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KOPSAVILKUMS

Starpmolekularas mijiedarbibas cietvielu luminoforu izstradé. Leduskrasts K.,
zinatniskais vaditajs Dr. chem., prof. Stina E. Promocijas darbs, 80 lapas, 20 attéli, 45 lite-
ratiiras avoti. Latvie$u un anglu valoda.

Promocijas darba izstrades gaita tika pétiti organisko luminoforu cietvielu emisi-
jas mehanismi un izstradata jauna pieeja augstas emisijas intensitates un izteikti ilga
(>100 ms) emisijas dzives laika sasnieg$anai cietviela. Augsta emisijas intensitate gan
$kiduma, gan cieta stavokli tika skaidrota ar ladina parneses emisijas mehanismu, ko
nodrosina starpmolekularas m-n* mijiedarbibas. Izstradata metodologija tika izman-
tota augsti emisivu organisku izstarotaju izstradé gan cieta stavokli, gan skiduma. Jauns
fosforescéjoso materialu dizains ar izteikti ilgu emisijas dzives laiku balstas uz pieeju,
kas nomac atru TS, relaksacijas celu. Izmantojot jauno dizainu, tika izveidota virkne
tioféna fosforescéjoso materialu ar izteikti ilgiem emisijas dzives laikiem.

Atslégvardi: CIETVIELU LUMINISCENCE, AGREGACIJAS INDUCETA EMISIJA,
FOSFORESCENCE, STARPMOLEKULARAS MIJIEDARBIBAS, LADINA PARNESE
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IEVADS

Gaismu izstarojosas molekulas (luminofori) tiek plasi pielietotas optoelektroniskajas
iericés, pieméram, gaismu izstarojosas elektrokimiskajas $tnas (LEEC),! organiskajas
gaismu izstarojosas iericés (OLED),? organiskajos fotoelementos (OPVs),? organiska-
jos lauka efektu tranzistoros (OFETs),* ka ari telesakaru datu apstradé,® glabasana® un
$ifrésana,”® biologisko paraugu iezimésana’® un diagnostika,'’ molekularajos sensoros!!
un citas jomas. Vairuma gadijumu, pieméram, LEEC, OLED, OFET, OPVs un sensoros
nepieciesama luminoforu darbiba cietviela. Sis nosacijums sarezgi efektivu izstarotaju
izveidi, jo cietvielas starp luminoforiem veidojas dazadas mijiedarbibas, kas var negativi
ietekmeét to emisiju. Pieméram, plasa 7 sistéma ir galvenais strukttrelements lielakaja
dala luminoforu, kas ir efektivi $kidumos. Turpretim plasu nt-sistému saturosie ciet-
vielu izstarotaji veido starpmolekularas n-n mijiedarbibas, kas izraisa strauju emisi-
jas zudumu.

Promocijas darba ir izstradata jauna luminoforu dizaina metode. Tas pamata ir neve-
lamu n—n mijiedarbibu aizstasana ar labvéligakam n-n* un n*-n* mijiedarbibam, kas
uzlabo emisiju. Sis mijiedarbibas notiek saskana ar ladina parneses emisijas mehanismu,
pastiprinot luminoforu cietvielu izstarojo$as spéjas. Vélamas n—n* un n*—n* mijiedarbi-
bas var izveidot, luminofora molekulas aréna strukttrelementu aizvietojot ar piridinija
fragmentu, kam ir katjona n*-sistéma. Saja molekularaja dizaina ne tikai saglabata rela-
tivi vienkarsa planara struktira, bet vienlaikus ari nodrosinata augsta cietvielu emisija
(sk. 3.1. - 3.4. nodalas).

Fosforescentie materiali péc ierosinasanas izrada relativi ilgu emisijas dzives laiku
(lidz sekundém),'? un tos plasi lieto optoelektronika un $anu vizualizé$ana."® Visbiezak
organiskajos fosforescéjosos materialos ievada heteroatomus, pieméram, slapekli vai
séru ka nedalita elektronu para avotu.!* Fosforescences intensitates pieaugums cietvielas
parasti samazina fosforescences dzives laiku.!'® Saikne starp fosforescences intensitati un
dzives laiku ir butiska probléma, kas apgriatina cietvielu fosforescento materialu mérk-
tiecigu modificé$anu. Promocijas darba izstradata jauna organisko fosforescento mate-
rialu dizaina stratégija, kura nav korelacijas starp fosforescences intensitati un dzives
laiku. Si pieeja balstas uz tiofénu saturosa luminofora atvasinasanu, taja ievadot telpisku
aizvietotaju n-tipa orbitali saturo$a séra atoma tuvuma. Telpiska aizvietotdja izmérs
kristaliskaja rezgi nodrosina lielaku attalumu starp luminoforiem, kas savukart nodro-
$ina ilgaku fosforescences dzives laiku, saglabajot fosforescences ® praktiski nemainigu
(sk. 4. nodalu).
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1. NODALA. LITERATURAS APSKATS

1.1. Luminiscence

Luminiscence ir spontana gaismas emisija no ierosinata luminofora. Ta ir auksta ker-
mena starojums, kas dokumentéts jau 16. gadsimta un kuru $adi sauc kops 1888. gada.!®
Luminiscenci Kklasificé péc ierosmes energijas avota (hemi-, kristalo-, elektro-,
mehano-, foto-, radio- un termoluminiscence).”” Organisko luminoforu fotofizikalas
ipasibas visbiezak raksturo ar fotoluminiscenci. Luminofora fotoluminiscences procesus
var attélot ar vienkarsotu Jablonska diagrammu (1.1. att.).!8

Fotoluminiscence

E Ierosindtie stavokli

Pamatstavokli

1.1. att. Jablonska diagramma

Burti a—e (1.1. att.) ataino energijas parejas procesus laika skala:
absorbcija (107" s);

vibraciju relaksacija (107 - 107! s);

fluorescence (102 =107 s);

starpsistému pareja (108107 s);

fosforescence (107°-103 s).

Péc energijas absorbcijas luminofors tiek ierosinats no singleta pamatstavokla (S,) uz
ierosinatu singleta stavokli (S;; a process) ar secigu vibraciju relaksaciju (b process) un
fluorescenci (c process). Fluorescence ir emisija no ierosinatiem S, stavokliem (1.1. att.).
Tas norisei nepiecie$ami tris secigi procesi: a > b > c. Procesi a un b ir atri, bet process
¢ - lénaks, tapéc a un b procesi neietekmé luminiscences atrumu, un ta notiek procesa
c laika skala.

(L -~V S~



Cits fluorescences veids ir ta saukta aizkaveta fluorescence. Lai notiktu aiz-
kavéta fluorescence, pamatstavokla luminoforam ir javeic piecas secigas parejas:
a>b > d > digiesenisks) > € Ta ka process dgriesenisks) Parasti ir vislénakais, tas ari nosaka
aizkaveétas emisijas laika skalu. Process dygriesenisks) (t.1., atgriezeniska starpsistému par-
eja jeb ISC) notiks, ja zemaka ierosinata S, stavokla un zemaka ierosinata tripleta (T,)
stavokla energijas limenu starpiba biis mazaka ka ~ 0,1 eV.1?

Fosforescence ir plasi pétits fotoluminiscences paveids. Fosforescence ir emisija
no ierosinatiem T, stavokliem, un ta ietver etrus secigus procesus:a > b > d > e.
Fosforescence parasti notiek laika skala, kas ir ilgaka par 107 s. Jaatzimé, ka relativi
ilgais fosforescences dzives laiks var izraisit ierosinata T, stavokla dzésanu neradiativas
relaksacijas cela.?’

Absorbciju, fluorescenci un fosforescenci var novérot ar UV-Vis spektroskopiju
(1.2. att.). Absorbcija parasti tiek iniciéta no zemaka pamatstavokla (S,). Taja ir vairakas
joslas, kas atbilst ierosinatas molekulas dazadiem S, stavokliem (1.2. att., kur n =1, 2,
3). Péc tam notiek atra neizstarojo$a relaksacija lidz zemakajam ierosinatajam S, (vai
T,) stavoklim (b process, 1.1. att.). St iemesla dé] izstarojosie procesi vairuma gadijumu
notiek no zemakas energijas S, vai T, stavokliem,?! un fluorescences un fosforescences
spektri parasti nav atkarigi no ierosmes vilna garuma.

Izstarojosie relaksacijas procesi no S, (fluorescence) vai T, (fosforescence) stavokliem
spéj noklat augstakos S, energijas vibraciju limenos, ka rezultata veidojas strukturéti
fluorescences un fosforescences spektri ar emisijas joslam, kas atbilst pieejamajiem vib-
raciju limeniem (1.2. att.). Dazi fluorescences veidi, pieméram, ladina parneses (CT) tipa
emisija, neizrada strukturétu emisiju.?

A
3 ™
E |s, o
3
SZ 0 > Ierosindtie
S 3 stavokli
1 0
3
Tl H
0_J

1.2. att. Jablonska diagrammas un UV-VIS spektru korelacija

Viens no svarigakajiem efektiva luminofora kritérijiem ir fotoluminiscences kvantu
iznakums (®). To definé ka emitéto fotonu dalu no absorbéto fotonu skaita, un to apre-
kina ar vienadojumu 1:
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X PE

(1) ‘p% = mx 100)1{111‘

@,, - kvantu iznakums, %;
¥ PE - visu izstaroto fotonu summa;
Y PA — visu absorbéto fotonu summa.

Fluorescence ir salidzino$i atrs spinu saglabajoss process, kam raksturigi augsti O.
Turpretim fosforescences pamata ir energétiski neizdevigas S uz T un T uz S spinu parejas,
kas parasti noved pie zemiem @. Turklat salidzinosi garais ierosinata tripleta stavokla dzi-
ves laiks biezi ir saistits ar konkuréjosu neizstarojosu relaksaciju un emisijas slapésanu aréju
faktoru, pieméram, idens vai skabekla rezultata. Sie efekti noved pie ® samazinasanas.

Iepriek$ minétie emisijas procesi ir raksturigi luminoforiem izoléta stavokli (parasti
$kiduma ar koncentraciju zem 10~ M vai poliméru matricas), kur izstarotajs nesaskaras
ar nozimigam starpmolekularam mijiedarbibam. Ari cietvielu luminiscence tiek plasi
izmantota. Cieta stavokli starpmolekularas mijiedarbibas starp luminoforiem butiski
ietekmeé to emisivas ipasibas.

1.2. Organiskie izstarotaji

Organiskas gaismu izstarojosas molekulas (luminoforus) var iedalit divas lielas gru-
pas: metalorganiskie un organiskie luminofori (1.3. att.). Lielaka dala metalorganisko
luminoforu sastav no parejas metala (pieméram, Ir, Pt) un bidentatiem ligandiem okta-
edriska (1) vai planara kvadratveida (2) geometrija.** Savukart organiskie luminofori
parasti ir policikliski aromatiski karbo- vai heterociklu, pieméram, antracéna (3), kar-
bazola (4) vai piréna (5) atvasinajumi.* Metalorganisko luminoforu galvenie trakumi
ir to augstas izmaksas un toksicitate, ka ari zema noturiba pret mitrumu un skabekli,
turpretim organiskajos izstarotajos $ie ierobezojumi ir mazak izteikti (1.3. att.).

——————————————————————————————————————————————————————————————————————————————————————————

Metalorganiskie luminofori Organiskie izstarotaji :
Nod RO un
el RalbsToe N

So=( i 3
) Rayeinegy
1 2 ' 3 4 5

1.3. att. Arhetipiskie luminofori

Organisko izstarotaju luminiscences Ipasibas ir saistitas ar elektronu parejam kon-
jugétas m-sistémas. Vienkarsaka rn-sistéma ir eténs 6, kam ir viena saiti veidojo$a (1)
un viena saiti irdino$a (n*) molekulara orbitale. Péc eténa ierosinasanas (izmantojot
180 nm elektromagnétisko starojumu) elektrons veic m > 7* pareju, veidojot ierosinatu
stavokli 6* (1.4. att.). Tatad m > m* pareja atbilst 1.1 nodala apskatitajai Sy > S, parejai.
Secigi izstarojosi S; > S, relaksacijas procesi izraisa fluorescenci. Konjugéto nt-sistému
skaita palielinasana izraisa energijas starpibas samazinasanos starp augstako aizpildito

11



(HOMO) un zemako neaizpildito molekularo orbitali (LUMO) jeb S, un S, stavokliem,
kas Jauj absorbét elektromagnétisko starojumu ar zemaku energiju. Lai izprastu S, un
S, energijas starpibas samazina$anas iemeslu paplasinatas n-sistémas, jaapspriez vien-
karsa Hikela (Hiickel) teorija (HT), kas apskata molekularo orbitalu energijas limenus.

H H

H%H %
H H H H

E A &

A S, —1— m*
LUMO JIerosinasana LUMO

_—
~180 nm

So—f—l—n SO—1—R

HOMO HOMO

1.4. att. Eténa (6) ierosinasana

Saskana ar vienkar$o HT energijas atskaites punkts molekularajam orbitalém, pieme-
ram, HOMO un LUMO ir vienas sp? orbitales energija (a, 1.5. att.). HOMO veido$anas
eténa 6 rezultéjas no elektroniskas sadarbibas (noradita ka f) starp divam sp? orbita-
lém, kas izraisa stabilizéjosu efektu (paradits zila krasa, 1.5. att.). Elektroniska sadar-
biba 3 starp divam sp? orbitalém var izraisit ari destabilizaciju (paradits sarkana krasa,
1.5. att.), tadéjadi veidojot LUMO. Energijas (E) vértibas HOMO un LUMO eténa ir
attiecigi EHOMO = o +  un EI'VMO = o—.2 Atskiriba no vienas n-sistémas eténa konjugeétais
1,3-butadiéns (7) veido divas saiti veidojo$as un divas saiti irdino$as molekularas orbi-
tales. 3-butadiéna (7) stabilizéjosa elektroniska sadarbiba [ starp visam ¢etram sp? orbi-
talem veido HOMO_,, kam raksturiga zemaka energija ka eténa HOMO. Vienlaikus
stabilizéjosa elektroniska sadarbiba [ starp abam sp? orbitalém kopa ar destabilizéjoso
elektronisko sadarbibu P starp divu sp? orbitalu pariem nodrosina, ka diéna 7 HOMO
energija ir augstaka par eténa (6) HOMO. Turpretim LUMO un LUMO,, gadijuma
1,3-butadiéna (7) dominé destabilizéjosas elektroniskas sadarbibas p. Destabilizéjosas
sadarbibas P starp divam sp? orbitalém apvienojuma ar stabilizéjoso elektronisko sadar-
bibu B starp diviem sp? orbitalu pariem dé] rodas diéna 7 LUMO energijas vértiba,
kas ir zemaka par eténa (6) LUMO. Pilniga destabilizé$ana savienojuma 7 starp visam
Cetram sp? orbitalem noved pie LUMO,,, kas ir ar augstaku energiju ka LUMO eténa
(6). Tadgjadi dalgji stabilizéjosas un destabilizéjosas elektroniskas sadarbibas P rezul-
tata savienojumiem ar paplasinatam konjugétam sistémam bus samazinata HOMO un
LUMO (attiecigi S, un S; stavoklu) energijas starpiba. Vienkar$a HT dod ieskatu HOMO
un LUMO limenu energiju vértibas nelielas organiskas molekulas. Tomér vienkar$a HT
veic daudzus piepémumus energijas limenu aprékinos, tapéc, lai novértétu HOMO un

* Gan a, gan P ir negativas vértibas, tapéc negativo vértibu summa dod zemaku EHOMO energiju.
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LUMO energijas limenu energijas lielakam molekulam, pieméram, organiskajiem lumi-
noforiem, ir jaizmanto blivuma funkcionala teorija (DFT).

E A
LUMO,, 8 g 8 g
Destabilizacija
I E =a-1,6B
E =0~ H LUMO
*
6 E = 0-06p W

P = Stabilizicija HOMO
HOMO | /
3 ﬁ E = a+0,68
6

E =o+p 7
HOMO_,; W
E =o+1,6P
7

1.5. att. Savienojumu 6 and 7 MO energijas limeni

Paplasinatas aromatiskas nt-sistémas nodrosina relativi nelielu Syun S, energijas star-
pibu lielakaja dala organisko luminoforu. Pieméram, m-sistémas paplasinasana sama-
zina energijas starpibu starp S, un S; stavokliem un izraisa absorbcijas maksimuma
(Aaps) batohromo nobidi no 255 nm benzola (8) lidz 477 nm tetracéna 10 (1.1. tabula).
Liels konjugétas m-sistémas izmérs uzlabo spéju absorbét gaismu, kas tiek raksturota ar
atenuacijas koeficientu (k,). Tadéjadi kondensétas m-sistémas paplasinasana izraisa
nelinearu k, pieaugumu no 180 cm™'M™! benzola (8) lidz 360 cm™'M ™! naftalina (9),
7100 cm™'M™! antracéna (3) un 110000 cm™'M! tetracéna (10) (1.1. tabula).

1.1. tabula. Arénu 3, 8-10 absorbcijas maksimumi (A,p,,) un atenuacijas koeficienti (k)

Luminofors Struktara A b DM k,, cm™'M™!

’ O 255 190
5 256 350
. 375 7100
10 CCCO 77 110000

Ari heteroatomiem ir liela ietekme uz organisko izstarotaju fotofizikalajam ipasi-
bam, jo to nedalito elektronu paru orbitales piedalas elektroniskajas HOMO un LUMO
parejas. Benzola (8) absorbcijas spektra ir joslas, kas saistitas tikai ar m > ¥ parejam
(a, 1.6. A att.). Savukart aizvietojot vienu oglekla atomu ar heteroatomu (slapekli), mole-
kula tiek ieviests nedalits elektronu paris jeb saiti neveidojosa (n) orbitale. Pieméram,
piridina (11) absorbcijas spektra btis novérojamas gan m - ¥, gan n > m* parejas un
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attiecigi divas absorbcijas joslas a un b. Nedalitajam elektronu parim n-orbitalé parasti
piemit zemaka stabilitate un augstaka energija ka m molekularas orbitales pamatstavokli.
Tapéc n > 1* parejai bus raksturiga mazaka energijas starpiba ka n > ¥ parejai, un salidzi-
najuma ar joslu a absorbcijas joslai b bas novérojama batohroma nobide (1.6. A att.).

Heteroatomu n-orbitalu ieklausana luminoforu molekula, izmantojot ISC, lauj ne
tikai generét T, stavoklus, bet ari palielinat ISC atrumu. Organiskajos heteroatomu
nesaturosos savienojumos ISC ir izteikti léns vajas spinu-orbitalu sadarbibas (SOC)*
starp singleta S; ('nm*) un tripleta T, (*nm*) ierosinatajiem stavokliem dél, jo elek-
tronu ('nr* > 3wm*) kvantu stavokla maina ir spinu nesaglabajosa un aizliegta pareja
(1.6. B att.). ISC atruma palielinasana ir iespéjama, ja pareja no singleta uz tripletu ir
saistita ar orbitales tipa mainu. So efektu dévé par El-Sayed likumu (1.6. B att.). Orbitales
tipu var mainit, molekula ievadot nedalita para n-orbitali. Ta ka n-orbitales energija
samazinas, sadarbojoties ar o-orbitalem, 'n7* stavokla energija tuvojas *nm* tripleta ener-
gijas stavoklim.?® Maza energijas atskiriba starp 'nm* un *nn* stavokliem palielina SOC
un paatrina ISC.

o B
E A
*
I § Ina* --.... > nm*
o
n N
— n 8 1 Int* oeress » Swm*
a aunb € > b p—
Aizliegta Atlauta

1.6. att. A: Heteroatoma ietekme un fotoluminiscentajam ipasibam; B: El-Sayed likums

Salidzinot ar singleta S, stavokliem, tripleta ierosinato stavoklu T, relaksacija ir
lénaka, ka rezultata tiem ir ilgaks dzives laiks. Efektiva ISC no S, uz T, stavokliem var
samazinat fluorescences emisijas intensitati, turklat T, stavokli spéj relakséties, izman-
tojot ari neradiativus celus. Neradiativa relaksacija ir ipasi izteikta vidé, kur luminofora
molekula iek§molekulari var brivi vibrét un rotét, tapéc efektiva T stavoklu generésana
$kidumos spéj pilniba dzést luminofora emisiju.

Vaji izstarojo$a luminofora emisiju ir iespéjams palielinat, izmantojot iek§mole-
kularas mijiedarbibas. Lai gan Brauna (Brownian) kustibu rezultata starpmolekularas
mijiedarbibas ir Joti dinamiskas un salidzinosi vajas, tomér dazas, pieméram, n-n* mij-
iedarbibas ir pietiekami energétiski izdevigas,?” lai tas veidotos arl $kiduma, pieméro-
tos apstaklos. Pieméram, vaji emisiva piridina (12) kvatenizé$ana ar Mel deva piridi-
nija sali 13, kas CH,Cl,/benzola skiduma izradija vaju emisiju (1.7. att.). Savukart tira
CH,Cl, savienojumam 13 tika novérots 114 reizu lielaks emisijas pieaugums. Tas tika
saistits ar iek$molekularas n-m* mijiedarbibas veidosanos, ko varéja novérot 'H NOE
kodolmagneétiskas rezonanses (KMR) eksperimentos. Tadé] starpmolekularas n—-m* mij-
iedarbibas veido$anu var izmantot $kiduma emisijas pieauguma nodrosinasanai.
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nav mijiedarbibas nav mijiedarbibas mijiedarbiba
—) —)
4 \N 4 ®\Ni
— —/ O
I
12 13
CH,CI, CH ,Cl,/benzols CH,CI,
Zema emisija Zema emisija 114-reiZu emisijas pieaugums

1.7. att. Iek§molekularu n-n* mijiedarbibu efekts $kiduma

1.3. Luminoforu emisija cietvielas

Emisijas intensitates kritums, palielinot luminofora koncentraciju $kiduma, pirmo-
reiz tika publicéts 1954. gada.?® Pétjjumi $aja virziena paradija, ka, luminoforiem agre-
géjoties, emisija samazinas, $o fenomenu dévé par agregacijas izraisito dzéSanu (ACQ).
ACQ efektu novéro vairumam organisko luminoforu, to labi ilustré THF-tidens maisi-
jumu eksperiments (1.8. att.). Attiecigi tidens pievienosana luminofora THF $kidumam
izraisa pakapenisku emisijas samazinasanos, lidz tiek novérota pilniga emisijas dzésana.
Pievienotais dens samazina organiska emitétaja $kidibu, izraisot luminofora molekulu
agregaciju. Tadéjadi emisijas zudums ir saistits ar starpmolekularajam mijiedarbibam
luminoforu starpa.?’

Udens frakcija, %

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

1.8. att. ACQ efekts

Cietvielu luminoforos starpmolekularo mijiedarbibu prognozésana ir loti sarezgits
uzdevums, jo vairaki parametri, pieméram, kristalizacijas $kidinatajs, temperatira,
higroskopiskums, kristalizacijas atrums un kristalizacijas pakape var ietekmét kristaliskas
struktaras pakojumu. Vienkarsakais emisijas zuduma noteik$anas veids ir mérktiecigs
luminofora molekulas dizains, kura bttu pétama mijiedarbiba. Pieméram, lai parbauditu
starpmolekularo m-m mijiedarbibu ietekmi uz ACQ efektu, tika iegtita virkne kovalenti
saistitu dimérisko perilén-3,4-dikarboksimida (PDI) atvasinajumu 14-16 (1.2. tabula).*
luminofora 14, savienojuma 15 ta bija vajaka, savukart luminofora 16 — nenozimiga.
Skiduma savienojumiem 14, 15 un 16 tika novérota batohroma absorbcijas maksimuma
(As ) nobide no 476 lidz 483 un pat 511 nm (1.2. tabula). Savienojumiem 14-16 tika
novérota ari hipsohromiska emisijas maksimuma (A*™_ ) maina no 740 uz 543 nm,
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attiecigi. Lidz ar to m-n mijiedarbibas $kiduma méreni ietekmeé A, ., bet spécigi \™ ..
Jaatzimeé, ka viskrasakas izmainas tika noteiktas kristaliska stavokla @ (®,.). Tadéjadi
savienojuma 16 ar nenozimigu iek§molekularu n-n mijiedarbibu @, vértiba bija 92 %.
n-7 mijiedarbibas spéka pieaugums izraisija strauju @, vértibas samazinasanos no 61 %
savienojuma 15 lidz tikai 2 % izstarotaja 14. Sie dati skaidri parada, ka -n mijiedarbiba
ir atbildiga par novéroto ACQ efektu.

1.2. tabula. Savienojumu 14, 15 un 16 fotofizikalas ipasibas

- = b
Luminofors Struktara A o M A o M D, %

14 476 740 2
15 483 603 61
16 511 543 92

Ta ka spécigam n-n mijiedarbibam ir tendence samazinat luminoforu @ vértibas,
viena no stratégijam augsta ® sasnieg$anai cietvielas ir izstarotaju dizains, kuros nebatu
nevélamas n-m mijiedarbibas. 2001. gada Tangs zinoja par poliaizvietotu silolu 17,%! kam
nebija izteiktas energiskas n-m mijiedarbibas fenilaizvietotaju arpusplaknes novietojuma
deé]. Savienojumu 17 izteikti emisivu padara n-m mijiedarbibu trikums cietviela un agre-
gatos. To ari ilustré eksperiments, kura péc idens pievienosanas neizstarojoss savieno-
juma 17 THF skidums klast augsti izstarojoss (1.9. att.). Savitas telpiskas struktiras dél
savienojums 17 skiduma spéj rotét un vibrét, ka rezultata tiek panakta efektiva neizsta-
rojos$a relaksacija. Vajas starpmolekularas mijiedarbibas, pieméram, H-m saites nomac
savienojuma 17 vibraciju un rotaciju agregatos, radot augstu emisiju. Iepriek§minéto
paradibu sauc par agregacijas izraisito emisiju (AIE), un ta ir pretéja ACQ.

Udens frakcija, %
QO :

O si O 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 92% 94% 96% 98%

1.9. att. AIE efekts
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Lielaka dala no AIE luminogéniem (AIEgéniem) ir izstradati, pamatojoties uz tadu
pasu dizainu ki luminofora 17, un tiem ir lidzigi emisijas mehanismi. Sis stériski trau-
cétas molekulas izstaro gaismu cieta stavokli to ierobezotas iek§molekularas vibracijas
(RIV) un rotacijas (RIR) dé]. Gan RIV, gan RIR nomac ierosinato stavoklu kustibu izrai-
sitos neizstarojo$os relaksacijas celus. Pieméram, AIE ipasibas attélo izstarotajs 18, tam
ir vaja emisija MeCN $kiduma, bet intensiva, dzeltena emisija agregatos (1.10. att.).*
Skiduma fenilgredzenu rotacija, ka ari CN saites vibracija dzé$ ierosinatos stavoklus.
Savukart apgratinatas rotacijas un vibracijas dél agregacija nomac ierosinato stavoklu
relaksacijas kanalus, padarot savienojumu 18 emisivu.

1.10. att. AIE savienojums 18 and ACQ savienojums 19

RIV un RIR mehanismi ir izprasti, un tie ir plasi izmantoti AIEgénu dizaina. Dazi
meérktiecigi dizainétie luminofori tomér neizrada AIE ipasibas. Pieméram, tetrafenilfu-
rans 19 (1.10. att.) izrada augstu emisiju skiduma (40 % @), turpretim péc agregacijas
zaudeé savas emisivas spéjas (1 % @).>> DFT aprékini paradija, ka savienojuma 19 furana
gredzens ar 2. un 5. pozicijas fenilaizvietotajiem veido gandriz planaru konjugeétu sistému,
kas nodrosina augstu emisijas intensitati $kiduma. Tomér kristaliska stavokli luminofora
19 konjugeta sistéma starpmolekulari mijiedarbojas ar blakus eso$as molekulas skabekla
atoma n-orbitali, kas secinats no rentgenstruktiras analizes datiem. Acimredzot n-n
mijiedarbibu rezultata notiek cietvielas emisijas dzésana. Tadéjadi spéciga orbitalu (pie-
méram, n—7 vai ) starpmolekulara mijiedarbiba liela méra ietekmé visu luminoforu
emisijas intensitati, ieskaitot tos, kas veidoti ka AIEgéni.

1.4. Cietvielu fosforescence

Luminoforu molekulu kustiba kristalrezgi ir traucéta zemas energijas, pieméram,
H-7 saiu un augstas energijas, pieméram, -m mijiedarbibu dél. Sis cietvielu mijiedar-
bibas samazina ierosinato stavok]u kustibas izraisito relaksaciju un no tripleta stavokliem
palidz veidoties emisijai jeb fosforesencei. Luminoforu savstarpéjo mijiedarbibu nozime
cietvielu fosforescencé ir paradita turpmak apskatitaja darba: attiecigi tika pétitas ben-
zofenonu 20-23 fosforescentas ipasibas MeCN skiduma un cieta stavokli (1.3. tabula).*
Izstarotaji 20-23 izradija niecigu emisiju MeCN $kidumos ar @ zem 0,5 %. Savukart
spéciga emisija savienojumiem 20-23 tika noveérota kristaliskaja stavokli ar fluorescences
un fosforcences @, vértibu summu robezas no 8,3 lidz 39,7 %. Palielinata cietvielu emi-
sija tika saistita ar neizstarojo$as relaksacijas nomaksanu starpmolekularo mijiedarbibu
rezultata. Balstoties uz rentgena analizes datiem savienojumu 20-23 kristalos tika iden-
tificéts starpmolekularu tidenraza saisu tikls (C-H - O un C-H - X (X =E Cl, Br)), ka
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arl halogénu-halogénu mijiedarbibas (C-Br - Br-C), kas, ierobezojot konformacionalo
brivibu, padarija tos emisivus.

1.3. tabula. Savienojumu 20-23 fotofizikalas ipasibas

Novérotas
Luminofors Struktiira Dyreen> % D, % starpmolekularas
mijiedarbibas
o)
20 <0,1 15,9 C-H--O
i C (¢}
_H.
21 “ <0,1 397
ST, C-HeF
o
C-H--O
22 . O O <0,1 8,30 C_H.-Cl
r

Br

C-H-O

(o}
23 0,5 12,0 C-H-Br
Br Br C-Br--Br-C

Starpmolekularas mijiedarbibas kristaliskaja stavokli ierobezo luminofora molekulas
kustibu un ietekmé ari fosforescences dzives laiku (t,,,). Pieméram, karbazolu saturo-
$ajos luminoforos 24-26 tika novérota biitiska korelacija starp T, un starpmoleku-
laro attalumu. Ilgakais cietvielas fosforescences T, novérots izstarotajam 24 (748 ms)o,
tam bija ari visblivakais kristalu pakojums ar starpmolekularo N-N attalumu 5,53 A
(1.4. tabula).’® Savienojumos 25 un 26 starpmolekularais N-N attalums bija 6,02 un
6,17 A, un Tphos SaMazindjas lidz 340 un 114 ms, attiecigi. Izstarotaja 24 ilgais T, skaid-
rojams ar labaku tripleta eksitonu stabilizaciju spécigas elektroniskas sadarbibas dé] starp
blivi pakotajam luminofora molekulam kristalrezgi.

1.4. tabula. Savienojumu 24-26 emisivas ipasibas

Nr Struktara Luminofors Tphos MS N-N attalums, A

1 R 24 (R =H) 748 5,53
O
2 ﬁN/Q 25 (R = Me) 340 6,02

3 26 (R = OMe) 114 6,17

Starpmolekularas mijiedarbibas kristalrezgi butiski ietekmé fosforescences inten-
sitati un dzives laiku, tapéc ir nepiecieS$ama paredzama starpmolekularo mijiedarbibu
novértésanas metode efektivu cietvielu luminoforu izstradei. Rentgenstaru kristalogra-
fija ir visplagak izmantota metode luminoforu kristala stavokla geometrijas noteiksanai
un starpmolekularo mijiedarbibu stipruma novértésanai. Tas pamata ir attalumu meéri-
jumi starp atomiem vai blakus eso$u izstarotaju molekulam. Attalums starp luminoforu
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molekulam viens pats nedod pietiekamu informaciju par starpmolekularajam mijiedar-
bibam molekularo orbitalu nevienmérigas lokalizacijas dél. Starpmolekularas LUMO-
LUMO, HOMO-HOMO un HOMO-LUMO mijiedarbibas stiprumu precizak raksturo
attiecigo vilnu funkciju parklasanas. Divu vilpu funkciju starptelpu mijiedarbibas ener-
giju sauc par elektronisko sadarbibu.

Elektroniska sadarbiba (V) ir stabilizéjoss spéks. Tas ir vienads ar stabilizé$anas ener-
giju B, kas rodas divu sp? orbitalu parklasanas rezultata (sk. 1.5. att.). Ta ka f ir vienada
ar V(HOMO), jebkura relativi tuva cietvielas starpmolekulara mijiedarbiba (pieméram,
C-H--O, n-7n, n—7 utt.) nodrosinas stabilizéjosu efektu, palielinot V. Starpmolekulara
elektroniska sadarbibas (V) spéka pieaugums starp luminoforiem ir viens no galvenajiem
faktoriem, kas nodrosina fosforescenci cietvielas.* Spéciga starpmolekulara V starp rm*
un n7* stavokliem ir svariga, lai iegttu izteikti ilgu fosforescences dzives laiku ;0.
Ipasi garus T,,,, var iegit, stabilizéjot ladinu atdalitos tripleta stavoklus.*® Tripleta sta-
voklu atdali$anas un atkartotas savieno$anas atrumus nosaka V,* kas ari raksturo ladina
parneses (CT) atrumu starp molekulam.

Ta ka CT vai ladina kustiba kristalrezgi liela méra ietekmeé fosforescéjosa materiala
Tphos UN El Sayed likums izpildas iek$molekulari, fosforescences dzives laikam un @ batu
jamainas neatkarigi. Tomér zinatniskas literattiras dati liecina, ka augsts fosforescences
® nodrosina samazinatu fosforescences dzives laiku cietviela.*! Organisku fosforesce-
josu cietvielu materialu izstrade ar augstu fosforescences ® un ilgu dzives laiku ir loti
sarezgits uzdevums.

19



2. NODALA. PROMOCIJAS DARBA
MERKI, UZDEVUMI, ZINATNISKA
NOVITATE UN PRAKTISKA NOZIME

2.1. Promocijas darba mérki un uzdevumi

Balstoties uz publicéto pétijumu, kura stastits par iek$émolekularo n-n* mijiedarbibu
ievérojamo ietekmi uz emisiju $kiduma (sk. 1.2. nodalas 1.7. att.), tika izvirzita hipotéze,
ka starpmolekularas n-n* un n*-n* mijiedarbibas varétu bat piemérotas ari augstas ciet-
vielu emisijas un AIE efekta iegi$anai, izvairoties no ACQ efekta. Promocijas darba pir-
mais merkis bija starpmolekularu m-n* un n*-n*mijiedarbibu izmantosana cietvielu
AIE luminogenu (AIEgeénu) izveide.

Pirma meérka sasnieg$anai tika izvirziti $adi uzdevumi:

1) parbaudit, vai slapekla heterociklus saturo$u ACQ luminoforu kvaternizésana izraisa

AIE efektu, izmantojot m-mt* un n*-n* mijiedarbibas;

2) parbaudit, vai ar protoné$anas palidzibu no slapekli saturosiem ACQ luminoforiem
iespéjams iegiit AIEgénus;

3) izpétit pretjona efektu uz katjonisku AIEgénu fotofizikalajam ipasibam;

4) merktiecigi veidot luminofora struktaru, kas izraditu augstu emisiju gan $kiduma,
gan cietviela.

Tika izvirzita arl otra hipotéze — starpmolekulara mijiedarbiba starp heteroatoma
nedalito elektrona pari un blakus esosas izstarotaja molekulas 7t-sistému cietviela varétu
but atbildiga par fosforescences dzives laika samazinasanos (sk. 1.4. nodalu). Ja $1 hipo-
téze ir patiesa, tad telpisku aizvietotaju izméra maina blakus nedalitajam elektronu parim
izmainis ta mijiedarbibu spéku, ka rezultata butu iespéjams veidot fosforescéjosus mate-
rialus ar izteikti ilgu dzives laiku (>100 milisekundes) un augstu fosforescences ®. Otrais
promocijas darba mérkis bija izpetit starpmolekularu mijiedarbibu ietekmi uz cietvielu
fosforescences dzives laiku un izstradat jaunu, efektivu fosforescejosu materialu ieguves
dizaina stratégiju.

Otra mérka sasniegs$anai tika izvirziti $adi uzdevumi:

5) dizainét un sintezét virkni tiofénu saturosu cietvielu izstarotaju ar mainigu telpisko
aizvietotaju izméru tuvu séra nedalitajam elektronu parim;

6) izveidot sakaribu starp novérotajam mijiedarbibam un fosforescences ipasibam
cietviela.

2.2. Zinatniska novitate

Promocijas darba tika izstradata jauna izstarotaju molekulara dizaina pieeja gan ciet-
viela, gan skiduma. Izmantojot jaunu uz starpmolekularam n-n* un n*-n* mijiedarbi-
bam balstitu dizainu, tika izstradati organiskie luminogéni ar augstu emisijas intensitati
gan $kiduma, gan cietviela. Vélamas n—n* un n*-n* mijiedarbibas tika veidotas, lumino-
foru aréna fragmentu aizvietojot ar katjonu piridinija gredzenu. No emisijas mehanisma
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pétijumiem tika secinats, ka starpmolekulara ladina parnese ir atbildiga par augsto piri-
dinija saJu emisiju gan $kiduma, gan cietviela.

Pétijumu gaita tika izstradata jauna organisko fosforescento materialu dizaina stra-
tégija, kura novérsta korelacija starp fosforesences intensitati un dzives laiku. Izstradata
pieeja balstas uz telpiski liela aizvietotaja ievadi$anu tioféna luminofora, blakus n-tipa
séra orbitalei. Telpiskais aizvietotajs nodrosina lielaku starpmolekularu attalumu kris-
talrezgi un palidz nomakt atru T, > S, relaksacijas kanalu, ka rezultata pieaug fosfores-
cences dzives laiks, neietekméjot ©.

2.3. Praktiska nozime

Nekovalentas n—n* un n*-n* mijiedarbibas izstarotajos paver to vairakas izmanto-
Sanas iespéjas:

« racionala cietvielu luminoforu dizaina;

o plasa klasta vaji izstarojosu ACQ materialu parveido$ana par intensivi izstarojo-

Siem AIEgéniem;

o izstarotaju un sensoru dizaina ar daudziem praktiskiem pielietojumiem $kiduma.

Izstradataja metodé novérsta korelacija starp fosforescences intensitati un dzives
laiku, tadéjadi iespéjams precizi kontrolét fosforescéjosas ipasibas. Si pieeja lauj iegiit
efektivus organiskos izstarotajus ar izteikti ilgu emisijas dzives laiku un augstu fosfo-
rescences kvantu iznakumu istabas temperatiira, ko var plasi pielietot biomedicina un
materialzinatne.
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3. NODALA. n-ri* UN r*-n* MIJIEDARBIBU
IZMANTOSANA AIEGENU DIZAINA

3.1. Neplanarie kvaternaro piridinija salu AIEgéni

Noveértéjot izstarotaja 13 veiksmigo iekSmolekularo n-n* mijiedarbibu izmanto$anu
$kiduma (sk. 1.2. nodalu), tika nolemts sintezét karbazolu (Cz) saturo$us benzilpiridinija
salus 27-29 ar mérki parbaudit, vai starpmolekularas n-n* un n*-n* mijiedarbibas var
izmantot ari cietvielu luminoforu dizaina (3.1. att.).

iek§molekulari R! starpmolekulari

Me—(I?I/ N %j/ S—R? O
Ie RZ 7 \N
o :— ® 27a:R2=H,X =Cl
(x7),

13 27b: R2=H, X = OTs
luminiscence luminiscence 28: RZ=1By, X = OTs
$kiduma cietviela R!

29: R2=Me, X =0Ts

3.1. att. m-n* un *-n* mijiedarbibu izmantosana AIEgénu dizaina

Benzilpiridinija saliem piemit samazinatas konformacionalas svarstibas, salidzinot ar
publicéto savienojumu 13. Piridinija salu pretjona efekts pétits hloridu (27a) un tozilatu
(27b) saturo$os savienojumos. Alkilaizvietotaju ievadi$ana piridinija gredzena 4. pozicija
(-tBu un -Me savienojumos 28 un 29 attiecigi) deva ieskatu par stérisko traucéjumu
ietekmi uz mijiedarbibam starp luminoforiem.

3.1. tabula. Piridinija salu 26-29 emisijas ipasibas

Nr. Izstarotajs Cietv. Ag,, nm  Skiduma @ (%) Cietv. ® (%) ApE
1 27a 505 <0,1 17,3 >173
2 27b 432 <0,1 18,7 >187
3 28 465 <0,1 18,5 >185
4 29 442 <0,1 9,7 >97

Ka paredzéts, benzilpiridinija fragmenta briva rotacija un luminoforu 27-29 nespéja
iesaistities starpmolekularas n-n* mijiedarbibas padarija tos neizstarojosus MeCN $ki-
dumos ar ® veértibam zem 0,1 %. Turpretim cietviela piridinija sali 27-29 izradija plasu
nestrukturétu emisiju ar maksimumiem diapazona no 432-505 nm. To @ ir robeZas no
9,7 % (29) lidz 18,7 % (27b) (3.1. tabula). Lidz ar to luminofori 27-29 izradija izteik-
tas AIE ipasibas. Lielakais emisijas pieaugums (o) cietviela attieciba pret skidumu
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noveérots savienojumam 27b (187 reizes). Jauzsver, ka salu 27a un 27b @ bija loti lidzigi,
kas noradija uz pretjonu nelielo ietekmi uz ©.

Savienojumu 27-29 monokristalu rentgena analizes dati palidzéja noteikt galve-
nas mijiedarbibas, kas atbildigas par AIE efektu. Piridinija salu 27a, 27b, 28 kristal-
rezgl bija novérojamas starpmolekularas n*-n* mijiedarbibas starp ladétajiem piridinija
gredzeniem (3.2. tabula). Par mijiedarbibam liecinaja tuvs nobidits un paraléls piri-
dinija gredzenu novietojums kristalrezgi (3,734 A (27a) lidz 4,211 A (27b) attaluma;
3.2. tabula). Savukart piridinija sals 29 veidoja n-n* mijiedarbibas starp piridinija gre-
dzenu un 1,4-diaizvietoto feniléngrupu, ko apliecina relativi tuvais attalums (no 3,803 A
lidz 4,027 A) starp divam neparaléli novietotam m-sistémam (3.2. tabula).

3.2. tabula. Piridinija salu 27-29 mijiedarbibas kristalrezgi

27a 27b 28 29

Piridinija sals 29 zema @ vértiba, salidzinot ar 27a, 27b un 28 (3.1. tabula), liecina, ka
nt—n* piridinija—piridinija mijiedarbiba nodro$ina lielaku cietvielas emisijas intensitati
ka n-m* piridinija—aréna mijiedarbiba. Turklat piridinija 27a (505 nm) un 27b (432 nm,
sk. 3.1. tabulu) emisijas maksimuma novirze ir saistita ar n*-n* mijiedarbibas attaluma
pieaugumu. Tas liecina, ka emisijas maksimums ir atkarigs no attaluma starp piridinija
gredzeniem. Svarigi, ka gan hlorida, gan tozilata pretjoni netraucéja veidoties n*-m*
un -7 mijiedarbibam. Kopuma noteiktas cietvielu fotoluminiscences ipasibas apvie-
nojuma ar rentgenstaru kristalografijas datiem sniedz parliecinosus pieradijumus tam,
ka m*-mt* un n-n* mijiedarbibu veido$anas rada paaugstinatu cietvielu emisiju. Pilnigs
pétijuma parskats ir apkopots publicétaja raksta, sk. I pielikumu.

3.2. Planaro kvaternaro piridinija salu AIEgeni

Péc sekmigas n*-n* vai n-n* mijiedarbibu izmanto$anas AIEgénu izstradé péti-
jumus turpinajam ar AlEgénu iegisanu no ACQ izstarotajiem, tajos aizvietojot neve-
lamas aréna-aréna m—n mijiedarbibas ar aréna-katjona m-n* mijiedarbibam. Par péti-
juma sakumpunktu tika izvéléts arhetipisks neemisivs ACQ izstarotajs 30 un ta izomeéri
31, 32 (sk. 3.3. tabulu), kam raksturiga planara konjugéta n-sistéma (3.2. att.).

23



foym—

7\ R kvaternizé$ana HSC:*N@‘T—QR O
' : R=—

~ R
e T

N 2 clo,®
30 Pomen 4
' mijiedaribas |
Zema emisija Cietvielu emisija
(ACQ) (79,8% @)

3.2. att. Dizaina stratégija ACQ izstarotaju parvérSanai AIEgénos

Piridinija jodidi, ko ieguvam péc piridinu 30-32 alkilésanas ar Mel, tika secigi
paklauti jonu apmainai ar AgClO,, iegustot piridinija perhloratus 33-35 (3.3. tabula).
MeCN skiduma piridini 30-32 izradija izteiktu emisiju ar ® vértibam no 46,5 % lidz
74,6 % (1.-3. rinda). Savukart piridinija saliem 33-35 MeCN s$kiduma novérota nie-
ciga emisija ar @ vértibam zem 0,1 % (4.-7. rinda). Konjugeétie piridini 30-32 izra-
dijja ACQ efektu ar a,p vértibam zem 0,2. Interesanti, ka piridinija sals 33b ar jodida
anjonu uzradija zemu cietvielu @ (0,4 %; 5. rinda), turpretim piridinija perhlorati 33a,
34 un 35 izradija intensivu cietvielu emisiju ar ® vértibam 79,8, 72,2 un 46,9 %, attiecigi
(3.3. tabula, 4., 6., 7. rinda,). Piridinija perhlorats 33a izradija vislielako a,; vértibu —
virs 800 (4. rinda). Luminiscences dati liecina, ka piridinu saturo$u luminoforu ar ACQ
efektu var parvérst par luminoforu ar AIE efektu, veicot piridina slapekla atoma kvater-
nizé$anu ar secigu jodida-perhlorata apmainu (3.3. tabula).

3.3. tabula. Savienojumu 30-35 fotofizikalas ipasibas

Nr. Izstarotajs Cietv. Ay, nm  Skiduma @, %  Cietv. ®, % e
130 @@Cz 371, 387, 407 73.1 5,7 0.1
2 3 (Y cz 368 46,5 0,6 <0,1
3 32 N cz 378, 436 74,6 16,8 0.2

oy
LR Mt W 489 <0,1 79,8 >800

5 33b ,@QCZ 473 <0,1 0,40 >4
34 7 N\
6 o® @@“ 446 <0,1 72,2 >700

35 /)
7 o\ © 465 <0,1 46,9 >470
\

Cz = N-karbazolil
Monokristala rentgenstruktiiranalize sniedza padzilinatu ieskatu piridinija sals 33a
mijiedarbibas, kam novérota augstaka emisijas intensitate savienojumu 33-35 rinda.

Abi katjoniskie luminoforu fragmenti iesaistijas simetriskas karbazola-piridinija n—mn*
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mijiedarbibas, ka ari mijiedarbibas ar isu attalumu (3,53 A) starp attiecigajiem cen-
troidiem kristalrezgi (3.3. A att.). Jaatzimé, ka lidzigs pakojums ar n-n* mijiedaribam
novérots ari piridinija jodidam 33b (nav attélots). Neraugoties uz acimredzamo lidzibu
kristalrezga pakojuma starp 33a un 33b, ievérojama atskiriba cietvielu @ (5. un 4. rinda,
3.3. tabula) liecina, ka jodida jons savienojuma 33b dzé$ emisiju ar mehanismu, kas nav
saistits ar telpisku vai elektronisku ietekmi uz n-n* mijiedarbibam.

Lai izprastu cietvielu gaismas emisijas mehanismu katjona 33a, tika veikti no laika
atkarigie DFT (TD-DFT) aprékini, izmantojot rentgenstruktiranalizé iegttas molekulu
geometrijas. Aprékini neapstiprinaja iek$molekularu vienas molekulas HOMO-LUMO
ladina parnesi ka cietvielu emisiju avotu, jo aprékinata emisijas maksimuma intensitate
un novietojums neatbilda tam, kas eksperimentali novérots katjona 33a. Turpretim apreé-
kinatais emisijas spektrs simetriskaja 33a diméra (emisijas maksimums ar A, =495 nm
un liels oscilatorais spéks f = 0,3784) atbilda eksperimentali novérotajam cietvielu emi-
sijas spektram (A, = 489 nm, 3.3. C att.). Lidz ar to TD-DFT apreékini liecinaja, ka
emisija ir saistita ar starpmolekularu CT cauri telpai no LUMO, kas lokalizéta piri-
dinija un fenilénsavienotaja, uz HOMO, kas lokalizéts karbazola (3.3. B att.). Sads CT
emisijas mehanisms pilniba atbilst samazinatai emisijai $kidumos, kur CT caur telpu ir
mazvarbutiga.

A w000 C
J'-/{; () s ' [\
3535t 2 / / \ \
L g 12000 /| \\ i A'prlldnﬂls
\ ‘z / | \ — Nomeérits
\ £ 0 /| \
Y = /
= 4000
0 —
‘ J 300 400 500 600 700 800

HOMO LUMO

3.3. att. A: Savienojuma 33a rentgenstaru struktiiras attélojums; B: TD-DFT aprékinu
rezultati 33a dimera; C: Aprekinatais un nomeéritais emisijas spektrs savienojuma 33a

Misu pétijumi parada, ka m-n* mijiedarbibas var plasi pielietot efektivu ciet-
vielu izstarotaju iegts$ana. Pilns pétijuma parskats ir apkopots publicétaja raksta
(sk. IT pielikumuy).

3.3. AlEgénu veidoSana, protonéjot konjugétus piridinus

Péc veiksmiga AIEgénu dizaina, izmantojot kvaternizé$anas metodi, pétijjumus tur-
pinajam ar konjugétu piridinu protonésanu n-m* mijiedarbibu iegiisanai. Sada pieeja ari
lautu ACQ luminoforus parvérst efektivos cietvielu izstarotajos. Piridinija luminoforos
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papildus veicam ari sistematisku pretjonu ietekmes izpéti novéroto cietvielu ® atskiribu
dé] starp piridinija perhloratu 33a (79,8 %) un jodidu 33b (0,4 %; sk. 3.3. tabulu). ACQ
izstarotaju 30 protonéjam ar HCIO,, HCI, HBr, HI, MsOH un HNO;, iegiistot attiecigos
salus 36-41 (3.4. tabula). Perhloratu 36 ieguvam ka vaji kristalisku cietvielu (36A) un
ka divus dazadus polimorfus (36B un 36C).

Atgkiriba no augsti emisiva piridina 30 MeCN $kiduma piridinija saliem 36-41 prak-
tiski nebija novérojama emisija, to ® veértibas bija zem 0,1 % (1. rinda pret 2. - 9. rindu,
3.4. tabula). Savukart cietviela piridinija 36A, 36B, 36C, 37, 38, 40 un 41 saliem novérota
plasa, nestrukturéta emisijas josla ar maksimumiem diapazona no 492 lidz 514 nm (2. -
6., 8. un 9. rinda). Jodida anjonu saturo$ais piridinija sals 39 bija vienigais neemisivais
materials (7. rinda), un tas pilniba atbilst ieprieks novérotajam fluorescences kritumam
piridinija jodida 33b. Vispiemérotakie piridinija pretjoni ir perhlorats (36C) un mezilats
(40). Jaatzimé, ka savienojuma 36A vaji kristaliska forma uzradija zemaku @ (5,5 %,
2. rinda) neka polimorfi 36B (24,1 %, 3. rinda) un 36C (54,6 %, 4. rinda). Acimredzot
piridinija salu emisijas efektivitate cieta stavokli ir atkariga gan no kristalizacijas pakapes,
gan no specifiskam mijiedarbibam kristalrezgi. Taja pasa laika protoné$ana ir efektiva
metode AIEgénu izstradei.

3.4. tabula. Savienojumu 30, 36-41 fotofizikalas ipasibas

Nr. Izstarotajs Cietv. A, nm Skiduma @, % Cietv. ®, %
1 30 N Y cz 371, 387, 407 73,1 5,7
o
2 368 1\ o 496 <0,1 5,5
oy
3 368 nn ) o 503 <0,1 24,1
cioy
4 36C oy \ o 492 <0,1 54,6
o
5 37 nn . 496 <0,1 42,4
Bre
6 38 nnG & 514 <0,1 18,2
©
7 39w N cz - <0,1 <0,1
MsOe
8 40  H-ND N o 484 <0,1 45,8
NGY
9 PRI/ . 468 <0,1 33,4

Cz = N-karbazolil
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No 4-fenilpiridinija perhlorata (42) un attieciga hlorida (43) rentgenstrukta-
ras kristalografisko analizu datiem tika ieglta nozimiga informaciju par perhlorata
pretjona ietekmi uz emisijas ipasibam. Abiem saliem bija lidzigs n—n* mijiedarbibas
starp piridinija katjoniem un fenilaizvietotaju kristalrezgi (3.4. att.). Perhlorats 42 vei-
doja pilnigi paralélu m-n* mijiedarbibu starp centroidiem 3,751 A attaluma, turpre-
tim hlorids 43 veidoja gandriz paralélu m-m* mijiedarbibu ar 3,776 lidz 3,900 A atta-
lumu (3.4. att.). Isakais -7+ attalums perhlorata 42 veicinaja hipsohromo emisijas
maksimuma nobidi salidzinajuma ar hloridu 43 (attiecigi 417 nm pret 434 nm; sk.
3.5. tabulu). Svarigi ir tas, ka perhlorata pretjons savienojuma 42 efektivi stabilizé n—
7" mijiedarbibas, veidojot tidenraza saisu tiltu starp divam blakus eso$am molekulam.
Savukart hlorida anjons veido tdenraza saiti tikai ar vienu izstarotaja 43 molekulu,
ka rezultata abi arilgredzeni novietoti dazadas plaknés, mazinot n-n* mijiedarbibas
efektivitati (3.4. att.). Nav parsteidzosi, ka perhlorats 42 uzradija augstaku cietvielas
@ (59,6 %) ka hlorids (28,5 %; 1., 2. rinda, 3.5. tabula). Tadéjadi n-n* mijiedarbibas
stabilizé H-saites veidojosais perhlorata pretjons, ievérojami uzlabojot cietvielas ®
(3.5. tabula).

3.4. att. Starpmolekularas mijiedarbibas savienojumos 42 un 43

Pétljumu turpinajuma tika parbaidita protonésanas pieeja ka vispariga metode
paaugstinatas cietvielu emisijas nodro$inasanai, kas rastos starpmolekularu n—n* mijie-
darbibu rezultata. Protonésanas pieeja tika izmantoti strukturali atskirigi substrati. No
ieprieks publicéta luminofora 44,%2 kas saturéja piridina gredzenu, HCIO, klatiené tika
izveidots attieciga perhlorata sals 45 (3.5. tabula). Gan 44, gan 45 piemit vaja emisija
MeCN skidumos (attiecigi 2,1 % un 2,8 % ®). Cietviela briva baze 44 uzradija vaju emi-
siju (2,0 % ®; 3.5. tabula, 3. rinda), bet perhlorata 45 emisijas intensitate (17,2 % @) bija
ievérojami augstaka neka skiduma (4. rinda, 3.5. tabula). Turklat piridina 44 protonésana
izraisija batohromisko emisijas maksimuma nobidi no 414 lidz 524 nm attieciba pret sali
45 (3. un 4. rinda, 3.5. tabula).
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3.5. tabula. Savienojumu 42-45 fotofizikalas ipasibas

Nr. Izstarotajs Cietv. Ay, nm Skiduma @, % Cietv. ®, %
oy
1 2 i 417 30,0 59,6
o

cl
2 43 Hf@_@ 434 24,6 28,5

O
3 4 N N0

‘ 414 2,1 2,0

®
i O

4 45 i Nl 524 2,8 17,2

&

Paaugstinata cietvielu emisija, kas noveérota, protonéjot strukturali atSkirigus piridinu
saturo$us luminoforus, norada uz to, ka protonésanas pieeja ir plasi izmantojama metode
vélamo starpmolekularo m-n* mijiedarbibu un AIE efekta nodro$inasanai. Tatad gan
protoné$ana, gan kvaternizésana ir izmantojamas ka stratégijas AIEgénu dizaina. Pilns
pétijuma parskats ir apkopots publicétaja raksta, sk. III pielikumu.

3.4. Starpmolekularas n-n* mijiedarbibas Skiduma

Pétijumos tika noskaidrots, ka intensivu cietvielas CT tipa emisiju var panakt, vei-
dojot ladétas aromatiskas sistémas, kas palidz veidot starpmolekularas n-n* mijiedarbi-
bas. Savukart emisijas palielinasana $kiduma, izmantojot n—n* mijiedarbibas, ir panakta
tikai iek§molekulari. Turpmako pétijumu gaita tika izvirzita hipotéze, ka m-n* mijie-
darbibas varétu veidoties $kiduma ari starpmolekulari pie nosacijuma, ka $kidinatajs
netraucé mijiedarbibam starp izstarotajiem. Lai parbauditu hipotézi, emisijas spektri
tika uznemti piridina 30 DMF, DMSO, EtOAc, toluola, CHCI; un Et,O $kidumiem pirms
(3.5. A att.) un péc HCI parakuma pievienosanas, nodrosinot pilnu piridina 30 proto-
né$anu (3.5. B att.).
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3.5. att. A: Savienojuma 30 emisija virkné $kidinataju;
B: savienojuma 30xHCI emisija virkné $kidinataju
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Visos parbauditajos $kidinatajos piridinam 30 piemit intensiva nestrukturéta emisija
ar maksimumu diapazona no 380 lidz 443 nm (3.5. A att.). Tapat ari piridinija sals 30xHCI
deva plasu, nestrukturétu emisiju Et,O, EtOAc, CHCI; un toluola $kidumos ar emisijas
maksimumu diapazona no 497-574 nm (3.5. B att.). Interesanti, ka emisija netika nove-
rota 30xHCl aprotonos polaros skidinatajos (DMSO un DMF). Atskirigas 30xHCI foto-
luminiscences ipasibas dazados $kidinatajos norada uz emisijas mehanisma mainu, mai-
not $kidinatajus. Lai gttu plasaku ieskatu 30xHCI luminiscences ipasibas, emisiju méri-
jam 77 K DMSO (3.6. A att.). Atskiriba no niecigas emisijas istabas temperatiira, 77 K pie
483 nm tika nomeérita intensiva emisija ar izteikti ilgu dzives laiku (1,51 s). Acimredzot
noveéroto emisiju 77 K veicina ilgdzivojosi tripleta stavokli, turpretim istabas temperatiira
tripleta stavokli spéj relakséties molekularo kustibu rezultata, veidojot niecigu emisiju.

Savienojuma 30xHCI emisijas mehanisms tika pétits arl mazak polaros $kidinatajos
(Et,O, EtOAc, CHCI; un toluols) ar vajak izteiktu salu $kidinasanas spéju. Tika izvirzita
hipotéze, ka piridinija katjonu pasorganizé$anas vaji koordinéjosos $kidinatajos, ka ari
starpmolekularo n-n* mijiedarbibu veido$anas varétu but atbildiga par novéroto plaso
nestrukturéto CT tipa emisiju. Dinamiskas gaismas izkliedes (DLS) mérjjumi noradija uz
lielu agregatu neesamibu 30xHCI izstarojo$ajos $kidumos. Mazaki oligomeéri, pieméram,
diméri vai triméri ir zem DLS noteik$anas robezas, tapéc starpmolekularo n-n* mijie-
darbibu klatbatnes pieradi$anai tika veikti spina rezga relaksacijas laika (T',) kodolmag-
nétiskas rezonanses (KMR) eksperimenti CDCl; un DMSO-d; $kidumos. T, relaksacijas
laika izmaina abos $kidinatajos tika atainota ka attieciba starp savienojuma 30xHCI
DMSO-d, un CDCl; $kidumiem katra no molekulas 1.-8. pozicijam (numeraciju skatit
3.6. B att.). Savienojuma 30xHCI 1. - 4. pozicija novérotas butiskas relaksacijas laika
izmainas (4 lidz 39 reizes), savukart 5. - 8. pozicija T, vértibas DMSO-d, bija divas vai
mazak reizes lielakas par vértibam CDCI; $kiduma. Relaksacijas laiku samazinasanas
CDCl;, salidzinot ar DMSO-d, liecina, ka CDCI; $kiduma ir mazi oligomeéri (pieméram,
dimeri vai triméri), kas ir zem DLS noteik$anas robezas. Turklat 4-39 reizes ilgaks relak-
sacijas laiks 1. - 4. pozicija liecina, ka CDCl; skiduma piridinija un 1,4-feniléna molekulu
fragmenti ir iesaistiti starpmolekularas n-n* mijiedarbibas. Tadéjadi T\ mérijumi liecina,
ka CHCl;, EtOAc, Et,O un toluola $kiduma protonéta luminogéna 30xHCI emisija vei-
dojas starpmolekularu piridinija-piridinija n-n* mijiedarbibu rezultata.
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3.6. att. A: 30xHCI emisija DMSO 77K un istabas temperatiira; B: Relativas T, relaksacijas
laika izmainas DMSO-d6 un CDCI; $kidumos savienojuma 30xHCI 1. - 8. pozicija

Protonéto piridinija 30 katjonu pasorganizésanas vaji koordinéjosos skidinatajos ir
piemérota luminiscentu sensoru veidosanas metode. Savienojuma 30 emisijas ipasibas
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CHCI; tika parbauditas HCI gazes klatiené (3.7. att.). Piridina 30 CHCl; $kidumu
paklaujot HCl iedarbibai, tas dienas gaisma mainija krasu no bezkrasainas uz bali zalu.
Izteiktakas krasas izmainas novérojam pie 365 nm ierosmes. Péc iedarbibas ar HCI un
attiecigi 30xHCI veido$anas piridina 30 violeta emisija nomainijas uz zalu. Papildus HCI
ari citu spécigu skabju, pieméram, MsOH, TsOH, TfOH un TFA klatiené notika lidziga,
vizuali atpazistama 30 > 30xH parvértiba.

30 30xHCI 30 30xHCI

Dienas gaisma 365 nm

3.7. att. Savienojuma 30 un 30xHCI dienas gaisma un pie 365 nm ierosmes

HCI, MsOH, TsOH, TfOH un TFA detekté$anas robeza tika noteikta pie
0,33, 0,06, 0,13, 0,19 un 8,1 miljonajam dalam, attiecigi. Salidzinot ar citam skabém,
mazako jutibu piridins 30 izradija pret TFA, tas skaidrojams ar zemaku skabes disocia-
cijas pakapi (pK, yecn = 12,65). Zemaka jutiba pret TFA atbilst piedavatajam sensora
mehanismam, kam nepiecieSama piridinija katjonu veidosanas. legutie dati liecina, ka
starpmolekularas m-n* mijiedarbibas ir labi piemérotas luminogénu izstradei, kas ar
CT emisijas mehanisma palidzibu izrada augstu emisiju gan $kiduma, gan cietviela. Pilns
pétijuma parskats ir apkopots publicétaja raksta, sk. IV pielikumu.
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4. NODALA. FOSFORESCENTU
CIETVIELU MATERIALU DIZAINS

Tika noskaidrots, ka starpmolekularas m—-n* un n*-n* mijiedarbibas veiksmigi izman-
tojamas ka visparéjs dizaina riks cietvielu un $kidinataju izstarotajos. Darba turpinajuma
tika pétitas ari citas starpmolekularas mijiedarbibas, kas kontrolé cietvielu izstarotaju
fotofizikalas ipasibas. No publicétajiem datiem par cietvielu fosforescéjosiem materialiem
var secinat, ka lielaka dala méginajumu paaugstinat fosforescences intensitati vienlaikus
izraisa fosforescences dzives laika samazinasanos. Saistiba starp fosforescences dzives
laiku un intensitati ir batisks ierobezojums cietvielu fosforescéjosu materialu dizaina.
Pétijumu gaita tika izstradata dizaina stratégija, kas palidz atdalit fosforescences inten-
sitati un dzives laiku organiskos fosforescéjosos materialos.

Par darba sakumpunktu tika izmantots plasi pétitais fosforescéjosais lumino-
fors 46. Savienojums 46 izradija izteikti garu fosforescences dzives laiku (619 ms)
un zemu fosforescences @ (0,2 %, 4.1. tabula). Fosforescences @ tika uzlabots, lumi-
nofora molekula ieklaujot heteroatomu ar nedalitu elektronu pari. Tadéjadi fenil-
gredzena aizstasana ar nedalitu elektronu pari saturo$o tioféna gredzenu gandriz
30 reizes palielinaja fosforescences @ (5,9 % 52, salidzinot ar 0,2 % 46; 1.-2. rinda
4.1. tabula). Ka paredzéts, vienlaikus tika novérota ari fosforescences dzives laika
samazina$anas par 30 reizém (no 619 ms savienojuma 46 lidz 21 ms savienojuma
52). Savienojumi 46 un 52 uzskatami parada saistibu starp fosforescences dzi-
ves laiku un intensitati. Acimredzams, ka luminofora 47 kristalrezgi ir ievérojami
atraks relaksacijas kanals ka savienojuma 52 kristalrezgl. Tika izvirzita hipotéze,
ka 1sakais fosforescences dzives laiks savienojuma 52 varétu but saistits ar spécigu
starpmolekularo mijiedarbibu, ko rada tioféna gredzens. Proti, séra atoma n-orbi-
tale varétu tikt iesaistita relativi atra starpmolekulara T, > S, relaksacijas cela, kas
notiek caur telpu. Hipotézes apstiprinasanai séra atoma n-orbitale ir jaaizsarga no
starpmolekularam mijiedarbibam. Izmantojot mérktiecigu molekularo dizainu,
butu iespéjams sasniegt ipasi ilgu fosforescences dzives laiku luminofora 52.
Lai parbauditu hipotézi, més izvéléjamies sintezét tioféna luminoforus 52, 54 un
56-58 no attiecigajiem 2-aminotioféna karbonskabes esteriem 47-51, izmantojot
modificétu Clauson-Kaas pirolu sintézes metodi.*>** Clauson-Kaas reakcijas stan-
dartapstaklos (amina un 2,5-dimetoksitetrahidrofurana karsé$ana etikskabé) pirolus
biezi ieguist kopa ar indola un karbazola blakusproduktiem. Péc $adas karbazola cikla
sintézes metodologijas produkti iegstami ar vidéjiem iznakumiem (lidz 55 %) pie
nosacijuma, ka tiek izmantots liels parakums dimetoksitetrahidrofurana (3 un vairak
ekvivalenti) un ilgstosa karsé$ana AcOH.* Musu gadijuma Clauson-Kaas apstaklos
karbazolkarbonskabes esteri 52-56 tika ieguti ar 10-26 % iznakumu (4.1. att.). Lai
gan iznakumi nebija augsti, attiecigos karbazolus 52-56 varéja attirit ar secigu tiesas
un apgrieztas fazes kolonnu hromatografiju. Péc tam etilesteri 53 un 55 divu stadiju
procesa, kas ietver saponifikaciju ar NaOH etanola un secigu skabes katalizéto esterifi-
kaciju, tika parveidoti par atbilsto$ajiem metilesteriem 57, 58 (4.1. att.). Visi izstarotaji
52, 54, 56-58 bija kristaliski materiali. Savienojums 56 tika ieguts divas kristaliskajas
formas 56° un 56F, to apstiprina rentgenstruktiranalize (4.1. tabula).
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0
O g, 145°C 53 un 55 Q
47: R1=R2=H; R3=Me 52:10 % no 47 57: 81 % divos solos no 53
53:17 % no 48 58: 89 % divos solos no 55

.RI=R2_ . 3_
:: ;’Rz_‘Me’ Ro=pe 54: 13 % no 49
: R1LR?= -(CH,);-; Ry=Me 55:26 % no 50
50: R R?= -(CH,),~; R,=Et 56: 21 % no 51
51: RIR2= '(CH2)5'5 R;=Me

4.1. att. Izstarotaju 52, 54, 56-58 sintéze

Cietviela tioféna atvasinajumiem 52, 54 un 56-58 attélota strukturéta fosforescences
emisija ar trim maksimumiem attiecigi pie 544-549 nm, 585-595 nm un 645-669 nm
(4.1. tabula). Ieguto savienojumu lidzigais emisijas profils liecina, ka alkilaizvietotaji vaji
ietekmé 52, 54 un 56-58 ierosinato stavoklu ipasibas, bet tie ievérojami ietekméja fos-
forescences dzives laiku T, Proti, savienojumam 52 bija salidzino$i iss T, — 21 ms,
turpretim alkilaizvietotie analogi 54 un 56-58 uzradija ievérojamu dzives laika T,
pieaugumu diapazona no 160 ms lidz 723 ms (4.1. tabula). Svarigi, ka 1,,,, palieli-
nasanas 54 un 56-58 neizraisija vienlaicigu fosforescences @ samazinasanos, par ko
liecina relativi augsti fosforescences @ savienojumos 54 un 56-58, kas bija robezas
no 3,1 % (54) lidz 8,3 % (57). Visilgaka fosforescence (723 ms) tika novérota savieno-
juma 58 (5. rinda), kam ari bija 24 reizes lielaks fosforescences @ ka standarta emite-
tajam 46 (5. rinda pret 1., 4.1. tabula). Palielinot aizvietotaju telpisko izméru tioféna
séra atoma tuvuma, ir iespéjams kavét atrus, caur telpu notiekosus, starpmolekularus
relaksacijas kanalus un palielinat fosforescences dzives laiku, nesamazinot fosforescen-
ces O (D).

4.1. tabula. Savienojumu 46, 52, 54 un 56-58 cietvielu fosforescentas ipasibas

Nr. Savienojums Struktara Cietvielu Agy;, nm Tphos» MS D, %
1 46 MQOZCJ;? 562,617, 668 619 0,2
74
H H
2 52 Me020/§g 544, 593, 648 21 59
Z
Me Me
3 57 Meoz(;/§2 549, 595, 652 322 8,3
Z
4 54 MeO,C \7 549, 595, 650 160 3,1
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Nr. Savienojums Struktiira Cietvielu Agy, nm Tphos MS D, %

P

5 58 Meo,c A 544, 592, 645 723 4,7
Z

6 56 547, 595, 659 360 48
MeO,C \7

7 56° 2 546, 585, 669 404 3,5

Cz = N-karbazolil

Séra telpiskas aizsargasanas efektivitati apstiprinaja ari attaluma mérijumi starp
tioféna séra atomu un tuvakas m-sistémas S vai C atomiem, izmantojot rentgens-
truktiranalizes datus savienojumos 52, 54 un 56-58 (4.2. A att.). Izméritie attalumi
starp atomiem bija attiecigi 3,271 A (52), 3,567 A (57), 3,385 A (54), 3,866 A (58),
3,447 A (56%) un 3,546 A (56P). Attalumi butiski koreléja ar fosforescences dzives
laiku (R? = 0,922, 4.2. B att.). Novérota korelacija liecina, ka séra n-orbitale ir iesais-
tita starpmolekulara relaksacijas cela, kas spécigi ietekmé fosforescences dzives
laiku t

phos*
A & B
800
*1.\;;& m @ & A N4 X o =™
~ wy ~ N w
52 :S-to-n: 3.271A 57: S-to-n: 3.567 A 54 : S-to-n: 3.385A -
CNL( '»J’ \‘4‘ S 400
“ A& { y ;\% G 300
3.866 3447 200
% 3540
N'Vg ¢ E\»f\' NN 100
—~
. p s
kﬁh SN \ %25 3350 3450 3550 3650 3750
58: S-to-x: 3.866 A 56a: S-to-n: 3.447 A 56B: S-to-S: 3.546 A S-nsistémas attalums

4.2. att. A: Rentgenstruktiiranalizes aina 52, 54 un 56-58 diméros;
B: korelacijas aina starp S-n/S-S attalumiem un fosforescences dzives
laikiem savienojumos 52, 54 un 56-58

Noverota batiska korelacija starp T,,, un attalumu starp séru un tuvako bla-
kuseso$o m-sistému tika attiecinata uz CT procesu iesaisti, jo tie ir atkarigi no atta-
luma starp akceptoru un donoru. Lai izprastu energijas parneses procesus starp
ierosinatu luminoforu un blakus eso$§am molekulam, savienojumiem 52, 54 un
56-58 tika veikta plasa kristalrezga CT integralu (CTI) analize. CTI tika aprékina-
tas gan elektronu (LUMO, zilie vektori, E,_;), gan caurumu (HOMO, sarkanie vek-
tori, H, ;) parnesei. Pieméram, savienojuma 54 ir se$i unikali CT vektori, tris -
elektronu un tris - caurumu parnesém (4.3. A att.). Savienojumu 52, 56a, 56,
57 un 58 kristalrezgi bija attiecigi desmit, ¢etrpadsmit, desmit, desmit un se$-
padsmit CT celi. CT efektivitati katra no vektoriem var aproksimét ar ta absolato
V vértibu (| V]).
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4.3. att. A: Aprékinatie elektronu un caurumu CT vektori savienojuma 54;
B: korelacijas starp vidéjo | V] vértibu un 1,0,

Aprékinot katra apskatita CT vektora | V| vértibu, netika nemtas véra vértibas, kuram
bija nieciga daliba CT procesos. Tie CT vektori, kuru vértiba bija mazaka par 5 % no
kopéjas | V| summas (3|V]), tika atmesti, iegiistot katra izstarotaja 47-51 visiespéja-
makas CT parejas kristalrezgi. Talakos aprékinos tika izmantoti septini CT celi savie-
nojuma 47, pieci savienojuma 48, pieci savienojuma 49, Cetri savienojuma 50, astoni
savienojuma 51a formai un pieci savienojuma 51f formai. Elektroniskas sadarbibas
vidéja absoluta vértiba starp visam iespéjamam CT parejam (== MWV kur n ir iespé-
jamo celu skaits) butiski korelé ar novéroto katra izstarotaja fosforescences dzives
laiku (R?= 0,98, 4.3. B att.) un lidz ar to aproksiméja dzives laiku labak ka isakie mijie-
darbibu attalumi (R?= 0,92, 4.2. B att.). Aprékinata vidéja | V| palielina$anas virziena no
savienojuma 47 uz 51 norada uz CT pieaugumu starp izstarotajiem, kas uzlabo ladina
sadalisanos kristalrezgi un tadéjadi noved pie ilgaka emisijas dzives laika. Galvenais
faktors, kas nosaka fosforescences dzives laiku, ir tiklveida elektroniska sadarbiba starp
vairakiem luminoforiem kristalrezg1. S molekulara dizaina pieeja balstas uz telpiski liela
aizvietotaja ievieSanu orbitales tuvuma, kas piedalas atra T, > S, relaksacija, to noma-
cot, bet vienlaikus neietekméjot fosforescences @. Pilns pétijuma parskats ir apkopots
V pielikuma.
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SECINAJUMI

1) Piridinu saturo$us luminoforus ar agregacijas izraisitas slapé$anas efektu var parverst
agregacijas inducétas emisijas luminoforos, izmantojot kvaternizésanu, ka rezultata
kristalrezgi veidojas labvéligas starpmolekularas n*-n* un n-n* mijiedarbibas.

- -+ P

mijiedarbibas mijiedarbibas mijiedarbibas
7_N-R
R—‘ A

2) Lidzigi kvaternizésanai, arl protonésana nodrosina agregacijas inducétas emisijas
efektu piridinu saturo$ajos luminoforos.

C) ke,
} —_—

Protonésana

3) Negativais pretjons butiski ietekmé piridinija salu kvantu iznakumu cietviela.
Vispiemeérotakais anjons ir perhlorats, jo tas stabilizé labvéligas n-n* mijiedarbibas.
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4) Piridina saturo$u luminoforu protonésana skiduma rada oligomérus, kuru veidosa-

nos nodro$ina n-n* mijiedarbibas, kas noved pie starpmolekularas ladina parneses
tipa luminiscences.
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5) Starpmolekularas n-n* mijiedarbibas var izmantot plasa pielietojuma luminogénu,
kas izrada luminiscenci gan $kiduma, gan cietviela, dizaina, nemainot emisijas
mehanismus.

6) Modificéta Clauson-Kaas reakcija ir piemérota karbazola ievie$anai tioféenu saturosu
fosforescéjoso materialu sintézé.

MeO

T (0]
§ + MeO OMe — »

O Nm, 145°C

7) Tiofénu saturo$os cietvielu fosforescéjosajos materialos nedalitais séra atoma elek-
tronu paris piedalas atra T, > S, relaksacijas kanala, kas samazina fosforescences
dzives laiku. Sis relaksacijas cels ir atkarigs no kristalrezga pakojuma blivuma, ko
apliecina noveérota saistiba starp fosforescences dzives laiku un starpmolekularo
attalumu. Nevélamo T, > S relaksacijas kanalu var nomakt ar molekularo dizaina
pieeju, kas balstas uz telpiski liela aizvietotaja ievadi$anu séra atoma tuvuma, tadéjadi
palielinot starpmolekularo mijiedarbibu attalumu.

Telpiska
Publicéts  MeO - X, Jauns ekranésana
MeO dizains X7 dizains
O N — 0 N —>
Zems D (0,2 %) Augsts D (5,9 %) Augsts D (1idz 8,3 %)
Ilgs dzives laiks (612 ms) Iss dzives laiks (21 ms) Ilgs dzives laiks (lidz 723 ms)
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Introduction

Organic luminescent molecules (luminophores) have found
widespread applications in the design of optoelectronic devices
and sensors.! In the majority of applications, organic lumino-
phores are either used as thin solid films or they are doped into
a polymer matrix (host material). In thin films and in polymer
matrices highly aggregated luminophore molecules may expe-
rience intermolecular -7 aromatic interactions. The non-
covalent -7 interactions usually lead to decay of the excited-
state energy of organic luminophores via non-radiative inter-
molecular energy transfer, thus resulting in decrease of emis-
sive properties in the solid state. This phenomenon is well-
known as aggregation caused quenching (ACQ).> Due to the
ACQ, the majority of organic luminophores feature consider-
ably reduced emission or even lack of emission in the solid
state, while being highly emissive in diluted solutions.

A traditional approach to minimize the detrimental inter-
molecular -7 stacking relies on a decrease of planarity of
organic luminophores. This has been achieved by out-of-plane
twisting of aromatic subunits in luminophores as well as by
incorporation of steric bulk® or an anionic moiety* in proximity
to the m-system. Combined with a restriction of intramolecular
motions (to minimize the non-radiative dissipation of exciton
energy), these approaches have resulted in the design of organic
emitters that feature higher emission in the solid-state as
compared to solution (known as aggregation induced emission
or AIE). First introduced by Tang,” AIE luminogens (AIEgens)
have become a hot topic in materials science during the last
decade,® and they have found ample application in materials
science.” It should be noted, however, that AIEgens may lose the

solid state emission if intermolecular non-covalent m-7

Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006, Riga, Latvia. E-mail:
edgars@osi.lv

T Electronic supplementary information (ESI) available: Experimental procedures,
photophysical properties, X-ray crystallographic data (CIF files), 'H and '*C NMR
data. CCDC 1873711-1873715. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c8ra08771g
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interactions between emitter molecules can take place.® Clearly,
the search for a new type of interactions that would help to
avoid the detrimental intermolecular m-7 stacking would
facilitate the development of AIEgens with improved emissive
properties.

It has been demonstrated that the undesired m-m stacking
can be avoided by increasing the distance between interacting
m-systems in the solid state.®* We hypothesized that other
interactions that are effective at longer distances and are more
flexible with respect to mutual spatial orientation® of the
interacting 7t-systems can be utilized to avoid the undesired -
7 stacking. This has led us to propose that interactions between
heteroaromatic cationic m-systems can be employed in the
design of solid-state luminogens (AIEgens). Interestingly, the
pyridinium cation-arene 7 system interactions have been used
by Bull and Fossey to generate luminescent responses in solu-
tion.” In addition, Lu and coworkers reported a fluorescence
turn-on in polymer matrices via cation-ww interactions."
However, to the best of our knowledge, interactions between
two heteroaromatic cationic 7t-systems has not been used in the
design of AlEgens. Herein we demonstrate that non-covalent
intermolecular interactions between two neighboring pyr-
idinium subunits in solid-state is an efficient means to
accomplish the solid-state emission (Fig. 1).

Results and discussion
Synthesis of quaternary pyridinium salts 1-5

N-Benzyl pyridinium bromide 1 was obtained by alkylation of
pyridine with benzyl bromide (Fig. 2). The synthesis of pyr-
idinium carbazoles 2a and 2b involved reduction of aldehyde 6
to benzylic alcohol 7, followed by conversion to benzyl chloride
and reaction with pyridine (Fig. 2). The corresponding tosylate
2b was prepared from benzyl alcohol 7 and TsCl in the presence
of pyridine as a base. In addition, pyridinium carbazoles 3, 4
possessing substituents in position 4 of the pyridine ring were
also synthesized to evaluate influence of steric bulk on the
interaction between pyridinium subunits of neighboring
molecules in the solid-state (Fig. 2). Finally, 1,4-butylene linker-

his journal is © The Ro;
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Fig. 2 Synthesis of pyridinium salts 1-5. Reagents and conditions: (a) BnBr, acetone, reflux, 1 h, 94%. (b) NaBH,4, THF, MeOH, rt, 16 h, 87%. (c)
TsCl, pyridine (for 2a), 4-tBu-pyridine (for 3) or 4-Me-pyridine (for 4), CH,Cly, rt, 24 h, 57% (2a), 63% (3), 53% (4). (d) SOCl,, CH,Cly, rt, 30 min, then
pyridine, MeCN, 80 °C, 1 h, 70%. (e) Br(CH,)4Br, KOH, DMSO, rt, ultrasound, 30 min, 48%, (f) pyridine, MeCN, 90 °C, 16 h, 69%.

containing pyridinium carbazole 5 was prepared by double
substitution of 1,4-dibromobutane with carbazole and pyridine
(Fig. 2). All obtained pyridinium salts 1-5 were crystalline
materials and they were characterized by 'H and *C NMR
spectra as well as by HRMS and IR techniques.

Luminescence data

UV-vis absorption spectra of 1-5 were measured in MeCN solu-
tions (at ca. 10~° mol L™ concentration) at room temperature and
under ambient atmosphere. All synthesized materials displayed
absorption peaks in 235-360 nm range (Fig. 3A), which were
attributed to the m-m* transitions. Pyridinium salt 1 showed
a narrow absorption band in MeCN solution with a maximum at
285 nm (entry 1, Table 1). Intense solid-state absorbance in the
250-350 nm region with sharply decreasing absorbance intensity
above 350 nm was observed for the crystalline salt 1 (see ESI, page
$10t). The salt also displayed an emission in MeCN solution (see

This journal is © The R y of Chemist

ESI, page S91) with photoluminescence quantum yield (PLQY) of
1.9% (entry 1, Table 1). Notably, excitation of the crystalline pyr-
idinium salt 1 at 393 nm resulted in a solid-state emission with
PLQY of 5.3% (entry 1, Table 1) and the maximum at 520 nm (see
ESI, page S9t). The observed 2.8-fold increase of PLQY in the solid-
state as compared to that in the MeCN solution pointed to the AIE
properties of pyridinium salt 1. Next, emission properties of pyr-
idinjum salts 2-5 with attached carbazole luminophore were
evaluated.

All pyridinium carbazoles 2-5 were virtually non-emissive in
solutions with photoluminescence quantum yields (PLQY)
below 0.1%. In sharp contrast, the solid state PLQY for pyr-
idinium salts 2-5 were measured to be in the range from 9.7 to
18.7%. Hence, pyridinium salts featured up to 187 times
increase of emission in the solid state as compared to that in
MeCN solution (Table 1). These results clearly indicated that
pyridinium salts 2-5 possess AIE properties. Interestingly, the
solid state emission intensity was not influenced by the

RSC Adv., 2019, 9, 460-465 | 461
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Table 1 Photoluminescent properties of pyridinium salts 1-5

Entry Compound Aabs, DM Solid Agpy, nm Solution ¢ (%) Solid ¢ (%) QAlE
1 1 258 520 1.9 5.3 2.8
2 2a 241, 290, 325, 337 505" <0.1 17.3 >173
3 2b 264, 295, 324, 337 432° <0.1 18.7 >187
4 3 260, 294, 325, 337 465° <0.1 18.5 >185
5 4 240, 292, 324, 337 442" <0.1 9.7 >97
6 5 263, 292, 330, 343 503° <0.1 15.9 >159

“ Excited at 393 nm. ? Excited at 325 nm.

structure of the anion as evidenced by comparable solid state
PLQY for pyridinium chloride 2a (entry 2, Table 1) and pyr-
idinium tosylate 2b (entry 3). Introduction of bulky #Bu
substituent in the position 4 of pyridinium subunit did not
affect the solid state PLQY of 3 (entry 4 vs. entry 3), however the
corresponding 4-methyl substituted analogue 4 showed the
lowest PLQY values in the carbazole series (entry 5). Finally,
AlEgen 5 with a flexible butylene linker between carbazole
subunit and pyridinium moiety featured only slightly reduced
solid state PLQY as compared to 2b (entry 6 vs. entry 3). This is
notable given a higher degree of freedom for intramolecular
motions in 5 as compared to 2b due to the long alkyl chain,
which may consume the excited-state through non-radiative
relaxation. All AlEgens 2-5 showed a broad emission peak in
the solid state with no distinctive bands except the maximum in
the range of 432-520 nm (Fig. 3B). Importantly, wavelength of

462 | RSC Adv., 2019, 9, 460-465

the solid-state emission maximum depended on the counter-
ion in pyridinium salts 1-5. Higher energy emission peaks in
the range of 432-465 nm were observed for AIEgens 2b, 3 and 4,
which possess tosylate as the counter ion (Table 1, entries 3-5).
In contrast, lower energy emission (503-520 nm) was measured
for chloride or bromide counterion-containing AIEgens 1, 2a
and 5 (Table 1, entries 1, 2 and 6). Finally, pyridinium carba-
zoles 2-5 displayed intense solid-state absorbance in the 250-
350 nm region with sharply decreasing absorbance intensity
above 350 nm. The solid-state absorbance of 2-5 was consistent
with that in MeCN solution (see ESI, page S107).
Photoluminescence behaviour of 2a in various solvent
mixtures was investigated to get an additional insight in AIE
properties of 2a. Lack of the emission was observed for 2a in
acetonitrile (a good solvent). In contrast, enhanced emission
was observed in mixtures containing high (90-95% v/v) fraction
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of Et,O (a poor solvent) in MeCN (see ESI, page S131). The
dynamic light scattering (DLS) measurements indicated that
pyridinium salt 2a did not form aggregates in solvent mixtures
that contained less than 90% of Et,O in acetonitrile (see ESI,
page S13t). Notably, the lack of emission was observed for 2a in
these solvent mixtures. In contrast, the formation of aggregates
could be observed even by the naked eye if 90-95% (v/v) of Et,O
in acetonitrile was used as the solvent. In the latter case, the size
of aggregates was larger than 10 pm, thus exceeding limits of
DLS measurements. The apparent correlation between the
formation of aggregates and luminescence provided an addi-
tional support for AIE properties of pyridinium salt 2a.

We have also examined whether AIE properties of pyridinium
salts 1-5 originate from restriction of intramolecular rotation
(RIR) phenomena.” To this end we measured a relationship
between emission of 2b in DMSO solution and temperature in
the range from 293 K to 208 K (Fig. 3C). A solution of 2b in DMSO
did not display observable emission at 293 K. Importantly, the
emission increase could not be determined after freezing of the
DMSO solution of 2b, as well as upon further cooling to 238 K.
The emission only started to appear at temperatures below 238 K
and the intensity increased considerably at 208 K (Fig. 3C). Lack
of the emission for 2b in the DMSO matrix points against the RIR
mechanism as the origin of AIE properties of 2b, because
considerable enhancement of the emission in solid matrices is
usually observed for most of AlEgens that benefit from RIR
effect.'® Furthermore, the emission peak for 2b in frozen DMSO
matrix showed bathochromic shift as compared to that in the
solid state (Fig. 3D). Finally, the solid state emission intensity for
crystalline 2b remained unchanged in the temperature range
from 293 K to 193 K. These data provide evidence that the
luminogens 1-5 show AIE properties in crystalline form.

View Article Online

RSC Advances

Single crystal X-ray analysis

Single crystal X-ray analysis of luminogens 2-5 provided
important insight into intermolecular interactions that result in
AIE properties (Table 2). Single crystals of pyridinium salts 2-5
suitable for X-ray crystallography could be obtained by vapor
diffusion from various solvents systems such as acetone/EtOH,
DCM/hexane, EtOAc/MeCN, toluene/DCM or Et,O. In a crystal
lattice pyridinium salts 2a, 2b, 3 and 5 feature intermolecular
7'-r" interactions between the charged pyridinium rings. This
is evidenced by a strictly parallel off-center orientation of
neighboring pyridinium rings with the distance between them
spanning a range from 3.686 A (for 5) to 4.211 A (for 2a; see
Table 2). In contrast, pyridinium salt 4 does not have the w*-7*
interactions between the charged pyridinium rings. Instead,
interactions between pyridinium ring and 1,4-disubstituted
phenylene moiety can be observed for 4 as evidenced by a rela-
tively close distance (from 3.803 A to 4.027 A) between the two
nonparallel-oriented 7t-systems (Table 2).** It should be noted
that pyridinium salt 4 demonstrated lower PLQY as compared
to other AlEgens 2a, 2b, 3 and 5 (see Table 1), suggesting that
pyridinium-pyridinium interactions are important to achieve
greater AIE properties in the crystalline state.*

In addition to the intermolecular pyridinium-pyridinium
interactions in the crystal lattice of 2b, the aromatic system of
tosylate anion is positioned in a non-parallel off-center orien-
tation with respect to pyridinium ring (3.843-4.186 A distance,
see ESI, page S91). However, the latter interaction apparently
does not influence the AIE properties of 2b, as evidenced by
similar PLQY values for 2b and the analogous AIEgen 2a, pos-
sessing chloride as the counter-ion (see entries 2 and 3, Table 1).
The other tosylate-containing AlEgens 3 and 4 do not show the
face-to-face interactions between pyridinium cation and 7-

Table 2 Crystal packing and expanded views of ©*—-=n* and m*—m interactions for pyridinium salts 2-5

Compound 2a Compound 2b

Compound 3

Compound 4 Compound 5

This journal is © The
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system of the tosylate anion. Hence, these data demonstrate
that the crystal-state AIE effect can be achieved using chloride,
bromide and tosylate as the counter-ion for pyridinium.
Importantly, nature of counter-ion influences the solid-state
emission maximum of AIEgens. Thus, change of the counter-
ion in AIEgen 2 from tosylate (2b) to chloride (2a) resulted in
a noticeable bathochromic shift of more than 70 nm (Fig. 3B.).
The dependence of the solid-state emission maximum on the
nature of the counter-ion simplifies the design of AIEgens with
the desired emission wavelength.

Conclusions

All synthesized pyridinium salts 1-5 demonstrate AIE properties
with up to 187 times emission increase in the crystal-state as
compared to solution. Lack of emission for 2b in solution and
frozen DMSO matrix (solid amorphous state) speaks against the
RIR effect as the origin of the AIE properties for pyridinium salt
2b. Single crystal X-ray analyses provide clear evidence for the
presence of non-covalent intermolecular pyridinium-pyr-
idinium and pyridinium-7 interactions in the crystal-state of
AlEgens 2-5. Consequently, crystal-state AIE effect can be
attributed to the intermolecular w*-n* and ©*-7 interactions
involving pyridinium cations. Hence, non-covalent interactions
between two neighboring pyridinium subunits in a crystal-state
are an efficient means to accomplish AIE. The nature of counter-
ion in pyridinium salts 2-5 does not affect emission efficiency
(PLQY) of the crystal-state AIEgens, however, the counter-ion
does influence the crystal-state emission maximum of AIE-
gens. The use of the non-covalent pyridinium-pyridinium or
pyridinium-7 interactions in the design of AlEgens is alterna-
tive and complementary approach to routinely used means to
avoid the ACQ effect.>* Further studies on the design of the
crystal-state AIEgens based on interactions between cationic 7
systems will be reported in due course.
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The use of non-covalent intermolecular n*—n interactions between
quaternary pyridinium or imidazolium cations and aromatic =
systems is an efficient approach to achieve AIE in planar purely
organic luminophores.

Organic luminophores that are highly emissive in dilute solutions
frequently experience decrease or even loss of the emission upon
aggregation. This phenomenon is known as aggregation-caused
quenching (ACQ)." The ACQ is a major hurdle in many practical
applications, which require emission in the aggregated state (thin
films, polymer matrices, etc.) or in the solid state.>"® In 2001 Tang
discovered aggregation induced emission luminogens (AIEgens)
that featured increased emission in the solid state as compared to
that in dilute solution.” Since then AlEgens have found ample
applications in various optoelectronic devices such as OLEDs,®
organic field-effect transistors™ and photovoltaic devices' as well
as in artificial photosynthesis'* and photon refining.'> AlEgens have
also been widely used as chemical sensors," biosensors,™* stimuli
sensors'® and as luminescent probes in biomedical applications.'®
The working principle underlying the emission of AIEgens is
proposed to be a restriction of intramolecular motions (RIM),
vibrations (RIV) and rotations (RIR) to minimize the non-radiative
dissipation of exciton energy.'®”!” In addition, the design of
AlEgens also frequently features out-of-plane twisting of aromatic
subunits and incorporation of a steric bulk to avoid the detrimental
intermolecular n-n stacking interactions between planar aromatic
luminophores, which results in the ACQ effect. These structural
requirements usually lead to a relatively complex design of purely
organic ATEgens.'®»?1® Clearly, a new type of interaction that
would help to achieve AIE in structurally simple purely organic
molecules is highly desired for the development of AlEgens.

Latvian Institute of Organic Synthesis, Aizkraukles 21, Riga, LV-1006, Latvia.
E-mail: edgars@osi.lv
T Electronic supplementary information (ESI) available: Experimental prc

Artis Kinens
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Recently we have demonstrated that non-covalent intermole-
cular interactions between pyridinium (Py") cations (nt'-n" inter-
actions) leads to a solid state luminescence (SSL) with up to 19%
PLQY (see Fig. 1)."° In this study we report on a further develop-
ment of the conceptual approach to achieve AIE. Specifically, we
show herein that a mechanistically related interaction between
quaternary Py" or imidazolium (Im") cations and aromatic n
systems (n'-m interactions) results in remarkable SSL (up to
80% PLQY). Furthermore, the quaternization of nitrogen atoms
turns on the SSL even in planar heteroaromatic molecules (Fig. 1).
The performed DFT calculations suggest that the observed SSL
results from intermolecular charge transfer (ICT) between hetero-
aromatic (Py" and Im") cations and aromatic n systems.

Py" and Im" perchlorates 3a-d were obtained by N-alkylation
of the commercially available heterocycles 1a-d with Mel,
followed by the exchange of iodide for perchlorate (Fig. 2).
Pyridines 5a,b were synthesized from the commercially avail-
able 4 and pyridine boronic acids under Suzuki reaction con-
ditions. Subsequent N-alkylation with Mel was followed by
iodide-to-perchlorate exchange to afford Py" salts 7a,b. The
synthesis of heterocycles 5¢ and 5d required Cu(i)-catalyzed
N-arylation of carbazole by the commercially available bromides 8
and 9, respectively. A subsequent N-alkylation and anion exchange
sequence provided 7c,d (Fig. 2). All heteroaromatic quaternary
salts 3a-d, 6a and 7a-d were crystalline materials.

UV-vis spectra of all synthesized quaternary salts and parent hetero-
cycles were measured in MeCN solutions (at ca. 10> mol L™)
at room temperature and under an ambient atmosphere.

Previous work (ref. 19) This work

R
O\ i
= OO =
4 Y = o 7 Sy
=0 ° _— g CH3
Non-luminescent (<}
R . 2TsO (ACQ) 2CIOy

Solid-state emission

photo physical properties, X-ray crystallographic data (CIF files), DFT calculations,
and 'H and "*C NMR spectra. CCDC 1949701-1949703. For ESI and crystallographic
data in CIF or other electronic format see DOL: 10.1039/c9cc06829¢

This journal is © The Royal Society of Chemistry 2019

(Upt019% PLQY)  R=H or N-carbazolyl (up to 80% PLQY)

Fig.1 Design of the solid state AlEgens by intermolecular cation—n
interactions.
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Fig. 2 Synthesis of heteroaromatic salts 2a, 3a—d, 6a and 7a—d. Reagents
and conditions: (a) CHzl, MeCN, 80 °C, 16 h, 96% (2a), 94% (6a). (b) AGClOs,
MeCN, r.t,, 15 min, 70% (3a), 61% (3b), 88% (3c), 64% (3d), 98% (7a), 94%
(7b), 54% (7c), 94% (7d). (c) Pyridine-4-boronic acid (for 5a) or pyridine-3-
boronic acid (for 5b), Pd(dppf)Cl, x DCM (5 mol%), K,COs, 1:6 water—
MeCN, 90 °C, 1 h, 75% (5a), 72% (5b). (d) Carbazole, Cul (15 mol%), L-Pro
(30 mol%), K,CO3, DMSO, 120-140 °C, 16-72 h, 22% (5¢c), 47% (5d).

O

For analysis of absorption spectra, see Table 1 and the ESI,{
page S16. Heteroarenes 1a-d did not show any measurable
emission in solution and in the solid state with <0.1% photo-
luminescence quantum yields (PLQYs). The lack of emission
for 1a-d was not surprising because these molecules do not
possess any of the traditional luminophore moieties such as
carbazole. Alkylation of 1a with Mel afforded Py" iodide 2a,
which displayed a broad non-structured emission band at
Amax = 372 nm in MeCN solution with 36.8% PLQY (entry 1,
Table 1).>° Unfortunately, Py salt 2a was non-emissive in the
solid state, and the lack of SSL for Py" iodides has been
reported earlier by Fossey.”’ We were pleased to find that a
simple exchange of iodide 2a to perchlorate 3a enabled high
SSL (Amax = 346 nm, 52.7% PLQY), while retaining the emission
in MeCN solution (broad emission band at /max = 372 nm with

Table 1 Photoluminescence properties of luminophores 2a—-7d

View Article Online

ChemComm

37.9% PLQY; entry 2). Isomeric perchlorates 3b,c also displayed
observable emission in solution (at Amax = 390 nm and 380 nm
with PLQYs of 21.1% and 3.5%, respectively) and high SSL with
PLQYS of 42.1% (Amax = 350 nm) and 39.1% (Amax = 341 nm),
respectively (entries 3 and 4). Decreased PLQY for 3¢ both in
solution and in the solid state could be possibly attributed to
the decreased conjugation due to the presence of a N-methyl
substituent. We were also pleased to find that SSL can be
achieved using cationic heteroaromatic subunits other than
Py" salts. Thus, Im" perchlorate 3d showed luminescence both
in solution (ma.x = 380 nm, 16.1% PLQY) and in the solid state
(Amax = 315 nm, 19.8% PLQY; entry 5). Notably, all perchlorates
3a-d featured AIE properties as evidenced by higher PLQY in
the solid state as compared to solution (us up to 11.2;
see Table 1). The observed SSL levels for 3a-d (up to 53%
PLQY for 3a) are remarkable given the structural simplicity of
salts 3a-d and the absence of a luminophore moiety in their
structure.

Next, we incorporated carbazole into AIEgens 3a-d to increase
their luminescence efficiency. Highly intense SSL was observed
for perchlorates 7a (79.8% PLQY at Ama = 489 nm), 7b (72.2%
PLQY at Amay = 446 nm) and 7¢ (46.9% PLQY at Amay = 465 nm;
entries 11-13). Strikingly, Py" perchlorates 7a-c were non-emissive
in MeCN solution with PLQY < 0.1%. The observed up to 800-fold
increase of PLQY in the solid state as compared to that in the
MeCN solution confirms the AIE nature of 7a-c. Perchlorate 7d
demonstrated slightly reduced SSL (11.0% PLQY at A,y = 498 nm;
entry 14) vs. parent 3d (entry 5). In contrast to perchlorate 7a, the
corresponding iodide 6a showed luminescence neither in the
MeCN solution nor in the solid state (entry 10). The observed
lack of the luminescence for iodides 2a and 6a demonstrates the
importance of the counter-ion in the quaternized luminophores.
Finally, the luminescence properties of parent 5a-d were also
determined. All non-charged heterocycles 5a-d featured high
emission intensity in MeCN solutions (entries 6-9) with 5a show-
ing the highest PLQY (73.1%). In contrast, considerably reduced
SSL was observed for 5a-d. Thus, 5b showed up to 80-fold
decrease of PLQY in the solid state as compared to the MeCN
solution (entry 7). Evidently, the reduced SSL is a result of the ACQ
effect in the highly planar luminophores 5a-d, which experience
intermolecular n-m aromatic interactions leading to decay of the

Entry Compound Aabs, NM Solution /e, nm Solid /e, nm Solution, ¢ (%) Solid, ¢ (%) dAlE

1 2a 247, 293 372 — 36.8 <0.1 <0.1
2 3a 231, 294 372 346 379 52.7 1.4

3 3b 237,257, 292 390 350 21.2 42.1 2.0

4 3¢ 239, 282 380 341 3.5 39.1 11.2
5 3d 235 353 315 16.1 19.8 1.2

6 5a 238, 292, 322 442 371, 387, 407 73.1 5.7 0.1

7 5b 240, 292, 338 408 368 46.5 0.6 <0.1
8 5¢ 240, 292, 315 416 378, 436 74.6 16.8 0.2

9 5d 240, 292, 326, 339 347, 361 371 33.2 17.8 0.5
10 6a 237, 282, 376 — 473 <0.1 0.40 >4
11 7a 239, 282, 379 — 489 <0.1 79.8 >800
12 7b 236, 289, 339 — 446 <01 72.2 >700
13 7c 237,279, 337 — 465 <0.1 46.9 >470
14 7d 241, 291, 336 498 369 1.6 11.0 6.9

12664 | Chem. Commun., 2019, 55, 12663-12666
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excited-state energy via non-radiative energy transfer.”> In contrast,
ACQ does not affect the structurally related planar salts 7a-d as
evidenced by the pronounced AIE properties of these luminophores.
Furthermore, the change in structured emission for 5a in the solid
state to a broad featureless solid state emission of perchlorate 7a
indicates distinct emission mechanisms for 5a and 7a.

The AIE properties of perchlorates 7a-d were further corro-
borated by the observed correlation between the emission and
formation of aggregates (see the ESI,} page S27, for details). In
addition, lack of emission for 7a in solution and the frozen
DMSO matrix (solid amorphous state) speaks against the RIR
effect as the origin of the AIE properties of quaternary salts
3a-d and 7a-d (see the ESIL{ page S29, for details). A notable
feature of perchlorates 3a-d and 7d is the SSL in the UV region
(315-369 nm; entries 2-5 and 14), a property that has been
rarely observed for AIE materials.”® The attachment of the
carbazole moiety to 3a-d resulted in a substantial (54-143 nm)
red-shift of the SSL. Hence, the introduction of electron donating
moieties in 3a-d shifts the emission maxima, allowing for direct
control of the emission wavelength.

Single crystal X-ray analysis of 3a, 6a and 7a provided
important insight into the intermolecular interactions that lead
to the SSL (Table 2). In a crystal lattice, salts 3a, 6a and 7a
showed close interactions between charged Py cations and
 systems (n*-n interactions), which ranged from 3.500 A (6a) to
3.760 A (3a; Table 2). However, the distance between centroids
does not correlate with the emission efficiency. Thus, very low
PLQY (0.4%) was observed for 6a in the solid state despite the
short distances for n'-r interactions (3.500 A and 3.652 A). Salt 7a
also featured short distance between Py" cations and carbazole n-
systems (3.525 A), whereas the corresponding distance in 3a was
longer (3.760 A). Nevertheless, both 3a and 7a were superior to 6a
with respect to the SSL efficiency (52.7% and 79.8% PLQY,
respectively). The interacting Py and carbazole planar rings are
nearly parallel in 6a and 7a (5.65° and 3.73° angles between the
planes of heterocycles, respectively), and the angle between the
Py’ subunit and arene ring in 3a is 19.1°. Despite the apparent
similarity between the packing mode of 6a and 7a, the remarkable
difference in the solid state PLQY suggests that the iodide ion
quenches the emission in 6a by mechanisms other than steric or
electronic hindrance of the n'-r interactions.

Additional support for the relationship between n*-r inter-
actions (involving Py" cations and carbazole  systems) and the

Table 2 Crystal packing of salts 3a, 6a and 7a

3a 6a 7a

N

g "

H‘ (Hst)

2>
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SSL was obtained by time-dependent density functional theory
(TDDFT) calculations of the emission spectra for 7a at the
B3LYP/6-31G(d) level of theory (see the ESL page S33). As Py"
perchlorate 7a did not display emission in solution, the
emission spectra of 7a were calculated using geometry from
the crystalline state. Furthermore, only singlet states S, were
used for calculations because oxygen quenching experiments in
the suspensions of 7a did not show any emission intensity
change, thus providing evidence against triplet state emission.

First, the feasibility of intramolecular CT character of the
SSL in cation 7a was examined at the single molecule level. The
calculated emission spectra (Fig. 3A) displayed two distinct
emission peaks at Amax = 341 nm and 740 nm with high
oscillatory force (f = 0.3387 and f = 0.3063; see Fig. 3A).
Molecular orbitals (MO) associated with the electronic
transitions were localized in the carbazole moiety (HOMO)
and in the Py moiety with lesser intensity occupying also the
phenylene linker (LUMO; see Fig. 3C and the ESI,i page S33,
for the representation of frontier MO). The emission peak at
Amax = 341 nm corresponded to transition from HOMO—4 to the
LUMO and from the HOMO to LUMO+3. The emission peak at
Amax = 740 nm corresponded to transition from the HOMO to
LUMO (see Fig. 3B and the ESIf). Notably, the calculated
emission peaks did not match the experimentally observed
one at Amax = 489 nm (Table 1, entry 11). Consequently, an
intramolecular CT apparently does not account for the observed
SSL of 7a.

Next, the emission spectra for the symmetric dimer of 7a
were calculated, resulting in a broad emission peak at Amax =
495 nm with a large oscillatory force (f= 0.3784; Fig. 3C). MO
associated with the electronic transitions was localized in two
regions of the dimer: the HOMO was located on the carbazole
moiety, whereas the LUMO was mostly localized on the Py"
moiety with lesser intensity occupying also the phenylene linker
(see Fig. 3C and the ESIf for the representation of the frontier
MO). Calculations show that multiple CT (from HOMO-3 to the
LUMO, from HOMO-2 to LUMO+1, from HOMO—1 to LUMO
and from HOMO to LUMO+1; see the ESIt) are responsible for
the emission at Amax = 495 nm. Such a type of symmetric

HOMO

\,\ LUMO

D

‘i R

HOMO

LUMO

{

Fig. 3 (A) Calculated UV-Vis spectrum of 7a (single molecule). (B) Frontier
MO for 7a (single molecule). (C) Calculated UV-Vis spectrum of the dimer
of 7a. (D) Frontier MO for the dimer of 7a.
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through-space CT has been reported for the SSL.>* Notably, the
calculated emission at A, = 495 nm for the dimer of 7a was
consistent with that observed experimentally (Amax = 489 nmy;
entry 11). However, the observed SSL peak for 7a was narrower
compared to the calculated one. This difference could be
possibly attributed to the additional stabilizing interactions
in the crystal lattice for 7a. Consequently, the TDDFT calcula-
tions provide evidence that an emissive intermolecular
through-space CT band is responsible for the SSL of cationic
perchlorates 3a-d and 7a-d.

In summatry, a series of highly emissive planar AIEgens has been
designed by utilizing non-covalent intermolecular ©'-r interactions
between Py" or Im" cations and aromatic T systems. Structurally
simple salts 3a-d lacking any conventional luminophore moiety
demonstrated high SSL (up to 53% PLQY) in the UV region
(315-350 nm). The introduction of electron donating moieties in
3a-d resulted in bathochromic shifts of the emission maxima, thus
allowing for direct control of emission wavelength. Carbazole-
containing perchlorates 7a-d also demonstrated a remarkable
(up to 800-fold) increase of PLQY as compared to that in MeCN
solution. The presence of iodide ions led to the quenching of the
SSL. Single crystal X-ray analyses confirm the presence of non-
covalent intermolecular interactions between Py or Im" cations and
aromatic m systems in the crystal state of AIEgens 3a and 7a. TDDFT
calculations provide strong evidence that the observed SSL of 3a-d
and 7a-d is a result of intermolecular 7'~ interactions that generate
through-space CT bands in the crystal state. The use of the non-
covalent n'-m interactions in the design of AlEgens is a comple-
mentary approach to routinely used means to achieve AIE properties
and to avoid the ACQ effect. We believe that our study will expand
the scope of structural motifs that previously could not be used due
to the ACQ and will open a new avenue for the rational design of
AlEgens.
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A large variety of optoelectronic appliances such as photovoltaic
devices," organic light emitting diodes,” and organic field-effect
transistors® as well as a number of light harvesting applications
including artificial photosynthesis* and photon refining,” rely
on solid state luminophores. In 2001, Tang introduced a general
method to achieve highly efficient solid state luminescence
(SSL) in purely organic molecules, generally known as aggre-
gation induced emission (AIE).® The vast majority of AIE lumi-
nogens (AIEgens) are based on sterically hindered, bulky
propeller-like molecular structures to reduce the planarity of
luminophore,” because the planar architecture is known to be
detrimental to the AIE efficiency.®’ In the meantime, the
majority of luminophores with high emission intensity in
solution feature a planar structure, so an approach that would
allow for the design of the solid state luminogens based on the
planar architecture of the known solution state emitters is
highly desirable.

We have recently demonstrated that the formation of inter-
molecular interactions between quaternary nitrogen-containing
heteroaromatic cations and aromatic 7-system in the solid state
is a convenient and general approach to achieve AIE and to turn-
on high SSL in planar organic molecules.® The high SSL has
been attributed to intermolecular charge transfer (ICT) between
quaternary heteroaromatic subunits such as N-methyl pyr-
idinium and N-methyl imidazolium cations and aromatic 7t-
systems.”” Herein we report on a further development of the
conceptual approach to achieve AIE. Specifically, we demon-
strate that efficient AIE can be achieved in planar organic
luminophores by simple protonation of pyridine with a suitable
acid (Fig. 1). Furthermore, our study provides an important

Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006, Riga, Latvia. E-mail:
edgars@osi.lv

+ Electronic supplementary information (ESI) available. CCDC 1988911-1988916.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d0ra07137d
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stabilization of the key intermolecular " -7 interactions between neighboring luminophore molecules in

insight into the relationship between the nature of counter ion
and the AIE efficiency of pyridinium salts.

The relationship between the structure of counter ion and
luminescence efficiency has been studied in several pyridinium-
containing AIE luminogens.’ The highest luminescence effi-
ciency was observed for pyridinium salts possessing a counter
ion that helped to avoid the detrimental aggregation-induced
quenching (ACQ) effect by minimizing intermolecular w-m
interactions between planar luminophore molecules (eqn (1)
and (3), Fig. 1)"*** or by stabilizing twisted conformation of
luminogens (eqn (2), Fig. 2)." In sharp contrast, a completely
opposite counter ion effect has been observed in this study.
Specifically, counter ions that contributed to strengthening the
intermolecular interactions between planar pyridinium lumi-
nophores have helped to achieve the highest SSL efficiency (eqn
(4), Fig. 1). Perchlorate was found to be superior as the counter-
ion, whereas the corresponding mesylate, nitrate as well as
halides were inferior. The latter showed apparent negative
correlation between the polarizability of the counter ion and
SSL emission intensity (Cl > Br > I; see eqn (4), Fig. 1.). The
superiority of perchlorate has been rationalized based on X-ray
crystallographic analysis as demonstrated below. The striking
difference of counter-ion effects in this work (eqn (4)) and in the
earlier studies (eqn (1)-(3)) points to an apparent difference in
mechanisms that are responsible for the AIE (Fig. 1).

Pyridinium salts 2a,b were obtained by protonation of
commercially available 4-phenylpyridine 1 with aqueous HCIO,
and hydrochloric acid, respectively. The protonation of previ-
ously reported 3° with HClO,, HCI, HBr, HI, MsOH and HNO;
resulted in the formation of pyridinium salts 4a—f (Fig. 2). All
pyridinium salts 2a,b and 4a-f were crystalline materials.

UV-vis spectra of all pyridinium salts 2a,b and 4a-f and
parent heteroaromatic compounds 1 and 3 were measured in
MeCN solutions at room temperature under ambient atmo-
sphere at ca. 10> M concentration (see ESI, pages S11-S287).
Pyridine 1 displayed one absorption band at 251 nm (Table 1,

RSC Adv, 2020, 10, 38107-38113 | 38107
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Fig. 1 Effect of counter ions on AIE and SSL.

entry 1). This single absorption band was red-shifted by 40 nm
in the corresponding pyridinium salts 2a,b (Table 1, entries 2
and 3). Pyridine 3 displayed 3 absorption bands at 238, 292 and
322 nm (Table 1, entry 4). The absorption band of pyridine 3 at
238 nm did not change upon protonation, and remained in the
range of 236-238 nm for salts 4a—f (Table 1 entries 7-14). The
absorption band of free-base 3 at 292 nm experienced slight
hypsochromic shift to 281-288 nm in protonated forms 4a-c,e,f.
However, the largest difference was observed for the absorption

stabilization of

lecular z*- i ion:

band at 322 nm, which featured bathochromic shift of 52—
56 nm in salts 4a-c,e,f. Pyridinium iodide 4d displayed two
absorption bands at 314 and 338 nm (Table 1, entry 12).
Pyridine 1 was not emissive in solution, whereas the corre-
sponding protonated species 2a,b displayed high emission in
MeCN solution at 378 nm with 30.0% and 24.6% photo-
luminescence quantum yield (PLQY), respectively (Table 1,
entries 2 and 3). Pyridine 1 did not display any observable
emission also in the solid state. In sharp contrast, pyridinium
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Fig. 2 Synthesis of pyridinium salts 2a,b and 4a—f. Reagents and conditions: (a) ag. HClO4, MeOH or MeCN, rt, 10 min, 83% (2a); 99% (4a); 32%
(6). (b) 4 M HCl in dioxane, EtOAc, rt, 10 min, 97% (2b). (c) 4 M HCl in dioxane, 1 : 2 CH,Cl, : hexane, rt, 10 min, 93% (4b). (d) ag. HBr, MeOH, rt,
10 min, 91% (4c). (e) aq. HI, EtOH, rt, 1 h, 61% (4d). (f) MeSO3zH, MeCN, rt, 10 min, 94% (4e). (g) HNOs, MeCN, rt, 30 min, 99% (4f).
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Entry Compound Additive Aabs, NM Solution Aep, nm Solid Aem, nm Solution, ¢ (%) Solid, ¢ (%)
1 1 — 2514 — — <0.1 <0.1
2 2a — 291¢ 378 417 30.0 59.6
3 2b — 291° 378 434 24.6 28.5
4 3 — 238, 292, 322¢ 442 371, 387, 407 73.1 5.7
5 3 HCIO, (500 equiv.) — — n/a <0.1 n/a
6 3 BuyNCIO, (500 equiv.) — — 442 n/a 62.1 n/a
7 4aA” 237, 281, 377¢ 442°¢ 496 n/a 5.5
8 4aB? — 237, 281, 377% 442° 503 n/a 24.1
9 4aC’ 237, 281, 377° 442°¢ 492 n/a 54.6
10 4b — 238, 288, 374¢ 442°¢ 496 n/a 42.4
11 4c — 236, 282, 378 442°¢ 514 n/a 18.2
12 ad — 238, 292, 314, 338" 442° — n/a <0.1
13 4e — 238, 287, 376% 442° 484 n/a 45.8
14 af — 237, 288, 377¢ 442°¢ 468 n/a 33.4
15 5 — 265, 329¢ 416 414 2.1 2.0
16 6 — 254, 275, 388" 489 524 2.8 17.2

“ Corresponds to wavelength of excitation. ? Salt 4a was obtained by evaporating 10 : 1 MeCN : water solution of 4a under the reduced pressure at
20 °C. ¢ Equilibrium concentration of free base 3 is responsible for the emission in the MeCN solution. ¢ A batch of 4a that was recrystallized from
MeCN. ¢ Crystalline batch of 4a obtained by vapor diffusion from Et,0/MeOH.

salts 2a,b featured high SSL at 417 and 434 nm respectively.
Notably, the solid state PLQY for salts 2a,b (59.6% and 28.5%,
respectively) were higher than those in MeCN solution (Table 1,
entries 2 and 3), and this observation highlights AIE enhance-
ment properties of pyridinium salts 2a,b. Pyridine 3 and its salts
4a-f displayed identical emission wavelength at 442 nm in
MeCN solution, suggesting that the same species might be
responsible for the solution-state emission of both 3 and 4a-f.
We hypothesized that the dissociation of salts 4a—f generates
equilibrium concentration of free-base 3 that is responsible for
the observed non-structured emission band at 442 nm. To verify
this hypothesis, a large excess (500 equiv.) of HClIO, was added
to the solution of 3 in MeCN to ensure that all pyridine 3 is
protonated. Gratifyingly, a complete quench of the emission
was observed for the acidified solution suggesting that
protonated pyridines are non-emissive in MeCN solution (Table
1, entry 5). Excess of Bu,N-ClO, (500 equiv.) was also added to
a solution of 3 to verify whether perchlorate anion would affect
the solution-state emission. Modest drop of the emission effi-
ciency from 73.1 to 62.1% PLQY was observed when excess
Bu,N-ClO, (500 equiv.) was added to a solution of 3, however
the emission spectra did not change (Table 1, entry 6). These
experiments provide strong evidence that the equilibrium
concentration of free base 3 is responsible for the observed
solution state emission of pyridinium salts 4a—f.

Pyridine 3 displayed a structured vibronic emission in the
solid state at 371, 387 and 407 nm. The considerable reduction
of emission efficiency in the solid state (5.7% PLQY) as
compared to that in the solution (73.1% PLQY) points to the
aggregation caused quenching (ACQ) properties of lumino-
phore 3 (Table 1, entry 4). The corresponding perchlorate 4a
showed a broad non-structured charge transfer (CT) type** solid
state emission with maxima spanning the range from 492 to
503 nm (entries 7-9). Notably, efficiency of the SSL of

This journal is © The Royal Society of Chemistry 2020

perchlorate 4a highly depended on crystallinity of the solid
material as well as on the properties of crystal lattice. Thus,
a batch of perchlorate 4aA that was obtained by concentrating
10 : 1 MeCN : water solution of 4a under the reduced pressure
at 20 °C showed a relatively low emission efficiency (5.5% PLQY;
entry 7). X-Ray powder diffraction (XRPD) spectra of 4aA
featured a distorted baseline, which is indicative of semi-
crystalline character of the solid material (see ESI, page S307).
Notably, recrystallization of solid 4a from MeCN afforded crys-
talline 4aB that demonstrated considerably higher emission
efficiency (24.1%, entry 8). Furthermore, when crystals of 4a
were grown by vapour diffusion from Et,0/MeOH, the corre-
sponding material 4aC featured the highest emission efficiency
among all prepared salts of 3 (54.6% PLQY, entry 9). Impor-
tantly, XRPD spectra confirmed that 4aB and 4aC were different
polymorphs (see ESI, page S30-S31+). These data show that the
efficiency of SSL depends on the degree of crystallinity and on
the properties of crystal lattice. It should be also noted that the
solid state emission spectra of all batches 4aA-4aC were similar.

Pyridinium salts 4b,c,e,f displayed broad non-structured CT
type emission*'* in the solid state'” at 496, 514, 484 and 468 nm
(entries 10, 11, 13 and 14, respectively). Pyridinium mesylate 4e
showed the second highest emission efficiency after perchlorate
4aC (45.8% PLQY; entry 13). Pyridinium chloride 4b, bromide
4c and nitrate 4f were inferior with PLQY of 42.4, 18.2 and 33.4,
respectively (entries 10, 11, 14), whereas pyridinium iodide 4d
was completely non-emissive (<0.1% PLQY) in the solid state
(entry 12). Notably, our data demonstrates an apparent negative
correlation between solid state PLQY and the polarizability of
the halide counter ion." It should be also noted, that the lack of
solid-state emission for iodide-containing pyridinium salts has
been observed previously.**” Importantly, the highest intensity
of SSL has been observed for pyridinium salts 2a and 4aC pos-
sessing perchlorate counter ion (Table 1).

RSC Adv, 2020, 10, 38107-38113 | 38109
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To demonstrate the scope and generality of the protonation
approach as a means to achieve AIE and high SSL, perchlorate
salt 6 of a known luminophore 5 (ref. 14) possessing a pyridine
core with 3,5-diphenylthiophene substituent was prepared
(Fig. 2). Pyridine 5 displayed two absorption bands at 265,
329 nm and perchlorate 6 showed 3 absorption bands at 254,
275 and 388 nm in MeCN solution. A broad non-structured
emission at 416 nm was observed for pyridine 5 in the solu-
tion. Protonation of 5 resulted in a red-shift of the emission to
489 nm in perchlorate 6. Pyridine 5 showed low emission effi-
ciency both in solution and in the solid state with PLQY of 2.1%
(at 416 nm) and 2.0% (at 414 nm), respectively (Table 1, entries
15 and 16). In sharp contrast, pyridinium perchlorate 6 featured
pronounced AIE properties, as evidenced by the increased SSL
(17.2% PLQY) as compared to the emission efficiency in the
solution (2.8% PLQY). Furthermore, noticeable red-shift of
35 nm was also observed for the solid state emission maxima
(524 nm) vs. that in the solution (489 nm; entry 14). The
observed AIE properties and increased SSL upon the proton-
ation of 5 by perchloric acid has confirmed that the protonation
is a general approach to achieve AIE and high SSL in pyridine-
containing organic luminophores.

X-ray crystallography provided an important insight into key
interactions underlying the observed AIE properties and high SSL
for pyridinium luminophores (Table 2). Single crystals of 2a, 2b,
4aB, 4aC, 4b, 4f and 6 suitable for X-ray crystallography were
obtained by Et,O vapour diffusion into the corresponding MeCN
and MeOH solutions or by crystallization from MeCN. Impor-
tantly, all pyridinium salts 2a, 2b, 4aB, 4aC, 4b, 4f and 6 featured
m'-7 interactions between pyridinium cation and aromatic -
system in the crystal lattice (Table 2). For example, pyridinium salt
2a formed a strictly parallel head-to-tail packing with 3.751 A
distance for the m'-7 interactions of pyridinium subunit with
phenyl ring. Likewise, pyridinium salt 2b formed a near parallel
head-to-tail packing with 3.776 and 3.900 A distances between the
pyridinium and phenyl ring centroids (Table 2). Similar head-to-
tail packing was also observed for pyridinium salt 4aC, which
feature nearly parallel off-center '~ interactions between the
charged pyridinium subunit and electron rich carbazole moiety.
Furthermore, molecules of 4aC formed stacked dimers in the
crystal lattice, where every molecule was engaged in two distinct
m'-m interactions at 3.618 and 3.655 A distances between
respective carbazole and pyridinium moieties (Table 2). In
contrast, the corresponding polymorph 4aB formed parallel dis-
placed packing with only one intermolecular 7'~ interactions at
4.215 A distance between the pyridinium ring and the phenylene
linker. Similar packing was also observed for pyridinium nitrate 4f
with the corresponding -7 interactions at 3.927 A distance.
Chloride 4b featured 3.535 A distance for the off-center '~
interactions between pyridinium and carbazole subunit, whereas
non-parallel off-centered 7'~ interactions between pyridinium
heterocycle and phenyl moiety (3.714 A distance) were observed
for pyridinium perchlorate 6 (Table 2).

X-ray crystallography data has also provided an evidence that
perchlorate counter ion provides an important stabilization of
the key w'-m interactions between pyridinium subunit and
aromatic 7 system. Thus, the perchlorate forms a hydrogen-
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bonded bridge between two molecules of 2a in the crystal lattice
as evidenced by the short H-bond contacts spanning a range
from 2.495 to 2.694 A (Table 2). The symmetric nature of these
interactions not only helps to stabilize the intermolecular '~
interactions, but also ensures the coplanar conformation
around the biaryl bond in 2a. In contrast, the chloride in 2b is
involved in hydrogen bonding with only one pyridinium
subunit (2.807 A bond length), which leads to 22.7° biaryl
dihedral angle in 2b. The bridging effect of perchlorate appar-
ently contributes to the higher crystal lattice energy for 2a vs. 2b,
as evidenced by the considerably higher melting point for 2a
(145 °C) as compared to that for 2b (74 °C). Notably, perchlorate
2a featured remarkably high SSL efficiency (59.6% PLQY),
whereas chloride 2a was less efficient (28.5% PLQY; see entry 3
vs. 2, Table 1). The propensity of perchlorate ion to form the
hydrogen-bonded bridge between two molecules in the crystal
lattice has been also observed for luminogens 4aB (range of
contacts from 2.428 to 2.678 A), 4aC (2.613-2.635 A) and 6 (2.391
and 2.602 A). Among them, the perchlorate-bridged dimer 4aC
possessed the highest SSL efficiency (54.6% PLQY, entry 9,
Table 1). The corresponding chloride 4b, bromide 4c and
mesylate 4e were less efficient (entries 10, 11, 13 vs. 9).
Surprisingly, the hydrogen-bonded bridging interactions were
not observed for nitrate 4f (Table 2). The lack of intermolecular
stabilization in the crystal lattice has obviously resulted in
inferior SSL for 4f as compared to perchlorate 4aC (entry 14 vs.
9, Table 1). Hence, among all single crystals of pyridinium salts
examined, only the perchlorate counter ion contributes to
stabilization of the key 7'~ interactions, and this effect results
in the higher SSL efficiency for perchlorates as compared to
chlorides and bromides. The apparent relationship between the
intermolecular 7'~ interactions and SSL has been also
demonstrated in previous study for structurally closely related
N-methyl pyridinium perchlorate,” and TDDFT calculations
provided strong evidence that the 7'~ interactions generated
through-space CT bands in the crystal state, resulting in SSL.
Additional support for the involvement of through-space CT
in the SSL of 2a, 2b, 4aB, 4aC, 4b, 4f and 6 was obtained by
a series of control experiments. Thus, the emission of 3 + HCI*® in
MeCN solution was measured at 298 K, 190 K and 77 K. At room
temperature MeCN solution of 3 + HCI featured lack of emission
(see also entry 5, Table 1), whereas in a frozen MeCN matrix at
190 K intense emission was observed for 3+HCI with maxima at
545 nm. Notably, a remarkable blue shift of emission maxima to
452 nm was measured upon further cooling to 77 K (Fig. 3A). The
observed pronounced rigidochromic effect is characteristic of CT-
type emission due to the polarization flip between ground and
excited states.'® Furthermore, the observed hypsochromic shift
also speaks against the possible involvement of excimers in the
SSL of the protonated pyridine 3 + HCI, because eximer-driven
emission typically features a batochromic shift of the emission
maxima."” An additional evidence against eximer formation was
obtained by measuring the emission spectra of protonated pyri-
dine 2a in MeCN at various concentrations. Pyridinium
perchlorate 2a was chosen due to the relatively high solubility in
organic solvents and observable emission in the monomeric state
(entry 2, Table 1). The emission maxima for 2a did not change at

This journal is © The Royal Society of Chemistry 2020
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Table 2 X-ray single crystal representations of 2a, 2b, 4aB, 4aC, 4b, 4f and 6
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concentrations.

concentrations in the range from 0.001 mM to 10 mM indicating
that excimer formation is not responsible for the luminescence of
2a (Fig. 3B).

In summary, this study demonstrates a straightforward and
versatile approach to achieve efficient AIE in structurally diverse
purely organic luminogens. The developed method relies on
a simple protonation of pyridine derivatives by a strong acid to
generate pyridinium cation for the key non-covalent m'-w
interactions with aromatic 7-system that leads to high SSL
through the intermolecular charge transfer (ICT) mechanism.®”
Hence, the protonation of pyridines is a highly straightforward
and complementary approach to the previously developed N-
alkylation/ion exchange sequence as a means of achieving the
SSL. High solid state emission efficiency (up to 60% PLQY) has
been attained by the protonation of structurally remarkably
simple organic molecules such as 4-phenyl pyridine that lacks
any of the conventional luminophores. The versatility of the
protonation approach is demonstrated in three structurally
distinct series of pyridine-containing luminogens with both
planar and twisted architectures. The solid state emission effi-
ciency depends strongly on the degree of crystallinity of the
solid luminogens as well as on the structure of the pyridinium
counter ion. Perchlorate as the counter ion was superior in
terms of SSL efficiency as compared to chloride, bromide,
mesylate and nitrate whereas iodide affected complete Iumi-
nescence quench. X-Ray crystallographic analysis provided
evidence that perchlorate counter-ion can increase AIE effect by
(a) forming a H-bonded bridge between the neighbouring
luminophore molecules in the crystal lattice, thus providing an
additional stabilization of the key intermolecular 7'~7 inter-
actions, (b) enabling H-bond assisted planarization of the
luminophore molecule. Hence, these insights together with
control experiments provide an evidence against the RIM AIE
mechanism as well as excimer formation in protonated pyridine
luminophores. We believe that the remarkable operational
simplicity of the protonation as a general approach to achieve
high SSL and the elucidation of counter-ion effect will provide
ample opportunities for the rational design and development of
solid state emitters.
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Intermolecular Charge-Transfer Luminescence by Self-
Assembly of Pyridinium Luminophores in Solutions

Kaspars Leduskrasts and Edgars Suna*®

Designing a luminophore for application both in solution and in
the solid state is a highly challenging task given the distinct
nature of intermolecular interactions in these phases. In this
context, we demonstrate that self-assembly of non-emissive
charged pyridinium luminophores enables luminescence in
solutions through a mechanism that is characteristic for the
crystal state. Specifically, protonation of pyridine luminophore
subunits in a solution promotes oligomer formation through

1. Introduction

A wide range of sensing applications in solutions as well as
modern solid state lighting devices is based on light-emitting
molecules (luminophores)."’ The vast majority of luminophores
feature distinct luminescence mechanisms in solution and in
the crystal state.?®® This distinction has been a focus of
considerable research efforts during the last two decades.” In
the crystal state, numerous static intermolecular interactions,”
such as H-bonds'” halogen bonds,"™ m-m interactions,®
cation-mt  stacking” and electrostatic interactions,® greatly
impact the luminescence emission pathways, resulting in
aggregated luminophore mechanisms (Figure 1). In sharp
contrast, the intermolecular interactions in solution are highly
dynamic and significantly weakened due to Brownian motion.”
The weakened intermolecular interactions in solution lead to an
emission by isolated luminophore mechanisms. Apparently, the
distinct nature of intermolecular interactions in solution and in
the crystal state is responsible for the different luminescence
mechanisms.

A rare example of a luminescence mechanism that does not
differ between the phases is associated with luminophores that
exert luminescence through the excited dimer (excimer)
mechanism (Figure 1)."” Excimer emission relies on the for-
mation of a meta-stable excited dimer, which upon emission
dissociates into its parent luminophores.'®? The excimer
emission of purely organic luminophores in the crystal state is
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intermolecular -7 interactions, leading to an intermolecular
charge-transfer type luminescence. The luminescence turn-on
by protonation is utilized for a highly efficient solution-state
luminescent sensing of hydrogen chloride and sulfonic acids
(TfOH, TsOH and MsOH) with detection limits spanning the
range from 0.06 to 0.33 ppm. The protonation followed by self-
assembly results in a bathochromic shift of the emission from
420 nm to 550 nm.

promoted by intermolecular m orbital overlap."® A similar
orbital overlap is also achievable in solutions, provided that
high enough concentration of the luminophore can be
obtained,"" resulting in excimer-type emission. Unfortunately,
the excimer emission cannot be maintained in diluted solutions
due to the low collision likelihood between luminophores.
Accordingly, achieving intermolecular interactions that are
persistent in both the solid and the solution state would open a
path to obtain exceptional luminophores with consistent
luminescent mechanisms between the phases.

Recently, we have demonstrated that enhanced solid-state
emission can be achieved by simple protonation of highly
planar conjugated pyridines."? The mechanism of the solid-

Solution Crystal state
Dynamic Static
interactions interactions
Isolated luminophore mechanisms | Aggregated luminophore mechanisms
-—
L
+hy L
excimer
‘mechanism =
This work:
I
7*—nstacking
enabled c—D
ICT mechanism -
J€

(D = Luminophore

solvent molecules

Figure 1. Luminescent properties in solution and in the crystal state.
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state luminescence involved intermolecular «t*-mt and m*-n*
interactions."” We envisioned that the protonation of planar
conjugated pyridine subunits could lead to enhanced emission
also in solution, provided that the solvent does not interfere
with the key intermolecular - and n*-n* interactions.”'¥
Herein, we disclose that protonation of pyridine-containing
luminophores in diluted solutions of toluene, Et,0, CHCl; and
EtOAc effects the desired intermolecular t*-nt interactions by
self-assembly of the protonated species. The self-assembly in
solution leads to emission turn-on through intermolecular
charge-transfer (ICT) type luminescence mechanism (Figure 1).
Hence, the key intermolecular *-7 interactions are well-suited
for the design of versatile luminogens that exert luminescence
both in solution and in the solid state through similar emission
mechanisms. The application of the pyridine-containing lumi-
nogens for the detection of hydrogen chloride and sulfonic acid
in solutions with sensing limits well below 1 ppm is also
reported.

2. Results and Discussion

2.1. Spectral Characterization of 3 and 3 xHCl in Various
Solvents

Pyridine 3 was synthesized from 9-(4-bromophenyl)-9H-
carbazole 1 and pyridine-4-boronic acid hydrate 2 (Supporting
Information, page S3) by a previously reported protocol."*” The
UV-Vis absorption and emission spectra of pyridine 3 were
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recorded in DMF, DMSO, EtOAc, toluene, CHCl; and Et,0
solutions at room temperature and under ambient atmosphere.
The concentration of samples was 10~° M. Pyridine 3 displayed
three distinct absorption maxima at 242-262 nm, 290-294 nm
and 320-329 nm, respectively, in DMSO, EtOAc, CHCl; and Et,0.
The absorption maxima could not be measured in the 240-
280 nm region for toluene and in the 240-260 nm region for
DMF due to the competing absorption by these solvents
(Supporting Information, page S5). Additionally, the broad
featureless emission maxima of 3 underwent a bathochromic
shift from 380 nm in toluene to 443 nm in DMSO (Figure 2A).
Next, the UV-Vis absorption and emission spectra of pyridine
3 xHCI™ were recorded in DMF, DMSO, EtOAc, toluene, CHCl,
and Et,O solutions. Accordingly, 3xHCI displayed absorption
peaks at 239-263 nm, 278-287 nm and 367-397 nm in DMSO,
EtOAc, CHCl; and Et,0. The absorption in DMF and toluene
could not be measured up to 260 nm and 275 nm, respectively,
due to the intrinsic solvent absorption (Supporting Information,
page S5). Significant red-shifts were observed for the absorption
peaks in all examined solvents upon the protonation of pyridine
3 by hydrogen chloride. For example, a 53 nm bathochromic
shift of the absorption peak from 319nm to 372nm was
measured in Et,0 for 3 in the presence of HCl (Figure 2B).
Notably, lack of emission was observed for pyridine salt
3xHCl in highly polar solvents such as DMF and DMSO. This
observation is in agreement with the previously reported poor
luminescence of 3xHCl in MeCN solution."” To gain insight
into the origins of the observed emission lack in polar solvents,
the luminescence of 3xHCl in DMSO was compared at room
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Figure 2. [A] Emission of 3 in various solvents; [B] Absorbtion of 3 and 3xHCl in Et,O; [C] Emission of 3xHCl in DMSO at room temperature and 77 K;

[D] Emission of 3xHCl in various solvents.
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temperature to that at 77 K. In sharp contrast to the lack of
emission at room temperature, intense luminescence at 483 nm
was observed in a frozen DMSO matrix upon cooling 3xHCl to
77 K (Figure 2C). Importantly, the emission at 77 K displayed a
clear afterglow that was observable even with the naked eye.
The measured lifetime value for the emission (t=1.51s;
Supporting Information, page S6) suggests that long-lived
triplet states are responsible for the luminescence at 77 K. The
strength of the emission intensity at 77 K is associated with the
high triplet state population, apparently because of the highly
efficient and rapid intersystem crossing in 3xHCI. Hence, the
lack of emission in DMSO solution at room temperature can be
most likely attributed to the non-radiative relaxation of the
highly solvated 3 x HCI through molecular motion.

In contrast to the non-luminescent properties of 3xHCl in
highly polar solvents such as DMSO and DMF, an intense
emission was observed for 3 xHCI at room temperature in less
polar solvents. Specifically, an intense, broad and featureless
emission with a strong solvatochromic effect was observed in
toluene (emission maximum at 497 nm), Et,O (at 516 nm), CHCl,
(at 548 nm) and EtOAc (at 574 nm; Figure 2D). The observed
distinct luminescence behavior of 3xHCI in high- and low-
polarity solvents could be attributed to their different solvating
ability. Thus, the polar solvents (DMSO, DMF) of high solvating
ability stabilize monomers of 3xHCI. The lack of the emission
for 3xHCl in DMSO and DMF at room temperature suggests
that monomeric species of 3 xHCl are non-emissive. In contrast,
solvents of a lesser solvating ability, such as EtOAc, CHCl,, Et,0
and toluene, should favor the formation of intermolecular
interactions between 3xHCl. We hypothesized that the
observed room temperature emission of 3x HCl in EtOAc, CHCl,,
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Et,0 and toluene may be attributed to the formation of
aggregates. Dynamic light scattering (DLS) measurements were
employed to verify whether aggregates are responsible for the
observed emission. However, DLS measurements did not
support the presence of higher aggregates in the luminescent
solutions of 3xHCI. Since smaller oligomers such as dimers or
trimers fall below the detection limits of DLS, additional
experiments were required to verify the possible involvement
of small oligomers in the emission of 3 xHCI.

2.2. T, NMR Experiments

Strong evidence supporting the presence of small oligomers
(dimers or trimers) in CHCl; solutions of 3 xHCl was obtained by
longitudinal relaxation time (T;) nuclear magnetic resonance
(NMR) experiments. In the experiment, a decrease in spin lattice
relaxation time (T,) is observed for those molecules that feature
intermolecular interactions, because the resulting aggregated
species possess larger size and stronger inertia moments.”’
Accordingly, the spin lattice relaxation time (T,) was measured
for 3xHCl in DMSO-d¢ and CDCl; solutions (Supporting
Information, page S6). For a better representation of changes in
T, relaxation times in the two solvents, the measured T, values
in DMSO-d, were divided by the respective T, values in CDCl;
for each of positions 1-8 in the luminophore molecule 3 xHCI
(for the numbering, see Figure 3A). Notably, a significant drop
(from 4 to 39 times) of T, values was observed for protons in
positions 1-4 in CDCl; solution as compared to those in DMSO-
d¢ as the solvent. In contrast, smaller (less than 2 times)
differences in T, values in the two solvents were measured for
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Figure 3. [A] Relative change of T, relaxation times at positions 1-8 of 3 xHCI in DMSO-d, and CDCl, solutions; [B] Emission of 3xHCl in solid state and
solution; [C] Emission of 3xHCl in CHCl; at 298 K and 77 K; [D] Emission spectra of 3 in CHCl; before (left), after (right) addition of HCI;

ChemistryOpen 2021, 10, 1081-1086 www.chemistryopen.org

1083

© 2021 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202100191

positions 5-8. These results provide strong evidence for the
presence of intermolecular interactions between protonated
pyridine species 3 xHCl in CDCl; solution. Furthermore, only the
pyridinium subunit and the phenylene linker appear subjected
to these intermolecular interactions. In contrast, the carbazole
moiety is not involved as evidenced by the NMR experiments.
Hence, the spin lattice relaxation time measurements suggest
that the observed luminescence in CHCl;, EtOAc, Et,0 and
toluene is a result of intermolecular pyridinium-pyridinium
nt-m interactions of protonated luminogen 3xHCl in
solution.">"

2.3. Charge-Transfer Emission

Additional indirect support for the formation of intermolecular
pyridinium-pyridinium mt*-t interactions in CHCl; solution of
protonated luminogen 3 xHCl was provided by the comparison
of its luminescent properties in the solid state with those in the
solution. It has been demonstrated earlier that the observed
broad featureless emission of pyridinium salts such as 3xHCl in
the solid state is indicative of intermolecular wt*-mt charge-
transfer (ICT) mechanism for the luminescence.">"*' Impor-
tantly, featureless emission for 3xHCl was also observed in
CHCl; solution. Furthermore, a red-shift of emission maximum
from 496 nm in the solid state to 548 nm in the CHCI; solution
was measured (Figure 3B). In the meantime, cooling the CHCl;
solution of 3xHCI from 293 K to 77 K resulted in a blue-shift
from 548 nm to 448 nm, respectively (Figure 3C). The apparent
dependence of the luminescence maximum on the rigidity of
molecular environment (rigidochromism) points to the ICT
mechanism for 3xHCl due to a polarization flip between
ground and excited states."” The observed blue-shift for 3 x HCl
is associated with the reduced degree of stabilization of the
luminophore excited state by solvent molecules in a frozen
matrix at 77 K. An additional evidence for the CT emission for
3xHCl was also obtained from the observed strong solvato-
chromic effect between PhMe, CHCl;, EtOAc and Et,0 (Fig-
ure 2D)."® Finally, the observed emission for 3xHCI in weakly
coordinating solvents at concentrations as low as 107" m helped
to rule out the excimer-type emission that usually requires
much higher concentrations, typically around 10 m.""® Hence,
the luminescence data provide strong support for the ICT
emission mechanism enabled by 5" -t interactions between the
protonated species of 3xHCI in relatively non-polar solvents
such as CHCl;, EtOAc, Et,0 and PhMe.

2.4. Sensing of HCI

The observed bathochromic shift of the emission maximum
from 418 nm for 3 to 548 nm for 3xHCI (Figure 3D) in the
presence of hydrogen chloride is a result of a two-step process:
1) protonation of the pyridine luminophore resulting in a non-
emissive monomer, and 2) the formation of oligomers through
nt-m interactions, which leads to the intermolecular CT
emission. We realized that such an emission mechanism is well-
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suited for the design of luminescent sensors. The luminescence
response and emission properties of 3 in CHCl; were examined
in the presence of HCl vapours (see Figure 4 and Videos S1 and
S2 in the Supporting Information). Gratifyingly, a distinct
emission change from colourless to pale green was observed
under ambient light after the CHCl, solution of 3 was subjected
to hydrogen chloride vapours. The colour change was more
pronounced when observed under UV light (365 nm). Accord-
ingly, the CHCl; solution of 3 emits violet light, and a change to
green emission occurred upon exposure to HCl vapours (Fig-
ure 4; see also Supporting Information, page S17). A similar
sensory response was observed for MsOH, TsOH, TfOH and TFA
by pyridine-derived luminogen 3 (Supporting Information,
pages S7-59). Hence, the solution of 3 demonstrates a response
to the presence of various strong acids. The sensory response
time towards acids is as fast as the diffusion of the acid within
the solution (Video 2 in Supporting Information).

2.5. Determining the Limit of Detection (LoD)

A statistical approach was used at the 95% confidence level to
determine the limit of detection (LoD) for HCl, MsOH, TsOH,
TfOH and TFA by pyridine-derived luminogen 3. Assuming that
the Gaussian distribution holds true,"” the LoD was determined
from the linear range of the calibration plot (Eq. (1); see also
Supporting Information pages S9-516).

~ Myjank + 3-29 X O prank)

LoD b

(1)

where M,y =the mean value of blank measurements; 6 /g0 =
standard deviation of blank measurements; b=the slope of the
linear equation.

The linear range of the calibration plot was obtained by
conducting additional measurements for each of the acids
(Supporting Information, pages S10-515). The obtained Oy
was in the range from 23-33 counts per second (Supporting
Information, pages S9-510). Accordingly, the calculated LoD for
the tested acids decrease in the following order (Supporting
Information, pages S15-516): MsOH (0.06 ppm) > TfOH
(0.13 ppm) >TsOH (0.19 ppm) > HCI (0.33 ppm) >TFA (8.1 ppm)

The determined detection limits for sulfonic acids (TfOH,
TsOH and MsOH) were similar to that for hydrochloric acid,

3 3+HCI 3 3+HCI

365 nm

Ambient light

Figure 4. CHCl; solution of 3 before and after exposure to HCl vapours at
ambient light and at 365 nm excitation.
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falling within the range from 0.06 ppm to 0.33 ppm. However,
luminophore 3 was less sensitive (by two orders of magnitude)
towards TFA (8.1 ppm). Notably, the detection limit for acids
correlated well with their equilibrium acidity values. Thus,
luminophore 3 demonstrated highest sensitivity towards strong
acids such as hydrogen chloride (pK,yecy=10.3)*" MsOH
(PKmeen =9.97),2” TsOH (pK, pecy = 8.45)?" and TFOH (pK,, yecn =
2.6).2" In contrast, 3 featured reduced sensitivity towards TFA
(PK,meen = 12.65),%" which is the weakest among all tested acids.
The observed correlation between the equilibrium acidity
values and the LoD is consistent with the proposed sensing
mechanism that relies on the protonation of the pyridine
subunit in luminophore 3, leading to intermolecular pyridinium-
pyridinium " -t interactions of 3 x HCI. Notably, the pyridine 3-
derived hydrogen chloride sensor features considerably higher
(more than two orders of magnitude) sensitivity when com-
pared to that of most potent Schiff-base sensors (54 ppm).??

3. Conclusion

Intermolecular charge transfer type (ICT) emission in solution
can be achieved by self-assembly of individually non-emissive
pyridinium-containing luminophores. Spin-lattice relaxation (T;)
time NMR experiments in CDCl, solution provided strong
evidence for the self-assembly and oligomer formation through
intermolecular 7™ -t interactions. The proposed ICT mechanism
for the luminescence is consistent with the non-emissive nature
of the pyridinium luminophore in polar solvents such as DMSO
and DMF, where the highly solvated monomeric luminophore
undergoes non-radiative relaxation through molecular motions.
Additional support for the ICT mechanism was also obtained
from the observed solvatochromism and emission dependence
on the rigidity of molecular environment. Importantly, the
intermolecular interactions of non-excited pyridine lumino-
phores that are observable by NMR methods together with the
emission in highly diluted (as low as 1077 m) solutions speak
against the excimer emission mechanism. The ICT luminescence
in solutions allows for the use of easy-to-synthesise, robust and
inexpensive planar pyridine-derived luminophore 3 as a sensor
for the detection of hydrogen chloride as well as other relatively
strong acids such as sulfonic acids (TfOH, TsOH and MsOH) with
sensing limits (LoD) spanning the range from 0.06 ppm to
0.33 ppm. Less acidic carboxylic acids such as TFA could be also
determined, however with reduced sensitivity (8.1 ppm LoD).
The exposure of solutions of luminophore 3 in EtOAc, toluene,
CHCl; or Et,0 to HCl gas and organic acids brings about a rapid
emission increase at 550 nm. The importance of the pyridinium
salt formation for the luminescent response is corroborated by
the observed correlation between LoD and the thermodynamic
acidity (pK,) values for various acids. Overall, the use of
intermolecular t*- CT type interactions in solutions opens
ample opportunities for the rational design of luminescent
materials and sensors.
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ABSTRACT: A general strategy to achieve ultra-long phosphorescence lifetimes without compromising quantum yields is
demonstrated in simple purely organic solid-state emitters using steric shielding approach. The steric shielding of n-type
orbital in a sulfur-containing luminophore helps to increase the inter-emitter distances in a crystal lattice. The increased
distance hinders the fast intermolecular ISC channel and T, — S, pathways while triggering multiple slower through-space
ISC and T, — S, alternatives. The steric shielding approach allowed for 35-fold extension of the phosphorescence lifetime
(from 21 ms to 723 ms) without sacrificing phosphorescence quantum yields.

Introduction

Phosphorescent materials display afterglow with rela-
tively long lifetimes (up to seconds) after the cease of exci-
tation,' and they have found numerous applications in op-
toelectronic and biological areas.> The most efficient phos-
phorescent materials are based on transition metal com-
plexes. However, the metal-containing emitters feature
high manufacturing costs? and short lifetimes for phospho-
rescence (microsecond range).+ Purely organic phospho-
rescent materials have emerged as considerably less expen-
sive alternatives with much longer (millisecond range)
phosphorescence lifetimes> as compared to the metal-
based emitters. Despite the apparent advantages of metal-
free emitters, achieving room temperature phosphores-
cence (RTP) remains a challenge because of the slow inter-
system crossing (ISC) due to weak spin-orbit coupling
(SOCQ) in organic molecules.® Typical approaches to achieve
RTP in purely organic luminophore molecules rely on host-
guest assemblies,” matrix induced rigidification,® intermo-
lecular interaction control® and heavy-atom effect.’ Argu-
ably, the most frequently used design of metal-free organic
phosphorescent materials employs the introduction of het-
eroatoms as a source of lone pair electrons.”

The introduction of the lone pair electrons enhances the
ISC rate through transitions between mnm* and nm*
states.37¢> Such a cross orbital excitation increases the
rate of singlet to triplet (S — T) transitions leading to
greater phosphorescence quantum yields (QYs).5 Im-
portantly, the increase of phosphorescence QY in the solid
state is typically accompanied by reduced phosphores-
cence lifetime.32314 The intertwined relationship between
the phosphorescence lifetime and QY constitutes a funda-
mental challenge for the design of solid state phosphores-
cent materials that would feature both high phosphores-
cence QY and ultra-long lifetimes (>100 milliseconds).

Herein, we demonstrate a design strategy that helps to de-
couple the phosphorescence QY and lifetime in purely or-
ganic phosphorescent materials. Our design strategy is
demonstrated on a prototypical solid-state phosphores-
cent emitter 15 that features long phosphorescence lifetime
and poor QY (Figure 1). A 30-fold increase in QY could be
readily achieved by replacing arene subunit in 1 with a
lone-pair containing thiophene moiety (emitter 2). As an-
ticipated, the growth in solid state phosphorescence QY
was accompanied by a sharp drop in lifetime (29-fold de-
crease). However, we found that the introduction of a ste-
ric bulk in a close proximity to the sulfur lone pair in lumi-
nophore 2 helps to accomplish ultra-long phosphorescence
lifetimes (up to 723 ms) while retaining high phosphores-
cence QY (up to 8.3%; see Figure 1). The experimental evi-
dence suggests that the increased steric bulk apparently
hinders the detrimental intermolecular through-space re-
laxation channels that lead to a sharp drop in phosphores-
cence lifetime for luminogen 2 in the crystal lattice (vide
infra). Furthermore, calculations using the crystal lattice
geometries provided evidence that the measured phospho-
rescence lifetimes are proportional to the average elec-
tronic coupling between the luminophores. Since the vast
majority of purely organic phosphorescent materials pos-
sess heteroatoms with electron lone pair, the proposed ste-
ric shielding approach offers a general strategy to achieve
ultra-long emission lifetimes and good phosphorescence
quantum yields.
Results and discussion

Initially, we elected to verify whether the replacement of
phenyl moiety in the phosphorescent emitter 1 by the lone-
pair containing thiophene subunit could be related to the
increase of the excited state triplet population in
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Figure 1. Steric shielding approach to decouple the phospho-
rescence lifetime and QY.

luminophore 2. To this end, we measured the emission
spectra of 1 and 2 at 77K in a hexane matrix'® and observed
fluorescence peaks at about 400 nm and a phosphorescent
component at about 550 nm (Figure 2A,B) with lifetimes in
the range of 4-5 ms (see Table 1, entries 1 and 3; see also SI,
pages S15-16). The measured broad intense emission for 2
at 550 nm (Figure 2B) indicated considerably higher triplet
state population for thiophene-containing emitter as com-
pared to that for 1, for which lack of emission at 550 nm
was observed (Figure 2A). Hence, the 77K hexane matrix
experiments provided strong evidence that the presence of
a thiophene subunit in 2 increases the ISC rate as com-
pared to that for 1.

Next, luminescent behavior of 1 and 2 was evaluated in
the crystalline state. Both 1 and 2 possessed fluorescence
peaks in the 370-450 nm region (Figure 2C-D). Im-
portantly, emitter 1 displayed weak phosphorescent emis-
sion in the 500-800 nm region with less than 0.2% phos-
phorescence QY (entry 2, Table 1). In sharp contrast, crys-
tals of 2 showed intense emission at 544, 593 and 648 nm
with phosphorescence QY of 5.9% (entry 4, Table 1). The
observed 30-fold higher crystal state phosphorescence QY
for 2 as compared to 1 is consistent with results from 77K
hexane matrix experiments and provides an additional ev-
idence for the increased ISC rate in emitter 2.7
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Figure 2. A:Emission of emitter 1 in hexane matrix at 77K; B:
Emission of emitter 2 in hexane matrix at 77K; C: Crystal state
emission of 1; D: Crystal state emission of 2.

Notably, the phosphorescence lifetime in the crystalline
state for emitter 2 was measured to be considerably shorter
than that of carbazole 1 (21 ms vs 619 ms; entry 2 and 4,
Table 1). The apparent inverse correlation between phos-
phorescence lifetime and QY for luminophores 1 and 2 in

the crystalline state follows the well-known notion that the
increase of ISC rate leads to the drop in the lifetime.*

The increased phosphorescence lifetime in the crystal
state as compared to that in the frozen hexane matrix for
both emitters (619 ms vs 5 ms for 1 and 21 vs 4 ms for 2; see
Table 1) can be attributed to the stabilization of triplet ex-
citons via inherent rigidification of luminophore molecules
through ubiquitous low energy interactions, such as H-
heteroatom and H-m bonds.s>® In fact, the phosphores-
cence lifetime is known to be affected by the intermolecu-
lar interactions in the crystal lattice.’s*'$9 Furthermore,
previous reports indicate that strong intermolecular inter-
actions can enable both radiative™*® and non-radiative>*
through-space relaxation pathways. In this regard, it has
been demonstrated that the variation of intermolecular in-
teraction distance between luminophores can change
emission intensity, emission wavelength and emission life-
time.>* Since luminophore 2 apparently possesses much
faster relaxation channel as compared to that of 1 in the
crystal lattice, we hypothesized that the shorter phospho-
rescence lifetimes for 2 may be attributed to stronger in-
termolecular interactions, facilitated by the thiophene sub-
unit. Specifically, the n-orbital of the sulfur atom is most
likely involved in the relatively fast intermolecular
through-space T, — S, relaxation pathway. If this holds
true, shielding the n-orbital of the sulfur atom from inter-
molecular interactions through molecular engineering
should help to achieve ultra-long phosphorescence life-
times in luminophore 2. In the meantime, the presence of
the sulfur atom n-orbitals would help to maintain the fast
ISC rate and, hence, high phosphorescence QY. Eventually,
such on-site shielding of the n-orbital would help to ac-
complish both high phosphorescence QY and ultra-long
lifetimes without compromising each other.

The on-site shielding hypothesis was examined by in-
creasing steric hindrance at positions 4 and 5 of the thio-
phene ring. To this end, a series of thiophene derivatives
3-6 with was synthesized with the substituent volume
spanning the range from 4.8 A3in 2 to 76.9 A3in 6 (Table 1;
see also SI for the synthesis of 2-6). All emitters 2-6 turned
out to be crystalline materials. Interestingly, two poly-
morph forms could be obtained for luminophore 6 (entries
8 and 9, Table 1) as evidenced by X-Ray crystallography
(vide infra). All thiophene derivatives 2-6 featured similar
structured phosphorescent emission in the solid state with
three distinct emission maxima at 544-549, 585-595 and
645-669 nm (see Table 1and SI, page S17).2 The highly sim-
ilar emission spectrum highlights the minor influence of
the introduced alkyl substituents on the excited state prop-
erties in 2-6. In the solid state, all thiophene derivatives 2-
6 displayed significantly increased phosphorescence QY
(3.1-8.3%) when compared to the phenyl group-containing
emitter 1 (0.2%, entry 2, Table 1). The highest phosphores-
cence QY (8.3%, entry 5, Table 1) in the solid state was
measured for dimethyl substituted thiophene derivative 3,
whereas the lowest phosphorescence QY was observed for
luminophore 4 (3.1%, entry 6, Table 1).



Table 1. Crystal state phosphorescence data for emitters 1-6.

# Compound subst.vol. (A3) Solid Agm (nm)© T (ms)d QY (%)
1 n/a 5 -
MeO,C n/a
2 Cz 4 562, 617, 668 619 0.2
H H
3 . n/a 4 -
MeO,C NS 4.8
4 Cz 2 544, 593, 648 21 5.9
Me, Me
5 Me0,C— XS 375 549, 595, 652 322 83
Cz 3
6 MeO,C S 42.9 549, 595, 650 160 31
Cz 4
7 Meo,c- 8 587 544, 592, 645 723 47
Cz 5
8¢ 547, 595, 659 360 4.8
= 6.
MeO,C— XS 709
9 & 6 546, 585, 669 404 35

“Emission spectra and lifetime in hexane matrix at 77K. "The substituent volume was calculated for optimized structures using
VEGA ZZ software.> ¢ At 370 nm excitation. ‘Measured at 550 nm emission and 370 nm excitation. ¢Polymorph a, see X-ray, SI

page S22./Polymorph B, see X-ray, SI page S23.

The thiophene derivative 2 displayed the shortest phos-
phorescence lifetime among all emitters tested (21 ms at
550 nm; entry 4, Table 1and SI, page S15). In sharp contrast,
the phosphorescence of sterically hindered 4,5-disubsti-
tuted analogs 3-6 could easily be visualized even by the na-
ked eye after the cease of excitation. Specifically, the intro-
duction of methyl substituents in the thiophene moiety re-
sulted in more than 15-fold increase of phosphorescence
lifetime (from 21 ms to 322 ms; entry 4 vs. entry 5, Table 1).
Interestingly, the phosphorescence lifetime did not corre-
late with calculated volume of substituents at thiophene
ring: the sterically largest cyclohepta[b]thiophene subunit-
containing emitter 6 displayed the lifetime comparable to
that of the less hindered dimethyl analog 3 (entry 8 vs entry
5). Furthermore, cyclopenta[b]thiophene derivative 4 fea-
tured two-fold shorter lifetime as compared to 3 despite
the similar steric between the two emitters (entry 6 vs en-
try 5). The highest phosphorescence lifetimes (723 ms)
were measured for 4,5,6,7-tetrahydro-1-benzothiophene
derivative 5 (entry 7). Notably, not only compound 5 sur-
passed the phosphorescence lifetime of 1, but it also fea-
tured 24-fold higher phosphorescence QY than the bench-
mark emitter 1 (entry 7 vs. entry 2). Hence, the increased
steric bulk in the close proximity to the thiophene sulfur
atom apparently helps to hinder the detrimental intermo-
lecular through-space relaxation channels and leads to the

increase of the phosphorescence lifetimes without com-
promising QY.
X-ray data analysis.

The efficiency of the sulfur on-site shielding approach to
suppress the detrimental intermolecular non-radiative re-
laxation routes was further corroborated by single crystal
X-ray data for emitters 2-6. Single crystals of 2-6 suitable
for X-ray analysis were obtained by vapor diffusion from
MeCN for 2, heptane for 3, a mixture of heptane, EtOAc
and Et,O for 4, a mixture of hexane and EtOAc for 5, a mix-
ture of heptane and Et,O for a-polymorph 6% and heptane
for B-polymorph 6P (Figure 3A). Compounds 2-4 crystal-
lized as orthorhombic colorless blocks with Pbca space
group, compound 5 was obtained as monoclinic colorless
plates with Pz,/c space group and polymorphs 6% and 6f
crystallized as triclinic colorless prisms and needles, re-
spectively, with P1 space group. The lattice dimensions
were found to be similar for 2, 3, 4 and 6b. In contrast, 2-3
fold reduced unit cell volume was observed for 5 and 6a as
compared to the aforementioned emitters. Thiophene de-
rivatives 2—4 featured dimeric structures with very similar
parallel-displaced stacking arrangement induced by S-nt
system interactions, whereas both
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and phosphorescence lifetimes for emitters 2-6.

polymorphs of 6 displayed head-to-tail arrangements, in-
duced either by S-m system or S-S interactions. Finally, 5
displayed a distorted tail-to-tail arrangement, however the
S-mt system interaction was still present. To investigate the
packing arrangement and intermolecular interactions be-
tween molecules in a crystal lattice, three types of adjacent
dimers were extracted for the in-depth analysis.

It was hypothesized that the variation of a steric bulk
next to the sulfur atom of the thiophene subunit in emit-
ters 2-6 should influence the packing arrangement in the
crystal lattice. Indeed, dimers 2-6 featured different dis-
tances between the thiophene S atom and the closest -
system (carbazole moiety for emitters 2-5 and 6% or m-sys-
tem of thiophene moiety for emitter 6P) of the neighboring
luminophore. Thus, 4,5-nonsubstituted thiophene deriva-
tive 2 displayed the shortest intermolecular S-to-n system
distance of 3.271 A (Figure 3A). The introduction of fused
cyclopentene moiety (emitter 4) and methyl groups (emit-
ter 3) resulted in the distance increase to 3.385 A and 3.567
A, respectively (Figure 3A). The longest intermolecular S-
to-n system or S-to-S distances were measured for cyclo-
hepta[b]thiophene-containing emitter 6 (3.447 A for 6*
and 3.546 A for 68) and 4,5,6,7-tetrahydro-1-benzothio-
phene derivative 5 (3.762 ; see Figure 3). Importantly, the
distances correlated well with the respective phosphores-
cence lifetimes for emitters 2-6 (R? = 0.92, Figure 3B). The
observed correlation is notable, as it provides a strong evi-
dence for the involvement of the sulfur n-orbital in an in-
termolecular radiative relaxation pathway that apparently
has strong impact on phosphorescence lifetimes.

Additionally, we also examined other crystal state pa-
rameters for emitters 2-6 that could have an impact on the
phosphorescence lifetimes (see SI, pages S24-26 for de-
tailed data). First, torsion angles between the carbazole
and thiophene moieties were measured. The thiophene
moiety was twisted out of the carbazole plane and the tor-
sion angles were found to be 86.2° for 2, 65.1° for 3, 63.4° for
4, 77.8° for 5, 51.4° for 6% and 87.6° for 6. Next, close con-
tacts from the oxygen of the carbonyl group (C=0) were
evaluated. In all materials, one to three hydrogen bonds

between adjacent molecules and the carbonyl oxygen were
present with distances spanning the range from 2.39 to
2.66A. Finally, the orientation of the C=O group within the
molecule was also inspected. The C=O group was pointed
to the same direction as the carbazole moiety in emitters 2
and 5. However, opposite orientations of the C=O group
and carbazole were observed in 3, 4, 6* and 6P. Notably, no
correlation between the phosphorescence lifetime or QY
and torsion angles as well as hydrogen bond distances was
found.

Density functional theory calculations.

To gain a deeper insight into the excited state behavior,
time dependent density functional theory (TD-DFT and
DFT) calculations were employed at the B3LYP/6-
3u++g(2df,p) level of theory® using geometries obtained
from X-ray analyses. First, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels were calculated for both singlet (Sn)
and triplet (Ty) states of monomers 2-6. LUMO in 2-5 and
6F were localized mainly on the carbazole moiety and to a
much lesser degree on the thiophene ring (Figure 4). In
contrast, HOMO in 2-5 and 6P were predominantly spread
on the thiophene ring and the ester moiety. Interestingly,
both LUMO and HOMO were largely localized on both
carbazole and thiophene moieties only for 6% Conse-
quently, the n-orbitals of both sulfur and oxygen atoms
participate in the excited state.

Next, energy gaps between ground and singlet as well as
triplet excited states were calculated. The transition be-
tween ground singlet state (S,) to the lowest excited singlet
state (S,) was calculated to be in the range from 3.61 to 3.27
eV (Figure 4, also see SI, pages S27-32). The low-lying T,
states that feature lower energy than S, state were also an-
alyzed. Accordingly, compounds 2, 3, 6% and 6f possessed
three low-lying triplet states (T.-;), whereas emitters 4 and
5 featured two low-lying triplet states (T,-,). The energy
gaps between S, and the highest of the low-lying T, states
(AEsmn, where n = 2 or 3) for 2, 3, 4, 5, 6% and 6P were calcu-
lated to be 0.05, 0.12, 0.12, 0.18, 0.31 and
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Figure 4. HOMO and LUMO (S, and T,) representations for emitters 2-6.

0.27 eV, respectively. The energy gap between S, and T,
states (AEgr,) for compounds 2, 3, 4, 5, 6 and 6F was 0.23,
0.46, 0.46, 0.27, 0.65 and 0.48 eV, respectively. The rela-
tively high AEgt, and AEgr, values for 6% can be rational-
ized by the high degree of HOMO and LUMO overlap.

Generally, high AEsr, values are known to reduce the ISC
rate leading to low phosphorescence quantum yields.’s
However, in our case emitter 6% with the highest AEs;1; and
AEgt, values (AEgit, = 0.31 €V and AEst, = 0.65 eV) dis-
played higher phosphorescence QY than its counterparts
4, 5 and 6P that feature relatively smaller energy gaps be-
tween S, and T,/T, states (AEs; = 0.12, 0.18, 0.27 and AEgta
= 0.46, 0.27, 0.48 eV, respectively). In addition, identical
AEgm, and AEg, values were calculated for 3 and 4; how-
ever these emitters displayed the highest disparity in phos-
phorescence QYs among these materials (see Table 1, en-
tries 5 and 6). Evidently, the phosphorescence QY for emit-
ters 2-6 cannot be estimated merely by TD-DFT calcula-
tions of AEs;, and AEst, values for individual molecules
without taking into the consideration intermolecular in-
teractions in the crystal state. Apparently, intermolecular
interactions for emitters 2-6 play significant role in deter-
mining the ISC rate and phosphorescence QY as opposed
to archetypal emitter 1, for which a good correlation be-
tween ISC and AEgt, gap'>® was observed without consid-
ering intermolecular processes.

Additional calculations were performed to identify key
intermolecular processes in the crystal state that may con-
tribute to the phosphorescence QY and lifetimes of emit-
ters 2-6. The observed correlation of the crystal state phos-
phorescence lifetime and distance between neighboring
luminophores 2-6 (see Figure 3B) led us to hypothesize
that the sought-after mechanism is the charge transfer
(CT) process, which effectiveness is well-known to be de-
pendent on the inter-emitter distance.?® Accordingly, a

thorough charge transfer integral (CTI) analysis of 2-6 was
conducted to account for all possible CT vectors between
the excited luminophore and all adjacent molecules in the
crystal lattice. CTIs were calculated for both electron trans-
fer (LUMO, blue vectors, E, ;) and hole transfer (HOMO,
red vectors, H, ;) using CATNIP* software (Figure 5). For
example, compound 4 possessed six CT pathways, three for
electron transfer and three for hole transfer (Figure 5A),
whereas ten CT pathways were identified for 2, fourteen for
3, ten for 5, ten for 6 and sixteen for emitter 6P, respec-
tively (see SI S33-36). The effectiveness of the CT in each
of the vectors was approximated by the intermolecular
electronic coupling V (see SI, page S33) between the two
luminophores.?® Importantly, recent works have identified
that the increase of V plays a crucial role in ensuring long
and intense solid state emission.'>* Specifically, strong in-
termolecular V between nr* and nmt* states is required to
achieve ultra-long room temperature phosphorescence in
the crystal state.9 Higher absolute values of V (|V|) ensure
stronger intermolecular interactions, and hence a more
plausible CT.
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Figure 5. A: Every considered electron and hole CT pathway
for 4; B: Correlation between the average value of |V| and
phosphorescence lifetime.

Having calculated |V]| values for each of CT vectors un-
der consideration, we disregarded those with negligible



participation in the CT processes. Specifically, CT vectors
with | V| value contributing below 5% of the total sum of
|V] (X |V]) values were omitted to obtain the most proba-
ble CT pathways for each of emitters 2-6 in the crystal lat-
tice. Accordingly, seven CT pathways for 2, five 3, five 4,
four s, eight 6* and five 6f were employed in further calcu-
lations (See SI S37-40). The |V| values for each plausible
pathway for 2-6 were in the range between 0.001 and 0.062
eV. Notably, the average absolute value of electronic cou-

Ell l , where n is

pling (|V]) for all plausible CT pathways (
the number of plausible pathways) correlated extremely
well with the observed phosphorescence lifetimes for each
of the emitters (R*=0.98, Error! Reference source not
found.B), and hence, approximated the lifetime even bet-
ter than did the shortest contact distances (R*=0.92, Error!
Reference source not found.B). Apparently, the increase
of a distance between luminophores in a crystal lattice hin-
ders the dominant intermolecular T, — S, relaxation chan-
nel and triggers multiple alternative through-space T, — S,
pathways, thus stabilizing excitons and leading to ultra-
long phosphorescence lifetimes. Exciton stabilization de-
pends on the rates of CT processes (charge separation and
recombination). Notably, recent studies clearly demon-
strated that charge separation and recombination rates of
the triplet states are governed by the electronic coupling
V.3° Overall, the CTI calculations provide compelling evi-
dence that both electron and hole mobility has strong im-
pact on the phosphorescence lifetime for emitters 2-6 in
the crystal lattice.

Having identified CT as the key intermolecular process
that affects the crystal state emission properties of 2-6, we
revisited the DFT calculations of phosphorescence QYs for
these emitters (B3LYP/6-3u++g(2df,p) level of theory). Ac-
cordingly, energy levels for both singlet (S,) and triplet (T,)
states were calculated for dimers of 2-6 using geometries
obtained from the X-ray analysis. Importantly, S, and T,
energy levels for dimers were similar to those calculated for
the respective monomers (SI, pages S42-50), however
HOMO and LUMO in the dimeric structures were not lo-
calized in the same molecule (Figure 6A). Dimers with the
highest absolute electron coupling values | V|. (represented
by blue vectors in Figure 5A) were only chosen, since they
would account for the majority of excited state electron
transitions. Accordingly, two dimers with high |V|. values
were selected for 2, 3, and 5, and one dimer for 4, 6% and 6°.
To account for the most relevant intermolecular S, — Ty
transition channels, the number of accessible T, states for
each of dimers (within 0.30 eV range) were multiplied by
the respective |V]. value. This led to a sum of |V|.-cor-
rected accessible T, states, which was designated as the L
factor (L = X1 (m X |V|¢m)), where m = number of accessi-
ble S, — T, transitions, n = number of dimers, |V]em) = |V]e
value of the corresponding dimer, See SI S51). We were de-
lighted to see that the factor L correlated reasonably well
with the phosphorescence QY (R* = o.74, Figure 6B).
Hence, combined TD-DFT data and CTI analysis provided
a relatively good approximation of the measured phospho-
rescence QY values for solid-state emitters 2-6 despite the
fact that not every possible dimer was considered in the

calculations. Overall, the TD-DFT data suggest that the
phosphorescence QY depends on both the energy gaps be-
tween the accessible S, — T, transitions (AEst, values) and
CT between excited luminophores (represented by the ab-
solute excited state electron electronic coupling values
|V]e). Intermolecular interactions in the crystal lattice in-
crease the number of accessible triplet states for S, — Ty
transitions in phosphors 2-6, resulting in similar phospho-
rescence QYs across the series. Presumably, multiple slow
S, — T, transitions in 3-6 compensate for the fast ISC
channel associated with n-type orbital of the non-hindered
sulfur atom in luminophore 2.
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Figure 6. A: HOMO and LUMO representations for 5; B: Cor-
relation plot between the factor L and phosphorescence QYs;
L = X}(m X |V]e(n)), where m = number of accessible S, — T,
transitions, n = number of dimers, |V]em) = |V]e value of the
corresponding dimer.

Phosphorescent coating

Given that emitter 5 displayed ultra-long phosphores-
cence lifetime, it was employed in the design of a time-re-
solved anti-counterfeiting pattern. Accordingly, a contour
of a cat, a letter "n” and an arrow was plotted using a pre-
viously published pyridinium luminophore,? whereas a
symbol "n” and the cat eyes were coated with compound 5
(Figure 7). The latter was applied on a black paper surface
as a solution in Et,O, followed by solvent evaporation to
afford crystalline coating. The whole pattern was visible
under 365 nm excitation, whereas only the symbol "n” and
the cat eyes remained visible after turning-off the excita-
tion (Figure 7). The ultra-long lifetime of compound 5 al-
lows for the visible identification of the coated patterns for
at least two seconds after the cease of excitation. Im-
portantly, emitter 5 did not lose its phosphorescent ability
after the solvent-based coating, indicating that the phos-
phorescence properties do not depend on crystal size. Fur-
thermore, the phosphorescence was not quenched by oxy-
gen despite that the solvent-based coating and subsequent
excitation was performed under ambient atmosphere. Fi-
nally, the patterns coated with 5 displayed unchanged
phosphorescent behavior after exposure to oxygen and am-
bient light for more than a month.

UVon UVoff 0.5s 1.0s

Figure 7. Anti-counterfeiting pattern created using 5 and an
emitter with a short lifetime.




Conclusions

In conclusion, a straightforward molecular engineering
strategy to decouple phosphorescence lifetime and quan-
tum yields in purely organic luminophores is reported. The
design strategy relies on the introduction of a steric bulk
next to n-type orbital-containing sulfur atom of lumino-
phore. Owing to the increased steric demands due to the
alkyl groups, neighboring luminophore molecules adopt
greater inter-emitter distances in a crystal lattice. The in-
crease in the distance translates into prolonged phospho-
rescence lifetime while keeping phosphorescence QY vir-
tually unchanged. The phosphorescence lifetime extension
up to 35 times (from 21 ms to 723 ms) was readily achieved
without sacrificing phosphorescence QYs. A good correla-
tion (R*=0.92) was observed between the intermolecular
distance and the phosphorescence lifetime across a series
of crystalline emitters possessing various steric bulk. The
increase of the inter-emitter distance helps to hinder the
dominating distance-dependent intermolecular T, — S, re-
laxation channel while triggering multiple alternative
through-space T, — S, relaxation pathways that lead to
considerably longer phosphorescence lifetimes. Important
evidence favoring the presence of multiple inter-emitter
T, > S, relaxation pathways was acquired by a charge
transfer integral (CTI) analysis of the crystal state dimers.
Importantly, the calculated average absolute value of elec-
tronic coupling (| V]) for plausible CT relaxation pathways
correlated extremely well with the phosphorescence life-
time (R2>=0.98). Furthermore, the combination of the CTI
analysis and TD-DFT calculations of the accessible S, — Ty,
transitions energies (AEs, values) for dimers provided a
reasonably good model for the prediction of phosphores-
cence QYs. In sharp contrast, the phosphorescence QY
could not be approximated by TD-DFT calculations of
monomeric phosphorescent luminophores suggesting that
intermolecular interactions in the crystal state increase the
number of accessible triplet states for S, — T, transitions.
Presumably, multiple S, —» T, transitions compensate for
the ISC channel associated with n-type orbital. The dis-
closed molecular engineering strategy offers a general ap-
proach to minimize the detrimental interplay between
phosphorescence QY and lifetime, and also contributes to
a mechanistic understanding of the solid state phosphores-
cence phenomenon. Considering the vast majority of phos-
phorescent materials possess a heteroatom lone pair, the
developed approach may be especially useful in the design
of purely organic phosphorescent materials with both high
QY and ultra-long lifetimes.
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