D Po l ymers 

Zheng et ö/.i°4 synthesised a series o f copolymers 105a-c consist ing o f al ternat ing b locks o f 

rigid c feomophores conta in ing O X D units together w i t h flexible spacer segments w i t h the 

object ive o f ra is ing the E T abi l i ty . The effect o f the substituents on the opt ica l propert ies o f 

the copolymers was invest igated. 

Single layer devices incorporat ing the three O X D copolymers 105a-c i n the 

conf igurat ion ITO / 105a -c /Ca /A l exhib i ted blue-green l ight , Xmax = 494, 509, 480 n m , 

respect ively, compared to that o f the reference copo lymer 104 device w h i c h exhib i ted blue 

emission, Xmax = 477 n m . E L for 105a and 105c were s imi lar to their P L spectra, ind icat ing 

that E L and P L or ig inate from the same exci ted state; however E L o f 105b (Xmax = 509 n m ) 

was found to be s ign i f icant ly red shif ted compared w i t h its P L spectra (Xmax = 455 n m ) . 

Exc imer emission cou ld be responsible for this shi f t , a l though fur ther invest igat ions are 

required to f u l l y understand this phenomena i n these copo lymer systems. 
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H3CO 

ОСяНібО 

105a R = R' = 0CH3 

105b R = R' = CH, 

105c R = OC2H5; R = H 

OCßHigO-

Scheme 45: Reference copolymer 104 and O X D copolymers 105a-c prepared by Zheng et ๗.'°^ 

The O X D copolymers were not on l y used as blue-green emitters but also as E T mater ials i n 

bi layer devices. For the device іпсофогаІ іп§ 105c and P P V as an emissive layer i n the 

conf igurat ion ITO /PPV/105c /Ca /A l no emission from 105c was observed ind icat ing that 105c 

acts as the E T mater ia l and PPV as the emitter. The brightness and e f f ic iency o f a single- layer 

PPV device I T O / P P V / C a / A l was improved b y a factor o f >10^ w i t h the in t roduct ion o f 105c. 

The b i layer device had a brightness o f 2,400 cd m—2 at 6.8 V w i t h an E Q E o f 0.094%. This 

indicates the ef f ic ient E T ab i l i t y for the O X D copolymer , m o v i n g the recombinat ion zone 

away from the cathode interface and imp rov ing the probab i l i t y o f recombinat ion i n the PPV 

emi t t ing layer. 

M i k royann id i s and c o - w o r k e r s s y n t h e s i s e d two new PPV- type conjugated po lymers 

106-107 w i t h O X D moiet ies i n the backbone. B o t h po lymers emit ted greenish-blue l ight i n 

solut ion w i t h P L Vax = 511 and 487 n m for 106 and 107, respect ively. The emission 

m a x i m u m for 106 red-shi f ted b y 24 n m compared to that o f 107 suggesting increased electron 

délocal isat ion a long the backbone o f po lymer 106, possib ly due to the h igher compos i t ion o f 

electron donat ing dodecy loxy groups per repeat un i t o f 106 and/or a possible d isrupt ion o f the 

conjugat ion a long the backbone o f 107 caused b y the two O X D units. Therefore increasing 

the O X D compos i t ion i n the po lymer backbone o f 107 d i d not extend the ef fect ive 

chromophore. 
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PC12H25 

106 

C12H25O 

Scheme 46: P P V based O X D conta in ing polymers 106-107.'"^ 

Bi layer devices incorporat ing po lymer 106 i n the conf igurat ion I T O / P E D O T / 1 0 6 / A l exhib i ted 

a m a x i m u m brightness o f 23 cd ո ւ ՜ 2 and a l o w E Q E o f 0 .002% at 16 V . E L spectra o f this 

device d isplayed vol tage tunable E L colors. A t a tu rn on vol tage o f 9 V , the E L Xmax = 558 ա ո 

( ye l l ow) , however , the E L spectra gradual ly b lue-shi f ted w i t h an increase i n appl ied bias, 

showing E L >4nax = 545 n m at 13.5 V , Xmax = 540 ա ո at 15 V and f i na l l y Xmax = 527 n m at 16 

V . Th is t rend was i r reversible i n that, for a device w o r k i n g at 16 V (Xmax = 527 n m ) , 

decreasing the appl ied bias back d o w n to 9 V d id not red-shi f t the E L to Xmax = 558 n m . Th is 

suggested that the appl icat ion o f higher electric f ie lds and consequent ly greater local heat ing 

i n the po lymer films lead to changes in the conformat ion o f the po lymer backbone, leading to 

subtle var iat ions in the electronic band structure. 

T o improve the device performance and ef f ic iency, a b lend o f po lymer 106 was made 

w i t h a hole transport molecu le , 6 w t % 1,1 -b is(d i -4- to ly laminophenyl )cyc lohexane ( Т А Р С ) . 

A m a x i m u m brightness o f 70 cd ա ՜ 2 and a m a x i m u m E Q E o f 0 . 0 1 % at 17.5 V were achieved, 

representing a factor o f 3-5 enhancement in per formance over the device incorporat ing 

po lymer 106 on ly . A s before, E L spectra o f this device displayed repeatable, i r reversible 

vol tage tunable E L . Devices incorporat ing po lymer 107 d id not show measurable E L 

propert ies, as the P L emission was very weak compared to po lymer 106. 

The po lymer 7 7 7 8 described earl ier (p. 35) was used as an E T H B mater ia l i n P P V 

based devices and its E T propert ies evaluated against t r iaz ine and qu inoxa l ine соші їефаг із . " ' ^ 

Po lymer 77 forms stable glasses w i t h a T g o f 220 °С， is readi ly soluble i n c o m m o n organic 

solvents and possesses excel lent film fo rm ing capabi l i t ies. A b i layer device i n the 

conf igura t ion ITO/PPV / 77 /A1 demonstrated that 77 possessed ho le-b lock ing capabi l i t ies, 

exh ib i t ing increased operat ional performances i n compar ison to a reference single PPV layer 

device. A m a x i m u m brightness o f 55 cd ւ ո ՜ 2 at a current densi ty o f 155 m A cm"^ was recorded 
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at an onset vol tage o f 7 V , compared to the reference device w h i c h gave a m a x i m u m 
brightness o f 2 cd ո ւ ՜ 2 at a current density o f 436 m A cm ̂ , however, a lower onset vol tage o f 
6 V was achieved. A p p l y i n g po lymer 77 i n a device іпсофога1іп£ a Ca cathode in the 

conf igurat ion ITO/PPV/77 /Са , the E Q E cou ld be increased b y one order o f magni tude up to 

0_շօ /^_78.99,107 

1.4.3.2 F luo rene -Oxad íazo le H y b r i d M a i n C h a i n Po lymers 

D i n g et α/. '"^ synthesised a series o f al ternat ing copolymers w i t h 9,9-d iocty l f luorene and 

oxadiazole units. I n the po lymers the oxadiazole units were evenly dispersed i n the m a i n 

chain at every one, 108a P ( F ı - α / ^ O x ) , three, 108b Р(Ғз-й/^-Ох), or four, 108c P (F4-a / i -0x ) , 

fluorene units. Another copo lymer 109 w i t h an asymmetr ic repeat uni t structure P ( F 3 - 0 x - F i -

O x ) was prepared for compar ison. Electrochemical characterisation as w e l l as photo- and 

electroluminescent รณdies demonstrated excel lent stabi l i t ies o f the ma jo r i t y o f the 

copolymers at bo th posi t ive and negative charged states and comparat ive ly stable b lue- l ight -

emi t t i ng propert ies compared to po ly f luorene. 

108a x = 1， P(Fi-a/ř-Ox) 
108b x = 3, Р(Ғз-а«-Ох) 
108c x = 4, P(F4-art-0x) 

109 P{F3-Ox-Fi-Ox) 
R = ท-C8H-ļ7 

Scheme 47: A l te rna t ing fluorene-oxadiazole copolymers 108a-c and 109 prepared by D ing et аД'°* 

Electrochemical studies also showed that the insert ion o f the oxadiazole moiet ies in to the 

po ly( f luorene) chain raised the electron af f in i t ies o f the copolymers close to the w o r k fimction 

o f cathodes such as Ca and M g . The U V - v i s and P L spectra o f the copolymers were ve ry 

s imi la r to those o f po ly ( f luorene) , except 108a. I t is apparent that as oxadiazole uni ts are 

in t roduced into the po ly( f luorene) conjugated chain, there is a 10-12 n m red-shi f t i n the 
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absorpt ion spectra and a 5-7 ա ո red-shif t i n the emission spectra. The extent o f the red-shi f t 
was not affected b y the oxadiazole content i n the chain. Th is observat ion indicates that the 
oxadiazole uni t does not interrupt the ma in chain conjugat ion, as suggested b y Lee and Chen 
for PPV type copolymers. " ՚ ^ Further w o r k on these copolymers revealed that 108b and 108c 
have the highest electrochemical stabi l i ty ; therefore b i layer devices i n the conf igurat ion 
I T O / H M L / 1 0 8 b - c / A l were fabr icated, where H M L represents a non-emissive H T L . The two 
devices exhib i ted s imi lar behaviour w i t h re lat ive ly broad E L spectra almost ident ical to the 
P L spectra o f the film. N o addi t ional bands were observed between 400 and 700 n m i n the E L 
spectrum and this was mainta ined over a per iod o f 12 h. Devices made f r o m po ly( f luorene) 
were found to emi t b lue l ight for on l y a few minutes at their o r ig ina l brightness before 
d i m m i n g qu i ck l y w i t h a shi f t o f the emi t t ing wavelength from Xmax - 423 n m to Xmax = 510 
nm. ' ° ^ I t was therefore concluded that fluorene-oxadiazole copolymers have a h igh stabi l i ty 
associated w i t h their b lue l igh t -emi t t ing propert ies and that they are good candidate materials 
for E T layers i n PLEDs . 

M a and c o - w o r k e r s " ° reported the synthesis o f the cat ionic conjugated alternat ing 

copolymer 110 (ΡΡΟ ΊรҐ (СНз)зГ-РВВ) , compr is ing al ternat ing fluorene and O X D i n the ma in 

chain. 

N-N 

、๙՜ 

110 

Scheme 48: F luo rene-OXD a l ternat ing cationic polymer 110."° 

Mul t i l aye r P L E D s were fabricated using a l igh t emi t t ing po lymer (cast from solut ion i n an 

organic solvent) as an E M L and the water-soluble (or methanol soluble) po lymer 110 as an 

E T i n the f o l l o w i n g conf igura t ion: ITO/PEDOT/emiss i ve po l ymer / 110 /B๙AI . Devices using 

po ly (9 ,9 -d ioc ty l f luoreny l -2 ,7 -d iy l ) (PFO) 132 as the E M L were fabricated w i t h and w i thou t 

the E T L 110. The PFO /110 device turned on at ~3 V , whereas for the PFO device w i thou t 110 

the tu rn on vol tage was 〜 5 V . ^ the luminance obtained from the PFO /110 device was 

3450 cd m—2, compared to 30 cd m—2 for the device w i thou t 110. For devices u t i l i s ing M E H -

PPV as the emissive mater ia l , again w i t h and w i thou t the E T mater ia l , s imi lar results were 

observed, w i t h luminances o f 5600 cd щ—2 at 5 ν compared to luminances o f 3550 cd m " for 
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the device w i thou t the E T L . B y casting the E T L 110 from solut ion i n methanol and the 
emissive layer fro^ so lu t ion i n an organic solvent, interfacial m i x i n g was avoided w h i c h 
faci l i tated fabr icat ion methods. Th is demonstrated that h igh performance P L E D s can be 
fabricated b y processing a l l layers from solut ion. 

1.4.3.3 B i p o l a r M a i n C h a i n O X D Po lymers 

M e n g et а / . ՚ " synthesised the b ipo lar compound 1 1 1 , w h i c h emit ted greenish-blue l ight i n 

po lymer films at Xmax = 475 n m . A device i n the conf igurat ion I T O / l l l / A l emit ted blue l igh t 

at ca. 8 V w i t h a current densi ty o f 1.14 m A cm. 2 . W h e n the fo rward bias was increased bo th 

the current and the l igh t output increased rap id ly after 6 V . These p re l im inary results suggest 

that po lymer 111 cou ld be a potent ia l nove l active mater ia l as i t has a s imi la r L U M O but 

higher H O M O compared to M E H - P P V , i m p l y i n g that i t has a more balanced charge in jec t ion, 

w h i c h great ly enhances EQEs o f PLEDs . 

PC8H17 

Scheme 49: Molecu lar s t ructure of b ipo lar compound 1 1 1 . " ' 

Zhang and co -wo rke rs " ^ reported the synthesis o f the b ipo lar luminescent po lymer 112 

conta in ing t r ipheny lamine and O X D นաէտ i n the m a i n chain. The analogous po lymer 113 

wi thou t O X D units was also reported for compar ison. U V - v i s аЬзофІіоп spectra o f th in films 

o f the t w o polymers i l lustrated that the m a i n absorpt ion peak is red-shi f ted from Xmax = 470 

n m (113) to Xmax = 495 n m (112) due to the inc lus ion o f the O X D unit . A smaller red-shi f t 

was observed for the P L spectra, f r o m Xmax = 545 n m (113) to λπΐ3χ = 555 n m (112). These 

data indicate that the ef fect ive conjugat ion length o f the po lymer is increased w i t h the 

inc lus ion o f the O X D uni t . 
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OC8H17 

OC8H17 

113 

Scheme 50: B ipo la r polymers 112 and 113 prepared by Zhang et α / . " 

Devices o f the conf igurat ion I T O / P E D O T / 1 1 2 or 113 /CsF/A l gave b lue E L . The device 

іпсофогаІ іп§ the b ipo lar po lymer 112 exhib i ted a m a x i m u m brightness o f 3600 cd rn—2 and a 

m a x i m u m E L ef f i c iency o f 0.65 cd A" 'equat ing to an E Q E o f 0.3%. I n contrast, the device 

incorporat ing the po lymer 113 exh ib i ted a s ign i f icant ly reduced m a x i m u m brightness o f 284 

cd m . 2 and a lower E L ef f ic iency o f 0.042 cd A . I . The devices incorporat ing the b ipo lar 

po l ymer 112 were observed to achieve brightnesses and eff ic iencies 15 t imes that o f devices 

incorporat ing po lymer 113. 

1.4.3.4 P y r i d i n e - O x a d i a z o l e M a i n C h a i n Po lymers 

I n our group W a n g et я/. 113 synthesised the po l y (a l koxyPBD) der ivat ive 114 and its d ipy r i dy l 

analogue 115 us ing Suzuki coup l ing methodology. Compound 114 was the first po lymer ic 

mater ia l based on the P B D structure 5 as the repeating uni t . 

114 X=CH 
115 X=N 

Scheme 5 1 : Po ly(a lkoxyPBD) der ivat ive 114 and its d i py r i dy l analogue 115 prepared by W a n g et al. 

Therma l grav imetr ic analysis ( T G A ) established that po lymers 114 and 115 are h igh l y stable 

up to 370 °С and 334 °С, respect ively, and are а т о ф һ о и ร w i t h Tg'ร = 196 °С and 193 " С , 

respect ively. T h i n film P L spectra o f 114 and 115 showed strong b lue P L w i t h Лщах = 444 ա ո 

and 475„ n m , respectively. Po lymer 114 was invest igated as an E T po lymer in b i layer L E D s 

53 



E l e c t r o n T r a n s p o r t M a t e r i a l s f o r O r g a n i c L i g h t E m i t t i n g D iodes 

w i t h M E H - P P V as the emissive layer. For the device I T O / P E D O T / M E H - P P V / 1 1 4 / A l an E Q E 
o f 0 .26% and brightness o f 800 cd ա ՜ 2 was achieved, w i t h emission solely from the M E H -
PPV layer. 

1.4.3.5 Side C h a i n O X D Po l ymers 

Peng and Z h a n g " ' * synthesised PPVs conta in ing rigid O X D units as ma in chain substituents. 

Ttaee po lymers were synthesised, the homopo lymers 116 and 118 and the random copo lymer 

117, a l l o f w h i c h are soluble i n common organic solvents. 

C12H25O 

ՕՇ-1շՒ1շ5 
O ^ N 

0 0C12H25 

p 
уп 

116х = 1,у = 0 

117 х = 0.5, у = 0.5 

118 х = 0, у = 1 

Scheme 52: Mo lecu la r s t ruc ture of polymers 116-118 synthesised by Peng and Zhang . " ' ' 

Single layer devices based on po lymers 117 and 118 i n the conf igurat ions 

ITO /p o l ym e r /Ca (A l ) and I T O / p o l y m e r / A l d isplayed u n i f o r m red-orange E L ident ical to their 

P L spectra. For the devices іпсофогайп£ 118 w i t h A l as the cathode an E Q E o f 0 . 0 4 1 % at a 

current densi ty o f 1 m A m m ' ^ was observed, w h i c h is 20 t imes higher than that o f the devices 

іпсофогаЇ іп§ the PPV type po lymer 116. E f f i c i ency decreased s l igh t ly when the current 

density increased w i t h the highest e f f i c iency o f 0 .045% obtained at 0.3 m A mm"^. The devices 

also showed s imi lar tu rn-on voltages (8 V ) for both the l ight and current, ind icat ing a 

reasonably balanced charge in ject ion. W i t h Ca as the cathode, a higher e f f ic iency o f 0 .066% 

and lower tu rn-on voltages were achieved. The E Q E increased s l igh t ly when the current 

density increased, w h i c h is in contrast w i t h the A l cathode devices. Po lymer 117 w h i c h has 

ha l f the O X D content o f 118, gave less ef f ic ient devices (0 .018%) than 118 when A l was used 

as the cathode. However , this was st i l l 1 order o f magni tude greater than that o f the PPV 

po lymer 116. E m p l o y i n g Ca as the cathode, po l ymer 117 showed the same ef f ic iency as 

po lymer 118. 
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These results indicated that the electron in jec t ion propert ies are improved from po lymer 116 

to 117 and to 118， also more balanced charge in ject ion o f bo th charge с amers has to be 

achieved, even for po l ymer 118. L i m i t e d electronic interactions o f the cross-conjugated O X D 

units w i t h the conjugated backbone were thought to be a barr ier to this. The L E D eff ic iencies 

o f 117 and 118 are higher than that o f side chain O X D - P P V s prepared i n previous w o r k b y 

Bao et α / . " ^ but lower than that o f the m a i n chain O X D - P P V po lymer 119 prepared b y Peng 

et а/. 116 Th is seems consistent w i t h the strength o f electronic interactions between the O X D 

units and the conjugated backbone i n these d i f ferent O X D - P P V derivat ives. 

СвНіуО СвНітО 

119 

CsHirO 

0C8H17 

120 

Scheme 53: M a i n chain O X D - P P V polymer 119 and reference po lymer 120 prepared by Peng et аД " * 

For single layer devices i n the conf igurat ion I T 0 / 1 1 9 / A 1 , EQEs o f 0 .15% were obtained, 

almost 40 t imes larger than that o f devices incorporat ing PPV po lymer 120. The turn on 

voltages o f 6 V for the po lymer 119 devices were also m u c h lower than that fo r the PPV 

po lymer 120 devices (15 V ) . 

I n an attempt to ascertain i f further improvement i n device e f f i c iency is possible, Peng 

and Z h a n g " ^ synthesised the PPV based po lymer 121 w i t h O X D units іпсофогаЇЄ(1 into bo th 

the m a i n chain and as side chain substiณents. Single layer devices were fabricated in the 

conf igurat ion I T O / p o l y m e r / A l or Ca incorporat ing po lymer 121 and compared to devices 

incorporat ing the PPV reference po lymer 116, the side chain O X D - P P V po lymer 118 and the 

ma in chain O X D - P P V po lymer 119. Devices incorporating po l ymer 121 d isplayed ш і ґ о г т 

red-orange E L almost ident ical to its P L spectra w i t h sl ight b lue-sh i f t ing o f its m a x i m u m b y 

20 n m compared to its P L spectra. 
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r 117 Scheme 54: Polymer 121 prepared by Peng et al 

Polymer 121 devices w i t h A l as the cathode showed E Q E o f 0.07%. This value is 30 t imes 

greater than for the reference P P V po lymer 116 and more than tw ice that o f po lymer 118, but 

lower than the ma in chain O X D - P P V po lymer 119. W i t h Ca as the cathode, a h igher E Q E o f 

ca. 0 .15% and a lower turn-on voltage o f 7 V compared to ca. 10 V for the A l device was 

acMeved. 

Chen et α / . " ^ prepared t w o PPV based po lymers 122-123 fiinctionalised w i t h O X D 

side chains m i m i c k i n g the chemical structure o f P B D 5. 

Meo 

pCioHoc 

Meo 

122 123 

Scheme 55: O X D side chain PPV polymer 122 and 123. " * 

Polymer 122 cou ld not be dissolved in any convent ional solvents, therefore the 1:1 copo lymer 

123 was synthesised w i t h a b lock conta in ing t w o long a l koxy side chains. The copo lymer 123 

was soluble i n c o m m o n solvents and displayed h i gh stabi l i ty w i t h an onset for degradat ion at 

386 "C and a h igh Tg o f 205 °С, w h i c h is rare ly the case for PPV derivat ives such as M E H -

PPV. W h e n exci ted at 426 n m , P L spectra o f copo lymer 123 showed Xmax = 560 n m , 

corresponding to orange-ye l low l ight . 
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Bao et α / . " ^ synthesised the organic soluble po lymer 124 bear ing pendant O X D groups. 

Devices i n the conf igura t ion ITO / 124 /A1 exhib i ted EQEs o f 0 .2% at a current density o f ca. 8 

m A c m 
-2 

C12H25O 

124 

Scheme 56: Polymer 124 prepared by Bao et al. 

Lee et α / . " ^ reported the PPV derivat ives 125 and 126. The 2-e thy lhexy loxy group o f 126 

may increase interchain distances. 

X 

125 x = н 

126 X = 2-Ethylhexyloxy 

Scheme 57: Molecu lar structures o f pendant O X D - P P V der i va t i ves l25-126 . " ' 

Exc i ta t ion at 420 n m gave P L Xmax o f 530 ran and 534 n m for po lymer films o f 125 and 126, 

respect ively, w h i c h are comparable w i t h Xmax o f 540 n m for f i lms o f PPV. Devices i n the 

conf igurat ion ITO / 125 or 126 /A l displayed E L corresponding to their P L spectra and had 

EQEs 16 and 56 t imes greater, respect ively, than that o f P P V devices. I n part icular, the 

opt imised device I T O / P E D O T : P S S / 1 2 6 / A l : L i revealed a m a x i m u m luminance o f 1090 cd ա ՜ 2 

w i t h an E Q E o f 0.045%. The presence o f the bu l ky a l koxy pendant i n po lymer 126 increased 

device per formance over po lymer 125. Th is was consistent w i t h an earl ier report, that l ong or 

b u l k y substiณents enhance device e f f i c iency b y reduc ing the poss ib i l i t y o f the fo rmat ion o f 

interchain po laron pairs. 

A new series o f asymmetr ic PPV based homopo lymers , as w e l l as copolymers 

contaming O X D pendant groups, were synthesised b y K i m et α / . ' ^ ' B i layer devices 

tinig po lymers 12าл-g were fabricated i ñ the conf igurat ion ITO/PEDOT:PSS / 127a -
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g / A l . E lect roopt ica l propert ies and device performance cou ld be adjusted b y in t roduc ing the 

O X D - P P V content i n the copolymers. 

127 a: x = 100, y = 0 

- c r V V V \ b: 
X = 84, y = 16 

с: х = 64, у = 36 

d : х = 51,у = 49 

X = 28, у =72 

х = 7, у =93 

X = О, у =100 

Scheme 58: Homopolymers 127а, 127g and copolymers 127b-f prepared by K i m et al, '^' 

A s the O X D content i n the copolymer increased from 127g to 127a the device performance 

was s ign i f i cant ly increased. The luminance e f f ic iency o f the copo lymer 127b was 41 t imes 

higher than that o f the homopo lymer 127g. The m a x i m u m brightness was achieved for the 

homopo lymer 127a and was found to be 19,395 cd m ' " at 14 V , the luminance e f f ic iency was 

recorded at 21.1 cd A . I at 5,930 cd m . 2 and was 88 t imes higher than that o f the homopo lymer 

121 g. The emiss ion colours cou ld be tuned from green to ye l lowish-orange from 127g-a v i a 

int ramolecular energy transfer. 

The improved device performance o f the P P V - O X D homopo lymer 127a over 127g 

and the copolymers 127b- f was attr ibuted to better electron in jec t ion and charge balanc ing 

and also ef f ic ient int ramolecular energy transfer from the O X D units to the PPV backbone. 

The m a x i m u m luminance e f f ic iency o f 127a was ranked the highest value amongst PPV 

derivat ives at the t ime o f pub l ish ing. 

K i m and co-workers '^^ synthesised a nove l h igh l y ef f ic ient oxadiazole-PPV po lymer 

128 w i t h oxadiazole uni ts on the v i n y l uni t . Po lymer 128 was expected to have h igh l y twis ted 

chain conformat ions because o f the b u l k y oxadiazole units. Such chain conformat ions are 

expected to m in im i ze chain interactions, w h i c h are w e l l k n o w n to lower the e f f ic iency o f E L 

and P L . ' " 
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C8H17O 

OCeHi/ 

Scheme 59: Oxadiazole-PPV polymer 128 prepared by K i m and co -wo rke rs . ' " 

Devices in the conf igura t ion ITO /PEDOT:PSS / 128 /A l displayed br ight ye l l ow emission w i t h 

an E L m a x i m u m Xmax = 563 n m , w h i c h was almost ident ical to that o f the P L m a x i m u m . 

M a x i m u m EQEs o f 0 .34% at 11 V and 0 .077A cm՝^ and a m a x i m u m luminance o f 1,457 cd 

ո ւ ՜ 2 at 13 V and 0.22 A cm՝^ were recorded for this device. W h e n the A l cathode was replaced 

w i t h Ca a sl ight improvement i n E L e f f i c iency was observed w i t h an E Q E o f 0 .43% at 11 V 

(0.25 A c m ' 2 ) and a m a x i m u m luminance o f 5,140 cd m'^ at 12.5 V (0.61 A c m . づ . 
-2 

1.4.3.6 F l uo rene -Oxad iazo le H y b r i d Side C h a i n Po lymers 

พ น and co-workers՚^ ՛* d isplayed further use o f O X D pendant groups. Po lymer 129 was 

synthesised b y at taching two O X D groups onto the C-9 pos i t ion o f the al ternat ing fluorene 

units. Th is 3-D structure was designed to restr ict TT-stacking between po lymer chains and 

suppress the fonna t i on o f excimerร i n the so l id state. 

129 

Scheme 60: F luo rene-OXD po lymer 129 prepared by พ น and 0Օ-№օո1է6քտ."՛՛ 

Also the sp3 carbon (C-9) serves as a spacer to e f fec t ive ly b lock the conjugat ion between the 

O X D side chains and the fluorene backbone, therefore ma in ta in ing the conjugat ion and 

in tegr i ty o f the ma in chain po ly f luorene emission spectrum. 
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The E L propert ies o f pò lymer 129 were examined using the device conf igurat ion 

ITO/PEDOT:PSS/129 /Ca /Ag . The E L at \ n a x = 428 ա ո was ident ical to the P L spectrum. N o 

undesirable excimer/aggregate/oxidat ion emission was observed at long wavelength w h i c h is 

a k n o w n prob lem w i t h PFO 132 (Chapter 2) . The device displays strong b lue emission w i t h a 

l ow turn-on vol tage at 5.3 V and a h igh brightness o f 2770 cd n ť 2 at 10.8 V . A m a x i m u m 

E Q E o f 0 .52% at 537 cd ո ւ ՜ 2 at a vol tage o f 7.4 V was recorded. Th is device based on 

po lymer 129 demonstrated a m u c h Mgher brightness and e f f i c iency than devices based on 

PFO 132, w h i c h had a m a x i m u m brightness around 600 cd m 2 and an E Q E o f 0.2%.'^^ This 

improved performance was due to increased electron in jec t ion and transport i n po lymer 129 

and ef f ic ient energy transfer from the O X D side chains to the po ly f luorene backbone. 

A series o f soluble al ternat ing fluorene based copolymers, 130 and 131 a-g, conta in ing 

symmetr ica l and asymmetr ical O X D pendants w i t h var ious te rmina l groups were synthesised 

by Sung and L in . ' ^ ^ A series o f devices i n the conf igurat ion ITO/PEDOT:PSS/po l ymer /Ca /A l 

were fabricated. 

C8H17O. 

OC8H17 

х 、 ж 

131a: X : 

b: X ' 

c: X : 

d: X : 

СНз 

e: Х: 

f: Х : 

-оме g: х ' 

-OCeHir 

СбНіз СбНіз 

131a-g 

Scheme 6 1 : Fluorene O X D polymers 130 and 131a-g synthesised by Sung and L i n . ' " 

A l l o f the devices show t u m o n voltages between 7 and 9 V ; the m a x i m u m attainable 

luminance was 462 cd ա ՜ 2 at 15 V w i t h po lymer 131g as the emitter. A l l the asymmetr ica l 

OXD-subs t i tu ted po lymers 131 a-g d isplayed purp le to b lue emission w i t h E L Xmax between 

406 and 452 n m , w h i c h are w e l l matched w i t h their P L spectra. I n contrast, the symmetr ica l 

po lymer 130 d isplayed sl ight vol tage dependent E L . Since the absorpt ion and fluorescence 

data reveal that po lymer 130 fo rms excimerร due to aggregat ion i n the so l id film, the E L 

spectra o f 130 is red-รMñed and become broader b y increasing the vol tage. B y compar ison o f 
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polymers 130 w i t h 131 d i t was observed that the asymmetr ica l ly substituted po lymers possess 
better device propert ies (higher quantum y ie ld and lower aggregation i n the sol id state) than 
the symmetr ica l substituted po lymer 130. 

1.5 CONCLUSIONS 

Since p ioneer ing w o r k emp loy ing P B D as an E T H B mater ia l i n th in b i layer devices'^ and the 

d iscovery that organic conjugated po lymers such as PPV cou ld be used as emissive materials 

i n O L E D s , ' 1,3,4-oxadiazoles have been w ide l y studied as E T H B materials i n O L E D 

appl icat ions. Th is chapter has rev iewed and updated publ ished w o r k , a l though not 

exhaust ively, on l o w molecu lar we igh t and po lymer ic 1,3,4-oxadiazoles demonstrat ing their 

w i d e fimctionalisation, molecu lar architecture and appl icat ion i n O L E D s , predominant ly as 

E T H B materials but also as b ipo lar and emissive materials. App l ica t ions as l i qu id crystal and 

electrochromic materials have also been h igh l ighted. 

61 



N e w 2 , 5 - D i a r y l - l , 3 j 4 - O x a d i a z o l e - F l u o r e n e H y b r i d s 

2 N E W 2 , 5 - D I A R Y L - 1 , 3 , 4 - O X A D I A Z O L E - F L U O R E N E H Y B R I D S 

2.1 INTRODUCTION 

A s discussed i n Chapter 1, 2 ,5-d iary l - l ,3 ,4-oxadiazo le der ivat ives have been w ide l y studied 

i n diverse areas o f chemistry. I n part icular, o w i n g to the electron def ic ient nature o f the 1,3,4-

oxadiazole r ing , luminescent propert ies and excel lent thermal and chemical stabi l i ty, a range 

o f OXE» derivat ives have been appl ied as emissive and/or E T H B materials i n O L E D s . 

A t the outset o f m y w o r k there were very few examples o f covalent combinat ions o f 

fluorene and O X D units. Therefore, i t was t ime ly i n the search for new materials w i t h 

balanced hole and electron transport propert ies to target nove l fluorene-OXD hybr ids. M a n y 

examples o f such systems have been synthesised and their optoelectronic and O L E D 

propert ies invest igated. 

2.1.1 Po ly ( f l uo renes) 

The first b lue emi t t ing P L E D was made b y Yosh ino et α / . ' " us ing po ly (9 ,9 -d ihexy l f luo reny l -

2 ,7-d iy l ) 133, since then po ly(9,9-d ia lky f luorene)ร (PF)ร have been w i d e l y studied as they are 

p romis ing b lue- l ight emi t t ing materials for P L E D appl icat ions due to their thermal stablity, '^^ 

h igh P L quantum yields'^^ and good charge transport properties.՝՛^՛^՛՛՝^՛ 

PFs are derivat ives o f po ly(para-phenylene)ร (PPP)ร w h i c h fit into a class o f rigid-rod 

blue l ight emi t t ing polymers.^'^^^ The extended con jugat ion characteristic o f this class o f 

materials enhances charge délocal isat ion b y v i r tue o f the greater molecular p lanar i ty attained 

along their rigid backbones. For PFs the b r idg ing C-9 atom between the altemate pairs o f 

pheny l rings rigidly planarises the b ipheny l structure i n the fluorene monomer. Th is 

délocal isat ion inf luences the po l ymer ' ร physical propert ies inc lud ing band gaps and emission 

quantum yields. '^^ A l s o faci le funct ional is t ion at C-9 of fers the ab i l i t y o f cont ro l l ing po lymer 

so lub i l i t y , w i thou t s igni f icant effects on the electronic structure o f the backbone,' ' ' '* and 

potent ia l interchain interact ions i n films.'^^''^^ 

The physical propert ies o f PFs can be fine tuned through chemical structure 

modi f ica t ions and copolymer isat ion, for example, to g ive E L emission across the f u l l v is ib le 

spectram from b lue to red, un l i ke the more w i d e l y studied ??¥տ . ՛ ^ ՛ ՛ A por t fo l io o f fluorene 

copolymers that emi t colours across the fu l l v is ib le spectrum has been prepared using Suzuki 
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coupl ings at D o w Chemica l Company. '^^ N o other po lymer class, to date, of fers the f u l l range 
o f colours w i t h h igh ef f ic iency, l ow operat ing voltages and h igh device l i fe t ime. Thus 
po ly f luorene based molecules are amongst the most v iab le l ight emi t t i ng po lymers (LEP)ร for 
commerc ia l isat ion. '^^ 

R R 

132 R = С8Ні7 PFO 134 
133 R = СвН^з 

Scheme 62: Poly(9,9-diocty l f luorenyl-2,7-diy l ) PFO 132, poly(9,9-dihexyinuorenyl-2,7-diy l ) 133 and 

spi robi f luorene 134. 

However , PF based L E D s typ ica l l y exhib i t device degradat ion under operat ion w i t h the 

emergence o f a low-energy emission band (at -2 .2 -2 .4 e V ) . Th is longer wavelength band 

converts the desirable b lue emission to greenish blue w i t h an increase i n broadband emission 

ta i l ing. '^^ Numerous groups have reported the appearance o f this red-shi f ted component i n the 

luminance spectra o f a range o f PF homo- and copolymer th in fìlms.'^^''^''՝^^ The o r ig in o f 

this l o w energy emission band has been attr ibuted to reorder ing o f the po lymer chains and 

subsequent aggregate or exc imer formation.'°^''^^'^^^'''^^^^'^''° However , recent ly several 

research groups'^*' ' '^^^' ' '" have ascribed this emission to fluorenone defects produced b y 

thermo- , photo- , or e lectro-oxidat ive degradation.*' '^ Sims et alP^ concluded that wh i l s t these 

fluorenone defects are necessary to activate the green band emission, they are not considered 

to be suf f ic ient alone. The green band emission was attr ibuted to fluorenone-based excimerร. 

A l t hough a number o f possible mechanisms have been suggested, the o r ig in o f the longer 

wavelength band is the subject o f ongo ing study. 

2.1.2 S p i r o b i f l u o r e n e 

A n approach to improve the spectral s tabi l i ty o f PFs is the in t roduct ion o f a spiro structure. 

The tetrahedral bond ing atom at the centre o f 134 maintains a 90° angle between the 

connected b ipheny l units v ia a σ-bonded network . I t has been shown that the in t roduct ion o f 

spiro l inkages i n l o w molecular we igh t organic materials (compound 38) improves 

processabi l i ty as w e l l as тофһо1о£1са1 stabi l i ty. ^՚* A l so the b u l k y structure min imises the 

close pack ing o f the spiro-annulated molecules i n the sol id state, therefore suppressing 

exc imer fo rmat ion in compar ison w i t h fluorene compounds.՚ ՛ ՛^ ՛ ՛ ՛* ՛* A l so this molecular 
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architecture is ant icipated to reduce fluorenone defects as the susceptabi l i ty for ox ida t ion at 
the C-9 pos i t ion o f spi robi f luorene should be decreased. 

K i m et al. ՚՛*^ reported a device т с о ф о г а І і п £ 9,10-bis[ (2,7-di - 'buty l ) -9,9-

sp i rob i f luoreny l ] anthracene as the E M L w h i c h exhib i ted pure b lue emission (x = 0.14, у = 

0.08) at 300 cd m . 2 i n C I E chromat ic i ty coordinates, w h i c h was the nearest to the Nat iona l 

Te lev is ion Standards Commi t tee ( N T S C ) standard value reported at the t ime o f pub l icat ion. 

A l so , no ta i l ing in the longer wavelength region was observed. พ น et օ/.՛ ՛^^ reported devices 

іпсофога і іп£ a ter(spirobi f luorene) compound that that d id not exhib i t any change in its E L 

spectra after cont inuous operat ion for 32 h. S imi la r ly , Katsis and co-workers' '*^ observed no 

changes in morpho logy , emissive colour and P L quantum y ie ld on heating spiro-

o l igo( f luorene) films. 

Several groups have demonstrated that spirob і fluorene-fluorene copolymers exhib i ted 

better co lour stabi l i ty than PFs w i t h a reduct ion i n longer wave length emission f o l l o w i n g 

thermal treatment.' '*^ A l so พ น et α^."'^ reported a po ly(sp i rob i f luorene) w h i c h exhib i ted good 

luminescent stabi l i ty w i t h no green band emission observed i n so l id films after anneal ing for 

3 h at 200 °С. 

2.1.3 F l u o r e n e - O X D H y b r i d s 

The combinat ion o f po ly (9 ,9-d ihexy l f luorene) 133 as an E M L and an O X D der ivat ive ( P B D 

5) as an E T L was f i rst described b y O h m o r i et ๗. '^° i n a t r ip le layer structure, also u t i l i s ing 

T P D 6 as a H T mater ia l . Since then var ious fluorene-OXD smal l տօ ւ շ շսԽ ՛ *^ ՛ ^ ՛ ՛ ^ ՛ ՛ ՛ ^^ and 

polymeric՚"^ ՛ ՛ " ՚ ՛ ՝^ ՛ * ՛ ՛ ^^ hybr ids have been reported i n the l i terature. Pre l im inary w o r k w i t h i n 

our group b y D r Wang^° invo lved the synthesis o f the fluorene-oxadiazole hyb r i d D F D 34 

w i t h a 1,3,4-oxadiazole mo ie ty to confer electron in jec t ion and a fluorene mo ie ty to prov ide 

b lue emission. A s stated i n Chapter 1, i t was established that D F D is an ef f ic ient E T H B 

mater ia l wh e n used as a dopant in M E H - P P V i n single layer devices. 

F o l l o w i n g these in i t ia l results w e targeted a new series o f fluorene-OXD hybr ids and 

explored the effect o f insert ing addi t ional pheny l rings into the backbone. W e also 

invest igated the effects o f replacing the 9,9-d ihexyl f luorene core w i t h spirobi f luorene i n an 

ef for t to e l iminate the fo rmat ion o f fluorenone defects, w h i c h is a factor that can quench 

emission and impa i r device performance. A l so further funct ional isat ion o f the O X D system 

has been carr ied out to a f fo rd the carbaldehyde compound 172, w h i c h a l lowed further 

extension o f these systems v ia W i t t i g chemistry. Th is chapter reports the synthesis o f the 
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l inear ly extended conjugated E T H B compounds, namely 165, the spi robi f luorene analogue 

171 and compound 177, a long w i t h crystal structures o f 165, ab initio calculat ions, opt ical 

аЬзоф І іоп, P L spectra, and O L E D studies o f compounds 165, 171 and 177 b lended w i t h 

M E H - P P V to enhance electron in ject ion. 

2.2 RESULTS AND DISCUSSIONS 

2.2.1 Synthesis 

Our in i t ia l a im was to synthesise compound 140, w h i c h from a synthetic v iewpo in t w i l l o f fe r 

excel lent scope for funct ional isat ion reactions w h i c h extend the π-conjugat ion leading to 

nove l materials for E T H B appl icat ions. 

The aroy l hydrazide 138 was prepared i n h i gh yields v ia the aminolys is o f the 

commerc ia l l y avai lable me thy l ester 137. '^ ՝ Nuc leoph i l i c react ion o f 138 w i t h the acid 

chlor ide 136, obtained from the corresponding benzoic acid 135， y ie lded the d ia roy l 

hydrazine 139, w h i c h was not pur i f i ed . The crude product 139 was cyclodehydrated using 

Р0С1з^° to g ive the 2,5-d iary l - l ,3 ,4-oxadiazo le 140 ( 7 6 % y ie ld) . D u r i n g the course o f our 

w o r k the preparat ion o f 140 was described b y other workers. 

C12H25O 12՛ '25 

ІІІ) 

,0 o. 
C12H25O 

ΗΝ 一 NH 

Scheme 63: Synthesis of 2-(4-bromophenyI)-5-(4֊dodecyloxyphenyl)- l ,3,4-oxadiazole 140: i) SOCI2, Δ; İÎ) 

NH2NH2.H2O, C H 3 O H , Δ; i i i ) pyr id ine, 20 " c 0.5 h， Δ 0.5 һ; iv) РОСЬ, Δ. 
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The dodecy loxy chain o f O X D 140 was attached to introduce so lub i l i t y to the system for ease 

o f pur i f i ca t ion and to a l low fürther reactions to take place in c o m m o n solvents. The bromine 

handle a l lows for fur ther funct ional isat ion v ia numerous ary l -coup l ing techniques. 

It was in i t i a l l y attempted to convert the b romo substituted O X D 140 into the 

corresponding boronic acid 141 v ia l i th ia t ion at - 7 8 "C, quenching w i t h t r ia l ky l borate and 

aqueous w o r k up f o l l o w e d by ac id i f icat ion (Scheme 64). 

С і г Н г з О ^ Ч : ^ \ ^ ^ B r Շ 1 շ հ շ 5 0 ^ \ ^ \ ^ ^ B ( 0 H ) 2 

140 141 

Scheme 64: A t tempted synthesis of boronic acid analogue 141: i) w-BuL i , T H F , -78 °С; і і ) T I P B , -78 "C 

20 "C ; i i i ) Н В г / Н г О . 

A l t hough the Ή N M R spectrum o f the crude product showed a peak at ca. 9 p p m w h i c h 

disappeared on add i t ion o f D 2 O (as w o u l d be expected for a boronic acid group) , l o w y ie lds 

were consistent ly obtained and fiirther pur i f i ca t ion was not successful. I n a revised procedure 

a suspension o f 140 and и - B u L i i n T H F was mainta ined at -40 °С for 4 h i n an attempt to 

dr ive l i th ia t ion to comple t ion before quenching w i t h t r i i sopropy l borate (ТГРВ). Th is led to a 

darkening o f so lu t ion, w h i c h was attr ibuted to side reactions as no mater ia l precipi tated out o f 

the aqueous solut ion on ac id i f icat ion. U p o n analysis i t was observed that the organic layer 

contained start ing mater ia l . 

I t was established that 1 m m o l o f compound 140 i n 25 m l o f T H F w o u l d remain i n 

so lu t ion at temperatures as l o w as -40 "C , but rap id ly precipi tated out o f so lut ion at lower 

temperatures; the above procedure was then repeated at -30 and -20 °С but again the react ion 

fa i led. At tempts us ing ฬ e t h y l borate instead o f T I P B at -78 , -40 , -30 and -20 °С were carr ied 

out, but as before, no mater ia l precipi tated out o f the aqueous solut ion on ac id i f icat ion and 

unreacted start ing mater ia l was present i n the organic layer. 

The electron w i t h d r a w i n g effect o f the oxadiazole un i t cou ld be the reason for 

l i th ia t ion prob lems; therefore, t w o methoxy groups ortho to the b romine were int roduced into 

compound 145 to act as electron donors, to counter the electron w i t h d r a w i n g effect o f the 

oxadiazole uni t . 
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143 

ii). 

ОМе 

144 

iii, iv) 

C12H25O 

ОМе 

145 

Scheme 65: Synthesis of d imethoxy analogue 145: i) K2CO3, d imethy lsu lphate, acetone, Δ; i i) 

NH2NH2.H2O, C H 3 O H , Δ; і і і ) 4-dodecyloxybenzoic acid chtor ide 136, py r id ine , 20 °С 0.5 h, Δ 0.5 һ; iv) 

POCI3, Δ. 

4-Bromo-3,5-d imethoxybenzo ic acid methy l ester 143 was prepared i n h igh yields (80%) v ia 

the methy la t ion o f 4-bromo-3,5-d ihydroxybenzo ic acid 142 w i t h d imethylsulphate and K2CO3 

i n dry acetone.'^^''^^ Compound 143 was then converted to the hydrazide 144 (77%) v ia 

aminolys is w i t h hydrazine monohydrate. F o l l o w i n g the same procedure for the synthesis o f 

140, compound 144 was dissolved i n pyr id ine and reacted w i t h the acid chlor ide 136. The 

intennediate hydrazine was then cycl ised w i t h POCI3 to g ive 2- (3 ,5-d imethoxy-4-

bromophenyl ) -5- (4-dodecy loxyphenyl ) -1 ,3 ,4-oxadiazo le 145 ( 73%) . 

A t tempted boronic acid fo rmat ion from 145 w i t h и - B u L i , t r ia lky lborate and H B r 

fa i led at -78, -40, -30 and -20 °С, as prev ious ly fo r 140, w i t h on l y start ing mater ia l recovered 

from the organic layer. Tr ia lky lbora te was added before ท - B u L i i n one experiment to trap the 

l i th ia ted species but this react ion also fa i led w i t h on ly start ing mater ia l recovered. 

A l t h o u g h we were unable to prepare the boronic acid der ivat ive o f 145, further 

f i inc t ional is t ion v ia a Suzuki coup l ing react ion w i t h 4- formylbenzene boronic acid 146 was 

achieved, y ie ld ing compound 147, w h i c h is expected to contain a h i gh l y tw is ted b ia ry l uni t . 

{H0)2B 

154 

C12H25O 
146 

i) 
C12H25O 

147 OMe 145 OMe 

Scheme 66: Synthesis o f compound 147: i) Р(1(РРҺз)4, NazCOj, T H F , Δ. 

F o l l o w i n g a l i terature preparat ion o f the d iphenyloxazole boronic ac id der ivat ive 5-(4-

d imethy laminopheny l ) -2 - [4 - (d ihydroxyborany l )pheny l ]oxazo le , ' w e attempted to synthesise 

the O X D - b o r o n i c ester der ivat ive. 
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Compound 135 was converted into the corresponding methy l ester 148՛^^ v i a acid-catalysed 
ester i f icat ion in h igh y ie ld ( 9 4 % ) ; this was then converted into the corresponding hydrazide 
1 4 9 ՛ " (90%) as prev ious ly for compounds 138 and 144. 

C12H25O CioH 1 2 " 2 5 
ІІ) 

C12H25O 

135 148 14Э 

Scheme 67: Synthesis of 4-dodecyloxybenzoic acid hydrazide 149: i) H2SO4, M e O H , Δ 12 һ; i i) 

N H j N H z - H j O , CH3OH, Δ. 

The commerc ia l l y avai lable 4-(4,4,5,5- tet ramethy l - l ,3 ,2-d ioxaboro lan-2-y l )benzoic acid 150 

was treated w i t h S O C I 2 . The hydrazide 149 i n pyr id ine was subsequently added. I n the Ή 
N M R spectrum o f the product , no N - H protons were observed ind ica t ing that the react ion had 

poss ib ly fa i led a l though peak broadening cou ld not be ru led out. A t tempted cyc l isat ion 

carr ied out i n POCI3 established that the react ion had indeed fa i led. 

OC12H25 

150 151 
HN֊NH 

Scheme 68: at tempted synthesis of boronic ester 152: i) SOCI2, і і ) 4-dodecyloxybenzoic acid hydrazide 149, 

py r id ine , 20 °С 0.5 h, Δ 0.5 h. 

A l t hough w e were unable to prepare the O X D boronic acid analogue 141 , fiirther 

fiinctionalisation o f the O X D system was readi ly achieved v ia Suzuki coup l ing w i t h var ious 

ary l and heterocycl ic boronic acids, demonstrat ing that compound 140 is a versati le reagent. 

Benzene boron ic ac id 153 and 3-methoxybenzene boronic acid 154 were coupled w i t h O X D 

compound 140 under standard Suzuki condi t ions to g ive compounds 157 and 158 i n 71 and 

8 5 % yie lds, respect ively. S imi la r ly , Suzuk i coupl ings o f compound 140 w i t h the heterocycl ic 

boronic acids, 2- furaldehyde-5-boronic acid I55158 and 2-methoxy -5 -pyr idy l boronic acid 

156՛^^ (both prepared b y D r Parry i n our group) a f forded compounds 159 and 160 i n 28 and 

6 8 % yie lds, respect ively. 
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N-N 
{H0)2B֊ 

(հՕ) շ6 

{H0)2B 

( H O b B 

153 
QMe 

155 

OMe 

156 

C 1 2 ^ ^ 

C12H25O 

C12H25O 

OMe 

O M e 

Scheme 69: Suzuki cross-coupl ing of compound 140: (i) 140, Рсі(РРЬз)4, N a j C O j , D M F / T H F , Δ. 

H a v i n g established suitable condi t ions for Suzuk i coupl ings o f 140, our attent ion then turned 

to the synthesis o f OXD- f l uo rene hybr ids. 2 ,7-Dibromof luorene 162 was prepared i n 6 5 % 

y ie ld from bromina t ion o f the commerc ia l l y avai lable fluorene 161 i n an acetic/sulphuric acid 

m ix tu re w i t h an excess o f bromine. ՚̂ *՛ 9 ,9-Dihexy l -2 ,7-d ibromof luorene 163 was then 

obtained i n 8 2 % y ie ld from 162 by deprotonat ion w i t h potassium / -butox ide fo l l owed b y t w o 

fo l d a lky la t ion w i t h bromohexane i n T H F . ՝ ^ ' Th is route was preferred to the pro toco l reported 

b y several other g r o u p s ( v i z . a lky la t ion f o l l owed b y brominat ion) as w e prepared 2,7-

d ibromof luorene 162 on a large scale (1.5 mo le ) and subsequently a lky lated smaller batches 

(50 m m o l ) wh e n needed. Th is route also avoided possible b romina t ion o f the al iphat ic chains, 

a d i f f i cu l t y i n the alternative route. 

9 ,9-Dihexy l f luorene-2,7-d iboronic acid 164, a key reagent in the synthesis o f fluorene 

based luminophores v ia Suzuki coupl ings, was obtained in 6 1 % y ie ld from 163 b y react ion 

w i t h и - B u L i and T I P B , f o l l owed b y aqueous w o r k սր . ՛ ^^ ՛ ՛ ^ ՛ * 

161 162 
CßH ๆ  3 CgH-Įs 

163 

( Η 0 ) 2 Β - - \ ^ ν V _ / ^ B ( 0 H ) 2 

СбНіз СбНіз 

164 

Scheme 70: Synthesis of 9,9-dihexyinuorene-2,7-diboronic acid 164: i) acetic ncidfiliSOĄ; і і ) b romine ; i i i ) 

КВгОэ/acet ic acid, T < so °С; iv) 1-bromohexane, ґ - В и О К , T H F , о °С֊» 20 °С; v) / і - B u L i , T H F , -78 °С; vi) 

T I P B , -78 "С ֊» 20 °С, H2O. 
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The t w o - f o l d react ion o f compound 140 w i t h 9,9-d ihexyl f luorene-2,7-d iboronic acid 164 

under standard pal ladium-catalysed Suzuki cross-coupl ing condi t ions af forded the l inear ly 

extended TT-conjugated fluorene-OXD hyb r i d compound 165 i n 4 4 % yield.^^ 

C12H25O 

140 

( H O b B ^ ^ X ^ ^ B ( O H ) 2 

СбНіз' СбНіз 

164 

OC12H25 

C12H25Ö 

Scheme 7 1 : Synthesis of 165: (i) Рс1(РРҺз)4, N a j C O j , T H F , Δ. 

W e next targeted the spirobi f luorene analogue o f 165. 9,9-Spirobi f luorene was first 

synthesised b y Clarkson and C o r n b e r g ' v i a Gr ignard react ion o f 2-b iphenylmagnesium 

iodide w i t h fluorenone, y ie ld ing the ter t iary a lcoho l , f o l l owed b y a sulphuric acid p romoted 

Fr iedel-Craf ts cyc l isat ion. Recent ly this method has been appl ied i n the synthesis o f 2 -bromo-

and 2,7-d ibromospi rob i f luorene, v ia 2-bromo- and 2 ,7-d ibromof luorenone. ՝^^ Th is route was 

preferred to subsequent electrophi l ic b romina t ion o f spirobi f luorene due to the pur i f i ca t ion 

problems o f 2-bromospi rob i f luorene; also d ib romina t ion o f spi robi f luorene on ly occurs at the 

2,2 ' -posi t ions instead o f the desired 2,7-posit ions. 

i ) . 

167 

iv) V, vi) 

169 170 

Scheme 72: Synthetic route to 2,7-di(4,4,5,5-tetramethyl- l ,3,2-dioxaborolan-2-yl)spirobi f luorene 170: (i) 

СгОз, A c O H , Δ; ( і і ) 2 -bromobipheny l 167, t-BuLi, T H F , -78 で ; ( i i i ) 166， -78 » c - 20 »C; ( iv) H C l , A c O H , 

Δ; (ν) / t -BuL i , T H F , -78 °С; (v i ) -78 °С ֊• 20 °С. 
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bistead o f the Gr ignard route to 170, w e proposed to use l i th ium-ha logen exchange o f 

commerc ia l l y avai lable 2-bromobipheny l 167 as described i n the l i teraณre for 2-

i odob ipheny l . ' ^ ' 2 ,7-Dibromof luorenone 166 was prepared i n 7 9 % y ie ld b y ox idat ion o f 2,7 

d ib romo fluorene 162 w i t h c h r o m i u m t r iox ide (Scheme 72) . '^* 

L i th ium-ha logen exchange o f 2-bromobipheny l 167 i n T H F was carried out v ia the 

addi t ion o f 2 equivalents o f ř -BuL i at -78 °С. The react ion was then quenched w i t h 2,7-

d ibromof luorenone 166 to g ive carb inol 168. Dehydrat ive cyc l isat ion o f 168 was then carr ied 

out w i t h H C l i n acetic acid y ie ld ing 2,7-d ibromospi rob i f luorene 169 ( 7 2 % y ie ld) . The 

dip inacolato boronic ester 170 was prepared i n 5 8 % y ie ld v ia l i th ia t ion o f 169 w i t h я - B u L i , 

f o l l owed b y quenching w i t h 2- isopropoxy-4,4,5,5- tet ramethyl - [ l ,3 ,2] -d ioxaborolane. '^^ ' ' 

The two - f o l d react ion o f compound 140 w i t h d ip inacolato boronic ester 170 under 

pa l lad ium catalysed Suzuk i cross-coupl ing condi t ions u t i l i s ing t r i - ř -buty l phosphine af forded 

the sp i rob i f luo rene-OXD hyb r i d compound 171 i n 4 0 % yield?^ 

N-N 

C12H25 ひ 

OC12H25 

C12H25O 

Scheme 73: Synthesis of compound 171 : i) Р(1(РРҺз)4, РВи'з, K 2 C O 3 , Toluene, Δ. 

A s demonstrated i n our exploratory Suzuki coup l ing studies (Scheme 69) , a f o r m y l group can 

be introduced onto the O X D uni t (compound 159), a l l ow ing for fur ther funct ional isat ion b y 

W i t t i g chemistry. W e , therefore, attached a / l a r a - f o r m y l p h e n y l uni t v ia Suzuki coup l ing so 

that further extension o f the conjugated system cou ld be carr ied out. Compound 140 was 

coupled w i t h 4- formylbenzene boronic acid 146 under standard pal ladium-catalysed Suzuki 

cross-coupl ing condi t ions to g ive 4 ' - [5 - (4-dodecy loxypheny l ) -1 ,3 ,4-oxad iazo l -2 -y l ] -b iphėny l -

4-carbaldehyde 172 i n good y ie ld (78%) . 

W e in i t ia l l y tested compound 172 for its su i tab i l i ty i n W i t t i g coup l ing w i t h the 

simplest ary l t r ipheny lphosphon ium salt. The react ion between 172 and 
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benzy l t r ipheny lphosphon ium chlor ide employ ing N a O H as the base y ie lded 2-(4-

dodecy loxypheny l ) -5- (4 ' -s ty ry l -b ipheny l -4-y l ) -1 ,3 ,4-oxad iazo le 173 (51 % ) . 

(H0)2B 

146 

іі) 

Scheme 74: Synthesis of compounds 172 and 173: ( i) 146, Р(1[РРҺз]4, N a i C O j , T H F , Δ; i i ) 

benzy l t r ipheny lphosphonium chlor ide, N a O H , T H F . 

T o acMeve further extension o f the TT-electron framework, compound 177 was prepared b y 

t w o - f o l d W i t t i g react ion o f compound 172 and the b is( t r ipheny lphosphonium) salt 176.'^^ 

Compound 177 comprises two O X D moiet ies and a central fluorene mo ie t y connected v ia 

pheny lv iny lene units. 

i.ii) ііі) 

161 
СбНіз СбНіз 

174 

Br ；Χ Br 
しбһ13 じ б Н і з 

175 

iv) 

РҺзР ր_ μ -

๏ СбНіз 

2Br 

172 176 

vi) 

C12H25O OC12H25 

N—Ń СбНіз СбНіз 

177 

N-N 

Scheme 75: Synthesis o f the b is( t r iphenyiphosphoniu in) salt 176 and compound 177: ( i) / i - B u L i , T H F , -78 

°С; ( і і ) bromohexane, -78 °С֊» 20 °С; ( і і і ) paraformaldehyde, H B r ( 3 3 % in glacial acetic acid), Δ; ( iv) 

t r ipheny!pho$phine, D M F , Δ; ( V ) NaOEt , E t O H / T H F ; (v i) H C l . 
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9,9-Dihexy l f luorene 174 was synthesised according to the l i terature procedure. The acidic 

protons at the 9-posi t ion o f fluorene 161 were removed b y l i th ia t ion w i t h / г -BuL i , fo l l owed b y 

a lky la t ion w i t h 2 equivalents o f bromohexane to g ive compound 174 ( 81%) . 

B romomethy la t ion o f 174 was carr ied out f o l l o w i n g the l i teraณre preparation*^^ w i t h 
paraformaldehyde and H B r i n acetic acid to g ive 2,7֊bis(bromomethyl)֊9,9-dihexylfluorene 
175 i n 7 8 % y ie ld . The b is( t r ipheny lphosphonium) salt 176 was prepared i n 6 0 % y ie ld b y 
treatment o f 2 ,7-b is(bromomethy l ) -9 ,9-d ihexy l f luorene 175 w i t h t r iphenylphosphine in D M F . 
F ina l l y the carbaldehyde 172 underwent two - f o l d W i t t i g react ion w i t h the 
b is( t r ipheny lphosphonium) salt 176 i n freshly d is t i l led d ry ethanol and T H F w i t h sod ium 
ethoxide as base to a f fo rd compound 177 (43%) . 

9,9֊Dihexylfluorene-2,7-dicarbaldehyde^^^ has been employed to introduce a fluorene 

moie ty , via W i t t i g react ion, into copolymers, a l though the synthetic route to the 

dicarbaldehyde f r o m fluorene involves 5 steps, compared to the b is ( tnpheny lphosphonium) 

salt route used here (3 steps). 

2.2.2 X - R a y S t r u c t u r e o f C o m p o u n d 165 

The crystal structure o f compound 165 was solved b y D r A . Batsanov. The asymmetr ic un i t 

o f 165 contains one molecule (Figure 6 ) ， w h i c h has neither crystal lographic nor approximate 

symmetry . The fluorene mo ie t y is planar w i t h i n ±0.03 Å and forms dihedral angles o f 21.9° 

and 30.3° w i t h the adjacent benzene r ings і and /V. O n the contrary, the angles between the 

oxadiazole and adjacent benzene r ings are smal l , v i z . іШ 5.0， // / / / / 6.7， /v/v 11.4， vivi 9.5°, due 

to the absence o f repuls ion between pe r i -H atoms. 

N1 _N2 

Figure 6: X - ray molecular s t ruc ture o f 165. 

O f the two ท-hexy l substituents at c (9 )， one is folly ordered and the other has t w o 

orientat ions, A and B. The Ci3 fragment [ท"hexyl -C(9)-ฬ-hexyl ] adopts an d\\-trans 

conformat ion , except one termina l CH2CH2CH3 moie ty , w h i c h is disordered equal ly between 
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trans ( A ) and gauche ( B ) conformat ions. The «-dodecyl chain attached to 0 ( 3 ) adopts an a l l -
trans conformat ion , except the terai inal me thy l group w h i c h has a gauche or ientat ion. I n the 
second rt-dodecyl chain, four methylene groups are disordered between t w o posi t ions; i n each 

case one ecce tors ion angle corresponds to a gauche conformat ion and the rest to a distorted 
trans conformat ion [165.^ to 179.4(4)° , average 1 7 1 ( 4 ) ๆ . A s a result , the former ท-
dodecyl chain is rough ly coplanar w i t h the po lycyc l i c part o f the molecule and the latter is 
bent out o f this plane. The longest d imens ion o f the molecule ( in the crystal) is ca. 54 Å . 

2.2.3 Q u a n t u m C h e m i c a l Ca l cu la t i ons 

Ab initio calculat ions were per formed b y D r I. F. Perepichka i n our group. Dens i ty funct ional 

theory ( D F T ) calculat ions invest igated the geometry and the electronic structure o f molecules 

165, 171 and 177. For compar ison D F D 34 and the w ide l y used E T H B mater ia l O X D - 7 28c 

were also inc luded. 

To decrease the computat ional t ime we calculated the molecules 165a, 171a, 177a 

(where index " a " means that i n structures 1 6 5 , 1 7 1 and 177 C12H25O was replaced b y CH3O, 

and i n structures 165 and 177 СбН із was replaced b y C2H5; see Append ix 2.1) as w e l l as 

compound 34a (where СбН із was replaced b y C2H5). Compar ison o f calculated L U M O 

energies for compounds 34a, 165a, 171a and 177a w i t h that for O X D - 7 28c shows that 

compounds 165a and 171a as acceptors match very w e l l w i t h O X D - 7 and compounds 34a 

and 177a are even better acceptors (by ca. 0.2 and 0.3 eV, respect ively; F igure 7). So, from an 

energy po in t o f v iew , compounds 34a, 165a, 171a and 177a are good alternatives to O X D - 7 

as electron transport materials. O n the other hand, a l l these compounds (34a, 165a, 171a and 

177a) have h igher H O M O levels, so their func t ion as hole b lock ing layers i n O L E D s cou ld be 

less ef f ic ient [a l though their H O M O ร are st i l l much lower than that o f c o m m o n E L po lymers 

l i ke M E H - P P V (〜―5.0 e V ) ] . 

Compound 177a showed the smallest H O M O - L U M O gap (2.97 e V ) and a feaณre is 

that i ts L U M O orbitais are delocal ised between the central fluorene mo ie t y and adjacent 

phenylene uni ts (no L U M O popu la t ion on the oxadiazole rings), whereas for a l l other 

oxadiazole der ivat ives (34a, 165a, 171a and O X D - 7 ) substantial local isat ion o f the L U M O is 

observed on the oxadiazole moiet ies (see Figure A 6 , Append ix 2.1). 

The calculated H O M O energy fo r O X D - 7 (֊6.27 eV) is qui te close to its ionisat ion 

potent ia l measured b y photoemiss ion studies (/p » 6.5 eV , i.e. the di f ference is on ly « 0.23 
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eV ) ,43 whereas the calculated L U M O energy ( -2 .03 e V ) is h igher than found exper imenta l l y 
(by subtract ion o f the opt ica l gap energy: Æ՝A « / р 一3.7 eV « 2.8 eV) b y ca. 0.77 eV . I n sect ion 
2.2.5 this d i f ference between the exper imental and calculated L U M O energies is used to 
moderate conduct ion band levels w h e n discussing the energy d iagram o f O L E D s to compare 
L U M O levels o f oxadiazole der ivat ives w i t h that fo r M E H - P P V . 

r ' 
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-0.56 
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F igure 7: B3LYP/6 -31 lG(2d ,p ) / /B3LYP/6-31G(d) o rb i t a l energy level d iagrams fo r compounds 34a, 165a, 

171a and 177a i n compar ison w i t h the E T H B mater ia l O X D - 7 28c. 

2.2.4 O p t i c a l A b s o r p t i o n a n d P L P rope r t i es 

Solu t ion U V - V i s аЬзоф І іоп and photo luminescence ( P L ) spectra for compound 157, 160， 

173, 165， 171 and 177 were recorded i n D C M . The аЬзоф І іоп spectra o f 157 and 160 are 

ve ry s imi la r w i t h Xmax =313-315 n m . The аЬзоф І іоп o f compound 173 is red sh i f ted 

s igmf ican t l y w i t h \ ш х = 338 ա ո , w h i c h w o u l d be expected due to the extended con jugat ion 

o f the extra pheny lv iny lene un i t . 
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C o m p o u n d U V - V i s А Ь з о ф І і о п , 

\ r a x I 謹 

P L , 

\ m x / n m 

157 

160 

173 

16ร 

171 

177 

313 

315 

338 

356 

356 

397 

365， 378 

364, 378 

413 

4 0 1 , 4 2 2 

399, 420 

4 4 4 , 4 6 8 

Table 1ะ U V - V i s absorpt ion and emission Ama, values fo r compound 157, 160, 173, 165, 171 and 177 i n 

D C M , 20 "С . 

The P L spectra o f 157 and 160 are, as fo r the absorbance, very s imi la r and are characterised 

b y ma jo r peaks at 365 and 364 n m , respect ively, and red shi f ted shoulders at Xmax = 378 n m 

fo r bo th compounds. The P L spectrum o f 173 is red-shi f ted compared to 157 and 160 w i t h a 

peak at Xmax = 413 n m , a l though b lue-shi f ted shoulder ing is present. 

1 ᄀ m 
« 0.8 

- l 
Q. 
Ф บิ Ҫ ņ 
ท 
р 

0.6 λ 

I 
(О 

о 
ζ 

0.2 

i i і 

l i f 
1 / / 

< 0.4 у ч / 

' 7 

250 300 

К I nm 

550 600 650 

F igure 8: Normal ized U V - V i s absorpt ion (dashed lines) and P L (sol id lines) spectra fo r compounds 157, 

160 and 173 i n D C M , 20 °С. Exc i ta t ion wavelength corresponds to the m a x i m u m of absorpt ion. 

The absorpt ion spectrum o f 165 and 171 are ident ica l w i t h Xmax = 356 ա ո i n bo th cases. For 

compound 177 the аЬзоф Ї іоп is red sh i f ted w i t h Лшах = 397 n m ; th is can be expla ined due to 
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the further extension o f con jugat ion i n compound 177 and the lower calculated H O M O -
L U M O gap compared to that o f 165 and 1 7 1 . 

The fluorescence spectra o f 165 and 171 are again almost ident ica l w i t h m a i n peaks at 

Xmax = 401 and 399 n m and smal ler shoulders centred at Xmax = 422 and 420 n m , respect ively. 

The P L spectrum o f compound 177 displays a red-shi f ted broader emiss ion than fo r 

compo\mds 165 and 171 w i t h a peak observed at Xmax = 444 n m , accompanied w i t h a smal ler 

shoulder at Viax = 468 ա ո . 

¿ 0.8 
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F igure 9ะ Norma l i zed U V - V i s absorpt ion (dashed lines) and P L (solid lines) spectra fo r compounds 165, 

171 and 177 in D C M , 20 °С. Exc i ta t ion wavelength corresponds to the m a x i m u m of absorpt ion. 

2.2.5 O p t i c a l P rope r t i es a n d Dev ice P e r f o r m a n c e 

A s w e have seen i n the prev ious chapter the most w i d e l y รณdied emissive po lymers , such as 

P P V and po ly ( f luorene) and their der ivat ives, are predominant ly hole- t ranspor t ing mater ia ls. 

For e f f ic ien t E L , a means must be found to increase the number o f electrons i n the mater ia l . 

Ways o f ba lanc ing charge in jec t ion that have met w i t h notable success are as f o l i o พ ร : 

( і ) A l o w w o r k func t ion meta l , such as ca lc ium, can be used as the cathode to l ower 

the energy barr ier to electron in jec t ion in to the po l ymer film. The drawback o f th is strategy is 

that such metals are h i g h l y react ive and are unstable i n the atmosphere. 
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( i i ) Mu l t i l aye r structures can be assembled w i t h an E T H B layer placed on top o f the 

emissive po lymer f i l m (by spin-coat ing or thermal evaporat ion) before deposi t ion o f the 

cathode. Th is approach requires more complex fabr icat ion procedures than those used for 

single- layer devices. 

( i i i ) E lectron-def ic ient segments can be covalent ly bound to the emissive po lymer , 

either by insert ion in to the main-cha in , as end-capping groups, or as pendant side-groups. The 

synthesis o f these po lymers can be very chal lenging, o f ten requ i r ing mul t i -s tep routes and/or 

specif ic cross-coupl ing reactions. 

( i v ) E T materials can be blended into the emissive po lymer pr ior to deposi t ion. Single-

layer devices o f this type have the advantage that thei r manufacture requires on l y a single 

spin-coat ing process. 

W i t h i n our group single layer devices using blends o f M E H - P P V and non-emissive, E T H B 

materials conta in ing covalent ly l i nked O X D and pyr id ine uni ts have prev ious ly been 

reported. Th is section concerns the study o f the new OXD- f l uo rene hybr ids 165， 171 and 

177 and their blends w i t h M E H - P P V . Our strategy was to improve further the e f f i c iency o f 

the O L E D s through energy or charge transfer processes w i t h i n the blended layer film. 

A l l the O L E D s studied were fabricated b y J. H . A h n i n P r o f M . c. Pet ty 'ร group i n the 

School o f Engineer ing, Un ivers i t y o f D u r h a m . In i t i a l l y devices i n the conf igurat ion 

I T 0 / M E H - P P V : E T H B / A 1 were fabricated. The po lymer blends a l l contained 7 0 % electron 

transport materials b y weight . The current densi ty versus electric field (J—E) and l igh t output 

versus electric field ( L - E ) characteristics o f po l ymer b lend devices using compound 34, 165, 

171 and 177 are shown i n F igure 10 (posi t ive bias appl ied to the I T O electrode). The J—E and 

L - E characteristics o f an O L E D based on a pure (non-blended) M E H - P P V layer are also 

shown for compar ison. For a l l the blended layer studies, the E L output was characteristic o f 

M E H - P P V . I t is evident that the E L emission from the b lend devices was s ign i f icant ly greater 

than the l igh t output o f the pure M E H - P P V ; at the same t ime, the current through the b lend 

films was lower. However , w i t h i n exper imental errors, i t was d i f f i cu l t to discern any 

part icular trends between the d i f ferent blended layers. The onset vol tage for l ight emission for 

the blended devices was ca. 4.5 V， compared w i t h ca. 6 V for the pure M E H - P P V device. 
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F igure 10: (a) C u r r e n t density versus electr ic f ield and (b) l ight ou tpu t versus electric f ie ld character ist ics 

f o r M E H - P P V po lymer b lend O L E D s incorpora t ing 34, 165, 171 and 177. The po lymer blends each 

conta in 7 0 % by weight o f the electron t ranspor t mater ia ls. The data for a deฝce based on pu re M E H -

P P V are shown fo r reference. 

Figure 11 shows the external quantum ef f i c iency o f the devices whose optoelectr ica l 

behaviours are shown i n F igure 10. The e f f i c iency o f the pure M E H - P P V device was about 

0 . 0 0 1 % wh i l e that o f the b lended devices ( 7 0 % b y we igh t ) was about 0.05 % . The increase i n 

the e f f i c iency has resul ted from bo th an increase i n the l igh t output as w e l l as a decrease i n 

the current; however , F igure 10 shows that the ef fect o f the fo rmer is more s igni f icant . 
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Figure 11ะ The external q u a n t u m efficiencies o f M E H - P P V po lymer b lend O L E D s inco rpo ra t ing 7 0 % by 

weight of 34， 165， 171 and 177. The data fo r a deฟce based on pu re M E H - P P V are shown fo r reference. 
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Externa l quantum ef f ic iencies o f O L E D s conta in ing d i f ferent amounts o f 171 are shown i n 
F igure 12. These data are s imi la r to those prev ious ly obtained b y our group for b lends 
іпсофогайп§ 34 . 5 ° The device e f f i c iency increased w i t h the concentrat ion o f the electron 

transport mater ia l over the range o f compos i t ion invest igated. The e f f i c iency fo r the 9 5 % 

b lend device was more than t w o orders o f magni tude greater than that o f the pure M E H - P P V 

device. 
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F igure 12: Ex te rna l q u a n t u m eff iciency o f blended M E H - P P V O L E D s inco rpo ra t i ng compound 171 . Da ta 

are shown for b lend devices w i t h 2 0 % , 5 0 % , 7 0 % , and 9 5 % of 171 by weight . 

T o invest igate i f this e f f i c iency cou ld be increased even fiirther, a device incorpora t ing 

9 9 . 9 9 % o f 34 was fabr icated. However , the E L emiss ion was poor and the device quan tum 

e f f i c iency d i d not exceed 1x10՜^ %， ind ica t ing an upper l i m i t to the e f f i c iency o f our b lended 

layer strucณres. 

Despi te the re la t ive ly h i g h external q u a n m m eff ic iencies o f some o f the b lended layer 

O L E D s , the br ightness and power ef f ic iencies o f the O L E D s are l o w compared to state-of-

the-art po l ymer displays. For example, the brightness o f a 7 0 % blended device i n c o φ o г a t i n g 

165 was 210 cd ւ ո ՜ շ at a current densi ty o f 62 m A cm"^. However , i t shou ld be noted that our 

devices have not been opt imised i n any way , e.g. by use o f a l o w w o r k ftmction cathode. 

The H O M O and L U M O energy levels for M E H - P P V determined from ox ida t i on and 

reduct ion potent ia ls i n cv exper iments are £ΉοΜθ = - 4 . 9 8 eV and Æ'LUMO = - 2 . 8 9 6¥.՝̂ ՛*̂  Th is 

H O M O energy value is m u c h h igher than exper imental /р values fo r O X D - 7 or calculated 

values for O X D - 7 , 34a, 165a, 171a, and 177a (F igure 7) . U s i n g the f igure o f 0.77 e V (the 

d i f ference between the exper imenta l value Fa « 2.8 eV and calculated H O M O energy leve l 

fo r O X D - 7 , and assuming that i t is s imi la r for other oxadiazole der ivat ives) w e can estimate 
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L U M O energies for compounds 34, 165, 171 and 177 for direct compar ison w i t h the values 

for M E H - P P V ( 3 . 0 1 , 2.83, 2.81 and 3.09 eV， respect ively) . 

MEH-PPV 

Compound 34 

-301 ev 

4.8 eV 

-4.98 ev 

-6.06 eV 

F igure 13: Energy band d iagram of I T O , M E H - P P V , compound 34, and A l . Fo r M E H - P P V , data are 

f r o m Ref. 174a; fo r compound 34, the calculated energies of L U M O and H O M O levels for 34a have been 

corrected by adding the di f ference between the calculated and exper imental values for O X D - 7 (see Ref. 

43) [ ճ£* " " ՜ " " ՛ « 0.77 eV ( L U M O ) , 0.23 eV ( H O M O ) ] . ' 

The L U M O levels for compounds 34 and 177 l ie ֊0.1-0.2 eV be low that o f M E H - P P V , 

whereas for compounds 165 and 171 they are comparable to that for M E H - P P V . Thus, holes 

are more l i ke l y to be transferred f r om the I T O anode to the M E H - P P V , (F igure 13) but 

electrons w i l l move from the A l cathode to 34 or 177 more easily than to the M E H - P P V . The 

electrons can then easi ly move to the L U M O level o f the host po lymer , subsequently 

recombin ing w i t h holes to produce E L characteristic o f M E H - P P V . I n the case o f blends o f 

M E H - P P V w i t h compounds 165 and 171 electrons can also be injected d i rect ly into the 

L U M O o f M E H - P P V as w e l l as into the L U M O o f oxadiazole derivat ives (depending on the 

rat io i n the b lend) . Nevertheless, i n these cases E L also occurs on l y from M E H - P P V because 

o f the substantial barr ier for hole transfer from M E H - P P V into the H O M O o f oxadiazoles. 

W h e n large amounts o f 34 are blended w i t h M E H - P P V it w i l l become more d i f f i cu l t 

to inject holes (the ma jo r i t y carriers) . f rom the I T O into the blended fílm and the device 

' A more direct comparison o f calculated energy levels for compounds 34 ,165 ,171 and 177 wi th ultraviolet 
photoelectron spectroscopy (UPS) calculated values could be applied. The UPS values for the H O M O and 
L U M O levels o f MEH-PP V have been found to be 4.4 and 2.2 eV," ' " ' however, these values are not a direct 
measurement and are determined in relation to the electrode material (gold). 
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current (ma jo r i t y carrier hole current) w i l l decrease. I n contrast, electron in ject ion from the A l 

w i l l increase, thereby increasing the E L . The l igh t output w i l l on l y decl ine when the supply o f 

holes from the anode becomes l im i ted . F r o m exper imental w o r k w i t h b lended layers based on 

1 7 1 , this seems to occur for concentrations o f the electron transport mater ia l greater than 9 5 % 

b y weight . 

The E L emission from O L E D s depends on the in jec t ion and transport o f carriers, the 

generation o f singlet exci tons and their surv ival from non-radiat ive deact ivat ion. For the b lend 

devices in this w o r k , the electron in jec t ion and transport are increased as noted prev iously . A 

' d i l u t i o n ' effect m a y also be a cont r ibutory factor to the increase in our O L E D eff ic iencies 

w i t h increasing electron transport mater ia l concentrat ion. A s the po lymer molecules become 

separated b y the electron t ransport ing molecules, concentrat ion quenching - in termolecular 

non-radiat ive decay o f singlet excitons - w i l l be reduced resul t ing i n an enhanced l ight output. 

K a n g et al}^^ have prev ious ly noted that the external quantum ef f ic iency increased 

over seven t imes when M E H - P P V was b lended w i t h 90 w t % po l y (me thy l methacrylate) 

( P M M A ) , an e lectro-opt ica l ly inert mater ia l . A m u c h larger increase i n e f f i c iency (almost 500 

t imes) was noted b y m i x i n g the M E H - P P V w i t h another electroactive po lymer . I n our o w n 

studies, no improvement i n the O L E D ef f i c iency was found using a 9 0 % P M M A and M E H -

P P V blend. A n increase in the photoluminescence (PL) e f f ic iency was noted i n some o f the 

films formed from mix tures o f M E H - P P V w i t h the electron transport compounds. For 

example, the P L e f f i c iency o f blends based on 34 increased b y a factor o f three as the 

concentrat ion o f 34 was increased from 2 0 % to 9 0 % b y we ight . Over the same compos i t ion 

range, the E L e f f i c iency increased b y a factor o f 40， suggesting that d i l u t i on effects do not 

p lay a major role i n de termin ing the e f f ic iency o f our b lended layer O L E D s . 

The external quantum ef f ic iency o f our b lend devices cou ld be increased further b y 

incorporat ing a PEDOT:PSS layer between the I T O and the b lend film. The external quanณm 

ef f ic iency o f the b lend devices was increased t w o to three t imes regardless o f the 

compos i t ion . The external quantum ef f ic iency o f 9 5 % b lend devices us ing a P E D O T layer 

was about 0.4%. Table 2 shows the external quantum eff ic iencies o f O L E D s based on 34 and 

171 . I t is also expected that thermal annealing^" cou ld be used to extend the eff ic iencies o f 

these devices. 
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C o m p o u n d 34 C o m p o u n d 171 

w t % W i t h o u t P E D O T W i t h P E D O T w t % W i t h o u t P E D O T W i t h P E D O T 

4 0 % 0 . 0 1 % 0 .04% 5 0 % 0 .02% 0 .08% 

7 0 % 0.03% 0 .10% 7 0 % 0 .06% 0 .15% 

9 5 % 0 . 1 1 % (6.7) 0 . 3 1 % (12.7) 9 5 % 0 .16% 0 .38% 

Table 2ะ Ex te rna l q u a n t u m effíciencies o f M E H - P P V po lymer b lend O L E D s inco rpo ra t ing compound 34 

and compound 171 , w i t h and w i thou t a PEDOT:PSS layer. The cu r ren t density was 30 m A cm-2 unless 

designated i n parentheses. 

For a l l the electron transport compounds studied, the E L spectra were found to be independent 

o f the b lend compos i t ion . F igure 14 compares the E L spectra o f a pure M E H - P P V device w i t h 

b lended devices, 5 0 % b y we igh t , i n c o φ o r a t i n g 34， 165， and 177: the emiss ion o f a l l the b lend 

devices corresponded to that from M E H - P P V . 

MEH-PPV 

—— 50% 165 
…… 50% 177 

500 550 600 650 700 750 800 

Wavelength (nm) 

F igure 14: The E L spectra of a pu re M E H - P P V O L E D and blended layer devices i nco rpo ra t i ng 

compounds 34， 165， and 177. The composi t ion o f a l l the blends was 5 0 % by weight . 

N o emiss ion was evident from the electron transport mater ia ls, a l l o f w h i c h are b lue emit ters. 

The O L E D incorpora t ing a b lend o f compound 34 possessed a m a i n peak at 570 n m , exact ly 

the same as that o f the pure M E H - P P V device. However , the spectra o f the devices 

incorpora t ing 165 and 177 were red-shi f ted re lat ive to pure M E H - P P V , w i t h the m a i n E L 

peak located at 590 n m . B lended devices based o n 171 also exh ib i ted a red-shi f ted E L 

spectrum (data not shown) . 

I t is interest ing to note that the three compounds exh ib i t i ng red-shi f ted E L spectra 

(165, 171 and 175) have dodecy loxy te rmina l groups. These groups are replaced b y tert'butyl 
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groups i n the case o f compound 34. To study the inf luence o f the termina l groups on the E L 

spectrum, a fiirther compound, 178 was synthesised b y G. Hughes i n our laboratory. '^^ 

СбНіз СбНіз 

Scheme 76: Molecu lar s t ructure of compound 178. 

This has basical ly the same chemical structure as 165, but w i t h tert-butyl terminal groups 

instead o f dodecy loxy groups. The E L spectra for blended layer O L E D s i ncoφora t i ng 178 

and 165 (both 5 0 % composi t ions b y we igh t ) are contrasted i n F igure 15. The E L output o f the 

device based on 178 peaks at the same wavelength as the pure M E H - P P V device, p rov id i ng 

very strong evidence that the red-shif ts noted i n our studies are associated w i t h the 

dodecy loxy chains interact ing w i t h the emissive M E H - P P V . 

I t is k n o w n that the emission o f conjugated po lymers such as M E H - P P V can be 

changed b y va ry i ng the chain conformat ion. Schwartz and co-workers reported that the 

photoluminescence o f M E H - P P V solut ions varies according to the po la r i t y o f the solvents. 

These workers noted that M E H - P P V chains i n non-polar solvents such as chlorobenzene are 

more extended than i n po lar solvents such as tetrahydrofüran. Th is results in a red-shif t o f the 

P L spectrum o f the chlorobenzene solut ion relat ive to the tetrahydrof i i ran solut ion. The same 

group demonstrated red shif ts for M E H - P P V or iented on si l ica porous composi te materials, i n 

w h i c h the energy i n i t i a l l y located on randomly or iented po lymer segments exterior to the 

pores was dr iven to the al igned segments i n the channel inter ior where the P L emission 

occurred.'՚ ՛^ In a s imi lar way , the M E H - P P V molecules i n our b lend films may adopt d i f ferent 

conformat ions depending on the propert ies o f the other component o f the b lend and 

consequently the emission f r o m M E H - P P V varies. '^^ 
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Figure 15ะ E L spectra o f blended layer M E H - P P V O L E D s incorpora t ing compounds 165 and 178. The 

composi t ion o f bo th blends was 5 0 % by weight. 

The results described above suggest a good m i x i n g o f the M E H - P P V w i t h the electron 

transport compounds. N o s ign o f phase separation was evident us ing atomic force 

mic roscopy , a l though th is is not a de f imt i ve method o f de termin ing the d is t r ibu t ion o f the t w o 

components. The fact that no direct E L from the electron transport mater ia ls cou ld be 

measured, even at h i g h concentrat ion (up to 9 5 % ) , imp l ies that the molecules o f these 

mater ia ls are w e l l d is t r ibuted among the M E H - P P V po l ymer chains. Strong evidence fo r 

in t imate m i x i n g was also p rov ided b y the red-shi f ted E L curves for devices incorpora t ing 165， 

171 and 177. For these O L E D s , no unshi f ted M E H - P P V spectrum was detected, suppor t ing 

the v i e w that the M E H - P P V is able to interact w i t h the electron transport compounds. 

Dev ices were fabr icated u t i l i s ing the E T H B mater ials 165, 171 and 177 as em i t t i ng 

mater ia l w i t hou t M E H - P P V i n the conf igura t ion I T 0 / P E D 0 T : P S S / E T H B / A 1 . The current 

densi ty versus electr ic field ( J - E ) and l i gh t output versus electr ic field ( L - E ) characterist ics o f 

pure devices us ing compound 1 6 5 , 1 7 1 and 177 are shown i n F igure 16 (pos i t ive bias appl ied 

to the I T O electrode). 
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Figure 16: (a) C u r r e n t density versus electr ic f ie ld and (b) l igh t ou tpu t versus electric f ie ld character ist ics 

fo r O L E D s inco rpo ra t ing 165,171 and 177， i n the conf igura t ion I T O / P E D O T : P S S / E T H B / A l . 

The onset vo l tage fo r l igh t emiss ion was re la t ive ly h i gh , 10 V , fo r the device іпсофогаг іп§ 

177 and ca. 25 V fo r the pure 165 and 171 devices. The device incorpora t ing pure E T H B 

mater ia l 177 was the o n l y device to show promise as an emi t t i ng mater ia l w i t h an E Q E o f ca. 

0.02%, compared to E Q E s o f ca. 0 . 0 0 1 % recorded for devices incorpora t ing 165 and 1 7 1 . 

0 - 1 7 1 

- 1 6 5 

800 

Current density (A/m^) 

F igure 17ะ The external q u a n t u m efficiencies o f O L E D s inco rpo ra t ing 165, 171 and 177, i n the 

conf igura t ion I T O / P E D O T : P S S / E T H B / A l . 

F r o m the E L spectra o f the pure compound devices fo r 1 6 5 , 1 7 1 and 177, λ蘭 = 430, 433 and 

487 ա ո , respect ively. The E L λπτύχ IS CCL 30-40 ո ա red-shi f ted compâTCû to the P L λπταχ fo r 

compounds 1 6 5 , 1 7 1 and 177. 

86 



N e w 2 ,ร -D ia ry l - 1 ,3 ,4 -Oxad ìazo le -F luo rene H y b r i d s 

The E L spectra o f the pure devices demonstrates a more intense b lue emiss ion for compound 
171 compr is ing the spiro arcMtecture compared to that o f compound 165, compr is ing d i hexy l 
chains at the C-9 pos i t ion . A sl ight reduct ion i n the l o w energy ta i l i ng is also observed for the 
spiro analogue 171 compared to 165, a l though this is not as s igni f icant as w o u l d be expected. 

Wavelength (nm) 

Figure 18: The E L spectra o f O L E D s incorpora t ing 165, 171 and 177, ш the con f igura t ion 

I T O / P E D O T : P S S / E T H B / A l . 

The С Ш coordinates calculated from the respective E L spectra o f the devices incorpora t ing 

pure compounds 165, 171 and 177 were (x = 0.19, y = 0.23), (х = 0.17, y = 0.15) and (х = 

0.28， y = 0.43), respect ively. Th is again i l lustrates the purer b lue emiss ion o f the spiro 

analogue 171 over that o f compound 165. 

Figure 19: The C I E chromat ic i t y coordinates o f O L E D s inco rpo ra t ing 165, 171 and 178, i n the 

con f igura t ion I T O / P E D O T ะ P S S / E T H B / A İ (calculated f r o m the E L spectra). 



New 2,5-Diaryl-l,354-OxadiazoIe-Fluorene Hybrids 

2.3 CONCLUSIONS 

W e have synthesised the O X D der ivat ive 140 and achieved further funct ional isat ion b y 

Suzuki cross-coupl ing reactions to y ie ld the l inear ly extended fluorene-OXD hybr id 165 and 

the sp i rob i f l uo rene-OXD analogue 171 . W i t t i g chemistry has also been used to extend the 

conjugat ion v ia the carbaldehyde substiณted O X D 172 to y ie ld compound 177. Spectroscopic 

studies in so lut ion have established that the spi robi f luorene architecføre o f 164 has no 

electronic effect on the O X D - f l u o r ene backbone, as ident ical U V - V i s аЬзоф Ї іоп and P L 

spectra were obtained for compounds 165 and 1 7 1 . 

The O L E D performance o f the E T H B materials 1 6 5 , 1 7 1 and 177 blended w i t h M E H -

PPV has been invest igated. The E Q E o f blended-layer devices conta in ing the E T H B materials 

increased s ign i f icant ly compared to those fabricated using pure M E H - P P V . A st r ik ing feature 

o f this w o r k is that E L originates exc lus ive ly from the M E H - P P V mater ia l , even when the E T 

mater ia l is 9 5 % b y we igh t o f the b lend. The E L spectra o f devices i ncoφoгa t i ng compounds 

165, 171 and 177, w h i c h a l l bear terminal dodecy loxy groups, are red shi f ted by ca. 20 n m 

compared to the devices w i t h compounds 34 and 178 w h i c h have terminal tert-h\xiy\ groups. 

Th is provides evidence for in t imate m i x i n g o f the po lymer and E T compounds. Further 

improvements have been achieved b y i ncoφo ra t i ng a layer o f PEDOT:PSS, w i t h ef f ic iencies 

reaching ca. 0 .4% at 30 m A cm—2 for a device i n the conf igura t ion I T O / P E D O T : P S S / M E H -

PPV֊171 ( 9 5 % b y w e i g h t ) / A l . 

Devices compr is ing pure 165, 171 and 177 as the emi t t ing mater ia l were fabricated, 

compound 177 was the on ly E T mater ia l to show promise as an emi t t ing mater ia l , w i t h 

devices іпсофога Ї іп§ 177 d isp lay ing EQEs 20 t imes that o f devices іпсофога Ї іп§ compounds 

165 and 171 . The E L spectrum and С Ш coordinates o f the spiro analogue 171 demonstrated a 

more intense pure b lue co lour compared to that o f 165. Th is may be attr ibuted to the reduct ion 

in fluorenone defects fo r compound 171 . 
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3 N E W O X D - F L U O R E N E HYBRIDS INCORPORATING PYRIDINE 
A N D THIOPHENE UNITS 

3.1 INTRODUCTION 

Pyr id ine is an electron-def ic ient heterocycle, so its presence in O X D systems is expected to 

increase the electron a f f i n i t y compared to the O X D compounds 165 and 171 described i n 

Chapter 2. The synthesis o f the symmetr ica l 2 ,5-d i - (3-pyr idy l ) -1 ,3,4-oxadiazole has been 

reportecļiso a long w i t h the corresponding symmetr ica l 2 ,5-d i - (2 -pyr idy l ) - l ,3 ,4 -oxad iazo le and 

2,5-d i - (4-pyr idy l ) -1 ,3,4-oxadiazole, for w h i c h a crystal structure was obta ined. '^ ' 

The ef fect o f comb in ing the two electron def ic ient heterocycles on the E T H B 

propert ies o f the pyr id ine-1,3,4-oxadiazole hyb r id P D P y D P 28d was studied w i t h i n our 

§քօսբ . ՛ ՛ ՛ * F o l l o w i n g on f r o m this w o r k , our strategy was to combine the strong E T ab i l i t y o f 

the 2-pheny l -5 -pyr idy l - l ,3 ,4 -oxad iazo le ( P y O X D ) uni ts w i t h a 9,9-dihexyl f luorene core to 

p rov ide blue emission and to ut i l ise energy- or charge-transfer processes w i t h i n blended layer 

f i lms to improve further the e f f i c iency o f the O L E D s . 

I n this chapter w e report the synthesis o f the nove l 2 -pheny l -5 -py r idy l - l , 3 ,4 -

oxadiazole r i ng system 183 and describe Suzuki cross-coupl ing reactions to obta in 184 and 

the spirobi f luorene analogue 185. The l ,4 -d i (2 -e thy lhexoxy) -b is -2 ,5 -PyOXD 187 was 

synthesised to ascertain i f the absence o f the p lanar is ing fluorene un i t and the in t roduct ion o f 

e lectron-donat ing a l koxy groups induce steric tw is t ing i n these systems w h i c h w o u l d 

inf luence the UV-abso rp t i on and P L spectra compared to compounds 184 and 185. 

Polymers w i t h covalent ly l inked thiophene and 1,3,4-oxadiazole units have been 

synthesised and used i n the fabr icat ion o f b lue O L E D s as funct ional materials. '^^ The 

o l igoth iophene b locks exhib i t h igh TT-electron density, w h i l e the oxadiazole b locks show h igh 

electron a f f in i t y . V a r y i n g the length o f the o l igoth iophene b lock prov ided a means o f tun ing 

the luminescence o f these po lymers , whereas the oxadiazole uni ts faci l i tated E T i n the 

po lymers . The emission tun ing o f a series o f th iophene-oxadiazole po lymers has been 

attr ibuted to the remarkable d i f ference i n H O M O - L U M O band gap between the two 

heterocycles. ՚̂ ՛̂̂  Goddard synthesised the O X D der ivat ive 5-(5-phenyl -1,3,4-oxadiazol -2-y l ) -

2- th iophenecarboxyl ic ac id, іпсофога ї іп§ a thiophene u n i t ' 8 3 and M i t schke et а / . I 8 4 

synthesised ol igoheterocycles іпсофога І іп§ thiophene and oxadiazole moiet ies. Predictably, 

the in t roduct ion o f the oxadiazole uni t in to the conjugated TT-systems led to enhanced electron 
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acceptor characteristics compared to analogous ol igothiophenes. W e therefore synthesised 
compound 189, namely a th iophene-OXD- f luorene system. The crystal structure o f 189, ab 
initio calculat ions o f 184 and 185, and O L E D รณdies on compounds 184 and 185 b lended 
w i t h M E H - P P V have been carr ied out. Opt ica l аЬзоф І іоп and P L spectra o f compounds 184, 

185 ,187 and 189 are compared w i t h those o f 165 and 171 to evaluate the effect o f replac ing a 

phenyl uni t w i t h p y r i d y l and th ieny l moiet ies. 

3.2 RESULTS AND DISCUSSIONS 

3.2.1 Synthesis 

The in i t ia l a im was to synthesise the pyr id ine analogue o f compound 140 and v ia Suzuki 

coup l ing reactions synthesise PyOXD- f l uo rene analogues o f compounds 165 and 171 . D F T 

calculat ions (Sect ion 3.2.4) established that compound 184a, w i t h the p y r i d y l n i t rogen 

adjacent to the fluorene, is a stronger electron acceptor than its isomer 184-iso w h i c h has the 

py r i dy l n i t rogen adjacent to the oxadiazole ring. Therefore, w e chose the former system as our 

synthetic target. The route to compound 183 is shown i n Scheme 77. 6 -Bromonico t in ic acid 

180 was synthesised f r om 2-bromo-5-methy lpyr id ine 179 f o l l o w i n g the l i terature 

procedure.'^^ The react ion o f compound 180 w i t h th iony l ch lor ide at re f lux gave 2-

ch loropyr id ine-4-carbony l chlor ide, w h i c h was reacted d i rect ly w i t h 4-dodecyloxybenzoic 

acid hydrazide 149 i n py r id ine to g ive the intermediate d ihydraz ide, w h i c h was not pur i f i ed . 

In situ dehydrat ive cyc l isat ion i n re f l ux ing phosphorus oxychlor ide,^ ' ' f o l l owed b y react ion 

w i t h H B r i n g lacia l acetic acid (to convert the 2-chloro substituent to 2-bromo) gave the 

fiinctionalised 2-pheny l -5 -pyr idy l - l ,3 ,4 -oxad iazo le reagent 183 i n 3 7 % y ie ld from 180. 
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149 

iv, v) 

iii) 

о ᄋ、 / = \ 
С12Н25О 

HN-NH 

Scheme 77： Synthesis of 2[5-(2-bromopyrídyI)|-5-(4-aodecyloxyphenyl)-l,3,4-oxadiazole 183: í) КМп04, 

H2O, aliquat 336, Δ; ii) SOCIz, Δ; iii) pyridine, 20 °С 1 h, Δ շ h; iv) POCI3, Δ; ν) DCM, HBr (33% in glacial 

acetic acid). 

Other methods o f b romina t ion were appl ied, inc lud ing the use o f phosphoras t r ib romide, 

w h i c h has been used i n the conversion o f 6-ch loron icot inon i t r i le to 6-bromonicot inon i t r i le , ' 

a l though very l o w yields o f compound 183 were obtained. 

B romina t i on o f the chloro substituent was carr ied out, as at the t ime o f synthesis, there 

were ve ry few reports o f e f f ic ient pal ladium-catalysed Suzuk i coupl ings o f ary l chlor ides. 

W i t h h indsight i t is l i ke l y that the chloro-subst i tuted analogue o f compound 183 should 

undergo successful Suzuk i coup l ing reactions due to the electron def ic ient nature o f the 

pyr id ine and oxadiazole rings.'^' Chloro-subst i tuted pyr id ines have been shown to be suitable 

substrates for r o o m temperature Suzuki reactions.'^^ 
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T w o - f o l d reactions o f 183 w i t h 9,9-d ihexyl f luorene-2,7-d iboronic acid 164՛^^ and the 

dip inacolboronate reagent 170՛^^՛ ՛ under pal ladium-catalysed Suzuk i -M iyaura condi t ions gave 

the target compounds 184 and 185, respect ively, i n 3 5 % and 5 6 % yields. 

OC12H25 

183 

C12H25Ö 

СбНіз СбНіз 

184 

С12Н250-
185 

OC12H25 

СбНіз СбНіз 

164 

Scheme 78: Synthesis of compound 184 and 185: (i) 164, Рй[РРҺз]4, NajCOj, THF, Δ; (ii) 170, Pd[PPh3İ4, 

PB๙э, К2СО3, toluene, Δ. 

Further Suzuki coup l ing o f compound 183 w i t h 1,4-bis(2-ethylhexyloxy)benzene-2,5-

d iboron ic acid 186, ՝*^ w h i c h was avai lable w i t h i n our group, y ie lded compound 187 i n 4 1 % 

y ie ld . 
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C12H25O 

OC12H25 

C12H25O' 

Scheme 79: Synthesis of compound 187: i) Рй(РРЬз)2СІ2, РВи'з, NazCOj, THF, Δ. 

The effect o f replac ing the phenyl and p y r i d y l mo ie t y in compounds 165 and 184, 

respect ively, w i t h a th ieny l mo ie ty was invest igated b y coup l ing the th ieny l analogue o f 140, 

2-(4- řer ř -buty lphenyl ) -5- [2- (5- iodoth ieny l ) ] -1 ,3 ,4 oxadiazole 188,'^° w h i c h was synthesised 

w i t h i n our group, w i t h the boronic acid 164 to y ie ld the th ieny l -OXD- f luo rene hyb r id 189 i n 

4 2 % y ie ld . The replacement o f the dodecy loxy chains w i t h tert-butyl groups i n compound 

189 is not ant ic ipated to have a s igni f icant effect on the spectroscopic characteristics o f 189 

w i t h respect to 165 and 184. 

N֊N 
+ ( H 0 ) 2 B ^ ^ ^ ^ B ( 0 H ) 2 

СбН із СбН із 

164 

Scheme 80: Synthesis of compound 189: i) Pd(PPh3)2CI2, PBu*3, NajCOj, THF, Δ. 
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3.2.2 x - r a y C r y s t a l S t r u c t u r e o f 189 

The crystal structure o f compound 189 was solved b y D r A . Batsanov. The asymmetr ic un i t 

o f 189 comprises t w o molecules, 1 8 9 A and 189B, each hav ing one t-Bu and one w-hexyl 

group conformat iona l ly disordered (Figure 20) . The conformat ions o f the molecular ' r o ď are 

somewhat d i f ferent . I n molecu le 189B, as in 165, the central fluorene mo ie ty is planar w i t h 

the mean dev iat ion δ=0.013 Å (max. δ=0.025 Å ) , wh i l s t i n molecu le 189A i t is substant ial ly 

puckered (mean δ=0.08, max. 0.16 Å ) . The іп іеф іапаг angles between the fluorene mo ie ty (or 

rather its outer 6-membered rings, і and v ) and the adjacent thiophene r ings і і and v i varies 

from 4.6 to 36.4°, but on average are smaller than the corresponding angles i n 165, w h i c h has 

benzene rings instead o f thiophene. I n both molecules o f 189, the mutua l or ientat ion o f the 

two thiophene rings is transoid, that o f oxadiazole rings also transoid, and each adjacent pai r 

o f thiophene and oxadiazole rings has the ร and о atoms i n /ra«5-posit ions relat ive to the 

connect ing C-C bond. The dihedral angles between these and other rings along the chain are 

also mos t l y smal l . Overa l l , the ' r o ď acquires some out-of-p lane bend ing. Thus, the two 

ou t l y ing C(benzene) -C( / -Bu) bonds deviate f r o m the fluorene mean plane b y ca. 1° and 22° 

i n molecule 189A, 17° and 25° i n 189B. 

N1 N2 

Figure 20: X-ray structure of compound 189. 

3.2.3 O p t i c a l A b s o r p t i o n a n d Emiss ion Proper t i es 

Solut ion U V - V i s absorpt ion and photoluminescence (PL ) spectra for compound 184,185， 187 

and 189 were recorded i n D C M and are col lated i n Table 3. The Stokes shifts i n Xmax values 

for compounds 184, 185 and 189 are i n the range 50-80 n m , w h i c h agrees w i t h k n o w n O X D 
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der ivat ives. '^ ' Compound 187 has a Stokes shi f t o f ca. 130 ա ո , w h i c h w o u l d indicate a 

re la t ive ly larger conformat iona l change upon photoexc i ta t ion than fo r compounds 184, 185 

and 189. 

C o m p o u n d U V - V i s Abso rp t i on , 

\ ш х / ա ո 

P L , 

\nax / n m 

184 

185 

187 

189 

372 

371 

327, 380 

394 

4 1 1 , 4 3 1 

407 , 430 

460 

439, 466 

Table 3: UV-Vis absorption and emission Xmax values for compound 184,185,187 and 189 in DCM, 20 °С. 

The absorpt ion and P L spectra o f 184 and 185 (F igure 21) are abnost ident ica l , the P L 

structure consist ing o f a ma jo r peak and a red-shi f ted shoulder, b y analogy w i t h thei r pheny l 

analogues 165 and 1 7 1 . The } พ o f compound 184 is s l igh t ly red-shi f ted compared to 

185. 

™ 0.8 

с 0.6 

< 0.4 

250 300 350 400 450 

λ I nm 

500 550 600 

Figure 21ะ Normalized UV-Vis absorption (dashed łines) and PL (solid lines) spectra for compounds 184 

and 185 in DCM, 20 "С. Excitation wavelengths correspond to the maximum of absorption. 

The absorpt ion spectrum o f 187 d isplays a ma jo r peak at Xniax = 327 n m and a shoulder at >Wx 

= 380 n m . The P L spectram has one broad peak w i t h \iiax = 460 n m , w h i c h is red-shi f ted, 

compared to the 184, 185 and 189. The large Stokes shi f t , i nd ica t ing larger re lat ive 

con format iona l change upon photoexc i ta t ion o f 187 compared to the fluorene systems 184, 

95 



N e w O X D - F l u o r e n e H y b r i d s I n c o r p o r a t i n g P y r i d i n e A n d T h i o p h e n e U n i t s 

185 and 189, cou ld be at t r ibuted to the increased ab i l i t y fo r the molecu le to tw is t due to the 

absence o f the con fo rmat iona l l y restr ic t ing fluorene core. 

Õ 0.2 

250 300 350 400 450 

λ I nm 

500 550 600 

Figure 22: Normalized UV-Vis absorption (dashed lines) and PL (solid lines) spectra for compounds 187 

and 189 in D C M , 20 °С. Excitation wavelengths correspond to the maximum of absorption. 

The absorpt ion and emiss ion peaks o f 184 and 185 are red-shi f ted compared w i t h the i r pheny l 

analogues 165 (abs: 16 ա ո , P L : ca. 10 n m ) and 171 (abs: 15 n m , P L : ca. 9 ա ո ) , respect ively. 

F igure 23 shows the gradual red-shi f t i n P L from the spi robi f luorene pheny l analogue 171 to 

the 9 ,9 -d ihexy l f luorenepyr idy l analogue 184. 
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Figure 23: Normalized UV-Vis PL spectra for compounds 165, 171， 184 and 185 in D C M , 20 °С. 

Excitation wavelength corresponds to the maximum of absorption. 

The absorpt ion spectra o f the series o f O X D - f l u o r e n e compounds w i t h pheny l , p y r i d y l and 

th ieny l substiณents 165, 184 and 189, respect ively, are shown i n F igure 24. The structure o f 

the P L spectra fo r compounds 165, 184 and 189 (Figure 25) are a l l s im i la r i n shape w i t h a 

m a i n peak f o l l o w e d b y a shoulder red-shi f ted b y ca. 20 n m for 165 and 84, and b y 27 n m fo r 

189. For th is series o f compoxmds the absorpt ion and P L Xmax is red shi f ted go ing from pheny l 

165 to the p y r i d y l analogue 184 (abs: 16 n m , P L : ca. 10 n m ) and from 165 to the th ieny l 

analogue 189 (abs: 38 n m , P L : ca. 40 n m ) . 

The аЬзоф І іоп m a x i m u m for compound 187 shows a m a i n peak at l ower wave leng th 

than 165 and a fur ther peak at 380 n m , comparable w i t h 184. Th is b lue-sh i f ted peak is 

expected, as compound 187 w i l l be h i g h l y tw is ted due to the 2 -e thy lhexy loxy groups, leading 

to a reduct ion i n con jugat ion. The P L spectra o f 187 \nax is red-shi f ted compared to 

compound 184 b y ca. 40 ա ո . Th is is poss ib ly due to the electron donat ing characterist ics o f 

the 2 -e thy lhexy loxy groups. 
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Ū 0.4 

250 300 350 400 

λ I ท ทา 

450 500 

Figure 24: Normalized UV-Vis absorption spectra for compounds 165,184,187 and 189 in DCM, 20 "С. 

•g 0.5 

ริ 0.4 

ริ 0.3 

λ I nm 

650 

Figure 25ะ Normalized PL spectra for compounds 165, 184, 187 and 189 in DCM, 20 °С. Excitation 

wavelength corresponds to the maximum of absorption. 

The red-shi f t i n absorpt ion and P L spectra w i t h the replacement o f pheny l ring (165 and 171) 

b y the p y r i d y l ring (184 and 185) is i n agreement w i t h the calculated electronic states o f these 

compounds (Sect ion 3.2.4), where a decrease i n the H O M O - L U M O energy gap b y ca. 0.23 
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eV for bo th 184 and 185, w i t h respect to 165 and 171 is observed, or ig inat ing f r o m the 

electron def ic ient character o f the py r id ine ring. 

The replacement o f the pheny l r i ng (165) b y the th ieny l ring (189) leads to a larger 

red-shi f t i n both absorpt ion and emission spectra. Th is can be explained b y a "push-pu l l 

e f fec t " o f the conjugated electron donat ing thiophene ring and the electron accepting 

oxadiazole ring l ower ing the H O M O - L U M O gap.'^^ A l so , compound 189 possesses an 

increased planar i ty compared to 165 (observed from the X - r a y structure o f 189, Sect ion 3.2.2) 

this increase i n conjugat ion w i l l also contr ibute to a red-shif t i n аЬзоф Ї іоп and P L spectra. 

W i t h i n our group invest igat ions into the replacement o f a pheny l ring w i t h th ieny l in a lkyne 

substituted O X D s also lead to a red-shi f t i n the absorbance and P L spectra. 

3.2.4 Q u a n t u m C h e m i c a l Ca l cu la t i ons 

Ab initio calculat ions were per fo rmed b y D r I. F. Perepichka i n our group. D F T calculat ions 

were per formed to elucidate the geometry and the electronic state o f the new p y r i d y l -

conta in ing der ivat ives 184 and 185 i n compar ison w i t h 165 and 171 . A s prev ious ly (Chapter 

2 ) , to decrease the computat ional t ime calculat ions were per fo rmed on molecules 184a and 

185a (Append ix 2.2). Calculat ions were also per fo rmed on the geometr ical isomers o f 

compounds 184a and 185a, w i t h d i f ferent subst i tut ion posi t ions at the pyr id ine r ings 

(compounds 184a-iso and 185a-iso), w h i c h have not been synthesised. 

ОСНя 

НзСО 

C2H5 C2H5 

ОСНз 

H3CÖ 185a-iso 

Scheme 81: Molecular structures of 184a-iso and 185a-iso. 

The opt imised geometries o f compounds 184a-iso and 185a-iso are general ly s imi lar to the 

prev ious ly reported benzene analogues 165a and 171a, whereas the reduced sterie hindrance 
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between the py r id ine and fluorene rings i n 184a and 185a results i n substantial p lanar isat ion 

o f the system and consequent ly an increase i n the con jugat ion (F igure A 9 ， Append i x 2.2) . 

Thus , the d ihedra l angles between the py r id ine and fluorene rings i n compounds 184a and 

185a are 15.5° and 16.3°, respect ively, whereas these angles i n 184a- iso and 185a- iso are 

36.4° and 36.5° , respect ively, w h i c h are s imi la r to those between the fluorene and adjacent 

benzene rings i n 165a and 171a, viz. 35.9° and 36.3° , respect ively. A l l these s ix strucณres 
show p lanar i ty at the oxadiazole site; the dihedral angles between the oxadiazole m o i e t y and 
the adjacent benzene and pyr id ine rings are less than 1°. 

The local isat ion o f the H O M O and L U M O orb i ta l coef f ic ients fo r compounds w i t h 

d i f fe rent substiณents at pos i t ion 9 o f the fluorene mo ie t y is qui te s imi la r fo r bo th series, i.e. 

184a/18รa and 184a- iso/18รa- iso. The m a i n popu la t ion o f the H O M O is on the central 

aromat ic fluorene mo ie t y w i t h some extension onto the py r id ine and oxadiazole moiet ies , and 

qu ino ida l character o f the L U M O orb i ta l (see Figures A I O and A l l , A p p e n d i x 2.2) . 

Compar i son o f the t w o isomers, 184a and 184a- iso, demonstrates some di f ferences i n the 

occupancy o f their H O M O ร . I n the case o f 184a, better p lanar i ty and consequent ly increased 

con jugat ion between the py r id ine and fluorene rings, results i n increased popu la t ion on the 

central fluorene ring, whereas for the isomer 184a-iso the H O M O is more delocal ised over the 

mo lecu le even extending onto the te rmina l a lkoxypheny l moiet ies (F igure 26) . 

184a, L U M O = - 2 . 3 4 e V 184a, H O M O = - 5 . 6 7 e V 

184a-iso, L U M O = ֊2.25 eV 184a- iso, H O M O = ֊5.78 e V 

Figure 26: B3LYP/6-311G(2d,p)//B3LYP6-31G(d) frontier orbitais of compounds 184a and 184a-iso. 

The most interest ing feature o f the electronic strucmre o f the new compounds 184 and 185, 

compared to their benzene analogues 165 and 1 7 1 , is the d i f ference i n the frontier orb i ta l 

energies (F igure 27) . Whereas the H O M O energies for bo th series o f compounds are a lmost 

the same (the d i f ference is on l y »0 .03 -0 ,04 e V ) , a pronounced decrease i n the L U M O 
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energies b y 0.28 eV is observed w h e n the benzene rings i n 165a and 171a are replaced b y 

py r id ine rings (184a and 185a) (F igure 27) . Subst i tu t ion o f the pheny l rings i n 165a and 171a 

b y isomer ic py r i d ine rings (compounds 184a- iso and 185a- iso) results i n a decrease i n 

H O M O energy levels b y 0.14 eV ( i n contrast to 184a and 185a) whereas the decrease i n thei r 

L U M O energies is less pronounced (0.19 e V ) , so the isomers 184a-iso and 185a- iso are 

expected to be weaker electron acceptors than 184a and 185a (a l though s t i l l stronger 

acceptors compared to 165 and 171). S imi la r results were obtained from the comparat ive 

orb i ta l analysis o f compounds 184a, 185a, 165a and 171a at the B 3 L Y P / 6 - 3 1 G ( d ) leve l o f 

theory ( ve ry s im i la r H O M O orb i ta l energies and a decrease i n L U M O energies upon rep lac ing 

the benzene rings b y py r id ine rings; see F igure A 8 ， Append ix 2.2. Th is pronounced decrease 

i n L U M O orb i ta l energies i n compounds 184a and 185a or iginates from the e lectron-def ic ient 

character o f the py r id ine rings and thei r or ientat ion w i t h respect to the fluorene mo ie t y ; th is 

makes them stronger electron acceptors and on th is basis increased E T propert ies and 

imp roved per fonnance o f O L E D s w o u l d be expected from compounds 184 and 185. 
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Figure 27: B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) orbital energy level diagrams for compounds 184a, 

185a compared with isomers 184a-iso and 185a-iso, and benzene analogues 165a and 171a. 

3.2.5 O p t i c a l P r o p e r t i e s a n d Dev ice P e r f o r m a n c e 

A l l the O L E D s were fabr icated b y J. H . A h n i n co l laborat ion w i t h P r o f M . c . Pet ty 'ร group i n 

the School o f Eng ineer ing, Un ive rs i t y o f D u r h a m . The current versus vo l tage ( I - V ) and l igh t 

output versus vo l tage (L֊V) characteristics o f s ingle- layer po l ymer b lend devices us ing 184， 
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185， 165 and 171 are shown i n F igure 28 (pos i t ive bias appl ied to the I T O electrode). The 

device conf igura t ion was Մ Օ / М Е Н - Р Р V ： Е Т Ы В / A l and the po lymer b lends a l l conta ined 

7 0 % o f the electron transport mater ia ls b y we igh t . W h i l e the current densi ty was s imi la r fo r 

a l l the devices invest igated, the electrolmninescent output var ied considerably. The l igh t 

outputs from der ivat ives 184 and 185 were s ign i f i cant ly h igher than for compounds 165 and 

1 7 1 . Fo r example, at 10x10^ V c m " ' , the l ight emiss ion from blended devices conta in ing 184 

and 185 was about 2.5 and 10 t imes higher, respect ively, than from the device іпсофога І іп§ 

165. 

Electric field (10^V/cm) 
14 0 2 4 6 8 10 12 14 

Electric field (10'v/cm) 

(a) (b) 

Figure 28: (a) Current density versus electric fíeld and (b) light output versus electric field characteristics 

for MEH-PPV polymer blend OLEDs incorporating 184, 185, 165 and 171. The polymer blends each 

contain 70% by weight of the electron transport materials. Device confîguration: ITO/MEH-

PPV:ETHB/A1. 

Figure 29 shows the external quanณm eff ic iencies o f the O L E D s (data calculated from the 

optoelectronic characterist ics o f F igure 28) . The e f f i c iency o f devices based o n 7 0 % blends o f 

184 and 185 was ca. 0 .08% and 0 .25%, respect ively. I n compar ison, the e f f i c iency o f b lend 

devices іпсофога ї іп§ 7 0 % o f 165 and 171 was ca. 0 .05%, w h i l e that o f a pure M E H - P P V 

reference device was 10 ՜^%, and for O L E D s based on pure 185 less than 10՜^%. The increase 

i n the external quantum e f f i c iency o f an O L E D can result from either an increase i n the l i gh t 

emiss ion or a decrease i n the current (or bo th) . F r o m Figure 28 , i t is evident that the 

improvement i n the ef f ic iencies o f the devices conta in ing 184 and 185 is due to increased 

102 



N e w O X D - F l u o r e n e H y b r i d s I n c o r p o r a t i n g P y r i d i n e A n d T h i o p h e n e U n i t s 

l i gh t emission. Th is can almost cer ta in ly be at t r ibuted to an enhanced electron ( m i n o r i t y 
carr ier) in jec t ion from the top a l u m i n i u m cathode. 

Ę 

I 
ш 

10 20 ЗО 40 50 

Current density (mA/cm^) 

Figure 29: The external quantum efílcíencieร of MEH-PPV polymer blend OLEDs incorporating 70% by 

weight of 184， 185,165 and 171. Device configuration: ITO/MEH-PPV:ETHB/Al. 

The var ia t ion o f quan tum e f f i c iency w i t h the b lend compos i t ion is depicted i n F igure 30, 

W h i l e the e f f i c iency for 165-conta in ing O L E D s increased w i t h concentrat ion over the range 

o f compos i t ion invest igated, the ef f ic iencies o f devices іпсофога Ї іп§ compounds 184 and 185 

appeared to sa toa te ( i n the case o f 184) or even reduce (185) for devices conta in ing h i gh 

concentrat ions o f the E T materials. The d im in ished e f f i c iency o f O L E D s conta in ing 

compound 185 is p robab ly related to a decrease i n the l igh t emiss ion at h i gh concentrat ions 

( 9 5 % ) as the ho le current is expected to reduce for blends consist ing p redominan t l y o f the E T 

compound . The m a x i m u m external ц и а п Ш т e f f i c iency that cou ld be achieved from the 

blended- layer devices was 0 .24% fo r the O L E D conta in ing 7 0 % o f compound 185. Th i s 

e f f i c iency is over 200 t imes h igher than that fo r pure M E H - P P V devices and about tw i ce the 

highest values achieved w i t h blended- layer devices incorpora t ing O X D - f l u o r e n e hybr ids 165 

and 1 7 1 . I t is also s ign i f icant that the 185 blended- layer devices were more e f f ic ient than 

O L E D s incorporat ing compound 184 throughout the concentrat ion range invest igated. There 

are other examples i n the l i terature where the spi ro-b i f luorene system enhances e f f i c iency 

compared to the 9 ,9-d ia lky l f luorene analogues, w h i c h can y ie ld fluorenone defects that 

quench the emiss ion. 
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Figure ЗО. External quantum efficiency of blended MEH-PPV OLEDs incorporating 184, 185 and 165. 

Data are shown for blend devices with 50%, 70%, and 95% by weight. 

The external quanณm ef f i c iency o f our O L E D s cou ld be increased fur ther b y us ing a layer o f 

PEDOT:PSS between the I T O and the blended- layer f i l m . ' ^ " Th is resulted i n an e f f i c iency 

increase o f 2—3 t imes, regardless o f the compos i t ion and mater ia l . A 7 0 % compound 185-

conta in ing b lend device w i t h P E D O T exh ib i ted an external quan tum e f f i c iency o f 0 .5% and a 

lum inous e f f i c iency o f 0.93 cd A—I. at 9.5 V and a luminance o f 100 cd m—2. W h e n the A l 

cathode was replaced b y с a /A l ( thermal ly evaporated), the e f f i c iency values fo r the 7 0 % 185-

based device increased fur ther to 0 .6% and 1.2 cd A—' at 10.5 V . 

Th is result is interest ing as the use o f Ca migh t be expected to increase s ign i f i can t l y 

the b lend e f f i c iency , as i t does w i t h pure M E H - P P V (at 5 V and 100 cd A—i the E Q E and the 

luminous e f f i c iency fo r an I T O / P E D O T / M E H - P P V / C a / A l device were 0 .42% and 0.72 cd PC 

1， respect ively) . However , o n l y a ve ry modest increase was observed. Th is suggests that the 

t w o methods o f enhancing the electron in jec t ion into the emissive po l ymer are mu tua l l y 

exc lus ive, i.e. one can either use a l o w w o r k fimction meta l such as Ca, or exp lo i t a b lended-

layer structure. For the latter devices, i t appears that there is not m u c h fur ther ga in i n then 

add ing Ca as a top electrode. Indeed, the use o f b lended layers w i t h an A l cathode of fers a 

d is t inct advantage i n terms o f env i ronmenta l s tabi l i ty and ease o f hand l ing , as Ca electrodes 

are h i g h l y react ive and unstable i n the atmosphere. 

F igure 31 contrasts the E L spectrum o f a pure M E H - P P V device w i t h the spectra from 

5 0 % 165, 5 0 % 185 and 7 0 % 184 b lended- layer O L E D s . The emiss ion from a l l these devices 

was from M E H - P P V . N o E L cou ld be detected from the E T mater ia ls, w h i c h are a l l b lue 
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emitters. The pure MEH-PPV device exhibited a main peak at 570 nm while the spectra o f the 
blended-layer devices were red-shifted, wi th the mam peaks located at ca. 590 ա ո . As 
suggested in Chapter 2 it is believed that these long terminal groups are responsible for the 
red shift. It is known that the emission o f conjugated polymers such as MEH-PPV can be 
changed by varying its chain conformation. This, in turn, is affected by the polarity o f the 
solvent or by the spin casting speed.'"' '^^ 

< 
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Pure MEH-PI 
165 50% 
184 70% 
185 50% 

Wavelength (nm) 

Figure 31: The EL spectra of a pure MEH-PPV OLED and blended-layer devices incorporating 

compounds 50% 165, 70% 184, and 50% 185 by weight. 

The implication o f this is that the components o f the blended layers (polymer and ET 

material) are intimately mixed. The fact that no direct EL from the ET materials could be 

measured, even at high concentration (up to 95%), implies that the molecules o f these 

materials are well-distributed among the MEH-PPV polymer chains. Under certain 

conditions, however, we found that phase separation could be observed for blended-layer 

devices based on 184 and 185; for example, by using fi lms that were spin-cast from solutions 

o f a mixed solvent. Figure 32 shows atomic force microscope (AFM) images o f 70% 184 (a) 

and 50% 185 (b) blended-layer films spin-cast from the mixed solution using chloroform as 

the solvent; and 50% 184 (c) and 50% 185 (d) films formed using a mixed solvent system, 

viz. chloroform and p-xylene (3:1 v/v). There is no notable morphology in the blend films 

spin-coated from the pure chloroform solution (the micron-size particles evident in Figures 

32a and 32b are thought to originate from environmental contamination during processing). 

However, a needle-like phase is clearly visible in both the blended-layer films formed from 

the mixed solvent. The phase separation was particularly acute in the films containing 

compound 185. This is probably related to the presence o f the bulky spiro unit at the centre o f 
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the molecule, which inhibits mix ing w i th the chains o f the MEH-PPV. (This solvent effect 
was not observed in comparable experiments using ET materials 165 and 171). The 
microstructure and crystallimty o f MEH-PPV films are known to vary depending on the 
solvents from which the film has been cast.'^^ 

Figure 32: A F M images of the 70% 184 (a) and 50% 185 (b) blend Alms spin-cast f rom the blend solution 

using chloroform as the solvent; 50% 184 (c) and 50% 185 (d) blend nims from the blend solutions using 

the mixture of chloroform and p-xylene (3:1 v/v). 

In contrast to the results from Figure 3 1 , EL from the ET compounds was evident in OLEDs 

incorporating phase-separated layers. Figure 33 compares the EL spectra o f a 70% 185 

blended-layer device formed from pure chloroform with 70% 184 and 70% 185 blended-layer 

devices formed using the mixed solvent. Small shoulders in the 420-520 ա ո region can be 

seen in the spectra for the OLEDs fabricated using the mixed solvent; this is more evident for 

the device containing compound 185. These peaks coincide with the emission from devices 

based on the pure ET compounds 184 and 185. The phase separation also affected the external 

quantum efficiencies o f the devices. The efficiency o f all these devices decreased as the blend 

106 



New OXD-F luorene Hybr ids Incorporat ing Pyridine A n d Thiophene Units 

composition exceeded 50% of the ET material and was less than 0 .1%. The interface between 
the separated phase and the matrix can act as a quenching site where non-radiative singlet-
exciton decay takes place, consequently reducing the light emission and the efficiency. 
Another reason for the efficiency decrease wi th the concentration can be that more light w i l l 
be emitted from clusters o f 185. 

i : 
พ 

Wavelength (nm) 

Figure 33. The EL spectra of 70% 185 devices spin-cast from chioroform solution; 70% 184 and 185 

device f rom the solution using a mixture of chloroform (CF) and /»-xylene (Xy) solvent. 

3.3 CONCLUSIONS 

We have synthesised the 2-phenyl-5-pyridyl-1,3,4-oxadiazole ring system 183 and described 

Suzuki cross-coupling reactions to obtain the first OXD-f luorene hybrids which іпсофогаїе 

pyridine (184 and 185) within the linearly-extended TT-electron system. The first O X D -

fluorene hybrid that incorporates a thienyl unit (189) was also synthesised. X-ray structure 

analyses o f 189 revealed that two molecular configurations o f 189 are present in the unit cell. 

Spectroscopic studies in solution establish that replacement o f the phenyl ring in 

compounds 165 and 171 by a pyridine ring (184 and 185， respectively) leads to a significant 

red-shift in both the absorption (ca. 16 աո) and emission spectra (ca. 10 ա ո ) . Further red-

shift in absorption (ca. 38 nm) and emission spectra (ca. 40 nm) are observed when the 

phenyl ring (165) is replaced wi th a thienyl ring (189). 

We have shown that the introduction o f the pyridyl unit into OXD-fluorene systems 

significantly increases the ETHB properties o f the materials. Single-layer OLEDs were 

fabricated by spin-coating blends o f MEH-PPV as the emissive material w i th added ET 
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compounds 184 or 185. The external quantum efficiencies o f the devices were greatly 

enhanced compared to pure MEH-PPV reference devices, wi th EQEs of (based on 70% 

blends) 184 and 185 o f ca. 0.08 % and 0.25 %， respectively. In comparison, the efficiency of 

blend devices incoφorating 70% of 165 and 171 was ca. 0.05 %， while that of a pure M E H -

PPV reference device was 10՜^%. 

Further improvements in efficiency were realised by іпсофогайп§ PEDOT:PSS. The 

EQE for the device IT0/PED0T:PSS/MEH-PPV-185 (30:70% by weight)/Al reached 0.5% 

and a luminous efficiency o f 1.1 cd A" ' at 11 V and a luminance of 100 cd ու՜շ was achieved. 

Replacing the A l cathode with с a/Al gave only a modest increase in efficiency (EQE 0.6 % 

and 1.3 cd A" ' at 9.3 V ) unlike the pure MEH-PPV reference device where a far greater 

increase in efficiency occurs, т ы ร leads to the important conclusion that electron injection 

into the MEH-PPV emitter can be enhanced either by using a low work function metal such 

as Ca, or by exploiting a blended-layer structure. 
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4 A N E W O X D - F L U O R E N E COPOLYMER 

4.1 INTRODUCTION 

Having successfully achieved the synthesis o f OXD-fluorene hybrid materials (165 and 171) 

which met wi th success as ETHB materials, we therefore turned our attention to polymeric 

OXD-fluorene hybrids for use in OLEDs as emissive materials wi th electron transport 

characteristics. 

OXD-fluorene main c h a i n a n d side chain polymers'^^^''^^ have been synthesised and 

applied in PLEDs. In our group Wang et я/. 113 synthesised the poly(alkoxyPBD) derivative 

114 using Suzuki coupling methodology. Following on from this work, our strategy was to 

combine the O X D units wi th a spirobifluorene core to provide blue emission and minimise 

the formation o f fluorenone defects. Ethylhexoxy units were introduced into the system to 

increase solubility and hence processability. 

In this chapter we report the synthesis o f the OXD-fluorene copolymer 191 via Suzuki 

coupling methodology along with solution and solid-state optical аЬзофйоп and PL spectra. 

The synthesis o f the monomer 196, an analogue o f 165, which was achieved via a tetrazole 

route, is also described. 

4.2 RESULTS AND DISCUSSIONS 

4.2.1 Synthesis 

Init ial ly we synthesised polymer 191 via Suzuki-type co-polymerisation of an equimolar 

mixture o f the OXD derivative 190, which was synthesised by c. Wang in our laboratory, and 

the dipinacolboronate reagent 170՛^^՛՛ wi th Р(1(РРҺз)4 as the catalyst in THF. This yielded the 

target copolymer 191 in a 7% yield. The polymer was subjected to GPC analysis in THF 

solution using a refractive index detector. Molecular weights were calculated from a 

calibration curve created with polystyrene standards, and so are approximate values. The 

polymer synthesised under these initial conditions (i) had a number average molecular weight 

(Ми) o f ca. 3.8 X 10^ g m o ľ ' , wi th a polydispersity (pd) index of 2.0. Due to the low yield o f 

polymer 191 under this first set o f conditions, we repeated the synthesis under the second set 
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o f conditions ( і і ) . The Pd(PPh3)4-catalysed Suzuki coupling reaction o f dipinacolboronate 
reagent 170 and monomer 190 was accomplished in toluene solution by adding a catalytic 
amount o f bulky tri-/er/-butylphosphine as a promoter. This revised set o f conditions (і і) 
yielded the polymer in an increased yield o f 48%. GPC analysis was carried out, as 
previously, and revealed that polymer 191 synthesised under conditions ( і і ) had an increased 
Mn ofca. 5.8 X 10^ g m o l a n d a pd of 2.35. 

170 
і or ii) 

190 

Scheme 82: Synthesis of polymer 191 (i) Рй[РРҺз]4, NajCOa, THF, Δ; (ii) Р(1[РРҺз]4, PBu*3, К2СО3, 

toluene, Δ. 

Polymer 191 exhibited good solubility in a range o f common organic solvents. Differential 

scanning calorimetry (DSC) was carried out at a heating rate o f 10.0 °С min"՝ in the 

temperatore range from 25 to 300 **c. For polymer 191 no phase transitions were observable. 

The synthesis o f monomer 196 was achieved via a tetrazole route.^^ 2,7-Bis(4֊ 

cyanophenyl)-9,9-dihexylfluorene 193 was synthesised in 47% yield via Suzuki coupling o f 

9,9-dihexyl-2,7-dibromofluorene 163 and the commercially available 4-cyanophenyl boronic 

acid 192.՚^՛՛ Compound 193 was converted into the corresponding tetrazole 194 in 82% yield, 

via the reaction o f sodium azide and ammonium chloride in DMF.^^ Tetrazole 194 was then 

treated wi th 4-iodobenzoyl chloride 195 in pyridine to yield the monomer 196 in 75 % yield. 
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Scheme 83: Synthesis of compound 196 (і) PdIPPhjlîCb, РВи'з, NaiCOj, THF, Δ; (ii) NaNj, NH4CI, DMF, 

Δ; (iii) pyridine, Δ. 

4.2.2 Optical Absorpt ion and Emission Properties 

Solution UV-Vis аЬзофйоп and PL spectra for polymer 191 were recorded in D C M . A broad 

absorption was observed for the polymer wi th Xniax o f 380 nm. The PL spectrum consisted o f a 

major peak at Xniax = 415 nm and a red-shifted shoulder at \nax = 436 ա ո . 
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Figure 34ะ Normalized UV-Vis absorption (dashed line) and PL (solid line) spectra for polymer 191 in 

DCM, 20 °С. Excitation wavelengths correspond to the maximum of absorption. 

Photoluminescence quanณm yields (PLQY) measurements were undertaken by ร. K ing in 

collaboration wi th Prof A. p. Monkman'ร group in the Department o f Physics, University o f 

Durham. Solution PLQY measurements were undertaken in toluene using diphenylanthracene 

(DPA) as a standard. For polymer 191 a solution PLQY of 77% was calculated from 

integration o f the PL o f polymer 191 in comparison wi th that o f the DPA standard (Figure 

35). 
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Figure 35: UV-Vis PL spectra for polymer 191 and DPA in toluene, 20 °С. Excitation wavelengths 

correspond to the maximum of absorption. 

Solid state PLQY measurements o f thin films o f polymer 191 were carried out using a 

fluorimeter in combination wi th an integrating s p h e r e . P o l y m e r 191 was spin-coated onto a 

sapphire substrate from chlorobenzene. The calibrated PL was calculated from the measured 

spectra by subtracting the spectral response o f the sphere (Figure 36). 

191 Observed 
Sphere 

191 Calibrated 

5x10 -

4x1 o 4 

二 ЗхЮЧ 

2x1 о ч 

1х10Ч 

λ / nm 

Figure 36: PL spectra of thin fílms of polymer 191 and calibrated spectra used in PLQY measurements. 
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The calculated PLQY for the thin f i lm o f polymer 191 was only ca. 1 % , which is significantly 
diminished, compared to the solution state PLQY. There is precedent for this reduction in PL 
efficiency in related systems, as Morgado et al. found that the PL efficiency o f a series o f 
fluorene-thiophene copolymers was strongly reduced on going from solution to the solid state, 
which was attributed to the quenching effects associated with the interchain interactions/^^ 
Given this low PLQY for films of 191, device studies were not pursued. 

4.3 CONCLUSIONS 

We have synthesised the fluorene-OXD copolymer 191 and the monomer 196. No further 

studies were carried out on copolymer 191 due to the strong reduction in PLQY in the solid 

state compared to solution measurements, which is severely detrimental for OLED 

applications. The monomer 196 was prepared via a tetrazole route but was not taken any 

further. This compound is the analogue o f 165 and could be a key reagent in future OXD-

fluorene co-polymer studies within our laboratory. 
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Experimental Procedures 

5 EXPEIUMENTAL PROCEDURES 

This chapter details the experimental procedures and analytical data for each o f the novel 

compounds presented in this thesis. This chapter also includes the experimental procedures 

for some compounds which were already known in the literature that were used in the course 

of this work. 

5.1 GENERAL METHODS 

A l l reactions that required inert or dry atmospheres were carried out under a blanket o f argon, 

which was dried by passage through a colunm of phosphorus pentoxide. A l l reagents 

employed were o f standard reagent grade and purchased from Aldrich, Lancaster, Avocado, 

Fluka or Merck and used without further purification unless otherwise stated. The fol lowing 

solvents were dried and distilled immediately prior to use: acetone, over Drierite (CaSO 4), 

acetonitrile and dichloromethane over calcium hydride, diethyl ether and toluene over sodium 

metal, tetrahydroftiran over potassium metal. ĶЛ^-Dimethylformamide was dried by standing 

over 4 Å molecular sieves for at least 48 h and was not distilled prior to use. Ethanol and 

methanol were dried and distilled over magnesium turnings and stored under dry argon over 3 

Å molecular sieves. Pyridine was dried by standing over potassium hydroxide overnight 

followed by vacuum distillation and stored under dry argon over 3 Å molecular sieves. 

Chlorobenzene, cyclohexane, ethyl acetate, hexane and petroleum ether were used without 

prior purification. 

Column cføomatography was carried out using Prolabo silica (70-230 mesh). Solvents 

used for chromatography were distilled prior to use, wi th the exception o f dichloromethane, 

chloroform and petroleum ether, which were used as supplied. Analytical Thin Layer 

Cføomatography (tic) was performed on Merck DC-Alufol ien Silica gel, 60 F254 0.2 mm 

thickness or Merck DC-Alufol ien oxide neutral (Type E), 60 F254 0.2 mm thickness precoated 

tic plates. 
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UV-Vis spectra were recorded using a Varian Cary 5 spectrophotometer at ambient 

temperatures. Photoluminescence spectra were recorded using a Jobin-Yvon Horiba Flurolog 

3-22 Tau-3 spectrofluorimeter wi th a 0.5-2 nm bandpass using a Xenon lamp. Spectra were 

recorded using conventional 90 ° geometry wi th an excitation at the maximum absorbance 

recorded for the specific compound. PLQY of thin films were measured using a Jobin-Yvon 

Fluromax spectrofluorimeter equipped with integrating sphere. 

For the fabrication o f OLEDs, MEH-PPV was purchased from Aldrich and blended 

with the ET materials described in Chapters 2 and 3. Indium-tin-oxide (ITO) coated glass 

from Merck wi th sheet resistance o f 9 Ω ᄆ一' was used as the anode. This was cleaned by 

ultrasonication in acetone and isopropyl alcohol for 30 min each and dried wi th a nitrogen 

gun. The polymer and ET materials were dissolved in chloroform or in a mixture of 

chloroform and/？-xylene (3:1 v/v) to provide the blend solution, which was spin-coated onto 

the ITO. The concentration o f ET material was changed from 20% to 95% for compounds 

165, 171 and 177 and 50 % to 95 % for compound 184 and 185， o f the total weight. 

Following the spin-coating, A l or с a/Al top electrodes, in the form o f dots (radius 1 nun; 

thickness 150 nm) were thermally evaporated at a pressure o f about 10—6 mbar. In some cases 

PEDOT:PSS, purchased from Bayer A G , was spin-coated onto the ITO prior to the deposition 

o f the polymer blend. These PEDOT layers (40 nm in thickness) were dried for 12 h in 

nitrogen at room temperature to remove residual solvent. 

Electrical measurements were undertaken in a vacuum chamber (10՜' mbar). The d.c. 

bias was applied and the current measured by a Keithley 2400 Source Meter. The light 

emitted from the device was collected by a large area photodiode (1.5 cm diameter) connected 

to a Keithley 485 Digital Picoammeter. For external quantum efficiency measurements, the 

light power was calculated using the photocurrent and the conversion factor (wavelength 

dependent) o f the photodiode (ampere/watt). Electrolmninescence (EL) spectra were 

measured using an Ocean Optics USB2000 Miniature Fibre opt ic Spectrometer. The surface 

moφhologies o f the blend fi lms were observed using a Digital Instrument NanoScope E 

atomic force microscope. 
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Solution Ή N M R and ' 3 C N M R spectra were recorded on Mercury 200, Varian Unity 300, 
Bruker Avance 400 and Varian Inova 500 spectrometers operating at (Ή ) 199.99, 299.91, 
400.13, 499.99 and ('^C) 50.29, 75.42, 100.62, 124.99 MHz, respectively. Chemical shifts are 
reported in ppm downfield of tetramethylsilane (TMS), using TMS or the residual solvent as 
internal reference. The fol lowing abbreviations are used in listing N M R spectra: ร = singlet, d 
= doublet, dd = doublet of doublets, dt = doublet o f triplets, է = triplet, m = multiplet and br = 
broad. 

Mass spectra were obtained on a VG7070E instrument operating in E I mode at 70 eV. 

Electrospray high resolution mass spectra were obtained on a Micromass LCT (TOF). 

MALDI -TOF spectra were obtained on an Applied Biosystems Voyager-DE STR operating in 

reflector mode. 

Elemental analyses were obtained on a Carlo-Erba Strumentazione instrument. 

Melt ing points were determined in open-end capillaries using a Stuart Scientific melting point 

apparatus SMP3 at a ramp rate o f 2.^ ^ min" ' without calibration. 

Single-crystal X-ray diffraction experiments were carried out on a Bruker SMART 3-

circle diffractometer wi th an APEX CCD area detector, using graphite monochromated Mo-

Ka radiation (Я =0.71073 Å) from 6 0 พ Mo-target microfocus Bede Microsource® X-ray 

generator with glass polycapillary X-ray optics and a Cryostream-Plus open-flow N2 cryostat. 

The structure was solved by direct methods and refined by full-matrix least squares against 

o f all reflections, using SHELXTL 6.14 software (Bruker-Nonius AXS, Madison, W I , USA, 

2003). 
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5.2 EXPEMMENTAL PROCEDURES OF CHAPTER 2 

5.2.1 Suzuki Cross-Coupling: General Procedure 

The halide, the boronic acid and the catalyst (5 mo l% relative to the boronic acid) were added 

sequentially to degassed THF/ DMF/ toluene, in the absence o f light. The reaction mixture 

was stirred at 20 °С for 0.5 h. Degassed aqueous ЫагСОз/КгСОз solution was added and the 

reaction mixture was heated at reflux under Ar until tic monitoring showed that the reaction 

was complete (48-96 h). Solvent was evaporated in vacuo and the crude products were 

extracted into organic solvent. The organic layer was washed with H2O, separated and dried 

over MgS04. Products were purified by column chromatography. 

5.2.2 4-Bromo-benzoic acid hydrazide 138 

է Methyl-4-bromobenzoate 137 (10.75 g, 50 mmol) was dissolved in 

• H 2 ethanol (70 cm^) wi th heating. Hydrazine monohydrate (7.27 c m \ 150 

mmol) was added and the mixture was reflux ed for 12 h. The solution was then cooled to rt 

and the white crystalline solid collected by suction filtration and washed with cold ethanol. 

The product was then dried under high vacuum for 24 h yielding compound 138 (9.68 g, 

90%), mp: 167.8-168.1 °С , (l it. '^' 163-165 "C). ÔH (DMSO-dö, 400 MHz) 9.84 (ร, Ш ) , 7.75 

(d, J 8, 2H), 7.64 (d, 7 8 , 2H), 4.49 (s, 2H). ôc (DMSO-dö, 100 MHz) 165.57, 133.07, 132.03, 

129.74, 125.46. 

5.2.3 2-(4-Bromophenyl)-5-(4-dodecyloxyphenyl)-l,3,4-oxadiazole 140 

4-n-Dodecyloxybenzoic acid (3.07 g, 10 mmol) 135 was 

Ci2H25oA^ リ V ^ ^ B r refluxed in thionyl chloride (SOCI2) (15 cm3) for 12 h under 

argon to obtain a clear orange solution. The excess SOCI2 was then removed by vacuum 

distillation to yield an orange residue. Dry toluene (30 cm 3 ) was then added and distilled o f f at 
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reduced pressure to remove any remaining S0Cİ2 . After cooling to rt, 4-bromobenzoic acid 
hydrazide 138 (2.15 g, 10 mmol) dissolved in pyridine (20 cm^) was added via syringe. The 
solution was stirred for 0.5 һ at rt and then for a further 0.5 һ at 110 ° С Pyridine was 

removed by vacuum distillation. After cooling to rt, methanol (100 сщЗ) was then added and 

the suspension was heated at reflux for 15 min, cooled and the white solid obtained by 

vacuum filtration. The crude intermediate product was dried for 12 һ under high vacuum and 
then refluxed wi th phosphoras oxychloride (РОСЬ) (25 cm^) for 5 һ after which time the 
РОСЬ was removed by vacuum distillation yielding a cream solid. Methanol (100 cm 3) was 

then added and the suspension was heated at reflux for 15 min, cooled and the solid obtained 

by vacuum filtration. The crude product was then purified by column chromatography (eluent: 

DCM-EtOAc 19:1 v/v) and crystallisation (ethanol) to yield white crystals of compound 140 

(3.7 g, 76%), mp: 101.5-102 X (lit.^^^ 101 °С). MS (EI) m/z 486 (M+， s'Br, 100%), 484 (M+， 

7 9 Br , 98%). Anal. Caled for СгбНззВгКгОг: с, 64.33; н , 6.85; N, 5.77. Found: с, 64.09; н , 

6.89; N, 5.60. 5н (CDCİ3, 400 MHz) 8.04 (d, J 9, 2Н)， 7.98 (d, у 8.8, 2Н), 7.66 (d, J 8.8, 2Н)， 

7.01 (d, / 8.8, 2Н), 4.03 (է, / 6.6, 2Н), 1.81 (m, 2Н), 1.26 (m, 18Н), 0.87 (է, / 6 . 5 , ЗН). ôc 

(CDCİ3, 100 MHz) 167.31, 163.60, 162.32, 132.61, 128.95, 128.43, 126.37, 123.25, 116.23, 
115.23, 68.53, 32.151, 29.87, 29.80, 29.59, 29.34, 26.23, 24.68, 24.53, 22.93, 21.31, 14.37. 

5.2.4 Attempted synthesis of 2-(4-benzene boronic acid)-5-(4-dodecyloxyphenyI)-[ 1,3,4] 

oxadiazole 141 

^-::^^^^Ą^^ty^ To a solution o f 2-(4-bromophenyl)-5-

շ^շ^շՔ՜՜\^յ о І̂ _^Д^В(0Н)2 (dodecyloxyphenyl)-l,3,4-oxadiazole 140 (1.0 g, 2.1 

mmol) in dry THF (40 cm^) was added «BuLi solution in hexane (1.6 M , 1.6 cm^) drop wise 

at 一78 °С under argon. The mixture was stirred at ֊78 °С for 6 h to give a dense white 

suspension. Triisopropyl borate (TIPB) (1.0 c m \ 4.3 mmol) was syringed in quickly at -78 °С 

and the mixture was stirred for 12 h wi th a cooling bath allowing the temperatoe to rise 

gradually to 20 "C yielding a bright yellow solution. The suspension was quenched with H2O 

to give a cloudy cream suspension, which was stirred for a further 0.5 h. THF was evaporated 

under vacuo and NaOH (5% soin) was added until a pH o f 10 was achieved. The organic 

material was then extracted wi th an ether/hexane (4:1) mixture and the aqueous layer was 

acidified wi th aqueous HBr (48%) giving a white precipitate. Crystallisation o f the crude 
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product from a H2O I EtOH mixture yielded a white solid (0.05g, 5%). ÔH (DMSO-dö, 300 
MHz) 8.29 (ร, 2Н), 8.02 (m, 6Н), 7.16 (d, J 7.5, 2Н), 4.01 (m, 2Н), 1.7 (m, 2Н), 1.06 (m, 

18Н), 0.81 (m, ЗН). The peak at 8.29 ppm disappeared on addition o f D2O (as would be 

expected for a boronic acid group). However, impurities in the ' H and 13C N M R spectra, 

incorrect elemental analysis and decomposition at 189.1-193 "C rather than a clean sharp 

melting point were obtained. Low yields were consistently obtained and further purification 

proved diff icult making it impossible for satisfactory identification o f the product. Further 

modifications to this procedure carried out as described on page 66 did not yield compound 

141. 

5.2.5 Methyl-4-bromo-3,5-dimethoxybenzoate 143 

M e Q ^ ^ 4 - B r o m o - 3 , 5 - d i h y d r o x y b e n z o i c acid 142 (7.0 g , 30 mmol), potassium 

carbonate (12.44 g, 90 mmol) and dimethylsulphate (8.52 cm ， 90 mmol) in 

Meᄋ dry acetone (75 cm 3) under argon were stirred at rt for 20 min and then 

refluxed for 8 h. After cooling the salts were filtered o f f and the solvent evaporated under 

vacuo. The crude product was dissolved in diethylether and washed sequentially with H2O, 

NaOH (5% soin.), H2O, ammonium hydroxide (cone), H2O, HCl ( d i l ) , and finally H2O. The 

washed solution was dried over Na2S04 and evaporated under vacuo to give a white solid, 

which was recrystallised from ethanol to yield white crystals o f compound 143 (6.59 g， 80%), 

mp: 121.6-122.6 。c (Lit.^^^ 121-122 °С ) . ÔH (DMSO-dö, 200 MHz) 7.19 (ร, 2Н)， 3.88 (s, 6Н)， 

3.86 (ร, ЗН). 6с (DMS0-d6, 100 MHz) 166.30, 157.24, 130.67, 106.20, 105.77, 57.22, 53.20. 

5.2.6 4-Bromo-3,5-dÎmethoxybenzoic acid hydrazide 144 

M e ᄋ 。 М е Л 143 (6.0 g, 21.8 mmol) was 

B r ՜ \ /~к dissolved in ethanol (20 օ ա ՛ ՛ ) wi th heating. Hydrazine monohydrate (10 
) N H N H 2 

cm^, 206 mmol) was added and the solution was refluxed for 12 h. The 

solution was then cooled to rt and suspended in an ice bath. The cream crystalline solid was 

then collected by vacuum filtration and washed with ice cold ethanol, The product was then 

dried under high vacuum for 24 h to yield compound 144 (3.8 g, 63%), mp: 212.7-213.5 °С. 
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M S (E I ) m/z 276 (М+， s ißr , 3%) , 274 (М+， 7 9 B r , 3%) . A n a l . Caled for СдНцВгМзОз: с , 39.29; 

Н , 4 .03; N , 10.18. Found: с , 39.27; н , 4 .07; N , 10.36. 5н (DMSO-de , 200 M H z ) 9.88 (ร, İ H ) , 
7.16 (ร, 2 Н ) , 4.53 (ร, 2Н)， 3.87 (s, 6 Н ) . 8с (DMSO-đe , 100 M H z ) 165.59, 157.03, 134.35, 

104.15, 103.33,57.17. 

5.2.7 2 - (3 ,5 -D ime thoxy -4 -b romopheny l ) - 5 - (4 -dodecy loxypheny l ) - l , 3 ,4 -oxad iazo Ie 145 

/ОМе 4-«-Dodecy loxybenzoic acid 135 (3 .07g, 10.0 m m o l ) was 

օ ^ շ հ շ տ Օ ^ ^ พ l ^ ^ B r re f luxed i n S0Cİ2 (15 c m 3 ) for 12 h under argon. The 

OMe excess S0Cİ2 was then removed b y vacuum dis t i l la t ion. D r y 

toluene (30 cm^) was then added and d is t i l led o f f at reduced pressure to remove any 

remain ing S0Cİ2. A f t e r coo l ing to r t , 4-bromo-3,5-d imethoxybenzoic acid hydrazide 144 

(2.75 g, 10 m m o l ) dissolved i n pyr id ine (20 c m 3 ) was added v ia syr inge. The solut ion was 

stirred for 0.5 h at r t and then for a further 0.5 h at 110 °С. Pyr id ine was removed by vacuum 

d is t i l la t ion. A f te r coo l ing to r t , H2O (100 c m 3 ) was then added and the suspension was heated 

at re f lux for 15 m i n , cooled and the cream sol id obtained b y vacuum f i l t ra t ion. The crude 

intermediate product was dr ied for 12 h under h igh vacuum and then re f luxed w i t h POCI3 (25 

c m 3 ) fo r 5 h after w h i c h t ime the POCI3 was removed b y vacuum d is t i l la t ion y ie ld ing a cream 

sol id. H2O (100 cm^) was then added and the suspension was heated at re f lux for 15 m i n , 

cooled and the so l id obtained b y vacuum filtration. The crude product was then pur i f ied b y 

co lumn cfeomatography (eluent: D C M - E t O A c 9:1 v /v ) and crystal l isat ion (ethanol) to y ie ld 

wh i te crystals o f compound 145 (3.97 g， 7 3 % ) , m p : 116.5-117.3 °С. M S (EI ) m/z 546 (M+， 

siBr, 5 1 % ) , 544 (M+, 7 9 B r , 5 1 % ) . A n a l . Caled for СгвНзтВгЫгОг: с , 61.65; н , 6.84; N , 5.14. 

Found: С, 6 2 . i l ; н ， 6.97; N， 4.98. Ôh (DMSO-dö , 200 M H z ) 8.04 (d , y 8.6, 2 Н ) , 7.36 (ร, 2 Н ) , 

7.11 (d , У 8.6, 2 Н ) , 4.06 (է, 7 6 . 3 , 2 Н ) , 3.96 (s, 6 Н ) , 1.72 ( m , 2Н)， 1.23 ( m , 18Н) , 0.83 (է, У6 .6 , 

ЗН) . ôc (CDCI3, 100 M H z ) 164.82, 163.74, 162.16, 157.65, 128.78, 124.03, 115.93, 115.03, 

105.06, 102.95, 68.35, 56.80, 31 .91 , 29.64, 29.62, 29.58, 29.55, 29.36, 29.33, 29.13, 26.00, 

22.67, 14.08. 
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5.2.8 2 - (3 ,5 -D ime thoxy -4 - (4 -benza ldehyde) -pheny l ) -5 - (4 -dodecy loxypheny l ) - l , 3 ,4 -

oxad iazo le 147 

^ - ^ ^ " ' v l , / ^ ^ ^ ' ^ ® I n accordance w i t h the general method for Suzuki 

С г Н г э О ^ Х ^ ° ՝L^i^^-/^ '*^^Q cross-coupl ing reactions, compound 145 (1.64 g, 3 

(วMe ᄂ니 m m o l ) , 4- formylbenzene boronic acid 146 (0.57 g, 

3.8 m m o l ) , Р(1(РРҺз)4 (230 m g , 0.19 m m o l ) , T H F (40 c m 3 ) and КагСОз (2 M , 9.75 c m 3 ) ; 

react ion t ime 96 h; extracted w i t h d ie thy l ether. Chromatography eluent: DCM֊EtOAc (17:3 

v /v ) , f o l l owed b y recrystal l isat ion from ethanol gave 147 as a wh i te so l id (0.82 g, 4 8 % ) , m p : 

103.5-104.0 °С . M S (E I ) m/z 570 (M+， 100%). A n a l . Caled, for C35H42N2O5: c， 73.66; H , 

7.42; N , 4 .91 . Found : c, 73.17; H , 7.42; N， 4.90. δπ (CDCİ3, 400 M H z ) 10.07 (ร, ш), 8.10 (d, 

J 8.8, 2 Н ) , 7.95 (d , J 8.4, 2Н)， 7.56 (d , J 8.4, 2 Н ) , 7.42 (ร, 2 Н ) , 7.04 (d , J 8.8, 2Н)， 4.06 (է, J 

6.6, 2Н)， 3.88 (s, 6Н)， 1.83 ( m , 2 Н ) , 1.28 ( m , 18Н) , 0.89 (է, J 7.2, ЗН) . 5с (CDCİ3, 100 M H z ) 

192.05, 164.81, 163.98, 162.15, 157.87, 140.09, 135.21, 131.59, 129.10, 128.79, 125.06, 

121.41, 116.03, 115.05, 102.81, 68.36, 56.24, 31 .91 , 29.65, 29.62, 29.58, 29.56, 29.37, 29.33, 

29.14, 26.00, 22.67, 14.09. 

5.2.9 4 -Dodecy loxybenzo ic ac id m e t h y l ester 148 

e н _ Հ 4-7i-Dodecyloxybenzoic acid 135 (6.13 g, 20 m m o l ) was dissolved in 

\ ' OMe methanol (50 cm^). Conc. H2SO4 (1.0 cm^) was added and the solut ion 

was re f lux ed fo r 12 h. The solut ion was then cooled to rt and the wh i te precipi tate col lected 

by suct ion f i l t ra t ion and washed w i t h water and co ld methanol . Recrystal l isat ion o f the so l id 

from methanol a f forded compound 148 as wh i te needles (6.04 g, 9 4 % ) , m p : 55.0-55.9 °С 

( l i t . ' ^ ^ 57-58 "C) . ÔH (CDCİ3 ,400 M H z ) 8.0 ( d , y 8.8, 2 Н ) , 6.9 ( d , / 8 . 8 , 2Н)， 4.0 (է , 7 6 . 5 , 2Н)， 

3.9 (ร, ЗН) , 1.8 ( m , 2Н)， 1.3 ( m , 18Н) , 0.9 (է, J 6.8, ЗН) . ôc (CDCI3, 100 M H z ) δ 167.17, 

163.18, 131.78, 122.50, 114.27, 68.42, 52.07, 32.15, 29.89, 29.87, 29.82, 29.79, 29.59, 29.57, 

29.34, 26 .21 ,22 .93 , 14.36. 
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5.2.10 4 -Dodecy loxybenzo ic ac id h y d r a z i d e 149 

ハ , , ハ ր \ /Я 4-«-Dodecy loxybenzoic acid me thy l ester 148 (5.8 g, 18.1 m m o l ) 

NHNH2 was dissolved i n methanol (50 m l ) w i t h heating. Hydraz ine 

monohydrate (8.7 c m " , 180 m m o l ) was added and the m ix tu re was re f luxed for 12 h. The 

so lut ion was then cooled to r t and the wh i te precipi tate col lected b y suct ion filtration and 

washed w i t h water and co ld methanol . Recrystal l isat ion o f the so l id from ethyl acetate 

a f forded compound 149 as a wh i te so l id (5.2 g， 9 0 % ) , m p : 95.3-96 °С ( l i t . ' " 94-96 "C) . M S 

(E I ) miz 320 (M+ , 100%). Ôh (CDCI3 200 M H z ) 7.7 (d , J 8.8, 2 H ) , 7.5 (br, I H ) , 6.9 (d , J 8.8, 

2H)， 4.0 (t, J 6 . 6 , 2H)， 3.4 (br, 2H)， 1.8 ( m , 2H)， 1.3 ( m , 18H)， 0.9 (t, J 6 . 2 , 3H) . 

HN֊NH 

5.2.11 A t t e m p t e d synthesis o f 152 

Compound 150 (1.24 g, 5.0 m m o l ) was ref luxed i n 

ン 1 2 " 2 5 S0Cİ2 (15 c m 3 ) for 12 h under argon. The excess 

SOCI2 was then removed b y vacuum dis t i l la t ion. D r y toluene (30 շ ա ՝ ՛ ) was added and 

d is t i l led o f f at reduced oressure to remove any remain ing SOCI2. A f te r coo l ing to r t , 4 -

dodecyloxybenzoic acid hydrazide 149 (1.60 g， 5 m m o l ) dissolved i n pyr id ine (20 cm^) was 

added v ia syr inge. The so lut ion was stirred for 0.5 h at r t and then for a further 0.5 h at 110 

°С. Pyr id ine was removed b y vacuum dis t i l la t ion. A f t e r coo l ing to r t , H2O (100 cm^) was then 

added and the suspension was heated at re f lux for 15 m i n , cooled and the cream sol id 

obtained b y vacuum filtration. F r o m Ή N M R analysis o f the crude intermediate product 152, 

no N - H peaks were observed ind icat ing the react ion had possib ly fa i led. The intermediate 152 

was dr ied for 12 h under h igh vacuum and then re f luxed w i t h POCI3 (25 cm^) for 5 h after 

w h i c h t ime the POCI3 was removed b y vacuum d is t i l la t ion. H2O (100 cm^) was then added 

and the suspension was heated at re f lux for 15 m i n , cooled and the so l id obtained b y vacuum 

filtration. ' H N M R analysis o f the crude product showed no ident i f iab le features. Further 

pur i f i ca t ion proved d i f f i cu l t mak ing i t impossib le for satisfactory ident i f icat ion o f the crude 

product. 
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5.2.12 2֊Bipheny l -4 -y l -5 - (dodecy loxypheny l ) - l ,3 ,4 -oxad iazo le 157 

ᄂ수^ ] յ ՜ դ Հะ^ B y analogy w i t h the synthesis o f 147, compo imd 140 

ՇՀշհշտՕ-՜\：:iJ ^^^^՝Հ^^ ( 1 0 g, 2.1 m m o l ) , benzeneboronic acid 153 (0.30 g, 2.5 

, ^ ^ ^ ^ m m o l ) , Pd(PPh3)4 (144 m g , 0.13 m m o l ) , D M F (ЗО cm^) 

and НагСОз (1 M , 6.2 c m 3 ) ; react ion t ime 96 h; extracted w i t h D C M . Chromatography duen t : 

D C M - E t O A c (9:1 v / v ) , f o l l owed b y recrystal l isat ion from cyclohexane gave 157 as a wh i te 

crystal l ine so l id (0.72 g, 7 1 % ) , mp : 115.4-116.4 °С· M S (E I ) m/z 482 (M+， 72%) . A n a l . 

Caled, for C32H38N2O2: c, 79.63; H , 7.94; N， 5.80. Found: c, 79.36; H , 7.88; N， 5.75. Ôh 

(CDCI3, 200 M H z ) 8.21 (d， J 8.2, 2 H ) , 8.09 (d , J 8.2, 2 H ) , 7.74 (d , J 6.8, 2 H ) , 7.60 (d , J 8.2， 

2H)， 7.51 ( է , 7 7 . 2 , I H ) , 7.40 ( է , / 7 . 2 , 2 Н ) , 7.02 ( d , / 8 . 6 , 2 Н ) , 4.04 (է, J 6 . 6 , 2Н)， 1.8 ( m , 2 Н ) , 

1.3 ( m , 18Н) , 0.88 (է, J 6.6, ЗН) . ôc (CDCI3, 100 M H z ) 164.31, 164.01, 162.25, 141.63, 

144.41, 129.22, 128.93, 128.37, 127.91, 127.51, 127.40, 123.10, 117.22, 115.22, 68.52, 32.16, 

29.90, 29.88, 29.83, 2 9 . 8 1 , 2 9 . 6 1 , 29.59, 29.37, 26.24, 22.93, 14.38. U V - V i s ( D C M ) x„ax 313 

ա ո , P L ( D C M ) >wx 365, 378 n m . 

5.2.13 2 - (4 -Dodecy loxypheny l ) -5 - (3 -me thoxyb ipheny l -4 -y I ) - l , 3 ,4 -oxad iazo le 158 

B y analogy w i t h the synthesis o f 147, compound 140 

С і г Н г б О ^ Х г ะ ^ ^ ^ յ ^ ^ Հ \ (0.51 g, 1.1 m m o l ) , 3-methoxybenzene boronic acid 

154 (0.23 g, 1.5 m m o l ) , Pd(PPh3)4 (85 m g , 0.07 

m m o l ) , T H F (20 c m 3 ) and Ка гСОз (2 M , 2.2 c m 3 ) ; react ion t ime 72 h; extracted w i t h D C M . 

Chromatography eluent: D C M - E t O A c (9:1 v / v ) , f o l l owed b y recrystal l isat ion from ethanol 

gave 158 as a wh i te crystal l ine so l id (0.46 g， 85%) , m p : 99 .1-99.7 °С. M S (EI ) m/z 512 (M+， 

86%) . Ana l . Caled, for C33H40N2O3: c, 77 .31 ; H , 7.86; N， 5.46. Found: c, 77.74; H , 7.86; N , 

5.34. ÔH (CDCI3, 200 M H z ) 8.18 ( d , J 8 . 2 , 2 H ) , 8.08 ( d , J 8 . 2 , 2 H ) , 7.74 {d,JS.2, 2 H ) , 7.40 ( t , 

У 7.8, I H ) , 7.26 (ร, İ H ) , 7.19 ( d , / 8 . 8 , İ H ) , 7.02 (d , J 8.8, 2 H ) , 6.96 (d , J 8.2, İ H ) , 4.04 (t , J 

6.6, 2H)， 3.89 (ร, З Н ) , 1.82 ( m , 2 Н ) , 1.28 ( m , 18Н) , 0.88 ( է , / 6 . 6 , ЗН) . ôc (CDCI3, 100 M H z ) 

179.89, 164.21, 162.22, 160.29, 144.33, 141.61, 130.25, 128.93, 127.97, 127.47, 123.23, 

119.88, 116.37, 115.21, 113.68, 1 Ì3 .16 , 68.52, 55.62, 32.20, 29.90, 29.88, 29.83, 2 9 . 8 1 , 

29.62, 29.60, 29.37, 26.23, 22.93, 14.38. 
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5.2.14 5 - {4 - [ 5 - ( 4 -Dodecy loxypheny l ) - l , 3 , 4 -oxad iazo l - 2 - y l ] - pheny l } - f u ran -2 -

c a r b a l d e h y d e 159 

C12H25O 

B y analogy w i t h the synthesis o f 147, compound 140 

(0.24 g, 0.50 m m o l ) , 2- furaldehyde-5-boronic acid 155 

(0.10 g, 0.72 m m o l ) , Р(1(РРҺз)4 (42 m g , 0.04 m m o l ) , 

T H F (20 c m 3 ) and МагСОз (2 M , 1.1 c m 3 ) ; react ion t ime 96 h ; extracted w i t h E t O A c . 

Chromatography eluent: D C M - E t O A c (9:1 v / v ) , f o l l owed b y recrystal l isat ion from ethanol 

gave 159 as a pale p ink so l id (0.07 g, 2 8 % ) , m p : 167.5-168.1 °С. M S (E I ) m/z 500 (M+， 6 2 % ) . 

Ana l . Caled, for C31H36N2O4: c, 74.37; H , 7.25; N , 5.60. Found: c, 74.04; H , 7.32; N , 5.58. 

ÔH (CDCI3, 200 M H z ) 9.63 (ร, I H ) , 8.12 ( d , / 8 . 2 , 2 Н ) , 8.05 (d , J 8 . 4 , 2 Н ) , 7.89 (d , у 8.2, 2 Н ) , 

7.29 (d , J 3.8, İ H ) , 6.98 (d , у 8.4, 2 Н ) , 6.90 ( d , / 3 . 8 , İ H ) , 3.97 (է, у 6.6, 2Н)， 1.80 ( m , 2 Н ) , 

1.20 ( m , 18Н) , 0.81 (է, J 6.6, ЗН) . ôc (CDCI3, 100 M H z ) 177.65, 165.10, 162.37, 158.13, 

152.70, 136.61, 131.75, 129.01, 127.58, 125.96, 124.97, 117.65, 116.11, 115.20, 109.40, 

68.54， 32.14, 29.86, 29.82, 29.83, 29.63, 29 .61 , 29.59, 29.34, 26.22, 22.92, 14.36. 

5.2.15 5 - {4 - [ 5 - ( 4 -Dodecy loxypheny l ) - l , 3 , 4 -oxad iazo l - 2 - y l ] - pheny I } - 2 -me thoxypy r i d t ae 

160 

B y analogy w i t h the synthesis o f 147, compound 

CiaHzgO-'XjsJ V ^ ; ? ' ^ 、 \ 140 (0.49 g， 1.0 m m o l ) , 2 -methoxypyr id ine-5-

boronic acid 156 (0.23 g, 1.5 m m o l ) , Р(і(РРЬз)4 (87 

m g , 0.08 m m o l ) , T H F (20 c m 3 ) and НагСОз (2 M , 2.25 c m 3 ) ; react ion t ime 72 h; extracted 

w i t h E t o A c . Chromatography eluent: D C M - E t O A c (17:3 v / v ) , f o l l owed b y recrystal l isat ion 

from ethanol gave 160 as a cream/whi te crystal l ine so l id (0.35 g, 6 8 % ) , m p : 145.1-145.7 °С . 

M S (EI ) m/z 513 (M+, 11%). A n a l . Caled, for C32H39N3O3: c, 74.82; H , 7.65; N , 8.18. Found : 

c, 74.74; H , 7 . 7 1 ; N , 8.23. δ» (CDCİ3, 200 M H z ) 8.47 (d, J2.5, I H ) , 8.19 (d, J 8 . 5 , 2 H ) , 8.07 

(d , J 9 , 2 H ) , 7.85 (dd, Jab 6.4, Jac 2.5, I H ) , 7.68 (d , J 8.4, 2 Н ) , 7.02 (d , J 9 , 2 Н ) , 6.95 (d , у 8.6, 

İ H ) , 4.0 ( m , 5 Н ) , 1.82 ( m , 2Н)， 1.26 ( m , 18Н) , 0.87 (է, J 6.6, ЗН) . 5с (CDCİ3, 100 M H z ) 

164.90, 164.09, 162.24, 164.34, 145.44, 141.19, 137.44, 129.04, 128.93, 127.69, 127.32, 

123.15, 116.33, 115.22, 111.36， 68.53, 53.93, 32.16, 29.90, 29.88, 29.83, 29.80, 2 9 . 6 1 , 29.59, 

29 .36 ,26 .23 , 22.93, 14.37. U V - V i s ( D C M ) \nax315 n m , P L ( D C M ) Xmax 364, 378 n m . 
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5.2.16 2 , 7 - D i b r o m o f l u o r e n e 162 

Fluorene 161 (250.0 g, 1.5 m o l ) was dissolved i n acetic acid (2000 c m ) 

er at 70 °С and H2SO4 (98%, 25 c m 3 ) was added s l ow l y to the solut ion. 

The react ion m ix tu re was a l lowed to cool to ca. 50 °С w i t h st i r r ing, and a solut ion o f ВГ2 (100 

c m 3 ) i n acetic acid (200 c m 3 ) was then added dropwise w i t h st i r r ing, keeping the temperature 

at 40-55 "C to avo id crystal l isat ion o f the fluorene. W h e n ca. ha l f o f the Вг2 had been added, 

2 ,7-d ibromof luorene started to crystal l ise. W h e n this was observed, the remain ing ВГ2 was 

added s imul taneously w i t h К В г О з (100 g) i n acetic acid (400 cm^) i n smal l por t ions wh i l s t 

coo l ing the flask in an ice bath and ensuring the react ion solut ion d id not exceed 55 °С. The 

react ion was st irred for 3-4 h at r t and then cooled in an ice bath. The precipi tate was col lected 

v ia vacuum filtration, washed w i t h acetic ac id and H2O 1 ： 1 (v /v ) and then H2O before d ry i ng 

to y ie ld compound 162 (316.8 g， 6 5 % ) , m p : 163-164 "C (ա.̂ ՛̂ ՛ 163.5-165.5 で ) . M S (EI ) m/z 

325 (M+， siBr , s iBr , 5 8 % ) , 323 (M+， 7 9 В г , s 'Br , 6 3 % ) , 321 (м+, 7 9 B r , 7 9 Br， 59%) . A n a l . Caled, 

for С13Н8ВГ2: С, 48.19; H , 2.49. Found: с, 47.87; н, 2.48. Ô h (CDCI3, 400 M H z ) 7.65 (ร, 2 Н ) , 

7.58 (d , J 8, 2 Н ) , 7.49 (d , J 8, 2 Н ) , 3.84 (ร, 2Н ) . ôc (CDCI3, 400 M H z ) δ 144.79, 139.69, 

130.15, 128.31, 121.19, 120.94, 36.56. 

5.2.17 2 ,7 -D ib romo-9 ,9 -d i hexy l f l uo rene 163 

Potassium fórř-butoxide (1.0 M in T H F , 46 c m 3 ) was added over a 
B r ^ M 1 ^ B r 

Ce', " ՝՝СбН per iod o f 0.5 һ to a so lu t ion o f 2 ,7-d ibromof luorene 162 (15 g, 46 

m m o l ) and bromohexane (32.4 c m 3 , 0.23 m o l ) in T H F (250 c m 3 ) at 0 °С, resul t ing i n a red 

suspension. A f t e r s t i r r ing for 1 h a second por t ion o f potassimn tert-butoxide (1.0 M i n T H F , 

46 c m 3 ) was added dropwise and the suspension st irred for 12 h at r t . T H F was removed 

under vacuo, d ry D C M (100 c m 3 ) was added and the purp le suspension was then filtered 

remov ing inorganic salts. The f i l t rate was concentrated and pur i f ied by co lumn 

chromatography (s i l ica, eluent: hexane) and recrystal l ised from ethanol to y ie ld wh i te plates 

o f compound 163 (18.5 g, 8 2 % ) , m p : 71.2-72.0 °С ( l i t . ' " 72-73 °С). M S (E I ) m/z 494 (M+， 

" B r , s iBr, 2 3 % ) , 492 (M+, 7 9 B r , s 'Br, 4 4 % ) , 490 (M+, 7 9 B r , 7 9 Br， 2 2 % ) . A n a l . Caled, for 

С25Н32ВГ2: c , 6 0 . 9 9 ; H , 6 . 5 5 . Found : c , 6 0 . 8 7 ; H， 6 . 5 4 . Ô h (CDCI3, 3 0 0 M H z ) 7 . 5 1 - 7 . 5 4 ( m , 

2H)， 7.45-7.48 ( m , 4H)， 1.92 (t, J 8 . 4 , 4H)， 1.04 ( m , 12H) , 0.79 (t, J 6 . 9 , 6 H ) , 0.54 ( m , 4 H ) . 6c 
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(CDCİ3, 100 M H z ) δ 152.51, 139.01, 130.11, 126.13, 121.43, 121.09, 55.65, 40.18, 31.44, 

29.56, 23.62, 22.56, 13.99. 

5.2.18 9 ,9 -D ihexy l f l uo rene -2 ,7 -d ibo ron i c ac id 164 

" B u t y l l i t h i u m (2.5 M , 17.7 c m 3 , 44.3 m m o l ) was added 

{ H 0 ) 2 B ^ ^ V a . J L _ / ^ b ( 0 H ) 2 

с н - ^ c н dropwise to a st irred solut ion o f 2,7-d ibromo-9,9-

d ihexy l f luorene 163 (10.8 g， 21.9 m m o l ) i n T H F (100 c m 3 ) at -78 °С. A f te r 5 h st i r r ing at -78 

°С， T I P B (15.2 c m 3 , 66 m m o l ) was added to the wh i te suspension i n one por t ion . The 

suspension was stirred for 12 h w i t h a coo l ing bath a l l ow ing the temperature to rise gradual ly 

to rt. The react ion was quenched w i t h H2O (100 c m 3 ) and the mix tu re stirred for a further 4 h. 

T H F was then removed under vacuo and the remain ing m ix tu re ac id i f ied s l ow ly w i t h H B r 

(48%) to p H 5. The crude product was then extracted into d ie thy l ether (3 X 50 cm^) , dr ied 

over M g S 0 4 and the d ie thy l ether removed under vacuo. The wh i te so l id was then 

recrystal l ised from acetonitr i le to y ie ld a wh i te crystal l ine so l id 164 (5.7 g, 6 1 % ) , m p : 298.0-

299.0 °С (l i t . '^^ 297-298 °С) . A n a l . Caled for С25Н36В2О4: c, 71.12; H , 8.60. Found: c, 71.33; 

H， 8.64. ÔH ( D M S 0 - d 6 , 400 M H z ) 8.06 (ร, 4 H ) , 7.88 (ร, 2 Н ) , 7.77-7.78 ( m , 4 Н ) , 1.92 ( m , 4 Н ) , 

1.05 ( m , 12Н), 0.75 (է, J 7.2, 6Н)， 0.4 ( m , 4 Н ) . ôc (DMSO-dó , 100 M H z ) 149.37, 142.30, 

132.87, 128.37, 118.96, 54.15， 30.88, 28.96, 23.39, 21.89, 13.71. 

5.2.19 2 ,7 -B is {4 - [2 - (4 -dodecy loxypheny l ) - l , 3 ,4 -oxad iazo l -5 -y I ]pheny l } -9 ,9 -

d íhexy l f l uo rene 165 

'^"^іг^гз B y analogy w i t h the 

synthesis o f 147, 

compound 140 (0.44 g, 

Շ-^շՈշՔ՜^ 〜 0.91 m m o l ) , compound 

164 (0.23 g， 0.54 m m o l ) , Р(1(РРҺз)4 (63 m g , 0.05 m m o l ) , T H F (20 c m 3 ) and ШгСОъ (2 M , 

0.82 c m 3 ) ; react ion t ime 96 h; extracted w i t h ethy l acetate. Chromatography eluent: D C M — 

E t O A c (24:1 v / v ) , f o l l owed b y recrystal l isat ion from cyclohexane gave 165 as a wh i te so l id 

(0.27 g, 4 4 % ) , m p : 161.5-162.0 °С . M S ( M A L Đ I - T O F ) m/z Caled, for C77H98N4O4: 1143.63 
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( М ^ ) . Found 1143.74. A n a l . Caled, for C77H98N4O4: с , 80.87; н , 8.64; N , 4.90. Found: с , 

80.59; H , 8.60; N , 4.77. ÔH (CDCI3, 300 M H z ) 8.2 (d , J 8.4， 4 Н ) , 8.0 (d , J 8.7, 4 Н ) , 7.8 ( m , 

6 Н ) , 7.6 (d , У 7.8, 2 Н ) , 7.5 (s, 2Н)， 7.0 (d , J 8.7, 4 Н ) , 4.0 (է, у 6.6, 4 Н ) , 2.0 ( m , 4Н)， 1.8 ( m , 

4 Н ) , 1.3 - 1.2 ( m , 36Н) , 1.0 ( m , 12Н) , 0.8 (է, y 6.9, 6 Н ) , 0.7 ( m , Ю Н ) , ôc (CDCI3, 100 M H z ) 

164.87, 164.28, 162.23, 152.23, 144.84, 140.92, 139.19, 128.94, 127.34, 127.52, 126.50, 

122.94, 121.69, 120.64, 116.40, 115.225, 68.53, 55 .71 , 40.63, 32.16, 31.70, 30 .01 , 2 9 . 9 1 , 

29.88， 29.84, 2 9 . 8 1 , 29.62, 29.60, 29.37, 26.25, 24.05, 22.94, 22 .81 , 14.38, 14.25. A crystal 

for X - r a y analysis was g rown from hexane I D C M т і х Ш г е . U V - V i s ( D C M ) Лтах 356 n m , P L 

( D C M ) Ämax 4 0 1 , 4 2 2 n m . 

5.2.20 2 , 7 - D i b r o m o f l u o r e n o n e 166 

2,7 D ib romof luorene 162 (160 g, 0.49 m o l ) was dissolved i n acetic acid 

Br (1400 c m 3 ) w i t h heat ing at 95-110 °С. A solut ion o f СгОз (122.8 g) i n 

° H2O (100 cm^) and acetic ac id (400 cm^) was added dropwise w i t h 

s t i r r ing at 95-110 °С. A f t e r complete addi t ion the react ion m ix tu re was st irred for 2 h and then 

a l l owed to coo l to r t w i t h cont inuous st i r r ing. The ye l l ow so l id was then col lected, washed 

sequent ial ly w i t h acetic ac id, then ac id i f ied H2O (98%, 30 сщЗ H C l : 700 сщЗ H2O), to remove 

օ Խ օ ա ւ ս ա salts, and finally H2O unt i l neutral . The crude product was recrystal l ised from 

toluene to g ive the ye l l ow sol id 166 (130.8 g, 7 9 % ) , m p : 208.1-209.0 "C (Աէ.^՛^^ 205-209 °С) . 

M S (E I ) m/z 339 (M+, s 'Br, 8 'B r， 5 0 % ) , 337 (M+， 7 9 B r , s 'Br, 100%), 335 ( M ^ , 7 9 B r , 7 9 B r , 

52%). A n a l . Caled for С ізНбВггО: с, 46.20; н, 1.79. Found: с, 46.15; н, 1.74. ÔH (CDCI3, 

400 M H z ) 7.76 (d , Л , 2Н ) , 7.63 (dd, J„b 8, Jac 2， 2 Н ) , 7.38 (d , J 8, 2 Н ) , ôc (CDCI3, 100 

M H z ) δ 190.92, 142.25, 137.47, 135.27, 127.85, 123.32, 121.84. 

5.2.21 2,7- D í b r o m o s p i r o b i f l u o r e n e 169 

' Bu t y l l i t h i um (1.7 M , 29.4 c m " , 50 m m o l ) was added dropwise to a 

Br 

Stirred so lu t ion o f 2-bromobipheny l 167 (3.45 c m , 20 m m o l ) i n T H F 

(30 c m 3 ) at -78 "C. A f te r 3 h s t i r r ing at -78 。c a so lut ion o f 2,7-

d ibromof luorenone 166 (6.76 g, 20 m m o l ) dissolved i n T H F (50 Gm^) was added over a 
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per iod o f 0.5 һ. The react ion was st irred for a further 2 һ and a l lowed to w a r m to r t . The 
react ion was quenched w i t h H2O and the T H F removed under vacuo. The crade product was 
extracted tw ice w i t h diethylether, dr ied over M g S 0 4 and the diethylether removed under 
vacuo. The crude product was dissolved i n acetic acid (20 cm^) w i t h the addi t ion o f H C l 
(98%, 1 cm^) , the solut ion was then re f luxed for 0.5 h, a l lowed to coo l and then quenched 
w i t h H2O. The precipi tate was then filtered and washed w i t h H2O before be ing dissolved into 
ch lo ro fo rm and dr ied over M g S 0 4 . The ch lo ro fo rm was then removed under vacuo and the 
crude product was pur i f i ed b y co lumn cfeomatography (eluent: ch loroform-hexane 1:1 v /v ) 
and recrystal l ised from ch lo ro fo rm I ethanol to y ie ld a wh i te so l id 169 (6.8 g, 72 % ) , m p : 
>305 °С (decomp.) . M S (EI ) m/z 475 (M+， s ißr , s 'Br, 5 2 % ) , 473 (M+, 7 9 B r , s 'Br, 100%), 471 

(M+, 7 9 B r , 7 9 Br， 52%) . A n a l . Caled for С25Н14ВГ2: c , 63.32; H , 2.98. Found : c , 63 .11 , H， 2.90. 

ÔH (CDCI3, 400 M H z ) 7.86 (d , J 8 , 2 H ) , 7.68 (d , J 8 , 2 H ) , 7.50 (dd， Jab 8， Jac 2， 2 H ) , 7.42 ( td , 

Jab 7.6, Jac 1.2, 2 Н ) , 7.16 ( td , Jab 7.6, Jac 1.2, 2 Н ) , 6.85 (d , J 2, 2h) , 6.74 (d , J 8, 2 Н ) , ôc 

(CDCİ3, 100 M H z ) δ 150.55, 147.07, 141.7, 139.64, 131.13, 128.29, 128.09, 127.34, 124.06, 

121.89, 121.39, 120.28, 65 .61 . 

5.2.22 2 ,7 -D i (4 ,4 ,5 ,5 - te t ramethy l - l , 3 ,2 d i o x a b o r o l a n - 2 - y l ) s p i r o b i f l u o r e n e 170 

" В т у І И і Ш и т (1.6 M , 15 c m 3 , 25.5 m m o l ) was added 

dropwise to a st irred so lu t ion o f 2,7-d ibromospi robi f luorene 

169 (2.5 g， 5.2 m m o l ) i n T H F (100 c m 3 ) at -78 °С. A f te r 2 h 

st i r r ing at -78 °С, 2- isopropoxy-4,4,5,5- tetramethyl- [ 1,3,2]-dioxaborolane (5.31 cm^, 26 

m m o l ) was added i n one por t ion . The suspension was st irred for a fiirther 2 h and a l lowed to 

w a r m to rt. The react ion was quenched w i t h H2O and the T H F removed under vacuo. The 

crude product was extracted tw ice w i t h diethylether, dr ied over M g S 0 4 and the diethylether 

removed under vacuo. The crude product was then recrystal l ised from toluene I hexane to 

give a wh i te so l id 170 (1.69 g, 58 %)， m p : 320-321 °С (Աէ.՛^^՛ ՛ 321-322 °С) . M S (E I ) m/z 568 

(M+， 100%). A n a l . Caled for С37Н38В2О4: c , 78.20; H , 6.74. Found: c , 77.77, H , 6.68. ÔH 

(CDCI3, 400 M H z ) 7.88-7.85 ( m , 6 H ) , 7.37 (td， Jab 7.5, Jac 1.2, 2H)， 7.15 (ร, 2 H ) , 7.10 ( td , Jab 

7.5, Jac 1.2, 2 Н ) , 6.70 (d , J 7 . 6 , 2 Н ) , 1.26 (s, 2 4 Н ) , ôc (CDCI3, 100 M H z ) 148.8, 148.6, 144.7, 

142.3, 134.9, 130.4, 127.9, 127.8, 124.5, 120.3, 119.9, 83.9, 66 .1 ,25 .0 . 
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5.2.23 2 ,7 -B i s {4 - [ 2 - (4 -dodecy loxypheny l ) - l , 3 ,4 -oxad iazo l -5 - y l ] pheny l } sp i r ob i f l uo rene 
171 

՚^^^շ՚^շտ B y analogy w i t h the 

synthesis o f 147, 

compound 140 (0.40 g, 

01շհշ50^ ~ ᄋ·82 m m o l ) , compound 

170 (0.23 g, 0.4 m m o l ) , Р(1(РРҺз)4 (58 m g , 0.05 m m o l ) , tr i-teA-í-butylphosphine (0.02 g, 0.1 

m m o l ) , toluene (10 c m 3 ) and K2CO3 (2 M , 2.17 c m 3 ) ; react ion t ime 48 h; extracted w i t h 

ch lo ro fo rm. Chromatography eluent: D C M - E t O A c (19:1 v /v ) f o l l owed b y recrystal l isat ion 

from cyclohexane I ethanol m ix tu re gave compound 171 as a wh i te so l id (0.18 g， 4 0 % ) , m p : 

138.4-139.6 °С. M S ( M A L D I - T O F ) m/z Caled, for C77H80N4O4: 1125.48 ( M ^ ) . Found 

1125.66; A n a l , caled, fo r C77H80N4O4: c， 82.17; H , 7.16; N , 4.98. Found: c, 81 .71 ; H , 7.28; 

N， 4.96. ÔH (CDCI3, 400 M H z ) 8.08-8.04 ( m , 8 H ) , 8.00 (d , J 8， 2 H ) , 7.93 (d , J 8, 2 H ) , 7.72 

(dd, Jab 8, Jac 1.6, 2H)， 7.60 (d , J 8， 4 H ) , 7.44 ( td , J„b 7.6, Лс 0.8, 2 H ) , 7.17 ( td , Jab 7.6, Jac 

0.8, 2 Н ) , 7.03-7.01 ( m , 6 Н ) , 6.86 (d , J 7.6, 2 Н ) , 4.04 (է, J 6.8, 4 Н ) , 1.83 ( m , 4Н)， 1.5-1.3 ( m , 

36Н) , 0.89 (է, J 6.8, 6 Н ) . ôc (CDCI3, 100 M H z ) δ 164.51, 163.93, 161.98, 150.21, 148.29, 

147.51, 143.83, 141.88, 141.25, 139.84, 128.69, 128.05, 127.60, 127.17, 127.09, 124.22, 

122.78, 122.64, 120.73, 120.25, 116.16, 114.98, 68.30, 66.14, 31.93, 29.67, 29.64, 29.60, 

29.57, 29.38, 29.36， 29.14, 26.00, 22.70, 14.13. U V - V i s ( D C M ) Xniax 356 n m , P L ( D C M ) }v,ax 

399, 420 ա ո . 

5.2.24 4 ' - [ 5 - (4 -Dodecy loxypheny l ) - l , 3>4 -oxad iazo I -2 -y l ] - b ipheny l -4 -ca rba Idehyde 172 

서 ^ B y analogy w i t h the synthesis o f 47, compound 140 

C^շИշ50՚՜\^ ° ^ Լ^^^^^ -Հ ՚ ՚ ՚^ լ^^օ (1-46 g, 3.0 m m o l ) , 4- formylbenzene boronic acid 

^ ^ ^ ^ 146 (0.58 g， 3.9 m m o l ) , Рс1(РРҺз)4 (0.23 g, 0.2 

m m o l ) , T H F (25 c m 3 ) and ІЧагСОз (1 м， 12 cm^) ; react ion t ime 96 h; extracted w i t h 

ch lo ro fo rm. Chromatography eluent: C H C b - E t O A c (9:1 v /v ) and recrystal l isat ion from 

CHCI31 ethanol gave compound 172 as a wh i te so l id (1.19 g, 78 % ) , m p : 211.9-212.7 °С. M S 

(E I ) : m/z 510 (M+, 5 5 % ) ; A n a l . Caled, for C33H38N2O3: c， 7 7 . 6 1 ; H , 7.50; N , 5.49. Found: c， 

77.15; H , 7.34; N , 5.40. 5н (CDCI3, 200 M H z ) 10.10 (ร, I H ) , 8.25 (d , J 7.8, 2Н ) , 8.09 (d , J 

130 



E x p e r i m e n t a l P rocedures 

8.0, 2H)， 8.01 (d , J 7 . 8 , 2 H ) , 7.80-7.84 ( m , 4 H ) , 7.04 (d , J 8.0, 2 H ) , 4.05 (t, J 6 . 2 , 2 H ) , 1.83 

( m , 2 H ) , 1.28 ( m , 18H)， 0.89 (t , J 6.4, 3H ) . 5c (CDCİ3, 100 M H z ) 191.70, 162.12, 145.74, 
142.64, 141.47, 135.81, 130.37, 128.75, 127.98, 127.78, 127.44, 124.06, 116.07, 115.05, 
99.99, 68.34, 31 .91 , 29.65, 29.63, 29.58, 29.56, 29.37, 29.34, 29.13, 26.00, 22.68， 14.10. 

5.2.25 2 - (4 -Dodecy Ioxypheny l ) -5 - (4 ' - s t y r y l - b ipheny l -4 -y l ) - l , 3 ,4 -oxad iazo Ie 173 

ҫ ^ - ^ ^ т \ у ะ ะ ^ Compound 172 (0.26 g, 0.5 m m o l ) and 

շ^շ\ձշՔ)-^\^ ¿^--/^'^^^A ^ , ^ ^ ^ ^ benzy l t r ipheny lphosphon ium chlor ide (0.29 

g, 0.5 m m o l ) were dissolved i n T H F (15 

c m 3 ) . N a O H ( 5 0 % soin. 2.0 c m 3 ) was then added dropwise over 0.5 h. The react ion was 

st irred for 8 h. The solvent was removed i n vacuo and the crude product was extracted w i t h 

toluene, washed w i t h water and dr ied over M g S 0 4 . A f t e r remova l o f toluene under vacuo the 

crude product was recrystal l ised from cyclohexane y ie ld ing a ye l l ow sol id 173 (0.15 g, 5 1 % ) , 

m p : 131.5-132.0 °С . M S (ES) miz 585 (м+, h ' " ) ; A n a l , caled, for C40H44N2O2: с, 82.15; н, 

7.58; N， 4.79. Found: с, 81.94; н, 7.49; N , 4.84. ÔH (CDCI3, 400 M H z ) 8.18 (d , J 8.4, 2Н)， 

8.08 (d , У 8.8, 2Н)， 7.75 (d , J 8.4, 2 Н ) , 7.54 ( d , / 8 . 0 , 2 Н ) , 7.37 (d , J 8.4, 2 H ) , 7.31 ( m , 5H)， 

7.03 (d , J 8.8, 2 H ) , 6.66 (d , J 7.6, 2 H ) , 4.05 (t, J 6.6, 2 H ) , 1.83 ( m , 2 H ) , 1.28 ( m , 18H) , 0.89 

(t, J 6.0, 3H ) . 5c (CDCI3, 100 M H z ) 162.02, 137.21, 130.94, 129.55, 128.62, 128.69, 128.73, 

128.32, 127.37, 127.26, 127.10, 126.84, 126.59, 123.59, 122.87, 116.23, 115.02, 109.99, 

90.19, 68.33, 31 .91 , 29.65, 29.63, 29.58, 29.56, 29.37, 29.34, 29.14, 26.00, 22.68, 14.09. 

5.2.26 9 ,9 -D ihexy l f l uo rene 174 

" B u t y l l i t h i u m (1.6 M , 31.3 cm 3 ， 50 m m o l ) was added dropwise to a st irred 

p u / 、л> u so lu t ion o f fluorene 161 (3.3 g, 20 m m o l ) i n T H F (50 c m 3 ) at -78 °С. A f t e r 
С б Н і з じ б Н 1 ^ 

st i r r ing for 1 h at -78 °С, bromohexane (8.2 c m 3 , 60 nuno l ) was added. The 

react ion was st irred fo r 2 h and a l lowed to w a r m to r t . The react ion was quenched w i t h H2O 

and the T H F removed under vacuo. The crude product was extracted tw ice w i t h diethylether, 

dr ied over M g S 0 4 and the diethylether removed under vacuo to y ie ld the wh i te deliquescent 

so l id 174 (5.40 g, 81%) . M S (E I ) : m/z 334 ( M ^ 6 6 % ) ; A n a l . Caled, for C25H34: c， 89.76; H , 
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10.24. Found: С, 89.49; н, 10.20. ÔH (CDCİ3, 400 M H z ) 7.71 ( d , / 8 , 2 Н ) , 7.35 (d , J 8.4, 2 Н ) , 

7.29-7.33 ( m , 4Н)， 1.89-1.85 ( m , 4 Н ) , 1.02-0.93 ( m , 12Н) , 0.67 (է, J 6.8, б Н ) , 0.54 ( m , 4 Н ) , 

ôc ( C D C b , 100 M H z ) 150.71, 141.15, 126.99, 126.70, 122.85, 119.65, 55.04, 40.44, 31.52, 

29 .75 ,23 .75 ,22 .60 , 14.10. 

5.2.27 2 ,7 -B is (b romomethy l ) -9 ,9 -d i - / i -hexy l f l uo rene 175 

Br A m ix tu re o f 9,9-dihexyl f luorene 174 (5.00 g, 15 m m o l ) and 

Br' ^ TT > Հ 二 paraformaldehyde (6 g, 200 m m o l ) i n H B r ( in acetic acid, 33%) (42 
С б П і з <- 'бН із 

c n ť ) was stirred at 60 "C for 24 h. The react ion was cooled to r t and 

H2O (100 cm^) added. The crade product was extracted w i t h D C M (3 X 50 cm^), washed 

sequential ly w i t h saturated К а Н С О з , N a C l and H2O then dr ied over M g S 0 4 . A f t e r remova l o f 

D C M under vacuo the crude product was pur i f ied b y co lumn chromatography (eluent: 

hexane-ethyl acetate 9:1 v /v ) to g ive the colourless viscous l i qu id 175 (6.1 g, 78 % ) . M S (E I ) 

m/z 522 (M+， s ißr , s ißr , 3%) , 520 (М+， 7 9 Br， s'Br, 5%) , 518 (М+， 7 9 B r , 7 9 Br， 3%) . ÔH (CDCI3, 

400 M H z ) 7.44-7.74 ( m , 6H ) , 4.81 (s, 4 H ) , 1.99 ( m , 4 H ) , 1.00 ( m , 12H) , 0.73 ( m , 6 H ) , 0.52 

( m , 4 H ) . ôc (CDCI3, 400 M H z ) 171.89, 162.88, 150.39, 139.80, 129.45, 119.75, 84.00, 54.85, 

40.37, 31.25, 29.56, 23.57, 22.50, 14.02 

5.2.28 2 ,7 -B i s (b romomethy l ) - 9 ,9 -d i hexy l f l uo rene t r i p h e n y l p h o s p h o n i u m d i b r o m i d e sait 

176 

A mix tu re o f 2 ,7-b is(bromomethy l ) -9 ,9-d ihexy l f luorene (6.0 

РҺ3Р > Հ 2Br g , 11.5 m m o l ) 175 and t r iphenyphosphine (10.74 g, 40.95 

m m o l ) i n D M F (120 cm^) was re f luxed for 12 h. The cooled 

solut ion was then added s low ly to d ie thy l ether (500 cm^) w i t h v igorous st i r r ing. The wh i te 

salt, w h i c h precipi tated, was then filtered, washed w i t h ether and dr ied under h igh vacuum for 

24 h g i v ing compound 176 (7.2 g, 60 % ) . ÔH (CDCI3, 400 M H z ) 7.78-7.62 (m， ЗОН), 7.35 (d , 

J 7.6, 2 Н ) , 7.07 (d , J 7.6, 2 Н ) , 6.95 (s, 2Н)， 5.42 (d , J 14， 4 Н ) , 1.46 (է, J 8.4, 4Н)， 1.08 ( m , 

4 Н ) , 0.83 ( m , 8Н)， 0.76 (է, J 7, 6Н)， 0.19 ( m , 4 Н ) . δρ (CDCİ3, 121 M H z ) 23.63. ôc (CDCI3, 

132 



E x p e r i m e n t a l Procedures 

100 M H z ) 151.24, 140.40, 134.97, 134.99, 134.33, 134.23, 130.15, 130.03, 126.14, 118.14, 

117.29, 54.86, 39.96, 31.60, 29.52, 23.79, 22.57, 13.96 

5.2.29 C o m p o u n d 177 

С і 2 Н 2 5 0 ^ ^ _ / Г ^ . / ^ \ _ / ^ 〜 f í ^ \ ^ O C i 2 H 2 5 

СбНіз СвНіз 

Compound 172 (0.28 g, 0.55 m m o l ) and compound 176 (0.28 g, 0.27 m m o l ) were dissolved 

i n a mix tu re o f d is t i l led anhydrous ethanol (30 c m 3 ) and T H F (15 c m 3 ) . Sod ium metal (0.03 g) 

in anhydrous ethanol (15 cm^) was then added dropwise over 0.5 h. The react ion was stirred 

for 12 h and then H C l (0.1 M , 1 c m 3 ) was added. The solvents were removed i n vacuo and the 

crade product was extracted w i t h toluene, washed w i t h H2O and dr ied over M g S 0 4 . A f te r 

remova l o f toluene i n vacuo the crude product was pur i f i ed b y co lumn ctoomatography 

(eluent: CHCb-d ie thy le ther 11.5:1 v /v ) and recrystal l ised from CHCI3 I ethanol to y ie ld 

compound 177 as a ye l l ow so l id (0.16 g， 43%) . m p : 171.3-172.7 °С· M S ( M A L D I - T O F ) m/z 

Caled, for C93H,ioN404: 1347.89 (M+) . Found 1347.76; A n a l , caled, for С9зН, іоМ404: с, 

82.87; H , 8.23; N, 4.16. Found : с, 82.38; н , 8.23; N， 4 . 0 5 . ÔH (CDCI3, 4 0 0 M H z ) 8 . 2 1 (d, J 

7.2, 4Н)， 8.10 (d , J 7.6, 4Н)， 7.73 (d , y 7.6, 4 Н ) , 7.70 ( m , Ю Н ) , 7.52-7.56 ( m , 4 Н ) , 7.25-7.29 

( m , 4 Н ) , 7.04 (d , J 7.6, 4 Н ) , 4.05 (է, J 6.6, 4Н)， 2.05 ( m , 4Н)， 1.83 (է, J 8 . 1 , 4 Н ) , 1.28 ( m , 

3 6 Н ) , 1.09-1.13 ( m , 12Н) , 0.89 (է, J 6.0, 6Н ) , 0.71-0.78 ( m , Ю Н ) . 6c (CDCI3, 100 M H z ) 

164.62, 164.00, 162.02, 156.66, 151.66, 143.61, 140.82, 138.64, 137.53, 136.22, 129.97, 

128.70, 127.36, 127.32, 127.22, 127.05, 125.82, 122.87, 120.89, 120.02, 116.21, 115.01, 

68.32, 55.05, 40.57, 31.92, 31.53, 29.77, 29.67, 29.64, 29.60, 29.57, 29.38, 29.35, 29.15, 

26.00, 23.83, 22.68, 22.60, 14 .11 , 14.01. U V - V i s ( D C M ) \™x 397 ա ո , P L ( D C M ) んax 444， 

468 n m . 
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5.3 EXPERIMENTAL PROCEDURES OF CHAPTER З 

5.3.1 6 - B r o m o n i c o t i n i c ac id 180 

クᄋ 2-Bromo-5-methy lpy r id ine 179 (17.2 g， 100 m m o l ) and phase transfer agent 

' A l iqua t -336 (0.5 cm^) i n H2O (350 c m 3 ) were heated at 70 °С. Powdered 

КМПО4 (44 g, 0.28 m o l ) was added carefu l ly i n smal l por t ions over a per iod o f 3 h. The 

mix tu re was then re f luxed for a further 1.5 h. A f t e r coo l ing , the sol id was f i l tered o f f , washed 

w i t h hot water and the combined f i l trates were concentrated to ca. 150 cm^, then ac id i f ied 

w i t h H B r (48%) and cooled in an ice bath. The precipi tate was then f i l tered o f f , washed w i t h 

H2O, recrystal l ised from H2O and dr ied to y ie ld 180 as colourless plates (10.1 g, 5 0 % ) , m p : 

194.5-195.0 °С (lit.'^^ 195 °С). A n a l . Caled, for СбНдВгНОз: с , 35.67; н , 2.00; N , 6.93. 

Found: С, 3 5 . 6 1 ; H , 1.99; N , 6.95. ÔH (DMSO-de , 400 M H z ) 8.87 (d , y շ , İ H ) , 8.16 (dd. Jab 

8.2, Jac շ , İ H ) , 7.80 (d , J 8.2, İ H ) , ôc (CDCı3, 100 M H z ) 165.51, 151.12, 145.54, 139.86, 

128.23, 126.42. 

5.3.2 2- [ 5 - ( 2 - B r o m o p y r i d y l ) ] - 5 - ( 4 - d o d e c y I o x y p h e n y l ) - l ,3 ,4-oxadiazole 183 

6-Bromonico t in ic acid 180 (6.6 g, 32.7 m m o l ) was re f luxed 

J ^ B í i n th iony l ch lor ide (40 cm^) for 12 h under n i t rogen. The 

excess th iony l ch lor ide was then removed b y vacuum dis t i l la t ion. D r y toluene (30 cm^) was 

then added and d is t i l led o f f at reduced pressure to remove any remain ing th iony l chlor ide. 

A f te r coo l ing to r t , 4-dodecy loxybenzoic acid hydrazide 149 (10.58 g, 33 m m o l ) dissolved i n 

pyr id ine (50 c m 3 ) was added v ia a syr inge. The so lut ion was st irred for 1 h at r t and then for a 

further 2 h at 110 °С. Pyr id ine was removed b y vacuum d is t i l la t ion. A f t e r coo l ing to r t , 

methanol (50 cm"") was then added and the suspension was heated at re f lux for 15 m i n , cooled 

and a sol id obtained b y vacuum filtration. The crade intermediate product was dr ied fo r 12 h 

under h igh vacuum and then re f luxed w i t h POCI3 (40 cm^) for 12 h after w h i c h t ime the 

РӨС1з was removed b y vacuum d is t i l la t ion y ie ld ing a cream sol id . Me thano l (50 c m 3 ) was 

134 



E x p e r i m e n t a l P rocedures 

then added and the suspension was heated at re f lux for 15 m i n , cooled and the so l id obtained 
b y vacuum filtration. The crade product was dr ied for 12 һ under h igh vacuum and then 
dissolved i n a m i n i m u m amount o f d ichloromethane. H B r ( in g lacia l acetic acid, 33%) (20 
c m 3 ) was then added and the suspension was st irred at rt fo r 96 h. The suspension was then 
d i lu ted w i t h H2O (20 c m 3 ) and neutral ised w i t h МагСОз (2 M ) . The mix tu re was extracted 

w i t h D C M , washed w i t h N a O H and then H2O and f i l tered through cel i te before d ry ing w i t h 

M g S 0 4 and filtering. The so lut ion was concentrated in vacuo and the crade product was then 

pur i f ied b y co lumn chromatography (eluent: CHCİ3֊EtOAc 19:1 v /v ) and crystal l isat ion 
(ethanol) to y ie ld wh i te crystals o f compound 183 (5.9 g, 3 7 % ) , m p : 144-144.5 °С. M S (E I ) 

m/z 487 (M+， siBr , 2 0 % ) , 485 (Μ"*·, 7 9 B r , 2 0 % ) . A n a l . Caled for СгзНзгВгМзОг: с, 61.73; н, 

6.63; Ν , 8.64. Found : С, 61.58; н, 6.63; N， 8.43. 5н (CDCİ3, 400 M H z ) 9.08 (d, J 2.4, I H ) , 
8.28 (dd, Jab 8.4, Jac 2.4, İ H ) , 8.07 (d , J 8.8, 2Н)， 7.69 (d , y 8.4, İ H ) , 7.04 (d , y 8.8, 2 Н ) , 4.05 

(է, J 6.8, 2 Н ) , 1.83 ( m , 2 Н ) , 1.28 ( m , 18Н) , 0.89 (է, J6, ЗН) , 6с (CDCİ3, 100 M H z ) 165.30, 
162.40, 160.00, 154.21, 147.68, 136.50, 128.89, 128.54, 119.63, 115.50, 115.14, 68.38, 3 1 . 9 1 , 
29.64, 29.62, 29.58, 29.55, 29.35, 29.33, 29 .11 , 25.99, 22.67, 14.09. 

5.3.3 2 ,7 -B i s {5 - [2 - (4 -dodecy loxypheny l ) - l , 3 ,4 -oxad iazo I -5 -y l ] - 2 -py r i dy l } -9 ,9 -

d i h e x y l f l u o r e n e 184 

'^^Ì2՝^25 I n accordance w i t h the 

general method for 

Suzuk i cross-coupl ing 

շ^շհշտՕ ՛ ՛ ~ reactions, compound 

183 (0.196 g， 0.4 m m o l ) , compound 164 (0.077 g, 0.18 m m o l ) , Р(1(РРҺз)4 (23 m g , 0.02 

m m o l ) , T H F (25 c m 3 ) and КагСОз (2 M , 0.6 c m 3 ) ; react ion t ime 48 h; extracted w i t h D C M . 

Chromatography eluent: D C M - E t O A c (19:1 v / v ) f o l l owed b y D C M - E t O A c (9:1 v /v ) and 

recrystal l isat ion from ethanol gave 184 as a wh i te sol id (0.073 g, 3 5 % ) , m p : 166.7-167.5 °С. 

M S ( M A L D I - T O F ) m/z Caled, for C75H96N6O4: 1145.76. Found 1145.73 ( M ^ ) ; A n a l . Caled, 

for C75H96N6O4: c , 78.63; H , 8 . 4 5 ; N , 7 . 3 4 . Found : c， 7 8 . 9 9 ; H , 8 . 5 1 ; N , 6 . 9 4 . ÔH (CDCI3, 

400 M H z ) 9.44 (d , J 2 , 2 H ) , 8.51 (dd, Jab 8, Jac 2， 2 H ) , 8.14 ( m , 4 Н ) , 8.12 (d , J 8.8, 4 Н ) , 8.02 

(d , J 8， 2Н)， 7.9 (d , J 8， 2H)， 7.06 (d , J 8.8, 4H)， 4.06 (t, J 6.4, 4H)， 2.17 ( m , 4 H ) , 1.84 ( m , 

4H)， 1.5-1.3 ( m , 3 6 H ) , 1.1 ( m , 12H) , 0.9 (t, J 6.4, 6 H ) , 0.74 ( m , lOH) . ôc (CDCI3, 100 M H z ) 
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165.02, 162.25, 159.81, 152.33, 147.66, 142.40, 134.80, 134.78, 128.84, 126.43, 121.59, 

120.64, 120.44, 120.41, 118.62, 115.86, 115.12, 68.37, 55.70, 53.39, 40.38， 31 .91 , 31.50, 

29.65, 29.63, 29.59, 29.56, 29.37, 29.34, 29.13, 26.00, 23.88, 22.68, 22.56, 14.10, 13.95. U V -

V i s ( D C M ) \™x 372 n m , P L ( D C M ) w 4 1 1 , 431 n m . 

5.3.4 2 ,7 -B is {5 - [2 - (4 -dodecy loxypheny I ) - l , 3 ,4 -oxad iazo l֊5-y l ] -2 -py r idy l } sp i rob i f l uo rene 

185 

.OC12H25 B y analogy w i t h the 

synthesis o f 184, 

compound 183 (0.486 

C12H25O g， 1 匪 이 ) , compound 

170 (0.284 g, 0.5 m m o l ) , Р(і(РРЬз)4 (58 m g , 0.05 m m o l ) , t r i - /er / -buty lphosphine (0.02 g, 0.1 

m m o l ) , toluene (20 c m 3 ) and K2CO3 (2 M , 2.5 շ ա ՜ ՛ ) ; react ion t ime 48 h; extracted w i t h 

ch lo ro fo rm. Cfeomatography eluent: CHCI3一EtOAc (17:3 v /v ) fo l l owed b y recrystal l isat ion 

from a toluene/ethanol m ix tu re gave compound 185 as a ye l l ow sol id (0.32 g, 5 6 % ) , m p : 

203.0-203.4 °С· M S ( M A L D I - T O F ) m/z Caled, for C75H78N6O4: 1127.62. Found 1127.65 

(M+) ; A n a l , caled, for C75H78N6O4: c , 79.90; H， 6.97; N , 7.45. Found: c , 79.70; H， 7.00; N , 

7.26. ÔH (CDCI3,400 M H z ) 9.27 (ร, 2H)， 8.33 (d , J 8.4, 2 H ) , 8.23 (d , J 8， 2 H ) , 8.04 ( m , 6 H ) , 

7.94 ( d , y 8 , 2 H ) , 7.72 ( d , y 8 . 4 , 2 H ) , 7.43 ( m , 4 H ) , 7.15 ( t , y 7 . 6 , 2 H ) , 7.02 ( d , y 8 . 4 , 4 H ) , 6.84 

(d , J 7 . 6 , 2 H ) , 4.04 (t, J 6 , 4 H ) , 1.82 ( m , 4 H ) , 1.5-1.3 ( m , 36H) , 0.89 (t, J 6 . 4 , 6H) . 6c (CDCI3, 

100 M H z ) 164.95, 162.19, 162.09, 159.13, 150.4, 147.98, 147.45, 142.85, 142.0, 138.30, 

134.57, 128.81, 128.10, 127.48, 127.17, 124.25, 122.72, 121.00, 120.43, 120.30, 118.62, 

115.76, 115.06, 68.33, 66.15, 31.92, 29.66, 29.64, 29.59, 29.57, 29.39, 29.37, 29.12, 25.99, 

22.70, 14.13. U V - V i s ( D C M ) \™x 371 n m , P L ( D C M ) Xmax 407, 430 n m . 
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5.3.5 l , 4 -B i s {5 - [ 2 - (4 -dodecy loxypheny l ) - l , 3 ,4 -oxad iazo l -5 - y l ] - 2 -py r i dy l } - 2 ,5 - (2 -

e thy lhexoxy ) p h e n y l 187 

C12H25O 

OC12H25 
B y analogy w i t h the synthesis 

o f 184, compound 183 (0.69 

g, 1.4 m m o l ) , compound 186 

(0.30 g, 0.71 m m o l ) , 

Pd(PPh3)2Cİ2 (52 m g , 0.07 

m m o l ) , tń-tert-

buty lphosphine (0.02 g, 0.1 m m o l ) , T H F (50 c m 3 ) and МагСОз (2 M , 2.8 c m 3 ) ; react ion t ime 

96 h; extracted w i t h toluene. C Խ o m a t o g r a p h y eluent: D C M - E t O A c (11.5:1 v /v ) f o l l owed b y 

recrystal l isat ion from ethanol gave compound 187 as a ye l l ow so l id (0.33 g, 4 1 % ) , m p : 144.5-

145.2 °С . M S ( M A L D I - T O F ) m/z Caled, for СтгНюоМбОб: 1145.71. Found 1145.77 ( M * ) ; 

A n a l , caled, for C72H100N6O6: c, 75.49; H , 8.80; N , 7.34. Found: c, 74.99; H , 8.76; N， 7.37. 

ÔH (CDCI3 ,400 M H z ) 9.45 (d , J 2.4, 2H)， 8.43 (dd， Jab 8.4, Jac 2.4, 2 H ) , 8.28 (d , J 8.4, 2 Н ) , 

8.11 (d , J 8.8, 4 Н ) , 7.76 (ร, 2 Н ) , 7.06 (d , y 8.8, 4Н)， 4.07 ( m , 8Н) , 1.85 ( m , 6Н)， 1.5-1.3 ( m , 

52Н) , 0.89 ( m , 18Н). ôc (CDCI3, 100 M H z ) 165.00, 162.29, 162.24, 157.65, 151.54, 147.20, 

133.55, 129.46 128.83, 125.55, 118.50, 115.88, 115.37, 115.11, 71.64, 68.36, 39.70, 31 .91 , 

30.83, 29.65， 29.62, 29.85, 29.55, 29.36, 29.33, 29.13, 29.10, 26.00, 24.23, 23.02, 22.67, 

14.09, 14.03, 11.23. U V - V i s ( D C M ) Xmax 327, 380 n m , P L ( D C M ) >чпах 460 ա ո . 

5.3.6 2 ,7 -B is {5 - [5 - (4 - ře i ' ř -bu ty lpheny l ) - l ,3 ,4 -oxad iazo l -2 -y l ] - th Íen-2 -y l } -9 ,9 -

d ìhexy l f l uo rene 189 

B y analogy w i t h the synthesis 

o f 184, compound 188 (0.3 g, 

0.73 m m o l ) , compound 164 

(0.17 g, 0.40 m m o l ) , 

Pd(PPh3)2Cİ2 (29 m g , 0.04 m m o l ) , t r i - fôr t -buty lphosphine (O.Ol c m 3 , 0.1 m m o l ) , T H F (50 

c m 3 ) and Ыа2СОз (2 M , 1.0 c m 3 ) ; react ion t ime 96 h; extracted w i t h toluene. Ctaomatography 
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eluent: D C M - E t O A c (32.3:1 v / v ) f o l l owed b y D C M - E t O A c (9:1 v /v ) and recrystal l isat ion 

from toluene I ethanol gave ye l l ow needles o f 189 (0.15 g, 4 2 % ) , m p : 252.6-253.0 °С. M S 

(EI ) m/z 898 (M+, 100%) . Ana l , caled, for C57H62N4O2S2: c, 76.13; H , 6.95; N , 6.23. Found : 

c, 75.73; H， 6.89; N， 5 .91 . ŐH ( C D C I 3 , 400 M H z ) 8.08 (d , J 8.4, 4 H ) , 7.84 (d , JA, 2 H ) , 7.78 

(d , J 8.0, 2 Н ) , 6.70 (d , J 8.0, 2 Н ) , 7.65 (ร, 2Н)， 7.57 (d , J 8.4, 4Н)， 7.47 (d , J 4 , 2 Н ) , 2.07 ( m , 

4 Н ) , 1.40 (s, 18Н) , 1.11 ( m , 12Н) , 0.77 ( m , Ю Н ) , ôc (CDCI3, 100 M H z ) 164.12, 160.93, 

155.43, 152.16, 149.75, 141.11, 132.39, 130.54, 128.81, 126.08, 125.34, 123.85, 123.75, 

120.94, 120.61, 120.41, 55.53, 40.35, 35.12， 31.43, 31.13, 29.62, 23.79, 22.54, 13.96. U V - V i s 

( D C M ) Vax 394 n m , P L >wx ( D C M ) 439, 466 ա ո . 
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5.4 EXPERIMENTAL PROCEDURES OF CHAPTER 4 

5.4.1 P o l y m e r 191 ( M e t h o d 1) 

E x p e r i m e n t a l P rocedures 

I n accordance w i t h the general 

method for Suzuki cross-

coup l ing reactions, compound 

190 (0.87 g， 1.0 m m o l ) , 

compound 170 (0.57 g， 1.0 m m o l ) , Pd(PPh3)4 (115 m g , 0.1 m m o l ) , T H F (50 c m 3 ) and НагСОз 

(2 M , 5 cm^) ; react ion t ime 96 h; extracted w i t h CHCI3. The organic solut ion was then 

washed w i t h H2O, d r ied and filtered toough a cel i te co lumn. The filtrate was concentrated i n 

vacuo to a f fo rd a viscous solut ion that was added dropwise into v igorous ly s t i r r ing ethanol 

(150 c m 3 ) and the resul t ing m ix tu re was st irred at rt for 12 h. The resul t ing pale ye l l ow sol id 

was filtered, washed w i t h ethanol and dr ied for 48 h under h igh vacuum g i v i ng po lymer 191 

(0.1 g， 7%) , M„: 9970, Pd: 1.11 (polystyrene standard). ÔH ( C D C I 3 , 400 M H z ) 8.13-7.45 ( m , 

18H) , 7.19-6.80 (m， 6 H ) , 4.07 ( m , 4 H ) , 1.84 (m， 2 H ) , 1.5-1.3 ( m , 16H) , 0.94-0.82 ( m , 12H). 

U V - V i s ( D C M ) >^ax 380 n m , P L ( D C M ) >Wx 415, 436 n m . 

5.4.2 P o l y m e r 191 ( M e t h o d 2) 

B y analogy w i t h method 1, compound 190 (0.79 g, 0.9 m m o l ) , compound 170 (0.52 g, 0.9 

m m o l ) , Рс1(РРҺз)4 (104 m g , 0.09 m m o l ) , t r i - terŕ -buty lphosphine (O.Ol c m 3 , 0.1 m m o l ) , 

toluene (50 c m 3 ) and K2CO3 (1 M , 10 c m 3 ) ; react ion t ime 96 h; extracted w i t h CHCI3. The 

organic so lu t ion was then washed w i t h H2O, dr ied and f i l tered through a cel i te co lumn. The 

f i l t rate was concentrated i n vacuo to a f fo rd a viscous solut ion that was added dropwise into 

v igorous ly s t i r r ing ethanol (150 c m 3 ) and the resul t ing m ix tu re was stirred at rt for 12Һ. The 

resul t ing pale ye l l ow sol id was filtered, washed w i t h ethanol and dr ied for 48 h under h igh 

vacuum g i v i n g po lymer 191 (0.64 g, 4 8 % ) , M„: 35000, Pd: 1.02 (polystyrene standard). 

Spectroscopic data were ident ical to those obtained b y method 1. 
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5.4.3 2 ,7 -B is (4 -cyanopheny l ) -9 ,9 -d ihexy l f l uo rene 193 

I n accordance w i t h the general method for Suzuk i 

？N cross-coupl ing reactions, compound 163 (4.9 g, 10.0 

m m o l ) , 4-cyanophenyl boron ic ac id 192 (3.08 g, 21.0 

m m o l ) , Pd(PPh3)2Cİ2 (1.52 g, 2.1 m m o l ) , t r i - íerř -buty lphosphine (0.2 c m 3 , 1.0 m m o l ) , T H F 

(50 сщЗ) and КагСОз (2 M , 42.0 cm^) ; react ion t ime 72 h; extracted w i t h D C M . 

Chromatography eluent, hexane -E tOAc (9:1 v /v ) fo l l owed b y recrystal l isat ion from ethanol 

gave compound 193 (2.5 g, 4 7 % ) , m p : 114.2-115.1 °С (lit.^^^ 113-115 °С ) , M S (EI ) m/z 536 

(M+， 100%). A n a l , caled, fo r C39H40N2: с 87.27; н, 7 .51 ; N , 5.22. Found : с, 87.25; н, 7.52; 

N , 5 .21 . 5н (CDCİ3 ,400 M H z ) 7.84 (d , J 7.6, 2 Н ) , 7.78 ( m , 8 Н ) , 7.62 (d , J 8.0, 2 Н ) , 7.58 (ร, 

2 Н ) , 2.07 ( m , 4 Н ) , 1.06 ( m , 12Н) , 0.77 ( m , Ю Н ) , ôc (CDCI3, 100 M H z ) 152.14, 145.96, 

140.98, 138.45, 132.61, 127.77, 126.44, 121.59, 120.63, 118.98, 110.80, 55.55, 40.32, 31.42, 

29.60, 23.80, 2 2 . 5 1 , 13.93. 

5.4.4 2 , 7 - B i s [ 4 - ( 5 - ^ - t e t r a z o l e ) p h e n y l ] - 9 , 9 - d i h e x y l f l u o r e n e 194 

H A т і х Ш г е o f 2,7-bis(4-cyanophenyl) -9,9-

/ / ^ ^ Ύ d ihexy l f luorene 193 (0.54 g , 1 m m o l ) , NaN3 

(0.16 g, 2.5 m m o l ) and NH4CI (0.13 g, 2.5 m m o l ) 

i n degassed D M F (15 m l ) was re f lux ed for 24 h. The react ion m ix tu re was then cooled to r t 

and H C l (5 c m 3 ) i n H2O (30 m l ) was added s low ly . The green precipi tate was then filtered, 

washed w i t h H2O and dr ied for 48 h under h igh vacuum g i v i ng compound 194 (0.51 g, 8 2 % ) , 

m p : 〉250 °С (decomp.) , M S (EI ) m/z 622 (M+) . A n a l , caled, for C39H42N8: c, 7 5 . 2 1 ; H， 6.80; 

N , 17.99. Found: c, 74.77; H， 6.80; N , 17.56. 6н (DMSO-de , 400 M H z ) 8.21 (d , J 8.4, 4H)， 

8.06 ( d , / 8 . 4 , 4H)， 8.02 ( d , J 8.0, 2 H ) , 7.95 (ร, 2 H ) , 7.83 (d , J 8, 2 Н ) , 2.2 ( m , 4Н)， 1.05 ( m , 

12Н) , 0.71 ( m , ІОН), ôc (DMSO-de , 100 M H z ) 151.58, 142.91, 140.23, 137.96, 127.58, 

127.49, 125.90, 122.92, 121.17, 120.67, 55.14, 31.49, 29.57, 24.12, 2 2 . 6 1 , 14.46. 
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5.4.5 2 ,7 -B i s {4 - [2 - (4 - i odopheny l ) - l , 3 ,4 -oxad iazo l -5 -y l ] pheny l } -9 ,9 -d íhexy l f l uo rene 196 

4- Iodobenzoy l chlor ide 195 (1.07 

g, 4 m m o l ) , d issolved i n p jTİd ine 

(5 cm^) was added dropwise to a 

solut ion o f 2,7-Ь І5[4-(5-1Я-

tetrazole)phenyl ] -9,9-d ihexyl f luorene 194 (0.50 g， 0.8 m m o l ) i n pyr id ine (15 cm^) and the 

m ix tu re was re f luxed for 3 h. Pyr id ine was removed b y vacuum d is t i l la t ion. A f te r coo l ing to 

rt， methanol (30 cm^) was added and the suspension was heated at re f lux for 15 m i n , cooled 

and the wh i te so l id obtained b y vacuum filtration. The crude product was then pur i f ied b y 

c o l u m n chromatography (eluent: D C M - E t O A c 24:1 v /v ) and recrystal l ised from toluene to 

y ie ld wh i te crystals o f compound 196 (0.62 g， 7 5 % ) , m p : 253.8-254.5 °С. M S ( M A L D I - T O F ) 

m/z Caled, fo r C53H48I2N4O2: 1027.19. Found 1027.20 (Μ+)· A n a l . Caled for C53H48I2N4O2: c, 

62 .00; H， 4 . 7 1 ; N， 5.46. Found: c, 61.77; H , 4 .72; N , 5.39. ÔH ( C D C I 3 , 400 M H z ) 8.24 (d , J 

8.4， 4H)， 7.92 (m， 8 H ) , 7.87 ( m , 6 H ) , 7.68 (d , J 8, 2 H ) , 7.65 (ร, 2 H ) , 2.09 ( m , 4 Н ) , 1.09 ( m , 

12Н) , 0.77 ( m , Ю Н ) , ôc (CDCI3, 100 M H z ) 164.76, 164.06, 152.05, 145.03, 140.78, 138.90, 

138.42, 128.29, 127.78, 127.47, 126.32, 123.46, 122.36, 121.51, 120.45, 98.55, 55.52, 40.37, 

31 .45 ,29 .65 ,23 .83 ,22 .54 , 13.97. 
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1 A P P E N D I X O N E ะ L U M I N E S C E N C E SPECTROSCOPY 

Lmninescence can be categorised b y the manner i n w h i c h the exc i ted state is fo rmed. 

Photo luminescence (PL) is the type used i n spectroscopy and occurs w h e n a mo lecu le absorbs 

l ight . Other types inc lude electrolrnninescence ( E L ) , w h i c h causes l igh t to be emi t ted w h e n an 

electr ic current is passed through a mater ia l , chemi luminescence ( i n v o l v i n g a react ion 

releasing energy as l igh t rather than heat) and b io luminescence ( for example i n special organs 

o f deep sea fish to help attract p rey) . 

I n phosphorescence the emiss ion results from a t r ip let exci ted state. The t rans i t ion 

d o w n to the ground state is spin fo rb idden as the exci ted state is i n the same sp in or ienta t ion 

as that o f the g round state. Therefore, the process is re la t ive ly s low and emiss ion lasts w e l l 

beyond the exc i ta t ion, w i t h phosphorescence l i fe t imes be ing anyth ing from 10՜ 3 ร to several 

minutes ( fo r example phosphorescent mater ials used o n wa tch hands, a l l o w i n g the t ime to be 

read i n the dark) . 

Fluorescence on the other hand results from emiss ion from a singlet exc i ted state. 

Here the electron is o f opposi te spin to that o f the ground state and so t rans i t ion is a l l owed 

resu l t ing i n a m u c h shorter l i fe t ime o f the order o f 10՜ 9 ร. Therefore, to the naked eye, l i gh t 

appears to be emi t ted on l y wh i l s t the sample is be ing exc i ted. ' 

ร . 

ร 1 

KV 

Sa 

1С 

ISC 

'1С 

л л л л л * . 

Efeuatcictgue 

KM 

Л-

ISC 

т . 

T l 

РһвфАпгеяеке 

Figure A l . Typ ica l example o f a Jabłońsk i diagram.^ 

The processes i n v o l v e d i n l imi inescence are usual ly shown o n a Jabłoński d iagram.^ A t yp ica l 

example is g iven i n F igure A l . I n th is d iagram the ver t ica l scale represents energy wh i l s t the 

hor izonta l scale is used as an easy w a y o f d is t ingu ish ing between states o f d i f f e r i n g sp in 

mu l t i p l i c i t y . The singlet g round state, first exc i ted state and h igher exci ted states are denoted 

So, Si and รท, respect ively. The t r ip let exc i ted states are denoted i n a s im i la r w a y w i t h ' T ' 
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rep lac ing ' ร ' . Each o f these energy levels is spl i t in to a number o f v ib ra t iona l energy levels, 
w h i c h result from the m o t i o n o f the nucle i i n the molecu le . I n mul t inuc lear systems these 
v ib ra t iona l levels cause the exci ted states to over lap leading to cont inuous spectra be ing 
observed. The v ib ra t iona l levels also g ive rise to fine structure i n the spectra. 

I n fluorescence the аЬзоф І іоп o f a pho ton o f l ight promotes an electron from the 

ground state in to a h igher singlet energy level . The molecu le then relaxes d o w n to the lowest 

v ib ra t iona l exci ted state o f Si v i a one o f the t w o non-radiat ive processes. These are in ternal 

conversions (1С) to a lower exci ted state or v ib ra t iona l re laxat ion (VR)， where the mo lecu le 

loses v ib ra t iona l energy b y ( i ) co l l is ions w i t h solvent molecules i n so lu t ion or b y ( і і ) 

interact ions w i t h the v ib ra t iona l mo t ions o f a so l i d ma t r i x . These processes occur i n general i n 

under 10՜'2 ร, w h i c h is m u c h qu icker than the alternat ive (Տշ ― So) radiat ive decay. A s 

fluorescence l i fe t imes are t yp ica l l y between 10՜ 8 and 10՜'^ ร these processes are usua l ly 

complete before emiss ion commences. The molecu le w i l l then relax to the g round state 

( though not necessari ly to the lowest energy v ib ra t iona l state) w i t h the energy lost be ing 

released as l ight . A s the exc i ta t ion does not have a large ef fect o n the geometry o f the 

mo lecu le the spacing o f the v ibra t iona l states is s imi la r for bo th So and S i . Th is leads to the 

fluorescence emiss ion spectra be ing s imi lar (albei t reversed) i n shape to the absorpt ion 

spectra. ' ' 

Fluorescence can be ef fected b y quench ing, resul t ing i n the intensi ty o f fluorescence 

be ing reduced. There are ranges o f mechanisms b y w h i c h this process can occur. CoUis ional 

quench ing occurs w h e n the fluorophore i n the exc i ted state comes into contact w i t h another 

mo lecu le (quencher) i n so lu t ion. D u r i n g the encounter the quencher re tums the fluorophore to 

the ground state b y a var ie ty o f methods w h i c h can inc lude electron transfer o r sp in-orb i t 

coup l ing and intersystem crossing ( ISC) to the t r ip le t state (the latter occurs w h e n the 

quencher is , fo r example, molecu lar oxygen or a halogen). 

154 



A p p e n d i x t w o 

2 A P P E N D I X շ ะ Q U A N T U M C H E M I C A L C A L C U L A T I O N S 

2.1 N E W 2,5-DIARYL-1 ,3,4-OXADIAZOLE-FLUORENE HYBRIDS 

Theoret ica l ab initio calculat ions were per fo rmed b y D r I . F. Perepichka. D F T calculat ions 

were per fo rmed to look at the geometry and the electronic state o f the molecules 1 6 5 , 1 7 1 and 

177. For compar ison D F D 34 and O X D - 7 28c were also inc luded. T o decrease the 

computat iona l t ime w e calculated the molecules 34a , 165a, 171a and 177a. 

C2H5 C2H5 

34a 

H3C0 

C2H5 C2H5 
165a 

0CH3 

НзСО 

0CH3 

НзСО 

С2П5 СоНк 

ОСНз 

Scheme A l : Structures o f compounds O X D - 7 28c, 34a, 165a, 171a and 177a studied by ab initio 

calculat ions. 
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Figure А2. B3LҮР/6-31 lG(2d,p)//B3LYP/6-31G(d) orbital energy level diagrams for compounds 28c, 34a, 

16รa, 171a and 177a. 

0 ๆ 

一 1 

-2 

1， - 3 ไ 

E' -4 -j 
α> 

ш 

-5 -: 

-6 -į 
-7 -

-0.25 
-0.85 
-0.88 
-1.47 
-1.81 

4.29 

-6.10 
-6.18 
-7.06 
-7.07 
-7.28 

-0.43 
-0.61 
-1.00 
-1.34 
-2.03 

3.64 

-5.67 
-6.21 
-6.76 
-6.98 
-7.05 

-0.51 
-0.72 
-1.00 
-1.49 
-1.83 

З.бЗ 

-5.46 

-5.75 

-6.02 

-6.65 

-6.79 

-0.71 

-0.91 

-0.99 

-1.47 

-1.82 

3.63 

-5.45 

-5.73 

-5.86 

-6.05 

-6.58 

-0.74 

1.07 

-1.39： 

-1.73 ! 

-2.07 

3.03 

-5.10 

-5.55. 

-5.76 ： 

-5.97 

-6.49 

LUMO+4 

LUMO+3 

LUMO+2 

LUMO+1 

LUMO 

HOMO-LUMO 

HOMO 

НОМО-1 

НОМО-2 

НОМО-3 

НОМО-4 

OXD-7 34а 165а 171а 177а 

Figure A3: B3LYP/6-31G(d) orbital energy level diagrams for compounds 28c, 34a, 165a, 171a and 177a. 
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34a 

165a 

171a 

177a 

O X D - 7 28c 

Figure A4: B3LYP/6-31G(d) optìmized geometry of compounds 34a, 165a, 171a, 177a and OXD-7 28c. 
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O X D - 7 , H O M O = - 6 . 2 7 e V O X D - 7 , L U M O = ֊2.03 eV 

34a, H O M O = - 5 . 8 3 eV 34a, L U M O = ֊2.34 eV 

Figure A5: Frontier orbitais of compounds OXD-7 28c and 34a calculated by B3LYP/6-

31 lG(2d,p)//B3LYP6031G(d) DFT method. 

165a, H O M O = ֊5.64 e V 

165a, L U M O = - 2 . 0 6 eV 

171a, H O M O = - 5.64 e V 
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171a, L U M O = - 2 . 0 4 eV 

177a, H O M O = - 5 . 2 9 eV 

177a, L U M O = ֊2.32 eV 

Figure A6ะ F ron t ie r orb i ta is o f compounds 16Sa, 171a and 177a calculated by B 3 L Y P / 6 -

311G(2d,p) / /B3LYP6031G(d) D F T method. 
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2.2 N E W O X D - F L U O R E N E HYBRTOS INCORPORATING РҮКШЕЧЕ A N D 

T f f l O P H E N E UNITS 

D F T calculat ions were per fo rmed to elucidate the geometry and the electronic state o f the 

new py r i dy l - con ta in ing der ivat ives 184 and 185 i n compar ison w i t h 165 and 1 7 1 . A s 

p rev ious ly to decrease the computat iona l t ime calculat ions were pe r fo rmed o n molecules 

184a and 185a. Calculat ions were also pe r fo rmed on the geometr ica l isomers o f compounds 

184a and 185a, w i t h d i f ferent subst iณt ion posi t ions at the py r id ine rings (compounds 184a-

iso and 185a- iso) , w h i c h have not been synthesised. 

0CH3 

H3C0 

C2H5 C2H5 
184a 

H3C0 185a 

0CH3 

H3C0 

C2H5 C2H5 
184a-iso 

0CH3 

0CH3 

H3C0 

Scheme A2ะ S t ruc tu re o f compounds 184a, 18Sa, 184a-iso and 185a-iso studied by ab initio calculat ions. 
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Figure A7: B3LҮР/6-311 G(2d,p)//B3Lүр/6-31 G(d) orbital energy levels diagrams for compounds 184a, 

185a and a comparison with isomers 184a-iso and 185a-iso, and with phenylene analogues 16รa and 171 a. 
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Figure A8: B3LYP/6-31G(d) orbital energy levels diagrams for compounds 184a, 185a and a comparison 

with isomers 184a-iso and 185a-iso, and with phenylene analogues 165a and 171a. 
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184a 

185a 

184a- iso 

Figure A9: B3LYP/6-31G(il) optimised geometries of compound 184a, 185a, 184a-iso and 18Sa-iso. 
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184a, L U M O = ֊2.34 e V 

184a, H O M O .67 e V 

185a, L U M O = ֊2.32 eV 

185a, H O M O = ֊5.67 eV 

Figure AIO: Frontier orbitais of compounds 184a (Etotti = -2366.5004319 Hartree) and 185a ( £ , 0 

2670.2215067 Hartree) calculated by DFT method at B3LYP/6-311G{2d,p)//B3LYP6031G(d) level. 
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184a-iso, L U M O = ֊2.25 eV 

184a-iso, H O M O = - 5 . 7 8 eV 

185a-iso, L U M O = - 2 . 2 3 eV 

185a-iso, H O M O = ֊5.77 eV 

Figure A l l : Frontier orbitais of compounds 184a-iso (EtoM = -2366.4931201 Hartree), 185a-iso ( £ , 0 U I = 

2670.2148323 Hartree) calculated by DFT method at B3LYP/6-31 lG(2d,p)//B3LYP6031G(d) DFT level. 
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2.3 COMPUTATIONAL PROCEDURES 

The ab initio computat ions o f geomet ìes o f compounds O X D - 7 , 34a, 165a, 171a, 177a, 

184a, 185a, 184a- iso and 185a-iso were carr ied out w i t h the Gaussian 9 8 3 package o f 

programs at dens i ty - funct iona l theory ( D F T ) level us ing Pople'ร 6 - 3 I G spl i t valence basis set 

supplemented b y ť/-polarisat ion fimetions on heavy atoms. D F T calculat ions were carr ied out 

us ing Becke'ร three-parameter h y b r i d exchange fimctionaľ* w i t h L e e - Y a n g - P a r r gradient-

corrected corre lat ion funct iona l ( B 3 L Y P ) . ^ Thus, the geometries were op t im ised w i t h 

B 3 L Y P / 6 - 3 1 G ( d ) and fo r a l l compounds and electromc structures were then calculated at bo th 

B 3 L Y P / 6 - 3 1 G ( d ) and B 3 L Y P / 6 - 3 1 1 G ( 2 d , p ) levels o f theory. Contours o f H O M O and L U M O 

orbitais were v isual ised us ing M o l e k e l v.4.3 program.^ 
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