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LIETOTIE SAISINAJUMI

molarais ekstinkcijas koeficients

absorbcijas maksimuma vilna garums

augsti efektiva skidrumu hromatografija

aromatiskie-perfluoraromatiskie fragmenti

nelineari optiskais koeficients, kas noteikts, mérot otras harmonikas generacijas
intensitati p polarizgtai gaismai, apstarojot paraugu ar s polariz€tu gaismu
nelineari optiskais koeficients, kas noteikts, mérot otras harmonikas generacijas
intensitati p polarizgtai gaismai, apstarojot paraugu ar p polariz€tu gaismu
nelineari optiskais koeficients d33 ekstrapoléts uz nulles frekvenci
1,8-diazabiciklo[5.4.0Jundec-7-Ens

N, N'-dicikloheksilkarbodiimids

dihlormetans

diizopropilazodikarboksilats

diizopropiletilamins

4-(dimetilamino)piridins

N, N-dimetilformamids

dimetilsulfoksids

diferenciala skengjosa kalorimetrija

etilbenzoats

1,3-diokso-2-(piridinij-1-il)-2,3-dihidro-1 H-indén-2-ids jeb 1,3-indandionil-
piridinija betains

kodolu magnétiska rezonanse

metansulfonil- jeb mezil-

masspektrometrija

gaismas lauSanas koeficienti noraditaja gaismas vilna garuma

nelineara optika / nelineari optisks

piridinija p-toluolsulfonats

otras harmonikas generacijas intensitate

nukleofila aromatiska aizvietoSana

tetrabutilamonija bromids

tetrahidrofurans

tetrahidro-2 H-piran-2-il-

trifenilmetil- jeb tritil-

termiska stabilitate — temperatiira, kad termogravimetriskaja analizé parauga
masa samazinajusies par 5 %

stikloSanas temperatiira

kusanas temperatiira

termogravimetriska analize

temperatiira, pie kuras, paraugu sildot, SHI samazinas par 50 % no sakotngjas
intensitates



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Organisko nelineari optisko (NLO) hromoforu sintéze un uz to bazes veidoto materialu
pasibas pieder vienam no modernakajiem petfjumu virzieniem — elektrooptisko materialu un
informacijas nesgju izstradei komunikaciju un fotonikas nozar€s. Jauni organiskie NLO
materiali, arT uz azohromoforu bazes izstradatie, lautu izveidot vél efektivakas informacijas
tehnologiju iekartas, pieméram, elektooptiskos modulatorus, kas varétu bat potenciali labaki
par paslaik eso$ajam $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 poliméra. Tas var biit arT kovalenti
saistits dendriméra 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-7—A tipa hromofors, deévéts arT par push-pull
hromoforu. Organiskos NLO hromoforus var modificét, lai panaktu uz to bazes izgatavoto
materialu vieglaku apstradi un nodrosinatu atbilstibu piecam galvenajam prasibam: vairakas
reizes augstaki NLO koeficienti neka neorganiskajiem materialiem, lieli gaismas lauSanas
koeficienti, lieliska optiska caurlaidiba, ilglaiciga necentrosimetriski orient€to dipolu stabilitate
un augsta fotokTmiska stabilitate ierices lietoSanas apstaklos [1, 4, 5].

Otras kartas NLO efekts ir novérojams tikai materidlam ar necentrosimetriski orientgtiem
hromofora dipoliem, ko visbiezak panak, iedarbojoties uz materialu ar optisko vai elektrisko
lauku. Tom&r D-7—A tipa hromoforiem visbiezak ir lieli dipolmomenti, un notiek dipolu
relaksacija centrosimetriska sakartojuma virziena, samazinot vai dzéSot NLO efektu [1, 6].
Tadgjadi, lai saglabatu polaro kartibu, amorfajam NLO materialam ir jabut ar péc iesp€jas
augstaku stikloSanas temperatiiru (7), hromofori ir jaizolg cits no cita, lai samazinatu elektrisko
dipolu atgriiSanos [1, 6], vai arT jaizmanto piemé&rotas starpmolekularas mijiedarbibas starp
molekulu fragmentiem, lai iesaldétu hromoforu savstarpg&jo novietojumu p&c orientéSanas [1].
Cits So moderno materialu NLO koeficienta paaugstinasanas cel$ ir tadu NLO hromoforu
veidoSana, kuru summarie dipolmomenti nebtitu lieli pat pie loti augstiem hiperpolariz&jamibas
raksturojumiem, ko var panakt, izmantojot divus hromoforus ar pretgji vérstiem fragmentu
dipolmomentu vektoriem, bet vienadi vérstiem hiperpolarizgjamibas vektoriem. Sis cel§ var
efektivi samazinat visas molekulas dipolmomentu, molekulu atgriiSanos un tieksmi veidot
centrosimetriski orient€tas struktiiras amorfa organiska molekulara stikla fazg [7, 8].

Zinams, ka molekulu perfluoraromatiskie fragmenti spécigi mijiedarbojas ar
aromatiskajiem fragmentiem kristalos, Skidrajos kristalos, supramolekularajas nanoskiedras,
hidrogélos un pat $kidumos [9]. Aromatisko-perfluoraromatisko (Ar-Arf) fragmentu
mijiedarbibu var izmantot, lai iegitu necentrosimetriski sakartotas amorfas strukttras pec
orient€Sanas un lidz ar to palielinatu to NLO 1pasibas [1, 4, 6, 10—13]. Dendriméra un dendrona
sint€zi izmanto, lai ieglitu struktiiras ar telpiski izoletu hromoforu, kam piemit liels
dipolmoments, un uzlabotu materiala termiskas Tpasibas [1, 4, 14, 15]. 1,2-Difenildiazgna jeb
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azobenzola atvasinajumus ar dendroniem un dendrimériem var kovalenti saistit sava starpa
dazados veidos [16]: azobenzola fragmentu var kovalenti ieklaut dendrona vai dendriméra
kodola, periférija vai viscaur dendriméra zarojuma. Ar-Ar" mijiedarbibu izmanto$anu un
dendronu ievadiSsanu molekula var summ@t, izmantojot dendronus ar aromatisko un
pentafluorfenilfragmentu, lai palielinatu organisko molekularo stiklu NLO koeficientus un
orientacijas stabilitati [10—12].

NLO 1pasibas vairuma gadijumu ir petitas dendrim&riem, kas satur D—z—A tipa azobenzola
fragmentus visa dendrim@ra zarojuma [17-21]. Apjomigi p&tfjumi par D-7—A tipa azobenzola
NLO dendrimériem veikti profesora Zhen Li grupa [6, 13, 15, 22-33]. Vini arT konstat&jusi
NLO 1pasibu pastiprinasanos azobenzola dendronos un dendriméros, izmantojot Ar-Ar"
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.

Petijuma merkis un uzdevumi

Promocijas darba mérkis ir ieglit un raksturot jaunus, dendronizgtus, organiskajiem NLO
materialiem izmantojamus D-7—A tipa azohromoforu atvasinajumus, izmantojot dendrona
fragmentus ar apjomigiem aromatiskiem un/vai perfluoraromatiskiem fragmentiem. Papildu
mérkis ir sasniegt atbilstoSas materialu ipasibas — stikloSanas temperatiru virs 100 °C [5] un
NLO koeficienta d33 vértibu virs 25,2 pm-V~!, kas parspétu visefektivako no etriem visbiezak
lietotajiem neorganiskajiem kristaliem LiNbO; [34].

Darba mérka TstenoSanai defineti §adi uzdevumi:

1) veikt struktiiras dizainu un sintez€ dendroniz€tus vienu vai vairakus azobenzola
fragmentus saturo$us savienojumus, kam piemit organisko molekularo stiklu Tpasibas;

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

3) izzinat sakaribas starp sintez€to savienojumu kimisko struktiiru un to fizikalajam
Tpasibam, akcentgjot NLO ipasibas.

Zinatniska novitate un galvenie rezultati

Promocijas darba izstradatas tris pieejas D-w—A tipa azohromoforu saturoSu organisko
NLO materialu sintézei. Pirmkart, iegiiti azobenzola kodola dendriméri, no kuriem veidotajos
NLO materialos azohromoforu fragmenti cits no cita ir atdaliti ar dendrim@ra zarojumu,
nepielaujot centrosimetrisko hromofora sakartosanos péc ta orientéSanas elektriskaja lauka.
Otrkart, izmantota fenilgrupas un pentafluorfenilgrupas saturoSo dendronizgjoSo fragmentu
Ar-Ar" mijiedarbiba, lai stabilizetu amorfo fazi organiskajam molekularajam stiklam pec ta
hromoforu orient€Sanas elektriskaja lauka. Treskart, veikta vairaku kovalenti saistttu hromoforu
saturosa organiska molekulara stikla summara dipolmomenta samazinaSana, vienlaikus
palielinot molekularo hiperpolariz&jamibu.

Promocijas darba aprakstiti jauni dendronizéti hromofori, kuru sint€z€ izmantoti 4-amino-
4'-nitroazobenzols un 3,5-bis(2-hidroksietoksi)benzoskabes vai 3,5-dibenziloksibenzoskabes
esteri un to atvasingjumi ka dendronizgjosSie fragmenti. Sintez€to savienojumu struktiras



ieklautas ari 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
kartitbu pe&c molekulu orienté$anas elektriskaja lauka un paaugstinot NLO parametrus. Ar
rentgenstruktiranalizes metodi pirmo reizi paradita iek§molekulara Ar-Ar" mijiedarbiba liela
dendronizéta NLO aktiva azohromofora kristala, novérojama pentafluorfenilgrupas sadarbiba
ar azobenzola fragmentu. Pentafluorfenilfragmentus saturoSo savienojumu optiskajas Tpasibas
novérota Ar-Ar’ mijiedarbiba, kas sasaucas ar rentgenstruktiiranalizes rezultatiem. Sintez&ti
dendroni, kovalenti saistot azohromoforu ar indandionilpiridinija betainu 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 stikloSanas
un sadaliSanas temperatiram. Tika noteiktas sintez&to savienojumu NLO Tpasibas: NLO
koeficienti d31 un ds3, kas noteikti, mérot otras harmonikas generacijas intensitati (SHI) p
polarizgtai gaismai, apstarojot paraugu attiecigi ar s vai p polarizétu gaismu, un NLO Tpasibu
saglabaSanas, kars€jot paraugu. Konstatets, ka atsevisku molekulas fragmentu savstarp&jas
mijiedarbibas rezultata NLO 1ipaSibas var tikt gan wuzlabotas, ja tiek stabilizéta
necentrosimetriska hromoforu kartiba, gan butiski pasliktinatas, kad tiek stabiliz&ta
centrosimetriska hromoforu kartiba. P&tito D—z—A tipa azohromofora fragmentu NLO 1pasibu
un mijiedarbibas veicino$o molekulas fragmentu sinergijas dél tika iegtti 15 dendroniz&to
azohromoforu paraugi, no kuriem astonu savienojumu paraugiem NLO koeficienti parsniedz
plasi izmantota LiNbO3 (d33 = 25,2 pm- V1) vértibu.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par
azobenzolu satorosu dendriméru sint€zi un struktiiras, optisko, termisko un NLO ipasibu
pétijumiem. Promocijas darbs apkopo seSas originalpublikacijas SCOPUS un/vai Web of
Science indeksétos zinatniskajos zurnalos un konferencu rakstu krajumos.
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Darba aprobacija un publikacijas

Promocijas darba rezultati publicéti ¢eros zinatniskajos rakstos un divos pilna teksta
konferencu rakstos. P&tfjumu rezultati prezentéti 10 konferencgs, piedaloties ar 12 konferencu
te€zeém.
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PROMOCIJAS DARBA GALVENIE REZULTATI

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

Dendriméri ir regulari sazarotas makromolekulas ar skaidri defin€tu struktiiru, kas nosaka
molekulas sferisku, tukSumus saturosu formu un raksturigas fizikalas 1pasibas [35]. Dendriméru
ieglist vairakas secigas reakcijas, liclaka dala sintézes pan€mienu saistiti ar pastavigu
dendriméra augSanas un funkcionalo grupu nomainas reakciju virkni, lai izvairltos no
nekontrol€jamas polimerizacijas. Dendrim&ram ir tris raksturigi uzbtives 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 paaudzgés GI, G2, G3 utt. (anglu val. —
generation), atbilstosa konteksta dendriméra kodols nereti iegiist nulles paaudzes GO
apzimgjumu. Ir divas klasiskas dendriméru sintézes metodes: divergenta un
konvergenta [35, 36].

1. Divergentas sintézes cel$ A X

N " . -, —
LA A :
v N .
A A X A X
A

\
A
A
;b £ D kodols
zarojuma elements
jeb dendrons
periféra grupa
X, Y reagéjosas

funkcionalas grupas

A, B aizsarggrupas

Il. Konvergentas sintézes cel$

B?gia B - o@%i

oK T
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2. paaudzes dendrimérs

1. att. Shematisks otras paaudzes (G2) dendriméra strukttras un ta divergentas (I) un
konvergentas (II) sintézes celu att€lojums [35].

Vesturiski 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 pievienofanai. Sos divus solus
atkarto [35]. Dendriméra perifériju var funkcionalizet ar kadam Tpasam funkcionalajam grupam
vai struktiiram, ko izv€las atkariba no planotajiem pétjjumiem vai lietojuma. Periféro grupu
skaits ar katru dendriméra paaudzi pieaug eksponenciali, tade] potenciala probléma, nepilnigi
reaggjot periférijas funkcionalajam grupam, ir struktiiras defektu paradiSanas lielu paaudzu
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dendrimériem. Turklat reakcijas veiksmigai norisei nepiecie$amais reagentu parakums var
apgriitinat produktu atttrisanu [37].

Konvergentaja metode dendriméra sintézi sak ar perifériju un beidz ar kodolu (1. att. II).
Argjos slanus pakapeniski savieno, ieglistot sazarotas struktiiras, ko dévé par dendroniem. Kad
dendroni sasniegusi izv€leto paaudzi, tos pievieno piemérotam kodolam un iegist dizain&tas
paaudzes dendriméru [35]. Konvergentaja sint€z& ir maza blakusreakciju varbatiba katra soli,
un dendrona augS$ana nepiecieSamais reagg€joSo grupu skaits ir viegli kontrol&jams, tapec
monodispersu dendrim&ru sintéze iesp&jama ar lielaku precizitati, jo katra solf attiriSana ir
vienkar§aka neka divergentas sintézes gadijuma [35, 36]. Konvergentas metodes lielakais
trikums ir stériska kodola funkcionalas grupas aizsegSana lielakas paaudzes, kas rada loti
zemus dendriméru galaproduktu iznakumus [37].

Konvergentas vai divergentas sint€zes izmanto$anu nosaka izvélétais dendriméra zarojuma
un sintezes reakcijas veids, periférijas un kodola funkcionalo grupu stabilitate un iesp&jamas
blakusreakcijas. Kombingjot un pilnveidojot $is klasiskas sintézes stratégijas, ir raditas ari
paatrinatas jeb eksponencialas lielu dendrim@ru sintézei piemé&rotas strat€gijas, izmantojot
mazaku kopgjo reakciju skaitu un iegistot lielakus iznakumus [36, 38].

1.2. Dendriméru ar azobenzola kodolu sintéze

Ieprieksgjos petijumos tika sintez&ti dendrimgri ar azobenzola kodolu 1idz tresajai paaudzei,
divergentas sintézes cela veidojot poliestera zarojumu ar gala hidroksigrupam vai
tetrahidropiranilgrupam (THP-grupam) [39]. legiitajiem dendrim@riem ar THP-grupam tika
noteikta otras kartas hiperpolarizgjamiba skiduma [40]. Min&tie dendriméri tika iegtti viskozu
vasku veida, kuru stikloSanas temperatiiras ir 15-27 °C [39], un tos nevargja lietot cietu amorfu
kartinu veidoSanai NLO materialiem. Tritilgrupu (Trt-grupu) ievadiSana organiskos
hromoforus saturo$ajas molekuldas sekmé visa savienojuma sp&ju veidot cietas amorfas
kartinas [41], tapec tika veikta tadas dendrona zarojumu veidojosas molekulas sintéze, kas
periférija satur Trt-grupas.

Ieprieks tika sintez&ti 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 klatbiitng, iegiistot savienojumu 2¢, tomér
reakcija notika 1&éni un ar mazu iznakumu. Visticamak, stériski apjomiga tritilgrupa traucé
nukleofilas aizvietosanas reakciju —CH2Cl fragmenta. Tadg] tika izmantots cits sintézes cels,
un no savienojuma 2a tika ieglts metil-3,5-bis(2-hidroksietoksi)benzoats (2b), kuru
funkcionalizgjot ar Trt-grupam, iegiist savienojumu 2c¢. Hidroliz&jot savienojuma 2¢ estera
grupu, tika ieglita nepieciesama tritiléta skabe 3b.

13



1) NaH

O\_ O_L

MeO OTHP HO OTHP
2)CloTHp e @ NaOH @
,—» 0 ——-> O

2%

0 7 o
2a ~ “-OTHP (divasstadjas) 3a  “-OTHP

49 %

HCI

(divas stadijas) l C
OH

OH o/~

Qo : MeO ;(
MeO o IOH

1 OH 2b e}

69 %l TrtCl, DBU

1) NaH o o
2)Clmomrt MeOQ :<< OTrt NaOH HO :<< OTrt
27 % © o} 93 % © o
o
° 2c ~ \om 3 \om

2. att. 3,5-Dihidroksibenzoskabes atvasinajumu sintéze.

Izmantojot divergentas sintézes metodi, dendriméru periféras hidroksigrupas tika
funkcionalizétas par Trt-grupam. Kodola G0-OH un pirmas paaudzes dendriméra G1-OH
reakcija ar tritilhloridu piridina trietilamina klatbutng attiecigi tika iegtiti produkti GO-Trt un
G1-Trt (3. att.). Savienojums GO-Trt attirits, to kristaliz&jot, un iegiits ar vid&ju iznakumu un
augstu mérka savienojuma jeb pamatvielas saturu. Paraugu pamatvielas satura analize veikta ar
augstas efektivitates Skidrumu hromatografiju (AESH). Nulles paaudzes savienojums GO-Trt
sintezets, lai optisko un termisko Tpasibu p&tijumos noverotu ta deveéto “dendriméra efektu”,
kas rodas, pievienojot kodolam dendriméra zarojumus vairakas paaudzes. Dendrimérs G1-Trt
tika attirits, izmantojot kolonnas hromatografiju, kur tika noverota Trt-grupu hidrolize uz
silikagela, rezultata iegiistot tikai 37 % iznakumu un 50 % pamatvielas saturu. Dendriméra G1-
Trt parauga bez mérka savienojuma ar ir lidzigas struktiiras azosavienojums, kam notikusi
vienas Trt-grupas hidrolize. Analoga veida no dendrimé&ra G2-OH ar tritilhloridu piridina
trietilamina klatbttng sintezets dendrimérs G2-Trt, bet iegiitais paraugs ir piecu vielu (kopa
70-75 %), kuram ir loti lidzIgas struktiiras, maisijums. Izol&tais maisTjums, kas apzZiméts ar G2-
Trt, satur gan pamatvielu, gan dendrimé@ru tipa azosavienojumus ar mazaku Trt-grupu skaitu,
kas varétu veidoties nepilnigas hidroksigrupu funkcionalizé$anas d&l. Vidgji visa dendriméra
G2-Trt parauga pietriikst vienas Trt-grupas. Funkcionalo grupu attieciba maisfjuma esosajam
vielam noteikta ar '"H KMR spektrometriju. Tre$as paaudzes dendriméra ar periferam Trt-
grupam divergentaja sint€z¢ tika iegiits paraugs, kas ir loti polidisperss vidgji ar se$u no 16 Trt-
grupam iztrikumu, tade] iegtita parauga optiskas un termiskas Tpasibas promocijas darba netiks
apskatitas.
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3. att. Savienojuma GO-Trt sintéze un dendriméru G1-Trt divergenta (I) un konvergenta (II)
sintéze. Otras paaudzes dendrimé&ru struktiiras.

Tika secinats, ka divergentas sintézes metodei ir butisks trikums — palielinoties gala grupu
skaitam, ir gruti nodro$inat to pilnigu funkcionalizé$anu. Tapéc dendriméru ar Trt-grupam
periférija sintézi daudz efektivak varétu veikt, izmantojot konvergento dendriméru sintézes
metodi. Skabes 3b esterificésanas ar azosavienojumu G0-OH reakcija tika ieglits dendrimers
G1-Trt (3. att. II), kas tika attirits, izmantojot frakcion&tu izgulsn€Sanu. 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 iegtts ar kopg&jo iznakumu
37 %. Saja darba aprakstitie dendriméri G1-Trt un G2-Trt, kas iegiiti divergentas sintezes cela,
sastav no vairakam individualam vielam - pamatvielas un Iidzigas struktiras
azosavienojumiem, kas visi satur aktivo azohromoforu un izol&joSo dendriméra zarojumu,
atskiras tikai preciza perifero hidroksi- un Trt-grupu attieciba un novietojums. Interesgjosas
pasibas nosaka visos materialos esoSais azohromofors, tap&c sintez&tie produkti ir izmantojami
ka materiali to turpmakiem optisko, termisko un NLO 1pasibu p&tijumiem.

1.3. Dendriméru ar azobenzola kodolu ipasibas

Sintezetajiem 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 (¢)
atbilst zemakas frekvences ladina parejas joslai (1. tab.). Savienojumu G0-OH un GO-Trt
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absorbcijas maksimumi acetona ir batohromi nobiditi attieciba pret pirmas un otras paaudzes
dendrimériem (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 dendrim@ru 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 sint€z€ izmantoto izejvielu optiskas un termiskas 1pasibas

Nr. p. k. Dendrimérs Amax,? NM g2 M -cm™! Ty, °C Tiws, °C Ty, °C
1. G0-OH 494 28200 - 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

430 umol-L" acetona $kiduma.

Tika pétitas arT sintezé€to produktu GO-Trt, G1-Trt, G2-Trt un to prekursoru G0-OH,
G1-OH, G2-OH termiskas Tpasibas, izmantojot diferencialo skengjoso kalorimetriju (DSC) un
termogravimetrisko analizi (TGA). Termiska stabilitate (7a) noteikta 5 % masas zuduma
temperatiira, kas pirmas un otras paaudzes dendrim&riem ir lielaka par 285 °C (1. tab.).
Azosavienojums GO0-OH ir kristalisks ar kuSanas temperatiru (7ku) 114 °C, stikloSanas
temperatiira (7)) netika nov@rota ar otraja kars€Sanas etapa pec straujas izkauseta parauga
atdzes€Sanas. Azosavienojums GO-OH ir arT termiski nestabilakais savienojums no
aprakstitajiem, bet Trt-grupu vai dendriméra zarojuma pievienoSana palielina termisko
stabilitati. Dendriméri ar Trt-grupam G1-Trt, G2-Trt ir amorfi, jo tiem ir noverojama 7y, bet
nav novérojama Tius. Dendriméri G1-OH, G2-OH ar hidroksigrupam ir kristaliski, tomér,
izkausgtos paraugus strauji atdzes€jot, veidojas amorfa cieta faze un atkartota karsésana var
noteikt 7. Dendriméru 7y un 7y palielinas, pieaugot dendriméra paaudzei sé€rijas ietvaros,
dendrimériem ar gala Trt-grupam 7, sasniedzot 85 °C. Dendriméru G1-Trt optiskas un
termiskas Tpasibas ir praktiski vienadas neatkarigi no strukturali 1idzigo 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
pasibas, tapec radas nepiecieSamiba atskirigi apzim@t abos sintézes celos iegiitos produktus,
sasaistot ar parauga sastavu. lespgjams, atSkiribas noteica izmainas periferijas 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
G1-Trt-b, un tas satur divus lidzigas struktiiras azosavienojumus lidzigas proporcijas, kur
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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 ipasibas ir méritas trijiem dendrim&ru materialiem G1-Trt-a, G1-Trt-b un G2-Trt,
nosakot otras harmonikas generacijas intensitati (SHI) $o materidlu planam amorfam
elektriskaja lauka orientétam kartinam Maker fringe eksperimenta (sadarbibas partneri LU
Cietvielu fizikas institiita Dr. phys. Martina Rutka vadiba). legiitas lielas NLO koeficienta d33
vertibas (2. tab.), kas ir skaidrojamas ar alkoksiaizvietotaju esamibu azohromofora donoraja
dala. Visiem paraugiem ir plaSas absorbcijas joslas, un absorbcijas maksimums ir novérojams
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 (d33(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 ds3,? d33(0),° TousoS | , 4
p.- k. materials attieciba pm-v- | pmev- oC max,
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 koeficients noteikts pie 532 nm;

® NLO koeficients ekstrapoléts uz nulles frekvenci;

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

Salidzinot divergentas sintézes cela iegitos dendriméru 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 ds; vértibas neka pirmas paaudzes dendriméra materialam G1-Trt-b. To
varétu skaidrot ar labaku azohromofora izoléSanu dendriméra zarojuma, lielaku brivibu
novietoties paraléli orientgjoSajam elektriskajam laukam, neskatoties uz hromofora
koncentracijas samazinaSanos molekulas sastava, picaugot dendrona apjomam molekula.
Salidzinati arT dendriméru 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 Cetram Trt-grupam uzrada tikai
58 % no NLO koeficienta ds; 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 struktira, bet at§kiribu varétu skaidrot ar sinergiju, visiem
molekulas fragmentiem savstarpg&ji mijiedarbojoties. Konvergentas sintézes panémiena
izmanto$anas mérkis bija ne tikai gala produkta iznakuma palielinaSana, bet arT kimiski tiraka
jeb mérka struktiiru vairak saturo$a materiala iegiSana, kam biitu jadarbojas efektivak neka

17



iepriek$ iegltajam paraugam, kas ir tikai dal&ji funkcionalizéts ar Trt-grupam. Pret&ji
gaiditajam visas NLO TpaSibas konvergenti iegiitajam dendriméra materiala paraugam
G1-Trt-a (2. tab,, 1. rinda) bija vajakas neka divergenti iegiitajam paraugam G1-Trt-b (2. tab.,
2. rinda).

Temperattra Tsmiso ir noteikta NLO eksperimenta, kad, vienlaikus veicot parauga sildisanu
un SHI mériSanu, novéro amorfa materiala SH/ samazinaanos uz pusi. Divergenti iegito
dendrim@ru materialu G1-Trt-b un G2-Trt (2. tab., 2. un 3. rindas) Tsniso vertibas ir par 8-9 °C
mazakas neka So materialu 7, vertibas, ko var skaidrot ar atskirigo molekulu sakartojumu
orientéta NLO aktiva kartina, atlaujot brivakas hromofora fragmenta kustibas neka no $skiduma
izgulsnéta amorfa parauga. Savukart dendriméra paraugam G1-Trt-a (2. tab., 1. rinda), kas
satur Cetras Trt-grupas, Tsuiso vertiba ir par 30 °C zemaka neka atbilstosa 7 vertiba, un pat visa
NLO aktivitate ir zudusi pirms 7, sasniegSanas. lespgjams, amorfas fazes struktiira p&c
orientéSanas elektriskaja lauka ievérojami atskiras no izkususas amorfas fazes DSC mérijumos,
ka rezultata samazinas nepiecieSamais energijas daudzums molekularajam kustibam un viegli
notiek dezorientacija. Dendriméra materiala paraugam G1-Trt-b ar Trt/OH grupu attiecibu
3,5/0,5 Tsuiso vertiba ir par 20 °C augstaka neka materialam G1-Trt-a ar ¢etram Trt-grupam,
ko varetu skaidrot ar amorfas fazes stabiliz€Sanos, izmantojot brivas hidroksigrupas un
tidenraza saites. Lidzigus secinajumus izdarijusi profesora Zhen Li grupas zinatnieki [44].
Ieprieks ming&tais amorfo fazi stabiliz€josSais efekts, visticamak, ir noteicosais ar1 lielu NLO
koeficientu d3; vertibam. Sintez&€to dendrim&ru materialu NLO koeficienti d33 ieverojami
parsniedz plasi izmantota LiNbO3 kristalu NLO koeficientu vértibas (ds3 = 25,2 pm-V~! [34]),
izmantojot to paSu lazera starojuma vilpa garumu — 1064 nm. Tomer ekstrapol&tie koeficienti
d33(0) ir mazaki par LiNbOs3 kristalu koeficientu vertibu, bet parsniedz divu citu no biezak
lietotajiem neorganiskajiem kristaliem KTiOPOs (d33 = 14,6 pm-V™") un LiB3Os (d3; =
0,04 pm-V™) NLO koeficientu vértibas [34].

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

Ieprieksgja nodala aprakstitie dendriméri veidoja materialus, kas liclakoties sastavgja no
vairakiem azosavienojumiem ar lidzigu struktiiru, tapec tika nolemts parbaudit aktiva
hromofora fragmentu izoléSanas koncepciju, izmantojot 1. nodala aprakstita Trt-grupas
saturo$a dendrona pievienoSanu azobenzola molekulas viena pusé. Dendronizéta azohromofora
molekulas otra pusé ievadijam pentafluorfenilfragmentu, kas, iesaistoties Ar-Arf
starpmolekularajas mijiedarbibas, varétu ierobezot molekulu kustigumu amorfaja fazg,
paaugstinot 7, vertibu un uzlabojot NLO parametrus. Tika sintez&i ari dendroniztie
azohromofori, kuros Trt-grupas saturo$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 sintez&ti dendroniztie azohromofori, izmantojot
dendronus ar divam benzilgrupam vai divam (pentafluorfenil)metilgrupam, kas savstarpgji
mijiedarbotos, stabiliz&jot elektriskaja lauka orientetu plano kartinu. Tika pievienoti atskirigi
dendroni azohromofora donoraja vai akceptoraja dala. Optisko, termisko un NLO 1pasibu
salidzinasanai tika sintezgti ari simetriskie azohromofori tada izpratng, ka azobenzola akceptora
un donora dalas saistitas ar vienadiem dendronu fragmentiem. P&tjjumu sakumposma Trt-
grupas saturosais dendrons un (pentafluorfenil)metilgrupas saturo$ais dendrons azohromofora
donoraja pusé uzradija labas termiskas un NLO 1pasibas, tapéc tika izlemts sintez&t arT tadu
azohromoforu, kas apvieno $os abus fragmentus.

2.1. Dendronizétu azohromoforu sintéze

2-Amino-5-nitrofenols (4) kalpo ka izejviela visiem 8$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 iegiits
azosametinasanas reakcija starp betainu 5 un N-metilanilinu, kaut gan tika testeti vairaki
azosametinasanas reakcijas apstakli. Tacu talaku azosavienojuma 6 alkilésanu ar 2-hloretanolu,
lai iegiitu produktu 7, realizét neizdevas, notiekot izejvielas 6 sabruksanai baziska vidg.

Azosavienojuma 7 iegliSanai tika izvElets cits sint€zes cels. Alkilgjot savienojuma 4
fenolatu, tika ieglits 2-(2-hloretoksi)-4-nitroanilins (8) ar 44 % iznakumu (4. att.). Diazot&jot
savienojumu 8 un talaka azosametinaSanas reakcija ar savienojumu 9, tika iegits
nepiecieSamais divas hidroksigrupas saturoSais azosavienojums 7. Simetriski dendroniz&tie
azohromofori 10a—c tika sintez€ti no azosavienojuma 7 un dendronizgjosajiem fragmentiem
3a,b esterificéSanas reakcija, izmantojot DCC un DMAP [45, 46]. Hidroksigrupas saturo$ais
azohromofors 10c tika iegits, noskelot THP grupas savienojumam 10a.

Savienojumi 14a—c ar pentafluorfenilgrupu molekulas akceptoraja dala sintezeti atbilstosi
5. att€la redzamajai shémai. Alkil§jot savienojumu 4 ar mezilatvasinajumu 11, tika iegiits
savienojums 12, to talak diazotgjot un azosametinot ar anilina atvasinajumu 9, tika iegiits
azohromofors 13. Dendronizgjoso skabju pievienoSana savienojumam 13 un THP grupu
nonems$ana veikta Iidzigi iepriek§ aprakstitajiem savienojumiem 10a—c, ieglistot
azohromoforus 14a—c.
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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 sint€zei fluoraromatiska fragmenta un azohromofora kovalenta
savieno$ana vispirms tika veikta ar estera saites palidzibu (5. att.). Anilina atvasinajums 8 p&c
diazotéSanas stdjas azosametinasanas 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 benzilétais starpprodukts 18. Galaprodukti 19a—c tika
iegiiti, lietojot tadas paSas metodes ka savienojumu 10a—c un 14a—c iegiiSana.

Savienojumi 24a—c, kuriem fluoraromatiskais fragments kovalenti saistits ar benziltera
tipa saiti azohromofora donoraja dala, sintez&ti pec 6. att€la redzamas shémas. Betaina 5
azosametinasanas reakcija ar anilina atvasingjumu 9 deva azosavienojumu 20. Alkilgjot
savienojumu 20, tika iegiits azosavienojums 21a, no kura talak sintez&ti aizejo$as grupas
saturo$ie mezilats 21b un trihloracetimidats 21c.
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6. att. Azosavienojumu 24a—c sint€zes shéma.

Reakcijas apstakli savienojuma 22 sint€zes méginajumiem apkopoti 3. tabula. Vispirms no
azobenzola atvasindgjumiem 21a,b Viljamsona &teru sintézes reakcijas ar dazadiem
(pentafluorfenil)metilatvasinajumiem 17a,b tika méginats iegut savienojumu 22 (3. tab., 1.—
3. rinda). Tomér tikai tre§a eksperimenta AESH-MS analize uzradija savienojuma 22 rasanas
zimes. Ta ka iesp&jamas arT nevélamas blakusreakcijas ka fluora atoma nukleofila aromatiska
aizvietoSana (SnAr) [48], tad tika mEginats mainit reakciju apstaklus (4.—6. eksperiments),
tomér mérka produkts 22 neveidojas.
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3. tabula

Reakcijas apstaklu variacijas savienojuma 22 ieguiSanas eksperimentiem

Nr. p. k. | Reagenti Reakcijas apstakli Literatiira Rezultats
1. 21a,17a NaH, THF, 60 °C, 1 d. S~Ar blakusreakcija,
produkts nav noveérots
2. 21b, 17b NaH, DMF, ist. temp., 2 d. SnAr blakusreakcija,
produkts nav novérots
3. 21a,17a NaN(SiMes),, DMF, 70 °C, 1 d. SnAr blakusreakcija,
savienojuma 22 zimes
4. 21¢, 17b BF;-Et;,0, CHCl3, cikloheksans, ist. temp., 1 d. [49] produkts nav novérots
5. 21¢, 17b | HOSO,CH3, CHCl;, cikloheksans, ist. temp., 1 d. [50] produkts nav novérots
6. 21a,17a Ag:0, DCM, ist. temp., 3 d. [51] blakusreakcija,
produkts nav novérots
7. 21a,17b DIAD, PPhs;, DCM, ist. temp., 1 d. savienojuma 22 zimes
8. 21a,17a TBAB, KOH, KI, THF, 70 °C, 1 d. [52] savienojuma 22 zimes
9. 21a,17a TBAB, KOH, DCM, H;O0, ist. temp., 1 d. [53] savienojums 22, 60 %

Veicot sintézi septitaja un astotaja eksperimenta uzraditajos apstaklos, konstatétas
savienojuma 22 zimes, izmantojot AESH-MS. Tom@r savienojumu 22 ar 60 % iznakumu
izdevas ieglt devitaja eksperimenta, piemerojot atbilstoSus reakcijas apstaklus [53].
Eksperimenta butiskaka atSkirtba no visiem parjiem ir reagentu lielais parakums pret
savienojumu 21a: 20 ekvivalenti savienojuma 17a un 40 ekvivalenti KOH. Bromids 17a p&c
reakcijas paliek reakcijas maisijuma un to var hromatografgjot atdalit un lietot atkartoti. Tika
konstatets, ka butiska nozime ir reagentu lielajam stehiometriskajam parakumam. Izmantojot
savienojumus 17a un 21a molarajas attiecibas 1,2:1, reakcija norisinas, tomer ari péc divam
dienam V&l ir nov@rojama izejvielu klatblitne planslana hromatografija. THP-aizsarggrupas
nonemsana savienojumam 22 noris salsskabes skiduma, un savienojums 23 iegits ar 92 %
iznakumu. No savienojuma 23 ar jau ieprieks lietotajam metodem iegiiti meérka savienojumi
24a—c.

Benzilgrupas un (pentafluorfenil)metilgrupas saturoso dendronizéto azohromoforu 34, 36—
39 sintéz€ var noteikt tris posmus: 1) dendronizgjoso fragmentu sint€ze; 2) azohromofora
sint€ze; 3) dendronizgjoso fragmentu un azohromofora kovalenta saistiSana viena savienojuma.
Atbilstosi 7. att€la dotajai sheémai, vispirms tika lietota zinama dendriméra sintézes metode [35],
kur savienojums 1 tika alkiléts ar benzilbromidu (25) fazu parneses katalizes apstaklos un tika
iegfits esteris 26. Estera 26 hidrolize baziskos apstaklos deva skabi 27 ar 92 % iznakumu.

Fluoréta dendrona 30 sintéze tika realiz€ta atSkirigi no dendrona 27 sintézes, 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 alkilétu esteri 29, kas, hidrolizéts varosa H»SOs/dioksana $kiduma, veidoja
dendronizg€joso skabi 30 (7. att.).
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7. att. Dendronizgjoso skabju un hromoforu prekursoru sintéze.

Asimetrisko azohromoforu 34, 36 un 37 sintézes pirmais solis bija hromofora prekursora 9
dendronizé$ana (7. att.). Anilina atvasindgjums 9 reag€ja ar katru no dendronizgjo$ajam skabeém
27 un 30, izmantojot DCC un DMAP. legiitie esteri 31 un 32 azosametinasanas reakcijas ar
diazot€tu anilina atvasinajumu 8 talak veidoja attiecigos monodendroniz€tos azohromoforus 33
un 35 (8. att.). Asimetriskie hromofori 34 un 36 ar atskirigiem dendroniem katra molekulas
pusé iegliti no azosavienojumiem 33 un 35, izmantojot DCC un DMAP ar attiecigajam
dendronizgjosam skab&m 30 un 27. Tika sintez€ts ar1 dendroniz€tais azohromofors 37 no
azosavienojuma 35 un skabes 3b, izmantojot iepriek§ mingto karbodiimidu metodi (8. att.).
Savienojums 37 tika attirits, pargulsné&jot no DCM skiduma 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 iegiiti 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 konstatéSana

Dendrimériem, kas satur azobenzolu visa zarojuma, profesora Zhen Li grupa pétita Ar-ArF
mijiedarbibu ietekme uz struktiiras topologijam un NLO ipasibam [24, 25]. Balstoties '°F KMR
spektros un kvantu kimiskajos aprekinos, tika secinats, ka pentafluorfenilfragments piedalas
Ar-Art iekSmolekularas mijiedarbibas ar azobenzola fragmenta donoro dalu [24, 25, 54, 55].
Tom@r literatira  azobenzola  dendriméru un  organisko  molekularo  stiklu
rentgenstruktiiranalizes rezultati ieprieks nebija public&ti.

Lénam ietvaicgjot dendronizeta azohromofora 36 DCM/etilacetata Skidumu, tika iegiiti ta
monokristali. Rentgenstruktiiranalizé (Dr. sc. phys. Sergejs Belakovs) $ajos monokristalos tika
novérota ickSmolekulara pentafluorfenilfragmenta Ar-Arf mijiedarbiba ar azobenzola
fragmenta akceptoro dalu. 10. att€la redzamas divas savienojuma 36 molekulas, kas veido
triklinas singonijas normalds simetrijas kristalrezgi. Abu $0 molekulu benzilgrupas un
pentafluorfenilgrupas saturo$o dendronu visi tris aromatiskie gredzeni starpmolekulari saistas,
izmantojot Ar-Arf un aromatiskas z-7 mijiedarbibas, bet viens no pentafluorfenilfragmentiem,
iekSmolekulari mijiedarbojas ar azobenzola akceptoro dalu un azogrupu. Kristalisko strukttru
stabiliz€ arT starpmolekularas CH:--F un CH--O mijiedarbibas. Tomér kristala ir vérojama viena
molekulas fragmenta nesakartotiba, un $kidinataja molekulas arT tiek iesl€gtas. lesp&jams,
nesakartotibas d€] nav izdevies iegiit citu dendroniz&to azosavienojumu monokristalus.

ceqy C1
c2
F5
cs D F2
c4 @{‘33

Fa4 F3

v

10. att. Molekulas 36 ORTEP shéma ar termiskajiem elipsoidiem 50 % varbiitiba (pa kreisi),
divu savienojuma 36 molekulu (viena ir iezim&ta) novietojums kristalrezg1 (pa labi).
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2.3. Termiskas 1pasibas

Tika noteiktas un analiz&tas sintez&to savienojumu termiskas pasibas, meklgjot sakaribas
starp sintez€to molekulu struktiiras elementiem un to stikloSanas, kuSanas un sadaliSanas
temperatiiram, izmantojot DSC un TGA eksperimentos iegiitos 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 T1pasibam [56].
Pentafluorfenilfragmentu pievienoSanas meérkis sintez€to azohromoforu struktira bija ar
starpmolekularu Ar-Arf mijiedarbibu palidzibu stabilizét orienteto molekulu novietojumu
amorfaja kartipa NLO mérjjumiem. Lidzigi ka literatira aprakstits fenil- un
pentafluorfenilgrupas saturoSiem NLO aktiviem organiskajiem molekularajiem stikliem [10],
to varétu noveérot ka 7, un Tsuiso vertibu palielinasanos, salidzinot ar analogiem savienojumiem,
kuriem pentafluorfenilfragmentu vieta ir fenilgrupas.

Tika novérots, ka THP grupu klatbutne izteikti pazemina 7, vértibas. Nevienam no
savienojumiem 10a, 14a, 19a un 24a 7, vertibu nebija iespgjams noverot iekartas darbibas
diapazona (15-1000 °C). Visiem pargjiem pétitajiem savienojumiem 7T vertibas ir augstakas
par 20 °C. Vismazakajam azohromoforam 7 T, vertiba ir viszemaka (37 °C), ko var paaugstinat,
funkcionaliz€jot azohromofora struktiiru ar dendroniem un pentafluorfenilgrupas saturosiem
fragmentiem. Dendrona ar terminalam hidroksigrupam (savienojumos 14¢, 19¢ un 24c¢) un
dendrona ar benzilgrupam (savienojumos 33 un 38) pievienoSana azobenzola kodolam dod
aptuveni vienadu un nebitisku 7 vertibas palielinajumu par 0-9 °C. Savukart divu dendronu
ar terminalam hidroksigrupam izmantoSana savienojuma 10c¢ dod salidzinosi augstu T vértibu
(60 °C). Ieverojami T, vertibu palielina Trt-grupas saturosais dendrons savienojumos 14b, 19b
un 24b, savukart divu $adu dendronu klatbiitne savienojuma 10b dod T vértibas 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 noliku salidzinat to termiskas un NLO 1pasibas ar azohromoforu 34, 36, 38, 39 planajam
kartinam. MaisTjumi (34 + 36) un (38 + 39) uzradija identiskas 7, vértibas (55 °C), kas bija
aptuveni to sastavdalu vidgjais raditajs. Tika gaidits, ka abas maisfjuma sastavdalas
mijiedarbosies un 7, vértiba bs lielaka par atsevisko komponentu 7, vértibam, ka aprakstits
literattira [10], tacu efekts netika novérots. Benzilgrupas saturosais dendrons nav noteicosais,
jo visaugstakas 7, vertibas 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 vietd, ko skaidri parada savienojuma 36 kristala struktira.
Vislielaka 7, vertiba noverojama, apvienojot Trt-grupas saturoSo dendronu ar
(pentafluorfenil)metilgrupas saturoSo dendronu azohromofora donoraja dala savienojuma 37,
kura strukttras dizains veikts, balstoties iepriek$ ieguitajas savienojumu 10b, 36 un 39 T,
vertibas.

Promocijas darba ieglitajiem savienojumiem ir noverotas zemakas 7y vertibas neka
nepiecieSams eso$o elektrooptisko iericu izgatavoSana [57], tom&r materialiem ar lidzigam T
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veértibam ir potencials izmantoSanai zemas temperatiiras. Augsta 7, vertiba nepiecieSama
materialiem, ko izmanto istabas vai augstakas temperattras, savukart materiali ar zemu 7§ var
bt piem&roti izmanto$anai Arktika vai Antarktika valdoSajas temperatiiras [22].

Kristalisko fazi veido visi savienojumi, kas satur hidroksigrupas, pentafluorfeniloksigrupas
un benzilgrupas vai (pentafluorfenil)metilgrupas saturoSos dendronus. Kristalisko dabu,
visticamak, nosaka iespgja veidoties stabiliz&josam tdenraza saitém, ka arT Ar-Arf un CH-F
mijiedarbibam. Pentafluorfeniloksigrupai piemit sp&ciga ticksme sakartoties, ka rezultata
savienojums 14a ir vienigais kristaliskais THP-grupas saturosais savienojums, pargjie istabas
temperatiira ir amorfi un miksti. Otras sildiSanas cikla DSC analiz€ savienojumiem 7 un 14¢
novérojama spontana kristalizéSanas, pédejam ir arT visaugstaka novérota Tiys vertiba (193 °C),
iesp&jams, summgjoties Gidenraza saiSu un Ar-Ar" mijiedarbibu ietekmei. Lielaka dala no Trt-
grupas saturosajiem savienojumiem ir amorfas cietas vielas, bet savienojumi 14b un 37 ir iegiiti
arT kristaliski. Starp 7 un 7iws vertibam nav korelacijas, kas liecina par ievérojamam telpiskas
struktiiras variacijam augstakas temperatiiras.

4. tabula
Sintez&to azohromoforu termiskas un optiskas Tpasibas

Savieno- Ty, °C Txus, °C Ta, °C Absorbcija CHCI3? Absorbcija EtOBz?

Jums Jmax, N | &, M-em™ | Apax, nm | &, M'-em™!
7 37 146 264 489 35200 499 24500
10a -5 -5 269 478 29 600 484 26 100
10b 78 -+ 285 478 25400 483 27300

10¢ 60 150 268 479 26 400 485 -

14a -5 112 239 481 27700 483 25 500
14b 66 138 247 479 31900 483 29400
14c¢ 45 193 242 480 30500 483 25 100
19a -5 -5 264 476 25 600 478 29500
19b 55 =+ 282 474 29 700 481 26 600
19¢ 41 100 265 475 30200 481 28 800
24a -5 -+ 266 483 29 700 485 22300
24b 63 b 274 484 32300 486 28 800
24c¢ 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 31 600
37 79 103 277 480 29300 486 36 800
38 46 130, 1524 288 479 26 800 482 29 800
39 60 103 286 476 32 100 484 31500

2 $kiduma koncentracija 20 pmol-L™;

b nav novérota;

¢ neizskist pilniba;

d noveroti divi endotermiski maksimumi pirmaja sildisanas cikla.
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Termiska stabilitate novertéta, izmantojot sadaliSanas temperatiru (73), kad
termogravimetrijas ITkn€ ir novérojams masas zudums par 5 %. Visi sintez&tie savienojumi ir
stabili vismaz lidz 239 °C, augstaka 7y vertiba (288 °C) novérojama savienojumam 38.
Trt-grupa palielina molekulas termisko stabilitati, un Trt-grupu saturo$o vielu 10b, 14b, 19b
un 24b Ty vertibas ir lielakas neka to strukttiras 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 saturosie dendroni. Pentafluorfeniloksifragmentu
saturoSajiem savienojumiem 14a—c ir viszemakas 7g vertibas, salidzinot ar par€jam
savienojumu grupam.

Organisko molekularo stiklu iegliSanai no sintez€tajiem azobenzola atvasinajumiem nav
pieméroti savienojumi, kas satur THP-grupas mazo 7, vértibu dél un hidroksi-,
pentafluorfeniloksi- funkcionalas grupas, jo savienojumi neveido amorfu plano kartinu, bet péc
Skidinataja iztvaic€Sanas kristaliz&jas. Savukart Trt- un (pentafluorfenil)metilgrupas saturosie
dendroni ir pieméroti azobenzola hromoforu saturo$o organisko molekularo stiklu sintézei, jo
sp&j veidot stabilas amorfas kartinas.

2.4. Optiskas ipasibas

Lai sintezetajiem pentafluorfenilfragmentus saturo$ajiem azohromoforiem pétitu
iespgjamas iekSmolekularas un starpmolekularas mijiedarbibas, tika registréti gaismas
absorbcijas spektri CHCl3 un etilbenzoata (EtOBz) Skidumos (4. tab.). CHCl3 un EtOBz
Skidinatajiem ir loti tuvas empirisko polaritates parametru vertibas [58], bet atskirigas iesp&jas
mijiedarboties ar izSkiduSo hromoforu saturo$o vielu. Pentafluorfenilgrupas un azobenzola
fragmentu iekSmolekulara Ar-Arf mijiedarbiba mainitu azobenzola hromofora absorbcijas
maksimuma vilna garumu un intensitati CHCl; $kiduma attieciba pret EtOBz skidumu, kura
pentafluorfenilgrupa varétu veidot Ar-Arf vai z-w mijiedarbibas ar $kidinatdja EtOBz
molekulam.

Spektros novéroti 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 fluordtos gredzenus saturo$ajiem
fragmentiem, kas pétitajiem savienojumiem ir atskirigi (11. att.).

Azohromofora 7 absorbcijas maksimums (Amax) ir batohromi nobidits abos $kidinatajos,
salidzinot ar parjiem savienojumiem (4. tab.), jo hromofora 7 molekulai nav kovalenti
pievienoti dendronu fragmenti, kas varétu telpiski mijiedarboties ar azohromoforu un
$kidinataja molekulam, ka tas ir par&jo pétito savienojumu gadijuma.
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11. att. Dendroniz&to azohromoforu 24b, 36, 37, 39 absorbcijas spektri CHCl3 Skiduma ar
parauga koncentraciju 20 pmol-L~".

Zemakas frekvences ladina parneses joslas absorbcijas maksimumi abos Skidinatajos
neatSkiras par vairak neka 3 nm katra hromoforu sérija 10a—c, 14a—c, 19a—c vai 24a—c. Tas
nozimé, ka dendronizgjosa fragmenta terminalas grupas bitiski neietekmé hromofora
absorbcijas energiju, to nosaka tikai kodola azohromofors, kas visos analiz&tajos savienojumos
ir vienlidz labi pieejams S$kidinatdja 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 noverota vislielaka garako vilnu Amax nobide, salidzinot
spektrus abos $kidinatajos, tiem piemit 68 nm hipsohroma nobide CHCI3 skiduma attieciba
pret EtOBz $kidumu (4. tab.). To var skaidrot ar pentafluorfenilfragmentu kovalentu saistibu
pietickami gard virkn€ vai caur dendrona fragmentu pie azohromofora donords dalas un
rezult&jo3o Ar-Arf mijiedarbibu ar azohromofora akceptoro dalu, kad tas elektroni caur telpu
tiek atvilkti un palielinas absorbcijai nepiecie$amais energijas daudzums. Lidzigi ka noveérots
savienojuma 36 monokristala, visticamak, iekSmolekularas Ar-Arf vai z-7 mijiedarbibas var
veidoties CHCl; $kiduma, savukart EtOBz §1s mijiedarbibas izjiik. Savienojumu grupa 19a—c
izcelas ar hipsohromi nobiditiem Amax attieciba pret pargjiem 4. tabuld 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 mé&rfjumi (5. tab.). Visiem savienojumiem spektros novérota batohroma
nobide cieta stavokli, salidzinot ar spektriem CHCI; $kidumos. Batohroma nobide cieta
stavokli, salidzinot ar spektriem EtOBz skidumos, ir mazaka, savukart savienojuma 37 spektra
novérota hipsohroma nobide cieta stavokli, salidzinot ar spektru EtOBz skiduma, kas,
visticamak, ir saistits ar at$kirigu savienojuma 37 molekulu sakartoSanos amorfaja kartina, kas
varétu biit saistits ar azosavienojuma 37 NLO Tpasibam. Maistjumu (34 + 36) un (38 + 39)
absorbcijas maksimumi ir identiski komponentam, kura Amax ir garakos vilnos. Netika novérots
sagaidamais mijiedarbibas efekts divu savienojumu maisijumiem (34 + 36) un (38 + 39).
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2.5. Nelinearas optiskas ipasibas

NLO 1pasibas tika parbauditas savienojumiem 34, 36—39 un abiem maistjumiem (34 + 36),
(38 +39), kas satur dendronus ar divam benzil- un/vai divam (pentafluorfenil)metilgrupam
(sadarbibas partneri LU Cietvielu fizikas institata Dr. phys. Martina Rutka vadiba). NLO
Tpasibas meritas arT Trt-grupas saturo$ajiem savienojumiem 10b un 24b. NLO 1pasibas netika
parbauditas savienojumiem ar THP- un hidroksigrupam, jo tie neveido stabilas amorfas
kartinas.

Otras kartas NLO koeficienti d33, d3 un ds3(0) izmantoti, lai raksturotu NLO 1pasibas
organiskajiem molekularajiem stikliem, kas iegiiti no sintez&tajiem savienojumiem. Plano
kartinu NLO koeficientu ds3 un ds novértéSanai nepiecieSams noteikt materiala gaismas
lausanas koeficientus n1064 Un ns32 pie pamata un otras harmonikas vilna garuma, kas apkopoti
5. tabula. Tiek pienemts, ka elektriskaja lauka orientétu organisko molekularo stiklu planajam
kartinam piemit Cv simetrija un materialu var raksturot ar trim no nulles atskirigiem NLO
koeficientiem — d33, d31 un dis. Saskana ar Kleinmana simetriju [59] tiek pienemts, ka d31 = d1s.
Tatad organisko molekularo stiklu plano kartinu raksturo$anai pietiek ar diviem NLO
koeficientiem, ko nosaka, iedarbojoties uz paraugu ar polariz&tu lazera starojumu.

Visi petitie paraugi ir NLO aktivi (5. tab.). Efektiva hromofora fragmenta dala molekula
(N) aprekinata no molmasas, par efektivo hromoforu pienemot vienkar$otu metilatvasinajumu
4'-(dimetilamino)-2-metoksi-4-nitroazobenzolu. NLO koeficienti ir atkarigi no aktiva
hromofora dalas, molekularas hiperpolariz€jamibas un polaras kartibas. NLO koeficientu
ds3/d5 attieciba parada polaro kartibu orientétas hromoforu kartinas. Visiem vienu hromoforu
saturo$ajiem paraugiem 10b, 24b, 34, 3639 §T attieciba ir 3,2 Iidz 3,9 un liecina par augstu
polaro kartibu [60]. Abi maisijumi (34 + 36) un (38 + 39) uzrada ievérojami zemaku attiecibu
2,2 un 2,0, kas liecina par sliktu hromoforu molekulu sakartosanos, ka rezultata rodas zemas
NLO koeficientu ds3 un d33(0) vertibas. Abu molekulu starpmolekularas mijiedarbibas Sajos
maisijumos var izpausties tada veida, lai veicinatu sistéma eso$o hromoforu centrosimetrisko
sakartoSanos. Ta rezultata samazinas arT attiecigie NLO koeficienti. legiitie rezultati ir pretgji
literatiras datiem, kur komplementaru hromoforu maisijumam, kas satur vienus un tos pasus
dendronus, ir vairak neka divas reizes lielaka elektrooptiska koeficienta r33 vertiba neka
atseviSkiem komponentiem [10].

Dendronizétie azohromofori 10b, 24b ar Trt-grupam un dendronizétie azohromofori 36, 39
ar (pentafluorfenil)metilgrupam, kas saistitas ar azohromofora donoro dalu, uzradija relativi
labakus NLO koeficientus, kas parsniedz LiNbO3 koeficienta ds3 vértibu. Tadel pétfjumu
nobeiguma tika sintezets abus atSkirigos dendronus saturosais azohromofors 37. Pretgji
gaiditajam, savienojuma 37 NLO koeficientu vertibas bija loti zemas. Tas skaidrojams ar
savienojuma 37 lielakas dalas molekulu atrasanos centrosimetriska sakartojuma pat péc
orient€Sanas, un tas samazinaja NLO koeficienta vertibu. Arl pentafluorfenilgrupu un
tritilgrupu starpmolekulara Ar-Ar" mijiedarbiba stiklveida kartina, visticamak, notika, veicinot
centrosimetrisko sakartosanos.
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5. tabula

Sintez&to organisko molekularo stiklu amorfo plano kartinu NLO 1pasibas

Paraugs ds3," d31,“fl d3(0),° | dssldsi | NS% | Tsmiso, P Am_ax..nm
pm-V! | pm'V pm-V! °C kartina
10b 38 r 5,7 J 17 90 1,60 | 2,04 | 495
24b 43 11 5,1 39 24 66 1,63 1,69 490
34 10 2.8 1,1 3,6 2 51 163 | 1.72 492
36 35 11 39 32 22 59 1,61 1,67 496
(34 + 36) 19 8,5 1,6 2,2 22 50 1,64¢ 1,728 497
37 14 3.8 1,9 37 19 78 162 | 1.80 | 482
38 20 54 2.1 37 26 46 165 | 1,70 | 498
39 26 72 33 3,6 19 54 1,60 1,69 489
(38 + 39) 20 10 1.7 2.0 2 54 1630 | 1,707 | 498

3 NLO koeficienti noteikti pie 532 nm;

® NLO koeficients ekstrapol&ts uz nulles frekvenci;

¢ efektiva hromofora fragmenta dala molekula;

d temperatira, pie kuras otras harmonikas intensitate ir 50 % no sakotn&jas intensitates;
¢ gaismas lausanas koeficients noraditaja vilna garuma;

fnav noteikts;

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

Savienojumam 24b piemit lielaka NLO koeficienta d33 vertiba un otra lielaka koeficienta
d33(0) vertiba. Salidzinot savienojuma 24b un savienojumu 36, 37 un 39 strukttiru, var izvirzit
hipot€zi, ka viens pentafluorfenilfragments, kas saistits 1sa virkng, nespgj veidot ick§molekularu
saiti ar azobenzolu, ka tas ir iesp€jams savienojuma 36. Tas nozimé, ka $aja gadijuma
pentafluorfenilfragments, visticamak, iesaistas Ar-Ar" mijiedarbiba ar blakus eso$o molekulu,
palidzot stabilizét elektriskaja lauka orientéto hromoforu kartibu, kas veicina lielaku NLO
koeficientu vértibu sasnieg$anu.

Lai noverteétu hromoforu kartibas péc orientésanas elektriskaja lauka termisko stabilitati
planas kartinas, tika izmantots SHI mérfjums. Temperattira Tsuiso (5. tab. un 12. att.) raksturo
stavokli, kad, sildot paraugu, sakotngja SHI vertiba ir samazinajusies uz pusi un ta lielakoties
labi saskan ar Ty mérfjjumiem. Atskiribas starp Ty un Tsuiso vertibam varétu rasties no atskiriga
hromoforu molekulu sakartojuma kaus€ta molekularaja stikla DSC eksperimenta laika un
orienteta organiska molekulara stikla kartina, kas izlieta no $kiduma un kura nevar izslégt
iesprostotu $kidinataja molekulu klatbutni starp dendronu fragmentiem. Trijiem savienojumiem
10b, 24b un 36 Tsuiso vertiba ir nedaudz lielaka par Ty vertibu, un Siem savienojumiem izméeritas
arT lielakas NLO koeficientu vertibas. Visticamak, Siem savienojumiem ir atbilstosa molekulara
struktiira, kas nodro$ina un veicina iek§molekularas un starpmolekularas Ar-Arf un/vai 7-z
mijiedarbibas, kas stabiliz€ orienteto 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 public@ti konferences raksta 6. pielikuma.
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3. Poliazohromoforu organiskie molekularie stikli

Tika parbaudita ari tresa pieeja NLO aktivu savienojumu sintézei, lai ieglitu stabilus
organiskos molekularos stiklus, kuru pamata ir dazadas struktiiras hromofori ar atSkirigiem
dipolmomentu virzieniem. Tika sintez&ti dendroni, kas satur tris hromoforus: divus vienadus
D-n—A tipa azobenzola atvasindgjumus un treSo atskirigas struktiiras azobenzolu vai
1,3-indandionilpiridinija betainu (IPB). Pamatstavokli neitraliem hromoforiem ka azobenzolam
molekularas hiperpolariz€jamibas un dipolmomenta vektoru virzieni sakrit, bet pamatstavokli
betaina tipa hromoforiem ka IPB molekularas hiperpolariz&jamibas un dipolmomenta vektoru
virzieni ir pretgji [8]. Ja viena molekula vai materiala kombin€ pamatstavokli neitralu un betaina
tipa hromoforu, molekulas robezas fragmenti orientétos, summarajam dipolmomentam pé&c
iespgjas samazinoties, bet molekularajai hiperpolariz€§jamibai summéjoties [7, 8], un ta
rezultata NLO pétfjumos pieaugtu orientSanas efektivitate un orientetas molekulu kartibas
saglabasanas laika.

3.1. Poliazohromoforu dendronu sintéze

Sintez€jama dendrona struktiira tika ieklauts azobenzola fragments un Trt-grupas. No
azobenzola 40 ar divam identiskam hidroksigrupam tika iegiits atvasindjums 43, kura viena no
hidroksigrupam parvérsta par tritiloksi-, bet otra aktivéta ar mezilgrupu. Lai iegltu tadu
azobenzola molekulu, ir divi iesp&jamie celi: vai nu vispirms ievest mezilgrupu un péc tam
tritilgrupu, vai arl vispirms ievest tritilgrupu un p&c tam mezilgrupu. Tika izm&ginatas abas
pieejas, nemot izejvielas ekvimolari. Ka sagaidams, reakcijas beigas tika iegiits tris vielu
maisijums: izejviela, monoaizvietots produkts un diaizvietots produkts. Veiksmigu preparativas
hromatografijas attiriSanas procediiru izdevas realizét tritilprodukta 41 gadijuma, tapéc
nepiecieSamais azobenzols 43 tika sintez€ts pec 13. attela redzamas sh&€mas, iegiistot gandriz
kvantitativus iznakumus.

OH  MsCl, _pvs
DIPE
,,NON i, ,,NON
NN Tom s oL o
oH T 41,50 % 43
—~ NEts el
N N * OTrt
OQNON OH N N/_/
40 ) { }
o. N{ }N N
2 oTrt
42,15 %

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

Alkilgjot 3,5-dihidroksibenzoatu (1) ar azobenzola mezilatvasinajumu 43, tika iegiits
dendrons D1Me, kas satur divus vienadus azohromoforus (14. att.). Dendrons D1Me tika
hidrolizéts ar NaOH DMF s§kiduma, starpprodukts natrija sals tika parveérsts par skabi D10H,
izmantojot pietickamas buferkapacitates HPO4?/H2PO4  buferSkidumu ar aptuvenu pH
vertibu 5, lai izvairitos no Trt-grupu hidrolizes stipri skaba vidg.
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14. att. Dendronu D1Me un D10OH sintézes.

Esterificgjot karboksilgrupu saturo$o azodendronu D1OH, iesp&ams tam kovalenti
pievienot jaunus atikirigas struktiiras hromoforus. Sada veida tika pievienots D-z—A tipa
azobenzols 45, kas tika iegiits, azosametinot betainu 5 ar N,N-dimetilanilinu (44) etikskabé
(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.

rt

EsterificéSanas reakcija tika veikta, izmantojot DCC/DMAP metodi, un tika iegiti
poliazohromofori dendroni D1azo un D1IPB (15. att.). Dendroni D1azo un D1IPB tika attiriti,
hromatograféjot tos ALOs kolonna, lai procesa gaita nenotiktu Trt-grupu atskelSanas, kas
ieprieks tika noverota hromatografijas procesa uz silikagela.

3.2. Poliazohromoforu dendronu ipasibas

Lai noskaidrotu sintezé€to 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 reprezent€ dendronu vienados azohromofora zarus, tika iegilits gan
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amorfa, gan kristaliska forma. Otras sildisanas DSC likné tam novérojamas sekojosas parejas,
T, pie 81 °C, kam seko spontana kristalizeSanas pie 166 °C, kuSana pie 244 °C un sadaliSanas
pie 286 °C, kas noteikta 5 % masas zuduma temperattira. 7y izdevas noverot tikai dendroniem
D1Me un DI1IPB. DSC liknes 7, raksturigais pakapiens bija mazak izteikts ka 1. nodala
aprakstitajiem azobenzola dendrim&riem un 2. nodala aprakstitajiem dendroniz€tajiem
monoazohromoforiem, pat izmantojot 1idzZigu parauga masu. Visi dendroni D1Me, D10H,
D1azo un D1IPB ir cietas, vismaz dalgji 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 7 vertibas no visiem promocijas darba aplikotajiem
savienojumiem, kas sasniedz un dendrona D1IPB gadijuma pat parsniedz elektrooptisko ieri¢u
izgatavoSana nepiecieSamo 100 °C temperattiru [5]. Savukart sintez&to savienojumu D1Me,
D10OH, Dlazo un D1IPB termiska stabilitate ir 240-267 °C robezas, kas ir mazaka ka
ieprieks€jas nodalas aprakstitajiem savienojumiem.

6. tabula

Sintez&to produktu termiskas un optiskas 1pasibas

Savieno- | Ty, °C | Tis, °C | 74, °C | Amao®nm | & M'-em™
jums
42 81 244 286 488 25200
45 - b 264 509 45 400
48 - b 240 409 43 800
D1Me 100 207 260 472 62 600
D1OH b 148 254 474 66 500
Dlazo - 223 267 475 94 500
D1IPB 113 179 242 429 91 400

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

Sintezétajiem 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 ¢ vértibas, jaieglist galaprodukta dendrona ¢ skaitliska
vertiba. Izmantojot $adu vienkarSu summeéSanas noveérte§jumu, dendronu ¢ vértiba aptuveni
atbilst aprekinatajam.

Salidzinot savienojumu D1Me, 48 un D1IPB spektrus CHCIs, var redzgét, ka dendrona
D1IPB absorbcijas josla péc savas butibas ir divu joslu parklasanas, kas veidojas, summgjot
savienojumu D1Me un 48 spektrus (16. att.). Tomér piridinija betainam 48, kas satur brivo
hidroksigrupu, spektra garako vilpu absorbcijas maksimums ir hipsohromi nobidits attieciba
pret ar estera saiti saistita betaina fragmenta spektra absorbeijas maksimumu dendrona D1IPB
sastava.
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16. att. Dendrona D1IPB un ta sastavdalu spektri CHCI; 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 atSkirigi hromofori: azobenzols, kam
veérojama garo vilnu absorbcijas joslas batohroma nobide, pieaugot skidinataja polaritatei, un
IPB, kam novérojama hipsohroma nobide, picaugot $kidinataja polaritatei. Skidinataja
polaritatei pieaugot, absorbcijas joslas batohromu nobidi novéro, ja ierosinatais stavoklis ir
polaraks par pamata stavokli, pret&ja gadijuma novéro hipsohromu nobidi [58]. Nemot véra to,
ka abu veidu hromofori ir savienoti, izmantojot c-saites, ievérojama elektronu blivuma
savstarpgja nobide nav sagaidama, lidz ar to, hromoforu joslam kombingjoties, dazadas
polaritates skidinatajos spektri biitiski atskiras (17. att.). Nepolaraja $kidinataja toluola, kur
atsevi§ko hromoforu Amax VErtibu atskiriba ir vismazaka, savienojuma D1IPB absorbcijas josla
ir visSauraka, un vérojams maksimums absorbcijas joslas so vilnu pusg. Polara $kidinataja ka
DMSO, kur atsevisko hromoforu Amax vertibu atskiriba ir vislielaka, savienojuma D1IPB
absorbcijas josla ir visplataka, un verojams maksimums absorbcijas joslas garo vilnu puse.
Vidgji polaros Skidinatdjos novérojama aina visvairak lidzinas diviem absorbcijas
maksimumiem vai vienai platai absorbcijas joslai.
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17. att. Dendrona D1IPB 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 ds3, orient€Sanas termisko stabilitati 7suiso un aprékinot d33(0) (7. tab.) (sadarbibas
partneri LU Cietvielu fizikas institiita Dr. phys. Martina Rutka vadiba).

Vienkarsais tritilétais azohromofors 42 izrada ipatn€ju uzvedibu kars€Sanas laika. Ta
orient&tai amorfai kartinai ir novérojama nieciga SHI vertiba, kas, paraugu karsgjot apméram
45 °C temperatiira, izzid, bet, turpinot kars€Sanu, spontani sakas kristaliz€sanas. Veidojas
azohromofora 42 necentrosimetriski sakartoti kristali, un pieaug SH/, maksimumu sasniedzot
127 °C temperatura. Tada pati paradiba noverojama, karsgjot iepriek§ neorient€tu amorfo
kartinu, tacu tad azohromofora 42 kristaliz€sanas sakas zemaka temperatiira, maksimumu
sasniedzot 111 °C temperatiira. Tomér izveidotas polikristaliskas kartinas ir necaurspidigas un
neder praktiskajam lietojumam. Pl&vitei, kas izveidota, savienojumu 42 iejaucot 10 % no masas
poli(metilmetakrilata) (PMMA), piemit NLO aktivitate, tomer Tsuiso ir tikai 45 °C, kas ir
gandriz divreiz mazaka neka savienojuma 42 7, un apméram trisreiz mazaka neka PMMA Tj.
Tadg] §1s paradibas skaidrojums ir savienojuma 42 patnibas, ko novéro jau ta planaja kartina.

7. tabula

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

o ds3,° d53(0),> | Tswso, d
Savienojums - - o Amaxt DM
pm-V! | pm-V! C
42°¢ 26 33 45 487
Dlazo 103 12 92 493
D1IPB 92 10 91 492

2 NLO koeficients noteikts pie 532 nm;

Y NLO koeficients ekstrapol&ts uz nulles frekvenci;

10 % iejaukts PMMA matrica;

4 absorbcijas maksimums mérits planai amorfai kartinai uz kvarca stiklina.

Multihromoforus saturoSie dendroni D1azo un D1IPB uzrada mérenu NLO aktivitati ar
koeficienta ds3 vertibam apméram 100 pm-V-', kas Cetras reizes parsniedz LiNbO3 koeficienta
d33 vertibu. Tomér So savienojumu koeficienta ds; vertibas ir vidéjs lielums starp dendrimériem,
kas aprakstiti 1. nodala, un abas azohromofora molekulas dalas dendronizétajiem
savienojumiem, kas aprakstiti 2. nodala. Dendroniem D1azo un D1IPB ir visaugstakas Tsuiso
vertibas starp darba aplikotajiem savienojumiem. Tomer, atSkiriba no dendrona D1IPB T
vértibas, ta Tsuiso vertiba neparsniedz elektrooptisko ieri¢u darbiba nepiecieSsamo 100 °C
temperatiiru. Sintezéto dendronu struktira ir piemerota NLO materialu veidoSanai talakiem
petjumiem. AtSkirigo hromoforu un telpiski izolgjoSo Trt-grupu mijiedarbiba amorfaja
stiklveida stavoklt elektriskaja lauka veicina attieciga materiala necentrosimetrisku orientaciju.
Struktliras centra esoSais 3,5-dihidroksibenzoskabes fragments lieliski darbojas ka
iek§molekulara izolgjoSa grupa, kas veicina necentrosimetriskas hromoforu kartibas
saglabasanos. Dendronam pievienotie azosavienojums un IPB ir atskirigi p&c struktiiras, tacu
tiem nav atskirigas ietekmes uz dendronu D1azo un D1IPB NLO ipasibam, ko nosaka visa
telpiska dendrona strukttira kopuma, dodot augstas T'suiso un ds3 vertibas.

Saja nodala aprakstitie p&tijumi atrodami publikacija 5. pielikuma.
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SECINAJUMI

(Pentafluorfenil)metilgrupu kovalenti saistit pie hromofora fragmenta ir efektivak,
izmantojot estera, nevis &tera saites. Esterific€Sanas reakcijas lietoSana lauj izvairities no
spécigu nukleofilu reagentu izmantoSanas, jo spécigs nukleofils aizvietoSanas reakcija
vargtu aizvietot pentafluorfenilgrupas fluora atomus.

Ar rentgenstruktiranalizes metodi pirmo reizi paradita Ar-Arf mijiedarbiba liela
dendronizéta NLO aktiva azohromofora kristala: pentafluorfenilfragments iek§molekulari
mijiedarbojas ar azobenzola hromofora akceptoro dalu un azogrupu.

Tritilgrupu un (pentafluorfenil)metilgrupu izmantoSana azohromoforu struktiira paaugstina
amorfas fazes veidoSanas sp&ju, ka ari stikloSanas un sadaliSanas temperattras. 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 virkn@ vai ar divus pentafluorfenilfragmentus saturosu dendronu, novérojama relativi
lielaka batohroma nobide etilbenzoata $kiduma, salidzinot ar CHCl; $kidumu, ko var
skaidrot ar iek§molekularam Ar-ArF vai 7-7 mijiedarbibam CHCls §kiduma.

Pat tad, ja azohromofora molekula ietilpstosie fragmenti un funkcionalas grupas sinergijas
rezultata nodrosina labas Ty un Tsmso vertibas, tas nenozimé, ka iesp&jamas Ar-Arf vai z-
7 mijiedarbibas veicinas necentrosimetriskas kartibas izveidosanos elektriskaja lauka un
lielus NLO koeficientus. Mijiedarboties spgjigo fragmentu savstarpgjais novietojums var
veicinat centrosimetriska azohromoforu sakartojuma saglabasanos organiskaja
molekularaja stikla arT p&c orient€Sanas.

Dendrona struktiira savienojot tris hromoforus un divas tritilgrupas, izdodas iegtit materialu
ar NLO koeficienta d33 vertibam 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 7 electron bridge, or D—7—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-7—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 (7), 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 coefticient
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-Arf 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-7—A type along the entire branching of the dendrimer [17]-[21]. Extensive
studies on azobenzene NLO dendrimers of D-7—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-7—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-7—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 d33
value above 25.2 pm-V~!, which would surpass the most efficient of the four most commonly
used inorganic crystals, LINbO3 [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-7—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-Ar" 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 d31 and ds3, 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 LiNbO;3 (d33 = 25.2 pm- V).

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
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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 A X

X
X
7
II: Convergent synthesis method

X X
B*Cg I: X core
X X branching unit or
+ — B — Y — dendron
Y,Cg periphery group

X, Y reacting
functional groups

A, B protective groups

2" generation dendrimer

Fig. 1. Schematic representation of the structure of the second generation (G2) dendrimer and
its divergent (I) and convergent (II) 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 II). 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>Cl 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 2¢. By hydrolysing the ester group of compound 2¢, 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 (I) and convergent (II) 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
1), 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 G0-OH,
G1-OH, G2-OH, the light absorption maxima (Amax) and molar extinction coefficients (¢) in
acetone correspond to the lowest frequency charge transfer transition band (Table 1). The
absorption peaks of the compounds G0-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 Jmax,® M e M -cm! T,, °C mp, °C Ty, °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 umol 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 (74) 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 G0-OH is crystalline with a melting point (mp) of 114 °C, but
glass transition temperature (7g) was not observed even in the second stage of heating after
rapid cooling of the molten sample. The azo compound G0-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 T, 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 7 can be detected at repeated heating. The 7 and 74 of the dendrimers
increase with increasing dendrimer generation within the series, with the 7 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 d33 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 (d33(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 d33,? d33(0),° T'stiiso, d
Entry | Dendrimeric material hydroxy groups pm-V-! pm-V-! oC Amax, ¢ DM
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 d3; 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,
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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 d33
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 Tsuiso 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 Tsuiso 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 7 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,
Tsuiso value is 30 °C lower than corresponding 7, value, and even all NLO activity has
disappeared before reaching 7. 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 Tsuiso 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 d3; values. The NLO coefficients ¢33 of the synthesized dendrimer
materials significantly exceed the values of the widely used LiNbOs3 crystal NLO coefficient
values (d33=25.2 pm-V~!' [34]) using the same laser radiation wavelength of 1064 nm.
However, the extrapolated coefficients ¢33(0) are smaller than the value of LiNbOs crystal
coefficient but exceeds the NLO coefficient values of two other commonly used inorganic
crystals KTiOPO4 (d33 = 14.6 pm-V!) and LiB3Os (d33 = 0.04 pm-V~!) [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 7 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 % yield (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
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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 21¢ 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. SnAr side reaction,
product not observed
2 21b, 17b NaH, DMF, r. t., 2 d. SNAr side reaction,
product not observed
3 21a,17a NaN(SiMes),, DMF, 70 °C, 1 d. SNAr side reaction,
signs of compound 22
4 21¢, 17b BF;-Et,0, CHCl3, cyclohexane, 1. t., 1 d. [49] product not observed
21¢c, 17b HOSO,CH3s, CHCl;, cyclohexane, r. t., 1 d. [50] product not observed
6 21a,17a Ag0,DCM, . t.,3 d. [51] side reaction,
product not observed
7 21a,17b DIAD, PPh3, DCM, 1. t., 1 d. signs of compound 22
8 21a,17a TBAB, KOH, KI, THF, 70 °C, 1 d. [52] signs of compound 22
9 21a,17a TBAB, KOH, DCM, H,0O, 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 H>SO4/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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2.2. Detection of Ar-ArF Interactions

For dendrimers containing azobenzene throughout the branching, Prof. Zhen Li studied the
effect of Ar-ArF interactions on structure topologies and NLO properties [29], [30]. Based on
19F NMR spectra and quantum chemical calculations, it was concluded that pentafluorophenyl
fragment participates in intramolecular Ar-Arf 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-r 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, 7; 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 Ty and 7Tsuiso values compared to analogous compounds that have phenyl
groups instead of pentafluorophenyl fragments.

We observed that the presence of THP groups strongly lowers 7 values. It was not possible
to observe T 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, 7; value is higher than
20 °C. The smallest azochromophore 7 has the lowest T 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 14¢, 19¢, and 24¢) and a dendron with benzyl groups (in compounds 33 and 38)
to the core azobenzene gives approximately the same and insignificant increase in 7 value by
0-9 °C. In turn, the use of two dendrons with terminal hydroxy groups in the compound 10¢
gives a relatively high T, value of 60 °C. Significantly 7, 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 Ty 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-Arf 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 7 values
(55 °C), which was approximately the average of their constituents. We expected that the two
components of the mixture would interact and 7 value would be greater than 7, 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 7, 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-Ar" interaction between pentafluorophenyl
fragments and azobenzene instead of benzyl fragments, which is clearly shown by the crystal
structure of the compound 36. The highest 7, 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 7, values of compounds 10b, 36, and 39.
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The compounds obtained in the Thesis have lower 7} values than is required for the design
of existing electro-optical devices [57]; however, materials with similar 7, value have a
potential for use at low temperatures. High 7, value is required for materials used at room or
higher temperature, while materials with low 7} 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 | Ty, °C mp, °C Ts, °C Absorption in CHCl3* Absorption in EtOBz*
Jimax, M e, M 1-cm™! Jmax, M | &, M~-cm!

7 37 146 264 489 35200 499 24 500
10a -b -b 269 478 29 600 484 26 100
10b 78 - 285 478 25400 483 27300

10c 60 150 268 479 26 400 485 -
14a -b 112 239 481 27700 483 25500
14b 66 138 247 479 31900 483 29 400
14c 45 193 242 480 30 500 483 25100
19a -b - 264 476 25 600 478 29 500
19b 55 -b 282 474 29 700 481 26 600
19¢ 41 100 265 475 30200 481 28 800
24a -b b 266 483 29 700 485 22300
24b 63 - 274 484 32300 486 28 800
24c¢ 37 105 267 483 32 700 486 31300
33 44 132, 1564 260 483 30 000 482 30200
34 53 147 282 479 28900 481 30 800
35 60 166 287 482 32900 486 29 800
36 58 119 284 480 26 600 487 31 600
37 79 103 271 480 29300 486 36 800
38 46 130, 1524 288 479 26 800 482 29 800
39 60 103 286 476 32100 484 31500

@ Concentration of the solution 20 pmol-L.

b 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-Arf 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 14¢, the latter also having the
highest observed mp of 193 °C, possibly summing up the effects of hydrogen bonds and Ar-Arf
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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 7y value and mp,
indicating significant variations in spatial structure at higher temperatures.

Thermal stability is estimated using the decomposition temperature (74), when a mass loss
of 5 % is observed in the thermogravimetry curve. All synthesized compounds are stable to at
least 239 °C, the highest 74 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 T4 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 T4
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 T4 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 7, 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
CHCI; and ethyl benzoate (EtOBz) solutions (Table 4). The CHCl; 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 CHCl; solution relative to
the EtOBz solution in which the pentafluorophenyl group could form Ar-ArF or z-r 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 (Amax) 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 CHCl;
solution with a sample concentration of 20 pmol-L".

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,¢, 36, 37, and 39 when comparing
spectra in both solvents, they exhibit a 6—8 nm hipsochromic shift in CHCl3 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-Arf 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-Art or 7-7 interactions can form in a solution of CHCIs, 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 d33, ds1, and d33(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 d33 and ds; of thin films, it is necessary to determine
the refractive indices ni064 and ns32 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.y symmetry, and the material can be characterized by three non-zero NLO
coefficients — d33, d31, and d1s. However, according to Kleinman's symmetry [59], it is assumed
that ds31 = 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 (V) 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 d33/ds1 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 33 and
d33(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
r33 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 d33 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 s’ " ]’a, (0 | difdsi | NS% | Touuso,! noes® | nsit Amax, 201
pm-V! | pm'V! | pmv! °C film
10b 38 —f 5.7 _— 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 1.1 3.6 22 51 1.63 1.72 492
36 35 11 3.9 32 22 59 1.61 1.67 496
(34+36) 19 8.5 1.6 2.2 22 50 1.64¢ 1.72¢8 497
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 33 3.6 19 54 1.60 1.69 489
(38+39) 20 10 1.7 2.0 22 54 1.637 1.70f 498

2 LO coeftficients 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.

"Not determined.

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

Compound 24b has the highest NLO coefficient ¢33 value and the second highest coefficient
d33(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 Tsuiso (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 7y measurements. The differences between 7y and Tsuiso 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 Tsuiso value slightly higher than 7, 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-Arf and/or 7-w 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-7—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 MsCl, /_/OMs
DIPEA
,,NO . — ,,NON\_\
o) o ss%  ON-{ON oTrt
OH TrtCl, o 43
41,50 %
— NEt3
'INON_\ - ' oTt
OzNON oH —
40 "NONH
o) ot
42,15%

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
D1OH using a HPO4*/H2PO4 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 D10H.

By esterifying the carboxyl-containing azodendron D10H, 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 D1aze and D1IPB.

We performed the esterification reaction using the DCC/DMAP method and obtained
polyazochromophoric dendrons D1azo and D1IPB (Fig. 15). We purified the dendrons D1azo
and D1IPB by AL,O; 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, D1OH, D1azo, 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, Ty
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. 7, could be observed only
for dendrons D1Me and D1IPB. The characteristic 7y 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, D10H, D1azo, 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 D1IPB have been found to have the highest 7 values
of all the compounds considered in the Thesis, which reach and in the case of dendron D1IPB
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 | Ty, °C | mp,°C | Ty, °C | Amax,® M e, M -cm™!
42 81 244 286 488 25200
45 - - 264 509 45 400
48 b -5 240 409 43 800
D1Me 100 207 260 472 62 600
D1OH b 148 254 474 66 500
Dlazo b 223 267 475 94 500
D1IPB 113 179 242 429 91 400

@ CHCl; solution with a concentration of 10 umol-L".
b Not observed.

Light absorption spectra in CHCl; solutions were recorded for the synthesized
polyazochromophoric dendrons D1Me, D10H, D1azo, D1IPB 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 D1IPB in CHCI3, 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 CHCI3 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 c-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 Amax values of the individual chromophores is greatest, the absorption band
of the compound D1IPB 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.
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Fig. 17. Solvatochromism of dendron D1IPB.
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NLO properties have been studied for synthesized dendrons D1azo and D1IPB containing
various chromophores and azochromophore 42, determining the NLO coefficient ds3, the
thermal stability Tsniso, and calculating d33(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, Tsuiso is only 45 °C, which is
almost half the 7, of compound 42 and about three times lower than 7, 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

Compound s’ (0 | Teso, Amaxd M
pm-V™' | pm-V~! °C
42¢ 26 33 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.

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

Multichromophore-containing dendrons D1azo and D1IPB show moderate NLO activity
with coefficient d33 values of about 100 pm-V~!, which is four times the value of the coefficient
ds3 of the LiNbO3;. However, the coefficients d3; 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
Tsuiso values among the compounds considered in the Thesis. However, unlike the 7 value of
the dendron D1IPB, its Tsuiso 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
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preservation of the order of noncentrosymmetric chromophores. The azo compound and IPB
attached to the dendron are different in structure, but they do not have a different effect on the
NLO properties of the dendrons D1azo and D1IPB. NLO properties are determined by the
entire spatial structure of the dendron giving high values of Tsuiso and 3.

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-Arf 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 CHCl3 solution, which can be explained by intramolecular Ar-ArF or z-x
interactions in CHCl3 solution.

Even if the fragments contained in the azochromophore molecule and the functional groups
provide good values of T, and Tsuiso as a result of synergy, this does not mean that possible
Ar-Ar" or 7-7 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 d33 values of about 100 pm-V~! and
the highest values of Tsuiso (above 90 °C) among the compounds studied in the Doctoral
Thesis.
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ARTICLE INFO ABSTRACT

New NLO active organic molecular glasses were synthesized based on push-pull azobenzene, which was
dendronized with 3,5-bis[2-(trityloxy)ethoxylbenzoic acid and pentafluorophenyl groups were added to
enchance thermal and NLO properties via Ar-Ar’ interactions. The configuration, where pentafluorophenyl
groups containing dendronizing fragment was attached to donor part of azochromophore, was very promising in

This paper is dedicated to the memory of Pro-
fessor Valdis Kampars.

Keywords: ) o k
Are,_v[:er interactions our recent research, therefore trityl groups containing dendron was added to acceptor part to rise the glass
Azobenzene transition temperature of amorphous compound. Effect of one or two pentafluorophenyl groups was investigated

and about three times better NLO parameters were obtained when using one pentafluorophenyl group, as it has
Molecular glass greater possibility of NLO properties enchanting Ar-Ar" interactions with neighboring molecules. New conver-
Non-linear optical properties gent method was used to synthesize azobenzene core dendrimer fully functionalized with trityl end groups.
Trityl Thermal, optical, and NLO properties were compared to previously reported results of dendrimer samples
containing both hydroxyl and trityl groups. Full set of trityl end groups resulted in decreased NLO parameters
and stability of poled order. Glass transition temperatures of all synthesized molecular glasses were 63-83 °C,
and thermal destruction temperatures of all synthesized compounds were at least 250 °C. NLO coefficient dss3
values were 14-73 pm-V ',

Ether synthesis

1. Introduction

Organic nonlinear optical (NLO) materials are studied and developed
to perform better than inorganic materials in applications for high speed
and effective data transmission, high speed electro-optical modulators,
ultrafast optical switches, signal processing, and optical data storage
[1-8]. Organic NLO materials consist of a chromophore denoting the
NLO effect of the material. Hosting polymer or crosslinking monomers
may also be present in the NLO material and responsible for the bulk
physical properties, but the active chromophore becomes diluted
reducing overall NLO response [3]. More efficient materials could be
composed of a single component, a NLO active organic molecular glass.
Structure of the organic molecular glasses can be modified to meet five
main requirements at device application conditions: large NLO co-
efficients, high refractive indices, good optical transparency, excellent
temporal stability of non-centrosymmetrically aligned dipoles, and

* Corresponding author.
E-mail address: lauma.laipniece@rtu.lv (L. Laipniece).
1 Deceased

https://doi.org/10.1016/j.dyepig.2022.110395

excellent photochemical stability [1-3,6,9-11].

An organic NLO active chromophore is usually strongly polar
“acceptor — conjugated n bridge — donor” (D-1-A) type compound, which
molecules are ordered with antiparallel dipoles in crystals and thin
amorphous films because electrostatic repulsion prohibits parallel or
non-centrosymmetric arrangement. The final material must contain
non-centrosymmetrically aligned chromophores to be able to demon-
strate a second order NLO effect [1,2,9,11-14]. Non-centrosymmetric
arrangement is forced upon molecules by external electric field poling
in many cases. Nevertheless strongly dipolar chromophore units relax
back to more favorable centrosymmetric alignment even below the glass
transition temperature (Tg) of the material, thus reducing the second
order NLO effect significantly [2,9,12]. There are many approaches to
overcome this problem: Ty must be as high as possible [1,6,15];
self-assembly of molecules utilizing strong interaction forces between
functional groups [2,9,10,12]; isolation of active chromophore as

Received 15 February 2022; Received in revised form 29 April 2022; Accepted 5 May 2022
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0143-7208/© 2022 Elsevier Ltd. All rights reserved.
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host-guest system [16-19]; site isolation in dendrimer [2,10,20,21]; use
of isolation chromophores [22,23]; or use of different chromophores in
one material with opposite dipole moments, but parallel hyper-
polarizability vectors [15,24].

Dendrimer synthesis and small dendron addition to chromophores
are used to isolate in space the chromophore with large dipole moment
and improve thermal and chemical properties of the material [2,10,20,
21,25]. Trityl groups are known isolation groups, which also rise Tg
[26-29]. Aromatic-perfluoroaromatic (Ar-ArY) groups have favorable
inter-ring interactions leading to self-assembly of the molecules
[30-36]. Both Ar-Ar" self-assembly and dendron or dendrimer synthesis
have been employed to obtain noncentrosymmetrically ordered amor-
phous materials and to increase orientation stability and NLO response
of the materials [10,12,23,37-46]. One of chromophores to include in
NLO active materials is azobenzene, which, in general, is thermally and
optically stable but push-pull type azobenzenes exhibit also NLO prop-
erties [13,16,47,48]. Push-pull azobenzene containing dendrimers are
synthesized to research their NLO properties mostly when azobenzene is
incorporated in the branching structure of dendrimer [9,12,21,23,37,
45,49-58]. Azobenzene core dendrimers have been synthesized mostly
to investigate their cis-trans isomerization [59-67]. Azochromophores of
push-pull type were incorporated in dendrimer or dendron cores for
investigation of NLO properties only in our previous works [27,28,
68-74].

We have previously synthesized compounds 1-3 (Fig. 1) with added
Trt groups containing dendron fragment at either donor or acceptor, or
both sides of azochromophore [27], and the most promising compound
1 showed T of 78 °C and NLO coefficient d33 value of 38 pmV’1 [28].
To research influence of Ar-Ar® interactions on physical properties of
dendronized azochromophores, we have synthesized compound 2 with
pentafluorophenyloxy moiety connected to azobenzene acceptor part
and compound 3 with (pentafluorophenyl)methyl ester connected to
azobenzene donor part [27]. However the thermal properties were un-
satisfactory: pentafluorophenyloxy group induces crystallinity, (penta-
fluorophenyl)methyl ester function increases thermal stability, but
lowers Ty and we proposed a hypothesis that (pentafluorophenyl)methyl
ether groups could give better properties to azochromophore molecular
glass. We have also synthesized compounds 4, 5 (Fig. 1) with two
(pentafluorophenyl)methyl ether groups containing dendron with Ty of
58-60 °C and NLO coefficient ds3 values of 26-35 pm-V 1. We have
discovered in comparison with analogs without fluoroaromatic frag-
ments at acceptor side, that connection of pentafluorophenyl fragment
to donor part of azochromophore is most successful [74]. The effect of
Trt groups on physical properties was investigated by synthesis of azo-
benzene core dendrimers. We have attempted to synthesize azobenzene
core dendrimer 6 with both dendronizing fragments connected to donor
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part of the azobenzene molecule (Fig. 1) [73], but in series with next two
generations we failed to obtain flawless structure. The used synthesis
and purification method led to imperfect sample of several compounds
with partially free hydroxyl groups, although showing expected high T,
of 82 °C [73] and NLO coefficient d33 value of 125 pm»V’1 [75].

In this work, our aim is to synthesize azochromophores with one or
two (pentafluorophenyl)methyl ether moieties connected to donor part
of the chromophore and Trt groups containing dendron connected to
acceptor part of the chromophore to investigate and compare structure
influence on thermal, optical, and NLO properties. We revised the syn-
thesis method of compound 6 and obtained it as a pure sample which is
fully functionalized with trityl groups. We have measured optical,
thermal, and NLO properties and compared obtained results to results of
previous sample of imperfect dendrimer.

2. Experimental details
2.1. Reagents and general procedures

Solvents were dried by standard procedures. Commercially obtained
reagents were used without further purification. Following starting
materials were prepared according to the literature: 3-nitrobenzene-6-
diazoniumolate (7) [27], 2-[methyl(phenyl)amino]ethan-1-ol (8) [27],
3,5-bis[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy]benzoic acid (14a)
[68], 3,5-bis[2-(trityloxy)ethoxy]benzoic acid (14b) [27], 4’ -[N-(2-{3,
5-bis[(pentafluorophenyl)methoxy]benzoyloxy}ethyl)--
N-methylamino]-2-(2-hydroxyethoxy)-4-nitroazobenzene (16) [74],
and 4-[N,N-bis(2-hydroxyethyl)amino]-3-methoxy-4'-nitroazobenzene
(19) [68]. Purity of all compounds was checked by TLC method on
Merck Fosg4 silica plates. The spots were visualized when necessary in UV
light. Chromatographic separations were carried out on silica gel (ROTH
Kieselgel 60, 60-200 pm). Melting points were taken on a Stuart SMP10
apparatus. The UV-Vis spectra were recorded using Perkin Elmer
Lambda 35 spectrometer, and IR spectra were recorded by Perkin Elmer
Spectrum 100 FT-IR spectrometer using UATR accessory. 'H and 3¢
NMR spectra were obtained on a Varian Mercury BB 200 MHz and
Bruker Avance 300 MHz spectrometers against solvent residue as in-
ternal reference, spin coupling constants are shown in Hz. The elemental
analysis was carried out on automatic analyzers Carlo Erba EA 1106 and
Euro Vector EA 3000. Reaction mixture analysis was carried out on
HPLC-MS system consisting of Waters Alliance 2695 chromatograph
equipped with XTerra® MS C18 5 pm 2.1 x 100 mm column, Waters
2996 PDA detector, and Waters EMD 1000 (ESI) masspectrometer.
Thermogravimetric (TG) analysis and differential scanning calorimetry
(DSC) were accomplished on Perkin Elmer STA 6000 apparatus. All the
samples were heated at 10 °C/min from 20 to 200 °C under nitrogen for
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Fig. 1. Structures of previously synthesized dendronized azochromophores.
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the first scan, then cooled to 17 °C, and heated at 10 °C/min from 17 to
500 °C for the second scan. Thermal destruction temperature (Tq) was
measured where TG curve shows 5% weight loss. All measurements and
experiments were performed twice and the average value was
calculated.

2.2. X-ray analysis

Crystals of compound 18 were grown from CH»Cl,/MeOH solution.
Single crystals of compound 18 (Cs51H46Cl206) were investigated on a
Rigaku XtaLAB Synergy Dualflex diffractometer equipped with HyPix
detector. The crystal was kept at 173(1) K during data collection. Pro-
gram Olex2 [76] was used, the structure was solved with the ShelXT
[77] structure solution program using Intrinsic Phasing and refined with
the olex2.refine [78] refinement package using Levenberg-Marquardt
minimization. For further details, see crystallographic data for this
compound deposited with the Cambridge Crystallographic Data Centre
as Supplementary Publications of CCDC 2035030 number. Copies of the
data can be obtained, free of charge, on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK.

Crystal data of compound 18: triclinic, space group P~ 1 (no. 2), a =
8.8620(2) A, b = 14.4393(3) A, ¢ = 17.2972(5) A, a = 107.065(2)°, § =
92.079(2)°, y = 98.479(2)°, V = 2085.37(9) 10\3, Z=2,T=173(1) K,
p(Cu Ko) = 1.212 mm ™}, Dealc = 1.2475 g/cm®, 32801 reflections
measured (20 < 155.0°), 8809 unique (Riy = 0.0482, Ryigma = 0.0484)
which were used in all calculations. The final R was 0.0653 (I > 2¢())
and wR, was 0.2046 (all data).

2.3. Thin film preparation and NLO measurements

The glassy thin films used for measurements of NLO properties were
prepared from chromophore solution in CHCl3 (analytical grade) with a
typical concentration of 10 mg/mL. Thin films were prepared from so-
lution using solvent casting method. The prepared samples were dried at
room temperature for 3 days. The thickness of the obtained films was
measured with Dektak 150 profilometer and was in the range of 0.6-1.7
pm.

Due to large absorption coefficients of the materials, absorption
spectra were measured for specially prepared 20-40 nm thin samples.
The prepared CHCl; solution was spin-coated on glass or quartz slides
with a Laurell WS-400B-6NPP/LITE spin-coater with total spinning time
of 2.4 s, acceleration 800 rpm/s and rotation speed of 900 rpm. After
spin-coating the samples were dried at room temperature for 3 days.
These samples were used only for absorption spectra measurements. The
thickness of these thin films was determined by a Dektak 150 profil-
ometer and white light interferometer Zygo NewView 7100.

The Corona discharge poling, measurements of refractive index and
second harmonic intensity (SHI), and calculations of NLO properties
were accomplished using previously reported experimental setup and
mathematical models [28,74].

2.4. Syntheses

2-(2-Bromoethoxy)tetrahydro-2H-pyran. 2-Bromoethanol (28.4
mL, 0.40 mol) was dissolved in dry CH,Cl; (50 mL) and catalyst pyr-
idinium 4-methylbenzenesulphonate (2.00 g, 0.008 mol) was added.
The mixture was cooled in an ice bath and a solution of 3,4-dihydro-2H-
pyran (40 mL, 0.44 mol) in dry CHxCl; (35 mL) was added dropwise.
Resulting solution was let for a day at room temperature. The reaction
mixture was washed with cool satd. NaHCO3 solution (3 x 40 mL) and
cool brine (3 x 40 mL), dried over Na5SQy, filtered, concentrated, and
distilled in vacuum at 89-90 °C/8 mmHg (lit. [79] 98-102 °C/23
mmHg), yield 46.53 g (56%) of yellowish liquid. H NMR (300 MHz,
CDCl3) 6, ppm: 4.6 (t, J = 2.8, 1H, CH), 3.68-4.03 (m, 3H, OCHH),
3.51-3.38 (m, 3H, CH,Br, OCHH), 1.82-1.45 (m, 6H, THP).

4- [N-(2-Hydroxyethyl)-N-methylamino] -2’-hydroxy-4'-

Dyes and Pigments 204 (2022) 110395

nitroazobenzene (9). Betaine 7 (3.48 g, 0.021 mol) and aniline 8 (3.18
g, 0.021 mol) were dissolved in AcOH (15 mL), resulting mixture was
stirred overnight at room temperature in the dark, then temperature was
raised to 40 °C and the mixture was stirred 1 h. Water was added, and
the flask was put in refrigerator overnight. Precipitate was filtered,
washed with water, and recrystallized from toluene. Yield 3.01 g (45%)
of brown crystalline solid, m.p. 181-183 °C. Anal. caled. for
C15H16N404: C 56.96; H 5.10; N 17.71. Found: C 57.01; H 4.84; N 17.25.
IR (cm 1) 3340.6, 2946.8, 2918.1, 1603.6, 1513.7, 1339.1, 1315.0,
1266.4,1161.5, 1073.9, 1064.9, 1040.5, 819.7. MS ESI+ m/z calcd. for
C15H17N404 317.1 [M+H]™, found 317.4 [M+H] ™. TH NMR (200 MHz,
CDCly) 6, ppm: 7.90-7.73 (m, 5H, Ar), 6.77 (d, J = 9.0, 2H, Ar), 3.86 (t,
J=5.6,2H, CH,0), 3.61 (t,J = 5.6, 2H, NCHy), 3.12 (s, 3H, NCH3), 1.62
(br. s, 2H, OH).

4-[N-(2-Hydroxyethyl)-N-methylamino] -2’- [2-(tetrahydro-2H-
pyran-2-yloxy)ethoxy] -4'-nitroazobenzene (10a). Azobenzene 9
(0.60 g, 1.9 mmol) was suspended in 10 mL of abs. MeCN under Ar,
Cs2C03 (0.33 g, 1.0 mmol) and 2-(2-bromoethoxy)tetrahydro-2H-pyran
(0.44 g, 2.1 mmol) were added. Reaction mixture was refluxed for 12 h,
then precipitate was filtered off, mixture of CHyCl, and water was
added. Organics was separated and washed with water three times,
dried over NaSO4 and filtered. CHxCl, solution was brought on short
column of silica gel, byproducts were eluted off with CHyCly, and
product was eluted with EtOAc. Deep red oil was afforded on evapora-
tion, which crystallized. Yield 0.38 g (45%) of violet crystalline solid, m.
p. 125-128 °C. Anal. calcd. for CooHgN4Og: C 59.45; H 6.35; N 12.60.
Found: C 59.50; H 6.35; N 12.29. IR (cm™') 3075.9, 2943.5, 2911.1,
2865.3, 1595.8, 1519.2, 1455.2, 1427.8, 1336.0, 1303.6, 1260.1,
1208.9, 1142.7, 1104.3, 1086.1, 1074.0, 1028.2, 978.1, 959.4, 905.2.
MS ESI+ m/z caled. for CyoHagN4Og 445.2 [M+H]T, found 445.1
[M+H]*. 'H NMR (200 MHz, CDCls) 5, ppm: 7.94 (d, J = 2.2, 1H, Ar),
7.88-7.78 (m, 3H, Ar), 7.60 (d, J = 8.4, 1H, Ar), 6.73 (d, J = 9.2, 2H, Ar),
4.76-4.68 (m, 1H, acetal H), 4.38 (t, J = 4.8, 2H, CH20Ar), 4.09 (dt, J =
4.4, 11.6, 1H, OCHH), 3.92-3.79 (m, 4H, HOCH,, OCHH), 3.58 (t, J =
5.6, 2H, NCHy), 3.51-3.39 (m, 1H, OCHH), 3.09 (s, 3H, NCHjy),
1.82-1.38 (m, 6H, THP).

4-{N-[2-(Methanesulfonyloxy)ethyl] -N-methylamino}-2’-[2-
(tetrahydro-2H-pyran-2-yloxy)ethoxy] -4'-nitroazobenzene (10b).
Azocompound (10a) (0.51 g, 1.1 mmol) was dissolved in dry CH2Clz (5
mL) and NEt3 (0.24 g, 2.3 mmol) was added. Solution was cooled to
—15 °C and methanesulfonyl chloride (0.13 g, 1.2 mmol) was added
dropwise while stirring. Reaction mixture was stirred for 4 h, and then
washed once with satd. NaHCOj3 solution and three times with water.
Solution was dried over NaySOy, filtered, and evaporated. A red oil,
which crystallizes was obtained. The crude product was purified by
silica gel chromatography, eluted with EtOAc/CHyCly (gradient
0-25%). Yield 0.49 g (82%) of red crystalline solid, m.p. 111-114 °C.
Anal. caled. for Cy3H39N4OgS: C 52.86; H 5.79; N 10.72. Found: C 53.03;
H 5.61; N 10.62. IR (cm™ ') 2943.5, 1599.1, 1515.0, 1460.2, 1421.4,
1377.0, 1330.0, 1308.7, 1238.2, 1167.4, 1146.8, 1127.5, 1079.2,
1033.3, 987.5, 968.5, 912.3. MS ESI+ m/z calcd. for C23H31N408S 523.2
[M-+H]", found 523.1 [M+H]*. 'H NMR (200 MHz, CDCl) 6, ppm: 7.94
(d,J=2.2,1H, Ar), 7.90-7.77 (m, 3H, Ar), 7.61 (d, J = 8.8, 1H, Ar), 6.73
(d, J = 9.2, 2H, Ar), 4.76-4.68 (m, 1H, acetal H), 4.44-4.32 (m, 4H,
SOCHj, CH0Ar), 4.10 (dt, J = 4.5, 11.6, 1H, OCHH), 3.92-3.75 (m, 4H,
NCH,, OCHH), 3.52-3.40 (m, 1H, OCHH), 3.10 (s, 3H, NCH3), 2.91 (s,
3H, SCH3), 1.82-1.38 (m, 6H, THP).

4-{N-[2-(2,2,2-Trichloroacetimidoyl)oxyethyl] -N-methyl-
amino}-2’- [2-(tetrahydro-2H-pyran-2-yloxy)ethoxy] -4’-nitro-
azobenzene (10c). A solution of compound 10a (0.29 g, 0.66 mmol) in
abs. THF (1.5 mL) was added to a suspension of NaH (2.5 mg, 0.06
mmol, 60% in mineral oil) in abs. THF (1.0 mL). Resulting mixture was
cooled in an ice bath, then Cl3CCN (66 pL, 0.66 mmol) was added. The
ice bath was removed, and the mixture stirred for 2 h, then 1% solution
of MeOH in hexane (1 mL) was added. Precipitate was filtered off and
mother liquor was evaporated to afford 0.35 g (100%) of crude product
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as red oil, which was used in the next step without further purification.
MS ESI+ m/z caled. for Cp4Ha9Cl3NsOg 588.1, 590.1, 592.1 [M+H]+,
found 588.1, 590.0, 592.1 [M+H] ™.
4-(N-{2-[(Pentafluorophenyl)methoxy] ethyl}-N-methyl-
amino)-2’-[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy] -4'-nitro-
azobenzene (12). Azocompound 10a (0.30 g, 0.68 mmol), TBAB (1.29
g, 4.0 mmol) and bromide 11b (3.55 g, 13.6 mmol) were dissolved in
CHCl; (80 mL). Solution of KOH (1.56 g, 28 mmol) in dest. H20 (29 mL)
was added after 5 min. Reaction mixture was viguorously stirred for 24 h
at room temperature. Aqueous and organic layers were separated, and
the organic solution was washed with water three times. Solution was
dried over NasSOy, filtered, and evaporated. Crude product was purified
by silica gel chromatography, eluted with EtOAc/CHyCl, (gradient
0-10%). Bromide 11b (2.20 g, 62%) was recovered after recrystalliza-
tion from petroleum ether in freezer. Yield 0.25 g (60%) of red solid, m.
p. 68-73 °C. Anal. calcd. for CagH29F5N406: C 55.77; H 4.68; N 8.97.
Found: C 55.85; H 4.71; N 8.48. IR (cm 1) 2925.9, 2875.5, 1737.7,
1656.6, 1598.6, 1514.4, 1503.6, 1373.5, 1326.9, 1305.5, 1258.4,
1238.5, 1141.4, 1134.0, 1079.6, 1052.2, 1037.4, 967.2, 956.0, 935.7.
MS ESI+ m/z caled. for CagH3gFsN4Og 625.2 [M+H] ™", found 625.4
[M+H]". 'H NMR (300 MHz, DMSO-dg) &, ppm: 8.03 (d, J = 2.3, 1H,
Ar),7.91 (dd, J = 8.9, 2.3, 1H, Ar), 7.76 (d, J = 9.0, 2H, Ar), 7.61 (d, J =
8.8, 1H, Ar), 6.81 (d, J=9.3, 2H, Ar), 4.75 (t,J = 2.9, 1H, acetal H), 4.60
(s, 2H, CH2CgF5), 4.46 (t, J = 4.3, 2H, CH20Ar), 4.00 (dt, J = 8.8, 4.2,
1H, OCHH), 3.86-3.74 (m, 2H, OCHH), 3.68 (s, 4H, NCH2CH,0),
3.47-3.37 (m, 1H, OCHH), 3.04 (s, 3H, NCH3y), 1.77-1.08 (m, 6H, THP).
4-(N-{2-[(Pentafluorophenyl)methoxy] ethyl}-N-methyl-
amino)-2’-(2-hydroxyethoxy)-4'-nitroazobenzene (13). Compound
12 (0.30 g, 0.48 mmol) was dissolved in CH2Cl, (4 mL), MeOH (10 mL)
and conc. HCI (40 pL, 0.48 mmol) were added. Reaction mixture was
stirred for 2 h, then satd. NaHCOj3 solution (20 mL) was added, layers
were separated, and organic solution was washed with water three
times. The solution was dried over NasSOy, filtered, and evaporated.
Crude product was purified by silica gel chromatography, eluted with
EtOAc/CH2Cl; (gradient 1-20%). Yield 0.24 g (92%) of deep red crys-
talline solid, m.p. 131-135 °C. Anal. calcd. for Co4H21F5N405-H0: C
51.62; H 4.15; N 10.03. Found: C 52.06; H 4.09; N 9.50. IR (cm™!)
3391.5, 2945.1, 2923.2, 1656.4, 1599.9, 1523.8, 1504.6, 1334.2,
1307.3,1256.0,1153.7,1140.1,1128.1,1100.6, 1082.9, 1039.0, 964.6,
935.9. MS ESI+ m/z caled. for CoqHaoFsN4Os 541.1 [M+H]™, found
541.3 [M+H]". 'H NMR (300 MHz, DMSO-de) 5, ppm: 8.01 (d, J = 2.4,
1H, Ar), 7.91 (dd, J = 8.8, 2.4, 1H, Ar), 7.78 (d, J = 9.2, 2H, Ar), 7.62 (d,
J=8.9,1H, Ar), 6.83 (d, J = 9.2, 2H, Ar), 4.97 (t, J = 5.3, 1H, OH), 4.61
(s, 2H, CH,CgFs), 4.32 (t, J = 5.1, 2H, CH0Ar), 3.82 (q, J = 5.3, 2H,
CH»0H), 3.69 (s, 4H, NCH2CH0), 3.05 (s, 3H, NCH3).
4-(N-{2-[(Pentafluorophenyl)methoxy] ethyl}-N-methyl-
amino)-2’-(2-{3,5-bis [2-(tetrahydro-2H-pyran-2-yloxy)ethoxy]
benzoyloxy}ethoxy)-4'-nitroazobenzene (15a). Compound 13
(0.220 g, 0.41 mmol) and acid 14a (0.200 g, 0.49 mmol) were dissolved
in dry CH3Cl; (6 mL) and DMAP (5.5 mg, 0.044 mmol) was added while
stirring in an ice bath, then a solution of DCC (101 mg, 0.21 mmol) in
dry CHxCl; (2 mL) was added dropwise over 30 min. Reaction mixture
was stirred for 24 h at room temperature, then a drop of MeOH was
added to quench excess acid. Flask was put in a freezer for all N,N'-
dicyclohexylurea to crystallize, then filtered, and evaporated. The crude
product was purified by silica gel flash-chromatography, eluted with
EtOAc/CH2Cly (3%). Yield 0.31 g (82%) of deep red very viscous oil.
Anal. caled. for C45H49F5N4012: C57.94; H5.29; N 6.01. Found: C 57.56;
H 5.60; N 5.67. IR (cm l) 2943.0, 2872.5, 1721.0, 1656.9, 1597.7,
1518.3, 1504.9, 1444.2, 1374.3, 1337.1, 1307.9, 1220.5, 1171.9,
1139.2, 1123.6, 1087.4, 1072.3, 1033.6, 966.7, 936.3. MS ESI+ m/z
caled. for C4sHsoFsN4O12 933.3 [M+H]", found 933.6 [M+H]™. B e
NMR (300 MHz, CDCl3) 8, ppm: 8.00-7.75 (m, 4H, Ar), 7.68 (d, J = 8.8,
1H, Ar), 7.19 (d, J = 2.3, 2H, Ar), 6.77-6.54 (m, 3H, Ar), 4.83-4.70 (m,
2H, acetal H), 4.70-4.50 (m, 6H, esterOCHCH;0Ar, CH3CgFs),
4.18-4.03 (m, 4H, dendronArOCHy), 3.99 (dt, J = 11.0, 4.3, 2H, OCHH),
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3.90-3.57 (m, 8H, OCHH, NCH>CH>0), 3.56-3.43 (m, 2H, OCHH), 3.08
(s, 3H, NCH3), 1.93-1.35 (m, 12H, THP). '>C NMR (75 MHz, CDC3) 5,
ppm: 166.2, 160.0, 155.0, 152.0, 148.1, 147.5, 145.6 (d, J = 249),
144.6, 141.4 (d, J = 255), 137.5 (d, J = 254), 131.6, 126.3, 117.7,
117.5, 111.6, 110.9, 108.3, 107.4, 99.0, 68.8, 68.3, 67.8, 65.7, 63.4,
62.2, 60.1, 52.3, 39.8, 30.5, 25.5, 19.4.

4-(N-{2- [(Pentafluorophenyl)methoxy] ethyl}-N-methyl-
amino)-2’-(2-{3,5-bis [2-(trityloxy)ethoxy] benzoyloxy }ethoxy)-4'-
nitroazobenzene (15b). Compound 15b was obtained using the same
method as for synthesis of compound 15a, starting materials were
compound 7 (0.103 g, 0.19 mmol), acid 14b (0.15 g, 0.21 mmol), DMAP
(3.0 mg, 0.02 mmol), and DCC (43 mg, 0.21 mmol). The crude product
was purified by precipitation from EtOAc/MeOH. Yield 0.174 g (73%) of
deep red amorphous solid. Anal. calcd. for C73Hg1FsN4O10: C 70.18; H
4.92; N 4.48. Found: C 69.77; H 5.00; N 4.24. IR (cm ™ 1) 3060.6, 2926.4,
1720.7, 1656.0, 1597.8, 1519.2, 1505.3, 1446.8, 1374.4, 1337.7,
1308.1, 1219.5, 1169.4, 1142.4, 1089.7, 1001.3, 936.2. 'H NMR (300
MHz, CDCl3) 5, ppm: 7.98 (d, J = 2.3, 1H, Ar), 7.93 (dd, J = 8.8, 2.3, 1H,
Ar), 7.86 (d, J = 9.2, 2H, Ar), 7.72 (d, J = 8.8, 1H, Ar), 7.57-7.42 (m,
12H, Trt), 7.37-7.15 (m, 20H, Ar, Trt), 6.75 (t, J = 2.3, 1H, Ar), 6.65 (d,
J=9.2,2H, Ar), 4.81 (t, J = 4.8, 2H, OCHy), 4.67-4.50 (m, 4H, CH2CgFs,
OCHy), 4.14 (t, J = 4.9, 4H, OCHy), 3.68 (t, J = 5.3, 2H, OCH}y), 3.59 (t,
J=5.2, 2H, NCH,), 3.43 (t, J = 4.9, 4H, OCHS,), 3.04 (s, 3H, NCH3). 1°C
NMR (75 MHz, CDCl3) 6, ppm: 166.4, 160.2, 155.0, 152.1, 148.2, 147.7,
144.7, 144.0, 131.7, 128.9, 128.0, 127.2, 126.3, 117.7, 117.6, 111.6,
111.0, 108.3, 107.5, 86.9, 68.8, 68.3, 68.0, 63.4, 62.7, 60.2, 52.2, 39.7.

4-(N-{2- [(Pentafluorophenyl)methoxy] ethyl}-N-methyl-
amino)-2’-{2-[3,5-bis(2-hydroxyethoxy)benzoyloxy] ethoxy}-4'-
nitroazobenzene (15¢). Compound 15¢ was obtained using the same
method as for synthesis of compound 13, starting materials were com-
pound 15a (0.20 g, 0.21 mmol) in CHyCly (4 mL), MeOH (10 mL), and
conc. HCI (20 pL, 0.24 mmol). Crude product was purified by silica gel
chromatography, eluted with EtOAc/heptane (gradient 30-60%). Yield
0.13 g (81%) of deep red crystalline solid, m.p. 105 °C. Anal. calcd. for
C35H33F5N4010: C, 54.98; H, 4.35; N, 7.33. Found: C 55.00; H 4.49; N
7.26. IR (cm™ ') 3480.2, 2934.3, 2874.3, 1716.7, 1655.0, 1601.6,
1517.2, 1503.2, 1335.4, 1236.5, 1174.2, 1142.5, 1119.3, 1085.2,
1085.2, 1055.3, 1018.1, 988.6, 929.3. MS ESI+ m/z calcd. for
C35H34F5N4019 765.2 [M+H]", found 765.6 [M+H] ™. 1H NMR (300
MHz, CDCl3) 6, ppm: 7.99 (d, J = 1.9, 1H, Ar), 7.94-7.76 (m, 3H, Ar),
7.68(d,J = 8.8, 1H, Ar), 7.15 (d, J = 2.0 Hz, 2H, Ar), 6.74-6.55 (m, 3H,
Ar), 4.86-4.69 (m, 2H, OCH3), 4.69-4.45 (m, 4H, CH2C¢Fs5, OCHy),
4.06-3.94 (m, 4H, OCH3), 3.94-3.80 (m, 4H, OCH5), 3.79-3.55 (m, 4H,
NCH,CH,0), 3.09 (s, 3H, NCHj), 2.15 (br. s, 2H, OH). *C NMR (75
MHz, CDCl3) §, ppm: 166.1, 159.8, 155.1, 152.2,148.1, 147.6, 145.6 (d,
J = 249), 144.6, 141.4 (d, J = 255), 137.5 (d, J = 254), 131.8, 126.3,
117.8, 117.6, 111.6, 111.1, 108.4, 106.8, 69.7, 68.8, 68.3, 63.8, 61.3,
60.2, 52.2, 39.8.

4’-[N-(2-{3,5-bis [(pentafluorophenyl)methoxy] benzoyloxy}
ethyl)-N-methylamino] -2-(2-{3,5-bis [2-(trityloxy)ethoxy] benzoy-
loxy}ethoxy)-4-nitroazobenzene (17). Compound 17 was obtained
using the same method as for synthesis of compound 15a, starting ma-
terials were compound 16 (100 mg, 0.117 mmol), acid 14b (93 mg,
0.129 mmol), DMAP (1.5 mg, 0.012 mmol), and DCC (36 mg, 0.178
mmol). The crude product was purified by precipitation from CHyCly/
MeOH. Yield 0.139 g (76%) of deep red amorphous solid. Anal. calcd.
for Cg7HegF10N4013: C 66.75; H 4.25; N 3.58. Found: C 67.22; H 4.69; N
3.49. IR (ecm™) 3031.4, 2949.1, 1720.3, 1658.5, 1597.2, 1521.3,
1506.8, 1446.7, 1375.0, 1339.3, 1309.9, 1220.9, 1145.9, 1090.4,
1056.4, 974.6, 939.7. 'H NMR (300 MHz, CDCl3) 6, ppm: 8.05-7.79 (m,
4H, Ar), 7.62 (d, J = 8.8, 1H, Ar), 7.57-7.39 (m, 12H, Trt), 7.39-7.07
(m, 22H, Ar, Trt), 6.83 (d, J = 9.1, 2H, Ar), 6.77-6.56 (m, 2H, Ar), 4.91
(s, 4H, CH2C¢Fs), 4.82 (t, J = 4.5, 2H, OCHy), 4.57 (t, J = 4.5, 2H,
OCHy), 4.48 (t, J = 5.2, 2H, NCH,CH;0), 4.12 (t, J = 4.7, 4H, OCH»),
3.79 (t, J = 5.0, 2H, NCH»), 3.44 (t, J = 4.9, 4H, CH,OTrt), 3.08 (s, 3H,
NCH3). 13C NMR (75 MHz, CDCls) 8, ppm: 166.3, 165.9, 160.1, 159.2,
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155.1,152.6, 148.3,146.8, 145.8 (d, J = 252), 144.5, 144.0,141.9 (d, J
= 250), 137.6 (d, J = 252), 132.0, 131.7, 128.9, 128.1, 128.0, 127.4,
127.2,126.3,117.3,117.0,111.7,110.4, 109.7 (t,J =17), 108.6, 108.3,
108.2, 107.4, 86.9, 68.5, 68.0, 63.2, 62.7, 62.5, 57.7, 50.1, 38.2.

4- [N, N-bis-(2-{3,5-bis [2-(trityloxy)ethoxy] benzoyloxy }ethyl)
amino] -3-methoxy-4'-nitroazobenzene (6). Compound 6 was ob-
tained using the same method as for synthesis of compound 15a, starting
materials were azobenzene 19 (35 mg, 98 pmol), acid 14b (150 mg, 210
pmol), DMAP (3.0 mg, 25 pmol), and DCC (43 mg, 210 pmol). The crude
product was purified by precipitation from CH>Cl; (2 mL) solution with
MeOH (3 mL), the precipitation was repeated second time. Yield 137 mg
(78%) of red solid. Anal. caled. for C115H;100N40O15: C 77.68; H 5.67; N
3.15. Found: C 77.75; H 5.71; N 3.35. 'H NMR (300 MHz, CDCl3) 8, ppm:
8.16 (d, J = 9.0, 2H, Ar), 7.75 (d, J = 8.9, 2H, Ar), 7.54-7.28 (m, 26H,
Trt, Ar), 7.28-6.97 (m, 41H, Trt, Ar), 6.59 (t, J = 2.1, 2H, Ar), 4.44 (t, J
= 5.6, 4H, NCH,CH0), 4.01 (t, J = 4.7, 8H, OCHy), 3.88-3.59 (m, 7H,
NCH>, NCH3), 3.31 (t, J = 4.7, 8H, CHOTrt). 13C NMR (75 MHz, CDCl3)
S, ppm: 166.3, 160.1, 156.3, 152.4, 148.0, 147.5, 144.0, 143.7, 131.8,
128.8, 128.0, 127.2, 124.8, 123.1, 122.4, 119.1, 108.2, 107.2, 103.2,
86.8, 67.9, 62.9, 62.7, 55.8, 51.4.

3. Results and discussion
3.1. Synthesis

We synthesized azochromophore 9 from freshly synthesized betaine
7 and 2-[methyl(phenyl)amino]ethan-1-ol (8) in acetic acid (Fig. 2).
Compound 10a was obtained in Williamson ether synthesis from azo-
benzene 9 and 2-(2-bromoethoxy)tetrahydro-2H-pyran in 45% yield.
Active mesylate 10b was obtained straightforwardly from compound
10a with mesyl chloride in presence of NEt3 in 82% yield. Active tri-
chloroacetimidate 10c was obtained from compound 10a with Cl3CCN
quantitatively and readily used in the next step.

Synthesis of pentafluorobenzyl ether 12 appeared to be the most
time consuming. We carried out series of reactions to obtain compound
12 in Williamson ether synthesis (Table 1, experiments No. 1-3). Traces
of compound 12 were found by HPLC-MS analysis only in experiment 3.
Usually, azobenzene was found partially unreacted after reaction in
experiments 1-3 but fluoroaromatic compound could not be found. We
concluded that formation of desired product is far less favorable than
nucleophilic substitution of aromatic fluorine atoms [80], because re-
action of compound 10a with benzyl bromide in conditions of experi-
ment 2 gave according ether.

We conduced also experiments 4-6 in non-nucleophilic conditions,
but the desired product was not obtained. We resumed that experiments
4 and 5 were unsuccessful because reactions of trichloroacetimidates
from tertiary [81] and secondary [82] alcohols are described in litera-
ture, but we used primary alcohol. Small amount of compound 12 could
be detected in HPLC-MS analysis of experiment 6 along with many other
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Table 1
Reaction conditions to obtain ether 12.

Entry Reagents Reaction conditions

1 10b, 11a NaH, DMF, r.t., 2 d.

2 10a, 11b NaH, THF, 60 °C, 1 d.

3 10a, 11b NaN(SiMes),, DMF, 70 °C, 1 d.

4 10b, 11a BF3-Et,0, CHCl3, cyclohexane, r.t., 1 d. [81]

5 10b, 11a HOSO,CH3, CHCl3, cyclohexane, r.t., 1 d. [82]
6 10a, 11b Ag,0, CHCly, .t., 3 d. [83]

7 10a, 11a DIAD, PPhs, CH,Cly, r.t., 1 d.

8 10a, 11b TBAB, KOH, KI, THF, 70 °C, 1 d. [84]

9 10a, 11b TBAB, KOH, CHCl,, H,0, r.t., 1 d. [85]

unidentified peaks, but the purification was unsuccessful. Mitsunobu
reaction (No. 7) gave only traces of product 12.

Similar reaction conditions to No. 8 [84] and 9 [85] were found in
literature to obtain ether of general formula RCHyCH20CH2CeFs.
Experiment No. 8 gave only trace amount of product 12. Finally
experiment No. 9 was successful and compound 12 was obtained in 60%
yield. The main difference between experiment No. 9 and other exper-
iments was ratio of reactants — 20 times excess of bromide 11b
comparing to azobenzene 10a, because method was previously used in
derivatization for GC-MS analysis [85]. Most of the starting material 11b
was recovered and reused on the second run. The synthesis was also
performed using only 1.2 equiv. of the bromide 11b, but the reaction
was less efficient, it was run for twice the time and only 41% yield of
product 12 was obtained.

Protection group removal went easily and compound 13 was ob-
tained in 92% yield (Fig. 2). Compound 13 reacted with dendronizing
acids 14a,b using N,N'-dicyclohexylcarbodiimide (DCC) and 4-(dime-
thylamino)pyridine (DMAP) [86,87]; we obtained dendronized azo-
chromophores 15a,b in good yields (Fig. 3). Third dendronized
azochromophore 15¢ was obtained from compound 15a removing THP
protection groups in good yield using HCI.

We synthesized dendronized azochromophore 17 from our published
azochromophore 16 [74] and acid 14b using the same reagents DCC and
DMAP. Product 17 was obtained in good yield (Fig. 4). The compound
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Fig. 3. Scheme of the dendronized azochromophore synthesis. DCC - N,N'-
dicyclohexylcarbodiimide, DMAP - 4-(dimethylamino)pyridine, Trt - trityl.
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Fig. 2. Scheme of the azochromophore synthesis. Ms — methanesulfonyl, THP — tetrahydropyranyl.
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Fig. 4. The synthesis scheme of azochromophore 17.

17 was purified by precipitation from CH2Cl, with MeOH to preserve Trt
groups, it formed both amorphous chunks and small crystals, but un-
expectedly comparatively big crystals formed in mother liquor, which
were analyzed with HPLC and NMR to find out that these crystals con-
tained compound 17 and methyl ester 18, which was formed from
excess acid 14b when reaction was quenched with MeOH.

The synthesis of dendrimer 6 was accomplished using the known
method with DCC and DMAP; title compound was obtained in good yield
from azocompound 19 and acid 14b (Fig. 5). We purified the crude
product by fractional precipitation from CH,Cl, with MeOH to keep all
Trt end groups, which are not stable on silica gel and were partially
removed in previous experiments, when we attempted to synthesize this
compound in slightly different way [73].

3.2. Characterization

Structures of synthesized intermediate compounds were proven
using 'H NMR spectra and HPLC-MS results. Dendronized azochromo-
phores 6, 15a—c, 17 have also '*C NMR spectra. Low resolution mass
spectrometry connected to HPLC was used to verify molecular mass of
intermediates and compounds 15a,b, but it was not possible for com-
pounds having greater molecular mass than 1090 g/mol.

Successful addition of (pentafluorophenyl)methyl group in synthesis
of compound 12 is indicated by correct molecular mass and appearance
of a new peak in 'H NMR spectrum for two benzyl type protons at about
4.6 ppm for compound 12, which is found in the same place for com-
pounds 13 and 15a—c. Pentafluorophenyl fragment is seen also in '°C
NMR spectra of products 15a,c as three doublets for CF groups with LJg
= 249-255 Hz. Compound 15b shows only benzyl CH; fragment both in
H and *C NMR spectra, but signals for CF are not resolved from
baseline. Compounds with THP groups 10a,b, 12, and 15a have char-
acteristic peaks for THP group: acetal proton is found at 4.72-4.75 ppm
and wide multiplet in strongest fields for 6H of THP group, and several
signals for OCH fragments at 3.4-4.0 ppm, which arises from chair form
of THP group and diastereotopic nature of CH,OTHP protons.

Spectra of compound 17 are compared to its precursor 16, and show
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Fig. 5. The synthesis scheme of azobenzene core dendrimer 6.

all needed fragments, even all four carbons of pentafluorophenyl rings
are visible in >C NMR spectrum. Purity of azochromophore 6 was
analyzed with HPLC and structure was approved using 'H and '*C NMR
spectra. Elemental composition is matching theoretical calculation far
better than previously obtained imperfect dendrimer [73].

We investigated accidently obtained crystals containing both com-
pounds 17 and 18, but X-ray analysis showed only compound 18, and
HPLC analysis revealed that molar proportion of compounds 18 and 17
is 18:1. We previously reported that compound 18 is amorphous [27],
but now we succeeded to grow crystals of pure compound 18 from
CH2Cly/MeOH. Compound 18 crystallized as CHzCl; solvate in triclinic
crystal system, space group P 1 (see Fig. 6). Compound 17 formed
crystals of insufficient quality for X-ray structure analysis. We tried to
grow crystals of several proportions between compound 17 and ester 18
for elaboration purposes of molecular configuration of compound 17 to
observe potential Ar-Ar’ interactions. We discovered that pure com-
pound 17 is precipitating from solution of equimolar proportions of
compounds 18 and 17, but small crystals of insufficient quality for X-ray
analysis are forming in various proportions from solutions of varying
and increasing part of ester 18, but good crystals are formed only in 18:1
ratio. Crystal of both compounds probably is solid solution of compound
17 in crystals of compound 18.

3.3. Thermal and optical properties

The dendronized azochromophores 6, 15a-c, 17 are red colored:
compound 15a is very viscous oil, compounds 15b and 6 are amorphous
solids, and compounds 15c and 17 are crystalline solids with very
similar melting points of 105 and 103 °C, respectively. Thermal prop-
erties were investigated using differential scanning calorimetry (DSC)
and thermogravimetry (TG) (Table 2, supporting information Figs. S2
and S3). Glass transition temperature (Tg) was not observed for

Fig. 6. Molecular structure of molecule 18 with atoms represented by thermal
vibration ellipsoids of 50% probability.
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Table 2
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Thermal and linear optical properties of the synthesized azocompounds 6, 15a—c, 17.

Compound Tg, °C mp, °C Ty, °C Amax, nm CHCl3 £, Amax, M £ Amax, nm DMF £, Amax, nm thin film
M 'em ' CHCl;  EtOBz M 'em™? M '.em™! DMF
EtOBz

6 83 - 286 463.2 21700 4721 23100 479.8 22500 485

15a - - 253 482.6 29700 484.9 22300 495.8 22400

15b 63 = 274 483.6 32300 485.7 28800 496.3 31600 490

15¢ 37 105 267 483.0 37700 485.7 31300 494.1 34400

17 79 103 277 479.7 29300 485.9 36800 497.1 21000 482
compound 15a because it is below room temperature. Compound 15b
with Trt groups has higher Ty for 26 °C than compound 15¢ with OH 08

groups and higher Ty than compound 3, where ester linkage was used for
attachment of pentafluorophenyl containing fragment. Thermal char-
acteristics of compound 6 were almost the same as for previously re-
ported imperfect sample [73]. Compounds 17 and 6 have the highest Tg
and also the highest thermal stabilities up to 277 °C. Nevertheless Tg of
compounds 6, 15b, 17 are low compared to widely expected [1,6,15],
but such materials with low Ty could perform better than materials with
high Ty in Arctic or Antarctic climate zones [9].

Cocrystals of compounds 17 and 18 showed thermal properties more
similar to ester 18, the Tg and Tq were almost identical: 53 and 295 °C
for ester 18, 54 and 293 °C for cocrystal, respectively. This showed that
spatial structure of cocrystal is determined by ester 18. The differences
were observed in melting points (see Fig. 7). Pure compound 18 had the
highest melting point of 114 °C and a second peak at 151 °C, but the
cocrystal showed melting in between of both constituents at 109 °C.

UV-Vis spectra were recorded in CHCl3, EtOBz, and DMF to compare
different interactions with pentafluorophenyl rings. Absorption maxima
of compounds 15a—c were almost identical in CHCl3, and in EtOBz; this
meant that the end groups of dendronizing fragment do not notably
affect absorption energy of this chromophore and is determined by core
azochromophore as it is accessible to solvent molecules. Minimal sol-
vatochromism was observed on average of 2.4 nm with batochromic
shift in EtOBz compared with CHCl3. Compounds 15a—c and 17 had very
close absorption maxima in EtOBz, this could be due to the same core
azochromophore and similar solvation environment in EtOBz, where
solvent molecules engage in Ar-Ar" interactions with pentafluorophenyl
groups and free all azochromophore accessible to EtOBz. Solvation is
different in CHCl;3 (Fig. 8), where intramolecular Ar-Ar* interactions in
compound 17 may be formed, and absorption maximum of compound
17 is close to compounds 4 and 5 with solvatochromism of 6.2 nm.
Molar absorptivity in CHCl; is higher for compounds 15a—c, but lower
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Fig. 7. DSC curves of pure compounds 17 and 18 and their cocrystal
showing melting.

Absorbance, AU
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Fig. 8. Light absorption spectra of fluorinated products in CHCl; solution (20
pmol/L).

for compounds 17 and 6 compared to EtOBz solution. DMF, as the most
polar solvent from chosen solvents, causes batochromic shift of all
compounds by 7.7-11.2 nm compared to EtOBz solutions.

Light absorption spectrum of compound 6 was recorded also in
acetone (Fig. 9) for comparison purposes with previously synthesized
imperfect dendrimer; and it was almost identical to previously reported:
light absorption maximum of lowest frequency charge transfer transi-
tion band in acetone is 469.7 nm with molar absorptivity 22000
M~ lem™1, which is slightly lower, due to complete dendrimer branches
and therefore decreased mass fraction of the chromophore fragment
compared to incomplete dendrimer. Absorption band of amorphous thin
film on quartz glass (Fig. 9) showed bathochromic shift compared to

0,7
in acetone
06 (30 umol/L)
== ==film, 0.5 pm

Absorbance
s o o o 9o
= N w E-3 (9}

o

320 £30 530 630
Wavelenght, nm

Fig. 9. Light absorption spectra of dendrimer 6 in acetone solution and of thin
film on quartz glass.
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solution and its maximum was 485 nm, indicating aggregate formation
in solid state [13].

3.4. Nonlinear optical properties

NLO properties were tested for Trt groups containing chromophores
6, 15b, 17, the other compounds did not form stable amorphous films at
room temperature. Second harmonic intensity (SHI) in a Maker fringe
experiment was measured for solvent cast amorphous films of pure
synthesized compounds and the second order NLO coefficients dss, ds1,
and d33(0) were calculated to characterize the NLO properties. Fig. 10
shows Maker fringe for sample of compound 6 and standard x-cut quartz
crystal. The corona poling procedure using corona triode was employed
to break centrosymmetric ordering inside previously prepared glassy
films. Refractive indices were measured or calculated at fundamental
and second harmonic wavelengths (1964 and nssz in Table 3) to eval-
uate NLO coefficients d33 and d3; of poled thin films. All compounds
have wide absorption bands overlapping with second harmonic wave-
length at 532 nm, which brings about resonance enhancement of NLO
efficiency. As the NLO coefficients are frequency dependent, extrapo-
lation to zero frequency (ds3(0)) was made according to two-level model
[88] to subdue this interference.

All prepared thin films showed NLO activity (Table 3). Response of
NLO properties is mostly dependent on molecular hyperpolarizability,
extent of polar order, and chromophore content. Ratio of NLO co-
efficients ds3/ds; show polar order of poled chromophore films. This
ratio is 3.5-4.0 for poled amorphous films of compounds 6, 15b, 17 and
it indicates high polar order [91]. Chromophore loading density (N) was
calculated from molar mass and the active chromophore was assumed as
methoxy and methylamino derivative of core azobenzene in places of
bulky substituents. Dendrimer 6 has biggest dendrimer branches and
therefore N is the smallest, but nevertheless its NLO coefficients ds3, ds;,
and d33(0) are the highest, which is related with alkoxy substituent on
the donor part of the azochromophore. Compound 17 had the lowest
NLO coefficient values, and this led to assumption that molecules of
compound 17 for the most part after poling stayed ordered in centro-
symmetric fashion leading to decreased NLO coefficients. Intermolec-
ular Ar-Ar" interactions of pentafluorophenyl and trityl groups between
molecules in glassy film more likely occurred in a way favoring
centrosymmetric ordering. Crystals of dendron ester fragment 18 and
crystals of compound 4 share the same crystal system with centrosym-
metric arrangement of molecules, so despite the unavailable single
crystals of compound 17, but considering its good incorporation in
crystals of compound 18, we suggest that compound 17 also may form
centrosymmetric crystals strongly retaining that tendency in amorphous

1,2

SHI, arb. unit
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film.

Positive effect of increased NLO coefficients of compound 15b
compared to compounds 4, 5, and 17 could arise from shorter linkage
between azobenzene and pentafluorphenyl ring and resulting inability
of intramolecular bond formation between said two parts as in com-
pound 4 [74]. What this means is that pentafluorophenyl ring most
likely engage in Ar-Ar interactions with neighboring molecule, aiding
to poling efficiency and higher NLO coefficients.

We used the SHI measurement for estimation of thermal stability of
polar order of chromophores in thin films. The temperature Tsyiso
(Table 3 and Fig. 11), when the initial SHI has been reduced by half, is in
good agreement with T measurements only for compounds 15b and 17.
Compound 6 has considerably lower Tsuiso than Ty and even all NLO
activity has faded before reaching of Tg. Probably the amorphous phase
structure after poling is considerably different from melted amorphous
phase in DSC measurements leading to decreased energy need for mo-
lecular movements and disorientation [28]. Peaks in SHI decay curve
could be caused by increased NLO effect of partially disoriented or
rotated molecules. There were speculations about possible crystalliza-
tion as the cause for peak and plateau in Tgy; curve of compound 6, but it
was discarded as no changes in DSC curve could be observed in all three
measurement rounds: first heating, cooling and second heating for Tg
determination. Newly synthesized compound 6 performed poorly
compared to previous sample having both Trt and OH groups, which
Tsuiso was 74 °C [75], the reason could be stabilization of amorphous
phase of previous sample utilizing free OH groups and H-bonds.

4. Conclusions

Successful synthesis of (pentafluorophenyl)methyl ether 12 could be
performed in relatively mild phase transfer catalysis, but high reagent
excess is needed to complete the reaction. When strong bases are used in
(pentafluorophenyl)methyl ether synthesis, the starting materials
engage in side reactions and no product could be isolated. DCC and
DMAP ensured syntheses produce dendronized azochromophores 15a—c
and 17 and azobenzene core dendrimer 6 with trityl groups at periphery.

Dendronized azochromophores 15a-c¢ with (pentafluorophenyl)
methyl ether have good thermal stability, but molecular glass forming
abilities depend on dendronizing part end groups: THP groups in com-
pound 15a give soft material, trityl groups in compound 15b denote
glassy material with Ty 63 °C, but OH groups in compound 15¢ deter-
mine crystalline material with mp 105 °C.

We reached our aim for synthesis of compound 15b: it has slightly
higher NLO coefficients and polar order than earlier synthesized com-
pound 1 and even compounds 4 and 5 with more pentafluorophenyl

20 40 G0 80

Incidence angle, deg
$9p =—(s—>p)approx

p>p =—(p->p)approx o

Ret, (x-cut quartz) ====ret. (approx)

Fig. 10. Experimental Maker fringe SHI results for sample 6 and x-cut quartz crystal indicated by points. The fit indicated by lines is done according to Herman-

Hayden approach [89].
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Table 3
Properties of thin films of synthesized compounds 6, 15b, 17.
Sample dss,” dz," pmV! d35(0),” dsa/ds N, % Tspso,” D1064° DNs32”
pmV~! pmv~! °C
6 73 20.8 11.6 3.5 17 52.5 1.62 1.80
15b 43 10.7 5.1 4.0 24 65.8 1.63 1.69
17 14 3.8 1.9 3.7 19 78.3 1.62 1.80

# NLO coefficients measured at 532 nm.

® NLO coefficient extrapolated to zero frequency.

¢ Loading density of the effective chromophore moiety within molecule.

4 Temperature, at which SHI is 50% from initial intensity.

¢ Refractive index at indicated wavelength.

f Estimated from Kramers-Kronig transformation of absorption spectra [90].
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Fig. 11. Heat induced decay of SHI in poled amorphous films of synthe-
sized compounds.

rings, possibly manifesting intermolecular Ar-Ar" bonding ensured sta-
bilization of amorphous molecular glass. But Tg of compound 15b is
lower than for compound 1, because Ty is more defined by trityl groups
than Ar-Ar! interactions. On contrary our expectations were fulfilled
only partially by compound 17 with bulky trityl groups containing
substituent at acceptor side and two pentafluorophenyl rings connected
to donor side of the molecule: the Ty was higher than of previously
investigated compounds 1-5 and Tsyso was higher than of compounds
2-5, but it showed poor NLO coefficients.

First generation dendrimer containing azobenzene in the core and
dendrons attached to donor side of molecule was synthesized in one
step. The reason for reviewing of synthesis procedure and preparation of
perfect sample of dendrimer 6 was hypothesis, that perfect uniform
material will perform better than previously obtained without complete
set of trityl end groups. But contrary to anticipated, all NLO properties
were worse. The conclusion is that combination of both trityl and OH
groups and possibly uneven distribution of them provide favorable
structural arrangements to gain higher NLO coefficients and their ther-
mal stability.
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ARTICLE INFO ABSTRACT

Keywords:

Ar-Ar" interactions

Azo compounds

Glass transition temperature
Nonlinear optical properties

Syntheses of four new dendronized azochromophores were performed from 2-(2-amino-5-nitrophenoxy)ethanol,
2-[methyl(phenyl)amino]ethanol, 3,5-bis(benzyloxy)benzoic acid and 3,5-bis[(pentafluorophenyl)methoxy]
benzoic acid using azo coupling reaction and ester formation reaction in presence of N,N’-dicyclohex-
ylcarbodiimide and 4-(dimethylamino)pyridine. Arene-perfluoroarene (Ar—Ar") interactions are demonstrated
in single crystal structure of dendronized azochromophore between pentafluorophenyl fragment and acceptor

part of the azochromophore. The effect of Ar—Ar" interactions becomes apparent in thermal and nonlinear
optical properties of the chromophores. Glass transition temperatures of synthesized azochromophores are in the
range from 37 to 60 °C. Nonlinear optical properties of synthesized azochromophores were characterized by
second harmonic intensity measurements in corona poled thin films of pure amorphous solids. Nonlinear optical
coefficient ds3 values for molecular glasses containing single azochromophore were in the range from 20.2 to

50.5 pm-V ™1,

1. Introduction

Organic nonlinear optical (NLO) materials are promising for device
applications in the communications and photonics industries [1,2] be-
cause they can be modified to have larger nonlinearity, better proces-
sability and faster response time than inorganic materials [2,3]. Main
constituent of all organic NLO materials is a dipolar push-pull chro-
mophore unit, which can be modified or processed to obtain host-guest
polymers, chromophore containing linear, hyperbranched or cross-
linked polymers, molecular glasses, dendrons and dendrimers [2].
Chromophore structure modifications are made to meet four main re-
quirements: large NLO coefficients, good optical transparency, excellent
temporal stability of noncentrosymmetrically aligned dipoles [2,4,5]
and excellent photochemical stability at device application conditions
[1-3,5].

The material needs to contain noncentrosymmetrically aligned
chromophore dipoles to be able to demonstrate a second order NLO
effect [1-4,6-8]. This can be achieved by various techniques of self-
assembly or poling [2]. The relaxation process proceeds and dipolar
chromophore units organize themselves back centrosymmetrically even
below the glass transition temperature of the material, reducing or

* Corresponding author.
E-mail address: lauma.laipniece@rtu.lv (L. Laipniece).

https://doi.org/10.1016/j.dyepig.2018.10.035

cancelling out completely the NLO effect [2,4,6]. Thus to maintain the
polar order, amorphous NLO material needs to have high glass transi-
tion temperature, and chromophores need to be isolated from each
other to minimize the repulsion of ordered electric dipoles [2,4,6], or
suitable interactions between some functional groups can be used to
stabilize the orientation of chromophores after poling [2,4,5].
Aromatic-perfluoroaromatic (Ar—Ar") groups give favorable inter-
ring interactions, which organize molecules in single crystals [9-12],
rigid superstructures in mesophases of liquid crystalline state [13],
supramolecular nanofibers [14,15] and hydrogels [14]. Ar—Ar" inter-
actions are strong enough to be present even in solutions modifying
reaction course [11]. Utilization of Ar—Ar" self-assembly has been
employed to obtain noncentrosymmetrically ordered amorphous
structures and enhance their NLO properties [2,5,6,16-21]. Effects of
Ar—Ar" interaction on structure topologies and NLO properties have
been investigated for dendrimers containing azobenzene throughout
branches [22,23]. The authors proposed that pentafluorophenyl moi-
eties have intramolecular interactions with donor part of azobenzene
fragment [8,22,23]. Such effect has been suggested by quantum che-
mical calculations investigating dimer containing the same chromo-
phore [24], although Ar—Ar" interactions can be formed between
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pentafluorophenyl moieties and aromatic group nearby [24,25]. The
same statement was proposed in our previous work [26]. But till now,
there were no experimental measurements proofing the Ar—Ar" inter-
action in dendronized azochromophores, including arrangement and
orientation of interacting rings.

Dendrimer or dendron synthesis is used to isolate the chromophore
with large dipole moment in space and enhance thermal and chemical
properties of the material [2,5,27-29]. Utilization of Ar—Ar" interac-
tions and introduction of dendrons in the molecule can be summed in
one approach and dendrons with aromatic and pentafluorophenyl
moieties utilizing Ar—Ar" interactions can be used to increase NLO
response and orientation stability of molecular glasses [16-18].

Azobenzene and dendrons or dendrimers can be connected in dif-
ferent ways [30]: azobenzene can be incorporated in dendron or den-
drimer core, periphery or throughout dendrimer branches. Dendrimers
containing simple azobenzene in the core have been synthesized to
investigate their cis-trans isomerization [31-39]. Azochromophores of
push-pull type were incorporated in dendrimer or dendron cores only in
our previous works and NLO properties were reported [26,40-46].
Push-pull azobenzenes have been incorporated throughout dendrimer
branches and their NLO properties also have been investigated [47-51],
most extensive studies of push-pull azobenzene NLO dendrimers have
been made in group of prof. Zhen Li [4,6,7,21-23,29,52-59]. They also
investigated enhancement of NLO properties by Ar—Ar" interactions for
azobenzene dendrons, and dendrimers [21-23,55], and also polymers
[19,20,24,25].

But single push-pull azobenzenes with dendritic aromatic and per-
fluoroaromatic substituents both at electron donor and electron ac-
ceptor parts have not been synthesized. Push-pull azobenzene with
dendritic substituent and one pentafluorophenyl fragment is in-
vestigated in our recent paper [26], now we extend our research. Our
aim was the synthesis of dendronized push-pull azochromophore sub-
stituted with 3,5-bis(benzyloxy)benzoic acid and 3,5-bis[(penta-
fluorophenyl)methoxy]benzoic acid fragments. The objective of this
research was the investigation of the possible amorphous phase stabi-
lization effects via Ar—Ar" interaction and its influence on thermal,
linear, and nonlinear optical characteristics of synthesized molecular
glasses.

Investigation of holographic recordings is in progress [60,61] for
symmetrically dendronized compounds and these results will be pub-
lished elsewhere.

2. Results and discussion
2.1. Synthesis

Synthesis of dendronized azochromophores consisted of three
stages: synthesis of dendronizing fragments, synthesis of azochromo-
phore and link establishment between the former two. We started with
known dendrimer synthesis method [62], where compound 1 was al-
kylated with benzyl bromide and ester 2 was obtained in 89% yield
(Scheme 1). Hydrolysis of ester 2 in alkaline conditions gave den-
dronized acid 3 with excellent 92% yield.

Synthesis of fluorinated dendron was different, because of in-
stability of fluoroaromatic compounds in strongly alkaline solutions
[63]. 3,5-Dihydroxybenzoic acid (4) reacted with 1-(bromomethyl)-
2,3,4,5,6-pentafluorobenzene to yield fully alkylated ester 5, which was
hydrolyzed in boiling H,SO,/dioxane solution for several days to yield
77% of dendronized acid 6.

The first step of asymmetric azochromophore synthesis was den-
dronization of the electron donor part of the chromophore precursor
(Scheme 2). Aniline 7 reacted both with dendronizing acids 3 and 6
using N,N’-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)
pyridine (DMAP), thus accordingly esters 8 and 9 were obtained.

Aniline 10 underwent diazotization and subsequent azo coupling
reactions with esters 8 and 9 to form monodendronized
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azochromophores 11 and 13 respectively (Scheme 3). Asymmetrical
chromophores 12 and 14 with different dendronized moiety in every
part of the molecule were obtained from azocompounds 11 and 13 in
DCC and DMAP ensured reactions with dendronizing acids 6 and 3.

Synthesis of symmetrical azochromophores with equal dendronized
parts in the molecule was straightforward (Scheme 3). At first azo-
compound 15 was synthesized in azo coupling reaction from com-
pounds 7 and 10. Then symmetrical azochromophores 16 and 17 were
synthesized in one DCC and DMAP ensured esterification step with ei-
ther acid 3 or 6.

2.2. Crystal structure

We obtained crystals of appropriate quality for X-ray analysis only
for compound 14 (Fig. 1), although experiments were made to grow
monocrystals for all four azochromophores 12, 14, 16 and 17. Com-
pound 14 is crystallized in triclinic system; space group of symmetry is
P 1. Crystal unit cell consists of two molecules of compound 14 and
they are arranged centrosymmetrically (Fig. 2). The crystal structure of
compound 14 is stabilized by several different interactions:
tramolecular Ar—Ar" interaction and intermolecular CH---F, CH---O, -
7, and Ar—Ar" interactions.

Intramolecular Ar—Ar" interaction is observed between one penta-
fluorophenyl ring and azobenzene moiety in the acceptor side (Figs. 1
and 2), the ring C15—C20 is located over azobenzene atoms N2, N3 and
C31. Planes C15—C20 and N2, N3, C31, C32, C36 are almost parallel,
dihedral angle is 1.7(8)°, distance between centroid of rmg C15—C20
and plane N2, N3, C31, C32, C36 is 3. 290(9) A. This Ar—Ar" interaction
has parallel-displaced geometry, which is more favorable among sub-
stituted phenyl rings [11,64], and the substituent with donor properties
(in this case azo group) is located over pentafluorophenyl ring, this type
of orientation is more stable [64].

Crystal structure of compound 14 has partial fragment disorder.
Disordered fragment consists of 010, C46-48, C52, site occupancy g-
factors are equal to 0.6 (respectively, g = 0.4 for other disordered
atoms 010’, C46’, C47’, C48’, C52’). Only the atoms with maximal
occupancy are shown on Fig. 1. Most abundant structure is stabilized by
intermolecular hydrogen bonds of CH---F type [65, 66] in two places
C46—H46A ... F2(-1+x,y,1 + 2) (C-- F—3310(9)AH F—263A
angle C—H.--F=127°) and C52—-H52---F3(-1+x, y, 1 + 2)
(C-F = 3.331(9) A, H--F = 2.42 A, angle C—H---F = 170°). The other
disordered atoms also have weak intermolecular CH---F interactions
(C46’ both hydrogens with F6, distances 2.67 and 2.60 10\), and one of
those hydrogens has also weak hydrogen bond (H-bond) with 02
(distance 2.58 A).

Intermolecular m-r interaction is observed between dendronizing
acid fragments of both molecules of compound 14 (Fig. 2). Central
phenyl rings of two dendronizing fragments are stacking in parallel-
displaced geometry. Corresponding planes of phenyl rings C8—C13 and
C40—C45 are coplanar — dihedral angle is 0.9(7)°, distance between
centroid of ring C40—C45 and plane C8—C13 is 3.445(8) A

Two Ar—Ar" interactions are observed between pentafluorophenyl
and phenyl rings. Ring C1—C6 is stacking with ring C54—C59, this in-
teraction has parallel-displaced geometry, distance between ring cen-
ters is 3.979(8) A and angle between corresponding planes is 22.0(7)°,
which is slightly higher than observed in similar interactions [9]. Ring
C15-20 is stacking with ring C47’, C48’, C49, C50, C51, C52’, this in-
teraction has parallel-displaced geometry, distance between ring cen-
ters is 4.112(9) A and angle between corresponding planes is 26.6(8)°.
This angle is higher than observed in similar interactions [9], but we
assume there is Ar—Ar" interaction between those fragments.

It should be noted that in the crystal structure there are also dis-
ordered solvent molecules. Perhaps the disorder phenomenon in com-
pound 14 and similar compounds promotes difficulties of growing of
their monocrystals.

in-
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Scheme 1. Synthesis of dendronizing acids.
fragments had the highest Tg. This could be explained with Ar—Ar"
o interactions between pentafluorophenyl fragments and azobenzene in-
stead of benzyl fragments, which is clearly shown in crystal structure of
>—< ? compound 14 with the second highest Tj.
D(;C DMAP, 3 @N P O Two binary equimolar blends of azocompounds were prepared to
V b further investigate Ar—Ar" interactions: blend (12 + 14) was made
, from compounds 12 and 14, and blend (16 + 17) was made from
@—N\_/OH E F compounds 16 and 17. Blends showed identical T, which were about
DCC, DMAP, 6 the average of their constituents (Fig. S4 in supporting information

TR g

/
< >—N
— e} F
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Scheme 2. Dendronization of chromophore precursor.

o

2.3. Thermal properties

Glass transition temperatures (T,) of synthesized compounds were
in the range from 37 to 60 °C (Table 1 and Fig. S3 in supporting in-
formation file). The azobenzene 15 which had no dendritic substituents
had the lowest Ty (37 °C). Addition of first benzyl group containing
dendritic substituent raised T, for 7 °C in compound 11, but addition of
second substituent had no substantial change of T in compound 16.
Dendritic substituent with pentafluorophenyl fragments showed con-
siderably greater effect on Ty: addition of first dendritic substituent
raised T, for 23 °C in compound 13, but addition of second substituent
did not change the T; in compound 17. Addition of dendritic sub-
stituent with pentafluorophenyl fragments to compound 11 also raised
T, for 9 °C in compound 12. It is possible that compound 13 has fa-
vorable interactions between OH group and pentafluorophenyl frag-
ment, because it has the highest T, value amongst compounds with OH
groups.

We expected that 3,5-bis(benzyloxy)benzoic acid and 3,5-bis[(pen-
tafluorophenyl)methoxy]benzoic acid fragments in compounds 12 and
14 will have intermolecular Ar—Ar" interactions between them similar
to reported for mixture of pure acids [16] and this will give the highest
T,. But the real effect is different. Compounds 11, 15, 16 without
pentafluorophenyl fragments have the lowest T, which is according to
expectations. But compounds 13 and 17 with only pentafluorophenyl
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file). Blend (12 + 14) formed amorphous glass, but blend (16 + 17)
crystallized. We expected, that both compounds of each blend will in-
teract between them and T, will be higher than individual components
as in Jen's work [16], but the effect was not observed.

The highest T, of 60 °C from our compounds is low compared to
widely expected [3], but it has potential niche in cold climates. High T,
is needed for materials used in room temperature or higher, but ma-
terials with low Ty could be suitable for uses in Arctic or Antarctic
temperatures [4].

Melting temperatures showed no trends and deducible effects of
functional groups. Compounds 11 and 16 had two polymorphic mod-
ifications as indicated by two melting points (mp). Thermal stabilities
(Table 1 and Fig. S5 in supporting information file) of all compounds
were very good as showed by 5% weight loss temperatures (T4). Benzyl
and pentafluorophenyl fragments have similar influence on thermal
stability.

2.4. Linear optical properties

Light absorption maxima and intensity of lowest frequency charge
transfer transition band were investigated for all compounds in CHCl3
and ethyl benzoate (EtOBz) solutions (Table 1). Absorption bands look
very similar in CHCl; solutions (Fig. 3) for all fully dendronized azo-
chromophores 12, 14, 16, and 17, most notable differences are in
250-350 nm range, this part of spectrum corresponds to dendronizing
fragments, which holds the differences in these compounds.

Absorption maxima (Anyay) is bathochromic shifted of azochromo-
phore 15 in both solutions compared to other synthesized chromo-
phores. Molar absorptivity (¢) of compound 15 is the greatest in CHCl3
solution, but the smallest in EtOBz solution. Azochromophore 15 and
partially dendronized azocompounds 11 and 13 have bathochromic
shift in CHCl; solution compared to all fully dendronized compounds.
These differences could be explained by the presence of OH groups.

UV-Vis spectra of glassy solid were measured for thin films of
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Scheme 3. Synthesis of dendronized azochromophores.

compounds which were used in NLO measurements (Fig. 4). All com-
pounds show bathochromic shift in solid state for at least 11 nm com-
pared to CHCl; solutions. Blends (12 + 14) and (16 + 17) exhibit
absorption maximum identical to component which A,y is in longest
wavelength. No specific effect could be observed due to interactions
between molecules of both compounds in the blends (12 + 14) and
(16 + 17).

2.5. Nonlinear optical properties

NLO properties were tested for fully dendronized compounds 12,
14, 16, 17 and both blends (12 + 14), (16 + 17). NLO properties
were not tested for compounds with OH groups — 11, 13, and 15, be-
cause they do not form stable amorphous films.

The second order NLO coefficients dss3, d3; and ds3(0) were used to
characterize the NLO properties of amorphous films of synthesized
compounds, second harmonic intensity (SHI) in a Maker fringe
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experiment was measured for poled spin-coated films of pure com-
pounds. Fig. 5 shows typical example of Maker fringe for sample of
compound 17. The corona poling procedure using corona triode was
employed to break centrosymmetric ordering inside previously pre-
pared glassy films. It is necessary to determine the refractive index of
the material at fundamental and second harmonic wavelengths (17064
and ns3, in Table 2) for evaluation of NLO coefficients ds3 and dsz; of
thin films. Our film samples have absorption maxima around 500 nm
and absorption band includes wavelength of 532 nm. Therefore direct
measurement of refractive index was not possible, and we used nu-
merical Kramers-Kronig transformation of absorption spectra suggested
by Ohta et al. [67]. The experimentally measured NLO coefficients are
frequency dependent and resonance enhancement of NLO efficiency
was interfering at 532 nm. An extrapolation to zero frequency (dz3(0))
according to two-level model [68] was made to overcome this inter-
ference.

All investigated samples are NLO active, measured NLO coefficients
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Fa4 F3

Fig. 1. ORTEP drawing of the molecule 14 with atomic labels and thermal el-
lipsoids at 50% probability.

Fig. 2. Crystal unit cell with two molecules (one is highlighted) of compound
14.

(Table 2) are similar in margins of experimental error. The order of
obtained NLO coefficients are consistent with values of widely known
azochromophore DR1 [70]. Response of NLO properties is dependent
on chromophore content, molecular hyperpolarizability and extent of
polar order. Ratio of NLO coefficients d33/d3; show polar order of poled
chromophore films. For all pure chromophore 12, 14, 16, 17 samples
this ratio is 3.2-3.7 and indicates high polar order [71]. Both blends
(12 + 14) and (16 + 17) show noticeably lower ratio of 2.2 and 2.0,
respectively, indicating poor alignment of chromophore molecules re-
sulting to unexpectedly low NLO coefficient dz3 and d33(0) values. In-
tramolecular interactions of both molecules in these blends may be in
such a way to favor centrosymmetric ordering of chromophores leading
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to decreased NLO coefficients. These results are opposite to literature
findings where blend of complementary chromophores containing the
same dendrons has more than two times higher r3; value than in-
dividual components [16].

We also used the SHI measurement for estimation of thermal
properties of prepared thin films. The temperature Tgys0 (Table 2 and
Fig. 6), when half of the initial SHI has faded, is in good agreement with
T, measurements. Differences between T, and Tsuiso could arise from
different packing of chromophore molecules in melted glass and in
poled film, which was cast from solution, presence of trapped solvent
molecules between dendritic fragments cannot be excluded. The
highest Tspso has compound 14 and the reason of this could be or-
dering of molecules in poled glassy film due to intramolecular Ar—Ar"
interactions.

3. Conclusions

In summary, we have synthesized four new dendronized azochro-
mophores using push-pull azobenzene as active chromophore moiety
and adding benzyl and/or (pentafluorophenyl)methyl fragments con-
taining dendrons to it. We demonstrated for the first time Ar—Ar" in-
teractions in crystal of large dendronized NLO active chromophore.
Ar—Ar" interactions are clearly present in crystal of compound 14: both
dendron fragments of two molecules are stacking and one penta-
fluorophenyl fragment is interacting with azobenzene moiety. The un-
expected aspect was that interaction of pentafluorophenyl ring occurred
with acceptor part of azobenzene moiety not donor part as could be
expected considering electron density of the molecule. It is possible that
some of these stable interactions are present in glassy state or in solu-
tion.

Connection of benzyl and pentafluorophenyl fragments containing
dendrons to azobenzene chromophore donor or acceptor part gave very
interesting and different results. In these chromophore series, the con-
nection of pentafluorophenyl dendron fragment to donor part of azo-
chromophore is most successful: compounds 14 and 17 both demon-
strate high Tg, and Tspiso, Which is possibly due to Ar—ArF interactions,
stabilizing overall conformation of molecular glass molecules in
amorphous thin film. Connection of benzyl dendron fragment to donor
part of azochromophore leads to lower Tg, and Tsuso. The type of
dendron connected to acceptor part of azochromophore has little in-
fluence on material properties.

Formation of complementary blends of chromophores did not give
expected enhancement of thermal and NLO properties. We explain this
with intermolecular interactions, but these interactions may be in such
a way to favor centrosymmetric ordering of chromophores leading to
decreased NLO coefficients.

4. Experimental section
4.1. Reagents and general procedures

Starting materials were purchased from Acros and Alfa Aesar.
Solvents were dried by standard procedures. Starting materials were
prepared according to the literature: methyl 3,5-dihydroxybenzoate (1)
[40], 2-[methyl(phenyl)amino]ethanol (7) [26], 2-(2-amino-5-ni-
trophenoxy)ethanol (10) [26], 4‘-[N-(2-hydroxyethyl)-N-methyl]
amino-2-(2-hydroxyethoxy)-4-nitroazobenzene (15) [26]. Purity of all
compounds was checked by TLC method on Merck Fys4 silica plates.
The spots were visualized when necessary in UV light. Chromato-
graphic separations were carried out on silica gel (ROTH Kieselgel 60,
60-200 pm). Melting points were measured on a Stuart SMP10 appa-
ratus. The UV-Vis spectra of sample solutions were recorded with
Perkin Elmer Lambda 35 spectrometer, sample concentrations were
10 pmol/L. The UV-Vis spectra of thin films were recorded with Ocean
Optics HR4000CG-UVNIR spectrometer. NMR spectra were obtained on
a Varian Mercury BB 200 MHz, Varian Mercury 400 MHz, Bruker
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Table 1
Thermal and linear optical properties of synthesized compounds.
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Compound T, °C mp, °C Tq, °C Amax, im CHCly £, M~hem™! CHCl, Amax, M &, M~ tem ™! Amax, nm thin film
EtOBz EtOBz
11 44 132, 156 260 483.4 30000 482.3 30200
12 53 147 282 478.9 28900 481.3 30800 492
13 60 166 287 482.2 32900 486.0 29800
14 58 119 284 480.2 26600 486.6 31600 496
15 37 146 264 488.7 35200 498.7 24500
16 46 130, 152 288 479.1 26800 482.1 29800 498
17 60 103 286 476.3 32100 484.1 31500 489
az + 14) 55 - 497
6 + 17) 55 139 498
035 —ig Avance 300 MHz spectrometers against solvent residue as internal re-
03 —14 ference, spin coupling constants are shown in Hz. The elemental ana-
025 2 —1. lysis was carried out on a Carlo Erba EA 1106 automatic analyzer.
& —17 . R . .
2 0, Reaction mixture analysis was carried out on HPLC-MS system con-
E ” /4 sisting of Waters Alliance 2695 chromatograph equipped with XT erra’
§ 0t MS C18 5um 2.1 X 100 mm column, Waters 2996 PDA detector, and
<
01 - Waters EMD 1000 (ESI) masspectrometer.
0,05
0 : ‘ ‘ 4.2. X-ray analysis
250 300 350 400 450 500 550 600 650 700

Wavelenght, nm

Fig. 3. Absorbance of CHCl; solutions of dendronized chromophores 12, 14,
16, and 17. Concentration is 10 ymol/L.
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Fig. 4. Absorbance of thin films of dendronized chromophores 12, 14, 16, and
17, and blends (12 + 14) and (16 + 17). Absorbance values are normalized
respective to film thickness of 1 um.

o PP e PP Approx e SP
------- SP Approx °  Quartz Quartz Approx
1,8 4

1,6 1
14 -
12 -

0 80

20
Incidence angle, deg

40 60

Fig. 5. Experimental Maker fringe SHI results for sample 17 as well as for thick
x-cut quartz crystal indicated by points. The fit indicated by lines is done ac-
cording to Herman-Hayden approach [69].
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We obtained monocrystals of compound 14 slowly evaporating
CH,Cl,/EtOAc solution. All measurements of single crystal X-ray ana-
lysis were made on a Bruker-Nonius KappaCCD imaging plate area
detector with graphite monochromatic MoK radiation (A = 0.71073 A).
The structures were solved by direct methods and refined by full matrix
least squares with SHELX software package [72]. For further details, see
crystallographic data for this compound deposited with the Cambridge
Crystallographic Data Centre as Supplementary Publications of CCDC
1520858 number. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.

4.3. Thin film preparation

The glassy thin films used for measurements of NLO properties were
prepared from chromophore solution in CHCl; (analytical grade) with a
typical concentration of 100 mg/mL. The solution was spin-coated onto
indium tin oxide (ITO) coated 1 x 1 inch glass slides with a Laurell WS-
400B-6NPP/LITE spin-coater with total spinning time of 2.4s, accel-
eration 800 rpm/s and rotation speed of 900 rpm. After spin-coating the
samples dried at room temperature for 3 days. The thickness of the
obtained films was measured with Dektak 150 profilometer and was in
the range 0.7-1.3 pm.

Due to large absorption coefficients of the materials, absorption
spectra were measured for specially prepared 40-85 nm thin samples.
For preparation of 40-85nm thin films on glass or quartz slides, the
solution used in spin-coating was diluted 7 to 10 times. These samples
were used only for absorption spectra measurements. The thickness of
these thin films was determined by a Dektak 150 profilometer and
white light interferometer Zygo NewView 7100.

4.4. Measurements of thermal properties

TG and DSC curves were measured on Perkin Elmer STA 6000 ap-
paratus. All the samples were heated at 10 °C/min from 20 to 500 °C
under nitrogen for the first time and T4 was measured where TG curve
shows 5% weight loss. For determination of T, all the samples were
heated at 10 °C/min from 20 to 200 °C under nitrogen for the first scan,
then cooled to 17 °C, and heated at 10 °C/min from 17 to 200 °C for the
second scan.

The temperature corresponding to the 50% reduced NLO activity
(Tsmiso) was evaluated from NLO activity decay measurements. The
sample was put in a temperature controllable sample holder and
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Table 2
Properties of thin films of compounds 12, 14, 16, 17, and blends (12 + 14), (16 + 17).
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dgz," pm-V ™! gy, pm-V 7! d35(0),” pm-V ™!

d o
Tswrso,” C

Sample daa/da N, % N1064 Ns32”
12 10 2.8 1.1 3.6 22 51 1.63 1.72
14 35 11 3.9 3.2 22 59 1.61 1.67
a1z + 14) 19 8.5 1.6 2.2 22 50 1.64" 1.72f
16 20 5.4 2.1 3.7 26 46 1.65 1.70
17 26 7.2 3.3 3.6 19 54 1.60 1.69
16 + 17) 20 10 1.7 2.0 22 54 1.63' 1.70°

a
b
c
d
e

f

NLO coefficients measured at 532 nm.

NLO coefficient extrapolated to zero frequency.

Loading density of the effective chromophore moiety.

Temperature, at which second harmonic intensity is 50% from initial intensity.
Refractive index at indicated wavelength.

Estimated from Kramers-Kronig transformation of absorption spectra.

1 —12
—14
- 0,8 - - 16
n —17
T 0,6 A
] (12+14)
[}
E 04 ——(16+17)
50
P4
0,2 -
0 ' — ‘ ‘
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Temperature, °C

Fig. 6. Heat induced decay of SHI in poled amorphous films.

temperature was increased at 10°C/min using setup described else-
where [45]. SHI was simultaneously monitored and the temperature
corresponding to the half vanished NLO activity was evaluated to be the
Tsmiso- Here the second harmonic was excited using ns pulsed 1064 nm
laser, and the SHI is recorded as a function of sample temperature.

4.5. Corona poling procedure

The corona poling procedure was applied to previously prepared

glassy film. For this purpose, we used a custom-built corona triode
setup [73-75]. The poling voltage was set to be 2.5 kV the entire poling
process, when the samples were heated from room to poling tempera-
ture, which is equal to Tsy;so. The total poling time including heating of
the sample was 15 min. After that the sample was cooled down to room
temperature with poling field on. A PTFE mask with 8 mm diameter
conical hole was used in the centre to limit the poled area.

4.6.

Measurements of NLO properties

The refractive indexes at 1064 nm and 532 nm were measured by a

prism-coupler Metricon 2010. Direct measurement of refractive index
was not possible for materials with high absorption coefficients at
532 nm. Therefore numerical Kramers-Kronig transformation of ab-
sorption spectra was used suggested by Ohta et al. [67]. In the approach
the dispersion spectra are obtained by numerical integration of ab-
sorption spectra via Maclaurin's formula according to Kramers-Kronig
transformation rule. Since the approach requires knowing refractive
index for at least one other point in the dispersion spectrum, the re-
fractive index at either 633nm or 1064 nm was measured with the
prism-coupler.

The SHI were recorded as functions of the fundamental light

(1064 nm) incidence angle and polarization (Maker fringe technique).
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A scheme of the experimental SHI measurement setup is given in sup-
porting information and literature [45]. To avoid electrical field in-
duced second harmonic generation (EFISHG) signal caused by charges
trapped on the film surface, the non-linear coefficients usually were
measured two days after poling. For corona poled films the C.., sym-
metry was assumed and material could be characterized by three
nonzero NLO coefficients — dsz, d3; and d;s. It was assumed that
d3; = dys as it is done usually for poled polymer films according to
Kleinman symmetry [69]. The NLO coefficients were obtained by least
square fit of the experimental curves to theoretical approximation.
Measurement error of a typical experiment does not exceed 15%.

The theoretical value of SHI was calculated using Herman — Hayden
[69] approach, taking into account absorption of the film. The fitting
was carried out in two steps: the value of d3; was evaluated from ex-
perimental s-p polarized SHI, then the ds;; was calculated from the p-p
polarized SHI. The x-cut quartz crystal was used as a reference
(d1; = 0.3 p.m./V) to calibrate instrument response function [76]. An
extrapolation to zero frequency (d33(0)) according to two-level model
[68] was made.

More detailed experimental setup for SHI measurements is de-
scribed elsewhere [45,69,76,77].

4.7. Synthesis of methyl 3,5-bis(benzyloxy)benzoate (2)

Methyl 3,5-dihydroxybenzoate (1) (15.00g, 0.089 mol) was dis-
solved in abs. acetone (120 mL), Na,CO3 (23.85 g, 0.23 mol) and solu-
tion of benzyl bromide (22.7 mL, 0.19 mol) in abs. acetone (90 mL)
were added. Then the catalyst 18-crown-6 (0.34g, 1.3 mmol) was
added and resulting suspension was refluxed for 3 days. The reaction
mixture was cooled, then filtered. Mother liquor was evaporated and
recrystallized from MeOH. Yield 27.75 g (89%) of white crystals, mp
69-71 °C (lit. [62], 69-70°C). Found: C, 75.56; H, 5.83%; C22H2004
requires C, 75.84; H, 5.79%. 'H NMR (200MHz, DMSO-de):
8 = 7.40-7.25 (m, 10H), 7.23 (d, J = 2.2, 2H), 6.73 (t, J = 2.2, 1H),
5.00 (s, 4H), 3.83 (s, 3H) ppm. MS ESI+: m/z 349.1 [M+H]".

4.8. Synthesis of 3,5-bis(benzyloxy)benzoic acid (3)

Ester 2 (1.50 g, 4.3 mmol) was dissolved in EtOH (10 mL) and so-
lution of NaOH (0.40g, 10 mmol) in water (15mL) was added, and
resulting solution was refluxed for 5 h. The reaction mixture was cooled
in a refrigerator, then precipitated sodium 3,5-bis(benzyloxy)benzoate
was filtered off, dissolved in hot water, and acidified with solution of
~10% HCI. Crystals are formed overnight, which were filtered off and
dried. Yield 1.33 g (92%) of white crystals, mp 212-214°C (lit. [78],
208-209 °C). Found: C, 75.07; H, 5.31%; C»;H;504 requires C, 75.43; H,
5.43%. 'H NMR (300 MHz, DMSO-de): § = 13.06 (s, 1H), 7.52-7.26 (m,
10H), 7.15 (d, J = 2.0, 2H), 6.92 (t, J = 2.0, 1H), 5.14 (s, 4H) ppm. *>C
NMR (75MHz, DMSO-ds): & 166.90, 159.41, 136.75, 132.89,
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128.47, 127.92, 127.70, 107.98, 106.56, 69.49 ppm. MS ESI+: m/z
335.1 [M+H]".

4.9. Synthesis of (pentafluorophenyl)methyl 3,5-bis[(pentafluorophenyl)
methoxy]benzoate (5)

3,5-Dihydroxybenzoic acid (4) (0.25 g, 1.6 mmol) was dissolved in
abs. MeCN (10 mL), and Cs,COs (0.80g, 2.5mmol) was added. The
mixture was heated for 1 h at 50 °C under Ar atmosphere, then solution
of 1-(bromomethyl)-2,3,4,5,6-pentafluorobenzene (0.8 mL, 5.3 mmol)
in abs. MeCN (2 mL) was added dropwise. Reaction mixture was heated
for 3 days at 60 °C, then cooled and filtered. Solution was evaporated
and recrystallized from hexanes. Yield 0.85 g (75%) of white crystals,
mp 123-124°C. Found: C, 48.54; H, 1.34%; CygHoF,50,4 requires C,
48.43; H, 1.31%. 'H NMR (200 MHz, CDCl3): 8 = 7.29 (d, J = 2.3 Hz,
2H), 6.76 (t, J=2.3Hz, 1H), 5.45 (t, J = 1.3Hz, 2H), 5.13 (t,
J = 1.3 Hz, 4H) ppm. MS ESI-: m/z 693.2 [M — H]".

4.10. Synthesis of 3,5-bis[(pentafluorophenyl)methoxy]benzoic acid (6)

Ester 5 (1.80 g, 2.6 mmol) was dissolved in dioxane (30 mL), conc.
H,SO, (8 mL) and water (15 mL) were added. The reaction mixture was
refluxed for 10 days, then water (20 mL) was added and the solution
was cooled in a refrigerator. Precipitated product was filtered. The
crude product was recrystallized from EtOH. Yield 1.02g (77%) of
white crystals, mp 158-164 °C (lit. [79], 158-159 °C). Found: C, 49.39;
H, 1.63%; Cy1HgF;00, requires C, 49.05; H, 1.57. 'H NMR (300 MHz,
CDCl3): 8 = 7.39 (d, J = 2.3, 2H), 6.78 (t, J = 2.3, 1H), 5.14 (s, 4H)
ppm. *C NMR (75MHz, MeOD): § = 168.84, 160.52, 147.03 (d,
J = 259), 142.94 (d, J = 252), 138.80 (dt, J = 250, 15), 134.36,
111.58 (t, J = 18), 110.10, 107.81, 58.79 ppm. MS ESI-: m/z 513.0
[M —H]".

4.11. General procedure for ester formation with DCC and DMAP (DCC
method)

To a solution of alcohol (1.0 mmol) and of acid (1.1 mmol) in dry
CH,Cl, (15 mL) was added DMAP (0.1 mmol) while stirring in ice bath,
then a solution of DCC (1.1 mmol) in dry CH,Cl, (4 mL) was added
dropwise over 30 min. Reaction mixture was stirred for few days at
room temperature until TLC analysis indicated the completion of the
reaction. Flask was put in freezer for all N,N’-dicyclohexylurea to
crystallize, then filtered and evaporated. The crude product was pur-
ified by appropriate method.

4.12. Synthesis of 2-[methyl(phenyl)amino]ethyl 3,5-bis(benzyloxy)
benzoate (8)

DCC method was used. The crude product was purified by re-
crystallization from EtOAc. Yield 0.75g (67%) of white crystals, mp
123-125°C. Found: C, 76.66; H, 6.21; N, 3.01%; C30H29NO, requires C,
77.06; H, 6.25; N, 3.00%. "H NMR (300 MHz, CDCl,): § = 7.47-7.27
(m, 10H), 7.23-7.18 (m, 4H), 6.79-6.74 (m, 3H), 6.68 (t, J = 7.3, 1H),
5.01 (s, 4H), 4.46 (t, J = 6.0, 2H), 3.71 (t, J = 6.0, 2H), 2.99 (s, 3H)
ppm. MS ESI+: m/z 468.1 [M+H]*

4.13. Synthesis of 2-[methyl(phenyl)amino]ethyl 3,5-bis
[(pentafluorophenylmethoxy]benzoate (9)

DCC method was used. The crude product was purified by re-
crystallization from hexanes. Yield 0.53 g (60%) of white crystals, mp
103-105 °C. Found: C, 55.43; H, 2.83; N, 2.03%; C3oH;9F1oNO4 requires
C, 55.65; H, 2.96; N, 2.16%. "H NMR (300 MHz, CDCls): § = 7.24-7.16
(m, 4H), 6.80 (d, J = 7.4, 2H), 6.72-6.60 (m, 2H), 5.05 (s, 4H), 4.49 (t,
J=5.9, 2H), 3.74 (t, J = 5.9, 2H), 3.02 (s, 3H) ppm. MS ESI+: m/z
648.2 [M+H] ™.
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4.14. Synthesis of 4“(N-{2-[3,5-bis(benzyloxy)benzoyloxy]ethyl} —N-
methylamino)-2-(2-hydroxyethoxy)-4-nitroazobenzene (11)

2-(2-Amino-5-nitrophenoxy)ethanol (10) (0.25g, 1.3 mmol) was
dissolved in hot (80-90 °C) diluted HCI (2.0 mL dioxane and 0.54 mL
conc. HCI). The solution was poured onto crushed ice (6 g). After ad-
ditional cooling in an ice bath, a solution of NaNO, (0.089 g, 1.3 mmol)
in water (1.2 mL) was added at such a rate as to prevent temperature
from rising above +5 °C. After the addition was complete, stirring was
continued for 1 h at 0-5 °C. This diazonium chloride solution was added
dropwise at 0-5 °C to the emulsion of compound 8 (0.60 g, 1.3 mmol) in
mixture of acetic acid (0.4 mL), water (0.4 mL), AcONa-3H,0 (0.4 g),
dioxane (4mL) and CH,Cl,, (4 mL). The reaction mixture was vigor-
ously stirred 5 h in ice bath and another 14 h in room temperature. The
mixture was filtered, washed with water till neutral pH and dried to
afford crude product (0.68 g), which was recrystallized from EtOAc.
Yield 0.36 g (53%) of deep red crystalline solid, mp 153-156 °C. Found:
C, 66.96; H, 5.21; N, 7.87%. C3gH3¢N4Og requires C, 67.44; H, 5.36; N,
8.28%. 'H NMR (300 MHz, CDCls): § = 7.96-7.83 (m, 4H), 7.65 (d,
J=28.7, 1H), 7.46-7.30 (m, 10H), 7.23 (d, J = 2.3, 2H), 6.87 (d,
J =9.3, 2H), 6.80 (t, J = 2.3, 1H), 5.02 (s, 4H), 4.55 (t, J = 5.7, 2H),
4.35 (t, J = 4.5, 2H), 4.03-3.94 (m, 2H), 3.88 (t, J = 5.7, 2H),
3.19-3.06 (m, 4H) ppm. MS ESI+: m/z 677.3 [M+H]*.

4.15. Synthesis of 4‘-(N-{2-[3,5-bis(benzyloxy)benzoyloxy]ethyl}—N-
methylamino)-2-(2-{3, 5-bis[ (pentafluorophenyl)methoxy]benzoyloxy}
ethoxy)-4-nitroazobenzene (12)

DCC method was used. The crude product was purified by re-
crystallization from EtOAc/hexanes. Yield 0.35 g (76%) of brownish red
crystals, mp 145-147°C. Found: C, 60.68; H, 3.57; N, 4.89%;
CsoH4F10N401; requires C, 60.41; H, 3.61; N, 4.78%. 'H NMR
(400 MHz, CDCl3): 8 = 7.97 (d, J = 2.3, 1H), 7.93-7.83 (m, 3H), 7.65
(d, J = 8.8, 1H), 7.43-7.29 (m, 12H), 7.21 (d, J = 2.3, 2H), 6.82-6.73
(m, 3H), 6.71 (t, J = 2.4, 1H), 5.03 (s, 4H), 5.01 (s, 4H), 4.84-4.75 (m,
2H), 4.64-4.57 (m, 2H), 4.52 (t, J = 5.8, 2H), 3.83 (t, J = 5.8, 2H),
3.13 (s, 3H) ppm. '*C NMR (101 MHz, CDCl3): 8 = 166.10, 165.53,
159.79, 158.97, 154.92, 152.07, 148.10, 147.28, 145.59 (d,
J = 258 Hz), 144.55, 137.52 (d, J = 259 Hz), 136.31, 132.16, 131.47,
128.57, 128.09, 127.50, 126.12, 117.58, 117.34, 111.43, 110.60,
109.52 (t, J = 18 Hz), 108.78, 108.33, 107.66, 107.49, 70.26, 68.56,
63.36, 61.99, 57.59, 50.70, 38.89 ppm.

4.16. Synthesis of 4‘-[N-(2-{3,5-bis[(pentafluorophenyDmethoxy]
benzoyloxy }ethyl) —N-methylamino]-2-(2-hydroxyethoxy)-4-
nitroazobenzene (13)

2-(2-Amino-5-nitrophenoxy)ethanol (10) (0.19g, 0.97 mmol) was
dissolved in acetonitrile (1.5mL) and conc. HCI (0.45 mL) was added.
The solution was poured onto crushed ice (4 g). A solution of NaNO,
(0.067 g, 0.97 mmol) in water (1.0 mL) was added at such a rate as to
prevent temperature from rising above +5 °C. After the addition was
complete, stirring was continued for 1 h at 0-5 °C. This diazonium
chloride solution was added dropwise at 0-5 °C to the emulsion of
compound 9 (0.63 g, 0.97 mmol) in mixture of acetic acid (0.32 mL),
water (0.32 mL), AcONa-3H,0 (0.32 g), acetonitrile (4 mL) and CH,Cl,
(4 mL). The reaction mixture was vigorously stirred 4 h in ice bath and
overnight in room temperature. CH,Cl, (40 mL) was added and the
mixture was separated in separatory funnel and organic phase was
washed with satd. NaHCO3 solution once and with water twice. The
organic phase was dried over Na,SO,, filtered and evaporated. The
crude product was purified by column chromatography eluted with
EtOAc/hexanes (1:1). Yield 0.60 g (73%) of deep red crystalline solid,
mp 165-167 °C. Found: C, 53.48; H, 2.89; N, 6.39%; C3gH26F10N4Os
requires C, 53.28; H, 3.06; N, 6.54%. 'H NMR (300 MHz, CDCls):
8 =8.07 (d, J = 8.6, 2H), 7.89-7.97 (m, 2H), 7.70 (d, J = 9.61, 1H),
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7.22 (d, J = 2.07, 2H), 7.00 (d, J = 8.6, 2H), 6.71 (t, J = 2.07, 1H),
4.99 (s, 4H), 4.49-4.69 (m, 2H), 4.26-4.45 (m, 2H), 3.92-4.11 (m, 4H),
3.27 (s, 3H) ppm. MS ESI+: m/z 857.2 [M+H]*.

4.17. Synthesis of 4“[N-(2-{3,5-bis[(pentafluorophenyl)methoxy]
benzoyloxy}ethyl)—N-methylamino]-2-{2-[3, 5-bis(benzyloxy)benzoyloxy]
ethoxy}-4-nitroazobenzene (14)

DCC method was used. The crude product was purified by re-
crystallization from EtOAc/EtOH. Yield 0.20 g (91%) of red crystals, mp
69-71 °C. Found: C, 60.20; H, 3.39; N, 4.55%; CsoH42F10N4011 requires
C, 60.41; H, 3.61; N, 4.78%. 'H NMR (300 MHz, DMSO-dg): 8 = 8.05
(d, J = 2.4Hz, 1H), 7.88 (dd, J = 8.9, 2.3Hz, 1H), 7.73 (d, J = 9.1 Hz,
2H), 7.51 (d, J = 8.9 Hz, 1H), 7.23-7.41 (m, 10H), 7.19 (d, J = 2.3 Hz,
2H), 7.04 (d, J = 2.2 Hz, 2H), 6.94 (d, J = 9.3 Hz, 2H), 6.80-6.89 (m,
2H), 5.02 (s, 4H), 4.94 (s, 4H), 4.67-4.80 (m, 2H), 4.54-4.67 (m, 2H),
4.41 (t, J = 4.8 Hz, 2H), 3.87 (t, J = 5.1 Hz, 2H), 3.03 (s, 3H) ppm. '°C
NMR (75 MHz, DMSO-de): 8 = 165.15, 164.97, 159.43, 158.71, 154.55,
152.89, 147.65, 145.83, 145.00 (d, J = 247), 143.33, 140.93 (d,
J = 248),136.71 (d, J = 247),136.47,131.72, 131.52, 128.33, 127.83,
127.53, 125.76, 116.61, 116.23, 111.61, 109.95, 109.65 (t, J = 18),
108.05, 107.94, 107.41, 106.68, 69.51, 67.95, 62.97, 62.86, 57.43,
49.00, 37.33 ppm.

4.18. Synthesis of 4“(N-{2-[3,5-bis(benzyloxy)benzoyloxy]ethyl}—N-
methylamino)-2-{2-[3,5-bis(benzyloxy)benzoyloxy]ethoxy}-4-
nitroazobenzene (16)

DCC method was used. The crude product was purified by column
chromatography eluted with CH,Cl,/hexanes (gradient from 10% to
pure CHCl,). Yield 0.67 g (90%) of red crystals, mp 151-155 °C. Found:
C, 71.22; H, 5.14; N, 5.66%; CsoHs2N404, requires C, 71.36; H, 5.28; N,
5.64%. 'H NMR (300 MHz, DMSO-de): & = 8.05 (d, J = 2.3, 1H), 7.88
(dd, J = 8.8, 2.3, 1H), 7.75 (d, J = 9.1, 2H), 7.53 (d, J = 8.8, 1H),
7.41-7.21 (m, 20H), 7.15 (d, J = 2.2, 2H), 7.05 (d, J = 2.3, 2H),
6.93-6.83 (m, 4H), 5.02 (s, 8H), 4.74-4.60 (m, 4H), 4.42 (t, J = 4.3,
2H), 3.84 (t, J = 4.3, 2H), 3.02 (s, 3H) ppm. *C NMR (75MHz,
DMSO-de): 8 = 165.31, 165.18, 159.44, 159.41, 154.59, 152.43,
147.65, 146.38, 143.67, 136.48, 131.53, 131.40, 128.38, 127.88,
127.65, 127.63, 125.77, 116.95, 116.78, 111.63, 110.21, 108.05,
107.84, 107.10, 106.72, 69.53, 67.98, 63.16, 62.55, 49.78, 38.24 ppm.
MS ESI+: m/z 993.9 [M+H]*.

4.19. Synthesis of 4“[N-(2-{3,5-bis[(pentafluorophenyl)methoxy]
benzoyloxy }ethyl) —N-methylamino]-2-(2-{3, 5-bis[ (pentafluorophenyl)
methoxy]benzoyloxy }ethoxy)-4-nitroazobenzene (17)

DCC method was used. The crude product was purified by re-
crystallization from EtOAc/EtOH. Initially an oil was formed, which
was heated with insufficient amount of EtOH to dissolve, but it fa-
cilitated crystallization. Yield 0.82g (82%) of red crystals, mp
102-104 °C. Found: C, 52.74; H, 2.48; N, 3.91%; CsoH32F20N401; re-
quires C, 52.38; H, 2.38; N, 4.14%. 'H NMR (300 MHz, DMSO-dg):
8 =8.05(d, J = 2.2, 1H), 7.86 (dd, J = 8.9, 2.2, 1H), 7.68 (d, J = 9.1,
2H), 7.51 (d, J = 8.9, 1H), 7.24 (d, J = 2.2, 2H), 7.11-6.95 (m, 3H),
6.95-6.78 (m, 3H), 5.15 (s, 4H), 4.96 (s, 4H), 4.79-4.68 (m, 2H),
4.68-4.57 (m, 2H), 4.51-4.41 (m, 2H), 3.96-3.84 (m, 2H), 3.06 (s, 3H)
ppm. 13C NMR (75 MHz, DMSO-dg): 8 = 165.39, 165.24, 159.29,
159.21, 155.08, 153.22, 148.16, 146.41, 145.47 (d, J = 246), 143.79,
141.46 (d, J = 251), 137.39 (d, J = 244), 132.39, 132.17, 126.08,
117.10, 116.79, 111.98, 110.59, 110.26 (m), 109.16, 108.46, 107.79,
107.48, 68.48, 63.65, 63.21, 58.21, 57.99, 49.50, 37.85 ppm.
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Abstract

We have synthesized polyester type dendrimers containing azobenzene chromophore in the
core and trityl groups at the periphery using divergent growth strategy up to 3'¢ generation. We
analyzed dendrimer samples using NMR, HPLC, TG, DSC and UV-Vis techniques. We found
out that functionalization of dendrimer periphery is not complete. Dendrimers with trityl groups
at the periphery have glass transition temperatures in the range 73—-87 °C.
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Abstract. 4'-[N-(2-Hydroxyethyl)-N-methylamino]-2-(2-hydroxyethoxy)-4-nitroazobenzene (1) has been synthesized in azo
coupling reaction. Nine different analogues of 1 has been prepared symmetrically and alternately substituted with dendritic
phenyl and perfluorophenyl moieties using standard methods for ester and ether bond formation and azo coupling reaction.
Thermal and light absorption properties of the azochromophores have been examined. The effect of trityl, tetrahydropyranyl,
hydroxyl, pentafluorophenyloxy and 2,3.4,5,6-pentafluorobenzyl propionate moieties on glass transition, melting point and
thermal stability has been proposed.

Keywords: Azo compounds, fluoroaromatics, thermal properties, 7 interactions

1. Introduction

Organic nonlinear optical (NLO) materials have attracted increasing interest for many years due to
their potential application in electro-optical devices [1-7]. A good NLO material is composed of non-
centrosymmetrically oriented chromophores with parallel aligned dipoles [5—8] and must possess high
thermal stability [4, 9]. A relatively new direction for obtaining such materials is the synthesis of molecular
glasses [8], low molecular weight compounds which form a stable amorphous phase. The more interesting
ones are molecular glasses based on dendrimers of chromophores and on the reversible self-assembly
of chromophores [10]. The chromophore molecule modification by dendritic substituents [11-14] or
simultaneously both phenyl and perfluorophenyl moieties [15, 16] improve material properties. These
dendritic substituents increase solubility and macroscopic nonlinearity [4, 9, 1 1-14, 17] via stabilization of
chromophore alignment in amorphous phase. Fluoroaromatic parts being together with aromatic moieties
increase glass transition temperature and thermal stability [4, 9], because of the self-assembly in stacks
owing to arene-perfluoroarene (Ar-Ar®) -7 interactions [15, 18-22], and that can lead to increased
electro-optical coefficients [18-20].
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Rofo 2a-c

Fig. 1. Structures of the azochromophores. R = THP — tetrahydropyranyl (a), Trt — trityl (triphenylmethyl) (b), H (c).

Azobenzene chromophore containing materials have been investigated as components for NLO devices,
lithography, all-optical switches and optical data storage [23, 24]. Dendrons have been attached to
4-position [25], 4,4’ -positions [26-31], 2,2"-positions [32] or 3,3",5,5 -positions [33, 34] of simple azoben-
zenes in order to investigate cis-trans isomerisation. Azochromophores of push-pull type have been
incorporated in dendrimer branches [35-38] and their NLO properties also have been investigated [35-39].
But push-pull azobenzenes with dendritic substituents both at electron donating and electron withdrawing
parts have not been synthesized till now.

The objective of this research was the investigation of the effect of molecular design on thermal
and linear optical characteristics of molecular glasses obtained by symmetrically and alternately linking
dendritic phenyl and perfluorophenyl moieties (compounds 2—4) to the chromophore core 1 (Fig. 1). Thus
to achieve this objective the methods of synthesis of nine new dendronized chromophores were elaborated
using 3,5-bis(2-hydroxyethoxy)benzoic acid fragment with different end groups and pentafluorophenyl-
substituent to strengthen the forces of the intramolecular attraction.

2. Experimental section
2.1. Reagents and general procedures

Starting materials were purchased from Acros and Alfa Aesar. DMF, CHCl; and CH,Cl, were dis-
tilled from P,0s, dioxane was distilled from sodium. Starting materials were prepared according to the
literature: methyl 3,5-dihydroxybenzoate [40], 3,5-bis(2-(tetrahydro-2H-pyran-2-yloxy)ethoxy)benzoic
acid (10a) [40], methyl 3,5-bis(2-hydroxyethoxy)benzoate [40] and 3-(N-methylanilino)propionic acid
(13) [41]. Purity of all compounds was checked by TLC method on Merck Fs4 silica plates. The spots
were visualized when necessary in UV light and in iodine vapour. Chromatographic separations were
carried out on silica gel (ROTH Kieselgel 60, 60-200 wm) or using Biotage SP1 HPFC with Biotage
silica gel cartridges. Melting points were taken on a Stuart SMP10 apparatus. The UV-Vis spectra were
recorded with Perkin Elmer Lambda 35 spectrometer. IR spectra were recorded with Perkin Elmer Spec-
trum 100 FT-IR spectrometer using UATR accessory, NMR spectra were obtained on a Varian Mercury
BB 200 MHz, Varian Mercury 400 MHz, Bruker Avance 300 MHz spectroscopes against solvent residue
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as internal reference. The elemental analysis was carried out on an automatic analyzer EA 1106. Reaction
mixture analysis was carried out on HPLC-MS system consisting of Waters Alliance 2695 chromatograph
equipped with XTerra® MS C18 5 wm 2.1 x 100 mm column, Waters 2996 PDA detector, and Waters
EMD 1000 (ESI) masspectrometer. TG and DSC curves were taken on Perkin Elmer STA 6000 apparatus.
All the samples were heated at 10°C /min from 20 to 500°C under nitrogen for the first time and 7; was
measured where TG curve shows 5% weight loss. For determination of 7, all the samples were heated at
10°C/min from 20 to 200°C under nitrogen for the first scan, then cooled to 15°C, and heated at 10°C/min
from 15 to 180°C for the second scan.

2.2. Compound syntheses

2.2.1. 4-Nitrobenzenediazonium-2-olate (6)

2-Amino-5-nitrophenol (5) (4.00g, 0.026 mol), NaNO, (1.60g, 0.026 mol) and NaOH (1.04 g,
0.026 mol) were dissolved in water (14 mL) with heating. The obtained solution was added dropwise
to ice (24 g) with conc. HSO4 (5.2 mL) during period of 2 h, then reaction was stirred additional 30 min.
Slurry was filtered and light sensitive betaine 6 was dried in dark place. Yield 3.48 g (81%). MS ESI+:
m/z 165.9 [M+H]*. "TH NMR (300 MHz, DMSO-dg): §=7.88 (d, /=9.6, 1H), 7.25 (d, J=2.2, 1H), 6.88
(dd, J=9.6, 2.2, 1H) ppm. *C NMR (75 MHz, DMSO-dg): § = 175.05, 155.47, 129.69, 117.89, 106.02,
92.97 ppm.

2.2.2. 4’-(N-Methyl)amino-2-hydroxy-4-nitroazobenzene (7)

Diazonium betaine 6 (2.64 g, 16 mmol) as a suspension in water (52 mL) was added stepwise at 0-5°C
to the solution of N-methylaniline (1.71 g, 16 mmol) in mixture of acetic acid (1 mL), water (40 mL) and
AcONa-3H,0 (6.8 g). The reaction mixture was stirred 5 h at 5°C, then 2 days in room temperature. The
mixture was extracted with EtOAc (3 x 50 mL), organics was washed with satd. NaHCO; and water,
dried over Na, SOy, filtered and evaporated. Crude product was chromatographed with EtOAc/petroleum
ether (gradient 1/6 to 1/1). Betaine 6 1.37 g (52%) was recovered. Yield of product 7 0.22 g (5%, based on
recovered starting material 10%) as violet crystalline solid, mp 174—178°C. C3H2N4Os3: caled. C 57.35;
H 4.44; N 20.58; found: C 57.14; H 4.32; N 20.10. MS ESI+: m/z 273.1 [M+H]*. '"H NMR (300 MHz,
DMSO-dg): 6=11.32 (br. s, 1H), 7.87 (d, J=9.1, 2H), 7.75 (m, 3H), 7.12 (¢, J=5.0, 1 H), 6.70 (d, J=9.1,
2H), 2.82 (d, J=5.0, 3H) ppm.

2.2.3. 2-(2-Hydroxyethoxy)-4-nitroaniline (8)

2-Amino-5-nitrophenol (5) (1.00 g, 6.5 mmol) was dissolved in abs. DMF (5mL) and NaH (0.25 g,
6.5 mmol, 60% in mineral oil) was added stepwise. 2-Bromoethanol (0.50 mL, 7.0 mmol) was added
after 30 min. and reaction mixture was stirred at 50°C for 10 h. Then 10% NaOH solution (20 mL) was
added and extracted with MTBE (5 x 10 mL). Organics was dried over Na,SO,4 and concentrated; the
crude product was recrystallized from EtOAc/hexanes. Yield 0.57 g (44%) of yellow crystalline solid, mp
143-145°C. CgH (N, O4: caled. C 48.48; H 5.09; N 14.14; found: C 49.27; H 5.28; N 13.70. MS ESI+:
m/z 199.1 [M+H]*. '"H NMR (400 MHz, CDCls): §=7.78 (dd, J=2.3, 8.7, 1H), 7.66 (d, J=2.3, 1H),
6.61 (d, J=8.7, 1H), 4.53 (br. s, 2H), 4.17 (t, J=4.3, 2H), 4.06-3.92 (m, 2H), 1.79 (t, J=5.5, 1H) ppm.

2.2.4. N-(2-Hydroxyethyl)-N-methylaniline (9)
N,N-Dimethylaniline (20.75 g, 0.17 mol) and 2-chloroethanol (20.13 g, 0.25 mol) was dissolved in n-
BuOH (50 mL), and KI (1.66 g, 0.01 mol) was added, resulting solution was refluxed for 24 h. Reaction
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mixture was cooled and filtered, filtrate concentrated and obtained blue crude product was distilled in
vacuum at 137-145°C/10 mmHg, yield 11.36 g (44%) of yellowish liquid. MS ESI+: m/z 152.1 [M+H] .
'"H NMR (200 MHz, CDCl3): §=7.16 (dd, J=7.2, 8.3 Hz, 2H), 6.60-6.72 (m, 3H), 3.69 (t, J=5.8 Hz,
2H), 3.34 (t, J=5.8 Hz, 2H), 2.85 (s, 3H), 2.08 (s, 1H) ppm.

2.2.5. 4’-[N-(2-Hydroxyethyl)-N-methyl Jamino-2-(2-hydroxyethoxy)-4-nitroazobenzene (1)

Aniline 8 (0.40 g, 2.0 mmol) was dissolved in hot (80-90°C) diluted HCI (1.5 mL water, 4 mL MeOH
and 1.2mL conc. HCI). The solution was poured onto crushed ice (12 g). After additional cooling in
an ice bath, a solution of NaNO; (0.14 g, 2.0 mmol) in water (2.5 mL) was added at such a rate as to
prevent temperature from rising above +5°C. After the addition was complete, stirring was continued
for 1h at 0-5°C. This diazonium chloride solution was added dropwise at 0—5°C to the solution of
aniline 9 (0.32 g, 2.1 mmol) in mixture of acetic acid (1.2 mL), water (2 mL) and AcONa-3H,0 (0.6 g). If
necessary a 10% solution of sodium acetate was added to hold pH 4-5. After 2 h the reaction mixture was
refrigerated overnight. The mixture was filtered, washed with water till neutral pH and dried to afford
of crude product (0.62 g), which was recrystallized from acetone/water, filtered crystals were dried in a
desiccator with P,Os. Yield 0.59 g (82%) of violet crystalline solid, mp 144—-146°C. C17H9N4Os: caled.
C 56.66; H 5.59; N 15.55; found: C 56.63; H 5.46; N 15.38. MS ESI+: m/z 361.2 [M+H]*. 'H NMR
(300 MHz, DMSO-dg): §=8.00(d, J=1.7Hz, 1H), 7.89 (dd, /=9.0, 2.4 Hz, 1H), 7.80 (d, /= 8.9 Hz, 2H),
7.62 (d, J=8.7Hz, 1H), 6.88 (d, J=8.9Hz, 2H), 4.97 (t, J=5.5Hz, 1H), 4.81 (t, J=5.1Hz, 1H), 4.31
(t, J=4.7Hz, 2H), 3.82 (q, J=5.0Hz, 2H), 3.54-3.65 (m, 4H), 3.11 (s, 3H) ppm. '3C NMR (75 MHz,
DMSO-ds): §=154.91, 152.67, 147.60, 146.64, 143.43, 125.90, 117.11, 116.47, 111.55, 109.88, 71.74,
59.60, 58.30, 54.11, 39.07 ppm.

2.2.6. 2-(Trityloxy)ethyl chloride

Trityl chloride (7.81 g, 28 mmol), 2-chloroethanol (2.01 mL, 30 mmol) and NEt; (7.81 mL, 56 mmol)
were dissolved in dry CHCl3 (40 mL) and catalyst DMAP (0.36 g, 3 mmol) was added. Resulting solution
was stirred for 24 h at room temperature. The reaction mixture was washed with brine (3 x 10 mL), dried
over Na; SOy, filtered through thin layer of silica gel, then concentrated and recrystallized from EtOH.
Yield 5.52 g (61%) of white crystalline solid, mp 130-133°C. IR: v=3061.6, 2919.3, 2873.9, 1595.3,
1492.5, 1447.7,1295.9,1218.2, 1180.2, 1152.1, 1098.4, 1051.5, 997.5, 899.6, 770.2, 761.9, 750.5, 700.2
cm~!. '"H NMR (300 MHz, CDCls): §=7.40 (d, J=7.0Hz, 6H), 7.26-7.14 (m, 9H), 3.51 (t, J=5.9Hz,
2H), 3.31 (t, J=5.9 Hz, 2H) ppm.

2.2.7. Methyl 3,5-bis(2-(trityloxy)ethoxy)benzoate

Method A: NaH (0.46g, 11 mmol, 60% in mineral oil) was added to a solution of methyl 3,5-
dihydroxybenzoate (0.91 g, 5.4 mmol) in dry DMF (10mL), and the mixture was heated at 110°C for
2 h, cooled to 60°C, and 2-(trityloxy)ethyl chloride (4.00 g, 12 mmol) in dry DMF (10 mL) was added
while stirring. After 4 days at 60°C the mixture was cooled to room temperature, filtered through Celite,
and concentrated in vacuum. CHCl; and water were added to the residue and it was washed with water.
CHCl; solution was dried over Na,SQOy, filtered and evaporated. Crude product was chromatographed
with CH,Cl,/hexanes (gradient 0-60%). 2-(Trityloxy)ethyl chloride 2.28 g (57%) was recovered. Yield
1.06 g (27%, based on recovered starting material 54%) of white amorphous solid.

Method B: Methyl 3,5-bis(2-hydroxyethoxy)benzoate (0.20g, 0.78 mmol), trityl chloride (0.48 g,
1,7mmol) and DBU (0.30 mL, 2.0 mmol) were dissolved in dry CH,Cl, (20 mL). Reaction mixture
was stirred at room temperature for 4 days. Then solution was filtered through thin layer of silica eluted
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with CH,Cl, and product containing fractions were evaporated. Yield 0.40 g (69%) of white amorphous
solid. CsoHu4Og: caled. C 81.06; H 5.99; found: C 81.47; H 5.90. MS ESI+: m/z 763.5 [M+Na]*. 'H
NMR (300 MHz, DMSO-d¢): §=7.18-7.46 (m, 30H), 7.15 (d, J=2.3 Hz, 2H), 6.90 (t, J=2.3 Hz, 1H),
4.26 (t, J=4.4Hz, 4H), 3.86 (s, 3H), 3.24-3.31 (m, 4H) ppm.

2.2.8. 3,5-Bis(2-(trityloxy)ethoxy)benzoic acid (10b)

General method was used [42]. Methyl 3,5-bis(2-(trityloxy)ethoxy)benzoate (0.70 g, 0.9 mmol) was
dissolved in CH,Cl,/MeOH mixture in 9/1 ratio (20 mL) and solution of NaOH (0.15 g, 3.7 mmol) in
MeOH (1.5mL) was added. Resulting solution was stirred 2 days at room temperature. Solvent was
evaporated and residue was dissolved in mixture of EtOH/H,O/CH,Cl,. 5-8% HCI solution was added
dropwise to it while vigorously stirring, when precipitate formed, addition of acid was stopped. Precipitate
was filtered and washed with water, dried in vacuum. Yield 0.63 g (93%) of white amorphous solid. IR:
v=1692.3, 1592.9, 1488.6, 1449.2, 1345.9, 1325.7, 1180.4, 1094.8, 1077.2, 1018.3, 984.9, 876.9, 818.4
cm™!. MS ESI-: m/z 726.0 [M-H]~. '"H NMR (300 MHz, DMSO-d¢): §=13.06 (s, 1H), 7.21-7.44 (m,
30H), 7.15 (d, J=2.4 Hz, 2H), 6.85-6.88 (m, 1H), 4.17-4.31 (m, 4H), 3.25-3.31 (m, 4H) ppm.

2.2.9. General procedure for ester formation with DCC and DMAP (DCC method)

To a solution of alcohol (1.0 mmol) and of acid (1.1 mmol) in dry CH,Cl, (15 mL) was added DMAP
(0.1 mmol) while stirring in ice bath, then a solution of DCC (1.1 mmol) in dry CH,Cl, (4 mL) was
added dropwise over 30 min. Reaction mixture was stirred for few days at room temperature until TLC
analysis indicated the completion of the reaction. Flask was put in freezer for all N,N’-dicyclohexylurea
to crystallize, then filtered and evaporated. The crude product was purified by appropriate method.

2.2.10. 4'-[N-(2-{3,5-Bis[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy Jbenzoyloxy }ethyl)-N-
methyl Jamino-2-(2-{3,5-bis[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy Jbenzoyloxy} ethoxy)-4-
nitroazobenzene (2a)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
EtOAc/hexanes (gradient 20-60%). Yield 0.22 g (70%) of red very viscous oil. CsoH76N4O19: calcd. C
61.88; H 6.69; N 4.89; found: C 61.25; H 7.35; N 4.57. '"H NMR (300 MHz, DMSO-dg): §=8.07 (d,
J=2.3Hz, 1H), 7.92 (dd, J=8.9, 2.3 Hz, 1H), 7.73 (d, J=9.0Hz, 2H), 7.65 (d, J=8.9 Hz, 1H), 7.05 (d,
J=2.1Hz, 2H), 6.97 (d, J=2.1 Hz, 2H), 6.89 (d, /=9.2 Hz, 2H), 6.73-6.80 (m, 2H), 4.63-4.76 (m, 4H),
4.51-4.61 (m, 4H), 4.47 (t, J=5.1Hz, 2H), 3.99-4.11 (m, 8H), 3.77-3.96 (m, 6H), 3.55-3.76 (m, 8H),
3.35-3.44 (m, 4H), 3.12 (s, 3H), 1.33-1.70 (m, 24H) ppm. 3C NMR (75 MHz, DMSO-d¢): § = 165.43,
165.27, 159.70, 159.66, 154.68, 152.55, 147.71, 146.50, 143.70, 131.48, 131.33, 125.80, 116.99, 116.93,
111.61, 110.39, 107.73, 107.45, 106.54, 106.19, 98.11, 98.06, 68.09, 67.59, 65.13, 63.23, 62.61, 61.29,
61.24,49.77, 38.24, 30.11, 24.99, 19.05, 19.00 ppm.

2.2.11. 4'-[N-(2-{3,5-Bis[2~(trityloxy)ethoxy Jbenzoyloxy} ethyl)-N-methyl Jamino-2-(2-{3,5-bis[ 2-
(trityloxy)ethoxy Jbenzoyloxy }ethoxy)-4-nitroazobenzene (2b)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
CH,Cl,. Necessary fractions were evaporated and product was precipitated from EtOAc/EtOH. Yield
0.15 g (72%) of red glass. "H NMR (300 MHz, DMSO-d): §=8.03 (d, /=2.3Hz, 1H), 7.81 (dd, /=8.9,
2.3Hz, 1H),7.69 (d,J=8.9 Hz,2H), 7.49 (d, J=8.9 Hz, 1H), 7.15-7.39 (m, 60H), 7.10 (d, J=2.1 Hz, 2H),
7.03 (d, J=2.1Hz, 2H), 6.77-6.84 (m, 4H), 4.59-4.73 (m, 4H), 4.38—4.46 (m, 2H), 4.07-4.14 (m, 8H),
3.77-3.83 (m, 2H), 3.15-3.24 (m, 8H), 3.00 (s, 3H) ppm. 1*C NMR (75 MHz, DMSO-d¢): §=165.39,
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165.28,159.72, 154.61, 152.28, 147.63, 146.47, 143.74, 143.60, 131.53, 131.36, 128.25, 127.83, 127.00,
125.76, 116.90, 116.82, 111.56, 110.33, 107.91, 107.73, 106.84, 106.41, 86.10, 68.09, 67.42, 63.19,
62.36, 49.92, 38.40 ppm.

2.2.12. 4'-(N-{2-[3,5-Bis(2-hydroxyethoxy)benzoyloxy Jethyl}-N-methylJamino-2-{2-[3,5-bis(2-
hydroxyethoxy)benzoyloxyJethoxy }-4-nitroazobenzene (2c)

Compound 2a (82 mg, 0.07 mmol) was dissolved in CH,Cl, (1 mL), EtOH (15 mL) and PPTS (18 mg,
0.07 mmol) were added. Reaction mixture was refluxed for 5 h, then satd. NaHCO5 solution in water and
EtOAc were added. Aqueous phase was extracted 3 times with EtOAc. Combined organics were dried
over Na, SOy, filtered and evaporated. Crude product was recrystallized from EtOAc. Yield 44 mg (77%)
of red crystalline solid, mp 149.7°C. MS ESI+: m/z 809.6 [M+H]*. '"H NMR (300 MHz, DMSO-ds):
8=8.07(d,J=2.3Hz, 1H),7.93 (dd, J=8.9,2.4Hz, 1H),7.74 (d,/=9.0 Hz, 2H), 7.64 (d, J=8.9 Hz, 1H),
7.04 (d, J=2.3Hz, 2H), 6.99 (d, J=2.3 Hz, 2H), 6.90 (d, J=8.9 Hz, 2H), 6.70-6.77 (m, 2H), 4.80-4.88
(m, 4H), 4.63-4.74 (m, 4H), 4.47 (t, J=5.1Hz, 2H), 3.88-3.97 (m, 10H), 3.61-3.70 (m, 8H), 3.13 (s,
3H) ppm. 3C NMR (75 MHz, DMSO-dg): = 165.48, 165.32, 159.88, 154.58, 152.44, 147.72, 146.58,
143.67, 131.44, 131.35, 125.83, 117.16, 117.02, 111.65, 110.44, 107.53, 107.30, 106.48, 106.12, 69.93,
68.09, 63.22, 62.57, 59.43, 49.89, 38.58 ppm.

2.2.13. 2-(Pentafluorophenoxy)ethyl mesylate

2-(Pentafluorophenoxy)ethanol (2.00 g, 8.8 mmol) was dissolved in dry CH,Cl, (15mL) and diiso-
propylethylamine (1.5mL, 9 mmol) was added. Solution was cooled to —15°C and mesyl chloride
(0.69 mL, 8.9 mmol) was added dropwise while stirring. Reaction mixture was stirred for 24 h, and
then washed with saturated soda solution and water. Solution was dried over Na, SOy, filtered, and evapo-
rated. The crude product was purified by silica gel chromatography, eluted with EtOAc/hexane (gradient
10-50%). Yield 2.10 g (78%) of colourless liquid. MS ESI+: m/z 307.0 [M-H]*. 'H NMR (400 MHz,
CDCl3): 6=4.51-4.57 (m, 2H), 4.39-4.47 (m, 2H), 3.10 (s, 3H) ppm.

2.2.14. 2-[2-(Pentafluorophenoxy)ethoxy ]-4-nitroaniline (11)

2-Amino-5-nitrophenol (5) (0.55g, 3.6 mmol) was dissolved in dry DMF (3mL), K,CO; (0.25g,
1.8 mmol) was added and resulting mixture was stirred at 30—40°C for 1 h. 2-(Pentafluorophenoxy)ethyl
mesylate (1.20 g, 3.9 mmol) solution in dry DMF (5 mL) was added and resulting mixture was heated
at 120°C. Water was added after 12 h and precipitate was filtered, washed with NaHCO3 solution and
water. Dried precipitate was dissolved in CH,Cl, (3 mL) and filtered through layer of silica gel. Solvent
was evaporated and yellow crystals were obtained. Yield 0.82 g (35%), mp 115-117°C. IR: v=3503.6,
3399.5,2933.3,1613.9,1510.1, 1497.2, 1455.87,1299.2, 1268.7, 1243.2,1228.9,1157.8, 1148.8, 1100.5,
1056.5, 1005.7, 986.7, 893.1, 876.5, 861.5, 817.9 cm™!. '"H NMR (300 MHz, DMSO-dg): §=7.75 (dd,
J=28.8,2.4,1H),7.63 (d, /=24, 1H), 6.68 (d, J=8.8, 1H), 6.26 (s, 2H), 4.73 — 4.49 (m, 2H), 4.49 - 4.30
(m, 2H) ppm.

2.2.15. 4'-[N-(2-Hydroxyethyl)-N-methyl Jamino-2-[2-(pentafluorophenoxy)ethoxy |-4-
nitroazobenzene (12)

Compound 12 was synthesized from nitroaniline 11 and compound 9 using the same method as for
synthesis of the azochromophore 1. Crude product was recrystallized from EtOAc. Yield 0.57 g (54%) of
violet crystalline solid, mp 150-155°C. Cy3H9FsN4Os: caled. C 52.48; H 3.64; N 10.64; found: C 52.45;
H 3.79; N 10.47. MS ESI+: m/z 527.1 [M+H]*. '"H NMR (200 MHz, CDCl3): §=7.86 (m, 2H), 7.72 (d,
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J=9.0, 2H), 7.63 (m, 1H), 6.73 (d, J=9.0, 2H), 4.54 (m, 4H), 3.84 (q, J=5.4, 2H), 3.60 (t, J=5.4, 2H),
3.11 (s, 3H), 1.55 (t, J=5.4, 1H) ppm.

2.2.16. 4'-[N-(2-{3,5-Bis[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy |benzoyloxy} ethyl)-N-
methylamino |-2-[2-(pentafluorophenoxy)ethoxy |-4-nitroazobenzene (3a)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
MTBE/heptanes (gradient 50-75%). Yield 0.51g (73%) of brown crystalline solid, mp 111.9°C.
Cy4H47FsN4 O caled. C 57.51; H 5.16; N 6.10; found: C 57.64; H 5.21; N 6.02. MS ESI+: m/z 919.3
[M+H]*. '"H NMR (300 MHz, DMSO-d): §=7.99 (d, J=2.3Hz, 1H), 7.92 (dd, J=8.7, 2.3Hz, 1H),
7.71 (d, J=9.2 Hz, 2H), 7.64 (d, J=8.7Hz, 1H), 6.99 (d, J=2.3 Hz, 2H), 6.95 (d, J=9.4 Hz, 2H), 6.75
(t, J=2.3Hz, 1H), 4.59-4.68 (m, 4H), 4.55-4.59 (m, 2H), 4.49 (t, J=5.0Hz, 2H), 4.06 (t, J=4.5Hz,
4H), 3.94 (t, J=4.8 Hz, 2H), 3.84 (dt, J=11.7, 4.2 Hz, 2H), 3.59-3.76 (m, 4H), 3.15 (s, 3H), 1.49-1.72
(m, 4H), 1.34-1.49 (m, 8H) ppm. 3C NMR (75 MHz, DMSO-d¢): §=165.41, 159.67, 154.33, 152.60,
147.75, 146.20, 143.66, 141.41 (d, J=236Hz), 137.31 (d, J=250Hz), 136.84 (d, /=233 Hz), 133.53,
131.38, 125.60, 117.05, 116.76, 111.66, 109.32, 109.24, 107.54, 106.51, 98.11, 73.82, 69.31, 67.60,
65.12, 62.51, 61.29, 49.87, 38.37, 30.12, 24.97, 19.02 ppm.

2.2.17. 4'-[N-(2-{3,5-Bis[2-(trityloxy)ethoxy ]benzoyloxy} ethyl)-N-methylamino]-2-[ 2-
(pentafluorophenoxy)ethoxy J-4-nitroazobenzene (3b)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
EtOAc/CH,Cl, (gradient 0-20%). Necessary fractions were evaporated and product was precipitated
from EtOAc/EtOH. Yield 0.25 g (78%) of red crystalline solid, mp 137.5°C. C7,H59F5N4O¢: caled. C
70.01; H 4.81; N 4.54; found: C 70.12; H 4.76; N 4.37. '"H NMR (300 MHz, DMSO-dg): §=7.96 (d,
J=2.3Hz, 1H),7.84 (dd, /=8.9,2.3Hz, 1H), 7.67 (d, /=9.0 Hz, 2H), 7.49 (d, J=8.7 Hz, 1H), 7.18-7.41
(m, 30H), 7.07 (d, J=2.3Hz, 2H), 6.93 (d, J=9.0Hz, 2H), 6.82 (t, J=2.0Hz, 1H), 4.55-4.63 (m, 4H),
4.47 - 4.55 (m, 2H), 4.11-4.18 (m, 4H), 3.91-3.98 (m, 2H), 3.19-3.26 (m, 4H), 3.14 (s, 3H) ppm. *C
NMR (75 MHz, DMSO-d¢): §=165.40, 159.72, 154.23, 152.47, 147.66, 146.12, 143.65, 143.59, 141.47
(d, J=240Hz), 137.28 (d, J=245Hz), 136.66 (d, J=250Hz), 133.46 (t, J=13.1Hz), 131.42, 128.22,
127.83, 127.00, 125.54, 116.92, 116.66, 111.64, 109.24, 107.69, 106.80, 86.08, 73.75, 69.21, 67.43,
62.52, 62.34, 49.96, 38.48 ppm.

2.2.18. 4'-[N-(2-{3,5-Bis[2-(hydroxy)ethoxy Jbenzoyloxy }ethyl)-N-methylaminoJ-2-[2-
(pentafluorophenoxy)ethoxy |-4-nitroazobenzene (3¢)

Compound 3¢ was synthesized from compound 3a using the same method as for synthesis of the
azochromophore 2¢. Crude product was recrystallized from acetone/hexanes. Yield 90 mg (85%) of
violet crystalline solid, mp 193.1°C. C34H3;FsN4Oo: calcd. C 54.40; H 4.16; N 7.46; found: C 54.29;
H 4.02; N 7.14. MS ESI+: m/z 751.3 [M+H]*. '"H NMR (300 MHz, DMSO-dg): §=7.99 (d, J=2.6 Hz,
1H), 7.92 (dd, /=8.9, 2.3 Hz, 1H), 7.70 (d, J=8.9 Hz, 2H), 7.63 (d, /=8.7 Hz, 1H), 7.00 (d, J=2.3Hz,
2H), 6.95 (d, /J=9.2Hz, 2H), 6.72 (t, J=2.2 Hz, 1H), 4.84 (t, J=5.4 Hz, 2H), 4.60-4.67 (m, 4H), 4.49
(t, J=5.0Hz, 2H), 3.90-3.98 (m, 6H), 3.65 (q, J=5.1 Hz, 4H), 3.16 (s, 3H) ppm. *C NMR (75 MHz,
DMSO-dg): §=165.46, 159.86, 154.30, 152.45, 147.73, 146.25, 146.16, 143.66, 141.49 (d, J=245 Hz),
137.33 (d, /=248 Hz), 136.73 (d, /=248 Hz), 133.51, 131.35, 125.63, 117.06, 116.79, 111.63, 109.33,
109.22, 107.34, 107.29, 106.41, 73.82, 69.93, 69.29, 62.51, 59.43, 49.94, 38.63 ppm.
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2.2.19. 4’-[N-(2-Carboxyethyl)-N-methylJamino-2-(2-hydroxyethoxy)-4-nitroazobenzene (14)

Compound 14 was synthesized from nitroaniline 8 and compound 13 using the same method as for
synthesis of the azochromophore 1. Crude product was recrystallized from EtOH. Yield 0.48 g (62%) of
violet crystalline solid, mp 182—-185°C. C13H0N4Os-H,O: calcd. C 53.20; H 5.46; N 13.79; found: C
53.73; H5.34; N 13.54. IR: v=3469.6, 2923.7, 1709.5, 1596.0, 1519.2, 1427.2, 1360.0, 1332.9, 1305.4,
1293.9, 1261.4, 1238.9, 1142.2, 1086.8, 953.7 cm~!. MS ESI+: m/z 389.1 [M+H]*. '"H NMR (400 MHz,
DMSO-ds): §=12.30 (br. s, 1H), 7.94 (d, J=2.3, 1H), 7.84 (dd, J=8.8, 2.3, 1H), 7.76 (d, J=9.2, 2H),
7.56 (d, J=8.8, 1H), 6.83 (d, J=9.2, 2H), 4.90 (t, J=5.6, 1H), 4.25 (t, J=4.9, 2H), 3.76 (m, 2H), 3.68
(t,J=17.1,2H), 3.01 (s, 3H), 2.50 (t, J=7.1, 2H) ppm.

2.2.20. 4’-(N-[2-(2,3,4,5,6-Pentafluorobenzyloxycarbonyl)ethyl]-N-methyl)amino-2-(2-
hydroxyethoxy)-4-nitroazobenzene (15)

Azochromophore 14 (0.70 g, 1.3 mmol) and DBU (0.37 mL, 2.5 mmol) were dissolved in abs. dioxane
(10 mL), then 2,3,4,5,6-pentafluorobenzylbromide (0.33 mL, 2.2 mmol) in abs. dioxane (2 mL) was added
dropwise. Reaction mixture was stirred at room temperature for 24 hours. Precipitate was filtered off,
EtOAc (15mL) was added to the filtrate and it was washed with satd. NaHCO3 (3 x 5 mL). Organic
solution was dried over Na, SOy, evaporated and recrystallized from EtOH to give deep red crystals. Yield
1.00 g (98%), mp 112-114°C. MS ESI+: m/z 569.1 [M+H]". "H NMR (400 MHz, CDCl;): §=7.91-7.84
(m, 2H), 7.78 (d, J=9.3, 2H), 7.65 (d, J=8.5, 1H), 6.68 (d, /=9.3, 2H), 5.15 (s, 2H), 4.31 (t, J=44,
2H), 3.93 (t, J=4.4, 2H), 3.74 (t, J=7.0, 2H), 3.03 (s, 3H), 2.61 (t, J=7.0, 2H), 1.53 (s, 1H) ppm.

2.2.21. 2-(2-{3,5-Bis[2-(tetrahydro-2H-pyran-2-yloxy)ethoxy Jbenzoyloxy }ethoxy)-4-nitro-4'-{ N-
methyl-N-[2-(2,3,4,5,6-pentafluorobenzyloxycarbonyl)ethyl Jamino } azobenzene (4a)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
EtOAc/hexane (gradient 5-25%). Yield 0.90 g (76%) of deep red very viscous oil. MS ESI+: m/z 961.4
[M+H]*. 'H NMR (300 MHz, DMSO-de): §=8.06 (d, J=2.4Hz, 1H), 7.92 (dd, J=8.9, 2.4 Hz, 1H),
7.68 (d, J=9.0Hz, 2H), 7.62 (d, J=8.9Hz, 1H), 7.03 (d, J=2.3Hz, 2H), 6.78 (t, J=2.3Hz, 1H),
6.78 (d, J=9.2Hz, 2H), 5.18 (s, 2H), 4.62-4.75 (m, 4H), 4.54-4.62 (m, 2H), 4.07 (t, J=4.5Hz, 4H),
3.84 (dt, J=11.5, 4.1 Hz, 2H), 3.57-3.78 (m, 6H), 3.38-3.45 (m, 2H), 2.99 (s, 3H), 2.67 (t, J=6.8 Hz,
2H), 1.49-1.74 (m, 4H), 1.31-1.49 (m, 6H) ppm. *C NMR (75 MHz, DMSO-dg): §=170.89, 165.23,
159.66, 154.62, 151.79, 147.69, 146.56, 145.03 (d, J=250Hz), 143.67, 140.89 (d, /J=250Hz), 136.86
(d, J=248Hz), 131.44, 125.61, 117.00, 116.91, 111.44, 110.41, 109.71 (td, J=17.4, 3.1 Hz), 107.67,
106.15, 98.04, 68.10, 67.55, 65.10, 63.23, 61.22, 53.08, 47.31, 37.83, 31.31, 30.09, 24.96, 18.97 ppm.

2.2.22. 2-(2-{3,5-Bis[2-(trityloxy)ethoxybenzoyloxy }ethoxy)-4-nitro-4'-N-methyl-N-[2-(2,3,4,5,6-
pentafluorobenzyloxycarbonyl)ethyl Jamino }azobenzene (4b)

DCC method was used. The crude product was purified by silica gel chromatography, eluted with
EtOAc/CH,Cl, (gradient 0-10%). Necessary fractions were evaporated and product was precipitated
from EtOAc/EtOH. Yield 0.38 g (71%) of red glass. C74Hg FsN4Oy;: caled. C 69.58; H 4.81; N 4.39;
found: C 69.22; H 4.61; N 4.03. 'H NMR (300 MHz, DMSO-dy): $=8.05 (d, J=2.6 Hz, 1H), 7.88 (dd,
J=8.8,2.4Hz, 1H), 7.58-7.71 (m, 3H), 7.17-7.41 (m, 30H), 7.10 (d, J=2.3 Hz, 2H), 6.82-6.87 (m, 1H),
6.67 (d,J=9.0Hz,2H),5.14 (s,2H), 4.64—4.76 (m, 4H), 4.11-4.19 (m, 4H), 3.60-3.69 (m, 2H), 3.19-3.26
(m, 4H), 2.89 (s, 3H), 2.55-2.62 (m, 2H) ppm. 3C NMR (75 MHz, DMSO-d¢): §=170.74, 165.23,
159.68, 154.59, 151.68, 147.65, 146.56, 145.03 (d, /=259 Hz), 143.67, 143.55, 140.83 (d, /J=250Hz),
136.78 (d, J=246, 13Hz), 131.50, 128.19, 127.77, 126.93, 125.56, 116.95, 116.83, 111.37, 110.41,
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109.63 (td, J=18.0, 3.4 Hz), 107.87, 106.38, 86.05, 68.13, 67.40, 63.21, 62.33, 53.01, 47.21, 37.70,
31.26 ppm.

2.2.23. 2-{2-[3,5-Bis(2-hydroxyethoxy)benzoyloxyethoxy}-4-nitro-4'-{ N-methyl-N-[2-(2,3,4,5,6-
pentafluorobenzyloxycarbonyl)ethyl Jamino }azobenzene (4c)

Compound 4c¢ was synthesized from compound 4a using the same method as for synthesis of the
azochromophore 2¢. Crude product was purified by silica gel chromatography, eluted with CH,Cl,, then
EtOAc/hexanes 2/1. Necessary fractions were recrystallized from MeOH. Yield 0.16 g (91%) of violet
crystalline solid, mp 100.3°C. C36H33FsN4Oq;: caled. C 54.55; H 4.20; N 7.07; found: C 54.07; H 3.91;
N 6.66. MS ESI+: m/z 793.3 [M+H]*. 'H NMR (300 MHz, DMSO-dg): §=8.06 (d, J= 1.3 Hz, 1H), 7.93
(dd, J=9.0, 2.1 Hz, 1H), 7.60-7.72 (m, 3H), 7.02 (d, /= 1.7 Hz, 2H), 6.69-6.77 (m, 3H), 5.19 (s, 2H),
4.84 (t, J=5.5Hz, 2H), 4.63-4.73 (m, 4H), 3.93 (t, J=4.6 Hz, 4H), 3.74 (t, J=6.6 Hz, 2H), 3.61-3.69
(m, 4H), 2.99 (s, 3H), 2.67 (t, J=6.6 Hz, 2H) ppm. '*C NMR (75 MHz, DMSO-dg): § = 170.96, 165.32,
159.87,154.58,151.86, 147.72, 146.61, 145.07 (d, J =247 Hz), 143.68, 140.92 (d, J=251 Hz), 136.87 (dt,
J=250, 16.9Hz), 131.45, 125.65, 117.10, 116.99, 111.50, 110.41, 109.73 (td, J=18.3, 3.4 Hz), 107.51,
106.09, 69.91, 68.11, 63.24, 59.45, 53.12, 47.35, 37.86, 31.39 ppm.

3. Results and discussion

3.1. Synthesis of azochromophores

We have studied 2 pathways of synthesis of the chromophore core 1 from aminophenol 5 to get an
optimal overall yield (Scheme 1) of this compound — the main precursor of all new chromophores 2—4.
Since it was known that aminophenol § forms azo compounds in diazotation and azo coupling reactions
with hydroxycompounds in good yields [43—47] and reactions with 30 various dialkylanilines are also
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Scheme 1. Synthesis of azochromophores 1, 2a-c¢ and 3a-c. Ms — methanesulfonyl, DCC - N,N’-dicyclohexylcarbodiimide,
DMAP - 4-(dimethylamino)pyridine, PPTS — pyridinium p-toluenesulfonate.
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Scheme 2. Synthesis of azochromophores 4a-c. DBU - 1,8-diazabicyclo[5.4.0]Jundec-7-ene.

patented [48], one of the investigated pathways was done by the use of betaine 6. Thus diazonium
betaine 6 was isolated in good yield from aminophenol 5. Betaine 6 is orange crystalline solid, which is
stable in boiling EtOAc for short periods of time, but is light sensitive and therefore must be used soon
after the obtaining. Azo coupling reaction between betaine 6 and N-methylaniline gave very low yield
of azo compound 7 although several different reaction conditions were employed varying solvent and
pH. Monoalkylated intermediate was partially formed at the beginning of the alkylation reaction of azo
compound 7 with 2-chloroethanol as it could be seen from the HPLC-MS data of the reaction mixture,
but after prolonged heating decomposition occurred and compound 1 could not be detected.

The other pathway was successful; sodium salt from compound 5 was treated with 2-bromoethanol and
compound 8 was obtained in moderate yield. Azochromophore 1 was obtained in azo coupling reaction
from compound 8 and aniline 9 in good yield.

3,5-Bis(2-hydroxyethoxy)benzoic acid was chosen as a dendronizing fragment with two different
end groups: tetrahydro-2H-pyran-2-yl (THP) and trityl (Trt). THP is a well-known end group, and the
synthesis of acid 10a has been described in an earlier paper [40]. Trt end groups were used because
of their promising positive effect on glass transition temperature and amorphous film formation [49,
50]. The synthesis of acid 10b was accomplished at first in a similar manner than that of acid 10a:
alkylation of methyl 3,5-dihydroxybenzoate with 2-(trityloxy)ethyl chloride gave corresponding ester in
27% yield. Alkylation with 2-(trityloxy)ethyl chloride was little effective presumably due to trityl group
induced steric hindrance of CH,Cl moiety. Therefore another synthesis pathway was used to improve
the yield of this ester: alkylation of known methyl 3,5-bis(2-hydroxyethoxy)benzoate [40, 51] with trityl
chloride ensured by 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) gave the ester in 69% yield. Subsequent
hydrolysis of the ester gave acid 10b in 93% yield.

Symmetrically dendronized chromophores 2a-c were synthesized from compound 1 (Scheme
1). The coupling between chromophore unit and dendronizing fragment was ensured with N,N’-
dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) - DCC method [52]. The
reactions of compound 1 with either acid 10a or acid 10b gave azochromophores 2a and 2b respectively
in good yields. Azochromophore 2¢ was obtained from chromophore 2a removing THP groups with
pyridinium p-toluenesulfonate (PPTS) in ethanol.

The compounds with fluoroaromatic fragment in the acceptor part of azochromophore 3a-c were
synthesized as shown in scheme 1. Diazotation of compound 11 and subsequent azo coupling reaction
with aniline 9 afforded compound 12. The attachment of the dendritic acids to compound 12 and THP
removal were very similar to previously described, and we obtained azochromophores 3a-c as crystalline
solids in good yields.

Compounds with fluoroaromatic fragment in the donor part of azochromophore 4a-c¢ were synthesized
as shown in scheme 2. Aniline 8 was diazotized and coupled with compound 13 to prepare derivative
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14 possessing both acid and hydroxyl groups in the molecule needed to form two novel ester bonds
with dendronizing fragments. At first we used DBU method [53] to form ester at the acid end of the
compound 14 with 2,3.4,5,6-pentafluorobenzylbromide and obtained compound 15 in excellent yield
without the need of protection of hydroxyl group. Compounds 4a and 4b were synthesized in good yields
from compound 15 and acids 10a and 10b by using DCC method. But compound 4¢ was obtained from
compound 4a in ethanol removing THP groups with PPTS.

3.2. Thermal properties and UV-vis spectra of synthesized azochromophores 1-4

We investigated two very important properties of the synthesized azochromophores - thermal behavior
and light absorption (Table 1); these characteristics are significant for the creation of useful devices. When
various structurally different fragments are incorporated in one molecule, glass transition temperature
(T,) of such compound is dependant on the properties of all the various fragments included, and so called
copolymer effect is observed [54, 55]. Influences of some fragments on T, were elucidated analyzing T,
of the synthesized compounds 1-4.

None of the THP group containing chromophores 2a, 3a, 4a has glass transition in the range of used
apparatus: compounds 2a and 4a are soft; therefore their T, is certainly below the room temperature,
although compound 3a is crystalline. The experimentally obtained results show that the THP group
strengthens the tendency to form amorphous phase thanks to its chirality and both four THP end groups
in compound 2a, and even two THP end groups in compound 4a are sufficient to make the chromophore
soft. Contrary to that the flat pentafluorophenyl group facilitates crystallization and only one group in
the appropriate position of molecule 3a causes it, leading to melting point (mp) at 111.9°C. It is also
evident that the molecular design plays a crucial role and linking only the pentafluorophenyl group in the
acceptor part allows us to see its influence in full capacity. In general it becomes clear that the state of
aggregation of particular chromophore material can be varied together with its characteristics using two
different substituents, one from which facilitate formation of amorphous but the other - the crystalline
state.

Trt groups containing substances 2b, 3b, 4b have higher 7, than their analogues without Trt groups.
Chromophore 2b has the highest value of T (78.4°C) from all synthesized compounds due to the double

Table 1

Physical properties of compounds 1-4
Compound T7,,°C mp,°C T,°C Light absorption in CHCls Light absorption in EtOBz

Amax, MM Vg, om™' g, MThem™! A nm v, cm™! g, MTem™!
1 37.4 1459  263.7 488.7 20462 35200 498.7 20052 24500
2a - - 268.6 478.2 20912 29600 483.5 20683 26100
2b 78.4 - 284.7 478.2 20912 25400 482.7 20717 27300
2c 59.6 149.7  267.5 479.1 20872 26400 484.9 20623 -
3a - 111.9 2392 481.1 20786 27700 483.3 20691 25500
3b 65.8 1375 2473 478.7 20890 31900 483.1 20700 29400
3c 44.8 193.1 2416 480.3 20820 30500 483.1 20700 25100
4a - - 264.0 476.1 21004 25600 478.4 20903 29500
4b 54.6 - 281.9 474.4 21079 29700 480.9 20794 26600

4c 40.8 100.3 2653 474.5 21075 30200 480.9 20794 28800
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amount of Trt groups. The mass of the Trt group nearly three times exceed the mass of THP group,
therefore the Van der Waals force must increase remarkably. It is very important, that the combination of
Trt and pentafluorophenyl substituents in chromophore 3b allows increasing the T, till 65.8°C. Melting
points are not observed for compounds 2b and 4b where bulky Trt groups are possibly responsible for
difficult packing in crystalline structures. But the same as with compound 3a, also compound 3b is
crystalline due to the pentafluorophenyl group.

Compounds 1, 2¢, 3¢, 4¢c with OH groups possess higher 7, than compounds 2a, 3a and 4a, but lower
than compounds 2b, 3b and 4b. Compound 2¢ has higher value of T, than compounds 3c and 4¢, because
it has double amount of OH groups. All compounds containing OH group - 1, 2¢, 3¢, 4c have mp due to
hydrogen bonding. Combined influence of pentafluorophenyl ether and OH group determine the highest
mp for compound 3¢ (193.1°C). There is no correlation between T, and mp, which points to remarkable
variations of the spatial structure at higher temperatures. The intermolecular forces increase in the case
of compound 3c but decrease in the case of compound 4¢, when temperature rises.

Probably the position of the planar electron-deficient pentafluorophenyl moiety influences on the dipole-
dipole interaction between neighboring molecules. In the case of compounds 4a-c the pentafluorophenyl
moiety is connected with the donor part of the chromophore and can lower the dipole moment by
formation of a weak -7 complex with the donor part of the chromophore. In the case of compounds
3a-c the pentafluorophenyl moiety is connected with the acceptor part of the chromophore and can
increase intermolecular interaction by complexion with the donor part of neighboring molecule. Increased
intermolecular interactions determine higher 7, and mp for compounds 3a-c compared with compounds
4a-c.

Azochromophore 1 shows interesting behavior (Fig. 2) upon repeated heating, it has two endothermic
peaks at 145.9 and 155.3°C in the first heating, with enthalpies (AH) 34.6 and 41.6 J/g. Second heating
reveals T, at 37.4°C and cold crystallization at 80.9°C, and only one melting peak at 145.0°C with
AH=175.9 J/g, which is equal to sum of those two peaks from the first scan. Two peaks at mp also has
compound 2¢ (149.7 and 156.0°C) and compound 3a (100.6 and 111.9°C), but in less clarity (Fig. 2). The
appearance of those two peaks could be explained with the existence of two polymorphic modifications,
liquid crystalline state or crystals of cis and trans isomers, but further research is needed to resolve this
question.

1secondscan

HeatFlow Endo Up

50 70 90 110 130 150 170 190
Temperatire (°C)

Fig. 2. Melting peaks of compounds 1, 2¢, and 3a.
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Equally with compound 1 chromophore 3¢ shows cold crystallization on the second scan at 102.2°C and
subsequent melting. This tendency of ordering for OH groups containing compounds 1 and 3¢ could be
explained with hydrogen bonding and could lead to crystallization of amorphous materials over prolonged
periods of time.

Thermal stabilities were evaluated using destruction temperature (7;) where thermo gravimetric data
slope shows 5% weight loss. All the synthesized compounds are stable at least up to 239°C, the highest
T, (284.7°C) has compound 2b. Trt ether functionality increases thermal stability of the molecule, as
could be seen - Trt groups containing substances 2b, 3b and 4b have higher thermal stabilities than
their analogues without Trt groups. THP and OH groups have about the same amount of influence on
thermal stabilities. Compounds 4a-c have higher thermal stability than compounds 3a-c, which could be
explained with higher thermal stability of ester bond which links the pentafluorophenyl moiety with the
rest of the molecule compared to ether bond.

UV-Vis spectra were obtained for azochromophores 1-4 in CHCIl; and EtOBz solutions (Table 1).
EtOBz can interact with solute molecules via w-7 interactions possibly excluding intramolecular 7-7
stacking of azobenzene chromophore moiety with dendronizing or pentafluorophenyl fragments of the
molecule. Absorption maximum (Amax) of azochromophore 1 is batochromic shifted in both solutions
compared to other synthesized chromophores; likely it is because of different solvatochromic effects or
intramolecular hydrogen bond.

Absorption maxima in both solutions does not differ more than 2.4 nm (104 cm™!) inside each of the
chromophore series, e. g., 2a-¢, 3a-c or 4a-c. This means that the end groups of dendronizing fragment
do not notably affect absorption energy of a chromophore regardless of the used solvent. Absorption
intensity varies from chromophore to chromophore inside each of the chromophore series, although
molar extinction coefficients (¢) are in the same order which is consistent with the use of the same
azochromophore.

Position of pentafluorophenyl fragment has very weak effect on charge transfer energy and absorption
intensity. We compared chromophores 3a-c with their corresponding chromophores 4a-c; hypsochromic
shift (189-254cm™") and hypochromic effect (300-2200 M~'cm™!) are observed in CHCl; solutions
by changing connection of the pentafluorophenyl moiety from the acceptor part of the chromophore
(compounds 3a-c) to the donor part of the chromophore (compounds 4a-c). EtOBz solutions show lesser
hypsochromic shift (94-155 cm™") and no coherence in absorption intensity. Hypsochromic shift could
arise from changes in electron density in donor or acceptor parts of the chromophore via electronic effects
over chemical bonds or spatial interactions. Most likely the pentafluorophenyl moiety has intramolecular
-1 interaction in CHCl; solutions with donor part of the azobenzene chromophores 4a-c and lowers their
donor strength. The pentafluorophenyl moiety can interact with solvent molecules in EtOBz solutions
and does not affect absorption characteristics of the chromophores.

NLO properties of compound 2b have been reported in two international conferences [56, 57].

4. Conclusions

Azochromophores of “push-pull” type substituted with dendronizing phenyl moieties and perfluo-
rophenyl fragments alternating their position in the donor and the acceptor part of the chromophore
have been synthesized and their structures approved. Structural fragments have following effects on
thermal properties of synthesized compounds: trityl groups elevate glass transition temperature and
thermal stability, tetrahydropyranyl groups decrease glass transition temperature, hydroxyl group and
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pentafluorophenyl group in the acceptor part induce crystallinity, 2,3,4,5,6-pentafluorobenzyl ester func-
tion increases thermal stability. Further research should be focused on 2,3,4,5,6-pentafluorobenzyl ether
formation, which could possess different thermal properties than 2,3,4,5,6-pentafluorobenzyl ester or
pentafluorophenylether. We observed some property changes which could be explained with self-assembly
resulting from arene-perfluoroarene -7 interactions. Intermolecular stacking elevated glass transition
temperature and melting point of molecules where pentafluorophenyl group is connected to the acceptor
part of the chromophore, but intramolecular stacking affected light absorption in the solution of molecules
where pentafluorophenyl group is connected to the donor part of the chromophore.

Acknowledgments

This work was sponsored by the National research programme of Latvia: “Innovative materials and
technologies”. We would like to thank the retired associate professor Jana Kreicberga for her guidance
with synthesis and initial steps of writing.

References

[1] M. Blanchard-Desce, V. Alain, P.V. Bedworth, S.R. Marder, A. Fort, C. Runser, M. Barzoukas, S. Lebus and R. Wort-
mann, Large quadratic hyperpolarizabilities with donor - acceptor polyenes exhibiting optimum bond length alternation:
Correlation between structure and hyperpolarizability, Chem Eur J 3 (1997), 1091-1104.

[2] F. Rizzo, M. Cavazzini, S. Righetto, F. De Angelis, S. Fantacci and S. Quici, A joint experimental and theoretical
investigation on Nonlinear Optical (NLO) properties of a new class of push—pull spirobifluorene compounds, Eur J Org
Chem (2010), 4004—4016.

[3]1 Y. Yu,C.Cui, Y. Wu, Z. Yang, M. Wang, B. O’Keeffe and G. Chen, Qian, second-order nonlinear optical activity induced
by ordered dipolar chromophores confined in the pores of an anionic metal-organic framework, Angew Chem 124 (2012),
1-5.

[4] F. Bure§, H. Cermékovd, J. Kulhdnek, M. Ludwig, W. Kuznik, I.V. Kityk, T. Mikysek and A. Razicka, Structure-property
relationships and nonlinear optical effects in donor-substituted dicyanopyrazine-derived push—pull chromophores with
enlarged and varied m-linkers, Eur J Org Chem (2012), 529-538.

[5S] PJ.A. Kenis, E.G. Kerver, B.H.M. Snellink-Ruél, G.J. van Hummel, S. Harkema, M.C. Flipse, R.H. Woudenberg, J.F.J.
Engbersen and D.N. Reinhoudt, High hyperpolarizabilities of donor-w-acceptor-functionalized calix[4]arene derivatives
by pre-organization of chromophores, Eur J Org Chem (1998), 1089-1098.

[6] M. Rutkis, A. Tokmakovs, E. Jecs, J. Kreicberga, V. Kampars and V. Kokars, Indanedione based binary chromophore
supramolecular systems as a NLO active polymer composites, Opt Mater 32 (2010), 783-844.

[7]1 J. Yu, Y. Cui, C. Wu, Y. Yang, Z. Wang, M. O’Keeffe, B. Chen and G. Qian, Second-order nonlinear optical activity
induced by ordered dipolar chromophores confined in the pores of an anionic metal-organic framework, Angew Chem 124
(2012), 10694-10697.

[8] Y. Liu, H. Pei, L. Zhang, J. Shi and S. Cao, Advances in organic all-optical photorefractive materials, Macromol Symp
317-318 (2012), 227-239.

[9] J. Luo, H. Ma, M. Haller, A.K.-Y. Jen and R.R. Barto, Large electro-optic activity and low optical loss derived from a
highly fluorinated dendritic nonlinear optical chromophore, Chem Commun 8 (2002), 888-889.

[10] S.H.Jang and A K. Jen, Electro-optic (E-O) molecular glasses, Chem Asian J 4 (2009), 20-31.

[11] A.Herrmann, T. Weil, V. Sinigersky, U-M Wiesler, T. Vosch, J. Hofkens, F.C. De Schryver and K. Miillen, Polyphenylene
dendrimers with perylene diimide as a luminescent core, Chem Eur J 7 (2001), 4844-4853.

[12] O.Y.-H. Tai, C.H. Wang, H. Ma and A.K.-Y. Jen, Wavelenght dependence of first molecular hyperpolarizability of a
dendrimer in a solution, J Chem Phys 121 (2004), 6086-6092.

[13] O.D. Fominykh and M.Yu. Balakina, Modeling of structure and nonlinear optical activity of epoxy-based oligomers with
dendritic multichromophore fragments, Macromol Symp 316 (2012), 52-62.



[32]
[33]
[34]

L. Laipniece and V. Kampars / Synthesis, thermal and light absorption properties of push-pull azochromophores 57

W. Wu, G. Xu, C. Li, G. Yu, Y. Liu, C. Ye, J. Qin and Z. Li, From nitro- to sulfonyl-based chromophores: Improvement
of the comprehensive performance of nonlinear optical dendrimers, Chem Eur J 19 (2013), 6874-6888.

R. Bauer, D. Liu, A. ver Heyen, F. de Schryver, S. de Feyter and K. Miillen, Polyphenylene dendrimers with pentafluo-
rophenyl units: Synthesis and self-assembly, Macromolecules 40 (2007), 4753-4761.

W. Wu, Y. Fu, C. Wang, C. Ye, J. Qin and Z. Li, A series of hyperbranched polytriazoles containing perfluoroaromatic
rings from AB,-type monomers: Convenient syntheses by click chemistry under copper(l) catalysis and enhanced optical
nonlinearity, Chem Asian J 6 (2011), 2787-2795.

H. Ma and A.K.-Y. Jen, Functional dendrimers for nonlinear optics, Adv Mater 13 (2001), 1201-1205.

T.-D. Kim, J.-W. Kang, J. Luo, S.-H. Jang, J.-W. Ka, N. Tucker, J.B. Benedict, L.R. Dalton, T. Gray, R.M. Overney,
D.H. Park, W.N. Herman and A.K.-Y. Jen, Ultralarge and thermally stable electro-optic activities from supramolecular
self-assembled molecular glasses, J Am Chem Soc 129 (2007), 488-489.

W. Wu, Z. Zhu, G. Qiu, C. Ye, J. Qin and Z. Li, New hyperbranched second-order nonlinear optical poly(arylene-
ethynylene)s containing pentafluoroaromatic rings as isolation group: Facile synthesis and enhanced optical nonlinearity
through Ar-Art self-assembly effect, J Polym Sci Part A: Polym Chem 50 (2012), 5124-5133.

W. Wu, G. Yu, Y. Liu, C. Ye, J. Qin and Z. Li, Using two simple methods of Ar-Ar" self-assembly and isola-
tion chromophores to further improve the comprehensive performance of NLO dendrimers, Chem Eur J 19 (2013),
630-641.

F. Ponzini, R. Zagha, K. Hardcastle and J.S. Siegel, Phenyl/pentafluorophenyl interactions and the generation of ordered
mixed crysals: Sym-triphenethynylbenzene and sym-Tris(perfluorophenethynyl)benzene, Angew Chem Int Ed 39 (2000),
2323-2325.

T.-D. Kim, J. Luo and A.K.-Y. Jen, Quantitative determination of the chromophore alignment induced by electrode contact
poling in self-assembled NLO materials, Bull Korean Chem Soc 30 (2009), 882-886.

K.G. Yager and C.J. Barrett, Novel photo-switching using azobenzene functional materials, J Photochem Photobiol, A
182 (2006), 250-261.

F.-K. Bruder, R. Hagen, T. Rolle, M.-St Weiser and T. Facke, From the surface to volume: Concepts for the next generation
of optical-holographic data-storage materials, Angew Chem Int Ed 50 (2011), 4552-4573.

C. Park, J. Lim, M. Yun and C. Kim, Photoinduced release of guest molecules by supramolecular transformation of
self-assembled aggregates derived from dendrons, Angew Chem Int Ed 47 (2008), 2959-2963.

D.M. Junge and D.V. McGrath, Photoresponsive dendrimers, Chem Commun (1997), 857-858.

S. Ghosh and A.K. Banthia, Synthesis of photoresponsive polyamidoamine (PAMAM) dendritic architecture, Tetrahedron
Lett 42 (2001), 501-503.

D. Grebel-Koehler, D. Liu, S. De Feyter, V. Enkelmann, T. Weil, C. Engels, C. Samyn, K. Miillen and F.C. De Schryver,
Synthesis and photomodulation of rigid polyphenylene dendrimers with an azobenzene core, Macromolecules 36 (2003),
578-590.

L.X. Liao, F. Stelacci and D.V. McGrath, Photoswitchable flexible and shape-persistent dendrimers: Comparision of
the interplay between a photochromic azobenzene core and dendrimer structure, J Am Chem Soc 126 (2004), 2181—
2185.

S. Ghosh, A.K. Banthia and Z. Chen, Synthesis of photoresponsive study of azobenzene centered polyamidoamine
dendrimers, Tetrahedron 61 (2005), 2889-2896.

J. Lee, D. Choi and E. Shin, Trans-cis isomerization of arylether dendrimers with azobenzene core and terminal hydroxy
groups, J Spectrochim Acta, Part A 77 (2010), 478—484.

A. Momotake and T. Arai, Water-soluble azobenzene dendrimers, Tetrahedron Lett 45 (2004), 4131-4134.

D.Jiang and T. Aida, Photoisomerization in dendrimers by harvesting of low-energy photons, Nature 388 (1997), 454—456.
A.Ray, S. Bhattacharya, S. Ghorai, T. Gangulyb and A. Bhattacharjya, Synthesis and trans-cis isomerization of azobenzene
dendrimers incorporating 1,2-isopropylidenefuranose rings, Tetrahedron Lett 48 (2007), 8078-8082.

S. Yokoyama, T. Nakahama, A. Otomo and S. Mashiko, Intermolecular coupling enhancement of the molecular hyperpo-
larizability in multichromophoric dipolar dendrons, J Am Chem Soc 122 (2000), 3174-3181.

Z.Li, W. Wu, Q. Li, G. Yu, L. Xiao, Y. Liu, C. Ye, J. Qin and Z. Li, High-generation second-order Nonlinear Optical
(NLO) dendrimers: Convenient synthesis by click chemistry and the increasing trend of NLO effects, Angew Chem Int
Ed 49 (2010), 2763-2767.

W. Wu, C. Ye, G. Yu, Y. Liu, J. Qin and Z. Li, New hyperbranched polytriazoles containing isolation chromophore
moieties derived from AB, monomers through click chemistry under copper(l) catalysis: Improved optical transparency
and enhanced NLO effects, Chem Eur J 18 (2012), 4426-4434.



58

[38]

(391
[40]
[41]
[42]
[43]
[44]

[45]

[46]
[47]

(48]
[49]

[50]

[51]

[52]
(53]

[54]
(551
[56]

(571

L. Laipniece and V. Kampars / Synthesis, thermal and light absorption properties of push-pull azochromophores

W. Wu, C.Li, G. Yu, Y. Liu, C. Ye, J. Qin and Z. Li, High-generation second-order Nonlinear Optical (NLO) dendrimers
that contain isolation chromophores: Convenient synthesis by using click chemistry and their increased NLO effects,
Chem Eur J 18 (2012), 11019-11028.

Y. Yamaguchi, Y. Yokomichi, S. Yokoyama and S. Mashiko, Theoretical study of solvent effects of first order hyperpo-
larizabilities of nitro-azobenzene dendrimers, J Mol Struct (Theochem) 578 (2002), 35-45.

L. Laipniece, J. Kreicberga and V. Kampars, Divergent synthesis of polyester type dendrimers containing azobenzene in
the core, Sci Proc Riga Tech Univ, Ser 1 16 (2008), 88-98.

X. Cui, J. Li, Z.-P. Zhang, Y. Fu, L. Liu and Q.-X. Guo, Pd(quinoline-8-carboxylate), as a low-priced, phosphine-free
catalyst for Heck and Suzuki reactions, J Org Chem 72 (2007), 9342-9345.

V. Theodorou, K. Skobridis, A.G. Tzakos and V. Ragoussis, A simple method for the alkaline hydrolysis of esters,
Tetrahedron Lett 48 (2007), 8230-8233.

J. Griffiths and K.C. Feng, The influence of intramolecular hydrogen bonding on the order parameter and photostability
properties of dichroic azo dyes in a nematic liquid crystal host, J Mater Chem 9 (1999), 2333-2338.

H. Kocaokutgen and S. Ozkinali, Characterisation and applications of some 0,0’-dihydroxyazo dyes containing a 7-hydroxy
group and their chromium complexes on nylon and wool, Dyes and Pigments 63 (2004), 83-88.

E. Luboch, E. Wagner-Wysiecka, Z. Poleska-Muchladoa and V.Ch. Kravtsov, Synthesis and properties of azobenzocrown
ethers with sr-electron donor, or w-electron donor and 7-electron acceptor group(s) on benzene ring(s), Tetrahedron 61
(2005), 10738-10747.

V.I. Ushkarov, K.I. Kobrakov, A.I. Alafinov, S.A. Shevelev and A.Kh. Shakhnes, Methylphloroglucinol as an available
semiproduct for azo dye synthesis, Theor Found Chem Eng 41 (2007), 671-674.

E. Luboch, E. Wagner-Wysiecka and T. Rzymowski, 4-Hexylresorcinol-derived hydroxyazo-benzocrown ethers as chro-
moionophores, Tetrahedron 65 (2009), 10671-10678.

E. Robert and T. Grabenstein. Azo compounds. Pat. W02006061438 (A1) (15.06.2006).

A. Ozols, V. Kokars, P. Augustovs, K. Traskovskis, A. Maleckis, G. Mezinskis, A. Pludons and D. Saharov, Green and
red laser holographic recording in different glassy azocompounds, Opt Mater 32 (2010), 811-817.

K. Traskovskis, I. Mihailovs, A. Tokmakovs, V. Kokars, V. Kampars and M. Rutkis, Synthesis and nonlinear optical
properties of novel N,N-dihydroxyethyl based molecular organic glasses using triaryl substitutes as amorphous phase
formation enhancers, Proc of SPIE 811 (2010), 81130Z.

H.W. Gibson, D.S. Nagvekar, Y. Delaviz and W.S. Bryant, Synthesis of a new class of difunctional tetraphenylene crown
ethers, Can J Chem 76 (1998), 1429-1436.

A.Hassner and V. Alexanian, Room temperature esterification of carboxylic acids, Tetrahedron Lett 46 (1978),4475-4478.
N. Ono, T. Yamada, T. Saito, K. Tanaka and A. Kaji, A convenient procedure for esterification of carboxylic acids, Bull
Chem Soc Jpn 51 (1978), 2401-2404.

K.L. Wooley, C.J. Hawker, J.M. Pochan and J.M.J. Fréchet, Physical properties of dendritic macromolecules: A study of
glass transition temperature, Macromolecules 26 (1993), 1514-1519.

H. Stutz, The glass temperature of dendritic polymers, Polym Sci, Part B: Polym, Phys 33 (1995), 333-340.

A. Tokmakovs, M. Rutkis, K. Traskovskis, E. Zarigs, L. Laipniece, V. Kokars and V. Kampars, Nonlinear optical properties
of low molecular organic glasses formed by triphenyl modified chromophores, I IOP Conf Ser: Mater, Sci Eng 38 (2012),
1-4.

A. Tokmakovs, M. Rutkis, K. Traskovskis, E. Zarins, L. Laipniece, V. Kokars and V. Kampars, Properties of EO Active
Molecular Glasses Based on Indandione and Azobenzene Chromophores, Book of Abstracts of the 14-th International
Conference-School, Advanced Materials and Technologies, Palanga, Lithuania, 2012, 96.



5. pielikums
Appendix 5

K.Traskovskis, E.Zarins, L.Laipniece, A.Tokmakovs, V.Kokars, M.Rutkis.
Structure-dependent tuning of electro-optic and thermoplastic properties in
triphenyl groups containing molecular glasses. Mat. Chem. Phys., 2015, 155,
232-240.

DOI: 10.1016/j.matchemphys.2015.02.035

Copyright © 2015 Elsevier. This manuscript version is made available under the CC-BY-NC-
ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

126



Materials Chemistry and Physics 155 (2015) 232—240

journal homepage: www.elsevier.com/locate/matchemphys

Contents lists available at ScienceDirect

Materials Chemistry and Physics

Structure-dependent tuning of electro-optic and thermoplastic
properties in triphenyl groups containing molecular glasses

CrossMark

@

Kaspars Traskovskis * ", Elmars Zarins ?, Lauma Laipniece ¢, Andrejs Tokmakovs b

Valdis Kokars 2, Martins Rutkis ”

4 Riga Technical University, Faculty of Materials Science and Applied Chemistry, 3/7 Paula Valdena Street, Riga LV-1048, Latvia
b mnstitute of Solid State Physics, University of Latvia, 8 Kengaraga Street, Riga LV-1063, Latvia

HIGHLIGHTS

o Triphenylmethyl groups can be used to reduce solid phase dipole interactions in organic molecular materials.
o NLO efficiency of a poled material is higher, if a number of present triphenyl groups increases.

o NLO efficiency of materials decreases, if polarity of used chromophores increases.

e Thermal stability of polar order up to 108 °C can be achieved in poled organic glasses.

ARTICLE INFO ABSTRACT

Article history:

Received 20 October 2014
Received in revised form

28 January 2015

Accepted 21 February 2015
Available online 26 February 2015

The series of seven molecular compounds composed of D—m—A chromophores and triphenylmethyl
auxiliary groups were characterized by UV—Vis spectroscopy, differential scanning calorimetry and
quantum chemical calculations. Nonlinear optical (NLO) properties of compounds were determined by
second harmonic generation measurements in corona poled thin glassy films. The results show that
triphenylmethyl auxiliary groups are effective at shielding undesirable dipole interactions in solid phase

thus increasing NLO efficiency of materials. Thermal stability up to 108 °C was achieved for a polar order

Keywords: in poled samples.

Organic compounds
Amorphous materials
Thin films

Electronic materials

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

During the last two decades the research of organic nonlinear
optical (NLO) materials has resulted in a notable performance in-
crease for organic NLO devices, making them viable for various
practical applications [1,2]. For example, effective organic electro-
optic modulators for fiber optical communication systems have
been demonstrated [3].

A macroscopic NLO activity in an organic material can be
observed if several structural requirements are met. At the micro-
scopic level the material must contain molecules with large mo-
lecular hyperpolarizability (8) values. Such a property is common to
donor-acceptor (D-A) dyes, and is to a great extent determined by a
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donor or acceptor group strength [4], or by a length of m-electron
chain in the D-A conjugation system [5]. Another important
requirement for NLO materials is the noncentrosymmetric
arrangement of NLO active structural elements. The molecules with
large B values usually also have large dipole moment (), so in the
solid state they tend to pack centrosymmetrically due to dipo-
le—dipole interactions. The required polar order in the material is
typically achieved by an electric field poling procedure. Unfortu-
nately, dipole interactions limit the poling efficiency, and the
achievable degree of polar order is low. To overcome this, the
principle of site isolation is applied, modifying the molecule, so that
polar interactions between molecules are shielded by bulky struc-
tural groups [6—9]. The known approaches are effective to just a
certain degree and the intermolecular interactions still limit the
attainable efficiency of organic NLO compounds. Therefore the
search for materials with large structural noncentrosymmetry
through means of molecular engineering is still one of the main
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challenges in the development of in NLO devices applicable organic
materials.

Recently we have demonstrated a new structural approach to
obtaining amorphous phase forming molecular materials, also
known as molecular glasses, from different organic dyes [10,11].
The method is based on attaching triphenylmethyl-substituents to
polar D-A organic dyes that otherwise would crystallize in the solid
state. Such materials have potential in NLO [10,11], light emission
[12] and holographic recording [13] applications. The structure of
bulky and non-polar triphenylmethyl-substituents by concept
could provide an effective sterical isolation of polar chromophores,
falling within the idea of site isolation principle and making such
materials particularly promising for use in NLO devices. In this
study a series of triphenyl groups containing molecular glasses are
investigated and structure-NLO performance relations are ana-
lysed. The acquired results could provide us with a better under-
standing of general structural requirements for a design of high-
performance NLO materials.

2. Experimental
2.1. Materials and sample preparation

Chemical structures of the studied compounds are given in
Fig. 1. The synthesis, spectral data and thermoplastic properties of
materials Azo-1 [14], Pyr-1, Pyr-2 [12], Pyr-3 [15] and Iph-1, Iph-2

[16] are published in separate papers.

2.1.1. Synthesis of compound Azo-2
The synthesis of compound Azo-2 is outlined in Scheme 1.
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Starting materials were purchased from Acros and Alfa Aesar. Sol-
vents, DMF and CHCl,, were dried over P,0s5, MeCN and Py - over
CaH,. Compound 4 was prepared according a known procedure
[17]. The UV—Vis spectra were recorded with Perkin Elmer Lambda
35 spectrometer. IR spectra were recorded with Perkin Elmer
Spectrum 100 FT-IR spectrometer using UATR accessory, NMR
spectra were obtained on a Bruker Avance 300 MHz or Varian 6
Unity Inova 600 MHz spectrometers using solvent residue as an
internal reference. Reaction mixture analysis was carried out on
HPLC-MS system consisting of Waters Alliance 2695 chromato-
graph equipped with XTerra® MS C18 5 um 2.1 x 100 mm column,
Waters 2996 PDA detector, Waters EMD 1000 (ESI) masspec-
trometer. The elemental analysis was carried out with Costech In-
struments ECS 4010 CHNS—O Elemental Combustion System.

2.1.1.1. 4-[N-(2-hydroxyethyl)-N-(2-trityloxyethyl)amino]-4'-nitro-
azobenzene (2). Compound 1 (3.00 g, 9.0 mmol) was dissolved in
abs. Py (100 mL) and tritylchloride (2.53 g, 9.0 mmol) and NEt3
(2.6 mL, 18 mmol) were added. Resulting solution was heated at
100 °C for 6 h, and water (400 mL) was added to the cooled reaction
mixture. The next day a formed precipitate was filtered and dried,
then it was mixed with CH,Cl,, unreacted insoluble starting ma-
terial 1 was filtered off, filtrate was chromatographed on silica gel
with CH,Cl, then 10% EtOAc/CH,Cl; as eluent. Yield 2.59 g (50%) of
deep red crystals, mp 161-163 °C.

Elem. anal. calcd. for C35H3,N404: C 73.41; H5.63; N 9.78; found:
C 73.27; H5.87; N 9.56%.

MS ESI + m/z calcd. C35H33N404 573.2 [M+H]", found 573.3
[M+H]*.

'H NMR (300 MHz, CDCl3) 3 8.27 (d, J = 8.8, 2H), 7.86 (d, ] = 8.8,
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Fig. 1. Structures of the studied compounds.
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Scheme 1. Synthesis of compound Azo-2.

2H), 7.78 (d, J = 9.1, 2H), 7.32 (m, 6H), 7.18 (m, 9H), 6.68 (d, ] = 9.1,
2H),3.79 (t, ] = 5.6, 2H), 3.63 (t, ] = 5.6, 4H), 3.37 (t, ] = 5.6, 2H).

2.1.1.2. 4-[N-(2-mesyloxyethyl)-N-(2-trityloxyethyl)Jamino]-4'-nitro-
azobenzene (3). Azocompound 2 (1.50 g, 2.6 mmol) was dissolved
in dry CHyCl, (70 mL) and diisopropylethylamine (0.65 mlL,
3.9 mmol) was added. The solution was cooled to —15 °C and mesyl
chloride (223 pL, 2.9 mmol) was added dropwise over 40 min. The
reaction mixture was stirred for 4 h and then washed with satu-
rated sodium carbonate solution and water. The solution was dried
over Na;SOy, filtered, and evaporated under reduced pressure. The
crude product was crystallized from CH,Cly/hexane. Yield 1.66 g
(98%) of red crystals, mp 191—194 °C.

Elem. anal. calcd. for C3gH34N406S: C 66.44; H 5.27; N 8.61;
found: C 66.53; H 5.24; N 6.68%.

MS ESI + m/z calcd. C3gH35N406S 651.2 [M+H]", found 651.3
[M+H]*.

'H NMR (300 MHz, DMSO-dg) & 8.38 (d, J = 8.9, 2H), 7.96 (d,
J=28.9,2H),7.83(d,] =9.1, 2H), 7.35-7.20 (m, 15H), 6.95 (d, ] = 9.1,
2H), 4.40 (t,] = 5.3, 2H), 3.97 (m, 2H), 3.76 (m, 2H), 3.25 (t,] = 5.3,
2H), 3.15 (s, 3H).

2.1.1.3. 1-(Indane-1,3-dion-2-yl)-4-(hydroxymethyl)pyridinium
betaine (6). 2-Dicyanomethylenindane-1,3-dione oxide (4) (1.00 g,
4.5 mmol) was dissolved in abs. MeCN (10 mL) and a solution of 4-
hydroxymethylpyridine (5) (0.53 g, 4.9 mmol) in abs. MeCN (10 mL)
was added. The resulting mixture was refluxed for 30 min, cooled
and filtered. The obtained precipitate was crystallized from EtOH
few times to separate 1-(indane-1,3-dion-2-yl)-4-(ethox-
ycarbonyloxymethyl)-pyridinium betaine. The mother liquor was
collected, evaporated and the obtained solid residue was crystal-
lized from acetone. Yield 0.35 g (31%) of deep yellow substance.

Elem. anal. calcd. for C;5H11NO3: C 71.14; H 4.38; N 5.53; found:
C71.24; H 4.51; N 5.55.

IR (cm™') 3320.8, 1614.3, 1569.4, 1505.9, 1459.8, 1396.9, 1365.9,
1322.3,1215.3, 1064.3, 963.4, 880.3, 820.2.

UV-VIS (CHCl3) Amax = 409.2 nm, e = 43,800 M~ ! cm ™.

MS ESI + m/z caled. CisH12NO3 254.1 [M+H]", found 254.0
[M+H]*.

'H NMR (300 MHz, DMSO-dg) 5 9.61 (d, J = 7.0, 2H), 7.93 (d,
J =70, 2H), 7.53—7.36 (m, 4H), 5.84 (t, ] = 5.2, 1H), 474 (d, ] = 5.2,
2H).

2.1.14. Methyl 3,5-bis(2-((4-(-(4-nitrophenyl)diazenyl)phenyl) (2-
(trityloxy Jethyl) amino )ethoxy )benzoate (8). NaH (0.22 g, 5.4 mmol,
60% in mineral oil) was added to a solution of methyl 3,5-
dihydroxybenzoate (7) (0.43 g, 2.6 mmol) in dry DMF (10 mL),
and the mixture was heated at 70 °C for 2 h under Ar, then cooled to
50 °C. A suspension of compound 3 (3.50 g, 5.4 mmol) in dry DMF
(50 mL) was then added, and the mixture was heated at 50 °C for
24 h. After cooling to room temperature the precipitated product
was filtered. Mother liquor was filtered through Al,03 and water
(50 mL) and satd. NaCl solution (100 mL) were added. The resulting
precipitate was filtered and dried. Both portions of product were
crystallized separately from CHClz/hexanes. Yield 2.54 g (78%) of
red crystals, mp 206—208 °C.

Elem. anal. calcd. for C7gHggNgO10: C 73.34; H 5.37; N 8.77;
found: C 73.27; H 5.42; N 8.82.

IR (cm’l) 3100—-2850, 1726.7, 1589.9, 1508.2, 1447.8, 1388.3,
1364.8,1320.3,1238.6, 1169.8, 1157.3, 1141.9, 1126.8, 1095.9, 1068.3,
999.3, 926.9, 899.0, 855.5, 819.2.

UV-VIS (CHCl3) Amax = 471.5 nm, & = 62,600 M~ cm™ .

TH NMR (600 MHz, CDCl3): 6 = 8.30 (d, J = 9.1, 4H), 7.90 (d,
J=9.1,4H),7.83(d,J = 9.2, 4H), 7.37 (m, 12H), 7.22 (m, 12H), 7.17 (m,
6H), 7.11 (d,] = 2.3, 2H),6.70 (d, ] = 9.2, 4H), 6.49 (t,] = 2.3, 1H), 4.13
(t,] = 5.6, 4H), 3.91 (t, ] = 5.6, 4H), 3.85 (s, 3H), 3.68 (t, ] = 5.8, 4H),
3.40 (t, ] = 5.8, 4H).

2.1.1.5. 3,5-bis(2-((4-(-(4-nitrophenyl)diazenyl)phenyl) (2-(trityloxy)
ethyl)amino) ethoxy)benzoic acid (9). Compound 8 (1.00 g,
0.78 mmol) was dissolved in DMF (40 mL) and a solution of NaOH
(0.31 g, 7.8 mmol) in water (1.5 mL) was added. The resulting
mixture was heated at 50 °C for 90 min. The reaction mixture was
cooled and buffer solution (12.0 g NapHPO4-12H,0, 40 mL H;O0,
conc. HCI till pH = 5) was added while vigorously stirring. Precip-
itate was filtered, washed with water and dried under vacuum. The
crude product was crystallized from CHCl3/MTBE. Yield 0.93 g (94%)
of red amorphous solid.

Elem. anal. calcd. for C77HggNgO19: C 73.20; H 5.27; N 8.87;
found: C 71.71; H 5.30; N 8.85.

IR (cm 1) 3100-2850, 1700.0, 1588.6, 1509.1, 1447.6, 1382.6,
1362.9, 1335.7, 1226.4, 1155.9, 1140.0, 1104.3, 1067.4, 999.5, 900.1,
855.9, 820.5.

UV-VIS (CHCl3) Amax = 4736 nm, & = 66,500 M~ cm ™.

'H NMR (600 MHz, CDCl3): 6 = 8.28 (d, J = 8.8, 4H), 7.88 (d,
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J=8.8,4H),7.82 (d,] = 8.9, 4H), 7.36 (d, ] = 7.4, 12H), 7.21 (t,] = 74,
12H), 7.6 (t, ] = 7.4, 6H), 7.14 (d, ] = 2.1, 2H), 6.69 (d, ] = 8.9, 4H),
6.51 (t, ] = 2.1, 1H), 412 (m, 4H), 3.90 (m, 4H), 3.67 (m, 4H), 3.39 (t,
J =54, 4H).

2.1.1.6. (4-(2-(3,5-bis(2-((4-(-(4-nitrophenyl)diazenyl)phenyl)  (2-
(trityloxy Jethyl)amino) ethoxy )phenyl)-2-oxoethyl)pyridin-1-ium-1-
yl)-1,3-dioxo-2,3-dihydro-1H-inden-2-ide (Azo-2). To a solution of
compound 9 (0.20 g, 0.16 mmol) and of indandione 6 (0.048 g,
0.19 mmol) in dry CH,Cl, (5 mL) DMAP (0.011 g, 0.09 mmol) was
added at 0 °C. Then a solution of DCC (0.0391 g, 0.19 mmol) in dry
CH,Cl, (3 mL) was added dropwise to the mixture over 30 min. The
obtained solution was stirred for 24 h at room temperature. The
flask was then put in freezer to fully crystallize N,N'-dicyclohex-
ylurea, then the solution was filtered and evaporated. The obtained
solid was mixed with MeCN (5 mL), heated and filtered to wash
away unreacted compound 6. The precipitate was chromato-
graphed on neutral Al;03, using CH,Cl, then CHyCly/EtOAc as
eluent. Yield 0.19 g (79%) of red amorphous solid.

Elem. anal. calcd. for CopH75NgO12: C 73.73; H 5.04; N 8.41;
found: C 72.71; H 5.20; N 8.23.

IR (cm’l): v =3100-2850, 1728.3, 1586.1, 1508.2, 1447.8,1384.3,
1333.7,1216.3, 1155.7, 1139.8, 1102.5, 1063.5, 997.9, 855.5, 821.7.

UV-VIS (CHCl3) Amax = 429.3 nm, £ = 91,400 M~ ! cm !

TH NMR (600 MHz, CDCl3): 6 = 10.12 (d, J = 6.0, 2H), 8.29 (d,
J =91, 4H), 7.89 (d, ] = 9.1, 4H), 7.83 (d, ] = 9.2, 4H), 7.53 (m, 4H),
7.45(d,] = 6.0, 2H), 7.36 (d, ] = 7.4, 12H), 7.21 (t, ] = 7.4, 12H), 7.17 (t,
J=74,6H),715(d,] = 2.3, 2H), 6.71 (d, ] = 9.2, 4H), 6.56 (t, ] = 2.3,
1H), 5.37 (s, 2H), 417 (t, ] = 5.6, 4H), 3.95 (d, ] = 5.6, 4H), 3.68 (t,
J=5.8,4H),3.39 (t,] = 5.8, 4H).

2.1.2. Thin film preparation

The glassy thin films used for measurements of NLO properties
were prepared by dissolving compounds in analytical grade chlo-
roform with a typical concentration 100 mg/mL, then covering in-
dium tin oxide (ITO) coated glass slides with the prepared solution
and spin-coating them with a Laurell WS-400B-6NPP/LITE spin-
coater (starting speed — 0 rpm, terminal speed — 300 rpm, accel-
eration - 200 rpm/s, spinning time — 40 s). The thickness of the
obtained films was in the range 0.7—1.3 um. The samples prepared
for obtaining thin film absorption spectra were 0.1-0.3 pm thick
and were spin-coated from 2 to 3 times more diluted solutions.

2.2. Measurements of thermal properties

Glass transition temperatures of the compounds were deter-
mined by DSC thermograms using Mettler Toledo DSC-1/200W
apparatus at a scanning rate 10 °C/min. The analysed samples
initially underwent a cycle of heating above the melting tempera-
ture and cooling to room temperature. The temperature corre-
sponding to the half vanished NLO activity (Tsyiso) was evaluated
from NLO activity measurements with temperature scans at 10 °C/
min.

2.3. Corona poling procedure

To break the symmetry of chromophores in the previously
prepared glassy films, an external electrical field (corona) poling
was used. The procedure and the custom build corona triode setup

was identical to one described in our previous paper [10].

2.4. Measurements of linear and nonlinear optical properties of
samples

The absorption and reflection spectra in spin-coated samples

were obtained with a setup based on Ocean Optics HR4000CG-UV-
NIRspectrometer. The thickness of investigated thin films was
determined by a Dektac 150 profilometer and the refractive indexes
were measured by a prism coupler Metricon 2010. In the separate
cases refractive indices were evaluated by an interference fringe
separation procedure in the sample reflection spectrum [18].

Second harmonic generation (SHG) measurements of the corona
poled samples were carried out 1-2 days after the orientation to
avoid an electric field-induced second harmonic generation
(EFISHG) contribution caused by trapped charges. The NLO co-
efficients dj; were obtained by a Maker fringe technique, i.e., by
recording second harmonic intensities generated by a sample film
as functions of the fundamental light incidence angle and polari-
zation. A scheme of the used computer controlled measurement
setup is given in Fig. 2.

The Q-switched DPSS Nd:YVO4 laser (NL640 by EKSPLA) was
used as an excitation source. The typical pulse parameters were:
repetition rate 40 kHz, duration ~15 ns and spot diameter ~200 pm.
The SH intensity (SHI) generated by a sample and a reference KDP
crystal was measured by a gated single photon counting. The laser
pulse energy was kept at a level producing <0.5 counts per pulse,
typically 1-10 . The counting time window was synchronized
with a laser pulse and kept <15 ns to eliminate the background
noise and suppress non-coherent 532 nm signals. SHI from the
sample channel used in the calculations was always normalized to
the reference SHI obtained from frequency doubling KDP crystal
that was kept at constant (30 °C) temperature. That allowed us to
avoid an impact of laser pulse peak power variations during Maker
fringe experiments. A filter system for both the sample and refer-
ence channels was used to isolate a 532 nm emission. Specifically, a
negatively curved selective mirror (reflecting 1064 nm) is used to
cut off the incidence exciting beam. The remains of 1064 nm ra-
diation were removed with a low pass filter, and finally the SH light
was passed to PMT via a 532 nm interference filter (full width at
half maximum - 3 nm). The sample channel has a possibility to
insert neutral density filters in the front of 532 nm IF.

SHI Maker fringes (typically —80 till +-80° with a step 0.5; in the
case of x-cut quartz with a step = 0.2) were recorded at 5-10
different spots of a sample film. Afterwards a response function of
the setup was found by replacing an organic sample with a 2 mm
thick x-cut quartz crystal, recording Maker fringe at the exact
incidence power and then fitting the data considering d1; =0.3 pm/
V [19]. ND filters were used to record quartz Maker fringes in the
cases where SH signal from an organic film is weaker than from the
x-cut crystal.

For corona poled films the C,, symmetry is assumed, therefore
materials can be characterized by three nonzero NLO coefficients —
d33, d3; and dis. As it is a common practice for poled organic films,
we assume that d3; = di5 [20] according to Kleinman symmetry.
NLO coefficients were obtained by a least square fit of the experi-
mental curves to a theoretical approximation. Theoretical values of
SH intensity were calculated according to Herman and Hayden
approach [20], using previously measured refractive indices at
532 nm and 1024 nm, absorption values and a thickness of the
films. The fitting procedure was carried out in two steps: the s-p
polarized SHG experimental data are used to calculate d3;, and then
d33 was calculated from the p—p data, keeping into account that
dy5 = d3;. A typical experimental and approximation example is
presented in Fig. 3.

3. Discussion
3.1. Chemical structures and quantum calculations

Generally the studied materials are designed utilizing a modular
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approach, where a polar chromophore is modified by attached
triphenylmethyl-groups to ensure an amorphous phase formation
in the solid state. Based on a structure of NLO active chromophore,
the studied compounds can be classified in three categories. Ma-
terials Azo-1,2 contain D-A azobenzene dyes. For Azo-1 a branched
dendritic molecular geometry is used, where the polar azochro-
mophore is in the centre of molecule while isolating
triphenylmethyl-groups are attached in the periphery. For com-
pound Azo-2 a three-arm, star-shaped structure is used. The two
identical azochromophores present in the molecule are similar to in
NLO studies well known Disperse Red dyes, but the third

1.0

Second Harmonic Intensity (relative units)

chromophore is zwitterionic indanedione-1,3 pyridinium betaine
(IPB). The dipole moment and hyperpolarizability directions in
zwitterionic compounds are reversed in comparison with neutral
ground-state chromophores, where they match. One could expect
that the resulting structure formed by dipole—dipole interaction of
such two (D-A and zwitterionic) chromophores can be character-
ized by a sum of individual hyperpolarizabilities and a difference of
dipole moment values. The mentioned effect has been utilized to
diminish a negative impact of dipole interactions in NLO materials
[21,22]. The same intent was behind the chosen molecular design of
Azo-2, where the configuration of dipoles in tree-arm structure

SsP

—— SP Aprox
PP

—— PP Aprox
Quartz

= Quartz Aprox

10 30 50 70 90
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Fig. 3. Experimental Maker fringe SHI and approximation results for Azo-1 and 2 mm thick x-cut quartz crystal. Dots represent experimental points, but solid lines our fit according

to Herman—Hayden approach.



K. Traskovskis et al. / Materials Chemistry and Physics 155 (2015) 232—240 237

would result in decreased overall dipole moment value and
increased hyperpolarizability.

Other two categories of compounds contain 4H-pyranilidene
(Pyr-1,2,3) or isophorone-benzylidene-azobenzene (Iph-1,2) based
chromophores. The molecular design of these materials is similar to
that reported in our previous NLO studies [10,11], where
triphenylmethyl-groups are attached to the oxygen atoms of N-
phenyldiethanolamine fragment in the electron-donor part of the
molecule (with the exception of compound Iph-1 where a single
bulky triphenyl isolating group is used instead of two). In the case
of 4H-pyranilidene derivatives both the linear (Pyr-3) and V-sha-
ped (Pyr-1,2) conjugation arrangements are used.

Several molecular properties of the synthesized compounds
were predicted by the means of quantum chemical (QC) modelling
in the vacuum by GO9W software package. RHF (basis set 6-
31G(p,d)) calculations are performed with default accuracy set by
Gaussian. In particular, molecular hyperpolarizability B) and
dipole moment (1) values were calculated (see Table 1). Despite the
fact that DFT B3LYP calculations have become increasingly popular
in the field during the last decade, our more than ten years' expe-
rience using RHF method, as well as findings of other groups [23]
suggest that both RHF and DFT QC modelling can be successfully
used for experimental guidance.

The obtained hyperpolarizability (tensor element along the di-
rection of the dipole moment) By and p values are in good
agreement with the corresponding chemical structures. Taking into
account the empirical evidence that a hyperpolarizability of a D-A
compound is expected to increase with the strength of electron
acceptor and donor groups and with the length of conjugation
chain [4,5], it is unsurprising that the highest p value is observed for
compounds Iph-1,2, as the structure of the active chromophore in
these molecules most closely meets the mentioned requirements.
Significantly lower hyperpolarizabilities are calculated for 4H-pyr-
anilidene derivatives Pyr-1,2,3. This observation can be attributed
to several factors. For compounds Pyr-1,2 the main cause is the
shortened D-A conjugation chain length of the chromophores.
While the chromophore in compound Pyr-3 is structurally close to
that in Iph-1,2, the lowered f in this case can be explained by the
presence of 4-pyrone conjugation bridge fragment. Compared to
simple polyenic fragments, pyran ring provides additional meso-
meric forms that consequently lower the charge separation in a D-A
charge transfer process, thus decreasing hyperpolarizability. The f
values of V-shaped Pyr-1,2 and linear Pyr-3 are almost identical
despite the latter molecule having a longer chromophore conju-
gation chain. This observation is in agreement with findings of
Andreu et al. [24] that show that V-shaped 4H-pyranilidene chro-
mophores have a higher NLO performance than linear structural
analogues. Thus the lower overall efficiency of Pyr-3 NLO-phore is
compensated with a longer conjugation bridge, making the mate-
rial comparable with Pyr-1,2 in terms of calculated hyper-
polarizability. It is worth mentioning that the compounds

Table 1

The results of quantum chemical calculations.
Compound Buoy 10°° esu D
Azo-1 26.0 6.9
Azo-2 58.7 136
Pyr-1 354 8.0
Pyr-2 346 13.2
Pyr-3 321 6.2
Iph-1 59.0° 10.8*
Iph-2 59.0 10.8

2 The calculated values of Iph-2 are also used for Iph-1, as we assume, that the
influence of slightly changed peripheral groups on the properties of chromophore is
insignificant.

containing 1,3-indandione acceptor fragment (Pyr-1,3) show
reduced dipole moment values while retaining relatively high B, in
agreement with other studies [25].

In the case of compound Azo-2 the hyperpolarizability value is
determined by the geometry of the molecule. One could roughly
estimate the overall hyperpolarizability by a vectorial sum of
hyperpolarizability tensor elements along the direction of the
dipole moment of three chromophores. Two of them are D-A type
dyes with calculated individual B,y = 31 and the third is zwitter-
ionic IPB with f,,(0) = —11. The calculated geometrical structure of
Az0-2 can be seen in Fig. 4, and it is apparent that the configuration
of dipole directions of individual chromophores would result in a
decreased overall p value, as the dipoles of azochromophores and
IPB are facing opposite directions. And as the QC results show, p of
Azo0-2 is by approximately a half lower than the sum of dipoles of
individual NLO-phores. At the same time the hyperpolarizability of
the molecule is relatively close to the sum of chromophore f values
(~59 instead of the maximal value ~73).

The relatively low B value of compound Azo-1 (compared to
structural analogue Disperse Red; B0y = 31) can be explained by the
presence of an electron donating 2-ethoxy substituent in the
acceptor part of the azochromophore.

3.2. Linear absorption in solutions and solid films

Solution and solid phase UV—Vis absorption spectra of the
compounds are given in Fig. 5. All compounds have a strong ab-
sorption band in the visible light wavelength region. As it is ex-
pected, two overlapping absorption bands can be observed for
compound Azo-2, the one with maxima at 420 nm corresponding
to IPB [26] and the one at 495 nm-to Disperse Red. In the series of
4H-pyranilidene derivatives the V-shaped chromophores Pyr-1,2
have batochromically shifted absorption bands if compared to
linear Pyr-3. This is in agreement with the studies describing
similar structures [24,27]. Generally, a widening of absorption
bands is observed with an increase of conjugation chain length of
chromophores (see Pyr-3 and Iph-1,2).

Compared to the spectra taken in solutions, the UV-VIS

Fig. 4. Calculated geometrical structure of Azo-2.
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Fig. 5. UV—Vis absorption spectra in CH,Cl, solutions and thin films.

absorption bands in solid phase for all compounds are broadened
and bathochromically shifted. This observation indicates that
intermolecular interactions between chromophores take place in
glassy state due to a close packing of molecules. On the other hand,
no notable splitting or shape variations are observed for absorption
bands. This suggests that no ordered, crystal-like solid state mo-
lecular packing takes place [28]. A slight broadening can be seen in
the solid phase absorption band of Iph-1 in comparison with
compound Iph-2. This observation can be explained by the chem-
ical structures of these molecules. One could expect increased
dipole—dipole interactions between chromophores in the case of
Iph-1, where only one triphenylmethyl shielding moiety is present
instead of two, causing the broadening of an absorption band.

3.3. Nonlinear optical properties

The NLO performance of the materials was evaluated by
measured NLO coefficient-ds3 (see Table 2). Since the experimen-
tally measured NLO coefficients are frequency dependant, an
extrapolation to zero frequency (ds3()) according to two-level
model [29] was made for better comparison between different
structures. However, in cases when measured SH frequency ap-
proaches the lowest charge—transfer transition, the precision of
this model becomes unsatisfactory, because it overestimates the
resonance enhancement of the measured signal [30]. An apt
example of this is compound Pyr-1, where SH and absorption
maxima values are almost coincident, resulting in an under-
estimated d33(g) value.

Table 2

Solid phase light absorption, thermal, and NLO properties of the materials.
Compound  Amax, Omaxs Tg  Tshiso, Rlssz Rligsa  da3(ssz), d33(0),

nm cm ! °C °C pm x V'! pmx V!

Azo-1 495  1.90 78 70 2.04 1.60 37.3 4.2
Azo-2 492 438 113 91 244 167 92.0 104
Pyr-1 533 493 118 108 220 1.60 106.0 03
Pyr-2 512 418 127 102 230 1.60 282 1.8
Pyr-3 493 463 122 103 236 1.66 66.2 7.3
Iph-1 517 3.60 91 74 221 173 62.8 2.8
Iph-2 515 3.67 105 87 253 171 125.7 6.1

Ignoring intermolecular interactions, the macroscopic NLO
performance of a poled material is proportional to molecular pa-
rameters B and p [1]. Based on this, for a purpose of data inter-
pretation a correlation between molecular parameters and
measured ds3() coefficient was made (Fig. 6). An additional
parameter-mass fraction of NLO-active chromophores (Wchy) was
used in the correlation to compensate large variations of chromo-
phore mass concentration in different studied materials. Com-
pound Pyr-1 was excluded from the graph, as the extrapolation to
zero frequency in this case gave undervalued ds3(o).

The analysis of the acquired correlation graph reveals some
important structure-NLO efficiency relations within the studied
class of molecular glasses. A clear evidence of dipole shielding
properties of the present triphenylmethyl groups is demonstrated
in the case of compounds Iph-1 and Iph-2. Despite the conse-
quential drop in an active chromophore weight fraction for Iph-2,
the attachment of an additional triphenylmethyl moiety to the
chromophore core for this compound increases its NLO efficiency
more than two times in comparison to Iph-1. Since the second
order NLO efficiency of a poled organic material is proportional to
the attainable degree of polar order, the increased non-linearity for
Iph-2 indicates more effective poling procedure and consequently-

10 | u Azo-2

61 = Iph-2

600 H-B-Wep,

Fig. 6. Correlation between materials molecular properties and macroscopic NLO ef-
ficiency. Parameter wy,,, was calculated as a ratio of the molecular weight of active
chromophore to the molecular weight of the whole molecule.
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decreased dipole interaction energy.

While dipole shielding properties of the triphenyl group is
evident, Fig. 6 also shows that polar interactions still limit poten-
tially attainable performance of the synthesized materials. In the
case of non-interacting dipoles, there would be a clearly observable
linear trend between molecular parameter Buwcy, and measured
ds3 values. Instead, it is evident that several compounds do not
follow this tendency. In particular, taking into consideration the
corresponding molecular parameters and the measured ds3 values
for other compounds, materials Pyr-2, Iph-1 and Iph-2 are less
efficient than estimated. This observation can be easily explained, if
dipole moment values of these compounds are taken into account.
As the mentioned materials contain the most polar chromophores
amongst the studied series (u > 10), it is unsurprising that the
attainable poling efficiency for them are the lowest. Additionally to
poling disrupting dipole—dipole interactions, a possible solid phase
hydrogen bonding for compound Pyr-2, caused by the present
barbituric acid acceptor fragment, cannot be excluded [31], making
this material the least efficient.

In contradiction to previous observations, material Azo-2 has
the largest calculated dipole moment, but at the same time-the
highest NLO efficiency. However, it must be taken into consider-
ation that the given calculated p value represents the sum for three
separate chromophores, and if they are characterized separately,
these individual dipoles are relatively low polar. Assuming that the
overall energy of solid phase dipolar interactions for compound
Az0-2 can be expresses as a sum of multiple low-polar interactions,
it is plausible to predict that this sum would be lower than for
materials that contain a single high-polar chromophore.

As mentioned, the highest nonlinearity was measured for star-
shaped compound Azo-2. QC results showed that beneficial intra-
molecular interactions take place between D-A and zwitterionic
NLO-phores positioning them in a way that total molecular
hyperpolarizability is increased. However, the reduced number of
dipole shielding triphenylmethyl-moieties (ratio of triphe-
nylmethyl groups to NLO-phores in the molecule is 2/3 instead of 2/
1 for the most other studied materials) most likely limit potential
efficiency of the material. This is evident, if the NLO performance of
Azo0-2 is compared to the performance of our previously synthe-
sized materials. In particular, for a structurally similar N-phenyl-
diethanolamine based single Disperse Red chromophore containing
molecular glass a slightly higher nonlinearity was achieved
(d33(0)=11.0 [11]).

Taking into account the studied structures and corresponding
NLO efficiencies we propose that further improvements can be
made on the presented molecular design. It is apparent that tri-
phenylmethyl groups can be used as dipole shielding substituents;
however, when high-polar chromophores are used a steep decrease
in efficiency is still observed. We propose that an in advance
modelling of molecular geometry can be applied to acquire more
sterically isolated structures. Specifically, an attachment of addi-
tional triphenylmethyl-substituents in electron acceptor part of
chromophores can be proposed.

3.4. Thermal properties

Thermal properties of the materials were characterized by two
complementary parameters—glass transition temperature (Tg) and
temperature at which 50% drop of NLO efficiency (second harmonic
intensity — SHI) takes place (Tspis0). The measured values are
summarized in Table 2 and several examples illustrating a heat
induced decay of SHI are given in Fig. 7. Tg and Tsyjs0 should match,
as both measurements correspond to a start of a heat induced
macroscopic molecular movement in a material. However, in the all
cases the measured Tspiso value is significantly lower than Tg

- = PYR3
T
Gl
N —— IPHA1
©
E
2 IPH2
T
2]
04
60 70 80 90 100 110 120°C

Fig. 7. A heat induced decay of SHI in several investigated materials.

indicating that thermal stability of materials in melted samples is
higher than in poled spin-coated films. This observation can be
explained by an increased free volume portion in solution-
processed films compared to melts. Also a presence of residual
solvent, trapped in an amorphous material, cannot be excluded.

The studies describing structural impact on glass transition
temperatures in molecular glasses point out some clear relations
that Ty of an amorphous material can be increased by synthesizing
compounds with larger molecular weight or limiting a conforma-
tional freedom of a molecule [32]. This assumption is fully valid if it
is applied to our compounds. The highest Tg values are measured
for structurally rigid and large 4H-pyranilidene derivatives Pyr-
1,2,3. The comparison of structurally similar Iph-1 and Iph-2 re-
veals clear influence of molecular weight as an addition of extra
triphenylmethyl group increases Ty by 14 °C. The lowest T is
measured for material Azo-1. While this compound has relatively
large molecular weight, the low glass transition value can be
explained by the presence of numerous structurally incorporated
flexible alkyl chains that increases an overall conformational
freedom of the molecule.

4. Conclusions

The analysis of NLO measurements of structurally different
molecular glasses revealed clear evidence that triphenylmethyl
groups can be used as effective dipole shielding structural frag-
ments. The results also show that dipole interactions still take place
and limit achievable efficiency of the studied materials, especially
in the cases where NLO active chromophores have large dipole
moment. The further structural improvements can be proposed
with more pronounced encapsulation of polar chromophores. NLO
efficiency of the studied corona poled materials (28—125 pm/V)
close to a resonance conditions (1064 nm excitation) over performs
widely used NLO materials like KDP (0.44 pm/V), KTP (13.7 pm/V)
and LiNbO3 (34.4 pm/V). At the same time it should be mentioned
that, if being extrapolated to zero frequency, acquired NLO coeffi-
cient values (0.3—10.4 pm/V) are in the same range with above
mentioned inorganic materials. The thermal stability of NLO effect
in the materials is in the range of 70—108 °C and is mainly deter-
mined by molecular weight and conformational freedom of the
molecules.
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Abstract. The series of organic molecular glasses have been studied as possible candidates for
nonlinear optical (NLO) applications. Amorphous phase formation of investigated materials is
ensured by the presence of bulky triphenyl substituents in molecular structure of NLO
chromophores. Linear optical properties as well as NLO coefficients and thermal stability of
NLO activity for the 13 molecular materials in glassy thin solid films have been determined.
For the benzylidene-1,3-indandione chromophore containing compound the highest d;; value
equal to 280 pm/V was measured under the 1064 nm excitation. Among the investigated
compounds uppermost achieved thermal sustainability of NLO response was 108 °C. The
relationship between number of triphenyl substituents and increased thermal sustainability of
nonlinear response was observed.

1. Introduction

Organic nonlinear optical (NLO) materials are a subject of interest in ficlds as data processing and
transmission due to wide modification possibilities and increased performance characteristics
compared to inorganic materials [1]. The progress in this field is very much dependent on the
development and characterization of new functional materials exhibiting high NLO efficiency and
good long term stability. Organic glasses, class of materials where amorphous phase formation is
achieved in low molecular weight molecules [2-4], from practical point of view are good candidates
for such applications. These compounds are easily obtained, purified and characterized. However,
some of important for practical use properties like thermal stability of NLO efficiency are worse than
that in the polymer materials. Enhancement of thermal stability is a key issue for the employment of
such molecular glasses in practical applications. In the given study we present the values of the key
characteristics, NLO coefficients and thermal stability, for a series of low molecular weight glasses
where amorphous phase formation is achieved by introduction of triphenyl substituents [5]. The
analyzed structures contain wide variety of chromophores, as well as shape and design of amorphous
phase formation enhancers are different. Screening of these results could reveal the connections
between the structural properties and NLO characteristics useful for further improvements of
materials.
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2. Experimental

2.1. Materials and thin film sample preparation

The synthesis and characterization of the investigated compounds (figure 1) are given elsewhere: for
Al, A2, B2, B3, B5, B7 sce [5], for A3, B1, B4, B6 [6], C1 [7], C2 [8]. Azochromophore B8 was
synthesized from 4’-[N-(2-hydroxyethyl)-N-methyl]amino-2-(2-hydroxyethoxy)-4-nitroazobenzene
and  3,5-bis(2-(trityloxy)ethoxy)benzoic acid in  N,N’-dicyclohexylcarbodiimide and 4-
(dimethylamino)pyridine mediated esterification [8]. To obtain thin film samples an appropriate
amount of glass forming compound was dissolved in analytical grade chloroform or chlorbenzene at a
typical concentration of 100 mg/ml. The films from solutions were spin-coated with a Laurell WS-
400B-6NPP/LITE spin-coater on ITO covered glass slides.

A1: R1=R2=S3 s1
A2: R1=R2=S4 \ow()j{@\ . ®,
o7 O
A3: R1=R2=S5 R g
s2 O |7 Ak

B2: s3 o o
Recr o) |s8 1
R5=R6=S4 O 02 O
B3: B4: Re
RIS R O e
= R4=H sS4
R5=R6=S3 R5=R6=S5 B8: /\O—Si@ O Q
BS: B6: B7: R3=81 )\
R3=S1 R3=S1 R3=S1 R4=S7; (J
R4=H R4=H R4=Br R5=-CH3
R5=R6=S4 R5=R6=S5 R5=R6=S4 R6=S8 O %
S5 s9
s c s O
sN N-s, O /

o
C1: R7=89 ' ™ ﬂ@ - A,
C2: R7=510
R; N—=C \ / | $10 o)\n/go
H

Figure 1. Structures of investigated glass forming compounds.

2.2. Corona poling procedure

To produce NLO active media thermo assisted electrical field poling procedure was applied to thin
film samples via a custom built corona triode setup. The corona discharge was generated by a 9 kV
voltage drop over a 15 mm gap between a tungsten wire needle (diameter 25um) and a control grid. At
a distance of 10 mm below the grid the ITO covered slide with spin coated glassy film was placed on a
temperature controlled heater. All samples were poled through a mask with diameter of 0.8 cm by
constant 2.7 kV grid to ITO layer potential. The corona discharge started in advance of heating the
sample to poling temperature. At the point when the sample charging current reached an approximate
steady state the poling was considered to be finished and the sample was cooled to room temperature
under applied corona triode discharge. First of all samples where poled close to glass transition
temperature (Tpoing = T,). For these samples the temperature corresponding to the half vanishing of
NLO activity (Tsuiso) was evaluated from the SHI with temperature scans at 10 °C/min (see examples
at figure 2). Finally fresh samples for further NLO coefficient measurements were poled at Tsyiso-
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Figure 2. SH intensity with temperature scans Figure 3. Absorption spectra of the thin films
for A1, A2 and A3 compounds. of A1, A2 and A3 compounds.

2.3. Measurements of linear and nonlinear optical properties of thin films

The absorption and reflectance spectra of the thin films were obtained with an Ocean Optics
HR4000CG-UV-NIR based spectroscopic system. The thickness of investigated thin films was
measured using a Dektac 150 profilometer and refractive indexes were determined by a prism coupler
Metricon 2010. In some cases thickness and refractive indices were evaluated by procedure described
clsewhere [10] using interference fringe separation in the sample reflection spectrum. The
experimental set-up for second harmonic generation is described elsewhere [11]. To avoid electric
field-induced second harmonic generation (EFISHG) signal from charges trapped on the film surface
the non-linear coefficients were usually measured 2 days after poling by Maker fringe technique. For
corona poled films the C,, symmetry was assumed and the material could be characterized by three
nonzero NLO coefficients — ds;, d3; and ds. As it is usually done for the poled polymer films, we
assume that d3; = d;5 [11] according to Kleinman symmetry. The NLO coefficients were acquired by a
least squares fit of the experimental curves to the theoretical approximation. The theoretical value of
second harmonic intensity (SHI) was calculated using the Herman — Hayden [12] approach, taking
into account absorption of the film. The fitting was carried out in two steps: the value of d;; was
evaluated from experimental s-p polarized SHI, then the ds; was calculated from the p-p SHI. An x—
cut quartz crystal was used as reference (d;; = 0.3 pm/V) to calibrate the instrument response function
[13]. The results of the measurements are given in table 1 where one could find also CT maxima
wavelength (An.x) and absorption coefficient (oi..x) as well as refractive indexes at 532 and 1064 nm.
Static field NLO coefficients d33;(0) was obtained by extrapolation of experimental values to the zero
frequency according to two level model.

Table 1. Linear and nonlinear optical properties of thin films.

Structure Amax Ol X107 RI RI Tshiso Orientation  d33(532) ds3(0)

(nm) cm’! (532nm) (1064nm) (°C) T(°C) (pm/V) (pm/V)

Al 489 5.56 1.90 1.60 84 85 22.7 2.8
A2 490 5.03 1.94 1.59 60 56 41.9 6.2
A3 504 4.69 2.24 1.61 71 73 280.0 22.3
B1 507 3.08 2.55 1.63 83 32 242 1.7
B2 440 2.09 1.79 1.62 58 56 5.8 1.5
B3 440 2.71 1.84 1.64 84 84 7.6 2.0
B4 435 3.58 1.71 1.59 73 74 8.6 2.4
B5 488 3.41 1.93 1.61 52 50 62.9 7.9
B6 500 5.40 2.15 1.61 72 72 88.3 8.0
B7 510 4.85 2.34 1.69 53 48 214.0 13.3
B8 495 1.93 2.04 1.60 90 92 37.6 57
C1 533 4.93 2.20 1.60 108 110 106.0 0.3

2 512 4.18 2.30 1.60 102 105 28.2 1.8
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3. Discussion

As it can be seen from table 1, Tsuiso values of the compounds vary from 52 to 108 °C. In figure 2 we
have presented examples of SHI with temperature scans for three molecular glass systems based on
same chromophore. The lowest value is met when a triphenylsilyl fragment (S4) is present in an A2
molecule. As our previous research revealed [5] it can be attributed to the fact that the given functional
fragment has increased conformational freedom compared to other modifying groups and thus lowers
amorphous phase thermal stability. More conformational rigid glassy phase forming bulk substituent
S3 raises thermal stability by almost 25 °C. As one can see from figure 2, rise of system flexibility
caused by replacement of oxygen by carbon in chain linking chromophore with triphenylmethyl group
reduces Tsuiso by 13 °C. The increased flexibility allows different chromophore packing of the A3 in
comparison with Al and A2 and therefore red shift of the absorbance band takes place (figure 3). The
highest thermal stability of NLO activity among the all investigated systems is observed in the cases of
compounds B8, C1 and C2. From structural point of view this can be explained by increased number
of triphenylmethyl groups present given molecules. Obtained NLO efficiency values dj; for
investigated molecular glasses vary significantly (see table 1). In most of the cases it is due to different
NLO properties of chromophores used in particular organic glass system. For some of the
chromophores (C1) charge transfer (CT) absorbance band coincide with second harmonic wavelength,
for some others (B1, B7, C2) CT wavelength values are close to it. In all these cases resonance
enhancement of NLO efficiency takes place. At same time certain low ds; values (B2, B3, B4) can be
explained by small molecular hyperpolarizabilities and off resonance conditions for employed
chromophores. However, if one compares the results for benzylidene-1,3-indandione fragment
containing compounds Al, A2 and A3 the acquired values still differ remarkably. The difference by
an order of magnitude for d;;is observed among compounds A1 and A3, although in the both cases the
same chromophore is used. One of explanations could be the different level of acentric order achieved
in the corona poled samples. In the case of compound A3 chromophore core and triphenyl moiety are
connected by flexible C-C bridge what can attribute to easier reorientation in the poling process.

4. Summary

The nonlinear optical properties of the series of organic molecular glasses have been studied.
Correlation between chemical structure of investigated compounds and obtained NLO properties was
observed. It is apparent that increased molecular weight and number of triphenyl substituents in the
molecule increases the thermal sustainability of NLO response. Increased flexibility of chromophore
to triphenyl substituent linking chain reduces thermal stability. On the other hand such flexibility
increases chromophore core mobility during corona poling what results in the improved NLO
efficiency. Therefore careful optimization of structure should be done to avoid trade-off between
thermal stability and NLO efficiency.
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