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IVADAS

Organiniy puslaidininkiy panaudojimas §iy dieny elektronikos prietaisams
igavo ypatingg reik§me. Puikios emisinés organiniy Sviesos diody (OLED)
savybés jsitvirtino mobiliyjy prietaisy, televizoriy bei kity smulkios
elektronikos prietaisy bei technologijy rinkoje. Optimizuotas technologinis
gamybos procesas leido sumazinti AMOLED vaizduokliy gamybos kastus, o
visi stambiausieji iSmaniyjy jrenginiy gamintojai integravo OLED
technologija savo komerciniy produkty vaizduokliuose. Lyginant su galinio
paSvietimo LCD technologijomis organiniy Sviesos diody panaudojimas
iSsprendé poliarizatoriaus prasvietimo problemg tamsiosiose atkuriamo
paveikslélio srityse (,,true black™ technologija), o individualiai emituojantys
pikseliai zenkliai pagerino atkuriamo vaizdo kontrasta, spalvas ir raiska.
Galimybé atskirai valdyti kiekvieno pikselio emisija, mazina energijos
suvartojima atkuriant vaizda, o tai aktualu kalbant apie neSiojamus jrenginius,
priklausomus nuo baterijos talpos. Placios organiniy junginiy sintezes
galimybés Sviestuky gamyboje leidzia panaudoti draugiskus aplinkai
organinius junginius ir optimizuoti Sviestuko parametrus tiek keiciant
technologinius parametrus, tiek pasitelkiant selektyviag molekuling inZinerija,
o pats technologinis gamybos procesas gali buti supaprastintas iki rasalinio
spausdinimo.

Nepaisant  technologinio  organinés optoelektronikos  proverzio,
susiduriama su tam tikrais technologiniais kliuviniais. Net ir paciy didziausiy
pasaulyje gamintojy pagaminti AMOLED ekranai susiduria su taip vadinamo
pastovaus paveikslélio iSdegio problema t.y. ekrane pastovioje vietoje
atvaizduojant tg patj paveiksléeli (jutikliniy vaizduokliy navigavimo sritys,
televizijos kanalo logotipas ir kt.) susikuria liekamieji pikseliy emisijos
pokyciai, persiklojantys su besikeiCianCiu vaizdu. Maziausiu emisijos
efektyvumu bei trumpu ilgaamziSkumu iSsiskiria mélynieji Sviesa
emituojantys organiniai diodai. Siekiant spresti Sias problemas, vieni
perspektyviausiy $iuo metu yra singuletiniai emiteriai, o jy panaudojimas
leidZia drastiskai pagerinti emisijos bei kriivio pernasos parametrus mélyname
OLED. Papildomai pasinaudojant uZzdelstosios emisijos generavimu per
tripletinés anihiliacijos procesa (TTA) pavyksta pasiekti itin auksta mélynojo
OLED efektyvuma.

Vieni geriausiai zinomy TTA emiteriy yra antraceno grupés organiniai
junginiai, o pla¢ios cheminés sintezés galimybés leidZia ne tik valdyti emisijos
bei TTA proceso efektyvuma bet ir keisti tarpmolekulinio pakavimosi pobiidj
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nuo amorfinio biivio iki bedefekciy kristaly bei valdyti suzadinimo bei kriivio
pernasos parametrus.

Siame darbe analizuojami modifikuoti antraceno junginiai fizikinio bei
cheminio dimero konfigiiracijoje. Placiai aptariamos fotofizikinés bei
fotoelektrinés Siy junginiy savybés skirtingo poliskumo aplinkoje ir kietoje
fazéje bei dimerizacijos sukelty eksitoniniy reiSkiniy jtaka suzadinimo
relaksacijos mechanizmams. [vertintas §iy junginiy pritaikomumas organinés
optolektronikos srityje.

1. Darbo tikslai ir uzdaviniai

Sio darbo tikslas — istirti bei optimizuoti antraceno junginiy dimerizacijos
sukeltus fotofizikiniy savybiy pokyc¢ius, antraceno molekules modifikuojant
konjuguotais aromatiniais pakaitais. Jvertinti antraceno dimeriniy junginiy
pritaikomumo galimybes optoelektronikoje.

1. [I8tirti tripletinés anihiliacijos proceso nulemtos uzdelstosios
fluorescencijos savybes fiziniuose antraceno dimeruose. [vertinti
interkombinacinés konversijos jtaka TTA proceso efektyvumui.

2. Istirti antraceno dimero, chemiskai konjuguoto 9 — oje bei 9° — oje
pozicijose, dvibangés fluorescencijos valdymo galimybes papildomai
modifikuojant dimero struktirg aromatiniais pakaitais iSilgai bei
statmenai krtivio pernaSos krypciai.

3. Ivertinti V — formos policikliniy heptaceno junginiy savybes taikant
antraceno dimero modelj. IStirti heteroatomo bei epoksi pakaito jtaka
fotofizikinéms $iy junginiy savybéms.

2. Darbo naujumas

Siame darbe analizuojami nauji antraceno bei biantrilo dimeriniai
junginiai, iSsamiai apraSomos jy fotofizikinés, fotoelektrinés, elektrocheminés
savybés:

1. ISsamiai iSanalizuotos naujos asimetrinés 9,10 — arilalkilantraceno
struktiiros, nuosekliai keiciant arilinio pakaito mase. Nustatyta Siy
pakaity jtaka singuletiniy bei tripletiniy lygmeny rezonansui
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antraceno chromofore ir efektyviai realizavus TTA procesa, sukurtas
OLED prietaisas. Parodyta sluoksnio morfologijos jtaka skirtingiems
uzdelstosios fluorescencijos rezimams.

Panaudojant papildomus 2,2°,10,10° — arilo pakaitus biantrilo
geometrijoje, efektyviai sumazintas vidinés kriivio pernaSos proceso
efektyvumas net ir auksto poliskumo aplinkose. Sukurti nauji nasas
2,2°10,10° — pakeistieji biantrilo chromoforai, demonstruojantys
efektyvig kriivio perna$g amorfiniame biivyje — iki 10 cm?/Vs bei
auksta, iki 86 % fluorescencijos kvantinj nasuma.

Istirta 15 perspektyviy, atmosferos salygomis stabiliy, V — formos
heterocikliniy heptaceno junginiy serija. Nustatyta heteroatomo jtaka
spektroskopinéms $iy junginiy sgvybéms keiCiants dimerinés
sgveikos stipriui. Pasiektas HOMO ir LUMO energetiniy buseny
valdymas pla¢iame energijy intervale, pagerintas junginiy
fotostabilumas.

3. Ginamieji disertacijos teiginiai

9,10 — pakeistuose antraceno junginiuose tinkamai valdant
singuletiniy bei tripletiniy bliseny rezonansa, galima kontroliuoti
interkombinacinés konversijos bei TTA procesy efektyvuma.
Keiciant sluoksnio morfologija galima valdyti tripletiniy suzadintyjy
buseny difuzijos rezimus ir kontroliuoti uzdelstosios fluorescencijos
nasumg.

Konjuguoti pakaitai 2,2° — pozicijose 2,2°,10,10° — pakeistuose
biantrilo junginiuose sumazina vidinés kriivio pernaSos proceso
efektyvuma. Tai leidZia pasiekti nasia 9,9 — biantrilo junginiy lokaliy
buiseny fluorescencijg nepriklausomai nuo aplinkos polisSkumo.

Antraceno dimero eksitoninis modelis leidzia jvertinti V — formos

heptaceno junginiy optiniy savybiy pokycius jvedus skirtingo tipo
heteroatomus bei epoksi tiltel].
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4. Disertacijos planas

Ivadiné dalis. Supazindinama su tyrimo objektais, jy pritaikomomu,
privalumais bei trilkumais organininés optoelektronikos srityje. Taip pat
pateikiami darbo tikslai, uzdaviniai, darbo naujumas, gynamieji teiginiai,
autoriaus indélis ir publikacijy bei konferencijy sarasas.

Pirmasis skyrius. Pateikiama trumpa 2,9,10 modifikuoty antraceno,
2,2¢,10,10° modifikuoty biantrilo dimeriniy junginiy bei V — formos aceno
junginiy azvalga bei taikymas organinéje optoelektronikoje.

Antrasis skyrius skyrius. Trumpai apzvelgiama tyrimo bei rezultaty
analizés metodika

Treciasis skyrius. Pateikiami originaliis tyrimo rezultatai. Treciasis skyrius
sudarytas i$ trijy poskyriy, tiesiogiai susijusiy su darbo metu analizuotomis
problemomis:

1. Nesimetriniy 9,10 — pakeistiejyjy antraceno junginiy fotofizikiniy
savybiy analize.

2. I8vestiniy biantrilo junginiy fotofizikiniy savybiy analize.

3. 'V —formos heterociklinty antraceno dimeriniy junginiy fotofizikiniy
savybiy analizé.

Taip pat pateikiama disertacijos santrauka angly kalba bei straipsniy,
susijusiy su disertacijos tematika, kopijos

5. Autoriaus indélis

Autorius atliko visus fotofizikinio charakterizavimo, elektrocheminés bei
Siluminés analizés tyrimus, susistemino gautus duomenis ir atliko jy analize.
Autorius ruo$é¢ pats ir glaudziai bendradarbiavo ruoSiant rankrascius
publikacijoms, rengé praneSimus konferencijoms, didele jy dalj pristaté pats.
Tiriamuosius junginius susintetino doc. P. Adoméno moksliné grupé (VU,
Fotonikos ir nanotechnologijy institutas, Skystyjy kristaly laboratorija) bei R.
Rimkus (VU, Chemijos fakultetas). UltrasparCiosios spektroskopijos
matavimus atliko Paulius Baronas (VU, Fizikos ir Nanotechnologijy
institutas). Kravininky judrio bei jonizacinio potencialo matavimus atliko doc.
V. Jankauskas (VU, Fotonikos ir nanotechnologijy institutas), dalj teorinio
DFT modeliavimo atliko doc. A. Gruodis (VU, Fizikos fakultetas).
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1. LITERATUROS APZVALGA
1.1.Antraceno junginiai ir jy savybés
1.1.1. Antraceno junginiy spektroskopinés savybés

Nuo pat elektroliuminescencijos pademonstravimo 1960 — tyjy pradzioje,
antracenas ir jvairQs jo junginiai yra vieni daugiausiai tyrinéjamy organiniy
spinduoliy'. Dél unikaliy savybiy antracenai yra placiai taikomi chemijoje,
optoelektronikoje®* bei medicinoje*. Antraceno molekuling struktiira
pavaizduota 1.1.1 pav.

Antraceno molekulés suzadinimus atspindi Suolio dipoliniai momentai
molekulés geometrijoje. Zemiausios suzadintosios So—S; biisenos §uolis yra
iSsidéstes iSilgai trumposios antraceno asies, o aukStesnés Sp—S;
suzadintosios biisenos — iilgai ilgosios molekulés aSies®. Pavienés antraceno
molekulés sugeria UV spektro ruoze, o zemiausiosios biisenos sugertis yra ties

1.1.1 pav. Antraceno
struktiira

300 nm — 380 nm bangos ilgiu’ ®. Antraceno So—S; sugerties ir emisijos
spektruose stebimos eilés vibroniniy pakartojimy’, sglygotos standaus
molekulés karkaso bei stiprios elektronvibroninés saveikos. Emisijos i$

Sugertis Antracenas

N

Fluorescencija

Sugerties int. (sant. vnt.)

300 340 380 420 460
Bangos ilgis (nm)

1.1.2 pav. Antraceno sugerties ir fluorescencijos spektrai.

Zemiausiosios biisenos spektras fiksuojamas tolimame mélyname regimojo
Sviesos spektro ruoze, ties 380 nm — 460 nm bangos ilgiu, taipogi lydimas
virpesiniy pakartojimy. Veidrodinis sugerties ir emisijos spektry atspindys
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(1.1.2 pav.) rodo, jog molekulés karkasas nesideformuoja vykstant
suzadinimo relaksacijai.

Standi antraceno molekulés struktiira lemia mazg vibracinés relaksacijos
sparta, tad efektyvi nespinduliné rekombinacija dél vibracinés relaksacijos yra
maziau tikétina. Daug labiau tikétinas dominuojantis nespindulinés
relaksacijos kanalas yra interkombinaciné konversija. Antracenas issiskiria
jdomiu energijos lygmeny issidéstymu. Zemiau pirmojo suzadinto
singuletinio lygmens yra iSsidéste net 4 triplety lygmenys. Tokia lygmeny
struktiira yra labai palanki efektyviai interkombinacinei konversijai'’, o
emisijos efektyvumas tesiekia 24 %!!.

Prie antraceno junginio 9 — oje bei 10 — oje pozicijose nesunkiai galima
prijungti kitas funkcines ar aromatines pakaity grupes. Kita vertus Soniniai
antraceno karkaso fragmentai efektyviai ekranuojami lokalizuoto elektroninio
debesélio tick pagrindinéje tiek suzadintoje blsenoje. Antraceno
modifikavimas 2 — oje pozicijoje yra jmantresnis, o literatiiroje tokiy
modifikacijy aptinkama nedaug.

1.1.2. 2,9,10 — pakeistieji antraceno junginiai. Taikymas
optoelektronikoje

Viena geriausiai zinomy antraceno modifikacijy 9 — oje bei 10 — oje
antraceno pozicijoje yra 9,10 — difenilantracenas (DPA). DPA sugeria 330 nm
— 400 nm bangos ilgio ruoze, su minimaliu raudonuoju poslinkiu, o sugerties
spektras primena nemodifikuoto antraceno. Emisijos spektras (ties 400 nm —
510 nm)'?, o kartu ir lokalios LE suZadintosios biisenos padétis nepasikeicia
lyginant su nemodifikuotu antracenu. Kita vertus pasikeicia fluorescencijos
spektro struktiira, o vibroniniai pasikartojimai susilpnéja. Difenilantraceno
(1.1.3 pav.) atveju, S; energija ganétinai maZzai pasikeicia jvedus fenilo
pakaitus, taciau tripletiniy biiseny energijos stipriai pasikeicia, kuomet tik T
biiseny energija iSlicka mazesne, nei S;. Kadangi, skirtingai nei antraceno
atveju, interkombinaciné konversija tarp singuletinio S; ir tripletiniy T,
lygmeny yra mazai tikétina'®, DPA fluorescencijos naSumas stipriai iSauga,
net iki 93,5%. Ivedus minétas fenilo grupes, spinduliniy procesy sparta
padidéja 1,7 karto dél Suolio dipolinio momento isilgai trumposios antraceno
asies iSaugimo. Tuo tarpu nespinduliniy procesy sparta sulétéja net 45,8 karto
dél smarkiai sulétéjusio ISC proceso'*'>. Kita vertus, unikaliai artimi
singuletiniai bei tripletiniai lygmenys leidzia pasireiksti intensyviam
tripletinés anihiliacijos (TTA) procesui, o prietaise sukurtus tripletinius
eksitonus ,,perdirbti“ j singuletinius taip padidinant Sviestuko iSorinj kvantinj
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nasumg (EQE).

Kita populiari antraceno modifikacija 9 — oje bei 10 — oje pozicijose yra
iSplokstinus DPA  molekulés geometrija etinilo grupémis (DPEA)'®
(1.1.4 pav.). Siuo atveju Suolio dipolinis momentas dar labiau iSauga, o
osciliatoriaus stipris virSija 1. Pavieniy molekuliy sugerties spektro smailé (o
kartu S, biisenos energija) pasislenka i raudonyjy bangy sritj, ties 450 nm

DPA § P ~ K=052
QO == cm?/Vs
)
DPEA
-~ 4x10* N Q _ u=0.14
5 D= = cm?/Vs
s 3x10° § O,
% 2x10° § w=137
‘i ?E' cm?/Vs
3 1x10* &

330 360 390 420 450 480 510 540 570
Bangos ilgis (nm)

1.1.3 pav. Pavieniy DPA ir DPEA 1.1.4 pav. 9,10 — dietenilantraceno
molekuliy sugerties (juoda linija) ir modifikacijos ir krivio pernaSos bei
fluorescencijos  (mélyna linija) emisijos efektyvumo parametria.
spektrai Parengta pagal'”-'®

bangos ilgiu. Virpesiniy pakartojimy seka sugerties spektre radikaliai skiriasi
tiek nuo nemodifikuoto antraceno, tieck nuo DPA, o virpesiniai pakartojimai
dar labiau susilpnéja. Zenkliai iSauges osciliatoriaus stipris lemia sugerties
spektro intensyvumo padidéjima iki 3 karty lyginant su DPA. Jdomu tai, kad
sugerties spektro mélynajame ruoZe stebimas mazo intensyvumo sugerties
Slaitas, primenantis DPA spektro pozicijg. Kita vertus, pavieniy molekuliy
fluorescencijos spektras turi stipriai iSreikSta virpesiniy pakartojimy seka
dominuojant 0 — 0 vibronui, o emisijos spektriné¢ padétis atitinkamai yra
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pasislinkusi j raudonyjy bangy sritj (ties 460 nm — 570 nm bangos ilgiu)
lyginant tiek su nemodifikuotu antracenu, tieck su DPA. Itin aukStas
osciliatoriaus stipris 1émé ir auksta, artimg 100 %, emisijos efektyvuma
nepriklausomai nuo aplinkos poliskumo'®. Taip pat pavieniy molekuliy
fluorescencijos kvantinis naSumas nekinta jvedus skirtingus pakaitus 9 — oje
bei 10 — oje DPEA pozicijose. Ploks¢ia DPEA molekulés geometrija
kristaliniame biivyje pakuojasi ,,aSakos* tipo m — n elektroninio debesélio
sanklotos moda?® dél ko pavyko pasiekti gana aukstg kriivininky judrj OFET
konfigiiracijoje - p = 0,73 cm?/Vs. Tai paskatino DPEA grupés junginiy
sinteze (1.1.4 pav.) ir tyrimus keiciant skirtingas arilines grupes 9 — oje bei 10
— oje pozicijose'®. Deja, tiek naftaleno!’, tiek tiofeno?' pakaity grupés
pablogino kriivio pernasg iki 0,52 ¢cm?/Vs ir 0,14 ¢cm?/Vs atitinkamai. Tai
sietina su Siek tiek pakitusiomis tarpmolekulinio pakavimos modomis. Kita
vertus, ,,asakos® tipo pakavimosi moda sukuria J — tipo dimering saveika tarp
molekuliy, kas lemia itin aukstg kvantinj naSumg (kristale iki 89,6 %). Tuo
tarpu papildomi 2,6 — fenilo pakaitai DPEA geometrijoje leido Zenkliai
pagerinti kriivio pernasos parametrus, o kriivininky judris iSaugo iki
1,37 ecm?/Vs OFET konfigiracijoje, o kristalo fluorescencijos kvantinis
naSumas sieké iki 32 %',

Antraceno geometrijos modifikavimas 2 — oje bei 6 — oje pozicijose
imantriau modifikuoja spektroskopines bei kriivio pernasos savybes Siems
junginiams?2. Papras¢iausiu atveju molekulé yra asimetrizuojama 2 — fenilo
pakaitu (1.1.5 pav.). Vieny svarbiausiy ir geriausius fotofizikinius
parametrus demonstruojanciy 2,6 — arilantraceno junginiy spektroskopinés
savybés atvaizduotos 1.1.6 pav. ir 1.1.7 pav. Visiems 2,6 — dipakeistiems
antraceno junginiams DFT artinyje buidingos dvi ekvivalenc¢ios molekulinés

‘ 1.1.5 pav. 2-
“‘ fenilantracenas.

konfigiiracijos tiek pagrindiniame, tiek suzadintajame lygmenyje t.y. kuomet
pakaitas yra ploks¢ias antraceno geometrijos atzvilgiu arba kai yra pasisukes
15° — 30° kampu. Atvaizduotas HOMO ir LUMO orbitaliy i$sidéstymas
nesiskiria aproksimuojant tiek plokscia, tiek pasisukusiag kampu molekuling
geometrijg ir primena nemodifikuoto antraceno orbitaliy i§sidéstyma.

Kita vertus, 2 — fenilantraceno molekuléje stebimas nedidelis krtivio
iSplitimas j fenilo pakaitg tiek pagrindinéje, tiek suzadintoje biisenoje. Taciau
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n — elektroninio debesélio konjugacija menkai i$plinta, o pavieniy molekuliy
sugerties bei fluorescencijos spektrai yra beveik identiski lyginant su
nemodifikuotu antracenu. Tiesa, sugerties spektro virpesiniai pakartojimai
kiek kitaip persiskirste Siek tiek sumenkstant 0 — O virpesinio pakartojimo
intensyvumui. Pavieniy molekuliy fluorescencijos kvantinis naSumas,
panasiai kaip ir nemodifikuoto antraceno atveju, siekia 24% esant intensyviam
ISC procesui. 2 — fenilo pakaitas taip pat padidina Suolio momentg So— S,
i8ilgai ilgosios antraceno asies, o fluorescencijos kvantinis naSumas nevirsija
50 % net papildomais ariliniais pakaitais 9 — oje bei 10 — oje antraceno
pozicijose prailginus Se—S; Suolio momenta iSilgai trumposios asies.
Pavieniy molekuliy sugerties bei fluorescencijos spektrai menkai priklauso
nuo pakaito tipo 2 — oje antraceno pozicijoje ir tik stambesnis naftaleno
pakaitas lemia susilpnéjusig emisijos virpesing struktiirg** 2. Simetriniy
antraceno modifikacijy 2 — oje bei 6 — oje pozicijose, tick HOMO tiek LUMO
orbitalése vélgi stebimas n — elektroninio debesélio iSplitimas j abu pakaitus,
taiau molekuliné sugertis bei fluorescencijos spektry struktiira ir padétis
praktiskai nesikeiCia lyginant su nesimetriniais, tik 2 — oje pozicijoje
pakeistais antraceno junginiais?®. Tuo tarpu 2,6 — dipakeistieji antraceno
junginiai demonstruoja Zenkliai iSaugusj, iki 68 %, pavieniy molekuliy
fluorescencijos kvantinj naSuma su fenilo, etilenfenilo bei naftaleno pakaitais.
Piridino heterocikly panaudojimas 2 — oje bei 6 — oje antraceno pozicijose
uztikrino dar aukStesnj, net iki 86 %, fluorescencijos kvantinj naSumg®’.
Kadangi nei molekulinés sugerties, ne fluorescencijos spektrai nepriklauso
nuo pakaito tipo, fluorescencijos kvantinio naSumo pokyciai sietini su
nespindulinio ISC proceso spartos pokyciais.

Zenklesni tiek sugerties tiek emisijos parametry poky¢iai stebimi 2,6 —
dipakeisty antraceno junginiy molekuléms pakuojantis kietame buvyje. Stipri
dimeriné sgveika Zenkliai sumazino tiek sugerties tiek fluorescencijos optiniy
Suoliy energija, o sugerties ir fluorescencijos spektrai demonstruoja
batochrominj raudonaji poslinkj per 50 nm. Sugerties spektrams kietame
biivyje budingas ir virpesiniy pakartojimy persiskirstymas dominuojant 0 — 0
virpesiniam pakartojimui lyginant su molekulinés sugerties spektrais.
Fluorescencijos spektras analogiSkai pasislinkes per 50 nm j raudonyjy bangy
sritj, taip pat su virpesiniy pakartojimy persiskirstymu dominuojant
aukstesnés eilés virpesiniams pakartojimams. Spektro forma vélgi tiesiogiai
priklauso nuo tarpmolekulinio pakavimosi mody. Raudonasis spektro
poslinkis biidingas J tipo dimerams molekuléms pakuojantis kietame biivyje.
Tai lemia ir aukStas kvantines iSeigas kietoje fazéje. 2 fenilo pakaitu

modifikuotas antraceno junginys nepatiria fluorescencijos kvantinio nasumo
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gesinimo sluoksnyje, o emisijos efektyvumas siekia 21 %. [vedus stambesnes
bei plokstesnes pakaity grupes j 2 — 3ja antraceno pozicija, molekulés
geometrija plokstéja ir, mazéjant sluoksnio amorfiskumui, kvantinis naSumas
sumazgéja iki 14 % su feniletileno pakaitais 2 — oje bei 6 — oje pozicijose
paspartéjant suzadinimo pernasai tvarkiose kristalinése srityse ir suzadinimui
rekombinuojant defektiniuose lygmenyse. Tuo tarpu kristaliniame buvyje
sumazgjant singuletiniy bei tripletiniy buiseny sanklotai ir esant tvarkiai
kristalinei struktiirai, fluorescencijos kvantinis naSumas iSauga net iki 70 % su
2 - feniletileno® ?° 3 pakaitais bei 50 % su 2,6 — piridino pakaitais®’. “ASakos‘
tipo pakavimosi moda lemia ir geras kriivio pernasos savybes 2,6 —
arilantraceno junginiuose®'. Amorfiniame biivyje, 2 — fenilantraceno
junginiuose, kriivininky judris sieké 10 ¢cm?/Vs, o iSplokstéjus molekulés
geometrijai, kriivininky judris 2 — naftilantraceno bei 2 — feniletenilantraceno
junginiuose iSaugo net iki 1,1 cm?Vs — 1,3 e¢m?Vs. Kristaliné tvarka ir
defektiniy biiseny sumazéjimas lémé vienas didziausiy krivininky judrio
veréiy mazamolekuliniuose kristaluose — net 34 cm?/Vs su 2,6 — fenilo
pakaitais bei 12,3 ¢cm?/Vs su 2,6 — naftilantracenu. 2,6 — fenilantraceno
junginiy grupé yra viena perspektyviausiy kalbant apie multifunkcinius, kriivi
pernesancius bei fluorecuojanéius sluoksnius®? kristalui $vie¢iant 41.2%
kvantiniu naSumu bei demonstruojant aukstg kriivininky judrj — 34 ¢cm?/Vs.

Taigi, 2,6 — arilantrceno junginiai demonstruoja puikias kriivio pernaSos
bei aukstas fluorescencijos kvantinio naSumo vertes kietame biivyje, taciau
§iy junginiy pagrindu gaminami OLED prietaisai pasizymi zemu, iki 1 %
fluorescencijos kvantiniu naSumu. Siekiant panaudoti §iuos junginius Sviesos
technologijoms reikia detaliai iSanalizuoti suzadintyjy elektroniniy buseny
pasiskirstyma bei suzadinimo relaksacijos kanalus ir nustatyti neefektyvios
OLED emisijos prieZastis.
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1.1.6 pav. Perspektyviausiy 2 — oje pozicijoje pakeisty antraceno junginiy
pagrindinés spektroskopinés savybés: kairéje HOMO ir LUMO orbitaliy
pasiskirstymas; centre: pavieniy molekuliy ir kietos fazés sugerties bei
emisijos spektrai; apacioje: pavieniy molekuliy, plonasluoksniy pléveliy
bei kristalo emisijos efektyvumai (QY), kriivio pernaSos parametrai
plonasluoksnése plévelése ir kristaliniame btivyje OFET konfigiiracijoje ir
optiskai generuoty kriivininky konfigtiracijoje (XTOF metodika). Parengta

123,24,30

paga
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1.1.7 pav. Perspektyviausiy 2 — oje pozicijoje pakeisty antraceno junginiy
pagrindinés spektroskopinés savybés: kairéje HOMO ir LUMO orbitaliy
pasiskirstymas; centre: pavieniy molekuliy ir kietos fazés sugerties bei
emisijos spektrai; apacioje: pavieniy molekuliy, plonasluoksniy pléveliy
bei kristalo emisijos efektyvumai (QY), kriivio pernaSos parametrai
plonasluoksnése plévelése ir kristaliniame buvyje OFET konfigiiracijoje ir
optiskai generuoty kriivininky konfigtiracijoje (XTOF metodika). Parengta
pagal?328:32

27



Antraceno junginiai panaudojami inovatyviuose optotelektronikos
prietaisuose. Gera kriivio pernasa ir nasig emisijg pasizyminciy 2,6 — arilo
pakaitais modifikuoto antraceno pagrindu sukurta organiniy S$viesos
tranzistoriy matrica, kuomet tranzistorius atlicka ir emiterio funkcija
(1.1.8 pav.). Efektyvios spinduliuotés generavimas Sviesos tranzistoriuje
leisty sukurti itin didelés raiskos vaizduoklius, kadangi nereikéty papildomo
tranzistoriaus pikseliui jjungti ir iSjungti ir biity galima sutalpinti Zenkliai
didesnj pikseliy skaiiy j ta pati plota. Placios antraceno junginiy sintezes

olle
S LD ey
a | - b‘“h oteo &)\

118 pav. 2,6 - arilo pakaitais 1.1.9 pav. Skystos formos

modifikuotas antraceno junginys pagrindu DPA antraceno modifikacija,

sukurta organainiy Sviesos tranzistoriy naudojama skysty emisiniy

matrica. Parengta pagal®> sluoksniy gamyboje.
Parengta pagal®

L LR LN TN TY
Ly
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¢

galimybés ir auks$tas emisijos efektyvumas leidzia sukurti emituojantj
kambario temperatiiroje skystj (1.1.9 pav.) ir kalbéti apie koncepcing skysty
OLED pikseliy matrica, kas yra aktualu kalbant apie j rinkg Zengiancius
lankséius aktyviosios matricos (AMOLED) ekranus.
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1.2.Fiziniy antraceno dimery optimizavimas efektyviai uzdelstosios
emisijos spinduliuotei

Efektyviai realizuoti naSia emisija, generuojama elektroninio suzadinimo
trukdo ir elektriskai injektuoty kriivininky singuletiniy bei tripletiniy biiseny
statistika, kuomet % suzadinimo virsta silpnai emisinémis tripletinémis
biisenomis. Deja, nors ir esant artimam 100 % fluorescencijos kvantiniam
EQEmax nevirsija 20%, o jskaicius ir Sviesos istritkos faktoriy (0.2) tesiekia
50,3435

Po injekcijos i$ elektrody, susiformuoja buseny:

25% singuletiniy 75% tripletiniy 2
RISC T,
Sii 1 «~ 4 i O Q
iIC DaVal
S; o]
| TTA Y
| IsC z
: 1 /
| g SNy
| 5 pol Q Q Q o
| XY
SO Vv W \:/

1.2.1 pav. a) Triplety anihiliacijos schema (TTA). 1 — po injekcijos i$
elektrody suformuojami % tripletiniy bei Y4 singuletiniy eksitony. 2 — du
tripletiniai eksitonai anihiliuoja sukurdami vieng aukStesnés energijos
tripleting biiseng. 3 — tripletinis suzadinimas virsta singuletiniu atbulinés
interkombinacinés konversijos pagalba. 4 — vidinés konversijos metu
suzadinimas relaksuoja i Zemiausiaji singuletinj lygmenj. 5 — suzadintoji
singuletiné biisena relaksuoja ir stebima uzdelstoji fluorescencija.

1.2.1 pav. b) Vieni geriausiy TTA emiteriy — fenilmetoksi pakaitais
modifikuoti antraceno junginiai

Antraceno junginiai demonstruoja itin gretima singuletiniy bei tripletiniy
lygmeny sanklotg*®?’, o tai leidzia dalj tripletiniy suZadinimy paversti
singuletiniais vykstant tripletiniy biseny anihiliacijos procesui*®
(1.2.1 pav. a)). Siam procesui jvykti reikalingi du tripletiniai suzadinimai,
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kuriems susidiirus sukuriamas vienas, dvigubos energijos tripletinis
suzadinimas, kuris perduodamas aukstesniy eiliy tripletiniams lygmenims.
Efektyviam aukstesnés eilés tripletiniy biiseny virsmui | singuletines biitina
salyga yra Siek tiek zemesné pirmojo singuletinio lygmens energija, o
suzadintasis tripletinis eksitonas virsta singuletiniu pakeisdamas sukinj
vykstant atbulinés interkombinacinés konversijos procesui (RISC). Sio
proceso pagalba vidinis Sviestuko kvantinis naSumas gali iSaugti iki 62,5 %, o
iskaicius Sviesos iStriikos faktoriy — iki 12,5 %.%** Modifikuoty antraceno
junginiy pagrindu sukurta daugybé koncepciniy OLED prietaisy>*#31,
kuriuose stebimas TTA procesas, o tipinés iSorinio kvantinio nasumo vertés
vyrauja tarp 5% ir 8%. Taliau tik keletos antraceno modifikacijy
panaudojimas lemia artimas teorinei iSorinio kvantinio nasumo vertes OLED
prietaise®®. Vieng auks¢iausiy (10,7 %) iSorinio kvantinio naSumo verdiy
demonstruoja OLED prietaisas™, pagamintas panaudojant fenilmetoksi
pakaity grupémis modifikuoto antraceno junginius 1.2.1 pav. b).

Viena svarbiausiy tripletinio suzadinimo regeneracijos panaudojimo sri¢iy
yra aukstesnés energijos ir mazesnio bangos ilgio spinduliuotés generavimas
pasitelkiant TTA procesa®>’. Ypatingg reikime TTA proceso realizacijai turi
aplinkos parametrai (pvz. tirpiklio poliskumas ir klampa) pavieniy molekuliy
atveju®®. Kietoje fazéje, aukStesnés energijos spinduliuotés generavimas taip
pat priklauso ir nuo tripletiniy eksitony difuzijos nuotolio ir rezimo>**%. TTA
proceso pagalba taip pat galima generuoti kriivininkus ir saulés celése, kuomet
Zemesnes energijos saulés spinduliuoté papildomai sugeriama ultravioletinéje
srityje®.

Fiziniuose dimeruose TTA procesas vyksta tarp skirtingose molekulése
sukurty tripletiniy suzadinimy, todél TTA proceso efektyvumas yra nulemtas
triplety difuzijos kietame buivyje. Tripletinés blisenos yra ilgai gyvuojancios
todél iSauga nespindulinés relaksacijos tikimybé defektiniuose lygmenyse®®S!,
Todél optimaliy salygy parinkimas tinkamam tarpmolekuliniam pakavimuisi
uztikrinti tampa rimtu i§80kiu®>. Tarpmolekulinj antraceno junginiy
i§sidéstymga leidzia kontroliuoti papildomi pakaitai antraceno strukttiroje, o
placios cheminés sintezés galimybés bei sluoksniy gamybos technologijos
leidzia valdyti tarpmolekulinio pakavimosi pobiidj nuo amorfinio biivio iki
kristalinio.

Tripletiniy eksitony difuzijos procesas netvarkiuose sluoksniuose
nusakomas nekoherentiniu tripletiniy suzadinimu Sokavimu tarp lokalizuoty
energetiniy biiseny®, kurios apibiidinamos biiseny tankiu, apraSomu Gauso
pasiskirstymo désniu®*%,
migruoja j zemesniy energijy sritj, o tai nulemia nuo laiko priklausancia

30

Ivykus fotosuzadinimui tripletiniai eksitonai



dispersija, kuri apsunkina triplety migracijos proceso laiking analize
netvarkiose medZziagose®.

Nekoherentine tripletiniy biseny pernasa organinése struktiirose galima
aprasyti Millerio — Abrahamo lygtimis:

vij = voe 2PRie~E~EI/KT  p < (1.2.1)

vi; =voe 2FRu, E; > E, (1.2.2)
¢ia T — temperatiira, K — Boltcmano konstanta, E — lokalizuotos biisenos
energija, f — inversinis lokalizacijos ilgis, R — atstumas tarp dvejy lokalizuoty
biiseny, v, — Sokavimo daZnis. Sokavimo daZnis atvirki¢iai proporcingas

suzadinimo laikui ty:
1
to = ——=3~ 1.23
0 Vvobe 2BR;; ( )
Suoliavimo spartos Siluminés relaksacijos procesas nejtakoja placiomis
fonony  juostomis pasizyminciuose netvarkiuose organiniuose
puslaidininkiuose.

Biiseny tankis energetiSkai yra pasiskirstes pagal Gauso désnj®’:
n(E) = ——— eE*/20% (1.2.4)

(271.02)1/2
¢ia o — standartinis nuokrypis.

Po optinio suzadinimo, singuletiniai suzadinimai per interkombinacinés
konversijos procesa virsta tripletiniais. Taigi, apraSant tripletiniy  btseny
pasiskirstyma, galima tarti, kad pradiné triplety pasiskirstymo funkcija yra To
ir pradiniu laiko momentu kai t= 0 tai [T] =[To]. Tripletiniy biiseny relaksacija
véliau pasireiskia per monomolekulinius procesus t.y. per spinduling
(fosforescencijos) ir nespinduling relaksacija, kurios apraSomos skirtingomis
spindulinés ir nespindulinés relaksacijos spartomis, atitinkamai Kpr ir ky. Taip
pat galimi ir bimolekuliniai tripletiniy biiseny relaksacijos procesai, pvz. TTA
su atitinkama proceso sparta ky. Taigi, tripetiniy bliseny uzpildos funkcija [T]

tam tikru laiko momentu atrodys taip:

% = ~Cenr + kIT] = ke [T12. (12.5)

Tripletiniy biiseny relaksacijos monomolekuliniai procesai vyksta itin
létai, kelis Simtus milisekundziy, todél lygtj galime supaprastinti iki:

_ To
1= (L+ke[Tolt) (1.2.6)

kai TTA proceso sparta ky nepriklauso nuo laiko
Uzdelstosios fluorescencijos signalas kai ki nepriklauso nuo laiko:

LTy _ 2 1 — 2
DF at ktt[TO] (A+ket[Tolt)2 - ktt[T] ' (127)
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Su triplety anihiliacijos sparta Ky, difuzijos koeficientas D gali buti
siejamas sgrysiu:

ki = 8mfRD, (1.2.8)
¢ia f — triplety dalis, anihiliavusi jiems susitikus, R — sgveikos spindulys.
Taciau kai triplety anihiliacijos sparta priklauso nuo laiko, triplety
koncentracijos priklausomybé nuo laiko sudétingéja:

To

[T] = m- (1.2.9)
122 pav. Tipiné
fluorescencijos  gesimo
laikiné  priklausomybé
esant TTA procesui. Iki
100 ns — spontaniné
emisija, nuo 100 ns —
uzdelstoji  fluorescencija
esant skirtingoms

Fluorescencijos int. (sant. vnt.)

aplinkos temperatiiroms.
Parengta pagal®

Laikas (ns)

Taigi, nuo laiko priklauso ir triplety difuzijos koeficientas. Netvarkiuose
organiniuose sluoksniuose triplety difuzija galima apibiidinti dviem rezimais.
Pradiniu laiko momentu tripletiniai suzadinimai relaksuoja i Zemesnés
energijos busenas. Tripletiniy suzadinimy koncentracijai mazéjant keiciasi ir
difuzijos koeficientas, o uzdelstosios fluorescencijos intensyvumas laike
keiciasi laipsniniu désniu:

DR~ pe, (1.2.9)
o eksponentiné lygties dalis kinta su rodikliu -1 (1.2.2 pav.). Sumazgjus
triplety koncentracijai, difuzijos koeficientas D nebepriklauso nuo laiko, o
eksponentin¢ verté pereina j -2, nulemta bimolekulinés rekombinacijos
proceso. Uzdelstosios fluorescencijos gesimo laike charakteristika pereina i$
dispersinés ] pusiausvyraja priklausomai nuo temperatiiros bei skirtingos
sluoksnio morfologijos. Esant Zemoms temperatiroms ir auk§tam sluoksnio
amorfiskumo bei netvarkos lygiui stebimas tik dispersinis triplety difuzijos ir
uzdelstosios fluorescencijos pobudis.

Viena inovatyviausiy idéjy yra glaudziai sugretinti chromoforus juos
chemiskai dimerizuojant, o Kuloninés sgveikos pagalba pakankamai atskirti
suzadinimus ir iSvengti glaudziam tarpmolekuliniam pakavimuisi budingo
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koncentracinio fluorescencijos gesimo ir tuo paciu pasiekti efektyvig
tripletiniy suzadinimy pernasa.
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1.3.Biantrilo dimeriniai junginiai

1.3.1. Biantrilo dimeriniy junginiy fotofizikinés savybés. Teorinis
kriivio pernasos modelis

Biantrilo molekule sudaro 2 antraceno monomerai tarpusavyje sujungti
vienguba jungtimi (1.3.1 pav.). Populiariausias biantrilo jungimo budas dél
lengvos sintezés yra 9 — oje bei 9° — oje pozicijoje. Tuo tarpu antraceno
monomerus sujungti per 2 — 3jg ir 6 — gja pozicijas pavyko palyginti nesenai
— 2017 metais®®. DFT aproksimacija vaizduoja 9,9 — biantrilo junginj
statmenoje konfigiiracijoje tarp monomery, o 2,6 — biantrilo atveju —
plokscioje. Kita vertus, nepriklausomai nuo molekulés geometrijos, tiek 2,6 —
biantrilo tiek 9,9° — biantrilo HOMO ir LUMO orbitaliy pasiskirstymas
primena pavieniy antraceno monomery, perskirty nekonjuguota jungtimi,
i8sidéstyma. 9,9° — biantrilo junginiy Zemiausiyjy biiseny sugertis yra ties 330
nm — 400 nm® 7. Sugerties spektriné padétis beveik nepriklauso nuo
antraceno monomery skaiciaus 9 - oje bei 9 — oje pozicijose, taiau virpesiniai
pakartojimai iSblunka molekulinéje sistemoje jvedus asimetrijg’!. Tuo tarpu
plokscia 2,6 — biantrilo geometrija [émé nedidelj raudonaji sugerties poslinkj,
ties 330 nm — 420 nm®. Abejy tipy labiliems biantrilo junginiams badinga
virpesiniy pakartojimy seka pavieniy molekuliy sugerties spektruose, taciau
vibrony pasiskirstymas zenkliai skiriasi. 2,6 — biantrilo junginiuose dominuoja
0 — 1 virpesinis pakartojimas, o 9,9° — biantrilo atveju — 0 — 0 virpesinis
pakartojimas. Nors 7 — elektroninio debesélio konjugacija ir nesiskiria, taciau
statmena 9,9 — Dbiantrilo molekuliné geometrija lemia stipresne
elektronvibroning saveika. Raudonasis batochrominis spektro poslinkis
stebimas ir 2,6 — biantrilo fluorescecnijos spektre lyginant su 9,9° — biantrilo
analogu. Tuo tarpu virpesiné struktiira praktiskai iSblukusi. Jdomu tai, kad
plokstesnéje, 2,6 — biantrilo geometrijoje matoma beveik gryna LE
relaksacija, o statmenoje 9,9° — biantrilo geometrijoje — persipynusios LE ir
CT biisenos aukstesnio poliskumo aplinkose.

Analizuojant fluorescencijos efektyvumg biantrilo junginiuose matomos
skirtingos tendencijos tarpusavyje lyginant 9 — oje ir 9° — oje bei 2 — oje ir 6 —
oje pozicijose sujungtus dimerus. 2,6 — biantrilo atveju, pavieniy molekuliy
kvantinis naSumas yra apie 28 % dél stipraus ISC proceso, o fluorescencijos
nasumas nesikeicia net ir silpnai polingje aplinkoje. Tuo tarpu 9,9 — biantrilo
fluorescencijos kvantinis nasumas silpnai polin¢je aplinkoje yra tik 31,7 % t.y.
3 kartus mazesnis nei DPA (93,5 %) dél stipraus ICT proceso’.
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Suzadinimo relaksacijos modelis 2,6 — biantrilo junginiams dar
neiSvystytas del santykinai trumpos egzistavimo trukmés nuo pirmosios
sintezés (2017 m.). Kita vertus 9,9 — biantrilo molekule jau 1988 metais
analizavo N. Mataga”. Taciau pasaulinéje spaudoje vis dar aktyviai
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1.3.1 pav. 2,6 — biantrilo (virSuje) ir 9,9° — biantrilo (apacioje) pavieniy
molekuliy spektroskopiniai parametrai: cheminés struktiiros bei HOMO ir
LUMO orbitaliy pasiskirstymai, sugerties ir emisijos spektrai silpnai
polinése chlorobenzeno ir THF aplinkose. Parengta pagal®®.
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diskutuojama ultraspartaus ICT proceso kilmé ir eksitoninés LE biisenos
virtimas CT net ir nedidelio poliskumo aplinkose’. Galima i$skirti tris
pagrindines teorijas, aiSkinancias 9,9° — biantrilo suzadintosios biisenos
relaksacijos modelj:
1. Bebarjeriné solvatacija’,
2. Sasukos nulemta kriivio pernasa (TICT
3. Barjeriné kriivio pernaSos reakcija’® 7.
Bebarjerinés 9,9° — biantrilo solvatacijos modelis remiasi idéja, kad
solvatacijos procesas vyksta analogiSkai tipiniams, donorinémis bei

)76 77’

aksceptorinémis grupémis modifikuotiems junginiams, pvz. kumarinas
C153%. Teigiama, kad tirpiklio molekuliy reorganizacija aplink biantrilo
chromoforg atkartoja tirpiklio relaksacijos laiking koreliacijos funkcija,
susidedancia i trijy atskiry komponenciy. Pirmoji yra susijusi su elektroniniy
tirpiklio ir chromoforo molekuliy elektroniniy debeséliy persiskirstymu ir yra
pati spariausia. Antroji siejama su rotaciniais tirpiklio molekuliy judesiais ir
priklauso nuo aplinkos klampos. Trecioji yra susijusi su tirpiklio molekuliy
difuzine reorganizacija aplink chromoforg jvykus kruvio atskyrimui. Kriivio
atskyrimo pobiidis biantrilo junginiuose analizuotas joniniy skyscCiy
aplinkoje’®88! siekiant apriboti rotacine solvatacijos laikine trukme, kadangi
joniniame skystyje egzistuoja paskiros teigiamy bei neigiamy jony poros, o
Iprastuose poliniuose tirpikliuose egzistuoja tik teigiamos ir neigiamos polinés
sritys. 1.3.2 pav. a) vaizduoja kriivio pernasos laikus 9,9¢ — biantrile lyginant
su standartinio CT spindulio kumarino C153 kriivio pernasos laikais skirtingo
poliskumo poliniuose tirpikliuose bei joniniuose skysciuose. Kadangi
solvatacijos laiky priklausomybe 9,9° — biantrile bei kumarine C153 gali biiti
aproksimuojama tiese santykiu 1:1, galima teigti kad solvatacijos procesas
9,9¢ — biantrilo junginiui yra toks pats kaip ir kumarine C153 tiek poliniuose
tirpiklivose tiek joniniuose skysCiuose. [vertinta kriivio pernaSos sparta
biantrilo junginiuose yra apie 400 fs — 500 fs. Ultrasparcioji skirtuminés
sugerties spektroskopija poliniu ciano pakaitu modifikuotame biantrilo
junginyje demonstruoja dar spartesnj kruvio atskyrimg — iki 100 fs*' , kadangi
poliné ciano grupé dar paspartina aplinkos reorganizacija aplink biantrilo
chromofora. Polinéje acetonitrilo aplinkoje matomas toks pat LE ir CT biiseny
gyvavimas lyginant fluorescencijos gyvavimo bei LE busenos uzpildos
pokycio trukmes. Jdomu tai, kad biantrilo ultrasparcioji skirtuminé sugertis
joninio skys¢io aplinkoje®!®? demonstruoja daugiaeksponentj CT biisenos
augimg esant apribotai rotacinés tirpiklio relaksacijos proceso jtaikai
(1.3.2 pav. b)). Kita vertus CT biisenos uzpildos procese dominuoja greitoji

komponenté, o joninio skysCio difuzija turi menka jtaka solvatacijos
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procesui’®. Taigi, kriivio atskyrimas 9,9¢ — biantrilo chromofore yra nulemtas
elektrostatiniy tirpiklio savybiy.
Sasukos nulemta kravio pernaSos biisenos (TICT) teorija biantrilo
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1.3.2 pav. a) Kravio pernasos laiky 9,9° — biantrile ir kumarine C153
palyginimas. Mazi simboliai — standartiniuose poliniuose tirpikliuose,
stambils simboliai — joninio skys¢io aplinkoje. Parengta pagal®

1.3.2 pav. b) CT busenos uzpildos laikiné charakteristika 9,9 — biantrilo
junginyje esant joninio skys¢io aplinkai. Parengta pagal”®

geometrijoje sukurti paskatino lokalaus pobiidzio emisija uzsaldytoje polinéje
aplinkoje bei labili centriné jungtis tarp antraceno monomery®’. Teigiama, kad
kriivio pernasa 9,9 — biantrilo molekuléje jvyksta tik molekulés geometrijai
iSplokstéjus ir pageréjus banginiy funkcijy sanklotai tarp donorinio ir
akceptorinio antraceno fragmento. Taciau adekvaciai jvertinti sasukos jtakos
kriivio atskyrimui uzsaldytoje aplinkoje nejmanoma, kadangi kietoje polingje
aplinkoje apribojami ir tirpiklio reorentacijos procesai. TICT procesas tai pat
buvo atmestas ir panaSiose stambiose dimerinése organiniy junginiy
sistemose. TICT teorijai taip pat prieStarauja ir suzadintosios biisenos DFT
modeliavimas, kur elektroninio debesélio lokalizacija ant vieno i§ antraceno
monomery stebima molekulei esant statmenos konfigtiracijos®*** (1.3.3 pav.
kairéje). Taip pat nuokrypis nuo statmenos molekulinés geometrijos
suzadintoje blisenoje yra gana nedidelis — tarp antraceno monomery kampas
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iSlieka 70°, 0 HOMO ir LUMO banginiy funkcijy sanklota yra pakankamai
efektyvi molekulei esant net ir statmenos geometrijos.

Biantrilo sasukos reakcija eksperimentiSkai jvertinta tik 2018 m.
pasitelkiant ultrasparcCigja itin aukstos skyros skirtuminés sugerties metodika
(10 fs)36. I3skiriamos dvi pagrindinés virpesinés modos ties centrine biantrilo
jungtimi: sgsukos ir iSilginé virpesiné. 1.3.3 pav. deSingje vaizduoja
spektrogramos skerspjiivi nepolinéje cikloheksano bei stipriai polingje
acetonitrilo aplinkose, o 1.3.4 pav. dvimate $iy mody spektrogramg
Vykstant sgsukos reakcijai spektrogramoje stebimos osciliavimas 9,9¢ —
biantrilo monomerams sukiojantis prieSprieSinémis kryptimis, o vykstant
molekulés geometrijos plokstéjimui stebimas ir jungties tarp centriniy atomy
pailgéjimas dél iSaugusios Kuloninés saveikos tarp gretimy antraceno
monomery. Taciau Zenkliy skirtumy tarp sgsukos reakcijos esant skirtingo
poliskumo aplinkoms nepastebéta. Tuo tarpu vykstant TICT procesui
nepolingje aplinkoje, sasukos reakcija turéty zenkliai sulététi, o pakitusi
Kuloniné sgveika tarp antraceno monomery turéty skirtingai moduliuoti
sasukos reakcijos virpesines modas.

Nemazai pasaulinéje literatiiroje aptinkamy darby ICT procesg 9,9° —
biantrilo junginiuose aiskina aktyvacijos barjero modeliu kriivio atskyrimui.
Krtivio pernasa i$ nepolinés lokalaus pobiidzio biisenos j poling CT biisena,
charakterizuojamos dideliu kruvio atskyrimu, antrilo fragmentams esant
statmenai vienas kitam ir stiprios elektronvibroninés sgveikos. CT biisenos
sukiirimas biantrilo monomeruose yra nesusijes su sasukos reakcija tarp
fragmenty, o priklauso nuo aktyvacijos energijos ir barjerinés reakcijos
adiabatiskumo, kuris priklauso nuo chromoforo saveikos su tirpiklio aplinka.
Sio siluminés aktyvacijos barjero tarp lokalaus suzadinimo bei CT bisenos
iveikimas priklauso nuo mikroskopinio tirpiklio relaksacijos laiko, kadangi
CT biisenos emisijos spektras priklauso nuo temperatiiros ir Zadinancios
spinduliuotés. Esant klampiai terpei, kuomet tirpiklio relaksacijos laikas yra
palyginamai didesnis nei suzadinimo relaksacijos t.y. T > Tt suzadinus
molekulg ji yra nepusiausviroje biisenoje tarp nespéjusiy relaksuoti aplinkiniy
tirpiklio molekuliy. Kadangi néra tirpiklio reorganizacijos suzadinimo
relaksacija vyksta esant tokiai paciai tirpiklio apvalkalélio konfigiiracijai kaip
ir prie$ suzadinima (1.3.5 pav.). Ties kiekvienu potencinio pavirSiaus tasku
iSilgai tirpiklio koordinatés egzistuoja didelis aktivacinis barjeras sistemos
molekulinei reorganizacijai, kas yra nepalanku kriivio pernasai. Taciau, esant
atsitiktiniam chromofory ir aplinkiniy tirpiklio molekuliy i$sidéstymui,
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1.3.3 pav. kairéje. Auksciausia uzpildyta molekuliné orbitalé (HOMO)
biantrilo struktiirai esant statmenoje konfigiiracijoje (A) ir kampu (B).
1.3.3 pav. deSinéje. a) Virpesinés spektrogramos skerspjiivis ties smaile
acetonitrilo (Zalia) ir heksano (mélyna) aplinkose. b) Banginiy funkcijy
paketo dinamika LE (mélyna) ir CT (zalia) biiseny atveju. Parengta
paga184,86
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1.3.4 pav. a) Biantrilo virpesinés spektrogramos pédsakas (@) acetonitrilo
tirpale ir (b) heksano tirpale. Juoda linija — smailés padétis laike. Taip pat
pavaizduota biantrilo  geometrija prie§ ir po suzadinimo: C) prie$
suzadinimg statmena molekulés geometrija, d) statmenas biantrilo
monomery virpéjimas ties C — C jungtuku, e) ir f) sasukos reakcija,
trunkanti 500 fs. Parengta pagal®®
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egzistuoja maza dalis chromofory, suzadinimo metu palankiai iSsidés¢iusiy
efektyviam kravio atskyrimo procesui kriivio pernasai t.y. tirpiklio ir analito

LE CT LE

Potenciné energija
Potenciné energija

Tirpiklio reorganizacijos koordinaté Tirpiklio reorganizacijos koordinateé

1.3.5 pav. Biantrilo suzadinimo dinamikos modeliai esant skirtingoms
tirpiklio relaksacijos aplink chromoforg spartoms, A — kai chromoforo
suzadinimo diaktivacija spartesné, B — kai tirpiklio relaksacija aplink
suzadintg chromoforg spartesné. Parengta pagal®’
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1.3.6 pav. Biantrilo fluorescencijos spektras propilenglikolio aplinkoje
zadinant 365 nm (A) ir 403 nm (B) bangos ilgiu esant skirtingoms
temperatiiroms 103°C (1), -40°C (2), 18°C (3). Parengta pagal®’

sistema yra efektyviai stabilizuota tarpusavio sgveikos. Emisijos spektras yra
fotoselektyvus ir esant suzadinimui raudongjame sugerties spektro kraste,
vyksta i§ nestabilizuotos ir nenurelaksavusios CT buisenos bei priklauso nuo
7adinanciosios spinduliuotés bangos ilgio®” (1.3.5 pav.). Tuo tarpu kai
tirpiklio relaksacijos sparta yra zenkliai didesné nei suzadinimo relaksacijos
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t.y. T < tr sukuriama pusiausvyra tarp chromoforo bei tirpiklio, o CT ir lokali
biisena yra stabilizuojamos tirpiklio molekuliy apvalkalélio ir aktivacinis
barjeras krivio pernaSai Zenkliai sumazéja.

Kriivio pernasos sparta, o kartu ir CT emisijos dalis fuorescencijos spektre
priklauso tik nuo tirpiklio relaksacijos trukmés. Klampioje propilenglikolio
aplinkoje, kambario temperatiiroje, dvibangéje emisijoje dominuoja aukStas
CT buseny skaicius lyginant su lokaliomis, o tirpiklio molekuléms laisvai
relaksuojant aplink chromoforo molekule, dominuoja CT suzadintosios
buisenos relaksacija.

Eksperimentiskai Sis reiskinys stebimas kei¢iant terpés klampa. UzSaldzius
junginius propilenglikolio aplinkoje, matomas stiprus fluorescencijos spektry
slinkimasis | mélynyjy bangy sritj bei lokalios suzadintosios blisenos
dominavimas aiSkiai iSreikSta virpesine struktiira, maz¢jant temperatirai
(1.3.6 pav.), o CT buseny emisija stacionarioje uzsalusioje propilenglikolio
aplinkoje praktiskai iSnyksta zadinant aukStesnés energijos kvantu (385 nm).
Kita vertus, uzsaldytoje propilenglikolio aplinkoje biantrilo junginius
zadinant j raudongjj krasta (403 nm), t.y. rezonansiskai zadinant j CT bisena,
vél stebima CT emisija, o fluorescencijos pirmasis ir intensyviausias vibronas
yra auksc¢iau (395 nm). Taigi, stebimos jau susikiirusios blisenos, tiek tirpiklio
tieck chromoforo molekuléms atsitiktinai iSsidésCius energetiskai tinkamose
CT Suoliui pozicijose, kurios niekaip néra susij¢ su biantrilo monomery
sukimysi. Aktyvacijos barjero modelis kriivio pernasai pavaizduotas
1.3.7 pav®® ¥, Aktyvacijos barjeras kriivio pernasai yra skirtumas tarp LE ir
CT biisenos potenciniy pavirSiy sankirtos ir CT biisenos minimumo.
Parametras A reprezentuoja tirpiklio reorganizacing energija ir yra susijgs su
CT busenos dipoliniu momentu. Aktyvacinis barjeras kriivio pernasai yra
susijes su tirpiklio reorganizacijos energija bei Gibso laisvosios energijos

poky¢iu sarysiu:
L_ae A (80’
AGT =—++——, (1.3.1)

kai tirpiklio reorganizacijos energija priklauso nuo spektroskopiniy sugerties
bei CT emisijos parametry:
A = E01 - thT + AGO . (132)
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Stipriai polinése aplinkose aktyvacijos barjeras yra Zemas. Tai aiSkinama
dideliu LE ir CT buseny potenciniy pavirsiy persiklojimu, kuomet aktyvacinis
barjeras kriivio pernasSai tampa stipriai adiabatinis (1.3.8 pav.).

LE cT LE cr
8 ©
) ®
o @
§
= =
3 ki
Silpnai adiabatinis Stipriai adiabatinis
Tirpiklio poliarizacija Konfigaraciné koordinaté

1.3.7 pav. Aktyvacijos 1.3.8 pav. Potenciniy pavirsiy adiabtiskumo
barjero modelis kriivio  pokytis esant silpanai ir stipriai LE ir CT
pernaSai. Parengta pagal®  biiseny sanklotai. Parengta pagal®®

Kriivio pernasos pobiidziui bei emisijos spektrams polinése aplinkose
visiskai neturi jtakos skirtingo tipo modifikacijos 10 — oje bei 10 — oje 9,9° —
biantrilo pozicijose (1.3.9 pav. a)). Lyginant nemodifikuoto biantrilo bei
bromu pakeisto biantrilo spektrus polinéje aplinkoje praktiskai jokiy pokyciy
nepastebéta. Kita vertus, jvedus stambias arilo pakaity grupes matomas
zenklus emisijos raudonasis poslinkis, kuris vélgi nepriklauso nuo jvesty
pakaity poliskumo”. Jdomu tai, kad BAET 9,9¢ — biantrilo modifikacijoje
elektroninio m — debesé¢lio konjugacija yra didesné ne trifenilaminais
pakeistame BATA junginyje dél ploksciy 10,10° — arilo pakaity, taciau
emisijos spektriné padétis polinéje aplinkoje yra praktiSkai nepakitusi
(1.3.9 pav. b)). Taigi kriivio pernasos biisenos biantrilo junginiuose yra
glaudziai susije su polinés aplinkos asimetrija ir eksitoninés LE busenos
virtimu j CT suzadinimui lokalizuojantis vienoje i$ antraceno Saky. CT biiseny
formavimosi sparta bei emisijos spektry padétis taip pat yra analogiski
antrileno trimeruose bei dendrimeruose, o antrilo monomery skaic¢ius ICT
procesui jtakos neturi.

Dauguma literatiiroje  analizuojamy biantrilo junginiy pasizymi
papildomomis modifikacijomis 10 — oje bei 10° — oje pozicijose, taciau
modifikuoty struktiry 2 — oje, 2° — oje, 6 — oje bei 6° — oje pozicijose
pozicijose aptinkama nedaug’!®??. Tac¢iau minétose pozicijose jvesti
alkiliniai pakaitai sukuria Zenklius pokycius emisijos spektre. [vedus tert —
butilo pakaity grupes visy pirma stebimas sugerties spektry vibroninés serijos
persiskirstymas, o vibronin¢ serija susilpnéja (1.3.10 pav.). Taip pat matomas
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1.3.9 pav. a) Isvestiniai biantrilo junginiai su skirtingo tipo pakaitais 10 — oje
bei 10° — oje pozicijose.
1.3.9 pav. b) I§vestiniy biantrilo junginiy su skirtingo tipo pakaitais 10 — oje
bei 10¢ — oje pozicijose emisijos spektrai polinéje aplinkoje. Parengta pagal®®
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1.3.10 pav. Kairéje: Antrileno dimerai bei trimerai, modifikuoti 2 — oje, 2° —
oje, 6 — oje bei 6° — oje pozicijose. DeSinéje: antrileno dimery bei trimery
sugerties bei emisijos spektrai skirtingo poliSkumo aplinkose. Parengta
pagal’!
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zenkliai mazesnis raudonasis emisijos poslinkis bei eksitoninés LE emisijos
dominavimas vidutinio poliskumo aplinkose. Sie spektriniy savybiy poky&iai
aiSkinami iSaugusiu Onzagerio sferos radiusui solvatacijos procesui bei
sumazéjusiu dipoliniu momentu CT busenai. Taciau Zenkliai stambesnés
alkilinés pakaity grupés, jvestos anks¢iau minétose antrileno padétyse dar
labiau padidina Onsagerio sferos radiusg solvatacijos procesui, taciau
sugerties spektro forma bei emisijos raudonasis poslinkis labiau primena
nemodifikuoto 9,9° — biantrilo. Taigi, lieka neaiSkios tokiy zenkliy
spektroskopiniy savybiy pokyCio priezastys 2,2,6,6° — tert butilu
modifikuotuose biantrilo struktiirose, o biantrilo struktiiros modifikavimas
Sios padétyse leisty sumazinti ICT proceso spartg bei leisty padidinti emisijos
efektyvuma.

1.3.2. Biantrilo dimeriniy junginiy taikymai organinéje
optoelektronikoje

Nepaisant kar$tos diskusijos analizuojant biantrilo junginiy suzadinimo
relaksacijos dinamikg, puikios Siy junginiy emisinés bei kriivio pernaSos
savybés realizuojamos organiniuose puslaidininkiniuose prietaisuose.
Papildomai modifikuojant biantrilo geometrijg jvairiomis funkcinémis
grupémis 9 — oje bei 10 — oje pozicijose ar praskiriant antraceno monomerus
ariliniais tarpikliais, sukuriamas itin efektyvus TTA procesas, o iSorinis
Sviestuko kvantinis nasumas yra artimas teoriniam limitui ir siekia net iki
13 %3 %4 95 9697 Ayks¢iausig iSorinj kvantinj naSumg demonstruojancio
Sviestuko ekvivalenti schema, naudojamy junginiy sudétis funkciniuose
sluoksniuose pavaizduota 1.3.11 pav. Cia kaip emiteriai naudojami biantrilo
junginiai su fenilo skyrikliu bei papildomais donoriniais bei akceptoriniais
metoksi bei ciano pakaitais 1.3.12 pav..

Taip pat panaudojant nemodifikuotg biantrilo junginj kaip kriivj pernesantj
sluoksnj sukurtas ir organinis tranzistorius, taciau jo konfigiiracijoje jvertintas
kriivininky judris — 6,7x102 cm?/Vs®. Taipogi, nustatyta ambipoliné kriivio
pernasa, o pagrindinis kriivininkas 9,9 — biantrilo junginiuose yra skylés. Kita
vertus, nemodifikuota biantrilo struktiira demonstravo geresng¢ kriivio pernasa
nei pavieniai antraceno monomerai, o biantrilo oligonomerizacija galéty bti
efektyvus btidas optimizuojant organinio tranzistoriaus veikimo parametrus.
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1.3.11 pav. Auksciausig kvantinj naSumg demonstruojanti OLED struktura,
jos energetiniai lygmenys bei naudojami funkciniai krivio pernasos

organiniai sluoksniai panaudojant biantrilo emiterius. Parengta paga
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Biantrilo emiteriai, panaudoti auk$¢iausig iSorinj kvantinj

naSumg demonstruojan¢iuose OLED struktiirose. Parengta pagal®’
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Biantrilo junginiai taip pat pasiZymi jdomiomis mechanochrominémis
savybémis®. Funkcionalizuojant biantrilo kamieng alkilfenotiazino pakaitais,
konjuguotais viniline jungtimi 9 — oje bei 10° — oje pozicijose, stebimas
emisijos raudonasis poslinkis junginius mechaniskai veikiant t.y. malant arba
atvirk§¢ias — uzgarinant. Mechanochrominis emisijos poslinkis yra griZtamas
reiSkinys ir atkaitinus stebimas atvirk§cias emisijos poslinkis. Fluorescencijos
poslinkis sietinas su medziagos peréjimu i§ kristalinés fazés | amorfing ir
atvirk$¢iai. Jdomu tai, kad emisijos spektras kontroliuojamas alkiliniy
grandinéliy ilgiu alkilfenotiazino pakaituose. Parinkus pakankamai ilga
alkiling grandinéle procesas tampa izotermiSkai griztamas kambario
temperatiiroje, o Sis reiSkinys yra siejamas su Saltgja kristalizacija Zzemose
temperatirose t.y. pakanka kambario temperatiiros junginiams spontaniskai
kristalizuotis.

Geresnes kriivio pernasos savybes demonstruoja 2,6 — biantrilo junginiai
(1.3.13 pav.). Kristale stebima ,,asakos tipo tarpmolekulinio pakavimosi
moda, kas lemia Zenkliai pageréjusia kriivio pernasa. Siy junginiy pagrindu
pavyko sukurti OFET prietaisai taip pat demonstruoja aukstas kriivininky
judrio vertes - u = 3,19 cm?/Vs®. Deja, kaip ir visiems 2 — arilantraceno
junginiams, fluorescencijos kvantinis nasumas plonasluoksnése plévelés yra
tik apie 13,9 %, o OLED EQE — tik 0,16 %

u=3,19 cm*Vs, QY = 13,9 %, OLED EQE = 0,16 %
1.3.13 pav. 2,6 — biantrilo junginio pagrindu pagaminty optoelektroniniy

prietaisy parametrai, milteliy fluorescencijos nuotrauka ir tarpmolekulinio
pakavimosi modos kietame biivyje. Parangta pagal®®

Lengva sintezé bei placios biantrilo molekulés modifikavimo galimybés
sudaro puikias galimybes panaudoti S§iuos junginius ateities organinéje
optoelektronikoje.  Siekiant panaudoti biantrilo junginius naSiuose
organiniuose puslaidininkiniuose prietaisuose biitina optimizuoti molekulés
geometrijg bei elektroning konfigiiracijg, jvertinti labilumo tarp monomery
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jtakg bei svarbg suzadintyjy bliseny relaksacijai, emisijos efektyvumui bei
molekulinei kriivio pernasai.

Nors kriivio pernasa biantrilo junginiuose yra efektyviai sukuriama bei
valdoma, emisinés Siy junginiy stipriai priklauso nuo terpés poliSkumo, ir
esant nei ir menkam aplinkos poliSkumui, sukuriamos itin neefektyviai
emituojancios biisenos, kurios stipriai apriboja $iy junginiy pritaikomuma
organingje optoelektronikoje.
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1.4.V — formos dimeriniai junginiai ir jy taikymas

1.4.1. Stambiy poliaromatiniy strukttiiry fotostabilumo problema
bei svarba optoelektronikoje

Poliaromatiniy angliavandeniliy savybes kiekybiskai leidzia jvertinti Klaro
(Clar) m — sekstety teorija, teigianti, kad poliaromatiniy angliavandeniliy
fizikines ir chemines savybes nulemia didZiausig pilnai delokalizuoty benzeno
fragmenty skaiCiy turintys rezonansiniai hibridai, tarpusavyje sujungti
hipotetinémis viengubomis C — C jungtimis, kurie dar vadinami Klaro
struktiiromis. Junginius pagal aromatiskuma galima suskirstyti j tris stambias
klases:

1. Poliaromatiniy angliavandeniliy rezonansiniai hibridai turintys
dvi ir daugiau dviguby jungéiy, o jiems galimos kelios
analogiSskos Klaro struktiiros, ir biidingas m — seksteto
,judéjimas” (antracenas ir visi tiesiniai poliacenai).

2. Poliaromatiniy angliavandeniliy rezonansiniai hibridai, turintys
vieng dvigubg dieno jungtj (fenantrenas).

3. Poliaromatiniy angliavandeniliy rezonansiniai hibridai su
pakaitomis einan¢iais pilnais  — sekstetais ir ,,tus¢iais” Ziedais'®,
dar vadinami pilnaisiais benzenoidais (trifenilenas).

Antraceno, kaip ir visy tiesiniy poliaceny atveju egzistuoja tik vienas pilnas
101

7 — sekstetas'”’ ir junginio aromatiSkumas yra tolygiai pasiskirstgs per visus

1.4.1 pav. Ekvivalencios antraceno 1.4.2 pav. 1.4.3 pav.
Klaro struktiros Fenantreno Trifenileno Klaro
Klaro struktura strukttira

benzeno fragmentus. Tokiy rezonansiniy hibridy skaicius lygus benzeno

fragmenty skaiciui, o pats sekstetas tarsi mirguoja per visg tiesinio poliaceno

(pvz. antraceno) struktiira (1.4.1 pav.). Kita vertus, antraceno analogo,

fenantreno atveju, pakeitus vieno i§ benzeno Ziedy jungimo padétj, taip pat
48



susidaro 2 rezonansiniai hibridai, turintis du pilnus Klaro sekstetus, kuriuose
centrinio fenatreno ziedo aromatiSkumas sumazéja, o kraStiniy cikliniy
fragmenty iSauga (1.4.2 pav.). Sie rezonansiniai hibridai ir nulemia
pagrindines fizikines bei chemines savybes taip pat ir Sios strukttiros iSaugusia
rezonansinio stabilizavimo energija (381 kJ/mol™) lyginant su antracenu. Tuo
tarpu trifenileno struktiira, turinti izomerus su 3 Klaro sekstetais yra
stabiliausia tarp CigHi» poliaromatiniy angliavandeniliy (1.4.3 pav.) dél
netolygios elektroninio m — debesélio delokalizacijos.

Antracenas, kaip ir visi tiesiniai acenai yra lengvai modifikuojami, 9 — oje
bei 10 — oje pozicijose, kadangi po junginio modifikacijos jvairiais pakaitais,
sumazgja centrinio benzeno Zziedo aromatiSkumas, o kriavis labiau

SOy

1.4.4 pav. Centrinio antraceno ziedo 1.4.5 pav. Krastinio antraceno
modifikacija ziedo modifikacija

lokalizuojamas Soniniuose fragmentuose (1.4.4 pav.). Tuo tarpu modifikavus
vieng i§ kraStiniy antraceno Ziedy, vis tiek islieka ,,slenkantis” Klaro m —
sekstetas!?2 183 1% o junginys tampa reaktyvesnis!®>. Dél to pati Soniniy
antraceno fragmenty modifikacija tampa sudétingesne (1.4.5 pav.). Nors
antracenas yra stabilus junginys atmosferos salygomis, taCiau didéjant
benzeno ziedy skaiciui acene (n > 4), m — jungties iSnykimas reakcijos ties
centriniu fragmentu metu ir dviejy Klaro m — sekstety susidarymas tampa
energetiSkai naudingas. D¢l $ios prieZasties tiesiniai acenai yra nestabillis'%
108 iki Siol nepavyksta realizuoti stabilios ore heksaceno (6 benzeno ziedai)'®,
ar heptaceno!'” (7 benzeno Ziedai) tiesinés struktiiros.

Tiesiné aceny geometrija stabilizuojama jvedant jvairius pakaitus
centrinése molekulés dalyse. Fenilo pakaitais efektyviai pertraukiamas Klaro
seksteto judéjimas'!! ''2, Taip pat gerai zinomos silicio pagrindu sukurtos
TIPS modifikacijos''*!'5 bei papildomas molekulés apsaugojimas stipriai
elektroneigiamomis fluoro grupémis''® "7 8 azoto!'*12%  deguonies'! ir
sieros'?? heterociklais. Stambios policiklinés strukiiros demonstruoja gera
elektroniniy debeséliy sanklota. Tai lemia gerg kriivio pernasa kietame buvyje
todél stambios policiklinés struktfiros yra itin reikSmingos kalbant apie

efektyviy organiniy lauko tranzistoriy (OFET) gamybg'?*!24, o §iy struktiiry

stabilizuojantys tiesinio aceno strukttira, trukdo glaudziai tarpmolekulinei
sanklotai, reikalingai spariai krivio pernasai OFET prietaise!?%!%.
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Literatiiroje pasiiilyta poliaromatiniy junginiy klasé su stipriai pertrauktu
Klaro sekstetu dimerizuojant zemesnés eilés stabilesnius acenus per
ciklopentadieno Zieda. Si junginiy klasé vadinama V — formos konjuguotais
aceno dimerais. Konjuguota antraceno dimery sistema gali biiti panaudota
kaip stabilesné delokalizuoto elektroninio debesélio molekuliné sistema, savo
elektronine konjugacija prilygstanti tiesinio heptaceno molekulei. Nors
nepavyksta sukurti stabilios, ciklopentadienilo Zziedy konjuguotos antraceny
sistemos, literatiiroje pademonstruoti sieros, azoto bei deguonies atomais
pakeisti analoginiai junginiai, su Zenkliai iSaugusiu fotostabilumu'?13? bei
demonstruojantys aukstg kriivio pernasg!*134,

1.4.2. V — formos dimeriniy junginiy energetiniai lygmenys ir
spektroskopinés savybés

Siekiant suderinti gera junginiy tirpuma tirpalo fazéje, Siluminj patvaruma
ir sparcig kriivio pernasa, su iSpléstomis m-konjuguotomis molekulinémis
orbitalémis, sitiloma nauja karta V — formos heterocikliskai pakeisty aceny
struktiiry koncepcija. Vietoj standartinés tiesinés molekulés geometrijos,
centrinis aceno (pentaceno, heptaceno) ziedas yra pakeistas ciklopentadienio
heterociklu, o tokiu biidu molekulés geometrija jgauna V — forma. Taip
s¢kmingai pertraukiamas Klaro sekstety judéjimas policikle dél ko molekuliné
struktlira tampa atsparesné atmosferos aplinkai'3>~13%, Deja, dél komplikuotos
V — formos aceno struktiiry sintezés, literattiroje $iy junginiy spektroskopiniy
ir elektriniy savybiy analizés bei junginiy pritaikomumo aptinkama nedaug.
Apie sekmingg iy junginiy sinteze pirma kartg pranesta tik 2011 m. Vienas
pirmyjy prntaceno V — formos analogas yra dinafto [2,3-b: 2 ', 3'-d] tiofenas
(DNT-V) ir dinafto [2,3-b: 2 ', 3'-d] furanas (DNF-V), turintys atitinkamai
furano bei tiofeno Zieda centringje padétyje'?®. Struktiira papildomai
modifikuota alkiliniais pakaitais skirtingose Soniniy naftaleno grupiy
pozicijose (DNT-VW ir DNT-WV bei DNF-VW ir DNF-WV atitinkamai
tiofeno bei furano pakaitais modifikuotiems junginiams) siekiant jvertinti jy
jtakg optinéms, elektrinéms savybéms bei sluoksnio morfologijai. Tiek
tiofeno tiek furano (1.4.6 pav.) ziedu modifikuotas pentaceno analogas yra
visi§kai plokscias, remiantis DFT aproksimacija. Tuo tarpu lauztinés kampas
tarp naftaleno fragmenty priklauso nuo heteroatomo, ir esant maZesniam
deguonies kovalentiniam radiusui per 13° yra maZesnis lyginant su siera
pakeistu analogu (45° ir 32° atitinkamai su sieros ir deguonies heteroatomais
pakeistiems junginiams). Papildomi alkiliniai pakaitai Siek tiek iSkreivina
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ploks¢ig junginio geometrijg iki 18° tarp gretimy naftaleno fragmenty, taciau
lauztinés kampui jtakos neturi. Centrinis heteroatomas taip pat perorganizuoja

Ll

C,-DNT-VW C,-DNT-VV
-1.5] eV ~1.55 eV
—1.64 eV — 228V
LuMo +0.13 eV ~0.04 eV
AE =375 eV AE =383 eV AE=374eV
S ——— —— =
e eV s007ev >3eV  ro0sev i
OO oV
C,-DNF-VV C,-DNF-VYW
o
e, " ‘.
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i ot i,
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-1.65 eV +09eV +0.12ev —
LUMO
383 eV 392 eV
391 eV Smaller AE Larger AE
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-5.56eV 4 7ev +o,||evﬂ
HOMO - - -
“oo“ :‘3 hﬁ o ““"h.
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146 pav. Dibenzotiofeno (DNT-V) ir

dibenzofurano (DNF-V)

optimizuotos molekulinés geometrijos ir elektroniné pagrindiniy bei
suzadinty lygmeny konfigiiracija. Taip pat atvaizduotos HOMO ir LUMO

energijos vertés. Parengta pagal'®
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molekulés elektroning konfigiiracija, o tiofeno ziedg pakeifiant furanu
draustinés juostos tarpas sumazéja nuo 3,91 eV iki 3,75 eV. Sieros
heteroatomu modifikuotame junginyje drastiSkai sumazéja HOMO lygmens
energija DNT — V junginiuose — per 160 meV, kai LUMO energija islicka
praktiSkai nepakitusi. Tai sietina su didesniu sieros atomo kovalentiniu
radiusu ir kartu didesne kriivio lokalizacija ant heteroatomo. Alkiliniy
grandinéliy jvedimas j V— formos pentaceno geometrijg taip pat Siek tiek
keicia HOMO ir LUMO energetiniy lygmeny i$sidéstyma. Sieros heterociklu
modifikuotame DNT — V junginyje stebimas HOMO lygmens mazéjimas (per
120 meV). Tuo tarpu deguonimi pakeistame DNF — V junginyje priklausomai
nuo alkilinio pakaito jungimo pozicijos, stebimas netrivialus HOMO tiek
LUMO energetiniy lygmeny pokytis. Idomu tai, kad keiCiant alkilinés
grandinélés prijungimo pozicija, draustinés juostos tarpas per 100 meV arba
sumazéja (su furano heterociklu) arba iSauga (su tiofeno heterociklu). Tai
sigjama su donorinémis alkily savybémis, tafiau tai nepaaiSkina
netendencingo HOMO ir LUMO biiseny pasiskirstymo $iuose junginiuose.
Taigi, nors alkilo pakaitai menkai jtakoja m — elektrony debesélio
konjugacija, jy prijungimo pozicija demonstruoja galimybe valdyti HOMO ir
LUMO energetiniy lygmeny pasiskirstyma. Deja, stambesniais aromatiniais
pakaitais, kurie Siek tiek efektyviau sgveikauty su © elektrony konjugacija,
literatiroje aptinkama nedaug. Taip pat stebima ir skirtinga alkilo pakaito
jtaka energetiniy lygmeny pasiskirstymui sieros bei deguonies atomais
pakeistiems V — formos pentacenams. Siekiant jvertinti heteroatomo jtaka
reikalinga tiksli suzadintyjy biiseny fotofizikiné analizé, kuri jgalinty
energetiniy HOMO bei LUMO lygmeny valdyma Siuose junginiuose.
Elektroninio debesélio sanklotos ir konjugacijos pokyciai esant skirtingo
tipo heteroatomui V — formos pentaceno analoginiame junginyje tiesiogiai
atsispindi ir sugerties spektruose (1.4.7 pav). Tiek DNT - V, tieck DNF — V
junginiams biidinga dvibangé sugertis. Aukstesnés energijos sugerties juosta
(ties 250 nm — 350 nm bangos ilgiu) sugerties spektruose sietina su maziau
konjuguotais dibenzotiofeno ir dibenzofurano fragmentais. Tuo tarpu
virpesinés, tiesiniams policiklams biidingos sugerties juostos (ties 350 nm —
420 nm) sukuriamos i§ delokalizuoto per visg molekulés geometrijg @ —
elektroninio debesélio. Draustinio energijy tarpo padétis keiciant alkiliniy
pakaity jungimo pozicija taip pat atsispindi ir Zemiausiyjy biiseny sugerties
spektre. DNT — V junginyje jvedus alkila matomas mélynasis sugerties
spektry poslinkis, o deguonimi modifikuotame DNF — V junginyje — matomas
raudonasis sugerties spektry poslinkis. Idomu tai, kad Siek skiriasi ir

Zemiausiyjy biiseny sugerties spektro forma.
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1.4.7 pav. DNT-V ir DNF-V sugerties spektrai 1,2-dichlorometano tirpale.
1139

Parengta paga

Fluorescencijos int. (sant. vnt.)

300 350 400 450 500

Bangos ilgis (nm)

1.4.8 pav. Sieros heteroatomais modifikuoty V — formos antraceno
dimeriniy struktiiry sugerties spektrai dichlorobenzeno tirpale (kairéje) V
— formos sieros ir azoto heteroatomais modifikuoty junginiy elektroninés
konfigiiracijos pagrindiniame HOMO bei zemiausiame suzadintajame
lygmenyje (deSinéje). Parengta pagal'4-!4!

Prailginus n — konjugacine elektrony sistemg papildomu benzeno ziedu
V — formos heterocikluose t.y. vietoj naftaleno Soniniy grupiy jvedus
antraceno fragmentus (1.4.8 pav.), stebima analogiSka dvibangé sugertis'4*-14!,
Nors kriivis delokalizuojamas per visag molekuling geometrija, taciau
draustinés juostos tarpas islieka panasus. Kriivis dél i$plitusios  — elektrony
konjugacijos labiau lokalizuojamas ant antraceno monomery, o elektroninio
debesélio biiseny tankio pasiskirstymas primena pavieniy antraceno
monomery. Tai demonstruoja efektyvy Klaro seksteto judéjimo pertraukima
ir molekulés rezonansinj stabilizavima. Dar didesnis rezonansinis strukttiros
stabilizavimas stebimas pakeifiant antraceno fragmenty jungimo pozicija
aplink heterociklo ziedg. Sugretinus abu antraceno monomerus, sugerties
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juostos forma pasikei¢ia, ir stebimas mélynasis poslinkis bei virpesiniy
pakartojimy persiskirstymas, nors © — elektrony pasiskirstymas yra identiskas.
Taigi, V — formos acenai (Klaro sekstety teorijoje — skirtingi rezonansiniai
hibridai) nors ir demonstruoja panasy © — elektrony debesélio pasiskirstyma
DFT artinyje, taciau zemiausiyjy biseny sugerties juostos forma Siek tiek
skiriasi. Aceno dimero modelis galéty paaiskinti skirtingg sugerties juostos
forma esant panasSiai V — formos aceno junginiy elektroninei konfigiiracijai.
Technologiniu pozitiriu §is V — formos stambiy policikliniy junginiy dizainas
leidzia padidinti draustinés juostos tarpg ir kartu efektyviai pertraukti Klaro
seksteto judéjima per molekulés geometrija ir pagerinti junginiy
fotostabilumg, o energetiniy lygmeny valdymas leisty sukurti efektyviai
kriivininky injekcijai bei pernasai palankius organinius sluoksnius.

1.4.3. V —formos aceny perspektyva kriivio pernasos sluoksniams
ir taikymai organinéje optoelektronikoje

Detaltis kriivio pernaSos tyrimai pentaceno pagrindu gaminamuose
sluoksniuose bei OFET jtaisuose, pademonstravo vieng geriausiy
tarpmolekulinio pakavimosi pobiidziy kietame biivyje. Detallis nepavieniai
tyrimai jrodé, kad pernasa organiniuose sluoksniuose bei kristaluose yra
efektyviausia ne tuomet kai molekulés iSsidésto lygiagreciai viena kitai
plokstuma j plokstuma, tac¢iau kuomet banginés elektrono funkcijos efektyviai
persikloja. Tai sietina su mazéjanciu barjeru kriivio pernasai esant efektyviai
elektroniniy debeséliy sanklotai.

TaCiau technologiskai formuoti bedefekt] kristalinj aSakos formos
tarpmolekulinj iSsidéstyma sudétinga ir chemiskai konjuguota V — formos
molekulés geometrija gali padéti formuoti V — formos tarpmolekulinj
i§sidéstyma. Kita vertus, papildomy heteroatomy jvedimas ] molekuling
geometrijg taip pat pagerina kriivio pernasa, pvz. sieros policiklai yra senai
zinomos efektyvios pernasos medziagos, o didelis sieros atomo kovalentinis
radiusas Zenkliai pagerina 1 — elektroniniy debeséliy tarpmolekuling sanklota.
I$ kitos pusés, mazas deguonies kovalentinis radiusas (maZesnis nei anglies)
efektyviai mazina tarpmolekulinj prasiskyrimg kietoje fazéje, kas taip pat
pagerina delokalizuoty 7 — elektroniniy debeséliy sanklota.

1.4.9 pav. vaizduoja galimas V - formos aceny iSsidéstymo pozicijas
kietame biivyje'*’. Galimos trys kombinacijos: heteroatomas j kitos molekulés
heteroatomg (HH), heteroatomas j kitos molekulés policikling dalj (HT) ir
gretimy molekuliy heteroatomams atsiduriant prieSingose pusése (TT).
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1.4.10 pav. vaizduoja kriivio pernaSos integralo verte priklausomai nuo
poslinkio arba atstumo tarp molekuliniy geometriniy plokStumy. DidZiausias
kriivio pernaSos integralas yra tuomet kai heteroatomai yra vienas priesais
kitg. Taciau jo didziausia verté yra tuomet kai heteroatomai issidéste vienoje
linijoje t.y.

(T 80
R~ =R g
N O \ 7 E 60 HH
E (H) ° HT
E=0 arba § [
2 40
E
3
w 20
£ <K}
[}
% 0
o Wi 15 -1 -05 0 05 1 15 2
Prasislinkimas (A) Prasislinkimas (A)

149 pav. V — formos heterocikly 1.4.10 pav. Kriivio pernasos
saveikos projekcijos kietame buvyje. integralo vertés esant skirtingam

Parengta pagal'® gretimy kaimyniniy molekuliy
i§sidéstymui ir atstumui tarp jy.
Parengta pagal'®’
{
Au(30nm)/ ! DTS-SAM

Fs-TCNQ(1nm) |
Organinis puslaidininkis j
Silicio oksidas (500 nm)

_I Silicis

Sy K=9.5 cm?*/Vs

1.4.11 pav. OFET prietaiso ekvivalenti grandinés schema ir naudojamos

puslaidininkinés medziagos konstrukcijoje. Parengta pagal'#?

geriausia sanklota tarp heteroatomy p orbitaliy. Atitinkamai didéjant
prasislinkimui tarp molekuliniy plokStumy, stebimas pernaSos integralo vertés
ir kartu pacios kriivio pernaSos spartos mazéjimas. Jdomu tai, kad
heteroatomams iSsidéscius prieSingose pusése, kriivio pernasos integralo verté
sumazgja dvigubai, o turint miSry dimeriniy pory iSsidéstyma pernaSos
integralas jgauna didziausig verte tik gerokai prasislinkus molekuliy
geometrinéms plokstumoms.
55



Pasinaudojus puikiomis sluoksnio pakavimosi savybémis, efektyvia
kriivio pernasa bei aukStu fotostabilumu, pavyko pasiekti itin auksta
kriivininky judrj (iki 9,5 ¢cm?/Vs, OFET konfigiiracijoje) $iy V — formos
organiniy junginiy pagrindu pagamintuose sluoksniuose'**. OFET prietaiso
konfigtracija pavaizduota 1.4.11 pav.
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1.4.12 pav. a) DPA modifikacija su V — formos aceno pakaitu kaip matrica
efektyviai mélynajai spinduliuotei generuoti, b) skirtingy optimizacijy ir
sluoksny storiy mélynojo pikselio elektroliuminescencijos spektrai,
c) elektroliuminescencijos EQE esant skirtingoms skais¢io vertéms,
d) pikselio suvartojama galia esant skirtingiems emiteriams. Parengta
pagal®

V — formos aceno panaudojimas DPA molekulés geometrijoje leidzia
sukurti itin naSius pikselius mélynoje emisijos srityje (1.4.12 pav.).
Pasiekiamas itin aukstas elektroliuminescencijos nasumas esant dideléms
skaiséio vertéms. O energetiskai palankaus mélynojo dazo parinkimas leidzia
iki 24 % sumazinti suvartojamos galios kiekj RGB paneléje.
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2. TYRIMO METODIKA
2.1. Sugerties ir fluorescencijos spektroskopija

Junginiy sugertis analizuojama PerkinElmer Lambda 950 spektrometru,
patalpinus medZiagg, istirpintg praskiestame tirpale (10 M), j kvarcinio stiklo
kiuvete (1 cm). Lyginamas praéjusios pro bandinj ir krintancios Sviesos
intensyvumo santykis.

Fluorescencija bandinyje generuojama panaudojant ksenono lempa, o
fluorescencija detektuojama ir apdorojama Hamamatsu PMA-11 CCD
spektrometru.

2.2. Liuminescencijos kvantinés iSeigos matavimas

Kvantiné iseiga (QY) parodo kazkokio, §viesos sugerties sukelto, vyksmo
naSumg. Pavyzdziui, cheminés degradacijos procese, kai molekulé yra
suardoma dél Sviesos kvanto sugerties, QY yra suardyty molekuliy skai¢iaus
ir sistemos sugerty fotony skaiciaus santykis. Kadangi ne visi sugerti fotonai
suardo molekules, kvantiné iSeiga tipiskai nevirsija 1.

Liuminescencijos kvantinés iSeigos nustatymui naudojami palyginamieji
arba absoliutiniai metodai. Palyginamasis metodas yra bene paprasciausias ir
placiausiai taikomas kvantinés iSeigos nustatymo buidas. Jis remiasi
liuminescencijos kvantinés iSeigos palyginimu su ,.etaloninés“ medziagos
QY. kuri yra zinoma. Sis metodas, taikytinas paprastai tik tirpalams dél
izotropinio liuminescencijos intensyvumo kampinio pasiskirstymo juose,
remiasi spektriskai integruotos liuminescencijos intensyvumo palyginimu tarp
tiriamosios medziagos bei ,,etalono su zinoma kvantine iSeiga. Kvantiné
iSeiga etaloninése medziagose (pvz. chinino sulfate, rodamine B ir kt.) beveik
nepriklauso nuo zadinancios spinduliuotés bangos ilgio, dél to etalonai yra
naudotini gana placiame spektriniame diapazone, svarbu tik, kad jy sugertis
biity pakankama liuminescencijai sukelti. Tam, kad iSvengti reabsorbcijos
poveikio, optinis tankis tirpaluose (OD) neturi virSyti ~0.05. Kvantiné iSeiga
(QYy) yra surandama pasinaudojant §ia iSraiska (2.2.1)

2

QY, = QYRé%Z_ﬁ’ (2.2.1)
¢ia I yra spektriskai integruotas intensyvumas, n — liizio rodiklis. Indeksas R
zymi etaloninés medziagos atitinkamg parametra.

QY buvo iSmatuota panaudojant integruojancia sferg. Absoliutinés

liuminescencijos kvantinés iSeigos maketo, kuris schematiskai pavaizduotas
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2.2.1 pav., pagrinda sudaro integruojanti sfera'** (SphereOptics), su beveik
100 % Sviesos placioje spektrinéje srityje (350 — 1000 nm) atspindincia vidine
danga OptoWhite. Si danga suformuojama tam tikru bidu uZpurskiant BaSOs,.

gu{egmqanu
CCD kamera
(fotodaugintuvas)
Sviesolaidis
(optinly lg8ly sistema)
] Ekranas Monochromatorius

He-Cd lazeris

(UV &viestukas)

2.2.1 pav. Integruojancios sferos matavimo schema.

Déka difuziskai atspindin¢io vidinio pavirSiaus integruojanti sfera atlicka
Sviesos srauto kampinio homogenizavimo vaidmenj, ir dél to, bet kuriame
sferos pavirSiaus taske fotony srauto intensyvumas yra vienodas ir visiskai
nepriklausantis nuo kampo. Taigi, per Sviesolaidj, esantj bet kurioje sferos
sienelés vietoje, 1 spektrometra patekusios liuminescencijos dalis yra
proporcinga suminei bandinio liuminescencijai. [ISmatavus fotony skaic¢iy No,
krentantj j detektoriy erdviniu kampu £, galima nustatyti visy tiriamo
bandinio iSspinduliuoty fotony skaiciy N; pasinaudojant §ia iSraiska:

2

QY, = QYRé%Z—%. (2.2.2)

Formuléje (2.2.2) esantiems dydziams N; ir Ngo iSmatuoti reikalinga
liuminescencijos signalo surinkimo sistema (Sviesolaidis arba optiniy lesiy
sistema) bei spektrometras, kurj sudaro monochromatorius ir fotodetektorius,
t.y. CCD kamera. Per opting surinkimo sistemg patekusi liuminescencijos
signalo dalis yra disperguojama monochromatoriuje ir fotoelektriskai
uzregistruojama fotodetektoriuje. Pritaikius atitinkamg metodikg $i
liuminescencijos dalis yra perskaiciuojama j fluorescencijos kvantinés iSeigos
absoliuting verte. Tiriamasis bandinys yra talpinamas sferos centre. Bandinio
liuminescencija yra UV Sviestuku pro sferos jéjimo plyS§j. Pirmg kartg
tiesioginiy, nuo bandinio ar sferos sieneliy atsispindéjusiy, fotony blokavimui
yra naudojamas BaSOs ekranas, kuris statomas tiesiai priesais Sviesolaid;.
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Absoliutinei liuminescencijos kvantinei iSeigai nustatyti yra atlieckami trys
matavimai su integruojancia sfera. Matavimo konfigiiracijos pavaizduotos
2.2.2 pav.

Ak ol of5

TE e 3E

3% iz i
(a) (b) ()

2.2.2 pav. Integruojancios sferos matavimo konfigiiracijos.

Sutarsime, kad Zadinancios spinduliuotés spektro integralg kiekvienoje
konfigiiracijoje zymésime L raide. Bet kuriuo atveju Sis integralas yra
proporcingas nesugertos zadinancios spinduliuotés intensyvumui. P raide
zymésime bandinio liuminescencijos spektro integraling verte.

Bendru atveju, bandinj zadinanti spinduliuoté, gali buti i$skaidyta j dvi
komponentes: pirmoji — tiesiogiai ir lokaliai suzadina bandinj, o antroji — nuo
sferos sieneliy difuziskai atsispindéta Sviesa, kuri suzadina visg bandinio
pavirSiy. Pirmoje matavimo konfiglracijoje (a) spektrometru yra
uzregistruojamas tik suzadinimo Saltinio spektras, kuris pavaizduotas plona
istisine linija. Sio spektro integralas yra La. Atlikus spektrinius matavimus (b)
konfigtracijoje, kai bandinys yra sferos viduje, bet zadinantis spindulys yra
nukreiptas j sferos sienele, buty uzregistruota tik Lp dalis Zadinancios
spinduliuotés (brik$niné linija), kuri baty lygi La(1-a). Cia a - difuziskai
iSbarstytos, bandinio sugertos, Zzadinancios spinduliuotés dalis. (c)
konfigiiracijoje zadinanti spinduliuoté pirmiausia krenta j bandinj, kuriame jos
dalis A yra sugeriama, o (1-A) dalis atspindima ir praeina kiaurai. Tokiu budu,
galioja toks sarysis:

Le=L,(1-A)(1-a), (2.2.3)
A=1- Z—b (2.2.4)

Sio absoliutinés QY. nustatymo metodo principin¢ prielaida yra ta, kad
zadinancioji spinduliuote, atsispindéjusi nuo skirtingy sferos sienelés viety,
inesa visiskai vienoda indélj j registruojamg spektra. (b) konfigtiracijoje visas
fotony srautas pasiekiantis detektoriy susideda i§ barstytos Zadinancios
spinduliuotés bei liuminescencijos signalo sukelto bandiniui sugérus Sia
barstytg spinduliuote Ly + Py. Tuo tarpu (c) konfigiiracijoje, dalis Zadinancios
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spinduliuotés yra atspindima bandinio, dalis pracina kiaurai bandinj, o likusi
dalis, A, yra sugeriama bandinyje. Todé¢l Sioje konfigiiracijoje barstytos
zadinancios spinduliuotés indélis | detektoriaus registruojama spektra yra
(1 - A)(Lo + Py), o bandinio i$spinduliuotos liuminescencijos, dél tiesiogiai
sugertos zadinan¢ios spinduliuotés, dalis yra (QY)XL.A, kur QY zymi
liuminescencijos kvanting iSeiga. Vadinasi, galima uzraSyti:

L+ Po= (1= ALy + Py) + (@) (Lad), (2.2.5)
1r
QY = %‘A‘”Pb (2.2.6)

2.3. Fluorescencijos gesimo kinetiky matavimas

Siomis dienomis beveik visi fluorescencijos gesimo trukmes matavimai
yra atliekami naudojant laike koreliuoto fotony skai¢iavimo technika (angl.:
time-correlated single-photon counting, TCSPC). TCSPC principai gali biti
suprasti nagrin¢jant schema, pavaizduota 2.3.1 pav.

Fluorescencijos laikinés evoliucijos matavimas prasideda trumpu S$viesos
impulsu, kuris suzadina bandinj ir jjungia matavimo laikmatj. 2.3.1 pav.
pavaizduota optiné eksperimento schema. Pirmuoju lgSiu suformuojamas
lygiagretus spinduliy pluostas, nes tai biitina norint, kad tinkamai veikty
interferencinis filtras. Prie§ bandinj esantis filtras ,nupjauna® ilgabange
Saltinio spektro dalj. Antrasis leSis Sviesos srautg fokusuoja | bandinj. I$
bandinio i§spinduliuoti fotonai surenkami ir vél suformuojamas lygiagretus jy
pluostas. Antrasis interferencinis filtras nepraleidzia Sviestuko bangos ilgio
fotony. Tokiu biidu | monochromatoriy atéjes signalas yra tik i§fluorescuoti
fotonai. Monochromatoriumi iSskiriame tiriamajj bangos ilgj, i$ jo signalas
patenka j detektoriy.

TCSPC yra matavimo technologija kuri skaiciuoja fotonus koreliuotus
pagal laika praéjusj nuo suzadinimo momento. Metodas remiasi laiko i
jtampos amplitude keitikliu, kuris gali buti suvokiamas kaip labai spartus
chronometras. Kai chronometras paleidziamas Zadinancios §viesos impulso
keitiklyje jsijungia jtampos ,,rampa®. Jtampa auga tiesiskai, kol pagaunamas
pirmasis i§spinduliuotas fotonas kuris sustabdo §] augimg. Jtampos verté
perduodama daugiakanaliui analizatoriui, kuris skirsto gautus duomenis i
kanalus, sumuoja rezultatus kiekviename i§ kanaly ir gautus duomenis
pateikia kaip fotony skaiciaus nuo laiko priklausomybe. Eksperimentas
tesiamas kol gaunama apie 10000 fotony histogramos ,,piko* kanale. Taigi $i
histograma parodo bandinio fluorescencijos intensyvumo evoliucija laike.
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2.3.1 pav. Optiné eksperimento schema.

Dazniausiai apdorojant rezultatus histograma pateikiama logaritminéje
skal¢je. Kadangi fotono iSspinduliavimas yra atsitiktinis procesas tai
fluorescencijos intensyvumo mazéjimas teoriskai aprasomas eksponentiskai,
ir logaritmingje skaléje turime gauti tiesg. IS tiesés parametry galime nustatyti
gesimo trukme, o jei matome netiesiSkumus galime gauti informacijos apie
kitas bandinio vidines savybes. Jei eksponentinis gesimas apraSomas formule:

n(t) = Ae_é (2.3.1)
¢ia: n - fotony skaicCius, A - pradiné verté, 7 — gesimo trukmeé.
ISlogaritmavus $ig eksponente gauname:

In(n()) = Ind - = (2.3.2)

Matome, kad tiesés krypties koeficientas yra -(t)”!, i§ ¢ia randame gesimo
trukme. Ji parodo per kiek laiko bandinio fluorescencija susilpnéja e karty.

Taciau kai bandinio gesimo trukmeé yra trumpa, atsiranda netikslumy dél
to, kad Zadinantysis signalas yra ne ideali 6-funkcija. Tuomet turime tarti, kad
miisy zadinanciojo prietaiso funkcija yra daug jvairiy amplitudziy é-funkcijy,
viena nuo kitos pastumty per trumpg laiko tarpg. Galima laikyti kad, kiekviena
18 jy atskirai suzadina bandinj ir pagal superpozicijos principg miisy iSmatuota
kreivé yra daugelio jvairiy amplitudziy eksponenciy suma. Taigi:
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(f - 9)(m) = Xn f(Mg(m —n) (2.3.3)
(f-g)(m)—f ir g funkciju sasuka (konvoliucija), Siuo atveju tai yra
eksperimento metu iSmatuota fluorescencijos laikinés evoliucijos kreivé.
Funkcijos f(x) ir g(x) atitinkamai yra prietaiso funkcija ir teoriné gesimo
trukmés kreivé, kurig ir reikia gauti. Taigi norint rasti ieSkomaja funkcija,
reikia atlikti konvoliucijai atvirkstinj procesa — dekonvoliucija. Tai
dazniausiai daroma skaitmeniniais metodais.

Uzdelstosios fluorescencijos kinetiky bei spektry matavimas atliktas
panaudojant nanosekundinj YAG:Nd3+ lazerj NT 242 (Ekspla, 2=350 nm,
T =7 ns, maksimali lazerio galia 200 pJ) ir iCCD kamera Sr-303i-A (Andor)
esant 5 x 10 mbar slégiui eksponenti$kai didinant vélinima ir integravimo
laika.

2.4. Cikliné voltametrija

Cikliné voltametrija — galingas dinaminis potenciostatinis jrankis, skirtas
analizuoti elektrocheminéms reakcijoms tirpale. Ciklinés voltametrijos
metodika remiasi trijy elektrody sistema (2.4.1 pav.), panardinta j tiriamosios
medziagos tirpala (dazniausiai 0,002 M koncentracijos) specialioje
elektrochemingje celéje. Sig sistema sudaro darbinis, palyginamasis bei
pagalbinis elektrodai. Eksperimento metu darbinio elektrodo potencialas yra
varijuojamas atzvilgiu palyginamojo elektrodo, kurio potencialas yra

‘;—’Ii E

v

2.4.1 pav. 2.4.2. pav. 2.4.3 pav. Laiptelinis
Elektrocheminé celé su Trikampio impulso matavimo biidas.
trijy elektrody sistema.  désnis.

pastovus, trikampio impulso désniu (2.4.2 pav.) ir tuo pafiu metu yra
matuojamas elektros srovés, tekancios tarp darbinio ir pagalbinio elektrodo,
stipris. Metodika yra efektyvi, kuomet yra iSvengiama talpinés srovés tarp
kontakty. Zinant, kad talpiné srové spar¢iai mazéja laike tai yra pasiekiama
naudojant laiptelinj matavimo biidg (2.4.3 pav.) ir srovés stiprj registruojant
tik po tam tikro laiko. Tam, kad per visg sistema tekéty sroveé, naudojamas
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elektrolitas (dazniausiai 0,1 M koncentracijos), pvz. tetrabutilamonium
perchloratas.

Pridétas potencialas kontroliuos oksiduoty ir redukuoty molekuliy
koncentracijas. Tuo tarpu netoli darbinio elektrodo pavirSiaus, per Nernsto
difuzijos sluoksnj, susidarys oksiduoty molekuliy gradientas ir dé¢l to pradés
tekéti Faradéjaus srové (1), kuri priklausys nuo oksiduoty molekuliy
koncentracijos gradiento:

ir = nFAD,(d[0X]/dx), (2.4.1)
A — darbinio elektrodo plotas, Da — difuzijos koeficientas, n — pernesty
elektrony moliy skaicius, F — Farad¢jaus konstanta.

Palaipsniui didinant potencialo verte (arba jo modulj) didéja oksiduoty
(redukuoty) molekuliy koncentracijos gradientas ir prie tam tikros potencialo
vertés Faradéjaus srovés stipris (jos modulis) ima staigiai augti tol, kol
neutralios molekulés spéja pasiekti kontakta. Kai oksiduotos (redukuotos)
molekulés uzpildo visg sritj Salia kontakto, neutralios molekulés nebespéja
priartéti prie kontakto ir Faradéjaus srové (jos modulis) ima mazéti. Potencialo
verte (jo modulj) mazinant vyksta analogiskas atvirkscias procesas. Susidaro
taip vadinami anodiniai ir katodiniai sroviy maksimumai ir rezultatai
atvaizduojami kaip srovés priklausomybé nuo potencialo vertés

Fe(lll)

= o

2.4.4 pav. Voltomograma  2.4.5 pav. Feroceno Fc/Fc+ molekuliy pora

1(A)

— Fe(ly*

E vs. Ag/Ag* (V)

(voltomograma) (2.4.4 pav.). Kadangi eksperimento metu nustatomos
charakteringos oksidacijos ir redukcijos potenscialy vertés, galima lengvai
nustatyti analito HOMO ir LUMO lygmenis. Tam reikia kalibracinés
medziagos su grjztamu oksidacijos — redukcijos procesu ir Zinomu HOMO
lygmeniu (dazniausiai naudojamas ferocenas (2.4.5 pav.), kurio HOMO
lygmuo yra -4,8 eV). HOMO ir LUMO lygmuo apskaiciuojamas pagal (2.4.2)
formulg:
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1 1
Enomo/Erumo = —(48 + E /2 — Epéz) (2.4.2)

1, . 1 .. . o e .
E'/2 ir EFéZ — atitinkamai analito ir feroceno oksidacijos ir redukcijos

Faradéjaus sroviy maksimaliy verciy potencialy vidurkiai. Tuo atvejy kai
oksidacijos — redukcijos procesai yra negriztami — naudojama oksidacijos
srovés augimo pradzia.

2.5. Teorinis organiniy struktiiry modeliavimas

Teorinis modeliavimas atliktas pasinaudojant Gaussian 09 modeliavimo
programa'*. Pagrindinés ir suzadintosios molekulés blisenos optimizavimas
atliktas pasinaudojant DFT ir TD — DFT metodikomis atitinkamai su B3LYP
funkcionalu ir 6-31g (d,p) baziniy funkcijy rinkiniu. Pagrindinés bei
suzadintosios molekulés buisenos skai¢iuotos TD — DFT metodika, taip pat su
B3LYP funkcionalu ir 6-31g (d,p) baziniy funkcijy rinkiniu esant PCM
solvatacijos modeliui. CT biisenos optimizacija ir energijy vertés skaiciuotos
atsitiktinai aplink chromoforg i§désCius 5 acetonitrilo molekules ir
chromoforo bei tirpiklio molekules traktuojant QM:QM modeliu, kartu su
PCM solvatacijos modeliu.

2.6. Skirtuminés sugerties matavimas. Zadinimo — zondavimo
metodika

Zadinimo — zondavimo (Pump — Probe) spektroskopijos eksperimente
bandinis yra apS$vieCiamas dviem trumpais (fs) Sviesos impulsais, i§ kuriy
vienas yra naudojamas bandinio suzadinimui (pump), o kitas — antriniam
suzadintyjy molekulés buseny sugerties procesy detektavimui (probe)
(2.6.1 pav. a)).

Naudojant §j matavimo metodg, yra matuojama zonduojancio spindulio
sugertis bandinyje dviem atvejais: kai bandinys néra optiskai suzadintas, ir kai
bandinys yra suzadintas pries tai praéjusio zadinan¢iojo spindulio'*® 146, Tokiu
biidu galima registruoti suzadintyjy biiseny sugerties skirtuma 40D. Kei¢iant
laiko tarpa t tarp zadinancio ir zonduojancio spindulio, gaunama laikiné
skirtuminés sugerties priklausomybé. Skirtuminé sugertis konkrec¢iam bangos
ilgiui ir konkreciu laiko momentu apskaiciuojama taikant (2.6.1) formulg:

— gD =T pms.nzA)
A0D(t, 1) =g T ) Tranrsza 60 (2.6.1)
kurioje Iz4p yra pro suzadintg bandinj pra¢jusios zonduojancios spinduliuotés

intensyvumas, kai laiko tarpas tarp zadinancio ir zonduojancio impulsy lygus
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t, Iz — pro nesuzadintg bandinj praéjusios zonduojancios spinduliuotés
intensyvumas, lrmszap — spektrometru fiksuojamas foninis signalas, kai
bandinys yra Zzadinamas, bet ne zonduojamas, lruusyz — spektrometru
fiksuojamas foninis signalas, kai bandinys néra nei Zzadinamas nei
zonduojamas. Skirtuminés sugerties spektrai gali biiti salygoti skirtingy
procesy vykstanciy bandinio medziagoje. ReikSmingiausi i$ Siy reiskiniy yra

iliustruoti 2.6.1 pav. b)

Detektorius

Bandinys

Zondas

Diafragma
Zadinantysis
signalas
a)

4
<
&
AL
|5
o ESA
a
v
£ o
: V \/
£
=g
(%]

Bangos ilgis b)

2.6.1 pav. a): Zadinimo — zondavimo metodikos supaprastinta schema.
2.6.1 pav. b): galimi skirtuminés sugerties signalo tipai. GSB — pagrindinés
buisenos skurdinimas (sutampa su stacionariosios sugerties spektru), ESA —
fotoindukuota sugertis | aukStesnes suzadintgsias buisenas, SE — stimuliuota
emisija (sutampa su fluorescencijos spektru).

Visy pirma, suzadinus medziaga, dalis joje esanciy molekuliy pereina i
suzadintg elektroning biiseng ir sumazéja molekuliy, esanéiu pagrindinéje
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biisenoje, dalis. Todél yra pastebima S§iy molekuliy nulemtos sugerties
sumazéjimas — tai lemia neigiamo 40D signalo atsiradimg. Sis procesas
vadinamas pagrindinés bisenos skurdinimu (GSB), kuris 2.6.1 pav. b)
paZzymétas mélyna spalva. Kitas procesas yra susijgs su elektroniskai
suzadintose biisenose esanciy molekuliy skaiCiaus padidéjimu: padidéja
sugertis nulemta kvantiniais Suoliais i§ zemesniy | aukStesnes suzadintas
bisenas — stebima indukuota sugertis (ESA) (2.6.1 pav. b) pazyméta raudona
spalva). Treciasis procesas yra stimuliuota emisija (SE), kuri sumuojasi su pro
bandinj praeinancia zonduojancia spinduliuote, todél sukelia [74p padidéjima,
kas salygoja neigiama AOD signalg (2.10 pav. b) pazyméta zalia spalva).

Suzadintyjy buseny pokyciai laike jvertinami pasinaudojant globalios
analizés metodika. Skirtuminés sugerties signalo pokyciai laike tiesiogiai
reprezentuoja suzadintyjy buseny uzpilda, todél galima jvertinti ir suzadinimo
pernaSos spartg. Laikiné suzadintyjy biiseny populiacija apskaiiuojama
sprendziant diferencialiniy lygéiy sistema, vienos biisenos (ci1) populiacijai
mazéjant, o kitos (pvz. ¢;) augant:

dei(t) _ 1
GO (1)~ Ley(o)

dey(t) 1 1 .

TR Zci_l(t) - T_ici(t)' i # 1. (2.6.2)

Suminé viso skirtuminés sugerties spektro aproksimacija laike F(z,4)
iSreiskiama pavieniy buiseny spektriniy komponenciy o;(4) suma:

F(t,2) = ¥, ci()a;(A). (2.6.3)
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3. ANTRACENO DIMERU FOTOFIZIKINES SAVYBES
3.1.Nesimetriniai 9,10 — pakeistieji antraceno junginiai

Siekiant jvertinti TTA proceso efektyvumo priklausomybe nuo
interkombinacinés konversijos spartos bei triplety difuzijos, pasirinkome
klasiking antraceno molekulg, papildomai modifikuota skirtingos molekulinés
masés pakaitais ties trumpgja asimi'¥’. 3.1.1 pav. pateikti 4 iSvestiniai
nesimetriniai difenilantraceno (DPA) junginiai. 10 — oje simetrinéje antraceno
pozicijoje visose struktirose jvestas fenilo pakaitas siekiant padidinti
spindulinés rekombinacijos spartg ir uztikrinti aukstg fluorescencijos kvantinj
na$umg. Sis fenilo Ziedas para pozicijoje dar papildomai modifikuotas alkiline
grandinéle siekiant uztikrinti pakankama tarpmolekulinj atsumg ir tuo paciu
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3.1.1 pav. Nesimetriniai pakeistieji difenilantraceno (DPA) junginiai.

efektyviai sumazinti fluorescencijos koncentracinio gesinimo jtakg
spindulinés rekombinacijos vyksmui kietame biivyje. Tuo tarpu nesimetrinéje
9 — oje pozicijoje molekulés geometrija praple¢iama skirtingos molekulinés
masés aromatiniais pakaitais: labiliais fenilo (1) metilfenilo (2) bei bifenilo
(3) pakaitais. Taip pat Sie junginiai palyginami su fluoreno pakaitu
modifikuotu antracenu (4). Sis selektyvus didéjanc¢ios molekulinés masés
aromatiniy pakaity parinkimas leidzia jvertinti pagrindinius nespindulinés
relaksacijos kanalus, uztikrinti zema fluorescencijos koncentracinj gesinima
bei jvertinti aromatiniy pakaity jtaka interkombinacinés konversijos spartai
bei TTA proceso efektyvumui. Junginius susintetino doc. P. Adoméno
moksliné grupé, VU chemijos fakultete.
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3.1.1. Nesimetriniy 9,10 — pakeistyjy antraceno junginiy
teorinis modeliavimas

Esant stipriai sterinei stiimos saveikai tarp gretimy fenilo bei antraceno
fragmentuose esanciy vandenilio atomy, aromatiniai pakaitai yra iSsisuke
antraceno atzvilgiu, o optimali molekulés geometrija yra Zemiausioje
pagrindinéje biisenoje kai aromatiniai pakaitai yra iSsisuke statmenai'®s.
Didéjant aromatiniy pakaity molekulinei masei 9 — oje pozicijoje, molekulés
karkasas plokstéja, o posiikio kampas laipsniskai mazéja nuo 89,9° iki 80,19°
9 — oje antraceno pozicijoje jvedant sunkesnius bifenilo bei fluoreno pakaitus.
Analogiskai sumazéja ir visiems junginiams vienodo fenilalkilo pakaito
sasukos kampas ties C-10 jungtimi — nuo 88,96° (1 — gjam junginiui) iki
79,24° (4 — ajam junginiui). Nors plokstéjant molekulés geometrijai
elektroninio debesélio m — konjugacija turéty isplisti, taciau sterinés sgveikos
tarp fragmenty pakanka tik menkai suzadinimo delokalizacijai j C-9 ir C-10
pakaitines grupes ir So = S, energija sumazéja tik 13 meV (1 — gjam junginiui
— 3,127 eV, 4 — gjam — 3,114 eV), o tick HOMO, tiek LUMO lygmeny
orbitalés atkartoja nemodifikuoto antraceno orbitaliy i$sidéstyma
(3.1.2 pav. a)). Pirmasis T, tripletinis lygmuo iSlieka santykinai nepakites ir
sunkéjant pakaitams 9 — oje antraceno pozicijoje sumazéja tik per 8 meV. Tuo
tarpu T, tripletiniy biiseny energijy persiskirstymas yra netolygiai mazéjantis
t.y. nuo 3,271 eV C-9 pozicija modifikavus fenilo pakaitu, su bifenilo pakaitu
— sumazéja per 29 meV, o fluoreno pakaitas 4 — gjame junginyje tripletine
bliseng pazemina net per 215 meV. Idomu tai, kad 9 — fluorenilantraceno
junginyje antrasis T, lygmuo atsiduria po pirmuoju singuletiniu S,
suzadinimu. I$nykus energiniam barjerui ir priartéjus T, prie pirmojo
singuletinio suzadinimo atsiranda efektyvus nespindulinés rekombinacijos
kanalas elektronui pakeiciant sukinj ir pereinant i§ singuletinés j tripleting
biiseng t.y. vyksta spartus interkombinacinés konversijos procesas'>!%
(3.1.2 pav. b)).

Taigi, nors dideliu kampu iSsisuke aromatiniai pakaitai antraceno
geometrijoje mazai jtakoja elektroninio debesélio m — konjugacijg beit HOMO
ir LUMO orbitaliy pasiskirstyma, stambesniy aromatiniy pakaity jvedimas
kei¢ia tripletiniy biiseny energetinj iSsidéstyma, kuris nulemia
spektroskopines §iy junginiy savybes.
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3.1.2 pav. a) Nesimetriniy 9,10 — pakeistyjy arilantraceno dariniy (1 — 4)
HOMO ir LUMO lygmeny orbitaliy i$sidéstymas.

THF

“““ vacuum

g, 3ddev
1 3114eV

AEg,; 1,F = 87 meV
AEg; .Y = 206 meV

So

3.1.2 pav. b) Singuletiniy bei tripletiniy
buseny pasiskirstymo teoriné
aproksimacija 9 — fluorenyl — 10 —
arilalkillantraceno (4) junginyje vakuumo
saglygomis bei tetrahidrofurano (THF)
aplinkoje. Tripletinio lygmens padétis
Siame junginyje yra palanki
interkombinacinés konversijos procesui.
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3.1.2. Nesimetriniy 9,10 — pakeistyjy antraceno junginiy
sugerties ir emisijos savybeés

3.1.3 pav. bei 3.1.1 lenteléje pavaizduotos 9,10 — dipakeisty antraceno
junginiy sugerties bei fluorescencijos charakteristikos. Visi junginiai
zemiausioje biisenoje demonstravo virpesiniy pakartojimy seka sugerties

2x10* — ‘ o _ ‘ ‘ ‘ ‘ —_
— Sugertis (THF) Emisija: = — Sugertis (THF) Emisija: )
- THFIlrpaI.e* S 2X104, — THF Tirpale E
— Sluoksnyje | s — Sluoksnyje {
1x10*F 8 1 E
s Qv=67%] & ~1x10%f QY=72%{ &
’-‘E 1 Qv=21%| @ ¢ 3 QY=15%] @

o g © ]
Lox10°F 25 §
b= 2 Sox10%t 2
w ] 2 © g
. £ 1x10% 2
1x10 Qy=78%- . Qv=s8%] =
Qy=16%] o 3 =58%,
5 5x103H Qv=20%] §
4 3
0 2 L L L E O L L L E

350 400 450 500 550 350 400 450 500 550

Bangos ilgis (nm) Bangos ilgis (nm)

3.1.3 pav. Nesimetriniy 9,10 — pakeistyjy antraceno dariniy sugerties
(10 > M) (juoda linija) bei fluorescencijos (10 M) spektrai praskiestuose
THF tirpaluose (mélyna linija) ir plonasluoksnése plévelése, palietose
atmosferos salygomis (zalia linija).

3.1.1 lentelé. Apibendrinty optiniy savybiy lentelé.

Praskiestas tirpalas (THF) Sluoksnis
& AFL
}\;a S 7\4
Nr. ° [(ar]l m) (M-'cm-1) o [(C?m) (nm)

[b] [d]

1 394 13350 413 444

2 395 14100 422 444

3 395 15500 422 444

4 396 16000 424 449

Sugerties smailés padétis ties 0 —iu vibronu [a] ir intensyvumas [b],
fluorescencijos smailé tirpale [c] ir plonasluosnéje pléveléje [d].

juostoje ties 330 nm - 396 nm bangos ilgiu. Didéjancios masés ariliniai
pakaitai menkai praplecia elektroninio debesélio m — konjugacing sistema, o
sugerties juosta iSlieka praktiSkai nepasislinkusi j raudonyjy bangy sritj ir
nulinio virpesinio pakartojimo pozicija iSlieka nepakitusi (394 nm — 396 nm)
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nepriklausomai nuo arilinio pakaito masés. Taéiau 9,10 — dipakeistiems
junginiams budingas elektronvibroninés sgveikos ir virpesiniy pakartojimy
intensyvumo persiskirstymas sugerties juostoje lyginant su nemodifikuotu
antraceno junginiu. Virpesiniy pakartojimy iSsidéstymas sietinas su taip
vadinamais ,,kvépuojamaisiais* anglies bei vandenilio atomy virpesiais ties
visais trimis antraceno benzeno ziedy fragmentais. Elektroninio debesélio
geometriniai pokyciai akimirksniu seka santykiniai zenkliai sunkesniy anglies
bei vandenilio atomy judesius. [vedus pakaitus | 9 — gja bei 10 — gja antraceno
padéti, elektroninis debesélis yra Siek tiek lokalizuojamas, o
elektronvibroninis rezonansas yra Siek tiek sugadinamas ir jvedus labilius
pakaitus 9 — oje ir 10 — oje antraceno pozicijose, sugerties juostoje
intensyviausias tampa 1 vibronas. Taciau S§is elektronivibroninés sgveikos
persiskirstymas visiSkai nepriklauso nuo jvesto arilinio pakaito masés ir
iSlieka vienodas visiems junginiams. Kita vertus, prapléstas Suolio dipolinis
momentas trumpojoje 9,10 — dipakeisto antraceno aSyje, atsakingas uz
Zemiausios blisenos sugerties intensyvuma, zemiausiojo 0 — nio vibrono
intensyvumas iSauga didéjant pakaito molinei masei nuo 13 350 M™! su fenilo
pakaitu 9 — oje antraceno pozicijoje iki 16 000 M™! M prailginus Suolj fluoreno
pakaitu.

Visiems 9,10 — dipakeistiems antraceno junginiams biidinga 400 nm —
550 nm fluorescencija tiek pavienése molekulése tiek plonasluoksnése
plévelése. Emisijos spektrams taip pat biidinga virpesiné forma, taiau
virpesiniai pakartojimai néra iSreiksti lyginant su sugerties spektrais. Tai
sietina su aromatiniy pakaity labilumu, kuomet suzadintoje biisenoje
sukuriama daugiau galimy molekuliniy konformery su Siek tiek skirtingomis
elektroninémis konfigliracijomis. Plonasluoksniy pléveliy emisija visuose
9,10 — pakeistuose antraceno junginiuose demonstruoja 20 nm — 30 nm
raudonajj poslinkj bei virpesiniy pakartojimy persiskirstyma (1 junginys) arba
iSblukimg (2 — 4 junginiai). Tai atspindi tarpmolekuling saveika, o
raudongjame emisijos spektro §laite stebimos eksimerinés biisenos nusako ir
glaudy tarpmolekulinj pakavimasi.

Taigi, nesimetrinio pakaito tipo parinkimas 9 — oje antraceno pozicijoje
praktiskai nejtakoja sugerties bei emisijos spektry pasiskirstymo, tik Siek tiek
keic¢ia tarmolekulinés sgveikos stiprj. Kita vertus, aromatinio pakaito
parinkimas 9 — oje antraceno pozicijoje stipriai jtakoja $iy junginiy emisijos
efektyvuma bei spinduliniy ir nespinduliniy procesy dinamika.
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3.1.3. Nesimetriniy 9,10 — pakeistyjy antraceno junginiy
spinduliniy ir nespinduliniy procesy dinamika

9,10 — aromatiniai pakaitai antraceno geometrijoje praplecia Suolio,
atsakingo uz regimaja emisijos spektro dalj, dipolinj momenta, todél 9,10 —
dipakeisty arilantraceno dariniy fluorescencijos kvantinis nasumas yra labai
aukstas (70 % — 100 %)3>15%152, Didinant pakaito molekuling mas¢ C — 9
antraceno pozicijoje matomas aiSkus iki 3 karty (87 % su bifenilo pakaitu)
fluorescencijos kvantinio naSumo iSaugimas pavienése molekulése, lyginant
su nepakeistu antracenu. Nors osciliatoriaus stipris, o kartu ir Suolio dipolinis
momentas auga proporcingai didéjant C — 9 pakaito molekulinei masei,
fluorescencijos kvantinio naSumo pokyciai yra neproporcingi. NaSiausiai
fluorescuoja fenilmetilo bei bifenilo pakaitus 9 — oje antraceno pozicijoje
turintys junginiai (atitinkamai 78 % ir 72 %). Taciau jdomu tai, kad junginys
su didziausios m® — konjugacinés sistemos fluoreno pakaitu ir maziausiu
labilumu demonstravo maziausig, 58 % fluorescencijos kvantinj naSuma. Tuo
tarpu molekuléms pakuojantis kietame biivyje, fluorescencijos kvantinis
naSumas plonasluoksnése plévelése dar labiau sumazéja iki 15 % — 27 % dél
papildomy nespindulinés relaksacijos kanaly atsiradimo eksitonui migruojant
per sluoksnj'>*154,

Siekiant optimizuoti 9,10 — dipakeisty antraceno junginiy struktiira —
savybé — funkcija sary$i efektyviam TTA procesui, biitina nustatyti
pagrindinius nespindulinés relaksacijos kanalus:

1. Nespindulinés relaksacijos kanalas stipréjant elektronvibroninei
saveikai tarp antraceno bei labilaus fragmento C — 9 bei C — 10
padétyse.

2. Nespindulingés relaksacijos kanalas dél singuletiniy bei tripletiniy
lygmeny reorganizacijos keiciantis pakaitams C — 9 bei C — 10
antraceno padétyse’®.

3. Vidinés konversijos (suzadinimo relaksacijos  Zemiausiajj suzadintajj
lygmenj).

4. Nespindulinés relaksacijos kanalas eksitonui rekombinuojant per
defektinius lygmenis kietame biivyje.

Nespinduliniy procesy kaitg ir nespinduliniy kanaly dinamika 9,10 —
pakeistuose antraceno junginiuose trivialiai apsprendzia emisijos savybiy
pokyc¢iai, o detali spindulinés rekombinacijos laikiné analizé sistemiSkai
keiciant ne tik pakaitus 9 — oje antraceno pozicijoje, bet ir aplinkos salygas bei
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zadinimo pobudj leidzia sukurti bendrinj suzadinimo relaksacijos bei
migracijos modelj, tinkantj praktiskai visiems 9,10 — dipakeistiems antraceno
junginiams. Pasinaudojant Siuo modeliu, atsiranda galimybés subtiliai ir
tikslingai parinkti reikalingus junginio struktiiros bei aplinkos parametrus
nasiai fluorescuojanc¢io OLED emisinio sluoksnio gamybai.

THF tirpiklis

sl

PR ETIT |

Fluor. intensyvumas (sant. vnt.)

Laikas (ns)

3.1.4 pav. Nesimetriniy 9,10 — pakeistyjy antraceno dariniy fluorescencijos
(10"° M) gesimo laikinés charakteristikos praskiestuose THF tirpaluose.

Pavieniy molekuliy praskiestame THF tirpale atveju, visi 9,10 — dipakeisti
antraceno junginiai demonstravo vienos eksponentés désniu aproksimuojama
emisijos laiking charakteristika (3.1.4 pav.), bylojancia tik apie viena
spinduling biiseng t.y. fluorescencijg i§ pirmojo suzadintojo lygmens, o
daugiaeksponentis ir Zenkliai spartesnis fluorescencijos gesimas kietoje fazéje
nusako ir papildomg suzadinimo migracija bei jvairialype spinduling
rekombinacijg. Fluorescencijos gesimo eksponentiné trukmé pavienése 9 —
fenil — 10 — fenilalkilantraceno molekulése (1 junginys) nezenkliai sumazéja
(5,6 ns) lyginant su modeline 9,10 — difenilantraceno molekule (6 ns), o
didinant pakaito moling mas¢ C — 9 antraceno pozicijoje, fluorescencijos
gyvavimo trukmé laipsniskai mazéja iki 3,5 ns su 9 — fluoreno pakaitu (4
junginys).

Augant tiek Suolio dipoliniam momentui, tiek osciliatoriaus stipriui, iSauga
ir spindulinés relaksacijos sparta (nuo 1,2x10°® s! junginiui su C — 9 fenilo
pakaitu iki 1,6x10% s —1,9x10® 57! junginiams su stambesniais C — 9 bifenilo
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bei fluoreno pakaitais) (3.1.2 lentelé¢). Taciau nespindulinés relaksacijos
spartos pokycio tendencija skiriasi drastiskai. Junginiams su C — 9 fenilo (1
junginys), fenilmetilo (2 junginys) bei bifenilo (3 junginys) pakaitais,
nespindulinés relaksacijos sparta iSliko Zenkliai nepakitusi (atitinkamai
0,59x10% s71, 0,54x108 57!, 0,66x10® s1). Tuo tarpu C — 9 pozicijoje jvedus
fluoreno pakaita (4 junginys), nespindulinés relaksacijos sparta iSaugo
dvigubai — 1,2x10® s!. Tai lemia ir Zenkliai sumazéjusj fluorescencijos
kvantinj naSuma (iki 58 %), nors osciliatoriaus stipris bei spindulinés
rekombinacijos sparta yra panasiis visuose 9,10 — dipakeistuose antraceno
junginiuose.

Siekiant i§jungti nespindulinés relaksacijos kanala, sieting su molekulés
fragmenty torsiniais judesiais bei susistipréjusia elektronvibronine sgveika
iSvengiant tarpmolekulinés sgveikos nulemty papildomy eksitoniniy reiskiniy,
junginiy spindulinés savybés analizuojamos jas dispergavus Kkietoje
polimeringje (polistireno) matricoje esant mazai (0,1 wt %) koncentracijai ir
taip tarsi “uzsaldant” molekule (3.1.2 lentelé). Taigi, Siuo atveju vieninteliai
nespindulinés rekombinacijos kanalai tampa singuletinio suzadinimo
interkombinaciné konversija | tripletines biisenas bei energijos nuostoliai,
sietini su vidine suzadinimo konversija (relaksacija i Zemiausig suzadintaji
lygmenj). Sie du nespindulinés suzadinimo relaksacijos kanalai specifiskai
jtakoja visuminj fluorescencijos efektyvuma. Jei struktiiroje dominuoja
energetiniai suzadinimo nuostoliai per vidinés konversijos sukeltg relaksacija,
molekuliniy judesiy apribojimas kietoje polimero matricoje turéty Zenkliai
sumazinti nespindulinés rekombinacijos sparta ir tuo paciu pagerinti
fluorescencijos kvantinj naSumg'*. Savo ruoztu, iy molekuliniy savybiy
poky¢iai turéty buti zenkliai svaresni | 9,10 — dipakeisto antraceno struktiira
jvedus mazus bei tuo paciu labilesnius pakaitus (esant fenilo bei metilfenilo
pakaitams C — 9 pozicijoje). IS kitos pusés, jei tokiose 9,10 — arylantraceno
sistemose dominuoja nespinduliné rekombinacija suzadinimui pereinant i$
singuletinio suzadinimo ] tripletinj (interkombinacinés konversijos atveju),
nespindulinés rekombinacijos sparta turéty nepriklausyti nuo jvestos arilinés
grupés molekulinés masés. Nors analizuojamosiose 9,10 — dipakeistuose
antraceno dariniuose matomas didelis spindulinés rekombinacijos spartos
sumaz¢jimas, sietinas su skirtingy ,,uzSaldyty molekuliniy konformacijy
emisija, taciau tendencijos iSlieka tos pacios, o spindulinés rekombinacijos
sparta kinta palyginti nezenkliai (nuo 1x10® s su C — 9 fenilo pakaitu iki
1,2x10® s iki 1,3x10® s su C — 9 fenilmetilo, bifenilo bei fluoreno
pakaitais). Polimero matricoje didziausias 8 % fluorescencijos kvantinio
nasumo iSaugimas stebimas labiliausig fenilo pakaitg turin¢iame junginyje,
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kuriame matomi ir didziausi vidinés konversijos energetiniai nuostoliai
pavienése molekulése, sietini su sumazéjusia nespindulinés rekombinacijos
trukme (nuo 0,59x10°® s! pavienése molekulése iki 0,35%10% s7! polistireno
matricoje). Tuo tarpu junginiuose su 9 — fenilalkilo bei 9 — bifenilo tiek
spindulinés tiek nespindulinés rekombinacijos spartos ir kartu emisijos
kvantinis nasumas islicka panasiis | pavieniy molekuliy. Taciau j antraceno

3.1.2 lentelé Nesimetriniy 9,10 pakeistyjy antraceno dariniy
fluorescencijos gesimo laikinés charakteristikos, kvantinis naSumas,
spinduliniy bei nespinduliniy procesy spartos praskiestuose 10°® M THF
tirpaluose ir plonasluoksnése plévelése.

Nr.| Praskiestas tirpalas Plévele 0,1 m.d. % PS matricoje

TF T Tor Dr Dr TF T Dr
TF(nS) Tor

(ns) | (ns) [ (ns) | % ] % | (ns) | (ns) w| 70
(ns)

[a] [b] [c] [d] [d] [a] [b] [d]

2,58 [77 %]
4,75 123 %]
0,58 [48 %]
2 | 4 |52(18,6] 78 | 1,940 %] 15 | 5275 168 | 69
6,53 [12 %]
0,91 [21 %]
3142 |58 152| 72| 322[75%] | 15 | 53 | 8,6 | 174 | 67
14,22 [4 %]
0,87 [52 %]
4 135161 (83| 58| 255[39%] | 20 | 48 | 7,8 | 12,2 | 61
12,62 [9 %]
[a] Fluorescencijos gesimo eksponentiné dedamoji tirpale ir polistireno
(PS) matricoje, [b] spindulinés relaksacijos sparta, [c¢] nespindulinés
relaksacijos sparta, [d] fluorescencijos kvantinis naSumas, [e]
fluorescencijos gesimo eksponentinés dedamosios plonasluoksnéje

1|56]84]|17,0| 67 27 | 7,2 196 | 28,7 | 75

pléveléje.

geometrija 9 — oje pozicijoje jvedus fluoreno pakaita, fluorescencijos
kvantinis nasumas islieka praktiSkai nepakites ir taipogi iSlieka mazesnis
(61 %). Taigi, nespindulinés relaksacijos kanalas Siuose 9,10 — pakeistuose
antraceno junginiuose, susijes su sukamaisiais molekulés judesiais, mazai
jtakoja suzadinimo relaksacijg. Pats interkombinacinés konversijos procesas
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bei jo sparta tiesiogiai priklauso nuo singuletiniy bei tripletiniy lygmeny
tarpusavio iSsidéstymo. 9,10 — dipakeistuose antraceno dariniuose, fluoreno
pakaitas perorganizuoja singuletiniy bei tripletiniy buseny i$sidéstyma, o tai
stipriai jtakoja spindulinés relaksacijos efektyvuma. Remiantis DFT teorinio
modeliavimo rezultatais tik 9 — fluorenil — 10 — alkilantraceno junginyje
aukstesnieji tripletiniai lygmenys atsiduria Zemiau singuletinio, o energinis
barjeras tarp singuletinio bei tripletinio lygmens sumazéja 2,5 karto
tetrahidrofurano aplinkoje.

Taigi, | antraceno geometrija jvedus fluoreno pakaita pagrindinis
nespindulinés relaksacijos kanalas tampa interkombinaciné konversija, kuri ir
lemia Zzenkliai mazesnj §io junginio fluorescencijos kvantinj nasuma
pavienése molekulése. Detali spektroskopiné dipakeisty 9,10 — arilantraceno
junginiy analizé rodo stiprig singuletiniy bei tripletiniy biseny sanklotos jtaka
fluorescencijos kvantiniam efektyvumui nepriklausomai nuo aplinkos bei
agregatinés molekuliy biisenos. Taigi, stambiy policikliniy pakaity
naudojimas antraceno geometrijoje gali sukurti papildomus nespindulinés
relaksacijos kanalus per interkombinacing konversijg, o interkombinacinés
konversijos sparta tiesiogiai apsprendzia uZzdelstosios emisijos savybes
vykstant TTA procesui.

3.1.4. Uzdelstosios fluorescencijos generavimas
nesimetriniuose 9,10 pakeistuose antraceno junginiuose

Geros singuletiniy bei tripletiniy buiseny sanklotos nepakanka efektyviam
TTA procesui susikurti. Tripletinés biisenos organinése molekulése paprastai
yra ilgai gyvuojancios. Dél to sluoksnyje vykstant triplety difuzijai reikia
optimizuoti tarpmolekuling junginiy sanklota. IS vienos pusés reikalinga
efektyvi triplety pernasa siekiant padidinti anihiliacijos vyksmy skaiciy. Dél
to reikalinga glaudi tarpmolekuliné junginiy sanklota. Kita vertus, glaudi
tarpmolekuliné sanklota skatina fluorescencijos koncentracinj gesinimg
defektiniuose lygmenyse bei eksimerinése biisenose. Dél to efektyviam TTA
procesui realizuoti reikalingas ir sluoksnio morfologijos savybiy valdymas bei
jo poky¢iy, sietiny su jvestais ] antraceno geometrija pakaitais, analizé.
Subtilus antraceno molekulés modifikavimas mazai Dbesiskirianciais
molekuline mase pakaitais, leidzia sistemi$kai stebéti tripletiniy bei
singuletiniy biiseny sanklotos pokycCius kietoje fazéje bei jvertinti TTA
efektyvumg lemiancius fizikinius procesus. Siekiant sumazinti glaudy
tarpmoekulinj pakavimasi bei efektyvig tripletiniy eksitony difuzijg ir norint
iSvengti Zalingo kristalizacijos proceso, 9,10 — dipakeistus antraceno junginius
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dispergavome 50 wt % Zeonex matricoje ir siekiant iSskirti visas
emituojancias biisenas, panaudojome itin aukstos laikinés skyros (iki 2 ns)
fluorescencijos gesimo trukmiy charakterizavimo metodikas.
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3.1.5 pav. Nesimetriniy 9,10 pakeistyjy antraceno dariniy fluorescencijos

spektry kaita skirtingais laiko momentais po suzadinimo 50 % m.d. Zeonex

polimerinéje matricoje.

Visiems 9,10 — dipakeistiems arilantraceno dariniams biidinga
bieksponentiné spontaniné¢ emisija, trunkanti apie 100 ns, o spinduliné
relaksacija vyksta i§ dviejy skirtingy suzadintyjy biiseny — pavieniy molekuliy
fluorescencijos bei eksimeriniy biiseny emisijos. Taciau laikinéms
suzadinimo relaksacijos charakteristikoms eksimeriniy biiseny emisija turi itin
mazg jtaka, o dvibangé emisija stebima tik fluorescencijos intensyvumai
sumazejus 1000 karty po 100 ns. Pragjus 100 ns, eksimeriniy lygmeny emisija
iSnyksta ir lieka tik uzdelstosios fluorescencijos dedamoji, praktiSkai
atkartojanti spontaninés emisijos spektra (3.1.5 pav.). Uzpildos j singuletines

biisenas apgraza 9,10 — dipakeistiems arilantraceno dariniams yra itin efektyvi
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ir sudaro apie 40 % visos emisijos ir trunka apie 300 ps (suzadinimo
relaksacija i§ tripletiniy lygmeny gali trukti keleta sekundziy ar net pary
fosforescencijos atveju) (3.1.5 pav.).

Uzdelstoji fluorescencija 9,10 — dipakeistuose antraceno dariniuose yra
nulemta TTA proceso'’, o ne $iluma aktyvuoto barjero jveikimo:

1. Spontaninés ir uzdelstosios fluorescencijos spektrai yra beveik
identiski — emisija vyksta i§ tos pacios zemiausios suzadintosios
singuletinés biisenos.

2. Emisijos intensyvumas priklauso nuo aplinkos temperatiiros —
prieSingai nei geminatiniy pory rekombinacijos atveju.

3. Uzdelstosios fluorescencijos intensyvumas kvadratiskai priklauso nuo
zadinanciosios spinduliuotés intensyvumo - skirtingai nei TADF
proceso metu.

TTA proceso nulemtos bimolekulinés rekombinacijos atveju
fluorescencijos intensyvumas priklauso nuo zadinanciosios spinduliuotés
intensyvumo kvadratiskai (Ipr ~ I7%), kai n = 2, tadiau esant didelei triplety
koncentracijai pavirsta j n = 1 (3.1.6 pav.). Tuo tarpu monomolekulinés
rekombinacijos atveju spontaniné suzadinimo relaksacijos priklausomybé nuo
zadinancios spinduliuotés i§ 1 sumazgja iki 0,5. 9,10 — dipakeisty
arilantraceno dariniy atveju spontaninés emisijos intensyvumo pokycio
priklausomybé nuo Zadinancios spinduliuotés yra praktiskai tiesiné —nuo 1,13
iki 1,18. Tai rodo Zema eksimeriniy biiseny skai¢iy sluoksnyje bei auksta
sluoksnio amorfiskumg. Kita vertus, uzdelstosios fluorescencijos atveju, Si
priklausomybé islieka kvadratiné (nuo 1,7 iki 1,77), i§skyrus 9,10 — arilalkil
antraceno junginj su fluoreno pakaitu (1,53). PloksStesné junginio geometrija
nulémé ir didesng eksimeriniy buseny dalj spontaninés emisijos atveju, o
kvadratin¢ uzdelstosios fluorescencijos priklausomybé priartéjo prie 1.

Efektyvus uzdelstosios fluorescencijos mechanizmas per triplety
anihiliacijg (TTA) sietinas su efektyvia tripletiniy eksitony rekombinacija bei
difuzija sluoksnyje. Tripletiniy suzadinimy difuzija netvarkiose medziagose
turi 2 rezimus — dispersinj ir stochastinj. Pradinéje stadijoje, tripletiniy
eksitony difuzija vyksta jiems relaksuojant i§ biiseny, joms pasiskirs¢ius pagal
Gauso biiseny tankj — dispersiné pernasa. Tuo tarpu, tripletiniy eksitony
koncentracijai pasiekiant tam tikrg verte, nusistovi tam tikra dalis
anihiliuojanciyjy tripletiniy suzadinimy, o difuzijos koeficientas nepriklauso
nuo laiko — stochastné pernasa (3.1.7 pav.). Pradiniu laiko momentu,
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3.1.6 pav. Nesimetriniy 9,10 pakeistyjy antraceno junginiy spontaninés bei
uzdelstosios emisijos laikinés charakteristikos 50 % m.d. Zeonex polimere.
Iterptinis paveikslélis — uzdelstosios bei spontaninés emisijos intensyvumy
santykio priklausomybé nuo nespindulinés rekombinacijos trukmés.
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uzdelstoji fluorescencija praktiskai tiesiSkai priklauso nuo laiko t. vy.
Ipp(t) ~t™, kai n yra artimas -1. Véliau, eksitony difuzija vyksta jiems
relaksavus, o difuzijai nebepriklausant nuo laiko, uZdelstosios emisijos
intensyvumas - Ipp(t) ~ t%, kai n yra artimas -2. Uzdelstosios fluorescencijos
gesimo laike laipsninis rodiklis 9,10 — dipakeistiems antraceno dariniams tiek
pradiniu laiko momentu (n = - 0,98 — - 1,1), tiek galiniu (n =- 1,64 — - 2,17)
artimas teoriniam TTA vyksmui ir eksitony difuzijai netvarkiose medziagose.
Tai taip pat demonstruoja auksta sluoksniy amorfiskumg ir kokybe bei puikias
salygas realizuoti efektyviai TTA emisijai, o uzdelstosios bei spontaninés
emisijos santykis siekia iki Ipg/Ipr = 0,4 fluoreno pakaitu modifikuotame
antracene.

Nors jvedus fluoreno pakaita j antraceno struktiira, stebima didZiausia
nespindulinés relaksacijos sparta ir tuo paciu sparciausias interkombinacinés
konversijos procesas, stebima uzdelstoji fluorescencija yra intensyviausia.
Uzdelstosios fluorescencijos intensyvumas yra proporcingas
interkombinacinés konversijos spartai, o $i savo ruoztu — nespindulinés
rekombinacijos trukmei, o uzdelstosios ir spontaninés emisijos santykis
proporcingai didéja augant nespundulinés relaksacijos per interkombinacing
konversija, spartai. Spartéjant interkombinacinei konversijai, didéja tripletiniy
eksitony koncentracija sluoksnyje ir tuo paciu intensyvéja uzdelstoji
fluorescencija, papildomai negesinant spontaninés emisijos mazgjant
tripletiniy suzadinimy nespindulinei rekombinacijai. Taciau pasiekus itin
auks$tg singuletiniy bei tripletiniy buseny sanklotg ir tuo paciu sparciag
interkombinacing konversija, stebimas efektyvus tiek spindulinés suzadinimo
relaksacijos, tiek TTA proceso gesinimas. Sparti interkombinaciné konversija
] tripletinius lygmenis grazina singuletiniu keliu nespéjusius rekombinuoti
suzadinimus, kol ilgai gyvuojantys ftripletai galiausiai rekombinuoja
nespinduliniu keliu.

Taigi, modifikuojant 9 — ajg 10 — fenilalkilantraceno pozicijg skirtingais
pakaitais stebimas tiek nespindulinés relaksacijos spartos, tiek uzdelstosios
fluorescencijos augimas, demonstruojantis pagrindinj nespindulinés
relaksacijos kanalg Siuose junginiuose — interkombinacing konversija. Kita
vertus, uzdelstosios fluorescencijos augimas yra neproporcingas didéjanciai
nespindulinei rekombinacijai dél skirtingos singuletiniy ir tripletiniy lygmeny
sanklotos ir tuo paciu skirtingos interkombinacinés konversijos spartos bei
nespindulinés rekombinacijos defektingose sluoksnio srityse.
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3.1.5. Sluoksnio morfologijos jtaka TTA procesui 9,10 —
pakeistuose antraceno junginiuose

Sluoksnio  amorfiSkumas, stipriai jtakojantis interkombinacinés
konversijos ir TTA spartg, priklauso nuo gamybos technologijy. Liejimo ir
spausdinimo i§ tirpalo fazés metodika atrodo kaip pigi ir sudétingy
technologijy nereikalaujanti metodika preciziSkai gaminti fluorescuojancius
bei kriivio pernaSos sluoksnius. Efektyvus TTA procesas gali biti
realizuojamas net ir atmosferos salygomis palietuose sluoksniuose. Siomis
technologijomis gaminamy sluoksniy morfologija taip pat ganétinai lengvai
valdoma. Galima keisti §iuos parametrus:

1. Terpé (tirpiklis) i§ kurio gaminamas sluoksnis. Skirtingas tirpikliy
garavimo laikas leidzia valdyti sluoksnio formavimosi laikg ir
panaikinti  kristalizacijos procesa bei uZztikrinti  sluoksnio
amorfiskuma.

2. Temperatura. Esant prastesniam medziagy tirpumui ar greitam
kristalizacijos  procesui  paspartinamas tirpiklio = garavimas
molekuléms nespéjant difunduoti j kristalitus.

3. Gamyba ant besisukanc¢io padéklo. Leidzia pasiekti maZg sluoksnio
stor}, valdyti sluoksnio amorfiskuma.

Lyginome 9,10 — dipakeistyjy arilalkilantraceno dariniy formavimosi
ypatumus bei uzdelstosios fluorescencijos charakteristikas pakeitus padéklo,
ant kurio aplinkos salygomis buvo gaminamas sluoksnis, temperatiiras
(38.1.8 pav.). Siekiant iSvengti spartaus kristalizacijos proceso, naudojome
greitai garuojant] THF tirpiklj. Esant Zemai tirpiklio temperatiirai ir jkaitintam
iki 80°C, padéklui, tirpiklis iSgaruoja akimirksniu. Molekuliy difuzijai j
kristalitus Zenkliai sutrumpéjus, stebimas mazesnis kristalizacijos procesas.
Matomi sumazgj¢ kristalitai ir iSauggs suoksnio amorfiSkumas. IS 50 wt%
Zeonex polimero matricos pagaminti sluoksniai demonstravo tiek
uzdelstosios tiek spontaninés emisijos intensyvumo iSaugimg. Sluoksnio
morfologiniai pokyciai liejant ant karSto padéklo, 9 — bifenil — 10 —
alkilarilantracne pagerino TTA proceso efektyvuma, ilgiau dominuojant
stochastiniam triplety difuzijos rezimui.
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3.1.8 pav. a) 9 — bifenil — 10 — arilalkilantraceno (2) 50 % m.d. polistireno
matricos sluoksniy, paliety kambario bei 80° C temperatiirose spontaninés
bei uzdelstosios fluorescencijos gesimo laikinés charakteristikos, b) ir )
9 — fenil — 10 — arilalkilantraceno (2 junginys) 50 % m.d. polistireno
matricos sluoksniy, paliety kambario bei 80° C temperatiirose optinés
mikroskopijos vaizdai.

3.1.6. Nesimetriniy 9,10 pakeistyjy antraceno junginiy
elektrinés savybés. OLED

Optinio suzadinimo metu efektyviausias TTA procesas yra realizuojamas
kai zemiausiojo singuletinio lygmens padétis yra zemesné uz aukstesniyjy
eiliy tripletinius lygmenis. Tuo tarpu elektriskai Zadinant sluoksnj,
efektyviausias TTA vyksmas pasiekiamas kai aukStesnés eilés tripletinis
lygmuo yra auks¢iau uz dviguba Zemiausiojo tripletinio lygmens energija.
Tuomet galime pasiekti 50 % viso tripletinio suzadinimo virtimu singuletiniu.
Tuo tarpu kai antrasis tripletinis lygmuo yra zemiau dvigubos pirmojo tripleto
energijos, kas yra biidinga visiems poliaceny klasés (naftalenas, antracenas,
tetracenas ir kt.) junginiams, TTA procesas tampa sudétingesnis. Tripletiniy
suzadinimy anihiliacijos metu susiformuoja tarpiné tripletiné biisena, turinti 1
18 9 sukinio konfiguracijy: 1/9 singuletinio, 3/9 tripletinio ir 5/9 kvintipletinio
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suzadinimo. Kadangi kvintipletinis suzadinimas visuose poliacenuose tame
tarpe ir antraceno junginiuose yra negalimas, tripletiniy suzadinimy virtimas
singuletiniais siekia apie 20%.

Norint jvertinti nesimetriniy 9,10 pakeistyjy antraceno junginiy
pritaikomuma organinés optoelektronikoje, jvertinome irkriivio pernasos
savybes. Siy junginiy kriivio pernasos savybes tyrée XTOF metodika. Nors
skyliy judrio grynuose sluoksniuose nepavyko jvertinti, taciau junginius
dispergavus polikarbonato matricoje, pavyko Siek tiek sumazinti
kristalizacijos procesg ir pabandyti jvertinti kriivio pernasa. Skyliy judrio
vertés esant 10° V/cm elektrinio lauko stipriui, vyravo nuo 2,610 cm?/(Vs)
iki 4,1-10° cm?(Vs). Deja, kriivio pernaSa per polikarbonato matricg gali
itakoti kriivio pernaSos vertes kai kriivininky judrio vertés grynoje medziagoje
néra didelés.

HOMO ir LUMO lygmens energija jvertinome jonizacinio potencialo
matavimu bei i$analizave spektroskopinius sugerties bei emisijos krastus ir
palyginome su elektrocheminiais ciklinés valtametrijos matavimy rezultatais
panaSiose antraceny sistemose'*. Papildomi alkilinti aromatiniai fenilo (2
junginys) bei fluoreno (4 junginys) pakaitai 9 — oje antraceno pozicijoje lémé
ir Siek tiek didesnes HOMO energijos vertes — -5,48 eV ir -5,72 eV
atitinkamai. Nustacius draustiniy juosty tarpa E, i§ optinio sugerties krasto,
jvertinome ir LUMO energijos lygmenis — atitinkamai -2,34 eV (2 junginys)
ir -2,53 eV (4 junginys), kurios taip pat iSauga per 300 meV.

Siekiant  nustatyti 9,10 —  dipakeisty antraceno  junginiy
elektroliuminescencines savybes, sukiiréme demonstracines neoptimizuotas
organinio $viesos diodo (OLED) konfigiiracijas: ITO (150 nm) / X(10 nm) /
X:TPBi (50 wt %) (40 nm) / BCP (30 nm)/LiF(1 nm)/Al (100 nm), kur:

1. ITO - indzio alavo oksidas, anodas

2. X - 9,10 — dipakeistieji antraceno junginiai — skyliy nesikliai.

3. xX:TPBi - 9,10 — dipakeistieji arialkilantraceno junginiai, disperguoti
2,2',2"-(1,3,5-benzinetri - il)-tris(1-fenil-1-H-benzimidazolo) (TPBi)
matricoje. Emiteris.

4.BCP - 2,9-Dimetil-4,7-difenil-1,10-fenantrolinas, elektrony transportiné
medziaga.

5.LiF — li¢io fluoridas, elektrony injekcijai pagerinti

6.Aliuminio katodas
Geriausi elektroliuminescencijos parametrai pasiekiami naudojant 9 —

bifenil — 10 arilalkilantraceng (3 junginys) kaip emiterj ir skyliy nesikl;.
Vaizduojamas OLED jrenginys demonstravo emisija mélyname spektro ruoze
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(smailés padétis ties 450 nm) bei geras voltamperines charakteristikas, su
jsiziebimo jtampa — 2,6 V t.y. OLED jtaise pasiekiamas geras kriivininky
balansas. Elektroliuminescencijos spektras yra analogiSkas pavieniy
molekuliy fluorescencijos spektrui, ties 440 nm bangos ilgiu. Su §iuo jrenginiu
pavyko pasiekti 1,84 % elektroliuminescencijos kvantinj naSuma esant Zemam
srovés tankiui jrenginyje (apie 1 mA/cm?).

Taciau didéjant srovés tankiui, elektroliuminescencijos kvantinis nasumas
mazéja dél singuletiniy bei tripletiniy suzadinimy tarpusavio anihiliacijos.
Elektroliuminescencijos laikiné analiz¢ taip pat demonstruoja spontaninés bei
uzdelstosios elektroliuminescencijos komponentes. Uzdelstoji
elektroliuminesnecija taip pat kaip ir uzdelstoji fluorescencija truko apie
500 pus, o analogiskas elektriskai sugeneruotos emisijos spektras rodo |
efektyviai iSnaudota TTA mechanizma papildomai singuletinei spinduliuotei
generuoti (3.1.9 pav.).
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3.1.9 pav. OLED, pagaminto 9 — bifenil — 10 — arilalkilantraceno (3)
pagrindu suformuoti pikseliai ir elektroliuminescencijos gesimas laike.

Siekiant pagerinti Sviestuko kvantinj nasumg, visy pirma reikalinga
Sviestuko funkciniy sluoksniy sudéties bei storiy optimizacija, taip pat
reikalingas $viesos iStrikos i§ emisinio sluoksnio gerinimas. Kita didelé
problema yra gana Zemas skyliy judris 9,10 — dipakeistuose antraceno
dariniuose.
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1.

Skyriaus i§vados

Skirtingo tipo pakaity parinkimas 9,10 — pakeistuose antraceno
junginiuose lemia singuletiniy bei tripletiniy btseny sanklotg ir
interkombinacinés konversijos sparta, kuri yra dominuojantis
nespindulinés relaksacijos kanalas.

9,10 — pakeistuose antraceno junginiuose sluoksnio morfologija lemia
tripletiniy  bliseny pernasos mechanizmg bei uzdelstosios

fluorescencijos generavimo pobiidj

TTA procesas generuoja uzdelstgja fluorescencija mélyname OLED
prietaise ir pagerina OLED prietaiso iSorinj kvantinj nasuma (EQE).
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3.2. ISvestiniai biantrilo junginiai

Siekiant jvertinti solvatacijos jtaka vidinés kriivio pernaSos procesui
antraceno dimere, biantrilo molekul¢ modifikavome stambiais aromatiniais
pakaitais kriivio pernasos bei statmenai jai krypciai. Pasinaudodami
ultrasparCiosios spektroskopijos bei fluorescencijos gyvavimo trukmés
matavimais, jvertinome kriivio pernasSos biisenas pradinése ICT proceso
stadijose. Palyginome jvesty aromatiniy pakaity jtaka fotofizikinéms
savybéms ir palyginome su nemodifikuotu 9,9 — biantrilo junginiu:

P88

Q
O 8 O 3.21 pav. 272910,10° — pakeisti
O biantrilo junginiai. @) Biantrilas (BA),
b) 10,10° — tertfenil — biantrilas
§ ) (BATph), ¢) 2,2,10,10¢ — tetrafenil —

©) biantrilas (BA2ph).

a)

1. Apsunkinant biantrilo geometrijg papildomais aromatiniais 10,10 -
tertfenilo pakaitais (3.2.1 pav., a, b).

2. Asimetrizuojant biantrilo junginj papildomais aromatiniais 2,2° fenilo
pakaitais (3.2.1 pav., C).

Junginius susintetino doc. P. Adoméno moksliné grupe, VU chemijos
fakultete.

3.2.1. ISvestiniy biantrilo junginiy nuostovioji sugertis ir emisija

Spektroskopinés nepakeisto 9,9 — biantrilo savybés placiai iStyrinétos
literatiiroje’®#3#88% Nepakeistas biantrilas demonstruoja vibroninio pobudZio
sugerties juostg UV srityje, kurios padétis bei intensyvumas nepriklauso nuo
terpés poliskumo (3.2.2 pav. a))”. Dél rezonansinés sgveikos tarp antraceno
monomery, sugertyje dominuoja 0-0 vibronas, o sugerties juosta yra Siek tiek
(apie 20 nm) pasislinkusi j raudonyjy bangy pus¢ lyginant su nepakeistu
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antracenu. 9,9 — biantrilo BA emisija yra lokalaus eksitoninio pobiidzio tik
nepolinéje aplinkoje (toluene), o smailés padétis — ties 424 nm bangos ilgiu.
Tuo tarpu didesnio poliskumo aplinkose matoma dvibangé fluorescencija dél
vidinés krivio pernaSos (ICT) proceso esant polinei aplinkai’®%, CT
biisenos uzpilda priklauso nuo terpés polisSkumo, kai CT emisija dominuoja
auksto poliskumo acetonitrilo aplinkoje, o visuminis emisijos spektras
pasislenka j raudonyjy bangy pusg ir iSplinta. ISaugus terpés poliskumui ir tuo
paciu CT buseny populiacijai stebimas tipiSkas kvantinio naSumo mazéjimas:
nuo 51.3% toluene iki 31.7% tetrahydrofurane (THF) ir 10.5% acetonitrile.
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3.2.2 pav. 9,9’ - biantrilo BA (a) ir 2,6,9,10 — arilo pakaitais modifikuoty 9,9’
- biantrlo junginiy BAtph (b) and BA2ph (C) sugerties ir emisijos spektrai
skirtingo poliskumo aplinkose. Juoda linija — sugertis tolueno (TOL),
tetrahidrofurano (THF) ir acetonitrilo (ACN) (10¢ M) tirpale, mélyna linija
— fluorescencija toluene, zalia linija — fluorescencija tetrahidrofurane ir
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oranziné linija — fluorescencija acetonitrile.

Tuo tarpu aromatiniai pakaitai 10,10° biantrilo BAtph (3.2.2 pav. b))
pozicijose Siek tiek prailgina eletroninio debes¢lio m — konjugacija. Stebimas
raudonasis tiek sugerties tiek fluorescencijos spektry poslinkis (apie 20 nm).
Taip pat 10,10° — arilo pakaitai biantrilo geometrijoje lemia ir iSaugusj
osciliatoriaus stiprj bei Suolio momentg iSilai trumposios asies. Nors sugerties
juostos forma ir iSlieka nepakitusi (dominuoja 0-0 virpesinis pakartojimas),
taCiau stebimas sugerties juostos intensyvumo iSaugimas. Nepolinéje tolueno
aplinkoje emisijos kvantinis nasumas iSauga iki 64.5%. Augant CT biusenos
populiacijai didesnio poliskumo aplinkose, mazéja ir emisijos kvantinis
naSumas (nuo 64.5% toluene iki 57.6% tetrahydrofurane ir 14.9%
acetonitrile). Emisijos spektro forma, bei padétis taip pat yra panasi j 9,9 —
biantrilo lyginant to paties poliSkumo aplinkas. Jdomu tai, kad nors Onzagerio
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sferos radiusas aplink biantrilo chromoforg yra iSauges, stebimi minimalis
solvatacijos pokyciai sugerties bei fluorescencijos spektroskopinéms
savybéms.

Tuo tarpu papildomi 2,2 — arilo pakaitai BA2ph molekuléje (3.2.2 pav. c))
zenkliai pakeicia sugerties bei fluorescencijos savybes. D¢l papildomai
prailgintos m — konjugacijos stebimas dar didesnis sugerties raudonasis
poslinkis ir virpesiniy pakartojimy persiskirstymas. 0-0 virpesinis
pakartojimas yra ties 407 nm, o intensyviausias aukstesnés eilés virpesinis
pakartojimas — ties 385 nm bangos ilgiu, o virpesiniy pakartojimy seka
sugerties juostoje yra susilpnéjusi. Dar Zenklesni pokyciai stebimi
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fluorescencijos spektre keiCiantis terpés poliskumui. LE emisijos spektras
nepolinéje tolueno aplinkoje panasus BA ir BAtph junginiy (smailé ties 434
nm). Taciau jdomu tai, kad aukStesnio poliskumo aplinkose taip pat
dominuoja LE emisijos spektras, o CT buseny uzpilda Zenkliai mazesné. Taip
pat matomas mazesnis PLQY pokytis didéjant aplinkos poliskumui, o
acetonitrile PLQY yra net iki 3 karty didesnis — 30.6%, lyginant su
nemodifikuota BA molekule. Kita vertus, nors BA2ph junginys taip pat turi ir
10,10° — arilo pakaitus, o kartu ir iSaugusj osciliatoriaus stiprj, PLQY yra
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mazesnis lyginant su BAtph molekule net ir nepolingje tolueno terpéje —
49.3%.

Kadangi polinéje acetonitrilo aplinkoje galima i$skirti LE ir CT emisijos
komponentes ir ICT procesas yra momentinis nanosekundinéje laiko skaléje,
o LE emisijos PLQY nepriklauso nuo terpés poliskumo, galima jvertinti LE ir
CT biiseny uzpildos proporcijas (3.2.3 pav.). Matome, kad nepakeistoje BA
molekuléje CT busenos populiacija dominuoja santykiu 0.8 CT biisenai ir 0.2
LE biisenai, o CT biisenos smailés padétis yra ties 474 nm bangos ilgiu. Panasi
CT buseny uzpilda stebima ir 10,10” — arilo fragmentais pakeistame BAtph
junginyje — 0.7 CT bisenai ir 0.3 LE biisenai, o dél Siek tiek iSpléstos
elektroninés m — konjugacijos CT biisenos smailé yra pasislinkusi (484 nm).
Priesingos CT ir LE buseny uzpildos proporcijos stebimos 2,2’ — arilo
fragmentais pakeistame BA2ph  junginyje. Stebimas LE emisijos
dominavimas, o LE ir CT buseny uzpildos santykis yra 0.7 ir 0.3 atitinkamai.
Tuo tarpu dar labiau padidinta elektroniné m — konjugacija lemia ir dar
raudonesnj CT emisijos poslinkj, su 506 nm smailés padétimi.

Taigi, apibendrinus fluorescencijos spektry fotofizikines savybes, visuose
analizuotuose 9,9° — biantrilo junginiuose LE biisenos emisija stebima net ir
didelio poliskumo tirpiklio aplinkose. Taciau LE ir CT biiseny uzpildos
santykis yra drastiskai pakeic¢iamas jvedus 2,2° — arilo pakaitus.

3.2.2. I8vestiniy biantrilo junginiy spinduliniy ir nespinduliniy
procesy dinamika

Detaliau pazvelgti i LE ir CT biiseny relaksacijos procesus leidzia laikinés
skyros fluorescencijos spektroskopija skirtingo poliskumo aplinkose.
3.2.4 pav. vaizduoja fluorescencijos 2,9,10 — arilo fragmentais modifikuoty
biantrily fluorescencijos gyvavimo charakteristikas ties fluorescencijos
spektro smaile. Nepakeistas 9,9° — biantrilas BA demonstruoja vienos
eksponentés désniu aproksimuojamg fluorescencijos gesima su 6.6 ns laikine
konstanta nepolingje tolueno aplinkoje (3.2.4 pav.a)). Didéjant CT biiseny
populiacijai  didesnio poliSkumo aplinkose stebimos ir didesnés
fluorescencijos gyvavimo laikinés konstantos — 10.9 ns THF ir 12.7 ns
acetonitrilo terpése. Taigi, nepolingje tolueno aplinkoje stebima LE biisenos
relaksacija, o polinéje acetonitrilo — CT biisenos relaksacija. PanaSios
tendencijos stebimos ir 10,10° — arilo fragmentais modifikuotame BAtph
junginyje (3.2.4 pav. b)). Nepolinéje tolueno aplinkoje LE bisenos gyvavimo
trukme, o kartu ir laikiné fluorescencijos konstanta sumaz¢ja iki 4.8 ns dél
iSaugusio osciliatoriaus stiprio, taciau CT biisenos gyvavymo trukmé
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acetonitrilo aplinkoje beveik nesiskiria nuo nemodifikuoto BA — 13.0 ns.
Osciliatoriaus stiprio iSaugimas taip pat stebimas ir BA2ph junginyje dél
papildomy 10,10° — arilo pakaity, kadangi LE fluorescencijos gyvavimo
trukmé panasi j BAtph — 4.6 ns. Kita vertus, polinéje acetonitrilo aplinkoje
BA2ph demonstruoja dvieksponentinj fluorescencijos gesima — 4.9 ns ir
13.6 ns, reprezentuojantj dvibange LE ir CT biiseny emisijos prigimtj bei LE
biusenos dominavimg net ir stipriai polingje aplinkoje (3.2.4 pav. c)). Kita
vertus, CT busenos relaksacijos sparta yra visiskai nejtakojama papildomy
2,2 aromatiniy pakaity biantrilo struktiiroje.
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LE ir CT biiseny emisijos gyvavimo trukme (tr) apibiidina spinduliniy ir
nespinduliniy procesy visuma, o spindulinés (t;) ir nespindulinés (Tar)
relaksacijos sparta jvertinama atsizvelgiant j emisijos PLQY skirtingo
poliskumo aplinkose (3.2.1 lentelé). Nepolinéje tolueno aplinkoje LE biisenos
PLQY, spindulinés bei nespindulinés relaksacijos spartos jvertinamos
tiesiogiai. Tuo tarpu CT biisenos PLQY bei spinduliniy ir nespinduliniy
procesy spartos jvertinamos polingje acetonitrilo terpéje pasinaudojant
suminiu LE ir CT busenos PLQY bei atsizvelgiant | tai, kad ICT procesas yra
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momentinis nanosekundinéje laiko skaléje ir yra papildomas nespindulinés
relaksacijos kanalas LE biisenai®'. Tipiné CT biseny savybé sumazéjusi
spindulinés relaksacijos sparta dél zenkliai sumazéjusio osciliatoriaus stiprio
esant kriivio atskyrimui stipriai polinéje aplinkoje. Nemodifikuotas BA
junginys demonstruoja zenkly spindulinés relaksacijos spartos sumazéjima —
nuo 13.0 ns nepolingje tolueno aplinkoje iki 145.6 ns auksto poliskumo
acetonitrilo terp¢je. Tai lemia ir Zenkly fluorescencijos PLQY sumazéjimg
nuo 51.3% toluene iki 10.8% acetonitrile, kadangi nespindulinés relaksacijos

3.2.1 lentelé. Fluorescencijos PLQY ir spindulinés bei nespindulinés
relaksacijos gyvavimo trukmés nepolinéje tolueno ir auksto polisSkumo
acetonitrilo aplinkoje. Tirpaly koncentracija - 10 M,
Nepoliné tolueno Auksto poliSkumo acetonitrilo aplinka
aplinka (LE + CT biisenos)
(LE biisena)
QY F Tr e |QY LE/ QY CT/ TF Tr Tnr QY
Jung. |LE| LE LE LE |LE CT CT CT CT|LE+CT

% | (ns) (ns) (ns) %PL % PL (ns) (ns) (ns)| (%0)

BA |51.3]| 6.6 13.0 13.7 51.3 0.2 |8.8 0.8]12.7 145.6 13.9] 10.8

BAtph|64.5| 4.8 7.5 13.764.50.311.00.7(13.0 118.8 14.6| 14.9

BA2ph(49.3] 46 9.5 9.2 49.3 0.7|9.3 0.3|13.6 147.7 15.0| 30.6

Fluorescencijos PLQY LE (QYre) ir CT buseny relaksacijai (QYcr),
fluorescencijos gyvavimo trukmés (zx), spindulinés (zr) ir nespindulinés (znr)
relaksacijos laikinés konstantos. Suminis kvantinis naSumas (QYLe+cT),
LE/PL ir CT/PL atitinkamai LE ir CT emisijos spektry ploty santykis su
visos fluorescencijos spektro ploto santykiu. LE ir CT buiseny PLQY
acetonitrile suskaiciuotos lyginant LE ir CT buiseny emisijos spektry plotus
suminiame fluorescencijos spektre. LE emisijos spektro forma nustatyta
nepolinéje tolueno aplinkoje. Pagrindiné sglyga — ICT procesas yra Zenkliai
spartesnis ne LE ir CT biiseny gyvavimo trukmé ir yra papildomas
nespindulinis kanalas LE biisenos relaksacijai.
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sparta iSlieka nepakitusi tieck LE tiek CT buisenai nepriklausomai nuo terpés
poliskumo (13.7 ns — 13.9 ns). [Sauggs osciliatoriaus stipris BAtph junginyje
lemia ir spartesne spinduling relaksacija LE ir CT biisenoms — 7.5 ns ir
118.8 ns. Tai lemia ir Siek tiek didesnj LE emisijos PLQY toluene bei suminj
LE ir CT buseny PLQY acetonitrile — 64.5% ir 14.9%. Tuo tarpu
nespinduliniy procesy sparta tieck LE tiek CT biisenoms iSlieka praktiskai
nepakitusi (13.7 ns — 14.6 ns), lyginant su nemodifikuotu BA junginiu. Siek
tiek Zenklesni skirtumai stebimi BA2ph junginyje. Nors osciliatoriaus stipris
ir spindulinés relaksacijos sparta (9.5 ns) yra iSauge ivedus 10,10° — arilo
pakaitus, LE emisijos efektyvumas yra palyginamas su nemodifikuotu BA
junginiu — 49.3% dé¢l iSaugusios nespindulinés relaksacijos spartos (9.2 ns).
Tai budinga 2 — fenilu pakeistiems antraceno junginiams'>2. Kita vertus, CT
biisenos spindulinés (147.7 ns) bei nespindulinés (15.0 ns) relaksacijos sparta
iSlieka nepakitusi. Panastus spinduliniy bei nespinduliniy procesy laikiniai
parametrai lemia ir panasSias CT busenos QY vertes visiems BA, BAtph ir
BA2ph junginiams — 8.8%, 11.0%, 9.3% atitinkamai, o 3 kartus iSauggs
BA2ph junginio QY (30.6%) polingje acetonitrilo aplinkoje yra susije¢s tik su
skirtingomis LE ir CT biiseny uzpildos proporcijomis.

Taigi, analizuoty 9,9° — biantrilo struktiry QY sumazéjimas polingje
acetonitrilo aplinkoje yra susijes su drastiSku (iki 20 karty) spindulinés
relaksacijos spartos sumazéjimu, kadangi CT biisenos nespinduliniy procesy
sparta iSlicka panaSi (14 ns — 15 ns). Todél skirtingos LE ir CT buseny
proporcijos BA2ph emisijos spektre yra sietinos su kiek kitokia CT busenos
populiacijos dinamika esant panaSiai chromoforo solvatacijai polinéje
aplinkoje.

3.2.3. I8vestiniy biantrilo junginiy teorinis modeliavimas

Detaliau pazvelgti i LE ir CT biiseny energetinj pasiskirstyma bei optinio
Suolio ypatybes galima pasitelkus teoring DFT bei TD-DFT metodologija
modeliuojant biantrilo chromoforo ir tirpiklio molekuliy sistema tiek
pagrindinéje tie suzadintoje busenoje. Tiek pagrindingje So biisenoje, tiek
suzadintoje S; buisenoje 9,9° — biantrilo molekulinés sistemos demonstruoja
statmeng geometrijg tarp antraceno monomery®*. HOMO ir LUMO orbitaliy
i§sidéstymas ant antraceno monomery primena pavienio antraceno, o ties
centrine jungtimi matoma nedidelé banginiy funkcijy sanklota (3.2.5 pav.).
Papildomi 10,10° — arilo pakaitai BAtph bei BA2ph junginiuose taipogi yra
statmenos konformacijos ties antraceno monomerais, Siek tiek prapleciantys
elektroning 7 — konjugacija. Pati tert — fenilo pakaity grupé BAtph junginyje
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yra i8sisukusi 30° kampu, tadiau kriivio lokalizacijos ant papildomy fenilo
fragmenty meta pozicijose néra. Dar didesnis kriivio pasiskirstymas stebimas
ir ant 30° kampu pasisukusiy 2 — fenilo fragmenty BA2ph geometrijoje.
Svarbu pabrézti tai, kad tieck BAtph, tieck BA2ph junginiuose Ozagerio
radiusas solvatacijos procesui yra efektyviai padidinamas, taciau abu junginiai

a) BA b) BAtph
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3.2.5 pav. I§vestiniy biantrilo junginiy BA (a)), BAtph (b)) ir BA2ph (c))
LE ir CT baseny HOMO ir LUMO orbitaliy pasiskirstymas pagrindinéje bei
suzadintoje biisenose. TD — DFT modeliavimas atliktas naudojant B3LYP
funkcionalg su 6-31G (d,p) baziniy funkcijy rinkiniu bei PCM solvatacijos
modelj acetonitrilo aplinkoje.

demonstruoja visisSkai skirtingas CT biiseny populiacijas emisijos spektre.

Molekuling iSvestiniy 9,9 — biantrilo junginiy geometrija yra palanki J — tipo

dimerinei sgveikai'® !, Tai lemia eksitoninio pobiidzio suzadinimg bei
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raudongjj sugerties poslinkj lyginant su pavieniais antraceno monomerais.
Dipoliniai momentai sugerties bei emisijos optiniams Suoliams yra iSsidéste
iSilgai trumpyjy antraceno asiy, taciau dimeriné junginio prigimtis lemia
krtivio lokalizacijg ant vienos antraceno $akos polinése aplinkose (3.2.5 pav.),
o papildomi arilo pakaitai krtivio lokalizacijos nejtakoja ir suzadinimas yra ant
vienos i§ antraceno Saky vykstant CT Suoliui.

Suzadintyjy buseny analizé patvirtina rezonansing sgveika tarp antraceno
monomery, kadangi stebimas suzadintyjy biiseny suskilimas j dvi, kai optinis
Suolis | vieng i§ energetiSkai suskilusiy komponencéiy yra draustas
(3.2.2 lentelé). Visiems 9,9° — biantrilo junginiams nustatytos dvi skirtingos
suzadintyjy biiseny poros S; geometrijoje. Zemesnés energijos lygmeny pora
galima priskirti CT Suoliui, kadangi apskaiCiuotos energijos atitinka CT
emisijos smailés padétj — BA (2.60 eV, 2.63 eV), BAtph (2.53 eV, 2.55eV) ir
BA2ph (2.47 eV, 2.49 eV). Suolio osciliatoriaus stipris yra palyginti mazas —
f=0.04 BA junginiui, ir Siek tiek iSauga BAtph (f=0.09) bei BA2ph (f= 0.07)
junginiuose. Taipogi CT biisenos osciliatoriaus stiprio verciy tendencijos
sutampa su eksperimentiSkai nustatytomis PLQY vertémis — BA = 0.04 su
PLQY (CT) =8.8%; BAtph £=0.09 su PLQY (CT) =11.0% ir BA2ph £=0.07
su PLQY (CT) = 9.3%. Taigi, nors Onzagerio radiusas solvatacijos procesui
ir yra efektyviai padidinamas, taciau osciliatoriaus stipris CT biisenai tik
iSauga.

3.2.2 lentelé. I8vestiniy biantrilo junginiy BA, BAtph ir BA2ph singletiniy
buseny energijos lygmenys suzadintoje S; molekulés geometrijoje bei
atitinkami osciliatoriaus stipriai.

BA BAtph BA2ph
Energija Osciliatoriaus| Energija Osciliatoriaus| Energija Osciliatoriaus
Nr. (eV) stipris (eV) stipris (eV) stipris
CT:| 2.60 0.04 2.53 0.09 2.47 0.07
CT.| 2.63 0.00 2.55 0.00 2.49 0.00
LE; | 2.89 0.22 2.76 0.50 2.70 0.30
LE> | 2.99 0.00 2.90 0.00 2.77 0.04

Apskaiciuota aukstesnés energijos suzadintyjy bliseny pora energetisSkai
atitinka eksperimenting LE biiseng (nustatytg i§ emisijos spektro) ir BA
junginiui yra ties 2.89 eV ir 2.99 eV, BAtph ties 2.76 eV ir 2.90 eV ir BA2ph
ties 2.70 eV ir 2.77 eV. Lyginant su CT biisena osciliatoriaus stipris taip pat
yra zenkliai didesnis f= 0.22 BA junginiui, o su papildomais 10,10° — arilo
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pakaitas dar labiau iSauga — f = 0.50 BAtph ir f = 0.30 BA2ph junginiuose
atitinkamai. Osciliatorius stiprio ver¢iy désningumas taip pat atitinka ir PLQY
désningumus skirtinguose 9,9 — biantrilo junginiuose — BA (f=0.22, 0o PLQY
(LE) = 51.3%), BAtph (f = 0.50, o PLQY (LE) = 64.5%). Kita vertus deél
paspartéjusios nespindulinés rekombinacijos BA2ph junginys demonstruoja
Siek tiek mazesne PLQY (LE) verte, nors osciliatoriaus stipris ir yra iSauges
(f=0.30,0 QY (LE) =49.3%). BA ir BAtph junginiuose optinis Suolis | vieng
i§ LE biisenos komponenciy yra draustas. Kita vertus 2 — fenilo pakaitai
BA2ph molekuléje Siek tiek pagadina rezonansing saveika, o antroji LE Suolio
komponent¢ tampa leistina — f = 0.04. Taigi, 2 — fenilo pakaitas Siek tiek
pakreipia Suolio momentg nuo trumposios antraceno monomero asies todél
galimai stebimas zemesniyjy ir aukstesniyjy biiseny energetinis maiSymasis.
Tai paaiskina ir skirtingg sugerties juostos forma BA2ph junginyje bei
skirtingg virpesiniy pakartojimy persiskirstymg lyginant su BA ir BAtph
molekulémis.

3.2.4. I8vestiniy biantrilo junginiy elktrocheminé analizé. HOMO
ir LUMO lygmenys

LE busenos HOMO ir LUMO lygmeny pasiskirstymas eksperimentiskai
analizuojamas vykstant oksidacijos — redukcijos reakcijoms elektrochemiskai
juonizuojant pavienes molekules. Oksidacijos — redukcijos reakcija
molekulése teigiamy ir neigiamy potencialy srityje atspindi HOMO ir LUMO
energetinius lygmenis atitinkamai. 3.2.6 pav. vaizduoja BA, BAtph ir BA2ph
diferiancialinés impulsinés voltametrijos (DPV) smailes ties HOMO ir
LUMO lygmenimis. Nemodifikuotas 9,9° — biantrilo junginys BA
(3.2.6 pav. a)) demonstruoja oksidacijos redukcijos reakcijg ties 1.27 eV
(- 5.63 eV palyginus su feroceno Fc/Fc+ pora). Si smailé atspindi Zemiausios
energijos elektrono energijg molekulei esant pagrindinéje biisenoje. Neigiamy
potencialy srityje galime iSskirti dvi smailes, ties -1.85 eV bei -2.25 eV
(-2.51eV ir -2.94 eV palyginus su feroceno Fc/Fc+ pora), kurios atitinka
LUMO ir LUMO+1 energetinius lygmenis. Skirtumas tarp HOMO ir LUMO
lygmeny atitikmeny yra draustiniy energijy tarpas — 3.12 eV. Analogiskas
oksidacijos — redukcijos reakcijy pasiskirstymas ir smailiy forma stebimi ir
BAtph junginyje (3.2.6 pav. b)), tadiau didesné LUMO energijos
verté (- 2.61 eV) palyginus su feroceno Fc/Fc+ pora lemia Siek tiek mazesnj
draustiniy energijy tarpg — 3.06 eV. Tai sietina su $iek tick didesne BAtph
molekulés konjugacija ir dera su sugerties spektry rezultatais bei DFT
modeliavimu. Kitoks oksidacijos — redukcijos reakcijy spektrinis
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pasiskirstymas stebimas BA2ph junginyje (3.2.6 pav. c)). Nors HOMO,
LUMO bei draustiniy energijy tarpas yra palyginami su BA bei BAtph
junginiais — - 5.52 eV, - 2.53 eV, ir 2.99 eV atitinkamai, taciau spektro forma
drastiskai kitokia. HOMO ir LUMO lygmenyse stebimos daugialypés
oksidacijos — redukcijos reakcijos bei HOMO ir LUMO lygmeny suskilimas.
Tai velgi dera su kitokia sugerties spektro forma bei didesniu leistiny optiniy
Suoliy skai¢iumi, sumodeliuoty DFT teoriniuose skai¢iavimuose.

5 e v 25— ,
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at 1 2.0
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, . BA2ph —Bi2
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.. .. v . <
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oo . o) ;L
apskaiciuotos lyginant su Fc/Fc+ ol— : = .
24 21 -18 04 08 12 16

pora. Matavimo sparta — 20 mV/s. E vs. Ag/AgCI (eV)

3.2.5. I8vestiniy biantrilo junginiy kriivio pernasos biliseny
formavimasis

Kadangi CT biiseny relaksacija ir CT biiseny energetinis pasiskirstymas
nepriklauso nuo arilo pakaity biantrilo geometrijoje, kitoks LE ir CT biisenos
populiacijos santykis BA2ph junginyje yra nulemtas ankstyvosios ICT
proceso stadijos. Siekiant jvertinti pradines ICT proceso stadijas bei CT
blseny populiacijos dinamikg Dbiantrilo junginiuose, analizuojame
ultrasparcios suzadintyjy buseny sugerties savybes skirtingo poliskumo
aplinkose. Lyginame nepoline tolueno aplinkg su stipriai poline propilen
karbonato aplinka (PC). Kadangi ICT procesas biantrilo junginiuose yra jtin
spartus, pasirinkome ne tik poline bet ir klampig PC aplinka, siekiant sulétinti
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ICT procesg ir tikslingiau jvertinti ICT proceso skirtumus biantrilo
junginiuose®®>1543557 - Aptariami ICT proceso désningumai yra analogiski ir
neklampioje polingje acetonitrilo aplinkoje.

Nemodifikuotas BA junginys nepolingje tolueno aplinkoje demonstruoja
dvi atskiras skirtuminés sugerties juostas (3.2.7 pav. a) ir b)). Ties 586 nm
(2.11 eV) matoma fotoindukuata sugertis (PIA) j aukStesnes biisenas, kurios
priskiriamos LE tipui”>71%2, Ties 420 nm, 2.95 eV stebima ir neigiamas
skirtuminés sugerties signalas, priskiriamas stimuliuotos emisijos (SE)
Suoliams, kadangi SE signalo padétis ir virpesiné struktira primena LE
emisijos juosta. Aiskiai iSreikStas izobestinis taskas ties 459 nm (2.7 eV)
patvirtina skirtingo tipo Suolius i tos pacios LE biisenos. Taip pat LE biisenos
uzpildos pokytis sutampa ir su LE emisijos gesimo trume, kadangi pernaSos
i§ LE j CT baseng nepolinéje aplinkoje praktiskai néra (3.2.7 pav. C)).

Auksto poliskumo PC aplinkoje nemodifikuotas BA demonstruoja
papildoma PIA juosta ties 600 nm — 800 nm (2.06 eV — 1.54 eV), kartu su kitu
izobestiniu tasku ties 605 nm (2.05 eV) (3.2.7 pav. d) and €)). Si PIA juosta
siejama su CT biisenos uzpilda’7%1%, Taip pat CT biisenos uzpilda (kartu ir
PIA signalo augimas) yra lydimas ir Zenkliai spartesnio LE busenos PIA
signalo sumazéjimu (3.2.7 pav. f)). CT buseny uzpildos dinamika yra visiskai
solvatcijos kontroliuojamas procesas, kadangi CT uzpildos augimas primena
solvatacijos laikine koreliacijos funkcijg (C(t))'**1%.

Panasias LE ir CT buiseny dinamikos tendencijas demonstruoja ir BAtph
junginys. PIA j aukstesnes LE biisenas nepolinéje tolueno aplinkoje yra ties
580 nm, 2.13 eV (3.2.8 pav. a) ir b)), o skirtuminés sugerties signalo forma
primena nemodifikuoto BA. Taip pat stebimi virpesiniai SE Suoliai,
atitinkantis LE emisijos spektrg. Izobestinis taskas Siek tiek pasislinkes i
raudonyjy bangy sritj, ties 476 nm (2.65 eV). LE biiseny uzpildos mazéjimas
taip spartesnis dél trumpesnés fluorescencijos gyvavimo trukmés
(3.2.8 pav. ¢)). Tuo tarpu stipriai polingje PC aplinkoje taipogi stebimos
papildomos PIA juostos, ties 600 nm — 700 nm (2.06 eV — 1.77 eV), susijusios
su CT buseny uzpilda (3.2.8 pav. d) ir e)). Nors PIA juosta ir yra Siek tiek
pasislinkusi j raudonyjy bangy sritj, tac¢iau PIA juostos forma primena
nemodifikuoto BA junginio. Taip pat stebimas Zenkliai spartesnis LE biiseny
populiacijos mazéjimas dél ICT proceso ir CT buseny uzpildos (3.2.8 pav. f)).

Tuo tarpu BA2ph demonstruoja kiek kitokiga LE buisenos PIA signalo
forma bei spektro padétj nepolinéje tolueno aplinkoje. Fotoindukuotoji
sugertis ] aukStesnes LE biisenas yra pasislinkusi j mélynyjy bangy sritj — ties
400 nm (3.1 eV) — 550 nm (2.25 eV) (3.2.9 pav. a) ir b)). Skirtuminés
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Mazo poliSkumo aplinka Auksto poliskumo aplinka
(toluenas) (propyleno karbonatas)
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3.2.7 pav. 9,9’ - biantrilo BA skirtuminés sugerties spektro pasiskirstymas
laike (a), d)), skirtuminés sugerties spektrai (b), €)) bei skirtuminés sugerties
laikinés priklausomybés (c), f)) nepolinéje ir neklampioje tolueno aplinkoje
(a), b), ¢)) bei polinéje ir klampioje propilen karbonato aplinkoje (d), €), f)).
Tirpalo koncentracija 10 M. Kaupinimas — 200 fs, ties 385 nm. SE —
stimuliuota emisija, LE — lokalus suzadinimas, CT — kriivio pernasos bisenos.
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Mazo poliSkumo aplinka Auksto poliSkumo aplinka
(toluenas) (propyleno karbonatas)
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3.2.8 pav. 9,9’ - biantrilo BAtph skirtuminés sugerties spektro pasiskirstymas
laike (a), d)), skirtuminés sugerties spektrai (b), €)) bei skirtuminés sugerties
laikinés priklausomybés (c), f)) nepolinéje ir neklampioje tolueno aplinkoje
(a), b), ¢)) bei polingje ir klampioje propilen karbonato aplinkoje (d), €), f)).
Tirpalo koncentracija 10* M. Kaupinimas — 200 fs, ties 385 nm. SE —
stimuliuota emisija, LE — lokalus suzadinimas, CT — kriivio pernasos biisenos.
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329 pav. 9,9 - biantrilo BAZ2ph skirtuminés sugerties spektro
pasiskirstymas laike (a), d)), skirtuminés sugerties spektrai (b), €)) bei
skirtuminés sugerties laikinés priklausomybés (c), f)) nepolinéje ir
neklampioje tolueno aplinkoje (@), b), €)) bei polinéje ir klampioje propilen
karbonato aplinkoje (d), €), f)). Tirpalo koncentracija 10 M. Kaupinimas —
200 fs, ties 385 nm. SE — stimuliuota emisija, LE — lokalus suzadinimas, CT
— kruvio pernasos biisenos.
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sugerties signalo forma taip pat yra sudaryta i§ dvejy gretimai persiklojusiy
juosty, o dominuojancios smailés padétis yra ties 450 nm (2.75 eV). SE Suoliai
taipogi yra nezymus dél sanklotos su PIA signalu j aukStesnes LE biuisenas.
Dvibangé LE spektro forma taipogi koreliuoja ir su DFT modeliavimo
rezultatais. Ties 407 nm, 3.04 eV stebimas ir pagrindinés biisenos skirtuminés
sugerties signalo skurdinimas, o signalo energija ir spektriné padétis sutampa
su nuostoviosios sugerties spektro padétimi. Kita vertus PIA signalo gesimo
laiking priklausomybé ir kartu LE biiseny uzpildos pokytis sutampa su LE
fluorescencijos gesimo laikine priklausomybe (3.2.9 pav. c)). Taigi, nors
BA2ph junginys demonstruoja kiek kitokias PIA signalo j aukStesnes LE
busenas spektrines charakteristikas, LE biiseny dinamika nepolingje tolueno
aplinkoje sutampa su BA ir BAtph junginiais.

Idomu tai, kad aromatiniai pakaitai 2 — oje ir 2° — oje pozicijose BA2ph
junginyje nejtakoja CT buseny uzpildos PIA signalui j aukstesnes CT biisenas
PC aplinkoje esant panaSaus intensyvumo. Indukuota sugerties juosta j
aukstesnes CT biisenas demonstruoja panaSia spektro forma bei pozicija
skirtuminés sugerties spektre — ties 650 nm (1.90 eV) — 780 nm (1.58 eV)
(3.2.9 pav. d) ir €)). Izobestinis taskas taipogi yra panaSioje spektrinéje
padétyje kaip ir BA junginyje — 550 nm (2.25 eV). Polinéje PC aplinkoje taip
pat stebimas ir spartesnis LE buseny uzpildos mazéjimas, susijes su ICT
proceso susikiirimu (3.2.9 pav. f)).

| —— BA—— BAtph BA2ph —— BA—— BAtph BA2ph

€ CT ]t
R BA 1. =1.49ps 5 BA 1,cr=0.49 ps
@ 18 1
8 BAtph 1c;=151ps | s y BAtph 1, =0.51 ps
] - BAPh tcr =221 ps] ] \\ BA2ph 1 =0.76 ps|
/ LE =it ] CT > ~Z=— _
L — - =BA—- -BAtph — - - BA2ph ‘a)A —-BA—'-BAph— -BA2ph  b)]
1 2 3 4 5 6 7 8 9 10 05 10 15 20 25 30 35
Laikas (ps) Laikas (ps)

3.2.10 pav. 9,9’ — biantrilo BA, BAtph ir BA2ph LE ir CT buiseny uzpildos
pokytis, apskaiciuotas remiantis globalios analizés metodika. 3.2.10 pav. a)
poliné ir klampi propilen karbonato aplinka, 3.2.10 pav. b) poliné ir neklampi
acetonitrilo aplinka. ICT proceso laikinés vertés taip pat nurodytos
paveiksléliuose.
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Kadangi papildomi arilo pakaitai biantrilo struktiiroje zenkliy skirtumy CT
buiseny uzpildos proporcijose nesukuria, skirtingos LE ir CT biiseny emisijos
proporcijos gali buti siejamos su skirtinga ICT proceso sparta. 3.2.10 pav.
vaizduoja visy analizuoty biantrilo struktiiry CT buseny uzpildos laikines
charakteristikas, nustatytas pasitelkiant globalios analizés skaiciavimo
metodikg skirtingos klampos acetonitrilo bei PC aplinkose. Kaip matome, CT
buseny uzpilda, o kartu ir ICT proceso sparta nepriklauso nuo 10,10° — arilo
pakaity biantrilo struktiiroje. Nemodifikuota BA ir BAtph molekulés
demonstruoja beveik identiskas ICT proceso laikines konstantas klampioje PC
aplinkoje — 1.51 ps and 1.49 ps atitinkamai. Siek tiek greitesnés ICT proceso
laikinés konstantos nustatytos neklampioje acetonitrilo aplinkoje — 0.49 ps BA
junginiui bei 0.51 ps BAtph junginiui taciau vélgi yra panasios. Tuo tarpu
BA2ph junginyje stebimas gerokai létesnis ICT procesas — 2.21 ps klampioje
PC aplinkoje ir 0.76 ps neklampioje acetonitrilo aplinkoje atitinkamai. Taigi,
skirtingos BA2ph junginio LE ir CT biiseny proporcijos polinés aplinkos
emisijos spektre gali biiti sietinos su zenkliai 1étesniu ICT procesu.

3.2.6. ISvestiniy biantrilo junginiy emisija esant skirtingos
energijos zadinimo kvantams

Zenkliai létesnis ICT procesas j biantrilo geometrijg jvedus 2 — fenilo
pakaitus gali buti nulemtas energetinio barjero reakcijos ICT procesui.
Selektyvus Zadinimas | Zemiausios biisenos sugerties spektrg bei
fluorescencijos spektry analizé polinéje aplinkoje nerodo jokiy emisijos
poky¢iy tieck nemodifikuotame BA (3.2.11 pav. a)), tieck 10,10° — arilo
pakaitais pakeistame BAtph junginyje (3.2.11 pav. b)). Tuo tarpu 2 — fenilu
pakeistame BA2ph junginio fluorescencijos spektruose matomas CT emisijos
iSaugimas mazéjant zadinanéiojo kvanto energijai (3.2.11 pav. c¢)). Didesne
CT busenos uzpildg mazéjant zadinan¢iojo kvanto energijai demonstruoja ir
suzadintyjy biiseny sugerties augimas ties CT biisena. (3.2.12 pav. a)). Kita
vertus BA2ph junginyje CT biisenos uzpildos sparta nepriklauso nuo
zadinancio kvanto energijos, todél barjerinés reakcijos modelis tampa maziau
tikétinu. Zenkliai mazesné CT biiseny populiacija BA2ph junginiuose siejama
su zenkliai iSaugusiy molekuliniy konformery skaiciumi, kuriuose tiesiog
nevyksta ICT procesas. Fluorescencijos gyvavimo laikinés charakteristikos,
uzregistruotos taip pat esant skirtingai Zadinancios spinduliuotés kvanto
energijai taip pat demonstruoja skirtingas LE ir CT biseny uzpildos
proporcijas, taciau panasig gyvavimo trukme (3.2.12 pav. b)).
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3.2.12 pav. a) BA2ph junginio skirtuminés sugerties signalo augimas esant
palyginimas esant skirtingai zadinanciojo kvanto energijai, 3.2.12 pav. b)

BA2ph junginio fluorescecencijos gesimo ties 410 nm (LE busenai) ir ties 520

nm (CT biisenai) palyginimas esant skirtingai zadinanciojo kvanto energijai.

Tuo tarpu létesnis ICT procesas BA2ph junginyje gali buti susijgs su

rezonansinés

sgveikos

molekuliniams 2 — fenilo pakaito virpesiams.
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3.2.7. I8vestiniy biantrilo junginiy emisija kietame buivyje. Krtvio
pernasos savybés

Papildomas 9,9° — biantrilo junginiy modifikavimas stambiais arilo
pakaitais Zenkliai pagerino ir emisines bei kriivio pernasos savybes Siy
junginiy savybes kietame biivyje. 3.2.13 pav. a) pavaizduotas fluorescencijos
koncentracinis  gesinimas  polistireno matricoje  didinant  emiterio
koncentracijg. Papildomi aromatiniai fenilo pakaitai 2 — oje bei 2° — oje
biantrilo BA2ph pozicijoje itin sumazino tarpmolekuling biantraceno
chromofory sgveikg ir uztikrino auksta fluorescencijos kvantinj kietame
buvyje. Fluorescencijos kvantinio naSumo koncentracinis gesinimas
—a— BA —A— BA2ph
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3.2.13 pav. a) Biantrily BA ir BA2ph fluorescencijos kvantiniu nasumo
gesinimas didéjant masés daliai polimere. Jterptiniame paveiksliuke —
analogiskas sunormuoty fluorescencijos kvantinio na§umo verciy pokytis.
3.2.13 pav. b) Biantrilo BA2ph kraivininky judrio priklausomybé nuo i$orinio
elektrinio lauko gryname sluoksnyje

polistireno matricoje pasireiské prie 5 kartus didesnés koncentracijos (ties
10 %) (3.2.13 pav. a)) lyginant su nemodifikuotu biantrilo BA junginiu. Kita
vertus, papildomi aromatiniai pakaitai BA2ph struktiroje uztikrino ir
optimaly tarpmolekulinj atstumg kriivio pernasai amorfiniame buvyje. Tai
leido pasiekiti auksta kriivininky judrj gryname sluoksnyje —net 0,013 cm?/Vs
esant 1,2x10 ~¢ V/em elektrinio lauko stipriui (3.2.13 pav. b)). Tuo tarpu
nemodifikuotame biantrilo BA junginyje, dél stipraus kristalizacijos proceso
nepavyksta net patikimai jvertinti kriivio pernasos savybiy. Taigi, papildomas
biantrilo molekulés modifikavimas 2,2 — arilo pakaitais leido sukurti nasiai
fluorescuojancius bei gera kriivio pernasa demonstruojancius junginius, kurie
yra perspektyvus emisiniams kriivio pernasos sluoksniams formuoti.
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Skyriaus i§vados

9,9 — biantrilo junginiuose CT biisenos relaksacijos sparta
nepriklauso nuo jvesty pakaity pozicijos bei tipo. Priklausomai nuo
vesty pakaity, skiriasi LE bei CT biiseny uzpildos proporcijos.

Polinéje aplinkoje Zenkliai mazesng CT buseny populiacija 9,9 —
biantrilo junginiuose lemia 2,2° — arilo pakaitai, jvesti statmenai
kriivio pernasos krypciai, o 10,10° — arilo pakaitai kriivio pernaSos
proceso nejtakoja.

2,2° — arilo pakaitai 9,9° — biantrilo dimere silpnina eksitoning¢
saveika. Labilis 2,2¢ — arilo fragmentai 9,9 — biantrilo molekuléje
sukuria didesnj skaiciy molekuliniy konformery, kuriuose nevyksta
ICT procesas ir stebimas LE pobtidzio emisijos dominavimas net ir
stipriai polinése aplinkose.
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3.3. V — formos heptaceno junginiai

Klaro seksteto pertraukimas lemia padidintg elektroninio m- debesélio
lokalizacija ant antraceno fragmenty. Tai matoma ir lyginant heptaceno
junginiy DFT skaic¢iavimus. V — formos heptaceno junginiai savo elektronine
konfigiiracija primena du konjuguotus antraceno monomerus, kurie dél
gretimo iSsidéstymo demonstruoja rezonansing sgveika, lemiancig

Qoo
SOIBARY RCCYYY O
SO 22 D) oot £C)

HOMO LUMO

Dol
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V — fromos

LUMO

heptacenas

3.3.1 pav. Heptaceno junginiy HOMO ir LUMO orbitaliy pasiskirstymas.
V — formos heptacenuose HOMO ir LUMO orbitaliy pasiskirstymas
primena antraceno dimero.
|
fotofizikines $iy junginiy savybes (3.3.1 pav.). Nors molekulés geometrijos
V — forma lemia pagerintg $iy junginiy fotostabilumg ore, taciau junginiai
pasizymi padidintu nestabilumu sgveikaujant su ultravioletine spinduliuote.
Kita vertus heteroatomy jvedimas | molekulés geometrija (centrinj
ciklopentadieno zieda) Zzenkliai pagerina S$iy junginiy atsparumg esant
ultravioletiniam apsvietimui. IStyréme placiag gama perspektyviy policikliniy
V — formos heptaceno junginiy, susintetinty R. Rimkaus (VU, chemijos
fakultetas), esant skirtingam heteroatomy tipui (3.3.2 pav.). Pasinaudodami
antraceno dimero modeliu, jvertinsime rezonansinés sgveikos jtakg
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fotofizikinéms §iy junginiy savybéms. Suzadinimo relaksacijos mechanizma
anaizavome teoriniu DFT skai¢iavimu bei skirtingomis spetroskopijos
metodikomis pavienés molekulése bei kietoje fazéje:

1. Keiciant heteroatomy tipg V — formos heptaceno geometrijoje (azoto,
sieros bei deguonies atomai) (3.3.2 pav. a)).

2. Keiciant heteroatomo tipa V — formos heptaceno geometrijoje ( azoto,
sieros bei deguonies atomai), papildomai sujungus antraceno Sonines
grupes epoksi tilteliu (3.3.2 pav. b)).

3. Sujungiant antraceno Sonines grupes epoksi tilteliu azotu
modifikuotame heptacene papildomai keiciant jvairius alkilinius
(3.3.2 pav. c)) bei arilinius (3.3.2 pav. d)) pakaitus Soninése

pozicijose.
OuNe £ e
CH. /N\ CH. /0\ / \
NP B OoP

3.3.2 pav. a) V — formos heptaceno junginiai su skirtingais heterotatomais
centriniame ciklopentadieno Ziede.

O OPye. O, 0
; ; ey

I3 '3
CHy

NOP OOP

3.3.2 pav. b) V — formos heptaceno junginiai su skirtingais heterotatomais
centriniame ciklopentadieno Ziede, papildomai konjuguoti epoksi pakaitu.

107



CHs

CHj 3 4
3.3.2 pav. ¢) V — formos heptaceno junginiai, papildomai konjuguoti epoksi
pakaitu su azoto heterotatomais centriniame ciklopentadieno ziede ir
skirtingos molekulinés masés bei tipo alkiliniais pakaitais.

oL, 0
B

CH,

Ne] 55 )
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3.3.2 pav. d) V — formos heptaceno junginiai, papildomai konjuguoti epoksi
pakaitu su azoto heterotatomais centriniame ciklopentadieno ziede ir

skirtingos molekulinés masés bei tipo ariliniais pakaitais.
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3.3.1. Teorinis V — formos heptaceno junginiy modeliavimas

Pasinaudojant DFT modeliavimu, palyginome optimizuotas pagrindinéje
busenoje V - formos heptaceny geometrijas ir elektrony buseny tankio
pasiskirstymag HOMO ir LUMO lygmenyse (3.3.3 pav., 3.3.4 pav., ir
3.3.5pav.). V — formos heptaceno junginiai pasizymi iSkreipta molekuline
geometrija dél sterinés sgveikos tarp antraceno Saky. Antraceno Saky
geometrinis pokrypis tiesiogiai priklauso nuo skirtingo heteroatomo tipo.
Atstumas tarp antraceno Saky, taigi ir pokrypio kampas, padidéja jvedant
heteroatomg su aukstesniu kovalentiniu spinduliu (rev). Galime palyginti
kampa tarp antraceno fragmenty Zzidirint i§ Sono (3.3.3 pav.). Atstumas tarp
Saky sistemingai padidéja nuo 4,81485 OP junginyje, turin¢iame maziausia
heteroatoma reoy nuo 66 p iki 5,26351 A heptacene su didZiausiu sieros atomu
(SP) ciklopentadieno ziede (rov 105 pm). DFT skaiciavimas taip pat
demonstruoja, kad Soniniai alkiliniai pakaitai orientuoti statmenai antraceno
dimero molekuliniam karkasui dél sterinés saveikos tarp gretimy vandenilio
atomy. Nors antraceno dimeras pilnai konjuguotas net ir su heteroatomy
pakaitais, elektrony buiseny tankio pasiskirstymas tieck HOMO tiek LUMO
lygmenyse primena dviejy antraceno monomery (3.3.3 pav.), o nedidelé
krivio dalis yra perneSama ir ant heteroatomo suzadintajame LUMO
lygmenyje. Idomu tai, kad iSplokstinus heptaceno molekuling geometrija
(3.3.4 pav.) epoksi tilteliu vélgi stebima dviem antraceno monomerams
btudinga HOMO ir LUMO orbitaliy uzpilda (3.3.4 pav.).

Soninés pakaity grupés posiikio kampas taip pat priklauso ir nuo jos tipo,
kas efektyviai leidzia valdyti tarpmolekulinius atstumus. Idomu tai, kad
plokstesnéje ir tuo paciu efektyviau konjuguotoje antraceno dimero
geometrijoje, rezonansiné sgveika sustipréja, o suzadintame molekulés
lygmenyje stebimos dvi ekvivalencios suzadintosios busenos. Tuo tarpu dél
sterinés sgveikos skirtingais kampais iSsisuke tiek alkiliniai tiek ariliniai
pakaitai (3.3.5 pav.) menkai jtakoja HOMO ir LUMO orbitaliy pasiskirstyma,
0 HOMO ir LUMO orbitaliy i$sidéstymas ir forma taip pat primena antraceno
dimero.
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3.3.3 pav. V — formos heptaceno junginiy su skirtingais heteroatomais
ciklopentadieno Ziede, molekulinés geometrijos ir Zemiausiyjy elektroniniy
HOMO ir LUMO biiseny pasiskirstymas.
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3.3.4 pav. V — formos heptaceno junginiy su skirtingais heteroatomais
ciklopentadieno ziede, papildomai modifikuoty epoksi tilteliu molekuliné
geometrija ir Zemiausieji molekuliniai HOMO, LUMO ir HOMO-1,
LUMO+I lygmenys.
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3.3.5 pav. V — formos heptaceno junginiy, papildomai modifikuotu azoto
heteroatomu ciklopentadieno ziede, epoksi tilteliu bei alkilinémis bei
arilinémis Soninémis grupémis, molekuliné geometrija ir HOMO bei LUMO
orbitaliy pasiskirstymas

Rezonansinés saveikos pokytis tarp antraceno monomery plokstéjant
V — formos heptaceno molekulés geometrijai stebimas ir analizuojant Suolio
energijas bei osciliatoriaus stiprius pagrindingje molekulés biisenoje
(3.3.1 lentelé). Esant iskreivintai molekulés geometrijai, Suolis j Zemiausigja
suzadintajg biiseng yra leistinas, osciliatoriaus stipris yra artimas dvigubam
pavienio antraceno osciliatoriaus stipriui (0.373 — 0.473). Kovalentinis
heteroatomo radiusas NP, OP ir SP junginiuose menkai jtakojo singuletinio S
— S Suolio energija (2,706 eV - 2,765 eV).

Ivedus epoksi tiltelj, rezonansiné saveika tarp antraceno monomery
sustipréja ir sukuriamos dar dvi, energetiSkai panasios, zemesnés energijos
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singuletinés biisenos NOP, OOP ir SOP junginiuose (3.3.1 lentel¢). Dél
iSaugusios rezonansinés sgveikos Suolis yra praktiskai draustas su itin zemu
osciliatoriaus stipriu. Kita vertus, didesnio kovalentinio radiuso sieros
heteroatomas lemia kreivesng V — formos heptaceno molekulés geometrijg ir
Siek tiek silpnesne rezonansing saveika. Dél to Zemiausiyjy biiseny
osciliatoriaus stipris yra iki 10 karty didesnis.

Osciliatoriaus stipris akstesnés eilés So — Sz Suoliui yra zenkliai didesnis
(0,307 — 0,478) ir savo dydziu prilygsta Zemiausiosios biisenos Suoliui
betilteliniuose NP, OP ir SP junginiuose.

3.3.1 lentelé. V — formos heptaceno junginiy singuletiniy bei tripletiniy
buiseny energijos ir Suolio osciliatoriaus stipriai.

Singuletai Tripletai
[7d
>
;50 E So=S, | 575, |E So=S,| £5075, [E So=55| £ 50755 |[ESo=T | ES0™ T
§ (eV)ll| Bl vl Dl eyl Dl ev)ld| (ev)d
Be epoksi tiltelio
NP | 2,706 | 0,373 - - - - 1,799 | 2,617
OP | 2,741 | 0,473 - - - - 1,740 | 2,707
SP | 2,765 | 0,401 - - - - 1,743 | 2,622

Su epoksi tilteliu
NOP | 2,605 | 0,002 | 2,622 | 0,001 | 2,774 | 0,307 | 1,708 | 2,552
OOP | 2,654 | 0,008 | 2,663 | 0,007 | 2,816 | 0,478 | 1,650 | 2,599
SOP | 2,694 | 0,067 | 2,751 | 0,124 | 2,860 | 0,204 | 1,704 | 2,662
Arilinés — alkilinés Soninés grupés
1 |2,605]0,002 2,622 0,001 |2,774 | 0,307 | 1,708 | 2,552
2,587 | 0,023 | 2,605 | 0,048 | 2,699 | 0,688 | 1,657 | 2,495
[a] Singuletiniy biiseny energijos [b] Osciliatoriaus stipriai [c]
Tripletiniy buiseny energijos. T,=T3 NP, OP ir SP junginiams. Ty=T4
NOP, OOP ir SOP junginiams

Papildomai modifikuojant NOP struktiirg stambiais ariliniais pakaitais,
sugerties ] zemiausigsias singuletines blisenas draudimas sumazéja
osciliatoriaus stipriui iSaugant iki 10 karty Sp — S; ir So — S; Suoliams (0,023
ir 0,048) ir net dvigubai intensyviausiajam So — Sz Suoliui (0,688). Tai sietina
su Suolio momento iSaugimu isilgai ciklopentadienu konjuguotos V — formos
heptaceno asies. Papildomos Soninés pakaity grupés NOP junginyje draustinés
juostos tarpa taipogi Siek tiek keicia dél skirtingo sasukos kampo.
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Heteroatomo tipas menkai jtakojo  zemiausiyjy tripletiniy biiseny
energetinj pasiskirstyma (pokytis tik per 50 meV). Visiems NP, OP ir SP
junginiams biuidinga gera singuletiniy bei aukStesniyjy tripletiniy btseny
sanklota, o energetinis tarpas yra mazas (50 meV — 80 meV priklausomai nuo
heteroatomo tipo). Antrosios ir treciosios eilés tripletiniai lygmenys yra Siek
tiek Zemiau singuletinio, o toks energetiniy lygmeny iSsidéstymas yra
palankus efektyviam interkombinacinés konversijos procesui. Tuo tarpu
antraceno dimerg papildomai sujungus epoksi tilteliu, NOP, OOP ir SOP
junginiuose susidaro dar daugiau energetiskai zemesniy tripletiniy biiseny, o
sistema tampa dar palankesné interkombinacinés konversijos procesui.
Skirtumas tarp gretimy singuletinio bei tripletinio lygmens (AEST) islieka
panaSus nepriklausomai nuo heteroatomo tipo. Taciau didZiausia tripletinés
biisenos energija pasizymi sieros heterociklu modifikuotas SOP junginys —
2,662 eV. SOP molekulé taip pat demonstruoja maziausia AEST dél sunkaus
atomo efekto, o tokia energetiniy lygmeny konfigiiracija yra palankiausia ir
interkombinacinés konversijos procesui. Papildomos Soninés pakaity grupés
NOP junginyje maziau jtakoja tripletiniy lygmeny iSsidéstyma dél menkos
itakos elektroninio debesélio m — konjugacijai.

Taigi, konjuguoto V — formos heptaceno planarizacija epoksi pakaitu
stiprina eksitoning sgveika tarp antraceno fragmenty. Taip pat papildomas
ploksc¢ios konjuguoto V — formos heptaceno struktiiros modifikavimas
skirtingo tipo azoto, deguonies bei sieros heterotatomais keicia elektroninio
— debesélio konjugacija tarp antraceno monomery ir leidzia valdyti
rezonansinés saveikos stiprj iki 100 karty iSaugus Zemiausios biisenos
osciliatoriaus stipriui.

3.3.2. 'V —formos heptaceno junginiy pavieniy molekuliy sugerties
spektroskopija

Dimerinio pobiuidzio elektroniné konfigliracija aiskiai atsispindi V —
formos heptaceno sugerties spektruose (3.3.6 pav.). Tiesinio heptaceno
sugerties kraStas yra ties 800 nm %1%, Tuo tarpu NP, OP ir SP junginiams
budingas sugerties juostos mélynasis poslinkis (ties 330 nm — 475 nm).
Praskiestuose tirpaluose (107) betilteliniams NP, OP ir SP budinga dvibangé
sugertis, apibudinanti dviejy skirtingy biseny sugertj (3.3.6 pav.,
3.3.2 lentelé). Pirmoji 375 nm — 475 nm bangos ilgio ruoze sietina su
stambiais, antraceno, policikliniais fragmentais. Siai juostai budingi trys ir
daugiau charakteringi virpesiniai pakartojimai, o dominuojantys 0 — nés eilés
vibronai ties 440 nm — 426 nm bangos ilgiu atspindi gana standzig molekulés
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geometrijg. Antroji, aukStesnés eilés sugerties juosta ties 300 nm — 375 nm
bangos ilgiu sietina su dibenzoheterociklu, o jos forma Siek tiek priklauso nuo
heteroatomo tipo ir primena karbazolo, dibenzofurano bei dibenzotiofeno
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3.3.6 pav. a) Heptaceno junginiy sugerties spektry palyginimas (tiesinio
heptaceno sugerties spektras atvaizduotas i§''%!%, 3.3.6 pav. b) V — formos
heptaceno junginiy sugerties spektry palyginimas praskiestuose tirpaluose
(10 M). Istisiné linija — su epoksi pakaitu, punktyriné linija — be epoksi
pakaito.

pavieniy monomery sugerties juostas. Sugerties juosty forma yra artima H —
tipo dimerinei saveikai, o heteroatomo jtaka rezonansinei sgveikai tarp
antraceno fragmenty taip pat atsispindi ir V — formos heptaceny sugerties
spektruose. Didziausiu raudonuoju poslinkiu pasizymi azoto heterociklu
modifikuotas NP junginys (0 — inés eilés vibronas yra ties 444 nm), o
deguonies (OP) ir sieros (SP) heteroatomais modifikuotuose junginiuose
sugerties juosta yra Siek tiek paslinkta j mélynaja bangy sritj (0 — niy vibrony
padétys yra ties 433 nm ir 426 nm bangos ilgiais). Tai sietina su Siek tiek
stipresne rezonansine sgveika NP junginyje, kuri yra nulemta donoriniy azoto
heterociklo savybiy bei pakankami ploks¢ios molekulés geometrijos. Tuo
tarpu sieros heterociklai pasizymi akceprorinémis savybémis, o tai padidina
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konjugacija ties dibenzotiofeno fragmentais. Taip pat siera modifikuotas V —
formos heptacenas pasizymi ir kreiviausia molekuline geometrija, o tai

3.3.2 lentelé. V — formos heptaceno junginiy apibendrinti sugerties bei
fluorescencijos parametrai.

o Toluenas Sluoksnis
= & 7\4]5
g 0m wrem (nm) A (nm) 1
- [b] [c]
Be epoksi tiltelio
NP 444 32640 466 523
OP 433 32900 453 500
SP 426 21525 452 490
Su epoksi tileteliu
NOP 445 19400 536 525
OOP 434 27656 513 509
SOP 426 20589 505 488
Arilinés — alkilinés Soninés grupés
1 447 17049 538 566
2 447 16583 536 558
3 449 17887 536 565
4 449 16817 537 664
5 455 18083 547 595
6 457 27122 541 590
7 457 21811 541 584
8 459 24085 543 577
9 459 25914 543 582

[a] Intensyviausios sugerties smailés padétis praskiestuose tirpaluose [b]
Sugerties molinés ekstinkcijos koeficientas praskiestuose tirpaluose [c]
Fluorecencijos smailés padéties praskietuose tirpaluose ir sluoksniuose,
palietuose atmosferos salygomis.

silpnina rezonansinés sgveikos stiprj tarp antraceno fragmenty. Skirtinga
rezonansinés sgveikos stiprj rodo ir SP junginiy zenkliai mazesnis sugerties
molinés ekstinkcijos koeficientas — 21525 M 'em™! lyginant su NP junginiu
(32640 M ~'em™).
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Sujungus antraceno monomerus epoksi tilteliu ir i§plokstéjus NOP, OOP
ir SOP molekuliy geometrijai sugerties spektruose iSryskéja H tipo dimeriné
sgveika. Sugerties juostos intensyvumas sumazéja lyginant su betilteliniais
analogais. Nors sugerties juostos vibroniniy pakartojimy seka zenkliai
nepasikeicia, sugerties juostos raudonajame Slaite stebimas iSplitimas
(3.3.6 pav., 3.3.2 lentelé). Sios biisenos palyginti neintensyvios, o molinés
ekstinkcijos koeficientas keliasdesimt karty silpnesnis (10 M'cm™! eilés) ir
yra nulemtos menko Suolio osciliatoriaus stiprio, taip pat nustatyto ir DFT
modeliavime. Suolio j Zemiausias biisenas draudimas taip pat biidinga H tipo
dimery savybé. Sugerties juostos padétis ir intensyvumas taip pat nepriklauso
nuo poliSkumo stipréjant rezonansinei saveikai tarp antraceno monomery.

Modifikuojant konjuguotag NOP heptacena Soniniais alkiliniais ir ariliniais
pakaitais m — elektroniné konjugacja neprapleCiama, o sugerties juostos
padétis nerodo raudonojo poslinkio ar struktiiriniy pokyciy (3.3.7 pav.,
3.3.2 lentelé), su intensyviausigja sugerties smaile ties 447 nm — 449 nm

3.37 pav. V - formos
heptaceno  junginiy, su
papildomomis Soninémis

g W 1 1 grupémis sugerties spektry
\Jizz /J’Jﬁﬂ % o0 ‘- palyginimas praskiestuose
§ ", ] \ tolueno tirpaluose (10 M)

101 1 EHI 1 1
350 400 450 500 400 450 500

Bangos ilgis (nm)

bangos ilgiu praskiestuose tirpaluose. Sugerties juostos intensyvumas ir
padétis taip pat nepriklauso nuo terpés poliskumo. Siek tiek intensyvesné
sugertis ariliniais fragmentais modifikuotuose junginiuose yra nulemta Suolio
momento iSaugimo iSilgai karbozolo fragmento.

3.33. V — formos heptaceno junginiy pavieniy molekuliy
fluorescencijos spektroskopija

Rezonansinés sgveikos pokyciai konjuguotuose antraceno dimeruose
iSryskéja ir emisinése $iy junginiy savybése. NP, OP ir SP junginiai
fluorescuoja 400 nm — 550 nm bangos ilgio ruoze (3.3.8 pav.), su iSreiksta
virpesiniy pakartojimy seka dominuojant 0 — 0 vibronui. NP ir OP junginiai
i8siskiria gana aukstu emisijos efektyvumu (32 % ir 30 %) nepolinéje tolueno
(TOL) aplinkoje. Aukstos fluorescencjos kvantinio naSumo vertés
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demonstruoja molekulinés suzadinimo relaksacijos savybes. Kita vertus,
sieros heteroatomu pakeistame SP junginyje fluorescencijos kvantinis
nasumas Zenkliai maZesnis — tik iki 8 %. Zemas fluorescencijos kvantinis
naSumas siejamas su sunkaus atomo efektu esant Zenkliai didesniam sieros
atomui bei paspartéjusia interkombinacine konversija.

Toluenas (TOL)
QY=32% QY=4% N QY=30% QY=11% O QY=8% QY=3%
g | .',A\. T a |
> | - :
c :
w L !
0 :
- !
cr
= !
T ) SP
) ——NOP e : ) ——o0P e SOP
450 500 550 600 450 500 550 600 450 500 550 600

Bangos ilgis (nm)
3.3.8 pav. V — formos heptaceno junginiy fluorescencijos spektry palyginimas
praskiestuose, skirtingo polikumo, tirpaluose (10° M): tolueno (TOL),
tetrahidrofurano (THF) bei N‘N* — dimetilformamido (DMF). Istising linija —
su epoksi pakaitu, punktyriné linija — be epoksi pakaito.

3.3.9 pav. V — formos heptaceno
junginiy, su papildomomis Soniniais

pakaitais, fluorescencijos spektry
palyginimas praskiestuose tolueno
tirpaluose (10 M)

Fl. int. (sant. vnt.)

500 550 600 500 550 600 650
Bangos ilgis (nm)

Ivedus epoksi tilteli, NOP, OOP bei SOP junginiuose stebimas
rezonansinés  sgveikos susistipréjimas tarp antraceno monomery.
Fluorescencijos spektrams biidingas raudonasis poslinkis (ties 475 nm —
650 nm) bei virpesiniy pakartojimy persiskirstymas dominuojant aukstesniy
eiliy vibronams. Fluorescencijos kvantinis naSumas taip pat zenkliai sumazéja
—iki 3 % - 4 % net ir mazo poliSkumo aplinkoje. Emisijos Suolio i§
Zemiausiyjy biiseny draudimas taip pat yra biidinga H — tipo dimery savybé.

Papildomy Soniniy pakaity grupiy jvedimas NOP geometrijoje nejtakoja
emisiniy §iy junginiy savybiy (3.3.9 pav.). Fluorescencijos spektry padétis
nepakinta, o H — tipo dimeriné¢ sgveika nulemia ir panasy virpesiniy
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pakartojimy pasiskirstymg. Junginiams taip pat budingas Zemas
fluorescencijos kvantinis naSumas (su alkikilinémis Soninémis grupémis
fluorescencijos kvantinis naSumas tesiekia 2 % - 5 %). Kita vertus, ariliniai
pakaitai Siek tiek prailgina Suolio momenta iSilgai karbazolo fragmento ir
emisijos naSumas iSauga dvigubai (iki 13 %).

Taigi, keiCiantis rezonansinés sgveikos stipriui tarp antraceno monomery,
sugerties bei fluorescencijos spektry savybés tampa budingos H — tipo
dimerinei sgveikai. Stebimos drausty optiniy Suoliy juostos sugertyje ir
emisijos spektry raudonasis poslinkis bei virpesiniy pakartojimy
persiskirstymas, lydimas fluorescencijos kvantinio naSumo sumazéjimo.

334. V. — formos heptaceno junginiy fluorescencijos
spektroskopija kietoje fazéje

V — formos heptacenams NP, OP ir SP pakuojantis kietoje faz¢je stebimas
fluorescencijos raudonasis (iki 50 nm) poslinkis (3.3.10 pav.). NP junginio
fluorescencijos spektras primena molekulinés emisijos spektrg, su iSreiksta
virpesiniy pakartojimy seka. Epoksi tiltelio jvedimas ir molekulés geometrijos
iSplokstéjimas fluorescencijos spektrui jtakos nedaro ir NOP junginio
fluorescencijos spektras iSlaiko panaSig virpesiniy pakartojimy seka bei
spektring padétj. Tai sietina su papildoma alkiline grandinéle ties azoto
heterociklu, kuri ir silpna tarpmolekuling sgveika. Tuo tarpu deguonies bei
sieros atomais pakeistuose OP ir SP junginiuose fluorescencijos spektras
tampa bestruktiris, o tarpmolekulinis junginiy i$sidéstymas jgauna amorfinj
pobiidj. Taciau molekuliy geometrijai iSplokstejus, OOP ir SOP junginiy
fluorescencijos spektrai demonstruoja virpesiniy pakartojimy seka, biidinga
polikristaliniam tarpmolekulinio pakavimosi pobiidziui. Glaudziausias
tarpmolekulinis pakavimasis stebimas SOP junginyje, o virpesinés formos
fluorescencijos spektras nusako auksta kristalizacijos laipsnj.

V — formos heptaceno NOP modifikavimas skirtingo tipo bei molekulinés
masés Soniniais pakaitais leido keisti tarpmolekulinés saveikos stiprj
(3.3.11 pav.). Visos NOP junginio modifikacijos demonstravo amorfiniam
pakavimosi pobtidZiui budingas bestrukttirés emisijos spektro formas. Taciau
esant skirtingoms pakaity grupés emisijos smailés padétis kinta per 100 nm
(nuo 558 nm iki 664 nm). Raudonasis fluorescencijos spektro poslinkis yra
susijes su skirtingu tarpmolekuliniu atstumu sluoksnyje bei skirtingu
tarpmolekulinés sgveikos stipriu.
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3.3.10 pav. V — formos heptaceno junginiy fluorescencijos spektry
palyginimas plonasluoksnése plévelése, palietose atmosferos salygomis.
Istisiné linija — su epoksi pakaitu, punktyriné linija — be epoksi pakaito.

3.3.11 pav. V — formos heptaceno
junginiy, papildomai modifikuoty
—_——— alkilinémis bei arilinémis pakaity
N grupémis  fluorescencijos  spektry
1 palyginimas plonasluoksnése
Aye .1 plévelése, palietose atmosferos
O N 1 sglygomis. Iitisiné linija — maZos
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Dy O
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pakaitais, punktyriné linija — su fenilo
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akaitais, paryskinta iStisiné linija — su
Bangos ilgis (nm) P > pary J

karbazolo pakaitais.

Taigi, heteroatomo parinkimas konjuguotame antraceno dimere leidzia
valdyti trapmolekulio pakavimosi pobiidj. Papildomos Soniniy pakaity grupés
ledzia kontroliuoti tarpmolekulinius atstumus ir tuo paciu tarpmolekulinés
sgveikos stiprj.

3.3.5. V — formos heptaceno junginiy suzadintyjy biiseny
relaksacija

Fluorescencijos gyvavimo laikinés charakteristikos nusako spinduliniy bei
nespinduliniy procesy visuma, o spindulinés bei nespindulinés relaksacijos
trukmés, siejamos su fluorescencijos kvantiniu naSumu atspindi pagrindinius
suzadinimo relaksacijos kanalus. Fluorescencijos gesimas laike visiems V —
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3.3.12 pav. a), b) V — formos heptaceno junginiy fluorescencijos (ties
smailés spektrine padétimi) praskiestuose THF tirpaluose (10° M) gesimo
laikinés charakteristikos be epoksi tiltelio @) ir su epoksi tilteliu b).
Kvadratai — su azoto pakaitu, apskritimai — su deguonies pakaitu, trikampiai
— su sieros pakaitu. ¢) V — formos heptaceno junginiy su skirtingomis
pakaity grupémis Soninése padétyse fluorescencijos (ties smailés spektrine
padétimi) praskiestuose THF tirpaluose (10° M) gesimo laikinés
charakteristikos. Kvadratai — mazos molekulinés masés alkiliniai pakaitai,
apskritimai didelés molekulinés masés alkiliniai pakaitai, trikampiai —
ariliniai fenilo pakaitai, rombai — ariliniai karbazolo pakaitai. Pilka istisiné
linija — eksponentiné aproksimacija.

Fl. int. (sant. vnt.)

1o

1 1 1 1

25 012 3 456
Laikas (ns)

3.3.13 pav. a), b) V — formos heptaceno junginiy fluorescencijos (ties
smailés spektrine padétimi) plonasluoksnése plévelése gesimo laikinés
charakteristikos be epoksi tiltelio a) ir su epoksi tilteliu b). Kvadratai — su
azoto pakaitu, apskritimai — su deguonies pakaitu, trikampiai — su sieros
pakaitu. ¢) V — formos heptaceno junginiy fluorescencijos (ties smailés
spektrine  padétimi) plonasluoksnése plévelése gesimo laikinés
charakteristikos. Kvadratai — maZos molekulinés mases alkiliniai pakaitai,
apskritimai didelés molekulinés masés alkiliniai pakaitai, trikampiai —
ariliniai fenilo pakaitai, rombai — ariliniai karbazolo pakaitai. Pilka istisiné
linija — eksponentiné aproksimacija.
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formos heptaceno junginiams aproksimuojamas vienos eksponentés désniu
pavienése molekulése. Azotu bei deguonimi modifikuoti NP ir OP V — formos
heptaceno junginiai demonstravo panasias fluorescencijos gyvavimo trukmes
nepolinéje tolueno aplinkoje (4,64 ns ir 3,65 ns atitinkamai) (3.3.12 pav. a)).
Panasios spinduliniy bei nespinduliniy procesy spartos Siuose NP ir OP
junginiuose atitinkamai lemia ir panasias fluorescencijos kvantinio naSumo
vertes. Tuo tarpu sieros heteroatomu modifikuotame SP junginyje
fluorescencijos gyvavimo trukmé zenkliai sutrumpéja (iki 4 karty, 1,11 ns —
1,28 ns). Lyginant su azoto bei deguonies heteroatomais pakeistais V — formos
heptacenais, SP junginyje stebima iki 20 karty (1,16 ns — 1,39 ns) paspartéjusi
nespindulinés relaksacijos sparta, o spindulinés relaksacijos sparta islieka
praktiskai nepakitusi. Spartesné nespindulinés relaksacijos sparta SP
junginyje lemia ir Zenkliai sumazéjusj fluorescencijos kvantinj naSumg ir yra
siejama su paspartéjusia interkombinacine konversija j gretimas tripletines
biisenas.

Ivedus epoksi pakaita | V — formos heptaceno geometrija, NOP, OOP ir
SOP junginiuose pavieniy molekuliy fluorescencijos gyvavimo trukmé iSauga
iki 3 karty lyginant su betiltaliniais analogais (3.3.12 pav. b)). Nespinduliniy
procesy sparta iSlieka panasi (7,19 ns — 10,91 ns), taCiau spindulinés
relaksacijos sparta sumazéja iki 10 karty spindulinés rekombinacijos
trukméms i3augus iki 91,12 ns - 222,21 ns. Zenkliai sulétéjusi spindulinés
relaksacijos sparta bei itin Zemi fluorescencijos kvantiniai na§umai Siuose
junginiuose nusako Suolio tarp Zemiausiyjy biiseny draudima bei sustipréjusia
H — tipo dimering saveika molekulés geometrijai iSplokstéjus.

Soninés alkilinés pakaity grupés NOP molekulés geometrijoje menkai
itakoja elektroninio m debesélio konjugacija, o fluorescencijos gyvavimo bei
spinduliniy ir nespinduliniy procesy laikinés trukmés islicka panasios kaip ir
nemodifikuotos NOP molekulés. Kita vertus, Soninés ariliniy pakaity grupés
iki 3 karty paspartino spindulinés relaksacijos sparta iSaugus Suolio momentui
i8ilgai karbazolo fragmento. Iki 3 karty iSaugusi spindulinés relaksacijos
sparta lemia ir iki 3 karty iSaugusj fluorescencijos kvantinj nasuma (iki 9 % ir
13 % atitinkamai jvedus papildomus fenilo ir karbazolo pakaitus)
(3.3.3 lentelé).

Kietame biivyje atsirandant suzadinimo migracijai ir rekombinacijai
defektiniuose lygmenyse stebimas daugiacksponentinis fluorescencijos
gesimas, aproksimuojamas maziausiai trimis eksponentinémis dedamosiomis
(3.3.13 pav.). Dél stiprios tarpmolekulinés sgveikos fluorescencijos gesimo
laikinése priklausomybése dominuoja greitosios eksponentinés dedamosios, ir
tik apie 15% emisijos yra i§ pavieniy molekuliy. NP, OP ir SP junginiy
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fluorescencijos gesimo laike charakteristika nepriklauso nuo heteroatomo tipo
molekulés geometrijoje dél gana auksto sluoksnio amorfiSkumo. Tuo tarpu
ivedus epksi pakaitg ir molekulei iSplokstéjus OOP junginys demonstruoja

3.3.3 lentelé. V —formos heptaceno junginiy fluorescencijos gesimo laike
ir fluorescencijos kvantinio naSumo spektroskopiniai parametrai
praskiestuose (106 M)

Praskiestas tirpalas Sluoksnis
Dr T (7 Tar Dr
Junginys % (ns) (ns) (ns) %
[a] [b] [d] [e] [a]
Be epoksi tiltelio
NP 32 4,64 14,50 6,82 4
OP 30 3,65 12,17 5,21 4
SP 8 1,28 16,00 1,39 2
Su epoksi tilteliu
NOP 4 9,78 222,27 10,23 1
OOP 11 9,75 91,12 10,92 2
SOP 3 3,90 144,44 4,01 1
Arilinés — alkilinés Soninés grupés
1 5 10,18 226,29 10,66 3
4 5 10,27 233,50 10,75 4
5 9 11,37 132,20 12,44 <0.5
9 11 10,38 98,88 11,60 <0.5

[a] Fluorescencijos kvantinis naSumas tirpale ir sluoksnyje [b]
Fluorescencijos gesimo eksponentinio rodiklio laikinés dedamosios, [c] ju
procentin¢ dalis [d] Spindulinés relaksacijos sparta tirpale [e]
Nespindulinés relaksacijos sparta tirpale.

pat] sparciausig fluorescencijos gesimg, sieting su ploks¢iausia molekulés
geometrija. Siek tiek iSkreivinta molekulés geometrija pasizymintis SOP
junginys demonstruoja Siek tiek létesne fluorescencijos gesimo laiking
charakteristikg, o molekulinés emisijos spektro formg sluoksnyje
demonstruojantis NOP junginys pasizymi ir ilgiausia fluorescencijos
gyvavimo trukme kietame buvyje. Kita vertus, fluorescencijos gyvavimo
trukmei papildomos Soninés pakaity grupés NOP molekulinéje geometrijoje
itakos neturi.
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3.3.6. 'V —formos heptaceno junginiy fluorescencijos gesinimas

Soninés pakaity grupés leido efektyviai valdyti fluorescencijos kvantinj
nasuma, susijusj su tarpmolekuliniu pakavimusi. Alkilinés pakaity grupés bei
smulkis fenilo pakaitai uztikrino gana glaudy tarpmolekulinj pakavimasi, o
fluorescencijos gesimas molekuliy koncentracijai polistireno matricoje
didéjant yra vienas sparCiausiy (3.3.14 pav.). Kita vertus, stambiis arilo
pakaitai padidino tarpmolekulinius atstumus ir susilpnéjus tarpmolekulinei
sgveikai fluorescencijos kvantinis naSumas zenkliai 1é¢iau gesinamas. Pakaito
tipo parinkimas NOP molekuléje leidzia efektyviai valdyti tarpmolekulinius
atstumus bei suzadinimo pernaSos bei rekombinacijos defektiniuose

lygmenyse efektyvuma.
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atmosferos salygomis.

3.3.7. V —formos V — formos heptaceno junginiy fotostabilumas
ir fotoelektrinés savybés

Siekiant jvertinti stambiy policikly panaudojimo galimybes organiniy,
kriiv] transportuojanéiy puslaidininkiniy prietaisy gamyboje, papildomai
biitina jvertinti tris pagrindines $iy organiniy junginiy optoelektronines
savybes: junginiy fotostabilumg, HOMO ir LUMO energetiniy lygmeny
pasiskirstyma kietoje fazéje bei kriivio pernaSos parametrus (krtvininky judrj)

Atlikdami junginiy fotostabilumo tyrimus, siekéme atkartoti realias
aplinkos salygas, todél atlikome tyrimus atmosferos aplinkoje. Pagrindiniai
du aplinkos veiksniai jtakojantys junginiy fotostabilumg — tai vandens bei
deguonies molekulés, esancios aplinkoje. Kietame buvyje visi V — formos
antraceno dimeriniai junginiai visi$kai nekei¢ia spalvos bei emisiniy savybiy,
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net ir esant drégmés bei deguonies poveikiui aplinkoje praéjus savaitei po
plonasluoksniy pléveliy pagaminimo. Papildomai iSanalizavome pavieniy
molekuliy fotostabilumg praskiesto tirpalo terpéje. Pasirinkome THF tirpiklj,
kadangi tiek vandens, tiek deguonies molekulés puikiai tirpsta Siame
tirpiklyje. Tyrimas atliktas 22 wvalandas iStirpinus junginius tirpale ir
matuojant §iy junginiy Zzemiausiyjy biiseny molekulines sugerties spektrus bei
optinio sugerties tankio pokycius (3.3.15 pav.). Sugerties procesas vyksta j
nenurelaksavusias Frank — Kondon biisenas t.y. iSvengiant suzadinimo
pernasos reiskiniy bei suzadintyjy biiseny stabilizacijos tirpiklio aplinkoje, o
Zemiausiy biiseny sugertis reprezentuoja elektroniniy biiseny pasiskirstyma
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7 : 2 oo T . 'b)‘
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3.3.15 pav. V — formos antraceno dimeriniy struktiiry sugerties optinio tankio
pokyciai laike, praskiestame tetrahidrofurano (THF) tirpale. a) be epoksi
pakaito, b) su epoksi pakaitu. Mélyni kvadratai — su azoto heteroatomais,
raudoni apskritimai — su deguonies heteroatomas, geltoni trikampiai — su
sieros heteroatomais.

molekuléje ir jvykus bet kokiems struktiriniams pokyc¢iams junginiuose
stebimas sugerties spektro batochrominis poslinkis bei sugerties spektro
struktiiriniai pokyciai.

Ciklopentadieno heterociklu pertrauktas Klaro seksteto judéjimas per V —
formos molekuling geometrijg uztikrino itin auksta junginiy fotostabiluma
lyginant su tiesiniais analogais. Nepriklausomai nuo junginiy modifikacijos
tipo, Zemiausiyjy biiseny sugerties spektras visiSkai nerodé jokio
batochrominio sugerties poslinkio, o sugerties spektro forma iSlieka identiska.
Tarpusavyje lyginant V — formos heptaceno junginius, stabiliausias yra azoto
heteroatomu modifikuotas junginys, o sugerties optinis tankis po 22 valandy
sudaro 98 % pirminio optinio sugerties tankio. DidZiausias sugerties optinio
tankio sumazg¢jimas stebimas jvedus deguonies heteroatoma j molekulés
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geometrijg, o sugerties intensyvumas ties 0 — 0 vibronu sudaro 87 % pradinio
sugerties optinio tankio.

Tuo tarpu epoksi pakaitai dar labiau apriboja Klaro seksteto judéjima
antraceno policiklinése Sakose, kas dar labiau pagerina $iy stambiy antraceno
dimeriniy struktiiry fotostabilumg. Nepriklausomai nuo heteroatomo tipo
molekulés geometrijoje, sugerties optinio tankio vertés iSlieka praktiSkai
identiskos pradinéms ir sudaro 98 % — 99 % praéjus 22 valandoms.

Molekuléms pakuojantis kietame biivyje, HOMO energetines vertes
jvertinome atlike fotoelektrinius jonizacinio potencialo matavimus. LUMO
lygmens energijos jvertintos i§ plonasluoksniy pléveliy emisijos spektro
krasto. Heteroatomo parinkimas V — formos heptaceno NP, OP bei SP
geometrijoje Siek tieck modifikavo HOMO (per 144 meV) tieck LUMO (per
260 meV) energetiniy lygmeny pasiskirstyma. Tuo tarpu ploksc¢ia molekulés
geometrija NOP, OOP bei SOP junginiuose leido pasiekti HOMO bei LUMO
lygmeny valdyma keiciant heteroatomo tipa — per daugiau negu 0,5 eV, kas
yra patrauklu optoelektroniniams taikymams (3.3.16 pav.).
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3.3.16 pav. V — formos antraceno dimeriniy struktiry HOMO (juodi
apskritimai) ir LUMO (zali kvadratai) energetinés vertés, a) be epoksi pakaito,
b) su epoksi pakaitu. HOMO lygmuo jvertintas i§ jonizacinio potencialo,
LUMO lygmuo jvertintas i$ plonasluoksniy pléveliy fluorescencijos krasto.

Visy V — formos antraceno dimeriniy struktiiry krivio pernasos savybés
bei kriivininky judris jvertintas XTOF metodika (3.3.17 pav.). Dél stipraus
junginiy kristalizacijos proceso, kriivio pernasg Siuose junginiuose pavyko
jvertinti tik dispergavus polikarbonato (PC-Z, 1:1) matricoje, dél to
kriivininky judrio vertés gali buti jvertintas tik su nemenkomis paklaidomis.
Betilteliniuose V — formos heptaceno junginiuose auksCiausias kriivininky
judris pasiekiams su sieros heteroatomo pakaitu - 3x10* cm?Vs esant
1 MW/cm elektrinio lauko stipriui bei 6x10-* ¢cm?/V elektrinio lauko stipriui.

Esant plokstesnei epoksi pakaitu modifikuoty V — formos heptaceno junginiy
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geometrijai, tarpmolekuliné sgveika ir kristalizacijos procesas buvo pernelyg
stiprts, todé¢l net ir dispergavus junginius PC-Z matricoje, kriivio pernasos
parametry ir krivininky judrio jvertinti nepavyko. Papildomi ariliniai pakaitai
ploks¢ioje NOP junginio geometrijoje pagerino sluoksnio amorfiskuma
kietoje fazéje bei leido uzfiksuoti kriivininky judriy vertes iki 8x10* cm?/Vs
esant 1| MW/cm elektrinio lauko stipriui.

107

A 10° p 9 5 |
o ® 6
. .
_10%F A i v?
> €N 4 | * 10 |
N'EE . NZ 10
310 3 J g
) o 0 £10° | L0
Bt e
CeHig / \ CoHis X NS A%
X CotHrs
10° 1 I ! H 10° ) . ) ) !
300 600 900 1200 1500 0 200 400 600 800 1000
E Y2 (vicm)Y? E "2 (Viem)"?
a) b)

3.3.17 pav. a) V — formos heptaceno junginiy be epoksi pakaito, krivininky
judrio polikarbonato matricoje priklausomybé nuo iSorinio elektrinio lauko
stiprio. Kvadratai — su azoto heteroatomu, apskritimai — su deguonies
heteroatomu, trikampiai — su sieros heteroatomu. Juodos linijos — tiesinés
aproksimacijos.

3.3.17 pav. b) V — formos heptaceno junginiy su epoksi pakaitu bei
papildomais alkiliniais bei ariliniais pakaitais, kriivininky judrio
polikarbonato matricoje priklausomybé nuo iSorinio elektrinio lauko stiprio.
Skirtingi simboliai vaizduoja junginius su skirtingais alkiliniais bei ariliniais
pakaitais. Juodos linijos — tiesiné¢ aproksimacija.

Taigi, papildomas Klaro sekstety judéjimo pertraukimas leido pagerinti
V — formos heptaceno junginiy fotostabilumg bei jgalino energetiniy HOMO
ir LUMO lygmeny valdymag gana plaCiame energijy intervale. Tuo tarpu
papildomy pakaity jvedimas ploksc¢ioje V — formos heptaceno struktiiroje
pagerina sluoksnio plevédaros savybes ir leidzia pasiekti neblogas kriivio
pernaSos vertes.
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Skyriaus i§vados

Heteroatomo parinkimas konjuguotame V — formos heptaceno
junginyje lemia interkombinacinés konversijos spartos i gretimus
tripletinius lygmenis iSaugima.

Epoksi pakaito jvedimas j konjuguota V — formos heptaceng lemia
plokstesng molekulés geometrija bei stipria H — tipo dimerinés
sgveikos pobudj iki 100 karty sumazéjus spindulinés relaksacijos
spartai.

Heteroatomo parinkimas ir papildomo epoksi pakaito jvedimas V —
formos heptaceno junginyje leido valdyti HOMO bei LUMO
energetinius lygmenis bei pagerino junginiy fotostabiluma.

Papildomy Soniniy pakaity jvedimas konjuguotoje V — formos

heptaceno junginyje leido kontroliuoti tarpmolekulinius atstumus bei
pagerino kriivio pernasos parametrus amorfinéje fazéje.
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SANTRAUKA/SUMMARY
Introduction

Nowadays organic light emitting diodes (OLEDs) became a dominating
technology in the small display market and begin to wade into the large
diameter display world, constantly lowering the device price. Such a
breakthrough was achieved due to the constant progress of molecular
functional layers, enabling the enhancement of device performance and the
reduction of processing costs. The most advanced OLEDs are capable to
utilize triplet excitons, which are “dark states” in conventional fluorescent
OLED:s. There are the way to convert triplet excitons to emissive singlet states
without involving complex phosphorescent molecules by employing triplet —
triplet annihilation®* process. Briefly, the mechanism of TTA involves the
annihilation of two triplet excitons, when an intermediate triplet pair state is
formed, having singlet, triplet or quintuplet character, resulting in singlet yield
of 0.2. In a special case, when the double energy of T is lower than the second
triplet state, triplet pair state cannot be formed, thus the total singlet yield is
enhanced up to 0.57, boosting the internal quantum efficiency of OLED up to
62.5 % and leading to the total possible external quantum efficiency (EQE) up
to about 12.5 %*

TTA can be observed in physical dimers of simple fused polycyclic
aromatic cores such as anthracene or rubrene, where the double energy of the
first triplet state (T)) is larger than of the first singlet state (S;), 2 x T; > S.
Anthracene and it’s derivatives are model materials for triplet annihilation,
often used for TTA-enhanced OLEDs, especially in the blue spectral range
due to a relatively small conjugation length®’. Nearly maximal values of EQE,
peaking at 12%* **, were achieved in anthracene-based OLEDs. Additionally,
TTA - exhibiting anthracenes are also widely used in low-power light
upconversion, where low energy photons are converted to higher energy by
TTA7. This phenomenon may help to enhance the efficiency of solar cells*

Highly efficient TTA in molecular films requires efficient intermolecular
triplet diffusion®®, which can be attained by increasing molecular
concentration or by tuning the molecular architecture, which affects the
molecular interaction in physical dimer configuration. However, in the case
of anthracene, the modification of the molecular core is known to alter its
fluorescence output®. Anthracene, despite a flat and rigid backbone, has low
fluorescence quantum yield in solutions (@r = 0.3) due efficient intersystem
crossing (ISC) involving higher energy triplet states®!'!. The rate of ISC can
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be easily tuned by the modification of the molecular backbone at the C-9 and
C-10 positions, which results in the rearrangement of energy levels, such that
S: is pushed bellow T», resulting in the decrease of the ISC rate and @r
enhancement up to the unity!®. Unfortunately, small 9,10-aryl substituents
usually cannot prevent crystallization in thin films, thus more bulky non-
symmetric fragments, reducing intermolecular interactions must be used®*!,
However, sometimes it is observed, that the introduction of bulkier fragments
tends to decrease the fluorescence efficiency®>%, though no profound analysis
of processes behind and their relation to the triplet diffusion processes and the
resulting delayed fluorescence (DF) efficiency have been made.

To further facilitate the TTA process for the enhancement of emission
efficiency in solid state, a dimers of anthracene, chemically conjugated at 9™
and 9™ positions, was proposed as a great alternative and have already been
demonstrated in the efficient OLED devices. However, the majority of 9,9 —
bianthryl derivatives exhibits the dual band fluorescence with highly
expressed CT character, which vastly deteriorates emission properties even in
low polarity environment. There is still ongoing discussion on the nature of
internal charge transfer (ICT) process in 9,9 — bianthryl molecular structure
and how to control the CT state population ratio in overall emission spectra.

Additionally, the anthracene dimer interaction model can explain the
complex photophysical properties of various V — shaped heptacene
compounds. The control of the strength of the excitonic interaction between
anthracene monomers enables the tuning of photophysical properties as well
as photostability of a heptacene aromatic compounds, which is crucial for a
charge transfer molecular layers.

In this work we present two pathways to enhance the performance of triplet
— triplet annihilation based delayed fluorescence in a series of 9,10-
diphenylanthracene compounds modified at C-9 and C-10 para positions. The
intensity of delayed fluorescence was related with the rate of intersystem
crossing, which was enhanced in more conjugated compounds. Like the rate
of intersystem crossing, thin-film preparation conditions were also shown to
affect TTA properties through different triplet migration regime and diffusion
rate. Lower energetic disorder and more efficient triplet migration were
achieved in films with lower crystallinity.

Additionally, the dimer interaction between chemically conjugated
anthracene monomers was thoroughly investigated. Aromatic substitutions in
9,9¢ — bianthryl core at 2,2° — positions enabled the efficient suppression of
internal charge transfer process (ICT) and expressed excitonic locally excited

state emission independently on the environment polarity.
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Moreover, the control of the strength of dimer interaction in V — shaped
heptacene enabled a wide — range tuning of emission efficiency, radiative and
non — radiative decay rates and HOMO — LUMO energy level distribution.
The enhancement of photostability was achieved with introduction of epoxy
bridge and the planarization of V — shaped heptacene molecular backbone.

Aim and objectives

The aim of this thesis is to investigate the photophysical properties of
anthracene compounds in a dimer — type configuration and optimize
anthracene molecular structure with various aromatic substitutions for

optoelectronic applications. The main objectives are:

1.

Investigate the photophysical properties of delayed fluorescence,
bound to a triplet annihilation (TTA) process in 9,10 — aryl substituted
anthracene derivatives. Evaluate the influence of intersystem crossing
(ISC) to efficiency of TTA process and delayed fluorescence.
Investigate the properties of a dual band emission in the dimer of
anthracene, conjugated at 9™ and 9¢" positions. Evaluate the possibility
to control the internal charge transfer (ICT) process with additional
aromatic substitutions, introduced along and perpendicular to charge
transfer direction.

Investigate the photophysical properties of V — shaped heptacene
compounds by employing the model of dimer — type interaction of
anthracene monomers. Evaluate the influence of central heteroatom
and epoxy bridge to photophysical properties of V — shaped
heptacenes.

Scientific novelty and importance

In this thesis a photophysical properties of a new series of anthracene,
9,9¢ —bianthryl and V — shaped heptacene compounds have been investigated:

1.

A photophysical properties of 9,10 — aryl substituted anthracene
derivatives were thoroughly investigated by selectively enhancing the
molecular mass of substitution at 9* position. The influence of
aromatic substitutions to the overlap of singlet and triplet states as well
as the efficiency of TTA process was identified. A conceptual OLED
device, successfully employing TTA process was demonstrated.
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With the introduction of 2,2°10,10° — aryl substitutions in
9,9¢ — bianthryl molecular backbone an effective suppression of ICT
process is achieved. 2,2°10,10° — aryl substituted 9,9° — bianthryls
derivative demonstrated high charge carrier mobility and high
quantum efficiency — up to 86 %.

Photophysics of a series of perspective V — shaped heptacene
compounds was thoroughly investigated. By employing the model of
conjugated anthracene dimer, the relation between excited state
relaxation pathways and central heteroatom as well as molecular
planarization was identified. A wide range control of HOMO and
LUMO energy levels was achieved and photostability of V — shaped
heptacene compounds was enhanced.

Statements presented for defence

A selective modification of anthracene molecular structure with a
different aromatic substitutions enables a fine tuning of the resonance
between singlet and triplet states, which determines the relation
between the rate of intersystem crossing and TTA efficiency. The
change of solid state morphology in 9,10 — aryl substituted anthracene
derivatives and polymer mixture enhances TTA efficiency.

2,2 — aromatic substitutions in 9,9° — bianthryl molecular structure
efficiently suppress internal charge transfer process, enabling the
pronounced emission of locally excited states and enhanced emission
efficiency.

The excitonic model of anthracene dimers enables to evaluate
photophysical properties of V — shaped heptacene compounds with
different type of central heteroatoms and planarity of the molecular
backbone.

Experimental methods

Solvents were purified using standard procedure. Reactions were carried
out under dry argon atmosphere using magnetic stirring. All reactions and the

purity of the synthesized compounds were monitored by gas chromatography
using a 7890A GC System with triple axis detector 5975C inert XL MSD
(Agilent Technologies) and 6890N Network GC System (Agilent
Technologies) together with thin layer chromatography using Silica gel 60
F254 aluminum plates (Merck). Purification of synthesized materials was
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performed by preparative column chromatography using silica gel Kieselgel
60 0.06 — 0.2 mm. 1H and 13C NMR spectra were recorded with a INOVA
spectrometer (Varian Unity) (300 MHz) or ASCEND 400 (Brucker) (400
MHz) in chloroform-d3 or benzene-d6,using the residual solvent signal as an
internal standard. HRMS spectra were obtained on a mass spectrometer Dual-
ESI Q-TOF 6520 (Agilent Technologies). All melting points were determined
using Digital Melting Point Apparatus IA9000 Series.

The density functional theory (DFT) and time dependent DFT (TD-DFT)
were used to optimized geometry and energy calculations with the Gaussian
software package. DFT was carried out by employing the B3LYP functional
with the 6-31G(d,p) basis set with the polarizable continuum model (PCM)
for solvation in acetonitrile and toluene environments'*,

Absorption and fluorescence spectra of the derivatives were assessed in
dilute 10°® M toluene, (TOL), tetrahydrofuran (THF), acetonitrile (ACN),
N,N* — Dimethylformamide (DMF) and propylene carbonate (PC) solutions
and wet-casted thin films prepared from 5 x 10> M THF solutions. Absorption
spectra were recorded on a UV—Vis—NIR spectrophotometer Lambda 950
(Perkin-Elmer). Fluorescence spectra of all materials were collected using
excitation at 370 nm — 420 nm from a Xe lamp (FWHM<10 meV) and
measured using a back-thinned CCD spectrometer PMA-11 (Hamamatsu).
Fluorescence transients were measured using a time-correlated single photon
counting (TCSPC) system PicoHarp 300 (PicoQuant) utilizing a
semiconductor laser diode (repetition rate 1 MHz, pulse duration 70 ps,
emission wavelength 375 nm, 420 nm) as an excitation source. Time-resolved
gated luminescence measurements of 50 wt% Zeonex (polyolefin) films,
prepared by drop-casting Zeonex and compound mixture in toluene on glass
substrate at room temperature and 80°C, were performed using nanosecond
YAG:Nd3+ laser NT 242 (Ekspla, A=350 nm, T = 7 ns, laser fluence 200 pJ)
and iCCD camera Sr-303i-A (Andor) at 5 x 10° mbar pressure by
exponentially increasing delay and integration. This allows to record up to 10
orders of magnitude in time and intensity of the fluorescence decay.
Fluorescence quantum yields (@r) of the solutions and films in air ambient,
excluding the impact of TTA, were estimated using the integrated sphere
method'®. 0.1 wt% polystyrene films of DPA derivatives were prepared by
dissolving each material and polystyrene at appropriate ratios in THF
solutions and then wet-casting the solutions on quartz substrates. Radiative
(kr) and nonradiative (k) decay rates were calculated using the following
relations: Kr = e/ @k, knr = 76/ (1— D) where the term tnr takes into account all

the possible nonradiative decay pathways. Femtosecond time-resolved
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differential absorption measurements were carried out using a Harpia pump-
probe spectrometer (Light Conversion) pumped with a 10 kHz pulsed laser
Pharos-SP (Light Conversion). The probe source was white light continuum
generated by 190 fs 1030 nm laser pulses in purified water flowing inside the
quartz cuvette coupled to a homemade flow system. Pump wavelengths were
set to 385 and 407 nm using an optical parametric amplifier Orpheus (Light
Conversion). For ICT rates, global analysis of excited state population
dynamics was carried out'®® %, We analyze 9,9'-bianthryl molecules in
characteristic aprotic solvent environments up to 1500 ps.

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV)
experiments were performed on the Integrated Potentiostat System (Edaq
ER466). Platinum wire, glassy carbon disk [ 1.6 mm, @ 3.0 mm], and
Ag/AgCl were used as counter, working, and reference electrodes,
respectively. In all cases, DPV and CV experiments were performed in DMF
with tetrabutylammonium perchlorate as supporting electrolyte (0.1 M) under
Ar gas flow; concentrations of compounds were 0.002 M. The scan rates were
20 mV/s and 50 mV/s.

The ionization potentials (lp) of the compound films were measured by
electron photoemission spectroscopy in air method. OLED devices were
fabricated using pre-cleaned ITO-coated glass substrates purchased from
Visiontek with a sheet resistance of 15 Q/cm? and ITO thickness of 150 nm.
They were patterned so that the OLED devices had a pixel size of 4 mm by 5
mm. The standard cleaning process was then applied to the substrates: 10 min
of acetone followed by 10 min of isopropyl alcohol washed in an ultrasonic
bath, and finally cleaned with the oxygen plasma. The small molecule and
cathode layers were thermally evaporated using the Spectros II apparatus
(Kurt J. Lesker) at 5 x 10°° mbar. All materials were deposited at a rate of 1 A
s'!. Device current-voltage (I-V) characteristics and the emission intensities
were measured in a calibrated integrating sphere with 6632B power supply
(Agilent Technologies). The data acquisition was carried out using a home-
written NI LabView program. The electroluminescence spectra were
measured using an USB 4000 CCD spectrometer (Ocean Optics) supplied
with 400 um UV-vis fiber optics. Electroluminescece transients where
recorded employing HP 8114A pulse generator (9 V, length 1 ms) and a Jobin
Yvon spectrograph coupled to the gated iCCD camera (Stanford Computer
Optics).
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Photophysical properties of anthracene dimers

Chapter A. Triplet — Triplet Annihilation in 9,10 — Diphenylanthracene
derivatives: the role of intersystem crossing and exciton diffusion

1. The aim and investigated compounds

To directly evaluate the influence of the intersystem crossing rate as well
as solid state morphology to the properties of exciton diffusion and TTA, in
this chapter we compare 4 9,10 — substituted anthracene compounds (see
Fig. 1). We subtly enhanced the molecular weight of the substitution at 9™
position of anthracene to distinguish the non — radiative decay pathways and
to control solid state morphology, which alters triplet diffusion, as well as the
rate of TTA process. Compounds were synthesized by doc. P. Adoménas
research team in Vilnius university, Faculty of Chemistry.
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Fig. 1. 9,10 — aryl substituted anthracene derivatives.

2. Quantum chemical calculations

Phenyl moieties at C-9 and C-10 positions are known to form an almost
90° angle with the anthracene core in bare DPA, whereas in the DPA
compounds 1-4 the angles of fragments at C - 9 and C - 10 gradually decrease
when more bulky substituents are introduced: the angle at the 9™ position
reduces from 89.9° (compound 1) to 80.19° (compound 4) and the angle of
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C - 10 fragment reduces from 88.96° (compound 1) to 79.24° (compound 4).
Such evident structural changes are expected to alter fluorescence properties,
e.g. size of m-conjugated electron system and the rates of fluorescence
deactivation. The electron density in HOMO and LUMO is evenly distributed
over the anthracene core, where the distribution resembles that of
unsubstituted DPA'*® and only a small fraction is extended over the 9,10-
substituents.

Increasing twist angles of C-9 and C-10 aryls increases the conjugation
length and gradually lowers S¢—S; transition energy from 3.127 eV
(compound 1) to 3.114 eV (compound 4). The calculated oscillator strength
of So—S; transition was consistently increasing from 0.207 (1) to 0.293 (4)
following the conjugation extension at the shorter molecular axis of
anthracene®. The energy of the first triplet state decreased in a similar way:
from 1.738 eV (1) to 1.73 eV (4). The estimated T, energies were very similar

THF caH1a—:ji_-:::-~'j'_ ) Fig. 2. The distribution of singlet and

77777 e A triplet energy levels of fluorenyl
S, sy substituted .cornpound 4, appro.ximated
by DFT in vacuum and in THF

T, —30el medium. The layout of singlet and

2908 eV triplet energy levels are favorable for

DEg; 1, = 87 meV intersystem crossing process.
AEg; .Y = 206 meV

So

to those of other anthracene derivatives, calculated or estimated
experimentally'> 3. Similarly, the energy of the T, level decreased from
3.271 eV (compound 1) to 3.242 eV for compound 3, however for the most
conjugated compound 4 the second triplet energy decreased dramatically,
down to 3.027 eV, becoming lower than that of S; by 87 meV (Fig. 2). Such
negative energy gap between S; and T, may lead to very efficient intersystem
crossing, where T, would act as an intermediate crossing state followed by
decay to T1"*!'%’. The intersystem crossing rate is almost suppressed'® if there
is no higher triplet levels below the S;, thus ISC is expected to be significant
only for compound 4.

3. Absorption and fluorescence spectra

Absorption spectra of all the derivatives contain clearly resolved vibronic
structure similar to the unsubstituted DPA due to the rigid anthracene core’.
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This indicates that the electron wavefunction density is located predominantly
over the anthracene core, in agreement with the results of DFT calculations.
The lowest energy vibronic bands in the absorption spectrum are observed at
394-396 nm with a very slight redshift due to extended conjugation. The molar
absorption coefficient at the 0" vibronic replica increases from
13350 M ! ¢cm ! (compound 1) to 16000 M ~! ¢m - ! (compound 4) due to the
enhanced transition dipole moment.

Fluorescence spectra of dilute solutions of compounds 1-4 are redshifted
by about 145-207 meV in respect to their absorption spectra. The lack of clear
mirror images between absorption and emission indicates some geometry
changes of the molecular core in the excited state. Fluorescence spectra
peaking at 413-424 nm and exhibiting slight redshift due to enhanced
conjugation again are in agreement with the DFT calculations.

Fluorescence spectra of the neat films of derivatives 1-4 peaked at 444-
449 nm with 160-210 meV redshift in respect to their spectra in dilute
solutions due to the presence of intermolecular interactions in the solid state.
The lineshape of the fluorescence spectra of compound 1 has noticeable
vibronic progression, showing the dense molecular packing in neat films.
Emission spectra become structureless with the introduction of more bulky
C - 9 substituents, denoting somewhat reduced intermolecular interactions
and amorphous-like nature of the solid films.

Additionally a long-wavelength fluorescence tail, potentially due to
excimer states, is noticeable in the fluorescence spectra of the compound 2,
but not 3 and 4. The fluorescence quantum yields of the dilute solutions of
compounds 1-3 were high, of about 0.7 - 0.8, comparable to other C - 9 and
C - 10 modified anthracenes®>'**'32 Interestingly, the fluorescence yield
decreases by about 20% to 0.58 for compound 4, which has substituent with
the most extended =n-conjugated electron system. Since the conjugation
enhancement was followed by structural modifications at the C - 9 position,
the promotion of non-radiative recombination could be due to enhanced
electron-vibron coupling through enhanced molecular torsions at the
meridional position or enhanced intersystem crossing via the T triplet state.
Structural modifications may cause the rearrangements of singlet and triplet
energy levels resulting in T, bellow S; and thus efficient ISC and low
@ 1013199155 Thege effects will be discussed in depth in the following
sections.

An obvious decrease of ®rto 0.15 - 0.27 was observed for the neat films.
Drastically reduced intermolecular distances in the solid state enable

intermolecular excitation migration and enhance the possibility of quenching
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at various defect-like sites, causing the decrease of ®r. However, the obtained
®r values of neat films are comparable to those reported for other DPA
compounds!3154,

4. Radiative vs. non-radiative relaxation

More insight on excited state relaxation can be revealed from the analysis
of radiative (k) and non-radiative (kn) decay rates, obtained from
fluorescence decay transients of the DPA derivatives 1-4. Conjugation
extension at C - 9 position increased the oscillator strength and the radiative
decay rate up to 30% (from 1.2 x10® s for compound 1 to 1.7-1.9x10% s™! for
compounds 2-4). Such strategy may look promising in order to enhance
fluorescence efficiency of anthracenes, however a different trend was
observed for the non-radiative recombination: conjugation extension at C - 9
had a minor impact for ko for compounds 1-3 (knr was of about 0.6 x108s™),
though for the most conjugated compound 4, K. was enhanced for about two
times up to 1.2x10% 5!, resulting in the decrease of ®r by 20-25%.

5. Non-radiative relaxation: vibrational relaxation vs. intersystem
crossing

To verify the dominant non-radiative recombination pathway, DPA
compounds were dispersed in a rigid polystyrene matrix at low mass
percentage (0.1 wt %). Fluorescence decay transients and ®r were measured
and radiative and non-radiative recombination rates were estimated.
Intramolecular torsions should be suppressed in this case, thus the impact of
the intersystem crossing should be evident. Few recent DFT — calculation
based reports, providing more insight into non-radiative recombination in
C-9 and C - 10 modified anthracenes, suggested that vibrational relaxation
(internal conversion) is the dominant pathway for non-radiative relaxation'¢.
If this was true, a decrease of knr, resulting in remarkably enhanced ®¢, should
be observed in rigid polymer matrix. Those changes should be more evident
for molecules with small and labile fragments, like compounds 1 and 2.
Otherwise, if the dominant non-radiative recombination pathway was ISC, no
dramatic changes of knr should be observed. No changes of ki were estimated
for compounds 2 and 3, indicating the minor role of vibrational relaxation,
though slightly lower ko was observed for compounds 1 and 4. Compound 1
bears the smallest and the most labile C - 9 fragment, thus the rate of non-
radiative recombination through vibrational relaxation may be noticeable. It
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was shown, that even more bulky 4 - n - hexylphenyl fragments at the C - 9
and C-10 positions in anthracene can deviate from the optimized
perpendicular orientation'* and somewhat promote the non-radiative decay
through torsional motions of side groups. However, the enhancement of ®r
for compound 1 in the rigid polymer film was only for about 10 %, indicating
low knr of vibrational relaxation, similarly as for DPA!*. Compound 4 has
different energy level scheme, where the energy of T» level is lower than of
Si, resulting in the efficient ISC, which rate depends on the S; — T» energy
splitting. The DFT calculations revealed that the S — T, energy gap for
compound 4 depends on the polarity of surrounding and is about 2.5 times
larger in vacuum (non-polar ambient) than in polar THF, that is in-line with
the changes of ISC rate. The decrease of the radiative decay rate for all DPA
compounds in rigid polymer film probably was due to changes of transition
dipole moment, when molecules were confined with different twist
configurations of C-9 and C- 10 aryls resulting in different oscillator
strength.

6. Delayed fluorescence via triplet — triplet annihilation

Triplet — triplet annihilation was investigated by measuring fluorescence
decay transients of 50 wt% Zeonex films of compounds 1 — 4 on an extended
time scale (see Fig. 3). 50 wt% concentration was chosen in order to maintain
high enough molecular concentration to assure high triplet concentration and
efficient migration and to prevent crystallization. Both prompt and delayed
fluorescence were observed for all compounds. Prompt fluorescence decay
was bi-exponential (due to the presence of excimer states) up to about 100 ns
with similar decay time constants of about 3 and 11 ns, consistent with TCSPC
results. After the first 100 ns the delayed fluorescence emerged and was
observed up to about 300 ps. The nature of delayed fluorescence is TTA.
Interestingly, no triplet sensitizers were used to boost the delayed
fluorescence, though anthracene derivatives were reported to show low triplet
yield without sensitizers'’.

Evidences confirming that the nature of the delayed fluorescence is TTA
are strong:

1. fluorescence spectra of prompt and delayed fluorescence were almost
identical;
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2. no delayed fluorescence was observed in oxygen - saturated ambient,
where triplet states were quenched by singlet oxygen, proposing
triplet-based nature;

3. the intensity of delayed fluorescence decreased with decreasing
temperature, on the contrary to geminate pair recombination;

4. the delayed fluorescence intensity dependence on laser fluence was
quadratic, clearly not TADF (see Fig. 3).

Prompt FL Delayed FL 6
5 T A T ; . 10
10 : ° E
" | L 0.04 R
w0 3 = 3 N ‘u“
= | o - . \ ’
s 2 ; — d [ . ’
& 10 i 0.02 S 10° o i g“”’
; 10% ¢ ° E e slope 2 (‘/
5 X 9 ° < g slope 1.
104 F A ~ A
o] % 3.0x10’ 6.0x107 9.0x10" > R
E 10° = K (5™ ] Q 10* g
L o¢| @FL [1)eak : ] g
o ; ;
W e 2 R, 1oL
8 3 1 X 30, > o 1
10 o 4 Slope1 | Slope 2 ! E 10° 1/ . >
10° . : il e v 3
10* 10° 10° 10* 10° 10° <4 4
Time (ns) 10t 102 103 10*

Laser fluence (nJ per pulse)

Fig. 3. Fluorescence decay in extended Fig. 4. Fluorescence intensity

time scale of 9,10 — aryl substituted at peak position as a function
anthracene derivatives in zeonex matrix of laser excitation fluence in
(50 wt%) at fluorescence peak position. 9,10 — aryl substituted

Inset shows ratio between integral anthracene derivatives.
intensities of delayed and prompt

fluorescence spectra as a function of non-

radiative decay rate.

For the TTA — based bimolecular recombination, the slope n of Ipr ~ lexn
is 2, which later turns to 1 at very high triplet densities. For the monomolecular
recombination, the slopes are 1 and 0.5, respectively*®®. Our estimated
slopes were 1.74 and 1.18 (compound 1), 1.7 and 1.13 (compound 2), 1.77
and 1.14 (compound 3) and 1.53 and 1 (compound 4), indicating, that the
delayed emission originates from TTA (see Fig. 4). However, a small
contribution of monomolecular recombination from excimer fluorescence was
observed, which cause the deviation from the expected 2 — 1 slopes. Excimer
fluorescence was clearly seen in delayed fluorescence spectra, when it
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dominated at 100 ns delay time. At later delays, the intensity of excimer
fluorescence was greatly reduced. Some redshift of the delayed fluorescence
was observed at very late delays (e.g. for compound 2), probably due to
geometrical transformations of molecular core in the excited state, sometimes
also observed in the delayed fluorescence of TADF emitters*.

Typical profiles of TTA-based delayed fluorescence decay were estimated
for all DPA compounds, when the decay followed the power law Ipr ~ tm, with
slopes m of -0.92 and -1.64 (compound 1), - 0.89 and -2.17 (compound 2), -
1.1 and -1.84 (compound 3), -0.97 and -1.87 (compound 4) (see Fig. 3).
Briefly, the decay profile of delayed fluorescence directly depends on the
dominating triplet diffusion regime’®*®*. In materials with no disorder,
diffusion coefficient (D) is time-independent, thus D can be directly related
with TTA rate (K¢) by

k. = 8nfRD, (1)
where f is the fraction of annihilated triplets and R interaction radius. The
temporal evolution of delayed fluorescence through TTA then can be

expressed by

1
Ipp(t) = ky[To]? RFTMTATY (2)

where Ty is the initial concentration of triplets. Initially TTA intensity should
be constant, then Ipr asymptotically approaches Ipr ~ t2 decay. In disordered
materials triplet diffusion coefficient is time-dependent, thus equations (1) and
(2) is no longer valid. Here triplet diffusion consist of two regimes, when
initially in non-equilibrium dispersive regime triplet excitons relax towards
lower energy levels in the Gaussian density of states. In this case TTA
emission intensity is proportional to t® with a close to -1. Later, after a certain
time, triplet diffusion regime turns to the equilibrium non-dispersive when D
approaches constant value and lpr(t) can be expressed by equation (2). This
transit time between two regimes is larger in materials with higher disorder
therefore in highly disordered compounds with inefficient triplet migration the
transition may not occur and triplet diffusion would remain dispersive. In our
case, delayed fluorescence decay was typical for disordered materials.

7. Alteration of exciton diffusion regime by the adjustment of film
morphology

The efficiency of delayed fluorescence was found to greatly depend on the
film preparation conditions. The intensity of prompt and delayed fluorescence
was at least several times higher in 50 wt% Zeonex films prepared by drop —
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casting on a heated glass substrate rather than on a room temperature substrate.
Additionally, substrate temperature had a direct impact on the triplet diffusion
mechanism for more disordered compounds. The delayed fluorescence of
compound 2 prepared by drop — casting on the un-heated substrate decayed
following -1 slope, showing the domination of a non-equilibrium triplet
diffusion regime and high energetic disorder in thin film. In contrast, drop —
casting on the hot substrate lowered energetic disorder and allowed the
equilibrium triplet diffusion regime with -2 decay slope to be reached at late
delays. For the rest of the compounds, only an increase of the delayed
fluorescence was observed. In general, drop — casting on the hot substrate
enhances the solvent evaporation speed and reduces the probability of
molecular agglomeration, thus the molecules are more evenly distributed. In
contrast, drop — casting at room temperature reduces the solvent evaporation
speed, thus the molecules have more time for diffusion and agglomeration.
Different thin film preparation conditions have a direct impact on the TTA
efficiency and the delayed fluorescence intensity. TTA should be more
efficient in large and uniform molecular aggregates, since two triplets can
more easily annihilate there, however less efficient triplet diffusion between
the aggregates results in lower total TTA output, being the limiting factor.
More even molecular distribution in films, prepared by drop-casting on hot
substrate, should reduce the number and size of molecular aggregates, though
the enhanced triplet diffusion length boosts the probability of triplet
encounters and leads to more efficient TTA. This finding clearly shows the
importance of thin film preparation conditions on the TTA efficiency.

Chapter A. Conclusions

In summary, we presented triplet — triplet annihilation analysis in a series
of 9,10-diphenylanthracene derivatives having different substituents at C - 9
position. We showed how the alteration of molecular geometry and the
conjugation length enhancement affects the TTA efficiency. TTA efficiency
was found to be controlled by two different pathways — by adjusting the
intersystem crossing rate and triplet migration regime. The most intense
delayed fluorescence was observed in the most conjugated compound with the
most rapid intersystem crossing. ISC was found to boost the triplet
concentration thus the TTA intensity without the significant quenching of
prompt fluorescence. The enhancement of ISC rate was achieved by the
precise alignment of S; ant T, energy levels in anthracene compounds with
slightly different conjugation length. Secondly, TTA efficiency was also
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shown to depend on the thin film morphology. Inefficient triplet migration due
to the high energetic disorder and low triplet diffusion rate was found in thin
films with large molecular aggregates resulting in lower output of delayed
fluorescence. Conversely, TTA efficiency was remarkably enhanced in the
films with enhanced homogeneity, showing efficient triplet diffusion due to
the lower energetic disorder. The presence of TTA was also demonstrated in
electroluminescence  transients, when the TTA-based delayed
electroluminescence was observed up to about 1 ms.

Although the more rapid ISC enhances the intensity of delayed
fluorescence, in order to achieve efficient delayed electroluminescence, low
rate of ISC should be preserved. In case of electric pumping, the formation of
triplet states is almost independent on the ISC rate, thus the triplet migration
properties would have the crucial importance on the TTA efficiency. As we
have shown, efficient triplet migration can be achieved in low crystallinity
films that can be controlled by the precise selection of the C -9 and C - 10
fragments of anthracene core. Further optimization of DPA core with small
conjugated or non-conjugated (e.g. short branched aryl chains) substituents
should help to reduce the crystallization and ensure efficient TTA

Chapter B. Suppression of charge transfer states in aryl substituted
9,9’ — bianthryl derivatives

1. The aim and investigated compounds

Anthracenes are well established materials in organic optoelectronic
applications such as organic light emitting diodes (OLED)? and organic field
effect transistors (OFET)?. 9,9’ — bianthryl (BA) is a special type of anthracene
modification, engineered to enhance charge transporting properties of the
device layers as well as emission efficiency via triplet exciton annihilation
process. Thus, a promising device performance with EQE as high as 12 % has
been achieved in blue OLED’s***’. However, a fluorescence spectra of BA
derivatives is composed of two emission bands, deteriorating its properties’?.
Next to a highly emissive excitonic locally excited state (LE), internal charge
transfer states are formed as a consequence of asymmetry in the environment
induced charge separation™. Unfortunately, ICT vastly deteriorates emission
photoluminescence quantum yield (PLQY) and fluorescence spectra
characteristics, thus is detrimental for aforementioned OLED applications.

The origins and dynamics of ICT in 9,9° - bianthryl and it’s derivatives
have been extensively investigated’>’678- 868991 The majority of the studies
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accept the idea that dynamics of charge separation is controlled by asymmetry
of the environment induced solvation reaction®*2. On the other hand the ICT
process is also associated with a twisted internal charge transfer (TICT)767%%3,
However, a perpendicular molecular geometry for both LE and CT states is
suggested by density functional theory (DFT)3*%5 and ultrafast (10 fs) transient
absorption study provides experimental evidence that the twist of molecular
backbone is of the secondary importance®. Alternatively, a significant
number of studies suggest a solvation-controlled energetic barrier for a charge
separation process in 9,9 - bianthryl molecular systems”>*. A solvation-
controlled energetic barrier for charge separation is subject to be responsible
for the rate of ICT process” 78890 while the energetic barrier itself is small
and can be neglected in highly polar environment. Unfortunately, the
observations of ICT properties mainly rely on the modification of a short axis
in 9,9° - bianthryl molecular backbone and only enhanced ICT is
identified®**!. However, substantial changes in dynamics of ICT was
observed in asymmetrically 2,2°,6,6° - alkyl substituted 9,9’ - bianthryl
compounds’'*12, This phenomenon was attributed to an enhanced Onsager
cavity radii around the chromophore by alkyl substitutions and to a decreased
transition dipole momentum as the reaction field between solvent and solute
is proportional to the molecular dipole moment and inversely proportional to

the third power of the radius of the solute cavity”"!92,

Fig.5.2,2¢,10,10° — aryl substituted 9,9’
O — bianthryl derivatives. a) Unmodified
9,9° — Bianthryl (BA), b) 10,10° —
tertphenyl substituted 9,9’ — bianthryl
$) (BATph), ¢) 2,2¢,10,10° — tetraphenyl
) substituted 9,9° — bianthryl (BA2ph).

In this chapter we analyze photophysics of 9,9’ - bianthryl molecular
structures (Fig. 5) with conjugated aryl substitutions along short axis of the
molecular backbone (at 10" and 10°™ positions, see Fig. 5 b)) as well as
perpendicular to short axis of the structure (at 2" and 2°™ positions, see
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Fig. 5 ¢)) and compare to a reference unmodified 9,9’ - bianthryl compound,
see Fig. 5 a). We thoroughly investigated the influence of aromatic
substitutions to ICT process by a time-resolved and ultrafast pump-probe
spectroscopy techniques in various polarity environment. The results are also
supported by DFT modelling and electrochemical data. We observe unusual
suppression of charge transfer states and prominent LE state emission in 2,2’
—aryl substituted 9,9’ - bianthryl compound even in highly polar environment.
The analysis of LE and CT states population and ultrafast formation dynamics
of ICT, accompanied by selective excitation on the vicinity of lowest
absorption band points to the enhanced number of conformers with suppressed
ICT reaction. Compounds were synthesized by doc. P. Adoménas research
team in Vilnius university, Faculty of Chemistry.

2. Steady state absorption and emission properties in aryl
substituted 9,9’ - bianthryl derivatives

The properties of steady state absorption and emission of a reference 9,9’
- bianthryl BA molecule are well documented in the previous studies®*%,
Consistently with previous results, BA demonstrates polarity independent
near UV absorption band in dilute solution environment, with well-expressed
vibronic series”’. As a consequence of resonance interaction between each
anthracene monomers, the absorption band is somewhat redshifted, compared
to anthracene, while the dominance of 0 — 0 transition is apparent. Consistently
with previous reports, a reference BA compound exhibits excitonic LE type
emission only in low polarity toluene surrounding, while a dual band
fluorescence is observed in higher polarity environment as a consequence of
ICT process”*%, The properties of CT state depend on the polarity of the
environment, and the most intense CT state emission is observed in highly
polar acetonitrile solvent. With the increasing CT state population in a higher
polarity environment, a typical drop in emission PLQY is also observed from
51.3 % in toluene to 31.7 % in tetrahydrofuran (THF) and 10.5 % in
acetonitrile surroundings. The main reason for the PLQY reduction in polar
environment is dramatic (over 20 times) enhanced radiative lifetime due to a
reduced oscillator strength of CT transition, since non-radiative decay lifetime
is found to be almost unchanged (of 14 ns). Similar absorption, emission and
PLQY dynamics are observed in BAtph compound and tert — phenyl
substitutions at 10™ and 10™ positions in 9,9° — bianthryl moiety do not
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influence solvation process significantly, while Onsager cavity radius is
substantially enhanced.

Surprisingly, 2,2” — aryl substitutions in BA2ph vastly redistributes optical
transition properties. First of all, BA2ph demonstrates a differently shaped
lowest absorption band, with some red shift and distinct peaks at 385 nm and
407 nm, while the absorption band is substantially broadened. In addition to
this, the ICT is effectively suppressed even in high polarity acetonitrile,
followed by the dominance of LE state emission. The dominance of LE state
emission enables a smaller decrease of PLQY and even in highly polar
acetonitrile environment the PLQY is 3 times higher (30.6%), compared to a
reference BA. On the other hand, even with extended transition dipole
momentum by additional 10,10’ — phenyl substitutions, BA2ph compound
demonstrates somewhat lower PLQY (49.3%) in toluene environment
compared to BAtph, which indicates the enhancement of non-radiative decay

pathways.
l2) BA —— FLin ACN | [ b) BAtph ——FLin ACN|
[ ]LE state [ ]LE state
I CT state | I CT state |
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Fig. 6. LE ir CT state fluorescence
distribution in  highly  polar
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Since the PL spectra in high polarity acetonitrile contain both LE and CT
spectral features and the PLQY of LE emission is solvent polarity-
independent, and also the nanosecond time-scale spectral proportions of LE
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and CT bands are almost unchanged, the proportion ratio of LE and CT state
population in overall PL spectra can be evaluated (Fig. 6). As expected,
deconvolution of LE and CT state emission spectra in highly polar acetonitrile
environment reveals the dominance of CT state band for a reference BA unit
- 0.2 for LE and 0.8 for CT states. Similar population ratio, 0.3 for LE and 0.7
for CT states, is also observed for 9,9’ — bianthryl BAtph molecule. The peak
position of CT state for a reference BA unit is situated at 474 nm, while for
BAtph the peak is somewhat redshifted (at 484 nm) in accordance to
redshifted absorption band. Drastically different LE and CT state proportion
of emission spectra is observed for 2,2” — aryl substituted BA2ph compound.
The LE state emission dominates the overall fluorescence spectra, as the ratio
for LE and CT state population is 0.7 and 0.3, respectively. Meanwhile, the
extension of electronic m — conjugation by 2,2’ — aryl substitutions in BA2ph
molecule somewhat redshifts the peak position of CT state to 506 nm.

To sum up, we see that spectral features of LE states are sustained even in
highly polar environment, while the population proportions of LE and CT
states strongly depends on solvent polarity. The late stage of LE and CT state
relaxation dynamics is rather similar for all studied BA’s. However, the ratio
of LE and CT states as well as PLQY can be dramatically altered by 2,2° —
aryl substitutions and the origin of remarkably different solvation dynamics in
2,2> — aryl substituted BA’s can be attributed to an initial stages of CT state
formation.

3. DFT modeling of 9,9’ — bianthryl derivatives

The analysis of excited state energy levels in S; as well as So geometry
confirms resonance interaction in 9,9’ — bianthryl dimer, as energetic splitting
of excited states is observed. Two occupied excited states can be identified in
Si geometry — LE and CT states. The lower energy pair can be attributed to a
CT state, as the approximated energy level is similarly positioned to a peak of
a CT emission spectra for all 9,9’ - bianthryl BA, BAtph, and BA2ph
derivatives. The approximated transition exhibits low oscillator strength,
which is also in line with low radiative decay rate due to a weak coupling
between HOMO and LUMO orbitals. In addition to this, the values of CT state
oscillator strength is line with CT state PLQY: for a reference BA f = 0.04
with PLQY (CT) = 8.8%; for BAtph f = 0.09 with PLQY (CT) =11.0% and
for BA2ph f=0.07 with PLQY (CT) =9.3%. Thus, it is clear that the transition
dipole momentum for CT state is even enhanced by 10,10’ aromatic
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substitutions in 9,9’ — bianthryl core, while the wavefunction distribution is
almost identical for all 9,9° — bianthryl derivatives.

The higher energy pair of excited states for 9,9’ - bianthryl BA, BAtph and
BA2ph compounds can be attributed to LE state, as the oscillator strength is
substantially higher than CT states and approximated energy levels match the
peak position of LE state emission. Similarly to CT states, the extension of
dipole with additional aromatic substituents at 10" and 10™ positions of 9,9’
— bianthryl core substantially enhances the oscillator strength (up to f= 0.50
for BAtph, compared to a reference 9,9 — bianthryl BA), which is
accompanied by a higher emission PLQY of LE states in low polarity toluene.
The transition to a higher order energy level of LE state pair is dipole
forbidden in a reference BA and BAtph compounds as a consequence of J —
type resonance interaction. However, the 2,2° — aryl substitutions introduces
substantial changes to LE state in BA2ph derivative. The second counterpart
of LE state pair is partially dipole allowed, with oscillator strength f = 0.04,
which confirms the disrupted resonance interaction in a dimer. Moreover, low
oscillator strength points to a mixing of a lower and higher order LE states,
introduced with a small shift of dipole as a consequence of 2,2’ — aryl
substituents. A different distribution of LE states in 2,2° — aryl substituted
BAZ2ph is also confirmed by a differential pulse voltammetry (DPV).

4. Initial stages of CT state formation observed by transient
absorption measurement

To directly evaluate the rate of ICT process in 9,9’ — bianthryl derivatives,
we employed ultrafast transient absorption measurement and time resolved
global analysis of the LE and CT state population. It is clear, that the growth
of CT state population does not depend on 10,10’ — aromatic substitutions in
9,9’ — bianthryl core, as BAtph exhibits almost identical ICT growth time
constant, compared to a reference BA unit in polar and viscous propylene
carbonate (1.51 ps and 1.49 ps respectively). The same trend, followed by
substantially faster ICT is observed in polar but non-viscous acetonitrile
environment (0.51 ps for BAtph and 0.49 ps for a reference BA, respectively),
which is associated with a faster solvent environment reorganization.
Meanwhile, 2,2° — aryl substitutions in 9,9’ — bianthryl BA2ph core
substantially slows down the ICT in both viscous (2.21 ps) and non-viscous
(0.76 ps) polar environment. Thus, a slower ICT for 9,9’ — bianthryl BA2ph
is a good indication to an energetic barrier for a charge separation, induced by
2,2’ — aryl substitutions.
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5. Site selective excitation of 9,9’ - bianthryl derivatives

It is tempting to relate slower ICT rate as well as different LE and CT state
population ratio in BA2ph compound to a energetic barrier reaction. The
excitation with a different wavelengths in polar solutions for BA and BAtph
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Fig. 7 a) Transient absorption decay of LE state and growth CT state at for a
BA2ph compound at different excitation wavelength. Fig. 7 b) Fluorescence
decay of LE (410 nm) and CT (520 nm) states for BA2ph compound at a
different excitation wavelengths. Solvent — acetonitrile (10 M)

show no significant difference in emission spectra, while increasing
population of CT states are observed in BA2ph. However careful analysis of
TA decays show similar CT population growth time and only CT state
population is enhanced with a lower excitation wavelength (Fig. 7 a)).
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PL transients show similar decay time, while the pre — exponential factor as
well as LE and CT state population ratio depends on excitation wavelength
(Fig. 5 b)). This points out on existence of different conformers, which
predominantly determines LE and CT state population ratio. It is clear, that a
larger number of conformers that do not demonstrates ICT at all is associated
with labile 2 — phenyl substitutions, which efficiently enhances the number of
vibronic states of the molecule and disrupts the optimal geometry for efficient
ICT reaction. Meanwhile, a shift of the dipole moment and disrupted
resonance interaction between anthracene monomers could be responsible for
a slower ICT process.

Chapter B. Conclusions

9,9’ — Bianthryl derivatives represent a unique class of materials, where
intramolecular charge transfer occurs in the absence of polar fragments as a
consequence of asymmetry induced by surrounding. In this study we address
the possibility to control the properties of dual fluorescence in BA derivatives
by introduction of aromatic substitutions along and perpendicular to the
direction of ICT reaction.

Aromatic substitutions along ICT reaction direction results in the extension
of electronic n-conjugation which enabled the enhanced oscillator strength as
well as somewhat enhanced LE state emission, while the ICT process in polar
environment was found to be similar to a reference BA. The initial stage of
ICT was shown to occur within 0.5 — 1.5 ps and corresponds to the initial
component of solvation process in accordance to correlation function C(t) of
the solvent. It should be stressed that CT state formation time do not depend
on aromatic substitutions along the short axis of BA, while formal Onsager
sphere was significantly enhanced. However, the ICT process was highly
sensitive to substitutions, perpendicular to the ICT reaction direction.
Emission intensity of the CT state was strongly suppressed in polar
environment, although the radiative and non-radiative time constant of CT
state emission was found to be very similar to those of a reference BA. This
pointed out on the differences in a number of conformers with suppressed ICT
process. We found a significantly enhanced number of species, emitting from
LE states at a higher energy excitation, which was confirmed by TA and PL
decay results. Meanwhile, a significantly enhanced population of locally
excited species is directly associated with labile 2 — aryl substitutions in BA
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molecular backbone. A slower ICT reaction, induced by 2 — aryl substitutions
indicates a disrupted resonance interaction between anthracene monomers.

Our findings demonstrate the possibility of control of ICT by introduction
of non-symmetric conjugated fragments perpendicular to charge transfer
direction in BA molecule, which enables efficient LE state emission even in
polar environment. This can be beneficial for development of BA based deep-
blue emitters.

Chapter C. V — shaped heptacene compounds
1. Aim and investigated compounds

Highly conjugated polycyclic aromatic hydrocarbons (PAHs) are
exceptionally desirable for organic electronics because of their unique
properties, particularly, their pronounced charge-transport properties!?*!124,
They have been comprehensively examined as active semiconducting
materials in field effect transistors (OFETSs) and other applications, like light
emitting displays (OLEDs), solar cells, organic sensor devices and
beyond'?*'?%, One of the most popular and well-studied acenes with enhanced
conjugation length is pentacene, demonstrating high hole drift mobilities
reaching 5.5 cm?/(V s)'34. With the further conjugation extension of acenes,
carrier drift mobility tends to increase because of potentially enhanced
electronic coupling and reduction of the reorganization energy in the solid
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state>”. However, the higher acenes, suffer from reduced stability, due to low

resonance stabilization, small bandgap and thus high reactivity!''*!*!, resulting
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in their oxidation'®™ and photochemical dimerization
conditions. Few design strategies were successfully introduced to increase
stability of higher acenes: addition of side silylacetylene or other conjugated
groups!'*"7: manipulation of polycyclic aromatic hydrocarbon core by
changing some fused benzene rings with heterocyclic moiety!3%140-142;
variation of ring annulation'!>!!'> by synthesizing non-linear carbon based
PAHs. The shift from linear acenes to the angular analogs seems to be very
efficient strategy, leading to the stabilization of HOMO level and mitigating
of the oxidative degradation processes'**14%14! This strategy is especially
effective, if V-shaped acenes additionally possess various heterocycles and
the sites where solubilizing groups or additional functional fragments are
included'*!. Although nonlinear geometry and introduction of heteroatoms
strongly perturb  — electron conjugation, leading generally to wider bandgaps

as compared to linearly fused acenes, there are several successful
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demonstrations of air-stable semiconducting materials suitable for OFET
technology!2%122130.140.141 = Qkamoto et al. reported on V-shaped
dinaphthothiophene (DNT) showing extremely high hole mobility
(9.5 cm?/(V s))'*2. Recently, stability of even higher V-shaped heptacenes,
namely, dinaphthocarbazoles (DNC)'*#! and dianthrathiophenes'*’ was proved.
DNC was also successfully tested as hole-transporting material exhibiting
0.055 cm?/(V s) hole mobility in OFET configuration. Decoration of V-shaped
planar heptacene structure with electron withdrawing end-groups enables
demonstration of electron transporting properties'*°.

0 0 O O
/\ /\ /\

NP OP
Fig. 8 a) V — shaped heptacene compounds with a different heteroatoms at
central cyclopentadiene ring.

A

Hs

NOP OOP
Fig. 8 b) V — shaped heptacene compounds with a different heteroatoms at
central cyclopentadiene ring, additionally conjugated with epoxy bridge.

In this chapter, we report on the photophysical characterization of V —
shaped heterocyclic heptacene analogs, with different heteroatoms in
cyclopentadiene ring (see Fig. 8 a)). Additionally, V — shaped branches of
heptacene were conjugated by epoxy bridge (see Fig. 8 b)). By employing an
excitonic model of conjugated anthracene dimer, we evaluated the influence
of heteroatom type and epoxy bridge to photophysical properties and
distribution of HOMO — LUMO energy levels of V — shaped heptacenes. The
introduction of heteroatom in V — shaped heptacene core allowed the control
of HOMO and LUMO energy levels in a wide range, while epoxy bridge
enhanced the photostability of all compounds. Compounds were synthesized
by R. Rimkus in Vilnius university, Faculty of Chemistry.
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2. Quantum chemical calculations

The DFT optimization reveals bent geometry of V — shaped heptacene
compounds (NP, OP and SP) as a consequence of Coulombic interaction
between V — shaped branches (Fig. 9 a)). The curvature of molecular
backbone is associated with the heteroatom, introduced at the central ring of
heptacene, and follows the same trend to the size of covalent radius of the
heteroatom (the smallest is with oxygen and the largest is with sulfur). The =n-
electron system is extended over the whole backbone of the molecule.
Interestingly, the electronic orbitals of the lowest energy transition both in the
HOMO and LUMO resembles that of anthracene dimer, arranged as H-type
aggregate (Fig. 9 b))'®!. Sy —S; transition energy is in 2.706 eV — 2.764 eV
and do not depend on heteroatom, while slightly higher oscillator strength is
observed for heptacene with oxygen — 0.473, compared to 0.373 and 0.401 for
nitrogen and sulphur substituted compounds (see Table 1).

With the introduction of epoxy bridge (NOP, OOP and SOP compounds),
the planarization of the molecular backbone of heptacene is identified
(Fig. 10 a)), while HOMO and LUMO distribution is slightly different. The
planarization of molecular backbone introduces energetically similar HOMO
and LUMO energy levels. The energetically lowest pair of HOMO and LUMO
highly resembles molecular orbitals, observed in heptacenes without epoxy
bridge (NP, OP and SP compounds) (Fig. 10 b)). However, the transition is
dipole forbidden, as the oscillator strength is up to 100 times smaller. Such a
huge impact on transition probability can be related to enhanced H — type
dimer interaction between anthracene monomers. Somewhat higher oscillator
strength (0.067 and 0.124 for So—S; and So—S; respectively) for heptacene
with sulphur substitution is observed as a consequence of somewhat bent
molecular backbone, induced by a comparably large sulphur covalent radius
and a weaker H — type dimer interaction.. The higher So—S; transition HOMO
and LUMO orbital distributions are vastly different from a pair of anthracene
monomers and exhibits a small CT character. On the other hand the oscillator
strength for Sy—Ss transition (0.204 — 0.478) is comparable to the Sp—S;
transition in heptacenes without epoxy bridge (see Table 1)

The triplet spectrum is reminiscent to other anthracene derivatives'"!31433,
Three triplet states were estimated to have lower energy than S; for NP, OP
and SP compounds and four for NOP, OOP and SOP compounds. The lowest
energy states are situated deep in the bandgap, while the higher states are
situated just 50 — 90 meV below the S; and is likely to be involved as an
intermediate state for the intersystem crossing'>'#!4° (see Table 1).
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Fig. 9 a) The molecular geometry in optimized ground state of V — shaped
heptacene compounds without epoxy bridge. Fig. 9 b) HOMO and LUMO
distribution in optimized ground state geometry of V — shaped heptacene
compounds without epoxy bridge.
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Fig. 10 a) The molecular geometry in optimized ground state of V — shaped
heptacene compounds with epoxy bridge. Fig. 10 b) HOMO, HOMO-1,
LUMO and LUMO+1 distribution in optimized ground state geometry of V —
shaped heptacene compounds with epoxy bridge.
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Table 1. Singlet and triplet energy state distribution and transition
oscillator strenght of V — shaped heptacene compounds.
Singlets Triplets

©
=
8- ES()—»Sl fso—rsl ESO_>S2 fSO—rsz ESO—>S3 fSO—>S3 ESO—>Tl ES0—>Tn
§ @] B @ev)E| B @Bl B | (ev)E|(ey)H

Without epoxy
NP | 2,706 | 0,373 - - - - 1,799 | 2,617
OP | 2,741 | 0,473 - - - - 1,740 | 2,707
SP | 2,765 | 0,401 - - - - 1,743 | 2,622
With epoxy

NOP| 2,605 | 0,002 | 2,622 | 0,001 | 2,774 | 0,307 | 1,708 | 2,552
OOP| 2,654 | 0,008 | 2,663 | 0,007 | 2,816 | 0,478 | 1,650 | 2,599
SOP | 2,694 | 0,067 | 2,751 | 0,124 | 2,860 | 0,204 | 1,704 | 2,662
Alkyl —aryl side chains

1 |2,605]0,002 2,622 0,001 2,774 0,307 | 1,708 | 2,552

9 |2,587 0,023 | 2,605 | 0,048 | 2,699 | 0,688 | 1,657 | 2,495
[a] Singlet energy levels [b] Oscillator strength [c] Triplet energy levels.

3. Optical properties

The lowest band of absorption spectra for V — shaped heptacenes is in 330
nm — 475 nm range in dilute solution (Fig. 11 a)). The absorption spectra of
V — shaped heptacenes show vibronic peaks with spacing of about 160 meV,

%121 " while the distribution of vibronic

what is typical for multi-aryl systems
series slightly depends on heteroatom substitution. The absorption band is
substantially blueshifted, compared to linear heptacene (330 nm -
800 nm)''*!'% which implies to a perturbed Clar sextet polyaromatic system.
The planarization of molecular structures with epoxy bridge somewhat
diminishes the absorption intensity, while the lineshape of spectra remains
similar. However the absorption band is somewhat broadened and careful
observation of the red edge of absorption band reveals additional excited states
with up to 1000 times smaller absorption intensity, compared to the peak
position, which is in line with DFT calculations and low oscillator strength of
the lowest excited states. This confirms enhanced H — type dimer interaction
between anthracene branches, as the absorption spectra do not depend on the
polarity of the environment.
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V — shaped heptacene compounds demonstrated a partially efficient
emission (up to 32 %) in 420 nm — 600 nm range in dilute solution
environment (Fig. 11 b)). However, V — shaped heptacenes, modified with
sulphur heteroatom exhibits only 8 % of PLQY, which is associated with
enhanced non-radiative decay pathways through enhanced intersystem
crossing. The emission spectra of NP, OP and SP compounds exhibit a
vibronic series, with dominating 0 — 0 transition. The planarization of V —

=~ £
E ) .\ o

T e s

°

E

= 0.
w

0.
X X
sP

soP a)

350 400 450 350 400 450 350 400 450
Wavelength (nm)

| QY=32% QY=4% N | QY=30% QY=11% o) 1 QY=8% QY=3%

; [ 1 Yo

il

>

=

oL

c

Q

b=

£

w - SP 7

- L o SOP b)

450 500 550 600 450 500 550 600 450 500 550 600

Wavelength (nm)

Fig. 11. Absorption a) and fluorescence b) properties of V — shaped heptacene
compounds in dilute toluene solutions (10 M): Dash dot line — without epoxy
bridge, solid line — with epoxy bridge.

shaped heptacene with epoxy bridge induces a red shift of fluorescence spectra
to 450 nm — 650 nm spectral region. The vibronic series is also redistributed,
with a dominating 0 — 1 transition. More importantly, the PLQY is drastically
reduced for all NOP, OOP and SOP compounds (4 %, 11 % and 3 %
respectively). This is also a clear evidence of enhanced H — type dimer
interaction between anthracene branches
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All V — shaped heptacenes NP, OP and SP demonstrate exponential
fluorescence decay in toluene environment. Similar decay time constants are
observed for NP and OP compounds — 4.64 ns and 3.65 ns, with similar
radiative (14.50 ns and 12.17 ns for NP and OP respectively) and non-
radiative decay (6.82 ns and 5.21 ns for NP and OP respectively), which also
determines similar PLQY (see Table 2). The introduction of sulphur
heteroatom to a V — shaped heptacene core induces substantially faster
fluorescence decay, with 1.28 ns decay time constant. Although radiative
decay rate (16,00 ns) is similar to NP and OP compounds, the non-radiative
decay rate is substantially faster (1.39 ns), which determines much faster

Table 2. Photophysical properties of V — shaped heptacene compounds in
dilute toluene solution (106 M)

% 7 (ns % (ns Tor (NS
Comp. (D[Z]/ F[Eu ) Ec] : [g] :
Without epoxy
NP 32 4,64 14,50 6,82
OP 30 3,65 12,17 5,21
SP 8 1,28 16,00 1,39
With epoxy

NOP 4 9,78 222,27 10,23
OOP 11 9,75 91,12 10,92
SOP 3 3,90 144,44 4,01

[a] Fluorescence quantum yield [b] Fluorescence decay time constants, [c]
radiative decay rate [d] non — radiative decay rate.

fluorescence decay as well as lower PLQY. This confirms enhanced
intersystem crossing to a nearby triplet states, induced by the heavy atom
effect, associated with sulphur heteroatom.

With the introduction of epoxy substituent and planarization of molecular
backbone in NOP, OOP and SOP compounds, exponential fluorescence decay
in toluene is substantially enhanced — 9.78 ns, 9.75 ns and 3.90 ns. Much lower
PLQY of all compounds is associated with drastically enhanced radiative
decay rate (91.12 ns — 222.27 ns), while non-radiative decay rate is similar
(4.01 ns — 10.92 ns) to NP, OP and SP compounds respectively. Note, that
enhancement of intersystem crossing is also apparent in sulphur substituted
SOP compound, as non-radiative decay rate is substantially faster, compared
to NOP and OOP counterparts. All in all, the drastically enhanced radiative
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decay rate is associated with suppressed oscillator strength, which is typical
to H — type dimer interaction.

4. Properties of HOMO — LUMO distribution and photostability
of V — shaped heptacenes

The heteroatom selection in V — shaped heptacene geometry enabled the
control of HOMO energy levels from -5.21 eV in NP compound to -5.47 eV
in SP compound, while LUMO energy levels remain similar (-2.40 eV
—-2.54¢V) (see Fig. 12 a)). Meanwhile, with the introduction of epoxy

O LUMO @ HOMO O LUMO @ HOMO
2.0F ] 20F b)]
25 O— S . 25 L-2.09 eV 4
— ; -2.46 eV
?0/ a0l 2.4 eV -25eV -2.54 eV %‘ 30k -2.48 eV |
? 35+ O ‘ E 3 351} O o 0 i
5,00 0 (3 15 oS
L CeHiz X\ CeHi3 LI(—] 4.0 CeHiz /X\ CeHiz ]
45} .
5.21eV 45T 488ev ]
5.0 -5.38 eV N 2 50k -5.29 eV 4
O\e_\fx‘woev 5.0 5.4V
551 . ' 55t -
NP opP SP NOP oop sop

Fig. 12. The distribution of HOMO and LUMO energy levels of V — shaped
heptacene compounds, obtained from ionization potential measurements and
the edge emission bands in solid state, respectively. Fig. 12 a) represent NP,
OP and SP compounds without epoxy bridge. Fig. 12 b) represents NOP, OOP
and SOP compounds with epoxy bridge.

bridge in to NOP, OOP and SOP molecular backbone, the change of HOMO
energy level is even higher — from -4.88 ¢V in NOP compound to -5.40 eV in
SOP compound (see Fig. 12 b)). The difference in LUMO energy levels is
also enhanced with the introduction of different heteroatom — from -2.09 eV
in NOP compound to -2.48 eV in SOP compound. The ability to control the
HOMO - LUMO energy levels with a heteroatom selection can be beneficial
to optoelectronic applications, as similar energy levels between organic layer
and the contact is required for good charge carrier injection.
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NP, OP and SP molecules demonstrated enhanced photostability in
solution phase, saturated with oxygen. No changes in the shape of absorption
spectra were observed in solutions of all NP, OP and SP compounds for up to
22 h indicating enhanced oxidative stability. However, the absorption
intensity somewhat decreased, while the most unstable OP compound
preserved 87 % of absorption intensity (see Fig. 13 @)). The introduction of

-0 NP OP -O-spP -0 NOP —-O-ooP SOP
¢ T 'a) osof T Y
os0 OO+ O—— 0000 )
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Fig. 13. Time dependence on absorption intensity of V- shaped hepatacene
compounds (at peak position of absorption band) in THF solution (10 M),
saturated with oxygen. Fig. 13 a) represent NP, OP and SP compounds
without epoxi bridge. Fig. 13 b) represents NOP, OOP and SOP compounds
with epoxi bridge.

epoxy bridge further enhanced photostability of V — shaped heptacenes, as the
absorption intensity as well as absorption spectra lineshaipe remains almost
the same after 22 h (see Fig. 13 b)). This indicates the importance of Clar
sextet motion through the molecular backbone to the photostability of V —
shaped heptacenes. Conversely, linear acenes with the extended conjugation
length, e.g. pentacenes and higher acenes are highly unstable in air-saturated
solutions!%¢-19%8:166 " Optical density of the solutions of pentacene and higher
acenes decreases on a minute-time-scale under ambient light conditions'%1%7,
Thus, the enhanced photostability of V — shaped heptacenes could be
beneficial to further development of organic charge transportation and

injection layers in future organic optoelectronic devices.
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Chapter C. Conclusions

In this chapter we present optical properties of V — shaped heptacene
compounds, which were thoroughly assessed in various surroundings, while
the key photophysical properties were demonstrated in non — polar toluene
solution. By employing the model of conjugated anthracene dimer, we
evaluated the influence of heteroatom substitution and additional conjugation
with epoxy bridge to the properties of steady state absorption and emission as
well as excited state relaxation. The estimated properties of the excited states
were in line with predictions of DFT modeling and the excited states of V —
shaped heptacene compounds were formed by highly conjugated n — electron
system extending through the whole backbone of the molecule, while
efficiently perturbed Clar sextet resonance enabled a blueshifted absorption
and emission, compared to a linear heptacene analog. The heteroatom
substitutions altered the excited sate relaxation pathways by modifying
intersystem crossing rate to a nearby triplet states. Meanwhile, the epoxy
substitution enhanced H — type dimer interaction in V — shaped heptacene
structure, as the fluorescence decayed from symmetry forbidden S; state at
about 2.27 eV. This was in line with unusually large fluorescence redshift of
0.51 eV and estimated large radiative decay time constant of 240 ns. The
introduction of heteroatoms and epoxy substitution efficiently enhanced the
photostability of the heptacene molecule and enabled a wide range tuning of
HOMO and LUMO energy levels.

All in all, an anthracene dimer model was sufficient to explain the
photophysical properties of V — shaped heptacene molecular structures and
could be applied to a similar conjugated acene systems. Moreover, a flat and
highly conjugated m — electron system, stable in ambient conditions, and
adjustable HOMO — LUMO energy states makes V — shaped heptacene
compounds attractive for the applications in wet-casted OFETs, OLEDs and
solar cells as a charge transport materials.
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Realization of efficient deep-blue anthracene-based emitters with superior film-forming and charge
transport properties is challenging. A series of non-symmetric 9,10-diphenylanthracenes (DPA) with
phenyl and pentyl moieties at the 2nd position and alkyl groups at para positions of the 9,10-phenyls
were synthesized and investigated. The non-symmetric substitution at the 2nd position enabled to
improve film forming properties as compared to those of the unsubstituted DPA and resulted in glass
transition temperatures of up to 92 °C. Small-sized and poorly conjugated substituents allowed to
preserve emission in the deep blue range (<450 nm). Substitution at the 2nd position enabled to
achieve high fluorescence quantum yields (up to 0.7 in solution, and up to 0.9 in the polymer host),
although it caused an up to 10-fold increase in the intersystem crossing rate as compared to that of the
unsubstituted DPA. Further optimization of the film forming properties achieved by varying the length
of the alkyl groups attached at the 9,10-phenyls enabled to attain very high hole drift mobilities
(~5 x 1073-1 x 1072 cm? V"' s7%) in the solution-processed amorphous films of the DPA compounds.
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Introduction

Anthracene derivatives nowadays are used in a large variety
of chemical, photophysical and medical applications. The
most important applications encompass fluorescence probes
and chemosensors," anticancer agents,” efficient organic
scintillators® as well as numerous optoelectronic devices including
anthracene-based thin-film transistors,"® solar cells,”® and
organic light-emitting diodes (OLEDs).”** The liquid anthra-
cenes are believed to have prospects for future applications
such as low-power color-tunable and light upconversion
devices."*® Owing to the high stability and high-efficiency
deep-blue fluorescence of anthracene compounds they were
found to be particularly attractive for OLED applications."®
Recently, the interest in anthracenes has risen even more
because of the demonstration of OLED efficiency boosting
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capabilities via utilization of triplet-triplet annihilation
(or triplet fusion)'*'* and thermally-activated delayed fluores-
cence.” The latter phenomenon enabled to achieve a very
high external quantum efficiency (16.5%) in anthracene-based
OLED.

Generally, the unsubstituted anthracene is of less practical
use in optoelectronics as it suffers from low fluorescence
quantum yield (30%) in solution and ready crystallization in
the films." To overcome these shortcomings structural modifi-
cations of anthracene are commonly used. The most popular
way to evade a high intersystem crossing rate is an introduction
of various substituents into the 9th and 10th positions of
molecular anthracene. This substitution enhances the strength
of an allowed optical transition S, — S; with the transition
dipole moment lying along the short axis of the anthracene
molecule.”**' A well-known 9,10-diphenylanthracene (DPA)
serves as a nice example of such enhancement boosting
fluorescence quantum efficiency up to 95%.?* Although out-
of-plane twisted 9,10-phenyl moieties cause only a minimal
decrease in the emission energy, which is important for pre-
serving emission in the deep-blue range, they are insufficient
to prevent crystallization of DPA films. The crystallization
is detrimental as it severely limits the efficiency of OLED
devices.”® It was demonstrated that film forming properties
of DPA can be improved either by introducing more bulky
aryl-based substituents at the 9th and 10th positions®** or by
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incorporating additional moieties at the 2nd and 6th posi-
tions.*»** Unfortunately, most of the DPA derivatives subjected
to such modifications and exhibiting a glassy state showed poor
hole drift mobility (u), in the order of 1077 em vV~ * s*.2%7
Nevertheless, observations of remarkably higher u;, for a few
DPA derivatives were also reported.*® For instance, DPA func-
tionalized with arylamino® or pyridine®* moieties resulted in
carrier drift mobilities exceeding 10 ° ecm® V' 5. However,
the downside of the bulky aromatic substituents was the
extension of the m-conjugated electron system, which shifted
the compound emission to longer wavelengths (>450 nm).
Therefore, one of the challenges from the optoelectronic appli-
cation point of view could be the realization of anthracene-
based deep-blue emitters featuring fluorescence efficiencies
close to DPA, though, in contrast to DPA, demonstrating good
film forming properties and high carrier drift mobilities. Excel-
lent emission and charge transport properties realized in the
same functional layer accompanied with solution processability
could make the anthracene emitters promising for simplified
architecture deep-blue OLEDs.

To this end, a series of structurally modified non-symmetric
9,10-diphenylanthracene derivatives (Fig. 1) were synthesized
and investigated. To enhance film forming properties of the
DPA derivatives they were non-symmetrically substituted at
the 2nd position by using either phenyl or pentyl moiety.
The impact of different length alkyl groups attached at the
para position of 9,10-phenyls on the fluorescence efficiency,
concentration quenching and carrier drift mobility was
also studied. The influence of various substituents on the
electron density distribution in molecular orbitals, the energy
spectrum of singlet and triplet manifolds, and oscillator
strengths of the studied DPA derivatives was evaluated by
density functional theory calculations, which were compared
with experimental data.

o .6 &
™ ot oy ©

)

5 5 b s O
oy o’ ol

5 & 8

Fig. 1 Chemical structures of the DPA derivatives studied in this work
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Experimental methods
Instrumentation

H1, C13 NMR spectra were measured using BRUKER ASCEND
400 (400 MHz) and Varian Unity Inova 300 (300 MHz) spectro-
meters. Purity of the synthesized materials was analyzed using
Agilent Technologies 6890N Network GC System and Agilent
Technologies 7890C GC systems gas chromatographs. Mass
spectra were set using the Agilent Technologies 5975C gas
chromatograph/mass selective detector (GC/MSD) system with
the triple-axis detector. HRMS mass spectrometry analyses were
carried out on a quadrupole, time-of-flight mass spectrometer
(micrOTOF-Q 11, Bruker Daltonik GmbH). Melting points of the
materials were determined using the Thermo Scientific 9100
apparatus. Differential scanning calorimetry (DSC) measurements
were carried out using the DSC 8500 (PerkinElmer) thermal
analysis system at a heating-cooling rate of 10 °C min™" under
nitrogen flow. Optical properties of the DPA derivatives were
assessed in dilute 10 ° M tetrahydrofuran (THF) solutions and
wet-casted films prepared from 5 x 10°°> M THF solutions.
Absorption spectra were recorded on a UV-Vis-NIR Lambda 950
spectrophotometer (Perkin-Elmer). Fluorescence of the investi-
gated compounds was excited by a 365 nm wavelength light
from a Xe lamp (FWHM < 10 meV) and measured using a
back-thinned CCD spectrometer PMA-11 (Hamamatsu) at room
temperature. Fluorescence transients were measured using a
time-correlated single photon counting system PicoHarp 300
(PicoQuant) utilizing a semiconductor diode laser (repetition
rate 1 MHz, pulse duration 70 ps, emission wavelength 375 nm)
as an excitation source. Fluorescence quantum yields (®g)
of the solutions were estimated using the integrated sphere
method.®* An integrating sphere (Sphere Optics) coupled to
the CCD spectrometer via optical fiber was also employed to
measure @r of the films. Fluorescence concentration quench-
ing effects of the DPA derivatives were analyzed by dispersing
molecules in an inert polymer (polystyrene, PS) matrix and
estimating @y dynamics vs. molecule concentration in the
range of 0.1-100 wt%. The DPA derivatives dispersed in poly-
styrene films were prepared by dissolving the DPA derivatives
and PS at appropriate ratios in THF solutions and then
wet-casting the solutions on quartz substrates. Cyclic voltam-
metry experiments were performed on the Edaq ER466 Inte-
grated Potentiostat System. Platinum wire, glassy carbon disk
[ 1.6 mm, & 3.0 mm], and Ag/AgCl were used as counter,
working, and reference electrodes, respectively. In all cases, CV
experiments were performed in DMF (N,N-dymethylformamide)
with tetrabutylammonium perchlorate - as the supporting
electrolyte (0.1 M) under Ar flow; concentrations of compounds
were 0.002 M. The scan rate was 50 mV s '. Carrier drift
mobility in the wet-casted neat films was measured by the
xerographic time of flight (XTOF) method.**”** The samples for
the charge carrier mobility measurements were prepared as
described earlier.’® The film thickness was in the range of
3-6 um. The ionization potentials (Z,) of the compound films
were measured by the electron photoemission in air method as
described elsewhere.*
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Fig. 2 The synthesis scheme of the DPA derivatives 1-6.

Materials

The DPA derivatives 1-6 (see Fig. 1) were prepared according to
the scheme presented in Fig. 2. A substituted benzene was
acylated using phthalic anhydride, the resulting substituted
benzoylbenzoic acid underwent an intramolecular cyclization
upon the action of an inorganic acid, which led to the formation
of 2-substituted anthraquinone. It reacted with arylmagnesium
bromide; the resulting 9,10-diaryl-9,10-dihydroxydihydro-
anthracene was reduced, thus forming 2,9,10-trisubstituted
anthracene.

(4-Phenylbenzoyl)-2-benzenecarboxylic acid. A 2 L glass bulb
equipped with mechanical stirrer, thermometer and reflux
condenser was placed in an ice bath and charged with 1.2 L
dichloroethane, then cooled down to 0-5 °C. While stirring
139 g (0.9 mol) biphenyl, 120 g (0.9 mol) aluminium trichloride
and 133 g (0.9 mol) phthalic anhydride were added at such a
rate that the temperature remained within the 0 to +5 °C range.
After all the reagents were introduced, the mixture was stirred
for 0.5 h, then the ice bath was changed to a water bath and
heated up to +40 °C. 120 g (0.9 mol) of aluminium chloride was
added portionwise and the temperature kept in the 40-45 °C
range. The hydrogen chloride released through the reflux
condenser was absorbed in the sodium hydroxide solution.
After all the aluminium chloride had been introduced, the
reaction mixture was stirred at the same 40-45 °C for 2 h, then
poured into an ice and 0.2 L hydrochloric acid mixture. The
solid product was filtered off, washed three times with water
and dried at 100 °C. 253 g of 2-(4-phenylbenzoyl)benzene-
carboxylic acid was obtained, which was used in the next step
without additional purification.

2-Phenylanthraquinone. A 2 L glass bulb was charged with
800 g of polyphosphoric acid and heated up to 160 °C, then in
20 min, 253 g (0.836 mol) of 2-(4-phenylbenzoyl)benzene-
carboxylic acid was added and stirred for 4.5 h at 160-166 °C.
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After this the mixture was cooled down to +140 °C and poured
into 5 L of hot water and left for a night to cool down. The
mixture was filtered, the solid was placed into a 10% aqueous
potassium hydroxide solution, the mixture boiled for 0.5 h,
filtered, the solid washed with water and filtered again. The
solid was extracted with 1.3 L of toluene, concentrated; the
remainder was distilled under vacuum, b.p. 220-275 °C/1 Torr.
126 g (0.443 mol) 2-phenylanthraquinone was obtained, yield
53%. M.p. 162-163 °C.

2-Pentylanthraquinone. 2-Pentylanthraquinone was prepared
in a similar way; just the cyclization of 2-(4-pentylbenzoyl)benzene-
carboxylic acid was carried out not in polyphosphoric acid, but in
5% oleum at 80 °C. M.p. 85 °C.

2-Pentyl-9,10-bis(4-methylphenyl)anthracene. A round 250 mL
glass bulb was charged with 3.19 g (0.131 mol) magnesium
powder and 100 mL dry tetrahydrofuran. 21.4 g (0.125 mol)
4-bromotoluene was added dropwise with constant stirring,
then refluxed for 3 h till most of the magnesium dissolved.
A solution of 3.5 g (0.0125 mol) 2-pentylanthraquinone in
30 mL tetrahydrofuran was added to this mixture dropwise at
room temperature, then the resulting mixture was refluxed
for 4 h. The mixture was cooled down to room temperature
and poured into a saturated aqueous solution of ammonium
chloride. The mixture was extracted using dichloromethane,
then an organic layer separated and was evaporated.

To the residue 17 g (0.102 mol) potassium iodide, 14.7 g
(0.167 mol) sodium dihydrophosphite and 50 mL anhydrous
acetic acid were added and the whole mixture was heated at
reflux for 3 h. The mixture was poured into water, extracted by
dichloromethane and purified by column chromatography on
silica gel, toluene was used as the eluent. The collected product
was crystallized from acetone. 0.7 g (1.6 mmol) of a light yellow
powder, m.p. 78-80 °C, was obtained, in 13% yield from
2-pentylanthraquinone. GC-MS: m/z 428.3. C;3Hj;,, calculated:
FW 428.61. "H-NMR (400 MHz, CDCL,): § 7.744-7.675 (m, 3H),
7.493-7.383 (m, 9H), 7.329-7.285 (m, 2H), 7.234-7.208 (dd,
J1 = 8.8 Hz, J, = 1.6 Hz, 1H), 2.658 (t, /] = 8 Hz, 2H), 2.575
(m, 6H), 1.607 (m, 3H), 1.318 (m, 3H), 0.890 (t, 3H). *C-NMR
(400 MHz, CDCl,): § 139.36, 136.95, 136.86, 136.82, 136.20(2),
131.27, 131.22, 130.20, 129.57, 129.10, 129.07, 128.89, 127.02,
126.98, 126.93(2), 124.72, 124.69, 124.43, 36.27, 31.53, 30.81,
22.53, 21.45, 21.42, 14.04.

According to the same procedure the rest of the 2,9,10-
trisubstituted anthracenes were obtained.

2,9,10-Triphenylanthracene. A light yellow powder, crystallized
twice from acetic acid and once from hexane was obtained. Yield
35%. M.p. 175-177 °C. GC-MS: m/z 406.3. C3,H,,, calculated: FW
406.52. "H-NMR (300 MHz, CDCLy): § 7.37-7.46 (m, 5H), 7.57-7.88
(m, 16H), 7.98 (s, 1H). *C-NMR (300 MHz, CDCl;): § 124.8,
125.3, 125.4, 127.2, 127.3, 127.5, 127.6, 127.8(2), 127.9, 128.7,
129.1, 129.3, 130.3, 130.4, 130.6, 131.6, 131.7, 137.3, 137.6,
137.7, 139.2, 139.3, 141.4.

2-Phenyl-9,10-bis(4-methylphenyl)anthracene. A light yellow
powder, crystallized from acetic acid and three times from hexane
was obtained. Yield 22%. M.p. 209-211 °C. GC-MS: m/z 434.3.
CsaHy, calculated: FW 434.57. "H-NMR (300 MHz, CDC,): & 7.98
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(s, 1H), 7.87-7.29 (m, 19H), 2.58-2.59 (s, 6H). "“C-NMR
(300 MHz, CDCl,): & 141.5, 137.7, 137.5, 137.4, 137.3, 139.3,
136.2, 136.1, 131.4, 130.4, 129.4(2), 129.0, 127.9, 127.6, 127.4,
127.3, 125.2, 125.1, 124.9, 21.6.

2-Phenyl-9,10-bis(4-n-hexylphenyl)anthracene. A light yellow
powder, crystallized from acetic acid and twice from hexane
was obtained. Yield 26%. M.p. 105-107 °C.

GC-MS: m/z 574.5. Cyq4Hys, calculated: FW 574.84. "H-NMR
(300 MHz, CDCl;): 6 7.98 (s, 1H), 7.85-7.60 (m, 6H), 7.46-7.29
(m, 13H), 2.87-2.81 (t, J = 1.2 Hz, 4H), 1.83 (m, 4H), 1.53-1.43
(m, 12H), 1.00 (t, J = 2.4 Hz, 6H). ">*C-NMR (300 MHz, CDCl,):
5 142.4, 142.3, 141.5, 137.8, 137.3, 137.2, 136.3, 136.2, 131.4,
130.7, 130.4, 129.4, 129.0, 128.7(2), 128.0, 127.6, 127.4, 127.3
125.2, 125.1, 124.9, 36.2(2). 32.1, 31.8, 31.6, 29.4(2), 22.9, 14.4.

2-Pentyl-9,10-diphenylanthracene. A light yellow powder, crystal-
lized from acetone, was obtained. Yield 28%. M.p. 87-89 “C. GC-MS:
mfz 400.3. CsH,g, calculated: FW 400.55. 'H-NMR (400 MHz,
CDCL): 6 7.725-7.572 (m, 9H), 7.522-7.518 (d, J = 1.6 Hz, 4H),
7.501 (s, 1H), 7.450-7.215 (m, 3H), 1.612-1.580 (m, 4H), 1.326-1.289
(m, 4H), 0.881 (t, 3H). >C-NMR (400 MHz, CDCl,): § 139.50, 139.30,
139.26, 136.88, 136.23, 131.39, 131.33, 130.06, 130.04, 129.42,
128.75, 128.39, 128.36, 127.39, 127.34, 127.07, 126.94, 126.89,
126.84, 124.85, 124.59, 124.57, 36.24, 31.48, 30.71, 22.50, 14.02.

2-Pentyl-9,10-bis(4-n-hexylphenyl)anthracene. A light yellow
powder, crystallized twice from acetone was obtained. Yield
23%. M.p. 64-65 °C. GC-MS: m/z 568.5. C,3Hs,, calculated: FW
568.87. '"H-NMR (400 MHz, CDCly): & 7.744-7.675 (m, 3H),
7.482-7.394 (m, 9H), 7.330-7.286 (m, 2H), 7.234-7.208
(m, 1H), 2.852-2.797 (q, J = 8 Hz, 4H), 2.687-2.649 (t, J =
7.2 Hz, 2H), 1.851-1.795 (m, 4H), 1.639-1.575 (m, 2H), 1.511-1.298
(m, 17H), 0.995-0.906 (2t, 9H). **C-NMR (400 MHz, CDCl,): § 142.02,
141.91, 139.26, 136.89, 136.38, 136.36, 136.25, 131.22, 131.18,
130.20(2), 129.58, 128.91, 128.36, 128.34, 127.06, 127.00, 126.96,
126.91, 124.69, 124.41, 36.21, 35.95, 31.83, 31.54, 31.48, 30.66,
29.21, 29.19, 22.69, 22.53, 14.15, 14.04.

Computational methods

Quantum chemical calculations of the DPA derivatives were
performed using the density functional theory B3LYP method
implemented in the Gaussian09 software package.*” Ground-state
geometries of molecular structures were optimized in a 6/31G basis
set. Electronic excitation energies, oscillator strengths of the singlet
and triplet transitions and spatial distributions of electron density
for HOMO and LUMO for “freezed” structures were calculated
using the semiempirical ZINDO procedure (for singlets only and for
triplets only, respectively).

Results and discussion
Theoretical calculations

Fig. 3 demonstrates spatial electron density distribution in the
HOMO and LUMO of the DPA derivatives 1-6 with optimized
geometries. Phenyl groups at the 9th and 10th positions in the
unsubstituted DPA are known to form a right angle with the
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Fig. 3 HOMO and LUMO of the DPA compounds 1-6 calculated using
the B3LYP/6-31G basis set. The positions of the short (denoted as Sp—S;)
and long (denoted as Sp—S,) molecular axes of anthracene molecule are
denoted in the top of the picture

anthracene core, whereas in the studied non-symmetrically
substituted DPA compounds 1-6 this angle in some cases
reduces to about 80°. The 2-phenyl group in the compounds
1-3 is twisted with respect to the core by about 55°. Generally,
the spatial distribution of electron density in the ground and
excited states resembles that of the unsubstituted anthracene.*®
Only a small fraction of molecular orbitals extends towards the
substituents. This extension towards the 2-phenyl group is
somewhat more noticeable than towards the 9,10-phenyls.
The S, — S; optical transition dipole moment of the
anthracene lies along the short axis of the molecule, while
the transition dipole moment of S, — S, lies along the long
axis. Therefore, introduction of various substituents at the
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Table 1 Calculated transition energies for S — S; and Sg — Ti/T,, and
oscillator strengths for So — Sy and Sg - Sz

Transition Transition

energy of  energy of  Oscillator  Oscillator
So — Sy Sy — Ty/T, strength of strength of
Comp. (eV) (ev) So = S Sy = S,
2-Phenyl 1 3.091 0.981/1.956  0.326 0.09
2 3.069 0.98/1.96 0.356 0.093
3.076 0.98/1.959 0.361 0.093
2-Pentyl 4 3.124 0.994/2.037  0.361 0.067
5 3.115 0.996/2.032  0.385 0.067
6 3.12 0.995/2.027 0.388 0.068
DPA 3.14 0.995/2.053  0.376 0.072

9th and 10th positions increases the oscillator strength of the
Sp — S; optical transitions, whereas the modifications at 2, 3,
6 and 7 positions mainly affect the S, — S, transition. Table 1
displays calculated oscillator strengths and energies of the
lowest singlet and triplet transitions of the DPA derivatives
1-6 and of the unsubstituted DPA. The S, — S; transition
energy of the DPA is estimated to be 3.14 eV. The energy
reduces down to 3.115-3.124 eV with the introduction of the
2-pentyl substituent (compounds 4-6) and slightly more down
to 3.069-3.091 eV with the introduction of the more conjugated
2-phenyl substituent (compounds 1-3). Calculated energies of
the two lowest triplet states T, and T, of the DPA derivatives
correlated well with the first singlet transition energies and
were found to depend on the substitution at the 2nd position.
For the compounds 4-6 possessing the 2-pentyl substituent the
triplet energies were rather similar to those of the unsubsti-
tuted DPA (0.995/2.05 eV for T,/T;,), whereas for the compounds
1-3 the T,/T, energies were somewhat lower (0.98/1.9605 eV for
T4/T,) due to the more conjugated 2-phenyl group. Although the
differences in singlet and triplet energies of the compounds 1-3
and 4-6 are not significant, they can notably affect the rate of
intersystem crossing thereby severely impacting photophysical
and photoelectrical properties of the compounds. The oscillator
strength of the dominating singlet transitions S, — S; was
found to be at least 4 times as large as that of the nearest
Sy — S, transitions. The oscillator strength of the S, — S;
transition of the DPA derivatives 1-6 showed variations depend-
ing on the nature of substituents. The highest oscillator
strength was obtained for the unsubstituted DPA (0.376) and
for 2-pentyl-substituted compounds (0.361-0.388), meanwhile
2-phenyl-substituted DPA derivatives exhibited a slightly lower
oscillator strength (0.326-0.361). The oscillator strength was
slightly larger for the DPA compounds with longer alkyl groups
attached at the para position of 9,10-phenyls due to the
increased dipole moment of the S, — S; transition. In contrast,
the largest oscillator strength of the S, — S, transition (having
the dipole moment oriented along the longer molecular axis)
was found for the 2-phenyl-substituted derivatives as compared
to 2-pentyl-substituted analogues.

Fig. 4 illustrates the optimized geometry as well as the total
energy and oscillator strength of the compounds 3 and 6. The
total energy and oscillator strength as a function of the dihedral
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Fig. 4 (a) Molecular structures of the compounds 3 and 6. f5, the dihedral
angle between the planes of anthracene and 4-hexylphenyl substituents.
Bottom graphs: the calculated total energy of the ground state So and the
first excited state S; (upper picture) and oscillator strength of the So — S;
transition (lower picture) as a function of the dihedral angle f for the
compound 3 (b) and compound 6 (c). Vertical dashed lines mark energy
minima of the S; state.

angle f8 (between the anthracene core and the phenyl substi-
tuents at 9th and 10th positions) are shown in Fig. 4(b). Since
the twist angle of the labile phenyl group at the 2nd position of
anthracene was previously shown to have a small effect on the
transition energies and oscillator strengths,®® the angle f served
as the main reaction coordinate in the geometry optimization of
the DPA compounds. The optimization of the total energies
indicated flat energy minima of the S, state with respect to the
angle f persisting from about 70° to 110°, whereas the S, state
exhibited two slightly non-symmetrical energy minima at the
angles f of 70° and 110°. The barrier height between the
minima was about 40 meV, which is close to the thermal energy
(25 meV) at room temperature. The asymmetry in energy
minima is obviously caused by the non-symmetrical substi-
tution of the DPA compounds. The oscillator strengths had
minima at the right angles f, though a rapid increase in the
strengths was clearly observed with a larger deviation from
this angle.

Thus theoretical calculations show that substitution at the
2nd position of DPA by phenyl or pentyl moieties weakly
perturbs electronic transitions, while the 2,9,10-substitution
ensures a complex geometry of the molecules, which can
significantly influence film-forming and thereby charge trans-
port properties.
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Table 2 Thermal properties of DPA derivatives 1-6

Comp. T ® (°C) T,” (°C)
1 209 71
2 213 92
3 101 7
4 86 -1
5 63 —10
6 60 —24

@ The melting temperature. ” The glass transition temperature.

Thermal properties

Thermal properties of the non-symmetric DPA derivatives were
assessed by utilizing DSC. Melting (T,,) and glass transition (Ty)
temperatures of the derivatives are summarized in Table 2. The
typical DSC curves for the compounds 2 and 5 are presented in
Fig. 5 and the rest of the thermograms are presented in Fig. S1
in the ESL{

All the DPA compounds 1-6 exhibited similar DSC thermo-
grams by demonstrating a melting signal only in the first
heating scan with peaks centered at 101-209 °C and 60-86 °C
for compounds 1-3 and 4-6, respectively. The additional low
intensity melting signals at 174 °C and 106 °C were observed for
compounds 2 and 3, respectively, which are possibly due to the
presence of a different crystalline phase. An absence of crystal-
lization peaks during the cooling indicated that the compounds
were transformed into an amorphous phase. The second heat-
ing scan revealed glass transition temperatures of 7-92 °C for
compounds 1-3 and —24-(—1) °C for compounds 4-6. The
introduction of the 2-pentyl substituent remarkably lowered
the Ty, and Ty. The continuous decrease of Ty, and T, was also
observed with the increasing length of the alkyl groups
attached at the 9,10-phenyls. It should be noted, that fluores-
cence measurements above the T, temperature for samples
3-6 had just a minor impact on its properties (see Fig. S2 in
the ESIY).

Absorption and fluorescence spectra

Absorption and emission spectra of the dilute solutions and
neat films of the DPA derivatives 1-6 are displayed in Fig. 6. The
detailed optical properties of all the derivatives and also of the

T T T T T T T
= 0 —pn O,
L2 =213°C | 5 =63°C
a) b)
A A
o L 40
° °
5 0 5]
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Fig. 5 DSC curves of the DPA compounds 2 (a) and 5 (b).
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Fig. 6 Absorption (dashed line) and fluorescence (solid line) spectra of the
DPA derivatives 1 (a), 2 (b), 3 (c), 4 (d), 5 () and 6 (f) in dilute 10~ M THF
solutions and neat films (thin solid lines)

unsubstituted DPA, which served as the reference compound,
are summarized in Table 3. Note that for the compounds 3-6
optical measurements were performed at temperatures exceed-
ing their glass transition temperatures. Absorption spectra of the
DPA compounds 1-6 contain clearly resolved vibronic structures
with the dominant 1st vibronic replica similarly to that observed
in the spectra of unsubstituted DPA (see Fig. S3 in the ESI{) or

Table 3 Absorption and fluorescence data of the DPA derivatives 1-6 and
unsubstituted DPA in dilute (~10~ M) THF solutions and neat films

Dilute solution Neat film

Comp. Z3“ (nm) e (lmol ' em™)  B™C (nm) AR (nm)
1 363, 383,404 13000 422 453
2 365, 384, 405 12500 425 456
3 365, 384,405 10700 426 454
4 352,370,390 10050 416 441
5 353,371,391 11500 419 444
6 353,372,391 13100 421 450
DPA 355,374,394 13430 410 441

“ Absorption band maximum. ? Molar absorption coefficient of the 0th
vibronic transition maximum. ¢ Fluorescence band maximum of dilute
THF solution. ¢ Fluorescence band maximum of the neat film.
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Table 4 Fluorescence decay time constants, quantum yields, radiative and non-radiative decay time constants of the DPA derivatives 1~6 in 10~° M THF

solutions, neat films and 0.1 wt% in PS films

Dilute solution Neat film PS matrix (0.1 wt% in PS)
Comp. 7 (ns) 7.2 (ns) Toe € (nS) b ¢ (ns) D 7 (ns) 7.2 (ns) Tne € (nS) b
2-Phenyl 1 5.2 11.6 9.5 0.45 0.45 [70%] 0.06 8 14.5 17.8 0.55
0.95 [26%)]
4.09 [4%)
2 5.1 10.6 9.7 0.48 0.24 57%] 0.03 6.45 10.9 15.3 0.59
1.07 [30%)
3.48 [14%)
3 5 10.2 9.8 0.49 0.83 55%] 0.06 6.96 10.7 19.9 0.65
3.41 [45%)
2-Pentyl 4 6.2 9.1 19.4 0.68 2.98 [82%)] 0.27 9.69 11 80.8 0.88
1.03 [13%]
12.48 [6%]
5 5.8 8.5 18 0.68 0.66 [9%) 0.3 8.75 11.1 41.7 0.79
3.05 [76%)
8.55 [15%)
6 5.6 7.9 19.3 0.71 1.15 [7%] 0.43 8.36 10 51.3 0.84
5.86 [76%]
16.56 [18%]
DPA 6 6.4 100 0.94 0.64 [17%)] 0.26 8.1 8.3 405 0.98

2.66 [44%)
7.62 [39%)]

“ Fluorescence decay time. ? Radiative decay time. ¢ Non-radiative decay time. ¢ Fluorescence quantum yield. ¢ Fluorescence decay time of neat films.

other various DPA derivatives due to the presence of the rigid
anthracene core.**** Non-symmetric substitution at the 2nd
position obviously increases lability of the anthracene structure
thus making vibronic replica less pronounced.*® The lowest energy
vibronic bands in the absorption spectrum of the 2-phenyl
substituted DPA compounds 1-3 peak at 405 nm, whereas
the bands of the 2-pentyl substituted counterparts 4-6 are
shifted more in the UV (at about 391 nm) due to the worse
n-conjugation of the substitutent. The molar extinction coeffi-
cient of the derivatives does not exceed that of the unsubsti-
tuted DPA (¢ = 13400 L mol " em ') and varies between 10 000
and 13000 L mol " em™".

Emission spectra of the DPA compounds 1-6 in the dilute
solution also express vibronic bands; however a lack of mirror
images between absorption and emission implies flexibility of
the molecules and geometrical transformations occurring in
the excited state in agreement with DFT calculation results.
In accordance with the absorption spectra, fluorescence bands
of more conjugated 2-phenyl-substituted DPA derivatives 1-3
are located at 422-426 nm, and thus are slightly redshifted as
compared to those of the less conjugated 2-pentyl-substituted
DPA counterparts 4-6 peaking at 416-421 nm. To compare, the
oth vibronic replica of the unsubstituted DPA in a solution was
observed at 409 nm.

Fluorescence spectra of the neat films of the DPA derivatives
1-6 are slightly redshifted as compared to the spectra of their
dilute solutions, which is due to the enhanced intermolecular
interactions in the solid state. The films of the compounds 1-3
and 4-6 emit in the deep blue region with maxima positioned
at 453-456 nm and 441-450 nm, respectively. CIE color coordi-
nates of the emitters are displayed in Fig. S4 in the ESL¥
A noticeable vibronic structure in the fluorescence bandshapes

This journal is © the Owner Societies 2014

of the DPA derivatives 1-4 points out dense molecular packing
in the films, whereas nearly structureless shapes observed for
the compounds 5-6 imply more random molecular arrangement,
which is typical for amorphous films. A weak long-wavelength tail
observed in the fluorescence spectra of compounds 1-3, which is
especially well pronounced in the compound 2 showing a small
shoulder at 580 nm, is likely caused by excimer states formed as
a result of denser molecule packing of the 2-phenyl-substituted
DPA. Excimer bands typically lower the fluorescence quantum
yield (@), which is exactly the case of compounds 1-3, yielding
5 to 10 times lower @y values as compared to that of 4-6
compounds bearing 2-pentyl substituents (see Table 4). This
also adversely affects color purity of the films by shifting color
coordinates closer to the white point of the chromaticity
diagram.

Thus, in spite of enhanced electron-vibronic interaction,
introduction of poorly-conjugated substituents at the 2nd posi-
tion weakly affects electronic transition energies ensuring
deep-blue emission in both non-interacting molecules and
aggregate states. The small differences in transition energies,
however might result in dramatic changes of excited state
relaxation pathways, as discussed below.

Excited state relaxation

Estimated fluorescence quantum yields (®5) of the DPA deriva-
tives in dilute solutions were found to range from 0.45 to
0.49 for the compounds 1-3 and from 0.68 to 0.71 for the
compounds 4-6 (see Table 3). As compared to @ of the
unsubstituted DPA, which is close to 1.0, significantly lower
quantum yields of the DPA derivatives indicate a moderately
high rate of the non-radiative recombination processes. It is
known that in planar and rigid molecules like anthracene,
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the non-radiative decay is caused entirely by the intersystem
crossing to triplet states.”"** Efficient intersystem crossing
results from the proximity of higher-lying triplet states (T, or
higher) and the singlet state S,. For example, in the case of
crystalline anthracene, the S, is located below the T, level, and
thus @ is increased to almost 1.0. Simple alteration of the
anthracene core, like introduction of phenyl groups at 9th and
10th positions, as in 9,10-diphenylanthracene, can -easily
realign singlet and triplet energies resulting in close to unity
quantum yields.*® However, conversion of the symmetric DPA
structure to non-symmetric, for instance, by additional substi-
tution at the 2nd position with the phenyl group (compounds
1-3) might not only affect energy alignment, but also enhance
the electron-vibronic coupling, which can efficiently deactivate
the excited state via non-radiative intramolecular torsions.****
Indeed, 2-phenyl-substituted DPA compounds 1-3, exhibit
somewhat lower fluorescence efficiencies as compared to those
of 2-pentyl-substituted analogues suggesting the presence of
the torsional motions. To discriminate between the two effects
additional experiments, where one of the effects is fully elimi-
nated, are needed. The results of these experiments will be
discussed below.

@y values of the neat films of the DPA derivatives were found
to be considerably lower as those of their dilute solutions. @
values of only 0.03-0.06 were obtained in 2-phenyl-substituted
DPA compounds 1-3, whereas 0.27-0.42 values were estimated
for the 4-6 compounds with 2-pentyl groups. Intermolecular
interactions in the films, which are known to promote exciton
migration, and thus enhance the possibility for the excitons to
be captured by the quenching sites (lattice distortions, impurity
traps or other defects) are responsible for this @ lowering and
depend on intermolecular separation. Obviously, only a 2-fold
drop in @y observed for the neat films of compounds 4-6 as
compared to their solution in contrast to a roughly 10-fold drop
observed for the compound 1-3 neat films indicates that the
2-pentyl moieties more effectively suppress aggregate forma-
tion as the 2-phenyl groups. This result is well supported by the
long-wavelength tails observed in the fluorescence spectra of
the neat films of compounds 1-3 being attributed to the
excimer emission (see Fig. 6) and signifying a reduced average
intermolecular distance.

Excited state relaxations dynamics of the DPA derivatives
was assessed by measuring fluorescence decay transients. The
transients of the compound dilute solutions and neat films are
shown in Fig. 7, whereas extracted fluorescence lifetimes (tz) are
listed in Table 4. Fluorescence transients of the DPA derivatives 1-6
in dilute solutions follow a single-exponential decay profile with 73
of 5.0-6.2 ns similar to that of the unsubstituted DPA (1 = 6.0 ns).
In contrast, fluorescence transients of the neat DPA films exhibit
highly non-exponential decay profiles. The non-exponential
temporal profile accompanied by the redshifted fluorescence
bands of the solid films is a clear signature of energy transfer
occurring via exciton hopping through the localized states in
disordered or partly disordered media."®"’ The fluorescence decay
profiles were fitted by using the three-component exponential
decay model to reveal the major component (see Table 4).
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Fig. 7 Fluorescence transients of DPA derivatives in THF solutions and

neat films. Lines indicate single or double exponential fits to the experi-

mental data. (a) Compounds 1-3. (b) Compounds 4-6. The excitation
wavelength is 375 nm (repetition rate 1 MHz, pulse duration 70 ps).

The fractional intensity of each component, which signifies
the actual contribution of the component to the overall excited-
state decay, is indicated in the brackets next to the 7y value.
A considerably faster excited state decay of the compound neat
films as compared to that of solutions indicated enhanced
excitation migration and migration-assisted non-radiative relaxa-
tion at the quenching sites.

To evaluate the contribution of radiative and non-radiative
relaxation rates and to reveal the dominant mechanisms deter-
mining differences in the optical properties of the compounds
1-3 and 4-6, radiative (7,) and non-radiative (t,,,) decay time
constants were calculated (see Table 4). The time constants
were calculated using the following relations:

Ty = T/ Py, Tnr = /(1 — Py), 1)

where the term 1, takes into account all the possible non-
radiative decay pathways including intersystem crossing to
triplet states, which is considered to be very important in the
anthracene-based compounds.'*®

Alteration of the intersystem crossing rate

Despite the similar fluorescence lifetimes of the two series of
DPA derivatives 1-3 and 4-6 in solution, the series show
different behavior of the radiative and non-radiative relaxation
processes. Radiative decay times of the compounds are
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rather similar, i.e. the average 7, is 10.8 ns and 8.5 ns for the
compound series 1-3 and 4-6, respectively, whereas non-
radiative time constants of these series differ by a factor of 2.
T, is found to be significantly shorter, and so the non-radiative
relaxation rates are faster, for the 2-phenyl-substituted DPA
compounds 1-3 (1, & 9.7 ns) as compared to those bearing the
2-pentyl moiety, compounds 4-6 (1., ~ 18.9 ns). The 2-fold
enhancement of non-radiative decay rates in the compounds
1-3 can be associated with the intensified intramolecular
torsions induced by the twisted phenyl group attached at the
2nd position of the DPA core, although 7,,, enhancement may
also be promoted by the enhanced intersystem crossing rate
due to the 2-phenyl substituent, which can invoke better triplet
and singlet energy alignment. To differentiate between the two
possible mechanisms, the DPA compounds were dispersed in a
rigid polystyrene (PS) matrix at a low mass percentage (0.1 wt%).
Such low molecular concentration in the matrix prevented the
DPA molecules from interacting while simultaneously inhibiting
their intramolecular motions. Estimated fluorescence lifetimes,
quantum yields, radiative and non-radiative decay time con-
stants for the DPA derivatives 1-6 as well as for the unsubstituted
DPA in PS matrices are summarized in Table 3 for comparison.
Fluorescence decay transients of the DPA derivatives 1-6 dis-
persed in the polystyrene (PS) matrix are provided in Fig. S5 in
the ESL{

It is worth noting that the fluorescence quantum yield of the
unsubstituted DPA in solution and the rigid PS matrix is nearly
the same and approaches 100%. This unambiguously indicates
that phenyl moieties at the 9,10-positions of the DPA core are
not involved in torsional motions, and thus, do not contribute
to the non-radiative deactivation of the excited state. This is
explained by the perpendicular orientation of the 9,10-phenyls
with respect to the core, which ensures their stiffness and
resistance to twisting. Consequently, only the phenyl group
linked to the DPA core at the 2nd position could invoke non-
radiative deactivation via the intramolecular torsions. A com-
parison of the @ of the compounds 1-3 with the 2-phenyl
moieties in dilute solution and the PS matrix shows a slight
increase of the @ in the rigid matrix (from ~ 0.47 in solution to
~0.60 in the PS matrix) mainly due to the decreased non-
radiative decay time. However a similar increase of @ is also
observed for 4-6 derivatives without these moieties (from
~0.69 in solution to ~0.84 in the PS matrix), where torsional
motions are absent. This result clearly rules out the intra-
molecular torsions as the key-mechanism responsible for
enhanced non-radiative relaxation of the compounds 1-3 and
suggests enhanced intersystem crossing to triplet states to play
the decisive role. As in the case of solutions, 7, values of the
DPA derivatives 1-3 and 4-6 in the PS matrix are estimated to
be rather similar, 12 ns and 10.7 ns, respectively, whereas 1,
values of the compounds 1-3 are found to be up to 4 times
shorter than those of the compounds 4-6. Similarly to the
compound solutions, enhanced non-radiative relaxation in PS
matrices for compounds 1-3 can be attributed to the 2-phenyl
moieties induced enhanced intersystem crossing to triplet states.
In the case of 2-pentyl groups, most likely the misalignment of
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the first singlet and higher-lying triplet states is larger making
the intersystem crossing rate not so efficient. This results in
longer t,,, and thus higher ®.

The importance of the non-symmetric substitution at the
2nd position of the DPA derivatives to the optical properties can
be confirmed by comparing their radiative and non-radiative
decay rates (or time constants) with those of the reference
compound, the unsubstituted DPA. The radiative decay time
of the solutions of DPA derivatives bearing either 2-phenyl or
2-pentyl moieties differs by less than twice as compared to that
of the reference DPA. Meanwhile the difference in the non-
radiative decay time of all the derivatives with respect to the
reference is dramatic, i.e. 7y, is one order of magnitude shorter
for the compounds with 2-phenyl moieties (1-3) and 5 times
shorter for those with 2-pentyl moieties (4-6). An analogous
behavior of 7, and t,,, with respect to those of the reference DPA
is also observed for the DPA derivatives in the PS matrix. This
result again verifies the importance of the type of substituent
linked to the 2nd position of the DPA in governing the non-
radiative relaxation processes via the intersystem crossing to
triplet states.

The influence of the alkyl group length attached at the para
position of 9,10-phenyls on the optical properties of the DPA
derivatives in a dilute solution or the polymer matrix is insig-
nificant. The alkyl groups become by far important in the film
formation, fluorescence concentration quenching and carrier
transport properties as will be discussed below.

Fluorescence concentration quenching

Fluorescence concentration quenching is a key factor, which
determines the applicability of a compound for OLED applica-
tion."*° Utilization of an emissive material at high concentra-
tions (typically of more than a few percent) in a host material is
limited by the enhanced molecule interaction, and in severe
cases, physical molecule agglomeration activating exciton migra-
tion and migration-induced exciton quenching, and therefore
is detrimental to the device performance.”””* Concentration
quenching in the DPA derivatives was evaluated by dispersing
DPA molecules in a rigid and transparent polystyrene (PS)
host while measuring fluorescence quantum yield changes vs.
concentration in the broad range of concentrations 0.1-100 wt%
(see Fig. 8). All the DPA derivatives 1-6 demonstrated negligible
fluorescence concentration quenching up to 8 wt% in PS. The rate
of concentration quenching for the compounds 1-3 featuring
the 2-phenyl substituent is very similar (Fig. 8a). @r quenches
just slightly faster as compared to that of the unsubstituted
DPA. Conversely, concentration quenching of the compounds
4-6 possessing the 2-pentyl substituent is found to be depen-
dent on the alkyl group length (Fig. 8b). The shorter alkyl
groups attached at the 9,10-phenyls of the DPA result in more
rapid quenching as compared to the longer groups. This is
evidently caused by the reduced intermolecular separation, and
thus enhanced intermolecular interaction, due to the smaller
alkyl spacers. Importantly, the quenching with increasing
the concentration of 2-pentyl-substituted DPA compounds
4-6 in the PS matrix is slower as compared to that of the
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Fig. 8 The normalized fluorescence quantum yield of the DPA com-
pounds 1-3 (a) and 4-6 (b) as a function of their concentration in the PS
matrix. Lines are guides to the eye. Absolute values of fluorescence
quantum yields are displayed in insets

reference DPA, and moreover, slower than that of the 2-phenyl
substituted DPA 1-3. The obtained results highlight a signifi-
cance of the 2-pentyl moieties in more effective suppression of
intermolecular interaction resulting from looser molecular
packing than that caused by the 2-phenyl groups.

Electrochemical properties

Cyclic voltammetry was employed to elucidate the energies of
HOMO and LUMO of the DPA derivatives 1-6 (see Fig. 9 and
Table 5). All the compounds demonstrated non-reversible oxidation—
reduction processes by applying a low scan rate (50 mV s~ ') in
the range of positive potentials. For the compounds 2 and 3,
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Table 5 Electrochemical properties (oxidation and reduction potentials,

energies of HOMO and LUMO levels, electrochemical and optical band-
gaps) of the DPA derivatives 1-6

E{¢® Eoxonset’ Erq®  Enomo Erumo® E§'f EgPts
Comp. (eV) (eV) (ev) (ev) (ev) (V) (eV)
1 0.52  1.03 -1.71 -5.31 —2.58 272 294
2 0.98 —-1.73 —5.26 —2.55 2.74 294
3 0.99 -1.73 -5.27 —2.56 2.72 293
4 1.11 —-1.84 -5.39 —2.45 2.94 3.07
5 1 —1.88 —5.28 —-2.4 2.88 3.04
6 1.03 —-1.88 —5.31 —2.41 2.91 3.04

¢ Half-wave potential vs. Ag/AgCl for reversible oxidation reduction of
ferrocene. ” Onset of oxidation potential for the HOMO level. ¢ Half-
wave potential vs. Ag/AgCl for the LUMO level. ¢ HOMO and LUMO
energy, ExomolFrumo = —(4,8 + Eat/Bfta — Eé). ° HOMO and LUMO
energy, Euomo/ELumo = —(4,8 + E2/ENA — ER2).” Electrochemical
bandgap, |Eg | = |Evumol — |Exomol- € Optical bandgap, estimated from
the onset of the absorption band.

a quasi-reversible oxidation-reduction potential was observed
after the scan rate was increased to 200 mV s~ ', whereas in the
range of negative potentials quasi-reversible oxidation-reduction
potentials were observed for all the DPA compounds independent
of the scan rate.

1-3 and 4-6 series of the derivatives exhibited rather similar
HOMO energies, ~5.28 eV and ~5.32 eV, respectively, whereas
somewhat greater variation in LUMO energies between the
series was obtained. The compounds 1-3 showed lower LUMO
levels (~2.56 eV) as compared to the levels (~2.42 eV) estimated
for the compounds 4-6 (see Table 5). The decreased LUMO
energy observed for the compounds bearing the more conju-
gated 2-phenyl substituent is likely a cause of the lower @ due to
the enhanced intersystem crossing rate.

Charge transport properties and ionization potential

Achieving high carrier mobility in the amorphous films requires
a good balance of the film forming properties and charge carrier
transfer rate. The impact of alkyl group length (C0, C1 and C6)
on the charge transport properties of the two non-symmetrically-
substituted DPA compound series bearing 2-phenyl (compounds
1, 2, 3) and 2-pentyl moieties (compounds 4, 5, 6) was investi-
gated. The wet-casted amorphous films of the DPA derivatives
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Fig. 9 Cyclic voltammograms of the dilute solutions of compounds 1-3 (a) and 4—6 (b) in N,N-dimethylformamide at 50 mV s~* scan rate. Compound
concentration was 0.002 M with tetrabutylammonium perchlorate (0.1 M) used as the electrolyte.
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were investigated by using the XTOF method. The reference
DPA was found to form polycrystalline neat films with low
photosensitivity, which made XTOF measurements practically
impossible. Introduction of the additional phenyl or pentyl
moieties at the 2nd position and the methyl groups at the para
positions of 9,10-phenyls (compounds 1, 2, 4, 5) completely
suppressed DPA crystallization and ensured formation of amor-
phous neat films. It is worth emphasizing that these modified
non-symmetric DPA derivatives expressed very high hole drift
mobilities (u,) well exceeding 10> em”* V™' s™ at 1 MV em ™"
electric field. The obtained drift mobility values varied from
4.6 x 10° ecm®> V' 5" in the compound 1 up to almost
1 x 10 > em® V' ' 57" in the compound 4 at an electric field
of 1 MV ecm ' (see Fig. 10 and Table 6). XTOF transients
measured at different voltages are displayed in Fig. S6 in the
ESL7 Although alkyl groups at the para positions of 9,10-phenyls
negligibly affected optical properties of the DPA compounds,
their length severely altered the molecular packing, and thus
charge carrier transport properties. Introduction of the methyl
group (compound 2) slightly enhanced the hole drift mobility
and increased the glass transition temperature, whereas analo-
gous substitution for the compounds possessing the 2-pentyl
moiety, worsened the drift mobility and the glass transition
temperature. This can be attributed to the better steric hindrance
effect of the twisted 2-phenyl substituent. Further extension of
the alkyl group length up to C6 atoms (compounds 3 and 6)
strongly impaired film forming properties and made XTOF

' (cmst)

400 600 800 1000 1200
E" (Vicm)

Fig. 10 Hole drift mobility as a function of the applied electric field in the
neat films of the DPA compounds 1-6. Lines are guides to the eye. The
average film thickness is indicated.

112

Table 6 Hole drift mobilities and ionization potentials of the amorphous
neat films of DPA derivatives 1-6

Comp. w(em?’v?is ) @1MVem 1," (eV)
1 4.6 x 1073 5.82

2 6.5 x 10°° 5.74

3 — 5.77

4 9.9 x 107 5.9

5 6.5 x 107 5.83

6 — 5.81

“ Hole drift mobility of ambient atmosphere processed neat films.
? Tonization potential of ambient atmosphere processed neat films.
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measurements impossible. Samples 3 and 6 were not suitable
for XTOF measurements because of high plasticity of their neat
film. The injected carriers were found to distribute unevenly
causing film deformation by electrostatic forces in the sites
with high carrier density, and thus making carrier drift mobility
unattainable. The continuous increase of u;, with the applied
electric field for all the DPA derivatives implies the governing
role of energetic disorder in the charge carrier transport of
the wet-casted amorphous films. The high drift mobilities
obtained for the non-symmetric DPA derivatives 1, 2, 4, 5 are
well above usually reported values estimated in other DPA
compounds.”®*” However remarkably high p, values (up to
1072 em® V' s7') have also been achieved by introducing
electron donating 9,10-arylamino units into the anthracene
core.”® However, the arylamino substitution enlarged conjuga-
tion of the DPA compound resulted in an undesirable shift of
the emission color to longer wavelengths (>450 nm).

Ionization potentials (I,) of the DPA derivatives 1-6 showed
very similar values 5.74-5.9 eV comparable to those reported for
2-phenyl-substituted anthracene.*”

Conclusions

Realization of anthracene-based deep-blue emitters exhibiting
fluorescence efficiency close to that of 9,10-diphenylanthracene
(DPA), though, in contrast to DPA, demonstrating good film
forming properties and high carrier drift mobilities was
attempted. To this end, a series of structurally modified non-
symmetric DPA derivatives with the phenyl and pentyl moieties
at the 2nd position and the alkyl groups at the 9,10-phenyls
were synthesized and investigated. Relatively small and poorly
conjugated phenyl and pentyl substituents enabled to improve
film forming properties by resulting in glass transition tem-
peratures of up to 92 °C (for the 2-phenyl moiety), meanwhile
only up to —1 °C (the for 2-pentyl moiety). The poorly con-
jugated 2-phenyl and 2-pentyl substituents weakly impacted the
transition energy with respect to the unsubstituted DPA resulting
in the deep-blue emission with emission maxima below 450 nm.
Absorption and fluorescence measurements supported by DFT
calculations revealed relatively small shifts in singlet and triplet
transition energies (<100 meV), which however, caused drastic
changes in the intersystem crossing rate. Fluorescence measure-
ments in dilute solution and the rigid polymer matrix enabled to
distinguish between the two possible pathways of non-radiative
recombination, i.e. intramolecular torsions and intersystem
crossing, and demonstrated the dominant role of the latter
process. Roughly a 10-fold and 5-fold increase in the intersystem
crossing rate was obtained in the 2-phenyl- and 2-pentyl-substituted
DPA compounds, respectively. Despite the large enhancement of
the intersystem crossing rate the DPA compounds showed relatively
high fluorescence quantum yields, up to 0.7 in a solution and
up to 0.9 in a polymer host. The DPA derivatives exhibited
almost no concentration quenching of fluorescence up to
8 wt% in the PS matrix. Substitution at the 2nd position by
the pentyl moiety resulted in less pronounced concentration
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quenching as compared to the substitution by the 2-phenyl
group and also with respect to the unsubstituted DPA. The
influence of the alkyl groups attached at the para position of
9,10-phenyls on the optical properties was found to be insigni-
ficant, whereas they strongly affected film forming and charge
transport properties. It is worth noting that the non-symmetric
DPA derivatives expressed very high hole drift mobilities of up
to 4.6 x 10 em® V' s7* for 2-phenyl-substituted compounds
and up to almost 1 x 1072 cm® V™" s~ for 2-pentyl-substituted
analogues at an electric field of 1 MV cm™*.

Further optimization of the DPA at the 2nd position by
introducing non-conjugated and more branched or bulky sub-
stituents should enable to achieve an even higher glass transi-
tion temperature and carrier drift mobility while preserving the
high fluorescence efficiency.
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ABSTRACT: Triplet—triplet annihilation (TTA) is an
attractive way to boost the efficiency of conventional
fluorescent organic light-emitting diodes (OLEDs). TTA-
active anthracene derivatives are often considered as state-of-
the-art emitters due to the proper energy level alignment. In
this work, TTA properties of a series of highly fluorescent
nonsymmetrical anthracene compounds bearing 9-(4-aryl-
phenyl) moiety and 10-(4-hexylphenyl) fragments were
assessed. Two different methods to enhance the TTA
efficiency are demonstrated. First, the intensity of TTA-
based delayed fluorescence directly depended on the
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intersystem crossing (ISC) rate. This ISC rate can be significantly enhanced in more conjugated compounds due to the
resonant alignment of S, and T, energy levels. While enhanced ISC rate slightly quenches the intensity of prompt fluorescence,
the rise of the triplet population boosts the intensity of resultant delayed fluorescence. Second, the triplet annihilation rate can be
significantly enhanced by optimization of triplet exciton diffusion regime in the films of anthracene derivatives. We show that the
proper layer preparation technology has a crucial influence on uniformity and energetic disorder of the film. This enhances the
nondispersive triplet diffusion and increases the resulting delayed fluorescence intensity.

H INTRODUCTION

These days organic light-emitting diodes (OLEDs) have
become a dominating technology in the small-display market
and begin to wade into the large-diameter display world,
constantly lowering the device price. Such a breakthrough was
achieved due to the constant progress of molecular functional
layers, enabling the enhancement of device performance and
the reduction of processing costs. The most advanced OLEDs
are capable to utilize triplet excitons, which are “dark states” in
conventional fluorescent OLEDs. There are two ways to
convert triplet excitons to emissive singlet states without
involving complex phosphorescent molecules: by triplet—triplet
annihilation' and thermally activated delayed fluorescence”
(TADF). Though TADF has been extensively studied for the
last several years, TTA emitters still are highly desirable. In
contrast to TADF, which mostly can be observed in materials
with charge-transfer character,” showing low energy gap
between the lowest singlet and triplet states, TTA can be
observed in simple fused polycyclic aromatic cores such as
anthracene® or rubrene,” where the double energy of the first
triplet state (T,) is larger than that of the first singlet state (S,),
2T, > S,. Briefly, the mechanism of TTA involves the
annihilation of two triplet excitons, when an intermediate

A4 ACS Publications  © 2017 American Chemical Society

triplet pair state is formed, having singlet, triplet, or quintuplet
character, resulting in singlet yield of 0.2.° In a special case,
when the double energy of T, is lower than the second triplet
state, a triplet pair state cannot be formed; thus, the total singlet
yield is enhanced up to 0.5,” boosting the internal quantum
efficiency of the OLED up to 62.5% and leading to the total
possible external quantum efficiency (EQE) up to about
12.5%.% Anthracene and its derivatives are model materials for
triplet annihilation, often used for TTA-enhanced OLEDs,
especially in the blue spectral range due to a relatively small
conjugation length.! Nearly maximal values of EQE, peaking at
129%,”~” were achieved in anthracene-based OLEDs. Addition-
ally, TTA-exhibiting anthracenes are also widely used in low-
power light upconversion, where low-energy photons are
converted to high energy by TTA.'”""> This phenomenon
may help to enhance the efficiency of solar cells."

Highly efficient TTA in molecular films requires efficient
intermolecular triplet diffusion,'* which can be attained by
increasing molecular concentration and by tuning the molecular
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architecture. However, in the case of anthracene, the
modification of the molecular core is known to alter its
fluorescence output.® Anthracene, despite a flat and rigid
backbone, has low fluorescence quantum yield in solutions (®g
= 0.3) due efficient intersystem crossing (ISC) involving higher
energy triplet states."*'® The rate of ISC can be easily tuned by
the modification of the molecular backbone at the C-9 and C-
10 positions, which results in the rearrangement of energy
levels such that S, is pushed below T,, resulting in the decrease
of the ISC rate and ®p enhancement up to unity.'”
Unfortunately, small 9,10-aryl substituents usually cannot
prevent crystallization in thin films; thus, more bulky
nonsymmetric fraqgments, reducing intermolecular interactions,
must be used."®'” However, sometimes it is observed that the
introduction of bulkier fragments tends to decrease the
fluorescence efficiency,””™** though no profound analysis of
processes behind and their relation to the triplet diffusion and
TTA processes and the resulting delayed fluorescence (DF)
efficiency has been made.

In this work we present two pathways to enhance the
performance of triplet—triplet annihilation based delayed
fluorescence in a series of 9,10-diphenylanthracene compounds
modified at C-9 and C-10 para positions. The intensity of
delayed fluorescence was related with the rate of intersystem
crossing, which was enhanced in more conjugated compounds.
Like the rate of intersystem crossing, thin-film preparation
conditions were also shown to affect TTA properties through
different triplet migration regimes and diffusion rates. Lower
energetic disorder and more efficient triplet migration were
achieved in the films with lower crystallinity.

B EXPERIMENTAL METHODS

Solvents were purified using standard procedure. Reactions
were carried out under dry argon atmosphere using magnetic
stirring. All reactions and the purity of the synthesized
compounds were monitored by gas chromatography using a
7890A GC system with a triple-axis detector 5975C inert XL
MSD (Agilent Technologies) and 6890N network GC system
(Agilent Technologies) together with thin-layer chromatog-
raphy using silica gel 60 F,s, aluminum plates (Merck).
Purification of synthesized materials was performed by
preparative column chromatography using silica gel Kieselgel
60 0.06—0.2 mm. 'H and *C NMR spectra were recorded with
an INOVA spectrometer (Varian Unity) (300 MHz) or
ASCEND 400 (Bruker) (400 MHz) in chloroform-d; or
benzene-dg, using the residual solvent signal as an internal
standard. High-resolution mass spectrometry (HRMS) spectra
were obtained on a mass spectrometer dual-ESI Q-TOF 6520
(Agilent Technologies). All melting points were determined
using a digital melting point apparatus IA9000 series.
Differential scanning calorimetry (DSC) measurements were
carried out using a DSC 8500 (PerkinElmer) thermal analysis
system at a heating/cooling rate of 10 °C/min under nitrogen
flow. Absorption and fluorescence spectra of the DPA
derivatives were assessed in dilute 107 M tetrahydrofuran
(THEF) solutions, and wet-cast thin films were prepared from 5
X 107> M THEF solutions. Absorption spectra were recorded on
a UV—vis—NIR spectrophotometer Lambda 950 (PerkinElm-
er). Fluorescence spectra of all materials were collected using
excitation at 365 nm from a Xe lamp (FWHM <10 meV) and
measured using a back-thinned CCD spectrometer PMA-11
(Hamamatsu). Fluorescence transients were measured using a
time-correlated single-photon counting (TCSPC) system
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PicoHarp 300 (PicoQuant) utilizing a semiconductor laser
diode (repetition rate 1 MHz, pulse duration 70 ps, emission
wavelength 375 nm) as an excitation source. Time-resolved
gated luminescence measurements of 50 wt % Zeonex
(polyolefin) films, prepared by drop-casting Zeonex and
compound mixture in toluene on a glass substrate at room
temperature and 80 °C, were performed using a nanosecond
YAG:Nd* laser NT 242 (Ekspla, 1 = 350 nm, 7 = 7 ns, pulse
energy 200 4J) and iCCD camera New iStar DH340T (Andor)
at § X 107° mbar pressure by exponentially increasing delay and
integration time as described in ref 23. This allows one to
record up to 10 orders of magnitude in time and intensity of
the fluorescence decay.”* Fluorescence quantum yields (®g) of
the solutions and films in air ambient, excluding the impact of
TTA, were estimated using the integrated sphere method.*®
The 0.1 wt % polystyrene (PS) films of DPA derivatives were
prepared by dissolving each material and polystyrene at
appropriate ratios in THF solutions and then wet-casting the
solutions on quartz substrates. Radiative (k,) and nonradiative
(k) decay rates were calculated using the following relations:
k, = 75 '@, k,, = 7z (1 — ®y), where the term k,, takes into
account all the possible nonradiative decay pathways. Carrier
drift mobility of the wet-cast films was measured by the
xerographic time-of-flight (XTOF) method®*™" in air. The
samples for the charge carrier mobility measurements were
prepared as described elsewhere.”” The thickness of drop-cast
films was in the range of 3—5 um and was estimated by
calculating interference band shift observed by a micro-
interferometer MII-4. The ionization potentials (IP) of the
compound films were measured by the electron photoemission
spectroscopy in air method.*® OLED devices were fabricated
using precleaned indium—tin oxide (ITO)-coated glass
substrates purchased from Visiontek with a sheet resistance of
15 ©/cm? and ITO thickness of 150 nm. They were patterned
so that the OLED devices had a pixel size of 4 mm by S mm.
The standard cleaning process was then applied to the
substrates: 10 min of acetone followed by 10 min of isopropyl
alcohol wash in an ultrasonic bath, and finally cleaned with the
oxygen plasma. The small-molecule and cathode layers were
thermally evaporated using the Spectros II apparatus (Kurt J.
Lesker) at § X 107 mbar. All materials were deposited at a rate
of 1 A s7. Device current—voltage (I-V) characteristics and
the emission intensities were measured in a calibrated
integrating sphere with 6632B power supply (Agilent
Technologies). The data acquisition was carried out using a
home-written NI LabView program. The electroluminescence
spectra were measured using an USB 4000 CCD spectrometer
(Ocean Optics) supplied with 400 ym UV—vis fiber optics.
Electroluminescence transients where recorded employing HP
8114A pulse generator (9 V, length 1 ms) and a Jobin Yvon
spectrograph coupled to the gated iCCD camera (Stanford
Computer Optics) as described in ref 23.

B RESULTS AND DISCUSSION

Synthesis. The studied nonsymmetric DPA derivatives with
different 9-aryl substituents are shown in Figure 1.

The synthesis was carried out according the scheme
presented in Figure 2. Preparation of 9-aryl-10-bromoanthra-
cenes, where “aryl” was phenyl and 4-methylphenyl, has been
reported elsewhere.”' ** Other compounds, where “aryl” is 4-
biphenilyl and 9,9-dimethylfluoren-2-yl, were prepared by the
same scheme.

DOI: 10.1021/acs jpcc.7b01336
J. Phys. Chem. C 2017, 121, 8515-8524
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Figure 1. Chemical structures of nonsymmetric DPA derivatives.
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Figure 2. Synthetic scheme of the DPA derivatives 1—4.

Synthetic details, structural identification by NMR, and
thermal and photoelectrical properties are enclosed in the
Supporting Information sections S1, S2, and S3.

Quantum Chemical Calculations. Quantum chemical
calculations of the DPA derivatives were performed using
density functional theory (DFT) and the B3LYP method as
implemented in the Gaussian09 software package.”* Ground-
state geometries of molecular structures were optimized in a 6-
31G(d) basis set including solvent (THF) effects by using
polarizable continuum model (PCM). Electronic excitation
energies, oscillator strengths of the singlet and triplet
transitions, and spatial distributions of electron density for
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) for “frozen” structures
were calculated using time-dependent density functional theory
(TD DFT) (for singlets only and for triplets only).

Optimized molecular geometry and spatial electron density
distribution in the HOMO and LUMO of Franck—Condon
states of the DPA derivatives 1—4 are shown in Figure S1 in the
Supporting Information. Phenyl moieties at C-9 and C-10
positions are known to form an almost 90° angle with the
anthracene core in bare DPA, whereas in the DPA compounds
1—4 the angles of fragments at C-9 and C-10 gradually decrease
when more bulky substituents are introduced: the angle at the
ninth position reduces from 89.9° (1) to 80.19° (4), and the
angle of the C-10 fragment reduces from 88.96° (compound 1)
to 79.24° (compound 4). Such evident structural changes are
expected to alter fluorescence properties, e.g, size of 7-
conjugated electron system and the rates of fluorescence
deactivation. The electron density in HOMO and LUMO is
evenly distributed over the anthracene core, where the
distribution resembles that of unsubstituted DPA* and only
a small fraction is extended over the 9,10-substituents.

Table 1 represents the calculated oscillator strength of the S,
— S, transition and energies of the lowest singlet and triplet
states in DPA derivatives 1—4. Decreasing twist angles of C-9
and C-10 aryls increases the conjugation length and gradually
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Table 1. Calculated Transition Energies of DPA Derivatives
1—4 for S, — S, and S; — T,/T, and Oscillator Strengths for
the S, — S, Transition for the THF Surrounding

compd  E%5S (eV)t S8t ESST (eV)© ESST (eV)
1 3.127 0.207 1.738 3271
2 3.127 0214 1.74 3.276
3 3.121 0.275 1.731 3.242
4 3.114 0.293 173 3.027

“Energies of S; — S, transitions. bQscillator strengths of S, — S,
transitions. “Energies of S, = T, and S, — T, transitions.

lowers the Sy — S, transition energy from 3.127 eV (1) to
3.114 eV (4). The calculated oscillator strength of the Sy —> S,
transition was consistently increasing from 0.207 (1) to 0.293
(4) following the conjugation extension at the shorter
molecular axis of anthracene (see Figure S1)." The energy of
the first triplet state decreased in a similar way: from 1.738 eV
(1) to 1.73 €V (4). The estimated T, energies were very similar
to those of other anthracene derivatives, calculated or estimated
experimentally.”*® Similarly, the energy of the T, level
decreased from 3.271 eV (1) to 3.242 eV for compound 3;
however, for the most conjugated compound 4 the second
triplet energy decreased dramatically, down to 3.027 eV,
becoming lower than that of S, by 87 meV. Such negative
energy gap between S, and T, may lead to very efficient
intersystem crossing, where T, would act 25 an intermediate
crossing state followed by decay to T,.'”"” The intersystem
crossing rate is almost suppressed'” if there are no higher triplet
levels above the S,; thus, ISC is expected to be significant only
for compound 4.

Absorption and Fluorescence Spectra. Absorption and
emission spectra of the dilute solutions and neat films of DPA
derivatives 1—4 are presented in Figure 3. The main spectral
properties are summarized in Table 2. Absorption spectra of all
the derivatives contain clearly resolved vibronic structure

1.5x10°
1.0x10*

5.0x10°

1.5x10" |
—~1.0x10
5.0x10°

=
o
g 1.5x10"
<
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Fluorescence intensity (arb. un.)

1.5x10°
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0.0

480
Wavelength (nm)

540

Figure 3. Absorption (dashed line) and fluorescence spectra of DPA
derivatives 1—4 in dilute solutions (blue thick solid line) and neat films
(black thin solid lines).
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Table 2. Absorption and Fluorescence Properties of DPA
Derivatives 1—4 in Dilute (~10"° M) THF Solutions and
Neat Films

dilute solution neat film
compd Ay, (am)* & (L mol ' em™)” Ay (am)C g (nm)?
1 394 13350 413 444
2 395 14100 422 444
3 395 15500 422 444
4 396 16000 424 449

“Peak position of the Oth vibronic replica of the absorption band.
"Molar absorption coefficient at the zeroth vibronic replica. “Peak
position of the fluorescence spectra of the dilute solution. “Peak
position of the fluorescence spectra of the neat film.

similar to the unsubstituted DPA due to that of the rigid
anthracene core.’® This indicates that the electron wave
function density is located predominantly over the anthracene
core, in agreement with the results of DFT calculations. The
lowest energy vibronic bands in the absorption spectrum are
observed at 394—396 nm with a very slight red-shift due to
extended conjugation. The molar absorption coefficient at the
zeroth vibronic replica increases from 13350 (1) to 16000 L
mol™ cm™ (4) due to the enhanced transition dipole moment.

Fluorescence spectra of dilute solutions of 1—4 are red-
shifted by about 145—207 meV in respect to their absorption
spectra. The lack of clear mirror images between absorption
and emission indicates some geometry changes of the
molecular core in the excited state. Fluorescence spectra
peaking at 413—424 nm and exhibiting slight red-shift due to
enhanced conjugation again are in agreement with the DFT
calculations.

Fluorescence spectra of the neat films of derivatives 1—4
peaked at 444—449 nm with 160—210 meV red-shift in respect
to their spectra in dilute solutions due to the presence of
intermolecular interactions in the solid state. The line shape of
the fluorescence spectra of compound 1 has noticeable vibronic
progression, showing the dense molecular packing in neat films.
Emission spectra become structureless with the introduction of
more bulky C-9 substituents, denoting somewhat reduced
intermolecular interactions and the amorphous-like nature of
the solid films. Additionally a long-wavelength fluorescence tail,
potentially due to excimer states, is noticeable in the
fluorescence spectra of the compound 2, but not 3 and 4.

The fluorescence quantum yields of the dilute solutions of
1-3 were high, of about 0.7—0.8 (see Table 3), comparable to
other C-9 and C-10 modified anthracenes.””**~*' Interestingly,
the fluorescence yield decreases by about 20% to 0.58 for
compound 4, which has the substituent with the most extended
7-conjugated electron system. Since the conjugation enhance-
ment was followed by structural modifications at the C-9
position, the promotion of nonradiative recombination could
be due to enhanced electron—vibron coupling through
enhanced molecular torsions at the meridional position or
enhanced intersystem crossing via the T, triplet state. Structural
modifications may cause the rearrangements of singlet and
triplet energy levels resulting in T, below S, and, thus, efficient
ISC and low ®@p.'7*7*** These effects will be discussed in
depth in the following sections.

An obvious decrease of @y to 0.15—0.27 was observed for
the neat films. Drastically reduced intermolecular distances in
the solid state enable intermolecular excitation migration and
enhance the possibility of quenching at various defect-like sites,
causing the decrease of ®5. However, the obtained @, values of
neat films are comparable to those reported for other DPA
compounds, *#**

Excited-State Relaxation. Fluorescence decay transients
of the DPA derivatives 1—4 are shown in Figure 4, whereas

10* Solution

Neat film

Fluorescence intensity (a. u.)
3

Time (ns)

Figure 4. Fluorescence transients of DPA compounds in dilute THF
solution (a) and neat film (b).

Table 3. Fluorescence Decay Time Constants, Quantum Yields, Excited-State Decay Rates of the DPA Derivatives 1—4 in Dilute

THF Solutions and Neat and 0.1 wt % Films

dilute solution

neat film 0.1 wt % in PS

7; (ns)* k, (x10° s7H)" Ky (X108 s71)°
1 5.6 12 0.59

.7
0.67

s (0s)" o

2.58 (77%)

75 (ns)* k, (x10° s71)" Ky (X108 s71)°
0.27 72 1 0.35

o
0.75

4.75 (23%)

2 4 1.9 0.54 0.78

0.58 (48%)

0.15 52 13 0.6 0.69

1.9 (40%)
6.53 (12%)

0.66 0.72

091 (21%)

0.15 $3 12 0.58 0.67

3.22 (75%)
14.22 (4%)

0.58

0.87 (52%) 02 4.8 13

0.82 0.61

2.55 (39%)
12.62 (9%)

“Fluorescence decay time. "Radiative decay rate. “Nonradiative decay rate. “Fluorescence quantum yield.
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Figure 5. (a) Log—log scale fluorescence transients of DPA compounds 1—4 in 50 wt % Zeonex films. The orange solid line is the biexponential fit
of prompt fluorescence; solid green, red, and blue lines are power law fits of delayed fluorescence. The inset shows the dependence of the prompt
and delayed fluorescence intensity ratio on the nonradiative recombination rate in PS films. (b) Fluorescence intensity dependence on pulse energy
of DPA compounds 1—4 in 50 wt % Zeonex films. Color lines are linear fits. Fluorescence spectra were measured with 300 ns delay and 200 us
optical width. Experimental data points were vertically shifted for clarity.

estimated fluorescence decay constants are listed in Table 3.
Fluorescence intensity of dilute solutions of 1—4 decayed
exponentially with time constants (z;) of 3.5—5.6 ns, which are
nearly twice as short as that of unsubstituted DPA (6 ns).*® The
most rapid fluorescence decay was estimated for compound 4
with the most conjugated substituent at the C-9 position.

Fluorescence decay transients of the neat films of 1—4
showed nonexponential decay profiles with fast initial decays
due to the efficient excitation migration and migration-induced
quenching at the nonradiative decay centers. Slower decay at a
later stage had time constants comparable to those of single
molecules.

Radiative versus Nonradiative Relaxation. More insight
on excited state relaxation can be revealed from the analysis of
radiative (k,) and nonradiative (k,,) decay rates (see Table 3).
Conjugation extension at C-9 position increased the oscillator
strength and the radiative decay rate up to 30% (from 1.2 X 10*
s™! for compound 1 to 1.7—1.9 X 10* s™* for compounds 2—4).
Such strategy may look promising in order to enhance
fluorescence efficiency of anthracenes; however, a different
trend was observed for the nonradiative recombination:
conjugation extension at C-9 had a minor impact for k,, for
compounds 1-3 (k,, was of about 0.6 X 10° s™!), though for
the most-conjugated compound 4, k,, was enhanced for about 2
times up to 1.2 X 10° s7, resulting in the decrease of @y by
20—-25%.

Nonradiative Relaxation: Vibrational Relaxation ver-
sus Intersystem Crossing. To verify the dominant non-
radiative recombination pathway, DPA compounds were
dispersed in a rigid polystyrene matrix at low mass percentage
(0.1 wt %). Fluorescence decay transients and ®p were
measured, and radiative and nonradiative recombination rates
were estimated (see Table 3). Intramolecular torsions should
be suppressed in this case; thus, the impact of the intersystem
crossing should be evident. A few recent DFT calculation based
reports, providing more insight into nonradiative recombina-
tion in C-9 and C-10 modified anthracenes, suggested that
vibrational relaxation (internal conversion) is the dominant
pathway for nonradiative relaxation.””** If this was true, a
decrease of k,,, resulting in remarkably enhanced @, should be
observed in rigid polymer matrix. Those changes should be
more evident for molecules with small and labile fragments, like
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compounds 1 and 2. Otherwise, if the dominant nonradiative
recombination pathway was ISC, no dramatic changes of k,,
should be observed. No changes of k, were estimated for
compounds 2 and 3, indicating the minor role of vibrational
relaxation, though slightly lower k, was observed for
compounds 1 and 4. Compound 1 bears the smallest and the
most labile C-9 fragment; thus, the rate of nonradiative
recombination through vibrational relaxation may be notice-
able. It was shown that even more bulky 4-n-hexylphenyl
fragments at the C-9 and C-10 positions in anthracene can
deviate from the optimized perpendicular orientation*® and
somewhat promote the nonradiative decay through torsional
motions of side groups. However, the enhancement of ®; for
compound 1 in the rigid polymer film was only for about 10%,
indicating low k,, of vibrational relaxation, similarly as for
DPA* Compound 4 has a different energy level scheme,
where the energy of the T, level is lower than of S,, resulting in
the efficient ISC, which rate depends on the S,—T, energy
splitting. The DFT calculations (see Figure S3 in the
Supporting Information) revealed that the S,—T, energy gap
for compound 4 depends on the polarity of surrounding and is
about 2.5 times larger in vacuum (nonpolar ambient) than in
polar THF, that is in line with the changes of ISC rate. The
decrease of the radiative decay rate for all DPA compounds in
rigid polymer film probably was due to changes of transition
dipole moment, when molecules were confined with different
twist configurations of C-9 and C-10 aryls resulting in different
oscillator strength.

Delayed Fluorescence via Triplet—Triplet Annihila-
tion. Triplet—triplet annihilation was investigated by measur-
ing fluorescence decay transients of 50 wt % Zeonex films of
compounds 1—4 on an extended time scale (see Figure Sa). A
S0 wt % concentration was chosen in order to maintain high
enough molecular concentration to ensure high triplet
concentration and efficient migration and to prevent crystal-
lization. Both prompt and delayed fluorescence were observed
for all compounds. Prompt fluorescence decay was biexponen-
tial (due to the presence of excimer states, see discussion
below) up to about 100 ns with similar decay time constants of
about 3 and 11 ns, consistent with TCSPC results. After the
first 100 ns the delayed fluorescence emerged and was observed
up to about 300 ys. The nature of delayed fluorescence is TTA.
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Interestingly, no triplet sensitizers were used to boost the
delayed fluorescence, though anthracene derivatives were
reported to show low triplet yield without sensitizers."’
Evidences confirming that the nature of the delayed
fluorescence is TTA are strong: (i) the fluorescence spectra
of the prompt and delayed fluorescence were almost identical
(see Figure 6); (ii) no delayed fluorescence was observed in

! !
50 50

Fluorescence int. (arb. un.)

L
400 450 500 550 600
Wavelength (nm)

1
0 550 600

00 4
Wavelength (nm)

Figure 6. Fluorescence spectra of DPA compounds 1—4 in 50 wt %
Zeonex films measured after 1.5 ns (black solid line), 100 ns (red
dashed line), 2.5 ps (blue dash-dotted line), and 50 us (green dash-
dotted dotted line) delay. Spectra were normalized and vertically
shifted for clarity.

oxygen-saturated ambient, where triplet states were quenched
by singlet oxygen, proposing a triplet-based nature (see Figure
S4 in the Supporting Information); (iii) the intensity of delayed
fluorescence decreased with decreasing temperature, on the
contrary to geminate pair recombination (see Figure SS, parts a
and b, in the Supporting Information); (iv) the delayed
fluorescence intensity dependence on laser fluence was
quadratic, clearly not TADF (see Figure Sb).

For the TTA-based bimolecular recombination, the slope n
of Ing ~ I," is 2, which later turns to 1 at very high triplet
densities. For the monomolecular recombination, the slopes are
1 and 0.5, respectively.'*** Our estimated slopes were 1.74 and
1.18 (1), 1.7 and 1.13 (2), 1.77 and 1.14 (3), and 1.53 and 1
(4), indicating that the delayed emission originates from TTA.
However, a small contribution of monomolecular recombina-
tion from excimer fluorescence was observed, which caused the
deviation from the expected 2 — 1 slopes. Excimer fluorescence
was clearly seen in the delayed fluorescence spectra (see Figure
6), when it dominated at 100 ns delay time. At later delays, the
intensity of excimer fluorescence was greatly reduced. Some
red-shift of the delayed fluorescence was observed at very late
delays (e.g, for compound 2), probably due to geometrical
transformations of the molecular core in the excited state,
sometimes also observed in the delayed fluorescence of TADF
emitters.”

Typical profiles of TTA-based delayed fluorescence decay
were estimated for all DPA compounds, when the decay
followed the power law I ~ £, with slopes m of —0.92 and
—1.64 (1), —0.89 and —2.17 (2), —1.1 and —1.84 (3), —0.97
and —1.87 (4) (see Figure Sa). Briefly, the decay profile of
delayed fluorescence directly depends on the dominating triplet
diffusion regime (see refs 14 and 24 and references therein for
the detailed analysis). In materials with no disorder, the
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diffusion coefficient (D) is time-independent; thus, D can be
directly related with TTA rate (kpry) by

kyrs = 87fRD 1)

where f is the fraction of annihilated triplets and R is the
interaction radius. The temporal evolution of delayed
fluorescence through TTA then can be expressed by

1
1+ kTTA[To]t)Z (2)

where T, is the initial concentration of triplets. Initially, TTA
intensity should be constant, then Ipz asymptotically
approaches Ipp ~ t72 decay. In disordered materials the triplet
diffusion coefficient is time-dependent; thus, egs 1 and 2 are no
longer valid. Here triplet diffusion consist of two regimes, when
initially in nonequilibrium dispersive regime triplet excitons
relax toward lower energy levels in the Gaussian density of
states. In this case TTA emission intensity is proportional to £
with a close to —1. Later, after a certain time, triplet diffusion
regime turns to the equilibrium nondispersive when D
approaches a constant value, and Ipp(t) can be expressed by
eq 2. This transit time between the two regimes is larger in
materials with higher disorder; therefore, in highly disordered
compounds with inefficient triplet migration the transition may
not occur and triplet diffusion would remain dispersive. In our
case, DF decay was typical for disordered materials. Initially DF
decayed with a —1 slope, then after about 10 s the equilibrium
triplet migration regime was reached, DF started to decay
following a —2 slope. Additionally, in the range of 100—1000 ns
a slower decay part in TTA transients of compounds 2 and 4
was observed with slope of about —0.6.>*

Enhancement of Delayed Fluorescence Intensity by
ISC. Since TTA is a nonlinear process, the intensity of the
resultant delayed fluorescence can be evidently boosted at the
cost of more rapid nonradiative decay through ISC. The ratio of
integrals of delayed (Ip) and prompt (Ip) fluorescence (see
inset in Figure Sa) showed an obvious increase with the
increasing nonradiative recombination rate. More efficient ISC
resulted in larger triplet concentration and more intense
delayed fluorescence. The Ip/I; ratio obviously was the largest
for compound 4 with the most rapid ISC. However, only
moderate ISC enhancement should yield the more intense
delayed fluorescence (also without the notable prompt
fluorescence quenching). Very rapid intersystem crossing
should lead to the quenching of both prompt and delayed
fluorescence, like in the case of benzophenone or quinoxia-
line.*’ The majority of singlets in S; would be immediately
converted to triplets via ISC and then upconverted back to S,
via TTA for many times leading to low fluorescence efficiency.
In the case of compound 4, ISC and radiative recombination
rates are comparable; thus, ISC cannot efficiently quench the
delayed fluorescence. Here, more rapid ISC only enhances the
triplet concentration mostly via direct and repeated ISC and the
probability of triplet encounters and, thus, the intensity of
delayed fluorescence. The observed TTA enhancement should
be observed only in case of photoexcitation, when triplets are
generated only through intersystem crossing. In case of
electrical pumping, TTA yield would be higher for compounds
where Ep, > 2E1; > Eg,.*’ In other words, the double energy of
the excited triplet should be higher than of the singlet, but
lower than the second excited triplet; thus, only singlet states
can be formed with efficiency up to 50%.”*” When the second
triplet state is below 2Ey,, the result of triplet fusion should be

IDF(t) = kTTA[To]2

DOL: 10.1021/acs jpcc.7b01336
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more complex.’ In this case triplet fusion would form an
intermediate triplet state, which would have 1 of 9 possible spin
configurations: 1/9 singlet character, 3/9 triplet, and 5/9
quintuplet character. Since 3uintuplets are energetically
improbable in case of acenes,” the total singlet production
from fusion should yield only 0.2.

Alteration of the Exciton Diffusion Regime by the
Adjustment of Film Morphology. The efficiency of delayed
fluorescence was found to greatly depend on the film
preparation conditions. The intensity of prompt and delayed
fluorescence was at least several times higher in 50 wt %
Zeonex films prepared by drop-casting on a heated glass
substrate rather than on a room-temperature substrate.
Additionally, substrate temperature had a direct impact on
the triplet diffusion mechanism for more disordered com-
pounds. The delayed fluorescence of compound 2 (see Figure
7) prepared by drop-casting on the unheated substrate decayed

Orop-casted at 80°C

10" 12 ym

10" Drop casted on glass a|1 —
T . 80°C
S 10 Room temp. 1
a 10 1
2 b)
S 10 1
> 10 Drop-casted at RT
= 12 ym
2 0° T
L
£
- 10
[T 10 a)

10 100 100 10°  10°
Time (ns)

Figure 7. (a) Log—log scale decay transients of SO wt % Zeonex films
of DPA compound 2 prepared by drop-casting on glass at room
temperature (circles) and 80 °C (squares). (b and c) Fluorescence
microscopy images of 50 wt % Zeonex films of DPA compound 2
drop-cast at room temperature and 80 °C, respectively.

following a —1 slope, showing the domination of a non-
equilibrium triplet diffusion regime and high energetic disorder
in the thin film. In contrast, drop-casting on the hot substrate
lowered energetic disorder and allowed the equilibrium triplet
diffusion regime with —2 decay slope to be reached at late
delays. For the rest of the compounds, only an increase of the
delayed fluorescence was observed. Some insight in the
differences in the thin-film morphology can be seen in
fluorescence microscopy images (see Figure 7, parts b and c)
of both kinds of thin films. In general, drop-casting on the hot
substrate enhances the solvent evaporation speed and reduces
the probability of molecular agglomeration; thus, the molecules
are more evenly distributed (see Figure 7b). In contrast, drop-
casting at room temperature reduces the solvent evaporation
speed; thus, the molecules have more time for diffusion and
agglomeration. This can be clearly seen from the fluorescence
microscopy image (see Figure 7c), where molecular clusters of
a larger size can be clearly seen. Further, the observed
molecular aggregates may be composed of smaller aggregates
(even of several molecules), which are way beyond of our
resolution. Different thin-film preparation conditions have a
direct impact on the TTA efficiency and the delayed
fluorescence intensity. TTA should be more efficient in large
and uniform molecular aggregates, since two triplets can more
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easily annihilate there; however, less efficient triplet diffusion
between the aggregates results in lower total TTA output, being
the limiting factor. More even molecular distribution in films,
prepared by drop-casting on hot substrate, should reduce the
number and size of molecular aggregates, thus the enhanced
triplet diffusion length boosts the probability of triplet
encounters and leads to more efficient TTA. This finding
clearly shows the importance of thin-film preparation
conditions on the TTA efficiency.

Electroluminescence Properties. Several nonsymmetric
DPA derivatives were utilized in OLED devices as blue light-
emitting dopants and hole transport materials. The structure of
the device was the following: ITO (150 nm)/x (10 nm)/50 wt
% doped x in TPBi (40 nm)/BCP (30 nm)/LiF (1 nm)/Al
(100 nm), where ITO is indium—tin oxide, x is the DPA
compound, TPBi is 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-
H-benzimidazole), BCP is 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline, and LiF is lithium fluoride. The best
performance of the nonoptimized OLED was for the device
with compound 3 in emitting and hole transport layers
(OLEDI, see Figure 8). The OLED showed good I-V
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Figure 8. Device parameters of OLED1: (a) current density—voltage
characteristics; (b) external quantum efficiency and brightness as a
function of current density; (c) electroluminescence transient.

2.6 V due to the
(EL) peaked at

characteristics with the I—V onset of about
good carrier balance. Electroluminescence
about 440 nm, and the spectrum was identical to its
fluorescence spectra (see Figure S8 in the Supporting
Information). The estimated peak EQE reached 1.84% at low
current densities (around 1 mA/cm?); however, large roll-off
was observed at higher current densities probably due to
singlet—triplet annihilation.””™** The maximum estimated
brightness reached 483 cd/m? at the highest current densities.
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More pronounced EQE enhancement is expected after the
optimization of the device structure.

The analysis of the EL transient revealed the existence of
delayed EL lasting for up to 1 ms and exhibiting a spectrum
similar to that of prompt EL (see Figure S8 in the Supporting
Information). The different time scales of the delayed
fluorescence and electroluminescence decay can be attributed
to different triplet exciton densities and film preparation
conditions. Although there is no direct evidence showing that
delayed EL is due to TTA and contribution from slower charge
transport due to defect-trapped carriers can be expected,
influence of TTA is very likely in anthracene derivatives as
reported by others."*®

B CONCLUSIONS

In summary, we presented a triplet—triplet annihilation analysis
in a series of 9,10-diphenylanthracene derivatives having
different substituents at the C-9 position. We showed how
the alteration of molecular geometry and the conjugation
length enhancement affects the TTA efficiency. TTA efficiency
was found to be controlled by two different pathways—by
adjusting the intersystem crossing rate and triplet migration
regime. The most intense delayed fluorescence was observed in
the most conjugated compound with the most rapid
intersystem crossing. ISC was found to boost the triplet
concentration and, thus, the TTA intensity, without the
significant quenching of prompt fluorescence. The enhance-
ment of the ISC rate was achieved by the precise alignment of
S, ant T, energy levels in anthracene compounds with slightly
different conjugation lengths. Second, TTA efficiency was also
shown to depend on the thin-flm morphology. Inefficient
triplet migration due to the high energetic disorder and low
triplet diffusion rate was found in thin films with large
molecular aggregates resulting in lower output of delayed
fluorescence. Conversely, TTA efficiency was remarkably
enhanced in the films with enhanced homogeneity, showing
efficient triplet diffusion due to the lower energetic disorder.

Although the more rapid ISC enhances the intensity of
delayed fluorescence, in order to achieve efficient delayed
electroluminescence, the low rate of ISC should be preserved.
In case of electrical pumping, the formation of triplet states is
almost independent of the ISC rate; thus, the triplet migration
properties would have the crucial importance on the TTA
efficiency. As we have shown, efficient triplet migration can be
achieved in low-crystallinity films that can be controlled by the
precise selection of the C-9 and C-10 fragments of the
anthracene core. Further optimization of the DPA core with
small conjugated or nonconjugated (e.g,, short branched aryl
chains) substituents should help to reduce the crystallization
and ensure efficient TTA.
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ABSTRACT: Recently, various 9,9’-bianthryl (BA) compounds demonstrated promising
performances in blue OLEDs as charge transport and emissive materials. However, the
emission of 9,9"-bianthryl is of dual character where the highly emissive excitonic locally
excited state (LE) is accompanied by the internal charge transfer process (ICT), which
induces a significant reduction of the radiative decay rate as well as low emission quantum
yield. In this work, we address the possibility to control the ICT process in 9,9’-bianthryl
compounds as well as the proportion of LE state emission by introducing conjugated
aromatic substitutions parallel and perpendicular to the short axis of the molecular backbone.
By employing time-resolved fluorescence and ultrafast pump-probe spectroscopy techniques,
we analyze the impact of aromatic substituents on solvation reactions. Results on the initial
charge transfer (CT) state formation time and selective excitation in the vicinity of the

= Fluorescence in acetonitrile
LE state

I CT state

Fluorescence intensity (a. u.)

400 450 500 550 600
Wavelength (nm)

lowest absorption band reveal evidence of an enhanced number of conformers with no ICT
reaction for 10,102,2"-aryl-substituted BAs, which enabled a pronounced LE state emission even in highly polar environments.

H INTRODUCTION

Anthracenes are well established materials in organic
optoelectronic applications such as organic light emitting
diodes (OLEDs)" and organic field effect transistors.” 9,9'-
Bianthryl (BA) is a special type of anthracene modification,
engineered to enhance charge transporting properties of the
device layers as well as emission efficiency via the triplet
exciton annihilation process. Thus, a promising device
performance with EQE as high as 12% has been achieved in
blue OLEDs.>”” However, fluorescence spectra of BA
derivatives are composed of two emission bands, deteriorating
their properties.” Next to a highly emissive excitonic locally
excited state (LE), internal charge transfer states are formed as
a consequence of asymmetry in the environment induced
charge separation.” Unfortunately, ICT vastly deteriorates
emission photoluminescence quantum yield (PLQY) and
fluorescence spectra characteristics and thus is detrimental
for aforementioned OLED applications.

The origins and dynamics of ICT in 9,9'-bianthryl and its
derivatives have been extensively investigated.'">* The
majority of the studies accept the idea that dynamics of charge
separation is controlled by asymmetry of the environment
induced solvation reaction.'®™'* On the other hand, the ICT
process is also associated with a twisted internal charge
transfer.">™'* However, a perpendicular molecular geometry
for both LE and CT states is suggested by the density
functional theory (DFT),'®"” and an ultrafast (10 fs) transient
absorption study provides experimental evidence that the twist
of the molecular backbone is of secondary importance.'®
Alternatively, a significant number of studies suggest a

< ACS Publications — © 2019 American Chemical Society

solvation-controlled energetic barrier for a charge separation
process in 9,9'-bianthryl molecular systems.'”*° A solvation-
controlled energetic barrier for charge separation is responsible
for the rate of the ICT process,'*™' while the energetic barrier
itself is small and can be neglected in a highly polar
environment. Unfortunately, the observations of ICT proper-
ties mainly rely on the modification of a short axis in the 9,9'-
bianthryl molecular backbone, and only the enhanced ICT is
identified.'"*** However, substantial changes in dynamics of
ICT were observed in asymmetrically 2,2’,6,6'-alkyl-substi-
tuted 9,9"-bianthryl compounds.”>** This phenomenon was
attributed to an enhanced Onsager cavity radius around the
chromophore by alkyl substitutions and to a decreased
transition dipole momentum as the reaction field between
solvent and solute is proportional to the molecular dipole
moment and inversely progortional to the third power of the
radius of the solute cavity.”

In this paper, we analyze photophysics of 9,9'-bianthryl
molecular structures with conjugated aryl substitutions alon
the short axis of the molecular backbone (at 9" and 10"
positions) as well as perpendicular to the short axis of the
structure (at 2™ and 2™ positions) and compare to a
reference unmodified 9,9'-bianthryl compound. We thoroughly
investigated the influence of aromatic substitutions to the ICT
process by time-resolved and ultrafast pump-probe spectros-
copy techniques in various polarity environments. The results

Received: August 9, 2019
Revised:  October 1, 2019
Published: October 3, 2019

DOI: 10.1021/acs jpcc.9b07625
J. Phys. Chem. C 2019, 123, 2734427354

205



The Journal of Physical Chemistry C

are also supported by DFT modeling and electrochemical data.
We observe unusual suppression of charge transfer states and
prominent LE state emission in the 2,2'-aryl-substituted 9,9'-
bianthryl compound even in a highly polar environment. The
analysis of LE and CT state population and ultrafast formation
dynamics of ICT accompanied by selective excitation on the
vicinity of lowest absorption band points to the enhanced
number of conformers with the suppressed ICT reaction.

Bl EXPERIMENTAL SECTION

Solvents were purified using the standard procedure. Reactions
were carried out under a dry argon atmosphere at magnetic
stirring. All reactions and the purity of the synthesized
compounds were monitored by gas chromatography using a
7890A GC System with a triple axis detector 5975C inert XL
MSD (Agilent Technologies) and 6890 N Network GC
System (Agilent Technologies) together with thin layer
chromatography using silica gel 60 F254 aluminum plates
(Merck). Purification of synthesized compounds was per-
formed by preparative column chromatography using silica gel
Kieselgel 60 (0.06—0.2 mm). 1H and 13C NMR spectra were
recorded with an INOVA spectrometer (Varian Unity) (300
MHz) or ASCEND 400 (Bruker) (400 MHz) in DMSO-d,,
using the residual solvent signal as an internal standard. HRMS
spectra were obtained on a mass spectrometer Dual-ESI Q-
TOF 6520 (Agilent Technologies).

Optical properties of the 9,9'-bianthryl derivatives were
assessed in dilute (107 M) toluene, dioxane, chloroform,
tetrahydrofuran (THF), acetone, acetonitrile, dimethyl sulf-
oxide (DMSO), and propylene carbonate (PC) solvents.
Absorption spectra were recorded on a UV-vis—NIR
spectrophotometer Lambda 950 (PerkinElmer). Fluorescence
of the investigated compounds was excited by light of 375, 385,
and 407 nm wavelengths from a Xe lamp (FWHM < 10 meV)
and measured using a back-thinned CCD spectrometer PMA-
11 (Hamamatsu). Fluorescence transients were measured
using a time-correlated single photon counting system
PicoHarp 300 (PicoQuant) utilizing a semiconductor diode
laser (repetition rate 1 MHz, pulse duration 70 ps, emission
wavelength 375 nm, 405 nm as an excitation source.
Fluorescence decay is recorded at 420 and 500 nm
wavelengths. Fluorescence quantum yields (PLQYs) of the
solutions were estimated using the integrated sphere method.”®
An integrating sphere (Sphere Optics) coupled to the CCD
spectrometer via optical fiber was also employed to measure
PLQY of the dilute solutions. Radiative (7,) and nonradiative
(z,) lifetime constants were calculated using the following
relations: 7, = 7/QY and 7, = 7;/(1 — QY), where the term
7,, takes into account all the possible nonradiative decay
pathways. Femtosecond time-resolved differential absorption
measurements were carried out using a Harpia pump-probe
spectrometer (Light Conversion) pumped with a 10 kHz
pulsed laser Pharos-SP (Light Conversion). The probe source
was white light continuum generated by 190 fs 1030 nm laser
pulses in purified water flowing inside the quartz cuvette
coupled to a homemade flow system. Pump wavelengths were
set to 385 and 407 nm using an optical parametric amplifier
Orpheus (Light Conversion). For ICT rates, global analysis of
excited state population dynamics was carried out.””*® We
analyze 9,9'-bianthryl molecules in characteristic aprotic
solvent environments up to 1500 ps. Our choice consists of
toluene (as a typical low polarity and nonviscous environ-

ment), while acetonitrile and propylene carbonate (PC) serve
as highly polar nonviscous and polar viscous surroundings.

The density functional theory (DFT) and time dependent
DFT (TD-DFT) were used to optimized geometry and energy
calculations with the Gaussian software package. DFT was
carried out by employing the B3LYP functional with the
6-31G(d,p) basis set with the polarizable continuum model
(PCM) for solvation in acetonitrile and toluene environ-
ments.””

B RESULTS AND DISCUSSION

Synthesis. 10,10"-Diaryl-9,9'-9,9'-bianthryls (III) were
synthesized from parent 9,9'-9,9'-bianthryl (I) (BA). The

Scheme 1. Preparation of 10,10’-Diaryl-9,9'-9,9’-bianthryls
(R = Phenyl (Illa), 3,5-Diphenylphenyl (IIIb))

)t Sn, HCI Br,CCl,
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0]
.

Bi R
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- Pd(PPhy),,
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Na,CO,
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Scheme 2. Preparation of 2,2’,10,10’-Tetraphenyl-9,9'-9,9'-
bianthryl BA2ph (IX)
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latter was prepared according a known prescription by a
reductive dimerization of anthraquinone followed by bromi-
nation and cross-coupling reactions (Scheme 1).

The synthesis of 2,2,10,10"-tetraphenyl-9,9'-9,9"-bianthryl
(IX) required a more complicated multistep scheme, the key
step being a reductive dimerization of 2-phenylanthracen-
9(10H)-one® (Scheme 2).

10,10’-Dibromo-9,9'-9,9"-bianthryl (II) was prepared by
bromination of 9,9’-9,9’-bianthr¥1 (I) with molecular bromine
in carbon tetrachloride solution®" (yellow crystals, m.p. 343—
345 °C. Lit. m.p. 345—346 °C). The synthesis of arylboronic
acids is reported elsewhere, and they were prepared by a
reaction between arylmagnesium bromide and trimethylborate
and purified by crystallization from toluene.
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Figure 1. Absorbance and emission spectra of 9,9"-bianthryl BA (a) and 2,6,9,10-aryl-substituted 9,9'-bianthryl derivatives BAtph (b) and BA2ph
(c) in different polarity environments. Black line — absorption in toluene (TOL), tetrahydrofuran (THF), and acetonitrile (ACN) (107 M~")
solution, blue line — fluorescence in TOL, green in THF, and orange in ACN solutions.
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Figure 2. Contribution of LE and CT states in fluorescence spectra, obtained in high polarity acetonitrile environment.
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Figure 3. Fluorescence decay in 9,9'-bianthryl BA (a) and 2,6,9,10-aryl-substituted 9,9'-bianthryl derivatives BAtph (b) and BA2ph (c) in different
polarity environments. Fluorescence transient decay: blue triangle point line — in toluene (TOL) (107 M), green circle point line — in
tetrahydrofuran (THF) (107 M™"), orange square point line — in acetonitrile (ACN) (107 M™") solution. White lines in panels (a—c) represent
exponential fits. Excitation — 375 nm, detection — 475 nm.

10,10"-Diphenyl-9,9'-9,9"-bianthryl (IIla) was prepared by a mL) were mixed and refluxed under argon flow for S h. After

reaction between phenylboronic acid and 10,10’-dibromo-9,9’- cooling, the mixture was diluted by water, the solid product
9,9'-bianthryl (II), catalyzed by tetrakis(triphenylphosphino)- was filtered off and washed with water and 2-propanol. The
palladium, similar to the method reported in an article™ product was dissolved in hot toluene (330 mL), and the hot
(yellow crystals, m.p. > 350 °C, single spot on TLC). solution was filtered. On cooling to room temperature, the
10,10"-Di([1,1':3",1”-terphenyl]-5'-y1)-9,9'-9,9"-bianthryl yellow solid crystallized, and it was filtered off and dried. The
(11Ib) (BAtph) was synthesized. 10,10’-Dibromo-9,9'-9,9’- product was purified by column chromatography (silica gel,
bianthryl (3.5 g, 6.8 mmol), (3,5-diphenylphenyl)boronic acid 1:7). A light yellow crystalline solid (1.7 g) was obtained, with
(40 g 14.6 mmol), Pd(PPh;),Cl, (0.14 g 0.21 mmol), a yield of 32% (m.p. > 300 °C). The 1H NMR spectrum (400
triphenylphosphine (0.11 g, 0.41 mmol), sodium carbonate MHz, THF-dg) coincides with figures reported in a recent

(5.8 g, 55 mmol), dissolved in 27 mL of water, and toluene (60 publication.*
27346 DOI: 10.1021/acs.jpcc.9b07625

J. Phys. Chem. C 2019, 123, 2734427354

207



The Journal of Physical Chemistry C

Table 1. Fluorescence PLQY and Lifetimes in Low Polarity Toluene and Highly Polar Acetonitrile Environments®

low polarity toluene (LE state)

high polarity acetonitrile (LE + CT states)

comp. QY% 7:LE (ns) 7, LE(ns) 7, LE(ns) QY;z% LE/PL QYer % CT/PL 7 CT (ns) 17, CT (ns) 7, CT (ns) QYip.cr (%)
BA 513 6.6 13.0 13.7 513 0.2 8.8 0.8 12.7 145.6 13.9 10.8
BAtph 64.5 4.8 7.5 13.7 64.5 0.3 11.0 0.7 13.0 118.8 14.6 14.9
BA2ph 49.3 4.6 9.5 9.2 49.3 0.7 9.3 03 13.6 147.7 15.0 30.6

“Fluorescence PLQY for LE (QY; ;) and CT states (QYcr), fluorescence lifetime (7¢), radiative (7,) and nonradiative (z,,) lifetime constants. Total
quantum yields in the polar environment (QYg,cr) as well as ratios of LE and CT states are also displayed. PLQYs of LE and CT states in
acetonitrile are obtained by comparing areas of LE and CT state emission in overall fluorescence spectra in acetonitrile, taking into account that the
CT formation rate is very fast (see below). LE/PL and CT/PL are the ratios of LE and CT state emission area compared to the area of overall

emission spectra.

Table 2. Excited States of 9,9'-Bianthryl BA, BAtph and
BA2ph Derivatives in Optimized S; Geometry

BA BAtph BA2ph
ener oscillator  ener oscillator  ener; oscillator
Nr. (eV%y strength (eV%y strength (eV%y strength
CT, 2.60 0.04 2.53 0.09 2.47 0.07
CT, 2.63 0.00 2.55 0.00 2.49 0.00
LE, 2.89 022 276 0.50 270 0.30 Wavelength (nm) Wavelength (nm)
E v Energy (eV)
LE, 29 0.00 290 0.00 277 0.04 s 27 24517 Y 15 32724 21 18 15
3 LE b) BA 4
2) BA b) BAtph ©) BA2ph ) 3
, " o¥ g ] a
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Figure 4. Optimized geometries and spatiall HOMO—LUMO orbital
distributions in excited states of 9,9'-bianthryl BA (a), BAtph (b), and
BA2ph (c). TD-DFT approximation (QM model for chromophore
and acetonitrile) was employed with B3LYP and 6-31G (d,p) basis
sets with the PCM solvation model.

2-(Bromomethyl)benzonitrile (IV) was prepared by an
reaction of bromine with 2-methylbenzonitrile in dichloro-
methane.**

2-(Biphenyl-4-ylmethyl)benzonitrile (V) was prepared. A
glass bulb, provided with a mechanical stirrer, temperature
regulator, and reflux condenser, was charged with 29.7 g (0.15
mol) of 4-biphenylboronic acid, 84.8 g (0.40 mol) of
tripotassium phosphate, 1.4 g (2 mmol) of palladium
bis(triphenylphosphine)dichloride, 1.0S g (4 mmol) of
triphenylphosphine, and 200 mL of toluene. Upon stirring,
to this mixture, 19.6 g (0.10 mol) of 2-bromomethylbenzoni-
trile solution in 100 mL of toluene was added, and the
resultant reaction mixture was stirred and heated to 90 °C for
12 h. The mixture was cooled down, diluted with water, and
extracted with dichloromethane (200 mL). The organic layer
was washed twice by water and concentrated. The product
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spectra (b,e), and transient absorption decay (c,f) of 9,9'-bianthryl
BA in low polarity, nonviscous toluene (a—c) and polar and viscous
propylene carbonate (d—f) environments (107> M). Pump pulse — at
385 nm (200 fs). SE — stimulated emission, LE — locally excited state,
CT — charge transfer state.

(mp. 110—112 °C) was used in the next step without
additional purification.

2-(Biphenyl-4-yl-methyl)benzoic acid (VI) was synthesized.
A three-neck glass bulb, provided with a stirrer and reflux
condenser, was charged with 20 g (0.5 mol) of sodium
hydroxide, dissolved in 300 mL of diethyleneglycol, then with
1.8 g (0.10 mol) of water and 26.9 g (0.10 mol) of nitrile (V).
The mixture was heated up to 12 h at 160 °C; the end of the
hydrolysis reaction was determined by TLC on silica gel. For
analysis, a sample was acidified and extracted with dichloro-
methane (eluent — mixture of ethyl acetate with toluene
(1:1)). The reaction is over when the spot of intermediate
amide disappears. The reaction mixture was cooled down and
poured into 15% hydrochloric acid solution. The solid acid
(VI) was filtered off, dried, and crystallized from 2-propanol
(1:3). 20 g of 2-(biphenyl-4-yl-methyl)benzoic acid was
obtained (yield 69.4%, melting point 184—186 °C).

DOL: 10.1021/acs jpcc.9b07625
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Figure 6. Transient absorption maps (a,d), transient absorption spectra (b,e), and transient absorption decay (c,f) of 9,9"-bianthryl BAtph in low
polarity, nonviscous toluene (a—c) and polar and viscous propylene carbonate (d—f) environments (107> M). Pump pulse — at 385 nm (200 fs).
SE — stimulated emission, LE — locally excited state, CT — charge transfer state.

2-Phenylanthracen-9(10H)-one (VII) was prepared. 12 g
(41.6 mmol) of 2-(biphenyl-4-yl-methyl)benzoic acid under
argon was thoroughly mixed with 36 g (0.264 mol) of freshly
heated and pulverized zinc chloride. The mixture was heated
on a silicon oil bath at 170 °C for 20 min. It is very important
that the bath temperature is exactly maintained, and zinc
chloride does not contain traces of metallic zinc. After 20 min,
the mixture was poured into a ceramic pestle, cooled down,
and pulverized. The fine yellow powder was refluxed under
stirring with 100 mL of 20% hydrochloric acid. The mixture
was filtered off. The solids on filter were washed by water,
refluxed for 0.5 h with concentrated aqueous ammonia
solution, then filtered again, washed by water, and dried. 10
g of product was obtained. It may be crystallized from 2-
propanol; however, the solubility is very low (1:30). The
obtained product was used in the next step without additional
purification (143—14S °C, purity (by GC) ~95%).

2,2"-Diphenyl-10,10"-bi[anthracen-9(10H)-one] (VIII) was
prepared. 8 g of 2-phenylanthracen-9(10H)-one was dissolved
in 100 mL of acetic acid, and to it, 7.2 g (26.6 mmol) of
iron(III) chloride hexahydrate solution in 65 mL of water was
added. If the solution was not homogeneous, some amount of
acetic acid was added until the warm solution became clear.
The obtained solution was refluxed for 1 h, and then solid
light-yellow diphenyl bianthrone (VIII) started to separate
from the solution. The reaction mixture was cooled down and
diluted with water. The solid substance was filtered off,
refluxed under stirring for 15 min with 50 mL of water, and
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filtered. The solid was refluxed for 30 min with 50 mL of 2 N
sodium hydroxide (for removal of phenylanthracenol), filtered,
washed by water, and dried. 6 g of product was obtained. TLC
analysis (eluent dichloromethane) clearly showed 2 spots. The
higher spot corresponded to the remainder of 2-phenyl-
anthracenol, while the lower corresponded to the target
product. The solid was purified by column chromatography
(eluent dichloromethane) and crystallized from toluene (10
mL). 1.0S g of pure product was obtained (m.p. 222 °C (with
decomposition)).

2,2',10,10"-Tetraphenyl-9,9'-9,9"-bianthryl (IX) (BA2ph)
was prepared. Bromobenzene (1.57 g, 10 mmol) was dissolved
in 20 mL of dry tetrahydrofuran (THF) under argon and
cooled down to —70 °C. To this solution, 3.7 mL of 23%
butyllithium solution in hexane was slowly introduced. The
mixture was stirred for 0.5 h, and then it was left for a night
and warmed up to room temperature. It was decomposed by a
careful addition of 40 mL of 20% aqueous hydrochloric acid
and refluxed for 20 min. The mixture was cooled down,
additionally diluted with water, extracted with toluene, and
concentrated. The remainder was passed through a silica gel
filled chromatographic column; toluene was used as an eluent.
0.25 g of product was obtained, and it was crystallized from 4
mL of acetone. 0.18 g of pure product (IX) was obtained (m.p.
185 °C).

1H NMR (400 MHz, DMSO-d;): § 8.054—8.050 (d, 2H),
7.872—7.850 (d, 2H), 7.721-7.222 (m, 3H).

DOL: 10.1021/acs,jpcc.9b07625
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Figure 7. Transient absorption maps (a,d), transient absorption
spectra (b,e), and transient absorption decay (c,f) of 9,9'-bianthryl
BA2ph in low polarity, nonviscous toluene (a—c) and polar and
viscous propylene carbonate (d—f) environments (107> M). Pump
pulse — at 385 nm (200 fs). SE — stimulated emission, LE — locally
excited state, CT — charge transfer state.

Steady State Absorption and Emission Properties of
Aryl-Substituted 9,9'-Bianthryl Derivatives. The proper-
ties of steady state absorption and emission of a reference 9,9'-
bianthryl BA molecule are well documented in the previous
studies.'>'”** Consistent with previous results, BA demon-
strates a polarity independent near UV absorption band in a
dilute solution environment, with well-expressed vibronic
series (Figure la).35 As a consequence of resonance interaction
between each anthracene monomer, the absorption band is
somewhat redshifted, compared to anthracene, while the
dominance of the 0—0 transition is apparent. Consistent with
previous reports, a reference BA compound exhibits excitonic
LE type emission only in low polarity toluene surroundings,
while a dual band fluorescence is observed in a higher polarity
environment as a consequence of the ICT process.">'”** The

properties of the CT state depend on the polarity of the
environment, and the most intense CT state emission is
observed in the highly polar acetonitrile solvent. With the
increasing CT state population in a higher polarity environ-
ment, a typical drop in emission PLQY is also observed from
51.3% in toluene to 31.7% in tetrahydrofuran (THF) and
10.5% in acetonitrile surroundings.

Meanwhile, aromatic substitutions in BAtph lead to
extended conjugation along the short axis of the molecule;
thus, the lowest absorption band is somewhat redshifted,
accompanied with enhanced oscillator strength (Figure 1b).
The BAtph compound also exhibits vibronic progression in
steady state absorption spectra. A similarly positioned LE state
emission in toluene is observed, while a dual band emission,
followed by a dominant CT state relaxation character in a
highly polar acetonitrile environment, is identified. A decrease
in emission PLQY, followed by enhanced CT state population,
is also observed (see Figure 1) in acetonitrile, while somewhat
higher emission efficiency can be attributed to the enhanced
transition dipole momentum by 10,10" aromatic substitutions.
Although bulky aromatic substitutions at 10,10" positions
efficiently enhance Onsager cavity radii, the BAtph CT state
emission band is similar to BA, and the same trend in the
decrease of PLQY in higher polarity media is observed.

Surprisingly, 2,2'-aryl-substitutions in BA2ph vastly redis-
tribute optical transition properties (Figure lc). First of all,
BA2ph demonstrates a differently shaped lowest absorption
band, with some redshift and distinct peaks at 385 and 407 nm,
while the absorption band is substantially broadened. In
addition to this, the ICT is effectively suppressed even in high
polarity acetonitrile, followed by the dominance of LE state
emission. The dominance of LE state emission enables a
smaller decrease of PLQY, and even in the highly polar
acetonitrile environment, the PLQY is 3 times higher (30.6%)
than a reference BA. On the other hand, even with extended
transition dipole momentum by additional 10,10"-phenyl
substitutions, the BA2ph compound demonstrates somewhat
lower PLQY (49.3%) in the toluene environment than BAtph,
which indicates the enhancement of nonradiative decay
pathways.

Since the photoluminescence (PL) spectra in high polarity
acetonitrile contain both LE and CT spectral features, the
PLQY of LE emission is solvent-polarity-independent, and also
the nanosecond timescale spectral proportions of LE and CT
bands are almost unchanged, the proportion ratio of LE and
CT state populations in overall PL spectra can be evaluated
(Figure 2). As expected, deconvolution of LE and CT state
emission spectra in the highly polar acetonitrile environment
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Figure 8. Decay of LE and the growth of CT states for 9,9’-bianthryl BA, BAtph, and BA2ph derivatives, revealed by global analysis in polar and
viscous propylene carbonate (a) and polar, nonviscous acetonitrile (b) environments.
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BA2ph with different excitation wavelengths (370, 385, and 412 nm) at LE and CT states, (c) fluorescence decay of BA2ph in a polar environment

with different excitation wavelengths (375 and 405 nm).

reveals the dominance of the CT state band for a reference BA
unit: 0.2 for LE and 0.8 for CT states. Similar population
ratios, 0.3 for LE and 0.7 for CT states, are also observed for
the 9,9"-bianthryl BAtph molecule. The peak position of the
CT state for a reference BA unit is situated at 474 nm, while
for BAtph the peak is somewhat redshifted (at 484 nm) in
accordance to the redshifted absorption band. Drastically
different LE and CT state proportions of emission spectra are
observed for the 2,2"-aryl-substituted BA2ph compound. The
LE state emission dominates the overall fluorescence spectra,
as the ratios for LE and CT state populations are 0.7 and 0.3,
respectively. Meanwhile, the extension of electronic 7
conjugation by 2,2'-aryl substitutions in the BA2ph molecule
somewhat redshifts the peak position of the CT state to 506
nm.

To sum up, we see that spectral features of LE states are
sustained even in highly polar environments while the
population proportions of LE and CT states strongly depend
on solvent polarity. However, the ratio of LE and CT states can
be dramatically altered by 2,2"-aryl substitutions.

Radiative vs Nonradiative Excited State Relaxation.
Further insights of LE and CT state population dynamics can
be revealed by analyzing time-resolved fluorescence in various
polarity environments. Figure 3 represents fluorescence
transients in different polarity environments for 9,9’-bianthryl
derivatives at peak positions of emission spectra. A reference
BA compound demonstrates the fastest single exponential
fluorescence decay in the low polarity toluene environment,
with a decay constant of 6.6 ns (Figure 3a). The fluorescence
lifetime is typically enhanced to 12.7 ns in acetonitrile (see
Table 1), while a single exponential fluorescence decay in
highly polar acetonitrile represents the dominance of CT state
relaxation. A similar trend is observed for 10,10-aryl-
substituted 9,9'-bianthryl BAtph (Figure 3b). The enhance-
ment of transition dipole momentum is evident, as a single
exponential fluorescence transient in the low polarity toluene
environment is substantially faster (4.8 ns). On the other hand,
the CT state relaxation lifetime is almost the same in high
polarity acetonitrile (13.0 ns), which is in line with a similar
CT population ratio. Meanwhile, the 2,2'-aryl-substituted
BA2ph compound (Figure 3c) also demonstrates faster
fluorescence transient in low polarity toluene (4.6 ns), similar
to a BAtph molecule, which also indicates extended transition
dipole momentum. However, double exponential excited state
transients in higher polarity environments demonstrate
evidence on LE state domination followed by a highly
overlapped CT state emission. On the other hand, the CT
state decay (13.6 ns) is similar to a reference BA as well as
BAtph compounds, which indicates a similar solvation reaction
for the 9,9'-bianthryl BA2ph chromophore.

27350

211

The LE and CT state relaxation dynamics is well described
by the direct comparison of radiative (7,) and nonradiative
(7,.) lifetimes, which are associated with the PLQY and a
lifetime of excited state () (see the Experimental Section).
PLQY in low polarity toluene is dominated by LE states and
can be obtained directly. Meanwhile, in the highly polar
acetonitrile environment, PLQYs of LE and CT states are
obtained by comparing the LE and CT population ratios to
overall emission PLQY, while the ICT process is assumed to
be instantaneous'® and serves as an additional nonradiative
decay pathway for the LE state. Typically for the CT state,
PLQY in higher polarity surroundings is diminished by a vastly
enhanced radiative lifetime while nonradiative lifetime remains
almost constant (Table 1.). To start with, a reference BA
compound exhibits the decrease of the radiative lifetime from
13.0 ns in low polarity toluene, dominated by the LE state, to
145.6 ns in highly polar acetonitrile, dominated by the CT
state, while the nonradiative decay rate remains almost the
same (see Table 2). The enhancement of transition dipole
momentum is observed for BAtph, as radiative decay rates for
both LE and CT states are somewhat higher: 7.5 ns for the LE
state in toluene and 118.8 ns for the CT state. The
enhancement of radiative decay rates for both LE and CT
states is in line with somewhat higher emission PLQYs of 64.5
and 11.0%, respectively, while the nonradiative decay rate
remains similar (see Table 1). The same trend for radiative and
nonradiative rates as well as PLQYs of LE and CT states is
observed for the BA2ph compound: 9.5 ns (49.3%) and 147.7
ns (9.3%); meanwhile, the enhancement of nonradiative decay
of the LE state (9.2 ns) is previously observed for 2-
phenylanthracenes.>*” However, a pronounced emission from
LE states enables much higher overall PLQY even in highly
polar acetonitrile (see Table 1)

To sum up, the main reason for the PLQY reduction in the
polar environment is the dramatically (over 20 times)
enhanced radiative lifetime due to a reduced oscillator strength
of CT transition since the nonradiative decay lifetime is found
to be almost unchanged (of 14 ns). The late stage of LE and
CT state relaxation dynamics is rather similar for all studied
BAs. Thus, the origin of remarkably different solvation
dynamics in 2,2'-aryl-substituted BAs is attributed to an initial
stage of CT state formation.

DFT Modeling of 9,9'-Bianthryl Derivatives. The
peculiarities of LE and CT states in ground state geometry
of the molecule as well as for the excited S, states can be
revealed by DFT modeling. The ground state and excited state
geometry modeling was carried out by DFT and TD-DFT
methodology, using the polarizable continuum model (PCM)
for LE states as well as QM:QM approximation with the
chromophore and acetonitrile molecular system for CT states.

DOL: 10.1021/acs jpcc.9b07625
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An almost perpendicularly twisted S, as well as S, molecular
geometry between anthracene monomers in 9.9’-bianth_r¥1
molecular structures is typically observed (Figure 4a),'®'7®
while additional 10,10"-aryl substitutions do not influence the
twist of the molecular backbone (see Figure S1 and Table S1
for S, geometry optimization data). The DFT analysis of the
BAtph compound also reveals an 87° twisted tert-phenyl
substituents with respect to each anthracene branch, whereas
the aromatic tert-phenyl group itself consists of a phenyl ring
system, twisted at a 30° angle (Figure 4b). Thus, the solvent
molecules should be repulsed effectively parallel to a charge
transfer direction in the presence of bulky aromatic
substitutions. On the other hand, the BA2ph compound
contains additional 2,2’-phenyl substitutions, twisted at a 30°
angle in ground as well as in excited state geometry, which
further enhances Onsager cavity radius (Figure 4c).

Meanwhile, a spatial distribution of HOMO and LUMO
orbitals in the optimized S, ground state as well as S, excited
state geometry is highly characteristic to anthracene. A DFT
modeling reveals the double occupied excitonic LE state, as the
position of conjugation for anthracene monomers is favorable
for so-called J-type dimer interaction®>* (Figure 4a—c), which
is in line with previous studies. Thus, dipole moments,
responsible for lowest absorption and emission spectra, are
situated along the short axis of each anthracene monomer.
Additional aryl substitutions at 10,10’ positions do not
influence HOMO and LUMO distribution, as the one electron
wave function is primarily localized at the 9,9’-bianthryl core
and only a small portion of electronic 7 conjugation is localized
at 10,10’ substitutions. Meanwhile, a higher portion of charge
is localized at 30° twisted aromatic substitutions, introduced at
2" and 2" positions in BA2ph. More importantly, 2,2’ aryl
substitutions in the 9,9’-bianthryl BA2ph core induce a
somewhat shifted dipole momentum at the expense of
extended electronic 7 conjugation at 2" and 2" positions,
toward the long axis of each anthracene monomer. This
explains restructuration of absorption spectra, with a
dominating peak at 385 nm and perturbed J-type dimer
interaction. In addition to the excitonic LE state, asymmetry of
the polarity of surroundings fully localizes the LUMO energy
level on one of the anthracene units (Figure 4), which can be
attributed to the ICT process and the formation of CT states,
which do not depend on aromatic substitutions.

The analysis of excited state energy levels in S, as well as S,
geometry (see Table S1 for ground state optimization data)
confirms resonance interaction in the 9,9'-bianthryl dimer, as
energetic splitting of excited states is observed. Two occupied
excited states can be identified in S, geometry: LE and CT
states. The lower energy pair can be attributed to a CT state, as
the approximated energy level is similarly positioned to a peak
of a CT emission spectra for all 9,9"-bianthryl BA, BAtph, and
BA2ph derivatives (see Table 2). The approximated transition
exhibits low oscillator strengths, which is also in line with low
radiative decay rates due to a weak coupling between HOMO
and LUMO orbitals. In addition to this, the values of CT state
oscillator strength are in line with CT state PLQYs: for a
reference BA f = 0.04 with PLQY (CT) = 8.8%; for BAtph f =
0.09 with PLQY (CT) =11.0%; for BA2ph f= 0.07 with PLQY
(CT) = 9.3%. Thus, it is clear that the transition dipole
momentum for the CT state is even enhanced by 10,10
aromatic substitutions in the 9,9'-bianthryl core, while the
wave function distribution is almost identical for all 9,9’
bianthryl derivatives.
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The higher energy pair of excited states for 9,9'-bianthryl
BA, BAtph, and BA2ph (see Table 2) compounds can be
attributed to the LE state, as the oscillator strength is
substantially higher than CT states and approximated energy
levels match the peak position of LE state emission. Similar to
CT states, the extension of the dipole with additional aromatic
substituents at 10" and 10" positions of the 9,9'-bianthryl
core substantially enhances the oscillator strength (up to f =
0.50 for BAtph, compared to a reference 9,9'-bianthryl BA, see
Table 2), which is accompanied by a higher emission PLQY of
LE states in low polarity toluene. The transition to a higher
order energy level of the LE state pair is dipole-forbidden in
reference BA and BAtph compounds as a consequence of J-
type resonance interaction. However, the 2,2'-aryl substitu-
tions introduce substantial changes to the LE state in the
BA2ph derivative. The second counterpart of the LE state pair
is partially dipole-allowed, with an oscillator strength f of 0.04,
which confirms the disrupted resonance interaction in a dimer.
Moreover, low oscillator strength points to a mixing of lower
and higher order LE states, introduced with a small shift of the
dipole as a consequence of 2,2'-aryl substituents. A different
distribution of LE states in 2,2-aryl-substituted BA2ph is also
confirmed by differential pulse voltammetry (DPV) (see
Figure S2 and Table S2)

Initial Stages of CT State Formation Observed by
Transient Absorption Measurement. To evaluate the
initial stages of ICT formation and the influence of aromatic
substitutions in the 9,9"-bianthryl core to the rate of CT state
population, we compare transient absorption (TA) spectra of
9,9'-bianthryl derivatives in low and high polarity dilute
solution environments. As 9,9’-bianthryl exhibits ultrafast ICT,
associated with the fast component of solvent relaxa-
tion," > ¥?%2497% we  compare the properties of TA in
nonviscous, low polarity toluene with a highly polar and
viscous propylene carbonate environment. Thus, the growth of
CT state population was efficiently prolonged to highlight the
differences in ICT dynamics, while TA absorption data in polar
and nonviscous acetonitrile is also represented in Figures S3—
Ss.

In the low polarity toluene environment for a reference BA,
two distinct bands of transient absorption (TA) spectra are
observed (Figure Sa,b). The photoinduced absorption (PIA) at
586 nm (2.11 eV) is identified as transitions to a higher LE
states, while the negative band, situated at somewhat higher
energy levels (420 nm, 2.95 eV), is characteristic of
spontaneous emission (SE).'***™** The SE signal exhibits a
clear vibronic structure with a negative TA intensity and highly
resembles emission spectra of LE states. Thus, a well expressed
isosbestic point situated at 459 nm (2.7 eV) confirms that the
same LE state population is responsible for both TA bands.
Moreover, the decay of LE state population (Figure Sc) is
similar to a fluorescence lifetime as the recombination is the
dominating LE state relaxation pathway.

In the higher polarity environment, the emergence of the
additional induced absorption bands is identified at 600—800
nm (2.06—1.54 eV), with another well expressed isosbestic
point at 605 nm (2.05 eV), which is attributed to the
population of the CT states'>*"** (Figure 5d,e). Moreover,
the growth of CT state population is accompanied by LE state
decay, which confirms the CT state formation process (Figure
5f). The population of CT states altogether with the ICT rate
is a fully solvation-controlled process, as CT state growth
dynamics resembles a typical solvation time correlation
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function (C(£)).*** The ICT highly depends on the viscosity
of the solvent environment, as a substantially faster ICT
process is observed in the nonviscous and polar acetonitrile
environment, which is also in good agreement with the
previous studies.' "'

Similar properties of LE and CT state population dynamics
are also observed in the 10,10"-aryl-substituted 9,9'-bianthryl
BAtph molecule. The similar position and lineshape of
photoinduced absorption (PIA) to a higher LE state are
observed in low polarity toluene (Figure 6a,b) followed by a
somewhat redshifted isosbestic point at 476 nm (2.65 eV) as
well as the SE band of LE states. The decay of LE states is also
reminiscent of a fluorescence lifetime, with a somewhat faster
decay rate, compared to BA as a consequence of enhanced
oscillator strength (Figure 6c). Although the induced
absorption band of CT states in high polarity surroundings
is blueshifted, with the isosbestic point being positioned at 2.00
eV (617 nm), the lineshape of TA spectra highly resembles a
PIA feature of CT states in a reference BA unit (Figure 6d,e).
The LE state population decay, accompanied by the growth of
CT state population, is also observed (Figure 6f).

Meanwhile, TA of 2,2"-aryl-substituted 9,9'-bianthryl BA2ph
reveals a differently distributed LE state, which was identified
in the low polarity toluene environment. First of all, the
induced absorption to a higher LE state is blueshifted to the
400 nm (3.1 eV)—550 nm (2.25 eV) spectral range (Figure
7a,b). Moreover, the lineshape of induced absorption consists
of two closely coupled bands, with a dominating peak at 450
nm (2.75 eV), followed by a well suppressed stimulated
emission. These results are supported by DFT and electro-
chemical analysis, which also point to LE state splitting. The
LE state population decays similar to a fluorescence emission;
thus, the identity of induced absorption to a higher LE state is
confirmed (Figure 7c). It is worth noting that induced
absorption to a higher LE state highly overlaps the ground
state bleach (GSB), as the minimum of induced absorption
matches the peak position of steady state absorption spectra
(407 nm, 3.04 eV).

Interestingly, aromatic substitutions at 2nd and 2
positions do not influence the population of CT states. The
induced absorption band to a higher CT state is similarly
positioned, while the lineshape and intensity of TA spectra are
almost identical to a TA spectrum of a reference BA unit
(Figure 7d,e). The isosbestic point, situated at S50 nm (2.25
eV), is blueshifted as a consequence of higher energy induced
absorption of LE states. Similar to a reference BA compound,
the growth of CT states is also accompanied by the decay of
LE states, indicating charge transfer from LE to CT states
(Figure 7f).

To directly evaluate the rate of the ICT process in 9,9'-
bianthryl derivatives, we employed time-resolved global
analysis of the LE and CT state populations (Figure 8). The
detailed data of global analysis can be found in Figures S6 and
S7. It is clear that the growth of CT state population does not
depend on 10,10"-aromatic substitutions in the 9,9'-bianthryl
core, as BAtph exhibits almost identical ICT growth time
constant, compared to a reference BA unit in polar and viscous
propylene carbonate (1.51 and 1.49 ps, respectively) (Figure
8a). The same trend, followed by substantially faster ICT, is
observed in the polar but nonviscous acetonitrile environment
(0.51 ps for BAtph and 0.49 ps for a reference BA) (Figure
8b), which is associated with a faster solvent environment
reorganization. Meanwhile, 2,2"-aryl substitutions in the 9,9'-
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bianthryl BA2ph core substantially slow down the ICT in both
viscous (2.21 ps) and nonviscous (0.76 ps) polar environ-
ments. Thus, a slower ICT for 9,9'-bianthryl BA2ph is a good
indication of an energetic barrier for a charge separation,
induced by 2,2'-aryl substitutions.

Site Selective Excitation of 9,9’-Bianthryl Derivatives.
It is tempting to relate the slower ICT rate as well as different
LE and CT state population ratios in the BA2ph compound to
an energetic barrier reaction. The excitation with different
wavelengths in polar solutions for BA and BAtph shows no
significant difference in emission spectra, while increasing
population of CT states is observed in BA2ph (Figure 9a).
However, careful analysis of TA decays shows a similar CT
population growth time, and only the CT state population is
enhanced with a lower excitation wavelength (Figure 9b). PL
transients show a similar decay time, while the pre-exponential
factor as well as LE and CT state population ratios depends on
the excitation wavelength (Figure 9c). This points out the
existence of different conformers (note that absorption
spectrum of BA2ph is broadened, see Figure 1), which
predominantly determines the LE and CT state population
ratios. It is clear that a larger number of conformers that do not
demonstrate ICT at all are associated with labile 2-phenyl
substitution, which efficiently enhances the number of vibronic
states of the molecule and disrupts the optimal geometry for
efficient ICT reactions. Meanwhile, a shift of the dipole
moment and disrupted resonance interaction between
anthracene monomers could be responsible for a slower ICT
process.

B CONCLUSIONS

9,9'-Bianthryl derivatives represent a unique class of materials
where intramolecular charge transfer occurs in the absence of
polar fragments as a consequence of asymmetry induced by the
surrounding. In this study, we address the possibility to control
the properties of dual fluorescence in BA derivatives by
introduction of aromatic substitutions along and perpendicular
to the direction of the ICT reaction.

Aromatic substitutions along the ICT reaction direction
result in the extension of electronic 7 conjugation, which
enabled the enhanced oscillator strength as well as somewhat
enhanced LE state emission, while the ICT process in the polar
environment was found to be similar to a reference BA. The
initial stage of ICT was shown to occur within 0.5—1.5 ps and
corresponds to the initial component of the solvation process
in accordance to the correlation function C(t) of the solvent. It
should be stressed that CT state formation time does not
depend on aromatic substitutions along the short axis of BA
while the formal Onsager sphere was significantly enhanced.
However, the ICT process was highly sensitive to substitutions,
perpendicular to the ICT reaction direction. The emission
intensity of the CT state was strongly suppressed in the polar
environment, although the radiative and nonradiative time
constants of CT state emission were found to be very similar to
those of reference BA. This pointed out the differences in a
number of conformers with the suppressed ICT process. We
found a significantly enhanced number of species, emitting
from LE states at a higher energy excitation, which was
confirmed by TA and PL decay results. Meanwhile, a
significantly enhanced population of locally excited species is
directly associated with labile 2-aryl substitutions in the BA
molecular backbone. A slower ICT reaction, induced by 2-aryl

DOL: 10.1021/acs jpcc.9b07625
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substitutions, indicates a disrupted resonance interaction
between anthracene monomers.

Our findings demonstrate the possibility of control of ICT
by introduction of nonsymmetric conjugated fragments
perpendicular to the charge transfer direction in the BA
molecule, which enables efficient LE state emission even in the
polar environment. This can be beneficial for development of
BA-based deep-blue emitters.
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Owing to extended Tt-electron system higher polyacenes are promising materials for organic electronics,
however realization of higher conjugation of acenes results in their instability under ambient conditions.
‘We now report on synthesis, optical and electrical characterization of nitrogen heteroatom containing
heptacene analogs — 8H-16,17-epoxydinaphto[2,3-c:2’,3’-g]carbazoles — decorated with various alkyl
and aryl side-groups. V-shape geometry, incorporation of nitrogen heteroatom and introduced epoxy
bridge ensure higher oxidative stability of the compounds as compared to analogous polyacenes.
Additionally, the alteration of the molecular structure with various side-groups, either conjugated or
non-conjugated, enabled the tuning of ionization potential from 4.7 eV to 5.5 eV with further gain in
compound stability. This ensures of hole drift mobility up to 8 x 104 cm?/(V s) at 1 MV/cm for thick wet-
casted films under ambient conditions. Peculiarities of forbidden lowest excited states in the V-shaped N-
heptacenes are revealed based on detailed optical characterization and density functional modeling.

Hole mobility
Optical properties

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Highly conjugated polycyclic aromatic hydrocarbons (PAHs) are
exceptionally desirable for organic electronics because of their
unique properties, particularly, their pronounced charge-transport
properties [1,2]. They have been comprehensively examined as
active semiconducting materials in field effect transistors (OFETSs)
and other applications, like light emitting displays (OLEDs), solar
cells, organic sensor devices and beyond [1,3]. One of the most
popular and well-studied acenes with enhanced conjugation
length is pentacene, demonstrating high hole drift mobilities
reaching 5.5 cm?/(V s) [4,5]. With the further conjugation extension
of acenes, carrier drift mobility tends to increase because of
potentially enhanced electronic coupling and reduction of the
reorganization energy in the solid state [6]. However, the higher
acenes, suffer from reduced stability, due to low resonance stabi-
lization, small bandgap and thus high reactivity [7,8], resulting in
their oxidation [9] and photochemical dimerization [10] under

* Corresponding author.
E-mail address: saulius.jursenas@ff.vu.lt (S. Jursénas).

http://dx.doi.org/10.1016/j.dyepig.2015.08.029
0143-7208/© 2015 Elsevier Ltd. All rights reserved.

ambient conditions. Few design strategies were successfully
introduced to increase stability of higher acenes: addition of side
silylacetylene or other conjugated groups [11,12]; manipulation of
polycyclic aromatic hydrocarbon core by changing some fused
benzene rings with heterocyclic moiety [6,7,13,14]; variation of ring
annulation [8,15] by synthesizing non-linear carbon based PAHs.
The shift from linear acenes to the angular analogs seems to be very
efficient strategy, leading to the stabilization of HOMO level and
mitigating of the oxidative degradation processes [7,13,16]. This
strategy is especially effective, if V-shaped acenes additionally
possess various heterocycles and the sites where solubilizing
groups or additional functional fragments are included [7].
Although nonlinear geometry and introduction of heteroatoms
strongly perturb m-electron conjugation, leading generally to wider
bandgaps as compared to linearly fused acenes, there are several
successful demonstrations of air-stable semiconducting materials
suitable for OFET technology [6,7,13,17,18]. Okamoto et al. reported
on V-shaped dinaphthothiophene (DNT) showing extremely high
hole mobility (9.5 cm?/(V s)) [14]. Recently, stability of even higher
V-shaped heptacenes, namely, dinaphthocarbazoles (DNC) [7] and
dianthrathiophenes [13] was proved. DNC was also successfully

217



134 R. Rimkus et al. / Dyes and Pigments 124 (2016) 133—144

tested as hole-transporting material exhibiting 0.055 cm?/(V s) hole
mobility in OFET configuration. Decoration of V-shaped planar
heptacene structure with electron withdrawing end-groups en-
ables demonstration of electron transporting properties [19].

In this work, we report on the synthesis and characterization of
N-heterocyclic heptacene analogs — 8H-16,17-epoxydinaphto|2,3-
c:2',3'-g]carbazoles (EDNC) (Fig. 1). In contrast to their DNC analogs,
EDNC compounds possess a more curved V-shape and stabilizing
epoxy-bridge. Straightforward synthesis of N-heptacene enables
uncomplicated modification of the compounds at the 6 and 10
positions at EDNC moiety by introducing conjugated or non-
conjugated side-substituents leading to their better solubility and
oxidative stability. We report on detailed optical and electro-
chemical characterization of the EDNC derivatives. Revealed pe-
culiarities of the lowest excited states were in line with performed
DFT modeling. Finally, we present results of photoelectrical char-
acterization of the wet-casted films, proving pronounced stability
and hole-transport properties of the EDNC compounds.

2. Experimental methods
2.1. General information

All reagents and solvents were purchased from commercial
sources and dried by using standard procedures before use. Melting
points were determined in open capillaries on a Gallenkamp
melting point apparatus. 'H and '*C NMR spectra were recorded on
a Bruker ASCEND 400 instrument (400 MHz and 100 MHz for 'H
and 13C, respectively). 'TH NMR and '>C NMR were referenced to
residual solvent peaks. Infrared spectra (IR) were recorded on an
FTIR spectrophotometer Spectrum BX II (Perkin Elmer). High Res-
olution Mass Spectrometry (HRMS) analyses were carried out on a
quadrupole, time-of-flight mass spectrometer microTOF-Q II
(Bruker Daltonik).

All reactions and purity of the synthesized compounds were
monitored by TLC using Silica gel 60 F254 aluminum sheets (Merck).
Visualization was accomplished by UV light (A = 254 or 366 nm)
and/or staining with a phosphomolybdic acid, KMnO4 or ani-
sealdehyde solutions. Column chromatography was performed by
using Silica gel 60 (0.040—0.063 mm) (Merck).

Optical properties of the EDNC derivatives were assessed in
dilute 10~ M tetrahydrofuran (THF) solutions and wet-casted films
prepared from 5 x 10~ M THF solutions. Solvatochromic proper-
ties were tested in 10~ M toluene and dimethylformamide (DMF)
solutions. Absorption spectra were recorded on UV—Vis—NIR
spectrophotometer Lambda 950 (Perkin—Elmer) in THF. Fluores-
cence of the investigated compounds was excited by a 365 nm
wavelength light from Xe lamp (FWHM < 10 meV) and measured
by using a back-thinned CCD spectrometer PMA-11 (Hamamatsu).
Fluorescence transients were measured by using a time-correlated

Fig. 1. General structure of 8-alkyl-6,10-disubstituted 8H-16,17-epoxydinaphto[2,3-
c:2',3'-g]carbazoles (EDNC).

single photon counting system PicoHarp 300 (PicoQuant) utilizing
a semiconductor diode laser (repetition rate 1 MHz, pulse duration
70 ps, emission wavelength 375 nm) as an excitation source.
Fluorescence quantum yields (®f) of the solutions were estimated
by using the integrating sphere method [20]. An integrating sphere
(Sphere Optics) coupled to the CCD spectrometer via optical fiber
was also employed to measure @ of the films. Cyclic voltammetry
(CV) experiments were performed on the Integrated Potentiostat
System (Edaq ER466). Platinum wire, glassy carbon disk [@ 1.6 mm,
@ 3.0 mm], and Ag/AgCl were used as counter, working, and
reference electrodes, respectively. In all cases, CV experiments were
performed in DMF with tetrabutylammonium perchlorate — as
supporting electrolyte (0.1 M) under Ar flow; concentrations of
compounds were 0.002 M. The scan rate was 50 mV s~ . Carrier
drift mobility of the wet-casted neat films in air was measured by
xerographic time-of-flight (XTOF) method [21-23]. The samples for
the charge carrier mobility measurements were prepared as
described elsewhere [24]. The film thickness was in the range of
2—6 um and was estimated by calculating interference band shift
observed by microinterferometer (MII-4). The ionization potentials
(I,) of the compound neat films were measured by electron
photoemission in air method [25].

2.2. Computational methods

Quantum chemical calculations of the EDNC derivatives were
performed by using density functional theory B3LYP method as
implemented in the Gaussian 09 software package [26]. Ground-
state geometries of molecular structures were optimized in a 6/
31G basis set. Polarizable Continuum Model (PCM) was used to
estimate the solvation behavior of tetrahydrofuran surrounding.
Electronic excitation energies, oscillator strengths of the singlet and
triplet transitions and spatial distributions of electron density for
frontier orbitals of “freezed” structures were calculated using
semiempirical TD procedure (for singlets only and for triplets only,
respectively).

2.3. General procedure for the synthesis of 9-alkyl-2,7-disubstituted
carbazoles (1a—f)

A mixture of the corresponding 2,7-disubstituted 9H-carbazole
(for the synthesis see Supplementary data) (10 mmol), alkyl-
bromide (10.5 mmol), BnEt3sNCl (0.227 g, 1 mmol), toluene (20 mL)
and NaOH solution (0.42 g, 10.5 mol, in water 50%w/v) was stirred
at 80 °C for 14 h. Then the reaction mixture was cooled to rt.,
poured into 50 mL of water and acidified with 10% hydrochloric
acid to pH ~ 2. Organic layer was separated and water phase
additionally was extracted with toluene (2 x 10 mL). Combined
extracts were washed with water (2 x 25 mL), dried over Na;SO4,
filtered and evaporated to dryness. The obtained crude products of
the alkylation reaction were purified by column chromatography to
give N-alkylcarbazoles 1a—f.

2.3.1. 9-Hexyl-9H-carbazole (1a)

Compound 1a was purified by column chromatography on silica
gel using petroleum ether as an eluent. Yield 99%, white solid, mp
59-60 °C. 'H NMR (400 MHz, CDCl3) 6 (ppm): 0.88 (t, ] = 7.1 Hz, 3H,
CH3); 1.24-1.46 (m, 6H, 3CHy), 1.88 (quint, ] = 7.5 Hz, 2H,
NCH>CH>), 4.31 (t,] = 7.3 Hz, 2H, NCHy), 7.24 (ddd, ] = 7.9, 7.0, 1.1 Hz,
2H), 742 (d, ] = 8.1 Hz, 2H), 7.48 (ddd, ] = 8.2, 7.0, 1.2 Hz, 2H), 8.12
(d,J = 7.7 Hz, 2H); in agreement with literature data [27].

2.3.2. 2,7-Diethyl-9-hexyl-9H-carbazole (1b)
Compound 1b was purified by column chromatography on silica
gel using petroleum ether as an eluent. Yield 99%, colorless oil. 'H
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NMR (400 MHz, CDCl3) 6 (ppm): 0.89 (t,] = 7.1 Hz, 3H, CHs of hexyl),
1.25-1.46 (m, 12H, 2CH3, 3CH,), 1.78—1.97 (m, 2H, NCH,CH,), 2.86
(q,] = 7.6 Hz, 4H, 2ArCH,), 4.26 (t, ] = 7.3 Hz, 2H, NCH,), 7.06 (dd,
J=79,1.3 Hz, 2H, ArH>%), 7.18 (s, 2H, ArH'®), 7.95 (d, ] = 7.9 Hz, 2H,
ArH*); 3C NMR (100 MHz, CDCl3) 6 (ppm): 14.0, 16.2, 22.5, 26.9,
28.9,29.6, 31.5, 42.8,107.4,118.9, 119.7, 120.8, 140.9, 141.7; IR (neat)
v (cm™1): 2960, 2929, 2869, 1606, 1459, 1437, 1325, 1235, 1180, 1140,
1057, 936, 848, 806, 730; HRMS—ESI m/z calcd. for M* (CaH3oN):
308.2370, found: 308.2373.

2.3.3. 2,7-Diethyl-9-(2-ethylhexyl)-9H-carbazole (1c)

Compound 1c was purified by column chromatography on silica
gel using petroleum ether as an eluent. Yield 70%, colorless oil. "H
NMR (400 MHz, CDCl3) 6 (ppm): 0.91 (t, J = 7.2 Hz, 3H, CH3), 0.96 (t,
J = 7.4 Hz, 3H, CHs), 1.25—1.49 (m, 14H, 2CH3, 4CH,), 2.03—2.16 (m,
1H, NCH,CH), 2.87 (q, ] = 7.6 Hz, 4H, 2ArCHy), 4.14 (dd, | = 74,
4.1 Hz, 2H, NCHy), 7.08 (dd, J = 7.9, 1.1 Hz, 2H, ArH>F), 719 (s, 2H,
ArH'$), 7.97 (d, J = 7.9 Hz, 2H, ArH*°); 3C NMR (100 MHz, CDCl3)
6 (ppm): 10.9,14.0, 16.1, 23.0, 24.3, 28.6, 29.6, 30.8, 39.2, 47.1,107.7,
118.9,119.6, 120.8, 141.4, 141.6; IR (neat) » (cm™): 2961, 2929, 2871,
1606, 1459, 1438, 1325, 1225, 1140, 1056, 848, 806, 731; HRMS—ESI
m/z calcd. for M (Ca4H34N): 336.2691, found: 336.2686.

2.3.4. 2,7,9-Trihexyl-9H-carbazole (1d)

Compound 1d was purified by column chromatography on silica
gel with petroleum ether as an eluent. Yield 98%, colorless oil. 'H
NMR (400 MHz, CDCl3) 6 (ppm): 0.87—0.93 (m, 9H, 3CHs),
1.26—1.46 (m, 18H, 9CH3), 1.67—1.77 (m, 4H, 2ArCH,CH>), 1.81-1.90
(m, 2H, NCH,CH,), 2.81 (t, ] = 7.7 Hz, 4H, 2ArCH,), 4.26 (t, ] = 7.2 Hz,
2H, NCH3), 7.04 (dd, J = 7.9, 1.2 Hz, 2H, ArH>$), 7.16 (s, 2H, ArH"8),
7.94 (d, ] = 7.9 Hz, 2H, ArH*%); 3C NMR (100 MHz, CDCl3) § (ppm):
14.0,14.1, 22.6, 22.6, 27.0, 28.9, 29.1, 31.6, 31.8, 32.1, 36.8, 42.8,108.1,
119.4,119.6,120.8,140.3,140.9; IR (neat) » (cm ™ 1): 2955, 2927, 2855,
1605, 1459, 1437, 1324, 1240, 1180, 1139, 846, 803, 729; HRMS—ESI
m|z calcd. for M™ (C39H46N): 420.3622, found: 420.3625.

2.3.5. 2,7-Dihexyl-9-(2-ethylhexyl)-9H-carbazole (1e)

Compound 1e was purified by column chromatography on silica
gel using petroleum ether as an eluent. Yield 62%, colorless oil. 'H
NMR (400 MHz, CDCl3) 6 (ppm): 0.87—0.99 (m, 12H, 4CHs),
125-146 (m, 20H, 10CHp), 1.69-1.80 (m, 4H, 2ArCH,CH,),
2.03-2.14 (m, 1H, NCH,CH), 2.82 (t, ] = 7.7 Hz, 4H, 2ArCH,), 4.14
(dd, J = 7.4, 3.5 Hz, 2H, NCHy), 7.05 (dd, ] = 7.9, 1.0 Hz, 2H, ArH>S),
7.7 (s, 2H, ArH'®), 7.95 (d, J = 7.9 Hz, 2H, ArH*°); 3C NMR
(100 MHz, CDCl3) 6 (ppm): 10.9, 14.0,14.1,22.6, 23.0, 24.3, 28.7, 29.0,
30.9,31.8,32.0,36.7,39.2, 47.1,108.3,119.4, 119.5, 120.7, 140.2, 141.3;
IR (neat) » (cm™'): 2956, 2927, 2855, 1605, 1459, 1438, 1323, 1227,
1180, 1139, 1001, 847, 803, 730; HRMS—ESI m/z calcd. for M*
(C32Hs0N): 448.3937, found: 448.3938.

2.3.6. 2,7-Dibromo-9-hexyl-9H-carbazole (1f)

Compound 1f was purified by column chromatography on silica
gel with petroleum ether:toluene (9:1) mixture. Yield 99%, white
solid, mp 70—71 °C. "H NMR (400 MHz, CDCls) 6 (ppm): 0.89 (t,
J = 6.9 Hz, 3H, CH3), 1.23—-1.43 (m, 6H, 3CH,), 1.77—1.87 (m, 2H,
NCH,CHa), 4.16 (t, ] = 7.4 Hz, 2H, NCH,), 7.33 (dd, ] = 8.3, 1.3 Hz, 2H,
ArH>8) 752 (s, 2H, ArH'8), 7.87 (d, J = 8.3 Hz, 2H, ArH*®); in
agreement with literature data [28].

2.4. General procedure for the synthesis of diacids 2a—f

To a stirred suspension of AlClz (2.0 g, 15 mmol) in 12-
dichloroethane (30 mL) at 0 °C phthalic anhydride (111 g,
7.5 mmol) was added in one portion. The flask was removed from
an ice bath and the reaction mixture was left to warm to rt. After

45 min the reaction mixture was again cooled in an ice bath and
nitromethane (0.802 mL, 15 mmol) was added dropwise (synthesis
of 2f was carried without nitromethane). The mixture was stirred
for 15 min and a solution of corresponding 1a—f (3 mmol) in 1,2-
dichloroethane (3 mL) was added dropwise. The resulting red so-
lution was stirred at rt for 48 h, then cooled in an ice bath and
quenched with 20% hydrochloric acid (10 mL). Resulting slurry was
stirred for 1 h and filtered. Filter cake was washed with water
(50 mL) and dichloromethane (10 mL). Crude products were dried
and recrystallized to afford 2a—f as white solids.

24.1. 2,2'-(9-hexyl-9H-carbazole-3,6-dicarbonyl)dibenzoic acid
(2a)

Yield 58%, mp 264—265 °C (from acetone). 'H NMR (400 MHz,
DMSO-dg) & (ppm): 0.80 (t, J = 7.0 Hz, 3H, CH3), 1.17—1.34 (m, 6H,
3CHy), 1.72—1.81 (m, 2H, NCH,CH,), 4.46 (t, ] = 7.0 Hz, 2H, NCHy),
7.45 (d, ] = 7.2 Hz, 2H), 7.67 (t, ] = 7.5 Hz, 2H), 7.70—7.77 (m, 6H),
8.01(d,] = 7.6 Hz, 2H), 8.57 (s, 2H), 13.05 (br s, 2H, 2CO,H); *C NMR
(100 MHz, DMSO-dg) & (ppm): 13.8, 21.9, 25.9, 28.3, 30.8, 42.8,
109.7, 122.0, 122.5, 127.5, 128.0, 129.3, 129.4, 129.8, 130.0, 1321,
142.0,143.5,167.0, 195.7; IR (KBr) » (cm™'): 3423, 2929, 2857, 1715,
1700, 1654, 1618, 1587, 1484, 1386, 1344, 1303, 1280, 1255, 1130, 934,
757; HRMS—ESI m/z caled. for MNa™ (C34H29NNaOg): 570.1884,
found: 570.1887.

24.2. 2,2'-(2,7-Diethyl-9-hexyl-9H-carbazole-3,6-dicarbonyl)
dibenzoic acid (2b)

Yield 62%, mp 246—248 °C (form acetone). 'H NMR (400 MHz,
DMSO0-dg) 6 (ppm): 0.83 (t,J = 7.1 Hz, 3H, CH3 of hexyl), 1.20—1.39
(m, 12H, 2CHs, 3CH), 1.75-1.84 (m, 2H, NCHyCH,), 3.10 (q,
J=74Hz, 4H, 2ArCH,), 446 (t,] = 7.0 Hz, 2H, NCH>), 7.35—7.41 (m,
2H), 7.56—7.64 (m, 6H), 7.66 (s, 2H), 7.81-7.87 (m, 2H), 13.00 (br s,
2H, 2C0,H); '3C NMR (100 MHz, DMSO-dg) 6 (ppm): 13.8 (CH3), 16.0
(CH3),22.0 (CHy), 26.0 (CHy), 27.2 (CH3), 28.4 (CHy), 30.8 (CH>), 42.3
(CHy), 110.9 (CH), 118.9 (C), 123.8 (CH), 128.2 (CH), 128.9 (C), 129.4
(CH), 129.8 (CH), 131.1 (C), 131.4 (CH), 142.6 (C), 142.7 (C), 144.1 (C),
167.7 (C=0), 197.5 (C=0); IR (KBr) » (cm™!): 3435, 2929, 2869,
1696, 1659, 1598, 1575, 1553, 1471, 1447, 1411, 1364, 1292, 1282,
1245, 1220, 1126, 876, 766; HRMS—ESI mj/z calcd. for MNa*®
(C3gH37NNaOg): 626.2514, found: 626.2513.

24.3. 2,2'-(2,7-Diethyl-9-(2-ethylhexyl)-9H-carbazole-3,6-
dicarbonyl)dibenzoic acid (2c)

Yield 83%, mp 217—218 °C (from acetone). 'H NMR (400 MHz,
DMSO-dg) 6 (ppm): 0.82 (t, J = 7.1 Hz, 3H, CH3), 0.90 (t, J = 7.4 Hz,
3H, CHs), 1.16—1.41 (m, 14H, 2CHs, 4CH,), 1.94—2.05 (m, 1H,
NCH,CH), 3.09 (q,] = 7.6, 4H, 2ArCHy), 4.35 (d, ] = 7.3 Hz, 2H, NCHy),
7.36—7.40 (m, 2H), 7.55 (s, 2H), 7.59—7.62 (m, 4H), 7.66 (s, 2H),
7.81-7.87 (m, 2H), 13.02 (br s, 2H, 2CO,H); '*C NMR (100 MHz,
DMSO-dg) 6 (ppm): 10.6, 13.8, 15.9, 22.4, 23.4, 27.1, 27.7, 29.9, 38.6,
46.4,111.0,118.9, 123.8,128.2,128.9, 129.5, 129.8, 131.0, 131.4, 142.7,
143.0, 144.0, 167.7,197.5; IR (KBr) » (cm ]): 3448, 2959, 2930, 2871,
1697, 1661, 1598, 1554, 1472, 1359, 1281, 1247, 1220, 1127, 936, 876,
766; HRMS—ESI m/z calcd. for MNa™ (C4oH41NNaOg): 654.2824,
found: 654.2826.

2.4.4. 2,2'-(2,7,9-Trihexyl-9H-carbazole-3,6-dicarbonyl)dibenzoic
acid (2d)

Yield 44%, mp 211-212 °C (from acetone). "H NMR (400 MHz,
DMSO-dg) 6 (ppm): 0.80—0.87 (m, 9H, 3CHs3), 1.21-1.36 (m, 18H,
9CHy), 1.61-1.69 (m, 4H, 2ArCH,CH,), 1.74—1.82 (m, 2H, NCH,CHy),
3.03 (t, J = 7.6 Hz, 4H, 2ArCH,); 4.44 (t, ] = 6.9 Hz, 2H, NCH,),
7.33-7.36 (m, 2H), 7.57—7.61 (m, 6H), 7.71 (s, 2H), 7.82—7.85 (m,
2H), 1299 (br s, 2H, 2COH); *C NMR (100 MHz, DMSO-ds)
¢ (ppm): 13.8,13.9, 22.0, 22.1, 26.0, 28.4, 28.9, 30.9, 31.1, 31.3, 34.2,
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42.3,111.5,119.0, 124.0, 128.2, 128.9, 129.5, 129.8, 131.2, 131.3, 142.5,
142.7,142.8,167.7,197.5; IR (KBr) » (cm™'): 3462, 2926, 2854, 1695,
1660, 1598, 1553, 1470, 1410, 1364, 1282, 1243, 1219, 1127, 900, 766;
HRMS—ESI m/z calcd. for MNa™ (C46Hs3NNaOg): 738.3760, found:
738.3765.

2.4.5. 2,2'-(2,7-Dihexyl-9-(2-ethylhexyl)-9H-carbazole-3,6-
dicarbonyl)dibenzoic acid (2e)

Yield 61%, mp 204—205 °C (from acetone). 'H NMR (400 MHz,
DMSO0-dg) 6 (ppm): 0.77—0.94 (m, 12H, 4CH3), 1.15-1.43 (m, 20H,
10CH3y), 1.60—1.69 (m, 4H, 2ArCH,CH,), 1.91-2.05 (m, 1H, NCH,CH),
3.03 (dd, J = 8.3, 5.9 Hz, 4H, 2ArCH), 4.33 (d, ] = 7.2 Hz, 2H, NCH,),
7.30—7.39 (m, 2H), 7.51 (s, 2H), 7.56—7.64 (m, 4H), 7.71 (s, 2H),
7.80—7.88 (m, 2H), 13.00 (br s, 2H, 2CO,H); '*C NMR (100 MHz,
DMSO-dg) 6 (ppm): 10.6,13.7,13.9, 22.0, 22.4, 23.4, 27.9, 28.7, 29.9,
31.1, 311, 34.0, 38.6, 46.4, 111.6, 119.0, 123.9, 128.1, 128.9, 1294,
129.8,131.2,131.3,142.5,142.7,142.8, 167.7,197.4; IR (KBr) » (cm ™ !):
3453, 2956, 2926, 2855, 1696, 1661, 1598, 1554, 1468, 1358, 1281,
1246, 1220, 1127, 901, 753; HRMS—ESI m/z calcd. for MNa™
(C4gHs57NNaOg): 766.4065, found: 766.4078.

2.4.6. 2,2'-(2,7-dibromo-9-hexyl-9H-carbazole-3,6-dicarbonyl)
dibenzoic acid (2f)

Yield 78%, mp 308—309 °C (from acetone). 'H NMR (400 MHz,
DMSO-ds) 6 (ppm): 0.84 (t, ] = 7.0 Hz, 3H, CHs), 1.20—1.39 (m, 6H,
3CHj,), 1.70—1.79 (m, 2H, NCH,CHy), 4.50 (t, ] = 7.1 Hz, 2H, NCHy),
7.39—7.45 (m, 2H), 7.59—7.67 (m, 4H), 7.80—7.78 (m, 2H), 8.12 (s, 2H),
8.32 (s, 2H), 13.05 (br s, 2H, 2CO,H); *C NMR (100 MHz, DMSO-ds)
6 (ppm): 13.8, 22.0, 25.8, 284, 30.8, 42.8, 115.5, 119.2, 120.3, 125.1,
128.9, 1294, 130.0, 130.7, 131.4, 132.0, 140.7, 142.7, 167.9, 194.9; IR
(KBr) » (cm™1): 3453, 2927, 2855, 1674, 1624, 1584, 1486, 1466, 1412,
1351,1323,1280, 1256, 1237, 1138, 1044, 944, 859, 748; HRMS—ESI m/
z calcd. for MNa™ (C34H27Br,NNaOg): 726.0088, found: 726.0097.

2.5. General procedure for preparation of o-benzylbenzoic acids
3a—f

A suspension of zinc amalgam prepared from 30 eq. of Zn with
5 mol% of HgBr, and o-benzoylbenzoic acid 2a—f in 1,4-dioxane
(0.2 M) was stirred at 50 °C for 4—24 h adding 2—3 eq. of concen-
trated hydrochloric acid in every hour (total amount of hydro-
chloric acid — 12 eq.). After the reaction (TLC control), the mixture
was filtered, filter cake was washed with dioxane (3 x 10 mL),
quenched with warm water (3/4 of the resulting volume) and left at
0 °C for 12 h. The resulting solid was filtered and recrystallized to
afford o-benzylbenzoic acids 3a—f as white solids.

2.5.1. 2,2'-((9-hexyl-9H-carbazole-3,6-diyl)bis(methylene))
dibenzoic acid (3a)

Yield 88%, mp 234—235 °C (from toluene). 'H NMR (400 MHz,
DMSO0-dg) & (ppm): 0.79 (t, ] = 7.0 Hz, 3H, CHs), 1.15—1.31 (m, 6H,
3CHy), 1.64—1.75 (m, 2H, NCH,CH,), 4.27 (t, ] = 7.0 Hz, 2H, NCH,),
4.48 (s, 4H, 2ArCH,Ar), 7.22 (dd, ] = 8.4, 1.5 Hz, 2H), 7.27—7.33 (m,
4H), 7.41-7.48 (m, 4H), 7.80 (dd, J = 8.2, 1.3 Hz, 2H), 7.84 (d,
4] = 0.8 Hz, 2H), 12.80 (s, 2H, 2CO,H); '*C NMR (100 MHz, DMSO-
dg) 0 (ppm): 13.8, 21.9, 26.1, 28.4, 30.9, 38.3,42.2,109.0, 119.9, 121.8,
126.0, 126.6, 130.0, 130.7, 131.1 (overlapped), 131.5, 138.7, 142.6,
169.0; IR (KBr) » (cm™): 3440, 2930, 2641, 1688, 1572, 1488, 1407,
1312, 1272, 1244, 1141, 1076, 925, 883, 773, 738; HRMS—ESI m/z
calcd. for MNa™ (C34H33NNaOy): 542.2293, found: 542.2291.

2.5.2. 2,2'-((2,7-Diethyl-9-hexyl-9H-carbazole-3,6-diyl)
bis(methylene))dibenzoic acid (3b)

Yield 87%, mp 232—235 °C (from toluene). 'H NMR (400 MHz,
DMSO-dg) 6 (ppm): 0.83 (t, ] = 7.1 Hz, 3H, CH3 of hexyl), 1.16 (t,

J=7.5Hz, 6H, 2CH; of ethyl), 1.21—1.38 (m, 6H, 3CH,), 1.72—1.81 (m,
2H, NCHoCHy), 2.65 (q, /] = 7.4 Hz, 4H, 2ArCH,CHs), 432 (t,
J=6.9Hz, 2H, NCH,), 4.47 (s, 4H, 2ArCH,Ar), 6.91 (d,] = 7.7 Hz, 2H),
7.27 (t, ] = 7.5 Hz, 2H), 7.32-7.38 (m, 4H), 7.54 (s, 2H), 7.83 (dd,
J = 7.7, 1.3 Hz, 2H), 12.87 (br s, 2H, 2CO.H); *C NMR (100 MHz,
DMSO-dg) 6 (ppm): 13.8, 15.2, 22.0, 26.0, 26.1, 28.5, 30.8, 35.7, 42.0,
108.4, 120.0, 121.0, 125.8, 128.5, 130.0, 130.0, 130.7, 131.4, 1394,
139.8,142.3,168.9; IR (KBr) » (cm’l): 3435, 2960, 2929, 2871, 1687,
1612, 1573, 1478, 1405, 1305, 1267, 1250, 1142, 1077, 850, 735;
HRMS—ESI m/z calcd. for MNa™ (C3gH41NNaOy4): 598.2932, found:
598.2928.

2.5.3. 2,2'-((2,7-Diethyl-9-(2-ethylhexyl)-9H-carbazole-3,6-diyl)
bis(methylene))dibenzoic acid (3c)

Yield 80%, mp 195—196 °C (from a mixture toluene : petroleum
ether). 'H NMR (400 MHz, DMSO-dg) 6 (ppm): 0.81 (t,J = 7.1 Hz, 3H,
CHs), 0.90 (t, ] = 7.4 Hz, 3H, CH3), 1.15 (t, J = 7.5 Hz, 6H, 2CH3 of
ethyl), 1.25—1.40 (m, 8H, 4CH,), 1.94—2.02 (m, 1H, NCH,CH), 2.64 (q,
J =75 Hz, 4H, 2ArCHy), 419 (d, ] = 7.2 Hz, 2H, NCHy), 447 (s, 4H,
2ArCH,Ar), 6.91 (d, J = 7.5 Hz, 2H), 7.25-7.32 (m, 4H), 7.36 (td,
J=76,15Hz, 2H), 7.54 (s, 2H), 7.84 (dd, ] = 7.7, 1.4 Hz, 2H), 12.88 (s,
2H, 2C0»H); 3C NMR (100 MHz, DMSO-dg) 6 (ppm): 10.7,13.7,15.0,
22.5,23.6,25.9,27.8,30.1,35.7, 38.7, 46.1, 108.5, 120.0, 120.9, 125.8,
128.5,129.9, 130.0, 130.7, 131.4, 139.6, 139.8, 142.3, 168.9; IR (KBr) »
(em™1): 3449, 2960, 2929, 2871, 1689, 1611, 1574, 1477, 1458, 1405,
1304, 1266, 1141, 1076, 928, 851, 735; HRMS—ESI m/z calcd. for
MNa™" (C40H45NNaO4): 626.3238, found: 626.3241.

2.54. 2,2'-((2,7,9-Trihexyl-9H-carbazole-3,6-diyl )bis(methylene))
dibenzoic acid (3d)

Yield 84%, mp 189—190 °C (from a mixture toluene : petroleum
ether). "H NMR (400 MHz, DMSO-dg) & (ppm): 0.79—0.84 (m, 9H,
3CH3), 1.16-1.31 (m, 18H, 9CH,), 1.42—1.52 (m, 4H, 2ArCH,CH,),
1.69—1.79 (m, 2H, NCH,CH>), 2.59 (t,] = 7.7 Hz, 4H, 2ArCH,), 4.29 (t,
J=6.8 Hz, 2H, NCH>), 4.47 (s, 4H, 2ArCH»Ar), 6.90 (d, ] = 7.4 Hz, 2H),
7.26 (td, ] = 7.6,1.0 Hz, 2H), 7.36—7.30 (m, 4H), 7.58 (s, 2H), 7.83 (dd,
J=17.7,14Hz, 2H), 12.82 (s, 2H, 2CO,H); '*C NMR (100 MHz, DMSO-
de) 6 (ppm): 13.7, 13.8, 22.0, 22.0, 26.1, 28.5, 28.5, 30.7, 30.9, 31.0,
33.1, 35.8, 42.0, 109.3, 120.1, 125.7, 125.8, 128.6, 129.9, 130.0, 130.6,
131.3,138.4,139.3,142.5,168.9; IR (KBr) » (cm™): 3445, 2954, 2926,
2855,1689, 1573, 1477, 1405, 1304, 1267, 1248, 1142, 1076, 926, 885,
847, 735; HRMS—ESI m/z calcd. for MNa™ (C46Hs7NNaOy): 710.4172,
found: 710.4180.

2.5.5. 2,2'~((2,7-Dihexyl-9-(2-ethylhexyl)-9H-carbazole-3,6-diyl)
bis(methylene))dibenzoic acid (3e)

Yield 86%, mp 174—176 °C (from a mixture toluene : petroleum
ether). "TH NMR (400 MHz, DMSO-dg) 6 (ppm): 0.84—0.78 (m, 9H,
3CH3), 0.88 (t, ] = 7.4 Hz, 3H, CHs3), 1.15—1.35 (m, 20H, 10CH>),
1.43-1.52 (m, 4H, 2ArCH,CH,), 1.90—2.00 (m, 1H, NCH,CH), 2.60 (t,
J = 7.5 Hz, 4H, 2ArCH,), 417 (d, ] = 7.0 Hz, 2H, NCH,), 447 (s, 4H,
2ArCH,Ar), 6.90 (d, ] = 7.5 Hz, 2H), 7.24-7.30 (m, 4H), 7.34 (td,
J=174,13 Hz, 2H), 7.58 (s, 2H), 7.83 (dd, ] = 7.7, 1.3 Hz, 2H), 12.90 (br
s, 2H, 2C0O,H); >C NMR (100 MHz, DMSO-dg) 6 (ppm): 10.6, 13.7,
13.8,21.9, 22.4, 23.7, 28.0, 28.4, 30.1, 30.4, 31.0, 33.0, 35.7, 38.7,41.9,
109.4, 120.0, 121.1, 125.7, 128.6, 129.9, 129.9, 130.6, 131.3, 138.3,
139.6,142.4,168.9; IR (KBr) » (cm’] ): 3450, 2956, 2926, 2855, 1868,
1573, 1477, 1458, 1405, 1303, 1266, 1142, 1076, 927, 846, 734;
HRMS—ESI m/z calcd. for MNa™ (C4gHg1NNaOy): 738.4487, found:
738.4493.

2.5.6. 2,2'-((2,7-Dibromo-9-hexyl-9H-carbazole-3,6-diyl)
bis(methylene))dibenzoic acid (3f)

Yield 64%, mp > 300 °C (dec.) (from a mixture toluene:acetone
10:1). 'H NMR (400 MHz, DMSO-dg) & (ppm): 0.83 (t, ] = 7.0 Hz, 3H,
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CH3), 1.19-1.37 (m, 6H, 3CH,), 1.68—1.77 (m, 2H, NCH,CHy), 4.37 (t,
J = 6.9 Hz, 2H, NCH,), 4.56 (s, 4H, 2ArCH,Ar), 6.88 (d, ] = 7.6 Hz, 2H),
730 (t,] = 7.2 Hz, 2H), 7.39 (td, ] = 7.6, 1.3 Hz, 2H), 7.83 (s, 2H), 7.87
(dd,J = 7.7,11 Hz, 2H), 7.95 (s, 2H), 12.92 (br s, 2H, 2CO,H); *C NMR
(100 MHz, DMSO0) & (ppm): 13.8 (CH3), 22.0 (CHy), 25.9 (CH,), 283
(CHy), 30.8 (CHy), 39.0 (CH,), 42.4 (CH,), 113.3 (CH), 121.1 (C), 122.3
(C), 122.3 (CH), 126.0 (CH), 129.7 (CH), 129.8 (C), 130.2 (CH), 130.6
(C),131.7 (CH), 139.9 (C), 140.9 (C), 168.6 (C=0); IR (KBr) » (cm™'):
3451, 2926, 2854, 1691, 1594, 1573, 1482, 1433, 1326, 1304, 1268,
1239, 1143, 1063, 915, 802, 731; HRMS—ESI m/z calcd. for MNa*
(C34H31Br,NNaOy): 698.0513, found: 698.0512.

2.6. General procedure for preparation of 8H-16,17-epoxydinaphto
[2,3-¢:2',3'-g]carbazoles (4a—f)

To a stirred suspension of o-benzylbenzoic acids 3a—f (100 mg) in
1,2-dichloroethane (0.2 M), 2.0 eq. of phosphorous trichloride was
added. The suspension was stirred at 80 °C for 12 h. Then the reac-
tion mixture was cooled to rt, poured into 30 mL of ice water, stirred
for 30 min and extracted with dichloromethane (3 x 10 mL). Com-
bined organic phases were washed with saturated NaHCO3 (10 mL)
solution and water (10 mL). The resulting solution was dried over
NayS0y, filtered and concentrated. Crude products of the reaction
were purified by column chromatography on silica gel using petro-
leum ether:toluene (5:2) mixture as an eluent to afford 4a—f.

2.6.1. 8-Hexyl-8H-16,17-epoxydinaphto[2,3-c:2',3'-g]carbazole (4a)

Yield 16%, orange solid, mp 194—195 °C (from toluene). '"H NMR
(400 MHz, CDCl3) & (ppm): 0.85 (t, ] = 7.1 Hz, 3H, CHs), 1.23-1.38
(m, 6H, 3CHa), 1.79—1.89 (m, 2H, NCH>CH,), 4.15 (t, ] = 7.2 Hz, 2H,
NCH,), 7.35 (d,J = 9.1 Hz, 2H, ArH”®), 7.51 (t,] = 7.4 Hz, 2H, ArH>"3),
7.55-7.73 (m, 4H, ArH>61014) 795 (d, ] = 8.4 Hz, 2H, ArH*'?), 8.05
(br s, 2H, ArH>'"), 9.03 (d, J = 8.8 Hz, 2H, ArH"!); 3C NMR
(100 MHz, CDCl3) § (ppm): 13.9 (CHs), 22.5 (CHy), 26.7 (CH,), 30.4
(CH,), 314 (CHy), 433 (CHy), 112.0 (CH™®), 1153, 116.2, 122.2
(CHM), 122.7 (CH>"), 124.2, 124.3 (CH>®), 125.2, 125.3 (CH>'),
128.5 (CH*'2), 128.5, 131.6 (C'92172), 134.0 (C782), 147.6 (C'57); IR
(KBr)» (cm~1): 3045, 2923, 2853, 1625, 1585, 1551, 1440, 1401, 1358,
1323, 1304, 1272, 1170, 1120, 1093, 864, 835, 769, 734; HRMS—ESI
(with Aga(OAC)xaq)) mfz caled. for 2MAg" (CesHs4AgN202):
1037.3227, found: 1037.3231; MS/MS m/z caled. for MAg*"
(C34H27AgNO): 572.1129, found: 572.1138.

2.6.2. 6,10-Diethyl-8-hexyl-8H-16,17-epoxydinaphto[2,3-c:2',3'-g]
carbazole (4b)

Yield 89%, yellow solid, mp 173—174 °C (from toluene:petroleum
ether (1:1) mixture). "H NMR (400 MHz, CDCl3) & (ppm): 0.86 (t,
J = 71 Hz, 3H, CH3 of hexyl), 1.22-1.40 (m, 6H, 3CH,), 145 (t,
J =75 Hz, 6H, CH; of ethyl), 1.74—1.88 (m, 2H, NCH,CH>), 3.13—-3.22
(m, 4H, 2ArCHy), 4.08 (t, ] = 7.2 Hz, 2H, NCHy), 7.16 (s, 2H, AtH"),
7.43—7.55 (m, 2H, ArH>"®), 7.67 (ddd, ] = 8.7, 6.5, 1.1 Hz, 2H, ArH>'4),
7.97 (d,] = 8.3 Hz, 2H, AtH*'2),8.20 (s, 2H, ArH>!"), 9.05 (d,] = 8.8 Hz,
2H, ArH"®); 3C NMR (100 MHz, CDCl3) & (ppm): 13.9 (CH3), 14.8
(CH3), 22.5 (CHy), 26.7 (CHy), 27.0 (CHz), 30.2 (CHy), 31.4 (CH>), 42.8
(CH>),110.4 (CH"?), 114.1 (C'6P16¢) 1173 (C16216d) 118.9 (CH '), 122.0
(CHM), 123.9 (C**'12), 1241 (CH3>13), 125.1 (CH>'), 127.6 (C52102),
128.9 (CH*12),131.3 (C°*173),133.7 (C"*82),136.5 (C51°), 148.4 (C'517);
IR (KBr) » (cm™'): 3048, 2956, 2924, 1712, 1615, 1587, 1557, 1456,
1435,1398,1347,1327,1301, 1160, 1145, 1117, 858, 732; HRMS—ESI m/
z caled. for MNa™ (C3gH3sNNaO): 544.2607, found: 544.2611.

2.6.3. 6,10-Diethyl-8-(2-ethylhexyl)-8H-16,17-epoxydinaphto[2,3-
c:2',3'-gJcarbazole (4c)

Yield 57%, light orange solid, mp 151-152 °C. 'H NMR (400 MHz,
CDCl3) 6 (ppm): 0.79—0.92 (m, 6H, 2CH3), 1.18—1.31 (m, 8H, 4CHy),

1.39 (t, J = 7.4 Hz, 6H, 2CH; of ethyl), 1.74—1.83 (m, 1H, NCH,CH),
3.08 (br s, 4H, 2ArCHy), 3.71 (d, ] = 5.9 Hz, 2H, NCH,), 6.98 (s, 2H),
7.48 (t, ] = 7.3 Hz, 2H), 7.61-7.68 (m, 2H), 7.96 (d, ] = 8.3 Hz, 2H),
8.11 (br's, 2H, ArH”?), 9.03 (d, ] = 8.7 Hz, 2H); '*C NMR (100 MHz,
CDCl3) & (ppm): 10.8, 13.9, 14.4, 22.9, 24.2, 26.7, 28.6, 30.8, 40.3,
46.6,110.4, 113.9, 117.0, 118.7, 121.9, 123.8, 124.0, 125.0, 127.6, 128.2,
128.9, 131.2, 134.0, 148.3; IR (KBr) » (cm™): 2957, 2927, 2870, 1615,
1457, 1439, 1399, 1347, 1325, 1299, 1156, 1116, 864, 736; HRMS—ESI
m/z calcd. for MNa™ (C49H39NNaO): 572.2930, found: 572.2924.

2.64. 6,8,10-Trihexyl-8H-16,17-epoxydinaphto[2,3-c:2',3'-g]
carbazole (4d)

Yield 61%, light orange solid, mp 117118 °C. "H NMR (400 MHz,
CDCl3) 6 (ppm): 0.86 (t, ] = 7.0 Hz, 3H, CH3), 0.93 (t, ] = 7.1 Hz, 6H,
2CH3),1.27—1.44 (m, 14H, 7CH3), 1.46—1.54 (m, 4H, 2CH;), 1.79-1.91
(m, 6H, 3CHy), 3.18 (t,] = 7.3 Hz, 4H, 2ArCH;), 4.21 (t,] = 7.1 Hz, 2H,
NCHy), 7.26 (s, 2H overlapped with CHCl3), 7.43-7.58 (m, 2H),
7.62—7.74 (m, 2H), 8.01 (d, ] = 8.3 Hz, 2H), 8.26 (s, 2H), 9.11 (d,
J = 8.8 Hz, 2H); '3C NMR (100 MHz, CDCl3) § (ppm): 13.9, 14.1, 22.5,
22.7, 26.7, 29.5, 30.3, 30.6, 31.4, 31.8, 34.4, 42.9, 1114, 114.2, 1174,
119.2, 122.0, 124.0, 124.2, 125.2, 127.7, 128.9, 131.3, 133.7, 135.3,
148.5; IR (KBr) » (cm 1): 2955, 2925, 2853, 1614, 1461, 1347, 1321,
1310, 1276,1150, 1117, 865, 774, 732; HRMS—ESI m/z calcd. for MNa*
(C46H51NNaO): 656.3850, found: 656.3863.

2.6.5. 6,10-Dihexyl-8-(2-ethylhexyl)-8H-16,17-epoxydinaphto[2,3-
c:2',3'-gJcarbazole (4e)

Yield 50%, light orange solid, mp 99—100 °C. "H NMR (400 MHz,
CDCls) 6 (ppm): 0.84—0.89 (m, 6H, 2CH3), 0.93 (t, ] = 7.2 Hz, 6H,
2CH3), 120153 (m, 20H, 10CH,), 1.83 (dt, J = 15.3, 7.6 Hz, 4H,
2ArCH,CH,), 1.88—1.94 (m, 1H, NCH,CH), 3.14 (t, ] = 7.7 Hz, 4H,
2ArCH,), 3.98 (dd, ] = 7.2, 4.4 Hz, 2H, NCHy), 7.19 (s, 2H), 7.46—7.53
(m, 2H), 7.62—7.74 (m, 2H), 8.01 (d, ] = 8.3 Hz, 2H), 8.24 (s, 2H), 9.11
(d,J = 8.8 Hz, 2H); 3C NMR (100 MHz, CDCls) & (ppm): 10.9, 14.0,
14.1,22.7,22.9,24.3, 28.7,29.5, 30.4, 30.9, 31.8, 34.3,40.5, 47.0,111.7,
114.1,117.4,119.2,122.0,124.0, 124.2,125.3,127.7,128.9, 131.3, 134.1,
135.2,148.5; IR (KBr) » (cm™~1): 2954, 2924, 2854, 1615, 1458, 1348,
1324,1310, 1157, 1117, 865, 774, 735; HRMS—ESI m/z calcd. for MNa*
(C4gHs55NNaO): 684.4171, found: 684.4176.

2.6.6. 6,10-Dibromo-8-hexyl-8H-16,17-epoxydinaphto[2,3-c:2',3'-
gJcarbazole (4f)

Yield 59%, yellow solid, mp 244—246 °C (from chloroform). 'H
NMR (400 MHz, CDCl3) 6 (ppm): 0.86 (t, ] = 6.7 Hz, 3H, CH3),
1.24-1.29 (m, 6H, 3CH,), 1.64—1.74 (m, 2H, NCH,CH>), 3.81 (t,
J=74Hz, 2H, NCHy), 7.39 (s, 2H), 7.44—7.48 (m, 2H), 7.51-7.55 (m,
2H), 7.87 (d, ] = 8.2 Hz, 2H), 8.22 (s, 2H), 8.58 (d, ] = 8.7 Hz, 2H); °C
NMR (100 MHz, CDCl3) 6 (ppm): 13.9, 22.5, 26.6, 30.2, 31.3, 43.2,
114.7, 115.8, 115.8, 119.5, 121.8, 122.8, 124.2, 124.9, 125.9 (over-
lapped), 128.9, 131.6, 133.0, 147.7; IR (KBr) » (cm™1): 2927, 2852,
1611, 1355, 1321, 1306, 1172, 1123, 865, 839, 768, 761, 734;
HRMS—ESI  (with  Agy(OAc)yaq)) mjz caled. for MAg!
(C34H25AgBrNO): 727.9350, found: 727.9348.

2.7. General procedure for preparation of compounds 5a—e

Dibromide 4f (100 mg, 0.16 mmol), Pd(PPh3),Cl; (3.3 mg,
4.8 umol) and the corresponding boronic acid (2.2 eq.) were placed
in a flask equipped with a magnetic stir bar. The flask was sealed
with septum, flushed with argon, and degassed toluene (5 mL) was
added. The resulting suspension was stirred at 105 °C for 4—5 min,
and then saturated K,COs3 solution (500 pL) was added. The reac-
tion mixture was stirred for 15 min and cooled to rt. Dichloro-
methane (20 mL) was added, the resulting solution was washed
with water (10 mL), brine (10 mL), dried over Na;SOy, filtered and
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concentrated. Crude products of the coupling reaction were puri-
fied by column chromatography on silica gel using petroleum
ether:toluene (3:1) mixture as an eluent.

2.7.1. 6,10-Diphenyl-8-hexyl-8H-16,17-epoxydinaphto[2,3-c:2',3'-g]
carbazole (5a)

Yield 91%, yellow solid, mp 210—211 °C. TH NMR (400 MHz,
CDCl3) 6 (ppm): 0.85 (t, ] = 7.0 Hz, 3H, CH3), 1.24-1.36 (m, 4H,
2CHy), 1.36—1.46 (m, 2H, CH;), 1.89—1.99 (m, 2H, NCHCH5), 4.37 (t,
J=7.2Hz, 2H, NCHy), 7.44—7.48 (m, 2H), 7.49 (s, 2H), 7.52—7.71 (m,
12H), 7.89 (d, ] = 8.4 Hz, 2H), 8.19 (s, 2H), 9.17 (d, ] = 8.8 Hz, 2H); °C
NMR (100 MHz, CDCl3) 6 (ppm): 13.9 (CH3), 22.5 (CH3), 26.8 (CHy),
30.5 (CHy), 31.4 (CHy), 43.5 (CHy), 113.1 (CH), 115.1 (C), 117.3 (C),
122.0 (CH), 122.2 (CH), 124.3 (C), 124.4 (CH), 125.7 (CH), 127.3 (CH),
127.7 (C), 128.3 (CH), 129.0 (CH), 130.5 (CH), 131.5 (C), 134.1 (C),
137.6 (C), 141.7 (C), 148.3 (C); IR (KBr) » (cm™'): 3051, 2926, 2853,
1612, 1494, 1346, 1325, 1309, 1221, 1169, 1120, 768, 740, 703;
HRMS—ESI m/z caled. for M* (C46H35NO): 617.2718, found:
617.2713.

2.7.2. 6,10-Dinaphthyl-2-yl-8-hexyl-8H-16,17-epoxydinaphto[2,3-
c:2',3'-g]carbazole (5b)

Yield 87%, light orange solid, mp 237-238 °C. 'H NMR
(400 MHz, CDCl3) & (ppm): 0.84 (t, ] = 7.0 Hz, 3H, CHs), 1.25-1.35
(m, 4H, 2CHy), 1.39—1.46 (m, 2H, CHy), 1.91-2.01 (m, 2H, CH,), 4.40
(t,] = 7.2 Hz, 2H, NCH,), 7.43—7.48 (m, 2H), 7.58 (s, 2H), 7.59—7.63
(m, 4H), 7.66—7.71 (m, 2H), 7.77 (dd, ] = 8.4, 1.7 Hz, 2H), 7.84 (d,
J = 8.4 Hz, 2H), 7.93-7.98 (m, 2H), 8.00—8.04 (m, 4H), 8.10 (s, 2H),
8.21 (s, 2H), 9.19 (d, J = 8.8 Hz, 2H); '3C NMR (100 MHz, CDCl3)
6 (ppm): 13.9, 22.5, 26.8, 30.5, 314, 43.5, 113.5, 115.2, 117.3, 122.0,
122.4, 1244, 1245, 125.8, 126.1, 126.4, 127.6, 127.8, 1279, 1281,
128.9, 129.0, 129.0, 131.6, 132.7, 133.5, 134.2, 137.5, 139.3, 148.4; IR
(KBr) » (cm™): 3048, 2925, 2853, 2361, 1744, 1610, 1596, 1554, 1466,
1436, 1397, 1348, 1323, 1307, 1241, 1214, 1168, 1117, 1063, 878, 853,
820, 777, 738; HRMS—ESI m/z calcd. for MNa™ (Cs4H39NNaO):
740.2911, found: 740.2924.

2.7.3. 6,10-Bis(4-etoxyphenyl)-8-hexyl-8H-16,17-epoxydinaphto
[2,3-¢:2',3'-g]carbazole (5¢)

Yield 62%, light orange solid, mp 215—216 °C."H NMR (400 MHz,
CDCl3) 6 (ppm): 0.85 (t, ] = 7.0 Hz, 3H, CH3), 1.24—-1.36 (m, 4H,
2CHy), 1.36—1.46 (m, 2H, CHy), 1.53 (t, J = 7.0 Hz, 6H, 20CH,CH3),
1.88—2.00 (m, 2H, CHy), 4.19 (q, J = 7.0 Hz, 4H, 20CH,), 4.37 (t,
J = 7.2 Hz, 2H, NCHy), 7.10 (d, ] = 8.6 Hz, 4H), 7.43—7.51 (m, 4H),
7.51-7.58 (m, 4H), 7.63—7.73 (m, 2H), 7.89 (d, ] = 8.4 Hz, 2H), 8.21 (s,
2H), 9.18 (d, ] = 8.8 Hz, 2H); 3C NMR (100 MHz, CDCl3) 6 (ppm):
13.9, 14.9, 22.5, 26.8, 30.5, 31.4, 43.5, 63.6, 113.0, 114.3, 114.9, 1174,
122.0, 122.3, 124.3, 124.4, 125.7, 128.1, 128.2, 129.0, 131.5, 133.9,
134.1,137.2,148.3, 158.4; IR (KBr) » (cm~'): 3045, 2923, 2353, 1714,
1610, 1555, 1509, 1476, 1342, 1324, 1305, 1242, 1168, 1116, 1045, 877,
835, 738; HRMS—ESI m/z calcd. for MNa™ (CsoH43NNaO): 728.3126,
found: 728.3135.

2.74. 6,10-Bis(4-carbazol-9-ylphenyl)-8-hexyl-8H-16,17-
epoxydinaphto[2,3-c:2',3'-g]carbazole (5d)

Yield 79%, yellow solid, mp 244—245 °C. TH NMR (400 MHz,
CDCl3) & (ppm): 0.88 (t,] = 7.1 Hz, 3H, CH3), 1.35—1.46 (m, 4H, 2CH,),
1.48—-1.53 (m, 2H, CHy), 2.07 (dt, ] = 14.9, 7.5 Hz, 2H, NCH,CH), 4.53
(t, J = 7.2 Hz, 2H, NCHy), 7.35-7.39 (m, 4H), 7.50—7.56 (m, 6H),
7.66—7.70 (m, 6H), 7.73—7.78 (m, 2H), 7.80—7.83 (m, 4H), 7.89—7.92
(m, 4H), 8.02 (d, ] = 8.4 Hz, 2H), 8.23 (d, ] = 7.7 Hz, 4H), 8.37 (s, 2H),
9.25 (d, ] = 8.9 Hz, 2H); IR (KBr) » (cm~'): 3046, 2924, 2359, 1712,
1610, 1514, 1477, 1450, 1345, 1324, 1315, 1228, 1168, 1119, 837, 748,
723; HRMS—ESI m/z calcd. for MH™ (C70Hs0N30): 948.3945, found:

948.3948. 1>C NMR spectrum was not recorded due to too poor
solubility of the material.

2.7.5. 6,10-Bis(biphenyl-4-yl)-8-hexyl-8H-16,17-epoxydinaphtho
[2,3-c:2',3'-g]carbazole (5e)

Yield 89%, light orange solid, mp 286-287 °C. 'H NMR
(400 MHz, CDCl3) 6 (ppm): 0.86 (t, ] = 7.1 Hz, 3H, CH3), 1.29—-1.38
(m, 4H, 2CHy), 1.40—1.50 (m, 2H, CH,), 1.98 (dt, ] = 14.9, 7.4 Hz, 2H,
NCH2CHy), 443 (t, | = 7.3 Hz, 2H, NCHy), 7.41-7.57 (m, 10H),
7.68—7.80 (m, 10H), 7.83 (d, J = 8.3 Hz, 2H), 7.93 (d, ] = 8.4 Hz, 1H),
8.29 (s, 1H), 9.20 (d, ] = 8.8 Hz, 1H); >C NMR (100 MHz, CDCl3)
6 (ppm): 13.9, 22.5, 26.8, 30.5, 31.5, 43.6, 113.2, 115.2, 1174, 122.0,
122.2,124.4,124.5,125.8,127.0,127.1,127.4,127.7,128.9,129.1,130.9,
131.6,134.2,137.2,140.2,140.7,140.8,148.4; IR (KBr) v (Cm’l): 3026,
2924, 2853, 1610, 1554, 1485, 1458, 1396, 1343, 1324, 1220, 1169,
1006, 840, 766, 738, 695; HRMS—ESI m/z calcd. for MNa™
(CsgH43NNaO): 792.3228, found: 792.3237.

3. Results and discussion
3.1. Materials synthesis

The synthetic strategy of the target EDNC 4a—f is outlined in
Scheme 1. The starting 2,7,9-trisubstituted carbazoles 1a—f were
prepared by using Cadogan [29] cyclization reaction of 4,4’-disub-
stituted-2-nitrobiphenyls in the presence of PPhs followed by
alkylation of the obtained 2,7-disubstituted-9H-carbazoles with
alkyl bromides in the presence of benzyltriethylammonium chlo-
ride and sodium hydroxide (for detailed experimental procedures
on preparation of 2,7-disubstituted carbazoles please see
Supplementary data). Acylation of carbazole derivatives with
phthalic acid anhydride in the presence of two equivalents of AlCl3
afforded diacids 2a—f in moderate 44—83% yields. Reduction of
carbonyl group of 2a—f to the corresponding di(benzylbenzoic
acids) 3a—f was accomplished by Clemmensen reduction in 1,4-
dioxane solutions.

In order to establish efficient method for the preparation of the
target EDNC derivatives 4 from o-benzylbenzoic acids 3 various
cyclization agents were employed. It was found that classical
cyclization agents (H2SO4, PPA [30,31]) were fruitless and resulted
only in a tar. Phosphorus oxychloride or phosphorous halogenides
(PCl3 or PBr3) emerged as superior cyclization agents. The best re-
sults were obtained using PCls in 1,2-dichloroethane. EDNC de-
rivatives 4b—f were synthesized in good yields by heating of 3b—f
in 1,2-dichloroethane in the presence of 2 equiv PCl3 for 12 h
(Scheme 1). The low yield of 4a (16%), most probably, is related
with the low regioselectivity of the first cyclization step of com-
pound 3a. The reaction, presumably, proceeds via cyclization of 3 to
the corresponding anthrones, their enolization and following
cyclodehydrogenation. It is worth mentioning that prolonged re-
action time leads to a decreased yield, most likely, due to oxygen
bridge decomposition of EDNC. For example, performing the reac-
tion of 3b with PCl; for 52 h leads to complete degradation of the
formed 4b. Use of PBrs instead of PCl3 shortens the reaction time
with a slight decrease in yield. Thus, the developed method allows
synthesizing EDNC compounds in one step from o-benzylbenzoic
acids 3.

Furthermore, several 6,10-diaryl-8H-16,17-epoxydinaphto[2,3-
c:2',3'-g]carbazoles (5a—e) were synthesized by the Suzuki cross-
coupling reaction of 6,10-dibromo derivative 4f with arylboronic
acids under conditions adopted from anthracene series [32]
(Scheme 2). It is worth noting that dibromo EDNC derivative 4f
appeared to be highly reactive in this type of reaction and full
conversions were reached within 10 min. Decrease in yields of
some derivatives is caused by the purification procedures due to
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Scheme 1. Synthetic strategy of EDNC compounds.

similar polarity of products and biphenyls formed during boronic
acids homocoupling.

3.2. Quantum chemical calculations

The optimized geometrical structure of two characteristic EDNC
compounds 4b and 5e is shown in Fig. 2. These compounds
represent two series of derivatives with non-conjugated (4b—4e)
and conjugated (5a—5e) substituents, correspondingly. The opti-
mization of geometries revealed almost planar molecular back-
bones for both compounds, whereas the absence of epoxy bridge
resulted in strongly bended structure (see Fig. S1 in the
Supplementary data). The nature of side-substituents, whether
conjugated or non-conjugated, has a minor effect on the molecular
geometry. However, the side-substituents and the central hexyl
group are out-of-plane oriented, thus are expected to reduce
intermolecular interactions in the solid state.

Electron wavefunction density distributions in HOMO and
LUMO frontier orbitals of compounds 4b and 5e for the lowest
energy Sop — Sp transition are shown in Fig. 3 (calculated wave-
functions in HOMO and LUMO for the higher energy orbitals are
depicted in Fig. S2 in Supplementary data).

The 7-electron system is extended over the whole backbone of
the molecule. Two lowest energy transitions Sp — Sy and So — Sz
have a very similar energy differing only by 17 meV (see Table 2).
Both two lowest excited states (for compound 4b) involve the same
two orbitals which are composed of several transitions with
different intensities. Interestingly, the electronic orbitals of the
lowest energy transition (139 — 140 in 4b) both in the HOMO and
LUMO resembles that of anthracene dimer, arranged as H-type
aggregate [33]. While another (138 (HOMO-1) — 140 (LUMO))
transition exhibits slight intramolecular charge transfer from
naphthalene towards carbazole moieties (see Fig. 3, compound 4b).
Incorporation of conjugated substituents further prolongs m-elec-
tron system towards the aryl side-moieties (see Fig. 3, compound
5e).

Table 1 represents the calculated singlet and triplet transition
energies and oscillator strengths for the representative compounds

4b and 5e in THF solution. The two lowest transitions are of similar
energy of 2.605 eV and 2.622 eV and have more than 100 times
smaller oscillator strength as compared to the So — Ss transition for
compound 4b possessing non-conjugated substituents. The
extension of the m-conjugated electron system in compound 5e
induces the red-shift of the lowest energy transition and enhances
the oscillator strength for more than 10 times, however the lowest
energy excitation still shows more than 10 times smaller oscillator
strength as compared to Sp — Ss. The triplet spectrum resembles
that of anthracene derivatives [34—37]. Four triplet states (T1—Ta)
were estimated to have lower energy than Sq. The lowest energy
states are situated deep in the bandgap, while the T4 state is situ-
ated just 50—90 meV below the S; and is likely to be involved as an
intermediate state for the intersystem crossing [36—38].

3.3. Optical properties

Absorption and emission spectra of the THF solutions of com-
pounds 4b and 5e are shown in Fig. 4 (the spectra of the rest
compounds 4b—e and 5a—e are presented in Fig. S3 in
Supplementary data). Absorption spectra peak at 445 nm for
compound 4b and at 456 nm for more conjugated compound 5e
(see Table 2). Similar values were estimated for other compounds,
respectively. According to the DFT calculations the observed ab-
sorption maximum corresponds to So — Ss transition energy. The
absorption spectra show vibronic peaks with spacing of about
160 meV, what is typical for multi-aryl systems [39,40]. Interest-
ingly, the absorption spectrum of compounds 4b and 5e has a
similar structure to 5H-naphto[2,3-c]carbazole [41] (see Fig. S4 in
the Supplementary data) due to the similar naphthalene-carbazole
core [42], however 5H-naphto[2,3-c]carbazole shows significantly
redshifted absorbance. This can be due to forbidden character of the
lowest energy Sop — S transition for symmetric EDNC compounds
asitis revealed by the DFT modeling. The absorbance of the So — S
transition is expected to be at about 475 nm. The absorbance edge
of V-shaped EDNC compounds is significantly blueshifted in respect
of absorption of the linear conjugated counterparts, like
silylethyne-substituted heptacenes [2,12], where the lowest energy

o 6 5%

O N OEt
O O Ar-B(OH),, 2.2 eq. O O 5a91%  5b87%  5¢62%
PACI,(PPhy),/K,CO,
Br O O Br Hzoﬁ(oluerfe)z oA O O Ar N O
) i
4 fiex 5a-e {iox N |
5d79% O 5e 89%

Scheme 2. Synthesis of 6,10-diaryl EDNC derivatives 5a—e.
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Fig. 2. Optimized geometries of representative compounds 4b (a) and 5e (b) in THF surrounding.
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Fig. 3. HOMO (and lower) and LUMO (and higher) of two representable compounds 4b and 5e of the lowest energy Sy — S; transition. Numbers denote the active orbitals.

Table 1

Calculated singlet transition energies together with its oscillator strengths and energies of triplet states of compounds 4b and 5e in THF solutions.

Comp. Singlets Triplets

Eo=Sia(ev)  fSosib ESomSi(ey)  fSoSib Si=Si(ey)  fSoSb ES-Tic(ey)  EoThe(ey)  EoTC(ev)  E—T (V)
4b 2.605 0.0021 2.622 0.0009 2.774 0.307 1.708 1816 2367 2.552
Se 2.587 0.0235 2.605 0.0484 2.699 0.688 1.657 1.793 2.283 2495

? Energies of So — Sy, So — Sz and Sp — Ss transitions, respectively.
b QOscillator strengths of Sy — S1, So — Sz and Sp — S3 transitions, respectively.
© Energies of Sy — Ty, So — T2, So — T3 and Sp — Ty transitions, respectively.
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Fig. 4. Absorption (black dashed lines) and fluorescence spectra (red thick solid lines)
of dilute 10~ M THF solutions and neat films (black thin solid lines) of compounds 4b
and 5e. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

vibronic replica can peak as far as 850 nm. This is typical for
absorbance of V-shaped symmetric heptacene analogs, bearing the
heteroatom in the center of the molecule i.e. DNC [7], or dia-
nthratiophenes [13], where absorbance is blueshifted to about
400—-550 nm, indicating a significant disturbance of the w-electron
system of V-shaped heteroacenes. Nevertheless high values of
carrier mobility were demonstrated due proper packing of
extended conjugated electron systems [7,13,19].

Fluorescence spectra were observed at about 545 nm for all
compounds with unusually large shift between absorbance and
fluorescence peaks (of about 500 meV). The shift can appear due to
the different origin of the transitions involved in absorption
(So — S3) and fluorescence (S1 — Sp). In accordance with DFT
modeling the EDNC compounds showed slight solvatochromic
behavior (see Fig S5 and Table S1 in the Supplementary data).
Emission showed redshift of about 17—27 nm and simultaneous
transformations of fluorescence lineshape from vibronically struc-
tured in toluene to unstructured charge-transfer-like in THF and
DMF in respect of increasing solvent polarity (from non-polar
toluene to more polar THF and DMF).

No changes in the absorption spectra were observed in solutions
of EDNC derivatives for up to 22 h indicating enhanced oxidative
stability (see Fig S6 in Supplementary data). Conversely, linear
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Table 2

Absorption and fluorescence data for derivatives 4b—e, 5a—e in dilute (~10-® M) THF solutions and neat films. Extinction coefficients and fluorescence peak positions are

denoted for the most intense vibronic replica.

Comp. Solution Film
Jabs’ (NM) £ (Lmol ' em™ ) 26 (nm) AEY (eV) ¢ (nm)
4b 445 15,686 545 0.51 566
4c 444 14,408 542 0.50 558
4d 447 16,449 544 0.49 556
4e 447 16,106 545 0.50 636
5a 454 17,151 552 0.48 595
5b 456 24,662 545 0.44 590
5¢ 455 22,633 545 0.45 584
5d 457 23,316 546 0.44 577
5e 456 25,153 545 0.44 582

@ Peak position of absorption spectra.

Molar absorption coefficient at absorption maximum.
Peak position of fluorescence spectra in THF solution.
Energy shift between absorbance and fluorescence peaks.
Peak position of fluorescence of the neat films.

5 aan o

acenes with the extended conjugation length, e.g. pentacenes and
higher acenes are highly unstable in air-saturated solutions
[43—46]. Optical density of the solutions of pentacene and higher
acenes decreases on a minute-time-scale under ambient light
conditions [43,44]. Even the introduction of stability enhancing
side-groups such as triisopropylsilylethynyl prolongs the lifetime
up to 50 times, which corresponds to the half-live of only 500 min
[43]. Meanwhile the air-stability was greatly enhanced for non-
linear acenes, like dinaphthocarbazoles [7] or dianthratiophenes
[13] where no changes in the absorption spectra of solutions over
prolonged periods of time were observed.

The fluorescence spectra of EDNC derivatives in solid state
peaked at about 560—595 nm for the most of compounds, except
compound 4e (A = 636 nm), and were quite similar to those in
dilute solutions just with slight redshift due to the enhanced
intermolecular interactions. Some of fluorescence spectra (e.g. 4b,
4c) showed weak vibronic structure whereas an additional
excimer-like emission was observed for compound 4e.

Fluorescence quantum yields (®¢) of dilute solutions of EDNC
compounds (see Table 4) were in the range of 0.03—0.05 for de-
rivatives 4b—e and about 0.09—0.13 for derivatives 5a—e, in-line
with the increase of the oscillator strength due to the conjugation
extension towards aryl side-substituents. In the case of neat films,
& was remarkably quenched due to the flat backbone of molecule
what allowed the excitation migration among the closely packed
molecules towards non-radiative decay sites.

3.4. Excited state relaxation

Fluorescence decay transients of compounds 4b and 5e are
shown in Fig 5 (see Fig S7 in the Supplementary data for the
remaining compounds) and estimated time constants are listed in
Table 3. EDNC compounds showed similar decay time () in THF of
about 9.5 ns. The decay time was significantly longer than usually
estimated for single anthracene or carbazole derivatives
[37,42,47,48]. Further information provides the analysis of the
radiative (7;) and non-radiative (7,,) recombination time constants
expressed as: 7y = 7p/®p and 7oy = 7¢/(1 — Pf), where 7y, takes into
account all the possible non-radiative decay pathways including
intersystem crossing to triplet states.

The radiative decay time constant for compounds 4b—e is very
long (190—240 ns), whereas 7, is more than two-times shorter for
compounds 5a—e possessing conjugated side-substituents. Long
radiative lifetime of S; excited state is in-line with low oscillator
strength of the So — S; transition, as revealed by DFT modeling.
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This feature explained the predicted nature of the unusually large
fluorescence shift.

The non-radiative recombination with 7y, of 10—11 ns domi-
nates and causes low @ The dominating non-radiative decay
pathway is expected to be intersystem crossing (ISC) through
higher lying triplet states (probably Ty), as it is usually observed in
various anthracenes [36—38,49]. Since the energy of triplet states
usually is less sensitive to the solvent polarity, 7, tends to decrease
in polar solvents due to the reduced S;—T, barrier and more effi-
cient ISC (see Fig. S8 and Table S2 in the Supplementary data).

Fluorescence decay transients of the neat films are highly non-
exponential due to the efficient excitation migration towards the
non-radiative decay sites. The longer average T obtained for the
compounds 5a—e with bulky aryl side-substituents implies less
efficient excitation migration as compared to that of compounds
4b—e due to the increased intermolecular distance.

3.5. Electrochemical properties

Cyclic voltammograms of several representative compounds
(4b, 4d, 5a, 5b and 5d) are shown in Fig. S9 in the Supplementary
data and estimated data is listed in Table 4. All the compounds
exhibited non-reversible oxidation and reduction reactions in

T k|
Solution

Neat film 3

Fluorescence int. (arb. un)

20 30 40 50 60
Time (ns)

Fig. 5. Fluorescence transients of representable EDNC compounds 4b (open squares)
and 5e (open circles) in THF solutions and neat films. Dash—dot line is IRF. Color lines
(red line for 4b and green dashed line for 5e) are exponential fits. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Table 3

Fluorescence decay time constants, quantum yields, radiative and non-radiative
decay time constants of derivatives 4b—e, 5a—e in 10~® M THF solutions and neat
films.

Compd. Dilute solution Neat film
o 1(ns)  r(ns) Tl (ns)  OF "

4b 0.04 9.52 238.0 9.92 <0.01 0.22 [81%]
0.95 [14%]
5.86 [4%]

4c 0.03 9.48 237.0 9.88 <0.01 0.12 [83%]
0.69 [12%]
542 [5%]

4d 0.05 9.45 189.0 9.95 <0.01 0.24 [79%]
1.31[12%]
16.6 [9%]

4e 0.05 9.51 190.2 10.01 <0.01 0.1 [78%)
1.39 [14%]
7.66 [8%]

5a 0.09 9.99 111.0 10.98 <0.01 0.19 [81%]
158 [11%]
8.8 [8%]

5b 0.11 9.52 86.5 10.70 0.03 0.46 [53%]
3.67 [33%]
28.9 [14%]

5c 0.1 8.85 88.5 9.83 0.01 0.3 [66%]
1.53 [22%]
9.5 [12%]

5d 0.12 9.68 80.7 11.00 <0.01 0.55 [50%]
2.94 [39%)
25.38 [11%]

5e 0.13 9.45 72.7 10.86 <0.01 0.3 [86%]
1.86 [7%]
15.2 [6%]

@ Fluorescence quantum yield.

b Fluorescence decay time. Numbers in brackets show fractional intensity.

: Radiative decay time.

Non-radiative decay time.

positive potential range (HOMO level) and reversible oxidation
reduction process in negative potential range (LUMO energy state).
The structural modifications of EDNC molecules altered the en-
ergies of HOMO and LUMO. Those changes were more prominent
for compounds with conjugated aryl side-substituents, i.e. the en-
ergy of LUMO varied from —2.51 eV to —2.59 eV, meanwhile for
compounds with non-conjugated side-moieties LUMO remained
almost unchanged (—2.40 eV). The HOMO energy varied within
100 meV for all the compounds.

The estimated ionization potentials (Ip), which represents the
energy of HOMO in solid state (see Table S3 in the Supplementary
data) was about 4.7 eV for compounds 4b—e and 5.2—5.5 eV for
compounds 5a—e. The values of Ip the energies of HOMO obtained
from CV measurements differ due to the strong polarization effect
in solid state surrounding. The modification of EDNC structure with
alkyl or aryl side-substituents opens the possibility to tune the

Table 4
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Fig. 6. Hole drift mobility as a function of the applied electric field in the neat films of
compounds 5a, 5b, 5¢ and 5e. Lines are guides for the eye.

energy of HOMO in the range of 0.8 eV what is attractive for ap-
plications in optoelectronic devices, e.g. to reduce the energy bar-
rier for the efficient hole injection in OLEDs, and, more importantly,
to enhance the stability due to the reduced oxidation reactivity [7].

3.6. Charge transport properties

Carrier drift mobility of the wet-casted neat films with the
thickness of >2 pum prepared in air was measured by xerographic
time-of-flight method. Wet-casted films of EDNC compounds
showed hole drift mobilities up to 8 x 1074 cm?/(V s) at the elec-
trical field of 1 MV/cm (see Fig. 6, Fig. S10 and Table S3 in the
Supplementary data). Such values of hole drift mobility in amor-
phous thin films are comparable to those usually obtained for
various anthracene derivatives [50,51]. No drift mobility was esti-
mated for compounds 4b—e with alkyl side-substituents due to low
ionization potential and polycrystallization. However HOMO level
was significantly downshifted by 0.5—0.7 eV and film morphology
significantly improved after the introduction of bulky aryl side-
substituents. Hole drift mobility consistently increased with
applied electric field strength, showing the existence of energetic
disorder [52], being almost the same for all compounds.

Note, that obtained hole mobility values measured by TOF
technique corresponds to the mobility values in the bulk. While
OFET configuration usually demonstrates orders of magnitude
higher values due to the more ordered structure and higher current
densities [53]. Thus from this point of view bulk mobility values of
8 x 1074 ecm?/(V s) obtained in EDNC compounds appear to be
promising as compared to the value of 0.055 cm?/(V s) obtained for
heptacene DNC analogs [7].

Electrochemical properties (oxidation and reduction potentials, energies of HOMO and LUMO levels and electrochemical bandgaps) of representative derivatives 4b, 4d, 5a, 5b
and 5d.

Comp. E%* (eV) Eox onset” (eV) Erea (V) Eromo” (€V) Erumo? (eV) ES'° (eV)
4b 0.45 0.695 —-1.947 —5.045 —2.403 2.642
4ad 0.705 -1.938 —5.055 -2.412 2.643
5a 0.785 1.756 5.135 2594 2.541
5b 0.749 1.843 5.099 2.507 2.592
5d 0.807 -1.834 -5.157 -2.516 2.641

2 Half-wave potential vs. Ag/AgCl for reversible oxidation reduction of ferrocene.
On-set of oxidation potential for HOMO level.

Half-wave potential vs. Ag/AgCl for LUMO level.

Energies of HOMO and LUMO, Eyomo/Erumo = —(4.8 +501;;2/E:e’3 - Eléz). respectively.
Electrochemical bandgap, E;‘ = |Erumo| — |Enomol-

6 an o
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4. Conclusions

In summary, a novel class of air stable heterocyclic V-shaped
epoxy-bridged heptacene analogs, 8H-16,17-epoxydinaphto[2,3-
c:2',3'-g]carbazole derivatives (EDNCs), was successfully synthe-
sized and characterized. Synthetic strategy to EDNCs includes the
sequential reactions of acylation of carbazole derivatives with
phthalic anhydride, reduction of respective bis(benzoyl)carbazoles
and cyclization of the obtained bis(o-benzyl)diacids with phos-
phorous trichloride in 1,2-dichloroethane. 6,10-Dibromo EDNC
derivative was demonstrated to be a good precursor in the Suzuki
cross-coupling reaction with arylboronic acids. Synthesis of EDNC
derivatives with conjugated and non-conjugated side-substituents
in 6 and 10 positions leading to their better solubility and oxidative
stability were carried out.

Optical, electrical and electrochemical properties of EDNC
compounds were thoroughly assessed in various surroundings. The
estimated properties of the excited states were in line with pre-
dictions of DFT modeling. Excited states of EDNC compounds were
formed by highly conjugated 7-electron system extending through
the whole backbone of the molecule. The main absorbance band
originated from the Sy — S3 transition at about 2.78 eV, while the
fluorescence decayed from symmetry forbidden Sy state at about
2.27 eV. This was in line with unusually large fluorescence redshift
of 0.51 eV and estimated large radiative decay time constant of
240 ns. The forbidden character of the lowest energy excited states
can be weakened by a factor of 4 by incorporation of conjugated
side groups. All compounds showed week fluorescence due to the
domination of non-radiative relaxation via the triplet states.

Owing to widely conjugated electron system EDNC compounds
show pronounced bulk hole mobility (up to 8 x 104 cm?/(V s)),
which is enhanced for compounds possessing more conjugated aryl
side-substituents. Introduction of substituents at 6- and 10-posi-
tions reduced HOMO energy of the neat film (from —4.7 to —5.5 eV)
and thus enhanced oxidative stability as well as charge transport
properties in wet-casted films, prepared under ambient conditions.

Highly conjugated m-electron system, effective charge transfer,
and adjustable ionization potential makes EDNC compounds
attractive for the applications in wet-casted OFETs, OLEDs and solar
cells as hole transport materials. Further functionalization of the
proposed V-shaped heterocyclic heptacene system via introduction
of other heteroatoms (S, O) is in progress.
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