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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

B,B’-triketoni un B-diketoni ir plasi pétiti savienojumi dazadu jaunu emit&joSu un nelinearu
optisko materialu iegiiSana. Viens no veidiem, ka iegiit luminoforus uz $o savienojumu bazes, ir
izmantot to molekula esoSo, koordingties sp&jigo P-diketona fragmentu. 1,3-diketoni péc
deprotonésanas izveido -diketona anjonus, kas viegli koordingjas gan ar metalu, gan nemetalu
katjoniem, veidojot dazadus kompleksus, kuriem parasti piemit izteiktas emisijas Ipasibas,
pieméram, lantanoidu katjonu B-diketonatu kompleksu luminiscence raksturojas ar izteiktu
krasu tiribu, augstiem luminiscences kvantu iznakumiem un lidz pat vairakiem simtiem S
gariem emisijas dzives laikiem [1]. Saja gadfjuma enola anjons veido ligandu, kas nodrogina
metala katjonu ar energiju gaismas absorbcijas rezultata. Otrs veids, ka iegat luminoforus un
nelinearos hromoforus, ir izmantot 1,3-diketona fragmentu ka elektronakceptoro grupu (A).
levadot molekula donoro grupu (D), iesp&jams iegiit push-pull D-A vai D-r-A tipa luminoforu
savienojumus. So savienojumu prieksrociba ir salidzinogi liela izvéle starp D un A grupam, ar
kuram var pielagot vélamas savienojuma emisijas un citas ipasibas.

,B’-triketoni ir savienojumi, kuru strukttiras pamata ir 1,3-diketona grupu saturos$s cikls
un 2-acilaizvietotajs, kas novietots pie cikla otra oglekla atoma. Sada tipa savienojumiem, pie
kuriem pieder 2-acil-5,5-dimetilcikloheksan-1,3-diona (2-acildimedona) un 2-acil-1H-indén-
1,3-(2H)-diona (2-acil-1,3-indandiona) atvasinajumi, plasi pétitas dazadas farmakologiskas
ipasibas [2], bet maz datu ir par to fotofizikalajam ipaSibam un potencialu luminoforu
savienojumu iegtisana. Lidz §im zinots, ka 2-acil-1,3-indandiona atvasinajumi tiek raksturoti
ar intensivu absorbciju tuvaja ultravioletaja (UV) apgabala ar augstiem absorbcijas
koeficientiem, ka arl salidzino$i augstu stabilitati UV starojuma [3], kas ir teicami
priekSnosacijumi lantanoidu kompleksos izmantotajiem ligandiem, ka ar1 prekursoriem D-n-A
tipa savienojumiem. Turklat petijumi par 3, -triketonatu izmantoSanu luminisc€joSu metalu
kompleksu iegiigana Sobrid aprobeZojas vien ar dazu Eu®" tris un Liisa bazu kompleksu ar 2-
acil-1,3-indandiona atvasinajumu ligandiem izmanto$anu organisko gaismu emit&joso diozu
(OLED) izstrade [4], [5]. Savukart par 3,3 -triketonu izmantoSanu D-m-A tipa savienojumu
ieglisana Sobrid zinots tikai par vairakiem efektivi luminiscgjosiem 2-cinnamoil-1,3-
indandiona [6]-[8] un 2-cinnamoilpirona atvasinajumiem [9]. No otras puses, B-diketoni ir
visvairak pétita lantanoidu metalu katjonu kompleksos izmantota ligandu klase. Uz 1,3-
difenilpropan-1,3-diona jeb dibenzoilmetana (HDBM) atvasinajumu bazes, kas tiek uzskatiti
par loti efektiviem aromatiskajiem un simetriskajiem ligandiem, ir iegati vairaki Eu®*
kompleksi ar potencialu optoelektronisko iekartu izstradé [1]. Tadgjadi salidzinajums starp
populara HDBM atvasinajumu p-diketonatu Eu®* kompleksiem un neizpétitajiem P,B’-
triketonu ligandus saturodiem Eu®" kompleksiem varétu sniegt ieskatu par ligandu struktiras
un simetriskuma ietekmi uz Eu®* kompleksu ipasibam.

Nemot véra to, ka promocijas darba izejas savienojumus f3,3’-triketonus — 2-acildimedona
un 2-acil-1,3-indandiona atvasinajumus — var dazados virzienos modificét, promocijas darbs
tika dalits divas neatkarigas dalas ar diviem dazadiem mérkiem. Par pirmo mérki tika izvirzita



B,B’-triketonu — 2-acildimedonata un 2-acil-1,3-indandionata atvasinajumu — dazadas
struktiiras (tris, Laisa bazes, tetrakis) eiropija trivalento katjonu (Eu**) kompleksu sintéze.
Salidzinasanas noltkos tika iegti ar1 simetriskakus HDBM atvasinajumu ligandus saturosi
Eu®* kompleksi. Pirmais mérkis ietver iegiito kompleksu ipasibu izpéti, kuras rezultata varétu
izdarit secinajumus par kompleksu struktiras un ipasibu sakaribam, ka ari, izmantojot
eksperimentalos un teorétiski aprékinatos datus, noteikt, ar kuriem ligandiem iesp&jams iegiit
visefektivak emit&josus Eu®* kompleksus.

Otrs mérkis bija izpétit 2-acetil-5,5-dimetilcikloheksan-1,3-dionu (2-acetildimedonu) un
2-acetil-1H-indén-1,3-(2H)-dionu (2-acetil-1,3-indandionu) ka izejas materialus push-pull D-
n-A tipa savienojumu (5,5-dimetil-2-[(2E)-3-fenil-1-0kso-2-propén-1-il]-cikloheksan-1,3-
diona jeb 2-cinnamoildimedona un 2-[(2E)-3-fenil-1-okso-2-propén-1-il]-1H-indén-1,3(2H)-
diona jeb 2-cinnamoil-1,3-indandiona atvasinajumu) iegtisana, kas 1,3-indandiona gadijuma ir
populara 4-N,N-dimetilaminobenzilidén-1,3-indandiona (DMABI) analogi ar attistitaku
konjugacijas sistemu. Sis promocijas darba mérkis ietver iegiito jauno D-m-A savienojumu
ipasibu izp&ti un dazadu struktiiras elementu (donoro, akceptoro grupu, =-tiltina garuma un
strukturas) ietekmes noskaidro$anu uz savienojumu ipaSibam.

Pétijuma meérkis un uzdevumi

Promocijas darba meérki

1. Dazadas struktiras (tris, Liisa bazes, tetrakis) Eu®* kompleksu sintéze ar 2-
acildimedona, 2-acil-1,3-indandiona un dibenzoilmetana atvasinajumu ligandiem un
iegtito kompleksu struktiiras-ipasibu sakaribu pétijumi un salidzinajums.

2. D-n-A savienojumu  (2-cinnamoildimedona un 2-cinnamoil-1,3-indandiona
atvasinajumu) sintéze uz 2-acetildimedona un 2-acetil-1,3-indandiona bazes un
iegiito savienojumu Tpasibu izp&te un dazadu struktiiras elementu (donoro, akceptoro
grupu, mt-tiltina garuma un strukttiras) un savienojumu ipasibu sakaribu pétijumi.

Promocijas darba pirma mérka sasniegSanai izvirziti vairaki uzdevumi

1.1. Varigjot Eu®* jona un organisko ligandu molaras attiecibas kompleksu sintézes
reakcija, iegit Eu®* jona tris, Liiisa bazes un tetrakis kompleksus ar dazadiem 2-
acildimedona, 2-acil-1,3-indandiona un dibenzoilmetana atvasinajumu ligandiem.

1.2. Noskaidrot vides ietekmi uz kompleksu struktiiras-emisijas ipasibu sakaribam.

1.3. Teorétiski aprékinat izmantoto ligandu energétisko Iimenu vertibas un iegit katra
kompleksa teorétisko energijas l[imenu diagrammu.

Ari promocijas darba otra mérka sasniegS$anai izvirziti vairaki uzdevumi

2.1. legut atSkirigas uzblives aminogrupas saturoSus 2-cinnamoildimedona un 2-
cinnamoil-1,3-indandiona atvasinajumus un izpétit to absorbcijas, emisijas, termiskas,
elektroktmiskas pasibas un ar kvantu kimijas aprékinu programmu “ORCA” noteikt to
pamatstavokla geometriju un HOMO/LUMO orbitales.



2.2. Izpétit 2-cinnamoildimedona un 2-cinnamoil-1,3-indandiona atvasinajumu donoro,
akceptoro grupu un z-tiltina garuma ietekmi uz ipasibam.

2.3. legustot dazus 2-cinnamoil-1,3-indandiona O-metiléterus, noskaidrot, kada ir enolas
hidroksilgrupas ietekme uz savienojumu Tpasibam.

Teézes aizstavesanai

1. Eu® p-diketonatu kompleksu emisijas efektivitati ietekmé kompleksa struktiira,
izmantota liganda energétisko limenu izvietojums pret Eu®* jona rezonanses limeni
un — tetrakis kompleksu gadijuma — arT izmantota tetraalkilamonija jona izmérs.

2. 2-cinnamoildimedona un 2-cinnamoil-1,3-indandiona atvasinajumiem, ka D-r-A tipa
savienojumiem, piemit efektiva emisija, kuru ietekmé savienojuma planaritate, donoro
grupu struktiira, n-tiltina garums un uzbiive, ka arT izmantotas vides (Skidinataja)
polaritate.

Zinatniska novitate un galvenie rezultati

Promocijas darba pirma mérka pétijumu rezultata iegiti jauni Eu®* organiskie tris, Liisa
bazes un tetrakis kompleksi ar dazadiem f,B’-triketonatiem un p-diketonatiem (2-
acildimedona, 2-acil-1,3-indandiona un dibenzoilmetana atvasinajumiem), kuriem noteiktas
un salidzinatas emisijas 1pasibas (Aem, PLQY, 1) Skidumos, pulverveida un polim&rplevites.
Apréekinatas izmantoto ligandu ierosinato singleta (S;) un tripleta (T1) limenu energijas, un
iegitas Eu®" kompleksu energijas limenu diagrammas. Izpétitas kompleksa struktiiras un
tetrakis kompleksa katjona izméra ietekme uz emisijas ipaSibam. lzgatavoti divi OLED ar
Eu®* kompleksiem ar dibenzoilmetana atvasindgjumu ligandiem. Pirmo reizi novérota
agregacijas pastiprinata emisija Eu®* kompleksiem ar dibenzoilmetana atvasinajumu
ligandiem.

Promocijas darba otra mérka pétijumu rezultata iegiita virkne 2-cinnamoildimedona un 2-
cinnamoil-1,3-indandiona atvasinajumu, izpétitas un salidzinatas to optiskas, elektrokimiskas,
termiskas 1pasibas. Izmantojot kvantu kimijas aprékinu programmu “ORCA”, aprékinata
savienojumu pamatstavokla geometrija un HOMO/LUMO orbitales. Sistematiski izpétits
dazadu amino-donoro grupu, akceptoro grupu un m-tiltina garuma ietekme uz D-n-A
savienojumu Tpasibam.

Promocijas darbs ir pabeigts originals p&tijums, kura rezultatiem ir biitiska nozime kimijas
nozares organiskas kimijas apaksnozare.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par dazadu
B,p’-triketonu un pB-diketonu (2-acildimedona, 2-acil-1,3-indandiona un dibenzoilmetana
atvasindjumi) izmantosanu jaunu Eu®* kompleksu un D-m-A tipa struktiiras savienojumu
sint€z& un Ipasibu petijumos.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Eu®* kompleksu ar B,p’-triketonu ligandiem sintéze un
spektroskopisko ipasibu raksturojumi

Eiropija trivalento katjonu (Eu®") organiskie kompleksi ir visvairak pétitie lantanoidu
grupas metalu kompleksi, pateicoties to specifiskajam luminiscences TpaSibam — vairakam
Sauram emisijas joslam dzeltenaja, oranzaja un sarkanaja spektra dala (Aem = 580 nm, 594 nm,
611 nm, 652 nm un 701 nm) un gariem ierosinato stavoklu dzives laikiem (Iidz simtiem ps).
Lai $adiem kompleksiem novérotu metala luminiscenci, nepiecieSams, lai ierosinaSanas
energiju absorbétu tiem piesaistitie organiskie ligandi un parnestu to uz metala jonu caur
ligandu un metala jona ierosinatajiem singleta (S1) un tripleta (T1) limeniem. So procesu sauc
par Antenas efektu (Antenna effect) (1. att.). Divi no priekSnoteikumiem $adai parnesei ir
liganda augsta absorbcijas spgja tuvaja ultravioletaja (UV) gaismas apgabala un T; energijas
[imena atraanas tuvu vai augstak par Eu®* jona rezonanses Iimeni (17 250 cm ) [1].

1. att. Antenas efekts.

2-acildimedona  atvasinajumi  (2-acetil-5,5-dimetilcikloheksan-1,3-dions  jeb  2-
acetildimedons (HAD) 1 un 2-benzoil-5,5-dimetilcikloheksan-1,3-dions jeb 2-benzoildimedons
(HBD) 2) un 2-acil-1,3-indandiona atvasinajumi (2-acetil-1H-indén-1,3-(2H)-dions jeb 2-acetil-
1,3-indandions (HAID) 7, 2-benzoil-1H-indén-1,3-(2H)-dions jeb 2-benzoil-1,3-indandions
(HBID) 8, 2-(4-metilbenzoil)-1H-indén-1,3-(2H)-dions jeb 2-(4-metilbenzoil)-1,3-indandions)
(HMBID) 9) satur molekula ar metalu joniem komplekséties sp&jigu B-dikarbonilfragmentu ar
enolgrupu. Tiem piemit arT izteikta gaismas absorbcija UV apgabala (250—400 nm). Turklat Sie
savienojumi attieciba pret 1,3-dikarbonilfragmentu ir nesimetriski, jo viena karbonilgrupa
atrodas cikla, bet otra — alifatiskaja k&d&, un pétijumi par 3ada tipa Eu®* kompleksiem ir
nepilnigi [4], [5], [10]. So iemeslu d&| promocijas darba iepriek§ nosauktie savienojumi tika
pétiti ka ligandi jaunu Eu®* organisko kompleksu iegiiSanai.

Dazadas struktiras Eu®* kompleksus ir iespgjams iegit, izmantojot dazadu organisko
ligandu un Eu** molaro attiecibu un sekundaros ligandus. Sistematiska kompleksu sintéze
sakas ar vienkarSako tris kompleksu 3, 4 (vispariga struktira Eu(B,p’-triketonats)s(H,0),)
ieguvi, izmantojot fB,B’-triketonu un EuCl; molaro attiecibu 3:1 10 % NaOH klatbttné
(2. att.). Eu®" jona koordinacijas skaitlis ir 8 un, izmantojot tris p,p’-triketonatus, neaizpildas
visa jona koordinacijas sfera un no apkart€jas vides piekoordingjas divas skidinataja — tidens —
molekulas, kas parasti nevélami ietekm& kompleksa luminiscences efektivitati. Lai izvertétu

12



fidens molekulu ietekmi uz kompleksa ipasibam, talak tika iegiiti vairaki Eu®* Liisa bazes
kompleksi 5, 6 un 10-12, kuros par sekundaro ligandu izmantots 1,10-fenantrolins (PHEN)
(vispariga formula Eu(B,p’-triketonats)3(PHEN)). Kompleksi iegiti, izmantojot PHEN, f3,3’-
triketonu un EuCl; attieciba 1 : 3 : 1 10 % NaOH klatbutné (2. un 3. att.). PHEN tika izvéléts
ka sekundarais ligands, pateicoties ta intensivajai absorbcijai UV apgabala (Aqps = 270 nm) ar
augstu molaro absorbcijas koeficientu (¢ ~ 30 000 cm™) un Eu*" jona rezonanses limenim
atbilstoSu S; un T; energijas limenu atraSanas vietu [11]. Visbeidzot, izmantojot 3,3’-triketonu
un Eu®* jonu molaraja attieciba 4 : 1, iegiti vairaki tetrakis kompleksi 13-17 ar visparigo
formulu [Eu(B,p’-triketonats)s] . Eu®* jonam, kompleksgjoties ar Cetriem B,B’-triketonatiem,
izveidojas komplekss ar negativu ladinu, ko stabilizé pievienotie pozitivie tetraalkilamonija
joni (N"Et, vai N*Buy) (3. att.).

H O OH | N
B, (a) = b N~
0 0-H R () .
Eu H \
(0] ) 0o @) 0 0 1\{
. ; R =
3 3
3: R = CHj; Eu(AD);(H,0), 1: R = CH3; HAD 5: R = CH;; Eu(AD);(PHEN)

4: R = C4Hs; Eu(BD);(H,0), 2: R = C4Hs; HBD 6: R = C4Hs; Eu(BD);(PHEN)

2. att. Eu®" tris 3, 4 un Eu®" Laisa bazu kompleksu 5, 6 ar
2-acildimedona atvasinajumu ligandiem iegtiSana.
(a) 10 % NaOH/H,0, EuCls-6H,0; (b) 10 % NaOH/H,0, 1,10-fenantrolins, EuCls-6H,0.

legito kompleksu struktiiras pieraditas, izmantojot elementanalizi, ‘H-KMR, FT-IR un
masspektru datus. "H-KMR spektri izmantoti Eu** Liiisa bazu un tetrakis kompleksiem B,p’-
triketonata:PHEN vai B,B’-triketonata:amonija jona attiecibas pieradisanai kompleksa.
Tetrakis kompleksa 15 kristaliska struktiira pieradita arT ar rentgenstruktiiranalizi.

10: R = CH,; Eu(AID);(PHEN)
11: R = C¢Hy; Eu(BID);(PHEN)
12: R = C¢H;-(4-CH;); Eu(MBID);(PHEN)

few

© OH ()
(6] -~ o)
R
0
16: R = C¢Hs; [Eu(BID),|'N+Bu, 7: R = CH;; HAID 13: R = CHj; [Eu(AID),|"N*Et,
17: R = C¢H;-(4-CH3); [Eu(MBID),'N*Bu,  8: R = C¢Hs; HBID 14: R = C¢Hs; [Eu(BID),'N+Et,

9: R = CgHs-(4-CH;); HMBID  15: R = C¢H,-(4-CH,); [Eu(MBID),]'N*Et

3. att. Eu** Liisa bazu 10-12 un tetrakis kompleksu 13-17 ar 2-acil-1,3-indandiona
atvasinajumu ligandiem sintéze.
(a) 10 % NaOH/H,0, 1,10-fenantrolins, EuCl;-6H,0; (b) 10 % NaOH/H,0, Et;NBr, EuCls-6H,0;
(c) 10 % NaOH/H,0, Bu,NBr, EuCl;-6H,0.
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Jauniegiitajiem Eu** kompleksiem 3-6 un 10-17 izpétitas absorbcijas un emisijas Tpasibas
dazados agregatstavoklos. Vispirms, aplikojot spektroskopiskas ipasibas THF vai MeCN
skidumos (¢ ~ 1,5-10° M), konstatgts, ka Eu®" kompleksiem ar 2-acildimedona atvasinajumu
ligandiem (3-6) gaismas absorbciju novéro starp 210-340 nm (Aaps = 259-267 nm), savukart
kompleksiem ar 2-acil-1,3-indandiona ligandiem 10-17 ta ir nobidita uz garaku vilnu pusi
260—400 nm robezas ar Agps = 321-333 nm. Neatkarigi no ta, ka tikai kompleksi ar 2-acil-1,3-
indandiona ligandiem 10-17 uzrada absorbciju Eu®* joniem vélamaja tuvaja UV apgabala
(300400 nm), visi Eu** kompleksi emité gaismu ar Eu®* jonam raksturigajim piecam
emisijas joslam un maksimumiem pie 580 nm, 594 nm, 611 nm, 652 nm, 701 nm. Jasecina
gan, ka Eu®* kompleksu 3-6 emisija ir vaja un ar zemiem absoliitajiem fotoluminiscences
kvantu iznakumiem (PLQY) (<0.01) THF $kidumos. Savukart Eu kompleksi 10-17 ar 2-
acil-1,3-indandiona ligandiem uzrada nedaudz intensivaku emisiju ar PLQY 0,01-0,03.
Visticamak, zemu emisiju Skidumos izraisa kompleksa disociacija, ka arT nevélama apkartgjas
vides (3kidinataja molekulu) ietekme. Skidinataja molekulas darbojas ka augstas frekvences
CH vibraciju oscillatori, kas samazina centrala metala jona emisiju parejas iesp&jamibu.
Skidumos nenovéro ne kompleksa struktiiras, ne izmantota katjona ietekmi Uz emisijas
efektivitati.

Daudz efektivaku emisiju iegitajiem Eu®* kompleksiem 10-17 (vajas emisijas $kiduma
del kompleksi 3-6 talak pétiti netika) noveéro pulverveida stavokli (1. tab.). Ierosinasanas
spektri, kas uznemti kompleksiem pulverveida stavokli, ir izteikti nobiditi batohromi (~80—
130 nm), salidzinot ar kompleksu §kidumu absorbcijas spektriem. Kompleksus ar AID, BID
un MBID ligandiem var ierosinat jau ar redzamo gaismu (408-450 nm). Sada ierosinasanas
vilpa garuma nobide uzskatama par priekSrocibu, jo parasti B-diketoni ir nestabili intensiva
UV starojuma ietekmé, ka rezultata komplekss ilgstosas apstaroSanas dé] degradgjas [1].
Tapat izmantoSanai biologijas nozar€, pieméram, biologisko markieru vai zonzu izstradg, ir
nepiecieSami luminisc€josi savienojumi, kurus var ierosinat redzama gaisma, nevis UV
starojums, kas ir kaitigs dzivajiem organismiem.

1. tabula

Eu® kompleksu 10-17 ierosinasanas spektru maksimumi (Aexc), absoliitie fotoluminiscences
kvantu iznakumi (PLQY), luminiscences dzives laiku (t; un t,) dati pulverveida paraugiem un
teortiski aprékinatie ierosinata singleta (S;) un tripleta stavokla (T1) energétiskie limeni
B,p’-triketoniem

Savienojums hexe | PLQY T4, WS T, LS Sy,em?t | Tyem™
10 EU(AID),(PHEN 450 | 0,08 - -
(AID)s(PHEN) i a 27834 | 24547
13 [Eu(AID),] N'Et, 450 | 0,34 = =
11 Eu(BID),(PHEN) 408 | 0,06 | 121x4(6%) | 42+1 (9% %)
14 [Eu(BID),] N'EL, 425 | 029 | 233:2(22%) | 54=1(18%) | 27659 | 22779

16 [EU(BID) N'Bu, | 408 | 012 | 1184 (4%) | 37+1(9 %)
12 EU(MBID),(PHEN) | 408 | 0,0 | 122=3(5%) | 39=1(%5 %)
15 [EW(MBID) ] N'Et, | 425 | 0,60 | 203+17(25%) | 118=5(75%) | 27802 | 22525
17 [Eu(MBID)] N'Bu, | 408 | 011 | 115+6(2%) | 34=1(98 %)
& Nav noteiks.
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Visu 10-17 kompleksu emisijas spektri cieta stavokli — tapat ka $kidumos — sastav no
piecam Eu®** jona °Dy — 'F; (J = 0-4) parejam ar intensivako pie 611 nm (°Dy —> 'F,)
(4. (a) att.). ST josla ir ~20-30 reizes intensivaka par pargjam joslam un dod kompleksiem
izteikti sarkanu emisijas krasu. Tik liela pareju 5Do - 7F2, 5Do - 7F1 attieciba norada uz stipru
koordinacijas mijiedarbibu starp metala jonu un ligandiem, un Eu® jons kompleksa atrodas
bez inversijas simetrijas. Augsta parejas *Do — 'F, attieciba pret paréjam parejam izraisa ari
to, ka kompleksu emisijas krasu koordinates (CIE 1931 chromaticity coordinates), kas
aprékinatas no emisijas spektriem (X = 0,670-0,673, y = 0,327-0,330) pilniba atbilst NTSC
krasu koordinatu standarta sarkanas krasas koordinatém (x = 0,67; y = 0,33). Japiebilst, ka
zinatniskaja literatiira ir tikai daZi pieméri par iegiitiem Eu®" kompleksiem ar 100 % sarkanas
krasas emisiju [12].

3,5E+07

(a) EESDu%sz 35000 (b)
3,0E+07 F
30000 f S
1
2,5E+07 (27659)
25000

2,0E+07 }
20000 F

1,5E+07 15000 b

Fl intensitate
Energija, cm!

1,0E+07 10000 F

SOE+06 | sp ,op, *Do—>'Fy
SDp—F3 ,"\‘
7 \\ "n ”
0’0E+00 <l 1 —h CHRY e L ‘\J 0
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5000 f
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4. att. (a) Kompleksa 14 emisijas spektrs cieta stavokIT (Aexc = 425 nm);
(b) kompleksa 14 energijas limenu diagramma ar energijas parneses sheému,
(c) komplekss 14 dienasgaisma un zem UV (Aexe = 365 NM) apgaismojuma.

Kompleksu 10-17 Eu®" jona parejas >Do — 'F» (611 nm) luminiscences dzives laiki 1 un 1
doti 1. tabula. Visu kompleksu luminiscences dzives laiku liknes apstradatas ar divu
eksponencialu funkcijam, un iegiti divi dzives laiki 11 un 1, kas norada uz divu veidu
simetrijam apkart emitgjoSajam Eu* jonam. Dazadas simetrijas ap centralo metala jonu var
veidoties no dazadiem attalumiem starp emitgjosajiem centriem (Eu**—Eu®"). Ja attalums starp
diviem joniem ir mazs, pastav iesp&jamiba, ka notiks mijiedarbiba starp tiem, ka rezultata
izveidojas dazadas vides ap metalu joniem. Kompleksa 15 rentgenstruktiiranalizes dati
apstiprina $adu pienémumu un rada, ka molekulu izvietojums kristala izsauc dazadu attalumu
veido$anos starp emit&josajiem Eu®* joniem. Savukart otrs svarigakais emisijas raksturojums —
PLQY ir robezas 0,06-0,60. Pulverveida stavokli ir novérojama kompleksa Struktiiras ietekme
uz emisijas efektivitati. Tetrakis kompleksi 14-17 uzrada augstaku luminiscences efektivitati
par Eu®" Laisa bazu kompleksiem, pateicoties ievérojami lielakam fotonu absorbcijas
laukumam, ko palielina ceturtais f,3’-triketonatu ligands. Jasecina ari, ka tetrakis kompleksu
struktiira, pateicoties piesaistitajam katjonam un Cetriem [3,p’-triketonatu ligandiem, ievérojami
labak aizsarga Eu®* jonu no apkartgjas vides, kas biezi izsauc §1 jona ierosinata stavokla
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bezizstarojuma pareju uz pamatstavokli. Ievérojamu katjona izméra (N"Et, vai N*Buy) ietekmi
uz PLQY novéro tetrakis kompleksu 1417 gadijuma. Tetrakis komplekss 14 ar N*Et, katjonu
uzrada tris reizes augstaku emisijas efektivitati neka ta analogs ar N'Bu, katjonu 16. Savukart
tetrakis kompleksa 15 ar N*Et, katjonu gadijuma PLQY jau ir pat sesas reizes augstaks neka
savienojumam 17 ar N'Bu, katjonu. Sadu atskiribu PLQY izraisa dazada garuma katjonu
icklausana kompleksa kristalrezgi. Tetraalkilamonija jona izméra palielinaSana izteikti samazina
kompleksa luminiscences efektivitati un luminiscences dzives laiku. Iesp&jams, iemesls tam ir
tads, ka lielaks katjons ir vairak spgjigs ietekmét tuvako kompleksu Eu®* jonu koordinacijas
sféras apkartni un, iesp&ams, sterisku iemeslu dé] kompleksu molekulas kristalrezgl ir
izvietotas neizdevigaka konformacija, kas izraisa dal&ju Eu®* jona bezizstarojuma deaktivéSanos
ierosinata stavokli. Arl zinatniskaja literatiira ir zinots par tetrakis kompleksa katjona izméra
palielinaSanas negativu ietekmi uz ta luminiscences ipasibam [13].

Skaidrojums tam, ka iegiitic jaunie PB,B’-triketonatu Eu®* kompleksi raksturojas ar
vid&jiem kvantu iznakumiem un salidzino$i Tsiem luminiscences dzives laikiem, meklgjams
tie§i to energijas limenu S; un Ty izvietojumos un to attiecibai pret Eu” ierosinito rezonanses
Iimeni (17 250 Cmfl). Savienojumu 1, 2, 7-9 S; un T; energétiskie limeni aprékinati ar kvantu
kimijas aprékinu programmu “ORCA” un doti 1. tabulda (HAD S; = 31 025 cm™*; Ty =
27653cm™; HBD S; = 27 148 cm™; Ty = 24 286 cm). VienkarSota energijas limenu
diagramma dota 4. (b) attéla. Literatara aprakstiti divi efektiva Antenas efekta
priek$nosacijumi: (1) starpibai starp liganda limeniem S;—T; jabat ~5000 cm™ (Reinhoudt
empirical rule) [14]; (2) starpibai starp T:—Eu* limeniem — 2500-5500 cm ™ (Latva empirical
rule) [15]. Savienojumiem HBID 8 un HMBID 9 izpildas abi noteikumi, tapéc to kompleksu
PLQY ir ar augstakiem iznakumiem, kamér HAD 1 un HBD 2 saturoSiem kompleksiem
starpiba starp Ti—Eu* Iimeniem ir >5500 cm ', kas norada uz iesp&jamu nepilnigu energijas
parnesi starp Siem Itmeniem un arT izskaidro to zemos PLQY Skidumos.

Pateicoties Eu** kompleksu ar 2-acil-1,3-indandiona ligandiem 10-17 vidgjiem kvantu
iznakumiem cieta stavokli, talak tika pétitas iesp&jas izveidot to luminisc€joSas filminas. Eu®*
kompleksi raksturojas ar sliktu filminu veidoSanos, tapéc vislabak ir veidot to polimérfilminas.
N-Polivinilkarbazols (PVK) ka visvairak izmantotais polimérs priek§ Eu®* kompleksu filminam
tika izvelets ka matrica, un filminas ar kompleksiem 10-17 (8 masas %) tika uzklatas ar
rot&josa diska (spin-coating) metodi. legiitas filminas raksturojas ar salidzino$i zemiem PLQY
(0,02—0,08), un ta iemesls ir poliméra un kompleksu energijas limenu izkartojuma neatbilstiba.
Lai notiktu efektiva energijas parnese no poliméra uz kompleksu, poliméra T; limenim jabut
virs izmantoto ligandu S; un T; Iimeniem. No literatiiras [16] ir zinams, ka PVK T; =
24 440 cm™. Ka redzams 1. tabula, savienojumiem HAID, HBID un HMBID S; Iimeni
novietoti virs PVK T; limena, savukart T; limeni tuvu poliméra T; Iimenim. Lidz ar to var
secinat, ka ierosinasanas energija no PVK tikai dalgji pariet ligandu ierosinatajos energijas
limenos, Kas, visticamak, izraisa zemu kvantu emisijas efektivitati.

legiitie jaunie Eu®* kompleksi ar 2-acil-1,3-indandiona ligandiem raksturojas ar tiru
sarkanas gaismas emisiju (Aem = 611 nmM), liclam Stoksa nobidém (161-203 nm), iesp&ju tos
ierosinat gan ar UV, gan redzamo gaismu, vidgjiem PLQY un vairakiem simtiem ps gariem
dzives laikiem cieta stavokli. To filminas ar PVK, kas biezi tiek izmantotas OLED izstradg,
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gan uzrada zemus PLQY, un lietojums biitu jamekl€ cita sfera, pieméram, poliméru optisko
Skiedru vai vilnpvadu izstradg, jo kompleksu 11, 12, 14-17 poli-(metilmetakrilata) (PMMA)
filminas uzrada jau augstaku kvantu efektivitati (PLQY 0,09-0,14).

Eu®* kompleksu ar p-diketonu ligandiem sintéze un
spektroskopisko ipasibu raksturojumi

lepricksgja nodala aprakstitie Eu®* kompleksi ar nesimetriskajiem 2-acil-1,3-indandiona
un 2-acildimedona atvasinajumu ligandiem neuzradija pietiekami augstu PLQY praktiskam
lietojumam OLED, tapéc, turpinot pé&tijumus par 1,3-diketonu izmantoSanu lantanoidu
kompleksu ieguvé, promocijas darba tika iegiti ari dazi Eu®* kompleksi ar simetriskakiem [-
diketoniem - 1,3-difenilpropan-1,3-diona jeb dibenzoilmetana (HDBM) atvasinajumu
ligandiem. HDBM atvasinajumi ir vieni no visvairak pétitajiem Eu®" kompleksu ligandiem.
Iemesls tam ir komercidla pieejamiba, viegla sintéze un fakts, ka $adiem Eu®* kompleksiem
parasti piemit intensiva luminiscence [1]. Analogi ka B,p’-triketonu gadijuma, vispirms tika
iegtti vienkarsakie neaizvietota HDBM 18 un 1-(4-metilfenil)-3-fenilpropan-1,3-diona (Me-
HDBM) 19 ligandu Eu®* Liisa bazu 21, 22 un tetrakis 24, 25 kompleksi (5. att.). Zinams, ka
aizvietotaji HDBM fenilgredzenos var izteikti izmainit §T savienojuma energétisko limenu
izvietojumu, 1paSibas, Skidibu, ka ar1 ta Eu® kompleksu 1paSibas, tapéc tika iegiits arl
sarezgitaks HDBM atvasinajums, kas satur fenilgredzena para-pozicija karbazolu. Karbazolu
biezi izmanto ka aizvietotaju P-diketonu un sekundaro ligandu sintéz€, pateicoties ta
ipasibam — labai skidibai, caurumu parneses Tpasibam un augstai termiskai stabilitatei. levedot
karbazolu Eu®" kompleksu izmantotajos ligandos, biitu iespgjams uzlabot kompleksa
elektriskas 1pasibas. HDBM gadijuma izpétiti savienojumi, kuros karbazols pievienots
fenilgredzena para-pozicija caur 2. vai 3. karbazola gredzena oglekla atomu, tacu nav pétiti
savienojumi, kuros karbazols buitu pievienots caur slapekla atomu. Tap&c talak tika sintezets
sads savienojums — 1-[4-(9H-karbazol-9-il)-fenil]-3-fenilpropan-1,3-dions (CBZ-HDBM 20)
un attiecigi ta Eu®* Liisa bazes 23 un tetrakis 26 komplekss.

o 0 OH
\ Eu” (a) Z (b)
o
§ ) ’
R
L 3 L
21: R = H; Eu(DBM);(PHEN) 18: R = H; HDBM 24: R = H; [Eu(DBM),IN"Et,
22: R = CH;; Eu(Me-DBM);(PHEN) 19: R = CH;; Me-HDBM 25: R = CH;; [Eu(Me-DBM)4IN'Et,
23: R = CBZ; Eu(CBZ-DBM);(PHEN) 20: R = CBZ, CBZ-HDBM 26: R = CBZ; [Eu(CBZ-DBM)4]N+Et4

5. att. Eu®* Laisa bazu 21-23 un tetrakis kompleksu 24-26 ar HDBM
atvasinajumu ligandiem sintéze.
(a) 10 % NaOH/H,0, 1,10-fenantrolins, EuCls-6H,0; (b) 10 % NaOH/H,0, Et;NBr, EuCl;-6H,0.

legitie kompleksi 21-26 raksturoti un to struktiiras pieraditas tapat ka 2-acil-1,3-
indandionu kompleksu 10-17 gadijuma. Turklat B-diketonatu Eu®* kompleksi 21-26,
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salidzinot ar B,p’-triketonatu Eu®" kompleksiem 1017, uzrada labaku $kidibu organiskajos
Skidinatajos (CHClIs, EtOH, THF).

Vispirms pétitas un salidzinatas iegiito kompleksu 21-26 absorbcijas un emisijas Tpasibas
1,5-10° M THF Skidumos. Kompleksu absorbciju var raksturot ar platam absorbcijas joslam
tuvaja UV apgabala (300400 nm) (6. (a) att.). Kompleksu 21, 22, 24 un 25 A4 atrodas 352—
356 nm robezas, kamér CBZ ieveSana HDBM molekulu para-pozicija izraisa kompleksu 23
un 26 Aaps batohromu nobidi lidz 369—374 nm. ST absorbcijas josla ir ladina parneses (CT —
charge transfer) pareja, jo CBZ-HDBM ligands satur gan elektrondonoro CBZ grupu, gan
elektronakceptoras karbonilgrupas. Kvantu kimijas aprékini, kas veikti, lai iegltu
savienojumu HDBM 18, Me-HDBM 19 un CBZ-HDBM 20 optimizétu pamatstavokla
struktiiras geometriju un HUMO/LUMO orbitales, parada, ka savienojumam 20 ir izteikts
ladinu sadaltijums starp HOMO un LUMO orbitalem (HOMO orbitale lokalizéta uz CBZ
grupas, kamér LUMO uz DBM dalas), kas norada uz izteiktu CT $aja molekula. Savienojumu
18 un 19 gadijuma HOMO/LUMO orbitales izklied&tas pa visu molekulu.

Kompleksu emisija 1,510° M THF $kidumos ir loti atskiriga. B-diketonatu Eu®'
kompleksi 21, 22, 24 un 25 uzrada tikai Eu** jonam raksturigas emisijas joslas (6. (b) att.) ar
PLQY — 0,02-0,06 (2. tab.). Savukart kompleksu 23 un 26 gadijuma luminiscences spektrs
uzrada ne tikai metala jona emisiju. Pateicoties CT dabali, savienojumam CBZ-HDBM piemit
izteikta zilas krasas emisija ar Aem pie 478 nm (PLQY 0,26), ko var novérot ari kompleksu 23
un 26 luminiscences spektros. Eu®* komplekss 23 luminiscences spektra uzrada dudlo
emisiju — liganda emisiju 400-600 nm robezas un vairakas Eu®* jona emisijas joslas 570705
nm apgabala. Abu joslu maksimumu (pie 475 nm un 611 nm) intensitasu attieciba ir 1 : 2.
Dualo emisiju biezi novéro Eu®* kompleksiem, kas satur ligandus ar elektrondonoram un
elektronakceptoram grupam [17], un ta norada uz neefektivu energijas parnesi starp ligandiem
un centrala metala jonu. Kompleksa 23 PLQY $kiduma ir 0,10 un ta CIE koordinates atrodas
ciana zila regiona (x = 0,26; y = 0,28) (6. (c) att.). Savukart tetrakis kompleksa 26 gadijuma
emisijas spektra novero tikai liganda emisiju, ko varétu skaidrot ar o kompleksu tendenci
$kidumos disocigt tris kompleksos un attiecigaja tetraetilamonija sali, kas ietekmé Eu® jona
emisijas intensitati un pastiprina liganda emisiju.
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6. att. (a) Kompleksu 21-26 absorbcijas spektri 1,5-10° M THF skidumos;
(b) kompleksu 21-26 emisijas spektri 1,5-10° M THF $kidumos;
(c) kompleksi 21-26 zem UV (hexc = 365 nm) apgaismojuma.
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Talak tika pétita kompleksu emisija cieta stavokli. Lidzigi ka 2-acil-1,3-indandionatu Eu®*
kompleksu 10-17 gadijuma, ari kompleksiem 21-26 emisija pulveri ir daudz efektivaka.
Kompleksiem ar HDBM ligandiem 21, 24 un ar Me-HDBM 22, 25 PLQY sasnhiedz pat 0,53—
0,75 (2. tab.). Tik liela starpiba starp emisiju $kiduma un cieta stavokli varétu noradit uz
agregacijas pastiprinatu emisiju (AEE — Aggregation enhanced emission). Tetrakis
kompleksam 25 S§is efekts tika pieradits, izmantojot THF:heksana $kidinataju sistemu.
Palielinot heksana dalu §kiduma, veidojas kompleksa dalinas, kas efektivi pastiprina emisiju
no Skiduma. Lidz §im zinatniskaja literatlira ir pieejams tikai viens piemérs ar Eu®*
kompleksu, kam izpauzas AEE efekts [18].

2. tabula

Eu** kompleksu 21-26 absoliitie fotoluminiscences kvantu iznakumi 1,5-10° M THF
Skidumos (PLQY1wr), pulverT (PLQYp), 8 wt% PVK filminas (PLQYpyk) un teorétiski
aprekinatie ierosinata singleta (S;) un tripleta stavokla (T1) energétiskie limeni B-diketoniem

Komplekss PLQYrwe | PLQY, | PLQYpvk | Spem™ | Tiem!
Eu(DBM)g(PiHIfN) 21 0,04 0,56 0,26 8122 | 22 191
[Eu(DBM);] N*Et, 24 0,06 0,75 0,46

Eu(Me—DBM)3(P7HI§N) 22 0,03 0,53 0,22 28218 | 21928
[Eu(Me-DBM);] N*Et, 25 0,02 0,57 0,18

Eu(CBZ-DBM),(PHEN) 23 0,10 0,09 0,07 1929 | 20973
[Eu(CBZ-DBM),] N*Et, 26 0,26 0,10 0,09 18 416°

# Kvantu iznakums ligandam CBZ-HDBM.
® Eksperimentli iegiitais liganda CBZ-HDBM tripletstavokla energgtiskais Iimenis.

Kompleksiem 23 un 26, kuriem ierosinata $kiduma izpaudas duala emisija vai tikai
liganda emisija, cieta stavokli piemit tikai Eu®* jona sarkanas gaismas emisija. To varétu
skaidrot ar to, ka cieta stavokli izpauzas stipraka saistiba starp ligandiem un metala jonu, ka
arl agregacijas dél netiek noverota liganda emisija. PLQY cieta stavokll nepieaug ka
kompleksu 21, 22, 24, 25 gadijuma un ir 0,09 (23) un 0,10 (26).

Cieta stavokli kompleksu 21-26 luminiscences dzives laiks Dy — 'F, (611 nm) parejai,
tapat ka B,p’triketonatu Eu** kompleksu 10—17 gadijuma, ir diveksponencials (t1 Un t) un ari
norada uz divu veidu simetriju apkart Eu®* jonam. Japiemin, ka THF $kiduma kompleksiem
22, 23 un 25 luminiscences dzives laiks bija monoeksponencials, apstiprinot pienémumu, ka
dazada emisijas kin&tika cieta stavokli rodas no Eu®* jonu savstarp€jas mijiedarbibas, kas
Skiduma atSkaidijuma dél netiek noverota.

Talak tika pétitas iegiito kompleksu poliméru luminisc&josas filminas, par matricu atkal
izmantojot PVK. Kompleksiem 21 un 24 tika pétita kompleksa masas ietekme uz
luminiscg€josas filminas emisijas efektivitati. Katram kompleksam tika iegiitas cetras PVK
filminas ar dazadu kompleksa masu (1 masas %, 4 masas %, 8 masas % un 15 masas %).
Kompleksa 21 PVK filminu emisijas spektri attéloti 7. att€la. Gan 21, gan 24 kompleksa PVK
filminu gadijuma emisijas intensitate un PLQY pieaug, palielinot kompleksa masu filmina.
Filminam ar 1 masas % kompleksa masu emisijas apgabala 360-560 nm novérojama PVK
vaja emisija, kas skaidrojams ar to, ka, izmantojot mazu dop&Sanas masu, filmina ir
salidzinosi liels attalums starp poliméra k&di un kompleksu, un energijas parnese starp tiem ir
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nepilniga. Palielinot kompleksa masu, poliméra emisiju vairs nenovéro luminiscences spektra.
PLQY kompleksa 21 filminu gadijuma doti 7. attéla, savukart kompleksa 24 gadijuma tie ir
sadi: 0,17, 0,30, 0,46 un 0,48 (1 masas %, 4 masas %, 8 masas % un 15 masas %). No Siem
datiem izsecinats, ka visefektivaka Eu®" kompleksu masa ir 8 masas %. Lai arT ar 15 masas %
tika ieguti vel augstaki PLQY, Sis palielinagjums ir nenozimigs, salidzinot ar to, ka kompleksa
masa filmina japalielina gandriz uz pusi, salidzinot ar 8§ masas %.

1 1%

4%

8%

. PLQY=0.30
m15% PLQY=0.26
*PLQY=0.21

0 . . PLQY=0.14
570 620 670

0,5

Normalizéta Tl intensitate

Vilpa garums, nm

7. att. Kompleksa 21 (1 masas %, 4 masas %, 8 masas % un 15 masas %)
PVK filminu emisijas spekitri.

Pargjo kompleksu 22, 23, 25 un 26 PVK filminas tika iegtitas ar 8 masas %. Kompleksi 22
un 25 — tapat ka kompleksi 21 un 24 — uzrada vidgjus PLQY — 0,22 un 0,18, savukart CBZ-
HDBM ligandu saturoSie kompleksi 23 un 26 — 0,07 un 0,09. Ka redzams, kompleksiem 21,
22, 24 un 25 PLQY filminas ir aptuveni divreiz zemaki neka pulverveida paraugiem, ko varétu
skaidrot ar tiem piemitoSo AEE efektu. Polimérfilminas dala kompleksa molekulu ietver
polimérkédes, savukart dala veido agregatus [19]. So kompleksu PLQY kritumu varétu
skaidrot ar to, ka to PVK filminas gaismu emité tikai agregatus veidojo$as molekulas, bet
izoleto kompleksu molekulu emisija tiek dzesta. Savukart kompleksu 23 un 26 gadijuma PVK
filmigpu PLQY ir tadi pasi ka cieta stavokli, jo, visticamak, $aja gadijuma gaismu emité gan
agregatus veidojosas, gan izolétas kompleksa molekulas.

Lai iegttu priekSstatu par kompleksu praktisko lietojumu, tika izveidoti divi OLED,
izmantojot kompleksu 22 ka emiteri (Dr. phys. A. Vembris). Pirmais OLED tika izgatavots,
kompleksu 22 iejaucot PVK (10 masas %), un ta struktira ir $ada: [ITO/PEDOT:
PSS(40 nm)/PVK:22(50 nm)(10 wt%)/TPBi(20 nm)/LiF(1 nm)/AlI(100 nm)]. Otrais OLED
tika izgatavots bez poliméra ar struktiru: [ITO/PEDOT:PSS(40 nm)/22(50 nm)/
TPBIi(20 nm)/LiF(1 nm)/Al(100 nm)]. Pirmais OLED, kas izgatavots, iejaucot kompleksu 22
PVK, elektroluminiscences spektra neuzradija Eu®* emisiju. Savukart otrais OLED, kura tikai
savienojums 22 izmantots ki emitgjosais slanis, uzradija vaju Eu®" emisiju (maksimalais
spozums (maximal brightness) 10 cd/m? ar stravas efektivitati (current efficiency) 0,004 cd/A
un ieslégsanas spriegumu (turn on voltage) 9 V). Vaju elektroluminiscenci izraisa tas, ka
kompleksam 22 nepiemit ladina parneses ipasibas. No iegiito OLED datiem var secinat, ka Sie
Eu®* kompleksi neuzrada optoelektroniskajam iekartim noderigas ipasibas, bet tos varétu
izmantot cita nozaré.
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Aprékinatie S; un T; limeni savienojumiem HDBM, Me-DBM, CBZ-HDBM (2. tab.) ari
dod skaidrojumu par Eu** kompleksu novérotajam spektroskopiskajam Ipasibam. Ka redzams,
savienojumiem HDBM un Me-HDBM veiksmigai energijas parnesei no ligandiem uz centralo
metala jonu izpildas abi empiriskie likumi (13. Ipp), jo Starpiba starp Sy un Ty ir 6001 cm*
(HDBM) un 6290 cm™* (Me-HDBM), bet starp T:—Eu* — 4871 cm * (HDBM) un 4678 cm*
(Me-HDBM). Savukart savienojumam CBZ-HDBM karbazola ieveSana para-pozicija ir
izraisijusi tuvu S; un Ty energétisko limenu novietojumu (starpiba 3513 cmfl), ka arT tuvu Tq1—
Eu* novietojumu (starpiba 1166 cmfl), ka rezultata kompleksa novéro neefektivu energijas
parnesi un zemakus PLQY.

2-cinnamoil-1,3-indandiona un 2-cinnamoildimedona atvasinajumu
sintéze un spektroskopisko 1pasibu raksturojumi

Ieprieksgja nodala pétitie savienojumi — 2-acetildimedons 1 un 2-acetil-1,3-indandions 7 —
ar divam elektronakceptoram karbonilgrupam un reag€tsp&jigu metilgrupu ir perspektivi
prekursori jaunu hromoforu un luminoforu savienojumu iegiisana. Relativi maz pétitas $So
savienojumu reakcijas ar elektrofiliem reagentiem, piem&ram, aromatiskajiem aldehidiem, ka
rezultata iesp&jams iegiit savienojumus ar pagarinatu konjuggtu sistému — 5,5-dimetil-2-[(2E)-
3-fenil-1-okso-2-propén-1-il]-cikloheksan-1,3-diona jeb 2-cinnamoildimedona vai 2-[(2E)-3-
fenil-1-okso-2-propén-1-il]-1H-indén-1,3(2H)-diona jeb 2-cinnamoil-1,3-indandiona
atvasinajumus [6]-[8]. Ja sint€zes reakcija izmantots aromatiskais aldehids ar donoro grupu
(D), tad iegutais 2-cinnamoil-B-diketons satur molekula akceptoro grupu A (dimedons vai-
1,3-indandions), D grupu, ka arT n-konjuggto sistému starp §Tm grupam un ir pieskaitams D-n-
A savienojumu klasei. Sadi savienojumi ir unikali ar tiem piemito$ajam absorbcijas un
emisijas TpaSibam, tos var izmantot fotoelementu un OLED izstradé, medicina fluorescgjoso
markieru izveidé un citur. To lielaka priekSrociba, salidzinot ar iepriek$gjas nodalas
aprakstitajiem Eu®* organiskajiem kompleksiem, ir plass klasts organisko D un A grupu, ka
ar1 m-tiltina izvele, ka rezultata ir iesp€jams pielagot vélama savienojuma ipaSibas, pieméram,
emisijas krasu.

Promocijas darba tika iegtti pieci jauni 2-cinnamoildimedona atvasinajumi 27-31 un pieci
jauni 2-cinnamoil-1,3-indandiona atvasinajumi 32-36 savienojumu 1 un 7 kondensacijas
reakcijas ar aromatiskajiem aldehidiem, kas fenilgredzena para-pozicija satur spécigus
donoros N-alkil- vai N-arilamino- aizvietotajus. Talak, apstradajot ar dimetilsulfatu dazus no
ieglitajiem 2-cinnamoil-1,3-indandiona atvasinajumiem 32-34, papildus tika ieghti 2-
cinnamoil-1,3-indandiona atvasinajumu O-metiléteri 37-39 (8. att.). Izmantojot iegtos
jaunos D-m-A savienojumus 27-39, tika pétita dazadu akceptoro grupu (dimedons, 1,3-
indandions), donoro (N,N-dimetilamino- (NMey), N,N-difenilamino- (NPhy), julolidil- un
N,N-dibifenilamino- (N(BPh)z) grupu un =-tiltina garuma (1-hidroksiallilidén-, 1-
hidroksipenta-2,4-ilidén-) ietekme uz savienojumu TIpaSibam. Savukart, salidzinot 2-
cinnamoil-1,3-indandiona atvasinajumus 32-34 un to O-metiléterus 37-39, iesp&jams noteikt
hidroksilgrupas, kas veido spécigu udenrazsaiti ar 1,3-indandiona cikla karbonilgrupu,
ietekmi uz savienojumu 1pasibam.
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legiito savienojumu 27-39 struktiiras ir pieraditas ar ‘H-KMR, *C-KMR un FT-IR
spektriem, elementanaliZu un masspektru datiem. Neapstridams pieradijums tam, ka
savienojumi 27-36 pastav tiesi eksocikliskaja enolforma, ko stabilizé spéciga iekSmolekulara
tdenrazsaite, iegiits, veicot savienojumu 27 un 34 kristaliem rentgenstruktiiranalizi (Dr. phys.
S. Belakovs). legiitie dati parada, ka abiem savienojumiem ir iekSmolekulara tidenrazsaite
starp cikla (dimedons, 1,3-indandions) karbonilgrupu un allilidénfragmenta atrodosas
enolgrupas fidenraZa atomu ar garumiem 2,386(7) A (27) un 1,66(8) A (34). legiitie saisu
garumi un lenki starp atomiem [, -triketona fragmenta norada ari uz konjuggétas n-elektronu
sisttmas veidoSanos, ko stabiliz€ iekSmolekulara tdenrazsaite. Savukart kvantu kimijas
aprékini savienojumiem 27-39 (optimiz&ta pamatstavokla struktiira) parada, ka savienojumi
ar N,N-alkilamino- aizvietotajiem (27, 29, 31, 32, 34, 36, 37 un 39) ir pilniba planari, savukart
atvasinajumi 28, 30, 33, 35 un 38 uzrada fenil- un bifenil- grupu arpus plaknes izgriesanos.

O OH j)J\ O OH
% (A H” "R R

0) (0]

27-31
O

H
(6]
7 32-36 37-39
27, 32,37 28, 33, 38 29, 34, 39 30, 35 31, 36

8. att. D-n-A tipa savienojumu 27-39 sintéze uz 2-acetildimedona 1 un
2-acetil-1,3-indandiona 7 bazes.
(a) — (1) piperidins, 100 °C, 4 h; (2) etanols, 80 °C, 0,5 h; (b) — dimetilsulfats, K,COs3, acetons, 56 °C, 4 h.

O-Metileteru 37-39 *H-KMR un *C-KMR spektros novéro tikai divas atikiribas no 2-
cinnamoil-1,3-indandiona atvasinajumu 32-34 spektriem: (1) -CHj signals (4,35 ppm) ir
aizstajis uz vajiem laukiem (~13,20 ppm) nobidito -OH grupas signalu; (2) B3C-KMR spektros
1,3-indandiona benzola cikla oglekla atomu pari (C8 un C9; C4 un C7; C5 un C6) uzrada
vienadas kimiskas nobides, kas norada uz vienadu kimisko apkartni Siem atomiem (2-
cinnamoil-1,3-indandiona atvasinajumu 32-34 gadijuma iekSmolekulara tGdenrazsaite starp
enolgrupas tidenraza atomu un 1,3-indandiona cikla karbonilgrupas skabekla atomu izraisa
dazadas kimiskas nobides Siem atomu pariem) — metiléSana ir padarfjusi simetriskaku
molekulas akceptoro dalu.

Jauniegiitajiem D-m-A savienojumiem izpétitas absorbcijas un emisijas IpaSibas dazadas
polaritates §kidinatajos (toluols, THF, CHCI;, MeCN, MeOH), un 3. tabula doti savienojumu
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27-39 spektroskopiskie raksturojumi 1,5-10° M CHCl; $kidumos, ka arf PLQY toluola,
CHCI; un MeOH. 2-cinnamoildimedona 27-31 un 2-cinnamoil-1,3-indandiona atvasinajumi
32-36 uzrada intensivu redzamas gaismas absorbciju ar vilnpu garumu maksimumiem (Aaps)
robezas 466-540 nm. Sis platas absorbcijas joslas izsauc CT molekula starp D un A grupam
(n(D) — w*(A)). 2-cinnamoil-1,3-indandiona O-metiléteru 37-39 absorbcijas joslas ir
batohromi nobiditas par 7-22 nm, salidzinot ar to nemetilétajiem analogiem 32-34, ko izraisa
vajas donoras grupas -OCHj atrasanas m-tiltina, kas pastiprina ladina sadalijumu starp 1,3-
indandiona ciklu un cinnamoil- fragmenta novietoto donoro aminogrupu. Visi jauniegitie
savienojumi 27-39 ir fluorescenti CHCI; skidumos, un to emisijas spektri atrodas loti plasa
spektralaja apgabala, sakot no zalas lidz pat sarkanas gaismas regionam (9. att.) ar Aem 548—
647 nm robezas.

3. tabula

D-n-A savienojumu 27-39 absorbcijas, emisijas spektru maksimumi 1,5-10° M CHCls
$kidumos un PLQY 1,5-10> M CHCls, toluola un MeOH 3kidumos, cikliskas voltametrijas
oksidésanas (Eox) un reducésanas (Eqg) potenciali, aprékinatic HOMO/LUMO energijas
[imeni un HOMO-LUMO spraugas (E"" ")

Savienojums Aabs, | Aems PLQY Eox, | Eras | HOMO, | LUMO, EgDFbT,
nm | N"M FTojyols [ CHCl; | MeOH | Y \4 eV eV eV

27 467 | 548 | 0,05 015 | 001 |o081|-132| -538 —2,16 3,22
28 466 | 612 | 0,40 0,78 | <0,01 [1,07]-119| -533 —2,37 2,96
29 509 | 577 | 0,31 036 | <0,01 [061]-1,36| -5,16 2,11 3,05
30 476 | 654 | 0,79 0,16 =2 1096 |-118| -526 —2,40 2,86
31 487 | 624 | 0,05 015 | 005 |067]-115| -521 —2,34 2,87
32 503 | 566 | 0,12 0,03 | <0,01 0,80 |-1,17 | -5,37 -2,28 3,09
33 502 | 621 | 0,52 0,76 —3 |105]-107| 534 —2,47 2,87
34 540 [ 595 | 0,15 | <0,01 —& 1060 -121] -511 —2,19 2,92
35 512 | 663 | 0,93 0,21 —2 1098 |-104| -527 —2,50 2,77
36 520 | 647 | 0,12 0,25 | <0,01 [066|-1,04| -522 —2,43 2,79
37 514 | 597 | <0,01 | 0,02 | <0,01 |0,77 | -1,11| -5026 —2,25 3,01
38 509 | 647 | 0,01 006 | <0,00 [097]-097| -527 —2,57 2,70
39 562 | 634 | 0,02 032 | 001 |057|-114| -502 —2,30 2,73

a Neskistoss.
® £ 57T = HOMO-LUMO.

2-cinnamoildimedona un 2-cinnamoil-1,3-indandiona atvasinajumu strukttras ietekme uz
Aabs UN Aem atraSanas vietu ir Sada:

(1) akceptoras grupas (dimedons vai 1,3-indandions) vairak ietekmé absorbcijas joslas
atraSanas vietu. Savienojumiem ar 1,3-indandionu, kas uzskatams par spécigaku akceptoro
grupu, pateicoties ta aromatiskajai uzbiivei, novero Asps un Aem nobidi Uz garakiem vilpiem.
Salidzinot abu atvasinajumu rindas (27/32, 28/32, 29/34, 30/35, 31/36), redzams, ka CT joslas
maksimums 466-509 nm (dimedona atvasinajumi 27-31) ir nobidits batohromi Iidz 502—
540 nm (1,3-indandiona atvasinajumi 32-36). Emisijas spektru Aey, parejot no dimedona uz
1,3-indandiona atvasinajumiem, nobidas batohromi tikai par 9-23 nm;
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(2) pret&ji donoras aminogrupas uzrada nelielu ietekmi uz Agps un izteiktu ietekmi uz Aem.
NMe, un NPh; grupu saturoSie savienojumi uzrada vienadu Agps. Seit ir janem vera tas, ka
NPh; grupai slapekla atoma nedalitais elektronu paris konjuggjas ar fenilgrupu n-elektroniem,
kas, visticamak, mazina grupas donoro stiprumu. Savienojumi ar N(BPh), grupu uzrada jau
par 10 nm batohromi nobiditu absorbcijas spektru, ko var izskaidrot, aplikojot to optimizéto
pamatstavokla geometriju. Kvantu kimiskie aprékini parada, ka savienojumiem ar N(BPh),
grupu (30 (-32,1°), 35 (-31,2°)) noverojama lielaka fenilgrupu arpusplaknes izgrieSanas neka
savienojumiem ar NPh, grupu (28 (-30,1 °), 33 (-30,3 °)), lidz ar to donora grupa ir mazak
planara. Lielakas izgrieSanas dg] slapekla atoma nedalitais elektronu paris konjuggjas daudz
vajak ar bifenilgrupu m-elektroniem neka tas bija savienojumos 28 un 33, un donoras grupas
stiprums pieaug. Visbeidzot julolidilaizvietotajs ievérojami nobida hromoforu 29 un 34 CT
absorbcijas joslas uz garakiem vilniem ar mazaku energiju. Jamin, ka literattira aprakstitie D-
n-A savienojumi ar julolidilaizvietotaju vienmér uzrada batohromi nobiditu absorbciju,
salidzinot ar analogiem savienojumiem ar citam aminogrupam, un $o novérojumu skaidro ar
julolidilgrupas donoro raksturu, kas padara molekulu vieglak polariz€jamu [20]. Turpret],
apskatot savienojumu 27-36 emisijas spektrus, donoras grupas péc to ietekmes uz Aem
(batohroma nobide) var sarindot $ada seciba: NMe, < julolidil < NPh, < N(BPh),. Péc to
struktiras ietekmes uz Aem sintezStie hromofori ir dalami divas grupas: pirma grupa ir
savienojumi ar alkilaizvietotajiem pie slapekla atoma (NMe, un julolidilfragments); otra
grupa — savienojumi ar fenilgrupam pie slapekla atoma (N(BPh),, NPhy). STm abam grupam
dazados skidinatajos ir izteikta atSkiriba Stoksa nobidés (AL). Savienojumiem ar
alkilaizvietotajiem pie slapekla atoma (27, 29, 31, 32, 34, 36) AL ir gandriz uz pusi mazakas
(20054273 cm?  dimedona atvasinajumiem un 1466-2779 cmt 1,3-indandiona
atvasinajumiem) neka savienojumiem ar fenilaizvietotajiem pie slapekla atoma (3715-
7487 cm* dimedona atvasinjumiem un 2434-4815 cm ™ 1,3-indandiona atvasinajumiem).
Vismazakas AA tika iegitas tieSi savienojumiem 29 un 34 ar julolidilaizvietotaju. To var€tu
skaidrot ar So savienojumu lidzigiem pamatstavokla un ierosinata stavokla dipolmomentiem,
ko biezi min literatlira [21]. Savukart savienojumu 28, 30, 33 un 35 lielas Stoksa nobides
skaidrojamas ar iesp&jamu struktliras parorientaciju ierosinata stavokli, pieméram, ierosinata
stavokla iekSmolekularu protonu parnesi, ko bieZzi novero savienojumiem ar stipram
iekSmolekularam tidenraza saitém [22];

(3) m-tiltina pagarinaSana starp D un A grupu (27 — 31 un 32 — 36), ka paredzams,
nobida gan absorbcijas (17 nm un 20 nm), gan emisijas joslas batohromi (76 nm un 81 nm)
garakas konjuggtas sistemas del.

Solvatohromisma pétijumi parada, ka savienojumu 27-39 absorbciju maz ietekmé
Skidinataju polaritates maina un Aaps izmainas tikai par 1-12 nm. Sads rezultats liek secinat, ka
jauno D-m-A savienojumu pamatstavokli neietekmé vides polaritates maina. Pretgji,
savienojumu emisijas 1pasSibas ieveérojami ietekm& Skidinataja polaritate. Visiem
savienojumiem noveérojams spécigs pozitivs solvatofluorohromisms un, parejot no nepolara
toluola uz polaro MeOH, ey izmainas par 24—126 nm. Vislielako batohromo Aem nobidi
novéro tie$i savienojumiem ar apjomigajiem un arpusplaknes izgrieztajiem difenil- un
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bidifenil- aizvietotajiem pie slapekla atoma (94—126 nm). So novérojumu var skaidrot ar to,
ka izteiktu jutibu pret vides polaritati novero tieSi savienojumiem, kuriem ierosinata stavokli
ir speciga ladina parnese no D grupas uz A grupu [23].
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9. att. (a) — dimedona atvasinajumu 27-31 emisijas spektri un to CHCl3 skidumu
emisija zem UV gaismas; (b) — 1,3-indandiona atvasinajumu 32—-36 emisijas spektri
un to CHClI3 skidumu emisija zem UV gaismas.

Emisijas efektivitates noskaidroSanai iegiitajiem savienojumiem tika izmeriti PLQY
dazados Skidinatajos (3. tab.). Palielinot skidinataja polaritati (toluols, CHCIl3; —
MeOH),visiem savienojumiem 27-39 strauji kritas PLQY. Saja gadijuma janem véra, ka
polaros $kidinatajos pétamo D-m-A savienojumu emisijas joslas tiek ievérojami nobiditas uz
garakiem vilniem, tas ir, polars §kidinatajs pazemina savienojumu ierosinata stavokla energiju
[23]. Iesp&jams, Sis pazeminatais ierosinatais stavoklis ir nefluoresc€joss vai taja
savienojuma-skidinataja molekulu mijiedarbibas rezultata tiek pastiprinata molekulu
bezizstarojuma pareja pamatstavokli. Apskatot literatiru par D-m-A tipa savienojumiem,
jasecina, ka parsvara $adiem savienojumiem novéro fluorescences efektivitates izzuSanu vai
samazinasanos polaros $kidinatajos, pieméram, cinnamoilpironu atvasinajumu gadijuma [9].
2-cinnamoildimedona 27-31 un 2-cinnamoil-1,3-indandiona atvasinagjumu 32-36 rindas
visaugstakie PLQY iegiti toluola. Savienojumi 28, 30, 33 un 35 ar fenilaizvietotajiem pie
slapekla atoma wuzrada augstus PLQY (0,40-0,93), savukart savienojumiem ar
alkilaizvietotajiem, ka paredzams, novéro ievérojami zemakus iznakumus (0,05-0,31). Tapat
nepolara CHCl; PLQY ir pietiekami augsti (0,15-0,78), atskaitot 1,3-indandiona
atvasingjumus 32 un 34, kas uzrada zemas intensitates emisiju $aja skidinataja (0,03, <0,01).
Savukart 2-cinnamoil-1,3-indandiona O-metiléteri 37—39 uzrada zemus PLQY toluola (<0,01-
0,02) un CHCI; (0,02-0,06), iznemot savienojumu 39 ar julolidilaizvietotaju, kas CHClI3
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uzrada vidéju PLQY - 0,32. Acimredzot 2-cinnamoil-1,3-indandiona atvasinajumu
hidroksilgrupas metiléSana un spécigas iekSmolekularas tidenraza saites izjaukSana izraisa
izteiktu emisijas efektivitates samazinasanos.

Ar kvantu kimijas aprékinu programmu “ORCA” noteikta savienojumu 27-39
pamatstavokla geometrija un HOMO/LUMO orbitalu energijas (3. tab.) un izvietojums
(10. att.). Sintez€tajiem savienojumiem 27-39 HOMO orbitale novietota donoraja dala un
cinnamoilfragmenta, turpreti LUMO orbitale — akceptoraja dala un cinnamoilfragmenta. Sads
orbitalu izvietojums izsauc ievérojamu CT Siem savienojumiem. Aprékinatas HOMO/LUMO
limenu energijas parada, ka atkal novérojama atskiriba starp savienojumiem ar dazada izméra
donorajam grupam. Savienojumiem 27, 29, 32 un 34 ar NMe; un julolidilaizvietotajiem
HOMO-LUMO orbitalu energiju spraugas (Eg™") ir platakas (2,90-3,22 eV) neka
savienojumiem ar apjomigajam NPh, un N(BPh), grupam (2,77-2,96 eV) un norada, ka
pédgjiem ir spécigaka CT molekula, kas arT rada augstaku kvantu efektivitati. Péc iegttajiem
Eg°"" donoras grupas péc stipruma var sarindot $ada seciba (stiprakai donorai grupai atbilst
Sauraka Eg°" sprauga): NMe; < julolidil < NPh, < N(BPh),, kas atbilst ieprieks izvirzitajai
secibai péc Aem. Tiltina pagarinasana starp D un A grupu (27 — 31 un 32 — 36) izraisa
izteiktu Eg°" samazinajumu (3,22 eV — 2,87 eV; 3,09 eV — 2,79 eV). O-Metiléteriem 37-39
aprékinatas HOMO orbitalu energijas ir augstakas, savukart LUMO - zemakas neka
atbilstosajiem 2-cinnamoil-1,3-indandiona atvasinagjumiem 32-36 un rezultata to Eg°"
spraugas ir Saurakas. lesp&jams, energijas starpibas samazinajums starp HOMO un LUMO
limeniem ir iemesls, kapéc O-metiléterim 39 novéro vidéju PLQY (0,32), kamér
nemetilétajam atvasindgjumam 34 — loti zemu PLQY (<0,01) CHCI; skidumos. Toties starp 2-
cinnamoil-1,3-indandiona atvasinajumu 34 un ta O-metiléteri 39 nenovéro izmainas
pamatstavokla geometrija un HOMO/LUMO orbitalu izvietojuma (10. att.).

OPTIMIZETA PAMATSTAVOKIA HOMO
GEOMETRIJA

10. att. 2-cinnamoil-1,3-indandiona atvasinajuma 34 un ta O-metil&tera 39
optimiz&ta pamatstavokla geometrija un HOMO/LUMO orbitales.

26



Talak ar cikliskas voltmetrijas palidzibu pétitas savienojumu 27-39 elektrokimiskas
ipasibas MeCN skidumos (1,5~1075 M) un elektrokimiskas oksidéSanas un reduc€Sanas
potenciali (Eox, Ereq) doti 3. tabula (Dr. chem. B. Turovska). Visi savienojumi MeCN
Skidumos wuzrada elektrokimiski neatgriezenisku katodisko reduc€Sanos un anodisko
oksidésanos. Apskatot iegiitos potencialus, var secinat, ka Eox parsvara ietekmé savienojumu
donoras grupas, jo akceptoro grupu maina no dimedona uz 1,3-indandionu (27/32, 28/33,
29/34, 30/35, 31/36) izraisa tikai nelielu potenciala vertibas izmainu par 0,01-0,02 V. legitas
Eox vértibas rada, ka donoras grupas péc aizvietotajiem pie slapekla atoma, atkal iedalamas
divas grupas — ar alkilaizvietotajiem (NMe; un julolidilaizvietotajs) un fenilaizvietotajiem
(NPhy un N(BPh),). Savienojumiem ar alkilaizvietotajiem (27, 29, 31, 32, 34, 36, 37, 39) Eq
atrodas robezas 0,57-0,81 V, savukart savienojumiem ar fenilaizvietotajiem — 0,96-1,07 V.
Tiltina pagarinasana starp donoro un akceptoro dalu (27 — 31; 32 — 36) izraisa Eq vertibas
palielinasanos par 0,14 V. Turpreti elektrokimiskais reducé€Sanas potencials Erqg ir vairak
atkarigs no akceptoras grupas un, parejot no dimedona atvasinagjumiem (27-31) uz 1,3-
indandiona atvasinajumiem (32-39), novéro potenciala samazinajumu par 0,11-0,22 V.

Termiskas 1paSibas tika pétitas 2-cinnamoildimedona 27-31 un 2-cinnamoil-1,3-
indandiona atvasinajumiem 32-36. Termogrammas iegiitas, karsgjot paraugus 30-550 °C ar
atrumu 10 °C/min N, atmosfera (Dr. chem. K. Lazdovica), un parada, ka visi 10 savienojumi
ir termiski stabili lidz 200 °C, un to Tsy (Tsy — temperatiira, kura savienojuma masa
samazinajusies par 5 %) ir robezas 216290 °C. Ar1 termiskas Tpasibas ieverojami ietekmé&
donoras grupas struktiira. Savienojumi ar alkilaizvietotajiem pie slapekla atoma uzrada
zemaku Tsy, (216-238 °C) par savienojumiem ar telpiski lielakam NPh, un N(BPh), grupam
(271-290 °C) cinnamoilfragmenta. Savienojumu 30 un 35 ar N(BPh), aizvietotaju augsto
termisko stabilitati var izskaidrot ar to lielo molekularo masu un papildu n-n sadarbibu un
novietojumu.

No struktiiras un ipasibu pétjjumiem par 2-cinnamoildimedona un 2-cinnamoil-1,3-
indandiona atvasinajumiem 27-39 var secinat, ka $ada tipa savienojumu ipasibas visvairak
ietekmé tieSi donoras grupas struktiira. Apjomigu arpusplaknes izgrieztu difenil- un
bidifenilamino- grupu izmantosana, kas padara savienojumu (28, 30, 33 un 35) struktiiru
neplanaru, rada jaunus savienojumus ar batohromi nobiditu emisiju (Aem > 612 nm), neierasti
lielam Stoksa nobidém (3715-7487 cm* dimedona atvasinajumiem un 24344815 cm 13-
indandiona atvasinajumiem) un augstiem PLQY (0,16-0,93) nepolaros $kidinatajos, Saurakam
HOMO-LUMO spraugam (2,77-2,96 eV) un paaugstinatu termisko stabilitati (Tsy > 270 °C),
salidzinot ar savienojumiem, kas satur N-alkil- aizvietototajus (27, 29, 32 un 34). Potencialu
lietosSanai OLED uzrada savienojums 28 ar dimedona ciklu ka akceptoru, donoro N,N-
difenilaminogrupu un 1-hidroksiallilidén- r-tiltinu, kura emisiju CHCl3 var raksturot $adi:
Aabs = 466 nm, Aem = 612 nm (PLQY = 0,78), AL = 5119 cm ™.
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SECINAJUMI

Uz B,p’-triketonu — 2-acil-1,3-indandiona un 2-acildimedona — atvasinajumu bazes ir
iesp&jams iegit divu dazadu veidu efektivi luminisc&josus savienojumus: (1) eiropija
trivalento jonu (Eu®*) kompleksus, deprotongjot un izmantojot B,p’-triketonatus,
pieméram, ligandus; (2) D-n-A savienojumus, B,B’-triketonu kondensacijas reakciju
rezultata ar donoru grupu saturoS$iem benzaldehida atvasinajumiem.

. 2-acil-1,3-indandionatu Eu®" kompleksu emisijas Tpa§ibas cieta stavokli ievérojami
ietekmé kompleksu struktura: (1) tetrakis kompleksi ar visparigo formulu [Eu(B.p’-
triketonats),] uzrada augstakus PLQY un emisijas dzives laikus neka analogie Eu*
Laisa bazu kompleksi (Eu(p,p’-triketonats)s(PHEN)), pateicoties ievérojami lielakam
fotonu absorbcijas laukumam, ko palielina ceturtais B,B’-triketonata ligands; (2)
tetrakis kompleksu katjona izméra ietekmes izpéte uz emisijas ipasibam rada, ka isaka
N*Et, katjona gadijuma PLQY ir 3—6 reizes augstaki un to emisijas dzives laiki — divas
reizes ilgaki, neka izmantojot garaku N*Buj Katjonu.

Eu®* kompleksi ar 2-acildimedona ligandiem uzrada zemus PLQY $kidumos,
pateicoties to ligandu ierosinata stavokla energétisko limenu izkartojumam pret Eu®*
jona rezonanses Itmeni. 2-acildimedona atvasindjumiem starpiba starp ierosinato
tripleta [tmeni un Eu®* jona rezonanses Iimeni ir parak liela (>7000 cm ™), lai notiktu
efektiva energijas parnese kompleksa.

Salidzinot B-diketonatu (dibenzoilmetana atvasindjumu ligandi) Eu®* kompleksu
PLQY cieta stavokli un PVK filmina ar P,B’-triketonatu Eu®* kompleksu datiem,
novérojams, ka pirmajiem PLQY plévité samazinas tikai divas reizes, savukart
otrajiem PLQY var samazinaties 3—7 reizes. Sadi dati norada uz dibenzoilmetana
atvasinajumiem ka efektivakiem Eu®* kompleksu ligandiem.

Eu®* kompleksi ar dibenzoilmetana un 4-metildibenzoilmetana ligandiem uzrada 5-
7 reizes augstakus PLQY cieta stavokli neka kompleksi, kas satur karbazolu aizvietotu
dibenzoilmetana atvasinajumu ligandus. Emisijas efektivitates pieaugumu izraisa Siem
kompleksiem piemitosa agregacijas pastiprinata emisija.

. Izgatavotie OLED, kuros ka emiteris izmantots FEu®* komplekss ar 4-
metildibenzoilmetana ligandiem, uzrada vaju elektroluminiscenci sakara ar to, ka
kompleksam nepiemit ladina parneses 1pasibas, kas norada, ka sinteze€tajiem Eu’*
kompleksiem nepiemit OLED iekartam nepiecieSamas ipasibas.

. 2-cinnamoildimedona un 2-cinnamoil-1,3-indandiona atvasinajumu spektroskopiskas,
elektrokimiskas un termiskas ipaSibas izteiktak ietekmé izvéleétas donoras grupas
struktiira. Apjomigas arpus plaknes izgrieztas N,N-difenilamino- (NPhy) un N,N-
bidifenilaminogrupas (N(BPh),), kas padara savienojumu struktiiru neplanaru, noved
pie batohromi nobiditas emisijas (Aem>612 nm), neierasti lielam Stoksa nobidém
(2434-7487 cm™) un augstiem PLQY (0,16-0,93) nepolaros $kidinatajos, Saurakam
HOMO-LUMO spraugam (2,77-2,96 eV) un paaugstinatas termiskas stabilitates
(Tse> 270 °C), salidzinot ar planariem savienojumiem, kas satur N,N-alkilamino-
aizvietotajus.
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8. 2-cinnamoil-1,3-indandiona atvasinagjumu un to O-metiléteru ipasibu salidzinajums
liecina, ka metiléSanas rezultata icgutajiem savienojumiem strauji kritas emisijas
efektivitate nepolaros S$kidinatajos, savukart pargjam ipaSibam izteiktas izmainas
nenovero.

9. m-tiltina pagarinasana par diviem oglekla atomiem starp donoro un akceptoro grupu 2-
cinnamoildimedonu un 2-cinnamoil-1,3-indandiona atvasinajumu rindas izraisa
absorbcijas (17-20 nm) un emisijas joslu (76—81 nm) batohromas nobides, augstakus
PLQY un saurakas HOMO-LUMO spraugas (3,22 eV; 3,09 eV — 2,87 eV; 2,79 eV).
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2-acetyl-1H-indene-1,3(2H)-dione anion or 2-acetyl-1,3-indandione anion
2-benzoyl-5,5-dimethylcyclohexane-1,3-dione anion or 2-benzoyldimedone
anion

2-benzoyl-1H-indene-1,3(2H)-dione anion or 2-benzoyl-1,3-indandione anion
biphenylgroup

butyl group

1-[4-(9H-carbazol-9-yl)-phenyl]-3-phenylpropane-1,3-dione
1-[4-(9H-carbazol-9-yl)-phenyl]-3-phenylpropane-1,3-dione anion

charge transfer

donor group

1,3-diphenylpropane-1,3-dione anion or dibenzoylmethane anion
ethylgroup

fluorescence

2-acetyl-5,5-dimethylcyclohexane-1,3-dione or 2-acetyldimedone
2-acetyl-1H-indene-1,3(2H)-dione or 2-acetyl-1,3-indandione
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2-(4-methylbenzoyl)-1H-indene-1,3(2H)-dione or 2-(4-methylbenzoyl)-1,3-
indandione

indium tin oxide

methyl group

2-(4-methylbenzoyl)-1H-indene-1,3(2H)-dione anion or 2-(4-methylbenzoyl)-
1,3-indandione anion

acetonitrile

1-(4-methylphenyl)-3-phenylpropane-1,3-dione anion
1-(4-methylphenyl)-3-phenylpropane-1,3-dione

methanol

organic light emitting dione

poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)

phenyl group
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GENERAL OVERVIEW OF THE THESIS

Introduction

B,p’-triketones and B-diketones are widely investigated compounds for synthesis of new
emitting and non-linear optical materials. One of the ways, how to obtain luminophores on the
basis of these compounds, is to use their coordinated capable B-diketone fragment. After
deprotonation, 1,3-diketones form B-diketone anions, which easily coordinate with metal and
non-metal cations, forming different complexes, which usually are characterized with strong
emission properties, for example, luminescence of lanthanide cation B-diketonate complexes
are described with pronounced colour purity, high luminescence quantum yields and more
than few hundred ps long lifetimes [1]. In this case, enolate is used as ligand, which provides
metal cation with energy, obtained from light absorption. The second way of obtaining
luminophores and non-linear chromophores, is by using 1,3-diketone fragment as electron
acceptor group (A). By introducing donor group (D) in these compounds, it is possible to
obtain luminescent compounds with push-pull D-A or D-r-A structures. The main advantage
of compounds with D-n-A structure is the variety of D and A groups, which allows to adjust
desirable emission and other properties of compound.

B.p’-triketones are compounds with 1,3-diketone group containing cycle and 2-acyl
substituent, which is located at second carbon atom of the cycle. Investigations of this type of
compounds, which includes derivatives of 2-acyl-5,5-dimethylcyclohexane-1,3-dione (2-
acyldimedone) and 2-acyl-1H-indene-1,3(2H)-dione (2-acyl-1,3-indandione), are mainly
focused on their pharmacological properties [2], however, information about their
photophysical properties and potential for synthesis of new luminophores are poorly
documented. Till now, it has been reported that derivatives of 2-acyl-1,3-indandiones exhibit
intense ultraviolet (UV) light absorption with high molar absorption coefficients as well as
high stability under UV light [3], which are desirable properties for ligands of lanthanide
complexes and precursors of D-wn-A compounds. Moreover, till now information about
lanthanide P, -triketonate complexes is limited only to synthesis of some Eu** tris and Eu®*-
Lewis base complexes with derivatives of 2-acyl-1,3-indandione ligands and their application
in the fabrication of organic light emitting diodes (OLED) [4], [5]. In turn, there are also only
few investigations about utilization of ,p’-triketones in synthesis of D-n-A compounds, and
only derivatives of 2-cinnamoyl-1,3-indandiones [6]-[8] and 2-cinnamoylpyrones [9] are
reported. On the other hand, B-diketones are the most investigated class of ligands for
lanthanide  cation  complexes. Derivatives  of  1,3-diphenylpropane-1,3-dione
(dibenzoylmethane HDBM) are considered as very effective aromatic and symmetric ligands
for lanthanide complexes, and many Eu** complexes with these ligands have shown potential
in fabrication of optoelectronic devices [1]. Thereby comparison between Eu®* complexes
with popular B-diketone (derivatives of HDBM) and unexplored 3,3 -triketone ligands could
give insight about the influence of structure and symmetry of ligands on the properties of Eu®*
complex.
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The Doctoral Thesis is divided in two separate sections with two different aims
considering the fact that it is possible to modify [,B’-triketones (derivatives of 2-
acyldimedone and 2-acyl-1,3-indandione) in different ways. The first aim was the synthesis of
different structures (tris, Lewis base, tetrakis) of Eu®" complexes with derivatives of 2-
acyldimedonates and 2-acyl-1,3-indandionates. For comparison purposes Eu®* complexes
with more symmetrical derivatives of HDBM ligands were synthesized. The first aim also
includes property investigation of the obtained complexes, which would lead to conclusions
about complex relationships of structure-complex properties, as well as by using experimental
and theoretical calculated data of ligands and complexes, determining which ligands give Eu®*
complexes with most efficient emission.

The second aim was directed towards investigation of 2-acetyl-5,5-
dimethylcyclohexane-1,3-dione (2-acetyldimedone) and 2-acetyl-1H-indene-1,3(2H)-dione
(2-acetyl-1,3-indandione) as precursors to obtain push-pull D-n-A type compounds
(derivatives of 5,5-dimethyl-2-[(2E)-3-phenyl-1-oxo0-2-propen-1-yl]-cyclohexane-1,3-dione
or 2-cinnamoyldimedone and 2-[(2E)-3-phenyl-1-0xo-2-propen-1-yl]-1H-indene-1,3(2H)-
dione or 2-cinnamoyl-1,3-indandione), which in the case of 1,3-indandione derivatives are
popular 4-N,N-dimethylaminobenzylidene-1,3-indandione (DMABI) analogues with more
prolonged conjugation system. This aim also includes property investigations of newly
synthesized D-n-A type compounds and influence of different structural fragments (donor,
acceptor group, n-bridge length and structure) on these properties.

Aims and Objectives

The aims of the Thesis

1. Synthesis of different structures (tris, Lewis base, tetrakis) of Eu** complexes with
derivatives of 2-acyldimedone, 2-acyl-1,3-indandione and dibenzoylmethane ligands
and investigation of structure-property relationship for the obtained complexes.

2. Synthesis of D-n-A (derivatives of 2-cinnamoyldimedone and 2-cinnamoyl-1,3-
indandione) compounds on the bases of 2-acetyldimedone and 2-acetyl-1,3-indandione
and property investigation of the obtained compounds, as well as investigation of
relationships of properties of different structural element (donor, acceptor group, =-
bridge length and structure)-compounds.

The following tasks were set to reach the first aim

1.1.To obtain Eu® ion tris, Lewis base and tetrakis complexes with derivatives of 2-
acyldimedone, 2-acyl-1,3-indandione and dibenzoylmethane ligands by varying molar
ratio of Eu** ion and organic ligands in the synthesis reaction.

1.2. To investigate environment influence on relationships of complex structures-emission
properties.

1.3.To obtain theoretical energy level diagrams of all complexes, by theoretically
calculating excited state energy levels of used ligands.
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The following tasks were set to reach the second aim

2.1.To obtain derivatives of 2-cinnamoyldimedone and 2-cinnamoyl-1,3-indandione,
which contain amino groups with different structures, and investigate absorption,
emission, thermal and electrochemical properties and to determin their ground state
geometry and HOMO/LUMO orbitals by using quantum chemistry program “ORCA”.

2.2.To investigate donor and acceptor group and =-bridge length influence on the
properties of compounds.

2.3.To investigate enol group influence on the properties of D-n-A compounds by
synthesizing some derivatives of 2-cinnamoyl-1,3-indandione O-methylethers.

Thesis for Defence

1. Complex structure, adjustment of excited state energy levels of used ligands to
resonance level of the Eu** ion, and the size of tetraalkyl ammonium ion in the case of
tetrakis complexes influence the emission efficiency of Eu®* B-diketonate complexes.

2. Being D-n-A type compounds, derivatives of 2-cinnamoyldimedone and 2-
cinnamoyl-1,3-indandione exhibit effective emission, which is influenced by
compound’s planarity, structure of donor groups, length and structure of n-bridge as
well as polarity of the surrounding environment (solvent).

Scientific Novelty and Main Results

As a result of the research towards the first aim of the Doctoral Thesis, new Eu** organic
tris, Lewis base, and tetrakis complexes with different B,B’-triketonates and B-diketonates
(derivatives of 2-acyldimedone, 2-acyl-1,3-indandione and dibenzoylmethane) were obtained
and their emission properties (Aem, PLQY, 1) In solvents, powder state, and polymer films
were investigated and compared. Energies of excited states of ligands were calculated
theoretically and energy level diagrams of Eu®* complexes were determined. Impact of
complex structure and cation size of tetrakis complexes on emission properties were
investigated. Two OLEDs with Eu®* p-diketonate complex were fabricated. For the first time,
aggregation enhanced emission was present for Eu®" complexes with derivatives of
dibenzoylmethane ligands.

As a result of the research towards the second aim of the Doctoral Thesis, series of
derivatives of 2-cinnamoyldimedone and 2-cinnamoyl-1,3-indandione were synthesized and
their optical, electrochemical and thermal properties were investigated. Ground state
geometries and HOMO/LUMO orbitals of all compounds were theoretically calculated using
quantum chemistry program “ORCA”. Systematic investigation of different amino donor
group, acceptor group, and length of m-bridge impact on properties of obtained D-z-A
compounds were conducted.

Doctoral Thesis is a finished original investigation, which shows significant importance in
organic chemistry subbranch of chemistry.
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Structure of the Thesis

The Thesis is a collection of scientific publications focussed on synthesis and property
invetigation of new Eu®* complexes and compounds with D-r-A type structure on the basis of
different B,p’-triketones and [-diketones (derivatives of 2-acyldimedone, 2-acyl-1,3-
indandione and dibenzoylmethane).

Publications and Approbation of the Thesis

Main results of the Thesis are summarized in six scientific publications. Results of the
research were presented in six conferences.

Scientific publications

1.

Malina |, Traskovskis K, Lesina, N., Vembris A. Eu** ternary and tetrakis complexes
with carbazole and methyl group substituted dibenzoylmethane derivatives: Induction
of aggregation enhanced emission. Dyes and Pigments, 2019, 163, 257-266.

Malina |, Kampars V, Belyakov S. Luminescence properties of 2-benzoyl-1,3-
indandione based Eu®* ternary and tetrakis complexes and their polymer films. Dyes
and Pigments, 2018, 159, 655-665.

Malina I, Kampars V. Comparison of luminescent properties in solid-state and
polymer films of Eu(lll) complexes containing 2-acylindandione ligands. Key Eng.
Mater., 2018, 762, 239-243.

Malina 1, Juhnevics N, Kampars V. Study of thermal and optical properties of
dibenzoylmethane Eu(l1l) organic complexes. Proc. Est. Acad. Sci., 2017, 66(4), 493—
500.

Malina I, Kampars V, Turovska B, Belyakov S. Novel green-yellow-orange-red light
emitting donor-m-acceptor type dyes based on 1,3-indandione and dimedone moieties.
Dyes and Pigments, 2017, 139, 820-830.

Malina I, Kampars V, Turovska B. Synthesis, optical and electrochemical properties
of substituted 2-cinnamoyl-1,3-indandione O-methyl ethers. J. Mol. Struct., 2016,
1115, 241-249.

Results of the Thesis were presented in the following conferences

1.

Malina I, Kampars V. Comparison of luminescent properties in solid-state and
polymer films of Eu(lll) complexes containing 2-acylindandione ligands. 58th
International Riga Technical University scientific conference “Materials Science and
Applied Chemistry ”, Riga, Latvia, October 20, 2017.

Malina I, Kampars V. Photoluminescent properties of novel tris, ternary and tetrakis
Eu**organic complexes with 2-acetyl-1,3-indandione ligands. International conference
“Materials, Methods & Technologies 2017, Elenite, Bulgaria, June 26-30, 2017.
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Malina 1, Juhnevics N, Kampars V. Study of thermal and optical properties of
dibenzoyl-methane Eu(lll) organic complexes. International conference “Functional
materials and Nanotechnologies-2017”, Tartu, Estonia, April 24-27, 2017.

Malina 1, Kampars V. Synthesis and optical properties of red light emitting
europium(111) complexes containing 2-acyldimedone and phenantroline ligands. 57th
International Riga Technical University scientific conference “Materials Science and
Applied Chemistry”, Riga, Latvia, October 21, 2016.

Malina I, Kampars V. Synthesis and optical properties of novel luminophores bearing
cyclic B,p’-triketones. 56th International Riga Technical University scientific
conference “Materials Science and Applied Chemistry”, Riga, Latvia, October 14-16,
2015, Abstract book p. 17.

Neibolte I, Kampars V, Plotniece, M. Synthesis and spectroscopic properties of 2-
substituted cinnamoil-1,3-indandione O-methyl ethers. 55th International Riga
Technical University scientific conference “Materials Science and Applied
Chemistry”, Riga, Latvia, October 14-17, 2014, Abstract book p. 100.
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MAIN RESULTS OF THE THESIS

Synthesis and Characterization of Spectroscopic Properties of Eu®*
Complexes With B,p’-Triketone Ligands

Due to specific luminescence properties, such as several narrow emission lines in yellow,
orange and red spectral range (Aem = 580 nm, 594 nm, 611 nm, 652 nm un 701 nm) and long
excited state lifetimes (more than hundred ps), europium trivalent cation (Eu®") organic
complexes are the most investigated ones from lanthanide group metal complexes. In order
for the complex to exhibit metal luminescence, it is necessary that excited energy is absorbed
by attached organic ligands and transferred to metal ion through excited singlet and triplet
levels of ligands and Eu®* ion. This process is called Antenna effect (Fig. 1). High absorption
ability in near ultraviolet (UV) light range of the ligands as well as excited triplet energy level
location near or above resonance level (17 250 cm ™) of Eu** ion are the main preconditions
for efficient energy transfer between ligands and Eu®* ion [1].
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/’\,\\\\/
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1*ion emits light (612 nm).

Fig. 1. Antenna effect.

Derivatives of 2-acyldimedone (2-acetyl-5,5-dimethylcyclohexane-1,3-dione or 2-
acetyldimedone (HAD) 1 and 2-benzoyl-5,5-dimethylcyclohexane-1,3-dione or 2-
benzoyldimedone (HBD) 2) and 2-acyl-1,3-indandione (2-acetyl-1H-indene-1,3(2H)-dione or
2-acetyl-1,3-indandione (HAID) 7, 2-benzoyl-1H-indene-1,3(2H)-dione or 2-benzoyl-1,3-
indandione  (HBID) 8, 2-(4-methylbenzoyl)-1H-indene-1,3(2H)-dione  or  2-(4-
methylbenzoyl)-1,3-indandione) (HMBID) 9) contains p-dicarbonyl fragment with enol
group, which easily coordinates with metal cations. Also these compounds exhibit intense
absorption in the UV range (250400 nm) and show asymmetry towards 1,3-
dicarbonylfragment due to location of one carbonyl group into 1,3-indandione cycle and other
in aliphatic chain. Furthermore, investigations about application of these B,p’-triketones in
metal complexes are documented poorly [4], [5], [10], therefore, in the Doctoral Thesis they
were investigated as ligands for Eu** organic complexes.

Different structure of Eu®* complexes can be obtained using different ratio of ligands to
Eu®* ion and utilization of secondary ligands. Systematic synthesis of complexes started with
synthesis of tris complexes 3, 4 (general structure of Eu(p,B’-triketonate)s(H,O),) by using
molar ratio of B,p’-triketone and EuCl; 3:1 in the presence of 10 % NaOH (Fig. 2).
Coordination number of Eu** is 8, therefore, when using three anions of p,p’-triketones in the
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synthesis reaction, coordination sphere of Eu®* ion is partly filled and two solvent (H,0)
molecules are attached to the complex, which usually negatively affect emission efficiency of
complex. The coordination of these undesirable solvent molecules to Eu** ion can divert using
secondary ligands — N- or O-donor containing compounds, such as 1,10-phenanthroline
(PHEN), therefore obtaining Eu®*-Lewis base complexes 5, 6 and 10-12 with general
structure of Eu(B,B’-triketonate)s(PHEN). Eu®**-Lewis base complexes were obtained using
PHEN, B,p’-triketone and EuCl; with molar ratio 1:3:1 in the presence of 10 % NaOH
(Figs. 2 and 3). PHEN was used as secondary ligand, due to its intense UV light absorption
(habs = 270 nm) and high molar absorption coefficient (¢ ~ 30 000 cm?), and its excited
singlet and triplet energy level location regard to resonance level of Eu®* ion [11]. Finally,
several tetrakis complexes 13-17 were synthesized by using ,B’-triketone and EuClz with
molar ratio 4:1 with general formula [Eu(B,B’-triketonate)s]”. In this case Eu®* ion is
coordinated with four [,B’-triketonates and negatively charged complex is obtained and
stabilized with positively charged tetraalkylammonium ions (N*Et, or NBu),) (Fig. 3).

H O OH [
o-H _® Ay ~
Eu Eu
H \
d ) 0 0 o N
R R Z
3 3
3: R = CH;; Eu(AD);(H,0), 1: R = CH;; HAD 5: R = CH;; Eu(AD);(PHEN)

4: R = C4Hs; Eu(BD);(H,0), 2: R =C4Hs; HBD 6: R = C¢Hs; Eu(BD);(PHEN)

Fig. 2. Synthesis of Eu* tris 3, 4 and Eu*-Lewis base complexes 5, 6
with 2-acyldimedone ligands.
(a) 10 % NaOH/H,0, EuCls-6H,0; (b) 10 % NaOH/H,0, 1,10-phenanthroline, EuCls-6H,0.

10: R = CHj; Eu(AID);(PHEN)
11: R = C4Hs; Eu(BID);(PHEN)
12: R = C4Hs-(4-CHy); Eu(MBID);(PHEN)

T(a)

(©) OH (b
(6] - o
R R
0
16: R = C¢Hs; [Eu(BID),|"N+Bu, 7: R = CH,; HAID 13: R = CHy; [Eu(AID),'N*Et,
17: R = C¢Hs-(4-CH;); [Eu(MBID),'N*Bu,  8: R = C¢Hy; HBID 14: R = C¢Hs; [Eu(BID) | 'N+Et

9: R = C¢Hs-(4-CH;); HMBID  15: R = C4H-(4-CH,); [Eu(MBID),|'N*Et

Fig. 3. Synthesis of Eu**-Lewis base 10-12 and tetrakis complexes 13-17
with 2-acyl-1,3-indandione ligands.
(a) 10 % NaOH/H,0, 1,10-phenanthroline, EuCl;-6H,0; (b) 10 % NaOH/H,0, Et;NBr, EuCls-6H,0;
(c) 10 % NaOH/H,0, Buy,NBr, EuCls-6H,0.

To establish the structures of synthesized complexes, element analysis, *H-NMR, FT-IR
spectroscopy, and mass spectroscopy were employed. *H-NMR spectroscopy was used to
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prove the ratio of P,B’-triketonate:PHEN or [,B’-triketonate:ammonium cation in the
synthesized Eu®*-Lewis base and tetrakis complexes. The structure of tetrakis complex 15
crystal was established by X-Ray diffraction analysis.

Absorption and emission properties of newly synthesized Eu** complexes 3-6 and 10-17
were investigated in different states. First, when looking at the spectroscopic properties in
THF or MeCN solutions (c ~ 1.5-10° M), it was found that Eu® * complexes with derivatives
of 2-acyldimedone ligands (3-6) exhibit light absorption between 210-340 nm (Asps = 259—
267 nm), while for complexes with derivatives of 2-acyl-1,3-indandione ligands 10-17 it is
shifted to the longer wavelengths at 260—400 nm with Ay = 321-333 nm. Apart from the fact
that only complexes with derivatives of 2-acyl-1,3-indandione ligands 10-17 show absorption
in the desired near UV region (300-400 nm), all Eu®* complexes emit five characteristic Eu**
ion bands with maxima at 580 nm, 594 nm, 611 nm, 652 nm, 701 nm. However, it can be
concluded, that emission of Eu** complexes 3-6 is weak and characterized with low PLQY
(<0.01) in THF solutions. Eu** complexes 10-17 with derivatives of 2-acyl-1,3-indandione
ligands exhibit somewhat intense emission with higher PLQY 0.01-0.03. Low intensity
emission in solutions is most likely caused by complex dissociation as well as undesirable
environmental (solvent molecules) effects. Solvent molecules act as high-frequency
oscillators of CH vibrations, which reduce the possibility of emission transition of central
metal ion. In the solutions the effect of complex structures or the used cation impact on
emission efficiency are not observed.

More efficient emission of the obtained Eu®** complexes 10-17 (due to the weak emission
in solution, complexes 3-6 were not studied further) are observed in the powdered state
(Table 1). The excitation spectra taken for complexes 10-17 in the powdered state are
strongly shifted bathochromic (~80-130 nm) compared to the absorption spectra of the
complexes solutions. Complexes with AID, BID, and MBID ligands can be excited by visible
light (408-450 nm). Such a shift in the excitation wavelength is considered to be an
advantage, since B-diketones are generally unstable under intense UV radiation, resulting in
degradation of the complex by prolonged irradiation [1]. It is known, that many applications
in the biological field, such as biomarkers or probes, require luminescent compounds that can
be excited by visible light rather than UV radiation, which is harmful to living organisms.

The emission spectra of all complexes 10-17 in the solid-state, as in solutions, consist of
five Eu® * ion transitions °Dy — 'F; (J = 0-4) with the most intense at 611 nm (°Dy — 'F»)
(Fig. 4 (a)). This band is ~20-30 times more intense than the other bands and gives the
complexes a distinctly red emission colour. Such a high ratio of transitions °Dy — 'F», Do —
’F, indicates that there is a strong coordination interaction between the metal ion and the
ligands, and the Eu®* ion in the complex is present without inversion symmetry. The high ratio
of the transition °Dy — 'F, to other transitions also leads to complete match between the
complex emission colour coordinates (CIE 1931 chromaticity coordinates) calculated from
the emission spectra (x = 0.670-0.673, y = 0.327-0.330) to the NTSC standard red colour
coordinates (x = 0.67; y = 0.33). It should be noted, that there are only a few examples in the
scientific literature of obtained Eu®" complexes with 100 % red colour emission [12].
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Table 1

Excitation Spectra Maxima (Aexc), Absolute Photoluminescence Quantum Yields (PLQY),
Luminescence Lifetimes (t; and 1, ) of Powdered Samples of Eu®* Complexes 10-17, and
Theoretically Calculated Excited Singlet S; and Triplet T, Energetic Levels of B,p’-triketones

Complex hexc | PLQY Ty, PS T, LS Sp,emt | Tyem™
10 EU(AID);(PHEN) 450 | 0.08 7: 7: 27604 | 24547
13 [EU(AID),] N'Et, 450 | 0.34 K K
11 Eu(BID)s(PHEN) 408 | 0.06 | 121 =4 (6%) | 42+1 (94%)
14 [Eu(BID),] N'Et, 425 | 029 | 233%2 (22%) | 54+1(78%) | 27659 | 22779
16 [EU(BID),] N'Bu, 408 | 012 | 118=4 (4%) | 37+ (96%)
12 Eu(MBID),(PHEN) 408 | 0.10 | 12223 (5%) | 39+ (95%)
15 [Eu(MBID),] N'Et, | 425 | 0.60 | 20317 (25%) | 118%5 (75%) | 27802 | 22525
17 [EW(MBID)] N'Bu, | 408 | 011 | 1156 (2%) | 34+ (98%)

2 Not determined
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Fig. 4. (a) Emission spectra of complex 14 in solid-state (Aexc = 425 nm);
(b) energy level diagram of complex 14 with the energy transfer process;
(c) complex 14 in daylight and under UV (Aexc=365 nm) light.

The luminescence lifetimes t; and 1, of Eu** ion transition °Dy — 'F, (611 nm) for
complexes 10-17 are given in Table 1. The luminescence lifetime curves were fitted with bi-
exponential functions and two lifetime components t; and t, were obtained, indicating the
presence of two sites of symmetry around the Eu®* ion. Different symmetry around Eu®* ions
probably form from diferent distances between emitting Eu** ions in the solid-state. When the
distance between two emitting Eu®* ion sites is short, some interactions between Eu**—Eu®*
centres take place, which could lead to two different chemical environment formations around
Eu* ions. X-ray structure analysis data of complex 15 confirm this assumption and show that
the arrangement of the molecules in the crystal causes the formation of different distances
between the emitting Eu®* ions. In turn, the second most important emission characteristic —
PLQY — is in the range from 0.06 to 0.60. In the powder state, the effect of the complex
structure on the emission efficiency is observed. Tetrakis complexes 14-17 show higher
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luminescence efficiency than Eu**-Lewis base complexes due to a significantly larger photon
absorption area increased by the fourth B, p’-triketonate ligand. It should also be concluded
that the structure of tetrakis complexes due to the attached cation and four B,p'-triketonate
ligands significantly better protects the Eu** ion from the environment, which often causes the
non-radiative transition of this ion to its ground state. A significant effect of cation size (N"Et,
or N"Bug) on PLQY is observed for tetrakis complexes 14-17. Tetrakis complex 14 with
N*Et, cation shows 3 times higher emission efficiency than its analogue 16 with N*Bu,
cation. Moreover, in the case of tetrakis complex 15 with N'Et, cation PLQY is already 6
times higher than for compound 17 with N*Buj cation. This difference in PLQY is caused by
the inclusion of cations with different lengths in the crystal lattice of the complex. Increasing
the size of the tetraalkylammonium ion significantly reduces the luminescence efficiency and
the luminescence lifetime of the complex. This is probably due to the fact that the larger
cation is abler to influence the coordination sphere of the nearest complex Eu®* ions and,
possibly for steric reasons, the complex molecules are located in the crystal lattice in an
unfavourable conformation, which could lead to partial non-radiative deactivation of Eu** ion
in the excited state. The negative effect of increasing the size of the cation of the tetrakis
complex on its luminescence properties has also been reported in the scientific literature [13].

The explanation for the fact that the obtained new B,B-triketonate Eu®* complexes are
characterized by average quantum yields and relatively short luminescence lifetimes can be
found in the locations of their energy levels S; and T, and their relation to the Eu* excited
resonance level (17 250 cm ™). The energy levels S; and T, of compounds 1, 2, and 7-9 were
calculated with the quantum chemistry program “ORCA” and are given in Table 1 (HAD S; =
31025 cm?; T, = 27 653 cm™*; HBD S; = 27 148 cm™; T, = 24 286 cm ). A simplified
diagram of energy levels is given in Fig. 4 (b). Two preconditions for an effective Antenna
effect have been described in the literature: (1) the difference between ligand levels S;—T;
must be ~5000 cm™* (Reinhoudt empirical rule) [14]; (2) the difference between T—Eu*
levels — 2500-5500 cm™ (Latva empirical rule) [15]. For HBID 8 and HMBID 9 both
conditions are fulfilled and therefore PLQYs of their complexes are higher, while for
compounds HAD 1 and HBD 2 the difference between T:—Eu* levels is >5500 cm?,
indicating of incomplete energy transfer between these levels and also explaining low PLQY
of their complexes in solutions.

Due to average quantum yields of Eu®* complexes with 2-acyl-1,3-indanedione ligands
10-17 in the solid-state, the possibilities of forming their luminescent films were further
investigated. Eu®* complexes are characterized by poor film formation, so it is best to form
their polymer films. N-Polyvinylcarbazole (PVK) owing excellent hole transporting properties
as well as good match between its triplet energy state and energy levels of most Eu®* p-
diketone complexes is one of the most used host materials for metal organic complexes. PVK
polymer films doped with 8 wt% of Eu®* complexes 10-17 were prepared by spin coating
technique from THF solutions. The obtained films are characterized by relatively low PLQY
(0.02-0.08), which is due to the discrepancy between the arrangement of polymer and
complex energy levels. For efficient energy transfer from polymer to complex, the T, level of
polymer must be above the levels S; and T; of used ligands. It is known from the literature
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[16] that PVK Ty = 24 440 cm™. As can be seen from Table 1, for the compounds HBID and
HMBID the S; levels are located above the PVK T; level, but the T; levels are close to the
polymer Ty level. Thus, it can be concluded that the excitation energy from the PVK is only
partially transferred to the excited energy levels of the ligands, which likely leads to low
emission efficiency.

The obtained new Eu®" complexes with 2-acyl-1,3-indanedione ligands are characterized
with pure red light emission (Aem = 611 nm), long Stokes shifts (161-203 nm), possibility to
excite them with both UV and visible light, average PLQY, and several hundred ps long
lifetime in the solid-state. Their PVK films, which are often used in OLED development,
show low PLQY and should find application in different fields, such as polymer optical fiber
or waveguides development, as complex 11, 12, and 14-17 poly(methyl methacrylate)
(PMMA) films of complexes already show higher quantum efficiencies (PLQY 0.09-0.14).

Synthesis and Characterization of Spectroscopic Properties of Eu®*
Complexes With B-Diketone Ligands

The Eu®* complexes with asymmetric 2-acyl-1,3-indanedione and 2-acyldimedone
derivative ligands, described in the previous section, did not show high enough PLQY for
practical application in OLEDs, therefore, the research was continued on the use of 1,3-
diketones in lanthanide complexes, some Eu®* complexes with more symmetrical p-
diketones — ligands of 1,3-diphenylpropane-1,3-dione or dibenzoylmethane (HDBM)
derivatives. HDBM derivatives are one of the most studied ligands of Eu** complexes. This is
due to the commercial availability, ease of synthesis, and the fact that such Eu** complexes
usually have intense luminescence [1]. Analogous to B,B’-triketones, the simplest Eu*-Lewis
base 21, 22 and tetrakis 24, 25 complexes of unsubstituted HDBM 18 and 1-(4-
methylphenyl)-3-phenylpropane-1,3-dione (Me-HDBM) 19 were first obtained (Fig. 5). It is
known that substituents on HDBM phenyl rings can significantly alter the energy level
distribution, properties, as well as the properties of its Eu®" complexes, therefore, a more
complex HDBM derivative containing carbazole in the para-position of the phenyl ring was
also obtained. Carbazole is often used as a substitute in the synthesis of B-diketones and
secondary ligands due to its excellent properties as good solubility, hole transport properties
and high thermal stability. Therefore, including carbazole in the structure of ligands for Eu®*
complexes could impove their electrical properties. In the case of HDBM, compounds, where
carbazole is attached to B-diketone phenyl ring para- position through 2- and 3- position, are
reported. However, compounds, where carbazole has been attached through the nitrogen atom
have not been studied. Therefore, the following compound was further synthesized — 1-[4-
(9H-carbazol-9-yl)-phenyl]-3-phenylpropane-1,3-dione (CBZ-HDBM 20) and its Eu®*-Lewis
base 23 and tetrakis 26 complexes, respectively.

The obtained complexes 21-26 are described and their structures are proved in the same
way as in the case of 2-acyl-1,3-indanedionate complexes 10-17. In addition, B-diketonate
Eu®* complexes 21-26 show better solubility in organic solvents (CHCl;, EtOH, THF)
compared to B,B’-triketonate Eu®** complexes 10-17.
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21: R = H; Eu(DBM);(PHEN) 18: R = H; HDBM 24: R = H; [Eu(DBM),IN"Et,
22: R = CH;; Eu(Me-DBM);(PHEN) 19: R = CH;; Me-HDBM 25: R = CH;; [Eu(Me-DBM)4IN'Et,
23: R = CBZ; Eu(CBZ-DBM);(PHEN) 20: R = CBZ, CBZ-HDBM 26: R = CBZ; [Eu(CBZ-DBM)4]N+Et4

Fig. 5. Synthesis of Eu®*-Lewis base 21-23 and tetrakis complexes 24—26 with
derivatives of HDBM ligands.
(a) 10 % NaOH/H,0, 1,10-phenanthroline, EuCls-6H,0; (b) 10 % NaOH/H,0, Et;NBr, EuCl;-6H,0.

First, the absorption and emission properties of complexes 21-26 in 1.5:10° M THF
solutions were studied and compared. The absorption of complexes can be characterized by
wide absorption bands in the near UV range (300—400 nm) (Fig. 6 (a)). The Aqs of complexes
21, 22, 24, and 25 is in the range of 352-356 nm, while the introduction of CBZ into the
para-position of HDBM molecules causes bathochromic shift of Aus to 369-374 nm for
complexes 23 and 26. This absorption band is the charge transfer (CT) transition, because the
CBZ-HDBM ligand contains both an electron-donating CBZ group and an electron-accepting
carbonyl group. Quantum chemical calculations performed to obtain the optimized ground
state geometry and HUMO/LUMO orbitals of compounds HDBM 18, Me-HDBM 19, and
CBZ-HDBM 20 show, that compound 20 has a pronounced charge distribution between
HOMO and LUMO orbitals (HOMO localized on the CBZ group, while LUMO on the DBM
moiety), indicating to strong CT in this molecule. For compounds 18 and 19, the
HOMO/LUMO orbitals are located throughout the molecule.

The emission of complexes in 1.5-10 °M THF solutions is very different. The B-diketonate
Eu* complexes 21, 22, 24, and 25 show only the emission bands characteristic of the Eu** ion
(Fig. 6 (b)) with PLQY — 0.02-0.06 (Table 2). In the case of complexes 23 and 26, the
luminescence spectrum shows not only the metal ion emission. Due to the nature of CT, CBZ-
HDBM has a pronounced blue emission with Aey, at 478 nm (PLQY 0.26), which can also be
observed in the luminescence spectra of complexes 23 and 26. Eu**-Lewis base complex 23 in
the luminescence spectrum shows dual emission — ligand emission in the range of 400—
600 nm and several Eu** ion emission bands in the range of 570-705 nm. The ratio of the
intensities of the maximums of both bands (at 475 nm and 611 nm) is 1 : 2. Dual emission is
often observed for Eu®" complexes containing ligands with electron donor and electron
acceptor groups [17], and indicates that there is inefficient energy transfer between ligands
and the central metal ion. The PLQY of complex 23 solution is 0.10 and its CIE coordinates
are located in the cyan blue region (x = 0.26; y = 0.28) (Fig. 6 (c)). In the emission spectra of
tetrakis complex 26 no characteristic Eu®" ion emission bands are observed and only the
emission of the ligand is present. This could be explained by a known tendency of tetrakis
complexes to dissociate into tris complexes and the corresponding tetraethylammonium salt,
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which could greatly affect the emission intensity of the Eu®* ion and intensify the emission of
ligand.
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Fig. 6. (a) Absorption spectra of complexes 21-26 in THF solutions (1.5-10° M);
(b) emission spectra of complexes 21-26 in THF solutions (1.5-10> M);
(c) complexes 21-26 under UV (hexc = 365 nm) light.

The solid-state emission of complexes was further investigated. As in the case of 2-acyl-
1,3-indanedionate Eu®" complexes 10-17, the emission in powders for 21-26 is much more
efficient. For complexes with HDBM ligands 21, 24 and with Me-HDBM 22, 25 PLQY
reaches even 0.53-0.75 (Table 2). Such a difference between emissions in solution and in the
solid-state could indicate to aggregation enhanced emission (AEE). This effect was
demonstrated for tetrakis complex 25 using a THF:hexane solvent system. By increasing the
proportion of hexane in the solution, complex particles are formed, which effectively
enhances the emission from the solution. To date, only one example of an Eu** complex with
an AEE effect is available in the scientific literature [18].

Table 2

Absolute Photoluminescence Quantum Yields of Eu** Complexes 21-26 in 1.5-10 > M THF
Solutions (PLQY twr), Powder State (PLQY/,), 8 wt% PVK Films (PLQYpyk) and
Theoretically Calculated Excited Singlet (S;) and Triplet (T1) Energy Levels of B-Diketones

Complex PLQY7 | PLQY, | PLQYpw | Spcm™ | Tyem™
Eu(DBM),(PHEN) 21 .04 . 2
H(DBM)s(PHEN) 0.0 056 026 28122 | 22121
[Eu(DBM)s] N'Et, 24 0.06 0.75 0.46
Eu(Me-DBM)3(PHEN) 22 . . 22
u(Me-DBM)5(PHEN) 003 053 0 28218 | 21928
[Eu(Me-DBM);] N*Et, 25 0.02 0.57 0.18
Eu(CBZ-DBM),(PHEN) 23 0.10 0.09 0.07 1929 | 20973
[Eu(CBZ-DBM),] N*Et, 26 0.26° 0.10 0.09 18 416"

#Quantum yield of CBZ-HDBM.
® Experimentally obtained T, level of ligand CBZ-HDBM.

Complexes 23 and 26, which exhibited dual emission or only ligand emission in the
solution, show only Eu** ion red light emission in the solid-state. This could be explained by
the stronger bond between ligands and metal ions in the solid-state and the lack of ligand
emission due to aggregation. PLQY in the solid-state does not grow as for complexes 21, 22,
24, and 25 and are 0.09 (23) and 0.10 (26).
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The luminescence lifetime of complexes 21-26 for the °Dg — 'F, (611 nm) transition in
the solid-state, as in the case of B,p'-triketonate Eu** complexes 10-17, is two-exponential (ty
and 1) and also indicates that there are two types of symmetry around Eu®* ion. It should be
noted, that the luminescence lifetimes of complexes 22, 23, and 25 in THF solution were
monoexponential, confirming the assumption that different emission kinetics in the solid-state
result from the interaction of Eu®* ions, which is not observed in solution due to dilution.

The luminescent PVK films containing obtained complexes were further studied. The
effect of the complex mass on the emission efficiency of the luminescent film was studied for
complexes 21 and 24. For each complex, four PVK films with different complex masses
(1 wt%, 4 wt%, 8 wt% and 15 wt%) were obtained. The emission spectra of the PVK films of
complex 21 are shown in Fig. 7. The emission intensity and PLQY increase with increasing
complex mass in the film. Films with 1 wt% complex mass show low PVK emission in the
range of 360 nm to 560 nm, which can be explained by the relatively large distance between
the polymer chain and the complex. Larger distance between PVK and the complex leads to
incomplete energy transfer between them. With increasing doping mass, polymer emission is
no longer observed in the luminescence spectrum. PLQY of PVK films containing complex
21 are given in Fig. 7, but in the case of PVK films with complex 24 are following: 0.17,
0.30, 0.46, and 0.48 (1 wt%, 4 wt%, 8 wt%, and 15 wt%). From these data it is concluded that
the most effective doping mass for Eu®" complexes is 8 wt%. Although even higher PLQYs
were obtained with 15 wt%, this increase is insignificant compared to the fact that the mass of
the complex in the film has to be increased almost by half compared to 8 wt%.
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Fig. 7. Emission spectra of PVK films containing complex 21
(1 wt%, 4 wt%, 8 wt%, and 15 wt%).

PVK films of other complexes 22, 23, 25, and 26 were obtained with 8 wt% doping mass.
Complexes 22 and 25, similar to complexes 21 and 24, show average PLQYs of 0.22 and
0.18, while PVK films with complexes 23 and 26 containing CBZ-HDBM ligands show 0.07
and 0.09. As can be seen, PLQY of PVK films with complexes 21, 22, 24, and 25 are about
twice as low as in the powder samples, which could be explained by the AEE effect. In
polymer films some molecules of the complex are encapsulated by the host material, while
some form aggregates [19]. Decrease of PLQY of PVK films with complexes 21, 22, 24, and
25 can be explained by the fact that only the aggregated fraction of the molecules emits light,
while the emission of the isolated molecules is quenched. However, PVK films with
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complexes 23 and 26 exhibit identical PLQY to solid-state samples. In this case, both
fractions of the molecules are able to emit, hence no apparent change in PLQY is observed.

Taking into the consideration the previously discussed results, two OLEDs were prepared
containing complex 22 as the emitter (Dr. phys. A.Vembris). The first OLED was prepared by
dispersing complex 22 in PVK host with structure: [ITO/PEDOT:PSS(40 nm)/
PVK:22(50 nm)(10 wt%)/TPBi(20 nm)/LiF(1 nm)/AlI(100 nm)]. The second OLED was
prepared by using complex 22 in a host-free layer with structure: [ITO/PEDOT:PSS
(40nm)/CL(50nm)/TPBi (20nm)/LiF(1nm)/Al(100nm)]. In the presence of the host material
(first OLED) no characteristic Eu** emission band was observed in the spectra of the device,
as it emitted only blue light, associated with the electroluminescence of the charge
transporting compounds. On the other hand, the host-free OLED showed only red Eu®* related
emission. The lack of the host and the poor charge transporting characteristics of the
compound determines that the device exhibits low maximal brightness of 10 cd/m?, with
current efficiency 0.004 cd/A and turn-on voltage 9 V. It was concluded, that the obtained
Eu** complexes do not exhibit valuable properties for optoelectronic devices, therefore
application should be found in another field.

Calculated S; and T, levels of compounds HDBM, Me-DBM, CBZ-HDBM (Table 2) also
give an explanation of observed spectroscopic properties of Eu** complexes. For compounds
HDBM and Me-HDBM both empirical rules discussed previously are fulfilled, because
difference between S;—T; are 6001 (HDBM) and 6290 cm™* (Me-HDBM), and between T;—
Eu* — 4871 cm™* (HDBM) and 4678 cm™* (Me-HDBM), therefore their energy transfer
process is effective and PLQY is high. However, for compound CBZ-HDBM, carbazole
introduction in the molecule has led to closely situated S; and T levels (difference 3513 cm™)
and T—Eu* levels (difference 1166 cm™), and in the result these complexes show inefficient
energy transfer process and low PLQY .

Synthesis and Characterization of Spectroscopic Properties of Derivatives
of 2-Cinnamoyldimedones and 2-Cinnamoyl-1,3-Indandiones

In the previous sections described compounds 2-Acetyldimedone 1 and 2-acetyl-1,3-
indandione 7, which contain two electron withdrawing carbonyl groups and a reactive
methylene group, are very perspective starting materials for synthesis of new chromophore
and luminophore compounds. Relatively low amount of scientific publications is dedicated
to investigation of reactions between these compounds and electrophilic reagents, for
example, aromatic aldehydes, and forming products with extending conjugation system —
derivatives of 5,5-dimethyl-2-[(2E)-3-phenyl-1-oxo0-2-propen-1-yl]-cyclohexane-1,3-dione
or 2-cinnamoyldimedone and 2-[(2E)-3-phenyl-1-o0xo-2-propen-1-yl]-1H-indene-1,3(2H)-
dione or 2-cinnamoyl-1,3-indandione [6]-[8]. If the aromatic aldehyde used in synthesis
reaction contains donor group (D), then obtained 2-cinnamoyl-p-diketone has acceptor
group A (dimedone or 1,3-indandione), D group, and w-conjugated system between them
and therefore are categorized as D-n-A type compound. These compounds have great
absorption and emission properties and they have found a wide application range in
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development of photoelements and OLEDSs, in medicine for fluorescent markers, etc. The
main advantage of compounds with D-n-A structure is the variety of donor, acceptor and r-
bridge groups, which allows to adjust the fluorescent material desirable properties, for
example emission colour.

Within the framework of the dissertation, five new derivatives of 2-cinnamoyldimedone
27-31 and five new derivatives of 2-cinnamoyl-1,3-indanedione 32—-36 were obtained in the
condensation reactions between compounds 1 or 7 and aromatic aldehydes, which contain
strong N-alkyl or N-arylamino donor substituents in the para-position of the phenyl ring.
Further treatment of some of the obtained 2-cinnamoyl-1,3-indanedione derivatives 32-34
with dimethyl sulfate gave additional derivatives of 2-cinnamoyl-1,3-indanedione O-methyl
ethers 37-39 (Fig. 8). Various acceptor (dimedone, 1,3-indanedione), donor (N,N-
dimethylamino (NMe;), N,N-diphenylamino (NPhy), julolidyl and N,N-dibiphenylamino
(N(BPh),) groups, and m-bridge length (1-hydroxyallylidene, 1-hydroxypenta-2,4-ylidene)
effect on the properties of compounds were investigated using the obtained new D-n-A
compounds 27-39. Furthermore, by comparing 2-cinnamoyl-1,3-indanedione derivatives 32—
34 and their O-methyl ethers 37-39, it is possible to determine the effect of hydroxyl group,
which forms a strong hydrogen bond with carbonyl group of 1,3-indandione ring, on the
properties of compounds.

The structures of the obtained compounds 27—39 have been proved by *H-NMR, C-
NMR and FT-IR spectra, elemental analyses, and mass spectral data. Unquestionable proof
that compounds 27-36 exist in the exocyclic enol form, which is stabilized by a strong
intramolecular hydrogen bond, was obtained by X-ray structure analysis of crystals of
compounds 27 and 34 (Dr. phys. S. Belyakov). The obtained data show that both compounds
have an intramolecular hydrogen bond between the carbonyl group of the ring (dimedone,
1,3-indanedione) and the hydrogen atom of the enol group in the allylidene moiety with
lengths of 2.386 (7) A (27) and 1.66 (8) A (34). The obtained bond lengths and angles
between the atoms in the B,B’-triketone fragment also indicate that there is a formation of a
conjugated m-electron system, which is stabilized by an intramolecular hydrogen bond. In
turn, quantum chemical calculations for compounds 27-39 (optimized ground state geometry)
show, that compounds with N,N-alkylamino substituents (27, 29, 31, 32, 34, 36, 37, and 39)
are completely planar, while derivatives 28, 30, 33, 35, and 38 show out-of-plane twisting of
phenyl and biphenyl groups.

The *H-NMR and *C-NMR spectra of O-methyl ethers 37-39 show only two differences
from the spectra of 2-cinnamoyl-1,3-indanedione derivatives 32-34: (1) the -CHj3 signal
(4.35 ppm) has replaced -OH group signal (~13.20 ppm); (2) carbon atoms of the 1,3-
indanedione benzene ring (C8 and C9; C4 and C7; C5 and C6) show the same chemical shifts
in the *C-NMR spectra, indicating the same chemical environment for these atoms (in the
case of 2-cinnamoyl-1,3-indanedione derivatives 32-34, the intramolecular hydrogen bond
between the hydrogen atom of the enol group and the oxygen atom of the carbonyl group of
the 1,3-indanedione ring causes different chemical shifts for these atom pairs) — methylation
has made the acceptor part of the molecule more symmetrical.
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Fig. 8. Synthesis of D-z-A compounds 27-39 on the bases of 2-acetyldimedone 1
and 2-acetyl-1,3-indandione 7.
(a) (1) piperidine, 100 °C, 4 h; (2) ethanol, 80 °C, 0.5 h; (b) dimethyl sulfate, K,COs,, acetone, 56 °C.

The absorption and emission properties of the newly obtained D-n-A compounds were
studied in solvents with different polarity (toluene, THF, CHCI3;, MeCN, MeOH), and Table 3
gives the spectroscopic characteristics of compounds 27—39 in 1.5-10 > M CHClIj; solutions, as
well as PLQY in toluene, CHCl3, and MeOH.

Table 3

Absorption, Emission Spectra Maxima in 1.5-10 > M CHCl; Solutions and PLQY in 1.5-10° M
CHCls3, Toluene and MeOH Solutions, Oxidation (Eox) and Reduction (Eg) Potentials of Cyclic
Voltammetry, Calculated HOMO/LUMO Energy Levels and HOMO-LUMO Gaps (E,°") of
D-n-A Compounds 27-39

Compound Aabss | Aems PLQY Eow | Eras | HOMO, | LUMO, EgDFbT,
nm | "M "Toluene | CHCl; | MeOH | YV \4 eV eV eV
27 467 | 548 | 0.05 0.15 001 |081]-132| -538 —2.16 3.22
28 466 | 612 | 0.40 0.78 <001 |[1.07|-119] -533 —2.37 2.96
29 509 [ 577 | 0.31 0.36 <0.01 |061|-136] -516 —2.11 3.05
30 476 | 654 | 0.79 0.16 8 096 | -1.18 | -5.26 —2.40 2.86
31 487 | 624 | 0.05 0.15 005 |067]-115] -521 —2.34 2.87
32 503 [ 566 | 0.12 0.03 <0.01 |[0.80|-117 | -5.37 —2.28 3.09
33 502 [ 621 | 0.52 0.76 8 1.05 | -1.07 | -5.34 —2.47 2.87
34 540 | 595 | 0.15 <0.01 8 060 -121 | -511 —2.19 2.92
35 512 | 663 | 0.93 0.21 8 098 | -1.04 | -5.27 —2.50 2.77
36 520 | 647 | 0.12 0.25 <0.01 | 066 | -1.04 | -522 —2.43 2.79
37 514 | 597 | <0.01 0.02 <001 | 077 -111] -5.26 —2.25 3.01
38 509 | 647 | 0.01 0.06 <0.01 |[097|-097 | -527 —2.57 2.70
39 562 | 634 | 0.02 0.32 001 |057]-114| -5.02 —2.30 2.73
Insoluble

E PFT = HOMO-LUMO.
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The derivatives of 2-cinnamoyldimedone 27-31 and 2-cinnamoyl-1,3-indanedione 32-36
show intense visible light absorption with wavelength maximums (Aas) ranging from 466 to
540 nm. These broad absorption bands are induced by CT in the molecule between D and A
groups (m(D) — =w*(A)). The absorption bands of 2-cinnamoyl-1,3-indanedione O-methyl
ethers 37-39 are bathochromic shifted by 7-22 nm compared to their unmethylated analogues
32-34 due to the presence of a weak donor group —OCHjs in the m-bridge, which enhances
charge distribution between the 1,3-indanedione ring and the amino donor group in the
cinnamoyl moiety. All newly obtained compounds 27-39 are fluorescent in CHCI3 solutions
and their emission spectra are in a very wide spectral range, from the green to the red light
region (Fig. 9) with Aem in the range of 548 nm to 647 nm.

The effect of the structure of derivatives of 2-cinnamoyldimedone and 2-cinnamoyl-1,3-
indanedione on the location of Azs and Aem IS as follows.

1. Acceptor groups (dimedone or 1,3-indanedione) have a greater effect on the location of
the absorption band. For compounds with 1,3-indanedione moiety, which is considered to be a
stronger acceptor group due to its aromatic structure, a shift of Ass and Aem to longer
wavelength is observed. Comparing the series of both derivatives (27/32, 28/32, 29/34, 30/35,
31/36) it can be seen that the peak of the CT band from 466-509 nm (dimedone derivatives
27-31) is shifted to 502-540 nm (1,3-indanedione derivatives 32-36). Ay Of the emission
spectrum is shifted only by 9-23 nm switching from dimedone to 1,3-indanedione derivatives.

2. In contrast, amino donor groups show a small effect on A4ps and a strong effect on Aem.
Compounds containing NMe; and NPh, groups show the same A4s. It should be noted, that
for the NPh; group, the undivided electron pair of the nitrogen atom is conjugated to the 7-
electrons of the phenyl group, which is more likely to reduce the strength of this donor group.
Furthermore, change of the donor unit from NPh;, to N(BPh), results in bathochromic shift of
Aabs (+10 nm), which can be explained by looking at their optimized ground state geometry.
Quantum chemical calculations show that compounds with N(BPh), group (30 (-32.1°), 35
(-31.2 ©)) show greater out-of-plane twisting of phenyl groups than compounds with NPh,
group (28 (-30.1 °), 33 (-30.3 °)), therefore it is less planar. Due to the higher twisting,
nitrogen atom lone pair conjugation with biphenyl group is weaker, which results in enhanced
donor character for N(BPh),. Finally, the julolidyl substituent significantly shifts the CT
absorption bands of chromophores 29 and 34 to longer waves with lower energy. It should be
noted that D-n-A compounds with a julolidyl substituent described in the literature always
show bathochromic shift of absorption spectra compared to analogous compounds with other
amino groups, and this observation is explained by the donor nature of the julolidyl group,
which makes the molecule more polarizable [20]. In contrast, looking at the emission spectra
of compounds 27-36, the donor groups can be ranked in the following order according to their
effect on Aem (bathochromic shift): NMe, < julolidyl < NPh, < N(BPh),. Due to their
structural effect on Aem, all synthesized compounds based on their amino donor structures can
be divided into two groups - compounds owing amino donors with alkyl chains (julolidyl,
NMe;) and phenyl groups (N(BPh),, NPhy). There is essential difference in the Stokes shifts
(AL) for these groups. The first group shows smaller AL (in the range from 1466-2779 cm™*
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for 1,3-indandione derivatives, and 20054273 cm™ for dimedone derivatives) than the
second group (3715-7487 cm™ for dimedone derivatives and 24344815 cm* for 1,3-
indandione derivatives). The smallest AL was obtained for the julolidyl group containing
compounds 29 and 34 and can be explained by a similar dipole moment from ground and
excited state for these dyes [21]. Observed relatively large AA for compounds 28, 30, 33, and
35 indicates that after excitation these molecules undergo some structural reorientation, for
example, excited state intramolecular proton transfer, which is common for compounds with
strong intramolecular hydrogen bond in the molecules [22].

3. The =-bridge prolongation between D and A groups (27 — 31 and 32 — 36) as
expected shifts both the absorption (17 and 20 nm) and emission band to longer wavelength
(76 and 81 nm) due to the longer conjugate system.
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Fig. 9. (a) Emission spectra and emission under UV light of dimedone derivatives
27-31 in CHCI; solutions; (b) Emission spectra and emission under UV light
of 1,3-indandione derivatives 32-36 in CHCl;3 solutions.

Solvatochromism studies show, that the absorption of compounds 27-39 is only lightly
affected by the change in solvent polarity and that A4s changes only by 1-12 nm. This result
leads to the conclusion that the ground state of the new D-n-A compounds is not affected by
the change in environmental polarity. In contrast, the emission properties of the compounds
are significantly influenced by the polarity of the solvent. All compounds show a strong
positive solvatofluorochromism and change of Ay from 24 to 126 nm, when switching from
non-polar toluene to polar MeOH. The largest bathochromic shift of A, is observed for
compounds with bulky and out-of-plane twisted diphenyl and bidiphenyl substituents (94-126
nm). This observation can be explained by the fact that a strong sensitivity to environmental
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polarity is observed directly for compounds that have a strong charge transfer from D to A
group in the excited state [23].

To determine the emission efficiency of the obtained compounds, PLQY was measured in
different solvents (Table 3). By increasing the polarity of the solvent (toluene, CHCl; —
MeOH), PLQY decreases rapidly for all compounds 27-39. In this case, it should be taken
into account that in polar solvents the emission band are significantly shifted to longer waves,
that is, the polar solvent lowers the energy of the excited state of the compounds [23]. It is
possible that this reduced excited state is non-fluorescent or that the non-radiative transition
of the molecules to the ground state is enhanced as a result of the compound-solvent molecule
interaction. From the literature on D-n-A type compounds it can be concluded that mostly
such compounds show a disappearance or decrease of fluorescence efficiency in polar
solvents, for example, in the case of cinnamoylpyrone derivatives [9]. In series of derivatives
of 2-cinnamoyldimedone 27-31 and 2-cinnamoyl-1,3-indanedione 32-36, the highest PLQYs
were obtained in toluene. Compounds 28, 30, 33, and 35 with phenyl substituents at the
nitrogen atom show high PLQY (0.40-0.93), while compounds with alkyl substituents, as
expected, have significantly lower yields (0.05-0.31). Also, in the non-polar CHCI3, PLQY is
sufficiently high (0.15-0.78) except for 1,3-indanedione derivatives 32 and 34, which show
low intensity emission in this solvent (0.03, <0.01). In turn, 2-cinnamoyl-1,3-indanedione O-
methyl ethers 37-39 show low PLQY in toluene (<0.01-0.02) and CHCI3 (0.02-0.06), except
for compound 39 with a julolidyl substituent, which shows a medium PLQY — 0.32 in CHCls.
Apparently, methylation of the hydroxyl group of 2-cinnamoyl-1,3-indanedione derivatives
and disruption of a strong intramolecular hydrogen bond lead to a pronounced decrease in the
emission efficiency.

The ground state geometry of compounds 27-39 and HOMO and LUMO orbital energies
(Table 3), and location (Fig. 10) were determined with quantum chemistry program “ORCA”.
For synthesized compounds 27-39, the HOMO orbital is located on the donor and the
cinnamoyl moiety, while the LUMO orbital is located in the acceptor moiety and the
cinnamoyl moiety. This arrangement of orbitals causes significant CT for the given
compounds. The calculated energies of HOMO and LUMO levels show that again there is a
difference between compounds with different sizes of donor groups. For compounds 27, 29,
32, and 34 with NMe; and julolidyl substituents, the HOMO and LUMO orbital energy gaps
(Eg®™™) are wider (2.90-3.22 eV) than for the compounds with NPh, and N(BPh), groups
(2.77-2.96 eV) and indicate, that the latter have a stronger CT in the molecule, which also
leads to higher quantum efficiency. According to the obtained Eg° the donor groups can be
ranked in order of strength in the following order (a narrower Eg°" gap correspond to stronger
donor group): NMe; < julolidyl < NPh, < N(BPh),, which corresponds to the sequence by
Xem- The prolongation of the =n-bridge between D and A groups (27 — 31 and 32 — 36)
causes a marked decrease in Eg™ (3.22 eV — 2.87 eV; 3.09 eV — 2.79 eV). The calculated
HOMO orbital energies for O-methyl ethers 37-39 are higher and the LUMO is lower than
that of the corresponding 2-cinnamoyl-1,3-indanedione derivatives 32-36, resulting in
narrower Eg°" gaps. It is possible that the decrease in the energy difference between HOMO
and LUMO levels is the reason why O-methyl ether 39 has a medium PLQY (0.32), while the
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unmethylated derivative 34 has a very low PLQY (<0.01) in CHCIj; solutions. In contrast, no
changes in ground state geometry and HOMO and LUMO orbital arrangement were observed
between the 2-cinnamoyl-1,3-indanedione derivative 34 and its O-methyl ether 39 (Fig. 10).
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Fig. 10. Optimized ground state geometry and HOMO and LUMO orbitals of
derivative of 2-cinnamoyl-1,3-indanedione 34 un its O-methyl ether 39.

Further, the electrochemical properties of compounds 27-39 in MeCN solutions
(1.5-10° M) were studied by cyclic voltammetry and electrochemical oxidation, and
reduction potentials (Eox, Ereq) are given in Table 3 (Dr. chem. B. Turovska). All
compounds in MeCN solutions show electrochemically irreversible cathodic reduction and
anodic oxidation. Examining the obtained potentials, it can be concluded that Eox is mainly
affected by the donor groups of compounds, because the change of acceptor groups from
dimedone to 1,3-indanedione (27/32, 28/33, 29/34, 30/35, 31/36) causes only a small
change in the potential value by 0.01-0.02 V. The obtained E,x values show that the donor
groups according to the substituents at the nitrogen atom can again be divided into two
groups — with alkyl substituents (NMe, and julolidyl substituent) and phenyl substituents
(NPh; and N(BPh),). For compounds with alkyl substituents (27, 29, 31, 32, 34, 36, 37, 39)
Eox is in the range from 0.57 V to 0.81 V, while for compounds with phenyl substituents —
0.96-1.07 V. The extension of the n-bridge between the donor and acceptor parts (27 — 31,
32 — 36) leads to an increase of the Eqx value by 0.14 V. In contrast, the electrochemical
reduction potential Eeq is more dependent on the acceptor group and when switching from
dimedone derivatives (27-31) to 1,3-indanedione derivatives (32-39), a decrease in
potential of 0.11-0.22 V is observed.

Thermal properties were studied for derivatives of 2-cinnamoyldimedone 27-31 and 2-
cinnamoyl-1,3-indanedione 32-36. Thermograms were obtained by heating samples from 30—
550 °C at a rate of 10 °C /min in an N, atmosphere (Dr. chem. K. Lazdovi¢a) and show that
all 10 compounds are thermally stable up to 200 °C and their Tsy, ( Tsy — temperature at
which the mass of the compound has decreased by 5 %) is in the range of 216-290 °C.
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Thermal properties are also significantly influenced by the structure of the donor group.
Compounds with alkyl substituents at the nitrogen atom show lower Tsy, (216-238 °C) than
the compounds with spatially larger NPh, and N(BPh), groups (271-290 °C) in the cinnamoyl
moiety. The high thermal stability of compounds 30 and 35 with N(BPh), substituents can be
explained by their high molecular weight and additional n-n interaction and location.

From the structure-property studies of derivatives of 2-cinnamoyldimedone and 2-
cinnamoyl-1,3-indanedione 27-39, it can be concluded that the properties of this type of
compounds are most influenced by the structure of the donor group. The use of large out-of-
plane twisted diphenyl and bidiphenylamino groups, which make the structure of the
compounds (28, 30, 33, and 35) non-planar, leads to new compounds with batochrome shifted
emission (Aem > 612 nm), unusually large Stokes shifts (3715-7487 cm* for dimedone
derivatives and 2434-4815 cm* for 1,3-indanedione derivatives) and high PLQY (0.16-0.93)
in non-polar solvents, narrower HOMO-LUMO gaps (2.77-2.96 eV), and increased thermal
stability (Tsy, > 270 °C) compared to compounds containing N-alkyl substituents (27, 29, 32,
and 34). Potential for use in OLEDs is shown by compound 28 with a dimedone ring as
acceptor, N,N-diphenylamino donor group and 1-hydroxyallylidene as n-bridge. The emission
of this compound in CHCI3 can be characterized as follows Aaps = 466 nm, Aem = 612 NM
(PLQY =0.78), AL =5119 cm ™.
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CONCLUSIONS

It is possible to obtain two different types of effectively luminescent compounds on
the bases of p,p'-triketones — derivatives of 2-acyl-1,3-indanedione and 2-
acyldimedone: (1) europium trivalent ion (Eu**) complexes by using p,p'-triketonates
as ligands; (2) D-n-A compounds as a result of condensation reactions between f3,B'-
triketone and donor group containing benzaldehyde derivatives.

. The emission properties of 2-acyl-1,3-indanedione Eu** complexes in the solid-state are
significantly influenced by the structure of the complexes: (1) tetrakis complexes with
the general formula [Eu(p,p'-triketonate)s]” show higher PLQY and emission lifetimes
than analogous Eu®*-Lewis base complexes (Eu(B,B'-triketonate)s(PHEN)) due to a
significantly larger photon absorption area increased by the fourth B,p'-triketonate
ligand; (2) a study of the effect of cation size of tetrakis complexes on emission
properties shows, that PLQY is 3-6 times higher and their emission lifetimes are 2 times
longer in the case of a shorter N*Et, cation than in the case of a longer N*Buy cation.

. Eu®* complexes with 2-acyldimedone ligands show low PLQY in solutions due to the
arrangement of the excited state energy levels of their ligands against the Eu®* ion
resonance level. For 2-acildimedone derivatives, the difference between the excited
triplet level and the Eu®* ion resonance level is too large (>7000 cm™?) for efficient
energy transfer in the complex.

. Comparing PLQY in the solid-state and PVK films of the B-diketonate (ligands of
dibenzoylmethane derivatives) Eu** complexes with the data of B,B-triketonate Eu*
complexes, it is observed that for the first, PLQY in the film decreases only 2 times,
while PLQY for the latter ones can decrease from 3-7 times. Such data point to
dibenzoylmethane derivatives as more efficient ligands for Eu®* complexes.

. Eu®* complexes with dibenzoylmethane and 4-methyldibenzoylmethane ligands show
5-7 times higher PLQY in the solid-state than the complexes containing carbazole
substituted dibenzoylmethane ligands. The increase in emission efficiency is caused
by the aggregation enhanced emission effect for these complexes.

. OLEDs manufactured using an Eu®** complex with 4-methyldibenzoylmethane ligands
as an emitter show weak electroluminescence due to the fact that the complex does not
have charge transfer properties, which indicates that the synthesized Eu** complexes
do not have the properties required for OLED.

. The spectroscopic, electrochemical and thermal properties of derivatives of 2-
cinnamoyldimedone and 2-cinnamoyl-1,3-indanedione are strongly influenced by the
structure of the selected donor group. The large out-of-plane twisted N,N-
diphenylamino (NPh;) and N,N-bidiphenylamino groups (N(BPh),), which make the
structure of the compounds non-planar, lead to batchochrome-shifted emissions (Aem >
612 nm), unusually large Stokes shifts (2434-7487 cm™) and high PLQY (0.16-0.93)
in non-polar solvents, narrower HOMO-LUMO gaps (2.77-2.96 eV), and increased
thermal stability (Tsy > 270 °C) compared to planar compounds containing N,N-
alkylamino- substituents.
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8. A comparison of the properties of derivatives of 2-cinnamoyl-1,3-indanedione and
their O-methyl ethers shows that the emission efficiency of the compounds obtained
by methylation decreases rapidly in non-polar solvents, while no significant changes
are observed for the other properties.

9. Extension of the r-bridge by two carbon atoms between the donor and acceptor groups
in the series of derivatives of 2-cinnamoyldimedone and 2-cinnamoyl-1,3-indanedione
leads to a bathochromic shift of the absorption (17-20 nm) and emission bands (76—
81 nm), higher PLQY and narrower HOMO-LUMO gaps (3.22¢eV; 3.09 eV —
2.87eV; 2.79 eV).
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