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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Organisko nelineari optisko (NLO) hromoforu sint€ze un uz to bazes veidoto materialu
ipasibas pieder vienam no modernakajiem pé&tijjumu virzieniem — elektrooptisko materialu un
informacijas nes€ju izstradei komunikaciju un fotonikas nozar€s. Jauni organiskie NLO
materiali, arT uz azohromoforu bazes izstradatie, lautu izveidot vel efektivakas informacijas
tehnologiju iekartas, pieméram, elektooptiskos modulatorus, kas vargtu but potenciali labaki
par paslaik esoSajam $ada veida iekartam uz neorganisko materialu bazes [1-3]. Organisko
NLO materialu galvena sastavdala ir polara hromofora fragments, kas kovalenti saistits
poliméra virkn€ vai molekulara hromofora veida ir dop@ts polimera. Tas var but arT kovalenti
saistits dendrime&ra vai veidot organiskos molekularos stiklus — cietus amorfus materialus, kas
veidoti no viena organiska savienojuma molekulam. Polarais hromofors ir molekula vai tas
dala, ko veido elektronu donors un elektronu akceptors fragments, kas ar konjugétu z elektronu
tiltinu ir savstarp&ji kovalenti saistiti, jeb D—z—A tipa hromofors, dévéts ari par push-pull
hromoforu. Organiskos NLO hromoforus var modificet, lai panaktu uz to bazes izgatavoto
materialu vieglaku apstradi un nodro§inatu atbilstibu piecam galvenajam prasibam: vairakas
reizes augstaki NLO koeficienti neka neorganiskajiem materialiem, lieli gaismas lausanas
koeficienti, lieliska optiska caurlaidiba, ilglaiciga necentrosimetriski orienteto dipolu stabilitate
un augsta fotokimiska stabilitate ierices lietosanas apstaklos [1, 4, 5].

Otras kartas NLO efekts ir novérojams tikai materialam ar necentrosimetriski orientetiem
hromofora dipoliem, ko visbiezak panak, iedarbojoties uz materialu ar optisko vai elektrisko
lauku. Tomér D-z—A tipa hromoforiem visbiezak ir lieli dipolmomenti, un notiek dipolu
relaksacija centrosimetriska sakartojuma virziena, samazinot vai dz&Sot NLO efektu [1, 6].
Tadgjadi, lai saglabatu polaro kartibu, amorfajam NLO materialam ir jablt ar pec iespgjas
augstaku stiklo$anas temperatiiru (Tq), hromofori ir jaizol€ Cits no cita, lai samazinatu elektrisko
dipolu atgrasanos [1, 6], vai ar jaizmanto piemérotas starpmolekularas mijiedarbibas starp
molekulu fragmentiem, lai iesaldétu hromoforu savstarp&jo novietojumu pé&c orienté$anas [1].
Cits So moderno materialu NLO koeficienta paaugstinasanas cel§ ir tadu NLO hromoforu
veido$ana, kuru summarie dipolmomenti nebiitu lieli pat pie loti augstiem hiperpolarizgjamibas
raksturojumiem, ko var panakt, izmantojot divus hromoforus ar pretgji vérstiem fragmentu
dipolmomentu vektoriem, bet vienadi vérstiem hiperpolariz&jamibas vektoriem. Sis cel§ var
efektivi samazinat visas molekulas dipolmomentu, molekulu atgrisanos un tieksmi veidot
centrosimetriski orient&tas struktiiras amorfa organiska molekulara stikla fazg [7, 8].

Zinams, ka molekulu perfluoraromatiskic fragmenti spécigi mijiedarbojas ar
aromatiskajiem fragmentiem kristalos, skidrajos kristalos, supramolekularajas nanoskiedras,
hidrogglos un pat $kidumos [9]. Aromatisko-perfluoraromatisko (Ar-ArF) fragmentu
mijiedarbibu var izmantot, lai ieglitu necentrosimetriski sakartotas amorfas struktiiras p&c
orient&$anas un lidz ar to palielinatu to NLO Ipasibas [1, 4, 6, 10-13]. Dendrim&ra un dendrona
sintzi izmanto, lai iegiitu struktliras ar telpiski izoletu hromoforu, kam piemit liels
dipolmoments, un uzlabotu materiala termiskas ipasibas [1, 4, 14, 15]. 1,2-Difenildiazéna jeb
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azobenzola atvasinajumus ar dendroniem un dendrim@riem var kovalenti saistit sava starpa
dazados veidos [16]: azobenzola fragmentu var kovalenti ieklaut dendrona vai dendriméra
kodola, periferija vai viscaur dendriméra zarojuma. Ar-Ar" mijiedarbibu izmantosanu un
dendronu ievadiSanu molekula var summét, izmantojot dendronus ar aromatisko un
pentafluorfenilfragmentu, lai palielinatu organisko molekularo stiklu NLO koeficientus un
orientacijas stabilitati [10-12].

NLO 1pasibas vairuma gadijumu ir pétitas dendrimériem, kas satur D—z—A tipa azobenzola
fragmentus visa dendriméra zarojuma [17-21]. Apjomigi pétfjumi par D-z—A tipa azobenzola
NLO dendrimériem veikti profesora Zhen Li grupa [6, 13, 15, 22—-33]. Vini ari konstatgjusi
NLO fipasibu pastiprinasanos azobenzola dendronos un dendriméros, izmantojot Ar-ArF
mijiedarbibas [13, 24-26]. D-7—A tipa azohromoforus saturo$i NLO materiali iepriek$ nav
pétiti, ja hromofors ir kovalenti saistits dendriméra vai dendrona kodola.

Pétijuma mérkis un uzdevumi

Promocijas darba mérkis ir iegiit un raksturot jaunus, dendroniz&tus, organiskajiem NLO
materialiem izmantojamus D-z—A tipa azohromoforu atvasinajumus, izmantojot dendrona
fragmentus ar apjomigiem aromatiskiem un/vai perfluoraromatiskiem fragmentiem. Papildu
merkis ir sasniegt atbilstosas materialu TpaSibas — stikloSanas temperattiru virs 100 °C [5] un
NLO koeficienta dsz vertibu virs 25,2 pm-V2, kas parspétu visefektivako no &etriem visbiezak
lietotajiem neorganiskajiem kristaliem LiNbO3 [34].

Darba mérka isteno$anai definéti $adi uzdevumi:

1) veikt struktiras dizainu un sintezét dendronizStus vienu vai vairakus azobenzola
fragmentus saturo$us savienojumus, kam piemit organisko molekularo stiklu Ipasibas;

2) raksturot sintez&to savienojumu un materialu termiskas, optiskas un NLO ipasibas;

3) izzinat sakaribas starp sintez&to savienojumu kimisko struktiru un to fizikalajam
Ipasibam, akcent&jot NLO 1pasibas.

Zinatniska novitate un galvenie rezultati

Promocijas darba izstradatas tris pieejas D-z—A tipa azohromoforu saturo$u organisko
NLO materialu sint€zei. Pirmkart, iegiiti azobenzola kodola dendrimé&ri, no kuriem veidotajos
NLO materialos azohromoforu fragmenti Cits no cita ir atdaliti ar dendriméra zarojumu,
nepielaujot centrosimetrisko hromofora sakartoSanos péc ta orient€Sanas elektriskaja lauka.
Otrkart, izmantota fenilgrupas un pentafluorfenilgrupas saturo$o dendroniz€joso fragmentu
Ar-Art mijiedarbiba, lai stabilizétu amorfo fazi organiskajam molekularajam stiklam péc ta
hromoforu orientéSanas elektriskaja lauka. Treskart, veikta vairaku kovalenti saistitu hromoforu
saturoSa organiska molekulara stikla summara dipolmomenta samazinaSana, vienlaikus
palielinot molekularo hiperpolariz&jamibu.

Promocijas darba aprakstiti jauni dendronizéti hromofori, kuru sintézé izmantoti 4-amino-
4’-nitroazobenzols un 3,5-bis(2-hidroksietoksi)benzoskabes vai 3,5-dibenziloksibenzoskabes
esteri un to atvasindjumi ka dendronizgjoSie fragmenti. Sintez&to savienojumu struktiiras



ieklautas arT telpiski apjomigas tritilgrupas, kas veicina cietas amorfas fazes veidoSanu
vienkomponenta organiskajam molekularajam stiklam. Sintez€ti azobenzola atvasinajumi ar
vienu vai vairakam pentafluorfenilgrupam, kas spg& veidot iekSmolekularus vai
starpmolekularus kompleksus ar aromatiskajiem fragmentiem, stabiliz€jot necentrosimetrisko
kartibu péc molekulu orientéSanas elektriskaja lauka un paaugstinot NLO parametrus. Ar
rentgenstruktiiranalizes metodi pirmo reizi paradita iek§molekulara Ar-Ar" mijiedarbiba liela
dendronizéta NLO aktiva azohromofora kristala, noverojama pentafluorfenilgrupas sadarbiba
ar azobenzola fragmentu. Pentafluorfenilfragmentus saturoSo savienojumu optiskajas 1pasibas
novérota Ar-Ar™ mijiedarbiba, kas sasaucas ar rentgenstruktiiranalizes rezultatiem. Sintez&ti
dendroni, kovalenti saistot azohromoforu ar indandionilpiridinija betatnu vai citu azohromoforu
ar pretgji verstiem fragmentu dipolmomentiem.

Noteiktas visu sintez&to savienojumu stikloSanas, kuSanas un sadaliSanas temperatiiras un
raksturota molekulas dendronu fragmentu un gala grupu ietekme uz savienojumu stiklo$anas
un sadaliSanas temperatiiram. Tika noteiktas sintez€to savienojumu NLO T1pasibas: NLO
koeficienti ds1 un dss, kas noteikti, mérot otras harmonikas generacijas intensitati (SHI) p
polarizgtai gaismai, apstarojot paraugu attiecigi ar S vai p polarizétu gaismu, un NLO ipasibu
saglabasanas, karsgjot paraugu. Konstatéts, ka atsevisku molekulas fragmentu savstarpgjas
mijiedarbibas rezultata NLO 1pasibas var tikt gan uzlabotas, ja tiek stabilizéta
necentrosimetriska hromoforu kartiba, gan biatiski pasliktinatas, kad tiek stabiliz&ta
centrosimetriska hromoforu kartiba. P&tito D—n—A tipa azohromofora fragmentu NLO 1pasibu
un mijiedarbibas veicino$o molekulas fragmentu sinergijas dél tika iegati 15 dendroniz&to
azohromoforu paraugi, no kuriem astonu savienojumu paraugiem NLO koeficienti parsniedz
plasi izmantota LiNbOg3 (dss = 25,2 pm-V 1) vértibu.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par
azobenzolu satoro$u dendrim@ru sint€zi un struktiiras, optisko, termisko un NLO ipasibu
pétijumiem. Promocijas darbs apkopo seSas originalpublikacijas SCOPUS un/vai Web of
Science indeks&tos zinatniskajos Zurnalos un konferenéu rakstu krajumos.

Darba aprobacija un publikacijas

Promocijas darba rezultati publicéti Ceros zinatniskajos rakstos un divos pilna teksta
konferencu rakstos. P&tfjumu rezultati prezentéti 10 konferences, piedaloties ar 12 konferencu
te€zem.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Dendrimeéri ar azobenzola kodolu
1.1. Dendriméru uzbiive un sintézes panémieni

Dendrimeri ir regulari sazarotas makromolekulas ar skaidri defin€tu struktiiru, kas nosaka
molekulas sferisku, tuk§umus saturo$u formu un raksturigas fizikalas Ipasibas [35]. Dendrim&ru
ieglist vairakas secigas reakcijas, lielaka dala sintézes pan€mienu saistiti ar pastavigu
dendriméra augSanas un funkcionalo grupu nomainas reakciju virkni, lai izvairitos no
nekontrolgjamas polimerizacijas. Dendrim@ram ir trTs raksturigi uzbiives elementi: centrala dala
jeb kodols (>), zarojums (<) un gala grupas jeb periférija (A, B, X, Y, @) (1. att.) [35].
Viena veida dazada izm@ra dendrimérus iedala paaudzés G1, G2, G3 utt. (anglu val. —
generation), atbilsto$a kontekstd dendrim@ra kodols nereti iegiist nulles paaudzes GO
apzim&jumu. Ir divas klasiskas dendrim@ru sintézes metodes: divergenta un konvergenta [35,
36].

I. Divergentas sintézes cel$ X

X
X A X A A X X
I>X A X Y- A X
\ A X
X A

7
Il. Konvergentas sintézes cel$

Cg gb E D kodols
zarojuma elements
— Y jeb dendrons
v periféra grupa
X,Y reagé€josas
funkcionalas grupas

A, B aizsarggrupas

2. paaudzes dendrimérs

1. att. Shematisks otras paaudzes (G2) dendriméra struktiiras un ta divergentas (I) un
konvergentas (1) sintézes celu attélojums [35].

Vésturiski pirma dendriméru sintézé tika izmantota divergenta metode (1. att. I), kura
molekulu veido, sakot ar kodolu, p&c tam pievienojot vienu kartu monomeru ar kimiski inertam
periférijas grupam, ko vélak aktivizé nakamas kartas pievienoSanai. Sos divus solus
atkarto [35]. Dendriméra perifériju var funkcionalizét ar kadam Tpasam funkcionalajam grupam
vai struktiram, ko izv€las atkariba no planotajiem petfjumiem vai lietojuma. Periféro grupu
skaits ar katru dendrim@ra paaudzi pieaug eksponenciali, tadel potenciala probléma, nepilnigi
reaggjot periferijas funkcionalajam grupam, ir struktiras defektu paradisanas lielu paaudzu
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dendrim@riem. Turklat reakcijas veiksmigai norisei nepiecieSamais reagentu parakums var
apgritinat produktu attiriSanu [37].

Konvergentaja metodé dendriméra sintézi sak ar perifériju un beidz ar kodolu (1. att. I1).
Argjos slanus pakapeniski savieno, iegiistot sazarotas struktiiras, ko dévé par dendroniem. Kad
dendroni sasniegusi izv€l€to paaudzi, tos pievieno piemérotam kodolam un iegiist dizaingtas
paaudzes dendriméru [35]. Konvergentaja sintéz€ ir maza blakusreakciju varbitiba katra soli,
un dendrona aug$ana nepiecieSamais reaggjo$o grupu skaits ir viegli kontrolgjams, tapéc
monodispersu dendrim@ru sint€ze iesp&jama ar lielaku precizitati, jo katra soli attiriSana ir
vienkar$aka neka divergentas sintézes gadijuma [35, 36]. Konvergentas metodes lielakais
triikums ir stériska kodola funkcionalas grupas aizsegSana lielakas paaudzes, kas rada loti
zemus dendrim@ru galaproduktu iznakumus [37].

Konvergentas vai divergentas sintézes izmanto$anu nosaka izvéletais dendriméra zarojuma
un sintézes reakcijas veids, periférijas un kodola funkcionalo grupu stabilitate un iesp&jamas
blakusreakcijas. Kombingjot un pilnveidojot §is klasiskas sintézes stratégijas, ir raditas arl
paatrinatas jeb eksponencialas lielu dendriméru sintézei piemerotas stratégijas, izmantojot
mazaku kop€jo reakciju skaitu un iegiistot lielakus iznakumus [36, 38].

1.2. Dendriméru ar azobenzola kodolu sintéze

Ieprieks&jos pétijumos tika sintez&ti dendriméri ar azobenzola kodolu lidz tre$ajai paaudzei,
divergentas sintézes cela veidojot poliestera zarojumu ar gala hidroksigrupam vai
tetrahidropiranilgrupam (THP-grupam) [39]. Iegtitajiem dendrimériem ar THP-grupam tika
noteikta otras kartas hiperpolariz&jamiba $kiduma [40]. Minétie dendriméri tika iegfiti viskozu
vasku veida, kuru stiklo$anas temperattiras ir 15-27 °C [39], un tos nevargja lietot cietu amorfu
kartinu veidoSanai NLO materialiem. Tritilgrupu (Trt-grupu) ievadiSana organiskos
hromoforus saturo$ajas molekulas sekm& visa savienojuma sp&u veidot cietas amorfas
kartinas [41], tapec tika veikta tadas dendrona zarojumu veidojo$as molekulas sintéze, Kas
periférija satur Trt-grupas.

Iepricks tika sintezéti 3,5-bis(2-hidroksietoksi)benzoskabes atvasinajumi 3a ar
THP-aizsarggrupam [39] (2. att.). P&c analogas shémas tika veikta dendrona 3b ar gala Trt-
grupam sintéze (2. att.). Vispirms metil-3,5-dihidroksibenzoats (1) tika alkiléts ar 2-
(tritiloksi)etilhloridu DMF $kiduma NaH bazes klatbttng, iegiistot savienojumu 2c, tomér
reakcija notika 1&ni un ar mazu iznakumu. Visticamak, stériski apjomiga tritilgrupa traucé
nukleofilas aizvieto$anas reakciju —CH2Cl fragmenta. Tadgel] tika izmantots cits sintézes cels,
un no savienojuma 2a tika ieguts metil-3,5-bis(2-hidroksietoksi)benzoats (2b), kuru
funkcionalizgjot ar Trt-grupam, ieglist savienojumu 2c. Hidroliz&jot savienojuma 2c estera
grupu, tika iegtita nepiecieSama tritiléta skabe 3b.
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2. att. 3,5-Dihidroksibenzoskabes atvasinajumu sintéze.

Izmantojot divergentas sintézes metodi, dendriméru periféras hidroksigrupas tika
funkcionalizétas par Trt-grupam. Kodola GO-OH un pirmas paaudzes dendriméra G1-OH
reakcija ar tritilhloridu piridina trietilamina klatbatné attiecigi tika iegati produkti GO-Trt un
G1-Trt (3. att.). Savienojums GO-Trt attirits, to kristaliz&jot, un iegits ar vidéju iznakumu un
augstu mérka savienojuma jeb pamatvielas saturu. Paraugu pamatvielas satura analize veikta ar
augstas efektivitates $kidrumu hromatografiju (AESH). Nulles paaudzes savienojums GO-Trt
sintezg&ts, lai optisko un termisko Tpasibu p&tijumos novérotu ta devéto “dendriméra efektu”,
kas rodas, pievienojot kodolam dendrim@ra zarojumus vairakas paaudzes. Dendrimérs G1-Trt
tika attirits, izmantojot kolonnas hromatografiju, kur tika novérota Trt-grupu hidrolize uz
silikagela, rezultata iegiistot tikai 37 % iznakumu un 50 % pamatvielas saturu. Dendriméra G1-
Trt parauga bez mérka savienojuma ari ir lidzigas struktiras azosavienojums, kam notikusi
vienas Trt-grupas hidrolize. Analoga veida no dendriméra G2-OH ar tritilhloridu piridina
trietilamina klatbiitne sintezets dendrim@rs G2-Trt, bet iegiitais paraugs ir piecu vielu (kopa
70-75 %), kuram ir loti lidzigas struktiiras, maisijums. Izol&tais maisijums, kas apziméts ar G2-
Trt, satur gan pamatvielu, gan dendriméru tipa azosavienojumus ar mazaku Trt-grupu skaitu,
kas var€tu veidoties nepilnigas hidroksigrupu funkcionalizé$anas del. Vidgji visa dendrimera
G2-Trt parauga pietriikst vienas Trt-grupas. Funkcionalo grupu attieciba maisijuma esoSajam
vielam noteikta ar *H KMR spektrometriju. Tresas paaudzes dendriméra ar periféram Trt-
grupam divergentaja sint€ze tika iegits paraugs, kas ir loti polidisperss vidgji ar seSu no 16 Trt-
grupam iztrikumu, tad€] ieglita parauga optiskas un termiskas ipasibas promocijas darba netiks
apskattas.
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3. att. Savienojuma GO-Trt sintéze un dendriméru G1-Trt divergenta (I) un konvergenta (1)
sintéze. Otras paaudzes dendrim@ru struktiiras.

Tika secinats, ka divergentas sintézes metodei ir butisks trikums — palielinoties gala grupu
skaitam, ir griti nodro$inat to pilnigu funkcionaliz€Sanu. Tap&c dendrim&ru ar Trt-grupam
periférija sintézi daudz efektivak varétu veikt, izmantojot konvergento dendriméru sintézes
metodi. Skabes 3b esterificéSanas ar azosavienojumu G0-OH reakcija tika iegiits dendrimérs
G1-Trt (3. att. Il), kas tika attirits, izmantojot frakcionétu izgulsné$anu. Izmantojot
konvergentas sintézes panémienu, dendrimérs G1-Trt tika sintez&ts viena stadija ar labu
iznakumu (78 %) un augstu pamatvielas saturu (95 %), kas noteikts, izmantojot AESH un
H KMR spektrometriju. Jaatzimé, ka $1 metode ir daudz efektivaka par iepriek§ izmantoto
divergentas sintézes metodi, kad tas pats dendrimérs G1-Trt tika iegiits ar kopgjo iznakumu
37 %. Saja darba aprakstitie dendriméri G1-Trt un G2-Trt, kas iegiiti divergentas sintézes cela,
sastav no vairakam individualam vielam — pamatvielas un Iidzigas struktiiras
azosavienojumiem, kas visi satur aktivo azohromoforu un izolgjo$o dendriméra zarojumu,
atSkiras tikai preciza periféro hidroksi- un Trt-grupu attieciba un novietojums. Interesgjosas
Tpasibas nosaka visos materialos eso$ais azohromofors, tapéc sintezétie produkti ir izmantojami
ka materiali to turpmakiem optisko, termisko un NLO 1pasSibu p&tjjumiem.

1.3. Dendriméru ar azobenzola kodolu ipasibas

Sintez&tajiem produktiem GO-Trt, G1-Trt, G2-Trt un to prekursoriem G0-OH, G1-OH,
G2-OH acetona gaismas absorbcijas maksimumi (Amax) un molarie ekstinkcijas koeficienti (g)
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atbilst zemakas frekvences ladina parejas joslai (1. tab.). Savienojumu GO-OH un GO-Trt
absorbcijas maksimumi acetona ir batohromi nobiditi attieciba pret pirmas un otras paaudzes
dendrimé@riem (1. tab., 1., 4. rinda), jo trikst dendriméra zarojuma un ta veidotas lokalas vides,
kas iespaido azohromofora absorbcijas spektru gan ar elektrostatisko mijiedarbibu, gan telpiski
ierobeZojot $kidinataja molekulu piekluvi kodola azohromoforam. Savukart, analizgjot vienas
paaudzes dendriméru ar abam gala grupam datus (1. tab., salidzinot 2. ar 5. un 3. ar 6. rindu),
netika noverota gala grupu ietekme uz absorbcijas maksimumu, kas liecina par to relativi talu
novietojumu no azohromofora fragmenta.

1. tabula

Sintez€to dendrim@ru un to sintéze izmantoto izejvielu optiskas un termiskas 1pasibas

Nr.p. k. | Dendrimérs Amax,® NM g2 Mtcm? Tg, °C Tkus> °C Tg, °C
1. GO0-OH 494 28 200 - 114 245
2. G1-OH 467 23400 53 129 289
3. G2-OH 472 24 500 64 102 300
4. GO-Trt 490 26 000 73 198 288
5. G1-Trt 470 22 000 83 - 286
6. G2-Trt 471 24 500 85 - 294

30 umol-L acetona §kiduma.

Tika pétitas arT sintezéto produktu GO-Trt, G1-Trt, G2-Trt un to prekursoru GO-OH,
G1-OH, G2-OH termiskas ipasibas, izmantojot diferencialo sken&joso kalorimetriju (DSC) un
termogravimetrisko analizi (TGA). Termiska stabilitate (Tg) noteikta 5% masas zuduma
temperattira, kas pirmas un otras paaudzes dendrim@riem ir lieclaka par 285 °C (1. tab.).
Azosavienojums GO0-OH ir kristalisks ar kuSanas temperatiru (Tws) 114 °C, stikloSanas
temperattira (Tg) netika noverota ari otraja karsé€Sanas etapa péc straujas izkauséta parauga
atdzeseSanas. Azosavienojums GO0-OH ir arT termiski nestabilakais savienojums no
aprakstitajiem, bet Trt-grupu vai dendrim@ra zarojuma pievienoSana palielina termisko
stabilitati. Dendriméri ar Trt-grupam G1-Trt, G2-Trt ir amorfi, jo tiem ir novérojama Tg, bet
nav novérojama Tius. Dendriméri G1-OH, G2-OH ar hidroksigrupam ir kristaliski, tomér,
izkaus€tos paraugus strauji atdzesgjot, veidojas amorfa cieta faze un atkartota karsé$ana var
noteikt Tq. Dendriméru Tq un Tq4 palielinas, picaugot dendrim@ra paaudzei sérijas ietvaros,
dendrim@riem ar gala Trt-grupam Ty sasniedzot 85 °C. Dendriméru G1-Trt optiskas un
termiskas IpaSibas ir praktiski vienadas neatkarigi no strukturali Iidzigo azosavienojumu
piejaukuma pakapes jeb gala Trt- un hidroksigrupu attiecibas, tadel 1. tabula paraditi tikai
konvergenti iegiita dendriméra dati.

Divergenti un konvergenti sintezétajam dendriméram G1-Trt konstatétas atSkirigas NLO
Tpasibas, tapec radas nepiecieSamiba atSkirigi apziméet abos sint€zes celos ieglitos produktus,
sasaistot ar parauga sastavu. lesp&jams, atSkiribas noteica izmainas periférijas Trt- un
hidroksigrupu savstarpgja attieciba. Konvergentas sintézes cela iegitais dendriméra materials
apziméts ar G1-Trt-a, un tas satur pamatvielu jeb mérka savienojumu ar visam cetram Trt-
grupam. Savukart divergentas sintézes cela iegitais dendriméra materials apziméts ar
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G1-Trt-b, un tas satur divus lidzigas struktiras azosavienojumus lidzigas proporcijas, kur
vienam ir visas Cetras Trt-grupas, savukart otram tris Trt-grupas un viena hidroksigrupa, kas
vidgji dod 3,5 Trt-grupas un pusi hidroksigrupas. Dendrim@ra materiala paraugs G2-Trt satur
vidgji septinas Trt-grupas un vienu hidroksigrupu.

NLO 1pasibas ir méritas trijiem dendriméru materialiem G1-Trt-a, G1-Trt-b un G2-Trt,
nosakot otras harmonikas generacijas intensitati (SHI) $o materialu planam amorfam
elektriskaja lauka orientétam kartinam Maker fringe eksperimenta (sadarbibas partneri LU
Cietvielu fizikas institata Dr. phys. Martina Rutka vadiba). Iegitas lielas NLO koeficienta da3
vertibas (2. tab.), kas ir skaidrojamas ar alkoksiaizvietotaju esamibu azohromofora donoraja
dala. Visiem paraugiem ir plasas absorbcijas joslas, un absorbcijas maksimums ir noveérojams
tuvu 500 nm, turklat absorbcijas josla ietilpst otra harmoniska vilna garums 532 nm, kas
nodrosina NLO efektivitates rezonanses uzlaboSanos. NLO koeficienti ir atkarigi no
frekvences, tapéc tas ietekmes mazinaSanai veikta ekstrapolacija uz nulles frekvenci (dz3(0))
saskana ar divu limenu modeli [42]. Amorfa stiklveida kartina dendrim&ru materialiem
G1-Trt-a, G1-Trt-b un G2-Trt ir par 14-18 nm batohromi nobiditi gaismas absorbcijas
maksimumi, salidzinot ar maksimumu acetona $kiduma, kas liecina par hromofora fragmentu
agregaciju cietaja faze [43].

2. tabula
Dendrim@ru materialu plano amorfo kartinu NLO 1pasibas
Nr. Dendriméru Trt- un hidroksigrupu dss,? ds3(0),° Tstiso, .y
p. k. materials attieciba pm-V-t pm-V-1 oC Amax, © M
1. G1-Trt-a 4Trt/0OH 73 12 53 485
2. G1l-Trt-b 3,5Trt/0,50H 125 16 74 488
3. G2-Trt 7Trt/10H 167 23 74 488

2 NLO koeficients noteikts pie 532 nm;

® NLO koeficients ekstrapoléts uz nulles frekvenci;

¢ temperatiira, pie kuras SHI ir 50 % no sakotngjas intensitates, paraugu sildot;
4 absorbcijas maksimums mérits planai amorfai kartinai uz kvarca stiklina.

Salidzinot divergentas sintézes cela iegttos dendrim@ru materialus G1-Trt-b un G2-Trt
(2. tab., 2. un 3. rindas), redzams, ka otras paaudzes dendriméra materialam G2-Trt ir augstakas
NLO koeficienta dsz vertibas neka pirmas paaudzes dendriméra materialam G1-Trt-b. To
varétu skaidrot ar labaku azohromofora izoléSanu dendriméra zarojuma, lielaku brivibu
novietoties paraleli orientgjoSajam elektriskajam laukam, neskatoties uz hromofora
koncentracijas samazinaSanos molekulas sastava, pieaugot dendrona apjomam molekula.
Salidzinati arT dendrim&ru materiali G1-Trt-a un G1-Trt-b ar atskirigu gala grupu attiecibu
(2. tab., 1. un 2. rindas). Dendriméra materials G1-Trt-a ar ¢etram Trt-grupam uzrada tikai
58 % no NLO koeficienta dss vertibas, salidzinot ar materiala G1-Trt-b paraugu, kam Trt/OH
grupu attieciba ir 3,5/0,5. AtSkiribu nevar skaidrot vienigi ar aktiva hromofora masas dalas
samazinasanos pilnigaka dendriméra struktiira, bet atskiribu varétu skaidrot ar sinergiju, visiem
molekulas fragmentiem savstarp&ji mijiedarbojoties. Konvergentas sintézes pan€miena
izmantoSanas mérkis bija ne tikai gala produkta iznakuma palielinasana, bet arT kimiski tiraka
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jeb mérka struktiiru vairak saturoS$a materiala iegliSana, kam biitu jadarbojas efektivak neka
iepriek§ ieglitajam paraugam, kas ir tikai dalgji funkcionalizéts ar Trt-grupam. Pret&ji
gaiditajam visas NLO TipaSibas konvergenti iegiitajam dendrim@ra materiala paraugam
G1-Trt-a (2. tab,, 1. rinda) bija vajakas neka divergenti ieglitajam paraugam G1-Trt-b (2. tab.,
2. rinda).

Temperatiira Tsniso ir noteikta NLO eksperimenta, kad, vienlaikus veicot parauga sildisanu
un SHI meériSanu, novéro amorfa materiala SHI samazina$anos uz pusi. Divergenti iegito
dendriméru materialu G1-Trt-b un G2-Trt (2. tab., 2. un 3. rindas) Tsniso vertibas ir par 8-9 °C
mazakas neka $o materialu Ty vertibas, ko var skaidrot ar atskirigo molekulu sakartojumu
orienteta NLO aktiva kartina, atlaujot brivakas hromofora fragmenta kustibas neka no skiduma
izgulsnéta amorfa paraugd. Savukart dendriméra paraugam G1-Trt-a (2. tab., 1. rinda), kas
satur ¢etras Trt-grupas, TsHiso vertiba ir par 30 °C zemaka neka atbilstosa Tq vertiba, un pat visa
NLO aktivitate ir zudusi pirms Tg sasniegSanas. Iesp&ams, amorfas fazes struktiira péc
orient€Sanas elektriskaja lauka ieverojami atskiras no izkususas amorfas fazes DSC mérijumos,
ka rezultata samazinas nepiecie$amais energijas daudzums molekularajam kustibam un viegli
notiek dezorientdcija. Dendrim@ra materiala paraugam G1-Trt-b ar Trt/OH grupu attiecibu
3,5/0,5 TsHiso vertiba ir par 20 °C augstaka neka materialam G1-Trt-a ar ¢etram Trt-grupam,
ko vartu skaidrot ar amorfas fazes stabiliz€Sanos, izmantojot brivas hidroksigrupas un
fidenraza saites. Lidzigus secinajumus izdarfjusi profesora Zhen Li grupas zinatnieki [44].
Iepriek§ mingtais amorfo fazi stabilizgjoSais efekts, visticamak, ir noteicosais ar1 lielu NLO
koeficientu ds3 vertibam. Sintezéto dendriméru materialu NLO Kkoeficienti dsz ievérojami
parsniedz plasi izmantota LiNbOs3 kristalu NLO koeficientu vértibas (ds3 = 25,2 pm-V ™ [34]),
izmantojot to paSu lazera starojuma vilna garumu — 1064 nm. Tomér ekstrapolétie koeficienti
d33(0) ir mazaki par LiNbOs kristalu koeficientu vértibu, bet parsniedz divu citu no biezak
lietotajiem neorganiskajiem kristaliem KTiOPOs (dsz = 14,6 pm-V™1) un LiB3Os (dss =
0,04 pm-V1) NLO koeficientu vértibas [34].

Originalpublikacijas par $aja nodala aprakstitajiem pétjjumiem — 1. un 3. pielikuma.
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2. Dendronizéti monoazohromofori

lepriek$gja nodala aprakstitie dendriméri veidoja materialus, kas lielakoties sastav&ja no
vairakiem azosavienojumiem ar Iidzigu struktiiru, tapéc tika nolemts parbaudit aktiva
hromofora fragmentu izoléSanas koncepciju, izmantojot 1. nodala aprakstita Trt-grupas
saturo$a dendrona pievieno$anu azobenzola molekulas viena pus€. Dendroniz&ta azohromofora
molekulas otrd pusé ievadijam pentafluorfenilfragmentu, kas, iesaistoties Ar-Ar"
starpmolekularajas mijiedarbibas, var€tu ierobezot molekulu kustigumu amorfaja fazg,
paaugstinot Ty vértibu un uzlabojot NLO parametrus. Tika sintez&ti ari dendronizétie
azohromofori, kuros Trt-grupas saturo$a dendrona vieta ir THP- vai hidroksigrupas satuross
dendrons, lai, salidzinot optiskas un termiskas Ipasibas, izprastu molekulas dazado fragmentu
ietekmi uz materialu Tpasibam.

Lai uzlabotu NLO parametrus, tika sintezéti dendronizétie azohromofori, izmantojot
dendronus ar divam benzilgrupam vai divam (pentafluorfenil)metilgrupam, kas savstarpgji
mijiedarbotos, stabilizgjot elektriskaja lauka orientétu plano kartinu. Tika pievienoti atskirigi
dendroni azohromofora donoraja vai akceptoraja dala. Optisko, termisko un NLO ipasibu
salidzinasanai tika sintez&ti arT simetriskie azohromofori tada izpratng, ka azobenzola akceptora
un donora dalas saistitas ar vienadiem dendronu fragmentiem. P&tfjumu sakumposma Trt-
grupas saturo$ais dendrons un (pentafluorfenil)metilgrupas saturosais dendrons azohromofora
donoraja pus€ uzradija labas termiskas un NLO pasibas, tapéc tika izlemts sintezét ar tadu
azohromoforu, kas apvieno Sos abus fragmentus.

2.1. Dendronizétu azohromoforu sintéze

2-Amino-5-nitrofenols (4) kalpo ka izejviela visiem S$aja nodala aprakstitajiem
azosavienojumiem. Diazot&jot aminofenolu 4, tika iegiits diazonija betains 5 (4. att.), kas ir
fotojutiga oranza kristaliska viela. Azosavienojums 6 ar nelielu iznakumu tika ieguts
azosametinasanas reakcija starp betainu 5 un N-metilanilinu, kaut gan tika testéti vairaki
azosametinaSanas reakcijas apstakli. Tacu talaku azosavienojuma 6 alkilésanu ar 2-hloretanolu,
lai ieglitu produktu 7, realizét neizdevas, notiekot izejvielas 6 sabruksanai baziska vide.

Azosavienojuma 7 iegisanai tika izvelets cits sintézes celS. Alkilgjot savienojuma 4
fenolatu, tika iegits 2-(2-hloretoksi)-4-nitroanilins (8) ar 44 % iznakumu (4. att.). Diazot&jot
savienojumu 8 un talaka azosametinaSanas reakcija ar savienojumu 9, tika ieglts
nepiecieSamais divas hidroksigrupas saturosais azosavienojums 7. Simetriski dendronizétie
azohromofori 10a—c tika sintez&ti no azosavienojuma 7 un dendronizgjosajiem fragmentiem
3a,b esterificésanas reakcija, izmantojot DCC un DMAP [45, 46]. Hidroksigrupas saturosais
azohromofors 10c tika iegits, noskelot THP grupas savienojumam 10a.

Savienojumi 14a—c ar pentafluorfenilgrupu molekulas akceptoraja dala sintezgti atbilstosi
5. att€la redzamajai shémai. Alkil§jot savienojumu 4 ar mezilatvasinagjumu 11, tika iegits
savienojums 12, to talak diazot€jot un azosametinot ar anilina atvasinajumu 9, tika ieguts
azohromofors 13. Dendronizgjoso skabju pievienoSana savienojumam 13 un THP grupu
nonem$ana veikta 1idzigi iepriek§ aprakstitajiem savienojumiem 10a-C, iegiistot
azohromoforus 14a—c.

18



NaNO,, HCI OzN-Q-Nz‘ PhNHMe OzN_Q‘N\\
81% o 5% on NN
5 6

OQN—Q—NHZ
1) NaNO,, HCI
Jot OzN—Q—N\\ Ve
N\_/OH N N
9 {

4 OH
’ NaH OZN—Q—NHZ o
Br—"OH 0\
_— OH 82 % OH
44 % 8 ’ HO 7
OZN—Q—N\\ Me
OR
o/ OR RO~ 5 NN o
o) DCC, DMAP o — 2
e 3O . o o
HO 5
L o] [¢] O™\COR
OR Ro—"O
3a:R=THP 10a,R=THP, 70 %
3b:R=Trt 10b, R = Trt, 72 % PPTS
10¢c,R=H, 77 %

4. att. Simetriski dendronizéto azobenzolu 10a—c sintézes shéma.
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5. att. Azohromoforu 14a—c un 19a—c sintézes shéma.

Savienojumu 19a-c sintézei fluoraromatiska fragmenta un azohromofora kovalenta
savieno$ana Vvispirms tika veikta ar estera saites palidzibu (5. att.). Anilina atvasinajums 8 péc
diazotESanas stajas azosametind$anas reakcija ar savienojumu 15, veidojot azobenzolu 16.
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Azobenzolam 16, kas molekulas viena gala satur skabes, otra spirta grupu, bija javeido divas
jaunas estera saites. Vispirms, izmantojot DBU metodi [47], savienojums 16 tika apstradats ar
bromidu 17a un kvantitativi tika iegiits benzil&tais starpprodukts 18. Galaprodukti 19a—c tika
ieguti, lietojot tadas pasas metodes ka savienojumu 10a—c un 14a—c iegtiSana.

Savienojumi 24a—c, kuriem fluoraromatiskais fragments kovalenti saistits ar benzilétera
tipa saiti azohromofora donoraja dala, sintez&ti péc 6. att€la redzamas shémas. Betaina 5
azosametinaSanas reakcija ar anilina atvasinagjumu 9 deva azosavienojumu 20. Alkilgjot
savienojumu 20, tika iegits azosavienojums 21a, no kura talak sintezeti aizejo$as grupas
saturo§ie mezilats 21b un trihloracetimidats 21c.
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OH
45 % OH THPO OR
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6. att. Azosavienojumu 24a—c sintézes shéma.

Reakcijas apstakli savienojuma 22 sint€zes méginajumiem apkopoti 3. tabula. Vispirms no
azobenzola atvasingjumiem 2la,b Viljamsona &teru sintézes reakcijas ar dazadiem
(pentafluorfenil)metilatvasindgjumiem 17a,b tika m&ginats iegit savienojumu 22 (3. tab., 1.—
3. rinda). Tomér tikai tresa eksperimenta AESH-MS analize uzradija savienojuma 22 raganas
zimes. Ta ka iesp&jamas arT nevélamas blakusreakcijas ka fluora atoma nukleofila aromatiska
aizvietoSana (SnAr) [48], tad tika m&ginats mainit reakciju apstaklus (4.—6. eksperiments),
tomér mérka produkts 22 neveidojas.
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3. tabula

Reakcijas apstaklu variacijas savienojuma 22 iegiiSanas eksperimentiem

Nr. p. k. | Reagenti Reakcijas apstakli Literattra Rezultats

1. 21a,17a NaH, THF, 60 °C, 1 d. SnAr blakusreakcija,
produkts nav noveérots
2. 21b, 17b NaH, DMF, ist. temp., 2 d. SnAr blakusreakcija,
produkts nav noverots
3. 21a, 17a NaN(SiMes),, DMF, 70 °C, 1 d. SnAr blakusreakcija,
savienojuma 22 zimes
21c, 17b BF3-Et,0, CHCls, cikloheksans, ist. temp., 1 d. [49] produkts nav novérots
21c, 17b | HOSO,CHs, CHCIs, cikloheksans, ist. temp., 1 d. [50] produkts nav noveérots

21a, 17a Ag,0, DCM, ist. temp., 3 d. [51] blakusreakcija,
produkts nav noverots
21a,17b DIAD, PPhs, DCM, ist. temp., 1 d. savienojuma 22 zimes
21a,17a TBAB, KOH, KI, THF, 70 °C, 1 d. [52] savienojuma 22 zimes
21a, 17a TBAB, KOH, DCM, H0, ist. temp., 1 d. [53] savienojums 22, 60 %

Veicot sintézi septitaja un astotaja eksperimenta uzraditajos apstaklos, konstatétas
savienojuma 22 zimes, izmantojot AESH-MS. Tomér savienojumu 22 ar 60 % iznakumu
izdevas iegit devitaja eksperimenta, piemérojot atbilstoSus reakcijas apstaklus [53].
Eksperimenta batiskaka atskiriba no visiem pargjiem ir reagentu lielais parakums pret
savienojumu 21a: 20 ekvivalenti savienojuma 17a un 40 ekvivalenti KOH. Bromids 17a p&c
reakcijas paliek reakcijas maisTjuma un to var hromatograf€jot atdalit un lietot atkartoti. Tika
konstatéts, ka butiska nozime ir reagentu lielajam stehiometriskajam parakumam. Izmantojot
savienojumus 17a un 21a molarajas attiecibas 1,2:1, reakcija norisinds, tom&r arl p&c divam
dienam vél ir novérojama izejvielu klatbiitne planslana hromatografija. THP-aizsarggrupas
nonemsana savienojumam 22 noris salsskabes $kiduma, un savienojums 23 iegiits ar 92 %
iznakumu. No savienojuma 23 ar jau ieprieks lietotajam metodém iegliti mérka savienojumi
24a—c.

Benzilgrupas un (pentafluorfenil)metilgrupas saturo$o dendronizéto azohromoforu 34, 36—
39 sintézg var noteikt tris posmus: 1) dendronizgjo$o fragmentu sintéze; 2) azohromofora
sint€ze; 3) dendronizg€joso fragmentu un azohromofora kovalenta saistiSana viena savienojuma.
Atbilstosi 7. attéla dotajai shémai, vispirms tika lietota zinama dendrimeéra sintézes metode [35],
kur savienojums 1 tika alkilets ar benzilbromidu (25) fazu parneses katalizes apstaklos un tika
ieguts esteris 26. Estera 26 hidrolize baziskos apstaklos deva skabi 27 ar 92 % iznakumu.

Fluoréta dendrona 30 sintéze tika realizéta atSkirigi no dendrona 27 sintEzes, jo
fluoraromatiskie ~ savienojumi ir nestabili izteikti sarmainos  $kidumos  [48].
3,5-Dihidroksibenzoskabe (28) reaggja ar 1-(brommetil)-2,3,4,5,6-pentafluorbenzolu (17a),
veidojot pilniba alkiletu esteri 29, kas, hidrolizéts varosa H>SOus/dioksana $kiduma, veidoja
dendronizgjo$o skabi 30 (7. att.).
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7. att. Dendronizg€joso skabju un hromoforu prekursoru sintéze.

Asimetrisko azohromoforu 34, 36 un 37 sintézes pirmais solis bija hromofora prekursora 9
dendroniz&$ana (7. att.). Anilina atvasinajums 9 reaggja ar katru no dendronizgjo$ajam skabém
27 un 30, izmantojot DCC un DMAP. Iegitie esteri 31 un 32 azosametinaSanas reakcijas ar
diazotetu anilina atvasinajumu 8 talak veidoja attiecigos monodendroniz&tos azohromoforus 33
un 35 (8. att.). Asimetriskie hromofori 34 un 36 ar at3kirigiem dendroniem katra molekulas
pus€ iegiiti no azosavienojumiem 33 un 35, izmantojot DCC un DMAP ar attiecigajam
dendronizgjosam skabém 30 un 27. Tika sintez&ts ari dendronizétais azohromofors 37 no
azosavienojuma 35 un skabes 3b, izmantojot ieprieck§ minéto karbodiimidu metodi (8. att.).
Savienojums 37 tika attirits, pargulsn&jot no DCM $kiduma ar metanolu, lai saglabatu skaba
vide hidrolitiski nestabilas Trt-grupas.
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8. att. Nesimetrisko dendronizéto azohromoforu sintéze.

Azosavienojuma 7 esterificésana ar skabi 27 vai 30 tika iegati simetriskie azohromofori 38
un 39 ar vienadiem dendronizgjoSiem fragmentiem molekula (9. att.).
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9. att. Simetrisko dendronizéto azohromoforu sintéze.
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2.2. Ar-ArF mijiedarbibu konstate§ana

Dendrimériem, kas satur azobenzolu visa zarojuma, profesora Zhen Li grupa pétita Ar-Ar"
mijiedarbibu ietekme uz struktiiras topologijam un NLO Tpasibam [24, 25]. Balstoties *°F KMR
spektros un kvantu kimiskajos aprékinos, tika secinats, ka pentafluorfenilfragments piedalas
Ar-ArF iek§molekularas mijiedarbibas ar azobenzola fragmenta donoro dalu [24, 25, 54, 55].
Tomér literatira  azobenzola  dendriméru  un  organisko  molekularo  stiklu
rentgenstruktiranalizes rezultati ieprieks nebija publicéti.

Lénam ietvaicgjot dendronizéta azohromofora 36 DCM/etilacetata skidumu, tika ieguti ta
monokristali. Rentgenstruktiiranalize (Dr. sc. phys. Sergejs Belakovs) §ajos monokristalos tika
novérota iek$molekuldra pentafluorfenilfragmenta Ar-ArF mijiedarbiba ar azobenzola
fragmenta akceptoro dalu. 10. att€la redzamas divas savienojuma 36 molekulas, kas veido
triklinds singonijas normalas simetrijas kristalrezgi. Abu $o molekulu benzilgrupas un
pentafluorfenilgrupas saturoSo dendronu visi tris aromatiskie gredzeni starpmolekulari saistas,
izmantojot Ar-ArF un aromatiskas z-z mijiedarbibas, bet viens no pentafluorfenilfragmentiem,
iek$molekulari mijiedarbojas ar azobenzola akceptoro dalu un azogrupu. Kristalisko struktiiru
stabilizg ari starpmolekularas CH---F un CH---O mijiedarbibas. Tomér kristala ir vérojama viena
molekulas fragmenta nesakartotiba, un Skidinataja molekulas arT tiek iesleégtas. Iesp&jams,
nesakartotibas d&] nav izdevies iegit citu dendroniz&to azosavienojumu monokristalus.

10. att. Molekulas 36 ORTEP shéma ar termiskajiem elipsoidiem 50 % varbiitiba (pa kreisi),
divu savienojuma 36 molekulu (viena ir iezZimé&ta) novietojums kristalrezgt (pa labi).
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2.3. Termiskas ipasibas

Tika noteiktas un analizétas sintezéto savienojumu termiskas Ipasibas, meklgjot sakaribas
starp sintez&€to molekulu struktiras elementiem un to stikloSanas, kuSanas un sadaliSanas
temperatiiram, izmantojot DSC un TGA eksperimentos iegtitos datus, kas apkopoti 4. tabula. Ja
viena savienojuma molekula ir ieklauti dazadi strukturali atskirigi fragmenti, §$ada savienojuma
Ty vertiba ir atkariga no visu dazado ieklauto fragmentu Tpasibam [56].
Pentafluorfenilfragmentu pievienoSanas meérkis sintezeto azohromoforu struktiira bija ar
starpmolekularu Ar-Ar" mijiedarbibu palidzibu stabilizét orientéto molekulu novietojumu
amorfaja kartina NLO merfjumiem. Lidzigi ka literatira aprakstits fenil- un
pentafluorfenilgrupas saturos$iem NLO aktiviem organiskajiem molekularajiem stikliem [10],
to varétu noverot ka Tq un TsHiso vertibu palielinasanos, salidzinot ar analogiem savienojumiem,
kuriem pentafluorfenilfragmentu vieta ir fenilgrupas.

Tika noverots, ka THP grupu klatbiitne izteikti pazemina Tq vértibas. Nevienam no
savienojumiem 10a, 14a, 19a un 24a T4 veértibu nebija iespgjams novérot iekartas darbibas
diapazona (15-1000 °C). Visiem pargjiem pétitajiem savienojumiem Tg vertibas ir augstakas
par 20 °C. Vismazakajam azohromoforam 7 Tq vertiba ir viszemaka (37 °C), ko var paaugstinat,
funkcionaliz&jot azohromofora strukttru ar dendroniem un pentafluorfenilgrupas saturoSiem
fragmentiem. Dendrona ar terminalam hidroksigrupam (savienojumos 14c, 19¢c un 24c) un
dendrona ar benzilgrupam (savienojumos 33 un 38) pievienoS$ana azobenzola kodolam dod
aptuveni vienadu un nebttisku Tg vertibas palielinajumu par 0-9 °C. Savukart divu dendronu
ar terminalam hidroksigrupam izmantosana savienojuma 10c¢ dod salidzinosi augstu Tq vertibu
(60 °C). Ieverojami Tq vertibu palielina Trt-grupas saturosais dendrons savienojumos 14b, 19b
un 24b, savukart divu $adu dendronu klatbtitne savienojuma 10b dod Ty veértibas palielinajumu
par 41 °C.

Ar-Arf mijiedarbibu pétisanai tika sagatavoti divi binari ekvimolari azosavienojumu
maisijumi (34 + 36) un (38 + 39) no savienojumiem 34 un 36 un no savienojumiem 38 un 39
ar noliiku salidzinat to termiskas un NLO ipa$ibas ar azohromoforu 34, 36, 38, 39 planajam
kartinam. MaisTjumi (34 + 36) un (38 + 39) uzradija identiskas Ty vértibas (55 °C), kas bija
aptuveni to sastavdalu vid&jais raditajs. Tika gaidits, ka abas maisijuma sastavdalas
mijiedarbosies un Ty vertiba bis lielaka par atsevisko komponentu Ty vertibam, ka aprakstits
literattra [10], tacu efekts netika noverots. Benzilgrupas saturo$ais dendrons nav noteicosais,
jo visaugstakas Tq vértibas starp azohromoforiem 33-39 ir novérojamas savienojumiem 35, 37
un 39, kuriem (pentafluorfenil)metilgrupas saturosais dendrons ir pievienots azohromofora
donoraja dala. To var izskaidrot ar Ar-Ar™ mijiedarbibu starp pentafluorfenilfragmentiem un
azobenzolu benzilfragmentu vieta, ko skaidri parada savienojuma 36 kristala struktira.
Vislielaka Tg vertiba noverojama, apvienojot Trt-grupas saturoSo dendronu ar
(pentafluorfenil)metilgrupas saturoSo dendronu azohromofora donoraja dala savienojuma 37,
kura strukturas dizains veikts, balstoties iepriek$ iegiitajas savienojumu 10b, 36 un 39 Ty
vertibas.

Promocijas darba iegiitajiem savienojumiem ir noveérotas zemakas Tg vertibas neka
nepieciesams esoso elektrooptisko ieriu izgatavosana [57], tom&r materialiem ar lidzigam Tg
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vertibam ir potencials izmantoSanai zemas temperatiiras. Augsta Tq vertiba nepiecieSama
materialiem, ko izmanto istabas vai augstakas temperatiiras, savukart materiali ar zemu Tq var
biit pieméroti izmantoSanai Arktika vai Antarktika valdoSajas temperatiras [22].

Kristalisko fazi veido visi savienojumi, kas satur hidroksigrupas, pentafluorfeniloksigrupas
un benzilgrupas vai (pentafluorfenil)metilgrupas saturo$os dendronus. Kristalisko dabu,
visticamak, nosaka iespgja veidoties stabilizéjosam tidenraza saitém, ka ari Ar-Ar" un CH-F
mijiedarbibam. Pentafluorfeniloksigrupai piemit speciga tieksme sakartoties, ka rezultata
savienojums 14a ir vienigais kristaliskais THP-grupas saturo$ais savienojums, pargjie istabas
temperattra ir amorfi un miksti. Otras sildiSanas cikla DSC analizé savienojumiem 7 un 14c
noverojama spontana kristalizéSanas, ped€jam ir ar1 visaugstaka noverota Tiuy vertiba (193 °C),
iespgjams, summéjoties fidenraza saisu un Ar-Ar" mijiedarbibu ietekmei. Lielaka dala no Trt-
grupas saturoSajiem savienojumiem ir amorfas cietas vielas, bet savienojumi 14b un 37 ir iegati
ari kristaliski. Starp Ty un Twus vertibam nav korelacijas, kas liecina par ievérojamam telpiskas
struktiiras variacijam augstakas temperaturas.

4. tabula
Sintez&to azohromoforu termiskas un optiskas 1pasibas

Savieno- Ty, °C Trus, °C | Tg, °C Absorbcija CHCIz? Absorbcija EtOBz?

jums dmax, MM | & Mem™? | Apa M | &, Mt-cm?
7 37 146 264 489 35200 499 24 500
10a b b 269 478 29 600 484 26 100
10b 78 b 285 478 25 400 483 27 300

10c 60 150 268 479 26 400 485 —¢

l4a b 112 239 481 27 700 483 25500
14b 66 138 247 479 31900 483 29 400
14c 45 193 242 480 30500 483 25100
19a b b 264 476 25 600 478 29 500
19b 55 b 282 474 29700 481 26 600
19c 41 100 265 475 30 200 481 28 800
24a b b 266 483 29700 485 22 300
24b 63 b 274 484 32 300 486 28 800
24¢ 37 105 267 483 32700 486 31300
33 44 132, 1564 260 483 30 000 482 30 200
34 53 147 282 479 28 900 481 30 800
35 60 166 287 482 32900 486 29 800
36 58 119 284 480 26 600 487 31600
37 79 103 277 480 29 300 486 36 800
38 46 130, 1524 288 479 26 800 482 29 800
39 60 103 286 476 32100 484 31500

2 gkiduma koncentracija 20 pmol-L?;

b nav novérota;

¢ neizskist pilniba;

d novéroti divi endotermiski maksimumi pirmaja sildisanas cikla.
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Termiska stabilitate novertéta, izmantojot sadaliSanas temperataru (Tq), kad
termogravimetrijas Itkne ir novérojams masas zudums par 5 %. Visi sintezetie savienojumi ir
stabili vismaz lidz 239 °C, augstaka Tq v@rtiba (288 °C) nov@rojama savienojumam 38.
Trt-grupa palielina molekulas termisko stabilitati, un Trt-grupu saturo$o vielu 10b, 14b, 19b
un 24b Tq vertibas ir lielakas neka to struktiiras analogiem ar THP- un hidroksigrupam, kuram
ir vienada ietekme uz termisko stabilitati. Augstu (282-288 °C) sadaliSanas temperatiiru
savienojumiem 34, 36, 38 un 39 nodrosina molekulas abas pus€s pievienotie
(pentafluorfenil)metilgrupas un benzilgrupas saturo$ie dendroni. Pentafluorfeniloksifragmentu
saturo$ajiem savienojumiem 14a-C ir viszemakas Tq vértibas, salidzinot ar pargam
savienojumu grupam.

Organisko molekularo stiklu iegiSanai no sintez&tajiem azobenzola atvasinajumiem nav
pieméroti savienojumi, kas satur THP-grupas mazo Ty veértibu dél un hidroksi-,
pentafluorfeniloksi- funkcionalas grupas, jo savienojumi neveido amorfu plano kartinu, bet péc
Skidinataja iztvaiceSanas kristaliz&jas. Savukart Trt- un (pentafluorfenil)metilgrupas saturosie
dendroni ir piem&roti azobenzola hromoforu saturo$o organisko molekularo stiklu sintézei, jo
sp&j veidot stabilas amorfas kartinas.

2.4. Optiskas 1pasibas

Lai sintez€tajiem pentafluorfenilfragmentus saturoSajiem azohromoforiem pétitu
iesp&jamas iekSmolekularas un starpmolekularas mijiedarbibas, tika registréti gaismas
absorbcijas spektri CHCIs un etilbenzoata (EtOBz) Skidumos (4. tab.). CHClz un EtOBz
skidinatajiem ir loti tuvas empirisko polaritates parametru veértibas [58], bet atskirigas iesp&jas
mijiedarboties ar iz8kiduSo hromoforu saturo$o vielu. Pentafluorfenilgrupas un azobenzola
fragmentu iek§molekulara Ar-Ar" mijiedarbiba mainitu azobenzola hromofora absorbcijas
maksimuma vilna garumu un intensitati CHClz skiduma attieciba pret EtOBz $kidumu, kura
pentafluorfenilgrupa varétu veidot Ar-Ar® vai z-7 mijiedarbibas ar $kidinataja EtOBz
molekulam.

Spektros noveroti gaismas absorbcijas maksimumi (Amax) un intensitate zemakas frekvences
ladina parneses joslai. Absorbcijas joslas redzamas gaismas diapazona izskatas loti lidzigas
visiem pilniba dendronizétajiem azohromoforiem, visievérojamakas atskiribas ir 250-350 nm
diapazona. ST spektra dala atbilst dendronizgjosiem un fluorétos gredzenus saturoSajiem
fragmentiem, kas pétitajiem savienojumiem ir atSkirigi (11. att.).

Azohromofora 7 absorbcijas maksimums (imax) ir batohromi nobidits abos $kidinatajos,
salidzinot ar pargjiem savienojumiem (4. tab.), jo hromofora 7 molekulai nav kovalenti
pievienoti dendronu fragmenti, kas varétu telpiski mijiedarboties ar azohromoforu un
skidinataja molekulam, ka tas ir paréjo pétito savienojumu gadijuma.
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11. att. Dendroniz&to azohromoforu 24b, 36, 37, 39 absorbcijas spektri CHCl3 §kiduma ar
parauga koncentraciju 20 umol-L2.

Zemakas frekvences ladina parneses joslas absorbcijas maksimumi abos $kidinatajos
neatskiras par vairak neka 3 nm katra hromoforu sérija 10a—c, 14a—c, 19a—c vai 24a—c. Tas
nozimeé, ka dendronizgjosa fragmenta terminalas grupas butiski neietekm& hromofora
absorbcijas energiju, to nosaka tikai kodola azohromofors, kas visos analiz&tajos savienojumos
ir vienlidz labi pieejams S$kidinataja molekulam. Absorbcijas intensitate mainas katra
hromoforu sérija, lai gan molarie ekstinkcijas koeficienti (¢) ir vienas kartas, kas atbilst viena
un ta pasa azohromofora esamibai molekula (4. tab.).

Savienojumiem 19b,c, 36, 37 un 39 novérota vislielaka garako vilnu Amax nobide, salidzinot
spektrus abos $kidinatajos, tiem piemit 6—8 nm hipsohroma nobide CHCIs s§kiduma attieciba
pret EtOBz $kidumu (4. tab.). To var skaidrot ar pentafluorfenilfragmentu kovalentu saistibu
pietiekami gara virkné vai caur dendrona fragmentu pie azohromofora donoras dalas un
rezult&joso Ar-ArF mijiedarbibu ar azohromofora akceptoro dalu, kad tas elektroni caur telpu
tiek atvilkti un palielinas absorbcijai nepiecieSamais energijas daudzums. Lidzigi ka novérots
savienojuma 36 monokristila, visticamak, iek§molekularas Ar-ArF vai z-z mijiedarbibas var
veidoties CHCl3 $kiduma, savukart EtOBz §is mijiedarbibas izjik. Savienojumu grupa 19a—
izcelas ar hipsohromi nobiditiem /Amax attieciba pret par&jiem 4.tabula redzamajiem
savienojumiem abos $kidinatajos, ko var izskaidrot ar (2-karboksietil)aminofragmentu pie
azobenzola donoras dalas, kas vajina donoro speku.

Cietas vielas gaismas absorbcijas spektri meriti tikai to savienojumu planajam kartinam,
kuram veikti NLO mérfjumi (5. tab.). Visiem savienojumiem spektros novérota batohroma
nobide cieta stavokli, salidzinot ar spektriem CHCI3 Skidumos. Batohroma nobide cieta
stavokli, salidzinot ar spektriem EtOBz §kidumos, ir mazaka, savukart savienojuma 37 spektra
noverota hipsohroma nobide cieta stavokli, salidzinot ar spektru EtOBz skiduma, kas,
visticamak, ir saistits ar atskirigu savienojuma 37 molekulu sakarto$anos amorfaja kartina, kas
varétu but saistits ar azosavienojuma 37 NLO ipasibam. Maisijumu (34 + 36) un (38 + 39)
absorbcijas maksimumi ir identiski komponentam, kura Amax ir garakos vilnos. Netika noveérots
sagaidamais mijiedarbibas efekts divu savienojumu maisTjumiem (34 + 36) un (38 + 39).
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2.5. Nelinearas optiskas ipasibas

NLO Tpasibas tika parbauditas savienojumiem 34, 36—39 un abiem maisijumiem (34 + 36),
(38 + 39), kas satur dendronus ar divam benzil- un/vai divam (pentafluorfenil)metilgrupam
(sadarbibas partneri LU Cietvielu fizikas institita Dr. phys. Martina Rutka vadiba). NLO
Tpasibas méritas arT Trt-grupas saturo$ajiem savienojumiem 10b un 24b. NLO ipasibas netika
parbauditas savienojumiem ar THP- un hidroksigrupam, jo tie neveido stabilas amorfas
kartinas.

Otras kartas NLO koeficienti ds3, da; un ds3(0) izmantoti, lai raksturotu NLO ipasibas
organiskajiem molekularajiem stikliem, kas iegiiti no sintez€tajiem savienojumiem. Plano
kartinu NLO koeficientu dss un dz novertéSanai nepiecie$ams noteikt materiala gaismas
lausanas koeficientus Nioes UN Ns32 pie pamata un otras harmonikas vilna garuma, kas apkopoti
5. tabula. Tiek pienemts, ka elektriskaja lauka orient€tu organisko molekularo stiklu planajam
kartinam piemit Cey simetrija un materialu var raksturot ar trim no nulles atSkirigiem NLO
koeficientiem — ds3, ds1 un dis. Saskana ar Kleinmana simetriju [59] tiek pienemts, ka ds1 = dss.
Tatad organisko molekularo stiklu plano kartinu raksturo$anai pietieck ar diviem NLO
koeficientiem, ko nosaka, iedarbojoties uz paraugu ar polariz&tu lazera starojumu.

Visi pétitie paraugi ir NLO akfivi (5. tab.). Efektiva hromofora fragmenta dala molekula
(N) aprékinata no molmasas, par efektivo hromoforu pienemot vienkar$otu metilatvasinajumu
4'-(dimetilamino)-2-metoksi-4-nitroazobenzolu. NLO koeficienti ir atkarigi no aktiva
hromofora dalas, molekularas hiperpolariz€jamibas un polaras kartibas. NLO koeficientu
d33/d3; attieciba parada polaro kartibu orient&tas hromoforu kartinas. Visiem vienu hromoforu
saturo$ajiem paraugiem 10b, 24b, 34, 36-39 & attieciba ir 3,2 lidz 3,9 un liecina par augstu
polaro kartibu [60]. Abi maisTjumi (34 + 36) un (38 + 39) uzrada ievérojami zemaku attiecibu
2,2 un 2,0, kas liecina par sliktu hromoforu molekulu sakarto$anos, ka rezultata rodas zemas
NLO koeficientu dsz un ds3(0) vértibas. Abu molekulu starpmolekularas mijiedarbibas $ajos
maisTjumos var izpausties tada veida, lai veicinatu sisttma esoSo hromoforu centrosimetrisko
sakartosanos. Ta rezultata samazinas arT attiecigie NLO koeficienti. legitie rezultati ir pretgji
literatiiras datiem, kur komplementaru hromoforu maisijumam, kas satur vienus un tos pasus
dendronus, ir vairak neka divas reizes lielaka elektrooptiska koeficienta rs3 vertiba neka
atsevi§kiem komponentiem [10].

Dendronizétie azohromofori 10b, 24b ar Trt-grupam un dendronizgétie azohromofori 36, 39
ar (pentafluorfenil)metilgrupam, kas saistitas ar azohromofora donoro dalu, uzradija relativi
labakus NLO koeficientus, kas parsniedz LiNbOs Kkoeficienta dsz vértibu. Tadél pétjjumu
nobeiguma tika sintez&ts abus atSkirigos dendronus saturo$ais azohromofors 37. Pretgji
gaiditajam, savienojuma 37 NLO koeficientu vértibas bija loti zemas. Tas skaidrojams ar
savienojuma 37 lielakas dalas molekulu atraSanos centrosimetriska sakartojuma pat péc
orientéSanas, un tas samazindja NLO koeficienta vertibu. Arl pentafluorfenilgrupu un
tritilgrupu starpmolekulara Ar-Ar" mijiedarbiba stiklveida kartind, visticamak, notika, veicinot
centrosimetrisko sakartosanos.
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5. tabula

Sintez&to organisko molekularo stiklu amorfo plano kartinu NLO Ipasibas

Paraugs dss,® d3lva7 d33(0), | das/dar | NC% | Tsmiso, T /’Lmax,.nm
pm-vV1 | pmV?® | pm-vt °C kartina
10b 38 f 5,7 f 17 90 1,60 2,04 495
24b 43 11 51 3,9 24 66 1,63 1,69 490
34 10 2,8 11 3,6 22 51 1,63 1,72 492
36 35 11 3,9 3,2 22 59 1,61 1,67 496
(34 + 36) 19 8,5 1,6 2,2 22 50 1,649 1,729 497
37 14 3,8 1,9 3,7 19 78 1,62 1,80 482
38 20 5,4 2,1 3,7 26 46 1,65 1,70 498
39 26 7,2 3,3 3,6 19 54 1,60 1,69 489
(38 +39) 20 10 1,7 2,0 22 54 1,63f 1,70f 498

2 NLO koeficienti noteikti pie 532 nm;

® NLO koeficients ekstrapolets uz nulles frekvenci;

¢ efektiva hromofora fragmenta dala molekula;

d temperatiira, pie kuras otras harmonikas intensitate ir 50 % no sakotngjas intensitates;
¢ gaismas lausanas koeficients noraditaja vilna garuma,

fnav noteikts;

9 aprekinats péc Kramera—Kroniga absorbcijas spektru transformacijas [61].

Savienojumam 24b piemit lielaka NLO koeficienta dsz vértiba un otra lielaka koeficienta
d33(0) vertiba. Salidzinot savienojuma 24b un savienojumu 36, 37 un 39 struktiiru, var izvirzit
hipotézi, ka viens pentafluorfenilfragments, kas saistits 1sa virkng, nespgj veidot iekSmolekularu
saiti ar azobenzolu, ka tas ir iesp&ams savienojuma 36. Tas nozimé, ka $aja gadijuma
pentafluorfenilfragments, visticamak, iesaistas Ar-ArF mijiedarbiba ar blakus eso$o molekulu,
palidzot stabilizét elektriskaja lauka orientéto hromoforu kartibu, kas veicina lielaku NLO
koeficientu vertibu sasniegSanu.

Lai novertetu hromoforu kartibas p&c orientéSanas elektriskaja lauka termisko stabilitati
planas kartinas, tika izmantots SHI mérfjums. Temperatiira TsnHiso (5. tab. un 12. att.) raksturo
stavokli, kad, sildot paraugu, sakotn&ja SHI veértiba ir samazinajusies uz pusi un ta lielakoties
labi saskan ar Tqg mérjjumiem. AtSkiribas starp Tq UN TsHiso vertibam var€tu rasties no atskiriga
hromoforu molekulu sakartojuma kauseta molekularaja stikla DSC eksperimenta laika un
orienteta organiska molekulara stikla kartina, kas izlieta no Skiduma un kura nevar izslégt
iesprostotu $kidinataja molekulu klatbiitni starp dendronu fragmentiem. Trijiem savienojumiem
10b, 24b un 36 TsHiso vertiba ir nedaudz lielaka par Tg veértibu, un Siem savienojumiem izméeritas
arT lielakas NLO koeficientu vértibas. Visticamak, Siem savienojumiem ir atbilstoSa molekulara
struktiira, kas nodro§ina un veicina iek§molekuldras un starpmolekularas Ar-Ar® unfvai z-7
mijiedarbibas, kas stabiliz€ orient€to necentrosimetrisko hromoforu kartibu planas kartinas.
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12. att. SHI signala samazinasanas sildot NLO aktivu amorfo molekularo stiklu paraugus.

Originalpublikacijas par $aja nodala aprakstitajiem pétjjumiem — 1., 2. un 4. pielikuma,
atseviski darba fragmenti publicéti konferences raksta 6. pielikuma.
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3. Poliazohromoforu organiskie molekularie stikli

Tika parbaudita arT tresda pieeja NLO aktivu savienojumu sintézei, lai iegiitu stabilus
organiskos molekularos stiklus, kuru pamata ir dazadas struktiiras hromofori ar atSkirigiem
dipolmomentu virzieniem. Tika sintezeti dendroni, kas satur tris hromoforus: divus vienadus
D-z—A tipa azobenzola atvasindjumus un treSo atSkirigas struktiiras azobenzolu vai
1,3-indandionilpiridinija betainu (IPB). Pamatstavoklt neitraliem hromoforiem ka azobenzolam
molekularas hiperpolariz&jamibas un dipolmomenta vektoru virzieni sakrit, bet pamatstavokIt
betaina tipa hromoforiem ka IPB molekularas hiperpolariz&jamibas un dipolmomenta vektoru
virzieni ir pret&ji [8]. Ja viena molekula vai materiala kombing pamatstavokli neitralu un betaina
tipa hromoforu, molekulas robezas fragmenti orientetos, summarajam dipolmomentam p&c
iespgjas samazinoties, bet molekularajai hiperpolarizéjamibai summéjoties [7, 8], un ta
rezultata NLO pétijumos pieaugtu orientéSanas efektivitate un orientétas molekulu kartibas
saglabasanas laika.

3.1. Poliazohromoforu dendronu sintéze

Sintez&jama dendrona struktira tika ieklauts azobenzola fragments un Trt-grupas. No
azobenzola 40 ar divam identiskam hidroksigrupam tika iegtits atvasinajums 43, kura viena no
hidroksigrupam parvérsta par tritiloksi-, bet otra aktivéta ar mezilgrupu. Lai ieglitu tadu
azobenzola molekulu, ir divi iesp&jamie celi: vai nu vispirms ievest mezilgrupu un péc tam
tritilgrupu, vai ari vispirms ievest tritilgrupu un p&c tam mezilgrupu. Tika izméginatas abas
pieejas, nemot izejvielas ekvimolari. Ka sagaidams, reakcijas beigas tika ieguts tris vielu
maistjums: izejviela, monoaizvietots produkts un diaizvietots produkts. Veiksmigu preparativas
hromatografijas attiriSanas procediiru izdevas realizét tritilprodukta 41 gadijuma, tapec
nepieciesamais azobenzols 43 tika sintezets pec 13. att€la redzamas shémas, iegistot gandriz
kvantitativus iznakumus.

/_/OH MsCl, /_/OMS
DIPEA
,IN—O—N > ,IN—O—N
OzN_O_N _\OTrt 98 % OzN_O_N ;\OTrt
oH el 41,50 % 43
—~ NEt;
,N—O—N —_— + ot
) N "
OzN—O—N oH
40 ',N_O_N
OZ“'O_N OoTrt
42,15%

13. att. Azohromofora 40 abu hidroksigrupu funkcionalizé$ana.

Alkilgjot 3,5-dihidroksibenzoatu (1) ar azobenzola mezilatvasindgjumu 43, tika ieguts
dendrons D1Me, kas satur divus vienadus azohromoforus (14. att.). Dendrons D1Me tika
hidrolizéts ar NaOH DMF $kiduma, starpprodukts natrija sals tika parversts par skabi D1OH,
izmantojot pietickamas buferkapacitates HPO4?/H2POs buferskidumu ar aptuvenu pH
vertibu 5, lai izvairTtos no Trt-grupu hidrolizes stipri skaba vide.
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14. att. Dendronu D1Me un D1OH sintézes.

Esterificgjot karboksilgrupu saturo$o azodendronu D1OH, iesp&jams tam kovalenti
pievienot jaunus atkirigas struktiiras hromoforus. Sada veida tika pievienots D—z—A tipa
azobenzols 45, kas tika iegits, azosametinot betainu 5 ar N,N-dimetilanilinu (44) etikskab&
(15. att.). Otrs pievienojamais hromofors ir 1,3-indandionilpiridinija betains 48, kas tika iegiits,
kondensgjot izejvielas 46 un 47.
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15. att. Dendronu D1azo un D1IPB sintézes.

Esterificesanas reakcija tika veikta, izmantojot DCC/DMAP metodi, un tika iegati
poliazohromofori dendroni D1azo un D1IPB (15. att.). Dendroni D1azo un D1IPB tika attiriti,
hromatograf€jot tos AloO3 kolonna, lai procesa gaita nenotiktu Trt-grupu atSkelSanas, kas
ieprieks tika noverota hromatografijas procesa uz silikagela.

3.2. Poliazohromoforu dendronu ipasibas

Lai noskaidrotu sintezéto dendronu D1Me, D1OH, Dlazo, D1IPB un to izejvielu
hromoforu 45, 48 fazu parejas, tika veikta termiska analize, izmantojot DSC un TGA (6. tab.).
Hromofori 45 un 48 ir kristaliskas vielas, kas neveido amorfo fazi un kiistot sadalas. Turpreti
azohromofors 42, kas reprezenté dendronu vienados azohromofora zarus, tika iegits gan

33



amorfa, gan kristaliska forma. Otras sildisanas DSC likn€ tam novérojamas sekojoSas parejas,
Ty pie 81 °C, kam seko spontana kristalizésanas pie 166 °C, kusana pie 244 °C un sadaliSanas
pie 286 °C, kas noteikta 5 % masas zuduma temperatiira. Tg izdevas noveérot tikai dendroniem
D1Me un D1IPB. DSC liknes Tqy raksturigais pakapiens bija mazak izteikts ka 1. nodala
aprakstitajiem azobenzola dendrimériem un 2. nodala aprakstitajiem dendroniz&tajiem
monoazohromoforiem, pat izmantojot lidzigu parauga masu. Visi dendroni D1Me, D1OH,
D1lazo un D1IPB ir cietas, vismaz dal&ji kristaliskas vielas, kas labi veido amorfo fazi, ko var
noverot, uzlejot caurspidigu un viendabigu plano kartinu. Sintez&tajiem dendroniem D1Me un
D1IPB ir konstatétas vislielakas Tg vértibas no visiem promocijas darba aplikotajiem
savienojumiem, kas sasniedz un dendrona D1IPB gadijuma pat parsniedz elektrooptisko ieri¢u
izgatavoSana nepiecieS§amo 100 °C temperatiiru [5]. Savukart sintez&to savienojumu D1Me,
D10OH, Dlazo un D1IPB termiska stabilitate ir 240-267 °C robezas, kas ir mazaka ka
ieprieksgjas nodalas aprakstitajiem savienojumiem.

6. tabula

Sintez&to produktu termiskas un optiskas Tpasibas

Savieno- | Tg, °C | Tiws, °C | T4, °C | Ama®nM | &, Mt-cm?
jums
42 81 244 286 488 25200
45 b b 264 509 45 400
48 b b 240 409 43 800
D1Me 100 207 260 472 62 600
D10OH b 148 254 474 66 500
Dlazo b 223 267 475 94 500
D1IPB 113 179 242 429 91 400

@ CHCl; $kiduma ar koncentraciju 10 pmol-L;
® nav novérota.

Sintez&tajiem poliazohromoforajiem dendroniem D1Me, D1OH, Dlazo, D1IPB un
hromoforiem 42, 45, 48 registréti gaismas absorbcijas spektri CHCl3 $kiduma (6. tab.).
Absorbcijas joslas intensitate ir proporcionala hromoforu skaitam molekula [62], tatad,
saskaitot vienkarSo izejvielu hromoforu ¢ vertibas, jaiegiist galaprodukta dendrona ¢ skaitliska
vertiba. Izmantojot $adu vienkarSu summesanas novertéjumu, dendronu ¢ vertiba aptuveni
atbilst aprékinatajam.

Salidzinot savienojumu D1Me, 48 un D1IPB spektrus CHCIs, var redzét, ka dendrona
D1IPB absorbcijas josla péc savas butibas ir divu joslu parklasanas, kas veidojas, summgjot
savienojumu D1Me un 48 spektrus (16. att.). Tomer piridinija betainam 48, kas satur brivo
hidroksigrupu, spektra garako vilpu absorbcijas maksimums ir hipsohromi nobidits attieciba
pret ar estera saiti saistita betaina fragmenta spektra absorbcijas maksimumu dendrona D11PB
sastava.

34



[uny

—D1IPB
w 0.8
£ D1Me
3
5 o6 a8
;‘3‘3
2 0.4
o
(@]
0.2
0 N
300 350 400 450 500 550 600 650

Vilna garums, nm

16. att. Dendrona D1IPB un ta sastavdalu spektri CHCl3 ar 10 umol-L ! koncentraciju.

Savienojuma D1IPB spektri ir savdabigi, un to forma ir atkariga no izmantota $kidinataja
(17. att.). Dendrona D1IPB molekula ir iesaistiti divi atkirigi hromofori: azobenzols, kam
verojama garo vilnu absorbcijas joslas batohroma nobide, pieaugot $kidinataja polaritatei, un
IPB, kam novérojama hipsohroma nobide, pieaugot 3kidinataja polaritatei. Skidinataja
polaritatei pieaugot, absorbcijas joslas batohromu nobidi novero, ja ierosinatais stavoklis ir
polaraks par pamata stavokli, pretgja gadijuma noveéro hipsohromu nobidi [58]. Nemot véra to,
ka abu veidu hromofori ir savienoti, izmantojot o-saites, ievérojama elektronu blivuma
savstarp&ja nobide nav sagaidama, lidz ar to, hromoforu joslam kombingjoties, dazadas
polaritates $kidinatajos spektri biitiski atSkiras (17. att.). Nepolaraja $kidinataja toluola, kur
atsevi§ko hromoforu Amax vertibu atSkiriba ir vismazaka, savienojuma D1I1PB absorbcijas josla
ir visSauraka, un veérojams maksimums absorbcijas joslas 1so vilnu pusg. Polara skidinataja ka
DMSO, kur atsevisko hromoforu Amax v@rtibu atkiriba ir vislielaka, savienojuma D1IPB
absorbcijas josla ir visplataka, un vérojams maksimums absorbcijas joslas garo vilnu puse.
Vidgji polaros $kidinatajos noverojama aina visvairak Iidzinas diviem absorbcijas
maksimumiem vai vienai platai absorbcijas joslai.

1 ——— hloroforms
0.9
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Ig 0.7 EtOBz
2 06 DCM
2 oos ——DMSO
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© 03
0.2
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17. att. Dendrona D11PB solvatohromija.

NLO 1pasibas pétitas sintezetajiem dazadus hromoforus saturoSajiem dendroniem D1azo
un D1IPB un azohromoforam 42, nosakot elektriskaja lauka orientétam kartinam NLO
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koeficientu dss, orientéSanas termisko stabilitati Tsniso un aprékinot dzs(0) (7. tab.) (sadarbibas
partneri LU Cietvielu fizikas institata Dr. phys. Martina Rutka vadiba).

Vienkarsais tritilétais azohromofors 42 izrada Ipatn&ju uzvedibu karséSanas laika. Ta
orient€tai amorfai kartinai ir novérojama nieciga SHI vértiba, kas, paraugu karsgjot apméram
45 °C temperatiira, izziid, bet, turpinot karséSanu, spontani sakas kristaliz€Sanas. Veidojas
azohromofora 42 necentrosimetriski sakartoti kristali, un picaug SHI, maksimumu sasniedzot
127 °C temperatiira. Tada pati paradiba noverojama, karsgjot iepriek§ neorientetu amorfo
kartinu, tau tad azohromofora 42 kristalizéSanas sakas zemaka temperatiira, maksimumu
sasniedzot 111 °C temperatara. Tomer izveidotas polikristaliskas kartinas ir necaurspidigas un
neder praktiskajam lietojumam. Plévitei, kas izveidota, savienojumu 42 iejaucot 10 % no masas
poli(metilmetakrilata) (PMMA), piemit NLO aktivitate, tom&r Tsnhiso ir tikai 45 °C, kas ir
gandriz divreiz mazaka neka savienojuma 42 Tq un apméram trisreiz mazaka neka PMMA Tg.
Tadel §1s paradibas skaidrojums ir savienojuma 42 Tpatnibas, ko novéro jau ta planaja kartina.

7. tabula

Sintez&to organisko molekularo stiklu plano kartinu optiskas un NLO 1pasibas

Savienojums daas® dss(0).° | Torso Amaxd M
pm-V1 | pm-V1 °C '
42¢ 26 3,3 45 487
Dlazo 103 12 92 493
D1IPB 92 10 91 492

2 NLO koeficients noteikts pie 532 nm;

b NLO koeficients ekstrapol@ts uz nulles frekvenci;

€10 % iejaukts PMMA matrica,

4 absorbcijas maksimums mérits planai amorfai kartinai uz kvarca stiklina.

Multihromoforus saturosSie dendroni D1azo un D1IPB uzrada mérenu NLO aktivitati ar
koeficienta das vertibam apmeram 100 pm-V 2, kas &etras reizes parsniedz LiNbO3 koeficienta
ds3 vertibu. Tomér $o savienojumu koeficienta ds3 vértibas ir vidgjs lielums starp dendrimériem,
kas aprakstiti 1. nodala, un abds azohromofora molekulas dalas dendroniz&tajiem
savienojumiem, kas aprakstiti 2. nodala. Dendroniem D1azo un D1IPB ir visaugstakas TsHiso
vertibas starp darba apliikotajiem savienojumiem. Tomeér, atSkiriba no dendrona D1IPB Ty
vertibas, ta Tshiso vertiba neparsniedz elektrooptisko iericu darbiba nepiecieSsamo 100 °C
temperattiru. Sintez€to dendronu struktiira ir piemérota NLO materialu veidoSanai talakiem
petjumiem. Atskirigo hromoforu un telpiski izolgjosSo Trt-grupu mijiedarbiba amorfaja
stiklveida stavokli elektriskaja lauka veicina attieciga materiala necentrosimetrisku orientaciju.
Struktiras centra esoSais 3,5-dihidroksibenzoskabes fragments lieliski darbojas ka
iek§molekulara izolgjoSa grupa, kas veicina necentrosimetriskds hromoforu Kkartibas
saglabasanos. Dendronam pievienotie azosavienojums un IPB ir at§kirigi p&c struktiiras, tacu
tiem nav atskirigas ietekmes uz dendronu D1azo un D1IPB NLO ipasibam, ko nosaka visa
telpiska dendrona struktiira kopuma, dodot augstas TsHiso Un da3 vertibas.

Saja nodala aprakstitie pétijumi atrodami publikacija 5. pielikuma.
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SECINAJUMI

(Pentafluorfenil)metilgrupu kovalenti saistit pie hromofora fragmenta ir efektivak,
izmantojot estera, nevis Stera saites. EsterificéSanas reakcijas lictoSana lauj izvairities no
specigu nukleofilu reagentu izmantoSanas, jo spécigs nukleofils aizvietoSanas reakcija
varétu aizvietot pentafluorfenilgrupas fluora atomus.

Ar rentgenstruktiiranalizes metodi pirmo reizi paradita Ar-Ar" mijiedarbiba liela
dendronizéta NLO aktiva azohromofora kristala: pentafluorfenilfragments iekSmolekulari
mijiedarbojas ar azobenzola hromofora akceptoro dalu un azogrupu.

Tritilgrupu un (pentafluorfenil)metilgrupu izmantoSana azohromoforu struktiira paaugstina
amorfas fazes veidoSanas sp&ju, ka art stiklosanas un sadaliSanas temperatiiras. Savukart
tetrahidropiranilgrupas klatblitne samazina stikloSanas temperatiru zem 20 °C, bet
hidroksigrupas un pentafluorfeniloksigrupas saturosi savienojumi neveido amorfu plano
kartinu.

Ja azohromofora donora dala ir kovalenti saistita ar vienu pentafluorfenilgrupu pietiekami
gara virkng vai ar divus pentafluorfenilfragmentus saturosu dendronu, novérojama relativi
lielaka batohroma nobide etilbenzoata $kiduma, salidzinot ar CHCls $kidumu, ko var
skaidrot ar iekmolekularam Ar-Ar* vai 7-r mijiedarbibam CHCls $kiduma.

Pat tad, ja azohromofora molekula ietilpstoSie fragmenti un funkcionalas grupas sinergijas
rezultata nodrosina labas Tg un Tshiso vertibas, tas nenozimé, ka iespéjamas Ar-Ar" vai -
7 mijiedarbibas veicinas necentrosimetriskas kartibas izveidoSanos elektriskaja lauka un
lielus NLO koeficientus. Mijiedarboties sp&jigo fragmentu savstarpgjais novietojums var
veicinat centrosimetriska azohromoforu sakartojuma saglabasanos organiskaja
molekularaja stikla arT pec orienteSanas.

Dendrona struktiira savienojot tris hromoforus un divas tritilgrupas, izdodas iegiit materialu
ar NLO koeficienta dss vértibam apméram 100 pm-V un visaugstakajam Tsmiso vertibam
(virs 90 °C) starp promocijas darba pétitajiem savienojumiem.
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GENERAL OVERVIEW OF THE THESIS

Introduction

The synthesis of organic nonlinear optical (NLO) chromophores and the properties of
materials based on them belong to one of the modern research directions for the development
of electro-optical materials and information carriers in the communication and photonics
industries. New organic NLO materials, including those based on azochromophores, would
allow for the creation of even more efficient information technology devices, such as electro-
optical modulators, which could be potentially better than the existing devices of this type based
on inorganic materials [1]-[3]. The main component of organic NLO materials is a polar
chromophore fragment, which is covalently bound in a polymer chain or doped in a polymer as
a molecular chromophore. It can also be covalently bound in a dendrimer structure or form
organic molecular glasses — solid amorphous materials formed from molecules of a single
organic compound. Polar chromophore is a molecule or a part of it, which is composed from
an electron donor and an electron acceptor fragment that are covalently bound together by a
conjugated = electron bridge, or D-z—A type chromophore, also known as a push-pull
chromophore. Organic NLO chromophores could be modified to achieve easier processing of
materials based on them and to ensure compliance with five main requirements at device
application conditions: several times higher NLO coefficients than inorganic materials, high
light refraction indices, excellent optical transparency, long-term stability of non-
centrosymmetrically oriented dipoles, and high photochemical stability [1], [4], [5].

The second order NLO effect is observed only in a material with noncentrosymmetrically
oriented chromophore dipoles, which is most often achieved by optical or electrical field poling.
However, D—z—A type chromophores most often have large dipoles, and relaxation of dipoles
takes place in the direction of centrosymmetric arrangement, reducing or erasing the NLO
effect [1], [6]. Thus, in order to maintain the polar order, the amorphous NLO material must
have the highest possible glass transition temperature (Tg), the chromophores must be isolated
from each other to reduce the repulsion of electrical dipoles [1], [6], or appropriate
intermolecular interactions between the fragments of molecules must be used to freeze the
orientation of the chromophores after poling [1]. Another way of increasing the NLO coefficient
of these modern materials is the formation of NLO chromophores whose summed dipole
moments would not be large even at very high hyperpolarization characteristics, which can be
achieved by using two chromophores with oppositely directed dipole moment vectors, but
equally directed hyperpolarizability vectors. This way can effectively reduce the dipole moment
of the entire molecule, the repulsion of molecules and the tendency to form centrosymmetrically
oriented structures in the amorphous organic molecular glass phase [7], [8].

Perfluoroaromatic fragments are known to interact strongly with aromatic fragments of
molecules in crystals, liquid crystals, supramolecular nanofibers, hydrogels, and even
solutions [9]. The interactions of aromatic-perfluoroaromatic (Ar-ArF) fragments can be used
to obtain noncentrosymmetrically arranged amorphous structures after orientation and thus
increase their NLO properties [1], [4], [6], [10]-[13]. The synthesis of dendrimer and dendron
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is used to obtain structures with spatially isolated chromophore having a large dipole moment
and to improve the thermal properties of the material [1], [4], [14], [15]. Derivatives of 1,2-
diphenyldiazene or azobenzene can be covalently linked to dendrons and dendrimers in
different ways [16]: the azobenzene fragment can be covalently incorporated into the core,
periphery, or entire branching of the dendron or dendrimer. The use of Ar-Ar" interactions and
the introduction of dendrons into the molecule can be summed up using dendrons with aromatic
and pentafluorophenyl fragments to increase the NLO coefficients and orientation stability of
organic molecular glasses [10]-[12].

The NLO properties have been studied in most cases for dendrimers containing azobenzene
fragments of D-z—A type along the entire branching of the dendrimer [17]-[21]. Extensive
studies on azobenzene NLO dendrimers of D—z—A type have been conducted in prof. Zhen Li
group [6], [13], [15], [22]-[33]. They also found an enhancement of NLO properties in
azobenzene dendrons and dendrimers using Ar-ArF interactions [13], [29]-[31]. NLO materials
containing azochromophores of D-z—A type have not previously been studied if the
chromophore is covalently bound in the core of a dendrimer or dendron.

Aims and Objectives

The aim of the Doctoral Thesis is to obtain and characterize new dendronized D—z—A type
azochromophore derivatives, suitable for organic NLO materials, using dendron fragments with
large aromatic and/or perfluoroaromatic fragments. Additional aim is to achieve the appropriate
material properties — a glass transition temperature above 100 °C [5] and a NLO coefficient das
value above 25.2 pm-V1, which would surpass the most efficient of the four most commonly
used inorganic crystals, LiNbOs [34].

For the implementation of the aim of the Doctoral Thesis, the following objectives are set:

1) to carry out structural design and synthesize dendronized compounds containing one or
more azobenzene fragments, which would have the properties of organic molecular glasses;

2) to characterize the thermal, optical, and NLO properties of synthesized compounds and
materials;

3) to find out the relationships between the chemical structure of synthesized compounds
and their physical properties, emphasizing the NLO properties.

Scientific Novelty and Main Results

In the Doctoral Thesis, three approaches are developed to the synthesis of organic NLO
materials containing D-z—A type azochromophore. First, azobenzene core dendrimers are
obtained, which formed NLO materials, where azochromophore fragments are separated from
each other by the branching of the dendrimer, preventing the arrangement of the
centrosymmetric chromophore order after orientation in the electric field. Second, the Ar-Ar®
interaction of the dendronizing fragments containing phenyl group and pentafluorophenyl
group has been used to stabilize the amorphous phase of organic molecular glass after
orientation of its chromophores in the electric field. Third, the reduction of the total dipole
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moment has been carried out for organic molecular glass containing several covalently bound
chromophores, while increasing the molecular hyperpolarizability.

The Thesis describes the synthesis of new dendronized chromophores based on 4-amino-
4'-nitroazobenzene  and  esters of  3,5-bis(2-hydroxyethoxy)benzoic  acid  or
3,5-dibenzyloxybenzoic acid and their derivatives as dendronizing fragments. The structures of
synthesized compounds also include spatially voluminous trityl groups, which contribute to the
formation of a solid amorphous phase for one-component organic molecular glass. Azobenzene
derivatives with one or more pentafluorophenyl groups capable of forming intra- or
intermolecular complexes with aromatic fragments have also been synthesized, stabilizing the
noncentrosymmetric order of molecules after poling in an electric field and increasing NLO
parameters. The X-ray analysis shows for the first time the intramolecular Ar-ArF interaction
in the crystal of a large dendronized NLO active azochromophore, a stacking is observed of the
pentafluorophenyl group with the azobenzene fragment. In the optical properties of the
compounds containing pentafluorophenyl fragments, an Ar-ArF interaction was observed,
which corresponds to the results of X-ray structural analysis. Dendrons are synthesized by
covalently binding azochromophore to indanedionylpyridinium betaine or another
azochromophore with oppositely directed fragment dipole moments.

The glass transition, melting and decomposition temperatures of all synthesized compounds
were studied and the influence of dendron fragments and end groups of the molecule on the
glass transition and decomposition temperatures of the compounds was characterized. The NLO
properties of the synthesized compounds were determined: NLO coefficients ds1 and dss, which
are determined by measuring the second harmonic generation intensity (SHI) for p polarized
light by irradiating the sample with s or p polarized light, respectively, and the stability of NLO
properties when heating the sample. It was found that as a result of the interaction of individual
fragments of the molecule, the NLO properties can be both improved by stabilization of the
noncentrosymmetric chromophore order and significantly impaired when the centrosymmetric
chromophore order is stabilized. Due to the synergy of NLO properties of the investigated D—
7—A type azochromophore and of the interacting molecular fragments, we obtained fifteen
samples of dendronized azochromophores, of which the NLO coefficients of eight samples
exceed the value of the widely used LiNbO3 (dss = 25.2 pm-V1).

Structure and Volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications dedicated to the synthesis of azobenzene containing dendrimers and studies of their
structure, optical, thermal, and NLO properties. The Doctoral Thesis includes six original
publications in SCOPUS and/or Web of Science indexed scientific journals and conference
proceedings.
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Publications and Approbation of the Thesis

The results of the Doctoral Thesis are reported in 4 scientific publications and 2 full-text
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MAIN RESULTS OF THE THESIS

1. Dendrimers with Azobenzene in the Core
1.1. Structure and Synthesis Methods of Dendrimers

Dendrimers are regularly branched macromolecules with a well-defined structure that
determines the spherical, void-containing shape and inherent physical properties of the
molecule [35]. The dendrimer is obtained in several sequential reactions; most synthesis
techniques involve a constant series of reactions of dendrimer growth and replacement of
functional groups in order to avoid uncontrollable polymerization. The dendrimer has three
characteristic structural elements: the central part or core ([>), branching (<), and the end
groups or periphery (A, B, X, Y, @) (Fig. 1) [35]. Dendrimers of different sizes of one type
are divided into generations G1, G2, G3, etc., in the appropriate context, the core of the
dendrimer often acquires the zero-generation GO designation. There are two classical methods
of dendrimer synthesis: divergent and convergent [35], [36].

I: Divergent synthesis method
gent syt A A X
X A X A A < ,X
P ) S
A
X A X A
_
X
A

+ > —
A A
Y*C@i X
A A X
A X X
j/
II: Convergent synthesis method

o, A = %
< it

<€

core

branching unit or
dendron

periphery group
X,Y reacting

functional groups
A, B protective groups
2nd generation dendrimer

Fig. 1. Schematic representation of the structure of the second generation (G2) dendrimer and
its divergent (1) and convergent (11) synthesis methods [35].

Historically, the divergent method was the first to be used in dendrimer synthesis (Fig. 1 1),
where the molecule is formed starting with the core by adding a single layer of monomers with
chemically inert periphery groups, which are afterwards activated to add the next layer. These
two steps are repeated [35]. Any special functional groups or structures can be added to the
periphery of the dendrimer, which are chosen depending on the intended research or
application. The number of peripheral groups increases exponentially with each generation of
dendrimer, so a potential problem is the formation of structural defects in large generations of
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dendrimers, due to incomplete reactions of peripheral functional groups. In addition, the
necessary excess of reagents for the success of the reaction may interfere in the purification of
products [37].

In the convergent method, the synthesis of the dendrimer begins with the periphery and ends
with the core (Fig. 1 I1). The outer layers are gradually connected, acquiring branched structures
called dendrons. When the dendrons reach the selected generation, they are attached to a
suitable core and a dendrimer of the designed generation is obtained [35]. Convergent synthesis
has a low probability of side reactions at each step, and the number of reactive groups required
for dendron growth is easily controlled, so synthesis of monodisperse dendrimers with greater
accuracy is possible, since purification at each step is simpler than in divergent synthesis [35],
[36]. The greatest disadvantage of the convergent method is the steric hindrance of the core
functional group in larger generations, which leads to very low yields of target dendrimer
products [37].

The use of convergent or divergent synthesis is determined by the selected type of
dendrimer branching and synthesis reaction, the stability of the functional groups of the
periphery and core, and possible side reactions. By combining and refining these classical
synthesis strategies, accelerated or exponential strategies suitable for the synthesis of large
dendrimers have also been created, using a smaller total number of reactions and obtaining
higher yields [36], [38].

1.2. Synthesis of Dendrimers with Azobenzene Core

In previous studies, we had synthesized azobenzene core dendrimers up to the third
generation, forming a polyester branching by divergent synthesis with end hydroxy or
tetrahydropyranyl (THP) groups [39]. We determined second-order hyperpolarizability in
solution for obtained dendrimers with THP groups [40]. These dendrimers were obtained in the
form of viscous waxes with glass transition temperature of 15-27 °C [39] and they could not
be used to form solid amorphous films for NLO materials. Since the introduction of trityl (Trt)
groups into molecules containing organic chromophores contributes to the ability of the entire
compound to form solid amorphous films [41], we performed the synthesis of a dendritic
branching unit that would have Trt groups at the periphery.

We had previously synthesized a 3,5-bis(2-hydroxyethoxy)benzoic acid derivative 3a with
THP end groups [39] (Fig. 2). According to analogous scheme, we performed a synthesis of
dendron 3b with Trt end groups (Fig. 2). We alkylated methyl 3,5-dihydroxybenzoate (1) with
2-(trityloxy)ethyl chloride in DMF solution with NaH base and obtained the compound 2c,
however, the reaction proceeded slowly and with a low yield. Most likely, the sterically large
trityl group interferes with the nucleophilic substitution reaction in the —CH.CI fragment.
Therefore, we used a different synthesis route, and compound 2a was used to obtain methyl
3,5-bis(2-hydroxyethoxy)benzoate (2b), which was functionalized with Trt groups to produce
the compound 2c. By hydrolysing the ester group of compound 2c, we obtained the necessary
tritylated acid 3b.
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Fig. 2. Synthesis of derivatives of 3,5-dihydroxybenzoic acid.

Using divergent synthesis method, we functionalized peripheral hydroxy groups of
dendrimers as Trt groups. In the reaction of the core GO-OH and the first-generation dendrimer
G1-OH with trityl chloride in pyridine in the presence of triethylamine, we obtained the
products GO-Trt and G1-Trt, respectively (Fig. 3). The compound GO-Trt was purified by
crystallization and obtained with a medium yield and a high content of the target compound or
principal substance. The analysis of the principal substance content of the samples was carried
out by high performance liquid chromatography (HPLC). The zero-generation compound
GO-Trt was synthesized to observe the so denoted “dendrimer effect” in the study of optical
and thermal properties, which occurs by adding dendrimer branches to the core over several
generations. We purified dendrimer G1-Trt using column chromatography, where we observed
hydrolysis of the Trt groups on silica gel, as a result, we obtained only 37 % yield and the
content of the principal substance was 50 %. In the dendrimer G1-Trt sample, without the
target compound, there is also an azo compound of a similar structure that has hydrolysed one
Trt group. Dendrimer G2-Trt was synthesized in analogous way from dendrimer G2-OH with
trityl chloride in pyridine in the presence of triethylamine, but the resulting sample is a mixture
of five substances (70-75 % in total) that have very similar structures. The isolated mixture,
which we mark as G2-Trt, consists of both a principal substance and dendrimeric azo
compounds with a smaller number of Trt groups probably due to the incomplete
functionalization of hydroxy groups. One Trt group is missing on average throughout the
dendrimer G2-Trt sample. The ratio of functional groups in the mixture is determined by the
'H NMR spectrometry. The divergent synthesis of a third-generation dendrimer with peripheral
Trt groups yielded a sample that is highly polydisperse with an average absence of six out of
sixteen Trt groups, therefore the optical and thermal properties of the resulting sample will not
be considered in the Doctoral Thesis.
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Fig. 3. Synthesis of compound GO-Trt and is divergent (1) and convergent (I1) synthesis of
dendrimer G1-Trt. Dendrimer structures of the second generation.

We concluded that the method of divergent synthesis has a significant drawback — with an
increase in the number of end groups, it is difficult to ensure their complete functionalization.
Therefore, the synthesis of dendrimers with Trt groups on the periphery could be carried out
much more efficiently using the convergent method of dendrimer synthesis. In the esterification
reaction of acid 3b with the azo compound G0-OH, we obtained the dendrimer G1-Trt (Fig. 3
I1), which we purified using fractional precipitation. Using the convergent synthesis technique,
we synthesized dendrimer G1-Trt in one stage with a good yield (78 %) and a high content
(95 %) of the principal substance, which is determined by HPLC and *H NMR spectrometry. It
should be noted that this method is much more effective than the previously used divergent
synthesis method, when we obtained the same dendrimer G1-Trt with a total yield of 37 %.
The dendrimers G1-Trt and G2-Trt described in this work, obtained by divergent synthesis
method, consist of several individual substances — principal substance and azo compounds of
similar structure, all of which contain active azochromophore and insulating dendrimer
branching, differing only in the exact peripheral hydroxy and Trt group ratio and position. Since
the properties of interest are determined by the azo chromophore present in all materials, the
synthesized products as materials are suited for further studies of their optical, thermal, and
NLO properties.
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1.3. Properties of Dendrimers with Azobenzene Core

For the synthesized products GO-Trt, G1-Trt, G2-Trt and their precursors GO-OH,
G1-OH, G2-OH, the light absorption maxima (imax) and molar extinction coefficients (&) in
acetone correspond to the lowest frequency charge transfer transition band (Table 1). The
absorption peaks of the compounds GO-OH and GO-Trt in acetone are batochromically shifted
relative to the first and second generation dendrimers due to the lack of dendrimer branching
and the local environment formed by it, which influences the absorption spectrum of the
azohromophore both by electrostatic interactions and by spatially limiting the access of solvent
molecules to the core azochromophore. On the other hand, when analyzing the data of
dendrimers of the same generation with both end groups (Table 1, comparing rows 2 with 5 and
3 with 6), we do not observe the effect of the end groups on the absorption band, which indicates
their relatively far position from the azochromophore fragment.

Table 1
Optical and Thermal Properties of Synthesized Dendrimers and their Starting Materials

Entry Dendrimer Amax,® NM g2Mt-cm? Tg, °C mp, °C Ta, °C
1 G0-OH 494 28 200 — 114 245
2 G1-OH 467 23 400 53 129 289
3 G2-OH 472 24 500 64 102 300
4 GO-Trt 490 26 000 73 198 288
5 G1-Trt 470 22 000 83 - 286
6 G2-Trt 471 24 500 85 - 294

230 pumol-L* in acetone solution.

We also studied the thermal properties of the synthesized products GO-Trt, G1-Trt, G2-Trt
and their precursors G0-OH, G1-OH, G2-OH using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Thermal stability (Tq) is determined at a temperature
of 5 % loss of mass, which is higher than 285 °C for first and second generation dendrimers
(Table 1). The azo compound GO0-OH is crystalline with a melting point (mp) of 114 °C, but
glass transition temperature (Tg) was not observed even in the second stage of heating after
rapid cooling of the molten sample. The azo compound GO0-OH is also the most thermally
unstable compound of those described, but the addition of Trt groups or dendrimer branching
increases thermal stability. Dendrimers with Trt groups G1-Trt, G2-Trt are amorphous
because they have a registered Ty but no mp was observed. Dendrimers G1-OH, G2-OH with
hydroxy groups are crystalline, however, when molten samples are rapidly cooled, amorphous
solid phase is formed and T4 can be detected at repeated heating. The Tqand Tq of the dendrimers
increase with increasing dendrimer generation within the series, with the T, of dendrimers with
Trt end groups reaching 85 °C. The optical and thermal properties of dendrimers G1-Trt are
practically the same, regardless of the degree of admixture of structurally similar azo
compounds, or the ratio of the peripheral Trt and hydroxy groups, therefore Table 1 contains
only data of dendrimer from convergent synthesis.
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The NLO properties were different for the dendrimer G1-Trt obtained in divergent and
convergent synthesis, so it was necessary to label differently products obtained by both
synthetic strategies relating to the sample composition. Possibly differences were determined
by the changes in the ratio of peripheral Trt and hydroxy groups. We denote the dendrimeric
material obtained by convergent synthesis method as G1-Trt-a, and it contains the target
compound with all four Trt groups. On the other hand, we denote the dendrimeric material
obtained by divergent synthesis as G1-Trt-b, and it contains two azo compounds of similar
structure in similar proportions, where one has all four Trt groups and the other has three Trt
groups and one hydroxy group, which gives an average of 3.5 Trt groups and half hydroxy
group. A sample of dendrimeric material G2-Trt contains an average of seven Trt groups and
one hydroxy group.

NLO properties have been measured for three dendrimeric materials G1-Trt-a, G1-Trt-b
and G2-Trt by determining the intensity of second harmonic generation (SHI) for thin
amorphous poled films of these materials in the Maker fringe experiment (partners at the
Institute of Solid State Physics, University of Latvia, under the leadership of Dr. phys. Martin§
Rutkis). High values of the NLO coefficient ds3 were obtained (Table 2), which is explained by
the presence of alkoxy substituents in the donor part of the azochromophore. All samples have
wide absorption bands and an absorption maximum close to 500 nm, in addition, absorption
band includes the second harmonic wavelength of 532 nm, which contributes to resonance
enhancement of NLO efficiency. Since NLO coefficients depend on frequency, extrapolation
to zero frequency (ds3(0)) according to the two-level model was performed to reduce its
influence [42]. In the amorphous glassy film, the light absorption maxima for dendrimeric
materials G1-Trt-a, G1-Trt-b and G2-Trt are bathochromically shifted by 14-18 nm
compared to maxima in acetone solution, indicating aggregation of chromophore fragments in
the solid phase [43].

Table 2
NLO Properties of Thin Amorphous Films of Dendrimer Materials
L . Ratio of Trt and daz,? ds3(0),° Tstiso,° d
Entry | Dendrimeric material hydroxy groups pm-v1 pm-v- 1 o Amax, ¢ NM
1 G1-Trt-a 4 Trt/0 OH 73 12 53 485
2 G1-Trt-b 3.5 Trt/0.5 OH 125 16 74 488
3 G2-Trt 7 Trt/1 OH 167 23 74 488

2 NLO coefficient determined at 532 nm.

® NLO coefficient extrapolated to zero frequency.

¢ Temperature at which SHI is 50% of the initial intensity when the sample is heated.
4 Absorption maxima measured for a thin amorphous film on a quartz glass.

Comparing the dendrimeric materials G1-Trt-b and G2-Trt obtained by divergent
synthesis (Table 2, entries 2 and 3), it can be seen that the second-generation dendrimeric
material G2-Trt has higher NLO coefficient ds3 values than the first-generation dendrimeric
material G1-Trt-b. This could be explained by better isolation of the azochromophore in the
dendrimer branching, greater freedom to position itself parallel to the orienting electric field,

55



despite the decrease in the concentration of the chromophore in the molecule as the amount of
dendron in the molecule increases. Dendrimeric materials G1-Trt-a and G1-Trt-b with
different ratio of end groups were also compared (Table 2, entries 1 and 2). The dendrimeric
material G1-Trt-a with four Trt groups shows only 58 % value of the NLO coefficient dss
comparing to the material G1-Trt-b with a Trt/OH group ratio of 3.5/0.5. The difference cannot
be explained solely by the decrease in the mass fraction of the active chromophore in a more
complete dendrimer structure, but the difference could be explained by the synergy of all
fragments of the molecule interacting with each other. The purpose of using the convergent
synthesis technique was not only to increase the yield of the final product, but also to obtain a
chemically purer material or a material containing more of the target structure, this material
should work more efficiently than the previously obtained sample, which is only partially
functionalized with Trt groups. Contrary to expectations, all NLO properties of the
convergently obtained sample of dendrimeric material G1-Trt-a (Table 2, entry 1) were weaker
than those of the divergently obtained sample G1-Trt-b (Table 2, entry 2).

The temperature Tsriso is determined in the NLO experiment, when simultaneously heating
the sample and measuring the SHI, a halving of the SHI of the amorphous material is observed.
The Tshiso values of the divergently obtained dendrimeric materials G1-Trt-b and G2-Trt
(Table 2, entries 2 and 3) are 8-9 °C lower than their Tg values, which can be explained by the
different arrangement of molecules in the oriented NLO active film, allowing freer movements
of the chromophore fragment than in an amorphous sample precipitated from solution. On the
other hand, for the dendrimer sample G1-Trt-a (Table 2, entry 1) containing four Trt groups,
Tshiso value is 30 °C lower than corresponding Ty value, and even all NLO activity has
disappeared before reaching Tg. Perhaps, the structure of the amorphous phase after orientation
in the electric field is significantly different from the molten amorphous phase in DSC
measurements, which results in a decrease in the amount of energy required for molecular
motions and easy disorientation. The dendrimer material sample G1-Trt-b with a Trt/OH group
ratio of 3.5/0.5 has a 20 °C higher TsHiso value than the material G1-Trt-a with four Trt groups,
which could be explained by the stabilization of the amorphous phase by free hydroxy groups
and hydrogen bonds. Similar conclusions were made in Prof. Zhen Li group [44]. The above-
mentioned stabilizing effect of the amorphous phase is most likely also the determining factor
for high NLO coefficient dss values. The NLO coefficients dsz of the synthesized dendrimer
materials significantly exceed the values of the widely used LiNbO3 crystal NLO coefficient
values (ds3=25.2 pm-V! [34]) using the same laser radiation wavelength of 1064 nm.
However, the extrapolated coefficients ds3(0) are smaller than the value of LiNbOgz crystal
coefficient but exceeds the NLO coefficient values of two other commonly used inorganic
crystals KTiOPO;4 (dss = 14.6 pm-V1) and LiB3O0s (dss = 0.04 pm-V1) [34].

Original publications of the studies described in this chapter can be found in Appendices 1
and 3.
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2. Dendronized Monoazochromophores

Since the dendrimers described in the previous chapter formed materials that mostly
consisted of several azo compounds with similar structure, we decided to test the concept of
isolating fragments of the active chromophore using addition of the dendron containing Trt
groups described in Chapter 1 to one side of the azobenzene molecule. On the other side of the
dendronized azochromophore molecule, we introduced pentafluorophenyl fragment, which, by
engaging in intermolecular Ar-Ar" interactions, could limit the mobility of molecules in the
amorphous phase, raising Ty value and improving NLO parameters. We also synthesized
dendronized azochromophores, in which the dendron containing Trt groups is replaced by a
dendron containing THP or hydroxy groups, in order to understand the influence of the different
fragments of the molecule on the material properties by comparing the optical and thermal
properties.

With the aim of improving NLO parameters, we synthesized dendronized azochromophores
using dendrons with two benzyl groups or two (pentafluorophenyl)methyl groups, which would
interact with each other stabilizing the poled thin film. We added different dendrons in the
donor or acceptor part of the azochromophore. To compare optical, thermal, and NLO
properties, we also synthesized symmetrical azochromophores in a way that the same dendron
fragments are connected to the azobenzene acceptor and donor parts. In the early stages of the
studies, the dendron containing Trt group and the dendron containing
(pentafluorophenyl)methyl group on the donor side of the azochromophore showed good
thermal and NLO properties, so we chose to synthesize also an azochromophore that combines
these two fragments.

2.1. Synthesis of Dendronized Azochromophores

2-Amino-5-nitrophenol (4) serves as starting material for all azo compounds described in
this chapter. In diazotization reaction of aminophenol 4 (Fig. 4), we obtained diazonium
betaine 5, which is a photosensitive orange crystalline substance. We obtained azo compound
6 in the azo coupling reaction between betaine 5 and N-methylaniline with a low yield, although
several azo coupling reaction conditions were tested. However, further alkylation of azo
compound 6 with 2-chloroethanol to obtain product 7 failed to be realized, starting material 6
decomposed in basic environment.

We chose a different synthesis path for azo compound 7. By alkylation of the compound 4
phenolate, we obtained 2-(2-chloroethoxy)-4-nitroaniline (8) with a 44 % vyield (Fig. 4). The
required two hydroxy groups containing azo compound 7 was obtained by diazoting
compound 8 and executing azo coupling reaction with compound 9. We synthesized
symmetrically dendronized azochromophores 10a—c from azocompound 7 and dendronizing
fragments 3a,b in esterification reaction using DCC and DMAP [45], [46]. We obtained
hydroxy-containing azochromophore 10c by deprotection of THP groups of compound 10a.

Compounds 14a—c with the pentafluorophenyl group in the acceptor part of the molecule
are synthesized according to the scheme shown in Fig. 5. By alkylating compound 4 with mesyl
derivative 11, we obtained compound 12, which was further diazotized and azo coupled with

57



aniline derivative 9 to obtain azochromophore 13. The addition of dendronizing acids to
compound 13 and the removal of THP groups were carried out in a similar way to the
compounds 10a—c described above, obtaining azochromophores 14a—c.
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Fig. 4. Synthesis of symmetrically dendronized azobenzenes 10a—c.
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Fig. 5. Synthesis of azochromophores 14a—c and 19a-c.
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For the synthesis of compounds 19a-c, we first performed covalent bonding of the
fluoroaromatic fragment and the azochromophore by means of an ester bond (Fig. 5). Aniline
derivative 8 after diazotization entered into an azo coupling reaction with compound 15,
forming azobenzene 16. Azobenzene 16, which contains acid functionality at one end of the
molecule and an alcohol group at the other, had to form two new ester bonds. First, using the
DBU method [47], we treated compound 16 with bromide 17a and quantitatively obtained the
benzylated intermediate 18. We obtained the target products 19a—c using the same methods as
in obtaining compounds 10a—c and 14a—c.

Compounds 24a—c in which the fluoroaromatic fragment is covalently bound to the donor
part of the azochromophore using benzylether type bond are synthesized according to the
scheme shown in Fig. 6. Betaine 5 in azo coupling reaction with aniline derivative 9 gave azo
compound 20. By alkylating compound 20, we obtained azocompound 21a, from which the
leaving group containing mesylate 21b and trichloroacetimidate 21c were further synthesized.
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Fig. 6. Synthesis of azocompounds 24a—c.

The reaction conditions for the synthesis attempts of compound 22 are summarized in
Table 3. First, using Williamson's ether synthesis reactions, we tried to obtain compound 22
from azobenzene derivatives 21a,b and various (pentafluorophenyl)methyl derivatives 17a,b
(Table 3, entries 1-3). However, the HPLC-MS analysis showed signs of the compound 22 only
in the third experiment. Since undesirable side reactions such as nucleophilic aromatic
substitution of the fluorine atom [48] are also possible, we tried to change the reaction
conditions (Experiments 4-6), but even then the target product 22 did not form.
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Table 3
Variations in Reaction Conditions for the Experiments of Obtaining the Compound 22.

Entry | Reagents Reaction conditions Reference Result
1 21a,17a NaH, THF, 60 °C, 1 d. SNAT side reaction,
product not observed
2 21b, 17b NaH, DMF, r. t., 2 d. SNAT side reaction,
product not observed
3 21a, 17a NaN(SiMes),, DMF, 70 °C, 1 d. SNAT side reaction,
signs of compound 22
21c, 17b BF;-Et;0, CHCIs, cyclohexane, r. t., 1 d. [49] product not observed
21c, 17b HOSO,CHs, CHCIs, cyclohexane, r. t., 1 d. [50] product not observed
21a,17a Ag;0, DCM, r. t., 3 d. [51] side reaction,
product not observed
21a,17b DIAD, PPhs, DCM, r.t., 1d. signs of compound 22
21a,17a TBAB, KOH, KI, THF, 70 °C, 1 d. [52] signs of compound 22
21a, 17a TBAB, KOH, DCM, H,0, r. t., 1 d. [53] compound 22, 60 %

When the synthesis was performed under the conditions presented in Experiments 7 and 8,
signs of the compound 22 was found by HPLC-MS. However, the compound 22 with 60 %
yield was obtained in Experiment 9 by applying the appropriate reaction conditions [53]. The
most significant difference of the experiment from all others is the high excess of the reagents
to the compound 21a: 20 equivalents of the compound 17a and 40 equivalents of KOH.
Bromide 17a remains in the reaction mixture after the reaction and may be separated by
chromatography and reused. We found that the high stoichiometric excess of reagents is of
fundamental importance. Using compounds 17a and 21a in molar ratio 1.2:1, the reaction
occurs, however, even after two days, the presence of starting materials was still observed in
thin-layer chromatography. Removing the THP protective group from the compound 22
proceeded in hydrochloric acid solution, and the compound 23 was obtained with 92 % yield.
Target compounds 24a—c were obtained from compound 23 by previously applied methods.

In the synthesis of dendronized azochromophores 34, 36-39 containing benzyl and
(pentafluorophenyl)methyl groups, three stages can be distinguished: 1) synthesis of
dendronizing fragments, 2) synthesis of azochromophore, 3) covalent binding of dendronizing
fragments and azochromophore in a single compound. According to the scheme given in Fig. 7,
we began with a known method of dendrimer synthesis [35], where compound 1 was alkylated
with benzyl bromide (25) in phase transfer catalysis conditions and ester 26 was obtained. The
hydrolysis of ester 26 under basic conditions gave acid 27 with 92 % yield.

The synthesis of fluorinated dendron 30 was realized differently from the synthesis of
dendron 27 due to the instability of fluoroaromatic compounds in highly alkaline solutions [48].
3,5-Dihydroxybenzoic acid (28) reacted with 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene
(17a) to obtain a fully alkylated ester 29, which was hydrolysed in boiling H2SO./dioxane
solution to form dendronizing acid 30 (Fig. 7).
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Fig. 7. Synthesis of precursors of dendronizing acids and chromophores.

The first step in the synthesis of asymmetric azochromophores 34, 36, and 37 was the
dendronization of the chromophore precursor 9 (Fig. 7). Aniline derivative 9 reacted with each
of the two dendronizing acids 27 and 30 using DCC and DMAP. The resulting esters 31 and 32
in the azo coupling reactions with aniline derivative 8 further formed the corresponding
monodendronized azochromophores 33 and 35 (Fig. 8). Asymmetric chromophores 34 and 36
with different dendrons on each side of the molecule are derived from azo compounds 33 and
35 using DCC and DMAP with the corresponding dendronizing acids 30 and 27. We also
synthesized dendronized azochromophore 37 from azocompound 35 and acid 3b using the
carbodiimide method mentioned above (Fig. 8). Compound 37 was purified by precipitation
from a DCM solution with methanol to preserve the hydrolytically unstable Trt groups in an
acidic environment.
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Synthesis of symmetrical azochromophores 38 and 39 with equal dendronizing fragments
in the molecule was performed by esterification of azocompound 7 with acid 27 or 30 (Fig. 9).
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Fig. 9. Synthesis of symmetrical dendronized azochromophores.
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2.2. Detection of Ar-ArF Interactions

For dendrimers containing azobenzene throughout the branching, Prof. Zhen Li studied the
effect of Ar-Ar™ interactions on structure topologies and NLO properties [29], [30]. Based on
1%F NMR spectra and quantum chemical calculations, it was concluded that pentafluorophenyl
fragment participates in intramolecular Ar-Ar" interactions with the donor part of the
azobenzene fragment [29], [30], [54], [55]. However, the results of X-ray analysis of
azobenzene dendrimers and organic molecular glasses had not previously been published in the
literature.

By slowly evaporating a DCM/ethyl acetate solution of dendronized azochromophore 36,
we obtained its monocrystals. In X-ray analysis (Dr. sc. phys. Sergey Belyakov) in these
monocrystals, the intramolecular Ar-Ar" interaction of the pentafluorophenyl fragment with the
acceptor part of the azobenzene fragment was observed. Figure 10 shows two molecules of the
compound 36 that form the crystal lattice of triclinic normal crystal system. The two dendrons
of both these molecules containing benzyl and pentafluorphenyl rings bind intermolecularly
through the Ar-ArF and aromatic z-x interactions, while one of the pentafluorophenyl fragments
interacts intramolecularly with the acceptor part of azobenzene and the azo group. The
crystalline structure is also stabilized by intermolecular CH-F and CH:-O interactions.
However, in the crystal, a partial fragment disorder of the molecule is observed, and the solvent
molecules are also disordered. It may not have been possible to obtain monocrystals of other
dendronized azo compounds due to the disorder.

Fig. 10. The ORTEP drawing of the molecule 36 with thermal ellipsoids in 50 % probability
(left) and the position of two molecules of the compound 36 (one is marked) in the crystal
lattice (right).
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2.3. Thermal Properties

We determined and analyzed the thermal properties of the synthesized compounds, looking
for relationships between the structural elements of the synthesized molecules and their glass
transition, melting, and decomposition temperatures. We used the data obtained from the DSC
and TGA experiments, which are summarized in Table 4. If various structurally different
fragments are included in the same molecule, Tq value of such a compound depends on the
properties of all the various fragments included [56]. The purpose of adding pentafluorophenyl
fragments to the structure of synthesized azochromophores was to stabilize the position of the
oriented molecules by means of intermolecular Ar-Ar" interactions in the amorphous film for
NLO measurements. Similar to what is described in the literature for NLO active organic
molecular glasses containing phenyl and pentafluorophenyl groups [10], this could be observed
as an increase in Tq and Tsniso values compared to analogous compounds that have phenyl
groups instead of pentafluorophenyl fragments.

We observed that the presence of THP groups strongly lowers Tq values. It was not possible
to observe T4 values for any of the compounds 10a, 14a, 19a, and 24a within the operating
range of the equipment (15-1000 °C). For all other compounds studied, Tq value is higher than
20 °C. The smallest azochromophore 7 has the lowest Tq value (37 °C), which can be elevated
by functionalization of the structure of the azochromophore with dendrons and fragments
containing pentafluorophenyl group. The addition of a dendron with terminal hydroxy groups
(in compounds 14c, 19c, and 24c) and a dendron with benzyl groups (in compounds 33 and 38)
to the core azobenzene gives approximately the same and insignificant increase in Tg value by
0-9 °C. In turn, the use of two dendrons with terminal hydroxy groups in the compound 10c
gives a relatively high Tgy value of 60 °C. Significantly Tq value is increased by the Trt group
containing dendron in compounds 14b, 19b, and 24b, but the presence of two such dendrons in
compound 10b gives an increase of Tg value by 41 °C.

Two binary equimolar blends of azo compounds (34+36) and (38+39) were prepared: from
compounds 34 and 36, and from compounds 38 and 39. These blends were used for the study
of Ar-Ar" interactions to compare their thermal and NLO properties with thin films of
azohromophores 34, 36, 38, 39. The blends (34+36) and (38+39) showed identical Ty values
(55 °C), which was approximately the average of their constituents. We expected that the two
components of the mixture would interact and T4 value would be greater than T values of the
individual components as described in the literature [10], but no such effect was observed. The
dendron containing the benzyl group is not determinative, since the highest Tq values between
azochromophores 33-39 are observed for compounds 35, 37, and 39, to which the dendron
containing the (pentafluorophenyl)methyl group is attached to the donor part of the
azochromophore. This can be explained by the Ar-ArF interaction between pentafluorophenyl
fragments and azobenzene instead of benzyl fragments, which is clearly shown by the crystal
structure of the compound 36. The highest Tq value is observed by combining the dendron
containing Trt groups with the dendron containing the (pentafluorophenyl)methyl group in the
donor part of the azochromophore in compound 37, the structure design of which was carried
out on the basis of the beforehand obtained T4 values of compounds 10b, 36, and 39.
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The compounds obtained in the Thesis have lower Tq values than is required for the design
of existing electro-optical devices [57]; however, materials with similar Ty value have a
potential for use at low temperatures. High T4 value is required for materials used at room or
higher temperature, while materials with low Tq value may be suitable for use at temperatures
prevailing in the Arctic or Antarctic [27].

Table 4
Thermal and Optical Properties of Synthesized Azochromophores.
Compound | Tg, °C mp, °C Ty, °C Absorption in CHCI3? Absorption in EtOBz?
Amax, NM & M1-cm? Jmax, MM | &, ML-cm™
7 37 146 264 489 35200 499 24 500
10a b b 269 478 29 600 484 26 100
10b 78 b 285 478 25400 483 27 300
10c 60 150 268 479 26 400 485 -
l4a -b 112 239 481 27 700 483 25500
14b 66 138 247 479 31900 483 29 400
l4c 45 193 242 480 30 500 483 25100
19a b b 264 476 25 600 478 29 500
19b 55 b 282 474 29 700 481 26 600
19¢ 41 100 265 475 30 200 481 28 800
24a b -b 266 483 29 700 485 22 300
24b 63 b 274 484 32300 486 28 800
24c 37 105 267 483 32700 486 31300
33 44 132, 156¢ 260 483 30 000 482 30 200
34 53 147 282 479 28 900 481 30800
35 60 166 287 482 32900 486 29 800
36 58 119 284 480 26 600 487 31600
37 79 103 277 480 29 300 486 36 800
38 46 130, 152¢ 288 479 26 800 482 29 800
39 60 103 286 476 32100 484 31500

2 Concentration of the solution 20 wmol-L 2.

® Not observed.

¢ Does not dissolve completely.

4 Two endothermic peaks are observed in the first heating cycle.

The crystalline phase is formed by all compounds containing hydroxy group,
pentafluorophenyloxy group, and dendrons containing benzyl or (pentafluorophenyl)methyl
groups. The crystalline nature is most likely determined by the possibility of the formation of
stabilizing hydrogen bonds, as well as the Ar-Ar" and CH-F interactions. The
pentafluorophenyloxy group has a strong tendency to order in crystalline state, as a result of
which the compound 14a is the only crystalline compound containing the THP group, the rest
are amorphous and soft at room temperature. In the second heating cycle, spontaneous
crystallization is observed in DSC analysis for compounds 7 and 14c, the latter also having the
highest observed mp of 193 °C, possibly summing up the effects of hydrogen bonds and Ar-Ar"
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interactions. Most of the compounds with the Trt group are amorphous solids, but compounds
14b and 37 are also obtained crystalline. There is no correlation between T4 value and mp,
indicating significant variations in spatial structure at higher temperatures.

Thermal stability is estimated using the decomposition temperature (Tq4), when a mass loss
of 5 % is observed in the thermogravimetry curve. All synthesized compounds are stable to at
least 239 °C, the highest Tq value of 288 °C is observed for compound 38. The Trt group
increases the thermal stability of the molecule, and the substances 10b, 14b, 19b, and 24b with
the Trt group have greater Tq values than their structural analogues with OH and THP groups,
which have the same effect on thermal stability. Compounds 34, 36, 38, and 39 have high Tq
values (282-288 °C) due to (pentafluorophenyl)methyl and benzyl groups containing dendrons
on both sides of the molecules. Pentafluorophenyloxy fragment containing compounds 14a—c
have the lowest Tq compared to other groups of compounds.

For the use as organic molecular glasses from the synthesized azobenzene derivatives,
compounds containing THP groups are not suitable due to the small T4 values, and the hydroxy,
pentafluorophenyloxy functional groups are not suitable, since the compounds do not form an
amorphous thin film but crystallize after evaporation of the solvent. In turn, dendrons
containing Trt and (pentafluorophenyl)methyl groups are suitable for the synthesis of organic
molecular glasses containing azobenzene chromophores due to their ability to form stable
amorphous films.

2.4. Optical Properties

In order to study possible intramolecular and intermolecular interactions with synthesized
pentafluorophenyl fragments of azochromophores, light absorption spectra were recorded in
CHCIs and ethyl benzoate (EtOBz) solutions (Table 4). The CHCIs and EtOBz solvents have
very close values of empirical polarity parameters [58], but different possibilities for interaction
with the dissolved chromophore-containing substance. The Ar-Ar" intramolecular interaction
of the pentafluorophenyl group and the azobenzene fragments would change the wavelength
and intensity of the absorption peak of azobenzene chromophore in CHCI3 solution relative to
the EtOBz solution in which the pentafluorophenyl group could form Ar-Ar or z-z interactions
with solvent EtOBz molecules.

The spectra show maxima of light absorption (Amax) and the intensity of the lower frequency
charge transfer band. Absorption bands in the visible light range look very similar to all fully
dendronized azochromophores, the most noticeable differences are in the range of 250-350 nm,
this part of the spectrum corresponds to dendronizing and fluorinated ring containing fragments,
which are different for the studied compounds (Fig. 11).

The absorption band (Zmax) of azohromophore 7 has batochromic shift in both solvents
compared to the other compounds (Table 4), since the chromophore 7 molecule does not have
covalently attached dendron fragments that could spatially interact with azochromophore and
solvent molecules, as in the case of the other compounds studied.
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Fig. 11. Absorption spectra of dendronized azochromophores 24b, 36, 37, 39 in CHCl3
solution with a sample concentration of 20 pmol-L2.

The absorption peaks of the lower frequency charge transfer band in the two solvents does
not differ by more than 3 nm in each series of chromophores 10a—c, 14a—c, 19a-c, or 24a—c.
This means, that the terminal groups of the dendronizing fragment do not significantly affect
the absorption energy of the chromophore, it is determined only by the core azochromophore,
which is equally accessible to solvent molecules in all analyzed compounds. The intensity of
absorption varies with each series of chromophores, although the molar extinction coefficients
(&) are in the same order, corresponding to the presence of the same azochromophore in the
molecule (Table 4).

The greatest Amax shift was observed for compounds 19b,c, 36, 37, and 39 when comparing
spectra in both solvents, they exhibit a 6-8 nm hipsochromic shift in CHClIs solution relative to
EtOBz solution (Table 4). This can be explained by the covalent bonding of pentafluorophenyl
fragments in a sufficiently long chain or through the dendron fragment to the donor part of the
azochromophore and the resulting Ar-Ar" interaction with acceptor part of azochromophore,
when its electrons are pulled through space and the amount of energy required for absorption
increases. Similar to what has been observed in the monocrystal of compound 36, it is more
likely that intramolecular Ar-Ar" or z-z interactions can form in a solution of CHCls, but in
EtOBz these interactions break down. The group of compounds 19a—c is distinguished by
hipsochromic shift of Amax relative to the other compounds shown in Table 4 in both solvents,
which can be explained by the (2-carboxyethyl)amino fragment at the donor part of the
azobenzene, which weakens the donor strength.

The light absorption spectra of a solid are measured only for thin films of compounds that
have undergone NLO measurements (Table 5). All compounds have observable batochromic
shift in the solid state compared to spectra in CHCI3 solutions. The batochromic shift in the
solid state relative to the EtOBz solution is less, while a hipsochromic shift in the solid state
was observed in the spectrum of the compound 37 relative to the spectrum in EtOBz solution,
which is most likely due to the different arrangement of the molecules of the compound 37 in
the amorphous film, which could be related to the NLO properties of the azo compound 37.
The absorption maxima for blends (34+36) and (38+39) are identical to a component whose
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Amax IS present in longer wavelength. The expected effect of interactions between two
compounds in blends (34+36) and (38+39) could not be observed.

2.5. Nonlinear Optical Properties

NLO properties were tested for compounds 34, 36-39, and both blends (34+36), (38+39)
containing dendrons with two benzyl and/or two (pentafluorophenyl)methyl groups (partners
at the Institute of Solid State Physics, University of Latvia, under the leadership of Dr. phys.
Martin$ Rutkis). Similarly, NLO properties have also been measured for Trt group containing
compounds 10b and 24b. NLO properties were not tested for compounds with THP and
hydroxy groups because they do not form stable amorphous films.

The second-order NLO coefficients dss, ds;, and ds3(0) are used to characterize the NLO
properties of the organic molecular glasses, which were obtained from synthesized compounds.
For the evaluation of the NLO coefficients dss and ds, of thin films, it is necessary to determine
the refractive indices nigss and nsz. of the material at the fundamental and second harmonic
wavelength, which are reported in Table 5. The poled thin films of organic molecular glass are
assumed to have C., symmetry, and the material can be characterized by three non-zero NLO
coefficients — dss, da1, and dis. However, according to Kleinman's symmetry [59], it is assumed
that da1 = dis. So, two NLO coefficients are sufficient for the characterization of thin films of
organic molecular glasses, which are determined when the sample is exposed to polarized laser
radiation.

All samples studied are NLO active (Table 5). The loading density of the effective
chromophore fragment in the molecule (N) is calculated from the molar mass by assuming the
simplified methyl derivative 4'-(dimethylamino)-2-methoxy-4-nitroazobenzene as the effective
chromophore. NLO coefficients depend on the loading density of the effective chromophore,
molecular hyperpolarizability, and polar order. The ratio of NLO coefficients dss/d3; shows the
polar order in oriented chromophore films. For all samples containing a single chromophore,
10b, 24b, 34, 36-39, this ratio is 3.2 to 3.9 and indicates a high polar order [60]. Both blends
(34+36) and (38+39) show significantly lower ratios of 2.2 and 2.0, indicating poor
arrangement of chromophore molecules, resulting in low values of NLO coefficients ds3 and
dz3(0). The intermolecular interaction of the two molecules in these blends can manifest itself
in such a way as to contribute to the centrosymmetric arrangement of the chromophores present
in the system. As a result, the corresponding NLO coefficients are also reduced. The results
obtained are contrary to literature data, where a mixture of complementary chromophores
containing the same dendrons has more than twice the value of the electro-optical coefficient
ra3 than the individual components [10].

Dendronized azochromophores 10b, 24b with Trt groups and dendronized
azochromophores 36, 39 with (pentafluorophenyl)methyl groups connected to the donor part of
the azochromophore showed relatively better NLO coefficients above coefficient dss value of
LiNbOs. Therefore, at the end of the studies, we synthesized azochromophore 37, which
contains the two different dendrons. However, contrary to expectations, the values of the NLO
coefficients of the compound 37 were very low. We explain this by the presence of the majority
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of the molecules of the compound 37 in centrosymmetric arrangement even after poling, which
reduced the value of the NLO coefficient. Also, the intermolecular Ar-Ar" interactions of
pentafluorophenyl and trityl groups in the glassy film were likely to occur by promoting
centrosymmetric arrangement.

Table 5
Amorphous Thin Film NLO Properties of Synthesized Organic Molecular Glasses

Sample da3,? da1,? d33(0),> | dss/dss | N°% | Tsmiso, I Ness® /lma'x, nm
pm-v1l | pmV?! | pm-v? °C film
10b 38 f 5.7 f 17 90 1.60 2.04 495
24b 43 11 5.1 3.9 24 66 1.63 1.69 490
34 10 2.8 11 3.6 22 51 1.63 1.72 492
36 35 11 3.9 3.2 22 59 1.61 1.67 496
(34+36) 19 8.5 1.6 2.2 22 50 1.649 1.729 497
37 14 3.8 19 3.7 19 78 1.62 1.80 482
38 20 5.4 2.1 3.7 26 46 1.65 1.70 498
39 26 7.2 3.3 3.6 19 54 1.60 1.69 489
(38+39) 20 10 17 2.0 22 54 1.63f 1.70f 498

2L O coefficients determined at 532 nm.

® NLO coefficient extrapolated to zero frequency.

¢ Loading density of the effective chromophore moiety.

d Temperature at which the intensity of the second harmonic is 50 % of the initial intensity.
¢ Refractive index of light at the specified wavelength.

fNot determined.

9 Calculated from the Kramers-Kronig transformation of absorption spectrum [61].

Compound 24b has the highest NLO coefficient dzs value and the second highest coefficient
ds3(0) value. Comparing the structure of compound 24b and compounds 36, 37, and 39, one
can hypothesize that a single pentafluorophenyl fragment bound in a short chain is not capable
of forming an intramolecular bond with azobenzene, as is possible in compound 36. That is, in
this case, pentafluorophenyl fragment is more likely to engage in the Ar-Ar interaction with
an adjacent molecule, aiding to stabilize the poled order of chromophores, which contributes to
the achievement of higher NLO coefficient values.

To assess the thermal stability of the poled order of chromophores in thin films, we used
the SHI measurement. The temperature Tsniso (Table 5 and Fig. 12) describes a condition in
which the initial SHI value has been halved when the sample is heated, and it agrees mostly
well with the Tq measurements. The differences between Tq and Tshiso values could result from
a different arrangement of chromophore molecules in molten molecular glass during the DSC
experiment and in a poled film of organic molecular glass cast from the solution in which the
presence of trapped solvent molecules between dendron fragments cannot be excluded.
Compounds 10b, 24b, and 36 have Tsniso value slightly higher than Ty value and these
compounds also have shown the highest NLO coefficient values. Most likely, these compounds
have an appropriate molecular structure that provides and promotes intramolecular and
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intermolecular Ar-Ar® andfor z-7 interactions that stabilize the poled order of
noncentrosymmetric chromophores in thin films.
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Fig. 12. Decrease in SHI signal when heating samples of NLO active amorphous molecular
glasses.

Original publications on the studies described in this chapter can be found in Appendices 1,
2, and 4, and individual excerpts of the work are published in conference proceedings in
Appendix 6.
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3. Organic Molecular Glasses of Polyazochromophores

We also examined a third approach to the synthesis of NLO active compounds to achieve
stable organic molecular glasses based on chromophores of different structures with different
dipole moment directions. We synthesized dendrons containing three chromophores: two
identical D—z—A type azobenzene derivatives and a third azobenzene of different structure or
1,3-indanedionylpyridinium betaine (IPB). Directions of the molecular hyperpolarizability and
dipole moment vectors coincide for in the ground state neutral chromophores such as
azobenzene, while betaine type chromophores such as IPB have opposite directions of the
vectors of molecular hyperpolarizability and dipole moment in the ground state [8]. If a neutral
and betaine-type chromophore are combined into a single molecule or material, the fragments
within the molecule would orient themselves by minimizing the resulting dipole moment as
much as possible, while the molecular hyperpolarizability would be summed up [7], [8],
resulting in increased poling efficiency and the preservation of poled order in NLO studies.

3.1. Synthesis of Polyazochromophore Dendrons

We included the azobenzene fragment and the Trt groups in the structure of the
synthesizable dendron. From azobenzene 40 with two identical hydroxy groups, we obtained a
derivative 43, in which one of the hydroxy groups was converted to trityloxy, and the other was
activated with a mesyl group. To obtain such an azobenzene molecule, there are two possible
paths: first to bring in a mesyl group, and then a trityl group, or to bring in a trityl group first,
and then a mesyl group. We tried both approaches taking equimolar quantities of starting
materials. As expected, at the end of the reaction we obtained a mixture of three substances:
starting material, monosubstituted product, and disubstituted product. A successful preparative
chromatography purification procedure was realized in the case of trityl product 41, so we
synthesized the necessary azobenzene 43 in almost quantitative yield according to scheme in
Fig. 13.

_OH  wscl _pus
DIPEA
,IN—O—N . ,IN—O—N
Trtcl OZN_O_N ot 98% OzN_O_N ot
OH ' 41,50 % 43

Fig. 13. Functionalization of both hydroxy groups of azochromophore 40.

By alkylating 3,5-dihydroxybenzoate (1) with azobenzene mesyl derivative 43, we obtained
dendron D1Me, which contains two identical azochromophores (Fig. 14). We hydrolysed the
dendron D1Me with NaOH in DMF solution, turned the intermediate sodium salt into acid
D10OH using a HPO4?/H,PO4 buffer of sufficient buffer capacity with a pH value of
approximately 5 to avoid hydrolysis of the Trt groups in a strongly acidic environment.
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Fig. 14. Syntheses of dendrons D1Me and D1OH.

By esterifying the carboxyl-containing azodendron D1OH, it is possible to covalently add
new chromophores of a different structure to it. In this way, we added D—z—A type azobenzene
45, which we obtained by azo coupling of betaine 5 with N,N-dimethylaniline (44) in acetic
acid (Fig. 15). The second chromophore to be added is 1,3-indanedionylpyridinium betaine 48,
which we obtained by condensing starting materials 46 and 47.
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Fig. 15. Syntheses of dendrons D1azo and D1IPB.

We performed the esterification reaction using the DCC/DMAP method and obtained
polyazochromophoric dendrons D1azo and D11PB (Fig. 15). We purified the dendrons D1azo
and D11PB by Al>03 column chromatography so that to avoid cleavage of the Trt groups during
the process, which was previously observed during chromatography on silica.

3.2. Properties of Polyazochromophore Dendrons

To find out the phase transitions of the synthesized dendrons D1Me, D10OH, Dlazo, D11PB
and their starting materials chromophores 45 and 48, we conducted a thermal analysis using
DSC and TGA (Table 6). Chromophores 45 and 48 are crystalline substances that do not form
the amorphous phase and decompose as they melt. In contrast, we obtained the azochromophore
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42, representing the equal azochromophore branches of the dendrons, in both amorphous and
crystalline form. In the DSC curve of the second heating, it shows the following transitions, Tq
at 81°C, followed by spontaneous crystallization at 166 °C, melting at 244 °C and
decomposition at 286 °C determined at 5 % mass loss temperature. Ty could be observed only
for dendrons D1Me and D1IPB. The characteristic Tq step of the DSC curve was less
pronounced than that of the azobenzene dendrimers described in Chapter 1 and the dendronized
monoazochromophores described in Chapter 2, even using a similar sample mass. All dendrons
D1Me, D10OH, D1lazo, and D1IPB are solid, at least semi-crystalline substances that well form
the amorphous phase, which can be observed by casting a transparent and homogeneous thin
film. Synthesized dendrons D1Me and D11PB have been found to have the highest Tq values
of all the compounds considered in the Thesis, which reach and in the case of dendron D11PB
even exceed the temperature of 100 °C required for the manufacture of electro-optical
devices [5]. On the other hand, the thermal stability of the synthesized compounds D1Me,
D10OH, Dlazo, and D1IPB is in the range of 240-267 °C, which is less than that of the
compounds described in the previous chapters.

Table 6
Thermal and Optical Properties of Synthesized Products
Compound | Tg,°C | mp,°C | T4, °C |  Amax,® NM g, Mt-cm™
42 81 244 286 488 25200
45 b -b 264 509 45 400
48 -b b 240 409 43 800
D1Me 100 207 260 472 62 600
D10OH -b 148 254 474 66 500
Dlazo -b 223 267 475 94 500
D1IPB 113 179 242 429 91 400

8 CHClI; solution with a concentration of 10 pmol-L ™.
® Not observed.

Light absorption spectra in CHCIs solutions were recorded for the synthesized
polyazochromophoric dendrons D1Me, D10OH, Dlazo, D11PB and chromophores 42, 45, 48
(Table 6). The intensity of the absorption band is proportional to the number of chromophores
in the molecule [62], so by adding up the ¢ values of the chromophores of the simple starting
materials, the numerical value of ¢ of the final product dendron must be obtained. Using such a
simple summation estimate, the dendron ¢ value approximates the calculated one.

Comparing the spectra of the compounds D1Me, 48, and D11PB in CHCIs, it can be seen
that the absorption band of the dendron D1IPB is by its nature an overlap of two bands, which
is formed by summing the spectra of the compounds D1Me and 48 (Fig. 16). However, for
pyridine betaine 48, which contains the free hydroxy group, the absorption maximum of the
longest wavelength of the spectrum is hypsochromic shifted relative to the absorption
maximum of the spectrum for ester-bonded betaine fragment in the composition of the dendron
D1IPB.
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Fig. 16. Spectra of dendron D1IPB and its components in CHCls with 10 pmol-L™?
concentration.

The spectra of the compound D1IPB are peculiar and their shape depends on the solvent
used (Fig. 17). Two distinct chromophores are involved in the dendron D1IPB molecule:
azobenzene, which exhibits a batochromic shift of the long-wave absorption band with
increasing solvent polarity, and IPB, which exhibits a hipsochromic shift as the solvent polarity
increases. As the polarity of the solvent increases, a bathochromic shift of the absorption band
is observed if the excited state is more polar than the ground state, otherwise a hypsochromic
shift is observed [58]. Since the two types of chromophores are connected using o-bonds, a
significant shift in electron density between them is not expected, so that when the chromophore
bands combine, the spectra differ significantly in solvents of different polarity (Fig. 17). In the
non-polar solvent toluene, where the difference in Amax values of the individual chromophores
is smallest, the absorption band of dendron D1IPB is the narrowest and the maximum is
observed on the short-wave side of the absorption band. In a polar solvent like DMSO, where
the difference in the Zmax values of the individual chromophores is greatest, the absorption band
of the compound D11PB is the widest and a maximum on the long-wave side of the absorption
band is observed. In moderately polar solvents, the observed picture is most similar to two
absorption maxima or one wide absorption band.

1 ———chloroform
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Fig. 17. Solvatochromism of dendron D11PB.
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NLO properties have been studied for synthesized dendrons D1azo and D11PB containing
various chromophores and azochromophore 42, determining the NLO coefficient dss, the
thermal stability Tsniso, and calculating ds3(0) for electric field poled films (Table 7) (partners
at the Institute of Solid State Physics, University of Latvia, under the leadership of Dr. phys.
Martin$ Rutkis).

The simple tritylated azochromophore 42 exhibits a peculiar behavior during heating. Its
poled amorphous film exhibits a minute SHI value, which disappears when the sample is heated
at about 45°C, but crystallization spontaneously begins as the heating continues.
Noncentrosymmetrically arranged crystals of azochromopore 42 are formed, and SHI rises,
peaking at 127 °C. The same phenomenon is observed when heating a previously unpoled
amorphous film, but then the crystallization of azochromofore 42 begins at a lower temperature,
reaching a maximum at 111 °C. However, the formed polycrystalline films are opaque and are
not suitable for practical use. The film formed by mixing 10 wt% of compound 42 in
poly(methyl methacrylate) (PMMA\) is NLO active; however, Tshiso is only 45 °C, which is
almost half the T4 of compound 42 and about three times lower than Tg of PMMA. Therefore,
the explanation for this phenomenon is the peculiarities of the compound 42, which is observed
in its thin film.

Table 7
Optical and NLO Properties of Thin Films of Synthesized Organic Molecular Glasses
dsz® | d3s(0), | Tswiso,
Compound pm3~3\/*1 p:;( \/)*1 soHclso Jmad M
42 26 3,3 45 487
Dlazo 103 12 92 493
D1IPB 92 10 91 492

2 NLO coefficient determined at 532 nm.

® NLO coefficient extrapolated to zero frequency.

€10 wt% in the PMMA matrix.

d Absorption maxima measured for a thin amorphous film on a quartz glass.

Multichromophore-containing dendrons D1lazo and D1IPB show moderate NLO activity
with coefficient dss values of about 100 pm-V1, which is four times the value of the coefficient
dss of the LiNbOs. However, the coefficients dss of these compounds have average values
between the dendrimers described in Chapter 1 and at both sides of the azochromophore
dendronised compounds described in Chapter 2. Dendrons D1azo and D1IPB have the highest
TsHiso values among the compounds considered in the Thesis. However, unlike the T4 value of
the dendron D1IPB, its Tshiso value does not exceed the temperature of 100 °C required for the
operation of electro-optical devices. The structure of synthesized dendrons is suitable for the
design of NLO materials for further research. The interaction of different chromophores and
spatially insulating Trt groups in the amorphous glassy state promotes a non-centrosymmetric
orientation of the poled material. The 3,5-dihydroxybenzoic acid fragment at the center of the
structure works perfectly as an intramolecular insulating group, which contributes to the

75



preservation of the order of noncentrosymmetric chromophores. The azo compound and 1PB
attached to the dendron are different in structure, but they do not have a different effect on the
NLO properties of the dendrons D1lazo and D1IPB. NLO properties are determined by the
entire spatial structure of the dendron giving high values of Tsniso and dsa.

The studies described in this chapter can be found in publication in Appendix 5.
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10.

11.

12.

CONCLUSIONS

It is more efficient to bind the (pentafluorophenyl)methyl group covalently to the
chromophore fragment by ester rather than ether bonds. The use of an esterification
reaction avoids the use of strong nucleophilic reagents, since a strong nucleophile could
replace fluorine atoms of the pentafluorophenyl group in the substitution reaction.

Ar-Art interaction in a large dendronized NLO active azochromophore crystal was
demonstrated for the first time by X-ray diffraction method: the pentafluorophenyl
fragment interacts intramolecularly with the azobenzene acceptor part and the azo group.
The use of trityl and (pentafluorophenyl)methyl groups in the structure of
azochromophores increases the ability to form an amorphous phase, as well as the
temperatures of glass transition and decomposition. The presence of tetrahydropyranyl
groups, on the other hand, reduce the glass transition temperature below 20 °C, while
compounds containing the hydroxy group and pentafluorophenyloxy group do not form an
amorphous thin layer.

If the donor part of the azochromophore is covalently bound to one pentafluorophenyl
group in a sufficiently long chain or to a dendron containing two pentafluorophenyl
fragments, a relatively larger batochromic shift in the ethyl benzoate solution is observed
compared to the CHCI3 solution, which can be explained by intramolecular Ar-Ar" or z-z
interactions in CHCls solution.

Even if the fragments contained in the azochromophore molecule and the functional groups
provide good values of Tg and Tshiso as a result of synergy, this does not mean that possible
Ar-ArF or z-z interactions will contribute to the formation of a non-centrosymmetric order
in the electric field and large NLO coefficients. The mutual position of the interacting
fragments can contribute to the preservation of the centrosymmetric order of
azochromophores in organic molecular glass, even after poling.

By connecting three chromophores and two trityl groups in the structure of the dendron, it
is possible to obtain a material with NLO coefficient dss values of about 100 pm-V~* and
the highest values of Tsniso (above 90 °C) among the compounds studied in the Doctoral
Thesis.
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