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ANOTACE

Malonova kyselina a zejména jeji funk¢ni derivaty vystupuji velmi Casto jako elektron-
akceptorni prekurzory pfi syntézach push-pull chromoford. V této disertacni praci jsou
tedy diskutovany zejména piipravy a nasledna vyuZiti finilnich push-pull chromofori
nesoucich elektron-akceptorni skupiny na bazi malonové kyseliny a jejich derivath
jako napt. malondinitrilu, alkyl-kyanacetati a Meldrumovy resp. (thio)barbiturové
kyseliny. Pro porovnani akceptornich vlastnosti jednotlivych derivati malonové
kyseliny byla pfipravena rozsahlé série push-pull chromoford, jez obsahuji osm typii
akceptornich jednotek a systematicky prodluZovany Tekonjugovany systém resp.
rozsah strukturalniho vétveni. VIiv vétveni na optoelektronické vlastnosti chromoforti
byl rovnéz detailné studovin pomoci systematické série chromofort zalozenych
na amino donoru a akceptorni N,N -dibutylbarbiturové kyselin¢ resp. malondinitrilu.
Optoelektronické vlastnosti obou pfipravenych sérii push-pull chromoforii byly
zkoumany modernimi analytickymi metodami podpofenymi teoretickymi DFT

kalkulacemi a ziskané vysledky byly kriticky diskutovany.

KLICOVA SLOVA

malonova kyselina, push-pull chromofor, elektron-donor/akceptor, optoelektronické

vlastnosti, Knoevenagelova kondenzace



TITLE

Malonic acid derivatives as acceptor parts of push-pull chromophores.

ANNOTATION

Malonic acid, and in particular its functional derivatives, appear very often as electron-
acceptor precursors used in synthesis of push-pull chromophores. This dissertation
thesis mainly focuses on the preparation and subsequent utilization of final push-pull
chromophores bearing electron-acceptor units based on malonic acid and its
derivatives such as malononitrile, alkyl cyanoacetates, Meldrums and (thio)barbituric
acid, respectively. In order to compare the acceptor properties of the particular malonic
acid derivatives, extensive series of push-pull chromophores with systematically
extended Teconjugated system and degree of branching has been prepared. These
chromophores possess eight types of acceptor malonic units. The effect of branching
has also been studied in detail. For this purpose, a systematic series of chromophores
based on amino donor and N,N'-dibutylbarbituric acid as well as malononitrile
acceptor, respectively has been prepared. The optoelectronic properties of both series
of push-pull chromophores have been investigated by modern analytical methods
supported by theoretical DFT calculations and the obtained results have been critically

discussed.

KEYWORDS

malonic acid, push-pull chromophore, electron-donor/acceptor, optoelectronic

properties, Knoevenagel condensation



CILE PRACE

Vypracovat literarni reSersSi syntéz a moderniho vyuziti vybranych push-pull
chromofori nesoucich elektron-akceptorni jednotky na bazi malonové
kyseliny a jejich funkcnich derivatd.

Pfipravit systematické série findlnich push-pull chromoforii obsahujici
termindlni elektron-akceptorni skupiny na bazi derivatti malonové kyseliny.
Ovéfit strukturu a Cistotu findlnich chromofort jakoz i v§ech meziprodukti
pomoci dostupnych analytickych metod.

Na zakladé¢ zmétenych/kalkulovanych optoelektronickych vlastnosti téchto
chromofor vyvodit vztahy typu struktura-vlastnosti se zaméfenim

na elektron-akceptorni schopnost jednotlivych derivatl malonové kyseliny.
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Organické push-pull chromofory jsou pro materidlovou obec fenoménem
poslednich 30 let. Svoje nezastupitelné misto maji predevSim v nelinearni optice,
polovodi¢ovych materidlech a fotovoltaickych zatizenich. RovnéZ se hojné vyuZzivaji
jako solvatochromni, fluorescentni ¢i kolorimetrické sondy ke studiu
rozpoustédlovych efektil, k rozpoznavani konkrétnich iontt a ke sledovani aciditnich
zmén (pH-Cidla), nebo jako senzorické latky v bio-imagingu. Nedilnou soucasti
organického push-pull chromoforu je TFkonjugovany systém nasobnych vazeb, ktery
je opatien elektron-donornimi a akceptornimi skupinami. Mezi velmi privilegovanou
skupinu akceptornich jednotek patii ty, které vychazeji z malonové (propandiové)
kyseliny. Malonova kyselina a jeji funk¢ni derivaty (pfevazné estery, nitrily, imidy) se
vyznacuji kyselosti a vysokou reaktivitou aktivovaného methylenového mistku. Ten
je schopen za bazické katalyzy reagovat s karbonylovymi slou¢eninami ve smyslu
Knoevenagelovy kondenzace. Pomoci této reakce Ize tak malonovou kyselinu a jeji
derivaty snadno zavést do struktur push-pull chromoforti, ve kterych diky svym -M
a —I efektim vystupuji jako elektron deficitni jednotky. Vyhodami malonové kyseliny
a jejich derivat jsou predevSim komercni dostupnost nebo snadna piiprava, nizka
pofizovaci cena, zminéné snadné zavadéni do struktur chromofort a vysoka akceptorni
schopnost. Po této strance mezi nejpopularnéjsi derivaty malonové kyseliny patii
zejména malondinitril, kyanoctova a barbiturova respektive thiobarbiturova kyselina.
Rovnéz se lze v literature setkat i s Meldrumovou kyselinou, dialkyl-malonatem
a alkyl-kyanacetatem. JelikoZ jsou derivaty malonové kyseliny i ona samotna opravdu
velmi popularnimi akceptornimi jednotkami v push-pull chromoforech, budou v této
praci pro kazdy derivat uvedeny jen vybrané finalni chromofory, nastinény jejich
vlastnosti a aplikacni moZnosti. VyuZiti push-pull chromofori na bazi akceptorni
malonové kyseliny pak sahd od nelinedrni optiky, pies organické solarni cely
(predevsim BHJOSC a DSSC) aZ k solvatochromnim a fluorescentnim sondam, jez
nachézeji uplatnéni v mnoha oblastech buné¢ného zobrazovani.

Pro ovéfeni a porovnini elektron-akceptornich vlastnosti derivati malonové
kyseliny byly pfipraveny dvé systematické, ucelené série finalnich push-pull
chromofort, nesouci akceptorni prekurzory na bazi vybranych derivati malonové
kyseliny. Zmétené optoelektronické vlastnosti téchto chromoforii byly vzdjemné

porovnany a pozorované trendy byly v rdmci vztahil ,,struktura-vlastnosti* kriticky
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zhodnoceny a to zejména v zdvislosti na pouZité akceptorni jednotce, respektive

na prostorovém usporadani chromoforu a délce jeho Tekonjugovaného systému.
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TEORETICKA CAST

1. TEORETICKA CAST

1.1 Push-pull chromofory a jejich aplikace

Push-pull chromofory se v poslednich nékolika dekadich staly velmi
populdrnimi latkami vyuZivanymi v mnoha oblastech materialové chemie.!™ Co jsou
to tedy push-pull chromofory a pro¢ budi takovy zdjem védcti z mnoha védnich oborti?
Odpoveéd je skryta vjejich unikdtnim strukturdlnim/molekulovém uspotfadani.
,,Chromofor* je z definice ta ¢ast molekuly, kterd odpovida za jeji barevnost.’ Jak tato
definice napovida, jedna se o latky nesouci takové strukturni prvky, které absorbuji
elektromagnetické zafeni ve viditelné oblasti spektra a tim zplsobuji barevnost latky
navenek. Nejcastéji mezi tyto strukturni prvky patii predevsim konjugované nasobné
vazby ve spojeni s auxochromovym® seskupenim atomi a funkénich skupin
(karbonylova, nitro skupina, apod.). Push-pull chromofor je tedy molekula
s rozsahlym Tekonjugovanym systémem nasobnych vazeb. Tento Tesystém je navic
vybaven elektron donornimi (push efekt) a elektron akceptornimi (pull efekt)
skupinami. V push-pull chromoforu, neboli D-TtA systému, dochazi k piimé
interakci/konjugaci mezi volnym elektronovym parem donoru a elektronoveé chudym

akceptorem pies komunikaéni most v podobé Ttkonjugovaného systému® (Obrdzek I).

5* o
D ‘[ m-konjugovany systém ]— A

ICT

5 On <O

Obrazek 1 — Obecnd struktura push-pull chromoforu a jeho limitni rezonancni struktury.

Mezi donorni substituenty patii skupiny s +I nebo +M efektem, typicky amino, alkoxy,
alkylsulfanyl, apod. Naopak roli akceptort zastivaji skupiny nebo ¢asti molekul s —I
jednotky na bazi napft. heterocykla. Tt Konjugovany systém je nejcastéji reprezentovan
(hetero)aromatickymi systémy, polyenovymi fetézci, systémy nasobnych vazeb ¢i
jejich kombinaci.” A pravé vzijemna interakce mezi donorem a akceptorem, kterd
muze byt vyjadiena limitnimi rezonan¢nimi strukturami (Obrdzek 1), je zodpovédna

za unikétni vlastnosti push-pull chromofort, jez budi vySe zminény zdjem materiadlové
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obce. Zakladni vlastnosti D-TFA systému je intramolekuldrni pfenos naboje ICT
(z angl. intramolecular charge transfer), ktery ve své podstaté¢ kvantifikuje miru
vzidjemné interakce mezi donorem a akceptorem. Cim vyssi je ICT, tim vice je
molekula polarizovand a tvoii vyraznéjSi dipdl. Mira polarizace a tedy i ICT je
ovlivitiovana poctem a silou elektron donornich a akceptornich skupin, délkou a typem
Tekonjugovaného systému, strukturdlnim uspofadanim D-TEA systému a jeho
planaritou (efektivitou ptekryvu Trorbitala), atd. Dtsledkem ICT je v prvni fadé vznik
nového nizkoenergetického molekulového orbitalu. Elektrony v tomto orbitalu
(HOMO) jsou snadno excitovany ze zakladniho stavu elektromagnetickym zafenim
spadajicim do viditelné oblasti spektra. Tento pfechod na vyssi energetickou hladinu
(LUMO) se v absorp¢nim spektru projevi typickym nejdlouhovingj$Sim absorpcnim
pasem (CT-pas; Amax). Diky celkové polarizaci molekuly, tvorb¢é dipdla
a absorpénimu/emisnimu chovani se tyto push-pull molekuly staly vhodnymi
organickymi materidly vyuZivanymi pfedev§im v optoelektronickym zaiizenich.!>®
Optoelektronické aplikace organickych push-pull materialti vychazeji, ve srovnani s
materidly anorganickymi, pfedevs§im ze snadné laditelnosti jejich optickych (Amax)
a elektronickych vlastnosti (HOMO a LUMO hladiny) a ¢asto snadného syntetického
pfistupu spojeného s nizkou potizovaci cenou. VyuZiti organickych materiala je vSak
limitovano piedevs§im jejich tepelnou a chemickou stabilitou/robustnosti, sniZenou

rozpustnosti a eventudlné centrosymetrickym uspotddanim apod.

1.2 Uvod do nelinearni optiky

Béhem poslednich 3040 let byl u¢inén velky pokrok ve studiu a vyvoji novych
push-pull systému. Diky jejich unikatnim vlastnostem (vysoké polarizace, barevnost,
absorp¢ni, emisni a elektrochemické chovani) nasly uplatnéni v mnoha védnich
oborech, avSak nejdominantnéj$i a historicky nejfrekventovanéjsi aplikaci je oblast
nelinedrni optiky (NLO).**~!2 Pogatky studia NLO vlastnosti molekul piimo souvisi
sobjevem laseru vroce 1960."° Pokud umistime organickou molekulu
do elektromagnetického pole nizké intenzity E (napf. slune¢ni svit, svétlo Zarovky),
jeji polarizabilita bude pfimo imérna intenzité E tohoto zafeni:

P=xVE

Rovnice 1- Zdvislost polarizability na intenzité elektromagnetického pole pri béZném zdroji zdreni.
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kde Y\ je susceptibilita 1. fadu a P je polarizabilita, ktera kvantifikuje miru polarizace
D-1eA systému. AvSak pii vysokych intenzitich zafeni, jako poskytuje zminény
laserovy paprsek, uz polarizabilita molekuly pfimo neodpovida intenzité pole, ale
pfechazi v mocninnou fadu:

P=YVE+yDE>+ ¥y E +...

Rovnice 2 — Zdvislost polarizability na intenzite elektromagnetického pole v laserovém paprsku.
kde ¥, ¥, ¥3 jsou susceptibility prvniho, druhého a tfettho ¥adu. Ty lze viak
na molekularni drovni (tj. pokud nebereme v potaz interakce mezi molekulami)
nahradit tzv. molekulovymi polarizabilitami, resp. hyperpolarizabilitami:

P=alE+pBIE*+y[E’ +..
Rovnice 3 — Zdvislost polarizability na intenzité elektromagnetického pole na molekuldrni virovni.

kde aje molekulova polarizabilita 1. fadu, £je molekulova polarizabilita 2. fadu (prvni
hyperpolarizabilita) a ) je molekulovd polarizabilita 3. fidu (druha
hyperpolarizabilita). Proto tedy mluvime o nelinearn¢ optickych vlastnostech. Tyto
molekulové polarizability daného tadu, jako koeficienty tUmérnosti mezi
polarizabilitou molekuly a intenzitou elektromagnetického zareni, se daji relativné
snadno méfit a ve své podstaté kvantifikuji miru polarizace push-pull chromofort.
Interakce organického materidlu (NLOforu) s elektromagnetickym zafenim vysoké
intenzity vyvolava reorientaci tohoto média dle sméru elektromagnetického pole
a vede ke vzniku nového zareni/pole s jinou frekvenci (vinovou délkou). Proto je
nejbéznéjSim NLO procesem druhého fadu generace druhé harmonické SHG (z angl.
second-harmonic genearation), kdy po interakci laserového zafeni s NLOforem
dochazi ke generaci nového elektromagnetického pole s dvojnidsobnou frekvenci resp.
polovi¢ni vinovou délkou. Tyto procesy jsou méfeny nejcastéji pomoci experimentti
EFISH (z angl. electric field induced second-harmonic generation) a HRS (z angl.
hyper-Rayleigh scattering). Zakladni podminkou pro pozorovani NLO vlastnosti
druhého druhu je necentrosymetrické médium. VétSina organickych molekul vSak
krystaluje s centrosymetrickou miiZkou, kterd zplsobuje ztratu susceptibility.
V soucasnosti vSak jiZz bylo vyvinuto nékolik metod, jak centrosymetrickému médiu
predejit. Mezi nejfrekventovanéjSi postupy patii tvorba tzv. Langmuir-Blodgett
filma,'* novéjsi strategii je napf. fizenia samoskladba molekulovych komponent, tzv.

molecular recognition-directed self-assembly."
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Jak bylo zminéno v tvodu této kapitoly, nelinearni optika NLO je prevladajici

Vv

a historicky nejcastéjsi aplikacni strankou push-pull chromofora. Zatimco NLO efekty
acentricitu makroskopické nabojové hustoty, NLO efekty tiettho fadu (popsany
polarnimi tenzory tietiho stupné€) se z fenomenologického hlediska mohou objevit jak
v centrosymetrickém, tak i v necentrosymetrickém prosttedi.'® Z n&kolika znizmych
NLO efektt tfettho druhu je konkrétni pozornost vénovana predevSim generaci tieti
harmonické THG (z angl. third-harmonic generation), dvou- a vicefotonové absorpci
2PA a MPA (z angl. two or multi-photon absorption) a elektro-optickému Kerrovu,
respektive piezo-optickému efektu.!” Piezo-opticky PO (elasto-opticky) efekt je
obecné popsin polarnimi tenzory Etvrtého stupné (7gik). PO efekt je tedy zplsoben
zménami dvojlomu (Anyj) laserového paprsku pii aplikovaném mechanickém zatiZeni
na méfeny vzorek:

An; = TTy (&,

i
Rovnice 4 — Definice zmény dvojlomu Anjj laserového paprsku.

kde du je tenzor mechanického stresu druhého radu. Zatimco komponenty i a j definuji
polarizaci dvojlomu ve smérech i a j, komponenty k a [ definuji smér pouzitého
mechanického namahéni. Na rozdil od podobnych NLO efektt tfettho druhu (2PA
nebo THG) zdvisi piezo-opticky jev jak na elektronickych stavech molekuly, tak
i na vibracnich pohybech atoml uvnitf miizky v makroskopickém vzorku. Dalsi
zésadni roli, rovnéz ovliviiujici hodnoty PO koeficientli, sehrava nejen dipdlovy
moment molekuly v zdkladnim stavu, ale také spektralni pozice jejtho prvniho
UV-absorpéniho maxima.'® Pravé proto neni vztah PO efektu k mikroskopickym
nelinearitim tfetitho druhu vibec trividlni. Vnéjsi fotoindukované pole nenarusuje
ve své podstaté excitované stavy daného média a interaguje hlavné s jeho dipélovymi
momenty (zakladni stav) a tim méni jeho polarizability. To vysvétluje, pro¢ velikost
dip6lovych momenti hraje tak zasadni roli pii méfeni PO jevu.

UziteCnym néastrojem k posouzeni akceptorni/donorni schopnosti konkrétnich
D/A jednotek vyskytujicich se v push-pull chromoforech je takzvany parametr BLA
(z angl. bond length alternation). Parametr BLA je definovan jako rozdil mezi
priimérnou délkou jednoduchych a dvojnych vazeb v polyenovém mustku a popisuje
tedy alternaci vazebnych délek v Temtistku daného chromoforu. Pro nesubstituované

polyeny nebo chromofory se slabymi donory a akceptory pifevlada "neutralni"
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resonan¢ni struktura a ta se dominantné¢ podili na zikladnim stavu polarizace,
molekula ma strukturu s vyraznym stfidanim délek vazeb mezi sousednimi atomy
uhliku - BLA je pozitivni. Pokud je zvySovana sila D a A, do zédkladniho stavu
polarizace jiz vice pfispivaji rezonan¢ni struktury s oddélenymi néboji, coZ hodnotu
BLA zmenSuje (z pivodné alternujicich jednoduchych a dvojnych vazeb se stava
vzdjemny hybrid). Mame-li systém, kde jiZ zcela pfevaZuje rezonancni struktura
s odd€lenymi néboji, ziskdvame nejsiln€ji polarizovanou molekulu s jiz negativni
hodnotou BLA (se zvySujici se polarizaci D-n-A molekuly klesd hodnota BLA).
Na molekularni drovni parametr BLA do jisté miry koreluje s velikosti
hyperpolarizability f a je proto zdsadnim ukazatelem pro stanoveni NLO odezvy

m-konjugované organické molekuly.

1.3 Dalsi vybrané aplikace push-pull chromoforii

Kromé béznych NLO aplikaci miiZzou byt push-pull chromofory dale vyuzity
jako aktivni materi4ly pro optoelektronick4 zafizeni typu fotovoltaickych cel OPVC'"
(z angl. organic photovoltaic cell), organickych svétlo emitujicich diod OLED*?°
(z angl. organic light-emitting diode) nebo barvivem senzibilizujicich solarnich ¢lanka
DSSC2'"2 (z angl. dye-sensitized solar cells) a organickych solarnich ¢&lankd
s objemovym heteropfechodem BHJOSC?* (z angl. bulk-heterojunction organic solar
cell). Push-pull chromofory jsou jiZ dnes diky svym vodivostnim vlastnostem rovnéz
nedilnou sou¢asti polovodi¢ovych zatizeni, ptikladem mohou byt tranzistory OFET?
(z angl. organic field-effect transistors). V chemii mohou diky svym unikatnim
optickym vlastnostem slouZit jako fotoredox katalyzatory®® nebo svoji barevnosti
prispivat ke studiu rozpoustédlovych vlivii/parametr( jako solvatochromni sondy.?”~%
Koordinac¢né/acidobazicky uzpisobené push-pull molekuly mohou byt rovnéz
vyuzivany napi. k detekci iontli nebo reagovat na zménu pH jako kolorimetrické
senzory.>*=? V mediciné mohou vystupovat mimo jiné jako sondy slouZici k méfeni

potenciilu bunéénych membran (cellular-imaging).3*33

1.4 Uvod do organickych solarnich ¢lanki

1.4.1 Barvivem senzibilizované solarni cely
Nartstajici globalni nedostatek elektiiny vyZaduje hledani novych alternativnich
zdrojii energie a materialii pro pfeménu obnovitelnych zdroja v elektrickou energii.
Jednou z moZnosti je vyuzivat pfemény slunecniho zéafeni v elektrickou energii
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pomoci solarnich ¢lankl. V nasledujicich kapitolach bude pojednéno o konkrétnich
push-pull chromoforech s aplikaci v barvivem senzibilizovanych solarnich ¢lancich
DSSC.2"® Jedna se o IIl. generaci solarnich ¢lankdi vyuZivajici na misto
anorganickych kiemikovych materialt organickd polovodi¢ova barviva. Prvni DSSC
zaifzeni bylo zkonstruovano Gritzelem a O Reganem?®® v roce 1991 a od této chvile

~soo2

zaziva tato metodika prevodu slune¢ni energie v elektrickou obrovsky boom.

sklo sklo
nebo nebo
polymer katoda polymer

barvivo

porézni
TiO,
elektrolyt

()

regenerace
barviva

slunce

Obrazek 2 — Obecné schéma barvivem senzibilizovaného soldrniho ¢ldnku DSSC.

Obecné se toto zafizeni sklddd ze dvou propojenych elektrod — platinové
a fotocitlivé TiO, dopované FTO elektrody (z angl. fluorine doped tin oxide), které
jsou umistény v oxidacné-redukénim elektrolytu. Nejdulezitéjsi souc¢asti DSSC ¢lanku
je pak organické senzibilizujici barvivo, které je ukotveno na povrchu TiO;. Toto
,kotveni“ je zaloZeno na vzijemnych atomarnich interakcich mezi koordinaénimi
centry na povrchu TiO; a vhodnymi kotvicimi skupinami barviva. Pfikladem kotvici
skupiny muze byt kyseld karboxylovd skupina, kterd je bud’ soucasti elektron-
akceptorni €asti barviva nebo je situovana v jeji blizkosti. Pro spravnou funk¢nost
a u¢innost DSSC zafizeni musi barvivo jako celek dale splnovat nékolik podminek
jako jsou napt. rozsah a meze jeho UV-Vis absorpce nebo trovné HOMO a LUMO
hladin. Princip tohoto zafizeni pak spociva v excitaci elektronu barviva z HOMO
do LUMO pomoci slune¢niho zareni. LUMO orbital je lokalizovan na elektronové
bohatém akceptoru, ktery je diky kotvici skupiné orientovan k povrchu TiO2. Dochéazi

tak k naslednému snadnému prechodu elektronu z barviva na TiO; elektrodu, tedy
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k tzv. injekci elektronu. Kladné nabité barvivo je ihned redukovano piitomnym
elektrolytem, ten se nasledné obnovuje do zakladniho stavu na povrchu Pt elektrody
(Obrdzek 2). Potencidlové hladiny HOMO a LUMO barviva musi byt tedy ve shod¢
s urovni vodivostniho pasu polovodice (TiO2) a s redoxnim potencidlem pouZzitého
elektrolytu. Z toho vyplyva, Ze ma-li barvivo ptijmout elektrony, hladina HOMO musi

Vevs

mit kladné&j$i potenciél nez dany redox systém. Pokud mé naopak elektrony uvoliovat,
uroven LUMO musi mit negativnéjs$i potencidl ve srovnani s vodivostnim pasmem
TiO,. Utinnost pievodu svételné energie v elektrickou se pak obecnd vyjadiuje
pomoci IPCE parametru (z angl. incident photon to charge carrier efficiency) nebo
koeficientu 77 (efektivita pfemény svételné energie). DalSimi méfenymi
charakteristikami jsou napf. proudova hustota (Jsc; mA-cm™), maximélni dosaZitelné
napéti (Voe; V) nebo parametr urcujici maximalni dosaZenou energii ve srovnani
s idedlnim clankem (FF; %). Témito parametry lze pak s pfihlédnutim k podminkam
méfeni porovnavat riznd organicka barviva a jejich dcinnosti v DSSC zafizenich.
Solarni ¢lanky I. a II. generace na principu amorfniho ¢i mikrokrystalického kiemiku
pracuji s d€innosti mezi 10 — 30 %. Avsak jejich vyroba a nasledné likvidace je
spojena s fadou potizi a finan¢ni narocnosti. Organicka polovodi¢ova barviva tyto
nevyhody odstranuji. Jejich pofizovaci cena je mnohem nizsi, barviva jsou snadno
pripravitelna, navic jejich optoelektronické vlastnosti 1ze velmi dobie ladit. DSSC
¢lanky maji navic kritkou dobu navratnosti energie (short-energy pay-back time)
ajejich likvidace nezatéZuje tolik Zivotni prostiedi. Naopak je obecné oproti
anorganickym materidlim provazi nizsi ucinnost, stabilita a pevnost. A¢ se jejich
dosazitelna ic¢innost pohybuje povétsinou v jednotkach procent (nejvyssi publikovana
ti¢innost je 13 %),* Ize predpokladat, Ze se budou tyto zafizeni rychle vyvijet a jejich
ucinnost stoupat. Proto DSSC zafizeni pfedstavuji novou perspektivni cestu
pro ziskdvani elektrické energie z obnovitelného zdroje. Push-pull chromofory

s aplikacni strankou v DSSC zafizenich budou diskutovany piedev§im v kapitole

1.5.1.

1.4.2 Organické solarni ¢lanky s objemovym heteroprechodem
Hlavni rozdil mezi DSSC a obecnym organickym solarnim ¢lankem OSC
(z angl. organic solar cell) je ten, Ze v DSSC je barvivo vazano k anod¢ kovalentnimi
vazbami (fotocitlivd elektroda) a clanek obsahuje elektrolyt, kdezto u OSC je

fotocitlivy materidl nanesen mezi elektrody pouze fyzikdlni cestou (neni potfeba
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piitomnost kotvici skupiny v chromoforu a pfitomnost elektrolytu). U OSC (i DSSC)
jsou fotocitlivé materidly a elektrody nandSeny na pruzné umélohmotné substraty tzv.
,Toll-to-roll*“ technikami (tvorba nanovrstev), jako je napfiiklad sitotisk, nanaseni
nastfikem, inkoustovy tisk, apod.®® Vynechdme-li polymerni materidly, jsou
fotocitlivé vrstvy OSC tvofeny ,,malymi organickymi molekulami“ — SMOSC
(z angl. small molecule organic solar cell), jez jsou dobfe rozpustné (,,solution
processable”) a diky tomu je lze snadno nanaSet vyS$e zminénymi technikami.’®=°
V dneSni dobé se vyuziva pro konstrukci OSC predevsim smésnych (donor-
akceptornich) fotoaktivnich vrstev s objemovym heteropfechodem BHJOSC.?* Tato
absorbujici vrstva je tvofena smeési dvou materidll s riznymi elektronovymi
hladinami, tzn. elektron-akceptorem (vyssi elektronova afinita a elektronovy ionizacni
potencial; vyuZiva se predev§im derivatd fullerenu - PCBM) a elektron-donorem
(nizsi afinita i ioniza¢ni potencial; v nasem piipad¢ mala organicka molekula). Cely
organicky solarni ¢lanek se pak sklada z prihledné anody, kterou je obvykle vodivy
indium-cin oxid (ITO), nanesené na skle nebo ohebném plastovém nosici. Ta spolu
s tenkou vrstvou pfirozené¢ vodivého systému PEDOT:PSS piredstavuje pracovni,
vysoce funkéni ,,hole-collecting p-elektrodu. Nésleduje fotoaktivni film, na ktery je
nanesena elektron-vodivostni n-katoda (kov, pt. Al, Mg, Ca). Uspotfadani BHJIOSC
¢lanku je vizualizovano na Obrdzku 3. Morfologii nanostruktur téchto heterogennich
BHIJ vrstev byvéa obtizné kontrolovat, ale je rozhodujici pro fotovoltaicky vykon.
Pro efektivni funkci BHJ vrstvy je tfeba obé faze CasteCné separovat a utvorit tak
samoskladnou perkolacni sit,, kterd umoznuje, aby elektron-donorni slozka smési byla
v kontaktu s ,,hole-collecting® anodou a akceptorni materidl dosahoval k elektron-
vodivostni katod¢, jinak by dochédzelo k nabojové rekombinaci a sniZeni ucinnosti
celého OSC clanku. Po osviceni BHJOSC dojde k fotoindukovanému pienosu naboje.
V obecném principu to Ize vysvétlit tak, Ze BHJ film absorbuje svételnou energii, ¢imz
dojde ke generaci excitonii (coulombicky svdzané pary elektroni a dér), které
se pohybuji od rozhrani donor-akceptorni vrstvy k elektrodim. Diry jsou
transportovany pomoci p-vodivostniho materidlu (ITO) a elektrony pomoci n-vodivé
pracovni elektrody (kov). Propojeni elektrod pak vede ke generaci elektrického
proudu. Mé&fi se stejné vystupni parametry jako u DSSC zatizeni (Jsc, Vo, FF), pouze
koeficient 77 je vyjadien v podobé parametru PCE (i¢innost pfemény energie, z angl.
power conversion efficiency; %). Push-pull chromofory s aplika¢ni strankou v OSC

zafizenich budou diskutoviny predevsim v kapitole 1.5.3.
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Obrazek 3 — Obecné schéma organického soldrniho ¢ldnku s objemovym heteroprechodem BHJOSC.

1.5 Malonova kyselina

Prvni zminka o malonové (propandiové) kyseliné se datuje do poloviny
19. stoleti, konkrétné do roku 1858, kdy francouzsky chemik Victor Dessaignes
oxidaci kyseliny jable¢né pomoci HoCrOs poprvé ptipravil malonovou kyselinu. Proto
bylo nasnad¢ ji pojmenovat po jablkach (malon = fecky jablko), ve francouzstin¢ pak
tedy jako acide malonique.*® Od této doby se stala malonova kyselina a jeji derivaty
velmi popularni a rozsahle studovanou oblasti organické chemie. V soucasné dobé je
spolu se svymi funk¢nimi derivaty Siroce uZivanou substanci ve farmacii, agrochemii,
pii vyrobé vitamind, barviv, lepidel &i vini.*'=** Malonova kyselina je bezbarva,
krystalickd a hygroskopicka latka, vyborn¢ rozpustnd ve vodé (139 g/100 g vody
pii 22 °C) s disociaénimi konstantami pK;=2,83 a pK>= 5,70.*! P¥i zahifvani
nad 130 °C snadno dekarboxyluje za vzniku octové kyseliny. V pfirodé se v malych
mnoZzstvich vyskytuje v cukrové fepé Ci zelené pSenici, kde vzniké oxidacni degradaci
jable¢né kyseliny. Primyslové se nejvice vyrabi hydrolyzou malonatt ¢i kyanoctové
kyseliny. A¢ se jedna o dikarboxylovou kyselinu, z hlediska organické syntézy je jeji
velmi duleZitou vlastnosti vysokd kyselost/reaktivita na centrdlnim methylenovém
mustku. Tato kyselost je ddna ptitomnosti karboxylovych funkénich skupin a mozZnou
rezonan¢ni stabilizaci vzniklého karbaniontu. Z tohoto diivodu Ize za bazické katalyzy

tento CH>-mustek velmi snadno alkylovat, arylovat nebo mtize podléhat aldolové
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a Knoevenagelové kondenzaci. Malonové kyselina a jeji derivaty mohou byt rovnéz
s vyhodou vyuZity k syntéze pyrimidinu a dal$ich heterocyklu.

43-44 je kysele ¢&i bazicky katalyzovani

Zminéna Knoevenagelova kondenzace
reakce mezi elektrofilni karbonylovou slouceninou a aktivnim methylenovym
mustkem malonové kyseliny. Kondenzaci je tvofena dvojnid vazba mezi pavodni
formyl/oxo skupinou a uhlikem C2 malonové kyseliny/funkéniho derivatu, vedlejSim
produktem je voda (Schéma I). Byly popsany razné syntetické pfistupy pro provedeni
Knoevenagelovy kondenzace, reakci Ize napt. provadét v roztoku ¢i pevné fazi

za laboratorni teploty/refluxu, za vyuziti ultrazvuku, mikrovinného ozafovani

nebo fotosenzitizace.*

O 0 H* nebo B" o 0
e+ —_—
S S O Gy Ho)k(%H
R

Schéma 1 — Obecné schéma Knoevenagelovy kondenzace s malonovou kyselinou.

Knoevenagelova kondenzace piredstavuje hlavni synteticky néstroj pro zavadéni
malonové kyseliny a jejich funkénich derivatl do struktur push-pull chromoford,
v nichZ vystupuji jako elektron-akceptorni jednotky. Popularita derivati malonové
kyseliny spociva pravé v jejich snadném zavadéni do D-TFA systémil, vysoké
akceptorni schopnosti indukované —-I a -M efekty funkcnich skupin, snadné
dostupnosti a cen¢. Navic lze témito derivaty ovliviiovat acidobazické vlastnosti
cilovych chromofort (malonova a kyanoctova kyselina), rozpustnost (alkyl-skupiny
v malonatech, barbiturové kyselin€) a jejich vhodnym vybérem ladit optoelektronické
vlastnosti findlnich molekul. Pro konstrukci D-TFA systémil se nejbéZnéji vyuzivaji
tyto derivaty malonové kyseliny:

* nitrily: malondinitril,

* estery: dialkyl-malonat, Meldrumova kyselina,

* imidy: N,N’-dialkylbarbiturovd a N,N’-dialkyl-2-thiobarbiturova

kyselina,

* kombinace funkénich derivatl: kyanoctova kyselina, alkyl-kyanacett.
JelikoZ jsou vySe zminéné derivaty malonové kyseliny velmi hojné vyuZivanymi
akceptornimi  jednotkami, bude v nésledujicich kapitolich hovofeno pouze
o vybranych push-pull chromoforech na bazi malonové kyseliny se zamétfenim

na optoelektronické aplikace.
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1.5.1 Malonova a kyanoctova kyselina
V soucasnosti jsou malonova kyselina a jeji mononitril v podob¢ kyanoctové
kyseliny (Obrdzek 4) dominantnimi akceptornimi jednotkami v push-pull
chromoforech vyuZzivanych pro konstrukci barvivem senzibilizovanych solarnich

¢lanka DSSC.21-23

0O O o) N
=
=~
I GRS
malonova kyanoctova
kyselina kyselina

Obrazek 4 — Struktura malonové a kyanoctové kyseliny.

Nejvétsi vyhodou kyanoctové kyseliny je, Ze kombinuje vysokou elektron-akceptorni
schopnost —CN skupiny s kotvici vlastnosti -COOH skupiny v jednom strukturnim
motivu. Karboxylova funkéni skupina pak zajistuje fyzikalné-chemickou adsorpci
na povrchu nanokrystalické TiO: elektrody. LUMO chromoforu je lokalizovano pres
celou akceptorni malonovou jednotku a po excitaci elektronu z HOMO do LUMO
pomoci vngjsiho elektromagnetického zareni miiZze dochazet k jeho injekci do povrchu
TiO2 anody (viz princip DSSC v kapitole 1.4.1). Kritéria pro idealni organické barvivo
zahrnuji spravné nastavené energetické irovné HOMO a LUMO hladin umoZziujici
ptechod elektronit do nanovrstvy TiO: a regeneraci oxidovaného barviva danym
oblasti spektra pro zachyceni co mozna nejvyssiho poctu fotont.

Typickymi organickymi barvivy pro konstrukci DCCS ¢lank jsou Ru?*
komplexované polypyridily.*® Aviak pouZiti téchto komplexnich sloudenin
v masovém m¢éiitku se jevi jako nevhodné diky vysoké cené ruthenia a podobnych
vzacnych kovii a nizké absorpci téchto komplexii v blizké IC oblasti viditelného
spektra. Z téchto divoda se soucasny trend v DSCC c¢lancich ubird k barvivim
s TEkonjugovanymi systémy na bazi porfyrint a ftalocyanint, které jsou chelatovany
bézn¢ dostupnymi kovy (hoi¢ik, meéd, nikl, kobalt, zinek, palladium).
Meso-substituované porfyriny jako senzibilizovana barviva pro DSSC byly nedavno

47 Hewat a spol.* navrhli a pfipravili &tyfi

shrnuty Torresovym kolektivem.
nesymetrické push-pull meso-porfyriny la—d. Na jedné strané¢ byly jako donory
vyuzity polycyklické aromatické uhlovodiky jako pyren nebo fluoren, na strané druhé
byl Tekonjugovany tetrapyrrolicky systém prodlouZen o ethynylthiofenovy mustek

s ptipojenou akceptorni jednotkou v podobé bud’ malonové nebo kyanoctové kyseliny.
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Jako chelatujici kov byl vyuZit Zn*, zatimco alkoxy skupiny na bo¢nych benzenovych
jadrech zvysovaly celkovou rozpustnost porfyrini (Obrdzek 5). Nasledné byly
zkoumany fotovoltaické vlastnosti téchto porfyrinovych derivati la—d v DSSC
¢lancich. Za aplikovanych experimentéalnich podminek dosahoval derivat 1b, nesouci
pyrenovy donor a malonovou kyselinu jako akceptor, z dané série nejvyssi dcinnosti

premeény svételné energie 77 = 3,14 % (Tabulka ).

1a D = pyren; R=CN

1b D = pyren; R = COOH
1c D = fluoren; R = CN

1d D = fluoren; R = COOH

OMe

OHex

MeO

Obrazek 5 — Nesymetrické meso-substituované Zn-porfyriny s donornimi polycyklickymi aromdty
a TEsystémem prodlouZenym o 2-ethynylthiofenovou jednotku.

Tabulka 1 - Optické a fotovoltaické vlastnosti porfyrinit nesoucich malonovou ci kyanoctvou
akceptorni jednotku.

Sloucenina | 1a 1b 1c 1d 2a 2b 3a 3b 5

Mmax [nm] | 639%  654° 638" 632* 597  598° 607°  607°  =420°

n[%] 1,35¢ 3,14¢ 0,92°¢ 1,28 0,106° 0,0013¢ 0,133¢ 0,102¢ 0,37°
Méfeno v: *CH,Clp, *THF; °nanokrystalick4 TiO, elektroda, I/I* elektrolyt, AM1,5G intenzita zéfeni.

QLA D

meso-pozice

R
@) / COOCH
W
O O S-pozice
2aR=CN 3aR=CN
2b R = COOH 3b R = COOH

Obrazek 6 — Zn-porfyriny s akceptorni vétvi v meso- nebo [-poloze.
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Narraova studie*® prokazala lepsi optoelektronické chovani, jakoZ i vyssi
ucinnost /7 u B-substituovanych  furan-porfyrini  3a-b ve srovnani s jejich
meso-analogy 2a—b (Obrdzek 6). Navic lepsiho fotovoltaického vykonu bylo dosazeno
uslou¢enin 2a a 3a obsahujici kyanoctovou kotvici jednotku ve srovnani
s malonovymi deriviaty 2b a 3b (Tabulka I). Tyto experimentdlni zavéry byly
podloZeny i teoretickymi TD-DFT vypocty. Pravé pomoci ab initio kalkulaci byl
posouzen vliv centrdlniho pfechodného kovu na molekularni elektronovou strukturu
metaloporfyrini 4a—c (Obrdzek 7) a tim ina senzibilizujici vykon v rtizné
modifikovanych DSSC zafizenich.>

U palladiem chelatovaného nesymetrického porfyrinu 5 (Obrdzek 7) s kyanoctovou
kyselinou v jedné z meso-poloh bylo rovnéZ studovano jeho chovani v DSSC
zafizeni.>! Na tdcinnost 77 porfyrinti mé tedy obecné vliv rozloha Tesystému daného
porfyrinu, typ zvolené D a A jednotky respektive chelatujictho kovu a pozice,
ve kterych jsou porfyrinové makrocykly substituovany (meso- vs. S-polohy).

Analogicky lze pak vyuZit i ftalocyanini.>?

QLA QD

COOH
=
COOH CN
O O O COOH
4aM=12n 5
4b M =Cd
4c M = Hg

Obrazek 7 — Metaloporfyriny 4a—c jako vzorové molekuly pro posouzeni viivu centrdlniho kovu
na optoelektronické a fotovoltaické viastnosti a porfyrin 5 s Pd-komplexovanym centrdlnim atomem.

V posledni dobé se velmi popularnimi a slibnymi stavaji barviva, ve kterych
se prechodny kov nevyskytuje viibec, tzv. ,,metal free senzitizer. Tato barviva zatim
nedosahuji ucinnosti 77 jako senzibilizdtory komplexujici drahé kovy, avSak jejich
syntéza je snadnd a diky nepfitomnosti vzicnych kovili ekonomicky mnohem
vyhodnéjsi a taktéZ ohleduplnéjsi vi¢i Zivotnimu prostfedi. Nicméné s organickymi
barvivy jako foto-senzibilizatory je spojeno i nékolik nevyhod. Pfikladem mitiZe byt
délka emise jejich excitovanych stavid, jez je zpravidla krat$i nez u kovovych

komplexti, nebot’ k efektivnimu oddéleni naboje dochazi predevsim tehdy, pokud je

32



TEORETICKA CAST

injekce elektroni z organického barviva do vodivostniho pasma TiO> mnohem
rychlej$i ve srovnani s Zivotnosti jeho emisnich stavli. Dalsi nevyhodou muze byt
ve veétSine piikladi relativné ostry absorp¢ni pas, diky némuz je pokryta jen mala ¢ast

viditelného spektra pro zachyceni slune¢niho zaieni.

HOOC.__COOH (GOOH
o)

nebo

N HOOC.__CN A

8 >
piperidin
CH4CN
N reflux, 4 h N
6 9a R = COOH (80 %)

9b R = CN (neuvedeno)
Schéma 2 — Priprava jednoduchych organickych barviv 9a-b na bdzi skoricového aldehydu.

Tabulka 2 — Optické a fotovoltaické viastnosti barviv nesoucich malonovou ¢i kyanoctvou jednotku.

Sloucenina 9a 9b 10a 10b 10c 11a 11b 12a 12b 12¢ 13a 13b 13¢
AMmax [nm] | 422* 4202 380 376 537¢ 465¢ 4939 5099 4919 4534 4649 4204
(%] 1,38 1,33° 58° 3,6 24° 47° 4,1° 438 398 460° 420° 5,776° 4,54°

Méteno v: *EtOH, °THF, °DMF, YCHCIls; ®Nanokrystalicka TiOselektroda, I/I* elektrolyt, AM1,5G
intenzita zafeni.

Jednoduchym ptikladem bezkovovych organickych barviv mohou byt slouceniny
9a-b. Jejich ptiprava vychdzi z bézné dostupného 4-(N,N-dimethylamino)-
skoficového aldehydu 6, ktery za podminek Knoevenagelovy kondenzace
s malonovou 7 a kyanoctovou kyselinou 8 poskytuje cilova barviva 9a—b (Schéma 2).
Tyto velmi snadno pfipravitelnd a levna barviva dosahuji s ohledem na svoji
jednoduchost relativné vysoké ucinnosti pfemény svételné energie v elektrickou
n pohybujici se okolo 1,35 % (Tabulka 2).°* Typickym strukturnim ladénim
optoelektronickych vlastnosti se védecka komunita snazi ptipravit takova organicka
push-pull barviva, kterd dosahuji vysokych excitanich koeficientd a Sirokych
absorp¢nich pést. A to je divod, pro¢ do dnes$ni doby existuje opravdu bohaté Skéla
rizn¢ navrzenych Tesystémi pro DSSC. Tyto Tesystémy jsou Casto sloZeny z mnoha
typli heteroaromatickych kruht, jejichz heteroatomy (N, S, O) vystupuji pfimo jako
elektron donory. Piikladem takového donorniho polyhetero-aromatického kruhu mize

byt fenothiazin, ktery byl vyuZit ke konstrukci barviv 10a—c (Obrdzek 8). V téchto

vvvvv
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n¢kolik vyhod. Tato anténa potlacuje zpétny tok elektrond z TiO; do elektrolytu tim,
Ze formuje kompaktni izolacni vrstvu barviva na povrch elektrody. Dale zachycuje
fotony a skrze energeticky pfenos dlouhého dosahu pfesmérovava zachycenou energii
do vlastniho fenothiazinového senzibilizitoru, rovnéZ pisobi jako pomocny donor.>*
Na tomto strukturnim motivu byla prokdzana vyssi t¢innost 77 kyanoctového derivatu
10a oproti malonovému 10b. Z dané série vSak nejnizSi ucinnost /7 vykazoval
chromofor 10c¢ nesouci pouze jednu karboxylovou funkcéni skupinu (velmi slaby
akceptor). Avsak karbazol nemusi plnit pouze roli pomocnou, ale mizZe byt centralni
donorni jednotkou celého senzibilizatoru, tak jako v ptipad¢ slouCeniny 11a. Tato
kvadrupolarni molekula N-hexylkarbazolu je dale rozsSifena o pomocné
ethenylkyanové akceptorni a thiofenové donorni jednotky, malonovéa kyselina pak
tvoti bi-kotvici/akceptorni ¢ast (Obrdzek 8). Diky planarité celého systému barviva
11a je dosazeno lepSich optoelektronickych parametri a vy$$itho fotovoltaického
vykonu ve srovnani s neplanarni slou¢eninou 11b (Tabulka 2). Diky prodlouzenému
Tesystému a vicendsobnému poctu kotvicich skupin dosahuji obecné oktupolarni
barviva lepsi vazebné sily k povrchu polovodicové elektrody a tim indukuji vyssi
fotoelektrickou d¢innost oproti mono vazanym proté&jskiim.>> Karbazol a triarylamino
skupina vystupuji jako donory pfi konstrukci DSSC barviv 12a—c¢ na bazi rigidniho
a planarniho nafto[2,1-b:3,4-b"]dithiofenu (Obrdzek 8). Tento novy
heteropolyaromaticky systém se osvédCil jako hodnotnd centrdlni TFkonjugovana
jednotka pro design barviv s relativné vysokou ucinnosti v DSSC zafizenich (viz
Tabulka 2).>° Jiné uspotadani dvou thiofenovych a dvou benzenovych jader miZe vést
k centrdlnim TEmulstkim na béazi planarniho [1]benzothieno[3,2-b]benzothiofenu
(BTBT). D-ttA slouceniny 13a—c¢ (Obrdzek 8) jsou tvoieny centralnim BTBT
a thiofenovym Temustkem, ktery je na jedné stran¢ zakoncen kotvici kyanoctanovou
jednotkou a na stran¢ druhé odliSnymi elektron donory (thiofen vs. amino skupina vs.
fenothiazin). BTBT meziprodukt je velmi snadné syntetizovat a muze byt tedy
piipraven ve velkych mnozstvich.’” Spravnym vybérem donorni jednotky Ize pak ladit
optické vlastnosti, upravit absorpéni rozsah a optimalizovat fotovoltaicky vykon

(Tabulka 2).
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tBu tBu Bu Bu
N 10b R = COOH
10cR=H a
/gﬂ R: Dec
5 N

12aR=a,n=1
12bR=a,n=2
12cR=b,n=1

oa A
HOOC : o?(:( s

CN
Hex S Hex
N NG\ ’
3 55 %
14 CHO o5°¢ 15 CHO  o5oc 16 o
85 % 65 % s
!—Iex
N NC. _COOH
/ \/
POCI; DMF 8
—l—» ;
25 °C CH3;COONH,
CH,COOH
110 °C
0 41%

Schéma 3 — Jednoduchy synteticky pristup k senzibilizdtoru na bdzi indolu.
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Indol, jakoZto strukturni analog karbazolu, mize byt rovnéZ donornim prekurzorem
ke konstrukci barviv s kotvicimi skupinami. Babu®® vyuZil jednoduchou syntetickou
cestu k pfipravé indolového barviva 18, kterd je zaloZena na N-alkylaci
1H-indol-3-karbaldehydu 14, nasledné kondenzaci N-alkylovaného indolu 15
s 2-(2-thienyl)acetonitrilem, formylaci meziproduktu 16 a zavérecné Knoevenagelové
kondenzaci aldehydu 17 s kyanoctovou kyselinou 8 poskytujici cilovy chromofor 18

v celkovém 13% vytézku (Schéma 3).

| l
A

19aR;=CN,R,=H,n=1

19b Ry =CN, R, =CF3 n=1 20an=1

19c R;=CN,Ry=H,n=2 n 2oab77=2
19dR;=CN,Ry;=H,n=3 NC”™ “COOH  20c¢ n = thiofen-2,5-diyl

19e R1 =COOH, R2=H, n=2

Obrazek 9 — DSSC senzibilizdtory na bdzi kumarinu a Y-tvarovand barviva nesouci dvé donorni
DMA jednotky.

Tabulka 3 — Optické a fotovoltaické viastnosti senzibilizerii na bdzi kumarinu a Michlerova ketonu.

Slouéenina | 192 19b 19¢ 19d 19¢ 20a 20b 20c 9b

Amax [nm] | 4932 477° 504* 506° 486* 465° 501° 469° 454°

ni%] 4,1° 3,1°¢ 52¢ 3,5 3,7 549 68¢ 59¢ 559

Méfteno v: *MeOH, °+-BuOH/CH;CN 1:1; “Nanokrystalickd TiOselektroda, I/I* elektrolyt, AM1,5G
intenzita zafeni; 9 Podminky jako v ¢, navic deoxycholova kyselina jako ko-adsorbent.

s s. U\

NG A Sone :f‘@/@f\
,, )—COOH A \ /s

@I -mUstek: 2 b

N

]\
s

S S
21a—d ¥ 4 N-go
L/ @5

c d
Q HexQ NC
_ )~ COOH ¥ 3 7 l
= L) T L
m-mustek: Nz e N‘E‘
22a-c¢ OHex a bn=1 N3y
cn=2

Obrazek 10 — DSSC senzibilizéry tvorené donorni TFA jednotkou.

Barviva se strukturdlnim motivem na bazi kumarinu rovnéZz spadaji mezi

heteroaromatické systémy implementované v DSSC zatizenich. Z uvedenych derivati

kumarinu 19a—e (Obrdzek 9) byly za aplikovanych podminek odhaleny nejlepsi
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fotosenzibilizujici vlastnosti u barviva 19¢, které obsahuje prodlouZeny Tesystém
o dvé polyenové jednotky a kyanoctovou kotvici ¢ast (Tabulka 3). Toto strukturni
usporadani umoziuje efektivni pifenos elektronu zbarviva do vodivé vrstvy
nanokrystalického TiO; rezultujici ve velmi uspokojivou dé¢innost 77 = 5,2 %.> Stejni
autofi posléze publikovali studii, ve které designovali Y-tvarovana barviva 20a—c
(Obrdzek 9), kterd obsahuji dvé donorni N,N-dimethylanilino (DMA) vétve na bazi
Michlerova ketonu, tfeti je tvoiena polyenovym, respektive thiofen-2,5-diylovym
mustkem zakonCenym periferni kyanoctovou kotvici/akceptorni jednotkou. Jako
jednoduchy srovnavaci linearni analog byla vyuzita sloucenina 9b (Schéma 2).
Z Tabulky 3 je patrné, Ze vSechny tyto Y-senzibilizatory dosahuji velmi vysokych
fotovoltaickych tdc¢innosti 77.°° Autofi tak demonstruji, Zze vysokého vykonu DSSC
zafizeni lze dosahnout i1 pomoci pomérné jednoduchych molekularnich struktur
senzibilizatort s nizkymi néklady na jejich pfipravu a Cisténi. Tim se stavaji slibnymi
adepty pro aplikaci v komer¢nich DSSC soléarnich celach. Pokud srovname piivodni
anové zméfené ucinnosti slouceniny 9b (/7=1,33 vs. 5,5 %), je patrny markantni
rozdil. Ten je pravdépodobné zpusobeny uspofaddnim solarni cely, uzZitym
ko-adsorbentem a dalSimi vlivy pfi pfipravé ¢lanku.

Velmi popularnim stavebnim blokem je rovnéz trifenylamin (TFA) vyuZivany
jako donorni jednotka. Na Obrdzku 10 jsou uvedena Ctyii linearni D-T-A barviva
2la-d, kterd systematicky méni svlj Trkonjugovany systém tvofeny
(poly)thiofenovymi jadry. Donorem je di(4-methylfenyl)fenylamin, zavedenou kotvici
jednotkou byla kyanoctova kyselina. Zvoleny typ Temustku pak hraje ustfedni roli
pii ladéni fyzikdlnich a fotovoltaickych vlastnosti. VSechny chromofory 21la-d
vykazaly vyznamnou konverzi svételné energie v elektrickou (5—7 %, viz Tabulka 4),
nejlepSiho vykonu vSak bylo dosaZeno u chromoforu 21b (/7 =7 %) s bithiofenovym
Temistkem.®! Oproti tomu barviva 22a—c maji navic Temistek vybaven pomocnymi
donornimi a akceptornimi jednotkami (Obrdzek 10). Pomocnou elektron deficitni
jednotku zde predstavuje 1,2,3-triazol, ktery pfiznivé ovliviiuje intramolekulérni
separaci niboje.®? Tim tyto D-TEA-TEA senzibilizéry dsp&sné potlacuji rekombinaci
naboje na povrchu TiO> polovodice a vylepSuji tak méfené parametry DSSC cel
(Tabulka 4), ptedevsim pak hodnoty maximaln¢ dosaZitelného napéti V.. V roce 2013
vydali Wu a Zhu®® obs4hlé review vénujici se pravé podobnym line4drnim D-A-TEA

systémtim a jejich vyhodam v DSSC zafizenich oproti klasickym D-TtA barviviim.
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Jak jiZz bylo zminéno, obménou centralni akceptorni jednotky lze provadét snadny
»tuning* molekularnich energetickych hladin, posouvat CT-absorpcni pasy blize
k infraCervené oblasti a zieteln¢ vylepSit fotovoltaicky vykon a stabilitu téchto
senzibilizérti. V review popsali a porovnali optoelektronické a fotovoltaické vlastnosti
desitek D-A-TFA senzibilizéri, avSak jejich spoleénym rysem byla piitomnost
periferni TFA a kyanoctové jednotky jako elektron donoru respektive kotvici skupiny.
Centralni akceptorni jednotky byly zaloZeny napf. na benzothiadiazolu, benzotriazolu,
chinoxalinu, ftalimidu, diketopyrrolopyrrolu, thienopyrazinu, triazinu, kyan- a fluor-

substituovanych systémech, apod.

Tabulka 4 — Optické a fotovoltaické viastnosti senzibilizerii na bdzi TFA a anthracenu.

Slouéenina 21a 21b 21c 21d 22a 22b 22¢ 23a 23b 23c 23d

A
Atmax[nml | 370 4570 4730 4430 4000 3730 406°  406° 417 387 400F

171%] 6,719 7,004 5,12¢ 6,57 3,46¢ 4,13¢ 481¢ 0,085¢ 0,099¢ 0,076¢ 0,033¢

Méteno v: *DMF, YCH,Cl, ‘THF; Nanokrystalick4 TiOselektroda, I/1* elektrolyt, AM1,5G intenzita
zéfeni.

V roce 2009 vydali Giribabu a spol.% komplexni studii porovnavajici vliv kyanoctové
a malonové kotvici/akceptorni jednotky na fotovoltaické vlastnosti barviv pro DSSC
zafizeni. K této studii byly zvoleny chromofory na bazi anthracenu 23a-d
(Obrdzek 11) vazané k povrchu TiO;. Barviva 23a a 23b nesouci kyanoctové
akceptory vykazaly nepatrné vyss$i IPCE a ucinnosti /] (Tabulka 4) ve srovnani
s dikarboxylovymi analogy 23c¢ a 23d. K detailnimu pochopeni téchto zavérii bylo
vyuzito vypocetnich metod. Tyto kalkulace odhalily, Ze kyanoctova , kotva* je silné&ji
vazana k povrchu TiO2 ve srovnani s malonovou jednotkou, coZ nasledné vylepsSuje
vykonnost celé fotovoltaické cely.
R2
OOO 23aR;=CN,R,=H
23b R; = CN, R, = CH30
23¢c R; = COOH, Ry = H
xR 23d R; = COOH, R, = CH;0
COOH

vo o2

Obrazek 11 — Série anthracenovych chromoforit slouZicich ke studiu vlivu kotvici jednotky
na vykonnost DSSC.

Z uvedené reSerSe vyplyva, Ze lepSich vysledki v DSSC zafizenich dosahuji
barviva nesouci kyanoctovou kotvici jednotku oproti malonové kyseliné. Avsak neni

to pravidlem, viz molekuly 1la—d nebo 9a-b, ucinnost piemény svételné energie
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v elektrickou a ostatni fotovoltaické parametry vzdy kriticky zavisi
na experimentalnich podmink4ch méfeni, jako jsou porozita pfipravené nanovrstvy
TiO», typ elektrolytu nebo zdroj zafeni, celkové usporadani experimentu, pfitomnost
ko-adsorbentu a podobn¢. Diky tomu i latky s bathochromné posunutymi CT-pasy
a niz§imi rozdily HOMO a LUMO hladin v dané sérii molekul nemuseji dosahovat
nejlepSich senzibilizujicich vysledki (viz. 21¢ vs. 21d v Tabulce 4). Dany chromofor
ovliviiyje tyto vysledky pfedevsSim z pohledu pozic svych HOMO a LUMO hladin
(nikoli rozdilem), Zivotnosti a polaritou excitovanych stavii, agregaci na povrchu TiO»
atd. Proto lze tézko doptedu predikovat ucinnosti /7 jednotlivych chromofort a je tteba
je ovéfit experimentalné.
Xy COOH R'SH WOR R'S Xy  COOEt
- —_—
X%COOH pH<7 X N” >SCOOR PpH>7 x%oooa
SR’ SR’

24aR =H
24b 25aR =Et 25b

X = NEt,, OH, H, CI, NO,
Schéma 4 — Obecné schéma Michaelovy adice thiolii na chromofory 24 a 25v zdvislosti na pH.
Malonova kyselina slouzici jako akceptorni jednotka v push-pull chromoforech
je v drtivé mitfe vyuzivana pii syntézach barviv pro DSSC. Avsak v literatute 1ze nalézt
i jeji dalsi aplikace. Pfikladem muZe byt citlivd a selektivni fluorescentni sonda 24a
na bazi chinolinu (Schéma 4), kterd byla spolu se svym diethylesterem 25a aplikovana
k detekci thioli v kyselém i bazickém prostfedi. Na téchto fluorescentnich barvivech
bylo dale demonstrovano, Ze se mohou stat slibnymi senzory Michaelova typu

pro oznacovani lysozomt v Zivych buiikach.%

1.5.2 Malondinitril
Malondinitril (Obrdzek 12) jako slabd C-kyselina (pKa 11,2) je vSestrannou
slouceninou mimotadné reaktivity. Diky reaktivité¢ methylenové skupiny a jedné nebo
obou kyano skupin se ve velké mife pouziva jako reakcni cinidlo/intermediét
poskytujici dulezité adicni a kondenza¢ni produkty ve vyzkumnych, lékafskych,

pramyslovych a zemédélskych oborech.®

X _#

malondinitril

N N

Obrazek 12 — Struktura malondinitrilu.
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Malondinitril je rovnéZ viibec nejpopularnéjsim elektronové deficitnim prekurzorem
odvozenym od malonové kyseliny. Velmi snadno se zavadi do struktur push-pull
chromofor pomoci Knoevenagelovy kondenzace, ¢imz se transformuje v dikyanvinyl
(DCV) jednotku s vysokou akceptorni schopnosti. Malondinitril je navic komercné
dostupny, levny a ochotné reaguje s vétSinou aldehydu a ketont. To jsou dliivody, proc¢
se DCV akceptorni jednotka hojné zavadi do struktur push-pull chromofort, jez
nasledné nachazi uplatnéni v celém spektru obort, od NLO ptes celou optoelektroniku
az k biochemickému zobrazovani. Diky velké oblibé a rozsifenosti DCV akceptoru
budou tak v této kapitole uvedeni pouze vybrani piedstavitelé z Siroké plejady

D-1eDCV systémd.

\fQN Oﬁ( $-CN -E\\_CN —§@CN —E%Q-CN

a b c d

. e ~
§f@ N §XCN g_N\>—oN \\\«'L-Z/CN

o e NC f Cg N
h CN
26a-1 NG
i NC ", b
NC i
] k NC | CN

Obrazek 13 — Tripoddini NLOfory na bdzi TFA s Sirokou Skdlou perifernich kyano akceptornich
Jjednotek.

Tabulka 5 - Oproelekronické vlastnosti tripoddlnich molekul 26 s riuznymi perifernimi kyano
akceptory.

Slou¢enina | 26a 26b 26c 26d 26e 26f 26g 26h 26i 26j 26k 26l

Amax [nm]* | 339 394 372 387 403 453 470 413 420 414 397 412
Afmax [nm]* | 377 460 448 458 510 549 611 497 533 499 475 516
dra [GM]° / 260 566 785 1100 757 667 620 852 631 148 375
AExax [eV]° | 400 324 347 3,13 287 294 268 329 294 288 299 294

Méfeno v: *THF; °Dvou-fotonova excita¢ni fluorescenéni spektroskopie v spektrdlnim rozmezi
750-850 nm v THF; “Kalkulovano na DFT B3LYP/6-311++G(2d,p) drovni.

Vv s

Trifenylamin je obecné jednim z nejpopularnéjSich prekurzorti pro zavedeni
elektron donoru. Je levny a dostupny, snadno podléha halogenaci a naslednym cross-
coupling reakcim, lithiaci, apod. Dle stupné halogenace/poctu substituovanych jader
Ize pak ptipravovat push-pull molekuly s linearnim D-TtA, jakoZ i kvadrupolarnim

D(1A): a tripodalnim D(T+A); uspofadanim. Do dneSni doby byla pfipravena velmi
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rozsahla Skala barviv zaloZzenych na TFA(TEDCV)13 motivu s Sirokym spektrem
uplatnéni. V nasi pracovni skupin€ byla syntetizovana série tripodalnich D(-TFA)3
molekul 26a-1 na bazi TFA. Zménou perifernich kyano akceptornich jednotek
a variacemi Tesystému byly modulovany nelinearné optické vlastnosti (2PA) cilovych
chromofort.” Na zakladé experimentilnich a vypodetnich dat tato studie jasné
demonstruje vysokou akceptorni schopnost DCV jednotky v molekulach 26f a 26g
ve srovnani s ostatnimi kyanovymi analogy 26 (Obrdzek 13, Tabulka 5). Slouceniny
26f a 26g vykazovaly nejbathochromné&ji posunuté absorpéni (A*max) i emisni (Amax)
CT-pasy, uspokojivou 2PA aktivitu (koeficient o&pa) a jedny z nejnizsich
kalkulovanych rozdili HOMO a LUMO hladin (AE).

POCI; POCI, POCI,
DMF DMF DMF
25 °C 95 °C 95°C
28c -
0]

28a 4h 28b | 1.5h
O

- l

30a x_CN

26f CN
92 % 30b N
° 86 9% CN 81%
CN

Schéma 5 — Formylace trifenylaminu a ndslednd Knoevenagelova kondenzace jako sled reakci
vedouct k postupné vétvenym sloucenindm 30a-b a 26f.

Yang a spol.®® studovali sérii tif molekul 30a—b a 26f na bazi TFA s linearnim (30a),
kvadrupolarnim (30b) a tripodalnim (26f) strukturdlnim uspofddanim a DCV
akceptornimi jednotkami. Tyto slouceniny byly pfipraveny postupnou Vilsmeierovou-
Haackovou formylaci (syst¢tm DMF/POCI3) trifenylaminu 27 a néslednou
Knoevenagelovou kondenzaci aldehyda 28a—c s malondinitrilem 29 (Schéma 5).

Jelikoz emisni spektra téchto latek byla silné ovliviiovdna polaritou pouzitych
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rozpoustédel, byly tak chromofory 30a—b a 26f studovany jako solvatochromni
fluorescentni barviva.

T-Mistky mezi TFA donorni jednotkou a DCV akceptorem mohou byt s vyhodou
prodluzovéany naptiklad o vloZen4 thiofenova jadra, jak naznacuje Obrdzek 14. Push-
pull molekuly 31-33 (a jejich strukturni analoga) poslouZzily pak jako fotovoltaické
aktivni materidly pro organické solarni cely OSC. Na jejich zaklad€ konstruované
dvouvrstvé OSC s objemovym heteropfechodem dosahovaly za aplikovanych
podminek ucinnosti premény svételné energie v elektrickou PCE = 1-3%
(Tabulka 6).°' Pomoci methylenovych spojek lze pak déle planarizovat
trifenylaminové donorni jadro, tim usnadnit ICT a vylepsit tak fotovoltaicky vykon
OSC zafizeni, viz molekula 34 vs. 31b.”"7? Dal§im piikladem malé organické
molekuly pro solarni ¢lanky (SMOSC) muiZe byt dvoudimenzionalni molekula 35,
ve které je na centralni donorni TFA jadro pfipojena jedna vétev nesouci akceptorni
DCV jednotku, zbylé vétve jsou obsazeny elektron-deficitnimi benzothiadiazoly.
Takovéto dvoudimenziondlni systémy poskytuji novou strategii pro design slibnych

fotovoltaickcych materiali vyuZitelnych v SMOSC ¢lancich.”

Okt

3B As Okt
—=( CN 35

CN
Obrazek 14 — TFA-DCV push-pull chromofory s thiofenovymi muistky jako aktivni materidly pro OSC.
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Tabulka 6 — Optické a fotovoltaické viastnosti organickych matridlii s DCV akceptorem pro OSC.

Slou¢enina | 31a 31b 32a 32b 33 34 35

Mmax [nm] | 501° 518> 610° 621* 538" 538> 500°

ni%] 2,534 305" 2979 - 1,02¢ 4,047 2,26¢

Méteno  v: *CH,Cl,, °CgHs-Cl, C°CHCl;; ‘Fulleren Cg jako donor; ©33/PCe;BM  1:3;
31b,34/PC71BM(TiOx) 1:3; £35/PCs;BM 1:2,5; "2AM1,5G intenzita z4feni.

CN

=~ ~CN
B
She\
NC A = CN
36

37

Obrazek 15 — Kolorimetrické senzory na bdzi triarylboranii selektivné reagujici na pritomnost F
a CN iontii.

Nedavno byly Thilagarem a spol.”* navrZeny a syntetizovany A-TED(-TEA)>
triarylborany 36—-37 (Obrdzek 15). Diky unikdtnim spektralnim vlastnostem, kdy
CT-pésy jsou tvoreny jak interakci TFA donoru s DCV akceptorem tak i s BMes:
jednotkou, slouZi tyto triarylborany jako kolorimetrické senzory detekujici pfitomnost
kyanidovych a fluoridovych aniontti. Fluoridové ionty jsou pak selektivné poutany
na boranové centrum a tim je blokovan odpovidajici ICT pfechod (TFA—BMes»),
¢imZ dojde k cervenému posunu druhého CT-pasu. Kyanidové ionty se na druhou
stranu mohou vézat k obéma receptorim (DCV i BMesy) a tim potlacit oba
CT-absorp¢ni pasy. Tyto odlisné kolorimetrické projevy vici F~ ¢i CN™ iontim jsou
pozorovatelné jiz pouhym okem a slouZzi tak jako vhodné néstroje k detekci zminénych
aniond.

Linearni D-TeDCV molekuly konstruované na Siroké Skdle Trkonjugovanych
systémi s variabilnimi donornimi jednotkami tvofi podstatnou Cast vsech
syntetizovanych push-pull chromofort. Pro ilustraci je zde uvedena jedna vzorova
série takovychto slouc¢enin. Konkrétné se jedna se o fluorescentni molekularni rotory
FMR 38a—f (Obrdzek 16), které byly navrzeny jako strukturné jednoduché citlivostni

sondy ke studiu viskozity a polarity rozpoustédel na zaklad¢ jejich emisniho chovani.
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Pti navySeni viskozity rozpoustédla bylo pozorovano az cCtyficetindsobné zvySeni

fluorescence.”

=0 :
R —
NC
N CN

)
-

38aR=H
38b R = OMe 38d X =/
Obrazek 16 — Jednoduché linedrni D-TEDCV molekuly slouZici jako fluorescentni molekuldrni rotory
(FMR).

NC™ CN
39d n=0,X=CH
39en=0,X=N
39fn=1,X=CH
39gn=1,X=N
Obrazek 17 — Push-pull chromofory ve tvaru pismene X vedouct k D>-TEDCV strukturdlnimu

uspordddni,

Push-pull chromofory ve tvaru pismene X miiZou byt piikladem D>-TeDCV»
molekul s neobycejnym strukturdlnim uspotddanim. Takovéto X-tvarované molekuly
obsahuji dvé donorni a dvé akceptorni vétve, které jsou propojeny centralni
Tekonjugovanou spojkou. Na Obrdzku 17 jsou uvedeny vybrané piiklady
X-tvarovanych push-pull chromofori 39a—g, ve kterych je jako Tespojka vyuZzit
benzen (39d.f), pyrazin (39e,g) nebo naftalen (39a—c), donory jsou pak zastoupeny
thiofenovymi (39a—-b) nebo 1,3-dithiolovymi jadry (39c¢—g). Diky jejich unikatni
geometrické struktufe a laditelnému (ne)linearn€ optickému a elektronickému chovani
(ovéteno experimentalné 1 kalkulaci) se mohou stat vhodnymi dopanty pro konstrukci
aktivnich polymernich materiali pro organickou elektroniku.”6~"’

DalSimi piiklady push-pull chromoforii s mimofadnym strukturdlnim (D-T¢);DCV
uspofadanim jsou ty ve tvaru pismene V. Zde se s vyhodou vyuZiva proaromatického

centrdlniho 4H-pyran-4-onu, ktery slouZi jako O-heterocyklicky Temustek, k némuz
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Ize pomoci cross-coupling reakci do pozic 3 a 5 pfipevnit donorni vétve.
Karbonylovou funkéni skupinu lze pak Konoevenagelovou kondenzaci modifikovat

1.”® navrhli a syntetizovali Ca, symetrické

v DCV akceptor. Moylan a spo
4-(dikyanmethylen)pyranové derivaty 40a—e, ve kterych DCV jednotka interaguje
s riznymi amin-donory skrze proaromaticky 4H-pyranovy mustek (Obrdzek 18).
Nejenze tato barviva poskytovala vysokou NLO odezvu, navic byla teplotné velmi
stabilni. Chromofor 40b nesouci thiofenovy Temustek dosahoval pak z dané série
nejlepSich linedrnich i nelinedrnich optickych aktivit (Tabulka 7). Diky témto
vlastnostem mohou byt latky 40a—e s vyhodou aplikoviany v NLO oblasti jako

elektrooptické modulétory a frekvencni nasobice.

N u
Lo O

Obrazek 18 — Push-pull chromofory ve tvaru pismene V s centrdlni proaromatickou
4-(dikyanmethylen)-pyranovou jednotkou.

Tabulka 7 — Tepelné, LO a NLO vlastnosti V-tvarovanych 4H-pyranovych derivdtii 40.

Slou¢enina | 40a 40b 40c 40d 40e

Amax [nm]* | 486 586 456 458 496
Bl10*  esul® | 175 215 71 106 197

Ta°C]° 404 300 392 412 348

Méfeno v: *CHCl3; "EFISH experiment pfi 1064 nm v CHCl3; “Teplota dekompozice, méfeno pomoci
DSC.

Jak uZ bylo zminéno vySe, DCV jednotka je velmi efektivnim akceptorem
ve srovnani s ostatnimi béZnymi analogy nesouci jednu ¢i dvé CN skupiny. AvSak
byly syntetizovany dalS$i multikyano jednotky na bazi malondinitrilu, které jeste
zesiluji svoji elektron-akceptorni schopnost oproti jednoduché DCV jednotce. V roce
2010 byla Wangem ptipravena série molekul 30a a 4446, ve které byl systematicky
navySovan pocet akceptornich kyano skupin. Na Schématu 6 je zobrazen jednoduchy
synteticky pfistup, pomoci né¢hoz Ize do struktur push-pull molekul zavést periferni
di- az pentakyano akceptorni jednotky. Syntéza vychazela z TFA 27, ktery podléhal

bud’ Vilsmayerové-Haackové formylaci poskytujici aldehyd 28a, nebo piimé
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elektrofilni aromatické substituci s tetrakyanoethylenem (TCNE) v DMF vedouci
k trikyanvinyl derivatu 44. Wittigova reakce mezi aldehydem 28a a systémem
CBrs/PPhs dale poskytovala 1,1-dibromolefin 41. Tento aldehyd 28a rovnéz
kondenzoval s malondinitrilem 29 za vzniku DCV-derivatu 30a. Generovianim
bromalkynu pomoci n-Buli a naslednou dehydrohalogenaci byl ze slouceniny 41
pfipraven termindlni acetylen 42, ktery podléhal bud [2+2]cykloadici s TCNE
na tetrakyandivinylovy derivat 45, nebo substitucni reakci terminadlniho vodiku
zanitril. Zavérecna [2+2]cykloadice mezi pfipravenou slouceninou 43 a TCNE
poskytla chromofor 46 s pentakyandivinylovou akceptorni jednotkou.
Na zaklad¢ experimentilnich dat ziskanych pomoci rentgenostrukturni analyzy,
NMR, UV-Vis absorp¢ni spektroskopie a elektrochemickych méfeni bylo nésledné
ovéfeno, Ze s rostoucim poctem kyano skupin se skute¢né zvySuje i akceptorni sila
multikyano jednotek. TCNE ¢inidlem lze analogicky substituovat i zbyla benzenova
jadra trifenylaminu a ziskat tak oktupolarni TFA chromofor se tfemi akceptornimi

trikyanvinyl skupinami.’’

=
POCI3
PPha Br 1 n-Buli, THF

8a CBr4
71 % 95 %

EtOH NC

TCNE | DMF Et;N | NO~C %0 phocn |n-Bui
Q)Y m o
45
Ph o
Ph\N 90 % ’ ’

|
Ph Ph 30a
e 80 % o TONE
~omon

56%

Ph” N “Ph
43

Schéma 6 — Syntéza di- aZ pentakyano akceptornich jednotek vdazanych na donorni TFA.

V nedavné dobé byla publikovéna série organokovovych push-pull chromoford,
které jsou zaloZeny na ferrocenyl substituovaném trifenylaminu a obsahuji multikyano
akceptorni jednotky.®! Ferrocenovd jednotka slouzi jako pomocny donor, nebot
s kyano akceptory interaguje skrze ICT jak iont Zeleza tak i cyklopentadienylové
kruhy.8? Na Schématu 7 je uvedena syntéza vybraného ferrocenyl chromoforu 51, ktery
byl pfipraven nésledujicim sledem reakci: Vilsmeierova-Haackova formylace TFA 27,

jodace aldehydu 28a, Sonogashirova cross-coupling reakce mezi dijodderivatem 47
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a ethynylferrocenem 48, dvojnasobna [2+2]cykloadice mezi slou¢eninou 49 a TCNE
a zavéreCnd Knoevenagelova kondenazace aldehydu 50 s malondinitrilem 29

poskytujici chromofor 51 v 60% vytézku.

SWOINENCVOANER WG AN o

DMF, POCI, Q 48
— Sy
@ ij T ACOH

90°C, 5h 100 °C, 16 h Pd(PPh,),

EtsN, THF
0 | 47 60 °C, 16 h
@Fe
@Fe 0
I \ TCNE oN NC._CN @Fe

29 CN

27 28a

CN —»
CH,Cl, NC™ Xy CH,Cl, NH,0Ac CN

NC™ X X

mikroviny CN mikroviny
75 °C, 3h O 65 °C, 3h O CN

Schéma 7 — Priprava ferrocenyl substituovaného trifenylaminu 70 s multikyano akceptornimi
Jednotkami.

2-Aminopropen-1,1,3-trikarbonitril je dimerem malondinitrilu a a¢ je mu
vénovano mnohem méné pozornosti oproti jeho monomeru, tak i tento dimer lze
s vyhodou zavést jako multikyano akceptorni jednotku do struktury push-pull
chromofort. O zviditelnéni dimeru malondinitrilu se zaslouZil pfedev§im Junek se
svym kolektivem. Napiiklad v jedné z jeho praci®® byla diskutovina asymetrickd
cyaninova barviva, kterd byla piipravena vzajemnou reakci Fisherovy baze/aldehydu
s dimerem malondinitrilu. RovnéZz Knoevenagelovy kondenzace mezi 1,3-dithiol-
substituovanymi polyenaly 52a—c a dimerem 53 poskytly push-pull merocyaniny
S54a—c s potvrzenou Z-konfiguraci okolo tvofené dvojné vazby. A¢ je NLO odezva
druhého fadu pro merocyaniny nesouci bud’ 2-amino-1,3,3-trikyanpropenyliden nebo
DCYV skupinu podobnd, vliv volné amino skupiny na linearni optické vlastnosti se
projevuje hypsochromnim posunem CT-pasu. To miiZe byt vysvétleno jejim donornim
charakterem v liché pozici polymethinového fetézce. Elektron donorni charakter -NH>
skupiny mtiZe byt v§ak uzptsoben prostiednictvim derivatizace napf. v karbamatovou

funkci.?
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S NC NH idi
Tt + o= o Lot
S no NG CN EtOH

52an=1 53
52bnf2 54an=1,55%
52¢ n=3 54bn=2,51%

54cn=3,41%
Schéma 8 — Vybrand syntéza push-pull chromoforii s akceptorem na bdzi dimeru malondinitrilu.

Dikyanvinyl skupinu lze rovnéz zavést do struktur jiz zaZitych elektron
deficitnich jednotek, zvysit jejich akceptorni schopnost a ladit tak konec¢né
optoelektronické vlastnosti push-pull chromoforii. Piikladem takovéto elektron
deficitni jednotky mtiZe byt velmi popularni indan-1,3-dion, jehoZ jedna nebo obé
elektron-akceptorni karbonylové skupiny mohou byt nahrazeny DCV jednotkou.
3-Dikyanvinylindan-1-on 1  1,3-bisdikyanvinylindan 1ze snadno pfipravit
Knoevenagelovou kondenzaci indan-1,3-dionu s jednim nebo dvéma ekvivalenty
malondinitrilu. Bello a spol.% koncem 80. let jako jedni z prvnich syntetizovali
a studovali methinovd barviva, jez obsahovala strukturni DCV analoga
indan-1,3-dionu. Tyto slouceniny tak pfedstavovaly novou tfidu barviv s absorpénimi
pasy pohybujicimi se v blizké IC oblasti. Na Obrdzku 19 jsou uvedeny vybrané
struktury téchto methinovych barviv 55a—e a v Tabulce 8 pak jejich absorpéni maxima
zméfena v CH2Cla. Z hodnot Amax je pak zcela ¢itelny bathochromni posun u barviv

55b.d s 1,3-bisdikyanvinylindanovym akceptorem ve srovnani s mono derivaty 55a,c.

Tabulka 8 — Absorpcni maxima methinovych barviv 55 s (DCV);~ indanovou akceptorni jednotkou.

Slouc¢enina | 55a 55b 55¢ 55d 55e

Amax [nm] | 565 608 615 762 850

CN
NG ne_ SN
\ \
Y= N—
§ e
NC™ “cN
Et—N 55aX=0,Y =CH N
Et  55bX=C(CN), Y =CH \  s5e

§5¢ X=0,Y=N
55d X = C(CN),, Y =CH

Obrazek 19 — Methinovd barviva obsahujici akceptorni mono- a bis dikyanvinyl analoga
indan-1,3-dionu.
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—0 —0 CN
A=
57,68,20 CN ]
N piperidin, AcOH N 22 O s NCT 88
Ay EtOH AN
i S N 25 °C ! S "
o) N A N
\©\ Et \@\N/Et
56 N L
Et 59a A =57, 75%

59b A =29,60 %
59c A=58,67 %

Schéma 9 — Priprava azo-thiazolovych barviv 59a—c s tremi typy akceptornich jednotek.

Azobarviva 59a—c (Schéma 9) na bézi thiazolu obsahuji tii typy akceptornich
jednotek:  indan-1,3-dion, malondinitril a  vzdjemné utvofeny  hybrid
3-dikyanvinylindan-1-on. Azoslou¢enina 56 s formyl skupinou podléhd
Knoevenagelové kondenzaci se slouCeninami 29, 57 a 58 za vzniku findlnich
azo-thiazolovych barviv 59a—c. Na zdklad¢ zméfenych linearné i nelinearné optickych
vlastnosti lze pak porovnavat vlastnosti jednotlivych akceptorti. Vsechna tato
azobarviva maji dobrou NLO aktivitu, avSak derivat 59¢ vykazoval vice nez ttikrat
vetsi nelinearity druhého fadu, ¢imZ byla prokdzana vysoka akceptorni schopnost
hybridni 3-dikyanvinylindan-1-onové jednotky 58 (viz Tabulka 9).3°

Tabulka 9 — Linedrné a nelinedrné optické viastnosti azo-thiazolovych barviv 59a—c a Y-tvarovanych
molekul 64a—c s TCF akceptorni jednotkou.

Sloucenina 59a 59 59¢ 64a 64b 64c

Moo [nm]* | 623 619 686 676 725 750
UB[10°8 esul’ | 1450 1550 4700 - - -

r33[pV/m]° - - - 39 149 143

Meéfeno v: *CHCl3; ®PEFISH experiment pfi 1907 nm v CHCl3; “Mé&fen amorfni polykarbonétovy film
s 25 hm. % média Teng-Man reflexni technikou pfi 1310 nm.

Li
:< o) NC
o OEt OH OH (@)
)J\R _CEt_ o ° HCI )H<R 2x29 Ne” (TR
60a R = CH 61a R = CH EtONa, EOH NC
aR=CH,; akR=0H3 62a R = CH; Mikroviny 20 W
60b R= CF, 61b R= CF; 62b R= CF33 d 63a TCF, R = CHs

63b TCF-CF; R= CF,
Schéma 10 — Priprava strukturovaného TCF(-CF3) akceptorniho prekurzoru.
Dal$im velmi popularnim, strukturovanym akceptornim prekurzorem na bézi
malondinitrilu je trikyandihydrofuran 63a (TCF), ktery lze snadno syntetizovat dle
Schématu 10. Jeho akceptorni schopnost muze byt dile zvySovana naptiklad

pfitomnosti trifluormethyl skupiny, jako je tomu ve slouceniné¢ 63b (TCF-CFs3).
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Methyl skupina v poloze Ctyii TCF kruhu pak slouZi jako partner pro Knoevenagelovu
kondenzaci s karbonylovymi slouceninami. Velkou vyhodou cilovych push-pull
chromofort se zavedenou TCF jednotkou je to, Ze vykazuji vyrazné zvySenou NLO

aktivitu.?’

Obrazek 20 — Y-tvarované push-pull chromofory s TCF akceptorni jednotkou.

Vysoké hodnoty mikroskopické hyperpolarizability S push-pull chromofora vSak jesté
nezaruCuji jejich praktické vyuzZiti v elektrooptickych zafizenich. Cilem mnoha
pracovnich skupin je pfipravit takové chromofory, u nichZz se podaii jejich
mikroskopické nelinearni chovani prevést do makroskopické roviny (docilit vysokych
hodnot elektrooptického EO koeficientu r33). Pro push-pull molekuly je
v makroskopickém meéftitku obvyklé, Ze krystaluji v centrosymetrickych grupach
a vytvaii mezi sebou silné mezimolekularni elektrostatické interakce. Tyto faktory
vyrazn¢ snizuji jejich makroskopickou NLO odezvu v pevné fazi. K odstranéni téchto
nezadoucich vlivi se nejcastéji vyuziva feSeni v podob¢ barvivem dopovanych
polymernich filmt. Diky silné polarizaci push-pull chromoforu dochézi po rozpusténi
v polymerni matrici k jejich totoZnému zorientovani vnéjSim elektrickym polem
apo vytvrzeni polymerniho filmu kuzamceni této uspofddané samoskladby.
Optimalni volbou koncentrace média v polymerni matrici Ize navic vyrazné potlacit
dipdl-dipélovou intermolekularni interakci a zachovat tak elektro-optickou aktivitu
i v makroskopickém méfitku. V neddvné dob& byly Yangem®® piipraveny
Y-tvarované, D>-TFA push-pull molekuly 64a—c, které obsahuji novou
bis(N,N-diethylanilinovou) donorni jednotku, TCF pak vystupuje jako akceptorni ¢4st
(Obrdzek 20). Vysoké kalkulované hodnoty prvnich hyperpolarizalit £ téchto
chromofort byly efektivné pirevedeny do makroskopického méfitka. Pomoci Teng-

man reflexni techniky byla experimentalné potvrzena vysoka NLO odezva sloucenin

64a—c v polovanych polymerech vyjadifena rozsahlymi hodnotami EO koeficientli 733,
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viz Tabulka 9. Oktupolarni chromofory 64b—c nesouci bis(/NV,N-diethylanilinovou)
donorni jednotku dosdhly téméf Ctyfnasobné vysSich makroskopickych nelinearit
oproti linedrnimu analogu 64a. Vysoké hodnoty r33 naznacuji, Ze pfitomnost dvou
elektronoveé bohatych donornich vétvi ucinné snizuje intermolekularni elektrostatické

interakce a vylepsSuje makroskopickou EO aktivitu.

Et NC
NC._ _CN \
I/ + o EtOH NC / Et/ 67 (@] NC /
HoN CN )S(OEt — = | NH - | NH

o EtOH
53 0 A o
65 66 £t 68
N 58 %
Et

Schéma 11 - Priprava TCP jednotky a jeji zavedeni do struktury push-pull chromoforu 68.

Vytvortit analog k dihydrofuranovému TCF akceptoru na bazi jiného péticlenného

heterocyklu se podaiilo Jenovi a spol.®’

Ti naSli inspiraci v pyrrolu a pfipravili
trikyanpyrrolin 66 (TCP), ktery usp&$né€ implementovali do struktur vysoce ucinnych
NLO chromofora (napi. 68). Kondenzac¢ni reakce poskytujici TCP jednotku vychazi
z dimeru malondinitrilu 53 a ethyl-2-oxopropanoétu 65. Aktivni methylenovéa skupina
TCP je pak opét pristupnd Knoevenagelové kondenzaci s aldehydy, jako je napft. 67.
Jednd se o tzv. ,,one-pot“ reakéni cyklus poskytujici cilové TCP chromofory

v uspokojivych vytézcich, viz Schéma 11.

NC. _CN
|
Z
N e
'I‘ 69 CEE ']‘

Obrazek 21 — Vybrané priklady X-tvarovanych CEE a TEE push-pull chromoforii.

V poslednim desetileti vznikla nova tfida latek tvofena X-tvarovanymi push-pull
chromofory, jejichz Tesystém je reprezentovan prevazné kombinaci dvojnych
atrojnych vazeb, které spolu formuji tzv. kyanethynyletheny (CEE)
¢i tetraecthynyletheny (TEE). Tuto tfidu latek intenzivné studoval Diederich se svym
kolektivem.”*~°2 Na Obrdzku 21 jsou uvedeny vybrané CEE a TEE push-pull molekuly
69 respektive 70. Tento typ sloucenin vykazuje vysoké NLO odezvy druhého a tfetiho

druhu. Sloucenina 70 byla navic NLO komunitou pfijata jako NLOfor s jednou
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znejvysSich  hodnot polarizabilit tfettho fadu prodany pocet Trelektronl
(Mot = 45-108m°V2 za degenerativniho ¢&tyf-vinného sméSovani pti 1500 nm

v CH>Clp).

1.5.3 Alkyl-kyanacetaty

Mezi derivaty malonové kyseliny kombinujici esterovou a nitrilovou funkéni
skupinu patii alkyl-kyanacetaty (Obrdzek 22). Mezi nejznam¢jsi zastupce kyanacetat
pak patii ethyl-kyanacetat, ktery se pfipravuje esterifikaci kyanoctové kyseliny
a nejcastéji se vyuziva ke Knoevenagelové kondenzacim s karbonylovymi skupinami,
Michaelovym adicim na a,f-nenasycené karbonylové slouceniny, k alkyla¢nim
reakcim, syntézdm cyklopropant acyklopentand, radikdlovym cyklizacim
a k ptipravam heterocykli.”?

N\\\)Ok Alk
o
alkyl-kyanacetat
Obrazek 22 — Obecnd struktura alkyl-kyanacetdtu.

Oproti malondinitrilu jsou alkyl-kyanacetaty vyrazné méné vyuzivany jako akceptorni
jednotky v push-pull chromoforech. Nicméné relativné Siroké uplatnéni nalezly
chromofory s kyanacetatovou jednotkou hlavné jako soucast aktivnich vrstev
organickych solarnich cel OSC.*-*° Po zabudovani do struktur push-pull chromoforti
jsou alkyl-kyanacetaty obecné slabSimi akceptornimi jednotkami ve srovnani s DCV.
elektronové nasycen +M efektem alkoxy substituentu a jeho kapacita pro piijem
elektronil z Tesystému je tak sniZena. Naopak v malondinitrilu vykazuji ob€ kyano
skupiny stejnou akceptorni schopnost. Velkou vyhodou kyanacetatl je v§ak moZnost
substituce velmi dlouhym alkylovym fet€zcem (oktyl, 2-ethylhexyl) a tim razantné
zvySovat celkovou rozpustnost findlnich barviv. Toho se vyuziva zejména v ptipadé
barviv, jejichZ oligomerni kostra je tvofena fadou spojenych thiofenovych jader, apod.
(viz nasledujici ptiklady).

Kyanacetatova barviva na bazi polythiofenovych jader se vyuzivaji predev§im
jako fotocitlivé materidly v SMOSC ¢&lancich.®* Jako centrdlni jednotka téchto
oligothiofenovych barviv mlze opét obligatné vystupovat trifenylamin. Vznikaji tak

Y-tvarované (hvézdicovité) push-pull molekuly s hodnotami PCE v fadu jednotek

procent (Tabulka 10).°5°7 Mezi zéastupce takovychto Y-tvarovanych molekul spadaji

52



TEORETICKA CAST

napiiklad slouceniny 71 a 72, v nichZ je Temdustek tvofen bud’ vinylbithiofenem (71)
respektive kombinaci dvou thiofeni a benzothiadiazolu (72), roli akceptoru pak

zastava oktyl-kyanacetit (Obrdzek 23).

Ok’(\O

0]
NC

Obrazek 23 - Y-tvarovand TPA barviva s oktyl-kyanacetdtovymi akceptory pro OSC.

Velmi Castou strukturdlni variantou pro stavbu SMOSC barviv je jejich A-TeD-T-A
uspofadani, kdy donorem byvaji kondenzované péticlenné S-, N- nebo

O-heteroaromaty. Na Obrdzku 24 jsou pak uvedeny piiklady vybranych barviv 73-75

98 99-100

s centralnim donorem na bazi S,N-heteropentacenu, karbazolu
a benzodifuranu.!®! Jejich fotovoltaické vykony lze nalézt v Tabulce 10. Podle
ocekavani bylo absorp¢ni spektrum slouceniny 73 hypsochromné posunuto oproti
analogim s DCV a indandionovymi jednotkami (silngjSi akceptory), jeZ rovnéz

vykazovaly aZ o 2,5 % vys§i hodnoty PCE.*

Tabulka 10 — Optické a fotovoltaické viastnosti chromoforii s kyanacetdtovym akceptorem.

Sloucenina | 71 72 73 74 75 76 77 78 79

Amax [nm] | 518*  520° 567° 465> 5200 456° 688¢ 695¢ 703¢

(DPCE [%] | 2,10° 1,347 4248 1,03 3,841 0219 4,11 4,60 5,66*

Méfeno v:2CHCls;, '1,2-dichlorbenzenu, °CH,Cl,, ‘DMF; °¢71/PC;,BM 1:3; '72/PC;BM 1:2;
£73/PC71BM 1:2; "74/P3HT 1:1,5; 75/PC¢:BM 2:1; 176/SFS8TBT 1:1; ¥ TiOzkatoda, I/I*> elektrolyt;
¢kAM1,5G intenzita zifeni.
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R' = Et
R2 = Hex
R® = EtHex
R* = Okt

Obrazek 24 — Chromofory pro OSC zarizeni s A- TED-TFA strukturdlnim uspordddnim a donorem
na bdzi kondenzovanych péticlennych S-, N- nebo O-heteroaromdtil.

Nejcastéji jsou vSak chromofory pro SMOSC konstruovany tak, zZe stted molekuly je
sloZen z aromatického kruhu a pfikondenzovanych thiofenovych jader, na néz jsou
dile vazany fetézce oligomernich thiofenovych jednotek, které jsou zakonceny
perifernimi kyanacetatovymi akceptory. Oligomerni fetézce jsou pak Casto opatieny
dlouhymi alkylovymi fetézci pro zvySeni rozpustnosti chromoforti. Hodnoty PCE
takovychto A-D(T)-A molekul se pohybuji nejéastéji v rozmezi 3-6,5 %.!0>710
Wang'%” v roce 2013 publikoval dokonce ptipravu a OPV charakteristiku A-D(T0)-A

oligothiofenovych molekul s inkorporovanym atomem kiemiku v centralnim

dithienosilylovém mustku.

Hex Hex
S
N S. N
Okt—0 7 NN 1\ O-Okt
0 ©CN N/ NN NC O
Hex Hex

76
Obrazek 25 — Bezfullerenovy akceptorni materidl poskytujici vysoké hodnoty napéti Vo v OSC.
Ve vétsiné pripadd je pifi konstrukci solarnich cel s objemovym
heteropiechodem aktivni fotocitliva vrstva sloZena z malé organické molekuly (vyse
uvedené chromofory pro SMOSC) a derivatu fullerenu (PCsoBM, PC71BM, atd), vice
v kapitole 1.4.2. Derivaty fullerenu slouZi jako elektron akceptorni slozka aktivni

vrstvy, nebot’ vykazuji velkou elektronovou afinitu, vysokou elektronovou mobilitu
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a ultra rychly trojrozmérny pienos naboje. AvSak maji 1 nékolik nevyhod, jako jsou
nizka absorpce ve viditelné oblasti a vysoké naklady na vyrobu a ¢i§téni.!% Proto
v souCasnosti upoutavaji pozornost systémy bez fullereni v aktivni vrstvé,
kdy ptichazeji nové akceptorni slozky naptiklad na bazi perylenti.!”” Opaénou strategii
mize byt vyuZiti 3D donoru (napf. spiro-fluorenu SFSTBT!!?) a akceptorni slozku
fotocitlivé vrstvy miiZe zastavat pouze mald organicka molekula. Tato strategie byla
aplikovdna Chenem a spol.,'% ktefi pfipravili novy bezfullerenovy akceptorni material
76 (Obrdzek 25), vystavény na centralnim elektron deficitnim 2,1,3-benzothiadiazolu.
Ten poslouZzil jako nosi¢ pro oligothiazolovd ramena obsahujici koncové oktyl-
kyanacetatové skupiny. Atraktivni vlastnosti tohoto akceptorniho materidlu 76 je
absorpce v Sirokém rozmezi viditelné oblasti ve srovnani s béZné pouzivanymi
fullereny. Tento pfistup tak otvird novou cestu k vykonnym OPV zafizenim

s vysokymi hodnotami Vqc.

77R,=CN, Ry = H
78 R1 = COOEt, R2 =H
79 R, = COOEY, R, = COOH

COOH Ro

Obrazek 26 - Cis-squarainovd barviva jako atraktivni senzibilizéry pro DSSC ¢ldnky.

Materidly s kyanacetatovymi akceptornimi jednotkami nenasly uplatnéni pouze
v BHJOSC, ale i v sousednim oboru solarnich cel, tedy v DSSC. V roce 2014 byla
popsdna nova strategie molekulového designu senzibilizérGi na bazi cis-squarainu,
jejichZ absorpéni maxima sahala aZ do blizké IC oblasti. Celkové byly pfipraveny tii
chromofory 77-79 (Obrdzek 26) lisici se typem akceptorni jednotky (DCV vs.
ethyl-kyanacetét) a poctem kotvicich skupin (jedna nebo dvé karboxylové skupiny).
Z dat uvedenych v Tabulce 10 je ziejmé, ze molekula 78 s ethyl-kyanacetatovym
akceptorem méa prekvapivé bathochromné posunuté absorpcni CT-pasy a dosahuje
vySSi fotovoltaické ucinnosti v DSSC ve srovnini s DCV analogem 77. Navic
piitomnost dvou karboxylovych ,.kotev* ve slouCeniné 79 dale vylepSuje hodnotu
IPCE o vice neZ jedno procento. Kromé toho solarni ¢lanek vyuzivajici chromofor 79
prokédzal vynikajici trvanlivost. Ta byla zaruena zminénym dvojitym ukotvenim

chromoforu a potlaCenim néabojové rekombinace pomoci alkylovych skupin
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vystupujicich smérem od povrchu TiO». Diky vysoké absorpéni schopnosti v blizké
IC oblasti pfedstavuji tato barviva dileZity prilom v konstrukci squarainovych barviv
pro DSSC aplikace.'!!

Kyanacetatova akceptorni jednotka nemusi byt pouze soucasti barviv
pro fotovoltaické dcely. MiiZze byt pfitomna napiiklad i v push-pull chromoforech,
u nichZ jsou studovany jejich solvatochromni vlastnosti, dynamika ICT nebo obecné
vztahy struktura-vlastnosti. SlouCenina 85 byla pfipravena dvojnasobnou
Knoevenagelovou kondenzaci mezi pyranovym derivatem 82 a aminobenzaldehydem
84. Latka 82 byla ziskana z 2,6-dimethyl-4H-pyran-4-onu 80 a ethyl-kyanacetatu 81
opét Knoevenagelovou kondenzaci (Schéma 12). Cilovy D>-TtA chromofor 85
vykazoval prokazatelné pozitivni solvatochromni a solvatofluorchromni chovani
v rozpoustédlech s riznou polaritou. Fluorescen¢ni intenzita chromoforu 85 byla navic
fizena pomoci vratné protonace/deprotonace amino skupiny. Protonace donoru
,vypne ICT uvnitf barviva a tim potla¢i fluorescenci. Pfidanim baze dochézi
k opétovnému ,,zapnuti* vnitiniho pifenosu néboje a tim obnoveni emisniho chovani.
Téchto vlastnosti 1ze pak vyuZit v oblastech optoelektronickych inteligentnich

materiald, logickych obvodi, ¢i fluorescenénich senzort apod.'!?

O

0 A
c,0
+ NC Bt —>
/foj\ \)ko 58 %

(0]
82
/O
BuO
n—BuBr
NaOH

DMSO N Et
Et”

piperidin

85
21%

83 84
Schéma 12 — Priprava solvatochromniho chromoforu 85 s centrdlnim 4H-pyranovym kruhem.

Derivaty 9-aminoakridinia 86a—c!'®> (Obrdzek 27) a 1-aminopyrenu''*
obsahujici tfi typy akceptornich jednotek na bazi malonové kyseliny (diethyl-malonat,
ethyl-kyanacetat a malondinitril) byly vyuZity ke studiu dynamiky vnitfniho pfenosu
naboje ICT, respektive ESICT (ICT excitovaného stavu) a to na zdklad¢ jejich
fotofyzikalniho a fotochemického chovani. Dale byl diskutovan vliv intramolekularni
H-vazby (vznikajici mezi vodikem amino skupiny a nitrilem/esterovou funkci

akceptoru) na ESICT.
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@
HN O 89aX=0
N 89b X = C(CN),
O ) O 87aX =0 89¢ X = C(CN)(COOHex)
N* 87b X = C(CN)2
| 87¢ X = C(CN)(COOHex) m\
86a R = R, = COOEt X N
86b Ry = CN, R, = COOEt
86¢ R; = R, = CN 88a X =0

88b X = C(CN),
88c X = C(CN)(COOHex)

Obrazek 27 — Derivdty 9-aminoakridinia 86 vyuZité ke studiu dynamiky ICT a merocyaninovd
barviva 87-89 aplikovand ke studiu vztahu struktura-viastnosti.

Nedavno byly pfipraveny tfi série rigidnich tri-, penta- a heptamethinovych
merocyaninovych barviv 87—89 s N-piperidyl donorem, zatimco elektron akceptorni
jednotku zastavala bud’ karbonylova skupina, malondinitril ¢i hexyl-kyanacetat
(Obrdzek 27)."'5 Na zikladé absorpéniho a fluorescenéniho chovani téchto barviv
a s prihlédnutim k vypocetnim datim byly nasledné¢ vyvozeny vztahy struktura-
vlastnosti vyplyvajici z délky Trkonjugovaného fetézce a typu pouzité akceptorni

jednotky.

1.5.4 Malonaty a Meldrumova Kkyselina

Ve srovnani s doposud uvedenymi deriviaty malonové kyseliny (kyanoctovou
kyselinou, malondinitrilem a kyanacetaty) jsou jeji diestery velmi zfidka pouZivanymi
akceptornimi prekurzory pro konstrukci push-pull chromofort. Pravdépodobné je
to zapficinéno jejich slabou akceptorni silou, jejimz diivodem je +M efekt alkoxy
skupin saturujici obé€ elektron deficitni karbonylové skupiny. Jedinymi zastupci
diesterti malonové kyseliny jako akceptorti v push-pull chromoforech jsou pak dialkyl-
malonat a Meldrumova kyselina. Diethyl-malonat je pak vibec nejbéznéjSim
acyklickym esterem malonové kyseliny, ktery podléha celé tadé reakci (alkylaci,
acylaci, Knoevenagelové kondenzaci, Michaelové reakci, atd.) vyuZivanych v mnoha

oblastech chemie.''®

o><o
o o0
Ak A Ak AN

dialkyl-malonat Meldrumova kyselina

Obrazek 28 — Obecnd struktura dialkyl-malondtu a Meldrumovy kyseliny.
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Meldrumova kyselina neboli 2,2-dimethyl-1,3-dioxan-4,6-dion pak reprezentuje
nejpopularngj$i  cyklicky ester malonové kyseliny, poprvé pripraveny
A. N. Meldrumem v roce 1908 kysele katalyzovanou kondenzaci malonové kyseliny
s acetonem.!!” A& neobsahuje karboxylovou nebo hydroxy skupinu, je Meldrumova
kyselina diky aktivnimu methylenovému mustku velmi silnou C-kyselinou s pK, 4,83
srovnatelnym s octovou kyselinou. Tim se velmi 1i§i od acyklickych malonatd, jejichz
pKa se pohybuje kolem 14. To se pak projevuje v reaktivité CH> mustku a v odliSnych
reakénich podminkach (teploty, pouZité baze, apod.) malonati a Meldrumovy

kyseliny.

S Br Br Br r
2
) AELEN ?_/T 92 w
CH,Cl, —— -
piperidin O-Bu
) 39 % > )

O O 45 %J O
90 91 Bu' % 0
R 93
R _ R
- 4
SN~
J S
S.  1.nBuLi BusSn )—SnBuz g3
S —. S —
2. Bu3OSnCI Pd(PPhj),
p 47 % 2 DMF/toluen
S — 51 %
_ . -
o R 95

96

M,, = 16,79 kg/mol
Amax (CHCI3) = 550 nm

Schéma 13 - Syntéza kopolymerniho push-pull chromoforu 96 pro BHIOSC s akceptorni
dibutyl-malondtovou jednotkou.

Jak bylo zminéno vySe, malonaty resp. Meldrumova kyselina jsou oproti jinym
derivatim malonové kyseliny jen sporadicky vyuZivany jako akceptorni ¢asti push-
pull chromoforti pro NLO a fotovoltaické ucely. I pfesto vSak lze nalézt v literatufe
nékolik piikladd, ve kterych jsou dialkyl-malonit/Meldrumova kyselina soucésti
D-TeA systémi. V kapitole 1.5.3 bylo uvedeno, Ze organické chromofory pro OSC
byvaji nejcastéji vystaveny na Trkonjugovanych systémech sloZenych
z kondenzovanych thiofenovych jader a aromatt. Na Schématu 13 je ukazana piiprava
polymerniho push-pull chromoforu 96 s dibutyl-maloniatem jako akceptorni

jednotkou. Syntéza byla zahijena bromaci thiofen-3-karbaldehydu 90, ziskany
2,5-dibromthiofen-5-karbaldehyd 91 byl nésledné podroben Knoevenagelové
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kondenzaci s dibutyl-malonatem 92 za vzniku akceptorniho prekurzoru 93 ve 45%
vytézku. Ten pak podléhal Stilleho cross-coupling reakci s pfipravenou
organocinicitou slouc¢eninou 95. Sledem téchto reakci byl pfipraven kopolymer 96
s centralni benzodithiofenovou jednotkou. Tento kopolymer byl ve smési s PC71BM
(1:3 w:w) vyuzit jako aktivni vrstva v BHJOSC s fotovoltaickou tuc¢innosti pouze
0,9 %, avSak pomérn€ vysokym maximalné dosazitelnym napétim Vo = 0,82 V, které
bylo 00,29 V vyssi neZ s komeréné dostupnym P3HT za stejnych podminek méieni.!!8

Tabulka 11 - Fluorescencni a NLO vlastnosti chromoforii 97a—c s dimethyl-malondtovou akceptorni
skupinou.

Slouéenina 97a 97b 97c¢

Afmax [nm]? 429 534 536
PLQOY [%] 0,01° 21°¢ 93¢

4BI10* esuld | 120 170 350

Méfeno v: *toluenu (10® M); *PLQY = fotoluminiscenéni kvantovy vytéZek, kumarin 503 jako
reference; °Fluorescein v 1M NaOH jako referenvce; ‘EFISH experiment pii 1907 nm v CHCl;
(1073 mol/l).

Pasini se se svym kolektivem''® zabyval studiem push-pull molekul 97a—c, ve kterych
je donor reprezentovan N,N-dimethylanilino (DMA) jednotkou a akceptor dimethyl-
malonidtem. T-Konjugovany systém byl navic systematicky rozSifovan pomoci
p-fenylvinylovych mistki (Obrdzek 29). A¢ se slouCeniny 97a—c lisily vzdy pouze
malou strukturni zménou, tak ptekvapivé vykazovaly naprosto odlisné LO a NLO
vlastnosti (Tabulka 11). Fluorescen¢ni chovéani se u chromoforu 97a s nejkratSim
Telinkerem projevovalo agregac¢né-indukovanou emisi s dlouhou luminiscenci
v pevném stavu (modry emitor), ale potlacenou emisi v roztoku. Naopak latky 97b—c
s roz§ifenym TEsystémem vykazovaly obnovenou fotoluminiscenci ve zfedénych
roztocich ve srovnani s agregacné potlacenou fluorescenci v pevném stavu. Toto
odliSné chovani bylo objasnéno intramolekularnimi rotacemi kolem jednoduchych
vazeb potazmo rozdilnou supramolekularni organizaci. NLO odezva uvedenych
chromofort byla navic siln¢ zavisla na koncentraci a pouzitém rozpoustédle, nebot’
u prodlouZenych chromofori 97b—c¢ dochazelo se zvySovanim koncentrace k tvorbé
centrosymetrickych agregatli. Slouceniny 97a—c¢ mohou navic v CH3CN rozpoznavat
a koordinovat trojmocné soli lanthanoidd (Eu**, Yb**, Er**, Sc**). V zavislosti
na ,,tvrdosti* kationtu/délce Tesystému chromoforu dochazi ke koordinaci bud’

k akceptorni ¢i donorni Casti chromoforu (Lewisovy baze), ¢imz je ovlivilovana
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supramolekularni polarizace celého systému. Koordinace k akceptoru zesiluje jeho
schopnost a dochazi k ¢ervenému posunu CT-pasti, naopak koordinace k amino
skupin¢ odcerpava elektrony z donoru a zptisobuje tak modry posun absorp¢nich
maxim — prepinatelné optoelektronické senzory.'?’

Chromofory na bazi akceptorni dimethyl-malonitové jednotky naSly zajimavé
uplatnéni 1iv oblasti fotokatalyzy. Slouceniny 97a, 98 a 99 na bazi benzenu,
anthracenu, respektive pyrenu (Obrdzek 29) byly spolu se svymi DCV analogy
navrzZeny jako fotoiniciatory pro polymerizace epoxidii doprovazené otevienim kruhu,
jakoZ 1 pro syntézu ,interpenetrovanych® polymernich siti (IPN) za expozice
viditelnym svétlem.!*! V této studii byly zkoumény role pouZitych donornich

a akceptornich jednotek na absorpcni vlastnosti, pfidruzené fotochemické procesy

Y

CO,Me CO,Me

Meozci \i COZMe
98 99

Obrazek 29 — Chromofory s dimethyl-malondtovou akceptorni jednotkou.
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Obrazek 30 — Solvatochromni barviva nesouci akceptorni (thio)barbiturovou a Meldrumovu kyselinu.

Wang a Kim'?? syntetizovali z 2,6-dimethyl-4H-pyran-4-onu  pomoci
dvojnasobné Knoevenagelovy kondenzace merocyaninova barviva 100a—b zaloZena
bud’ na akceptorni Meldrumové (100a) nebo N,N’-dimethylbarbiturové kyseliné
(100b). V téchto barvivech je donor reprezentovan N,N-dialkylamino skupinou,
Tekonjugovany systém je pak sloZen ze 4-fenylvinylového miustku spojeného
s 4H-pyranovym kruhem (Obrdzek 30). U téchto barviv bylo sledovano jejich

solvatochromni chovani ve dvaadvaceti rozpoustédlech riizné polarity. Derivaty
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100a-b vykazaly evidentni pozitivni solvatochromismus (vybrané priklady
v Tabulce 12), ktery se s vyS$i citlivosti projevoval u chromoforu 100a nesouci
Meldrumovu kyselinu. Obé latky tak mohou byt potencidlné vyuzity jako dcinné
senzory pro detekci t€kavych organickych sloucenin VOC (z angl. volatile organic
compound). Obdobné pozitivni solvatochromni chovani (Tabulka 12) bylo
pozorovano rovnéZ u push-pull chromoforti 101a—b, u nichZ je D-Tt ¢ast molekuly
tvofena jednoduchou DMA ¢asti, za akceptor byla opét zvolena Meldrumova (101a)
a N,N’-dimethylbarbiturovd kyselina (101b, viz Obrdzek 30). Pozitivni
solvatochromismus pak reflektuje jejich dipolarni-polarizabilitni chovéani. Na zdkladé
teoretickych kalkulaci byly vypoctené hodnoty energii tranzitniho ICT (pro dané
rozpoustédlo) mensi pro derivat 101b nesouci barbiturovy kruh, z ¢ehoz Ize usuzovat
na jeho vysSi elektronovou afinitu ve srovnani s analogickym Meldrumovym

cyklem.!??

Tabulka 12 — Solvatochromni chovdni barviv 100-102 ve vybranych rozpoustédlech (hodnoty v nm).

100a 100b 101a 101b 102a 102b
Amax  Aem Amax  Aem Amax Amax Amax Amax
CsHsCH3 481 569 498 592 453 440 497* 532

Rozpoustédlo

AcOEt 492 594 497 645 452 440 - -

CH;CN 493 614 493 654 458 448 - -
THF 496 599 503 647 - 443 - -

CH>Cl 496 600 500 651 462 449 502° 539°

DMF 508 642 510 657 - - - -
DMSO 513 646 516 657 - - 508 537
EtOH 517 645 508 654 462 451 501°¢ 532°

Meéfteno v: *CsHg; PCHCl3; “MeOH.

0]

>< TiCl, 0
©/K oo pyridin, THF /[ O
Fe + . o
R

104 )
103aR = H
103b R = COCH; 105aR=H, 70 %

105b R = 90 %

0]
N 0]
N
)—i\;o><
0]

Schéma 14 — D-72A derivdty ferrocenu 105a-b s akceptorni Meldrumovou kyselinou.
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Obecné jsou dipyrrinony velmi intenzivnimi fluorofory, jejichZ kvantové vytézky se
bliZi 100 %. Aby doslo k dal§imu bathochromnimu posunu jejich emisnich pési, byly
opatfeny v poloze 9 dalsi elektron akceptorni jednotkou. Byly tak ziskany dipyrrinony
102a-b nesouci Meldrumovy (102a) a 2-thiobarbiturovy (102b) akceptorni zbytek
(Obrdzek 30). Barviva 102a—-b vSak nasledné¢ piekvapivé nevykazovala Zadnou
fluorescenci. Pravdépodobnym divodem miiZe byt prostorova orientace ptipojené
akceptorni skupiny, kter zapii¢itiuje neoéekdvanou ztratu fluorescenéniho chovéni.'?*

Nedavno byly skupinou B. Therriena'?® ptipraveny dva nové chromofory
105a—b na bazi donorniho ferrocenu s linearnim D-TFA a oktupolarnim A-Te-D-TeA
strukturalnim uspofddanim. Jejich syntéza vychéizela ze vzdjemné kondenzace
I-acetyl 103a nebo 1,17-diacetylferrocenu 103b a Meldrumovy kyseliny 104
za vyuziti pyridin/TiCls katalytického systému (Schéma 14). Oba produkty 105a—b
byly charakterizovany rentgenostrukturni analyzou, pomoci elektrochemickych,
UV-Vis a IC spektroskopickych méfeni, podpofené (TD)-DFT vypoéty. Na zakladé
ziskanych dat a ve srovnéni s literaturou byla Meldrumova kyselina zatfazena
do kategorie stfedn¢ silnych elektron akceptorti. Meldrumova kyselina jako akceptor

vystupuje rovn&Z v push-pull barvivech na bézi sulfanylpropenylident.'?®

1.5.5 Barbiturova a thiobarbiturova kyselina

Barbiturovda (BK) nebo 2-thiobarbiturovd kyselina (TBK) patii mezi
nejrozsitenéjsi cyklické derivaty (imidy) malonové kyseliny (Obrdzek 31).
Barbiturova kyselina byla objevena Adolfem von Baeyerem v roce 1864 v den svétku
sv. Barbory, diky niZ nese své jméno.'?” AvSak narist popularity (T)BK nastal
az na pocatku 20. stoleti, kdy byl vypracovan pohodlny protokol pro jejich syntézu
a pozorovany jejich terapeutické vlastnosti. Samotna (T)BK vSak byla farmaceuticky
ned¢innd. Uéinnost byla podminéna nahrazenim obou kyselych methylenovych
vodikt za alkyl ¢i aryl substituenty, ¢imz vznikla znama skupina 1éCiv, tzv. barbituraty.
C5 alkylované/arylované derivaty T(BK) tak maji uklidnujici/sedativni vlastnosti,
chovani. Mohou sniZovat krevni tlak a také se pouZivat pti 1é€b¢ diabetes. Derivaty
BK azejména TBK byly rovnéZ pouZzity ve fotografickém primyslu, dale jako
antioxidanty a katalyzatory pro polymeraci napft. styrenu. Rozsahlé uplatnéni nalezly
i v analytické chemii.'?® Siroky zajem je ve védecké literatuie vénovan TBK testu,

ktery byl pouZit ke stanoveni autooxidaéniho kaZeni tuki a oleji.!?
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hi§ I

HN NH HN J\ NH

(@) @] 0] @]

barbiturova 2-thiobarbiturova
kyselina kyselina

Obrazek 31 — Obecnd struktura barbiturové a 2-thiobarbiturové kyseliny.

Barbiturova a 2-thiobarbituriova kyselina se fadi mezi velice silné kyseliny
dosahujici ve vodé hodnot pKa 4,01 pro BK, respektive 3,96 pro TBK. Ob¢ kyseliny
se vyskytuji vrovnovaze mezi dvéma limitnimi formami, a to ketoformou
(heterocyklickd C-kyselina) nebo enolformou (heteroaromatickd O/S-kyselina).!*°
Z pohledu enolformy Ize pak na (T)BK nahliZet i jako na derivaty pyrimidinu, jedna
se tedy zaroven o pseudoaromaty. U N,N’-alkylovanych derivati (T)BK je
JiZ potlacena tvorba pyrimidinové formy a tyto alkylované derivaty se vyhradné
chovaji jako C-kyseliny. Ptiprava N,N’-(ne)alkylovanych (T)BK vychazi vyhradné
ze vzajemné kysele/bazicky katalyzované kondenzace N,N’-(ne)alkylovanych

(thio)mocovin a malonové kyseliny nebo jejiho diesteru.!3!=132

Tabulka 13 — Vybrané optoelektronické viastnosti push-pull chromofori 106a-1.

Chromofor | 106a 106b 106c 106d 106e 106f 106g 106h 106i 106j 106k 106l

Amax[nm]? | 462 467 493 460 527 481 508 470 503 476 501 467
AE[V]® 225 1,79 1,59 1,74 1,85 1,68 1,52 1,61 191 1,64 145 1,59

AEa[eVI® | 759 690 676 685 687 660 640 646 713 676 650 6.76

M0 270 1080 1390 750 1000 1040 1880 1270 900 940 1270 870
esu]?

Méteno v: *CH,Cl; (¢ = 2-10° M); °AE = E10x1y~E1/2(ed1), m&feno pomoci RDV v CH;CN (0.1 M
BwNPFs jako elektrolyt); “Data byla kalkulovana na drovni PM7 (MOPAC2012); Méfeno pfi 1907 nm
v CHCI3, ¢ se pohybovala v rozmezi od 102 do 102 M; mb * 10 %.

(T)BK je diky snadné ptipravé a komercni dostupnosti velmi popularni a ¢asto
vyuzivanou elektron deficitni jednotkou. K dneSnimu dni nalezly push-pull
chromofory na bazi (T)BK obdivuhodny pocet aplikaci a to zejména v materidlovych
odvétvich. AvSak s ohledem na pocet (T)BK chromoforti syntetizovanych k dneSnimu
dni je pon¢kud zarazejici, ze bylo vénovano jen malo usili studiu systematického vlivu
strukturdlniho uspofadéani a délky T-konjugovaného systému, spojujiciho dany donor
s (T)BKakceptorni jednotkou, na vysledné optoelektronické chovani chromofort.
Z tohoto divodu se v neddvné dobé nase pracovni skupina zaméfila na push-pull

chromofory 106a-1, jejichZ optické, elektrochemické a NLO chovani bylo jemné
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ladéno rozlohou, sloZenim a prostorovym uspofadanim pouZitého TFkonjugovaného
systému. TEMustek byl sestaven kombinaci ndsobnych vazeb a 1,4-fenylenovych
jednotek, zakoncen byl vZdy na jedné strané¢ donorni NMe> skupinou a na druhé
N,N’-dibutylbarbiturovou akceptorni jednotkou (Obrdzek 32).'3* Syntéza chromoforti
106a-1 vychazela z ptipravy Me;N-TtCH=0 aldehydl (pfevdzné¢ pomoci cross-
coupling reakci) a jejich nasledné kondenzace s N,N’-dibutyl-barbiturovou kyselinou.
Tyto modelové push-pull chromofory byly nasledné zkoumany pomoci
rentgenostrukturni analyzy, elektrochemie (AE), UV/Vis absorp¢ni spektroskopie
(Amax), vypocetnich metod (AEkak.) a EFISH experimentem (43). Vybrana data jsou
shrnuta v Tabulce 13. N,N’-Dibutylbarbiturova kyselina se ukazala byt velmi i¢innym
elektron-akceptorem, zajistujicim vysoky dipolarni charakter push-pull chromofort
a souCasn¢ butyl substituenty zabezpeCovaly dostatenou rozpustnost v béZnych
organickych rozpoustédlech. Sloucenina 106g, jejiz Tesystém je tvofen kombinaci
tif dvojnych vazeb a dvou 1,4-fenylenovych jednotek, vykazovala z dané série
molekul nejlépe vybalancované optoelektronické vlastnosti. Navic pokud vezmeme
v potaz relativné maly Tesystém chromoforu 106g, tak jeho kalkulované
(B=106-10°"esu) a zméfené (B=1880-10" esu) NLO vlastnosti jsou

pozoruhodné.

\
N/

106a-1

Obrazek 32 — Chromofory se systematicky rozvijejicim se TEmiistkem a N,N -dibutylBK akceptorni
skupinou.

Jak bylo zminéno vySe, (T)BK je velmi oblibenym a snadno dostupnym
partnerem pro Knoevenagelovy kondenzace a syntézu push-pull chromofort. Proto
bude v této kapitole diskutovano pouze né€kolik vybranych aplikacnich piikladi

D-1(T)BK systémti. Velmi jednoduchymi zastupci chromofori nesoucich akceptorni
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barbiturovy  kruh  jsou  slouCeniny  107a-b, které jsou  zaloZeny
na 4-(N,N-dimethylamino)benzaldehydu (107a), respektive Michlerové ketonu (107b;
Obrdzek 33). Solvatochromni chovéni téchto polarizovanych derivatd BK odhalilo
skutecnost, Zze dochazi k prechodu od interakci ,,rozpoustédlo-rozpusténd latka“
v aprotickych rozpoustédlech k interakcim zaloZenym na vodikovych vazbach
v protickych  rozpoustédlech. Vazba vodikovym mistkem se projevovala
bathochromnim posunem CT-pisit u obou chromofori. Chromofor 107b pak
vykazoval vyssi citlivost ktomuto solvatochromnimu chovéni.'** Obdobné
merocyaninové barvivo 108, vnémz je jedna donorni DMA vétev nahrazena
za elektronové bohaty thiofen (Obrdzek 33), bylo syntetizovano taktéz ke studiu
rozpoustédlovych efekti. Ty byly méfeny ve dvacetiSesti zvolenych rozpoustédlech
rtizné polarity.'¥ Ke stejnému téelu poslouZila i nova, linearni D-Tt-A barviva 109a—b
zaloZzena na donornim TFA respektive karbazolu a akceptorni N,N’-dimethyl-
barbiturové kyselin€¢ (Obrdzek 33). Ob¢ barviva 109a—-b vykézala se vzristajici
polaritou rozpoustédla pozitivni fluorescenéni solvatochromismus. '3

O O

O
\J\/ ~N \)J\/

o 5/%.‘&*

107b 109b

107a R = Me
109a R = Ph

Obrazek 33 — Merocyaninovd barviva na bdzi N,N -dimethylBK slouZict ke studiu solvatochromniho
chovdni.

Schopnost (T)BK akceptoru tvofit H-vazby lze dokonce vyuZzit i k fizené
samoskladbé supramolekuldrnich polymert, jeZ vznikaji tzv. ,hlava-pata
zorientovanim® merocyaninovych barviv. Na Obrdzku 34 je uveden piiklad
takovéhoto merocyaninového barviva 110 anaznacena tvorba supramolekulérni
polymerni sit€ pomoci vziajemné Sestindsobné vodikové interakce mezi donornim
»zamkem* a akceptornim (BK) ,klicem®. Touto samoskladbou se podafilo obejit
pro dipolarni latky béZnou antiparalelni agregaci, jejimz potlacenim dale nedochézelo
ke zhaSeni fluorescence. Tato polymerni sit’ tak mliZe byt vyuZita jako potencidlni

fluorescentni material pro senzorické a fotonické aplikace. Isodesmicky model déle
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odhalil vysokou hodnotu rovnovdzné konstanty pro samoskladbu barviva 110,

vysokého stupné polymerace bylo tedy dosaZeno i ve zfedénych roztocich.!®’

0] 0]
Undec—< — Undec—( —
HN—\ N

N /

Obrazek 34 — Chromofory vyuZivajici vodikové vazby akceptorni BK k tvorbé samoskladnych
supramolekuldrnich siti.

Na podobném principu Ize k sob€ intermolekularné poutat dva push-pull chromofory
tak, Ze je vyuZzito vzajemné vodikové interakce mezi dvéma barbiturovymi kruhy.
Patilem a spol.!*® byl syntetizovan D-A-D oligothiofen 111, jeZ obsahuje centralni
4H-pyranovy kruh nesouci v poloze 4 akceptorni barbiturovou jednotku. Vzajemna
samoskladba dvou oligothiofeni 111 pomoci vazeb vodikovymi miustky, kterd je
naznatena na Obrdzku 34, mé& za néasledek vysoky sklon k tvorbé samo-
organizovanych nanopéaskii v Sirokém rozsahu depozitnich podminek, vcetné
ko-depozice s  fullerenem  PCeBM. PouZitelnost oligothiofenu 111

pro optoelektronické ucely byla zkoumana pomoci zhotoveného OFET tranzistoru

(p-typ vodivosti; elektronova mobilita /= 7-107 cm?/V-s) a BHJOSC fotovoltaického
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zafizeni (111/PCsoBM 1:1; IPCE = 0,18 %). Nizké optoelektronické odezvy naznacuji,
Ze ackoli je oligothiofen 111 organizovan v tenkém filmu, jeho elektronovi mobilita

je nizka.

o "\l\

R TBK

112an=0, R=TBK 2 CN
112b n=1, R = TBK H‘N
112¢ n=0, R =DCV CN
112d n=1, R=DCV DCV

Obrazek 35 —Pt(1l) oligothiofeny jako slibnd barviva pro SMOSC.

Tabulka 14 — Optické a fotovoltaické viastnosti chromofori 112-113.

Sloucenina | 112a 112b 112¢ 112d 113a 113b 113c¢ 113d

Amax [nm] | 706*  732% 658" 650° 518 510° 575> 575°

(DPCE [%] | 0,88 1,599 0,17° 1,56° 0,18 021° 0,23¢ 0,32¢

Méfeno v: *CH,Cl,, °CHCl;; ©112a,c¢,d/PC70BM 1:4; 9112b/PC7BM 3:7; °NiO fotokatoda, I/I*
elektrolyt; ©° AM1,5G intenzita zéafeni.

Jinou variantou barviv pro aktivni vrstvy OSC jsou malé organické donory
zaloZené na metalovanych konjugovanych oligothiofenech. V nedavné dobé byly
piipraveny A-TeD-TEA oligothiofeny 112a—d s centralni Pt(II) diethynylovou donorni
spojkou oddélujici dvé periferni N,N -diethylthiobarbiturové nebo DCV akceptory
(Obrdzek 35).'* Tyto molekuly vykazovaly znanou rozpustnost v bé&Znych
organickych rozpoustédlech, Siroké absorp¢ni pasy ve viditelné oblasti spektra a nizko
poloZené energetické hladiny HOMO, které odpovidaji LUMO drovni PC70BM.
Za danych podminek méfeni dosahl v dané sérii molekul chromofor 112b s TBK
jednotkou nejvyssi hodnoty PCE = 1,59 % (viz Tabulka 14). Fotovoltaické vysledky
naznacuji, Ze se tyto Pt(Il) oligothiofeny 112a—d mohou stit slibnymi stavebnimi
bloky pro SMOSC s nizko poloZenymi HOMO hladinami.

Samoziejmosti je, Ze byla syntetizovéna barviva s (T)BK akceptorni jednotkou
i pro barvivem senzibilizované solarni cely DSSC. V této resersi byly dosud zminény
pouze n-typy DSSC zafizeni s fotokatodami na bazi TiO», nicméné lze konstruovat
1 inverzni modely p-vodivostniho typu. V nich barvivo absorbuje fotony a generuje

elektrony a diry, diry jsou nasledné transportovany z akceptoru na donor a pak déle

67



TEORETICKA CAST

vsttikovany prostiednictvim kotvici skupiny do valenéni vrstvy p-polovodice, napf.
NiO. Tato p-DSSC zafizeni byla studovana prozatim zfidka, navic jejich celkova
ucinnost stale zaostava oproti jejich protéjSkiim n-typu. Proto je nezbytné dale studovat
a zlepSovat vykon p-DSSC. O to se pokusil Yangtv'*’ kolektiv, ktery p¥ipravil sérii
Ctyf barviv 113a—d zaloZenych na donornim TFA, jehoZ dvé vétve obsahuji koncové
akceptorni jednotky (DCV/N,N’-diethylTBK), tfeti je opatfena oligothiofenovym
fetézcem a karboxylovou kotvici skupinou (Obrdzek 36). VSechny chromofory
113a—-d vykéazaly po aplikaci v p-DSSC ucinnosti premény energie nad 0,18 %,
nejvyssiho PCE = 0,32 % a proudové hustoty Js = 6,74 mA/cm? pak dosahlo barvivo
113d s TBK akceptory (Tabulka 14). Tato hodnota Js se blizila doposud nejvyssi
zméfené proudové hustoté (7,65 mA/cm?)!'*! pro p-DSSC zaifzeni. V obou sériich
fotoaktivnich materidld 112 i 113 poskytly derivaty s 1,3-diethylTBK kruhem lepsi
optické a fotovoltaické vysledky ve srovnini s DCV-derivaty (rozsihlejsi absorpce

Vv s

sahajici k blizké IC oblasti a vys§i schopnost pienosu naboje).

R
S A
O
113an=2, R=DCV ~
113b n =3, R=DCV R: R N CN
113c n=2 R=TBK /f/g N
113d n=3, R=TBK o~ N S CN
N \\ DCV
COOH TBK
S S
R~ DS
\ n / S
CeH13
Obrazek 36 — Chromofory na bdzi TFA s akceptornimi DCV/N,N ™-diethylTBK jednotkami pro
p-DSSC.

Barbiturova kyselina vSak v barvivech pro DSSC cely nemusi vystupovat pouze jako
akceptorni jednotka, ale zaroven diky slabé kyselym imidickym vodikim miiZe
zastavat i roli kotvici skupiny. Na Obrdzku 37 jsou pak uvedena ¢tyfi D-TEA barviva
114a-d, v nichz je donor reprezentovan N-ethylkarbazolem, ktery je pfes Temistek
1,4-fenylenu ¢i 2,5-thienylenu spojen s akceptorem na bazi BK nebo kyanoctové
kyseliny. Derivaty 114a—b obsahujici akceptorni/kotvici BK fragment dosahly nejen
v roztoku, ale i po adsorpci na povrchu TiO» lepSich LO charakteristik (Amax, &mnax)
ve srovnani s kyanoctovymi analogy 114c—d. V tomto ohledu se BK fragment jevi

jako novy, slibny kotvici prvek pro design a dalsi studia v oblasti barviv pro DSSC.!#?
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N 114a X = CH=CH, R = BK
N 114b X =S, R=BK R: ¢ NH % COOH
114c X = CH=CH, R = CAA P i“/\(
114d X = S, R = CAA; o” N o CN
CAA
X
/ BK
Z R

Obrazek 37 — Chromofory s kotvici/akceptorni BK nebo kyanoctvou kyselinouna bdzi karbazolu.

/ \ H
Ph,P PPh, O _N
/R\ —
Ph,P  PPh,

\J

115a X = CH=CH,Y = O \\L 117aX =S, R = SO;Na
R

115b X = CH=CH,Y =S 117b X = O, R = SO3Na
115¢ X=8SY=0 M7b X=0,R=H

-H*
+H*

116H*
6 116

Obrazek 38 — Kolorimetrické senzory 115, pH-senzor 116 a fluorecentni sondy 117 s akceptorni
(T)BK jednotkou.

Push-pull chromofory na béazi (T)BK jsou rovnéz Casto s vyhodou vyuZivany
jako pH/aniont-citlivé a fluorescentni sondy. Anionty hraji klicovou roli
v biologickych procesech, medicing, katalyze a mnoha dalSich odvétvich. Jeden
z atraktivnich pfistupt selektivni detekce aniontii v téchto oblastech je zaloZen
na kolorimetrickych senzorech. Dany typ koordinovaného aniontu individualné
ovlivni elektronové rozloZeni ve vzniklém komplexu, coZ se projevi barevnou zménou
senzoru. Citlivé a selektivni kolorimetrické senzory na bazi komplexu ruthenia 115a—c
s alkynyl(hetero)aromatickym Temistkem a (T)BK  akceptorni  jednotkou
(Obrdzek 38) byly uréené k jednoduché kolorimetrické detekci aniontii poutajicich se
pomoci vodikovych vazeb k NH-skupinam (T)BK receptoru. Navic pfitomnost dvou

imidickych skupin vede ke znacné selektivité téchto senzori vici fluoridovym iontiim,
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které mohou byt navic zietelné¢ odliSeny napiiklad od CH3;COO", HoPO4™ ¢i HSO4
aniont(.'* Selektivita a citlivost je v dané sérii senzordi ovliviiovana predeviim
kyselosti NH-skupin respektive elektronovou hustotou na (T)BK receptoru.

Mezi mnoha diagnostickymi technikami je opticky ,,imaging*“ jednou
z nejatraktivnéjSich zobrazovacich metod ve vyzkumu a klinické praxi. V této oblasti
se s vyhodou vyuZivaji metody detekce zaloZené na NIR flourescen¢nich sondach
(absorpéni/emisni pasy v blizké IC oblasti). NIR fluorescenéni sondy na bézi
cyaninovych barviv jsou stdle uzivany pro studium biologickych procest jako je
napiiklad enzymova aktivita nebo detekce prvki, iontl respektive pH piitomného
v danych biologickych cyklech. Neocekdavané pomoci debenzoindolizace a nasledné
heteroannulace bylo pfipraveno nové pH-fluorescentni Cidlo 116 (Obrdzek 38)
s ptfikondenzovanym pyrimidinovym jadrem reprezentujici pied heteroannulaci
barbiturovy kruh.'** Chromofor 116 je silné fluorescentni v blizké IC oblasti a ma
excelentni spektralni citlivost ke zménam pH prostiedi. Jeho absorpéni spektra
vykazuji intenzivni CT-pas pfi 690 nm v neutrdlnim prostiedi, po ptrechodu
do kyselého pH dochazi k vyraznému hypsochromnimu posunu az k 605 nm (tato
rovnovaha rovnéz znazornéna na Obrdzku 38). Fluorescen¢ni intenzita byla minimalni
pfi pH nizZ$im neZ 2, avSak vice jak Sestindsobn¢ se zvySila pii narastu pH od 2 do 9.
Drasticky nizkd hodnota pKa (~3,5) byla zméfena pro N-H disociani rovnovahu,
kterd typicky pro uracilové derivaty dosahuje pKa ~9,5. Tato kyselost imidickych
vodikl byla pficitana pfitomnosti delokalizovaného kladného niboje skrze Tesystém
cyaninového barviva 116. Volnd NH-skupina je tedy tim rozhodujicim faktorem
vyvolavajicim citlivost ke zménam pH.
Budeme-li pokracovat v medicinalnich a biologickych aplikacich push-pull derivati
(T)BK, nelze vynechat merocyaninova barviva s vysokou citlivosti k rozpoznavani
leukemickych bunék. Merocyanin 540 (117a) s N,N’-dibutylTBK jednotkou
(Obrdzek 38) byl prvnim fluorescenénim barvivem pouzitym jiz v 70. letech minulého
stoleti k oznagovéni leukemickych a nezralych krvetvornych bunék.'** Do dnesni doby
byla pfipravena nescetna Skala obdobnych merocyaninovych barviv, je tedy ziejmé,
Ze jisté existuje zavislost mezi optickymi abiomedicinskymi vlastnostmi
merocyanind. Odhaleni vzdjemnych korelaci by pak mohlo vést k navrZeni lepSiho
a ic¢innéjSiho barviva. Studiem této problematiky se zabyval napf. Bennistontv
kolektiv.!*® K testovani téchto korelaénich hypotéz byly syntetizovany derivaty

merocyaninu 540, konkrétn¢ chromofory 117b—c (Obrdzek 38), jejichz zmétené
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a kalkulované fotofyzikalni vlastnosti byly porovnany s udaji zaznamenanymi
pro 117a. Bylo prokadzano, Ze molekula 117b silné fluoreskuje po asimilaci v HL60
leukemické bunice a Ze je pod osvétlenim mnohem vice persistentni nez
merocyanin 540. Nevyhodou 117b naopak je jeji vetsi hydrofilita, diky niZ obtiznéji
penetruje povrchem bunky. Lze tedy tvrdit, Ze zména délky/hydrofility alkylovych
substituentli, ndhrada TBK kruhu za BK nebo pfipojeni barviva k nosi¢i vyznamné
ovliviiuje citlivost detekce nizkych hladin leukemickych bunék v krvi.

Tabulka 15 — Hodnoty emisnich maxim a vazebné afinity k AB plakiim fluorescencnich sond 118a—h.

Sloucenina | 118a 118b 118c 118d 118e 118f 118g 118h
ABmax[nm]® | 625 654 642 694 674 693 690 691
Ki[nM]® 37 106 653 645 354 22 14 15

“Méfeno po navéazani k AP depozitiim v PBS; ®Vazebna4 afinita, ['>I]IMPY byl pouZit jako radioligand.

|
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118a X =Y =CN
118b X =CN, Y = COOMe
118c X =Y = COOMe

X
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R

118f X =0, Ry = H
1189 X=0,R;=CH;  _N_
118h X=S, Ry = H

Obrazek 39 — NIR fluorescencni sondy designované k diagnoze Alzheimerovy choroby.
Alzheimerova choroba je neurodegenerativni az smrtelnou nemoci, ktera vyvolava
poruchy paméti a kognitivni vady. Jako hlavni patogeneze Alzheimerovy choroby je
pfijimana amyloidni kaskddova hypotéza. Amyloid beta (AP) je nazev pro peptidy
sloZzené z 36—43 aminokyselin, jez jsou hlavni komponentou amyloidnich plaka
nachézejicich se v mozku pacientl s Alzheimerovou chorobou. To naznacuje, Ze AP
depozity v mozku mohou byt dobrymi biomarkery pro diagnostiku této choroby.

147199 nedavno navrhla a rozvinula sérii NIR fluorescentnich

Pracovni skupina B. Liu
sond pro in vivo detekci amyloidnich plakd. Tyto NIR sondy, zaloZzené na derivatech
malonové kyseliny, vykazuji dlouhé emisni vlnové délky, velké Stokesovy posuny
a vysoké afinity k AP agregatim. Architektura téchto chromoford 118a—h je zaloZena
na DMA donoru, spojeného pres Tkkonjugovany polyenovy fetézec s malonovym
akceptorem. Jako prekurzory akceptorii byly zvoleny malondinitril 118a, methyl-

kyanacetat 118b, dimethyl-malonat 118c, Meldrumova kyselina 118e a nasledné

(thio)barbiturova kyselina 118f-h. Jako 1,3-diketo analog téchto derivati byl rovnéz
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pouzit dimedon 118d (Obrdzek 39). V prvnich pokusech projevily chromofory 118a—c
s koplanarni geometrii dostatecnou afinitu a vynikajici in vivo NIR ,,imaging*, zatimco
sondy 118d—e obsahujici nerovinné akceptory vykazovaly sniZenou vazebnou afinitu
k A plakim. Proto byly nésledné zvoleny silngjsi akceptorni jednotky s rovinnou
geometrii na bazi barbiturové kyseliny. Vysledné fluorofory 118f—h dosahovaly jesté
markantnéjSi afinity k AR agregatim, zejména pak fluorescenéni sonda 118g
s N,N’-dimethylBK kruhem (Tabulka 15). Diky in vivo a histoligickym ex vivo
vysledkim lze konstatovat, Ze push-pull chromofor 118g je novou slibnou NIR sondou

pro detekci AP depoziti v mozku.

H
o) NYX
O = _ NH
CT
119aX=0
119b X = S

Obrazek 40 - NLOfory s (T)BK akceptorem na bdzi azulenu.

Push-pull chromofory na bazi N,N’-(ne)alkylované (thio)barbiturové kyseliny
nachézeji vSak dominantni uplatnéni pfedevsSim v nelinearni optice. Do dnesni doby
byly pfipraveny stovky NLOforG s (T)BK akceptorem, liSici se hlavné pouZitou
donorni ¢4sti (Casto na bazi heterocyklll) a rozlehlosti T-konjugovaného systému.
Velmi neortodoxnim donornim aromatickym uhlovodikem postradajicim heteroatom
je azulen. Tento izomer naftalenu, tvofeny péti a sedmiclennym kruhem, je unikatni
vtom, Ze poruseni aromaticity je u néj vyvaZeno ziskem rezonancni energie
za souCasné tvorby azulenového karbokationtu. Navic obsahuje vysoky pocet
Teelektronlt a mize tedy vystupovat jako jednotka schopnad poskytovat elektrony
do konjugace. Toho bylo vyuZito Shuem' p#i navrhu derivatii azulenu, napi. 119a—b
(Obrdzek 40), v nichZ je azulen spojen ptes konfiguraéné uzavieny trans-polyenovy
most s (T)BK casti. Tyto derivaty byly teoreticky zkoumany v roviné geometrickych
rovnovéah, elektronovych spekter, ICT a hyperpolarizabilit. Hodnoty prvnich
hyperpolarizabilit f vypoctené s pouzitim SOS (z angl. sum-over-states) vztahu
se pohybovaly od 229-107° pro 119a po 293-107** esu pro 119b. Z téchto hodnot je
patrné, Ze azuleno-barbiturové molekuly mohou byt zcela jisté pfislibem pro oblast

NLO materiald druhého fadu.
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Schéma 15 — Syntéza pyrrolyl-thiazolovych NLOfori 124a-b.

Tradi¢nimi donory pro NLOfory jsou vSak heteroaromaty s N, O a S atomy. Tyto
heteroaromaty lze vSak kombinovat do vzijemnych, velmi netradi¢nich uskupeni
a dosdhnout tak velmi origindlnich donornich jednotek. Piikladem muze byt
5-formyl-2-(N-pyrrolyl)-thiazol 122, ktery byl syntetizovin modifikovanou
Paal-Knorrovou syntézou. Aldehydickd skupina pak slouzila k zavedeni DCV
nebo N,N’-diethylTBK akceptorni jednotky, ¢imz byly ziskany chromofory 124a-b
(Schéma 15). K vyhodnoceni NLO chovani téchto pyrrolyl-thiazoli 124a—b byla
vyuzita HRS technika. Sloucenina 124a na b4zi malondinitrilu poskytla pfekvapivé
lepsi NLO odezvu ve srovnani s thiobarbiturovym analogem 124b, a¢ vykazovala
horsi linearné optické vlastnosti (viz Tabulka 16). Ob&¢ nové malé molekuly na bazi
pyrrolyl-thiazolu se tak mohou stat potencialnimi optickymi NLOfory druhého fadu
(vice neZ 10X vys3i nelinearity oproti referenci v podobé 4-nitroanilinu (pNA).!>!
Donorni péticlenné heterocykly se dvéma heteroatomy nemusi byt zastoupeny pouze
thiazolem, ale s vyhodou lze vyuzit napiiklad 1,3-dithiol-2-ylidenu se dvéma atomy
siry. Villacampovou skupinou'>> byla pfipravena série merocyaninti 125a—f,
ve kterych je akceptorni skupina zastoupena N,N’-diethylthiobarbiturovou jednotkou,
ktera je od 1,3-dithiolového donoru oddé€lena variabilnim, konfiguraéné
(ne)uzavienym polyenovym mustkem (Obrdzek 41). ZvySujici se hodnoty NLO
koeficientu g3 (az 2750-10* esu pro 125f; Tabulka 16), jsou zapfic¢inény jednak
proaromatickym charakterem 1,3-dithiolu, jakoz 1 rigiditou a prodluZovanim
polyenového Temistku. Experimentdlni a teoretické vysledky potvrdily,

Ze 1,3-dithiolova cast v linearnich D-TtA chromoforech je vhodné€j$Sim donorem
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elektronti pro NLO aplikace oproti tetrathiafulvalenové jednotce. Push-pull
chromofory na bézi tetrathiafulvalenu (TTF) byly totiZ stejnou pracovni skupinou
poprvé po NLO strance charakterizovany o pér let diive v roce 1998.°3Na Obrdzku 41
jsou uvedeny vybrané piiklady TTF-NLOfort 126a—e nesouci bud’ N,N"-dimethylBK
nebo N,N’-diethylTBK akceptorni jednotky. Z dat uvedenych v Tabulce 16 je ziejmé,
Ze koeficienty (3 pro 126a—e dosahuji nizsich hodnot nez je tomu u 1,3-dithiolovych
derivati 125. Navic se zde vyrazné projevil i efekt chalkogenu na barbiturovém kruhu,
nebot’ NLOfory 126b a 126d nesouci thiobarbiturovy kruh dosahuji pfibliZzné

trojndsobn¢ vyssi NLO odezvy druhého druhu oproti slou¢enindm 126a a 126¢

s klasickou barbiturovou jednotkou.

Tabulka 16 — Linedrni a nelinedrni optické vlastnosti push-pull chromoforii 124-126.

Chromofor | 124a 124b 125a 125b 125¢ 125d 125e¢ 125f 126a 126b 126c 126d 126e

Amax[nm] 384 443 403> 558> 642° 630° 638> 638> 650° 716° 609° 661¢ 646°
A10-% esu]? 530 420 - - - - - - - - - - -
HO1043esu]* - - -12 100 1100 440 2315 2746 142 480 290 760 960

Méfeno v: *dioxanu, °CH,Cl,, °DMSO; ‘Méfeno HRS technikou pfi 1064 nm v dioxanu, pNA jako
reference; “EFISH experiment pfi 1907 nm dle UV-Vis bud’ v CH>Cl> nebo DMSO.

0
R 126aR=Me, X=0,n=0
I >: § 126bR=Et, X=S,n=0
S [>_< A 126c R=Me, X =0, n=1
o /&X 126d R=Et, X =S, n=1

R 126e R=Et, X=S,n=2
125a R = Hn 0
125b R=Me, n=1 R
125cR=Me, n=2

125d R=Me, n=0
125e R=Me, n=1
125f R=Me, n=3

Obrazek 41 — NLOfory na bdzi 1,3-dithiol-2-ylidenu 125a—f a tetrathiafulvalenu 126a—e
s N,N"-dialkyl(T)BK.

Naopak spojeni (thio)barbiturové kyseliny s proaromatickym 4H-pyran-4-onem vede
k tvorbé naprosto typické centralni T-A jednotky, ktera je hojn€ vyuZivana predevSim
pfi konstrukci oktupolarnich, V-tvarovanych NLOfori, jako je tomu napiiklad
umolekul 127a-d. Tyto dipoldrni molekuly jsou sloZeny ze dvou donornich
N,N-diethylanilino vétvi pfipojenych pfes ethenylovy miustek k centrdlnimu

4H-pyranylidenu. Ten byl dile modifikovan akceptory na bazi malondinitrilu,
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N,N"-diethylTBK, 2-fenyl-1,1,3-trikyanpropenu a TCF (Obrdzek 42). Na zaklade
porovnani experimentdlnich dat (Tabulka 17) byl studovan vliv zvolené akceptorni
jednotky na vysledné linearni a nelinearni optické vlastnosti latek 127a—d. Chromofor
127¢ s 2-fenyl-1,1,3-trikyanpropenovym fragmentem vykazal z dané série nejvyssi
NLO odezvu druhého fadu (3 = 3000-10™* esu). Analogické linearni chromofory
nedosahuji ani zdaleka takovych nelinearit, jako tomu je uchromofori 127a-d
s V-uspofadanim. Navic bylo prokazano, Zze 4H-pyranovy kruh se nechova jako
pomocny donor, ale pouze jako polyenovy Temiistek.'>* Nasledné byly na stejném
principu pfipraveny a charakterizovany obdobné D-TFA-TED molekuly 128a-b,
v nichZ vSak jiz 4H-pyranovy kruh nevystupuje pouze jako centralni T-konjugovany
systém, ale je zaroven perifernim elektron donorem (Obrdzek 42). Jak je z EFISH

experimentu patrné, N,N’-diethylTBK derivat 128b dosahoval ve srovnani s DCV

analogem 128a témé&f dvojnasobné NLO odezvy (Tabulka 17).!%

129a-b

Obrazek 42 — Oktupoldrni push-pull chromofory s centrdlnim proaromatickym 4H-pyranovym
kruhem a vybranymi akceptornimi jednotkami.

Do struktur V-tvarovanych 4H-pyranovych push-pull chromoforti 1ze rovnéz zavést
1 chiralni centra. Ta byla v pfipadé sloucCenin 129a—b reprezentovana prolinolovymi
zbytky, které rovnéZ plni roli elektron donoru (Obrdzek 42). Tyto opticky aktivni
4H-pyranové derivaty 129a—-b vykézaly velmi vysoké optické nelinearity druhého
druhu, pro N,N’-diethylTBK derivat 129b az 7160-10“® esu (Tabulka 17). Volné
hydroxy skupiny prolinolového fragmentu mohou byt vyuZity k tvorbé EO polymert
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a tento chirdlni fragment rovnéz zarucuje vznik necentrosymetrickych NLO materialt

druhého druhu.'®

Tabulka 17 — Linedrni a nelinedrni optické vlastnosti push-pull chromoforu 127 —129.

Chromofor | 127a 127b 127c¢ 127d 128a 128b 129a 129b

Amax[nm] 4928 598% 589* 649* 574*° 633% 564° 652°

HA1048esu]® | 1440 1500 3000 2202 900 1500 5920 7160
Méfeno v: *CH,Cly, °CHCI3; °EFISH experiment pti 1907 nm dle UV-Vis bud’ v CH,Cl, nebo DMSO.

Elektron donorni ¢asti u (T)BK-NLOfortt mohou byt dile reprezentovany napiiklad

159-161

karbazolem a veratrolem,'’ ferrocenem,!>® N,N-dialkylanilinem a riznymi

162-164

dalSimi dusikatymi heterocykly. TEMustek téchto NLOfort je pak zastupovan

prevazné polyenovym fetézcem nebo/a 1,4-fenylenovou jednotkou.

pozitivni BLA negativni BLA
El’:u CN I|3u QN
N M_
Bu" NENENF e Bu VNN e
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130d X=0
130e X=S

/
Et S 131i-1
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Obrazek 43 — Limitni rezonancni struktury v polyenech na bdzi BK a TBK — studium BLA parametru.

Bourhill a spol.'®

se zabyvali studiem merocyaninovych barviv a polyenovych
systémt 130a—e (Obrdzek 43), u nichz se snazili kvantifikovat miru interakce mezi
D a A (polarizace) respektive NLO odezvy pomoci parametru BLA (viz kapitola 1.2).

Z jejich studie naptiklad vyplyva, Ze chromofor 130¢ m4 o 0,014 A mensi hodnotu
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BLA nez barvivo 130a, obsahuje tedy siln¢j$i akceptor. Parametr BLA byl navic dale
ovlivilovan polaritou pouZitého rozpoustédla, nebot’ slouc¢eniny 130b—c vykazovaly
pozitivni  solvatochromni efekt v nepolarnich rozpousStédlech a negativni
solvatochromii v rozpoustédlech polarnich. Rovnéz zvySovani akceptorni sily od DCV
jednotky (130a) pfes BK (130b) az k TBK (130¢) mélo u téchto chromofort
za nasledek postupné snizovani jejich koeficientu g% s rostouci polaritou
rozpoustédla. Design push-pull cyaninid 131a—l (Obrdzek 43) byl smérovéan
k optimalizaci parametru BLA zarucujici maximalni hodnoty kvadratickych
hyperpolarizabilit. Experimentalné zjiSt€éné linearni a nelinearni optické vlastnosti
téchto NLOfori byly vztaZzeny k jejich polarizaci v zdkladnim stavu (dipdl
momentu L) respektive k BLA parametru. Bylo ovéfeno, ze prodluZzovani
polyenového fetézce v kazdé sérii homologickych sloucenin 131 rezultuje ve vyrazny
bathochromni posun CT-past, pokles BLA a exponencidlni zvySeni hodnot NLO
koeficientu 1f%.'%

Na zakladé¢ uvedené reSerSni prace lze fici, Ze ve srovnani s ostatnimi
malonovymi derivaty prispiva struktura barbiturového kruhu k nejvyssi polarizaci
D-TEA systémii a to diky své unikétni elektron akceptorni schopnosti. Sesti¢lenny
barbiturovy kruh zabezpecuje lepsi konjugaci v porovnéni s péticlennymi kruhy, jako
jsou hydantoin nebo rhodanin (analoga (T)BK). Pokud bychom vS§ak méli na zavér této
kapitoly vzajemn¢ porovnat barbiturovou a 2-thiobarbiturovou jednotku, tak Ize tvrdit,
Ze optické (LO/NLO) vlastnosti zavisi jednozna¢n¢ na typu chalkogenu pifitomném
v barbiturovém kruhu. Energie absorpcnich maxim jsou u TBK-molekul obsahujici
atom siry mensi neZ u sloucenin s BK kruhem. Ve vétsin¢ piipadti dosahuji TBK
chromofory i vys$§ich hodnot optickych nelinearit (viz vySe uvedené piiklady).
Pravdépodobné je to zapfi¢inéno tim, Ze elektrony volnych elektronovych part
na atomu siry v TBK se 1épe podileji na delokalizaci n-elektronového systému
a celkové polarizaci systému neZ je tomu u kysliku v BK. Obecné tedy plati,
Ze vicecClenny kruh, delsi 7-konjugovany systém a nadhrada atomu siry za atom kysliku
pozitivné ovliviiuji akceptorni schopnosti danych jednotek a pfispivaji k zlepSené

optické odezvé.

1.6 Shrnuti teoretické ¢asti

Akceptorni schopnost malonové kyseliny a jejich derivata vychazi ze zaporného

mezomerniho a induktivniho efektu pfitomnych funkc¢nich skupin (karboxy, nitril,
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apod). Tyto derivity i malonova kyselina samotn4 jsou v dnes$ni dob¢ tak popularnimi

akceptornimi prekurzory ve svété organickych push-pull chromoforii predevSim

z téchto duvodu:

* komerc¢ni dostupnost a nizka potfizovaci cena,

* snadné zavedeni do struktur push-pull chromofori pomoci Knoevenagelovy

kondenzace,

* rozmanitd akceptorni schopnost, diky niZ Ize snadno ladit optoelektronické

vlastnosti cilovych push-pull chromofort.

Na vyse uvedené, pocetné fad¢ vybranych chromofort bylo dokazano, Ze malonova

kyselina spolu se svymi derivity muze byt soucdsti opravdu rozmanité Skaly

organickych push-pull systémi. Tyto findlni D-TEA systémy vykazuji mimotadné

optoelektronické vlastnosti, kterych je vyuZivano predevSim v t€chto aplikacnich

sférach:

fotovoltaicka zafizeni (DSSC a BHJOSC),
nelinearni optika,
solvatochromni/fluorescentni sondy detekujici rtizné typy iontl ¢i zmény pH,

medicindlni vyuZziti v oblasti bio-imagingu.

Nicméné 1 pfes zminénou vysokou popularitu malonové kyseliny a jejich

funk¢nich derivat v oblasti push-pull chromoforti chybi do této chvile v literatuie

systematicka a ucelena srovnavaci studie vénujici se jejich akceptornim vlastnostem.

Proto miiZe tato reSersSni Cast disertacni prace diky své rozsahlosti, systematickému

uspofadani a prehledné shrnuté aplikacni strdnce do jisté miry poslouZit jako uZitecny

pravodce push-pull chromofory na bazi derivati malonové kyseliny.
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2. EXPERIMENTALNI CAST

2.1 Obecné metody

Rozpoustédla a Cinidla pouzita pfi syntéze byla zakoupena od firem Aldrich,
Fluka, TCI nebo Penta a byla pouZita bez dalSiho €iSténi. Suchy THF byl vZdy Cerstvé
destilovan z Na/K slitiny a difenylmethanonu pod inertni atmosférou argonu. Pouzita
rozpoustédla byla odpafovana na odparce Heidolph Laborota 4000. Cross-coupling
reakce byly provadény na vakuum-inertni lince ve Schlenkovych baiikach. Sloupcova
chromatografie byla provadéna na silikagelu (SiOz 60, velikost ¢astic 0,040-0,063
mm, Merck) a za pouzZiti komerén¢ dostupnych rozpoustédel. Tenkovrstva
chromatografie byla provadéna na aluminiovych destickich potaZenych silikagelem
Si02 60 Fass4 (Merck) s vizualizaci pomoci UV lampy (254 nebo 360 nm). Body tani
byly stanoveny bud’ v otevienych kapilardch na piistroji Biichi B-540 nebo byly
veskeré termalni vlastnosti studovany pomoci diferenc¢niho skenovaciho kalorimetru
Mettler-Toledo STARe System DSC 2/700 vybaveného FRS 6 keramickym senzorem
a chladicim systtmem HUBERT TC100-MT RC 23. Tepelné chovani cilovych
sloucenin bylo méfeno v otevienych hlinikovych kelimcich pod inertni atmosférou N».
DSC kiivky byly stanoveny skenovaci rychlosti 3 °C/min v rozmezi 25-400 °C.
'Ha 3C NMR spektra byla méfena v CDCl3, CD2Clz, ds-DMSO a D,0 pii 25 °C
na piistroji Bruker AVANCE III pii frekvencich 400/100 MHz a Bruker Ascend™
pii frekvencich 500/125 MHz pro 'H resp. '°C spektra. Chemické posuny jsou uvedeny
v jednotkdch ppm relativné k signdlu MesSi. Reziduélni signaly rozpoustédel byly
pouzity jako vnitini standard (CDCls; — 7,25 a 77,25; ds-DMSO — 2,55 a 39,51; CD>Cl»
—5,32 a54,00; D20 — 4,80 ppm pro 'H-resp. 3 C-NMR spektra). Interakéni konstanty
(J) jsou uvedeny v Hz. Pozorované signaly jsou popsany jako s (singlet), d (dublet),
dd (dublet dubletu), t (triplet), q (kvartet) a m (multiplet). IC spektra byla métfena
na pristroji Perkin Elmer FT-IR Spectrum BX s HATR néstavcem. Hmotova spektra
byla méfena na GC/EI-MS konfiguraci sestavajici z plynového chromatografu Agilent
Technologies 6890N (HP-5MS délka kolony 30 m, LD. 0,25 mm, film 0,25 um)
opatieného hmotovym detektorem Network MS detector 5973 (EI 70 eV, rozsah
33-550 Da). Hmotnostni spektra s vysokym rozliSenim byla méfena metodou ,,dried
droplet” pomoci MALDI hmotnostniho spektrometru LTQ Orbitrap XL (Thermo
Fisher Scientific) vybaveného dusikovym UV laserem (337 nm, 60 Hz). Spektra byla
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meéfena v reZimu pozitivnich iontdl, v normalnim hmotnostnim rozsahu s rozliSenim
100 000 pii m/z =400. Jako matrice byla pouzita 2,5-dihydroxybenzoova kyselina
(DHB), 2-[(E)-3-(4-t-butylfenyl)-2-methylprop-2-enyliden]propandinitril (DCTB)
a 9-aminoakridin (9-AA). UV/Vis spektra byla méfena na spektrofotometru Hewlett-
Packard 8453 v CH:Cl; nebo CH3OH/CH2Cl> 24:1. Elementarni analyzy byly
provadény na piistroji EA 1108 Fisons. Pro elektrochemickd méfeni bylo vyuZito
cyklické voltametrie (CV), rotacné-diskové voltametrie (RDV) a polarografie, méfeni
probihala v tiielektrodové mérné cele obsahujici roztok 0,1 M BuNPFs v DMF.
Pracovni elektrodou byl platinovy disk nebo sklenénd uhlikova diskova elektroda
(pramér 2 mm) pro CV a RDV experimenty. Referencni elektrodou byla nasycena
kalomelova elektroda (SCE), oddélena mitistkem od podpurného elektrolytu. Roli
pomocné elektrody zastaval platinovy drat. Voltametrické métfeni bylo provedeno
zapomoci potenciostatu PGSTAT 128N (AUTOLAB, Metrohm Autolab B.V.,
Utrecht, Nizozemsko) operujici s NOVA 1.10 softwarem. Fotoindukovana méfeni
piezooptického efektu byla provedena pomoci cw He-Ne laseru (20 mW
koherentni Er:YAG paprsky) pii 1150 nm za vyuziti Senarmontovy metody.
Maximélni zmény piezooptickych koeficientli byly ziskdny pro kolizni thel
leZici v rozmezi 22-26 °.

Pro zjednoduSeni, celkovou pfehlednost a snadnou orientaci bude
experimentalni ¢ast rozdélena do dvou podkapitol (2.3 a 2.4) dle syntetizovanych sérii
cilovych chromofort. V prvni experimentalni sérii, zabyvajici se elektron-akceptorni
schopnosti vybranych derivati malonové kyseliny, budou findlni chromofory, jakoz
1vychozi latky a meziprodukty, oznaCeny pismenem A (findlni chromofory
Ala—d,...A8a—d). Ze stejného diivodu budou rovnéZ jednotlivé deriviaty malonové
kyseliny oznaovany zkratkou jejich nazvu a nikoli pismenem. V druhé sérii molekul,
vénujici se predevSim postupnému vétveni push-pull chromoforii, budou jednotlivé
finalni chromofory ¢islovany od 1 a oznaceny pismenem B — B1-B24, vychozi latky

a meziprodukty pak budou ¢iseln€ navazovat na findlni chromofory — B2S5, atd.

Obecnd metoda pro Sonogashirovu cross-coupling reakci (metoda A):
Sonogashirova cross-coupling reakce byla provedena dle obecného protokolu.'’
Jodderivat B28-B33 (=1 mmol) a propargylalkohol B34 (1,2/2,4/3,6 ekv. pro
jedno/dvoj/troj-nasobny coupling) byly rozpustény ve smési THF/Etz:N (4:1, 25 ml).
Vznikly roztok byl probubldvan argonem po dobu 10 min, poté byly ptfidany

80



EXPERIMENTALNI CAST

katalyzatory [PdCl2(PPhs)2] (0,03/0,06/0,09 ekv.) a Cul (0,03/0,06/0,09 eq.) a reakéni
smés byla michana pod inertni atmosférou argonu pfti 25 °C po dobu 18 hod. Pouzita
rozpoustédla byla odpatfena a surovy produkt byl rozpustén v CHxCly (50 ml)
a extrahovan nasycenym vodnym roztokem NH4Cl (100 ml). Organicka vrstva byla
oddélena a vodnd vrstva byla znovu extrahovana CH2Cl> (50 ml). Spojené organické
extrakty byly vysuSeny (Na2SOs) a rozpoustédlo bylo odpafeno. Surovy produkt byl

nasledné ¢iStén pomoci sloupcové chromatografie.

Obecnd metoda pro Dessovu-Martinovu oxidaci (metoda B): Dessova-Martinova
oxidace byla provedena dle obecného protokolu.'®®-1% Propargylalkohol B35-B40
(=1 mmol) a Dessovo-Martinovo cinidlo (1/2/3 ekv. pro jedno/dvoj/troj-nasobnou
oxidaci) byly rozpustény v CH>Cl, (20 ml) a takto vznikla reakéni smés byla michana
pti 25 °C po dobu 4 hod. Po odpafeni rozpoustédla byl surovy produkt ¢iStén pomoci

sloupcové chromatografie.

Obecnd metoda pro Knoevenagelovu kondenzaci:

* katalyza Al;03 (metoda C): Al;Os katalyzovana Knoevenagelova kondenzace byla
provedena dle obecného protokolu.!’”” Aldehyd A9a—-A9d nebo B41-B52
(=1 mmol) a derivat malonové kyseliny (1,2/2,5/3,6 ekv.
pro jedno/dvoj/trojndsobnou kondenzaci) byly rozpustény v CH>Cl> (20 ml)
a ke vzniklému roztoku byl piidan Al,Os - aktivita dle Brockmanna II-III
(5/10/15 ekv.). Reak¢ni smés byla nasledné¢ michana pii 25 °C po dobu 18 hod.
Poté byla reak¢ni smeés zfiltrovana (odstranéni Al,O3) a rozpoustédlo bylo
odpateno. Surovy produkt byl ¢iStén pomoci sloupcové chromatografie.
Chromofory B6, B10, B14, B18, a B22 s N,N’-dibutylbarbiturovou jednotkou
pfipojenou piimo k fenylovému kruhu byly v pribéhu sloupcové chromatografie
castecné¢ hydrolyzovany zpét na vychozi latky, proto byly tyto chromofory
rozpustény v CH2Clz (10-20 ml) a vysraZeny piidavkem hexanu. Vyloucené
krystaly byly nasledn¢ odfiltrovany a vysuSeny.

* katalyza piperidinem (metoda D): Piperidinem katalyzovdna Knoevenagelova
kondenzace byla provedena dle obecného protokolu.!”! Aldehyd A9a—A9d
(=1 mmol) a derivat malonové kyseliny (1,2/2,5 ekv. pro jedno/dvojnidsobnou

kondenzaci) byly rozpusStény v CH3CN (25 ml) a poté bylo pfiddno né€kolik kapek
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piperidinu. Reak¢ni smés byla za michani refluxovana po dobu 18 hod. Poté bylo
rozpoustédlo odpareno a surovy produkt byl €iStén sloupcovou chromatografii.

* kondenzace s kyanoctovou kyselinou (metoda E): Knoevenagelova kondenzace
aldehydu s kyanoctovou kyselinou byla provedena dle modifikovaného literarniho
postupu.'’? Aldehyd A9a—-A9d (=1 mmol) a kyanoctova kyselina CAA (1,5/3 ekv.
pro jedno/dvojnasobnou kondenzaci) byly rozpustény v CH3CN (10 ml)
a ke vzniklému roztoku byl pfidan po kapkach piperidin (0,5 ml; =5 ekv.). Reak¢ni
sm¢s byla refluxovana po dobu 90 min, poté bylo rozpoustédlo odpateno a ziskané
reziduum bylo rozpusténo v CH2Cl; (20 ml). K tomuto roztoku byla po kapkach
pfidana octova kyselina (= 1 ml) a reak¢ni smés byla michéna pti 25 °C po dobu
30 min. Rozpoustédlo bylo c¢astecné odpafeno a surovy produkt byl CciStén
sloupcovou nebo “flash” chromatografii a poté rekrystalizovan ze smési

CH>Cl/CH30H.

2.2 Syntéza akceptornich prekurzorua vychazejicich z derivati

malonové kyseliny

N,N’-Dibutylbarbiturova kyselina DBB
o] N,N’-Dibutylmocovina 134 byla syntetizovdna dle literarniho
B”HB” postupu.!” Butylamin 132 (0,7 ml, 6,85 mmol) byl rozpustén v CH>Cl,
° DBEB ° (15 ml) a vznikly roztok byl ochlazen na O °C. Do tohoto roztoku byl
po kapkéch ptidan butylisokyanat 133 (0,8 ml, 6,85 mmol) a reak¢ni
smés byla michéana jiz pti 25 °C po dobu 1 hod. Rozpoustédlo bylo odpateno a surovy
produkt 134 (bil4d pevna latka) byl izolovan v téméf kvantitativnim vytézku (1,17 g;
99 %). Surovy produkt 134 byl pouZit v nasledném reakénim kroku bez dalsiho ¢iSténi.
EI-MS (70 eV): m/z 172 (M*, 72 %), 130 (27), 106 (27), 101 (35), 74 (44), 57 (46), 44
(100), 41 (75).
N,N’-Dibutylbarbiturova kyselina DBB byla syntetizovana dle literarniho postupu.'™
N,N’-Dibutylmocovina 134 (0,58 g, 3,37 mmol) a malonova kyselina 7 (0,36 g,
3,37 mmol) byly rozpustény v AcOH (3,9 ml). Poté byl po kapkach ptidan Ac.O
(1,2 ml) a reakéni smes byla michana pii 90 °C po dobu 5 hod a nasledné pti 25 °C
po dobu 18 hod. Rozpoustédla byla odpafena a surovy produkt DBB byl CiStén
sloupcovou chromatografii. Vytézek: 0,74 g (91 %); bilo-oranZovd amorfni pevni
latka; b.t. = 4045 °C; R = 0,3 (SiO2, CH2Cla). EUMS (70 eV): m/z 240 (M*, 5 %),
185 (100), 98 (20), 86 (20), 70 (22), 56 (25). 'H-NMR (400 MHz, CDCl3, 25 °C):
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0=0,92 (t, J=7,6 Hz, 6H, CH3), 1,28-1,37 (m, 4H, CH»), 1,51-1,58 (m, 4H, CH»),
3,62 (s, 2H, OCCH2CO), 3,83-3,87 ppm (m, 4H, CH,N). 3C-NMR (100 MHz,
CDCls, 25 °C): J= 13,75, 20,12, 30,07, 39,72, 41,88, 151,48, 164,75 ppm.

N,N’-Dibutyl-2-thiobarbiturova kyselina DBTB
S N,N’-Dibutylthiomocovina 136 byla syntetizovana dle modifikovaného
J_ L literorniho postupu.!” Butylamin 132 (2,15 ml, 21,74 mmol) byl
© DBTE © rozpustén v CH2Clz (30 ml) a vznikly roztok byl ochlazen na 0 °C. Poté
byl kroztoku po kapkadch ptidan butylisothiokyanat 135 (2,62 ml, 21,74 mmol)
areakcni smés byla michéna pii 25 °C po dobu 1 hod. Rozpoustédlo bylo odpatreno
a surovy produkt 136 (nazloutld pevna latka) byl izolovan téméf v kvantitativnim
vytézku (4,05g; 99 %). Surovy produkt 136 byl pouzit v ndsledném reakénim kroku
bez dalsiho ¢isténi. EI-MS (70 eV): m/z 188 (M™, 100 %), 155 (25), 90 (22), 72 (30),
57 (24), 44 (28).
N,N’-Dibutyl-2-thiobarbiturovda  kyselina DBTB byla syntetizovana dle
modifikovaného literarniho postupu.!”” Do dvouhrdlé baiiky bylo predloZeno 100 ml
EtOH a za chlazeni (0 °C) byl rozpustén sodik (3,5 g). Vznikly roztok byl degasovan
probublidvanim argonu. N,N’-DibutylthiomoCovina 136 (5 g, 26,6 mmol)
a diethyl-malonat DEM (8,1 ml, 53,2 mmol) byly pfidany do pfipraveného roztoku
a ten byl nasledn¢ refluxovan po dobu 48 hod. Poté byla reakéni smés nalita do vody
(200 ml) a prevazna cast EtOH byla odpafena. Utvofena srazenina byla odfiltrovana
(nezreagovand thiomocovina 136) a filtrat byl nalit na ledovou drt’. Ochlazeny roztok
byl okyselovan zfedénou HCI (1:1), dokud nedoslo k vylouceni krystalii produktu
(pH ~ 2). Vodna suspenze byla nasledné extrahovana CH>Cly (3x100 ml). Spojené
organické vrstvy byly vysuSeny (NaxSOs) a rozpoustédlo bylo odpafeno. Surovy
produkt DBTB byl ¢iSt€n pomoci sloupcové chromatografie. Vytézek: 2,70 g (40 %);
rizovo-oranzova amorfni pevna latka; b.r. = 38—46 °C; Rr= 0,5 (SiO2, Hex/EtOAc
3:1). E/MS (70 eV): m/z 256 (M", 100 %), 223 (100), 201 (76), 167 (23), 116 (37),
86 (33),41 (25). '"H-NMR (500 MHz, CDCls, 25 °C): d=0,93 (t,J = 7,5 Hz, 6H, CH3),
1,32-1,37 (m, 4H, CH), 1,59-1,65 (m, 4H, CH>), 3,70 (s, 2H, OCCH2CO), 4,30-4,33
ppm (m, 4H, CH2N). *C-NMR (125 MHz, CDCl3, 25 °C): d= 13,94, 20,27, 29,15,
40,75, 48,13, 163,46, 180,65 ppm.
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2.3 Syntéza prvni série chromoforu (studium akceptornich

schopnosti vybranych derivati malonové kyseliny)

2.3.1 Priprava centralniho 2-(N-piperidinyl)thiofenu (PIT)

O Uvedeny PIT Al12 byl syntetizovdn dle literirniho postupu.'”
NI‘} Thiofen-2-thiol A10 (20 ml, 0,215 mol) a piperidin A1l (21,2 ml,
A12 0,215 mol) byly rozpustény v 80 ml toluenu, ¢imz doslo k vylouceni Zluté
srazeniny. Vznikl4 suspenze byla refluxovdna po dobu jedné hodiny, ¢imz doslo
k rozpusSténi sraZeniny, postupnému uvolfovani H>S a vzniku hnédého roztoku.
Nésledné bylo z reak¢ni smési odpateno rozpoustédlo a surovy produkt byl extrahovan
vodou (250 ml) a CH>Cl, (3x100 ml). Spojené organické extrakty byly vysuSeny
(Na2SO4) a rozpoustédlo bylo opét odpatreno. Produkt A12 byl nasledné ciStén
sloupcovou chromatografii. Vytézek: 19 g (53 %); Zluto-hnéda kapalina; Rf= 0,9
(SiO2; CH2Cly). E/MS (70 eV): m/z 167 (M*, 100 %), 126 (16), 111 (29). 'H-NMR
(400 MHz, CDCl3, 25 °C): 0=1,57-1,62 (m, 2H, CH»), 1,72-1,78 (m, 4H, CH>),
3,14-3,17 (m, 4H, CH2N), 6,14 (dd, Ji = 3,6 Hz, J» = 1,2 Hz, 1H, CHth), 6,60 (dd,
J1=5,2Hz, J> = 1,2 Hz, 1H, CHth), 6,81 ppm (dd, J1 = 5,2 Hz, J> = 3,6 Hz, 1H, CHth).
BC-NMR (CDCl3, 100 MHz, 25 °C): J =23,9, 25,6, 53,0, 104,9, 111,8, 1262,
160,4 ppm. Tato experimentdlni NMR data byla ve shod¢ s daty publikovanymi

v literatuie.'”’

2.3.2 Priprava aldehydi s centralni PIT jednotkou

5-(N-Piperidinyl)thiofen-2-karbaldehyd A9a
O Uvedeny aldehyd A9a byl syntetizovan dle literdarniho postupu.'®

N@_f PIT A12 (1 g, 5,98 mmol) byl rozpustén v suchém THF (20 ml)

A%a a vznikly roztok byl ochlazen na -78 °C. Roztok byl probublan
argonem (15 min), poté bylo ptikapdno n-BuLi (4,8 ml, 1,6 M roztok v hexanu,
7,77 mmol) areakéni smés byla michdna pfi uvedené teplot¢ po dobu 1 hod.
Po uplynuti této doby bylo do reakéni smési pridano 0,66 ml DMF (8,37 mmol)
areak¢ni smés byla jiz dile michdna mimo Dewarovu nadobu, dokud samovolné
nedosédhla 25 °C (cca 30 min). Nasledn¢ byla k reak¢ni smési ptikapana zifedéna HCI
(5 ml, 3M) a reakéni smés byla michéna pfi laboratorni teploté dalSich 0,5 hod. K této
smési byl za michéni poté pfidan NaOH (5 ml, 10 % vod. roztok) a reak¢éni smé&s byla

extrahovana nas. vod. roztokem NaCl (200 ml) aetherem (2x100 ml). Spojené
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organické extrakty byly vysuSeny (Na:SOs) arozpoustédla byla odparena. Surovy
produkt A9a byl nasledné €iStén sloupcovou chromatografii. Vytézek: 0,6 g (51 %);
zeleno-Zlutd pevna latka; b.tz. = 95 °C; Ry=0,7 (SiO2; CH2Cl/EtOAc 6:1). EI/MS
(70 eV): m/z 195 (M*, 100 %), 154 (14), 138 (25). 'H-NMR (400 MHz, CDCls, 25 °C):
0=1,62-1,72 (m, 6H, CH»), 3,31-3,34 (m, 4H, CH:N), 6,05 (d, J=4.4 Hz, 1H,
CHth), 7,45 (d, J = 4,4 Hz, 1H, CHth), 9,48 ppm (s, 1H, CHO). 3C-NMR (100 MHz,
CDCl3, 25 °C): 0=23,7, 25,1, 51,1, 104,1, 126,7, 140,5, 168,6, 180,5 ppm. Tato

experimentdlni NMR data byla ve shodé s daty publikovanymi v literatuie.!”’

(2E)-3-[5-(N-Piperidinyl)thiofen-2yl]akrylaldehyd A9b
O Uvedeny aldehyd A9b byl syntetizovén dle literdrniho postupu.'6®
N s

)\ PIT A12 (5 g, 29,8 mmol) byl rozpustén v suchém THF (100 ml)
\

Ab 0 a vznikly roztok byl ochlazen na —78 °C. Roztok byl probublin

argonem (15 min), poté bylo ptikapano n-BuLi (24,25 ml, 1,6 M roztok v hexanu,
38,8 mmol) a reakéni smés byla michéna pifi uvedené teplot¢ po dobu 1 hod.
Pouplynuti této doby bylo do reakéni smési ptfidino 4,14 ml
3-(N,N-dimethylamino)akroleinu A13 (41,8 mmol) a reakéni smés byla jiz déle
michana mimo Dewarovu nadobu, dokud samovolné nedosahla 25 °C (cca 30 min).
Nésledné byla k reak¢ni smési ptikapana zfedéna HCI1 (25 ml, 3M) a reak¢ni smés byla
michéna pfi laboratorni teploté dalSich 0,5 hod. K této smési byl za michéni poté
pfidan NaOH (25 ml, 10 % vod. roztok) a reakéni smés byla extrahovana nas. vod.
roztokem NaCl (300 ml) a etherem (2x150 ml). Spojené organické extrakty byly
vysuseny (Na2SOs4) a rozpoustédla byla odpaiena. Surovy produkt byl nasledné ¢istén
»flash® chromatografii. Vytézek: 4,88 g (84 %); cCerveno-hnédd pevna latka;
b.t. = 85 °C; Rr= 0,7 (SiO2; CH2Cl/EtOAc 6:1). EUMS (70 eV): m/z 221 (M™, 83 %),
192 (26), 167 (100). '"H-NMR (400 MHz, CDCl3, 25 °C): = 1,59-1,63 (m, 2H, CH>),
1,66—-1,71 (m, 4H, CH»), 3,25-3,28 (m, 4H, CH2N), 5,98 (d, J = 4,4 Hz, 1H, CHth),
6,05 (dd, J1 = 15,2 Hz, J> = 8,0 Hz, 1H, CH), 7,07 (d, J = 4,0 Hz, 1H, CHth), 7,38 (d,
J =152 Hz, 1H, CH), 9,42 ppm (d, J = 7,6 Hz, 1H, CHO). *C-NMR (CDCls,
100 MHz, 25 °C): 0 =23,7, 25,1, 51,3, 104,4, 120,8, 123,3, 136,6, 146,2, 165,0,
192,6 ppm. Tato experimentidlni NMR data byla ve shodé s daty publikovanymi

v literatuie.'”®
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5-(N-Piperidinyl)thiofen-2,4-dikarbaldehyd A9c

O Uvedeny aldehyd A9c¢ byl syntetizovan dle modifikovaného

N 0]

\S/ " literdrntho postupu.'” PIT A12 (6,5 g, 38,9 mmol) byl rozpuitén
> Asc v DMF (22 ml) a tento roztok byl ochlazen na 0 °C, poté byl

po kapkéch pfidan POCl3 (7,15 ml, 77,7 mmol). Reakéni smés byla zahfivana na 50 °C
po dobu 0,5 hod, poté ochlazena na laboratorni teplotu a nalita do intenzivné
michaného systému voda/led (200 ml). K tomuto roztoku byl postupné ptidavan nas.
vod. roztok Na,COs, dokud nebylo dosaZeno pH ~ 9. Zalkalizovany roztok byl
extrahovan pomoci CH2Clz (3%X50 ml), spojené organické extrakty byly vysuSeny
(Na2SO4) a rozpoustédlo bylo odpafeno. Surovy produkt A9c byl Cistén ,,flash*
chromatografii. Vytézek: 5,9 g (64 %); hnéda pevna latka; b.t. = 80 °C; Rr = 0,7 (SiO2;
CH2CL/EtOAc 6:1). EUMS (70 eV): m/z 223 (M*, 100 %), 206 (45), 178 (46).
"H-NMR (400 MHz, CDCl3, 25 °C): 0= 1,65-1,68 (m, 2H, CH>), 1,72—-1,78 (m, 4H,
CHb»), 3,50-3,53 (m, 4H, CH2N), 7,82 (s, 1H, CHth), 9,56 (s, 1H, CHO), 9,64 ppm (s,
1H, CHO). *C-NMR (100 MHz, CDCl3, 25 °C): d=23.5, 25,4, 55,4, 121,1, 126,7,
143,0, 171,5, 181,6, 182,1 ppm. FT-IR (HATR): v=2922, 2849, 1635, 1495, 1316,
1233, 1150, 1129, 1018, 987, 625 cm™!. HR-FT-MALDI-MS (DHB) m/z: vypoéteno
pro C11HisNO>S™ ([M+H]"): 224,07398; nalezeno 224,07405.

(2E,2°E)-3,3"-[5-(N-Piperidinyl)thiofen-2,4-diyl]Jdiakrylaldehyd A9d
O Uvedeny aldehyd A9d byl syntetizovan dle modifikovaného
M-S literarniho postupu.'®® Aldehyd A9c (275 mg, 1,23 mmol)
| % aWittigovo ¢inidlo A14 (1 g, 2,71 mmol) byly rozpustény
o Aed v suchém THF (40 ml). Tento roztok byl probubldn argonem
(15 min), poté bylo pfiddno 88 mg NaH (3,7 mmol) a reakéni smés byla michana
pii 25 °C po dobu 12 hod. Poté byla reakéni smés extrahovana vodou (100 ml)
aCH2Cl, (3x50 ml). Spojené organické extrakty byly vysuSeny (NaxSOs)
arozpoustédla byla odpafena. Odpaieny pevny podil byl rozpustén opét v THF
(25 ml), za michéani bylo k roztoku ptidano 20 ml ziedéné HCI (10 %) a roztok byl
michan dalsi 1 hod. Reak¢ni smés byla nasledné extrahovana vodou (100 ml) a CH>Cl»
(3%50 ml). Spojené organické extrakty byly vysuSeny (Na>SO4) a rozpoustédla byla
odpafena. Surovy produkt byl ¢istén sloupcovou chromatografii. Vytézek: 250 mg
(74 %); Cerveno-hnéda pevna latka; b.t. = 159 °C; Rr=0,5 (SiO2; CH2Cl/EtOAc
10:1). EUMS (70 eV): m/z 275 (M*, 89 %), 246 (100), 190 (24), 178 (23), 162 (24),
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135 (21). '"H-NMR (400 MHz, CDCl3, 25 °C): 0= 1,61-1,65 (m, 2H, CH»), 1,73-1,78
(m, 4H, CH»), 3,14-3,16 (m, 4H, CH2N), 6,23 (dd, J1 = 15,2 Hz, J» = 7,6 Hz, 1H, CH),
6,38 (dd, J1 = 15,6 Hz, J = 7,6 Hz, 1H, CH), 7,26 (s, 1H, CHth), 7,32 (d, J = 15,6 Hz,
1H, CH), 7,40 (d, J = 15,6 Hz, 1H, CH), 9,52 (d, J = 7,6 Hz, 1H, CHO), 9,58 ppm (d,
J = 7,6 Hz, 1H, CHO). 3C-NMR (CDCl;, 100 MHz, 25 °C): d= 23,7, 25,6, 56,0,
122,2, 125,5, 126,6, 128.,4, 132,1, 143,6, 144,7, 166,9, 192,6, 193,7 ppm. FT-IR
(HATR): v=2937, 2363, 1652, 1594, 1521, 1119, 954, 820 cm™'. HR-FT-MALDI-
MS (DHB) m/z: vypoéteno pro CisHisNO.S* ([M+H]"): 276,10528; nalezeno
276,10506.

2.3.3 Zavérecna Knoevenagelova kondenzace
Chromofor Ala
Uvedeny chromofor Ala byl syntetizovan z aldehydu A9a
Q‘Wo (195 mg; 1 mmol) dle obecné metody E. Vytézek: 215 mg
y  ©OH (82 %); cihlové oranZzova pevna latka; R = 0,6 (SiOg;
e CH:Cl/CH30H 10:1); b.t. = 130 °C. 'H-NMR (500 MHz,
ds-DMSO, 25 °C): 0= 1,66 (s, 6H, CH>), 3,50-3,51 (m, 4H, CH>), 6,50 (d, J = 4,5 Hz,
1H, CHth), 7,79 (d, J=4,5 Hz, 1H, CHth), 8,12 ppm (s, 1H, CH). 3C-NMR (125 MHz,
ds-DMSO, 25 °C): 0=23,1, 24,7, 50,8, 104,6, 119,5, 119,8, 141,9, 144,1, 166,4, 166,6
ppm. FT-IR (HATR): v=2920, 2852, 2359, 2201, 1648, 1571, 1496, 1402, 1238,

1197, 1174, 1132, 1099, 1012, 888, 758, 661 cm’!. HR-FT-MALDI-MS (9-AA) m/z:
vypocteno pro CisHisN20:S™ ([M-H]%): 261,06922; nalezeno 261,07157.

Chromofor Alb
O Uvedeny chromofor Alb byl syntetizovan z aldehydu A9b
N | s} \ (221 mg; 1 mmol) dle obecné metody E. Vytézek: 110 mg

\_f (38 %); cerveno-Cernd pevna latka; Ry=0,6 (SiOy;
4 CH>Cl/CH30H 10:1); b.t. = 155 °C. 'H-NMR (500 MHz,
DMSO-ds, 25 °C): 6=1,60-1,65 (m, 6H, CH»), 3,30-3,32 (m, 4H, CH>), 6,19 (d,
J=4,0 Hz, 1H, CHth), 6,33 (dd, J1 = 12 Hz, J» = 15 Hz, 1H, CH), 7,13 (d, J = 4,0 Hz,
1H, CHth), 7,31 (d, J = 14,5 Hz, 1H, CH), 7,70 ppm (d, J = 12 Hz, 1H, CH). 3*C-NMR
(125 MHz, DMSO-ds, 25 °C): 0= 23,2, 24,6, 50,8, 69,8, 104,5, 116,2, 118,8, 124,4,
134,5, 137,6, 150,3, 162,2, 165,8 ppm. FT-IR (HATR): v= 2834, 2361, 2210, 1584,

A1b
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1441, 1312, 1223, 1146, 1074, 964, 888, 763 cm’!. HR-FT-MALDI-MS (DCTB) m/z:
vypocteno pro CisHi7N202S™ ([M+H]*): 289,10052; nalezeno 289,17153.

Chromofor Alc
O N ° Uvedeny chromofor Alc byl syntetizovan z aldehydu A9c
N (223 mg; 1 mmol) dle obecné metody E. Vytézek: 290 mg (81 %);
tmav¢ oranzova pevna latka; Rf = 0,9 (SiO2; CH2Cl/CH30H 1:1).
N OH "H-NMR (400 MHz, D-0, 25 °C): = 1,65-1,74 (m, 6H, CH>),
3,36-3,38 (m, 4H, CH»), 7,86 (s, 1H, CH), 7,90 (s, 1H, CH), 7,96 ppm (s, 1H, CH).
BC-NMR (125 MHz, D>0, 25 °C): d=23,0, 25,1, 56,0, 99,4, 102,9, 115,3, 119,2,
119,7,122,1, 137,4, 143,7, 145,0, 169,2, 169,4, 171,2 ppm. FT-IR (HATR): v= 3404,
2210, 1603, 1444, 1357, 1338, 1288, 1183, 789 cm™!. HR-FT-MALDI-MS (9-AA)
m/z: vypocteno pro C17H1aN304S™ ([IM-H]"): 356,06995; nalezeno 356.07267.

OH

Chromofor Ald
Uvedeny chromofor Ald byl syntetizovan z aldehydu A9d
Q’ (276 mg; 1 mmol) dle obecné metody E. Vytézek: 278 mg
(68 %); Cerveno-hnéda pevna latka; Ry = 0,9 (Si02; CH30H).
"H-NMR (400 MHz, DMSO-ds, 25 °C): J=1,53-1,54 (m,
N OH  A1d 2H, CH»), 1,70 (s, 4H, CH>), 3,00-3,03 (m, 4H, CH>), 6,51
(dd, J1 = 11,6 Hz, J> = 14,8 Hz, 1H, CH), 6,84 (dd, J1 = 11,6 Hz, J» = 15,2 Hz, 1H,
CH), 6,97 (d, J=15,2 Hz, 1H, CH), 7,26 (d, J = 14,8 Hz, 1H, CH), 7,39 (s, 1H, CHth),
7,57 (d, J = 11,6 Hz, 1H, CH), 7,65 ppm (d, J = 11,6 Hz, 1H, CH). BC-NMR nebylo

zmeéteno kvili velmi nizké rozpustnosti chromoforu Ald v béznych deuterovanych
rozpoustédlech. FT-IR (HATR): v=2359, 2215, 1594, 1365, 1298, 1154, 980,
789 cm™'. HR-FT-MALDI-MS (DCTB) m/z: vypoéteno pro C2iHigN304S*™ ([M]"):
409,10908; nalezeno 409,11051.

Chromofor A2a
O Uvedeny chromofor A2a byl syntetizovdn z aldehydu A9a
N

| S/ (195 mg; 1 mmol) a malondinitrilu MDN (79 mg; 1,2 mmol) dle
N\
A2 /) =" obecné metody C. Vytézek: 200 mg (82 %); oranZova pevna latka;
Rr=0,75 (SiO2; CH2CL); b.t. = 143 °C (lit.!7 = 141-142 °C).
Elementarni analyza: vypocteno pro Ci3Hi3N3S: C 64,17, H 5,39, N 17,27, S 13,18 %;
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nalezeno C 64,09, H 5,43, N 17,19, S 12,94 %. 'H-NMR (500 MHz, CDCls, 25 °C):
0= 1,68-1,75 (m, 6H, CHy), 3,46-3,48 (m, 4H, CH>), 6,13 (d, J = 4,5 Hz, 1H, CHth),
7,33 (s, 1H, CHth), 7,39 ppm (s, 1H, CH). 3C-NMR (125 MHz, CDxCl,, 25 °C):
0=23.38, 25,6, 52,1, 105,9, 117,0, 117,8, 119,7, 145,7, 148,7, 170,8 ppm. FT-IR
(HATR): v=12918, 2190, 1575, 1513, 1487, 1446, 1402, 1266, 1078, 769 cm™.
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro Ci3HisN3S* ([M]%): 243,08247,
nalezeno 243,08273. Tato experimentdlni data byla ve shodé s daty publikovanymi

v literatuie. '8

Chromofor A2b
Uvedeny chromofor A2b byl syntetizovan z aldehydu A9b
Q‘ | S/ (222 mg; 1 mmol) a malondinitrilu MDN (80 mg; 1,2 mmol)
Azh \_—, dleobecné metody C. Vytezek: 200 mg (74 %); fialova pevna
7 latka; Rr=0,7 (SiO2; CH2CL); b.t. =155 °C. Elementirni

analyza: vypocteno pro CisHisN3S: C 66,88, H 5,61, N 15,60, S 11,90 %; nalezeno
C 66,82, H 5,70, N 15,59, S 11,79 %. 'H-NMR (500 MHz, CDCls, 25 °C):
o= 1,66—-1,75 (m, 6H, CHy), 3,39-3,41 (m, 4H, CH>), 6,07 (d, J = 4,5 Hz, 1H, CHth),
6,42 (dd, J1 = 12 Hz, J>» = 14 Hz, 1H, CH), 7,16—7,19 (m, 2H, CHth+CH), 7,29 ppm
(d, J = 12 Hz, 1H, CH). *C-NMR (125 MHz, CDCl;, 25 °C): d= 23,7, 25,2, 51,5,
106,0, 114,3, 114,5, 116,5, 123.8, 140,3, 143,4, 159,0, 167,4 ppm. FT-IR (HATR):
v=2919, 2852, 2189, 1578, 1514, 1421, 1326, 1218, 1166, 1127, 1058, 963 cm™'.
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CisHisN3S* ([M]%): 269,09812;
nalezeno 269,09854.

Chromofor A2c

O N Uvedeny chromofor A2c¢ byl syntetizovdn z aldehydu A9c
N =N (222 mg; 1 mmol) a malondinitrilu MDN (165 mg; 2,5 mmol) dle

obecné metody C. Vytézek: 261 mg (82 %); vinové Cervend
N7 N pevnd latka; Rr=0,8 (SiO2; EtOAc/Hex 1:1); b.t. =215 °C.
Elementarni analyza: vypocteno pro Ci7H13NsS: C 63,93, H 4,10, N 21,93, S 0,04 %;
nalezeno C 63,70, H 4,15, N 21,89, S 9,87 %. '"H-NMR (500 MHz, CDCl;, 25 °C):
0=1,77-1,79 (m, 2H, CH>»), 1,83-1,86 (m, 4H, CH>), 3,55-3,57 (m, 4H, CH>»), 7,48
(s, 1H, CH), 7,65 (s, 1H, CH), 8,08 ppm (s, 1H, CH). '*C-NMR (125 MHz, CDCl;,
25 °C): 0=123,4, 25,7, 57,0, 113,5, 113,8, 114,4, 114,5, 114,9, 122,6, 139,6, 149,1,
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150,3, 173,9 ppm. FT-IR (HATR): v = 2923, 2208, 1538, 1502, 1442, 1350, 1225,
1198, 853 cm™'. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro Ci17H13NsS* ([M]):
319,08862; nalezeno 319,08904.

Chromofor A2d
O Uvedeny chromofor A2d byl syntetizovan z aldehydu A9d
N s \ (276 mg; 1 mmol) a malondinitrilu MDN (165 mg; 2,5 mmol)

—y dle obecné metody C. Po sloupcové chromatografii byl pevny
produkt suspendovan ve 20 ml hexanu a suspenze byla
refluxovana po dobu 15 min. Srazenina byla poté odfiltrovéna,

promyta 10 ml EtOAc a vysuSena. Chromofor A2d je omezené rozpustny v béZnych

chlorovanych rozpoustédlech. Vytézek: 242 mg (65 %); Cerna pevna latka; Ry = 0,8

(SiO2; CH2Clp); b.t. = 261 °C. Elementarni analyza: vypocteno pro C>iHi7NsS:

C 67,90, H 4,61, N 18,85, S 8,63 %; nalezeno C 66,92, H 4,47, N 18,89, S 8,04 %.

"H-NMR (500 MHz, CD,Cly, 25 °C): d=1,70-1,80 (m, 6H, CHz), 3,35-3,36 (m, 4H,

CH»), 6,70 (dd, J1 = 12 Hz, J> = 15 Hz, 1H, CH), 6,90 (dd, J; = 11,5 Hz, J>= 15 Hz,

1H, CH), 7,13 (d, J = 15 Hz, 1H, CH), 7,26 (d, J = 14,5 Hz, 1H, CH), 7,42 (s, 1H,

CHth), 7,50 (d, J = 12 Hz, 1H, CH), 7,55 ppm (d, J = 12 Hz, 1H, CH). *C-NMR

(125 MHz, CD:Cl», 25 °C): 0= 23,9, 26,0, 56,4, 79,2, 79,6, 113,1, 114,9, 115,0, 119,38,

120,6, 121,6, 128,0, 134,9, 141,5, 142,3, 159,6, 160,8, 170,1 ppm. FT-IR (HATR):

v=12352,2205, 1559, 1475, 1345, 1217, 1153, 975 cm™'. HR-FT-MALDI-MS (DHB)

m/z: vypocteno pro C21Hi7NsS™ ([M]): 371,11992; nalezeno 371,12018.

Chromofor A3a
Uvedeny chromofor A3a byl syntetizovdn z aldehydu A9a
Q‘ ‘ S/ (o (195 mg; 1 mmol) a diethyl-malonidtu DEM (192 mg; 1,2 mmol)
Aza Y, dle obecné metody D. Vytézek: 165 mg (49 %); Zluto-oranZovy
— viskozni olej; Rr=0,6 (SiOz; Hex/EtOAc 2:1). Elementarni
analyza: vypocteno pro Ci7H23NO4S: C 60,51, H 6,87, N 4,15, S 9,50 %; nalezeno
C 60,52, H 7,00, N 4,20, S 9,49 %. '"H-NMR (400 MHz, CDCl3, 25 °C): 0= 1,29 (t,
J=9 Hz, 3H, CHj3), 1,36 (t, /=9 Hz, 3H, CH3), 1,61-1,71 (m, 6H, CH>), 3,28-3,31
(m, 4H, CH), 4,23 (q, /=9 Hz, 2H, CH»), 4,34 (q, J = 9 Hz, 2H, CH»), 5,99 (d,
J=5,5Hz, 1H, CHth), 7,18 (d, J = 5,5 Hz, 1H, CHth), 7,77 ppm (s, 1H, CH).

BBC-NMR (125 MHz, CDCl3, 25 °C): d= 14,4, 14,5, 23,8, 25,2,51,2, 61,0, 61,4, 103,9,
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111,8, 1204, 139,5, 141,2, 166,2, 167,2, 167,6 ppm. FT-IR (HATR): v= 2936, 2855,
1694, 1589, 1514, 1441, 1376, 1239, 1055, 887, 856, 756 cm™'. HR-FT-MALDI-MS
(DHB) m/z: vypoéteno pro Ci17H24NO4S™ ([IM+H]"): 338,14206; nalezeno 338,14377.

Chromofor A3b
O Aldehyd A9b (221 mg; 1 mmol) a diethyl-malonait DEM
N ‘ s/ . ( (160mg; 1 mmol) byly rozpuSteny v CH3CN (25 ml).
A:E)_:i\\}—é K pfipravenému roztoku byl pfidan Al,O3; (510 mg; 5 mmol)
—/ 0 a n¢kolik kapek piperidinu a reakéni smés byla refluxovana
po dobu 4 hod, poté jiz michana pti 25 °C po dobu dalsich 16 hod. Reak¢ni smés byla
zfiltrovana (odstranéni Al>O3) a rozpoustédlo bylo odpafeno. Surovy produkt A3b byl
¢iStén sloupcovou chromatografii (SiO2, CH2Clz/aceton 100:5). Vytézek: 280 mg
(77 %); tmavé ¢ervend pevna latka; Ry = 0,9 (SiO2; CH2Cly/aceton 100:5); b.t. = 62 °C.
Elementarni analyza: vypocteno pro Ci9H2sNO4S: C 62,78, H 6,93, N 3,85, S 8,82 %;
nalezeno C 62,74, H 7,11, N 3,82, S 8,71 %. 'H-NMR (500 MHz, CDCl3, 25 °C):
0=1,29 (t, J =7 Hz, 3H, CH3), 1,36 (t, J = 7 Hz, 3H, CH3), 1,59-1,62 (m, 2H, CH>),
1,67-1,71 (m, 4H, CH>), 3,23-3,25 (m, 4H, CH>»), 4,23 (q, J/ =7 Hz, 2H, CH>»), 4,32
(q, J =7Hz, 2H, CH>), 5,93 (d, J =4 Hz, 1H, CHth), 6,74 (dd, J1 = 12 Hz, J> = 15 Hz,
1H, CH), 6,92 (d, J =4 Hz, 1H, CHth), 7,03 (d, J = 14,5 Hz, 1H, CH), 7,50 ppm (d,
J =12 Hz, 1H, CH). 3C-NMR (125 MHz, CDCl3, 25 °C): 0= 14,5, 14,5, 23.8, 25,2,
51,4,61,01,61.04,104,2,117,3, 118,9, 125,9, 133,9, 139,6, 148,0, 163,3, 165,8, 166,2
ppm. FT-IR (HATR): v=2920, 2850, 2368, 1690, 1577, 1522, 1436, 1314, 1204,
1137, 1049, 1027, 749 cm’'. HR-FT-MALDI-MS (DHB) m/z: vypocteno pro
Ci9H26NO4S™ ([IM+H]"): 364,15771; nalezeno 364,15930.

Chromofor A3c

Uvedeny chromofor A3c byl syntetizovdn z aldehydu A9c
(222 mg; 1 mmol) a diethyl-malonatu DEM (400 mg; 2,5 mmol)
dle obecné metody D. Vytézek: 238 mg (47 %); Zluto-hnédy
viskozni olej; Rr= 0,8 (Si02; CH2Cl2/EtOAc 20:1). Elementarni
analyza: vypocteno pro CsH33NOsS: C 59,15, H 6,55, N 2,76,
S 6,32 %; nalezeno C 59,27, H 6,70, N 2,61, S 6,12 %. 'H-NMR (500 MHz, CDCl;,
25 °C): 0= 1,25-1,34 (m, 12H, CH3), 1,57-1,61 (m, 2H, CH»), 1,70-1,74 (m, 4H,
CH»), 3,14-3,17 (m, 4H, CH>»), 4,20-4,25 (m, 4H, CH>»), 4,30-4,36 (m, 4H, CH>), 7,22
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(s, 1H, CH), 7,53 (s, 1H, CH), 7,59 ppm (s, 1H, CH). 3C-NMR (125 MHz, CDCl3,
25 °C): 0=14,17, 14,29, 14,32, 23,8, 25,7, 56,2, 61,46, 61,50, 61,86, 61,89, 118,7,
118,8,122,0, 124,1, 133,9, 135,8, 136,5, 164,8, 1649, 166,7, 167,0, 169,6 ppm. FT-IR
(HATR): v=12922, 2851, 1616, 1540, 1417, 1348, 1137, 1110, 1051, 1002, 973, 885,
786 cm™. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CasH3NOsS* ([M]*):
507,19214; nalezeno 507,19402.

Chromofor A3d

Aldehyd A9d (276 mg; 1 mmol) a diethyl-malonit DEM
(400 mg; 2,5 mmol) byly rozpuStény v CH3;CN (15 ml).
K pfipravenému roztoku byl ptidan Al>O3 (510 mg; 5 mmol)
a n¢kolik kapek piperidinu a reak¢éni smés byla refluxovana

po dobu 16 hod. Reakéni smés byla zfiltrovana (odstranéni

Al>O3) arozpoustédlo bylo odpaieno. Surovy produkt A3d
byl ¢istén sloupcovou chromatografii (Si02, EtOAc/Hex 2:3 a CH2Cl/EtOAc 20:1).
Vytézek: 302 mg (54 %); Cervend pevnd latka; Ry=0,7 (SiO2; EtOAc/Hex 2:3);
b.t. =123 °C. Elementarni analyza: vypocteno pro CoH37NOsgS: C 62,23, H 6,66,
N 2,50, S 5,73 %; nalezeno C 61,97, H 6,82, N 2,47, S 5,61 %. 'H-NMR (400 MHz,
CDCl;, 25 °C): = 1,29-1,38 (m, 12H, CH3), 1,59-1,63 (m, 2H, CH>), 1,72-1,78 (m,
4H, CH>), 3,04-3,07 (m, 4H, CH>), 4,22-4,28 (m, 4H, CH>), 4,31-4,37 (m, 4H, CH>),
6,86 (dd, J1 = 11,6 Hz, J> = 14,8 Hz, 1H, CH), 6,93-7,02 (m, 3H, CH+CHth), 7,12 (s,
1H, CH), 7,44 (d, J = 11,6 Hz, 1H, CH), 7,48 ppm (dd, J1 = 1,6 Hz, J> = 9,2 Hz, 1H,
CH). '*C-NMR (125 MHz, CDCl3, 25 °C): 0= 14,43, 14,50, 23,9, 25,8, 56,1, 61,41,
61,44, 61,46, 121,3, 121,9, 123,0, 123,3, 124,9, 129,3, 131,1, 136,4, 137,7, 145,86,
145,92, 146,7, 163,6, 165,2, 165,3, 165,7, 165,9 ppm. FT-IR (HATR): v= 2978, 2936,
2854, 1718, 1587, 1443, 1375, 1208, 1144, 1058, 1021, 858 cm™'. HR-FT-MALDI-
MS (DHB) m/z: vypocteno pro C20H37NOsS™ ([M]7): 559,22344; nalezeno 559,22518.

Chromofor A4a

O Uvedeny chromofor Ad4a byl syntetizovdn z aldehydu A9a
N ‘ s/ Y (195 mg; 1 mmol) a dimedonu DMD (168 mg; 1,2 mmol) dle
Ma O obecné metody D. Vytézek: 260 mg (82 %); oranzova pevna latka;

Ri=0,6 (SiO2; CH2Cl/EtOAc 1:1); b.t. = 205 °C. Elementarni
analyza: vypocteno pro CisH23NO,S: C 68,10, H 7,30, N 4,41, S 10,10 %; nalezeno C
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68,02, H 7,35, N 4,40, S 10,05 %. 'H-NMR (500 MHz, CDCl3, 25 °C): d= 1,05 (s,
6H, CH3), 1,71 (s, 6H, CH»), 2,44 (s, 4H, CH»), 3,55-3,56 (m, 4H, CH>), 6,33 (d,
J=5Hz, 1H, CHth), 7,62 (d, J = 4,5 Hz, 1H, CHth), 8,12 ppm (s, 1H, CH). ">*C-NMR
(125 MHz, CDCls, 25 °C): 0= 23,8, 25,5, 28,8, 30,8, 51,3, 52,2, 108,9, 115,4, 123,8,
143,4, 152,8, 173,7, 197,2 ppm. FT-IR (HATR): v = 2940, 2855, 1647, 1585, 1558,
1482, 1440, 1374, 1356, 1243, 1188, 1122, 1091, 1018, 890, 758 cm™. HR-FT-
MALDI-MS (DHB) m/z: vypoéteno pro CigH24NO>S* ((IM+H]"): 318,15223; nalezeno
318,15252.

Chromofor A4b
Aldehyd A9b (221 mg; 1 mmol) a dimedon DMD (168 mg;
O\l ‘ S 1,2 mmol) byly rozpustény v CH2Cl2 (15 ml) a k tomuto roztoku
7\

\_,° bylo piidano nékolik kapek piperidinu. Reak¢ni smés byla
michana pifi 25 °C po dobu 16 hod, poté bylo odpaieno
rozpoustédlo a surovy produkt A4b byl ¢iStén sloupcovou

chromatografii (Si02, CH2Cl/EtOAc 1:1). Vytézek: 85 mg (25 %); fialova pevna

latka; Rr=0,8 (SiO2; CH2CL/EtOAc 1:1); b.t. =169 °C. Elementarni analyza:

vypocteno pro CooHasNO»S: C 69,93, H 7,34, N 4,08, S 9,34 %; nalezeno C 69,99,

H7,51,N 4,02, S 9,11 %. 'H-NMR (500 MHz, CDCls, 25 °C): d= 1,04 (s, 6H, CH3),

1,64-1,73 (m, 6H, CH»), 2,44 (s, 4H, CH»), 3,38-3,40 (m, 4H, CH), 6,07 (d,

J=4,5Hz, 1H, CHth), 7,19 (d, J = 4,5 Hz, 1H, CHth), 7,40 (d, J = 13,5 Hz, 1H, CH),

7,79 (d, J=12,5 Hz, 1H, CH), 7,86-7,91 ppm (m, 1H, CH). 3C-NMR (125 MHz,

CDCls, 25 °C): 0= 23,7, 25,2, 28,8, 30,6, 51,5, 106,3, 119,1, 122,3, 126,2, 139,9,

149,5, 152,9, 167,6, 198,4 ppm. FT-IR (HATR): v=2935, 2851, 1613, 1540, 1346,

1212, 1108, 1002, 784 cm’'. HR-FT-MALDI-MS (DHB) m/z: vypodteno

pro C20H26NO2S™ ([IM+H]"): 344,16788; nalezeno 344,16822.

Chromofor Adc

Aldehyd A9c (223 mg; 1 mmol) a dimedon DMD (350 mg;
2,5 mmol) byly rozpustény v CHCl3 (30 ml) a k tomuto roztoku
bylo ptfidano nékolik kapek piperidinu. Reakéni smés byla
michana pii 40 °C po dobu 16 hod, poté bylo rozpoustédlo

odpafeno a surovy produkt byl rozpuStén v EtOAc (5 ml)

anasledné vysrdzen z roztoku pomoci hexanu. SraZenina byla odfiltrovana a poté
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rozpus$téna a CiSténa pomoci kratké ,.flash* chromatografie (SiO2, EtOAc/Hex 2:1).
Po odpateni byl produkt opét vysrdZzen ze smési EtOAc/hexan, jelikoZ je nestabilni
na silikagelu SiO,. VytézZek: 61 mg (13 %); Cerveno-fialovd pevna latka; Rr= 0,4
(Si02; EtOAc/Hex 2:1); b.t. =204 °C. Elementarni analyza: vypocteno
pro C27H33NO4S: C 67,35, H 7,11, N 3,00, S 6,66 %; nalezeno C 67,21, H 7,05, N
2,98, S 6,05 %. 'H-NMR (500 MHz, CDCls, 25 °C): 0= 1,07 (s, 6H, CH3), 1,10 (s,
6H, CH3), 1,74-1,81 (m, 6H, CH»), 2,50 (s, 4H, CH>»), 2,56 (s, 2H, CH>»), 2,58 (s, 2H,
CHb»), 3,62 (s, 4H, CH>), 7,86 (s, 1H, CH), 8,14 (s, 1H, CH), 8,41 ppm (s, 1H, CH).
BC-NMR (125 MHz, CDCl3, 25 °C): 0= 23,9, 26,0, 28,82, 28,84, 30,3, 30,6, 52,2,
52,6, 53,2, 54,3, 56,4, 119,0, 120,8, 123,0, 125,9, 141,9, 145,6, 152,7, 178,9, 197,48,
197,50, 198,43, 198,45 ppm. FT-IR (HATR): v=2930, 2860, 1648, 1624, 1467, 1351,
1288, 1233, 1201, 1133, 1116, 955, 646 cm'. HR-FT-MALDI-MS (DHB) m/z:
vypoéteno pro C27H3NO4S* ([M+H]"): 468,22031; nalezeno 468,22239.

Chromofor A4d
O Uvedeny chromofor A4d byl syntetizovan z aldehydu A9d
N (276 mg; 1 mmol) a dimedonu DMD (350 mg; 2,5 mmol) dle
obecné metody C. Vytézek: 210 mg (40 %); Cernd pevni
latka; Rr = 0,85 (SiO2; EtOAc/Hex 2:1). Elementarni analyza:
vypoc¢teno pro C3iH37NO4S: C 70,64, H 7,18, N 2,70,
S 6,17 %; nalezeno C 70,31, H 7,29, N 2,47, S 5,59 %.
"H-NMR (500 MHz, CDCls, 25 °C): 0= 1,05-1,06 (2xs, 12H, CH3), 1,67-1,69 (m,
2H, CH»), 1,76-1,81 (m, 4H, CH»), 2,49-2,51 (m, 8H, CH>»), 3,29-3,31 (m, 4H, CH>),
7,22 (d, J =15 Hz, 1H, CH), 7,33 (d, J = 15 Hz, 1H, CH), 7,39 (s, 1H, CHth), 7,74 (t,
J=12,5Hz, 2H, CH), 7,93 (dd, J1 = 12 Hz, J» = 14,5 Hz, 1H, CH), 8,03 ppm (dd, J1 =
12,5 Hz, J> = 15 Hz, 1H, CH). *C-NMR (125 MHz, CDCl3, 25 °C): d=23.8, 25,7,
28,8, 30,4, 52,42, 52,47, 54,1, 56,0, 123,3, 123,4, 123,8, 126,6, 126,9, 129,8, 133.8,
145,4, 146,3, 151,4, 152,5, 168,6, 198,1, 198,4, 199,16, 199.22 ppm. FT-IR (HATR):
V=12934, 2865, 2359, 1642, 1549, 1486, 1367, 1234, 1134, 973, 777 cm’'. HR-FT-
MALDI-MS (DHB) m/z: vypoéteno pro C31H3sNO4S* ((M+H]"): 520,25161; nalezeno
520,25237.
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Chromofor ASa
O Uvedeny chromofor ASa byl syntetizovan z aldehydu A9a
N%o (195 mg; 1 mmol) a Meldrumovy kyseliny MEL (172 mg;
asa O S o 1,2 mmol) dle obecné metody D v CHxCl, pii 25 °C. Vytézek:
128 mg (40 %); oranZova pevna latka; Rf = 0,4 (SiO2; Hex/EtOAc
1:2); b.t. = 184 °C. Elementarni analyza: vypocteno pro Ci6H19NO4S: C 59,79, H 5,96,
N 4,36, S 9,98 %:; nalezeno C 59,87, H 6,02, N 4,36, S 9,89 %. 'H-NMR (400 MHz,
CDCl3, 25 °C): 0= 1,71-1,73 (m, 12H, CH2+CH3), 3,55-3,56 (m, 4H, CH>), 6,28 (d,
J=5,2Hz, 1H, CHth), 7,56 (d, J = 4,8 Hz, 1H, CHth), 8,22 ppm (s, 1H, CH). >*C-NMR
(125 MHz, CDCl3, 25 °C): 0=23,8, 25,5, 27,5, 51,6, 93,0, 103,6, 108,0, 122,1, 146,6,
151,9, 163,7, 165,8, 175,0 ppm. FT-IR (HATR): v=2923, 2854, 1672, 1493, 1372,
1256, 1177, 1005, 929, 770 cm!. HR-FT-MALDI-MS (DHB) m/z: vypoéteno
pro CisH20NO4S™ ([M+H]"): 322,11075; nalezeno 322,13881.

Chromofor ASb
O Uvedeny chromofor ASb byl syntetizovan z aldehydu A9b
N | s/ . (221 mg; 1 mmol) a Meldrumovy kyseliny MEL (216 mg;

\_p 1,5 mmol) dle obecné metody C v CH3CN pfii 85 °C po dobu

O«ﬁ 48 hod. Vytézek: 153 mg (44 %); fialova pevna latka; Rr= 0,6
(SiO2; Hex/EtOAc 1:2); b.t. =213 °C. Elementidrni analyza: vypocteno pro
CisH21NO4S: C 62,23, H 6,09, N 4,03, S 9,23 %; nalezeno C 62,13, H 6,15, N 4,01,
S 9,07 %. '"H-NMR (400 MHz, CDCl3, 25 °C): 0= 1,70-1,73 (m, 12H, CH,+CH3),
3,42-3,45 (m, 4H, CH»), 6,12 (d, J = 4,8 Hz, 1H, CHth), 7,27 (d, J = 4,8 Hz, 1H,
CHth), 7,38 (d, J = 14 Hz, 1H, CH), 7,58 (t, J=13,2 Hz, 1H, CH), 8,00 ppm (d,
J=12,8 Hz, 1H, CH). ®*C-NMR (100 MHz, CDCl3, 25 °C): d= 23,7, 25,3, 27,5, 51,7,
100,9, 103,8, 106,9, 117,6, 125,5, 141,6, 149,1, 157,6, 162,7, 165,0, 168,9 ppm. FT-IR
(HATR): v=2852, 2358, 1673, 1514, 1469, 1410, 1349, 1210, 1138, 1112, 987, 927,
758 cm’!. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CisH21NOsS* ([M]"):
347,11858; nalezeno 347,11969.

Chromofor ASc

Uvedeny chromofor A5c¢ byl syntetizovan z aldehydu A9c¢ (222 mg; 1 mmol)
a Meldrumovy kyseliny MEL (360 mg; 2,5 mmol) dle obecné metody D v CHxCl,
pii 25 °C. Vytézek: 180 mg (38 %); Cerveno-fialova pevna latka; Re= 0,75 (SiOz;
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EtOAc/CH2Cl; 1:10); b.t.=199 °C. Elementarni analyza:
vypocteno pro C23H2sNOsS: C 58,09, H 5,30, N 2,95, S 5,74 %;
nalezeno C 57,02, H 5,04, N 2,72, S 5,91 %. 'H-NMR (400 MHz,
CDCls, 25 °C): 0= 1,73 (s, 6H, CH3), 1,75 (s, 8H, CH>+CH3),
1,84-1,86 (m, 4H, CH»), 3,67-3,69 (m, 4H, CH>), 8,23 (s, 1H,
CH), 8,35 (s, 1H, CH), 8,41 ppm (s, 1H, CH). >*C-NMR (125 MHz, CDCls, 25 °C):
0=123,7, 26,0, 27,6, 27,9, 56,9, 102,2, 104,59, 104,62, 107,0, 116,8, 122,4, 1474,
149,6, 151,5, 160,9, 162,4, 164,0, 179,6 ppm. FT-IR (HATR): v=2921, 2852, 2364,
1690, 1490, 1356, 1271, 1154, 1020, 920, 787 cm’!. HR-FT-MALDI-MS (DHB) m/z:
vypoéteno pro C23HasNOgS™ ([M]%): 475,12954; nalezeno 475,13067.

Chromofor ASd

Uvedeny chromofor ASd byl syntetizovan z aldehydu A9d
(276 mg; 1 mmol) a Meldrumovy kyseliny MEL (360 mg;
2,5 mmol) dle obecné metody C. VytéZek: 460 mg (87 %);
¢ernd pevna latka; Rr=0,8 (SiO2; EtOAc/CH2Cl> 1:20).
Elementarni analyza: vypocteno pro C27H20NOsS: C 61,47, H
5,54, N 2,65, S 6,08 %; nalezeno C 61,21, H 5,64, N 2,64,
S 5,91 %. 'H-NMR (400 MHz, CDCl3, 25 °C): d=1,73-1,74 (m, 14H, CH,+CH3),
1,80-1,85 (m, 4H, CH>), 3,39-3,42 (m, 4H, CH>), 7,27 (d, J= 15,6 Hz, 1H, CH), 7,38
(d, J = 14,8 Hz, 1H, CH), 7,49 (s, 1H, CHth), 7,77 (dd, J1 = 12 Hz, J> = 14,8 Hz, 1H,
CH), 7,93 (dd, J1 = 12 Hz, J>=14,8 Hz, 1H, CH), 8,08 ppm (dd, Ji = 12 Hz,
Jo» =16 Hz, 2H, CH). 3C-NMR (125 MHz, CDCl3, 25 °C): = 23,7, 25,6, 27.8, 56,1,
104,65, 104,75, 108,2, 108,4, 122,2, 122,7, 128,7, 135,4, 145,8, 146,5, 157,4, 158,5,
161,45, 161,54, 163,6, 163,8, 170,3 ppm. FT-IR (HATR): v=2931, 2358, 1703, 1556,
1453, 1354, 1277, 1141, 1106, 991, 926, 787, 715 cm’!. HR-FT-MALDI-MS (DHB)
m/z: vypoéteno pro C27H20NOgS* ([M]7): 527,16084; nalezeno 527,16244.

Chromofor A6a
O Uvedeny chromofor A6a byl syntetizovan z aldehydu A9a
N | s} ° (195 mg; 1 mmol) a N,N -dibutylbarbiturové kyseliny DBB
A

Asa O Nn—Bu (288 mg; 1,2 mmol) dle obecné metody D v CH>Cl; pii 25 °C.

N
Bu «o Vytézek: 260 mg (62 %); oranzova pevna latka; Rr = 0,8 (SiO»;
CHxClp/aceton 100:5); b.t. = 172 °C. Elementarni analyza: vypocteno pro
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C22H31N303S: C 63,28, H 7,48, N 10,06, S 7,68 %; nalezeno C 63,32, H 7,52, N 10,04,
S 7,61 %. '"H-NMR (500 MHz, CDCls, 25 °C): d= 0,93 (t, J = 7,5 Hz, 6H, CH3),
1,34-1,38 (m, 4H, CH2), 1,60-1,72 (m, 10H, CH>), 3,56-3,57 (m, 4H, CH),
3,91-3,94 (m, 4H, CH>), 6,31 (d, J = 5 Hz, 1H, CHth), 7,60 (s, 1H, CHth), 8,30 ppm
(s, 1H, CH). ®C-NMR (125 MHz, CDCls, 25 °C): 0= 14,1, 20,5, 23,8, 25,6, 30.5,
41,0, 41,8, 51,4, 99,7, 108,3, 122,7, 146,4, 151,92, 151,96, 162,9, 163,9, 174,7 ppm.
FT-IR (HATR): v=2923, 2856, 1632, 1470, 1411, 1248, 1155, 1084, 783 cm™..
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro C22H3,N303S™ ([M+H]"): 418,21589;
nalezeno 418,21567.

Chromofor A6b

O Aldehyd A9b (222 mg; 1 mmol) a N,N -dibutylbarbiturova
N | S/ \ kyselina DBB (288 mg; 1,2 mmol) byly rozpustény
A6 . N zBu v 1,2-dichlorethanu (20 ml) a k tomuto roztoku byl pfidan

/Nj{ AlO3 (255 mg; 2,5 mmol). Reakéni smés byla refluxovana
po dobu 6 hod a nasledné michana pti 25 °C dalSich 16 hod.
Poté byla reakéni smés zfiltrovina (odstranéni Al,O3) a rozpoustédlo bylo odpateno.
Surovy produkt Aé6b byl ¢iStén sloupcovou chromatografii (SiO2, CH2Clz/aceton
60:1). Vytézek: 248 mg (56 %); Cernd pevna latka; Ry= 0,4 (SiOz; CH2Cly); b.t.
= 148 °C. Elementarni analyza: vypocteno pro C24H33N303S: C 64,98, H 7,50, N 9,47,
S 7,23 %; nalezeno C 64,70, H 7,56, N 9,21, S 6,98 %. 'H-NMR (400 MHz, CDCl3,
25 °C): 0= 0,90-0,93 (m, 6H, CH3), 1,31-1,38 (m, 4H, CH>), 1,56—1,61 (m, 4H, CH>»),
1,63-1,70 (m, 6H, CH), 3,38-3,40 (m, 4H, CH»), 3,88-3,92 (m, 4H, CH>»), 6,08 (d,
J=4,8 Hz, 1H, CHth), 7,22 (d, J = 4,4 Hz, 1H, CHth), 7,38 (d, J = 13,6 Hz, 1H, CH),
7,88 (t, J=13,2 Hz, 1H, CH), 8,01 ppm (d, J= 12,8 Hz, 1H, CH). *C-NMR
(125 MHz, CDCls, 25 °C): o= 13,87, 13,90, 20,2, 20,4, 23,5, 25,1, 30,3, 30,4, 41,0,
41,5, 51,5, 106,3, 106,6, 118,1, 125,7, 140,9, 148,9, 151,6, 156,6, 162,5, 163,1,
168,2 ppm. FT-IR (HATR): v=2936, 2850, 1703, 1632, 1553, 1513, 1401, 1359,
1331, 1214, 1133, 1051, 993, 884, 748 cm!. HR-FT-MALDI-MS (DHB) m/z:
vypoéteno pro C24H3uN303S™ ((IM+H]"): 444,23154; nalezeno 444,23174.
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Chromofor A6c
Uvedeny chromofor Aéc byl syntetizovan z aldehydu A9c
(222 mg; 1 mmol) a N,N’-dibutylbarbiturové kyseliny DBB
(600 mg; 2,5 mmol) dle obecné metody D piti 25 °C po dobu
3 hod. Vytézek: 448 mg (67 %); tmaveé Cervend pevna latka;
By Bu Re=0,3 (SiO2; CHxCl); b.t. = 127 °C. Elementarni analyza:
vypocteno pro CzsHaoNsOeS: C 62,94, H 7,40, N 10,49,
S 4,80 %; nalezeno C 63,19, H 7,62, N 10,20, S 4,61 %. 'H-NMR (400 MHz, CDCl3,
25 °C): 6= 0,93-0,99 (m, 12H, CH3), 1,34-1,43 (m, 8H, CH»), 1,58-1,62 (m, 8H,
CH>), 1,76—1,86 (m, 6H, CH»), 3,66—3,68 (m, 4H, CH>»), 3,91-3,97 (m, 8H, CH>»), 8,26
(s, 1H, CH), 8,46 (s, 1H, CH), 8,62 ppm (s, 1H, CH). 3*C-NMR (125 MHz, CDCl3,
25 °C): 0=13,93, 13,98, 20,29, 20,32, 20,35, 20,37, 23,7, 26,1, 30,27, 30,31, 41,3,
41,8, 42,0, 42,4, 56,7, 106,5, 111,3, 118,1, 122,5, 147,1, 1494, 151,0, 151,3, 1524,
160,9, 162,3, 162,8, 162,9, 180,1 ppm. FT-IR (HATR): v = 2954, 2870, 1654, 1535,
1389, 1365, 1287, 1149, 1100, 950, 787 cm’'. HR-FT-MALDI-MS (DHB) m/z:
vypocteno pro C3sHsoNsOsS™ ([M+H]"): 668,34763; nalezeno 668,34758.

Chromofor A6d

Uvedeny chromofor A6d byl syntetizovan z aldehydu
A9d (276 mg; 1 mmol) a N,N’-dibutylbarbiturové
kyseliny DBB (600 mg; 2,5 mmol) dle obecné metody C.
Vytézek: 634 mg (88 %); Cerna pevna latka; Ry= 0,55

BU,N\WN‘BU A6d (Si02; CH2Cl); b.t. =178 °C; Elementarni analyza:

© vypoéteno pro CsoHsiNsOeS: C 65,06, H 7,42, N 9,73,
S 4,45 %; nalezeno C 65,15, H 7,54, N 9,69, S 4,38 %. '"H-NMR (400 MHz, CDCls,
25 °C): 0= 0,94-0,97 (m, 12H, CH3), 1,32-1,43 (m, 8H, CH>), 1,58-1,64 (m, 8H,
CH>), 1,71-1,81 (m, 6H, CH), 3,37-3,40 (m, 4H, CH»), 3,90-3,95 (m, 8H, CH>), 7,27
(d, J = 13,6 Hz, 1H, CH), 7,32-7,39 (m, 1H, CH), 7,52 (s, 1H, CHth), 8,06-8,12 (m,
3H, CH), 8,22 ppm (dd, Ji = 12,4 Hz, J> = 14,8 Hz, 1H, CH). 1*C-NMR (125 MHz,
CDCl3, 25 °C): 0=13,99, 14,03, 20,4, 20,5, 23,8, 25,7, 30,4, 30,5, 41,5, 41,6, 42,1,
56,1, 112,2, 112,5, 122,8, 122,9, 123,2, 129,3, 134,6, 145,4, 146,3, 151,26, 151,30,
156,6, 157,6, 162,0, 162,1, 162,6, 162,7, 169,7 ppm. FT-IR (HATR): v = 2954, 2864,
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2360, 1654, 1558, 1496, 1402, 1370, 1152, 1102, 987, 789 cm™'. HR-FT-MALDI-MS
(DHB) m/z: vypoéteno pro C39Hs4NsO6S* ((M+H]"): 720,37893; nalezeno 720,37825.

Chromofor A7a
O Uvedeny chromofor A7a byl syntetizovan z aldehydu A9a
N
‘ S/ NP (196 mg; 1 mmol) a N,N’-dibutyl-2-thiobarbiturové kyseliny

A7a O n-su  DBTB (308 mg; 1,2 mmol) dle obecné metody D pti 25 °C.
Bi S Vytézek: 252 mg (58 %); riZovo-Cervena pevna latka; Rr = 0,65
(Si02; CH2Co); b.t. = 216 °C. Elementarni analyza: vypocteno pro C2oH3z1N302S,: C
60,94, H 7,21, N 9,69, S 14,79 %; nalezeno C 61,21, H 7,33, N 9,54, S 14,51 %.
"H-NMR (500 MHz, CDCls, 25 °C): 0= 0,93-0,96 (m, 6H, CH3), 1,36—1,42 (m, 4H,
CHb»), 1,69-1,75 (m, 10H, CH>»), 3,61-3,62 (m, 4H, CH>), 4,45-4,50 (m, 4H, CH>),
6,39 (d, J=5 Hz, 1H, CHth), 7,63 (d, J = 5 Hz, 1H, CHth), 8,28 ppm (s, 1H, CH).
BC-NMR (125 MHz, CDCls, 25 °C): 0= 14,1, 14,2, 20,5, 23,7, 25,7, 29,4, 47,5, 48 4,
51,7, 100,5, 109,6, 1240, 146,5, 152,8, 161,1, 162,5, 175,8, 178,9 ppm. FT-IR
(HATR): v=12919, 2851, 1630, 1484, 1412, 1381, 1239, 1151, 1105, 995, 947, 886,
778 cm!. HR-FT-MALDI-MS (DHB) m/z: vypo&teno pro C2:H3N30,S," ([M+H]"):
434,19304; nalezeno 434,19302.

Chromofor A7b
O Uvedeny chromofor A7b byl syntetizovan z aldehydu A9b
™ s \ (221 mg; 1 mmol) a N,N’-dibutyl-2-thio-barbiturové
| \ (:Bu kyseliny DBTB (307 mg; 1,2 mmol) dle obecné metody C

N— pii 40 °C. Vytézek: 261 mg (57 %); tmavé zelend pevna

latka; Rr= 0,4 (SiO2; CH2Cl); b.t. =175 °C. Elementarni

analyza: vypocteno pro C24H33N30.S2: C 62,71, H 7,24, N 9,14, S 13,95 %; nalezeno
C62,69, H 7,31, N 898, S13,81 %. 'H-NMR (400 MHz, CDCls3, 25 °C):
0=0,93-0,97 (m, 6H, CH3), 1,35-1,43 (m, 4H, CH»), 1,68-1,73 (m, 10H, CH>),
3,47-3,48 (m, 4H, CH>), 4,44-4,48 (m, 4H, CH>»), 6,19 (d, J = 4,8 Hz, 1H, CHth), 7,33
(d, J=4 Hz, 1H, CHth), 7,46 (d, J= 13,6 Hz, 1H, CH), 7,93 (t, J = 13,2 Hz, 1H, CH),
8,04 ppm (d, J = 12,8 Hz, 1H, CH). 3C-NMR (125 MHz, CDCl3, 25 °C): d= 14,09,
14,11, 20,45, 20,51, 23,7, 25,4, 29,37, 29,42, 47,7, 48,2, 52,0, 106,3, 108,1, 1189,
126,4, 150,1, 157,3, 161,1, 162,1, 170,0, 179,0 ppm. FT-IR (HATR): v= 2921, 2851,
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1633, 1508, 1336, 1206, 1104, 1051, 986 cm™'. HR-FT-MALDI-MS (DHB) m/z:
vypocteno pro C24H33N30:S>" ([M]7): 459,20087; nalezeno 459,20101.

Chromofor A7c
Bu s Uvedeny chromofor A7¢ byl syntetizovan z aldehydu A9¢
Q " (222 mg; 1 mmol) a N,N’-dibutyl-2-thiobarbiturové kyseliny
/ DBTB (640 mg; 2,5 mmol) dle obecné metody D pii 25 °C.
Vytézek: 440 mg (63 %); tmaveé hnéda pevna latka; Ry = 0,6
(Si02; CH2Cly/Hex 4:1); b.t. = 172 °C. Elementarni analyza:
vypocteno pro C3sH49N504S3: C 60,05, H 7,06, N 10,00, S 13,74 %; nalezeno C 60,01,
H 7,13, N 9,95, S 13,57 %. 'H-NMR (400 MHz, CDCl3, 25 °C): d=0,93-0,99 (m,
12H, CH3), 1,35-1,42 (m, 8H, CH»), 1,66—1,70 (m, 8H, CH>), 1,78-1,88 (m, 6H,
CHb»), 3,70-3,73 (m, 4H, CH>), 4,41-4,46 (m, 8H, CH>»), 8,25 (s, IH, CH), 8,44 (s, 1H,
CH), 8,66 ppm (s, 1H, CH). 3*C-NMR (125 MHz, CDCls, 25 °C): d= 14,02, 14,08,
20,37, 20,39, 20,40, 23,7, 26,2, 29,2, 47,7, 48,3, 48,6, 48,8, 56,8, 107,3, 112,0, 119,0,
123,3, 148,2, 150,4, 153,2, 159,2, 160,6, 161,5, 161,6, 179,11, 179,13, 180,7 ppm.
FT-IR (HATR): v=2927, 2855, 1655, 1529, 1477, 1365, 1281, 1198, 1153, 1118,
948, 783 cm’'. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CisHsoNsO4S3*
(IM+H]"): 700,30194; nalezeno 700,30096.

Chromofor A7d

Uvedeny chromofor A7d byl syntetizovan z aldehydu A9d
(276 mg; 1 mmol) a N,N’-dibutyl-2-thiobarbiturové
kyseliny DBTB (640 mg; 2,5 mmol) dle obecné metody C
v CH3CN. Vytézek: 609 mg (81 %); Cernd pevna latka;
R = 0,8 (Si02; CH2Cl>). Elementéarni analyza: vypocteno
pro C3oHs53Ns504S3: C 62,28, H 7,10, N 9,31, S 12,79 %;
nalezeno C 62,34, H 7,21, N 9,20, S 12,49 %. 'H-NMR (400 MHz, CDCl3, 25 °C):
0=0,93-0,98 (m, 12H, CH3), 1,35-1,43 (m, 8H, CH»), 1,64—1,82 (m, 14H, CH>),
3,45-3,48 (m, 4H, CH>), 4,41-4,45 (m, 8H, CH>), 7,30 (d, J = 14,8 Hz, 1H, CH),
7,35-7,41 (m, 1H, CH), 7,43 (s, 1H, CHth), 8,01-8,11 (m, 3H, CH), 8,22 ppm (dd,
Ji1=12,4 Hz, J» = 14,4 Hz, 1H, CH). 3C-NMR (125 MHz, CDCl3, 25 °C): = 14,01,
14,03, 20,36, 20,43, 23,7, 25,7, 29,26, 29,28, 29,32, 47,90, 47,95, 48,4, 56,2, 1125,
112,8, 122,6, 123,5, 123,7, 129,0, 135,6, 146,2, 147,1, 157,7, 158,6, 160,25, 160,34,
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161,2,161,3, 170,6, 179,22, 179,25 ppm. FT-IR (HATR): v= 2956, 2860, 1663, 1551,
1468, 1371, 1294, 1198, 1154, 1123, 1089, 984, 956, 785 cm™. HR-FT-MALDI-MS
(DHB) m/z: vypoéteno pro CzoHssNsO4S3* ([M+H]"): 752,33324; nalezeno
752,33270.

Chromofor A8a

O Uvedeny chromofor A8a byl syntetizovan z aldehydu A9a
N \ S/ AP (195 mg; 1 mmol) a indan-1,3-dionu IND (175 mg; 1,2 mmol) dle
A8a O obecné metody D pii 25 °C. Vytézek: 226 mg (70 %); tmave

zeleno-Cervend pevna latka; Ry = 0,6 (Si02; CH2Cl/EtOAc 10:1);
b.t. = 182 °C. Elementéarni analyza: vypocteno pro Ci9H17NO,S: C 70,56, H 5,30, N
4,33, S 9,91 %; nalezeno C 70,44, H 5,52, N 4,32, S 9,79 %. 'H-NMR (500 MHz,
CDCls, 25 °C): 0= 1,70-1,72 (m, 6H, CH>), 3,52-3,54 (m, 4H, CH»), 6,23 (d,
J=5Hz, 1H, CHth), 7,59-7,61 (m, 3H, CHth+CHind), 7,71 (s, 1H, CH), 7,75-7,77
ppm (m, 2H, CHind). ">*C-NMR (125 MHz, CDCls, 25 °C): d=23,7, 25,4, 51,4, 107,6,
114,7,121,5,121,8, 133,4, 133,6, 136,6, 140,3, 141,4, 149,5, 172,8, 190,8, 191,7 ppm.
FT-IR (HATR): v=2922, 2850, 1643, 1561, 1483, 1406, 1376, 1249, 1195, 1103,
1078, 746 cm’. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CioHisNO>S*
(IM+H]"): 324,10528; nalezeno 324,10454.

Chromofor A8b
O Uvedeny chromofor A8b byl syntetizovan z aldehydu A9b
N | S \ (221 mg; 1 mmol) a indan-1,3-dionu IND (175 mg; 1,2 mmol)
Y

\_° dle obecné metody C pii 40 °C po dobu 48 hod. Vytézek:

© 178 mg (51 %); Zluto-hnéd4 pevna latka; Rr=0,7 (SiOq;
CH>CL/EtOAc 20:1); b.t. =204 °C. Elementarni analyza:

vypocteno pro C2iHi9NO»S: C 72,18, H 5,48, N 4,01, S 9,18 %; nalezeno C 72,04, H
5,57, N 3,97, S 8,95 %. 'H-NMR (500 MHz, CDCls, 25 °C): 0= 1,66-1,71 (m, 6H,
CHb»), 3,37-3,39 (m, 4H, CH>), 6,06 (t, J = 4,5 Hz, 1H, CHth), 7,17 (d, J = 4,5 Hz, 1H,
CHth), 7,33 (dd, J1 = 14,5 Hz, J. = 2,5 Hz, 1H, CH), 7,51 (dd, Ji1 = 12,5 Hz,
J>=2,5Hz, 1H, CH), 7,62-7,65 (m, 2H, CHind), 7,74 (dd, Ji1 = 14,5 Hz, J> = 3 Hz,
1H, CH), 7,80-7,82 ppm (m, 2H, CHind). 3C-NMR (125 MHz, CDCl;, 25 °C):
0=23,7, 25,2, 51,5, 106,0, 117,3, 121,7, 122,0, 122,3, 126,2, 133,9, 134,1, 139,0,
140,8, 142,1, 146,0, 146,3, 166,9, 1914, 191,7 ppm. FT-IR (HATR): v= 2921, 2852,

A8b
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1642, 1561, 1517, 1418, 1350, 1210, 1101, 1058, 986, 738 cm™'. HR-FT-MALDI-MS
(DHB) m/z: vypoéteno pro C21H20NO>S* ([M+H]"): 350,12093; nalezeno 350,12039.

Chromofor A8c

Uvedeny chromofor A8c byl syntetizovan z aldehydu A9c¢
(222 mg; 1 mmol) a indan-1,3-dionu IND (366 mg; 2,5 mmol) dle
obecné metody D pii 25 °C. Vytézek: 398 mg (83 %); tmavé
hnéda pevna latka; Rr=0,6 (SiO2; CH2Cl/EtOAc 10:1);
b.t. =243 °C. Elementarni analyza: vypocteno pro CoH21NO4S:
C 72,63, H 4,41, N 2,92, S 6,69 %; nalezeno C 72,56, H 4,49,
N 291, S 6.64 %. '"H-NMR (500 MHz, CDCls, 25 °C): d=1,78-1,80 (m, 2H, CH>),
1,87-1,89 (m, 4H, CH), 3,69-3,72 (m, 4H, CH>), 7,68 (s, 1H, CH), 7,71-7,72 (m,
2H, CHind), 7,76-7,78 (m, 2H, CHind), 7,86—7,88 (m, 1H, CHind), 7,89-7,93 (m,
3H, CH+CHind), 7,96-7,98 (m, 1H, CHind), 9,00 ppm (s, 1H, CH). *C-NMR
(125 MHz, CDCls, 25 °C): 6=23.8, 25,9, 56,8, 118,8, 121,2, 122,6, 122,9, 123,0,
123,2, 123,5, 123,6, 134,7, 134,97, 134,99, 135,3, 137,7, 140,2, 140,7, 141,8, 142,5,
150,0, 178,5, 189,7, 190,65, 190,66, 191,1 ppm. FT-IR (HATR): v = 3070, 2929,
2850, 1676, 1552, 1486, 1383, 1328, 1279, 1179, 1151, 1102, 944, 878, 727, 676 cm’".
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro C2oH2oNO4S* ([M+H]"): 480,12641;
nalezeno 480,12666.

Chromofor A8d

Uvedeny chromofor A8d byl syntetizovan z aldehydu A9d
(276 mg; 1 mmol) aindan-1,3-dionu IND (366 mg;
2,5 mmol) dle obecné metody C v CH3CN. Chromofor A8d
je obtizné rozpustny v chlorovanych rozpoustédlech.
Vytézek: 430 mg (81 %); Cerno-zlatd pevna latka; Rf= 0,75
(SiO2; CH2Cl/CH30OH  50:1). FElementarni analyza:
vypocteno pro Cs33HasNO4S: C 73,56, H 4,74, N 2,63, S 6,03 %; nalezeno C 72,97,
H 5,00,N 2,41, S 5,64 %. '"H-NMR (400 MHz, CD,Cl,, 25 °C): 0= 1,71-1,74 (m, 2H,
CH), 1,81-1,87 (m, 4H, CH), 3,36-3,39 (m, 4H, CH»), 7,24 (d, J = 15,2 Hz, 1H,
CH), 7,37 (d, J = 14,8 Hz, 1H, CH), 7,50-7,57 (m, 3H, CH+CHth), 7,72-7,80 (m, 4H,
CHind), 7,86—7,94 (m, SH, CH+CHind), 8,05 ppm (dd, J1 = 12 Hz, J> = 15,2 Hz, 1H,
CH). ®*C-NMR (125 MHz, CD,Cl, 25 °C): d= 24,1, 26,1, 56,4, 121,4, 122,0, 122.9,
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123,0, 123,1, 123,4, 126,2, 126,4, 129,9, 133,64, 133,66, 135,1, 135.2, 135.3, 135.4,
141,27, 141,30, 142,59, 142,60, 143,2, 144,0, 144.,5, 145,6, 168,7, 190,5, 190,7,
191,08, 191,10 ppm. FT-IR (HATR): v=13499, 2917, 2850, 1673, 1563, 1478, 1320,
1235, 1154, 1143, 983, 733 cm™'. HR-FT-MALDI-MS (DHB) m/z: vypo&teno pro
C33HosNO4S™ ([IM+H]"): 532,15771; nalezeno 532,15699.

2.4 Syntéza druhé série chromofori (chromofory s postupné

narustajicim strukturalnim vétvenim — vliv multipodality)

2.4.1 Syntéza vychozich aromatickych jodderivata
4-Jod-N,N-dimethylanilin B28
I Uvedend sloucenina B28 byla syntetizovana dle modifikovaného literarniho
postupu.'®! Ke smési N,N-dimethylanilinu B25 (12,12 g, 0,1 mol) a NaHCOs
N (12,60 g, 0,15 mol) ve vodé (100 ml) byl za intenzivniho michani postupné
B2  pfidavan 1> (22,9 g, 0,09 mol). Reakéni smés byla michéna pfi 25 °C po dobu
3 hod a poté natedéna CH>Cl, (250 ml). Intenzivné modra organickd vrstva byla
odd€lena a promyta vodnym roztokem Na>SOs3; (100 ml). Nasledn¢ byla organicka
vrstva vysusena (NaxSQO4) a rozpoustédlo bylo odpateno. Surovy produkt B28 byl
opakované (3X) rekrystalizovan ze smési EtOH/H20 a na zavér promyt ledovym
EtOH. Vytézek: 14,1 g (57 %); bilomodra pevna latka. EVMS (70 eV): m/z 247 (M",
100 %), 119 (15), 105 (10), 77 (12). Tato experimentalni data byla ve shod¢ s daty

publikovanymi v literatute.'%?

4-Jod-N-fenyl-N-methylanilin B29 a 4-jod-N-(4-jodfenyl)-N-methylanilin B30

| Smés slouCenin B29-B30 byla syntetizovana dle modifikovaného
(;l literarniho postupu.'®3 V 500 ml barice byl rozpustén AgNO; (927 mg,
_N 5,46 mmol) ve 20 ml glycerinu za pomoci ultrazvukové lazné. Tento

\©\x roztok byl nafedén 200 ml EtOH (96 %) a poté byl piidan
Bao x-1  difenylmethylamin B26 (1,0 g, 5,46 mmol) a I (1,39 g, 5,46 mmol)
areakcni smés byla michana pfi 25 °C po dobu 1 hod. Nasledné byla reakéni smés
zfiltrovéana skrz vrstvu Celitu (odstranéni srazeniny Agl) a ziskany filtrat byl zahustén
na vakuové odparce. Vysledny glycerinovy roztok byl nafedén 200 ml CH>Cl,
a extrahovan vodnym roztokem Na>SO3 (2x50 ml) a vodou (2x50 ml). Organicka
vrstva byla vysusena (NaxSOs), a rozpoustédlo bylo odpafeno. Byla tak ziskdna smés

produkti B29 (44 %) a B30 (32 %) ve form¢ viskézniho oleje v celkovém mnoZstvi
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1,49 g. Uvedené vytézky byly hrubé odhadnuty integraci pikli v odpovidajicim GC
spektru. Tato smés byla pouZita v nasledném reakénim kroku bez dalSiho ¢iSténi.
EI/MS (70 eV): m/z 309 (M", 100 %), 181 (16), 167 (31),91 (9), 77 (11) pro B29 a m/z
435 (M*, 100 %), 207 (62), 180 (33), 166 (32), 76 (19) pro B30.

4-Jod-N,N-difenylanilin B31 a 4-jod-N-(4-jodfenyl)-N-fenylanilin B32
| Smés sloucenin B31-B32 byla syntetizovana naprosto analogickym
postupem jako ptedchozi jodderivaty B29—B30. Piiprava smeési
N jodderivati B31-B32 pak vychazela z trifenylaminu B27 (736 mg,
©/ \©\X 3,0 mmol). Byla ziskdna smés mono B31 (50 %) a dijodderivatu B32
gg;: ; - 7* (25 %) ve formé svétle Zlutého viskdzniho oleje v celkovém mnozstvi
820 mg. Uvedené vytézky byly hrub¢ odhadnuty integraci pik v odpovidajicim GC
spektru. Tato smés byla pouZita v nasledném reakénim kroku bez dalSiho ¢iSténi.
EI/MS (70 eV): m/z 371 (M, 100 %), 243 (36), 167 (32), 139 (14), 122 (14), 77 (21)
pro B31 a m/z 497 (M*, 100 %), 370 (11), 242 (62), 166 (25), 139 (26), 76 (27)

pro B32.

Tris(4-jodfenyl)amin B33

I Tris(4-jodfenyl)amin B33 byl pfipraven analogickym postupem

jako vyse uvedené jodderivaty B29—B32. Syntéza slouceniny B33

/©/N\©\ vychézela opét z trifenylaminu B27 (736 mg, 3,0 mmol), ten vSak
| |

B33 reagoval se tfemi ekvivalenty I> (2,3 g, 9 mmol). Ziskany produkt

B33 byl pouzit v nasledném reakénim kroku bez dalsiho Cisténi.
Vytézek: 1,64 g (88 %); svétle Zluta, amorfni pevna latka. 'H-NMR (CDCls, 400 MHz;
25 °C): 6=6,80 (d, J=8,8 Hz, 6H, CHar), 7,52 ppm (d, J = 8,8 Hz, 6H, CHar).
BC-NMR (CDCl3, 100 MHz, 25 °C): J=286,8, 126,3, 138,7, 146,8 ppm. Tato

experimentdlni NMR data byla ve shodé s daty publikovanymi v literatuie.'$*

2.4.2 Priprava propargylovych alkoholi Sonogashirovou cross-
coupling reakci
Propargylalkohol B35
Jodderivat B28 (370 mg, 1,5 mmol) a propargylalkohol B34 (101 mg, 1,8 mmol) byly
podrobeny cross-coupling reakci dle obecné metody A. Vytézek: 176 mg (67 %);
hnédy olej; Rt = 0,8 (SiO2; CH2Cl/EtOAc 3:1). EUMS (70 eV): m/z 175 (M*, 100 %),
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o 158 (45), 148 (28), 144 (42), 120 (16). "H-NMR (CDCls, 400 MHz; 25 °C):
|| 6=165(tJ=56Hz IH OH), 2,96 (s, 6H, NCH), 448 (d, J = 5,6 Hz, 2H,
CHb), 6,61 (d, J = 8,8 Hz, 2H, CHar), 7,31 ppm (d, J = 8,8 Hz, 2H, CHar).

BC-NMR (CDCl3, 100 MHz, 25 °C): = 40,4, 52,1, 85,2, 87,0, 109,4, 111,9,
N

PN

gas  133,0, 150,4 ppm. Tato experimentdlni NMR data byla ve shodé€ s daty

publikovanymi v literatufe.'*?

Propargylalkoholy B36 a B37

OH OH Smés mono/dijodderivatu B29-B30 (1,49 g, cca. 1:1)
ll Il a propargylalkohol B34 (420 mg, 7,5 mmol) byly
podrobeny cross-coupling reakci dle obecné metody A.
! ! Oba alkoholy byly oddéleny pomoci sloupcové
g © . chromatografie. VytéZek alkoholu B36: 422 mg (74 %
B36 \9\ vztazeno k vychozi smési 1:1); hnédad pevnad latka;
> Ri=0,8 (Si02; CH,CL/EtOAc 3:1). 'H-NMR (CDCl3,
400 MHz; 25 °C): 0=1,65 (t, J= 6,0 Hz, 1H, OH), 3,29 (s, 3H, NCH3), 4,45 (d,
J=6,0Hz, 2H, CH»), 6,77 (d, J=28,8 Hz, 2H, CHar), 7,06-7,12 (m, 2H, CHar),
7,23-7,33 ppm (m, 5SH, CHar). *C-NMR (CDCls, 100 MHz, 25 °C): d= 40,8, 52,7,
874, 889, 1122, 1144, 117,8, 120,8, 129,0, 133,4, 148,8, 149,5 ppm.
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CisHisNO*™ ([M]%): 237,11482;
nalezeno 237,11504. Vytézek alkoholu B37: 345 mg (68 % vztazeno k vychozi smési
1:1); svétle hnéda pevna latka; Ry = 0,6 (SiO2; CH2Cl2/EtOAc 3:1); b.t. = 158-160 °C.
"H-NMR (CDCls, 400 MHz; 25 °C): d= 1,66 (t, J = 6,0 Hz, 2H, OH), 3,31 (s, 3H,
NCHs), 4,48 (d, J= 6,0 Hz, 4H, CH>), 6,95 (dd, Ji1 = 6,8 Hz, J> =2 Hz, 4H, CHar),
7,32 ppm (dd, Ji = 6,8 Hz, J> = 2 Hz, 4H, CHar). *C-NMR (CDCl3, 100 MHz, 25 °C):
0 =40,2, 52,0, 86,0, 86,5, 115,4, 120,3, 133,1, 148,5 ppm. HR-FT-MALDI-MS

(DHB) m/z: vypocteno pro CioHi7NO2" ([M]%): 291,12538; nalezeno 291,12579.

Propargylalkoholy B38 a B39

Smés mono/dijodderivatu B31-B32 (800 mg, cca. smés 3:2) a propargylalkohol B34
(180 mg, 3,23 mmol) byly podrobeny cross-coupling reakci dle obecné metody A. Oba
alkoholy byly oddéleny pomoci sloupcové chromatografie. Vytézek alkoholu B38:
340 mg (88 %; vztaZzeno k vychozi smési 3:2); hnédy viskézni olej; Rr = 0,9 (SiOo;
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CH:CL/EtOAc  3:1). 'H-NMR (CDCl,

400 MHz; 25 °C): 0=1,74 (t, J = 5,6 Hz, 1H,

OH), 4,48 (d, J = 5,6 Hz, 2H, CH>»), 6,94-6,97

(m, 2H, CHar), 7,03-7,10 (m, 6H, CHar),

(j“@ (j“ 7,24-728 ppm (m, 6H, CHar). '*C-NMR
B33 B?\ (CDCl3, 100 MHz, 25 °C): 0= 52,0, 86,1, 86,5,

" 115,5,122,3,123,8, 125,2,129,9, 1329, 1474,

148,4 ppm. Tato experimentalni NMR data byla ve shodé s daty publikovanymi

OH OH

v literatute.!8> Vyt&Zek alkoholu B39: 160 mg (70 % vztaZeno k vychozi smési 3:2);
hnédy viskézni olej; Rr=0,55 (SiO2; CH2Cl/EtOAc 3:1). 'H-NMR (CDCls,
400 MHz; 25 °C): 0= 1,74 (s, 2H, OH), 4,48 (s, 4H, CH>), 6,97 (d, J = 8,4 Hz, 4H,
CHar), 7,07-7,09 (m, 3H, CHar), 7,25-7,30 ppm (m, 6H, CHar). *C-NMR (CDCl;,
100 MHz, 25 °C): 6=51,9, 85,9, 86,9, 116,5, 123,4, 124,5, 125,8, 129,8, 133,0, 146,8,
147,6 ppm. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CasHioNO>" ([M]Y):
353,14103; nalezeno 353,14128.

Propargylalkohol B40
OH Jodderivat B33 (935 mg, 1,5 mmol)
If a propargylalkohol B34 (356 mg, 5,4 mmol) byly
podrobeny  cross-coupling reakci dle obecné
metody A. VytéZzek: 510 mg (83 %); svétle hnéda
\/Q/NO\ pevnd latka; Ry=0,5 (SiO2; CH2Cl/EtOAc 1:1).
Ho S IHNMR (CDCls, 400 MHz 25 °C): 5= 2,68 (s, 3H,
OH), 4,48 (s, 6H, CH2), 6,98 (d, J=28,8 Hz, 6H,
CHar), 7,31 ppm (d, J = 8,8 Hz, 6H, CHar). *C-NMR (CDCls, 100 MHz, 25 °C):
0=151,9, 85,7, 87,2, 117,4, 124,1, 133,1, 147,0 ppm. Tato experimentalni NMR data

byla ve shodé s daty publikovanymi v literatuie.®’

2.4.3 Syntéza aldehydu B42 primou formylaci
Benzaldehyd B42
Uvedeny benzaldehyd B42 byl syntetizovan dle literarniho postupu.'®¢ nBuLi
(4,71 ml, 7,54 mmol) bylo pomalu pfikapavano do roztoku sméesi mono/dijodderivatu
B29-B30 (1,49 g, cca smés 1:1) v suchém THF (20 ml) pfi =78 °C pod inertni

atmosférou argonu a tato reakéni smés byla michana pfi uvedené teplot€¢ 90 min.
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0 Nésledné byl pfidan suchy DMF (0,58 ml, 7,54 mmol) a reak¢ni smé&s byla
za michini samovolné zahtata na 25 °C a poté michana dalsi 1 hod. Poté
byla reakéni smés nalita do michajici se smési nas. vodného roztoku

/N\© K>HPO4 (50 ml) a 50 ml Et:O, organickd faze byla nasledn¢ oddé€lena

B42 a vodni vrstva znovu extrahovana EtO (50 ml). Kombinované organické
extrakty byly vysuSeny (NaxSOs) a nésledné byla odpafena pouZitd rozpoustédla.
Ziskana surova smés produktii byla rozd€lena pomoci sloupcové chromatografie
(Si02; CH2Clp). Po této separaci byl ziskan pozadovany monoaldehyd B42, naopak
dialdehyd B43 nebyl izolovan (je komeréné dostupny). Vytézek: 410 mg (80 %,
zaloZeno na mnoZstvi monojodderivatu B29 ve vychozi smési B29-B30); Zluta,
amorfni pevnd latka; Rf = 0,5 (SiO2; CH2Clz). EI/MS (70 eV): m/z 211 (M, 100 %),
180 (9), 167 (35), 139 (14), 77 (24), 51 (11). 'H-NMR (CDCls, 400 MHz; 25 °C):
0=3,36 (s, 3H, NCH3), 6,76 (d, J = 8,8 Hz, 2H, CHar), 7,20-7,27 (m, 3H, CHar),
7,39-7,43 (m, 2H, CHar), 7,67 (d, J = 8,8 Hz, 2H, CHar), 9,74 ppm (s, 1H, CHO).
BC-NMR (CDCl3, 100 MHz, 25 °C): d =40,4, 113,5, 126,3, 126,6, 126,7, 130,1,
131,7, 146,9, 153,8, 190,4 ppm. Tato experimentalni NMR data byla ve shod¢ s daty

publikovanymi v literatute. '8’

2.4.4 Syntéza propargylaldehydii pomoci Dessovy-Martinovy
oxidace
Propargylaldehyd B47
-0 Alkohol B35 (50 mg, 0,29 mmol) byl oxidovan pomoci Dessova-Martinova
¢inidla (121 mg, 0,29 mmol) dle obecné metody B. VytéZek: 38 mg (76 %);
Zluto-oranZzova pevna latka; R = 0,8 (Si02; CH2CD). '"H-NMR (CDCls,
R 400 MHz, 25 °C): 0=3,03 (s, 6H, NCH3), 6,63 (d, 2H, J = 8,8 Hz, CH ar.),
B47 747 (d, 2H, J=8,8 Hz, CH ar.), 9,35 (s, 1H, CH=0). *C-NMR (CDCls,
100 MHz, 25 °C): 0= 40,19, 90,34, 100,35, 104,96, 111,74, 135,66, 152,26, 176,72.

Tato experimentdlni NMR data byla ve shodé s daty publikovanymi v literatuie.'®8

Propargylaldehyd B48

Alkohol B36 (200 mg, 0,84 mmol) byl oxidovan pomoci Dessova-Martinova ¢inidla
(356 mg, 0,84 mmol) dle obecné metody B. Vytézek: 160 mg (81 %); zluty viskdézni
olej; R = 0,8 (SiOz; CH2Cl). 'H-NMR (CDCl3, 400 MHz; 25 °C): d= 3,35 (s, 3H,
NCH3), 6,72 (d, J = 8,8 Hz, 2H, CHar), 7,19-7.23 (m, 3H, CHar), 7,39-7,44 (m, 4H,
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-0 CHar), 9,36 ppm (s, 1H, CHO). ®*C-NMR (CDCl;, 100 MHz, 25 °C):
f 0=404, 88,2, 96,2, 112,2, 114,0, 118,7, 121,9, 129,6, 131,6, 148,8, 149,1,
175,0 ppm. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CisHisNO*
N (IM]%): 235,09917; nalezeno 235,09931.

B48

Propargylaldehyd B49

o Alkohol B37 (160 mg, 0,55 mmol) byl oxidovin pomoci Dessova-

-

Martinova c¢inidla (467 mg, 1,1 mmol) dle obecné metody B.
Vytézek: 130 mg (82 %); zlutd pevna latka; Rs = 0,7 (Si02; CH2CL);
b.t. = 128-130 °C. 'H-NMR (CDCls, 400 MHz; 25 °C): 0= 3,41 (s,

N 3H, NCH3), 7,06 (dd, J1 = 8,8 Hz, J» =2 Hz, 4H, CHar), 7,53 (dd,
N ‘ Ji1 =8,8 Hz, J> = 2 Hz, 4H, CHar), 9,39 ppm (s, 2H, CHO). '>*C-NMR

B49
(CDCl3, 100 MHz, 25 °C): 0= 40,2, 89,5, 96,6, 112,3, 120,6, 135,3,

150,1, 176,9 ppm. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CioH;sNO,*
(IM]*): 287,09408; nalezeno 287,09397.

Propargylaldehyd B50
_0 Alkohol B38 (290 mg, 0,97 mmol) byl oxidovan pomoci Dessova-
ll Martinova ¢inidla (411 mg, 0,97 mmol) dle obecné metody B. Vytézek:
170 mg (59 %); zZluto-hnédy viskézni olej; Ry = 0,8 (SiO2; CH2Cly).
'H-NMR (CDCl;, 400 MHz; 25 °C): d=6.94 (dd, Ji=7,2Hz,
J> =2 Hz, 2H, CHar), 7,12-7,15 (m, 6H, CHar), 7,29-7,33 (m, 4H,
CHar), 7,41 (dd, J1 = 7,2 Hz, J» = 2 Hz, 2H, CHar), 9,37 ppm (s, 1H,
CHO). 3C-NMR (CDCls, 100 MHz, 25 °C): 89,6, 97,9, 110,4, 120,3, 125,0, 126,2,
1299, 135,1, 146,4, 151,0, 176,9 ppm. Tato experimentdlni NMR data byla ve shod¢

N

B50

s daty publikovanymi v literatuie. !’

Propargylaldehyd B51
-0 Alkohol B39 (140 mg, 0,4 mmol) byl oxidovan pomoci Dessova-
l Martinova ¢inidla (336 mg, 0,8 mmol) dle obecné metody B.
Vytézek: 101 mg (72 %); Zluto-oranZova amorfni pevna latka;
N R¢= 0,7 (SiO2; CH2Cl). 'TH-NMR (CDCls, 400 MHz; 25 °C):
© S 0=17,06 (d, J = 8,8 Hz, 4H, CHar), 7,13 (d, J=7,6 Hz, 2H,
BS1 & CHar), 7,20-7,24 (m, 1H, CHar), 7,34-7,38 (m, 2H, CHar), 7,48
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(d, J = 8,8 Hz, 4H, CHar), 9,39 ppm (s, 2H, CHO). '*C-NMR (CDCl3, 100 MHz,
25 °C): 89,4, 96,2, 113,2, 123,1, 126,2, 126,9, 130,3, 135,1, 145,6, 149,5, 176,8 ppm.
HR-FT-MALDI-MS (DHB) m/z: vypolteno pro CHisNO>™ ([M]"): 349,10973;
nalezeno 349,10956.

Propargylaldehyd B52

-0 Alkohol B40 (250 mg, 0,61 mmol) byl oxidovan pomoci
l Dessova-Martinova ¢inidla (781 mg, 1,84 mmol) dle
obecné metody B. Vytézek: 205 mg (83 %); Zlutd pevna
N litka; Rf=0,6 (SiO2; CH:Cly). 'H-NMR (CDCls,
400 MHz; 25 °C): 0=17,10 (d, J = 8,4 Hz, 6H, CHar),

o F X
B52 U 7,52 (d, J = 8,4 Hz, 6H, CHar), 9,37 ppm (s, 3H, CHO).

BC-NMR (CDCls, 100 MHz, 25°C): 89,3, 95,2, 114,9, 124,5, 135,2, 1485,
176,7 ppm. Tato experimentalni NMR data byla ve shod¢€ s daty publikovanymi

v literatuie.®’

2.4.5 Zavéretna Knoevenagelova kondenzace

Chromofor B1

N Uvedeny chromofor B1 byl syntetizovdn z aldehydu B41 (170 mg;
N 1,141 mmol) a malondinitrilu MDN (90 mg; 1,369 mmol) dle obecné
N/

metody C. Vytézek: 150 mg (67 %); oranZova pevna latka; Rf = 0,8 (SiO»;

CH,CL); b.t. = 182 °C (1it."¥ = 150 °C). Elementarni analyza: vypoéteno

B1 pro Ci2H11N3: C 73,07, H 5,62, N 21,30 %; nalezeno C 72,98, H 5,61,

N 21,20 %. 'H-NMR (CDCls, 400 MHz, 25 °C): d= 3,13 (s, 6H, NCH3), 6,67 (d,
J=9,2 Hz, 2H, CHar), 7,43 (s, 1H, CH), 7,78 ppm (d, J=9,2 Hz, 2H, CHar).
BC-NMR (CDCls, 100 MHz, 25 °C): d=40,3, 111,8, 115,1, 116,2, 119,5, 134,0,
154,53, 158,2 ppm. HR-FT-MALDI-MS (DHB) m/z: vypo¢teno pro CioHiiN3™ ([M]"):
197,09475; nalezeno 197,09481. Tato experimentdlni data byla ve shod¢ s daty

publikovanymi v literatufe.!3~1°!

Chromofor B2

Uvedeny chromofor B2 byl syntetizovan z aldehydu B41 (149 mg; 1,0 mmol)
a N,N’-dibutylbarbiturové kyseliny DBB (288 mg; 1,2 mmol) dle obecné metody C.
Vytézek: 300 mg (81 %); oranZovo-Cervena pevna latka; Rr= 0,7 (SiO2; CH2CLb);
b.t. =163 °C (lit.!** = 156-161 °C). Elementarni analyza: vypoé&teno pro C21H2oN30s:
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Bu

C 67,90, H 7,87, N 11,31 %; nalezeno C 67,85, H 8,00, N 11,09 %.

OY"“ © 'H-NMR (CDCl;, 400 MHz, 25 °C): J=0,92-0,96 (m, 6H, CHj),
1,34-1,40 (m, 4H, CH»), 1,60-1,64 (m, 4H, CH>»), 3,13 (s, 6H, NCH3),
3,94-3,98 (m, 4H, CHy), 6,69 (d, J = 9,2 Hz, 2H, CHar), 8,37 (d,

B; ~ J=9,2Hz, 2H, CHar), 8,42 ppm (s, 1H, CH). BC.NMR (CDCls,

100 MHz, 25 °C): 0= 14,01, 14,04,20,41, 20,47, 30,43, 30,46, 40,3, 41,7, 42,3, 110,3,
111,2, 121,3, 139,6, 151,5, 154,5, 158,9, 161,6, 164,0 ppm. HR-FT-MALDI-MS
(DHB) m/z: vypocteno pro C21H3oN303" ([M+H]"): 372,22817; nalezeno 372,22775.

N

Tato experimentlni data byla ve shodé s daty publikovanymi v literatuie.'*?

Chromofor B3
Uvedeny chromofor B3 byl syntetizovian z aldehydu B47 (65 mg;
0,376 mmol) a malondinitrilu MDN (30 mg; 0,451 mmol) dle obecné
I metody C. Vytézek: 62 mg (75 %); fialova pevna latka; Ry= 0,8 (SiOo;
CH:CL); b.t. = 131 °C (lit.'> = 130-131 °C). Elementarni analyza:
vypocteno pro Ci4Hi1N3z: C 76,00, H 5,01, N 18,99 %; nalezeno C 75,97,
B3 H 4,95, N 18,84 %. '"H-NMR (CDCls, 400 MHz, 25 °C): = 3,07 (s, 6H,
NCH3), 6,63 (d, J=9,2 Hz, 2H, CHar), 7,08 (s, 1H, CH), 7,46 ppm (d, J = 9,2 Hz, 2H,
CHar). 3C-NMR (CDCls, 100 MHz, 25 °C): d= 40,2, 88,3, 88,5, 105,9, 111,9, 112,6,
113,8, 135,8, 141,3, 152,8 ppm. HR-FT-MALDI-MS (DHB) m/z: vypocteno
pro Ci4H11N3" ([M]): 221,09475; nalezeno 221,09480. Tato experimentalni data byla

ve shodé s daty publikovanymi v literatute.'*?

Chromofor B4
Bu Uvedeny chromofor B4 byl syntetizovan z aldehydu B47 (173 mg;

0x N._0
\,f 1,0 mmol) a N,N’-dibutylbarbiturové kyseliny DBB (288 mg;

g 0 B 1,2 mmol) dle obecné metody C. Vytézek: 304 mg (77 %); fialova
pevna latka; Rr=0,7 (SiO2; CH2Cly); bt = 143 °C

(1it.*3 = 144-148 °C). Elementérni analyza: vypodteno

AN pro C23H2N303: C 69,85, H7,39, N 10,62 %; nalezeno C 70,00,

B4
H 7,52, N 10,51 %. '"H-NMR (CDCl3, 400 MHz, 25 °C): 0= 0,92-0,97 (m, 6H, CH3),

1,33-1,41 (m, 4H, CH»), 1,58-1,65 (m, 4H, CH>), 3,07 (s, 6H, NCH3), 3,91-3,95 (m,
4H, CH»), 6,65 (d, J = 8,8 Hz, 2H, CHar), 7,58 (d, J = 8,8 Hz, 2H, CHar), 7,81 ppm
(s, 1H, CH). 3C-NMR (CDCls, 100 MHz, 25 °C): 0= 13,96, 13,98, 20,36, 20,41, 30,3,
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40,2, 41,6, 42,1, 94,0, 108,0, 111,8, 121,6, 125,6, 136,3, 137,4, 151,2, 152,5, 159,9,
161,9 ppm. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro C23H3oN303" ((M+H]"):
396,22817; nalezeno 396,22717. Tato experimentdlni data byla ve shod¢ s daty

publikovanymi v literatufe.'*?

Chromofor BS

N Uvedeny chromofor BS byl syntetizovan z aldehydu B42 (150 mg;
N 0,711 mmol) a malondinitrilu MDN (56 mg; 0,853 mmol) dle obecné
metody C. VytéZek: 66 mg (94 %); oranZzova pevna latka; Ry = 0,85 (SiOz;
N CHxCL); b.t. = 115 °C. Elementarni analyza: vypocteno pro Ci7H13Na:
©/ C 78,74, H5,05,N 16,20 %; nalezeno C 77,32, H5,51, N 15,49 %. '"H-NMR
(CDCl3, 500 MHz, 25 °C): 0=3,42 (s, 3H, NCH3), 6,72 (d, J = 9,5 Hz, 2H,
CHar), 7,22 (dd, J1 = 8,0 Hz, J» = 1,0 Hz, 2H, CHar), 7,32 (t, J=7,5 Hz, 1H, CHar),
7,45 (d, J=17,5 Hz, 2H, CHar), 7,47 (s, 1H, CH), 7,75 ppm (d, J = 9,0 Hz, 2H, CHar).
BC-NMR (CDCl3, 125 MHz, 25 °C): d=40,6, 113,7, 114,8, 115,9, 120,8, 1269,
127,3, 130,5, 133,7, 146,0, 154,0, 158,3 ppm. FT-IR (HATR): v= 2921, 2200, 1607,
1514, 1356, 1173, 1023, 814 cm!. HR-FT-MALDI-MS (DHB) m/z: vypocteno

pro Ci7H13N3* ([M]"): 259,11040; nalezeno 259,11063.

Chromofor B6

Bu Uvedeny chromofor B6 byl syntetizovan z aldehydu B42 (150 mg;

°Y™¢° 0,711 mmol) a N,N’-dibutylbarbiturové kyseliny DBB (256 mg;
N
Bu”~ N

I 1,066 mmol) dle obecné metody C. Surovy produkt byl ptfedlozen

do 10 ml hexanu a suspenze byla refluxoviana po dobu 15 min.

©/N\ Po ochlazeni byla sraZenina odfiltrovana a tento postup ¢isténi byl jesté

B6  jednou opakovan (odstranéni pirebytku DBB). Vytézek: 190 mg (62 %);
oranzova pevna latka; Rt = 0,65 (SiO2; CH2Cly); b.t. = 142 °C. Elementarni analyza:
vypocteno pro C26H31N303: C 72,03, H 7,21, N 9,69 %; nalezeno C 72,09, H 7,21, N
9,69 %. 'H-NMR (CDCl3, 500 MHz, 25 °C): d= 0,94-0,98 (m, 6H, CH3), 1,37-1,42
(m, 4H, CH>), 1,59-1,65 (m, 4H, CH>»), 3,43 (s, 3H, NCH3), 3,94-3,97 (m, 4H, CH>),
6,73 (d, J=9,0 Hz, 2H, CHar), 7,23 (dd, J1 = 7,0 Hz, J» = 1,0 Hz, 2H, CHar), 7,29 (t,
J=1,0Hz, 1H, CHar), 7,43 (m, 2H, CHar), 8,28 (d, 2H, J = 9,0 Hz, CHar), 8,41 ppm
(s, 1H, CH). 3C-NMR (CDCl3, 125 MHz, 25 °C): d= 14,03, 14,05, 20,42, 20,47,
30,42, 30,43, 40,6, 41,8, 42,4, 111,3, 113,1, 122,6, 126,9, 127,0, 130,3, 138,9, 146,3,
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151,4, 153,8, 158,8, 161,4, 163,8 ppm. FT-IR (HATR): v= 2929, 1652, 1508, 1407,
1360, 1303, 1196, 1103, 790,701 cm™. HR-FT-MALDI-MS (DHB) m/z: vypocteno
pro C26H31N303" ([M]7): 433,23599; nalezeno 433,23650.

Chromofor B7
Uvedeny chromofor B7 byl syntetizovan z aldehydu B48 (90 mg;
0,383 mmol) a malondinitrilu MDN (30 mg; 0,459 mmol) dle obecné
~N metody C. Vytézek: 66 mg (87 %); Cerveno-fialova pevna latka; Ry = 0,9
(Si02; CH2Cly); b.t. = 185°C. Elementarni analyza: vypocteno
pro CioH3N3: C 80,54, H 4,62, N 14,83 %; nalezeno C 80,36, H 4,57,
/NO N 14,79 %. '"H-NMR (CDCl3, 400 MHz, 25 °C): 0= 3,38 (s, 3H, NCH3),
87 6,71 (dd, J1 = 6,8 Hz, J> = 1,6 Hz, 2H, CHar), 7,09 (s, 1H, CH), 7,21 (dd,
J1=8,4Hz, J =1,2 Hz, 2H, CHar), 7,27 (t, J = 7.2 Hz, 1H, CHar), 7,40-7,45 ppm
(m, 4H, CHar). 3C-NMR (CDCls, 100 MHz, 25 °C): d=40,5, 88,0, 89,1, 107,7,
112,4,113,7,114,2, 120,7, 126,6, 126,7, 130,3, 135,5, 141,3, 146,8, 152,1 ppm. FT-IR
(HATR): v=3596, 2317, 2154, 1590, 1540, 1369, 1318, 1253, 1180, 991, 824,
708 cm™'. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro CioHisNs* ([M]"):
283,11040; nalezeno 283,11062.

Chromofor B8

Bu Uvedeny chromofor B8 byl syntetizovan z aldehydu B48 (70 mg;
© N\fo 0,297 mmol) a N,N’-dibutylbarbiturové kyseliny DBB (86 mg;
0,357 mmol) dle obecné metody C. Vytézek: 125 mg (92 %); fialova
pevna latka; Rr=0,8 (SiOz; CH2Clp); b.t. =119 °C. Elementarni
analyza: vypocteno pro CzsH31N303: C 73,50, H 6,83, N 9,18 %;
/N\© nalezeno: C 73,49, H 6,97, N 9,12 %. 'H-NMR (CDCl;, 400 MHz;
Bs 25°C): d= 0,93-0,97 (m, 6H, CH3), 1,35-1,39 (m, 4H, CHb),
1,60-1,64 (m, 4H, CH>), 3,38 (s, 3H, NCH3), 3,92-3,96 (m, 4H, CH>), 6,72-6,76 (m,
2H, CHar), 7,20-7,26 (m, 3H, CHar), 7,39-7,43 (m, 2H, CHar), 7,51-7,55 (m, 2H,
CHar), 7,80 ppm (s, 1H, CH). *C-NMR (CDCl3, 100 MHz, 25 °C): 0= 13,97, 13,99,
20,36, 20,41, 30,33, 40,5, 41,6, 42,2, 93,3, 110,0, 114,3, 122,4, 124,0, 126,2, 126,5,
130,2, 1359, 137,2, 147,1, 151,1, 151,8, 159,8, 161,8 ppm. FT-IR (HATR): v=2312,
2156, 1654, 1541, 1400, 1295, 1187, 1047, 978 cm™!. HR-FT-MALDI-MS (DHB) m/z:

vypoéteno pro CogH3N303™ ([M+H]"): 458,24382; nalezeno 458,24367.
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Chromofor B9
N Uvedeny chromofor B9 byl syntetizovan z aldehydu B44 (273 mg;
1,0 mmol) a malondinitrilu MDN (79 mg; 1,2 mmol) dle obecné
metody C. VytézZek: 285 mg (89 %); oranzova pevna latka; Rr= 0,8
T (SiO2; CHxCly); bt = 139 °C (lit."® = 196-197 °C). Elementérni
©/ \© analyza: vypocteno pro Cx2HisN3: C 82,22, H 4,70, N 13,08 %;
B9 nalezeno C 82,16, H 4,72, N 13,07 %. 'H-NMR (CDCls, 400 MHz,
25°C): 0=6,94 (d, J = 8,8 Hz, 2H, CHar), 7,18-7,25 (m, 6H, CHar), 7,36—7,40 (m,
4H, CHar), 7,51 (s, 1H, CH), 7,73 ppm (d, J = 9,2 Hz, 2H, CHar). >*C-NMR (CDCls,
100 MHz, 25 °C): 0= 114,3, 1154, 118,7, 123,0, 126,3, 126,9, 130,2, 133,2, 1454,
153,7, 158,1 ppm. HR-FT-MALDI-MS (DHB) m/z: vypo¢teno pro C22HisN3™ ([IM]):
321,12605; nalezeno 321,12579. Tato experimentalni data byla ve shod¢ s daty

publikovanymi v literatute.!¥3~1%

Chromofor B10
Bu Uvedeny chromofor B10 byl syntetizovan z aldehydu B44
OYN ° (213 mg; 0,781 mmol) a N,N’-dibutylbarbiturové kyseliny DBB
N
B 5 N (234 mg; 0,977 mmol) dle obecné metody C. Surovy produkt byl

piedlozen do 10 ml hexanu a suspenze byla refluxovana po dobu

©/N\© 15 min. Po ochlazeni byla srazenina odfiltrovana a tento postup

B10 ¢iSténi byl jeSt€ jednou opakovan (odstranéni piebytku DBB).

Vytézek: 317 mg (82 %); Cervend pevna latka; Ry = 0,7 (SiO2; CH2Clo); b.t. = 108 °C.

Elementarni analyza: vypocteno pro C31H33N303: C 75,13, H 6,71, N 8,48 %; nalezeno

C 75,27, H 6,87, N 8,46 %. 'H-NMR (CDCl3, 400 MHz, 25 °C): =0,91-0,96 (m,

6H, CH3), 1,31-1,42 (m, 4H, CH»), 1,57-1.66 (m, 4H, CH>), 3,91-3.97 (m, 4H, CH>),
6,92 (d, J = 8,8 Hz, 2H, CHar), 7,16-7,20 (m, 6H, CHar), 7,31-7,35 (m, 4H, CHar),

8,20 (d, J = 9,2 Hz, 2H, CHar), 8,40 ppm (s, 1H, CH). 3C-NMR (CDCl3, 100 MHz,

25 °C): 0= 14,0, 20,32, 20,36, 30,3, 41,7, 42,3, 112,8, 118,0, 124,8, 125,8, 126,8,

129,9, 138,0, 145,6, 151,2, 153,0, 158,2, 161,1, 163,3 ppm. FT-IR (HATR): v= 2930,
2314, 1648, 1488, 1406, 1295, 1195, 1105, 993, 757, 698 cm’!. HR-FT-MALDI-MS
(DHB) m/z: vypocteno pro C31H34N303" ([M+H]"): 496,25947; nalezeno 496,25725.

Chromofor B11
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Uvedeny chromofor B11 byl syntetizovan z aldehydu BS0 (84 mg;
0,282 mmol) a malondinitrilu MDN (22 mg; 0,339 mmol) dle obecné
I metody C. Vytézek: 70 mg (72 %); Cervena pevna latka; R = 0,9 (SiO»;
CH>Cl); b.t. = 178 °C. Elementarni analyza: vypocteno pro C4HisN3:
C 83,46, H 4,38, N 12,17 %; nalezeno C 81,95, H 4,30, N 11,72 %.
Y NO IH-NMR (CDCls, 500 MHz, 25 °C): 3= 6.93 (d, J = 9,0 Hz, 2H, CHar),
o 7,10 (s, 1H, CH), 7,14-7,18 (m, 6H, CHar), 7,32-7,35 (m, 4H, CHar),
7,39 ppm (d, J = 9,0 Hz, 2H, CHar). *C-NMR (CDCl3, 125 MHz, 25 °C): 0= 87,3,
90,5, 110,7, 112,2, 113,4, 119,0, 125,5, 126,5, 130,0, 135,1, 141,3, 146,0, 151,6 ppm.
FT-IR (HATR): v=2146, 1586, 1540, 1340, 1177, 996, 826, 692 cm'. HR-FT-
MALDI-MS (DHB) m/z: vypoéteno pro CxsHisN3™ ([M]%): 345,12605; nalezeno
345,12619.

Chromofor B12
Bu Uvedeny chromofor B12 byl syntetizovan z aldehydu B50 (64 mg;

°S™F° 0,215 mmol) a N,N-dibutylbarbiturové kyseliny DBB (62 mg:
= N\Bu

5 0,258 mmol) dle obecné metody C. Vytézek: 80 mg (71 %); tmavé

| fialova pevnad latka; Ry=0,65 (SiO2; CH2Cly); b.t. =126 °C.

Elementarni analyza: vypocteno pro C33H33N30s: C 76,28, H 6,40,

N N 8,09 %; nalezeno C 76,02, H 6,45, N 8,15 %. 'H-NMR (CDCls,

B12 400 MHz, 25 °C): 6=0,92-0,96 (m, 6H, CH3), 1,33-1,40 (m, 4H,

CHy), 1,57-1,64 (m, 4H, CH»), 3,90-3,95 (m, 4H, CH»), 6,95 (d, J = 8,8 Hz, 2H,

CHar), 7,12-7,16 (m, 6H, CHar), 7,30-7,34 (m, 4H, CHar), 7,51 (d, J = 9,2 Hz, 2H,

CHar), 7,78 ppm (s, 1H, CH). *C-NMR (CDCls, 100 MHz, 25 °C): d= 14,0, 20,36,

20,39, 30,3, 41,7, 42,2, 92,3, 113,2, 120,3, 121,7, 123,5, 125,1, 126,3, 129,9, 1354,

136,9, 146,4, 151,02, 151,08, 159,6, 161,6 ppm. FT-IR (HATR): v=2322,2164, 1654,

1559, 1400, 1268, 1165, 1050, 981, 756, 694 cm™'. HR-FT-MALDI-MS (DHB) m/z:
vypocteno pro C33H34N303™ ([M+H]"): 520,25947; nalezeno 520,25880.

Chromofor B13

Uvedeny chromofor B13 byl syntetizovan z dialdehydu B43 (150 mg; 0,628 mmol)
a malondinitrilu MDN (99 mg; 1,507 mmol) dle obecné metody C. Vytézek: 160 mg
(76 %); oranZzova pevna latka; Ry = 0,65 (SiO2; CH2CD); b.t. = 206 °C. Elementarni
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analyza: vypocteno pro C21Hi3Ns: C 75,21, H 3,91, N 20,88 %;

nalezeno C 73,93, H 3,85, N 20,31 %. 'H-NMR (CDCl3, 400 MHz,

25 °C): 0= 3,53 (s, 3H, NCH3), 7,20 (d, J=9,2 Hz, 4H, CHar),

7,63 (s, 2H, CH), 7,89 ppm (d, J = 9,2 Hz, 4H, CHar). '*C-NMR

(CDCl3, 100 MHz, 25 °C): 0= 40,3, 113,5, 114,6, 121,0, 125,6,
B13 | 133,1, 151,9, 158,1 ppm. FT-IR (HATR): v= 2215, 1571, 1504,

1358, 1195, 828, 817 cm’!. HR-FT-MALDI-MS (DHB) m/z:
vypocteno pro C21HisNs* ([M]%): 335,11655; nalezeno 335,11671.

Chromofor B14
Bu Uvedeny chromofor B14 byl syntetizovan z dialdehydu
O/\\,L/N ° B43 (150 mg; 0,628 mmol) a N,N’-dibutylbarbiturové
o o) D kyseliny DBB (362 mg; 1,507 mmol) dle obecné metody

Bu C. Surovy produkt byl pfedloZzen do 10 ml hexanu

N O N_0O ) _

\Q\I(\’T asuspenze byla refluxovdna po dobu 15 min.
B14 = ~
Bu

0 Po ochlazeni byla srazenina odfiltrovana a tento postup
¢iSténi byl jeSté jednou opakovan (odstranéni piebytku DBB). Vytézek: 200 mg
(47 %); cihlové oranzova pevna latka; Ry=0,3 (SiO2; CH2Cl); b.t. = 134 °C.
Elementarni analyza: vypocteno pro C3zoH49NsOe: C 68,50, H 7,22, N 10,24 %;
nalezeno C 68,32, H 7,24, N 10,25 %. 'H-NMR (CDCls, 400 MHz, 25 °C):
0=0,92-0,97 (m, 12H, CH3), 1,33-1,43 (m, 8H, CH»), 1,60—1,67 (m, 8H, CH>), 3,52
(s, 3H, NCH3), 3,93-3.99 (m, 8H, CH»), 7,17 (d, J = 8,8 Hz, 4H, CHar), 8,24 (d,
J=9,2 Hz, 4H, CHar), 8,46 ppm (s, 2H, CH). 3C-NMR (CDCls, 100 MHz, 25 °C):
0=13,99, 14,01, 20,38, 20,43, 30,4, 40,2, 41,9, 42,5, 115,0, 119,9, 127,1, 1373,
151,1, 151,4, 158,0, 160,9, 163,0 ppm. FT-IR (HATR): v = 2856, 2367, 1650, 1499,
1405, 1349, 1299, 1187, 1101, 975, 791 cm’'. HR-FT-MALDI-MS (DHB) m/z:
vypoéteno pro CzoHsoNsOs" ([M+H]"): 684,37556; nalezeno 684,35420.

Chromofor B15

Uvedeny chromofor B15 byl syntetizovan z dialdehydu B49 (100 mg; 0,348 mmol)
a malondinitrilu MDN (55 mg; 0,835 mmol) dle obecné metody C. Vytézek: 100 mg
(75 %); fialova pevna latka; Ry=0,7 (SiO2; CH2CL); b.t. = 182 °C. Elementarni
analyza: vypocteno pro CsHi3Ns: C 78,32, H 3,42, N 18,27 %; nalezeno C 77,10,
H 3,46, N 17,39 %. 'H-NMR (CDCl3, 400 MHz, 25 °C): d= 3,45 (s, 3H, NCH3),
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H 7,09-7,13 (m, 6H, CHar+CH), 7,54 ppm (d, J = 8,8 Hz, 4H,
A CHar). 3C-NMR (CDCl3, 100 MHz, 25 °C): = 40,2, 86,8,
f 92,0, 111,9, 113,0, 113,1, 116,9, 120,8, 1352, 141,2,
150,3 ppm. FT-IR (HATR): v=2308, 2161, 1589, 1537, 1333,

N . 1263, 1104, 999, 819 cm™'. HR-FT-MALDI-MS (DHB) m/z:
S { vypoéteno pro CpsHisNs* ([M]%): 383,11655; nalezeno
B15 TN
SN 383,11664.
Chromofor B16
Bu Uvedeny chromofor B16 byl syntetizovéin z dialdehydu B49
0sN._0
\’f (200 mg; 0,697 mmol) a N,N’-dibutylbarbiturové kyseliny
= “Bu

I o DBB (401 mg; 1,672 mmol) dle obecné metody C. Vytézek:
460 mg (90 %); fialova pevna latka; Ry = 0,4 (SiO2; CH2Cly).

Elementarni analyza: vypocteno pro Cs3Hs9Ns50s: C 70,57,

N o o H675 N957%; nalezeno C 70,40, H 6,80, N 9,75 %.
B;@\;Q(\Ksu "H-NMR (CDCl3, 500 MHz, 25 °C): 0= 0,93-0.96 (m, 12H,
CHs), 1,32-1,41 (m, 8H, CHy), 1,58-1,66 (m, 8H, CH>),

3,44 (s, 3H, NCHa), 3,92-3,95 (m, 8H, CH>»), 7,09 (d, J = 9,0 Hz, 4H, CHar), 7,63 (d,
J = 8,5 Hz, 4H, CHar), 7,79 ppm (s, 2H, CH). >*C-NMR (CDCls, 125 MHz, 25 °C):
0=13,97, 13,99, 20,35, 20,39, 30,3, 40,2, 41,8, 42,3, 91,8, 115,0, 119,9, 120,6, 124,2,
135,5, 136,7, 150,0, 150,9, 159,6, 161,4 ppm. FT-IR (HATR): v = 2150, 1663, 1543,

1397, 1339, 1294, 1181, 1047, 976, 756 cm™. HR-FT-MALDI-MS (DHB) m/z:
vypoéteno pro C43HsoNsOs" ([M+H]"): 732,37557; nalezeno 732,37580.

o

Chromofor B17
N Uvedeny chromofor B17 byl syntetizovan z dialdehydu B45 (301
Il
_ mg; 1,0 mmol) a malondinitrilu MDN (158 mg; 2,4 mmol) dle
SN

obecné metody C. Vytézek: 310 mg (78 %); cihlové oranzova

pevnd latka; Re = 0,55 (SiO2; CH2Cl); b.1. = 226 °C (lit."! = 228-
©/N 232 °C). Elementérni analyza: vypocteno pro C¢HisNs: C 78,57,
H 3,80, N 17,62 %; nalezeno C 78,54, H 3,83, N 17,59 %.
'"H-NMR (CDCl3, 400 MHz, 25 °C): 0=7,17 (d, J = 8,8 Hz, 6H,
CHar), 7,31-7,36 (m, 1H, CHar), 7,41-7,46 (m, 2H, CHar), 7,62 (s, 2H, CH),
7,83 ppm (d, J = 8,8 Hz, 4H, CHar). 3C-NMR (CDCl3, 100 MHz, 25 °C): 0= 113,5,

|
B17 NZ N
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114,5, 123,0, 126,1, 127,6, 127,7, 130,8, 132,9, 144,5, 151,5, 158,0 ppm. HR-FT-
MALDI-MS (DHB) m/z: vypocteno pro CasHisNs™ ([M]"): 397,13220; nalezeno
397,13244. Tato experimentdlni data byla ve shod¢ sdaty publikovanymi

v literatute. %19

Chromofor B18
Bu Uvedeny chromofor B18 byl syntetizovéan z dialdehydu B45
OYN ° (301 mg; 1 mmol) a N,N’-dibutylbarbiturové kyseliny DBB
2 o o (864 mg; 3,6 mmol). Obé reakéni komponenty byly

rozpustény v 15 ml CH3CN a poté byl ptidan Al,Os (1,02 g;
©/N 10,0 mmol). Reakéni smés byla michéana pti 60 °C po dobu
18 hod. Po ochlazeni byla reakéni smés zfiltrovana
N__N__arozpouStédlo bylo odpofeno. Surovy produkt byl
piedlozen do 10 ml hexanu a suspenze byla refluxovana
po dobu 15 min. Po ochlazeni byla sraZenina odfiltrovana a tento postup ¢isténi byl
jeste jednou opakovan (odstranéni piebytku DBB). Vytézek: 550 mg (74 %); Cervena
pevna latka; Rr=0,4 (SiO2; CH2Clz). Elementarni analyza: vypocteno
pro C44Hs51N50¢: C 70,85, H 6,89, N 9,39 %; nalezeno C 70,66, H 6,87, N 9,54 %.
"H-NMR (CDCl3, 400 MHz, 25 °C): 0= 0,93-0,97 (m, 12H, CH3), 1,32-1,42 (m, 8H,
CH»), 1,56-1,66 (m, 8H, CH>), 3,92-3,98 (m, 8H, CH>), 7,13 (d, J = 8,8 Hz, 4H,
CHar), 7,20 (d, J = 7,2 Hz, 2H, CHar), 7,26-7,30 (m, 1H, CHar), 7,38-7,42 (m, 2H,
CHar), 8,18 (d, J= 8,8 Hz, 4H, CHar), 8,43 ppm (s, 2H, CH). 3*C-NMR (CDCl;,
100 MHz, 25 °C): 0= 14,0, 20,38, 20,41, 30,4, 41,9, 42,6, 115,3, 122,1, 127,0, 127,6,
127,8, 130,4, 137,1, 145,0, 150,9, 151,1, 157,8, 160,9, 163,0 ppm. FT-IR (HATR):
v=2956, 2361, 1663, 1552, 1499, 1403, 1329, 1294, 1187, 1102, 993, 791 cm™.
HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro C44Hs>NsOs"™ ((M+H]"): 746,39121;
nalezeno 746,38932.

Chromofor B19

Uvedeny chromofor B19 byl syntetizovan z dialdehydu BS1 (100 mg; 0,286 mmol)
a malondinitrilu MDN (45 mg; 0,687 mmol) dle obecné metody C. Vytézek: 100 mg
(78 %); fialova pevna latka; Ry= 0,75 (SiO2; CH2Cly); b.t. = 195 °C. Elementarni
analyza: vypocteno pro C3oHisNs: C 80,88, H 3,39, N 15,72 %; nalezeno C 80,69,
H 3,40, N 15,61 %. '"H-NMR (CDCls, 400 MHz, 25 °C): d= 7,08 (d, J = 8,8 Hz, 4H,
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CHar), 7,12 (s, 2H, CH), 7,14 (d, J=7,6 Hz, 2H, CHar),
7,24-17,27 (m, 1H, CHar), 7,37-7,40 (m, 2H, CHar), 7,48 ppm

NS
I A (d, J=8,8 Hz, 4H, CHar). 3*C-NMR (CDCl3;, 125 MHz,
25°C): 6=286,7, 92,3, 111,9, 113,0, 113,9, 116,6, 123,1,
! 126,7, 127,1, 130,4, 135,1, 141,2, 145,2, 149,9 ppm. FT-IR
©/ < (HATR): v=2319, 2166, 1591, 1541, 1488, 1321, 1265,
B19 \ 1170, 1022, 830, 640 cm™'. HR-FT-MALDI-MS (DHB) m/z:
N SN vypoéteno pro CsoHisNs™ ([M]): 445,13220; nalezeno
445,13268.
Chromofor B20
Bu Uvedeny chromofor B20 byl syntetizovan z dialdehydu
OTN ° B51 (80 mg; 0.228 mmol) a N,N’-dibutylbarbiturové
NN
? o | kyseliny DBB (131 mg; 0,547 mmol) dle obecné
metody C. Vytézek: 130 mg (72 %); tmavé Cervena pevna
latka; Rr= 0,6 (SiO2; CH2Cly/aceton 50:1). Elementarni
©/N analyza: vypocteno pro C4gHs1NsO¢: C 72,61, H 6,47, N

N 8,82 %; nalezeno C 72,40, H 6,56, N 9,01 %. 'H-NMR

o o (CDCl3, 400 MHz, 25 °C): d=0,92-0,96 (m, 12H, CH3),

BU/NTOVN‘BU 1,32-1,41 (m, 8H, CHz), 1,57-1,65 (m, 8H, CHn),

3,91-3,95 (m, 8H, CHa), 7,07 (d, J = 8,4 Hz, 4H, CHar), 7,14 (d, J = 8,4 Hz, 2H,

CHar), 7,20-7,25 (m, 1H, CHar), 7,34-7,38 (m, 2H, CHar), 7,57 (d, J = 8,4 Hz, 4H,

CHar), 7,77 ppm (s, 2H, CH). 3C-NMR (CDCl3, 100 MHz, 25 °C): = 14,0, 20,35,

20,39, 30,3, 41,8, 42,3, 91,6, 115,9, 119,2, 123,1, 124.,6, 126,2, 126,9, 130,2, 135,3,

136,5, 145,6, 149,5, 150,9, 159,5, 161,4 ppm. FT-IR (HATR): v= 2324, 2161, 1662,

1549, 1397, 1268, 1174, 1049, 997, 787 cm’'. HR-FT-MALDI-MS (DHB) m/z:
vypo¢teno pro CagHsoNsOs" ([M+H]Y): 794,39121; nalezeno 794,39186.

Chromofor B21

Uvedeny chromofor B21 byl syntetizovén z trialdehydu B46 (200 mg; 0,608 mmol)
a malondinitrilu MDN (145 mg; 2,189 mmol) dle obecné metody C. Sloupcova
chromatografie byla tfikrdt opakovina (CHzCly/aceton 45:5). Vytézek: 120 mg
(42 %); oranZova pevna latka; Ry=0,4 (SiO2; CH2CL); b.t. = 218°C
(1it."¢ = 192-193 °C). Elementarni analyza: vypodéteno pro CszoH;sN7: C 76,10,
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H 3,19, N 20,71 %; nalezeno C 76,31, H 3,26, N 20,61 %.
'H-NMR (CDCl;, 400 MHz, 25°C): O0=724 (d,
J = 8,4 Hz, 6H, CHar), 7,69 (s, 3H, CH), 7,91 ppm (d,
\N\ J=8,8Hz, 6H, CHar). C-NMR (CDCl;, 100 MHz,

N
//L/Q/ 25°C): 0=113,0, 114,0, 125,1, 1279, 133,0, 150,3,

B2 | | Sy 157,7 ppm. HR-FT-MALDI-MS (DHB) m/z: vypocteno

pro C3oHsN7" ([M]"): 473,13835; nalezeno 473,13855. Tato experimentalni data byla

N

ve shodé s daty publikovanymi v literatuge,®7-194196-197
Chromofor B22
Bu Uvedeny chromofor B22 byl syntetizovan z trialdehydu
BO/TI/N \O B46 (100 mg; 0,304 mmol) a N,N’-dibutylbarbiturové
) o) kyseliny DBB (263 mg; 1,094 mmol) dle obecné metody
C. Ob¢ reak¢éni komponenty byly rozpusStény v 15 ml
N CH3CN a poté byl pridain AlO3 (460 mg; 4,5 mmol).
o M o o. I o Reakéni smés byla michana pii 60 °C po dobu 18 hod.
B“/NTOTN\B” o B“/NTOTN\B“ Po ochlazeni  byla  reakéni  smé&s  zfiltrovana

arozpoustédlo bylo odpotfeno. Surovy produkt byl
predloZen do 10 ml hexanu a suspenze byla refluxovana po dobu 15 min. Po ochlazeni
byla sraZenina odfiltrovana atento postup ciSténi byl jeSt€¢ jednou opakovéin
(odstranéni ptebytku DBB). Vytézek: 190 mg (64 %); fialova pevni latka; Rr= 0,5
(Si02; CHCly/aceton 50:1). Elementarni analyza: vypocteno pro Cs7HeoN7QOo:
C 68,72, H 6,98, N 9,84 %; nalezeno C 68,44, H 6,93, N 9,68 %. 'H-NMR (CDCl3,
500 MHz; 25 °C): 0=0,94-0,97 (m, 18H, CH3), 1,33-1,42 (m, 12H, CH>), 1,60—1,65
(m, 12H, CH»), 3,93-3,99 (m, 12H, CH>), 7,21 (d, J= 9,0 Hz, 6H, CHar), 8.18 (d,
J=8,5Hz, 6H, CHar), 8,46 ppm (s, 3H, CH). >*C-NMR (CDCls, 125 MHz, 25 °C):
0=14,0,20,38,20,41, 30,3,42,0,42,6,116,4, 124,0, 129,2, 136,7, 149,8, 151,0, 157,5,
160,7, 162,7 ppm. FT-IR (HATR): v=3332, 2932, 2304, 1660, 1495, 1402, 1323,
1269, 1181, 1102, 791, 758 cm™'. HR-FT-MALDI-MS (DHB) m/z: vypodéteno
pro Cs7H70N709" ([M+H]"): 996,52295; nalezeno 996,52909.
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Chromofor B23

Uvedeny chromofor B23 byl syntetizovan

N z trialdehydu B52 (100 mg; 0,249 mmol)

If a malondinitrilu MDN (59 mg; 0,897 mmol) dle
obecné metody C. Vytézek: 95 mg (70 %);

N
I

NZ

Cerevno-fialova pevna latka; Ry=0,7 (SiO2;

N CH>Clp). Elementarni analyza: vypocteno pro
| - v C3sHisN7: € 79,26, H 2,77, N 17,97 %; nalezeno
Y C 78,42, H 2,78, N 17,85 %. 'H-NMR (CDCls,
400 MHz, 25 °C): 0=17,12-7,16 (m, 9H, CHar+CH), 7,55 ppm (d, J = 8,8 Hz, 6H,
CHar). '*C-NMR (CDCls, 100 MHz, 25 °C): = 86,5,93,4,111,7,112,7,115,1, 115,9,
124,77, 135,2, 141,0, 148,8 ppm. HR-FT-MALDI-MS (DHB) m/z: vypocteno
pro C3sHisN7* ([M]"): 545,13835; nalezeno 545,13860. Tato experimentalni data byla

\
FZ NP
N

ve shodé s daty publikovanymi v literatuie.®’

Chromofor B24
Bu Uvedeny chromofor B24 byl syntetizovan
(6] N (0]
T z trialdehydu B52 (30mg; 0,075 mmol)
Bu” A
o a N,N’-dibutylbarbiturové kyseliny DBB (65 mg;
0,269 mmol) dle obecné metody C. Vytézek: 52 mg
(65 %); fialova pevna latka; Rf=0,55 (SiOo;
N
CHxCl/aceton  50:1). Elementarni analyza:
Z A
o I o o L o vypocteno pro Ce3HeoN7O9: C 70,83, H 6,51,
N__N. B24 N__N. N 9,18 %; nalezeno C 70,69, H 6,67, N 9,22 %.
Bu T Bu Bu T Bu
© ° '"H-NMR (CDCls, 400 MHz, 25 °C): 0= 0,92-0,96

(m, 18H, CHs), 1,32-1,42 (m, 12H, CH»), 1,57-1,66 (m, 12H, CH), 3,91-3,95 (m,
12H, CH»), 7,12 (d, J = 8,4 Hz, 6H, CHar), 7,62 (d, J = 8,8 Hz, 6H, CHar), 7,77 ppm
(s, 3H, CH). 3C-NMR (CDCls, 100 MHz, 25 °C): d= 13,95, 13,97, 20,34, 20,38, 30,3,
41,8,42,3,91,4, 117,6, 117,8, 124,5, 125,2, 135,4, 136,2, 148,5, 150,8, 159.4, 161,3
ppm. FT-IR (HATR): v = 3321, 2332, 2165, 1662, 1558, 1398, 1317, 1268, 1174,
1052, 971 cm'. HR-FT-MALDI-MS (DHB) m/z: vypoéteno pro Ce3sH7oN709"
(IM+H]"): 1068,52295; nalezeno 1068,52129.
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3. VYSLEDKY A DISKUZE

3.1 Komplexni studie elektron-akceptornich vlastnosti

vybranych derivati malonové Kkyseliny

Inspirovan svym pfedchozim vyzkumem a zaméfenim své diplomové prace,
ve které byla dokumentovéana vysoka akceptorni schopnost N,N’-dibutylbarbiturové
kyseliny, jsem se rozhodl studovat celou paletu akceptornich jednotek vychazejicich
z malonové kyseliny a rovnéZ vzajemné porovnat jejich elektron-akceptorni
schopnost. A€ Ize tuto akceptorni silu velmi hrubé odhadnout z hodnot pK,, je poné¢kud
piekvapivé, Ze do této doby nebyla vénovana takika Zadna pozornost systematickému
porovnani akceptornich vlastnosti jednotlivych derivatd malonové kyseliny
zabudovanych do struktur push-pull chromoforii. Z tohoto divodu byla navrZena
Sirokd série finalnich push-pull chromoforti s riznymi akceptornimi jednotkami
vychazejicich z malonové kyseliny a jejich strukturnich analogii. Elektron-akceptorni
sila jednotlivych akceptorii byla pak zkouména dostupnymi experimentalnimi
metodami  (rentgenostrukturni analyzou, diferencni skenovaci kalorimetrii,
elektrochemickymi méfenimi a UV-Vis absorpcni spektroskopii), jakoz i teoretickymi
DFT kalkulacemi. Na zdkladé zméfenych a vypoctenych dat budou nasledné
diskutovany a objasnény vztahy mezi strukturou chromoforu a jeho elektrooptickym

chovanim.

3.1.1 Design a syntéza cilovych push-pull chromoforu (1. série)

Ke studiu elektron-akceptornich vlastnosti bylo vyuZito centralniho
2-(N-piperidinyl)thiofenu (PIT). Jedna se o maly donorni D-Ttsystém, ktery je vhodny
pravé pro studium D-A interakci. Navic ho 1ze velmi snadno syntetizovat a rovnéz
organickych rozpoustédel. Celkové bylo tedy navrZzeno a ptipraveno 32 modelovych
PIT chromoforii se systematicky obménovanymi perifernimi akceptory odvozenymi
od kyseliny malonové. Dalsi ladéni optoelektronickych vlastnosti chromoford bylo
dosazeno jak modifikaci délky Tesystému tak i1 jeho konstitu¢nim uspofadanim (jedna
vs. dvé akceptorni jednotky; linedrni vs. vétvené uspotfadani). Jako akceptorni
prekurzory zkoumanych derivati malonové kyseliny byly konkrétné vyuZity: kyselina

kyanoctova, malondinitril, diethyl-malonit, Meldrumova kyselina
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a N,N'-dibutyl(thio)barbiturovd kyselina. Kromé& téchto Sesti pifimych derivath
zahrnuje pfipravend série molekul i chromofory nesouci strukturni analogy malonové
kyseliny, konkrétn¢ 5-dimethylcyklohexan-1,3-dion (dimedon) a indan-1,3-dion.
Zatimco dimedon, reprezentujici analog Meldrumovy kyseliny, je velmi vzacnym
akceptorem v organické (opto)elektronice, indan-1,3-dion zabudovany v push-pull
chromoforech jiz n&kolik dekéad potvrzuje své velmi vysoké akceptorni vlastnosti.!*®
Tato dvé komeréné dostupnd 1,3-diketo analoga byla vybrana pro uceleni celé
studované série, pomahajici k lepSimu objasnéni strukturnich vlivii ovliviujici silu
akceptornich jednotek. Obecné struktury vSech 32 chromofori jsou zpiehlednény

na Obrdzku 44.
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Obrazek 44 — Cilové linedrni/vétvené push-pull chromofory s osmi akceptornimi jednotkami na bdzi
malonové kyseliny.

Podle strukturdlnich prvkiti mohou byt vSechny cilové chromofory A1—A8 rozdéleny
do &ty podsérii a—d. Cislo chromoforu uréuje typ akceptoru: 1 = CAA (kyanoctové
kys.), 2 = MDN (malondinitril), 3 = DEM (diethyl-malonéat), 4 = MEL (Meldrumova
kys.), 5§ = DMD (dimedon), 6 = DBB (N,N’-dibutylbarbiturova kys.) , 7 = DBTB
(N,N’-dibutyl-2-thiobarbiturova kys.) a 8 = IND (indan-1,3-dion). Oznaceni a—d
oznacuje délku Temustku (ethenylen v sérii a a ¢, but-1,3-dienylen v sérii b a d),

jakoz i stupeni vétveni (linearni a a b, rozvétveny ¢ a d).

Syntetickd strategie vedouci k findlnim chromofortim zahrnuje vlastni piipravu
2-(N-piperidinyl)thiofenu, jeho modifikaci a zavedeni ethenylenovych spojek
a aldehydickych skupin, které pak v zavére€ném kroku slouzi jako reak¢ni partner

pfi Knoevenagelovych kondenzacich s osmi akceptornimi prekurzory. Tyto
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prekurzory jsou prevazn€ komeréné dostupné, jmenovité kyselina kyanoctova,
malondinitril, diethyl-malonat, Meldrumova kyselina, dimedon a indan-1,3-dion.
Zbyvajici N,N'-dibutylbarbiturovd kyselina DBB byla syntetizoviana kysele
katalyzovanou kondenzaci N,N'-dibutylmoc€oviny 134 s malonovou kyselinou 7 v 91%
vytézku.  N,N'-dibutyl-2-thiobarbiturovd kyselina DBTB byla pfipravena
z odpovidajici thiomoCoviny 136, kterd naopak podléhala bazicky katalyzované

kondenzaci s diethyl-malonatem ve vytézku 40 % (Schéma 16).

HOOC._ COOH 0
.0 CH,Cl, 0 7 Bu. I _Bu
Bu—NH, + BuU~C — >  Bu. )J\ _Bu N N
u=NH; N 0-25°C N" °N M
> H H 1. AcOH, Ac,0 o o)
132 133 99 % 134 90°C, 5h
o 2.25°C,12h DBEB
91 %
s EtOOC.__COOEt 3
_S CH.Cl, TN J\ -Bu
Bu—NH, + Bu\N/,C W Bu\N)J\N,Bu DEM
T H H 1. EtONa, EtOH OMO
132 135 99 % reflux 48 h
b 136 2. HCI, H,0 DBTB
40 %

Schéma 16 — Syntéza N,N'-dibutylbarbiturové DBB a N,N'-dibutyl-2-thiobarbiturové kyseliny DBTB.

1. n-BuLi, THF, 78 °C, 1 h
Hs_ S . O toluen C\N s 2.DMF,20°C,0,5h o}
AW N reflux T ) aHClLosh N \S/ )
A0 A1 53 % 4. NaoH

A12 A9a
66 %
1. n-BuLi, THF, -78 °C, 1 h
2. \T/Mo, 20 OC, 1h C\
A13 S
N
A12 \W
3.HCI,0.5h o)
4. NaOH A%b

67 %

1. DMF, 0 °C

C /o 1. NaH, THF, 20 °C, 16 h C\ S
o S N N\
2. POCl; 50 °C, 0,5 h N 0 i
A12 ’ \ / [ >— Br )/
o}
\
0

3. N82CO3V Hgo P\+_Bu
A4 Bu Bu

/ -

A9c

68 % 2.HCI, THF, 20°C, 1h

A9d
74 %

o/

Schéma 17 — Syntéza PIT aldehydi: A9ad.
Na Schématu 17 je zndzornéna jak pfiprava centradlniho 2-(N-piperidinyl)thiofenu
A12, ziskaného vzijemnou reakci thiofen-2-thiolu A10 a piperidinu A11, tak i syntéza
Ctyt strategickych PIT aldehydt. Piima lithiace PITu A12 pomoci n-BuLi pii =78 °C
anasledna reakce organolithného intermediatu s DMF poskytla fundamentalni linearni
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DEM | CH,CN/piperidin
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A1b (n=1),38 % A2b( =1), 74 % A3b (n=1),77 % Adb (n=1),25%
S
% W;H W;H :
A5a (n=0), 40 % A6a (n=0), 62 % N« A7a (n=0), 58 % N A8a (n =0), 70 %
A5b (n=1), 44 % ABb (n=1), 56 % B A7b (n=1), 57 %y A8b (n=1),51%

Adc (n=0), 13 %

Alc (n=0),81% A2¢ (n=0), 82 %
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Ald (n=1),68 % A2d (n=1),65% A3d ) 54 %

0O  ASc(n=0.38% j( “Bu Ac (n=0),67% g \WN‘BU A7c (n=0), 63 %
7< A5d (n=1),87% BU A6d (n -1)88% A7d (n=1),81%

Schéma 18 — Knoevenagelova kondenzace ]ako findlni krok poskytujici ucelenou sérii
chromoforii.

aldehyd A9a v 66% vytéZku. Analogickd reakcni sekvence, ve které byl DMF
nahrazen 3-(N,N-dimethylamino)akroleinem A13, poskytla prodlouzeny aldehyd A9b
ve srovnatelném 67% vytéZku. PIT A12 rovnéz podléhal piimé Vilsmeierové-
Haackové formylaci, ktera vyuzivd DMF/POCI;3 reakéniho systému. Touto reakéni
cestou byl izolovdn pouze dialdehyd A9c bez ohledu na pouZité mnoZstvi
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DMF/POCl;, coZ bylo v rozporu s literaturou.'®®!” Tato dvojnisobni formylace
poskytovala slou¢eninu A9c v uspokojivém vytézku 68 %. Naopak vSechny pokusy
provést podobnou formylaci s akroleinem A13 vedly k velmi exotermni reakci
arozkladu reakéni smeési. Proto byl prodlouzeny a vétveny dialdehyd A9d ziskan
alternativni dvojnasobnou Wittigovou olefinaci vychézejici pravé z dialdehydu A9c,
jehoz Tesystém byl prodlouzen pomoci komeréné dostupné fosfoniové soli Al4.
Nasledn4 hydrolyza vzniklého diacetalového meziproduktu poskytla slou¢eninu A9d
v ptiznivém 74% vytézku.

Ctyfi ptipravené PIT aldehydy A9a—d pak v poslednim syntetickém kroku slouZily
jako reakcni partnefi pro Knoevenagelovy kondenzace sosmi vySe uvedenymi
derivaty malonové kyseliny (Schéma 18). Vzhledem k tomu, Ze jednotlivé malonové
derivaty vykazuji riiznou nukleofilitu/bazicitu a rovnéz aldehydy A9a—d maji odliSnou
reaktivitu/elektrofilitu, byly reak¢éni podminky finilnich kondenzaci optimalizovany.
P#i nékterych reakcich byl obecné& dobie funguijici heterogenni katalyzitor Al,O3!”°
(zvySovani elektrofility aldehydické skupiny — oxygenofilita Al) nahrazen piperidinem
(baze — zvySovani nukleofility derivati malonové kyseliny). Knoevenagelovy
kondenzace aldehydli A9a-d s vlastni malonovou kyselinou 7 poskytly naprosto
nerozpustné  slouceniny, které nebylo ~moZno  podrobit  separa¢nim
ani charakterizanim metoddm. Konkrétni reakéni podminky pro jednotlivé
chromofory jsou uvedeny v experimentdlni ¢asti v kapitole 2.3.3. Dosazené vytézky
pak nevykazuji Zadné zfetelné trendy, spiSe ptedstavuji prinik acidobazickych

vlastnosti vychozich materidli a pouZité separacni techniky.

3.1.2 Rentgenostrukturni analyza

Krystal vhodny pro rentgenovou analyzu byl ziskdn pomalou diftizi hexanu
do dichlormethanového roztoku krystalované slou€eniny. Timto postupem bylo
ziskano deveét krystaltt métitelnych RTG analyzou, konkrétné krystaly vSech Ctyt PIT
aldehydi A9a—d, jakoz i cilovych chromoforti A2c, A4a, ASb a A8a—b. ORTEP
diagramy vSech analyzovanych sloucenin jsou zobrazeny na Obrdzcich 45—46. Tyto
diagramy zcela potvrzuji navrZené molekularni struktury a usporadani konkrétniho
aldehydu/chromoforu v pevném stavu. ORPEP diagram aldehydu A9c¢ (Obrdzek 45¢)
dale potvrzuje, Ze pozorovand dvojnidsobna Vilsmeierova-Haackova formylace

skute¢né probiha selektivné na pozicich C3 a C5 thiofenového kruhu.

125



VYSLEDKY A DISKUZE

Obrazek 45 - ORTEP diagramy PIT aldehydii A9a (a), A9b (b), A9c (c) a A9d (d). Termdlni elipsoidy
jsou zobrazeny s 50% pravdépodobnosti (150 K, R = 0,14, 0,03, 0,03 a 0,04).

Obrazek 46 - ORTEP diagramy findlnich chromoforit A2¢ (a), A4a (b), A5b (c), A8a (d) a A8b (e).
Termdlni elipsoidy jsou zobrazeny s 50% pravdépodobnosti (150 K, R = 0,04, 0,05, 0,05, 0,03 a 0,04).
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Akceptorové jednotky odvozené od malonové kyseliny jsou v chromoforech
A2c (MDN), Ada (DMD), A5b (MEL) a A8a—b (IND) tém¢r dokonale rovnob¢zné
s centrdlnim thiofenovym kruhem. Bez ohledu na délku pouZitého TEmustku
(ethenylen nebo but-1,3-dienylen) nepiesahuji dihedrdlni uhly mezi témito dvéma
castmi 10 ° (standardné¢ 1-3 °). Tato planarita chromoforu umozZnuje efektivni
prekryvani Teelektronovych mrakl v celém konjugovaném systému a usnadiiuje ICT
mezi donorem a akceptorem. Rozvétveni chromoforu (Obrdzek 46a) zptisobuje pouze
nepatrné vytoceni piperidinového kruhu v disledku jeho interakce s pfilehlou
akceptorni vétvi (v pozici C3). Piperidinovy zbytek se pak nachazi v Zidlickové
konformaci.

Na zaklad¢é RTG dat byly dale pozorovany zmény ve vzdalenostech C—C vazeb
v thiofenovém kruhu, a to v rozmezi od typické dvojné C=C vazby (1,34 A)
az priblizné k 1,42 A. Toto prodluZovéni vazeb v centralnim thiofenovém cyklu mize
byt vyuzito k vypoctu rozsahu ICT pomoci parametru BLA (viz kapitola 1.2). Jeho
chinoidni charakter/aromaticita pak miZe byt snadno vyjadiena tzv. Birdovym
indexem I5.!”” Zatimco Birdiv index nesubstituovaného thiofenu se rovni 66,
thiofenové kruhy v chromoforech A2¢, A4a, ASb a A8a—b maji hodnoty indexu Is
vrozmezi od 59 do 63. To znamena mensi aromaticitu a vyssi chinoidni charakter
centralnich thiofenovych cykll, ¢imz je prokazéan efektivni vnitini pfenos naboje.

V dutsledku rozsahlého vrstveni molekul (tzv. TeTT stacking) podporovaného
cetnymi vzdjemnymi nekovalentnimi interakcemi, napf. C-H:--X (elektronegativni
atom) dochéazi k tvorbé nadmolekularniho usporadani chromofortt A2¢, Ad4a, ASb

a A8a—b v podobé¢ 2D tazenych soubort molekul.

3.1.3 Termalni vlastnosti

Tepelné chovani slou¢enin A1-A8 bylo studovano pomoci diferen¢ni skenovaci
kalorimetrie (DSC). Na Obrdzku 47 jsou ukazany reprezentativni termogramy
cilovych chromofortt A7a—d (DBTB chromofory), zatimco v Tabulce 18 jsou uvedeny
vSechny naméiené teploty tani (7;) a tepelnych rozkladl (74). Naméiené teploty tani
se pohybuji vrozmezi od 62 do 261 ° C, teploty dekompozice pak lezi mezi
171 a303 ° C.

Vsechny linearni chromofory v sérii a vykazovaly velmi ostré endotermické

piky tani vyjma slouceniny Ala s CAA akceptorem a chromoforu A3a (DEM derivat),
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jez je viskdznim olejem rozkladajicim se az pfti teploté 269 ° C. U molekul A4a a A7a
byly krétce po roztaveni pozorovany exotermni rozkladné d¢je, zatimco chromofory
Ala, A2a, ASa, A6a a A8a byly v kapalné fazi stabilni dal$ich 40 az 150 °C nad jejich
teplotou tani. S vyjimkou slouceniny A3b s DEM akceptorem (7; = 62 ° C) byly
u ostatnich linearnich prodlouZenych chromofora v sérii b nalezeny velmi ostré piky
tani (T: = 155-213 ° C), které u vzorki A4b (DMD), ASb (MEL), A7b (DBTB) a A8b
(IND) okamzité ptechéazely v rozkladné exotermy. Zbylé slouceniny A1b—A3b a A6b
vykazovaly jistou stabilitu v kapalné fazi. U cilovych rozvétvenych chromofort
v sériich ¢ a d bylo pozorovano komplexni tepelné chovani. U sloucenin A2¢ (MDN)
a A6c (DBB) byly detekovany ostré oblasti tani, po nichz dochazelo k velmi pozvolné
dekompozici vzorkl. Naopak procesy tani u vétvenych chromofortt Adc (DMD), ASc
(MEL), A7c (DBTB) a A8c (IND) bezprosttedné piechazely v exotermni rozkladné
déje. Pro vétSinu sloucenin v sérii ¢ bylo pozoroviano né€kolik po sobé& jdoucich
dekompozi¢nich procesii. Olejovita sloucenina A3c vykazovala podobné tepelné
chovani jako linearni DEM analog A3a. Zatimco vzorky vétvenych prodlouZenych
chromofort A2d (MDN) a A5Sd (MEL) byly rozloZeny ihned po jejich roztaveni,
molekuly A6d (DBB) a zvlast€¢ A3d (DEM) byly naopak stabilni i v kapalné fazi.
Zbylé chromofory ze série d (Ald, A4d, A7d a A8d) byly pii zahtivani pouze
rozlozeny (pfimd dekompozice v pevné fazi). Desorpce zbytkovych/krystalickych
rozpouStédel byla pozorovdna u slouCenin Alb, Alc, Ald, ASb, A6d a AS8d.
U vétvenych sloucenin ASc¢ (MEL) a A6d (DBB) byly navic pozorovany tzv.
polymorfni ,,solid-solid* ptechody pfi teplotach 125 a 140 °C.
Z naméienych tepelnych vlastnosti vSech cilovych chromoforti miizeme odvodit
tyto obecné zavery:
* Prodlouzeni rekonjugovaného systému o vloZenou dvojnou vazbu/y sniZuje
teplotu rozkladu 74 (napf. linearni fada b vs. a; Obrdzek 47).
e Namétené hodnoty 7q v sérii ¢ a d jsou velmi blizké (ATq = 5-40 °C)
pro dvojice sloucenin se stejnymi akceptory (Obrdzek 47).
* Obecné plati, Ze linearni slou¢eniny Ala—8a a A1b—8b vykazovaly vzdy
ostré piky tani, zatimco rozvétvené chromofory Alc—8c a A1d—8d casto
podléhaly dalSim tepelnym procesim nebo se rozkladaly piimo

bez ptedchoziho roztaveni.
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* NejniZsi teploty tani byly stanoveny pro chromofory A3b (62 ° C) a A3d
(123 °C) s DEM akceptorem obsahujicim ethylové alifatické fetézce. Obecné
plati, Ze alkylové fetézce brani krystalizaci chromoforti a vyznamné ovliviiuji
teplotu tani.

e AvSak slouceniny zakonCené perifernimi DEM akceptory (A3a—d)
vykazovaly primérné nejvyssi tepelnou stabilitu/robustnost (prumérné
nejvyssi Tq). Podobné slouceniny s CAA, MDN a IND akceptornimi
jednotkami (Ala—d, A2a—-d a A8a—-d) vyrazn€ odolavaly tepelnému
rozkladu.

e MEL-substituované chromofory ASa—d prokazaly vyssi tepelnou stabilitu
ve srovnani se strukturalné podobnymi DMD-molekulami A4a-d (vliv
heteroatomu kysliku).

e Vliv pfitomného chalkogenu pak hraje roli v pifipad¢ (thio)barbiturovych
derivatti A6a—d (DBB) a A7a—d (DBTB). Atom siry u DBTB-derivata
obecné zpusobuje zvyseni teploty tani a naopak pokles dekompozicni teploty
ve srovnani s DBB-analogy, jez maji pfitomny atom kysliku na vrcholu

barbiturového kruhu.

A7d

A - /\‘X
I N

Tepelny tok (Wg™)

920 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Teplota (°C)

Obrazek 47 - Reprezentativni DSC krivky chromoforit A7a—d (DBTB derivdty)
stanoveny skenovaci rychlosti 3 °C/min pod inertni atmosférou N,.

Vv,

S ohledem na vySe uvedené zavéry byly nejvyssi teploty tani a rozkladu pozorovany
pro chromofory A2d (T4 = 261 ° C) a A2a (Tq = 303 ° C) zakoncené perifernimi

akceptornimi jednotkami na bazi malondinitrilu MDN (maly akceptor s pfitomnymi
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heteroatomy dusiku, bez alifatickych fetézci — kombinace zarucujici tepelnou

robustnost).

3.1.4 Elektrochemicka méreni

Elektrochemicka métfeni chromoforti A1—A8 byla realizovana pomoci cyklické
voltametrie (CV) a rotani diskové voltametrie (RDV) dle postupu uvedeném
v kapitole 2.1. Pracovni elektrodou byla sklenénd uhlikova diskova elektroda.
VSechny zméifené elektrochemické oxidacni a redukéni potencidly jsou vztaZeny
k referencni kalomelové SCE elektrod¢ a tato data jsou prehledné sumarizovéana
v Tabulce 18. Chromofory Ala—d s perifernimi kyanakrylovymi CAA akceptory
nebylo moZzné zméfit uvedenymi elektrochemickymi technikami pravdépodobné kvili
vysoké kyselosti karboxylovych skupin.

Hodnoty pilvlnovych potencialti E1, prvni oxidace a redukce byly zaznamenany
v rozmezi Eipeoxy = 0,53-1,15 V, respektive Eingeary = —1,63 az —0,52 V. Prvni
oxidace i redukce jsou typickymi jednoelektronovymi procesy, které jsou nasledovany
dal$imi oxida¢nimi a redukénimi déji. Hodnoty téchto potencialll jsou pak bezesporu
piimo ovliviiovany: a) typem pouzité akceptorni jednotky, b) délkou
Ttkonjugovaného mustku, C) celkovym prostorovym usporadanim
chromoforu/poctem akceptornich jednotek (linearni vs. vétvené uspotadani); viz
Tabulka 18. Zatimco proces prvni oxidace probihd s nejvétsi pravdépodobnosti
na donorni PIT ¢asti molekuly, prvni redukce je naopak situoviana na daném akceptoru,
pfipadné na pfilehlém Temulstku. VSechny odectené pilvinové potencidly prvni
oxidace aredukce byly nasledné prepocitiny na hodnoty energii limitnich HOMO
aLUMO orbitald (Euomorumo).>”’ Dile budou diskutovany jiZ pouze tyto
rekalkulované hodnoty (jakoz i jejich rozdil AE), nebot’ se lépe vztahuji napf.
ke kalkulovanym DFT energiim a tim pfispivaji k vyssi piehlednosti a srozumitelnosti
diskutovanych zavéri.

Obecnym trendem, patrnym z obdrzenych elektrochemickych dat, je postupné
sniZzovani hodnot Exomo v poradi sériib — d — a — c. Lze tedy tvrdit, Ze prodlouZeni
Temustku o vloZené ethenylenové spojky nejvyraznéji posunuje HOMO udrovné
chromofort ke kladngj$im hodnotdm (b vs. a nebo d vs. ¢). Prostorové vétveni
chromoforu/navyseni poctu akceptornich jednotek ma opacny efekt a naopak déle
sniZuje hodnoty Exomo (¢ vs. a nebo d vs. b). Chromofory A2/A3 nesouci MDN/DEM
akceptory pak disponuji  nejniZs$i/nejvySsi  primérnou udrovni HOMO.
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Pokud se nyni zamétime na LUMO, tak hodnoty energii téchto orbitali ELumo obecné
klesaji v pofadia - b - ¢ — d. Na rozdil od irovni HOMO jsou Erumo posunuty
k zaporn€jSim hodnotam, a to jak pfi rozSifeni Tesystému tak 1 vétvenim chromoforu.
Nejniz§i/nejvyssi primérné hodnoty Erumo byly proto stanoveny u chromofortt A7/A3
s DBTB/DEM akceptornimi jednotkami. ProtoZe je prvni redukce (a tim 1 LUMO)
lokalizovana na akceptornich castech chromofori A1-AS8, Ize tyto jednotlivé
akceptorni jednotky setadit dle primérnych hodnot energii Erumo nasledovné: DEM
<DMD < MDN < MEL < DBB <IND < DBTB.

Rozdil mezi prvnimi oxida¢nimi a redukénimi potencidly/hladinami HOMO
a LUMO (tzv. elektrochemicky rozdil AE) ptedstavuje piimy zpiisob vyhodnocovani
rozsahu ICT napfi¢ vSemi chromofory jakoZz i akceptornimi jednotkami. K prehledné
vizualizaci tohoto rozsahu ICT a porovnani akceptorni sily jednotlivych skupin mtize
slouzit energeticky diagram pramérnych hodnot Enomorumo pro dany kvartet
chromoforii se stejnou akceptorni jednotkou, jez je zndzornén na Obrdzku 48.
Vzhledem k tomu, Ze elektron-donorni ¢ast (PIT) zistala ve vSech chromoforech
nezménéna, lze pozorované zmény v hodnotach Enomorumo prisoudit nasledujicim
strukturadlnim zménam:

A3 A1 A2 A5 A4 A6 A8 A7
DEM CAA MDN MEL DMD DBB |IND DBTB

2.2 —
2.7 : — : —
_ — . = LUMO
- : — — — :
9 s SR ¥ Pl —
5 37 L SR
3 : L P b P
(@] ™ © e - SR e S - HR e BT, T e S - i
=421 S 0§ 23 B3 88 8% EF EE
T ; b D b o
a7 I 1
R N I S I
5.2 ‘ s mmm T T
57 ; - — === HOMO
| E
6.2 —

Obrazek 48 — Energeticky diagram pfehledné vizualizujici primérné hodnoty elektrochemickych
(¢ernd) a DFT kalkulovanych (Cervend) energii Enomosumo pro konkrétni série chromoforti
s akceptornimi jednotkami na bazi malonové kyseliny.
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* Prodlouzeni Trkonjugovaného systému (ethenylenové spojka) vZdy sniZuje
elektrochemicky rozdil AE.

* Vétveni chromoforu rovnéZ snizuje rozdil mezi HOMO a LUMO hladinami.
Tento efekt je obzvlaste patrny, pokud dochazi k navySeni poctu akceptornich
jednotek u neprodlouzenych sérii chromoforii (od linedrni série a
k rozvétvené tad¢ c), u chromoforii s ethenylenovymi mustky (série b a d)
spiSe dominuje vliv rozsiteni TEsystému nad strukturdlnim vétvenim.

* Nejzasadnéjsi vsak je, Ze velikost HOMO-LUMO rozdilu je u chromofort
A1-A8 dana elektron-akceptorni silou pouZzitych malonovych jednotek
ptipojenych k PIT donoru. Podle klesajicich primérnych hodnot AE 1ze tedy
jednotlivé akceptorni jednotky sefadit nasledovné: DEM < MDN < MEL
< DMD < DBB < IND < DBTB (viz Obrdzek 48).

Chromofory A7d (1,37 e¢V), A8b a A8d (oba 1,49 eV) nesouci DBTB a IND
akceptorové jednotky vykazovaly tedy nejnizsi rozdil limitnich hladin AE. Naopak
nejvice vzdalené HOMO-LUMO hladiny byly detekovany u molekul A3a (2,35 eV)
aA3c (2,41 eV), které jsou zakoncené slabymi DEM akceptory.

3.1.5 Absorpcni spektroskopie

Vsechny cilové chromofory A1—AS8 jsou intenzivné barvené pevné latky nebo
oleje (A3a, A3c) s barvou prechéazejici od Zluté po modrou. Ve vétSin¢ piipada
nevykazuji tyto chromofory Zadné emisni chovani. Proto byly optické absorpcni
vlastnosti vSech sloucenin A1—-A8 zkoumany pomoci UV-Vis spektroskopie.
Absorpéni maxima Amax nejdlouhovingjSich absorpénich pasu (tzv. CT-past, z angl.
charge transfer), jakoZz i ptislusné hodnoty molarnich absorp¢nich koeficientll &nax
jsou uvedena v Tabulce 18. Reprezentativni absorpéni spektra chromoforit A6éa—d
a A1b—AS8b jsou znidzornéna na Obrdzku 49. Absorpéni maxima CT-pasu se u vSech
chromoforii A1-A8 pohybovala v rozmezi 386 azZ 656 nm, ¢emuZz odpovidaly hodnoty
&nax = 15-175%10° M.cm™!.

Linearni chromofory v sériich a a b vykazuji vZdy jeden prosty CT-pés, zatimco
spektra rozvétvenych molekul (¢ a d) jsou charakterizovana dvéma vice ¢i méné
rozvinutymi CT-pasy (Obrdzek 49a). Kvadrupolarni povaha strukturdlné vétvenych
chromofort se tak odraZi ve zdvojenych absorp¢nich pasech, jeZ jsou projevem dvou

moznych konjugovanych cest mezi centralnim PIT donorem a danymi akceptornimi
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Tabulka 18 — Shrnuté termdlni, elektrochemické a UV-Vis absorpcni vlastnosti chromoforii A1-A8

Slout. T Ta® Eipoxy®  Eizgean'® AE  Epomo!®  Evumo!® Amax™ 1 Emax? <1031
0 (O V) V) (eV) (eV) (eV) (mm/eV)  (M'-em™)
la 130 205 el el _ _ _ ;‘5396/22:7%‘;] 4255’39’5[3}]]
2a 143 303 0,951 -1,29 2,24 -5,30 -3,06 464/2,67 579
3a - 269 0,72 -1,63 2,35 =5,07 -2,72 430/2,88 36,1
4a 205 217 0,83 -1,36 2,19 -5,18 -2,99 488/2,54 81,4
Sa 184 232 0,94l -1,3014 2,24 -5,29 -3,05 468/2,65 90,5
6a 172 251 0,881l -1,28Md 2,16 =5,23 -3,07 486/2,55 81,6
7a 216 231 0,94l -1,151 2,09 -5,29 -3,20 508/2,44 120,8
8a 182 243 0,80 -1,2114 2,01 =5,15 -3,14 515/2,41 105,1
L e e
2b 155 254 0,67 -1,02 1,69 -5,02 -3,33 551/2,25 73,3
3b 62 258 0,53 -1,33 1,86 -4,88 -3,02 466/2,66 35,2
4b 169 179 0,59 -1,03 1,62 -4,94 -3,32 594/2,09 109,8
5b 213 218 0,67 -0,96 1,63 -5,02 -3,39 572/2,17 142,1
6b 148 207 0,64 -0,95 1,59 -4,99 -3,40 592/2,09 142,1
7b 175 186 0,69 -0,82 1,51 -5,04 -3,53 614/2,02 174,9
8b 204 215 0,56l —-0,93 1,49 -4,91 -3,42 619/2,00 123,0
e T
2¢ 215 222 1,24 -0,92 2,16 -5,59 -3,43 472/2,63 30,3
3c - 298 0,964 -1,4514 2,41 =5,31 -2,90 386/3,21 28,3
4c 204 209 0,97 -1,02 1,99 -5,32 -3,33 497/2,49 42,7
Sc 199 205 1,151 -0,90d! 2,05 -5,50 -3,45 4717/2,60 41,1
6¢ 127 171 1,041 -0,90 1,94 -5,39 -3,45 527/2,35 394
Tc 172 179 1,091 -0,65 1,74 =5,44 =-3,70 519/2,39 87,9
8c 243 254 1,00 -0,85 1,85 -5,35 -3,50 556/2,23 48,3
W T e
2d 261 264 0,85 -0,85 1,70 =5,20 -3,50 522/2,38 36,8
3d 123 286 0,71 -1,21 1,92 -5,06 -3,14 423/2,93 37,1
4d - 214 0,76 -0,85 1,61 =5,11 -3,50 583/2,13 29,2
5d 235 244 0,85 -0,75 1,60 =5,20 -3,60 579/2,14 47,8
6d 178 212 0,79 -0,75 1,54 -5,14 -3,60 598/2,07 54,8
7d - 184 0,85 -0,52 1,37 -5,20 -3,83 656/1,89 68,0
8d - 242 0,75 -0,74 1,49 -5,10 -3,61 585/2,12 432

[al 7, = bod tan{ (prisecik mezi z4kl. linif a tangentou daného termalniho piku = oneset). 1! Ty = teplota
rozkladu (pyrolyza v atmosféie N»). [ E1p0x1) @ E12rear) = plilvinové potencidly prvni oxidace a redukce
vztazené k referenéni SCE elektrod§; AE = Eipexi)— Eipeean. @ Reverzibilni  proces.
lel _EHOMO/LUMO = E1/2(0x1/red1) + 4,429 (RefQOO). (] Me¢éfeno v roztoku CH3OH/CH2C12 24:1 pf'i koncentraci
107 M. [&! Nemétitelné. (" Do méfenych roztokl ptidano 5 pl ledové AcOH.
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skupinami. Podle Frenkelova excitonového modelu je excitovany stav kvadrupolarni
molekuly rozdélen na dvé pasma, kterd jsou energeticky umisténa na +V a -V
urovnich (V specifikuje miru interakce mezi jednotlivymi vétvemi, tzv. ,,inter-branch
coupling®) vzhledem k excitovanému stavu ptivodni linedrni/dipolarni molekuly.?!
Pro kvadrupolarni rozvétvené molekuly jsou ptrechody uvniti obou pasem povoleny
a je mozZno je pozorovat, naceZ pas leZici na energeticky nizsi hladin€ disponuje vyssi
oscilujici silou (VEt$i &max). To je také piipad linearnich/vétvenych DBB-chromofort
A6a/A6¢c a A6b/A6d (Obrdzek 49a). Naptiklad sloucenina A6éa ma jediny CT-pés
S Amax =486 nm a &nax = 81,6x10° Ml.cm’!, zatimco absorpéni spektrum jeho
vétveného analogu A6¢ disponuje dvéma pasy s maximy Amax = 428 a 527 nm
(Emax =243 a 39,4x10° M'l-cm™). Obrdzek 49a také jasn& demonstruje vliv
prodlouZeni T-konjugovaného systému. Pfi pfechodu od molekuly A6éa k A6b nebo
od A6c na A6d (vkladani jedné dvojné vazby do kazdé vétve) se polohy
nejdlouhovingjSich absorpénich maxim posunuji bathochromné o AAmax = 106

respektive 71 nm.

a)

b
| | | | I ) I | | |
A
120000 f=  mmmm ga - 150000 = === 1b(CCA) .
6b - —— 2b(MDN)
3b
100000 = ~ =wmmmm 6C _ g — (DEM)
— 6d o 120000 f= 4b (DMD) -
S 5b (MEL)
80000 f= - o b (DBE)
E 90000 [= o 7b (DBTR) =
60000 f= - © m— 8h (IND)
60000 f=
40000 f= -
30000 f=
20000 = -
0 = . 0=
| | | | | | | | |
350 450 550 650 750 350 450 550 650
Alnm Alnm

Obrazek 49 — Reprezentativni UV-Vis absorpcni spektra DBB-chromoforit A6a—d (a) a sloucenin
Alb-A8d (b) v roztocich CH;OH/CH>Cl, (24:1) p#i koncentraci 1x10° M.

V elektronovych absorpcnich spektrech 1ze nalézt trendy analogické tém, které
byly diskutovany na zakladé elektrochemickych méfeni (viz kap. 3.1.4). Jak 1ze tedy
ocekavat, prodlouzeni Trkonjugované cesty vede ke snizeni optického rozdilu
(1240/ Amax) u daného chromoforu, viz Tabulka 18. Naopak vliv strukturalniho vétveni
na optické vlastnosti chromoforu nelze jednozna¢né posoudit, nebot’ byly pro dané

dvojice chromofort (linearni vs. vétvené) pozorovany jak bathochromni tak i slabé
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hypsochromni posuny jejich CT-past (Tabulka 18). Avsak dle ocekavani byly volbou
pouzité akceptorni jednotky nejvyraznéji ovliviiovany optické absorp¢ni vlastnosti
chromofori. A1-A8. Systematickou nihradou DEM-skupiny napt. v A3b
(Amax = 466 nm) za DBTB nebo IND-akceptor bylo mozno posunout hodnotu Amax
k 614 nm (A7b) respektive az na 619 nm (A8b); Aldmax ~ 150 nm, viz Obrdzek 49b).
Sprivna volba pouZitého akceptoru tedy umoziiuje ladéni optického rozdilu
az o piiblizn€ 0,7 eV. Tento fakt je pfehledné vizualizovan na Obrdzku 50. Na zaklad¢
prumé&rnych hodnot optickych rozdili odvozenych z absorpénich maxim Amax 1ze opét
porovnat elektron-akceptorni schopnost vSech pouzitych derivati malonové kyseliny.
Nésledujici poradi akceptorii je shodné s tim, uvedenym v kapitole 3.1.4 (velmi tésna

vzéjemna korelace optického a elektrochemického rozdilu je uvedena v Priloze 1):

DEM < CAA <MDN <MEL <DMD <DBB < IND < DBTB.

w

> A3
= DEM A1
g 29 = cAA
.-g —
S
S 281
o
2,7 1 Al
CAA*
2,6 —
A2
2,5 1 MDN
a5
2,4
I MEL L,
DMD A6
2,3 1 === BB
— A8 A7
2,2 | JND pBTB
—

21 <

Obrazek 50 — Porovndni priumérnych optickych rozdilii (1240/Anax) pro konkrétni série akceptornich
Jjednotek u chromoforiit A1-A8. * Pridavek ledové AcOH.

Na zédkladé¢ vySe diskutovanych vztahl ,typ akceptoru vs. pozorované
vlastnosti‘“ Ize vyvodit nasledujici zavéry:

* DEM je nejslabsim elektron-akceptorem diky oboustranné konjugaci
elektronegativnich karbonyli se sousednimi alkoxyskupinami, naopak DBTB
a IND se tadi mezi nejsilnéjsi elektron-deficitni jednotky.

* MDN se ukdzal byt vykonnéjsim akceptorem ve srovnani s CAA, nebot
u MDN nehrozi vnitini +M rezonance a elektronova saturace jako v piipadé
COOH skupiny uvniti CAA akceptoru.

* Akceptorni chovani CAA-derivatl siln€ zavisi na rozsahu disociace jejich

karboxylové funkéni skupiny. Okyseleni média kyselinou octovou
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(Obrdzek 50) vedlo k vyznamnému bathochromnimu posunu CT-péasii
CAA-chromofort, nebot’ COOH skupina zlistala nedisociovana.

* Cyklicky MEL vykazoval mnohem vyssi akceptorni schopnost nez linearni
DEM (lakton vs. ester). Obecné jsou tedy cyklické derivaty malonové
kyseliny siln¢jSimi kyselinami a elektron-deficitnimi molekulami.

* Nahrada atomt kysliku atomy uhliku O—C (MEL vs. DMD; ester vs. keton)
zvysuje schopnost odebirat elektrony z Tekonjugovaného systému (opét
kontraproduktivni elektronové nasyceni negativnich karbonylti diky
konjugaci s alkoxyskupinami v MEL).

e Nahrada atomu kysliku za atom siry O—S v pozici C2 barbiturového kruhu
(DBB vs. DBTB) vyznamné ovliviiuje vlastnosti obou akceptori (efekt
chalkogenu). VyS$§i atomova hmotnost a prostorova naro¢nost DBTB kruhu
se projevuje siln¢jSim akceptornim chovanim.

* Nahrada atomu kysliku za atom dusiku O—N jako napt. u MEL vs. DBB
vede k navyseni akceptorniho vykonu dané cyklické N-jednotky.

* Pfi porovnani 1,3-diketo analoglh malonové kyseliny (DMD vs. IND)
vykazovala IND-jednotka mnohem siln€jsi schopnost pfitahovat elektrony,
pri¢inou je pfikondenzované benzenové jadro umoziujici rozSiteni

Te-elektronové konjugace.

3.1.6 Kvantové-chemické vypocty

Prostorové a elektronické vlastnosti vSech cilovych chromoforit A1-A8 byly
zkoumany teoretickymi kvantové-chemickymi vypocty a to s vyuzitim DFT metody
(z angl. density functional theory) za pomoci balicku Gaussian W09.2> Geometrie
vSech cilovych molekul A1-A8 byla optimalizovina metodou DFT
B3LYP/6-311++G(2d,p). Energie HOMO a LUMO Enomonrumo (jakoz i rozdil AE),
dip6lové momenty zdkladniho stavu u a prvni hyperpolarizability S byly rovnéz
kalkulovany na drovni DFT B3LYP/6-311++G(2d,p). VSechna vypoctend data jsou
shrnuta v Tabulce 19.

Vypoctené HOMO a LUMO energie chromoforti A1—AS8 se pohybuji v rozmezi
od —6,69 do —5,27 eV pro Enomo, respektive od —3,57 do —1,92 eV pro Erumo. Tyto
hodnoty energii jsou samoziejm¢ funkci prostorového uspotfddani chromoforu

(vétveni/poCet  akceptornich  jednotek), délky Trkonjugovaného systému
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(ethenylenovy mustek) a predev§im typu periferni akceptorni jednotky. Vypocitané
HOMO-LUMO rozdily (AEprr) jsou obecné o néco Sirsi nez ty, které byly ziskany
elektrochemickymi méfenimi, avSak trendy limitnich energii jsou v celé sérii cilovych
molekul ztetelné zachovany, viz Obrdzek 48. Navic vypocitané hodnoty AEprr tésné
koreluji s témi experimentalnimi (elektrochemickymi i optickymi), viz Prilohy 2-3.
Diky tomu lze pouzité DFT kalkulace povaZovat za adekvatni néstroj pro popis
elektronickych vlastnosti chromoforit AI-A8. Ovéfenim této skuteCnosti miiZze byt
fakt, Ze nejniz§i hodnota AEprr byla vypoctena pro chromofor A7d (2,47 eV)
obsahujici koncové DBTB-akceptory, coZe je ve shodé€ s experimentilnimi vysledky
(Tabulka 18). Obecné plati, ze primérné kalkulované hodnoty AEprr chromofora
A1-A8 se z pozice vyuzitych akceptorti postupné sniZuji v poradi: DEM > CAA
~MDN = MEL > DMD = DBB > IND > DBTB, coZ se velmi podoba potadi

vyvozenému z elektrochemickych i optickych méteni (Obrdzek 48, 50).

Tabulka 19 — DFT kalkulované parametry chromofori AI1-A8

Enomo™  Epumo™  AEPFT  gylal - Bx10-30 1l Enomo™  Eruvmo™  AEPFT g4l Bx10-30 [l

Sloué. " ev) @) @) D esw O ey @) V) D (esw
1a =5,75 -2,46 3,29 10,9 34 i 1c -6,40 -3,14 3,26 12,5 47
2a -5,89 -2,67 3,22 12,8 38 i 2c -6,69 -3,41 3,28 9,4 43
3a -5,39 -1,92 3,47 7,1 52 ; 3c =5,73 -2,08 3,65 2,3 53
4a -5,54 -2,31 3,23 6,8 57 ; 4c -5,86 -2,74 3,12 3,4 92
5a =5,71 -2,39 3,32 8,3 41 i Sc -6,17 -2,89 3,28 5,1 67
6a -5,65 -2,41 3,24 9,2 51 ; 6¢ -5,99 -2,89 3,10 5,9 86
Ta -5,69 -2,63 3,06 10,9 30 ; Tc -6,05 -3,19 2,86 6,9 370
8a -5,52 =247 3,05 6,9 134 i 8c -5,76 -2,89 2,87 4,7 295

b Sss1 276 281 154 194 | 14 590 320 270 149 69
2b -5,66 -2,88 2,78 15,1 182 ; 2d -6,39 -3,57 2,82 8,7 304
3b =5,27 -2,25 3,02 10,4 198 i 3d =5,74 -2,73 3,01 7,8 288
4b -5,34 -2,61 2,73 8,6 319 i 4d -5,60 -3,00 2,60 5,5 3343
5b -5,48 -2,68 2,80 10,2 233 ; 5d -5,82 -3,13 2,69 7,0 906
6b -5,44 -2,70 2,74 11,1 299 ; 6d =5,74 -3,12 2,62 9,0 2316
7b -5,49 -2,88 2,61 13,1 368 i 7d -5,82 -3,35 2,47 11,3 829
8b -5,34 -2,69 2,65 8,5 707 ; 8d =5,74 -3,08 2,66 4,0 28222101

lal Kalkulovano na DFT B3LYP/6 311++G(2d,p) levelu; ' Pravdépodobné nadhodnocend hodnota
(opakovany vypocty poskytly vzdy stejny vysledek).
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a)

HOMO-1

HOMO/LUMO

LUMO+1

Obrazek 51 - HOMO/HOMO-1 (¢ervend) a LUMO/LUMO+1 (modrd) lokalizace v chromoforech
AS5b (a) a A8d (b).

U vsech cilovych chromofori A1-A8 byly rovnéz lokalizovany pozice limitnich
HOMO a LUMO orbitall, tyto lokalizace jsou pro reprezentativni molekuly ASb
a A8d ukazany na Obrdzku 51. Linearni chromofory v sériich a a b (napi. ASb) maji
HOMO a HOMO-1 orbitaly umisténé pfevazné¢ na donornim PITu a c¢éstecné
i v alternujicich polohdch polyenového Temustku. LUMO orbital je obecné
rozprostten pfes danou akceptorni jednotku a pfilehly Tesystém, ale piekvapive
zaujima pozici i na piperidinylovém zbytku. Naopak LUMO+1 orbital je lokalizovan
pouze na centrilni ¢asti thiofenu. Rozvétvené chromofory v sériich ¢ a d (napt. A8d)
ukazaly velmi podobnou lokalizaci HOMO, HOMO-1 a LUMO orbitalt jako
chromofory linearni. Avsak orbital LUMO+1 zaujima vzdy pozici na druhé akceptorni
vetvi ve srovnani s tou, kterd je okupovana orbitalem LUMO. Toto rozd¢€leni lokalizaci
LUMO/LUMO-+1 orbitalt je spoleénym rysem vétvenych resp. kvadrupolarnich push-
pull molekul.2°12%% J DBTB-slouc¢enin A7a—d jsou piekvapivé HOMO orbitaly
umistény na atomech siry a kysliku kolem akceptorniho thiobarbiturového kruhu.

Vypoctené hodnoty dip6lmomentti ¢/ zdkladniho stavu chromoforit A1-A8 lezi

v rozmezi od 2,3 do 15,4 D (Tabulka 19). Nejvyssi hodnoty  pak byly vypocteny
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pro chromofory obsahujici akceptorni CAA (Ala-d), MDN (A2a-d) a DBTB
(A7a-d) jednotky (9—15 D). Naopak chromofory s 1,3-diketo akceptory, jmenovité
derivaity DMD (A4a—-d) ¢i IND (A8a—d), vykazovaly ze vSech cilovych molekul
pramérné nejnizsi hodnoty  (2—8 D). Zatimco rozSiteni Tesystému o ethenylenové
spojky vede obecné k navySeni dip6élového momentu, pfipojeni druhé akceptorni
skupiny (rozvétveni chromoforu) ma spiSe opacny dopad na hodnotu /.

Diky kalkulovanym hodnotam prvnich hyperpolarizabilit £ je pak dale mozno
diskutovat celkovou polarizovatelnost chromofortit A1—AS8 a jejich nelinearné optické
vlastnosti (Tabulka 19). S vyjimkou slouceniny A8d (odlehla hodnota L) lezi
vypoctené hodnoty hyperpolarizabilit S vrozmezi dvou fadi a to od 30
do 3343x107° esu. V piipadé linearnich sérii chromoforti a a b zptisobi prodlouZeni
Tesystému o ethenylenovou spojku vyznamné, az Sestindsobné navySeni hodnot
prvnich hyperpolazibalit B (182-707x103" esu pro Alb-A8b) ve srovnini se
zakladnimi chromofory Ala—A8a (8 = 30-134x107° esu). Tento stejny, aviak
vyraznéjsi trend lze pozorovat i pfi porovnani sérii ¢ a d. Rozvétveni chromofort
v n¢kolika ptipadech déle vede k navySeni hodnot [ aZ o jeden tad ve srovnani
s ptisluSnymi linedrnimi analogy. V ramci akceptornich jednotek byly vSeobecné
nejvyssi NLO koeficienty vypocteny pro derivity DBTB a IND v sériich a—c.
Nicméné¢ v fadé€ rozvétvenych a prodlouzenych chromofort d byly nejvyssi hodnoty £
kalkulovany pro molekuly A4d, A6d, (a A8d) nesouci 1,3-diketo (DMD a IND) nebo
DBB akceptory. Na zdkladé¢ teoretickych DFT kalkulaci 1ze zdvérem tvrdit, Ze z celé
fady findlnich push-pull molekul obsahuji nejsilnéjsi akceptorni jednotku prave ty,

které jsou vystavény na indan-1,3-dionu respektive (thio)barbiturové kyseling.

3.1.7 Zavérec¢né shrnuti akceptornich jednotek na bazi kyseliny
malonové
Aby bylo moZno studovat elektron-akceptorni vlastnosti Sesti vybranych
derivati malonové kyseliny a jejich dvou 1,3-diketo analogli, byla navrZena
a syntetizovana rozsahla série novych, modelovych push-pull chromoforti. Nejprve
byla vyvinuta pfima reakcni cesta vedouci ke ¢tyfem PIT aldehydiim. Tyto aldehydy
nasledn¢ podléhaly hladké Knoevenagelové kondenzaci se zminénymi osmi raznymi
akceptornimi prekurzory na bazi malonové kyseliny, ¢imZ bylo celkové ziskéno

32 (31 novych) push-pull chromofori A1-A8 ve ctyfech sériich a—d. U téchto
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chromoforl byla nejen systematicky ménéna periferni akceptorni ¢ast, rovnéz se lisily
i celkovym prostorovym uspofddanim (poftem akceptornich jednotek/vétvenim)
adélkou polyenového Temustku. Na zdkladé experimentilnich (termélnich,
elektrochemickych a optickych) a teoretickych kalkulovanych dat byly diskutovany
adikladné¢ objasnény vztahy mezi strukturami chromofort a jejich
optoelektronickymi vlastnostmi.

NavrZené molekularni struktury vSech PIT aldehydi A9a—d jakoZ i péti cilovych
chromoforii A2¢c, A4a, ASb a A8a—b byly potvrzeny rentgenostrukturni analyzou.
Ta odhalila u vySe zminénych slou¢enin vyznamnou planaritu jejich D-T-A systému
(G¢inny prekryv Trorbitalli podporujici ICT), vysoky chinoidni charakter centralniho
thiofenového kruhu a rozsahly Te11,,stacking® v pevném stavu.

Z termalni DSC analyzy plyne, Ze prodluZzovani Temustku u cilovych
chromofort obecné vede ke sniZeni jejich tepelné robustnosti, rozvétveni ma vétSinou
za nasledek piimy rozklad chromoforu bez predchoziho tini a zména periferni
akceptorni jednotky ovliviiuje teplotni zavislost slou¢enin A1-A8 dle pfirozené
povahy akceptoru. Proto byla nejvyssi tepelnd odolnost pozorovana u chromoforii
nesoucich MDN akceptor, vysokou tepelnou rezistenci vykazaly iderivaty CAA,
DEM a IND.

Elektrochemicka a spektralni data vzijemné odhalila stejné trendy a strukturni
rysy, jez ovliviiuji zakladni optoelektronické vlastnosti cilovych chromoforii A1-AS.
ProdlouZeni Temustku a postupné rozvétvovani chromoforu tedy obecné vede
ke snizeni jak elektrochemického tak 1 optického rozdilu. Avsak pozice
HOMO/LUMO hladin (i jejich vzdjemna vzdalenost) jsou fizeny pievazné typem
pouzitého akceptoru, jeho sloZenim respektive elektronickym a prostorovym
charakterem. VySe uvedené zavéry byly dale plné podpofeny provedenymi
teoretickymi DFT vypocty. Kalkulovand data tudiz vyznamné korelovala s daty
experimentalnimi (elektrochemickymi a optickymi).

Na zakladé vSech uvedenych experimenti mohou byt studované akceptorni
jednotky odvozené od malonové kyseliny sefazeny dle vzristajici akceptorni
schopnosti nasledovné: DEM < CAA <MDN <MEL <DMD < DBB <IND < DBTB.
S ohledem na toto potfadi mohou byt jednotlivé malonové akceptory rozd€leny
dle akceptorni sily do ¢tyt podskupin (Obrdzek 52):

* slabé (weak) — diethyl-malonidt DEM,
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priumérné (moderate) — kyanoctové kyselina CAA; malondinitril MDN,
silné (powerful) — kys. N,N’-dibutylbarbiturova DBB a Meldrumova MEL;
dimedon DMD,

velmi silné (very strong) — kyselina N,N’-dibutyl-2-thiobarbiturovd DBTB;
indan-1,3-dion IND.

Elektron-akceptorni schopnost dané malonové jednotky je pak ovlivilovana

predevSim:

elektronegativitou ptitomného heteroatomu (MDN vs. DMD),

elektronovou saturaci akceptorni heterojednotky zpisobenou kladnym
+M efektem sousednich skupin (DEM; MEL vs. DMD),

(a)cyklickou formou akceptorni jednotky (DEM vs. MEL),

efektem chalkogenu (DBB vs. DBTB)

rozlehlosti Tesystému/konjugaci (DMD vs. IND).

Obrazek 52 — Zdvérecnd vizualizace elektron-akceptorni schopnosti jednotlivych derivdti malonové

kyseliny.
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3.2 Strukturalni usporadani chromoforu jako zakladni aspekt

ovliviiujici jeho optoelektronické vlastnosti

Pracovni skupina doc. BureSe se v neddavné dobé& zabyvala modelovymi
push-pull chromofory zaloZzenymi na centralnim donornim trifenylaminu (TFA), které
vykazovaly pozoruhodné nelinearné optické vlastnosti (zejména dvou-fotonovou
absorpci).®”?® V ptedchozi kapitole 3.1 byly pak mimo jiné porovnavany vlastnosti
chromofortl s riznym strukturdlnim uspofadanim (efekt vétveni). Jelikoz je TFA
idedlni matefskou molekulou pro konstrukci chromofort s nartstajicim poctem
perifernich akceptornich vétvi, byl muaj nasledny vyzkum zaméfen na studium
vétviciho efektu (multipodality). Navic z provedené literarni reSerSe vyplynulo,
Ze do dnesSni doby nebylo vénovano pftiliS mnoho pozornosti kritickému hodnoceni
tohoto efektu vztazenému k mateiskému trifenylaminu.?’+2% Mym cilem tedy bylo
ov¢fit, zda a do jaké miry je multipodalita schopna ovliviiovat finalni optoelektronické
vlastnosti push-pull chromoforii vystavénych na TFA a analogickych derivatech
anilinu. Ve vztahu k tématu mé disertacni prace byly v literatufe nalezeny rizné
vétvené chromofory vybudované na téchto centrilnich elektron-donorech, jez byly
mimo jiné vybaveny perifernimi MDN a barbiturovymi akceptory. Tyto chromofory
vykazovaly silnou absorpci a emisi ve viditelné/blizké infracervené oblasti spektra,
vyznamné solvatochromni chovani, izké HOMO-LUMO rozdily a znatelné optické
nelinearity.’>7%:192:197.207-209 Jeliko7 patif tyto dvé& akceptorni jednotky mezi viibec
nejcastéji vyuzivané malonové derivaty a v predchozi kapitole bylo dokumentovano
jejich odlisné akceptorni chovani, byly MDN a DBB jednotky rovnéz zvoleny jako
periferni akceptory pro studium multipodality.

Z vyse uvedenych divodl byla provedena komplexni studie, kterd porovnava
zékladni vlastnosti  postupné¢ vétvenych push-pull molekul odvozenych
od N,N-dialkyl(aryl)anilinti. Tyto vlastnosti byly opét zkoumany pomoci diferencni
skenovaci kalorimetrie, elektrochemie, absorp¢ni spektroskopie a navic pomoci NLO
fotoindukované piezo-optiky. Experimentilni vysledky byly znovu podpofeny
teoretickymi DFT vypocty. Na zaklad¢ objasnénych vztahi ,,struktura-vlastnosti‘ byl
zjistén pozoruhodny vliv strukturniho uspofadani na optoelektronické vlastnosti

cilovych push-pull chromofort.
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3.2.1 Design a syntéza cilovych push-pull chromofori

Ke studiu multipodality byla navrZzena a syntetizovdna rozsahld série
24 finalnich push-pull chromofortc B1-B24 (16 novych), u nichZ dochazi
k postupnému zvySovani strukturdlniho vétveni. Celkové tak bylo pfipraveno
12 modelovych chromofort s linedrnim, 8 s kvadrupolarnim a 4 s tripodalnim
usporaddnim. VSechny findlni slouceniny jsou navic zaloZeny na rGzné
substituovanych donornich anilinech a obsahuji dva typy perifernich akceptornich
jednotek (MDN a DBB) na bazi malonové kyseliny. Mezi donorni a akceptorni ¢asti
molekuly je rovnéz systematicky ménéna délka T-konjugovaného systému o vloZenou

trojnou vazbu (Obrdzek 53).

Linearni Tripodalni A

R A |
N — ~
R? n "

B1-B12

Kvadrupolarni

R
N R, R" RZ = Me nebo Ph
| | n=0or1
\n A: MDN nebo DBB
Z X/ A A
| n n
A
B13-B20 B21-B24

Obrazek 53 — Cilové chromofory B1 -B24 s linedrnim, kvadrupoldrnim a tripoddlnim uspordddnim.

Podle strukturdlniho uspofdddni muzeme chromofory B1-B24 rozdé¢lit
do nasledujicich podskupin:
* chromofory s DCV (licha ¢isla) nebo DBB (sudé ¢isla) akceptorni jednotkou,
* zdkladni chromofory (B1/B2, B5/B6, B9/B10, B13/B14, B17/B18 a B21/B22)
nebo prodlouzené chromofory o vloZeny acetylenovy mustek (B3/B4, B7/BS,
B11/B12, B15/B16, B19/B20 a B23/B24),
* chromofory s riznym stupném rozvétveni: linearni (B1-B12), kvadrupolarni
(B13-B20) a tripodalni (B21-B24).
Navic linearni B1-B12 a kvadrupolarni molekuly B13—B20 maji rovnéz systematicky
ménéné substituenty pfipojené k donorni amino skupiné (Me nebo Ph), ¢imz je

ovlivitovéana sila donoru a celkova rozloha Tesystému.
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Dessovo-Martinovo
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3 OH B40 (83 %) OH o B52 (83 %) o

Schéma 19 — Syntetické cesty vedouci k poZadovanym aldehydium B42, B47—-B52.
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Cilové chromofory B1-B24 byly obecné pfipraveny dvéma syntetickymi
cestami. Prvni cestou byla syntéza chromoford s kratkym Tesystémem (bez trojné
vazby) vychazejici z aromatickych aldehydi B41-B46. Zatimco aldehydy B41
a B43-B46 jsou komer¢né dostupné, aromaticky aldehyd B42 byl piipraven jodaci
difenylmethylaminu B26 za pouZiti systému I/AgNO;.'8! Byla tak ziskdna
neoddé¢litelna smes mono- a dijoddifenylmethylaminu B29 a B30, ktera byla nasledn¢
podrobena lithiaci pii =78 ° C za vyuzZiti nBuLi. Organolithny intermediéat byl poté
formylovan DMF, ¢imz byl ziskan pozadovany aromaticky aldehyd B42 v 80%
vytézku. Diky komerc¢ni dostupnosti nebyl soucasné vznikajici aldehyd B43 izolovan
(Schéma 19). Zavéreénym krokem pak byla Al,Os-katalyzovana!”® Knoevenagelova
kondenzace mezi aromatickymi aldehydy B41-B46 a malondinitrilem MDN
respektive N,N’-dibutylbarbiturovou kyselinou DBB poskytujici dvojice findlnich
chromofort B1/B2, B5/B6, B9/B10, B13/B14, B17/B18 a B21/B22 v uspokojivych
vytéZcich 42 a7z 94 % (Schéma 20). Tato jednoducha reakcni sekvence poskytla
12 rizné vétvenych chromofori s neprodlouZzenymi Tesystémy a dvéma typy
terminalnich akceptorti.

Naopak syntéza zbylych dvojic chromofortt B3/B4, B7/B8, B11/B12, B15/B16,
B19/B20 a B23/B24 nesouci vloZeny acetylenovy mustek byla zalozena na piipravé
propargylovych aldehydt B47-B52 (Schéma 19). Tyto aldehydy byly syntetizovany
Setrnou oxidaci propargylovych alkoholti B35-B40 vyuzivajici Dessova-Martinova
ginidla (perjodinan)'®® v 59 a7 83% vytézcich. Alkoholy B35-B40 byly ziskiny
z odpovidajicich aromatickych jodderivati B28-B33 a propargyl alkoholu B34
pomoci Sonogashirovy cross-coupling reakce ve vytézcich 67-88 %. Pocate¢nim
krokem této druhé reakéni cesty byla opét jodace alkyl(aryl)aminti B25-B27
systémem I/AgNO3;(NaHCO3)'8"183  poskytujici 4-jod-N,N-dimethylanilin B28,
tris(4-jodfenyl)amin B33 a smési jodderivati B29-B30 respektive B31-B32
v uspokojivych vytéZcich. Stupen jodace byl kontrolovan mnoZstvim pouZitého L.
Jak v ptipad¢ difenyl(methyl)aminu B26 tak pievazné i u trifenylaminu B27 poskytla
jodace jednim ekvivalentem I» neoddélitelné smési prislusnych aromatickych mono-
a dijodderivati B29-B30 respektive B33—B32. Tyto smési vSak hladce podléhaly
Sonogashirové reakci s propragyl alkoholem za standardnich katalytickych podminek
Pd(PPh3)>Cl,, Cul a Et:N.!S” Pripravené alkoholy B36-B39 jiz viak byly bez

problému délitelné sloupcovou chromatografii. Kone¢nym krokem této druhé reak¢ni
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sekvence byla opét Al,Os-katalyzovand Knoevenagelova kondenzace mezi
propargylovymi aldehydy B47-B52 a MDN respektive DBB (Schéma 20). Je tieba
poznamenat, Ze tato kondenzace na prodlouZenych aldehydech B47-BS52 obecné

poskytovala vyssi vytéZky neZ analogicka reakce s aromatickymi aldehydy B41-B46.

Linearni chromofory

Q Q
nebo
B41,B42,B44  pop @j C> @j @ﬁ
nebo
B47,B48,B50 A0,
CHCL  ByA=MDN(67%)  B3A=MDN (75 %) B5A=MDN(94%)  B7A=MDN (87 %)
B2A=DBB(81%) B4A=DBB (77 %) B6 A = DBB (62 %) B8 A =DBB (92 %)

Qo
SO YT

B9 A = MDN (89 %) B11 A= MDN (72 %)
B10 A = DBB (82 %) B12 A=DBB (71 %)

Kvadrupolarni chromofory

MDN
nebo
gj (S gj Q, ~
nebo
B49, B51 AI203

B15 A= MDN (75 %) m7A MDN78% B19 A = MDN (78 %)

0,
g:iﬁ IBABDEI(Zfo//:) B16 A= DBB (90 %) B18 A=DBB (74 %) B20 A = DBB (72 %)

Tripodalni chromofory

i
A
| AN Z
A
MDN /©/\ RS SEISEEIEE SRR ‘
N N 3 o |

nebo
B46
nebo ———925——> Bu\N/M\N,Bu
B52  ALO, N =N
CH,Cl, AN A O)\/&O
nebo P ! T
CHSCN A l ! T
B21 A = MDN (42 %) - S MDN DBB

A

B23 A = MDN (70 %)
B24 A = DBB (65 %)

B22 A = DBB (64 %)

Schéma 20 — Findlni Knoevenagelova kondenzace poskytujict cilové chromofory B1-B24.

3.2.2 Termalni vlastnosti
Termalni chovéani chromoforii B1-B24 bylo studovdano pomoci diferen¢ni
skenovaci kalorimetrie (DSC). Na Obrdzku 53 jsou zobrazeny tii reprezentativni
termogramy sloucenin B7, B12 a B24, v Tabulce 20 jsou pak uvedeny naméiené
teploty tani (7y) a teploty rozkladu (74) pro vSechny cilové slouceniny B1-B24.
Stanovené teploty tani se pohybuji v rozmezi od 108 do 226 °C, teploty rozkladu pak
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byly odhadnuty v rozmezi 115-396 °C. U nejmensi slouceniny B1 byl pozorovin
velmi ostry pik téni/krystalizace pii 182/147 °C a nasledné odpatrovini vzorku
doprovazené ¢aste€nym rozkladem B1 pti 332 °C. Chromofor B9 vykazoval podobné
tepelné chovani, doslo u ného vsak k tiplnému odpateni vzorku pii 434 °C s parcidlnim
rozkladem pii 392 °C. U molekuly B2 ptfedchizela ostrym pikiim tini (163 °C),
krystalizace (148 °C) a rozkladu (258 °C) rovnéZ desorpce vlhkosti ¢i rozpoustédla
pii 100 az 120 °C. Termogramy sloucenin B3, B8, B11 a B12 byly charakterizovany
nejen tanim vzorkd, ale i jejich velmi pozvolnym rozkladem (v rozmezi az 70 °C)
a naslednym roztavenim vznikajicich dekompozitti. Naopak u chromofora B4, B7,
B15 a B19 byl proces tani ukoncen okamzitym rozkladem vzorku. Endotermni skelny
pfechod kolem 220 °C a typicky exotermicky rozklad byl pozorovan u slou¢enin B6
a B14, nicméné pravé rozklad byl doprovazen rovnéZ intenzivnim odparovanim
vzorku. Typicky monotropni ,,solid-solid*“ prechod metastabilnich krystala byl pii
195/120 °C detekovan u chromofort B13/B14. U vétvenych molekul B16, B20, B22,
B23, respektive B18 byly zaznamenany pomérné slabé, ale Siroké endotermni piky
skelnych ¢i ,,solid-solid“ prfechodl a to v rozmezi 55-80 °C resp. 105-125 °C. Tyto
piky jsou opét projevem polymorfniho chovani krystall, nebot vySe uvedené
chromofory velmi obtiZzné¢ krystalizovaly a reprezentuji tedy spiSe ztuhlé sklovité
materidly. Naopak u tripodalni slou¢eniny B24 dochéazelo pouze k vyraznému a velmi

ostrému rozkladu pti 174 °C (Obrdzek 54).

- [ T

Tepelny tok (W/g)

B12

B24

80 9 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
Teplota (°C)

Obrazek 54 — Reprezentativni DSC krivky chromoforii B7, B12 a B24 stanovené skenovaci rychlosti
3 °C/min pod inertni atmosférou N.
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Z vyhodnocenych DSC termogramtl Ize vyvodit nasledujici zavery:

e Vétveni chromoforti snizuje schopnost jejich krystalizace (zejména
u chromoforti nesoucich akceptorni DBB jednotku s dlouhymi alifatickymi
Bu retézci).

* Nc¢které kvadrupolarni a vétSina tripodalnich molekul vykazuji skelné nebo
polymorfni ,,solid-solid*“ ptfechody a rovnéz se rozkladaji piimo
bez ptedchoziho roztaveni.

e Ve srovnani s analogickymi DBB-derivaty dosahuji chromofory
s termindlnimi MDN akceptory vyssich teplot tani i rozkladu.

* U chromoforii s vloZzenym acetylenovym miistkem bylo zjiSténo velmi
vyznamné snizeni Tq o ptiblizn¢ 100—200 °C oproti zédkladnim analoglim
(k rozkladu navic dochazelo bud’ okamzit¢, nebo kratce po rozpusténi
vzorku).

* Naopak chromofory bez trojné vazby jsou stabilni i v kapalném stavu.

Nejvyssi teploty tini i rozkladu byly tedy zmé&feny pro linearni B9, kvadrupolarni B17
a tripodalni chromofor B21 obsahujici MDN akceptor, Tesystém bez vloZenych

trojnych vazeb a centrilni donorni TFA jednotku.

3.2.3 Elektrochemicka méreni

Elektrochemicka méfeni chromofori B1-B24 byla realizovana pomoci cyklické
voltametrie (CV), rotac¢ni diskové voltametrie (RDV) a polarografie dle postupu
uvedeném v kapitole 2.1. Pracovni elektrodou byl pro CV i RDV experimenty
platinovy disk. VSechny zméfené elektrochemické oxidacni a reduk¢ni potencialy jsou
vztazeny k referencni kalomelové SCE elektrodé a tato data jsou piehledné
sumarizovana v Tabulce 20.

Hodnoty pilvinovych potencialti E1, prvni oxidace a redukce byly zaznamenany
v rozmezi Eipexy = 0,98-1,40 V, respektive Eingedry = —1,29 az —0,75 V. Prvni
oxidace i redukce jsou typickymi jednoelektronovymi procesy, které jsou nasledovany
dal$imi oxida¢nimi a redukénimi déji. Hodnoty téchto potencialll jsou pak bezesporu
pfimo ovliviiovany: a) strukturdlnim vétvenim/multipodalitou, b) typem pouZité
akceptorni jednotky, c¢) délkou Trkonjugovaného systému, d) typem zvolené
N-substituce; viz Tabulka 20. Zatimco proces prvni oxidace probihd pievazné
na donorni amino skuping, prvni redukce je s nejvétsi pravdépodobnosti situovana
na MDN ¢i DBB akceptoru, piipadné na pfilehlém Trkonjugovaném systému.
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Vsechny odectené ptlvinové potencidly prvni oxidace aredukce byly nésledné

prepocitany na hodnoty energii limitnich HOMO a LUMO orbitald (Exomo/Lumo

) 200
9

viz Tabulka 20. Tyto rekalkulované hodnoty se 1épe vztahuji ke kalkulovanym DFT

datiim a tim pfispivaji k vyssi prehlednosti a srozumitelnosti diskutovanych zavéra.
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Obrazek 55 — Energeticky diagram ilustrujici: a) efekt vétveni/multipodalitu, b) vliv pouZitého
akceptoru, c) rozsah TEsystému, d) vliv N-substituce.

Z naméfenych elektrochemickych dat lze pro chromofory B1-B24 vyvodit

néasledujici vztahy typu struktura-vlastnosti:

Se zménou multipodality, tedy pii prechodu od linearnich ke kvadrupolarnim

az tripoddlnim chromoforiim, se hodnoty HOMO-LUMO hladin ustilen¢

Vv

posouvaji k negativnéjSim energetickym hladindm. Naopak efekt vétveni

(pocet akceptornich jednotek pfipojenych k centrdlnimu amino donoru)

neovliviiuje absolutni hodnoty HOMO-LUMO rozdili (napt. AE =1,95 eV

pro linearni B12, kvadrupolarni B20 1 tripoddlni molekulu B24, viz

Obrdzek 55a).

Vyména MDN akceptoru za DBB analog je doprovazena ocCekavanym

zvySenim/sniZzenim limitnich HOMO/LUMO hladin. Na Obrdzku 55b je
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znazornén dopad zadmény obou akceptorti na dvojice chromoforit B1/B2
(linearni), B13/B14 (kvadrupolarni) a B21/B22 (tripodalni). Zatimco zm¢na
akceptoru v piipad¢ linearni série chromofort B1 a B2 ovliviiuje ob¢ limitni
energetické hladiny, u vétvenych chromofori B13/B14 a B21/B22 zustavaji
hodnoty LUMO témét konstantni a hlavni zmény jsou vidét prevazné
na drovnich HOMO.

* Rozsiteni mesystému o vloZenou acetylenovou spojku vyvolava podobné
sniZzeni hodnot AE, jaké je patrné u nadhrady akceptori (MDN - DBB), viz
Obrdzek 55c¢ (porovnani linearnich B9/B11, kvadrupolarnich B17/B19
i tripodélnich chromofortit B21/B23). Nicmén¢ se zvysujici se multipodalitou
dochazi naopak ke stabilizaci HOMO hladin a velikost HOMO-LUMO
rozdilu je pfevazné fizena pozici LUMO.

* Pomocné N-substituenty (Me nebo Ph) piipojené k amino donoru ovliviuji
elektrochemické chovani chromofora B1-B24 velmi podobnym zpiisobem
jako nartistajici multipodalita. Z Obrdzku 55d je jasné patrné, Ze linearni
chromofory B2, B6 a B10 disponuji t¢ém¢t identickym rozdilem (AE ~ 2,2 eV)
a s nartistajicim poctem Ph skupin dochazi k postupnému snizovani HOMO
i LUMO hladin.

Vyse uvedené vysledky naznacuji, Ze elektrochemické chovani chromoforii B1-B24
Ize systematicky ladit jak z hlediska absolutnich hodnoty AE, tak i pozicemi limitnich
HOMO a LUMO orbitalt.

3.2.4 Linearné optické vlastnosti — jednofotonova absorpce

Vsechny cilové chromofory B1-B24 jsou intenzivn¢ barevné pevné latky se
Skalou barevnosti od Zluté az po fialovou. Linearni optické vlastnosti byly proto
zkoumany UV-Vis absorp¢ni spektroskopii. Naopak emisni chovani chromofort
B1-B24 nebylo méifeno, nebot’ vétSina chromofori vykazovala bud’ velmi slabou,
nebo Zadnou fluorescenci (zvlast¢ ty s DBB-akceptorem). Absorpni maxima
nejdlouhovinéjsich CT-past Amax, jakoZ i hodnoty molarnich absorp¢nich koeficientt
&nax jsou shrnuty pro vSechny cilové chromofory v Tabulce 20. Rozsah absorp¢nich
maxim Amax se pohybuje v rozmezi od 432 do 517 nm, ¢emuz odpovidaji hodnoty

gmax = 25_90'103 M_lcm_l.
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Tabulka 20 — Termdlni, elektrochemické, linedrné a nelinedrné optické vilastnosti findlnich chromoforii B1 -B24.

T Ta®  Eipexn Eipgean'®  AE™  Epomo!  Erumo!®  Amax® [ Enax? +10311 PO-1014 2]

Slout. o0y (o) V) V) (eV) (eV) (eV) (nm/eV)  (Ml-cm') (m*/N)
Bl 182 332 111 -1,29 240 5,54 -3,14  433/2,86 584 3,01
B2 163 258 1,02 -1,19 221 -5.45 324 461/2,69 592 3,18
B3 131 139 1,03 -0,93 196 -546 -350  479/2,59 48,6 3,30
B4 143 149 0,98 -0,90 188 -541 353 503247 37,7 3,93
BS 115 346 1,17 -1.22 239 -5,60 321 432/2.87 483 2,81
B6 142 286 1,10 -1,09 2,19 -553 -334  460/2,70 46,8 3,06
B7 185 187 1,13 -091 204 =556 352 4741262 45,0 3,16
BS 119 127 1,06 -0,86 192 =549 -357 497249 31,5 3,90
BY 139 392 1.21 -1,13 234 564 -330 4421281 30,6 3,15
B10 108 357 1,15 -1,03 2,18 558 340 468/2,65 254 2,86
Bll 178 184 1,15 -0,88 203 558 355  481/2,58 37.6 3,01
BI2 126 138 1,12 -0,83 195 =555 3,60 501/2,48 36,5 3,12

B3 206 340 129 096 225 572 347 468265 4001 319
Bl4 134 277 1,16 -0,92 208 559 351 486/2,55 40,3 3,09
B15 182 189 1.33 -0.81 2,14 =576 3,62 488/2,54 468 3,15
B16 - 115 1,14 -0,78 192 =557 3,65  509/2,44 50,0 3,16
B17 226 39 133 -0,97 230 =576 346 475/2,61 497 321
B18 - 260 1,20 -0,92 2,12 5,63 -351 503247 514 3,32
B19 195 201 1.25 -0,79 204 568 3,64 497/2,49 51,1 3,16
B20 - 153 1,18 -0,77 195 =561 -3,66  517/2,40 53,6 4,13
B2 218 373 1389 -0920 230 -s81  -351 460270 897 320
B22 - 281 1.26 -0,89 2,15 =569 -354  496/2,50 68,3 3,14
B23 - 182 1,40 -0754 2,15  -583 3,68 483/2,57 88.6 3,12
B24 - 174 1,20 -0,75 195 =563 3,68 509/2,44 77,9 3,35

@1 7, = bod téni (prise¢ik mezi zakl. linif a tangentou daného termalniho piku = oneset). ™ Ty = teplota rozkladu (pyrolyza v
atmosféie Ny). [ Eijpox1) @ Eingeary = plilvinové potencialy prvni oxidace a redukce vztaZené k referenéni SCE elektrodg;
AE = Eipox1y = Eingeany; skenovaci rychlost 100 mV-s' pro CV.  Pouze potencialy pik{i, zdznamy RDV nemohly byt
vyhodnoceny kvilli inhibici elektrody. ® —Euomorumo = Einwoximedry + 4,429 (Ref.2). W Méfeno v roztocich CH,Cl,
o koncentraci 2x10° M. '8 Maximédln& dosaZené fotoindukované koeficienty piezo-optického efektu pfi vlnové délce
1150 nm za vyuZiti cw He-Ne laserové sondy. Data jsou prezentovina s korekcemi na rozptylovém pozadi.

Na zaklad¢ zméfenych absorpcnich vlastnosti 1ze opét pro chromofory B1-B24
vyvodit fundamentalni vztahy typu struktura-vlastnosti:
* Linearni chromofory B1-B12 vykazovaly vzdy pouze jeden absorp¢ni
CT-pas, jehoZ maxima se pohybovala mezi 432 a 503 nm.
* Naopak v absorp¢nich spektrech kvadrupolarnich molekul B13—-B20 se
uvnitt CT-past vyskytovaly dva vrcholy, kdy hlavni pik (468—517 nm) byl
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na jedné stran¢ (s vyssi energii) doplnén o tzv. ,,shoulder* (~400 nm). Toto
Stépeni CT-pési je vysledkem vzajemného propojeni obou kvadrupolarnich
vétvi a Ize ho opét vysvétlit na zakladé Frenkelova excitonového modelu.?"!
Absorp¢ni CT-pésy tripodalnich molekul B21-B24 by tedy mély vykazovat
tfi vrcholy (excitované stavy). Nicméné dle Frenkelova modelu jsou dva tyto
stavy degenerovany a mély by leZet na té stran¢ CT-pasu, kterd odpovida
excitovanému stavu linearniho chromoforu (niZs$i energie), zatimco treti
excitovany stav je umistén na opacné stran¢ CT-pasu s vyssi energii. Avsak
predpoklada se, Ze tento tieti stav ma nulovou oscila¢ni silu. Vysledkem je

tedy fakt, Ze tripodalni chromofory B21-B24 vykazuji pouze jeden intenzivni

CT-pés s absorpénimi maximy Amax od 460 do 509 nm.

b)

— — 28000 [—

— — 4000 |— <

—— B2(

— o4

54000 [— | — B10 —

22000 — —

6000 — —

280 360 440 520 2 (nm) 280 360 440 520 y (nm)

Obrazek 56 - UV-Vis absorpcni spektra vybranych chromoforii v CHCL; ilustrujici: a) viiv
vétveni/multipodality, b) typ pouZitého akceptoru (MDN vs. DBB), c) rozsah 7Esystému, d) viiv

N-substituce.
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e Zporovnani chromofordt B12 (line4rni), B20 (kvadrupoldrni) a B24
(tripodalni) jasn¢ plyne, Ze poloha jejich absorp¢nich maxim se se zvySujici
multipodalitou takika neméni (Obrdzek 56a), pouze dochazi k plynulému
nartstu molarnitho absorpéniho koeficientu (napf. rozdil Agmax mezi
chromofory B10 a B21 ¢&ini 64:10° M lem™).

* U dvojic chromofort, liSicich se pouze typem ptipojeného akceptoru, je vZzdy
dle ocekavani pozorovan jasny bathochromni posun absorpénim maxim
(~20-40nm) ve prospéch DBB-derivatd oproti MDN-analogim
(Obrdzek 56b).

* Rozs$ifeni a planarizace Trkonjugovaného systému pomoci vloZené trojné
vazby vede k navySeni vnitfniho pfenosu naboje ICT, coz se ve spektru
pro dany par chromoforii projevuje bathochromnim posunem absorpénich
maxim opét o 20—40 nm (Obrdzek 56¢).

e Zména pomocnych N-substituentl pfipojenych k amino donoru ma pouze
zanedbatelny vliv na pozici Amax, ovliviiovana je spiSe hodnota molarnich
absorp¢nich koeficientll, viz porovnani linearnich molekul B2 (2xMe), B6
(Me, Ph) a B10 (2xPh) na Obrdzku 56d.

Nejpodstatné&jsi je, Ze stanovené linearn¢ optické vlastnosti jdou obecné ruku v ruce
s elektrochemickym chovanim chromofordt B1-B24, coZ se projevuje vzdjemnou,

velmi tésnou korelaci (Priloha 4).

3.2.5 Nelinearné optické vlastnosti — piezo-opticky efekt

Pred vlastnim méfenim piezo-optickych (PO) efektti (viz kapitola 1.2) byly
jednotlivé chromofory B1-B24 vloZzeny do polymernich matric polyvinylalkoholu
(PVA) a néasledné¢ byly pomoci ,spin-coated” techniky ziskdny odpovidajici
PVA-dopované filmy o tloust’ce asi 1-3 pm. Optimélni koncentrace chromoforu
poskytujici maximalni PO odezvu se pohybovala v rozmezi od 10 do 15 mol. %.
Vzorky byly zkouméany v riznych bodech povrchu filmi, aby se zabranilo
nerovnomérnosti v distribuci chromoforu. Zptisob méteni PO koeficientd a vlastni
nastaveni techniky neni pfedmétem této diskuze, podminky experimentu lze najit
v referencich?!%2!! i v p¥iloZeném ¢&lanku.

Z pohledu organického chemika je vSak zasadni, jaké strukturni variace

chromofort B1-B24 mély nejvyraznéjsi dopad na stanovené hodnoty piezo-optickych
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koeficientd. Na Obrdzku 57 jsou znazornény maximaln¢ dosazené hodnoty
fotoindukované piezo-optiky v zavislosti na typu chromoforu a aplikovaném rezZimu
zpracovani (vlnové délce pouzitych koherentnich laserovych paprskil). Vycet PO
koeficienti je rovnéZ uveden v Tabulce 20. Z téchto NLO dat tfetiho druhu 1ze odvodit

nasledujici zavéry:

»
3

I dva 1540 nm paprsky
I dva 770 nm paprsky

4.0 e 1540 nm + 770 nm

3.5

PO1 0-14 (mZN-1)

3.0

2.5

2.0

1.5

1.0

0.5

© ™ N o «
AN AN AN N N
0 0 MmMmMm

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14
B15
B16
B17
B18
B19

Chromofor

Obrazek 57 - Velikost koeficientu iicinného mimo-diagondlniho piezooptického efektu PO (vinovd
délka 1150 nm; cw He-Ne laser) pro chromofory B1-B24 pri trech ruznych reZimech zpracovdni:
a) dva koherentni 1540 nm nanosekundové laserové paprsky, b) dva koherentni 770 nm pulzni
nanosekundové laserové paprsky, c¢) dvoubarevné koherentni 1540 nm a 770 nm laserové paprsky.

e V fadé€ linedrnich chromofori B1-B12 se PO koeficienty obecné zvySuji
nasledovné: B1-B4, B5—B8 a B9—12, coz je v souladu s rozSifujicim se
TEsystémem a nahrazovanim akceptorni MDN za DBB jednotku.

e Zporovnani linedrnich chromofori B4, B8 a B12 s nejvyssimi hodnotami PO
v dané sérii vyplyva, Ze rozSiteni donorniho Tesystému vlivem pomocné
N-substituce zpiisobuje pokles fotoindukované piezo-optiky (s nartstajicim
poctem Ph skupin dochézi ke snizovani PO nelinearit).

e PfevdZzné¢ monoténni narist PO efektu lze pozorovat pii prochazeni
kvadrupolarni série chromofordt B13—B20. Vyjimkou je chromofor B19,
jehoZz ptekvapivé nizkd hodnota PO koeficientu je pravdépodobné dana
vyjimecné vysokou hodnotou dip6élového momentu (viz kalkulovana hodnota

154



VYSLEDKY A DISKUZE

M v kapitole 3.2.6). Kvadrupolarni chromofor B20 (matetsky TFA donor,
DBB-akceptory, rozsifeny Ttkonjugovany systém) vykazoval ze vSech
chromofortt B1-B24 nejvyssi hodnotu koeficientu PO = 4,13-10"* m?/N.
* Analogicky monoténni trend v hodnotich PO efektu lze pozorovat
i u tripodalni série chromoforti B21—B24.
Podobné¢ jako elektrochemické a linearné optické vlastnosti chromofori B1-B24 je
i piezo-opticky efekt ovlivnén pfevazné prostorovym uspofadanim chromoforu
(multipodalitou), akceptorni silou ptipojené elektron-deficitni jednotky (MDN vs.
DBB), délkou Ttrkonjugovaného systému i zvolenym donornim N-substituentem.
Proto byly nejvyS$i PO nelinearity v rdmci danych sérii zméfeny pro chromofory

B4/B8/B12 (lineé4rni), B20 (kvadrupolarni) a B24 (tripodélni).

3.2.6 Kvantové-chemické vypocty

Prostorové a elektronické vlastnosti vSech linearnich, kvadrupolarnich
i tripodalnich chromoforii B1-B24 byly rovnéZ zkoumany teoretickymi kvantove-
chemickymi vypocty a to s vyuZitim DFT metody za pomoci bali¢ku Gaussian W09.2%
Pivodni geometrie byly odhadnuty pomoci PM3 metody implementované v programu
ArgusLab,?!? tyto geometrie byly nasledné optimalizovany metodou DFT
B3LYP/6-311++G(2d,p). Energie HOMO a LUMO Enomonumo (jakoZz i rozdil AE)
a dip6lové momenty zakladniho stavu u byly rovnéz kalkulovany na urovni DFT
B3LYP/6-311++G(2d,p). Za tucelem urychleni DFT vypocti byla u vétvenych
chromofori B16, B18, B20, B22 a B24 provedena nahrada butylovych fetézct
na akceptornim DBB kruhu kratkymi methylovymi skupinami. Tato substituce nema
v ramci chromoforu témér zadny vliv na distribuci elektronové hustoty. Prvni 1 druhé
hyperpolarizability (f a )) chromoforin B1-B24 byly rovnéz odvozeny
z optimalizovanych geometrii a kalkulovany s vyuzitim PM7 metody realizované
v programu MOPAC2012.2"® Vsechna vypoétena data jsou shrnuta v Tabulce 21.

Vypoctené HOMO a LUMO energie chromoforti B1-B24 se pohybuji v rozmezi
od —6,75 do —5,65 eV pro Enomo, respektive od —3,88 do —2,42 eV pro Erumo.
Hodnoty kalkulovanych HOMO-LUMO rozdilti (AEprr) pak lezi mezi 2,61-3,45 eV.
Vypocitané hodnoty HOMO/LUMO energii i AEprt navic tésné koreluji s hodnotami
experimentalnimi (elektrochemickymi i optickymi), viz Prilohy 5-8. Diky tomu lze

pouzité DFT kalkulace povaZovat za adekvétni nastroj pro popis elektronickych
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vlastnosti chromofori BI-B24. U vypoctenych hodnot HOMO/LUMO energii lze
odhalit podobné trendy, jako byly odvozené z elektrochemickych dat a absorp&nich
spekter:

* Hodnoty kalkulovanych HOMO-LUMO energii jakoz i AEprr primarné
zavisi na prostorovém uspofddani chromoforu (multipodalit€), délce
Tekonjugovaného systému a jeho planarit€¢ (acetylenovy mustek), typu
periferni akceptorni jednotky (MDN vs. DBB) a rovnéZ na donorni
N-substituci (Ph, Me).

* Dle o¢ekavani zpiisobuje prodlouzeni Tesystému o vloZenou trojnou vazbu
velmi vyznamné snizeni HOMO-LUMO rozdilu (napi. B1/B3 vs. B10/B12,
viz Tabulka 21).

* Naopak nahrazeni periferniho akceptoru (MDN - DBB) vede pouze k velmi
malym zmé&ndm kalkulovanych hodnot AEpgr (napi. B1/B2 vs. B11/B12)
ve srovnani s experimentalnimi méfenimi.

* Na rozdil od experimentidlnich zavéri dochdzi rovnéz s naristajicim
vétvenim chromoforu k postupnému (ale velmi malému) poklesu
kalkulovanych energii AEprr. Nejnizsi hodnoty AEprr byly tedy vypocteny
pro tripodalni prodlouzené chromofory B23/B24 (~2,62eV). Naopak
pro zékladni linedrni chromofor B1 byla vypoctend hodnota AEprr vyssi
o vicenez 0,8 eV.

Tabulka 21 — DFT kalkulované viastnosti chromoforii B1 -B24.

Slout, EHomo  Erumo AEPET  glal Bx1030  px10-36 Sloue, Emomo  Erumo AEPET g2l Bx10°3 yx10°3
(ev)al  (ev)al  (eV) D)  (esw)®!  (esu)® (ev)al  (ev) [l (eV) D) (esw)?!  (esu)!

B1 -6,10 -2,65 3,45 11,53 3,28 55 B13 —6,53 -3,56 2,97 3,39 2,27 222
B2 -5,82 -2,42 3,40 7,62 3,06 70 B14 —6,02 -3,10 2,92 4,32 2,08 183
B3 =5,97 -2,99 2,98 12,52 5,04 149 B15 —6,32 -3,65 2,67 9,75 3,92 597
B4 =5,71 -2,74 2,97 8,78 4,72 169 B16 -5,96 -3,32 2,64 5,55 3,81 617
BS -6,09 -2,67 3,42 11,66 3,41 105 B17 —6,41 -3,48 2,93 9,30 2,93 288
B6 -5,82 -2,46 3,36 7,46 2,70 121 B18 —-6,00 -3,13 2,87 4,04 2,20 293
B7 -5,96 -3,00 2,96 12,57 5,16 196 B19 —6,22 -3,58 2,64 14,05 4,92 572
B8 =5,72 =277 2,95 8,39 4,90 219 B20 =5,90 -3,28 2,62 4,45 5,03 744
B9 -5,96 -2,83 3,13 10,66 4,80 179 [ _];2_1_ h _—_6,_7;_ h :3_,;8_ a _5,;7_ a _5_,8_4_ h _(;,57_ o ;6_3_ a
B10 =5,72 -2,62 3,10 6,16 2,44 162 B22 6,16 -3,28 2,88 0,65 0,43 411
B11 -5,87 -3,14 2,73 11,33 6,20 302 B23 —6,49 -3,88 2,61 7,75 0,29 862
B12 -5,65 -2,90 2,75 6,95 5,59 330 B24 —6,05 -3,42 2,63 1,12 0,44 1034

[ Kalkulovéno na DFT B3LYP/6-311++G(2d,p) trovni. ™ Kalkulovano pomoci MOPAC2012.
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{

LUMO+1 HOMO/LUMO HOMO-1

B13

Linearni B9 Kvadrupolarni B19 Tripodalni B24

HOMO/LUMO HOMO/LUMO HOMO/L:J;%

Obrazek 58 - HOMO/HOMO-1 (¢ervend) a LUMO/LUMO+ 1 (modrd) lokalizace u chromoforu B13
a HOMO/LUMO mix u molukul B9, B19 a B24.

Lokalizace limitnich HOMO a LUMO orbitali v reprezentativnich
chromoforech B9 (linearni), B13 a B19 (kvadrupolarni) i B24 (tripodélni) jsou
ilustrovany na Obrdzku 58. Obrdzek 58 tak prezentuje jasné oddéleni nabojli a tim
potvrzuje ICT-charakter findlnich chromofort B1-B24. Jak je b&éZnou praxi, limitni
HOMO 1 HOMO-1 orbitaly jsou lokalizovany na amino donoru a v alternujicich
polohach sousedniho fenylového kruhu, zatimco LUMO orbital je rozprostfen pres
periferni MDN nebo DBB akceptorni jednotku a ptilehly Tesystém. To plati zejména
pro linearni chromofory B1-B12. U kvadrupolarnich molekul B13-B16 (N-Me
substituce) jsou HOMO i HOMO-1 orbitaly lokalizovany opét na centrdlnim amino
donoru, dale vSak jiZ pouze v alternujicich polohach jedné fenylové vétve spolu

s LUMO+1. Naopak limitni LUMO orbital je rozloZen pouze pies druhou akceptorni
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vétev. U kvadrupolarnich molekul B17-B20 (TFA donor) je jiz LUMO orbital umistén
na obou akceptornich vétvich. Tripodalni chromofory B21-B24 maji LUMO orbital
rozloZeny na jedné nebo dvou konkrétnich akceptornich vétvich, zatimco tieti vétev je
obsazena LUMO+1. HOMO a HOMO-1 jsou nadale lokalizovany na centralnim
amino donoru. Toto rozmisténi limitnich orbitalll je typickym znakem tripodalnich
TFA-chromofort. 88214215

Vypocitané dip6lové momenty f/ zakladniho stavu (Tabulka 21) leZi pro linearni
molekuly B1-B12 v rozmezi od 6 do 12,5 D. Obecné niz§i hodnoty u pak byly
kalkulovany pro kvadrupolarni chromofory B13—-B20 (s vyjimkou molekuly B19,
kde ¢4 = 14 D). Pro DBB-substituované tripodalni chromofory B22 a B24 byly
spocitainy velmi nizké dipolové momenty (4 = 1 D), zatimco analogické
MDN-derivaty B21 a B23 vykazaly mnohem vyssi hodnoty £ S vyjimkou chromoforu
B22 maji vSechny tripodalni molekuly C3 grupu symetrie.

Vypoctené molekularni optické nelinearity druhého a tiettho fadu £ a yjsou
pro B1-B24 rovnéZ uvedeny v Tabulce 21. Jak je z kalkulovanych hodnot zifejmé, ob&
hyperpolarizability vykazaly opacné trendy. Zatimco [ koeficienty obecné klesaji
s nartstajicim vétvenim chromoforu (symetrizaci), hodnoty y se neustdle zvySuji
v fad¢ chromoforti od B1 po B24. Navic vypoctené hyperpolarizability tietiho fadu
napodobuji trendy pozorované u experimentalné ziskanych PO koeficientli (porovne;j
Obrdzek 56 a Prilohu 9). Citlivost NLO koeficientu ) se tedy vyrazné zvySuje
s naristajicim vétvenim chromoforu (multipodalitou) a s rozsifovanim/planarizaci
Ttkonjugovaného systému, méné pak zdlezi na zvolené akceptorni jednotce c¢i

pouzitém donornim N-substituentu.

3.2.7 Zavérecné shrnuti multipodality

Na zdklad¢ studia multipoddlniho uspofddani push-pull molekul byla
syntetizovdna systematickd série modelovych 24 chromofort (16 novych). K jejich
syntéze byla vyuzita aromatickd jodace, Sonogashirova cross-copling reakce,
Dessova-Martinova oxidace ¢i zavéretna Knoevenagelova kondenzace. Pfipravené
finalni chromofory se 1i§i pfedevSim svym prostorovym usporadanim (linearni
B1-B12, kvadrupolarni B13—B20 a tripodélni molekuly B21-B24), elektron-deficitni
povahou periferniho akceptoru (MDN vs. DBB), délkou Ttkonjugovaného systému

(vloZené acetylenové spojky) a zvolenou donorni N-substituci (Me vs. Ph). Na zakladé
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experimentalnich dat (termalni, elektrochemické, linearn€ a nelinearné optické
chovani) byly za podpory teoretickych DFT kalkulaci dikladn€ objasnény vztahy mezi
strukturou chromofort B1-B24 a jejich optoelektronickymi vlastnostmi.

Z pohledu termélni stability bylo DSC analyzou zjisténo, Ze nartstajici vétveni
chromoforu nebo nahrazeni akceptoru (MDN - DBB) ¢i vlozZeni trojné vazby ma
negativni vliv na tepelnou odolnost chromofori B1-B24. Postupné vétveni
chromoforu  (multipodalita) vyrazn¢  neovliviluje  absolutni  hodnoty
elektrochemickych HOMO-LUMO rozdil, pouze posunuje ob¢ limitni hladiny
k niz§im hodnotam. Podobny efekt byl pozorovan i u zmény donorniho N-substituentu.
Naopak zména periferniho akceptoru, jakoZ i prodlouZeni Tesystému velmi vyrazné
snizuje hodnoty AE. Multipodalita m4 u chromofort zfetelny vliv na tvar a velikost
nejdlouhovingjSich absorpénich CT-péasi. Zatimco linearni a tripoddlni molekuly
vykazovaly pouze jediny CT-pas, u kvadrupolarnich chromofort dochazelo ke Stépeni
absorpCnich pika ve dva rizné vyvinuté CT-pasy. Vyrazny bathochromni posun byl
zaznamenan, pokud doSlo u chromoforti jednak ke zméné periferniho akceptoru
(MDN - DBB) nebo k prodlouZeni a planarizaci jejich Tesystému. Volba pomocného
N-substituentu ¢i multipodalita naopak ovliviiovala pozice absorpcnich maxim
u chromofort. B1-B24 pouze zanedbatelné. NLO vlastnosti vSech findlnich
chromofort. B1-B24 byly rovnéZ zkoumany pomoci fotoindukovaného
piezo-optického jevu. V sestupném potadi pak byly namétené hodnoty PO koeficientii
ovliviiovany: typem akceptoru, délkou Tesystému, multipodalitou a AkLsubstituci.
Na zavér provedené, teoretické DFT kalkulace potvrdily dedukované zavéry a vztahy

typu struktura-vlastnosti vyplyvajici ze vSech experimentalnich stanoveni.
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Hlavnim cilem této disertac¢ni prace bylo zmonitorovat situaci kolem vyuZiti
malonové kyseliny a jejich funkénich derivati v oblasti push-pull chromofori.
V ramci toho byla teoreticka ¢ast rozdélena do nékolika podkapitol, ve kterych bylo
pojedndno o problematice push-pull chromoforti, jejich specidlnich vlastnostech,
které je pfedurcuji k vyuZziti zejména v modernich oblastech optoelektroniky. Ve skrze
se Ize v literatufe setkat se Sesti derivaty malonové kyseliny (plus ji samotnou), které
byly vyuzity pro konstrukci push-pull chromoforti, dominantné pro své elektron-
akceptorni vlastnosti. V ramci ptehlednosti a logické posloupnosti byly vybrané,
konkrétni push-pull chromofory sefazeny do n€kolika podsérii dle typu pfipojené¢ho
malonového akceptoru. V danych podsériich byl uvedeny vycet chromoforii
strukturalizovan tak, aby bylo mozno s co nejvetsi ndvaznosti prezentovat zmény
findlnich optoelektronickych vlastnosti chromoforii ve vztahu k provedenym
strukturdlnim modifikacim. Dokumentované moderni uplatnéni vybranych
chromofort ve stile se rozvijejicich oborech bylo ddno peclivou selekci literarnich
prament spadajicich pievazné do této novodobé dekady.

Z pohledu vyzkumnych cili, pfinaSejicich nové védecké poznatky, byla
experimentalni ¢ast této disertacni prace zaméfena predevsim na studium a vzajemné
porovnani elektron-akceptornich vlastnosti jednotlivych derivatti malonové kyseliny,
nebot” do této chvile nebyla v literatuie uvedena Zadna systematicka studie zabyvajici
se touto problematikou. Za timto ucelem byla syntetizovana rozsahla, systematicka
série 32 push-pull chromoforti zaloZzenych na centralnim 2-(N-piperidinyl)thiofenu
PIT, ktery byl osazen osmi nejbéznéjSimi perifernimi akceptory vychazejicimi
z malonové kyseliny. Nasledné vyhodnoceni experimentalnich 1 teoretickych dat
umoznilo nejen kriticky porovnat elektron-akceptorni silu jednotlivych malonovych
derivati, ale zaroven i vyvodit dsudky vysvétlujici tuto elektron-akceptorni variabilitu
malonovych derivatd. Jsem piesvédCen, Ze tato systematickd studie elektron-
akceptornich vlastnosti malonovych deriviti miZe byt pro Sirokou obec
materidlovych chemikl uziteCnym voditkem, jak vhodné zvolit konkrétni malonovy
akceptor a tim docilit pozadovanych optoelektronickych vlastnosti navrZzenych
push-pull chromofort.

V oblasti push-pull chromoforti bylo dosud syntetizovdno nespocet molekul

s velmi rozmanitym strukturadlnim usporadanim. Toto uspofadani méa pak zasadni vliv
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na cilové vlastnosti téchto chromoforii. Proto dalSim zamérem této disertacni prace
bylo alesponi ¢4ste€né objasnit, jak se vliv strukturdlniho vétveni chromoforu projevi
v jeho optoelektronickych vlastnostech. JelikoZ doposud bylo v literatufe této
problematice vénovano malo pozornosti, bylo moji snahou zobecnit a zptehlednit
situaci kolem strukturdlniho vétveni (multipodality). Z tohoto diivodu byla pfipravena
rozséhla, systematickd série 24 push-pull chromoforti (16 novych), u nichZ dochazelo
k postupnému strukturdlnimu vétveni. Byly tak ziskany finidlni molekuly s linearnim,
kvadrupolarnim i tripoddlnim uspofdddnim. Aby se zmény ve vlastnostech
chromofort daly pfi¢ist pouze vlivu multipodality, byly dané vétve vZzdy identické
(stejné strukturni prvky). V celé sérii 24 chromofort byla déle systematicky ménéna
délka Trkonjugovaného systému (chromofory bez nebo s vloZenou trojnou vazbou),
typ periferni akceptorni jednotky (MDN vs. DBB) arovnéZ N-substituce donorni
amino skupiny (Me, Ph). Ze zméfenych elektrochemickych a linearn¢ i nelinedrné
optickych dat je zfejmé, Ze optoelektronické chovani cilovych chromofort je prevazné
diktovano pfitomnym typem akceptoru a délkou Tesystému. Vliv postupného vétveni
a N-substituce pak zastiva spiSe minoritni roli. Lze tedy tvrdit, Ze zménou
multipodality nelze dosdhnout vyrazné zmény v optoelektronickych vlastnostech
push-pull chromoforti, ale spiSe specificky ladit pozadované vlastnosti chromoforii
tak, aby odpovidaly jejich findlni aplikaci. Domnivam se tedy, Ze tato systematicka
studie muzZe slouZit jako obecny navod pro modulovani optoelektronickych vlastnosti
push-pull chromofort.
Vyse uvedené vysledky mé dizertacni prace byly publikovany v nasledujicich
odbornych publikacich (viz Priloha):
1. M. Klikar, V. Jelinkov4, Z. Ruzickova, T. Mikysek, O. Pytela, M. Ludwig,
F. Bures, Eur. J. Org. Chem. 2017, 2017, 2764-2779.
2. Klikar, I. V. Kityk, D. Kulwas, T. Mikysek, O. Pytela, F. BureS, New J.
Chem. 2017, 41, 1459—-1472.
Tyto vysledky byly rovnéZ formou posteru nebo prednaSky prezentovany
na uvedenych konferencich:
1. Poster — ISNA 16, Facultad de Medicina, Universidad Complutense de
Madrid, Madrid, Spanélsko (5.-10.7.2015). ISNA 16 2015 Madrid - program
book, str. 51 (PSA-143).
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2. Poster — 67. zjazd chemikov, Grand hotel Bellevue, Horny Smokovec,
Vysoké Tatry, Slovensko (7.-11.9.2015). ChemZi (ro¢nik 11, ¢islo 1), str.
151, ISSN 1336-7242.

3. Prednaska — 68. sjezd chemiki, Konferencni centrum CSVTS, Novotného
lavka, Praha (4.-7.9.2016). Czech Chemical Society Symposium Series 14
(5), str. 248, ISSN 2336-7202.

Béhem mého vysokoSkolského studia jsem své védecké vysledky déle publikoval
v nésledujich publikacich:

1. M. Klikar, F. Bures, O. Pytela, T. Mikysek, Z. Padélkova, A. Barsella,
K. Dorkenoo, S. Achelle, New J. Chem. 2013, 37, 4230-4240.

2. D. Cvejn, E. Michail, 1. Polyzos, N. Almonasy, O. Pytela, M. Klikar,
T. Mikysek, V. Giannetas, M. Fakis, F. Bures, J. Mater. Chem. C 2015, 3,
7345-7355.

3. P. Solanke, F. Bures, O. Pytela, M. Klikar, T. Mikysek, L. Mager, A. Barsella,
Z. Ruzickova, Eur. J. Org. Chem. 2015, 5339-5349.

4. D. Cvejn, E. Michail, K. Seintis, M. Klikar, O. Pytela, T. Mikysek,
N. Almonasy, M. Ludwig, V. Giannetas, M. Fakis, F. Bures, RSC Adv. 2016,
6, 12819-12828.

5. B. Mairychova, I. V. Kityk, A. Maciag, F. BureS, M. Klikar, A. Riazicka,
L. Dostal, R. Jambor, Inorg. Chem. 2016, 6, 1587-1594.

6. P. Solanke, S. Achelle, N. Cabon, O. Pytela, A. Barsella, B. Caro, F. Robin-le
Guen, J. Podlesny, M. Klikar, F. Bures, Dyes Pigm. 2016, 134, 129-138.

7. M. Klikar, P. Solanke, J. Tydlitat, F. Bures, Chem. Rec. 2016, 16, 1886—1905
(review - Priloha).

8. M. Klikar, P.-le Poul, A. RiZicka, O. Pytela, A. Barsella, K. Dorkenoo,
F. Robin-le Guen, F. Bures, S, Achelle, J. Org. Chem. 2017, akceptovano
(DOI: 10.1021/acs.joc.7b01442).
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Priloha 1 - Korelace priimérnych optickych (1240/Anax) a elektrochemickych (AE) rozdilit (R = 0,92)
pro chromofory A1-A8.
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Priloha 2 — Korelace primérnych optickych (1240/Ana) a kalkulovanych (AEPFT) rozdilii (R = 0,89)
pro chromofory A1-A8.
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Priloha 3 — Korelace primérnych elektrochemickych (AE) a kalkulovanych (AEP™T) rozdilii
(R = 0,97) pro chromofory A1-AS.
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Malonic Acid Derivatives on Duty as Electron-Withdrawing Units

in Push-Pull Molecules

Milan Klikar,!?! Veronika Jelinkova,'® Zdenka RU

Miroslav Ludwig,®! and Filip Bure3*[

zickova,®! Tomas Mikysek,! OldFich Pytela,'?!

Abstract: Based on the 2-(N-piperidinyl)thiophene central do-
nor, 32 model push-pull molecules with systematically varied
malonic acid-derived peripheral acceptors have been prepared.
Further property tuning has been achieved by modifying the
n-linker and the structural arrangement {linear vs. quadrupolar
D-n-A systems). Malonic acid derivatives such as cyanoacetic
acid, malondinitrile, diethyl malonate, Meldrum’s acid, and N,N’-
dibutyl{thio)barbituric acid as well as 1,3-diketo analogues di-
medone and indan-1,3-dione were employed as acceptor moie-
ties. Knoevenagel condensation with four thiophene aldehydes
\afforded the target chromophores in satisfactory yields. The

electron-withdrawing abilities of malonic acid acceptors were
examined both by experiment including X-ray analysis, differen-
tial scanning calorimetry, electrochemistry, and UV/Vis absorp-
tion spectroscopy, and by DFT calculations. Details of the struc-
ture—property relationships have been elucidated. According to
the increasing electron-withdrawing ability, the widely used
malonic acid acceptor units can be ordered: diethyl malonate <
cyanoacetic acid < malondinitrile < Meldrum's acid < dimedone
< NN-dibutylbarbituric acid < indan-1,3-dione < NN-dibutyl-
thiobarbituric acid.

o

Introduction

Malonic acid (MA) was prepared for the first time by oxidation
of malic acid by French chemist V. Dessaignes in 1858.l" Since
this early experiment, malonic acid and its derivatives became
a well-known and widely studied class of organic compounds.
They are extensively used in industry, especially in pharmaceuti-
cals, agrochemicals, vitamins, dyes, adhesives, and fragrances.!?!
A common feature of MA derivatives is the high reactivity of
the central methylene bridge. The acidity of the CH,, induced
by two neighboring carbonyl groups, allow these compounds
to easily undergo alkylation, arylation, aldol and Knoevenagel
condensations, and MA derivatives are also often utilized in the
construction of heterocycles.® Knoevenagel condensation is
one of the main synthetic tools used for introducing MA deriva-
tives into the structure of push-pull chromophares. This reac-
tion between a carbonyl compound and a substance bearing
an active methylene group is generally acid- or base-cata-
lyzed.*!
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Organic push—pull chromophores currently constitute an in-
tensively investigated class of n-conjugated systems, which has
found many applications across chemistry and material scien-
ces.l”] The unique and peculiar properties of push-pull mol-
ecules such as color, (hyper)polarizability, dipolar character, and
extraordinary linear and nonlinear optical behavior, are mainly
induced by intramolecular charge transfer (ICT) from the elec-
tron donor through the m-linker to the electron acceptor.® Op-
tical properties, HOMO-LUMO gap, dipole moments, hyper-
polarizability coefficients, etc. are mainly dictated by the extent
of the ICT. In push—pull molecules, the aforementioned funda-
mental properties can easily be tuned by the type of used elec-
tron donors and acceptors, length and composition of the -
linker, and overall chromophore arrangement.”! The high im-
portance of D-t-A systems can clearly be demonstrated by their
wide applications as active substances in organic electronics,
molecular optics,”®! and semiconductors.” For many decades,
MA derivatives have been widely used as electron-withdrawing
parts of push—pull chromophores. Their popularity can be as-
cribed to their commercial availability, low price, easy incorpo-
ration into the chromophore, and relatively high electron-with-
drawing character. Moreover, a suitable choice of MA derivative
enables facile fine-tuning of target chromophore properties. Ac-
cording to the functional groups, MA derivatives can be divided
into three general subgroups: (1) nitriles {e.g., cyanoacetic acid,
ethyl cyanoacetate, and malondinitrile, {2) esters (e.g., dialkyl
malonate and Meldrum’s acid), and (3) imides [e.g., (thio)barbi-
turic acid].

Malonic acid and cyanoacetic acid are currently privileged
precursors for the construction of chromophores for dye-sensi-
tized solar cells (DSSC)."® The principal advantage of cyano-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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acetic acid can be seen in combining both withdrawing (-CN)
and anchoring (-COOH) abilities. Malondinitrile,'" as a starting
compound for the formation of the dicyanovinyl (DCV) with-
drawing unit, is one of the most popular electron-acceptor moi-
eties ever. For instance, the DCV unit has been extensively stud-
ied by Diederich et all"?! and recently reviewed by us.'>! More
recently, we have prepared a series of model tripodal molecules
with peripheral cyano acceptors including a DCV moiety. This
study clearly demonstrates a strong withdrawing ability of the
DCV unit compared with other used cyano acceptors!'® In con-
trast, dialkyl malonates have rarely been employed in the con-
struction of push-pull chromophores!'! This is probably due
to the weak withdrawing ability caused by +M effects of the
alkoxy groups. Meldrum’s acid as a cyclic ester of malonic acid
is likewise rarely used in push-pull chromophores, but it has
been used in some D-z-A systems.'®! On the other hand, barbi-
turic acid and its thio analogue are very popular MA derivatives
with notable electron-withdrawing strength. These acceptor
moieties are abundant in many (mero)cyanine dyes!"”! nanlin-
ear optic chromophores!'® solvatochromic!'® and near-infrared
probes,2% dyes for DSSCs,2" and supramolecular complexes
based on multiple H-bonding interactions.??! In 2013, we util-
ized N,N'-dibutylbarbituric acid as a powerful and well-soluble
acceptor moiety of push-pull chromophores with a systemati-
cally elongated n-linker.*! Recently, we have also focused on
multipodal push-pull molecules end-capped with DCV or NN~
dibutylbarbituric unit(s).>* This preceding research inspired us
to study and critically compare the electron-withdrawing abili-
ties of acceptor units based on various MA derivatives. It is quite
surprising that, to our knowledge, no attempts have been made
to systematically compare the electron-withdrawing strength of
a wide range of malonic derivatives. Beside pure MA derivatives,
this study also involves two additional 1,3-diketo analogues
such as dimedone and indan-1,3-dione. Whereas dimedone,
representing an analogue of Meldrum’s acid, was used very
rarely in organic (opto)electronics,!**! indan-1,3-dione proved to
be a very powerful acceptor, for instance in our recent T-shaped
chromophores.?%! The electron-withdrawing abilities of the par-

linear
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ticular MA-derivatives can be roughly estimated according to
their pK, values.

The electron-withdrawing strength of the acceptors as well
as the influence of the branching and extension of the x-linker
were investigated by electrochemistry, UV/Vis absorption spec-
tra, DSC, X-ray analysis, and DFT quantum chemical calculations.
Based on the measured and calculated data, structure—property
relationships have been elucidated and are discussed.

Results and Discussion

We designed and prepared 32 push-pull chromophores (31
new) bearing eight electron-acceptor parts as well as extended
and branched na-conjugated systems based on 2-(N-piper-
idinyl)thiophene (PIT) donor/linker {Figure 1). The precursors of
the particular MA derivative were cyanoacetic acid (CAA),
malondinitrile (MDN), diethyl malonate (DEM), Meldrum’s acid
(MEL), NN'-dibutylbarbituric acid (DBB), NAN'-dibutyl-2-thio-
barbituric acid (DBTB), dimedone (DMD), and indan-1,3-dione
{IND).

According to structural features, the target chromophores 1-
8 can be divided in four subseries a-d. The chromophore num-
ber specifies type of the acceptor(s): 1 = CAA, 2 = MDN, 3 =
DEM, 4 = DMD, 5 = MEL, 6 = DBB, 7 = DBTB, and 8 = IND.
Labels a-d indicates length of the mt-linker (ethenylene in series
a and ¢ but-1,3-dienylene in series b and d) as well as degree
of branching (linear a and b; branched ¢ and d).

Synthesis

In general, all target push-pull chromophores 1-8 were pre-
pared through Knoevenagel condensation. Cyanoacetic
acid {CAA), malondinitrile (MDN), diethyl malonate (DEM), Mel-
drum’s acid (MEL), dimedone (DMD), and indan-1,3-dione {IND)
are commercially available. The remaining acceptor precursors,
namely NN-dibutylbarbituric acid (DBB) and NN-dibutyl-2-

N N
R _#" En OM Q,Et " MO
it @ €
MDN DEM MEL
(o] 8
Bu j\iBu BUHBU
o &)
it ¥ b1 ©
DBB DBTB

Figure 1. Target linear/branched chromophores with eight withdrawing units based on MA derivatives and its analogues.
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Bu-NH, + BU~sC" ——————= Bu.

0-25°C
99 %

.S CH,Cl,

Bu-NH, + BU~:C" ————— Bu.

0-25°C

99 %

Scheme 1. Synthesis of NN -dibutyl{thio}barbituric acids DBB and DBTB.

thiobarbituric acid (DBTB) were synthesized by acid/base cata-
lyzed condensation of NN'-dibutyl{thio)ureas 12 and 14 with
malonic acid or diethyl malonate according to Scheme 1. De-
tailed synthetic procedures are given in the Supporting Infor-
mation.

Scheme 2 shows overall preparations of PIT aldehydes. PIT
(17), as a fundamental D/m building block, was prepared by the
reaction of thiophene-2-thiol 15 with piperidine 16 with 53 %
yield 27! |ts direct lithiation with nBuLi at -78 °C and subse-
quent reaction with NN-dimethylformamide (DMF) afforded lin-
ear aldehyde 9a with 66 % yield.!?®! A similar reaction sequence
with 3-(N,N-dimethylamino)acrolein 18 afforded extended alde-
hyde 9b with 67 % yield. PIT also underwent Vilsmeier-Haack
formylation with the DMF/POCI; system.??! In contrast to avail-
able reports,?#2% we have isolated only dialdehyde 9¢ irrespec-
tive of the amount of DMF/POCI; used. This twofold formylation
provided branched dialdehyde 9¢ in satisfactory yield of 68 %.
However, all attempts to perform similar Vilsmeier-Haack for-
mylation of 17 with 18 resulted in a very exothermic reaction
and decomposition. Hence, extended dialdehyde 9d was pre-

I=
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Bu
- . ”
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91 %
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JSL ., E00C._COOE Bu. AL Bu
. Bu
N7 N
H H 1. EtONa, EtOH OMO
reflux 48 h
1% 2. HCI, H,0 DETB
40%

pared through alternative twofold Wittig elongation of 9c¢ by
using commercially available phosphonium salt 19.1%! Subse-
quent hydrolysis of the formed diacetal intermediate yielded
9d with 74 % yield. Detailed synthetic procedures and charac-
terization {including X-rays) of all four aldehydes 9a-d are given
in the Supporting Information.

With PIT aldehydes 9a-d in hand, we carried out their Knoev-
enagel condensations with the aforementioned MA derivatives
{Scheme 3). Given that the particular MA derivatives exhibit var-
ious basicity/nuclecphilicity and aldehydes 9a-d possess differ-
ent reactivity/electrophilicity, the reaction conditions had to be
optimized. In some reactions, a generally well-working and very
convenient CH,Cl,/ALO; system!2%2312 141 had to be replaced
with a CHiCN/piperidine version. The Knoevenagel reactions of
9a-d with parent MA provided completely insoluble com-
pounds. The particular reaction conditions are listed in the
Experimental section. The attained yields do not show any
notable trends, they rather represent an intersection of acid-
base properties of the starting materials as well as the separa-
tion techniques used.

1. nBuli, THF, -78 °C, 1 h
luene L
HS—Sx O __toluene CN 2. DMF, 20 °C, 0.5 h (\\
WJ N fef'”* \'/\ /| 3.HCL05h -
H " 4, NaOH U
15 16 53 /n
GS %
1. nBuLi, THF, -78°C, 1 h
2 ‘rir“:a-/‘o 20°C,1h (\,
\/
Y 5 hc.osn \__7\/\
4. NaOH 9b
67 %
1.DMF, 0°C ‘M 5 P 1. NaH, THF, 20 °C, 16 h (\\N .
2, POCl; 50 °C, 0.5 h LN~ y EO - < ] A\’/*‘o
17 \ b u
3. NazCO3, H;0 o BBy ‘
\O 19 BuU Bu N
Ggiﬁ) 2.HCI, THF, 20°C,1h \ 9d
O 7%
Scheme 2. Construction of PIT aldehydes 9a-d.
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Scheme 3. General synthetic pathway to chromophores 1-8 through Knoevenagel condensation.

X-ray Analysis

Crystals of PIT aldehydes 9a-d as well as target chromophores
2¢, 4a, 5b, and 8a-b suitable for X-ray analysis were obtained

by slow diffusion of hexane into the corresponding dichloro-
methane solution. The ORTEP plots of PIT aldehydes are shown
in Figure S1 in the Supporting Information, for target chromo-
phores see Figure 2. These plots confirm the proposed molec-

Figure 2. X-ray molecular representations of chromophores 2c (a), 4a (b), 5b (c), 8a (d), and 8b (e).
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ular structures as well as arrangement of the particular alde-
hyde/chromophore in the solid state. The ORTEP plot of 9c
further confirms that the observed twofold Vilsmeier-Haack
formylation takes place selectively at the C3 and C5 positions
of the PIT.

The MA-derived acceptor units in 2¢, 4a, 5b, and 8a-b are
almost perfectly co-planar with the central thiophene moiety.
Regardless of the used a-linker {ethenylene or but-1,3-dienyl-
ene), the dihedral angles between these two moieties do not
exceed 10° (generally 1-3°). This allows efficient overlap of the
m-electron clouds across the whole ai-system and facilitates ICT
between the donor and the acceptor. Branching of the chromo-
phore caused only minor deviation of the piperidine ring.

A variation of the C-C bond lengths within the thiophene
ring in a range from typical C=C double bond to ca 1.42 A has
been revealed from the X-ray data. This can be attributed to
elongated thiophene bonds, whereas the rest of the C-C, C-N
and C-0 (multiple) bonds are localized at appropriate places
with lengths similar to the reported values, In this respect, the
extent of the ICT can be assessed by calculating bond length
alternation within the central thiophene ring. Its quinoid char-
acter/aromaticity can easily be determined by the Bird index
{I5).1*" Whereas the Bird index of unsubstituted thiophene is 66,
thiophene rings in 2¢, 4a, 5b, and 8a-b possess s within the
range of 59 to 63. This implies less aromaticity and higher quin-
oid character of the thiophene rings due to the ICT. However,
the PIT donor connected to a powerful T-shaped, indan-1,3-
dione-derived acceptor can be polarized even further, with /s =
5g.126b]

The supramolecular arrangement of 2¢, 4a, 5b, and 8a-b
reveals 2D-layered array structures due to extensive m-m stack-
ing supported by numerous noncovalent C-H---negative atom
interactions.

Thermal Properties
The thermal behavior of compounds 1-8 was studied by differ-

ential scanning calorimetry (DSC). Figure 3 shows thermograms
of representative compounds 7a-d (DBTB chromephores) and

7d

Heat flow /W g™
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)
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Figure 3. Representative DSC curves of compounds 7a-d (DBTB chromo-
phores) determined with a scanning rate of 3 *C/min under N,.
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Table 1 lists all measured melting points (7,,) and temperatures
of thermal decompositions (7). All DCS curves are given in the
Supporting Information. The measured melting points range
from 62 to 261 °C. The temperature of decomposition was esti-
mated within the range of 171-303 °C.

Except 1a, all linear chromophores in series a exhibited a
very sharp endothermic peak of melting. Chromophore 3a is a
viscous oil that decomposed directly at 269 °C followed by a
melting of the decomposed residue. For 4a and 7a, the exother-
mic peaks of decompositiocn were observed shortly after melt-
ing, whereas 1a, 2a, 5a, 6a, and 8a were stable in the liquid
phase for an additional 40-15¢ °C above their melting point.
Except 3b, bearing a DEM acceptor unit (T, = 62 °C), very sharp
peaks of melting were found for compounds in series b (T, =
155-213 °C). In contrast to 1b-3b, and 6b, decomposition of
4b, 5b, 7b, and 8b followed immediately their melting.

The compounds in branched series ¢ and d showed complex
thermal behavior. Compounds 2c and 6¢ exhibited sharp melt-
ing peaks followed by gradual decomposition, whereas the
melting of 4¢, 5¢, 7¢, and 8c was immediately overset to exo-
thermic decompositions. For most compounds in series ¢ the
subsequent decomposition peaks were also observed. Qily 3¢
exhibited similar thermal behavior to that of 3a. Whereas 2d
and 5d decomposed immediately after melting, 6d and espe-
cially 3d were also stable in the liquid phase. In contrast, com-
pounds 1d, 4d, 7d, and 8d decomposed directly without melt-
ing.

Desorption of the residual/crystalline solvents were observed
for compounds 1b, 1¢, 1d, 5b, 6d, and 8d. Moreover, 5¢ and
6d also showed solid—solid transitions at 125 and 140 °C, re-
spectively.

From the measured thermal properties, we can conclude the
following outcomes: (1) Elongation of the m-linker by embed-
ding an additional double bond decreases T, (e.g., linear series
b vs. a; Figure 3). (2) The measured T, values are very close
{ATy4 = 5-40 °C) for pairs of compounds with the same acceptors
in series ¢ and d (Figure 3). {3) In general, the linear compounds
1a-8a and 1b-8b always showed melting peaks, whereas the
branched 1c-8c and 1d-8d often underwent additional ther-
mal processes or decomposed directly without melting. {4) The
lowest melting points were determined for 3b {62 °C) and 3d
{123 °C) with DEM acceptor bearing ethyl chains. In general,
alkyl chains hamper crystallization and significantly affect the
melting points. (5) In contrast, compounds end-capped with
DEM unit{s) (3a-d) exhibited the highest average T, values.
{6) Similarly, CAA-, MDN-, and IND-terminated compounds (1a-
d, 2a-d, and 8a-d) significantly resisted thermal decomposi-
tion. (7) MEL-substituted 5a-d possess higher T, compared with
structurally similar DMD 4a-d (effect of the oxygen atoms).
{(8) The effect of a chalcogenide atom can distinguish DBB (6a—
d) and DBTB {7a—-d) derivatives. The sulfur atom in DBTB in-
creases the melting point and generally decreases T, compared
with DBB oxygen analogues.

With respect to these conclusions, the highest melting point
and decomposition temperature were observed for 2d (T, =
261 °C) and 2a (7, = 303 °C) end-capped with MDN acceptor
unit(s).
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Table 1. Summarized thermal, electrochemical, and linear optical properties of chromophores 1-8.

Compound el Ta 1 Erppionn Eyppean AEH Eramo™? Eumo™ A ——
°a [’ vl V] V] [eV] [eV] [nm/eV] (m'em™)

1a 130 205 o a1 - - - 436/2.84, 459/2.70™M 28.8/45.9M

2a 143 303 0.951! -1.29 2.24 -5.30 -3.06 464/2.67 579

3a - 269 072 -1.63 235 -5.07 =272 430/2.88 36.1

4a 205 217 0.83 -136 219 -5.18 -2.99 488/2.54 81.4

5a 184 232 0.94H41 -1.301 2.24 -5.29 -3.05 468/2.65 905

6a 172 251 0.88! ~1.2gM 216 -5.23 -3.07 486/2.55 1106

7a 216 231 0.94H1 —1.15k! 209 -5.29 -3.20 508/2.44 1208

8a 182 243 0.80 -1.21d 201 -5.15 -3.14 515/2.41 105.1

1b 155 217 —al a1 - - - 468/2.65, 533/2.33N 17.5/23.7M

2b 155 254 0.67 -1.02 1.69 -5.02 -333 551/2.25 733

3b 62 258 0.53 -1.33 1.86 -4.88 -3.02 466/2.66 352

4b 169 179 0.59 -1.03 162 -4.94 -332 594/2.09 109.8

5b 213 218 0.67 -0.96 163 -5.02 -339 572/217 1421

6b 148 207 0.64 -095 1.59 -4.99 -3.40 592/2.09 1421

7b 175 186 0.69 -0.82 1.51 -5.04 -3.53 614/2.02 1749

8b 204 215 0561 -0.93 149 -4.91 342 619/2.00 1230

1c - 264 ~lal ~lgl - - - 398/3.12, 44872.77' 14.7/14.10

2c 215 222 1.24 -0.92 216 -5.59 -343 472/2.63 303

3c = 268 0.96! ~1.45< 241 -5.31 -290 386/3.21 283

4c 204 209 097 -1.02 199 -532 -333 497/2.49 427

5c¢ 199 205 1.15M -0.901! 2.05 -5.50 -3.45 477/2 .60 41.1

6c 127 171 1.0441 -0.90 1.94 -5.39 -345 527/235 394

7c 172 179 1,00 -0.65 1.74 -544 -3.70 519/2.39 879

8¢ 243 254 1.00 -0.85 185 -5.35 -3.50 556/2.23 483

1d = 250 - a1 = = = 433/2.86, 465/2.67M 17.8/19.1

2d 261 264 0.85 -0.85 1.70 -5.20 -3.50 522/2.38 368

3d 123 286 07 -1.21 192 -5.06 -3.14 423/2.93 371

4d = 214 0.76 -0.85 161 =511 -3.50 583/213 292

5d 235 244 0.85 -0.75 1.60 =520 -3.60 579/2.14 478

ed 178 212 0.79 -0.75 1.54 -5.14 -3.60 598/2.07 54.8

7d = 184 0.85 -0.52 137 -5.20 -3.83 656/1.89 68.0

8d = 242 075 -0.74 149 -5.10 -361 585/2.12 432

[al 7, = melting point (the point of intersection of a baseline and a tangent of thermal effect = onset). [b] T, = thermal decomposition (pyrolysis in N,
atmosphere). [c] £y a1 @aNd Eyja50q1, are halfwave potentials of the first oxidation and reduction, respectively; all potentials are given vs. SCE; AE = Ey 00
= Eyfaredny- [d] Reversible process. [e] —Enowionumo = Erjstoxizredn) + 4429 (Ref32) [f] Measured in CH;OH/CH,Cl,, 24:1 at concentration 107 m. [g] Not

measurable. [h] AcOH (5 pl) was added to measured solutions.

Electrochemistry

Electrochemical measurements of chromophores 1-8 were car-
ried out in M,N-dimethylformamide containing 0.1 m BusNPF¢ in
a three-electrode cell by cyclic voltammetry (CV) and rotating-
disk voltammetry (RDV). The working electrode was a glassy
carbon disk (2 mm in diameter) for CV and RDV experiments.
Saturated calomel electrodes (SCE) were used as reference and
auxiliary electrodes, separated by a bridge filled with support-
ing electrolyte and Pt wire, respectively. All potentials are given
vs. SCE. Table 1 lists the acquired data, and representative CV
diagrams of compounds 2¢, 3d, 4a, 5b, 6¢, 7d, and 8a are given
in the Supporting Information. Chromophores 1a-d with CAA
acceptor(s) were not measurable by using the employed elec-
trochemical techniques.

The values of the half-wave potentials of the first oxidation
and reduction £ /341y and Eqjpqeqr) Were recorded within the
range of 0.53 to 1.15 and -1.63 to -0.52 V, respectively. The
first oxidation and reduction are typical cne-electron processes,
followed by subsequent oxidations and reductions, and are
clearly a function of the number and type of the used acceptor
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unit(s) as well as the a-linker length (Table 1). Whereas the first
oxidation most likely takes place at the PIT donor, the first re-
duction is situated on the withdrawing moiety and the adjacent
m-linker. All half-wave potentials of the first oxidation and re-
duction were further recalculated to the energies of the HOMO
and LUMO (Epomonumo)s respectively.2? Hence, further discus-
sion will be given in terms of these quantities and their differen-
ces AE because these fit better to the purposes of this article.
The energy level diagram of averaged values of the Epomonumo
for the given guartet of chromophares with the same acceptor
unit is shown in Figure 4.

As a general trend, the Eyopo values gradually decreased in
the order b - d — a — c. Hence, extension of the m-linker
shifts the HOMO levels to more positive values most signifi-
cantly (b vs. a, or d vs. ¢). Chromophore branching has the
opposite effect and further reduces the Eyomo values (c vs. a,
or d vs. b). The lowest/highest averaged HOMO level belong to
chromophores 2/3 bearing MDN/DEM acceptor units.

On average, the E o values decreased in ordera — b — ¢
— d. In contrast to the HOMO levels, the E umo is shifted to
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Figure 4. Energy level diagram of averaged values of the electrochemical
(black) and DFT calculated (red) energies Eyomonumo for the particular series
of MA-derived withdrawing units.

more negative values upon both extension of the m-system and
branching in the chromophore. Hence, the lowest/highest aver-
aged E\ymo values were measured for chromophore 7/3 with
DBTB/DEM acceptor units. Given that the first reduction and
the LUMO are localized on the acceptor moieties of 1-8, the
energies £ yo can be used to order the acceptor units as: DEM
< DMD < MDN < MEL < DBB < IND < DBTB.

The difference between the first oxidation and reduction po-
tentials/HOMO and LUMQO levels (electrochemical gap, AF) rep-
resents a direct way of evaluating the extent of the ICT across
all withdrawing units and chromophores. Given that the elec-
tron-donating part (PIT) remained unaltered in all chromo-
phores, the changes seen in the Ejomonumo €an be ascribed
to the structural changes in: (1) The length of the n-linker; its
extension always reduces the AE. (2) The chromophore branch-
ing, which also reduces the AE; this effect is especially pro-
nounced when going from linear series a to branched series ¢
and less for series b and d in which the effect of the a-linker
elongation dominates. {3) The HOMO-LUMO gap in 1-8, which
is mostly dictated by the withdrawing unit appended to the PIT
donor. According to decreasing AE values, we can order the
acceptor units as: DEM < MDN < MEL < DMD < DBB < IND <
DBTB {Figure 4).

Hence, chromophores 7d {1.37 eV), 8h, and 8d (both
1.49 eV) bearing DBTB and IND acceptor units possess the nar-
rowest AE. In contrast, DEM-terminated molecules 3a (2.35 eV)
and 3c (2.41 eV) possess the largest HOMO-LUMO gaps.

One Photon Absorption

All target chromophores 1-8 are intensely colored solids or oils
with a color ranging from yellow to blue (see Figure S10 in
the Supporting Information), most of them show no emissive
properties. Hence, optical absorption properties were examined
by UV/Vis spectroscopy. The longest wavelength absorption
maxima Ama and molar absorption coefficients ..., are sum-
marized in Table 1. Selected absorption spectra are shown in
Figure 5; for complete listing see the Supporting Information.
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The longest wavelength absorption maxima of chromophores
1-8 ranged from 386 to 656 nm with corresponding e, values
of 15t0175x 103 m ' em .
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Figure 5. Representative, mathematically smoothed (ref.*3!) UV/Vis absorption
spectra of DBB chromophores 6a-d {a) and 1b-8d in CH;OH/CH,Cl, {24:1)
at concentration 1% 105 m.

Linear chromophores in series a and b always exhibit a single
CT band, whereas the spectra of branched molecules in series
¢ and d feature two more or less developed CT bands (Fig-
ure 5a). This reflects two conjugated pathways between both
acceptors and the PIT central donor and their quadrupolar
nature. According to the Frenkel exciton model, the excited
state of a quadrupolar molecule is split into two bands that are
energetically positioned at +V and -V {where V is the inter-
branch coupling) relative to the excited state of the parent di-
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polar molecule.**! For guadrupolar branched molecules, both
bands are one-photon allowed (observable), with the low-
energy lying band possessing greater oscillator strength (larger
£max). This is also the case for chromophores 6a/6¢ and 6b/6d
(Figure 5a). For instance, 6a possesses a single CT band with
S = 486 nm and Emax = 110.6 X 10° m ' cm ', whereas the
spectrum of its quadrupolar analogue 6c features two bands
at 428 and 527 nm with &4 = 24.3 and 394 x10* M cm™’,
respectively. Figure 5a also clearly demonstrates the effect of
ni-linker elongation. When going from 6a to 6b or from 6¢ to
6d (insertion of one double bond in each branch), the positions
of the longest absorption maxima shifts bathochromically with
Admax of 106 and 71 nm, respectively.

The trends seen by electrochemical measurements are also
obeyed in electronic absorption spectra. Namely, extension of
the n-linker of the chromophore reduces the optical gap (1240/
Ama S€€ Table 1). Chromophore branching has no clear trends
across the whole series because two peaks for quadrupolar
chromophores in series ¢ and d were observed. Hence, both
redshifts and slight blueshifts were observed (Table 1). Alterna-
tion of the acceptor units affects the optical properties of
chromophores 1-8 most significantly. For instance, a gradual
replacement of the DEM acceptor in 3b {4,,.« = 466 nm) up to
DBTB or IND shifted the 4., to 614 {7b) and 619 (8b) nm,
respectively {Ad., ca. 150 nm, Figure 5b). Thus, a suitable
choice of MA acceptor allows tuning of the optical gap by
about 0.7 eV. Figure 6 compares the averaged optical gaps of
all MA derivatives, Considering the A.derived optical gaps,
the withdrawing abilities of the MA derivatives showed the
same trend as seen by the AE values {see their correlation in
Figure §55) with the order: DEM < CAA < MDN < MEL < DMD
< DBB < IND < DBTB,

DEM
—

i)
-]

CAA

»
-]

n
7]

CAA*
2,6 4 —

1240/ 2 | €V

2,5 - MDN

2.4 - MEL
—

DMD
2.3 1 = npp

2.2 1 JND peTB
—

21

Figure 6. Comparison of averaged optical gaps (1240/%ma) for the series of
MA-derived withdrawing units. * Acetic acid was added.

The following structure-withdrawing property relationships
can be deduced among the particular MA-acceptors: (1) DEM
is the weakest electron acceptor, DBTB and IND are the most
powerful. (2) MDN proved to be a stronger acceptor unit than
CAA. (3) The withdrawing behavior of CAA strongly depends
on the extent of the COOH dissociation. Acidification of the
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media with acetic acid {Figure 6), resulted in significant redshift
of the spectra as the COOH remained undissociated. (4) Cyclic
MEL proved to be a much stronger acceptor than linear DEM
{lactone vs. ester). Hence, cyclic MA-derivatives are generally
stronger electron acceptors. {5) O0—=C replacement in MEL led
to DMD {ester vs. ketone) with improved withdrawing ability
{counterproductive saturation of the carbonyls by alkoxy
groups in MEL). (6) Chalcogenide O—S replacement as in DBB
vs. DBTB significantly affects the properties of both acceptors.
The latter proved much stronger. {7) O—N replacements as in
CAA vs. MDN or MEL vs. DBB enhances the withdrawing power;
therefore, MDN and DBB are stronger acceptors than CAA and
MEL, respectively. {8) When comparing 1,3-diketones DMD and
IND, the latter showed much stronger withdrawing ability be-
cause the fused benzene ring allowed enlarged conjugation.

Quantum Chemical Calculations

Spatial and electronic properties of all target chromophores
1-8 were investigated at the DFT level by using the Gaussian
W09 package.l**! The geometries of molecules 1-8 were opti-
mized by using the DFT B3LYP/6-311G{d,p) method. Energies
of the HOMO and LUMO, their differences, ground-state dipole
moments p and first hyperpolarizabilities f§ were also calculated
on the DFT B3LYP/6-311++G(2d,p) level. The calculated data are
summarized in Table 2.

The calculated energies of the HOMO and LUMO of 1-8
range from -6.69 to -5.27 eV and from -3.57 to -1.92 eV, re-
spectively. They are clearly a function of the branching, exten-
sion of the n-linker, and type of the attached acceptor moiety.
The calculated HOMO-LUMQ gaps (AEP™T) are generally slightly
wider than those obtained by electrochemistry; however, the
trends within the whole series of molecules are clearly pre-
served (Figure 4). Moreover, the calculated HOMO-LUMO differ-
ences correlate tightly with both electrochemical and optical
gaps (Figure $S56-S57) and, therefore, the used DFT method can
be considered as a reasonable tool describing electronic prop-
erties of 1-8. For instance, the narrowest AEP'T of 2.47 eV was
calculated for chromophore 7d with DBTB acceptor moiety,
which is similar to the electrochemical outcome. In general,
the averaged AEP'T values of 1-8 decrease in the order: DEM
> CAA = MDN = MEL > DMD = DBB > IND > DBTB, which
resembles the order deduced from the electrochemical and op-
tical properties.

The HOMO and LUMO localizations in representative
chromophores 5b and 8d are shown in Figure 7. Complete list-
ing is given in the Supporting Information. Molecules in linear
series a and b, e.g., 5b, possess the HOMO and the HOMO-1
localized predominantly on the piperidinyl donor and partially
in the alternating positions. The LUMO is spread over the MEL
acceptor part, adjacent ai-linker, and partially also on the piper-
idinyl residue. The LUMO+1 is localized on the thiophene cen-
tral part. Branched chromophores in series ¢ and d, e.g., 8d,
showed very similar localization of the HOMO and HOMO-1,
whereas the LUMO is spread mostly over the IND acceptor ap-
pended on the remote branch. The second branch closer to the
piperidinyl donor is occupied by the LUMO+1. This distribution
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Table 2. DFT calculated parameters of chromophores 1-8.

Compound Frono™ Eiuma™ AEDFT el B % 10730 Compound Froma™ Erumc™ AFRFT el A 1730
(eV) (eV) (eV) D) (esu) (eV) (eV) (ev) (D) (esu)

1a =575 =246 3.29 10.9 34 1c -6.40 -3.14 3.26 125 47

2a -5,89 -2.67 3.22 12.8 38 2c -6.69 -3.41 3.28 94 43

3a =539 -1.92 347 71 52 3¢ -5.73 -2.08 365 23 53

4a -5.54 =231 3.23 6.8 57 4c -5.80 =274 3.12 34 92

5a =571 =239 332 83 41 5¢ -6.17 -2.89 3.28 5.1 67

6a -5.65 =241 3.24 9.2 51 6¢ -5.99 -2.89 3.10 58 86

7a -5.69 -2.63 3.06 10.9 30 7c -6.05 -3.19 2.86 6.9 370

8a 2552 -247 3.05 6.9 134 8¢ -5.76 -2.89 287 47 295

1b -5.57 -2.76 2.81 15.4 194 1d -5.99 -3.29 270 149 659

2b -5.66 -2.88 278 151 182 2d -6.39 -3.57 282 87 304

3b =527 =225 3.02 10.4 198 3d -5.74 -2.73 3.01 78 288

4b =534 -2.61 273 86 319 ad -5.60 -3.00 2.60 55 3343

5b -5.48 -2.68 2.80 10.2 233 s5d -5.82 -3.13 269 70 906

6b -5.44 -2.70 2.74 1.1 299 6d -5.74 -3.12 262 9.0 2316

7b -549 -2.88 2.61 13.1 368 7d -5.82 -3.35 247 143 829

8b -5.34 -2.69 2.65 8.5 707 8d -5.74 -3.08 266 4.0 282221

[a] Calculated at the DFT B3LYP/6-311++G(2d,p) level. [b] Likely to be an overestimated value (repeated calculations always with the same result).

of the LUMO orbitals is a common feature of branched push-
pull molecules."**4 Surprisingly, chromophores 7a-d have the
HOMO localized on the sulfur and oxygen atoms of the DBTB
acceptor.

a) b)
h HOMO-1
%\h 2% LUMO+1

Figure 7. HOMO/HOMO-1 (red) and LUMO/LUMO+1 {blue} localizations in 5b
(a) and 8d (b).

The calculated ground-state dipole moments range from 2.3
to 15.4 D. In general, the highest values were calculated for
chromophores with CAA (1a-d), MDN (2a-d), and DBTB (7a-
d) acceptors (9-15 D). In contrast, chromophores with diketo
acceptors such as DMD (4a-d) and IND (8a-d) showed signifi-
cantly diminished y values (2-8 D). Extension of the m-linker
generally increased the dipole moment, whereas branching has
rather the opposite effect.
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Polarizabilities of the chromophores 1-8 have also been
evaluated by calculating the first hyperpolarizabilities /3
{Table 2). Excluding 8d as an outlier, the calculated f# values
range from 30 to 3343 x 107°° esu. Compared to linear chromo-
phores 1a-8a (8 = 30-134 x 1073 esu), extension of the n-
linker as in 1b-8b resulted in significant improvement of the
first hyperpolarizability 5 up to 182-707 x 10 *° esu. Similar and
even pronounced trend can be seen when comparing series ¢
and d. Branched chromophores in series ¢ and d possess up to
one order of magnitude higher § values than the correspond-
ing linear analogues in series a and b. From the MA-derived
acceptor moieties, the DBTB and IND impart the strongest ICT
into the molecule, which also reflects their generally highest
calculated NLO coefficients in series a—-c. However, in the
branched and most extended series d, the highest f values
were calculated for 4d and 6d {and 8d), bearing 1,3-diketo
{DMD and IND) or DBB acceptors. Hence, indan-1,3-dione and
{thio)barbituric acids seems to be the most powerful acceptors
from the whole series of push—pull molecules.

Conclusions

To study the withdrawing ability of six malonic acid derivatives
and two of its analogues, new model push—pull chromophores
have been designed and synthesized. First, a straightforward
reaction path towards four PIT aldehydes has been developed.
These aldehydes underwent smooth Knoevenagel condensa-
tion with eight different MA-derivatives to afford 32 mostly new
push-pull molecules 1-8 in four series a-d. These chromo-
phores have systematically varied peripheral acceptor moiety,
structural arrangement, and length of the m-linker. Detailed
structure-property relationships have been elucidated by con-
sidering both experimental {thermal, electrochemical, and opti-
cal) and calculated data.

Molecular structures of all PIT aldehydes 9a-d as well as five
target chromophores 2¢, 4a, 5b, and 8a-b were confirmed by
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X-ray analysis, which revealed essentially planar structures, high
quinoid character of the central thiophene ring, and extensive
m—m stacking in the solid state.

DSC analysis showed that m-linker extension decreased the
thermal robustness, branching mostly caused direct decompo-
sition without melting, and variation of the peripheral with-
drawing moiety affected the thermal properties of 1-8 accord-
ing to its nature. Hence, the highest thermal robustness has
been observed for MDN-terminated molecules as well as for
CAA-, DEM-, and IND-derivatives.

The electrochemical and UV/Vis absorption optical measure-
ments revealed the same trends and structural features influ-
encing the fundamental properties of target chromophores 1-
8. Namely, the n-linker extension and gradual chromophore
branching reduces both electrochemical and optical gaps. How-
ever, the HOMO/LUMO levels and resulting gaps are predomi-
nantly dictated by the composition, electronic, and spatial na-
ture of the used acceptor. A replacement of the atoms (0—C,
0O—N, and 0—5) within the acceptor unit significantly improves
its electron-withdrawing ability. Cyclic acceptors proved to be
stronger than linear analogues. Extended m-conjugation (e.g.,
IND) further enhances withdrawing behavior.

The aforementioned conclusions are fully supported by the
DFT calculations. The calculated data correlates tightly with the
electrochemical and optical properties.

Hence, based on the experimental results as well as calcu-
lated properties, the MA-derived acceptors can be ordered as:
DEM < CAA < MDN < MEL < DMD < DBB < IND < DBTB.

In general, the MA-derived acceptors can be classified in four
subgroups: (1) Weak {DEM), (2) moderate (CAA, MDN), (3) pow-
erful (MEL, DMD, DBB), and (4) very strong (IND, DBTB).

The main goal of this work was to investigate and critically
compare the withdrawing ability of commonly used MA-de-
rived acceptors. Therefore, a wide range of target MA-chromo-
phores has been synthesized based on the PIT donor, which
allowed proper evaluation of averaged experimental and theo-
retical results. We believe that the deduced outcomes may
serve as a useful guide to conveniently select a suitable MA
derivative for the given D-n-A system with desired optoelec-
tronic behavior.

Experimental Section

General Methods: The preparation and characterization of NN-
dibutyl(2-thio)barbituric acids, PIT 17, and aldehydes 9a-d are
given in the Supporting Information. The remaining acceptor pre-
cursors (CAA, MDN, DEM, MEL, DMD, IND}) as well as starting com-
pounds 10, 11, 13, 15, 16, 18, and 19 are commercially available.
All commercial chemicals, reagents and solvents were purchased
from Sigma Aldrich, Acros and TCI and were used as received.
THF was dried with a Puresolv™ micro solvent purification system.
Lithiation and Wittig reactions were carried out in flame-dried flasks
under argon. Column chromatography was carried out with silica
gel 60 (particle size 0.040-0.063 mm, 230-400 mesh; Merck) and
commercially available solvents. Thin-layer chromatography (TLC)
was conducted on aluminum sheets coated with silica gel 60 F254,
obtained from Merck, with visualization by a UV lamp (254 or 360
nm). Thermal properties were measured by differential scanning
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calorimetry DSC with a Mettler-Toledo STARe System DSC 2/700
equipped with FRS 6 ceramic sensor and cooling system (HUBERT
TC100-MT RC 23). Thermal behavior of the target chromophores
were measured in open aluminous crucibles under N, inert atmos-
phere. DSC curves were determined with a scanning rate of 3 °C/
min within the range 25-450 °C. Melting point and temperature of
decomposition were determined as intersection of the baseline and
tangent of the peak {onset point). Elemental analyses were carried
out with a Fison EA 1108 instrument. "H and "*C NMR spectra were
recorded at 400 and 100 MHz, respectively, with a Bruker AVANCE
400 instrument or at 500 and 125 MHz, respectively, with a Bruker
Ascend™ 500 at 25 °C. Chemical shifts are reported in ppm relative
to the signal of Me,Si. The residual solvent signal in the 'H and '3C
NMR spectra was used as an internal reference (CDCl; & = 7.25 and
77.23 ppm; CD,Cl, 6 = 5.32 and 54.00; [Dg]DMSO 6 = 2.55 and
39.51; D;O o = 4.80). Apparent resonance multiplicities are de-
scribed as s (singlet), d (doublet), dd (doublet of doublet), t (triplet),
q (quartet), and m (multiplet), apparent coupling constants of multi-
plets (3J or %J) are given in Hz. Thiophene and aromatic indan-1,3-
dione signals are marked as th and ind, respectively. IR spectra were
recorded as neat by using HATR adapter with a Perkin—-Elmer FTIR
Spectrum BX spectrometer. Mass spectra were measured with a GC-
MS configuration comprised of an Agilent Technologies 6890N gas
chromatograph equipped with a 5973 Network MS detector (El
70 eV, mass range 33-550 Da). High-resolution MALDI MS spectra
were measured with a MALDI mass spectrometer LTQ Orbitrap XL
{Thermo Fisher Scientific, Bremen, Germany) equipped with nitro-
gen UV laser (337 nm, 60 Hz). The LTQ Orbitrap instrument was
operated in positive-ion mode over a normal mass range {m/z
50-2000) with resolution 100 000 at mi/z = 400. The survey crystal
positioning system (survey CPS) was set for the random choice of
shot position by automatic crystal recognition. 2,5-Dihydroxy-
benzoic acid (DHB), 2-[(E)-3-(4-tert-butylphenyl)-2-methylprop-2-en-
ylidene]lpropanedinitrile {DCTB) and 9-aminoacridine {9-AA) were
used as a matrix. Mass spectra were averaged over the whole MS
record for all measured samples. The absorption spectra were meas-
ured with a Hewlett-Packard 8453 spectrophotometer in CHyOH/
CH,Cl,, 2411 at concentration of 1 x 107° M. Voltammetric measure-
ments were performed by using a potentiostat PGSTAT 128N
{AUTOLAB, Metrohm Autolab B.Y., Utrecht, The Netherlands) oper-
ated with NOVA 1.11 software.

General Procedure for Knoevenagel Condensation of 9a-d with
Cyanoacetic Acid (GP1): Aldehyde 9a-b (1 mmol) and cyanoacetic
acid (1.5 mmol) or dialdehyde 9¢-d (1 mmol) and cyanoacetic acid
{3 mmol), were dissolved in CH3CN {10 mL} and piperidine (0.5 mL;
5 mmol) was added dropwise. The reaction mixture was heated to
reflux for 90 min, the solvents were removed in vacuo and the
residue was dissolved in CH,Cl, (20 mL). Acetic acid (about 1 mL)
was added dropwise and the reaction mixture was stirred at 25 °C
for 30 min. The solvent was partially evaporated in vacuo and the
residue was purified by column or flash chromatography and then
recrystallized from CH,Cl,/CH;OH.

General Procedure for Knoevenagel Condensation Catalyzed by
AlL,O; (GP2): Aldehyde 9a-b (1 mmol) and acceptor precursor
(1.2 mmol) or dialdehyde 9c-d (1 mmol) and acceptor precursor
{2.5 mmol), were dissolved in CH,Cl, (25 mL) and AlLO; (5 or
10 mmaol, Brockmann 1l-lll) was added. The reaction mixture was
stirred at 25 °C for 18 h then filtered and the solvent was evapo-
rated in vacuo. The crude product was purified by column chroma-
tography.

General Procedure for Knoevenagel Condensation Catalyzed by
Piperidine (GP3): Aldehyde 9a-b (1 mmol) and acceptor precursor
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(1.2 mmol) or dialdehyde 9¢-d {1 mmol} and acceptor precursor
(2.5 mmol), were dissolved in CH;CN (25 mL) and a few drops of
piperidine were added. The reaction mixture was heated to reflux
for 18 h. The solvents were removed in vacuo and the crude prod-
uct was purified by column chromatography.

Chromophore 1a: The title compound was synthesized from alde-
hyde 9a (195 mg) by following general procedure GP1. Yield:
215 mg (82 %); terracotta solid; m.p. 130 °C; Ry = 0.6 {Si0,; CH,Cly/
CH,OH, 10:1). "H NMR (500 MHz, [Dg]DMSO, 25 °C): 6 = 1.66 (s, 6 H,
CH,), 3.50-3.51 {m, 4 H, CH,), 6.50 (d, J = 4.5 Hz, 1 H, CHth), 7.79
(d, J=45 Hz, 1 H, CHth), 8.12 ppm (s, 1 H, CH). '*C NMR {125 MHz,
[Dg]DMSO, 25 °C): 6 = 23.11, 24.69, 50.75, 104.58, 119.47, 119.84,
141.89, 144.06, 166.39, 166.64 ppm. FTIR (HATR): ¥ = 2920, 2852,
2359, 2201, 1648, 1571, 1496, 1402, 1238, 1197, 1174, 1132, 1099,
1012, 888, 758, 661 cm~'. HR-MALDI-MS (9-AA): m/z calcd. for
Cy3H,:N,0,.8 [M - HI* 261.06922; found 261.07157.

Chromophore 1b: The title compound was synthesized from alde-
hyde 9b (221 mg) by following general procedure GP1. Yield:
110 mg (38 %); red-black solid; m.p. 155 °C; Re = 0.6 {SiOy; CH.Cly/
CH,0OH, 10:1). TH NMR {500 MHz, [Dg]DMSO, 25 °C): & = 1.60-1.65
{m, 6 H, CH.), 3.30-3.32 (m, 4 H, CH,), 6.19 {d, J = 4 Hz, 1 H, CHth),
6.33 (dd, J; =12, J, =15 Hz, 1 H, CH), 713 {d, = 4 Hz, 1 H, CHth),
7.31 (d, J = 14.5 Hz, 1 H, CH), 7.70 ppm (d, J = 12 Hz, 1 H, CH). "*C
NMR (125 MHz, [DeIDMSO, 25 °C): & = 23.18, 24.59, 50.79, 69.81,
104.48, 116.19, 118.79, 124.42, 134.53, 137.55, 150.28, 162.21,
165.83 ppm. FTIR (HATR): ¥ = 2834, 2361, 2210, 1584, 1441, 1312,
1223, 1146, 1074, 964, 888, 763 cm~'. HR-MALDI-MS (DCTB): m/z
calcd. for Cy5Hq7N50,5 [M + H]' 289.10052; found 289.17153.

Chromophore 1c: The title compound was synthesized from di-
aldehyde 9¢ (223 mg) by following general procedure GP1. Yield:
290 mg (81 %); dark orange solid. Ry = 0.9 (SiOy; CH,CI,/CH40H, 1:1).
TH NMR (400 MHz, D,0, 25 °C): & = 1.65-1.74 (m, 6 H, CH,), 3.36—
3.38 (m, 4 H, CH,), 7.86 (s, 1 H, CH), 7.90 {5, 1 H, CH), 7.96 ppm (s,
1 H, CH). "*C NMR (125 MHz, D,0, 25 °C): ¢ = 22.99, 25.14, 55.96,
99.36, 102.94, 115.30, 119.17, 119.66, 122.06, 137 44, 143.72, 145.03,
169.16, 169.36, 171.17 ppm. FTIR (HATR): ¥ = 3404, 2210, 1603, 1444,
1357, 1338, 1288, 1183, 789 cm™'. HR-MALDI-MS (9-AA): m/z calcd.
for Cy,Hq14N30,5 [M — HI™ 356.06995; found 356.07267.

Chromophore 1d: The title compound was synthesized from di-
aldehyde 9d (276 mg) by following general procedure GP1, Yield:
278 mg (68 %); red-brown solid. R; = 09 (Si0; CH,OH). 'H NMR
(400 MHz, [Dg]DMSO, 25 °C): & = 1.53-1.54 {(m, 2 H, CH,), 1.70 (s, 4
H, CH,), 3.00-3.03 (m, 4 H, CH,), 6.51 (dd, J, = 11.6, /, =148 Hz, 1
H, CH), 6.84 (dd, J, = 11.6, J, = 15.2 Hz, 1 H, CH), 6.97 (d, J = 15.2 Hz,
1H,CH), 726 {d, J = 148 Hz, 1 H, CH), 7.39 (s, 1 H, CHth), 7.57 (d,
J=116Hz 1 H, CH), 7.65 ppm (d, J = 11.6 Hz, 1 H, CH). *C NMR
not measurable due to a low solubility of 1d in common deuterated
solvents. FTIR (HATR): ¥ = 2359, 2215, 1594, 1365, 1298, 1154, 980,
789 cm™'. HR-MALDI-MS (DCTB): m/z caled. for CyHyoN30,S [MJ*
409.10908; found 409.11051.

Chromophore 2a: The title compound was synthesized from alde-
hyde 9a (195 mg) and malondinitrile (79 mg) by following general
procedure GP2. Yield: 200 mg (82 %); orange solid; m.p. 143 °C; Ry =
0.75 (5i0,; CH,CL,). C,3H,5N5S (24333): caled. € 64.17, H 539, N
17.27, 5 13.18; found C 64.09, H 543, N 17.19, § 12.94. "H NMR
(500 MHz, CDCly, 25 °C): 0 = 1.68-1.75 {m, 6 H, CH;), 3.46-3.48 (m,
4 H, CHy), 6.13 (d, /= 4.5 Hz, 1 H, CHth), 7.33 (s, 1 H, CHth), 7.39 ppm
(s, 1 H, CH). "*C NMR (125 MHz, CD,Cl,, 25 °C): & = 23.84, 25.62,
52.06, 105.88, 116.97, 117.75, 119.68, 145.68, 148.72, 170.75 ppm.
FTIR (HATR): ¥ = 2918, 2190, 1575, 1513, 1487, 1446, 1402, 1266,
1078, 769 cm™". HR-MALDI-MS (DHB): m/z calcd. for C,3H,5N5S [M]'
243.08247; found 243.08273.
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Chromophore 2b: The title compound was synthesized from alde-
hyde 9b (222 mq) and malondinitrile (80 mg) by following general
procedure GP2. Yield: 200 mg (74 %); violet solid; m.p. 155 °C; Ry =
0.7 (Si04; CHaCl). Cy5Hq5N3S (269.36): caled. € 66.88, H 5.61, N 15.60,
S 11.90; found C 66.82, H 5.70, N 15.59, S 11.79. 'H NMR (500 MHz,
CDCl, 25 °C): 6 = 1.66-1.75 (m, 6 H, CH,), 3.39-3.41 (m, 4 H, CH,),
6.07 (d, J = 45 Hz, 1 H, CHth), 6.42 (dd, J, =12, J, =14 Hz, 1 H,
CH), 7.16-7.19 {m, 2 H, CHth+CH), 7.29 ppm (d, J = 12 Hz, 1 H, CH).
13C NMR (125 MHz, CDCly, 25 °C): & = 23.67, 25.20, 51.53, 106.02,
114.32, 114.46, 116.48, 123.81, 140.28, 143.36, 159.02, 167.42 ppm.
FTIR (HATR): ¥ = 2919, 2852, 2189, 1578, 1514, 1421, 1326, 1218,
1166, 1127, 1058, 963 cm™'. HR-MALDI-MS (DHB): m/z caled. for
CysHysNsS [M]' 269.09812; found 269.09854.

Chromophore 2c: The title compound was synthesized from di-
aldehyde 9¢ (222 mg) and malondinitrile (165 mg) by following
general procedure GP2. Yield: 261 mg (82 %); burgundy red solid;
m.p. 215 °C; Ry = 0.8 (Si0y; EtOAc/Hex, 1:1). Cy;H 5NsS (319.38):
calcd. € 63.93, H 410, N 21.93, S 10.04; found C 63.70, H 4.15, N
21.89, S 9.87. "H NMR (500 MHz, CDCl, 25 °C): ¢ = 1.77-1.79 (m, 2
H, CHy), 1.83-1.86 {m, 4 H, CH,), 3.55-3.57 {m, 4 H, CH,), 748 (s, 1
H, CH), 7.65 (s, 1 H, CH), 8.08 ppm (s, 1 H, CH). *C NMR (125 MHz,
CDCls, 25 °C): 6 = 23.35, 25.67, 57.04, 113.51, 113.75, 114.35, 114.45,
114.91, 122,61, 139.60, 149.05, 150.31, 173.92 ppm. FTIR (HATR): ¥ =
2923, 2208, 1538, 1502, 1442, 1350, 1225, 1198, 853 ¢m~'. HR-
MALDI-MS (DHB): m/z calcd. for Cy7H3NsS [M]' 319.08862; found
319.08904.

Chromophore 2d: The title compound was synthesized from di-
aldehyde 9d (276 mqg) and malondinitrile (165 mg) by following
general procedure GP2. After column chromatography, the product
was heated to reflux with hexane (20 mL). The precipitate was fil-
tered off, washed with EtOAc {10 mL), and dried. Chromophore 2d
is sparingly soluble in common chlorinated solvents. Yield: 242 mg
(65 %): black solid; m.p. 261 °C; Ry = 0.8 (Si05; CH,Cly). Co1H ;N5S
(371.46): calcd. € 67.90, H 4.61, N 18.85, S 8.63; found C 66.92, H
4.47, N 18.89, S 8.04. '"H NMR (500 MHz, CD,Cl,, 25 °C): 6 = 1.70-
1.80 {m, 6 H, CH,), 3.35-3.36 (m, 4 H, CH,), 6.70 (dd, J, =12, J, =
15Hz, 1 H,CH), 690 (dd, J; =115J,=15Hz, TH,CH), 713 (d, J =
15 Hz, 1 H, CH), 7.26 {d, J = 145 Hz, 1 H, CH), 7.42 (5, 1 H, CHth),
7.50 (d, J =12 Hz, 1 H, CH), 7.55 ppm (d, J = 12 Hz, 1 H, CH). '3C
NMR (125 MHz, CD,Cl,, 25 °C): 6 = 23.94, 25.95, 56.39, 79.22, 79.63,
113.07, 11492, 115.00, 119.75, 12059, 121.58, 128.00, 134.92,
141.47, 142.28, 159.57, 160.77, 170.12 ppm. FTIR (HATR): ¥ = 2352,
2205, 1559, 1475, 1345, 1217, 1153, 975 cm™'. HR-MALDI-MS (DHB):
m/z caled. for CoqHq:NsS [M]T 371.11992; found 371.12018.

Chromophore 3a: The title compound was synthesized from alde-
hyde 9a (195 mg) and diethyl malonate (192 mg) by following gen-
eral procedure GP3. Yield: 165 mg (49 %); yellow-orange viscous oil;
R = 0.6 (5i0,; Hex/EtOAC, 2:1). Ci7H23NO,S (337.43): caled. € 60.51,
H6.87, N 4.15, 5 9.50.; found € 60.52, H 7.00, N 4.20, S 9.49. '"H NMR
{400 MHz, CDCl3, 25 °C): 6 = 1.29(t, J= 9 Hz, 3 H, CH;), 1.36 {t, J =
9 Hz, 3 H, CH3), 1.61-1.71 (m, 6 H, CH,), 3.28-3.31 (m, 4 H, CH,),
4.23(q,/=9Hz 2H,CHy), 434 (q, /=9 Hz, 2 H, CH,), 599 (d, J =
5.5 Hz, 1 H, CHth), 7.18 (d, J = 5.5 Hz, 1 H, CHth), 7.77 ppm (s, 1 H,
CH). "*C NMR (125 MHz, CDCls, 25 °C): 6 = 14.38, 14.54, 23.81, 25.19,
51.18, 60.98, 61.36, 103.89, 111.80, 12042, 13948, 141.20, 166.23,
167.15, 167.57 ppm. FTIR (HATR): ¥ = 2936, 2855, 1694, 1589, 1514,
1441, 1376, 1239, 1055, 887, 856, 756 ¢m™~'. HR-MALDI-MS (DHB):
m/z caled. for C,;H,,NO,S [M + H]* 338.14206; found 338.14377.

Chromophore 3b: Aldehyde 9b (221 mg) and diethyl malonate
(160 mq) were dissolved in CH3CN (25 mL), Al;Oz (510 mg; 5 mmol)
and a few drops of piperidine were added. The reaction mixture
was heated to reflux for 4 h, subsequently stirred at 25 °C for 16 h,
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filtered, and the solvent was evaporated in vacuo. The crude prod-
uct was purified by column chromatography (Si0,, CH,Cl,/acetone,
100:5). Yield: 280 mg (77 %); dark-red solid; m.p. 62 °C; Ry = 0.9
{Si05; CHyCly/acetone, 100:5). CigHa5NO4S (363.47): caled. C 62.78,
H6.93, N 3.85, S 8.82; found C 62.74, H 7.11, N 3.82, S 8.71. 'H NMR
{500 MHz, CDCl3, 25°C): 6 =129 (t, J=7 Hz, 3 H, CH3), 136 {t, J =
7 Hz, 3 H, CHy), 1.59-1.62 (m, 2 H, CH,), 1.67-1.71 (m, 4 H, CH,),
323-325(m, 4 H, CH,), 423 (9, J =7 Hz, 2 H, CH,), 432 (g, J =
7 Hz, 2 H, CH,), 5.93 (d, /] =4 Hz, 1 H, CHth), 6.74 {dd, J, = 12, J, =
15 Hz, 1 H, CH), 6.92 (d, J = 4 Hz, 1 H, CHth), 7.03 (d, J = 145 Hz, 1
H, CH), 7.50 ppm (d, J = 12 Hz, 1 H, CH). "*C NMR (125 MHz, CDCl5,
25 °C): & = 14.47, 1453, 23.81, 25.16, 51.43, 61.01, 61.04, 104.24,
117.25, 11893, 12591, 133.86, 139.59, 148.01, 163.29, 165.79,
166.21 ppm. FTIR (HATR): ¥ = 2920, 2850, 2368, 1690, 1577, 1522,
1436, 1314, 1204, 1137, 1049, 1027, 749 cm™'. HR-MALDI-MS (DHB):
miz caled. for C,gH26NO,S [M + HI* 364.15771; found 364.15930.

Chromophore 3c: The title compound was synthesized from di-
aldehyde 9¢ (222 mg) and diethyl malonate (192 mg) by following
general procedure GP3. Yield: 238 mg (47 %); yellow-brown viscous
oil; Ry = 0.8 (SiOy CH,CL/EtOAC, 20:1). CysH3aNOgS (507.60): caled.
C59.15, H6.55, N 2.76, 5§ 6.32; found € 59.27, H 6.70, N 2.61, S 6.12.
'H NMR (500 MHz, CDCly, 25 °C): 0 = 1.25-1.34 (m, 12 H, CH), 1.57-
1.61 (m, 2 H, CH,), 1.70-1.74 {m, 4 H, CH,), 3.14-3.17 {m, 4 H, CH,),
4.20-4.25 {m, 4 H, CH,), 430-4.36 (m, 4 H, CH,), 7.22 (s, 1 H, CH),
7.53 (s, 1 H, CH), 7.59 ppm (s, 1 H, CH). "3C NMR (125 MHz, CDCl;,
25 °C): & = 1417, 14.29, 1432, 23.78, 2567, 56.19, 61.46, 61.50,
61.86, 61.89, 118.65, 118.76, 121.95, 124.12, 133.93, 135.76, 136.52,
164.80, 164.91, 166.71, 166.97, 169.58 ppm. FTIR (HATR): ¥ = 2922,
2851, 1616, 1540, 1417, 1348, 1137, 1110, 1051, 1002, 973, 885,
786 ¢cm™'. HR-MALDI-MS (DHB): m/z caled. for CysH3aNOgS [MJ*
507.19214; found 507.19402.

Chromophore 3d: Aldehyde 9d (276 mg) and diethyl malonate
(400 mgq) were dissolved in CH,Cl; (15 mL), Al,O5 (510 mg; 5 mmol)
and a few drops of piperidine were added. The reaction mixture was
heated to reflux for 16 h, filtered, and the solvent was evaporated
in vacuo. The crude product was purified by column chromatogra-
phy (Si0,, EtOAc/Hex, 2:3 and CH,Cl,/EtOAc, 20:1). Yield: 302 mg
(54 %); red solid; m.p. 123 °C; Ry = 0.7 (SiOs; EtOAc/Hex, 2:3).
CyoHy,NOgS (559.67): caled. € 62.23, H 6.66, N 2.50, S 5.73; found C
61.97, H 6.82, N 2.47, S 5.61."H NMR (400 MHz, CDCl3, 25 °C): & =
1.29-1.38 {m, 12 H, CHy), 1.59-1.63 (m, 2 H, CH,), 1.72-1.78 (m, 4
H, CH,), 3.04-3.07 (m, 4 H, CH,), 422-4.28 (m, 4 H, CH,), 4.31-4.37
{m, 4 H, CH,), 6.86 (dd, J, = 11.6, ), = 148 Hz, 1 H, CH), 6.93-7.02
{m, 3 H, CH+CHth), 7.12 (s, 1 H, CH), 7.44 (d, J = 11.6 Hz, 1 H, CH),
7.48 ppm (dd, J; = 1.6, J = 9.2 Hz, 1 H, CH). "*C NMR (125 MHz,
CDCly, 25 °C): & = 14.43, 14.50, 23.85, 25.82, 56.07, 61.41, 61.44,
61.46,121.27, 121.85, 123.03, 123.33, 124.87, 129.26, 131.13, 136.40,
137.70, 145.86, 14592, 146.67, 163.62, 16523, 165.33, 165.71,
165.86 ppm. FTIR (HATR): ¥ = 2978, 2936, 2854, 1718, 1587, 1443,
1375, 1208, 1144, 1058, 1021, 858 cm™'. HR-MALDI-MS (DHB): m/z
calcd. for CyoH3,NOgS [M]' 559.22344; found 559.22518.

Chromophore 4a: The title compound was synthesized from alde-
hyde 9a (195 mg) and dimedone {168 mg) by following general
procedure GP3. Yield: 260 mg (82 %); orange solid; m.p. 205 °C; Ry =
0.6 {Si0; CH,Clo/EtOAC, 1:1). CigH23NO,S (317.45): caled. € 68.10, H
7.30, N 4.41, 5 10.10;; found C 68.02, H 7.35, N 440, S 10.05. "H NMR
(500 MHz, CDCl3, 25 °C): & = 1.05 (s, 6 H, CHy), 1.71 (s, 6 H, CHy),
244 (s, 4 H, CHy), 3.55-3.56 (m, 4 H, CH,), 6.33 (d, J =5 Hz, 1 H,
CHth), 7.62 (d, J = 45 Hz, 1 H, CHth), 8.12 ppm (s, 1 H, CH). 3C
NMR (125 MHz, €CDCl5, 25 °C): ¢ = 23.82, 25.52, 28.82, 30.79, 51.28,
52.22, 108.94, 115.40, 123.77, 143.42, 152.75, 173.70, 197.24 ppm.
FTIR (HATR): ¥ = 2940, 2855, 1647, 1585, 1558, 1482, 1440, 1374,
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1356, 1243, 1188, 1122, 1091, 1018, 890, 758 cm™~'. HR-MALDI-MS
{DHB): m/z caled. for CjgH,NO,S [M + HJ' 318.15223; found
318.15252.

Chromophore 4b: Aldehyde 9b (221 mg) and dimedone (168 mg)
were dissolved in CH,Cl, (15 mL) and a few drops of piperidine
were added. The reaction mixture was stirred at 25 °C for 16 h, the
solvent was evaporated in vacuo, and the crude product was puri-
fied by column chromatography (Si0,, CH,Cl/EtOAc, 1:1). Yield:
85 mg (25 %); violet solid; m.p. 169 °C; R; = 0.8 (SiO,; CH,Cl,/EtOAc,
1:1). CoHosNO,S (343.48): caled. € 68.93, H 7.34, N 408, S 9.34;
found C 69.99, H 7.51, N 4.02, S 9.11. "H NMR (500 MHz, CDCl,,
25°C): 6 =1.04 (s, 6 H, CHy), 1.64-1.73 (m, 6 H, CH.), 244 (5, 4 H,
CH,), 3.38-3.40 (m, 4 H, CH,), 6.07 {(d, J = 4.5 Hz, 1 H, CHth), 7.19
{d,J=45Hz 1H,CHth), 740 (d, J=135Hz, 1 H,CH), 7.79 (d, J =
12.5 Hz, 1 H, CH), 7.86-7.91 ppm (m, 1 H, CH). '*C NMR (125 MHz,
CDCly, 25 °C): & = 23.72, 25.22, 28.80, 30.59, 51.53, 106.30, 119.1Q,
12233, 126.24, 139.92, 149.54, 152.94, 167.59, 198.37 ppm. FTIR
(HATR): ¥ = 2935, 2851, 1613, 1540, 1346, 1212, 1108, 1002,
784 cm™'. HR-MALDI-MS (DHB): m/z calcd. for CogH26NO,S [M + HI*
344.16788; found 344.16822.

Chromophore 4c: Aldehyde 9¢ (223 mg) and dimedone (350 mg)
were dissolved in CHCl; (30 mL) and a few drops of piperidine were
added. The reaction mixture was heated at 40 °C for 16 h then the
solvent was evaporated in vacuo. The crude product was dissolved
in EtOAc (5 mL) and precipitated with hexane. The precipitate was
filtered off, purified by filtration through a short plug (SiO,, EtOAc/
Hex, 2:1), and re-precipitated again from EtOAc/hexane. The prod-
uct proved unstable on Si0O,. Yield: 61 mg (13 %); red-violet solid;
m.p. 204 °C; Ry = 0.4 (Si0,; EtOAc/Hex, 2:1). Cy,H1aNO,S (467.62):
caled. C 6735, H 7.11, N 3.00, S 6.66; found C 67.21, H 7.05, N 2.98,
S 6.05. "TH NMR {500 MHz, CDCls, 25 °C): & = 1.07 (s, 6 H, CH3), 1.10
(s, 6 H, CH3), 1.74-1.81 (m, 6 H, CH,), 2.50 (s, 4 H, CH,), 2.56 (s, 2 H,
CH,), 258 (s, 2 H, CH,), 3.62 (s, 4 H, CH,), 7.86 (s, 1 H, CH), 8.14 (s,
1 H, CH), 841 ppm (s, 1 H, CH). "*C NMR (125 MHz, CDCl,, 25 °C):
4 =23.87,2603, 28.82, 28.84, 30.32, 30.55, 52.18, 52.58, 53.18, 54.25,
56.37,119.01, 120.83, 123.00, 125.91, 141.88, 145.57, 152.68, 178.86,
197.48, 197.50, 198.43, 198.45 ppm. FTIR (HATR): ¥ = 2930, 2860,
1648, 1624, 1467, 1351, 1288, 1233, 1201, 1133, 1116, 955, 646 cm™'.
HR-MALDI-MS (DHB): m/z calcd. for Cy;H3,NO,S [M + H]' 468.22031;
found 468.22239.

Chromophore 4d: The title compound was synthesized from di-
aldehyde 9d (276 mg) and dimedone (350 mg) by following general
procedure GP2. Yield: 210 mg (40 %); black solid’ Ry = 0.85 (SiOy;
EtOAc/Hex, 2:1). C3yH3,NO,S (519.70): caled. C 70.64, H 7.18, N 2.7Q,
S 6.17; found C 70.31, H 7.29, N 247, S 5.59. 'H NMR (500 MHz,
CDClg, 25 °C): & = 1.05-1.06 {2xs, 12 H, CHy), 1.67-1.69 (m, 2 H,
CHy), 1.76-1.81 (m, 4 H, CH), 2.49-2.51 (m, 8 H, CH,), 3.29-3.31 (m,
4 H, CH,), 7.22 (d, J=15Hz, 1 H, CH), 733 (d, J= 15 Hz, 1 H, CH),
7.39 (s, 1 H, CHth), 7.74 (t, J = 12.5 Hz, 2 H, CH), 7.93 {dd, J, = 12,
Jy =145 Hz, 1 H, CH), 8.03 ppm (dd, J; = 12.5, J, = 15 Hz, 1 H, CH).
13C NMR (125 MHz, CDCl5, 25 °C): 6 = 23.76, 25.65, 28.76, 30.40,
52.42, 52.47, 54.13, 55.97, 123.31, 123.41, 123.80, 126.62, 126.92,
129.75, 133.76, 14539, 14633, 151.39, 15245, 168.62, 198.06,
198.36, 199.16, 199.22 ppm. FTIR (HATR): ¥ = 2934, 2865, 2359, 1642,
1549, 1486, 1367, 1234, 1134, 973, 777 cm™'. HR-MALDI-MS (DHB):
m/z calcd. for C4HyNOLS [M + HIT 520.25161; found 520.25237.

Chromophore 5a: The title compound was synthesized from alde-
hyde 9a (195 mg) and Meldrum’s acid (172 mg) by following gen-
eral procedure GP3 in CH,Cl, at 25 °C. Yield: 128 mg (40 %); orange
solid; mp. 184 °C; Ry = 0.4 (SiO3 Hex/EtOAc, 1:2). CigHi9NO4S
(321.39): caled. € 59.79, H 5.96, N 4.36, 5 9.98; found C 59.87, H 6.02,
N 4.36, S 9.89. "H NMR (400 MHz, CDCl, 25 °C): 6 = 1.71-1.73 {m,
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12 H, CH,#CH5), 3.55-3.56 (m, 4 H, CH,), 628 (d, J = 5.2 Hz, 1 H,
CHth), 7.56 {d, J = 48 Hz, 1 H, CHth), 822 ppm (s, 1 H, CH). '3C
NMR (125 MHz, CDCly, 25 °C): 8 = 23.77, 2554, 27.45, 51.56, 92.97,
103.58, 107.98, 122.10, 146,56, 151.91, 163.65, 165.76, 175.00 ppm.
FTIR (HATR): ¥ = 2923, 2854, 1672, 1493, 1372, 1256, 1177, 1005,
929, 770 ecm~". HR-MALDI-MS (DHB): m/z caled. for CigHzoNOLS [M
+ HJ* 322.11075; found 322.13881.

Chromophore 5b: The title compound was synthesized from alde-
hyde 9b {221 mg) and Meldrum’s acid {216 mg; 1.5 mmol) by fol-
lowing general procedure GP2 with CHyCN at 85 °C for 48 h. Yield:
153 mg (44 %); viclet solid; m.p. 213 °C; Ry = 0.6 (Si0y; Hex/EtOAc,
1:2). CigHyNOLS (347.43): caled. C 62.23, H 6.09, N 4.03, S 9.23;
found C 62.13, H 6.15, N 401, S 9.07. 'H NMR (400 MHz, CDCls,
25 °C): & = 1.70-1.73 (m, 12 H, CH,+CHs), 3.42-3.45 (m, 4 H, CH,),
6.12 (d, /= 4.8 Hz, 1 H, CHth), 7.27 (d, J/ = 4.8 Hz, 1 H, CHth), 7.38
(d, =14 Hz, 1 H, CH), 7.58 (t, J = 13.2 Hz, 1 H, CH), 8.00 ppm (d,
J =128 Hz, 1 H, CH). "*C NMR (100 MHz, CDClg, 25 °C): & = 23.72,
2530, 27.53, 51.72, 100.88, 103.79, 106.92, 117.59, 125.48, 141.61,
149.09, 157.61, 162.69, 164.97, 168.87 ppm. FTIR (HATR): ¥ = 2852,
2358, 1673, 1514, 1469, 1410, 1349, 1210, 1138, 1112, 987, 927,
758 cm'. HR-MALDI-MS (DHB): m/z caled. for CigHzNO,S [M]'
347.11858; found 347.11969.

Chromophore 5¢: The title compound was synthesized from alde-
hyde 9¢ (222 mg} and Meldrum’s acid (360 mg) by following gen-
eral procedure GP3 with CH.Cl, at 25 °C. Yield: 180 mg (38 %); red-
violet solid; m.p. 199 °C; Ry = 0.75 (S0, EtOAc/CH,Cl,, 1:10).
C,4H,5NOgS (475.51): caled. € 58.09, H 5.30, N 2.95, S 5.74; found C
57.02, H 504, N 272, 5 5.91; "H NMR (400 MHz, CDCl;, 25 °C): & =
1.73 (5, 6 H, CH), 1.75 (5, 8 H, CHy+CHs), 1.84-1.86 (m, 4 H, CH,),
3.67-3.69 (m, 4 H, CH,), 8.23 (s, 1 H, CH), 8.35 (5, 1 H, CH), 8.41 ppm
(s, 1T H, CH). ™*C NMR (125 MHz, CDCls, 25 “C): & = 23.66, 25.99,
27.60, 27.85, 56.85, 102.19, 10459, 104.62, 107.03, 116.75, 122.44,
147.41, 149,57, 151.53, 160.90, 162.44, 163.99, 179.62 ppm. FTIR
(HATR): ¥ = 2921, 2852, 2364, 1690, 1490, 1356, 1271, 1154, 1020,
920, 787 cm™". HR-MALDI-MS (DHB): m/z calcd. for C,3H,5NOgS [M]*
475.12954; found 475.13067.

Chromophore 5d: The title compound was synthesized from di-
aldehyde 9d (276 mg) and Meldrum’s acid (360 mg) by following
general procedure GP2. Yield: 460 mg (87 %); black solid; R = 0.8
(SiO5; EtOAC/CHLCl,, 1:20). CyHuoNOGS (527.59): caled. C 61.47, H
5.54, N 2.65, S 6.08; found C 61.21, H 564, N 2.64, 5 5.91. TH NMR
(400 MHz, CDCly, 25 °C): 0 = 1.73-1.74 (m, 14 H, CH,+CH.), 1.80-
1.85 {m, 4 H, CHy), 3.39-342 (m, 4 H, CHy), 727 (d, J = 156 Hz, 1
H, CH), 7.38 (d, J = 14.8 Hz, 1 H, CH), 7.49 (s, 1 H, CHth), 7.77 (dd,
4y =12,4, =148 Hz, 1 H, CH), 7.93 (dd, J, =12, J, = 148 Hz, 1 H,
CH), 8.08 ppm (dd, J, = 12, J, = 16 Hz, 2 H, CH). 3C NMR (125 MHz,
CDCl5, 25 °C): 0 = 23,68, 25.63, 27.79, 56.11, 104.65, 104.75, 108.20,
108.39, 122.24, 12268, 128.69, 13542, 14575, 14645, 15737,
158.49, 161.45, 161.54, 163.60, 163.76, 170.30 ppm. FTIR (HATR): ¥ =
2931, 2358, 1703, 1556, 1453, 1354, 1277, 1141, 1106, 991, 926,
787, 715 cm~'. HR-MALDI-MS (DHB): m/z calcd. for C,,H,gNOGS [M]*
527.16084; found 527.16244.

Chromophore 6a: The title compound was synthesized from alde-
hyde 9a (195 mqg) and N,N'-dibutylbarbituric acid (288 mg) by fol-
lowing general procedure GP3 with CH,Cl; at 25 °C. Yield: 260 mg
(62 %); orange solid; m.p. 172 °C; Ry = 0.8 (Si0,; CH,Cl,/acetone,
100:5). C35H31N3055 (417.57): caled. C 63.28, H 7.48, N 10.06, S 7.68;
found C 63.32, H 7.52, N 10.04, S 7.61. "H NMR (500 MHz, CDCls,
25 °C): 0 =093 (t, J = 7.5 Hz, 6 H, CHy), 1.34-1.38 (m, 4 H, CH,),
1.60-1.72 (m, 10 H, CH,), 3.56-3.57 {m, 4 H, CH,), 3.91-3.94 (m, 4
H, CH.,), 6.31 {d, /= 5 Hz, 1 H, CHth), 7.60 {s, 1 H, CHth), 8.30 ppm
(s, 1 H, CH). '3C NMR (125 MHz, CDCls, 25 “C): 6 = 14.09, 20.46,
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23.75, 25.55, 30.54, 41.03, 41.77, 51.37, 99.65, 108.25, 122.67, 14642,
151.92, 151.96, 162.85, 163.90, 174.74 ppm. FTIR (HATR): ¥ = 2923,
2856, 1632, 1470, 1411, 1248, 1155, 1084, 783 cm™'. HR-MALDI-
MS (DHB): m/z calcd. for C33HsN305S [M + H]' 418.21589; found
418.21567.

Chromophore 6b: Aldehyde 9b (222 mg) and NN-dibutylbarbit-
uric acid (288 mg) were dissolved in 1,2-dichloroethane (20 mL) and
Al,O43 (255 mg; 2.5 mmol) was added. The reaction mixture was
heated to reflux for 6 h, subsequently stirred at 25 °C for 16 h,
filtered, and the solvent was evaporated in vacuo. The crude prod-
uct was purified by column chromatography (Si0,, CH.Cly/acetone,
60:1). Yield: 248 mg (56 %); black solid; m.p. 148 °C; Ry = 0.4 (5i0;
CH,C). CogH33N3055 (443.60): caled. C 64.98, H 7.50, N 9.47, S 7.23;
found C 64.70, H 7.56, N 9.21, S 6.98. '"H NMR (400 MHz, CDCl;,
25 °C): = 0.90-0.93 (m, 6 H, CH;), 1.31-1.38 (m, 4 H, CH,), 1.56—
1.61 (m, 4 H, CH>), 1.63-1.70 (m, 6 H, CH5), 3.38-3.40 (m, 4 H, CH-),
3.88-3.92 (m, 4 H, CH,), 6.08 (d, / =48 Hz, 1 H, CHth), 7.22 (d, J =
4.4 Hz, 1 H, CHth), 7.38 (d, J=13.6 Hz, 1 H, CH), 7.88 {t, J = 13.2 Hz,
1 H, CH), 8.01 ppm (d, J = 128 Hz, 1 H, CH). 3C NMR (125 MHz,
CDCl;, 25 °C): & = 13.87, 13.90, 20.24, 20.35, 23.53, 25.07, 3032,
30.40, 40.99, 41.50, 51.47, 106.25, 106.60, 118.06, 125.73, 140.89,
148.86, 151.59, 156.63, 162.49, 163.14, 168.19 ppm. FTIR (HATR): ¥ =
2936, 2850, 1703, 1632, 1553, 1513, 1401, 1359, 1331, 1214, 1133,
1051, 993, 884, 748 cm™'. HR-MALDI-MS (DHB): m/z calcd. for
CaqH34N3055 [M + HJ* 444.23154; found 444.23174.

Chromophore 6¢: The title compound was synthesized from alde-
hyde 9¢ (222 mg) and N.V-dibutylbarbituric acid {600 mg) by fol-
lowing general procedure GP3 at 25 °C for 3 h. Yield: 448 my (67 %);
dark-red solid; m.p. 127 °C; Rr = 0.3 (Si05 CHyCly). Ci5HaeN:045
(667.86): calcd. C 62.94, H 7.40, N 1049, S 4.80; found C 63.19, H
7.62, N 10.20, S 4.61. "H NMR (400 MHz, CDCly, 25 °C): 0 = 0.93-
0.99 (m, 12 H, CH3), 1.34-1.43 (m, 8 H, CH,), 1.58-1.62 (m, 8 H, CH,),
1.76-1.86 (m, 6 H, CH>), 3.66-3.68 (m, 4 H, CH,), 3.91-3.97 (m, 8 H,
CH,), 8.26 (s, 1 H, CH), 846 (s, 1 H, CH), 8.62 ppm (s, 1 H, CH). 53¢
NMR (125 MHz, CDCl3, 25 °C): 6 = 13.93, 13.98, 20.29, 20.32, 20.35,
20.37, 23.70, 26,09, 30.27, 3031, 41.31, 41.78, 42.03, 42.35, 56.68,
106.50, 111.33, 118.06, 122.51, 147.09, 149.40, 151.00, 151.25,
152.37, 160.90, 162.28, 162.79, 162.89, 180.13 ppm. FTIR (HATR): ¥ =
2954, 2870, 1654, 1535, 1389, 1365, 1287, 1149, 1100, 950, 787 cm™".
HR-MALDI-MS (DHB): m/z caled. for CysHygNsOgS M+ HJ*
668.34763; found 668.34758.

Chromophore 6d: The title compound was synthesized from di-
aldehyde 9d (276 mg) and N.N-dibutylbarbituric acid (600 mg) by
following general procedure GP2. Yield: 634 mg {88 %); black solid;
Rp =055 (5i0,; CH,Cly). CygHssN.O6S (719.94): caled. C 65.06, H 7.42,
N 973, 5§ 445; found C 65.15, H 7.54, N 9.69, S 4.38. 'H NMR
(400 MHz, CDCl3, 25 °C): & = 0.94-0,97 (m, 12 H, CH3), 1.32-1.43 (m,
8 H, CH,), 1.58-1.64 (m, 8 H, CH,), 1.71-1.81 {m, 6 H, CH,), 3.37-
3.40 (m, 4 H, CH,), 3.90-3.95 (m, 8 H, CH,), 7.27 (d, J = 13.6 Hz, 1
H, CH), 7.32-7.39 {m, 1 H, CH), 7.52 {5, 1 H, CHth), 8.06-8.12 (m, 3
H, CH), 8.22 ppm (dd, J, = 124, J, = 148 Hz, 1 H, CH). '*C NMR
{125 MHz, €DCl5, 25 °C): 6 = 13.99, 14.03, 20.37, 20.47, 23.75, 25.68,
30.39, 3046, 41.53, 41.56, 42.06, 56.12, 112.23, 112.51, 12280,
12291, 123.24, 129.26, 134.57, 145.35, 146.26, 151.26, 151.30,
156.57, 157.56, 162.00, 162.09, 162.55, 162.70, 169.66 ppm. FTIR
(HATR): ¥ = 2954, 2864, 2360, 1654, 1558, 1496, 1402, 1370, 1152,
1102, 987, 789 c¢m™. HR-MALDI-MS (DHB): m/z caled. for
CaoHs4Ns06S M + HI* 720.37893; found 720.37825.

Chromophore 7a: The title compound was synthesized from alde-
hyde 9a (196 mg) and N,N-dibutyl-2-thiobarbituric acid (308 mg)
by following general procedure GP3 at 25 °C. Yield: 252 mg (58 %);
pink-red solid; m.p. 216 °C; Ry = 0.65 (Si0,; CH,Cl,). CypHyN3O,S;

@ 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

193



{® «ChemPubSoc
N Europe

(433.63): calcd. € 60.94, H 7.21, N 969, S 14.79; found C 61.21, H
733, N 9.54, S 14.51. "H NMR {500 MHz, CDCls, 25 °C): & = 0.93—
0.96 (m, 6 H, CHs), 1.36-1.42 (m, 4 H, CH3), 1.69-1.75 (m, 10 H, CH,),
3.61-3.62 (m, 4 H, CH,), 4.45-4.50 {m, 4 H, CH.}, 639 (d, J = 5 Hz, 1
H, CHth), 7.63 (d, J = 5 Hz, 1 H, CHth), 828 ppm (s, 1 H, CH). 3C
NMR {125 MHz, CDCly, 25 °C): & = 14.10, 14.15, 2047, 23.73, 25.66,
2935, 47.49, 48.36, 51.70, 100.47, 109.59, 123.97, 146.53, 152.83,
161.08, 162.49, 175.84, 178.92 ppm. FTIR {HATR): ¥ = 2919, 2851,
1630, 1484, 1412, 1381, 1239, 1151, 1105, 995, 947, 886, 778 cm~.
HR-MALDI-MS (DHB): m/z caled. for CoHsNs0.S, M + HI'
434.19304; found 434.19302.

Chromophore 7b: The title compound was synthesized from alde-
hyde 9b (221 mg) and N,N'-dibutyl-2-thicharbituric acid (307 mg)
by following general procedure GP2 at 40 °C. Yield: 261 mg (57 %);
dark-green solid; m.p. 175 °C R = 0.4 (SiOy CH,ClL). CoyHy3N3055;
(459.66): caled. C 62.71, H 7.24, N 9.14, § 13.95; found C 62.69, H
7.31, N 8.98, S 13.81. "H NMR {400 MHz, CDCls, 25 °C): 6 = 0.93—
0.97 (m, 6 H, CH3), 1.35-1.43 (m, 4 H, CH,), 1.68-1.73 (m, 10 H, CH,),
3.47-3.48 (m, 4 H, CH,), 444-4.48 (m, 4 H, CH,), 6.19 (d, J = 4.8 Hz,
1 H, CHth), 7.33 (d, J = 4 Hz, 1 H, CHth), 746 (d, /= 13.6 Hz, 1 H,
CH), 793 (t, J = 13.2 Hz, 1 H, CH), 8.04 ppm (d, J = 12.8 Hz, 1 H,
CH). "3C NMR (125 MHz, €DCl5, 25 °C): 6 = 14.09, 14.11, 2045, 20.51,
23.69, 25.37, 2937, 29.42, 47.71, 48.20, 52.00, 106.27, 108.10, 118.89,
126.43, 150.07, 157.26, 161.05, 162.07, 169.99, 178.96 ppm. FTIR
(HATR): ¥ = 2921, 2851, 1633, 1508, 1336, 1206, 1104, 1051,
986 ¢cm™'. HR-MALDI-MS (DHB): m/z caled. for CyqH33N30,5, [M]*
459.20087; found 459.20101.

Chromophore 7c: The title compound was synthesized from alde-
hyde 9c¢ (222 mg) and NN'-dibutyl-2-thiobarbituric acid {640 mg)
by following general procedure GP3 at 25 °C. Yield: 440 mg (63 %);
dark-brown solid; m.p. 172 °C; Ry = 0.6 (Si0,; CH,Cl/Hex, 4:1).
C3HaoN50,5; (699.98): caled. C 60,05, H 7.06, N 10.00, § 13.74;
found C 60.01, H 7.13, N 9.95, S 13.57. "H NMR (400 MHz, CDCl;,
25 °C): 6 = 0.93-0.99 (m, 12 H, CH3), 1.35-1.42 {m, 8 H, CH,), 1.66—
1.70 (m, 8 H, CH,), 1.78-1.88 (m, 6 H, CH,), 3.70-3.73 (m, 4 H, CH,),
4.41-4.46 (m, 8 H, CH,), 8.25 (s, 1 H, CH), 844 (s, 1 H, CH), 8.66 ppm
(s, 1 H, CH). "*C NMR (125 MHz, CDCl3, 25 °C): & = 14.02, 14.08,
20.37, 20.39, 20.40, 23.70, 26.21, 29.23, 47.70, 48.34, 48.55, 48.80,
56.83, 107.26, 112.00, 118.95, 123.30, 148.18, 150.37, 153.16, 159.18,
160.59, 161.49, 161.58, 179.11, 179.13, 180.67 ppm. FTIR (HATR): ¥ =
2027, 2855, 1655, 1529, 1477, 1365, 1281, 1198, 1153, 1118, 948,
783 cm™". HR-MALDI-MS (DHB): m/z caled. for CssHsoN-0455 [M +
H]' 700.30194; found 700.30096.

Chromophore 7d: The title compound was synthesized from di-
aldehyde 9d (276 mg) and NN-dibutyl-2-thiobarbituric acid
(640 mg) by following general procedure GP2 in CH5CN. Yield:
609 mg (81 %); black solid; Ry = 0.8 (Si05; CH,Cly). CsoHssNs0,Ss
(752.06): caled. € 62.28, H 7.10, N 931, § 12.79; found C 62.34, H
7.21, N 9.20, S 12.49. "H NMR {400 MHz, CDCls, 25 °C): 6 = 0.93-
0.98 (m, 12 H, CHj), 1.35-1.43 (m, 8 H, CH,), 1.64-1.82 {m, 14 H,
CH,), 3.45-348 (m, 4 H, CH,), 441-445 (m, 8 H, CH,), 7.30 (d, J =
14.8 Hz, 1 H, CH), 7.35-7.41 (m, 1 H, CH), 7.43 (s, 1 H, CHth), 8.01—
8.11 (m, 3 H, CH), 8.22 ppm {dd, J, = 12.4, J, = 144 Hz, 1 H, CH).
3C NMR {125 MHz, CDCly, 25 °C): 6 = 14.01, 14.03, 20.36, 20.43,
23.67, 25.68, 29.26, 20.28, 29.32, 47.90, 47.95, 48.39, 56.16, 112.51,
112.80, 12262, 12345, 12373, 128.98, 13563, 146.24, 14705,
157.65, 158.63, 160.25, 160.34, 161.15, 161.29, 170.64, 179.22,
179.25 ppm. FTIR {(HATR): ¥ = 2956, 2860, 1663, 1551, 1468, 1371,
1294, 1198, 1154, 1123, 1089, 984, 956, 785 cm™'. HR-MALDI-MS
(DHB): m/z calcd. for CygHsaNsQL5: [M + HIT 752.33324; found
752.33270.

Eur. J. Org. Chem. 2017, 2764-2779 www.eurjoc.org

2777

PRILOHY

of Organic Chomisiy

| e

Full Paper

Chromophore 8a: The title compound was synthesized from alde-
hyde 9a (195 mg) and indan-1,3-dione (175 mg) by following gen-
eral procedure GP3 at 25 °C. Yield: 226 mg (70 %); dark-green-red
solid; m.p. 182 °C; Ry = 0.6 (Si05; CH,ClL/EtOAC, 10:1). CigHy,NO,S
(323.41): caled. C 70.56, H 5.30, N 4.33, 5 9.91; found C 70.44, H 5.52,
N 4.32, S 9.79. "H NMR (500 MHz, CDCl3, 25 °C): 6 = 1.70-1.72 (m,
6 H, CH,), 352-3.54 (m, 4 H, CH,), 6.23 (d, J = 5 Hz, 1 H, CHth),
7.59-7.61 (m, 3 H, CHth+CHind), 7.71 (s, 1 H, CH), 7.75-7.77 ppm
(m, 2 H, CHind). *C NMR (125 MHz, CDCly, 25 °C): 6 = 23.69, 25.36,
51.38, 107.59, 114.70, 121.45, 121.75, 133.40, 133.60, 136.55, 140.34,
141.44, 149.46, 172.78, 190.82, 191.74 ppm. FTIR (HATR): ¥ = 2922,
2850, 1643, 1561, 1483, 1406, 1376, 1249, 1195, 1103, 1078,
746 cm™'. HR-MALDI-MS (DHB): m/z caled. for CyoHgNO5S [M + HI*
324.10528; found 324.10454.

Chromophore 8b: The title compound was synthesized from alde-
hyde 9b (221 mg) and indan-1,3-dione (175 mq) by following gen-
eral procedure GP2 at 40 °C for 48 h. Yield: 178 mg (51 %); tawny
solid; m.p. 204 °C; Ry = 0.7 (Si04; CH,CL/EtOAC, 20:1). CyyH,gNOSS
(349.45): caled. C 72.18, H 5.48, N 4.01, 5 9.18; found C 72.04, H 5.57,
N 3.97, S 8.95. "TH NMR (500 MHz, CDCly, 25 °C): & = 1.66-1.71 (m,
6 H, CHy), 3.37-3.39 (m, 4 H, CH,), 6.06 (t, J = 4.5 Hz, 1 H, CHth),
7.7 (d, J =15 Hz, 1 H, CHth), 7.33 (dd, J, = 2, J, =145 Hz, 1 H,
CH), 751 {dd, J, = 25, J, =125 Hz 1 H, CH), 7.62-765 (m, 2 H,
CHind), 7.74 (dd, J, = 3, J, = 145 Hz, 1 H, CH), 7.80-7.82 ppm (m,
2 H, CHind). ™C NMR {125 MHz, CDCl;, 25 °C): & = 23.74, 25.20,
51.51, 106.04, 117.32, 121.67, 122.01, 122.30, 126.15, 133.92, 134.11,
138.98, 140.77, 142.09, 146.04, 146.33, 166.92, 191.37, 191.67 ppm.
FTIR (HATR): ¥ = 2021, 2852, 1642, 1561, 1517, 1418, 1350, 1210,
1101, 1058, 986, 738 cm'. HR-MALDI-MS (DHB): m/z calcd. for
CarHaoNOSS [M + H]* 350.12093; found 350.120309.

Chromophore 8c: The title compound was synthesized from alde-
hyde 9¢ (222 mg) and indan-1,3-dione {366 mg) by following gen-
eral procedure GP3 at 25 °C. Yield: 398 mg (83 %); dark-brown solid;
m.p. 243 °C; R; = 0.6 (Si0,; CH,Cl,/EtOAC, 10:1). CoH,,NO,S (479.55):
calcd. C 7263, H 4.41, N 2.92, § 6.69; found C 72.56, H 4.49, N 291,
S 6.64. "H NMR (500 MHz, CDCls, 25 °C): d = 1.78-1.80 (m, 2 H, CH,),
1.87-1.89 (m, 4 H, CH,), 3.69-3.72 (m, 4 H, CH,), 768 (s, 1 H, CH),
7.71-7.72 (m, 2 H, CHind), 7.76-7.78 (m, 2 H, CHind), 7.86-7.88 (m, 1
H, CHind), 7.89-7.93 {m, 3 H, CH+CHind), 7.96-7.98 (m, 1 H, CHind),
9.00 ppm (s, 1 H, CH). *C NMR {125 MHz, CDCl, 25 °C): 6 = 23.83,
25.92, 56.80, 118.75, 121.20, 122.56, 122.88, 123.00, 123.17, 123.45,
123.57, 13474, 13497, 13499, 135.26, 137.74, 140.20, 140.73,
141.80, 142.48, 149.95, 178.48, 189.74, 190.65, 190.66, 191.06 ppm.
FTIR (HATR): ¥ = 3070, 2929, 2850, 1676, 1552, 1486, 1383, 1328,
1279, 1179, 1151, 1102, 944, 878, 727, 676 cm~'. HR-MALDI-MS
(DHB): m/z calcd. for CygHyaNOLS [M + HIT 480.12641; found
480.12666.

Chromophore Bd: The title compound was synthesized from di-
aldehyde 9d (256 mg) and indan-1,3-dione (366 mg) by following
general procedure GP2 in CH3zCN. Chromophore 8d is sparingly sol-
uble in chlorinated solvents. Yield: 430 mg (81 %); black gold solid.
R = 0.75 (Si0y; CHoClo/CHLOH, 50:1). C33HasNOLS (531.62): caled. C
73.56, H 4.74, N 2.63, S 6.03; found C 72.97, H 5.00, N 2.41, S 5.64.
"H NMR (400 MHz, CD,Cl,, 25 °C): 8 = 1.71-1.74 (m, 2 H, CH,), 1.81-
1.87 {m, 4 H, CH,), 3.36-339 (m, 4 H, CH,), 7.24 (d, / = 152 Hz, 1
H, CH), 7.37 {d, J = 148 Hz, 1 H, CH), 7.50-7.57 {m, 3 H, CH+CHth),
7.72-7.80 {m, 4 H, CHind), 7.86-7.94 (m, 5 H, CH+CHind), 8.05 ppm
(dd, J; = 12, J, = 152 Hz, 1 H, CH). '*C NMR (125 MHz, CD,Cl,,
25 °C): & = 24.13, 26.08, 56.35, 121.43, 122.02, 122.89, 122.99, 123.07,
123.44, 12623, 12640, 12985, 133.64, 133.66, 135.13, 135.19,
135.25, 13536, 141.27, 141.30, 14259, 142,60, 143.21, 144.04,
14445, 145,61, 168.73, 190.49, 190.66, 191,08, 191.10 ppm. FTIR
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(HATR): ¥ = 3499, 2917, 2850, 1673, 1563, 1478, 1320, 1235, 1154,
1143, 983, 733 cm™. HR-MALDI-MS {DHB): m/z calcd. for
C33H26NOLS [M + HIY 532.15771; found 532.15699.
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A series of model push-pull molecules with linear, quadrupolar, and Iripodal arrangements, a varyingly
substituted amino donor, two acceptors, and a partially extended n-system has been prepared. Two
peripheral electron acceptors, namely N.N'-dibutylbarbituric acid and dicyanovinyl, were employed,
The fundamental properties of 24 push—pull chromophores were investigated by differential scanning
calorimetry, electrochemistry, one-photon absorption spectroscopy, photoinduced piezooptics, and
were supporled by DFT calculations. Thorough struclure—property relationships were elucidaled, while a
significant influence of the structural arrangement/branching on the electronic and optical properties
has been revealed. The fundamental oploelectrenic properties of push—-pull molecules are affected by their
arrangement (linear/quadrupolar/tripodal), the peripheral acceptor attached, extension and planarization of
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Introducticon

In the last two decades, organic push-pull chromophores have
become very popular materials used in many areas of chemistry
and materials sciences." However, their predominant and
historically most frequent application is in nonlinear optics
(NL0).2 Push—-pull molecules can generally be designed towards
second- and third-order NLO. While the former is described by
second-rank polar tensors and require macroscopic charge
density acentricity, third-order NLO is described by third-rank
polar tensors, which, from a phenomenological point of view, may
occur both in centrosymmetrical and non-centrosymmetrical
media.® Among several known nonlinear optical effects, parti-
cular attention is currently being devoted to the third harmonic
generation (THG), two- and multiphoton absorption (2PA and
MPA), electro-optic Kerr effect and piezooptical effects.” Beside
common NLO applications, organic push-pull chromophores
are currently being used as two- or multiphoton absorbers,”
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the n-system, and alsc by the type of auxiliary N-substituent.

active materials for optical devices such as organic photovoltaic
cells (OPVCs),° organic light-emitting diodes (OLEDs),’ dye-
sensitized solar cells (DSSCs),” and bulk-heterojunction solar
cells (BHJSCs).® Push-pull molecules also exhibit semiconducting
properties” with prospective application in organic field-effect
transistors (OFETs)."” The increased papularity of organic push-pull
NLO-phores results from their unique intrinsic properties.

A typical push-pull molecule is made of a m-conjugated
backbone of multiple bonds (n-linker) end-capped with electron
donor (D) and acceptor (A) groups. This D-n-A arrangement
enables effective charge transport between the given donor and
acceptor through the w-linker, the so-called intramolecular
charge transfer (ICT). The ICT strongly polarizes the whole
D-n-A system, increases its ground state dipole moment as
well as the difference in dipole moments between the ground
and excited states.'" Consequently, push-pull chromophores
with enhanced ICT possess higher microscopic hyperpolariz-
abilities, however their further application is often restrained
by limited stability with respect to laser power densities." Until
now, many n-conjugated backbones, electron donors and acceptors
have been utilized to build powerful push—pull systems with
enhanced NLO responses defined by their large microscopic
hyperpolarizability coefficients.’

Compared to inorganic materials, a dominant advantage
of organic push-pull systems can be seen in their facile and
relatively inexpensive/manifold synthesis, well-defined structure,
and tunable (opto)electronic properties. The latter property
tuning of fundamental parameters such as the position of the
longest-wavelength absorption maxima, the HOMO-LUMO gap,
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and the dipole moment as well as solubility and thermal stability
can be achieved through a variation of the particular part of
the D-n-A system (n-linker, donor, acceptor, arrangement,
planarity, etc.)."!

Beside ordinary electron acceptors such as substituents
with -M and -1 effects, more complex electron withdrawing moieties
are also frequently being used. In this respect, dicyanovinyl
(DCV) is considered as a very powerful withdrawing group easily
introducible viz Knoevenagel condensation of malonodinitrile
with carbonyl compounds."® N,N"-Dialkylbarbituric acid (BA)
represents another heterocyclic, vety robust, and powerful electron
acceptor based on malonic acid.'®

On the other hand, the D-part of push—pull molecules very often
involves an amine group.™ N,N-Diallylamino is considered as one
of the most efficient electron releasing group used for the construc-
tion of linear push-pull molecules.” Higher multipodal chromo-
phore arrangements such as quadrupolar and octupolar are
achieved on di- or triphenylamine (DPA and TPA) donors. These
central electron releasing moieties equipped with peripheral DCV
and BA acceptors have been shown to be very powerful charge-
transfer chromophores exhibiting strong absorption and emission
in the visible/near IR region of the spectra, solvatochromic behavior,
a narrowed HOMO-LUMO gap, and noticeable nonlinearities.
These features predestinate them as fluorophores for OLEDs, 2PA
absorbers, ion sensors, and probes for bio-imaging."

Recently, our research group focused on model push-pull
molecules containing a TPA central donor with various peripheral
cyano withdrawing units. These molecules showed remarkable
nonlinear optical properties, 2PA in particular."® Within these
initial studies on very popular TPA derivatives, we have also
preliminarily focused on the branching effect. According to the
current state of the art, not much attention has been devoted to
the comparison of push-pull molecules with linear, quadrupolar,
and tripodal arrangements built on an identical N,N-dialkyl(aryl)-
anilino donor.?® For these reasons, we report herein a complex
study that compares the fundamental properties of gradually
branched push—pull molecules derived from TPA and its amino
analogues. Twenty four model chromophores 1-24 (Fig. 1) with
systematically altered structures were designed, synthesized,
and further investigated to thoroughly elucidate the structure-
property relationships. Chromophores 1-24 possess a system-
atically extended n-conjugated system, altered acceptors, and
increased degree of branching (multipodality).
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Fig.1 Target molecules 1-24 with linear, quadrupolar, and tripodal
arrangements.
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While N,N-dialkyl(aryl}-anilines were used as electron donors,
malonodinitrile 25 and NN'-dibutylbarbituric acid 26 acted as
electron withdrawing moieties. The impact of these structural
changes in 1-24 was investigated by electrochemistry, UV/Vis
absorption spectroscopy, IR spectroscopy, and differential
scanning calorimetry. The photoinduced piezooptics, a para-
metrical third-order optical effect described by fourth-rank polar
tensors, was also studied. The photoinduction favors enhanced
polarizabilities of both electronic and phonon sub-systems. The
aforementioned experimental data were further supported by the
results obtained from DFT calculations.

Result and discussion

Synthesis

In general, target compounds 1-24 were prepared by two general
pathways. The synthesis of chromophores with a less extended
w-linker without triple bond(s) utilizes aromatic aldehydes 30-35.
While aldehydes 30 and 32-35 are commercially available,
aldehyde 31 was prepared from methyldiphenylamine 27, Its
jodination using the 1/AgNO, system®" afforded both mono-
and diiododiphenylamines 28 and 29. This inseparable mixture
was further subjected to lithiation with nBuLi at —78 °C and
subsequent formylation with DMF providing 31 in 80% yield.
The simultaneously formed aldehyde 33 was discarded as a
by-product (Scheme 1). The pairs of chromophores 1/2, 5/6, 9/10,
13/14, 17/18, and 21/22 were prepared via Al,O; catalyzed
Knoevenagel condensation of aldehydes 30-35 with malono-
dinitrile 25 or N,N’-dibutylbarbituric acid 26 in satisfactory yields
of 42-94% (Scheme 2). The latter BA derivative was prepared
according to our procedure.'®**>** This facile reaction sequence
provided twelve variously arranged chromophores with two
terminal acceptors.

The synthesis of chromophores 3, 4, 7, 8, 11, 12, 15, 16, 19, 20,
23, and 24 bearing an additional acetylenic spacer started with
the preparation of extended aldehydes 49-54 (Scheme 1). These
aldehydes were synthesized by Sonogashira cross-coupling of the
corresponding iodo derivatives with propargyl aleohol 38. Iodina-
tion of alkyl(aryl)Jamines 27, 36, and 39 with the 1,/AgNO;(NaHCO;)
system*"** afforded compounds 28-29, 37 and 40-42 in reason-
able yields.

The degree of iodination was controlled by the amount of
1, used. Similarly to 28-29, mono and diiodotriphenylamines
40-41 were obtained as inseparable mixtures, which however
smoothly underwent a Sonogashira reaction with 38 under
standard catalytic conditions (Pd(PPh;),Cl,, Cul, and Et;N)**
to afford alcohols 46-47 in yields of 68-70%. All the prepared
alcohols 43-48 were easily separable by column chromatography
and could be subsequently oxidized to aldehydes 49-54 in 59-83%
yields by using the Dess-Martin reagent.”® The final step was
again Al 0;-catalyzed Knoevenagel condensation with 25 and
26 providing all the remaining chromophores. It should be
noted that the Knoevenagel reaction on extended aldehydes
49-54 proved to be facile and gave generally higher yields than
the reaction on aryl aldehydes 30-35. The experimental details

This journal is € The Royal Society of Chemistry and the Centre National de I Recherche Scientfigue 2017

198



Published on 13 December 2016. Downloaded by Pardubice University on 29/08/2017 (08:23:13.

4 & . 20—

ElN
THF

: ,/\ﬂ ! OH HO..

i N, |

: g2 85 Ay :

: , \ WO axigagnoy TN i [l

i 30R'=Me R%=Me ,KI < i

§ o EtOH /.ﬁ i

i 1= ph R :

; 32R'=Ph R’=Ph &/I oy | | (/ ]
I -

o',

33R=Me
34R=Ph

OH 48 (33 %)

— Dess-Martin

NN iNaHCO N\~ 38 3 =
M e T )

¥ PA(PPI;),ClL  /
I

OH CHxCly

36 37(57 %) EtsN sefren)

Linear chromophores

— N\ \\J(
N/
3032 25026 L A /j> h ¢ —
[ —=s N N = ™ o
4951 ALD, e ! />_\\A o Y M

Ve
M/ 4/

e OH

% 46 R = Me (68 %)
{ 47 R =Ph (70 %)

Ny
Peacsy

reagent 69 = —
/“_4.. T

At oW

PRILOHY

View Article Online

Paper

7 12{AgNO = -BULITHF/-78 * -
Py zEOHa W 12 :’;:wmr 78°C {,\ )
: t o et 3 N4 50 R = Mo (81 %)
H VAR Wyeerine 7Y 3 kPG 4R = Me (74 %) =
: r W \_2 s 45R = Ph (85 %) 51R = Ph (59 %)
1 X
i : R =
H R = Dess-Martin \ sy
H 27 28 X=H (14 %} N = reagent N_/\_> =
H 29%=1(32%) N\ %o o)
<*< CH4Cly
- PdPPhoyCL & 7
Cul /

% 52 R = Me (82 %)

4 53R =Ph (72 %)

Dess-Martin
reagent
CHACl el
3 0 l /)\\
£ =
il 3

OH o 5483 %) o

o
H‘ .
3 /:(-N R 4 =%
N/

CH,Cl, E—
Ei 1A =DCV (67 %) 3A=DGCV (75 %) 5A=DCV (94 %) 7 A =DCV (87 %) 9 A =DCV (83 %) 11 A =DCV (72 %)
2 A=BA (81 %) 4A=BA (7T %) 6A=BA(62 %) 8A=BA(92%) 10 A= BA (82 %) 12 A=BA (71 %)
Quadrupolar chromophores e
” O
| L T
| i BN ,NT/\_‘ ‘ N ‘ .
3334 g50r28 AN j L) g M J\ . 3
ey W, L]/ f\]\ e & . s L7 1. 77 B
52.55  ALO, il # - ~ e S G
CHCL i I non L i
] A A A A A A A A
i 15 A = DCY (75 %) 17 A= DCV (78 %) 19 A=DGCV (78 %)
13 A =DCV (76 %} X e = =
1A= BA (47 %) 16.A = BA (30 %) 1B A=BA (74 %) 20 A =BA (72 %)
Tripedal chromophores
i
R st g g T A g.«)
¥ o} H kﬂ\/\\L P | e \ij\ ‘f\l,./
i H |
P Mg N Bl BU ' . N"L*/ i “N"““r/’l
LA T P w o 35  250r26 I
T vl 03
! pev i : o4 i s =
] BA

CHCly S
& i
CHyCN A7 ||
21 A= DOV {42 %) 5

22 A= BA (54 %) A

Scheme 2 Final Knoevenagel condensation giving target chromophores 1—

and spectral characterizations of all intermediates 28-29, 31, 37,
and 40-54 are given in the ESLT

According to the structural features of chromophores 1-24,
we can divide them into the following sub-groups:

o chromophores with DCV (odd numbers) or BA (even numbers)
acceptor units,

This joumal 1s ® The Royal Society of Chemistry and the Centre Natonal de la Recherche Scientifiglie 2077

23 A =DCV (70 %)
24 A= BA (85 %)

24

e chromophores with (3, 4, 7, 8, 11, 12, 15, 16, 19,
20, 23, and 24) or without (1, 2, 5, 6, 9, 10, 13, 14, 17,
18, 21, and 22) an additional acetylenic spacer linked to the
acceptor,

e chromophores with various degrees of branching: linear
(1-12), quadrupolar (13-20), and tripodal (21-24).
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In addition, molecules 1-12 and 13-20 possess systematically
varied substituents appended to the amino donor (Me or Ph),
which would also affect the donor strength and overall extension
of the r-system.

Thermal properties

The thermal behaviour of compounds 1-24 was studied by differ-
ential scanning calorimetry (DSC). Fig. 2 shows thermograms of
three representative compounds 7, 12, and 24, while T'able 1 lists all
the measured melting points (7,,,) and temperatures of thermal
decompositions (7). For all DCS curves see the ESLT The measured
melting points of 1-24 range from 108 to 226 “C and the tem-
perature of decomposition was estimated within the range of
115-396 “C. Compound 1 exhibited a very sharp peak of melting/
crystallization at 182/147 °C and subsequent evaporation accompa-
nied by partial decomposition at 332 °C. Compound 9 exhibited a
similar behaviour but a complete evaporation at 434 “C with partial
decomposition at 392 °C was observed. For chromophore 2, the
sharp peaks of melting (163 “C), crystallization (148 °C), and
decomposition (258 “C) were preceded by that of moisture/solvent
desorption at 100-120 *C. Compounds 3, 8, 11 and 12 showed very
gradual decomposition within the range of 70 “C followed by their
melting. For 4, 7, 15, and 19, the melting process was terminated by
an immediate rapid decomposition. The endothermic glass transi-
tion about 220 “C and a typical exothermic decomposition of
compounds 6 and 14 was observed, however their decomposition
was also accompanied by an endothermic curving induced probably
by their intensive evaporation. For chromophores 13 and 14, a
typical monotropic solid-solid transition of metastable crystals was
observed at 195 and 120 °C. The relatively weak and broad
endothermic peaks in the range of 55-80 and 105-125 “C were
recorded for 16, 20, 22, 23, and 18, respectively. These extended
chromophores proved difficult to crystallize and rather represent
solidified glassy materials. Hence, the wide peaks most likely
represent glass or solid-solid transitions. On the contrary, com-
pound 24 showed a very sharp peak of decomposition at 174 “C.

In summary, we can deduce the following outcomes from
the DSC measurements:

e Chromophore branching reduces their capability to
crystallize (especially for those bearing BA acceptor units with
long aliphatie butyl chains).

Heat flow / W g

24

80 9 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
Temperature / °C

Fig. 2 Representative DSC curves of compounds 7, 12, and 24 determined
at a scanning rate of 3 *C min™* under Na.
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« Some of the quadrupolar and most tripodal chromophores
showed glass or solid-solid transitions followed by decomposi-
tion without melting.

¢ Compared to BA derivatives, DCV-terminated molecules
showed higher melting points and temperatures of decomposition.

¢ A very significant reduction of the decomposition tem-
perature of about 100-200 °C was observed for derivatives with
an additional acetylenic spacer (decomposition occurred either
immediately or shortly after melting).

¢ Chromophores without triple bond(s) are stable even in a
liquid state.

Hence, the highest melting point and temperature of decom-
position were measured for linear 9, quadrupolar 17 and tripodal
21 bearing DCV acceptor moieties, a n-linker without triple
bonds and a TPA central unit.

Electrochemistry

Electrochemical measurements of chromophores 1-24 were
carried out in N,N-dimethylformamide containing 0.1 M Bu,NPF,
in a three-electrode cell by eyclic voltammetry (CV), rotating disk
voltammetry (RDV), and polarography. The working electrode
was a platinum disk (2 mm in diameter) for CV and RDV experi-
ments. A saturated calomel electrode (SCE) separated by a
bridge filled with a supporting electrolyte and a Pt wire were
used as the reference and auxiliary electrodes. All potentials are
given vs. SCE. The acquired data are summarized in Table 1,
and the representative CV diagrams of compounds 9, 10 and 18
are given in the ESL}

The half-wave potentials of the first oxidation and reduction
(B1s2t0x1) a0d Eqja(rear)) were found within the range of 0.98 to
1.40 and —1.29 to —0.75 V, respectively. The first oxidation and
reduction are typical one-electron processes, followed by sub-
sequent oxidations and reductions, and are obviously a function
of the used acceptor and donor, chromophore arrangements as
well as nature of the n-linker (Table 1).

While the first oxidation takes place predominantly on the
amino donor, the first reduction is mostly situated on the DCV
or BA acceptors and the adjacent m-linker. The measured half-
wave potentials were further recalculated to the energies of the
HOMO and the LUMO (Table 1).” From the measured electro-
chemical data of 1-24, we can draw the following conclusions
and structure—property relationships:

* When going from linear to quadrupolar and tripodal chromo-
phores, the first oxidation/reduction potentials shift steadily
to more positive values. In general, chromophore branching/
multipodality (number of the acceptors attached to the
central amino donor) does not affect the absolute values of
the HOMO-LUMO gap (e.g. AE of 1.95 eV for 12, 20, and 24,
Fig. 3a). The branching shifts the HOMO and LUMO levels
more deeply instead.

¢ Replacement of the DCV by the BA acceptor is accom-
panied by a decrease and increase of the first oxidation and
reduction potentials, respectively. The energy level diagram in
Fig. 3b illustrates the impact of both acceptors on the pairs
of chromophores 1/2 (linear), 13/14 (quadrupolar), and 21/22
(tripodal). While the acceptor replacement affects both HOMO
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Table 1 Summary of the thermal, electrochemical, linear and nenlinear optical properties of 1-24
Tmu Tdb El/;‘.(oz«l‘l[ El.".!(reniﬂt AE EI-ICIMDE -ELUMDP ”‘-m.aA\A[ EmaxAj PO x 1071*%
Compound (°C) (K9] (V) v (eV) (eV) (eV) (nm evY) M tem™) (m* N
1 182 332 1.11 1.29 2.40 5.54 3.14 433/2.86 58450 3.01
2 163 258 1.02 —1.19 2.21 —5.45 —3.24 461/2.69 59200 3.18
3 131 139 1.03 —0.93 1.96 —5.46 —3.50 479/2.59 48550 3.30
4 143 149 0.98 —0.90 1.88 —5.41 —3.53 503/2.47 37 650 3.93
5 115 346 1.17 —1.22 2.39 —5.60 —3.21 432/2.87 48 250 2.81
6 142 286 1.10 —1.09 2.19 —5.53 —3.34 460/2.70 46 750 3.06
7 185 187 1.13 —0.91 2.04 —5.56 —3.52 474/2.62 45050 3.16
8 119 127 1.06 —0.86 1.92 —5.49 —3.57 497/2.49 31500 3.90
9 139 392 1.21 —1.13 2,34 —5.64 —3.30 442/2.81 30600 3.15
10 108 357 1.15 —1.03 2.18 —5.58 —3.40 468/2.65 25350 2.86
11 178 184 1.15 0.88 2.03 5.58 3.55 481/2.58 37 550 3.01
12 126 138 1.12 —0.83 1.95 —5.55 —3.60 501/2.48 36450 3.12
13 206 340 1.29 —0.96 2:25 —5.72 —3.47 468/2.65 40100 3.19
14 134 277 1.16 0.92 2.08 5.59 3.51 486/2.55 40250 3.09
15 182 189 1.33 —0.81 2.14 —5.76 —3.62 488/2.54 46 750 3.15
16 — 115 1.14 0.78 1.52 5.57 3.65 509/2.44 50050 3.16
17 226 396 1.33 —0.97 2.30 —5.76 —3.46 475/2.61 49650 3.21
18 _ 260 1.20 0.92 2,12 -5.63 —3.51 503/2.47 51350 3.32
19 195 201 1.25 0.79 2.04 5.68 3.64 497/2.49 51100 3.16
20 o 153 1.18 —0.77 1.95 —5.61 —3.66 517/2.40 53600 4.13
21 218 373 ].33“‘ 0.924 2.30 5.81 3.51 460/2.70 89700 3.20
22 281 1.26 —0.89 2.15 —5.69 —3.54 496/2.50 68 250 3.14
23 — 182 1.40¢ 0.75¢ 2.15 5.83 3.68 483/2.57 88600 3.12
24 — 174 1.20 —0.75 1.95 —5.63 —3.68 509/2.44 77 850 3.35

“ Ty = melting point (the point of intersection of a baseline before the thermal effect with a tangent). * T, = thermal decomposition (pyrolysis in N,
atmosphere). g E1pa(oay and Eyjagredr) are the hall-wave polentials of the first exidalion and reduction, respectively; all potentials are given vs. SCE;
AE=FE; ,’2;(»:1')_EL’z(v.ed]]? scan rate = 100 mv' s ! for CV. ¢ Only peak potentials, RDV records cannot be evaluated due to inhibition of the electrode.
¢ —Fromomumo = F1afoxaedr + 4.429 (ref. 27). " Measured in CH,Cl,. ¥ Maximal achieved photoinduced piezooptical coefficients at a ew He-Ne
laser probing wavelength of 1150 nm. The data are presented with corrections in scattering background.
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Fig. 3 Energy level diagrams illustrating the effect of branching/multipodality (a), impact of the acceptor (b), extension of the w-system (c), and the

auxiliary N-substituent (d).

and LUMO levels for linear molecules 1 and 2, its impact on the
LUMO of branched molecules is diminished. Hence, the LUMO

[evels of 13/14 and 21/22 are almost identical and principal

changes are seen in the HOMO.
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e Extension of the n-linker by an additional electronegative
acetylenic spacer is accompanied by a similar reduction of the
AE as seen for the DCV — BA replacement. This is demonstrated
in Fig. 3¢ for 9/11, 17/19, and 21/23. However, in contrast to the
aforementioned variation of the acceptor, the HOMO becomes
steady with an increased number of branches and the HOMO-LUMO
gap is mostly dictated by the LUMO.

e Auxiliary substituents attached to the amino donor (Me or Ph)
affect the electrochemical behaviour of 1-24 in a very similar
way as branching. The energy level diagram of chromophores
2, 6, and 10 shown in Fig. 3d depicts their almost identical gap
(AE ~ 2.2 V) and gradually lowered HOMO/LUMO levels.

The aforementioned observations imply that the electro-
chemical behaviour of 1-24 can be systematically tuned both
in terms of its absolute value (A£) as well as frontiers of the gap

(EHOMCI and ELUMO]‘

One photon absorption

All target chromophores 1-24 are intensely coloured solids with
colours ranging from yellow to purple. Hence, linear optical
propetties were examined by UV-Vis spectroscopy. Some chromo-
phores showed very weak fluorescence, most of them none
(especially those with the BA acceptor), and, therefore the emission
propetties of 1-24 were not investigated. The longest-wavelength
absorption maxima Ay, as well as molar absorption coefficients
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Emax Are summarized in Table 1. All absorption spectra are found
in the ESL1 The longest-wavelength absorption maxima A, range
from 432 nm to 517 nm with molar absorption coefficients &max of
25-90 x 10° M~" em™". In a similar way as above, the fundamental
structure-property relationships can be elucidated:

e Linear chromophores 1-12 always exhibited one CT-band,
whose position ranges from 432 to 503 nm.

« The absorption spectra of quadrupolar chromophores 13-20
showed two peaks. Beside the main peak (468-517 nm), a shoulder
located on the high-energy side of the main peak (~400 nm) is
observed. This splitting results from the coupling between branches
and can be explained by the Frenkel exciton model."

e Accordingly, the absorption spectra of tripodal molecules
should exhibit three bands (excited states). However, two states are
degenerated and lie on the low-energy side of the corresponding
linear chromophore’s excited state, while the third one is located
on the high-energy side and is predicted to have zero oscillator
strength. As a result, tripodal molecules 21-24 showed one intense
CT-band with the position ranging from 460 to 509 nm.

o Hence, when going from linear to quadrupolar and tripodal
chromophores, the CT-bands can be either single or structured
with an increased molar absorption coefficient (e.g. from 10
to 21 is Agy,, equal to 64350 M™' em™"). The position of the
longest wavelength absorption maxima is affected only negligibly

(Fig. 4a).
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Fig. 4 UV-Visspectra (2 x 10 M sol. in CHoCly) of selected chromophores illustrating the effect of branching/multipodality (a), impact of the acceptor (b),

extension of the n-system (c), and the auxiliary N-substituent (d}.
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e A clear trend of the bathochromically shifted Cl-band
of BA over DCV substituted chromophores has been observed
across all structural arrangements. A red-shift of about 20-40 nm
can be seen in the pairs of molecules differing only in the acceptor
unit (Fig. 4b).

e Compared to DCV-substituted chromophores, attaching a
stronger electron withdrawing BA unit to linear and tripodal
chromophores reduces their molar absorption coefficients. This
is in contradiction to quadrupolar molecules (Fig. 4b).

e Extension and planarization of the chromophore
n-backbone vig an additional triple bond enhances the ICT
which is reflected by a red shift of the A.,,, by about 20-40 nm
for the given pair of molecules (Fig. 4c).

e Replacement of the auxiliary substituents attached on the
amino donor has only diminished effect on Ana., especially
for the linear molecules 1-12 (Fig. 4d). However, the effect of
N-substituent increases when going to quadrupolar chromo-
phores 13-20 or when extending the n-system by the acetylenic
unit (e.g. 13 vs. 17 and 16 vs. 20, Table 1).

In general, the measured optical properties confirm the
conclusions drawn from the electrochemical measurements.
Both electrochemical and optical gaps showed a tight correla-
tion (see the ESTY).

Piezooptical effect

Generally, the piezooptical (elasto-optical) effect is described by
fourth-rank polar tensors (). The effect is caused by the
changes in birefringence Any under the applied second-order
mechanical stress tensors:

Any = Ty (1)

where a4 is the second-order stress tensor. The components
i and j define polarizations of the birefringence in the i and
J directions; k and [ define the applied mechanical stress direc-
tions. Contrary to similar third-order nonlinear optical effects
(2PA or THG), the piezooptics depends both on electronic and
phonon (vibration) contributions. Simultaneously, the ground
state dipole moments and spectral positions of the first UV
absorption maxima play a principal role. Additional photo-
induced changes favour further enhancement of the elasto-
optics.™ Hence, its relation to the microscopic third-order optical
nonlinearities is not trivial. The third-order NLO response with
a simplified semi-empirical three-band approach defining the
third-order optical constants is described by a fourth-rank
hyperpolarizability tensor yju:

e por - (p’ + Auy?)
P E 5 (2)
(Eor — 0.5Eq)™T

where 5, is the variation of the dipole moment ie. the
difference between the first excited (1) and ground (0) states;
iy is the variation in the dipole moment ie. the difference
between the first excited (1) and higher (2) states; £q is the
energy of transition between ground (0) and first excited (1) states;
FE;, is the energy of transition between first (1) and higher
(2) excited states including the phonon states; Ay, is the dipole
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moment difference between the ground state and the lowest
charge transfer excited-state. The photoinduced external fields
do not disturb substantially the excited states and interact mainly
with the ground state dipole moments and vary their polariz-
abilities. So this explains why the role of the ground state dipole
moments is prevailing here.

The particular chromophores 1-24 were embedded into the
PVA polymer matrices and grown in the form of films with
thickness about 1-3 pm by the spin coating technique similar
to that described in ref. 29. The optimal concentration with
respect to the piezooptical response of the chromophore (giving
maximal piezooptical response) was varied within the 10-15 mol%.
The samples were explored at different points of the surfaces to
avoid space non-homogeneity in the chromophore distribution.
To achieve the required accuracy of the data the statistical
evaluations were carried out in more than 20 different points of
the specimen. The susceptibility of the method is enhanced
during the use of an additional photo-treatment as was des-
cribed in ref. 30 For this reason, we have performed additional
photopolarization of the samples using three types of photo-
induced treatments as presented in Fig. 5. The photoinduced
measurements of piezooptics were conducted using a probing
cw He-Ne laser at 1150 nm for angles between two photo-
inducing coherent Er:YAG beams varying within 15-42 degrees.
Maximal changes in piezooptical coefficients were obtained
for incident angles varying within 22-26". Light polarization
does not play a crucial role here. The photoexcitation was per-
formed for single 1540 and 770 nm coherent laser beams of the
Gaussian profile as well as during the simultaneous excitation
by these two beams. All the piezooptical monitoring was per-
formed using a probing 20 mW cw He-Ne laser at 1150 nm and
employing the Senarmont method and a stabilized highly sensi-
tive photomultiplier. These measurements showed the maximal
piezooptical enhancement for photoexcitations by the 1540 nm

»
o

= 1540 nm two beams
770 nm two beams
s 1540 nm + 770 nm

=
=

PO-10™ [m?N1)
-

30 | 1 i | f
[ i 1l

I
3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Compound
Fig. 5 Dependence of the effective off-diagonal piezooptical coefficient PO
at a wavelength of 1150 nm determined using a cw He—Ne laser for different
samples in three different regimes of treatment: red color — 1540 nm two
coherent nanosecond laser beams; green — 770 nm two coherent nano-
second pulsed 770 nm laser beam; blue — 1540 nm + 770 nm bicolor
coherent laser beam treatment.
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laser beams and less for the excitations using both 1540
and 770 nm beams. The lowest enhancement was recorded
for excitations by the 770 nm beams. So one can conclude that
the photoexcitation is spectrally sensitive which confirms
the role of the particular interface states on the polymer-
chromophore borders. The occurrence of photoinduced thermal
changes leads to an enhanced photo-thermal effect. However,
the maximal magnitude of piezooptics was observed when the
temperature of the samples was increased by less than 3 K. The
processes are completely reversible with relaxation times equal
to about 5-8 s. Taking into account the scattering processes,
the piezooptical coefficient does not change the values of the
corresponding magnitudes by more than 3.5%.

Fig. 5 depicts the principal experimental changes in the photo-
induced piezooptics for the composites measured by a method
similar to that described in the ref. 31, the achieved maximal
photoinduced piezooptical coefficients are listed in Table 1. From
the data presented in Table 1 and Fig. 5 we can deduce the
following structure-property relationships:

¢ Within the series of linear molecules 1-12, the POs
generally increase from 1-4, 5-8, and 9-12 as a result of
the extension of the n-system and replacement of DCV by BA
acceptors.

« A comparison of linear chromophores 4, 8, and 12 with the
highest POs reveals a rather detrimental effect of the chromo-
phore extension via auxiliary N-substituents. The POs decrease
in the following order of substituents: diMe > PhMe > diPh.

« A monotonous increase of the POs can be seen when going
through the series of quadrupolar chromophores 13-20. Chromo-
phore 19, which showed an exceptionally high calculated ground
state dipole moment (see below), is an exception.

e Chromophore 20 with two BA acceptors and an extended
n-system showed the highest PO of 413 x 10" m* N7,

* A very similar trend can also be observed within tripodal
molecules 21-24 with the largest PO measured for 24.

Similarly to the electrochemical and optical properties,
the piezooptical effect in 1-24 is affected mostly by the
chromophore arrangement, electron withdrawing nature of
the appended acceptor unit, extension of the =-linker, and the
type of auxiliary N-substituent. Hence, the largest POs within

Table 2 DFT calculated properties of chromophores 1-24
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the particular series were measured for chromophores 4/8/12,
20, and 24.

Quantum chemical calculations

The spatial and electronic properties of linear, quadrupolar and
tripodal chromophores 1-24 were investigated by DFI' calcula-
tions using Gaussian W09 package.* The initial geometries were
estimated by the PM3 method implemented in ArgusLab®
and these were subsequently optimized by the DFT B3LYP/6-
311++G(2d,p) method. The energies of the HOMO and the LUMO,
their differences, and ground state dipole moments were caleu-
[ated using the DFT B3LYP/6-311++G(2d,p) method. A replace-
ment of the butyl substituents in the N,N’-dibutylbarbituric
moiety (16, 18, 20, 22, and 24) by methyl groups has been made
to accelerate the DFT calculations. This substitution has almost
zero influence on the electron density distribution along the
molecule. The first and second hyperpolarizabilities f and y were
deduced from the optimized geometries by employing the PM7
method implemented in MOPAG2012.%* All calculated data are
summarized in Table 2.

The calculated energies of the HOMO/LUMO of 1-24 range
from —6.75/—5.65 to —3.88/—2.42 eV. Both energies correlate with
the experimental HOMO/LUMO levels obtained from the electro-
chemical measurements (see the ESIT). Hence, the used DFI
method can be considered as a reasonable tool for the deseription
of the electronic properties of 1-24. The calculated HOMO-LUMO
gaps (AEpgr) range from 3.45 to 2.61 eV and correlates well with
the experimentally obtained electrochemical and optical gaps (see
the ESIT). Similar trends as deduced from the electrochemistry
and electronic absorption spectra can also be seen from the
calculated data. Namely, AEper depends primarily on the branch-
ing, character of the aceeptor, n-linker extension/planarity as well
as the auxiliary N-substituent. While the extension of the n-linker
by an additional acetylenic spacer affects the gaps very signifi-
cantly (e.g 1 vs. 3 or 10 vs. 12, Table 2), the replacement of the
peripheral acceptor DCV — BA has a diminished effect (e.g. 1 vs. 2
or 11 vs. 12). In contrast to the electrochemical measurements, the
calculated gaps steadily decrease when going from linear to
quadrupolar and tripodal systems with the largest one being
calculated for 1 and the lowest one for 23/24.

Enomo”  Erumo” AEprr I 7 . Eyomo”  Erumo® AEprr B i
Comp. (eV) (eV) (eV) 4 (D) (x10 > esu) (x10 esu) Comp. (eV) (ev) (ev)  p*(D) (x10 *esu) (x10 * esu)
1 6.10 2.65 3.45 11.53 3.28 55350 13 6.53 3.56 2.97 3.39: 2.27 221961
2 —5.82 —2.42 3.40 7.62  3.06 69718 14 —6.02 —3.10 2.92 4.32  2.08 183453
3 5.97 2.99 2.98 12.52 5.04 149186 15 —6.32 -3.65 2.67 9.75 3.92 596 987
4 —5.71 —2.74 297 8.78 4.72 168 758 16 —5.96 —3.32  2.64 5.55 3.81 617 470
5 —6.09 —2.67 3.42 11.66 3.41 104 914 17 —6.41 —3.48 2.93 9.30 2.93 287 712
6 —5.82 —2.46 3.36 7.46  2.70 121188 18 —6.00 —3.13 2.87 4.04 2.20 293 088
7 5.96 3.00 2.96 12.57 5.16 196 459 19 -6.22 —3.58 2.64 14.05 4.92 571624
8 —5.72 —2.77 2.95 8.3% 4.90 219360 20 —5.90 —3.28 2.62 4.45 5.03 743 544
9 5.96 2.83 3.13 10.66 4.80 179186 21 6.75 3.78 2.97 5.84 0.27 363 524
10 —5.72 —2.62 3.10 6.16 2.44 162 357 22 —6.16 —3.28 2.88 0.65 0.43 410994
11 —5.87 —3.14 273 11.33 6.20 302 020 23 —6.49 —3.88 261 7.75 0.29 861 877
12 —5.65 —2.90 2D 6.95 5.59 330064 24 —6.05 —3.42 2.63 1.12  0.44 1033629

@ Caleulated at the DFT B3LYP/6-311+1G(2d,p) level. ? Caleulated by MOPAC2012.
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LUMO+1 HOMO/LUMO HOMO-1
Linear ‘Quadropolar Tripodal
9 19 24
HOMO/LUMO HOMO/LUMO HOMO/LUMO
Fig.6 HOMC/HOMO-1 (red} and LUMO/LUMO+1 (blue) lecalizations in

13 and a HOMC/LUMO mix in 9, 19 and 24.

The HOMO and LUMO localizations in representative
chromophores 9, 13, 19 and 24 are shown in Fig. 6. For the
complete [isting see the ESLT Fig. 6 shows clear charge separa-
tion and thus confirms the ICT character of chromophores
1-24. As a general trend, the HOMO as well the HOMO-1 is
localized on the amino donor and the adjacent alternating
positions of the phenyl ring(s), whereas the LUMO is spread
over the peripheral DCV or BA acceptor(s) and the adjacent
n-linker. This holds true especially for linear chromophores
1-12. In quadrupolar molecules 13-16 the HOMO/HOMO—1 is
localized on the central amino donor and adjacent phenyl ring
of the first branch, whereas the LUMO is spread over the second
branch. The LUMO+1 occupies the first branch. 1n quadrupolar
molecules 17-20 with the TPA donor the LUMO is situated on
both branches. Tripodal chromophores 21-24 possess the
LUMO spread over one or two particular branch(es), while the
third branch is occupied by the LUMO+1.

The HOMO as well the HOMO—1 remained on the central
amino acceptor. This is a common feature of tripodal molecules
based on TPA.*®

The calculated ground state dipole moments (Table 2) range
from 6 to 12.5 D for linear molecules 1-12 and are generally less
for quadrupolar chromophores 13-20 (except for 19). Tripodal
molecules 22 and 24 featuring BA acceptors showed very low
ground state dipole moments, whereas much larger values were
obtained for tripodal molecules 21 and 23 with DCV acceptors.
Except for 22, all tripodal molecules possess the €3 group of
symmetry.

Molecular second- and third-order optical nonlinearities
f and y were calculated and are presented in Table 2. As can
be seen, both polarizabilities showed reversal trends. While
fcoefficients generally decrease with the chromophore
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branching/symmetrization, the values of y steadily increase
when going from 1 to 24. Moreover, the calculated third-order
polarizabilities mimic the trends seen for experimentally
obtained POs (compare Fig. 5 and Fig. 549 in the ESIT). Namely,
the third-order NLO response increases significantly with chromo-
phore branching and extension of the n-system and less affected by
the acceptor replacement and the type of auxiliary N-substituent.

Conclusions

A series of 24 mostly new model push-pull chromophores
has been synthesized employing iodination, Sonogashira cross-
coupling reaction, and finally Knoevenagel condensation. These
chromophores systematically vary in the spatial arrangement
(linear 1-12, quadrupolar 13-20, and tripodal 21-24), withdraw-
ing nature of the peripheral acceptor (DCV vs. BA), extension of
the n-system, and the type and number of methyl/phenyl groups
attached to the amino donor. A thorough elucidation of the
structure-property relationships has been performed based on
thermal, electrochemical, UV-Vis absorption, and piezooptical
data further supported by DFI' caleulations.

Structural features such as branching, DCV — BA replace-
ment, and insertion of acetylenic units have a detrimental
effect on the thermal stability of 1-24. Branching does not
affect the absolute values of the electrochemical HOMO-LUMO
gaps but rather shifts both HOMO/LUMO [evels. A similar effect
has been observed for the N-substituent, while the type of
acceptor and n-system extension reduced the gap significantly.
The multipodal arrangement of CT-chromophores also affects
the shape, size, and position of the absorption maxima. While
linear and tripodal molecules showed single CT-bands, quad-
rupolar chromophores feature two particularly developed bands.
A significant red shift has been observed when replacing DCV by
BA acceptors and extending/planarizing the n-system. The type
of auxiliary N-substituent influenced the absorption optical
properties only negligibly. The nonlinear optical properties of
1-24 were investigated by photoinduced piezooptics. In the
descending order, the measured PO coefficients were affected by
the acceptor, n-system length, branching, and N-substituents.
The performed DFT calculations further confirmed the experi-
mental conclusion.

The main goal of this research work was to shed some light
on hasic structural features affecting the fundamental properties
of push-pull chromophores having various arrangements. We
believe that the aforementioned findings may serve as a general
guide for modulating the propetties of CT-chromophores.

Experimental
General

Chromophores 1,36 Z,ma. 3,181: 4,1ﬁa 9!18([.20n,37 17,Zﬂa,b

211752000 40 239 are known. For their synthesis and
characterization, see the ESL™ The synthesis and characterization
of iodo derivatives 28-29, 37, 40-42 and hydroxy/formyl-substituted
precursors 31, 43-48 and 49-54 are given in the ESLT Starting
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compounds 27, 30, 32-36, and 39 are commercially available. THF
was dried in a Puresolv™ micro solvent purification system. All
commercial chemicals and solvents were purchased from suppli-
ers such as Sigma Aldrich, Acros and TCI, and were of reagent
grade and used as obtained. Sonogashira cross-coupling reaction
was carried out in flame-dried flasks under argon. Column
chromatography was carried out using silica gel 60 (particle size
0.040-0.063 mm, 230-400 mesh; Merck) and commercially avail-
able solvents. Thin-layer chromatography (TLC) was conducted on
aluminum sheets coated with silica gel 60 F254, obtained from
Merck, with visualization by a UV lamp (254 or 360 nm). TR spectra
were tecorded as neat using an HATR adapter on a Perkin-Elmer
FTIR Spectrum BX spectrometer.

NMR

'H and C NMR spectra were recorded at 400/500 and
100/125 MHz, respectively, on a Bruker AVANCE Il 400/500
instrument at 25 °C. Chemical shifts are reported in ppm relative
to the signal of Me,Si. The residual solvent signal in the 'H and
3C NMR spectra was used as an internal reference (CDCl; 7.25 and
77.23 ppm). Apparent resonance multiplicities are described as
s (singlet), d (doublet), dd {doublet of doublet), and m (multiplet),
apparent coupling constants of multiplets (*f or *) are given in Hz.

Mass spectroscopy

Mass spectra were measured on a GC-MS configuration comprised
of an Agilent Technologies 6890N gas chromatograph equipped
with a 5973 Network MS detector (E1 70 eV, mass range 33-550 Da).
High resolution MALDI MS spectra were measured on a MALDI
mass spectrometer LTQ Orbitrap XL (Thermo Fisher Scientific,
Bremen, Germany) equipped with a nitrogen UV laser (337 nm,
60 Hz). The LTQ Orbitrap instrument was operated in positive-ion
mode over a normal mass range (m/z 50-2000) with resolution
100 000 at m/z = 400. The survey crystal positioning system (survey
CPS) was set for the random choice of shot position by automatic
crystal recognition. 2,5-Dihydroxybenzoic acid (DHB) was used as a
matrix. The mass spectra were averaged over the whole MS record
for all the measured samples. The absorption spectra were
measured on a Hewlett-Packard 8453 spectrophotometer in
CH,CIl, at a concentration of 2 x 107" M.

Thermal properties

Thermal properties were measured by differential scanning
calorimetry DSC using a Mettler-Toledo STARe System DSC
2/700 equipped with an FRS 6 ceramic sensor and cooling
systern HUBERT TC100-MT RC 23. DSC curves were determined
in open aluminous crucibles under an N, inert atmosphere and
at a scanning rate of 3 °C min ' within the range 25-450 “C.
The melting point and temperature of decomposition were
determined as the intersection of the baseline and the tangent
of the peak (onset point).

Electrochemistry

Electrochemical measurements were carried out in N,N-dimethyl-
formamide containing 0.1 M BuyNPF; in a three-electrode cell
by cyclic voltammetry (CV), rotating disk voltammetry (RDV)
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and polarography. The working electrode was a platinum disk
(2 mm in diameter) for CV and RDV experiments. A saturated
calomel electrode (SCE) separated by a bridge filled with a
supporting electrolyte and a Pt wire were used as the reference and
auxiliary electrodes. Voltammetric measurements were performed
using a potentiostat PGSTAT 128N (AUTOLAB, Metrohm Autolab
B.V., Utrecht, The Netherlands) operated via NOVA 1.10 software.

NLO

The piezooptical effect was measured for two components of the
piezooptical tensor: diagonal (fea,) and off-diagonal (fy,.,). They
wete defined by the directions of the applied mechanical stress.
The effect for off-diagonal components was at least one order of
magnitude higher. Hence, all the presentation was given solely for
this component. The Senarmont method allowed carrying out the
measurements of birefringence with accuracy up to 107°. The
photo-treatment was performed during probing and immediately
after switching off the monitoring. The relaxation of the laser
induced changes did not exceed several seconds. Additional
control of scattering light was done.

DFT calculations

All caleulations were carried out in Gaussian 09W package at the
DFT level of theory. The initial geometry optimizations were carried
out by the PM3 method implemented in program ArgusLab and
subsequently by the DFT B3LYP method using the 6-311G+(2d,p)
basic set. The energies of the HOMO and LUMO (Enomo and
E\ umo), their differences (AE) and ground state dipole moments ()
were calculated by the DFT B3LYP/6-311++G(2d,p) method. The
first hyperpolarizabilities were deducted from the optimized
geometries using the PM7 method implemented in MOPAC2012
software. See the ESIT for more details.

General method for Sonogashira cross-coupling (i)

Todo derivatives (28-29, 37, 40-42) and propargyl alcohol 38
(1.2/2.4/3.6 eq. for oneftwo/threefold coupling) were dissolved in a
solution of THF/Et;N (4:1, 25 mL). Argon was bubbled through the
solution for 10 min, whereupon [PACL(PPhs),] (0.03/0.06/0.09 eq.)
and Cul (0.03/0.06/0.09 eq.) were added, and the reaction mixture
was stirred under argon at 25 °C for 18 hours. The solvents were
evaporated in vacuo and the residue was taken up in aq. NH,CI
(100 mL) and extracted with CH,CI, (2 x 50 mL). The combined
organic extracts were dried (Na,S0,) and the solvents were
evaporated in vacuo. The crude product was purified by column
chromatography (SiO,; CH,CL, to EtOAc/CH,CL, 1:1).

General method for Dess-Martin oxidation (ii)

Alcohols (43-48) and the Dess-Martin reagent (1/2/3 eq. for
one/two/threefold oxidation) were dissolved in CH,CI, (20 mL).
The reaction mixture was stirred at 25 °C for 4 hours. After
evaporation of solvent in vacuo the crude product was purified
by column chromatography (Si0O,; CH,Cl,).

General method for Knoevenagel condensation (iii)

Aldehydes (30-35 and 49-54) and malonodinitrile 25 or N,N'-
dibutylbarbituric acid 26 (1.2/2.4/3.6 eq. for one/two/threefold
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condensation) were dissolved in CH,Cl, (20 mL) and ALO4
(5/10/15 eq.; Brockmann activity II-11T) was added. The reaction
mixture was stirred at 25 °C for 18 hours. The reaction mixture
was filtered and the solvent was evaporated in vacuo. The crude
product was purified by column chromatography (Si0,; CH,CL,).
Chromophores 6, 10, 14, 18, and 22 with the BA unit(s) directly
attached to the phenyl ring(s) were partially hydrolyzed to starting
compounds during column chromatography and, therefore, they
were purified by precipitation from hexane.

Chromophore 5. The title compound was synthesized from
aldehyde 31 (150 mg; 0.711 mmol) and malonodinitrile 25
(56 mg; 0.853 mmol) following the general method (iii). Yield:
66 mg (94%); orange solid. Ry = 0.85 (Si0,; CH,CL,); mp 115 “C.
Found: €, 77.32; H, 5.51; N, 15.49. C,;H,;N; requires C, 78.74;
H, 5.05; N, 16.20%. "H NMR (CDCLs;, 500 MHz; 25 °C): 6 = 3.42
(s, 3H, NCH,), 672 (d, J - 9.5 Hz, 2H, CHar), 7.22 (dd,
Ji = 8.0 Hz, J, = 1.0 Hz, 2H, CHar), 7.32 (t, / = 7.5 Hz, 1H,
CHar), 7.45 (d, ] = 7.5 Hz, 2H, CHar), 7.47 (s, 1H, CH), 7.75 ppm
(d, J = 9.0 Hz, 2H, CHar). >C NMR (CDCl;, 125 MHz, 25 °C):
§ = 40.6, 113.7, 114.8, 115.9, 120.8, 126.9, 127.3, 130.5, 133.7,
146.0, 154.0, 158.3 ppm. FT-IR (HATR): © = 2921, 2200, 1607,
1514, 1356, 1173, 1023, 814 cm L. HR-MALDI-MS (DHB): caled
for C,;H,;N; (M) 259.11040 found 259.11063.

Chromophore 6. The title compound was synthesized from
aldehyde 31 (150 mg; 0.711 mmol) and N,N'-dibutylbarbituric
acid 26 (256 mg; 1.066 mmol) following the general method (iii).
The erude product was taken in hexane (10 mL) and refluxed for
15 min. After cooling, the precipitate was filtered and this purifica-
tion was repeated in order to remove the excess of 26. Yield:
190 mg (62%); orange solid. Ry = 0.65 (SiQ,; CH,Cl,); mp 142 °C.
Found: C, 72.09; H, 7.21; N, 9.69. CysH3,N;0; requires C, 72.03; H,
7.21; N, 9.69%. *H NMR (CDCls, 500 MHz; 25 °C): § = 0.94 (m, 6H,
CH3,), 1.37 (m, 4H, CH,), 1.59 (m, 4H, CH,), 3.43 (s, 3H, NCH;),
3.94 (m, 4H, CH,), 6.73 (d, ] = 9.0 Hz, 2H, CHar), 7.23 (dd, J, = 7 Hz,
J» = 1.0 Hz, 2H, CHar), 7.29 (t, / = 7.0 Hz, 1H, CHar), 7.43 (m, 2H,
CHar), 8.28 (d, 2H, = 9 Hz, CHar), 8.41 ppm (s, 1H, CH). *C NMR
(CDCly, 125 MHz, 25 “C): & = 14.03, 14.05, 20.42, 20.47, 30.42,
30.43, 40.6, 41.8, 42.4, 111.3, 113.1, 122.6, 126.9, 127.0, 130.3,
138.9, 146.3, 151.4, 153.8, 158.8, 161.4, 163.8 ppm. FT-IR (HATR):
¥ = 2929, 1652, 1508, 1407, 1360, 1303, 1196, 1103, 790, 701 cm *.
HR-MALDI-MS (DHB): caled for C,Hy, N5 (M) 433.23599 found
433.23650.

Chromophore 7. The title compound was synthesized from
aldehyde 50 (90 mg; 0.383 mmol) and malonodinitrile 25
(30 mg; 0.459 mmol) following the general method (iii). Yield:
66 mg (87%); red-violet solid. Re= 0.9 (Si0.; CH,Cl;); mp 185 °C.
Found: C, 80.36; H, 4.57; N, 14.79. C,sH,;N; requires C, 80.54;
H, 4.62; N, 14.83%. "H NMR (CDCl,, 400 MHz; 25 °C): & = 3.38
(s, 3H, NCH;), 6.71 (dd, J; = 6.8 Hz, J, = 1.6 Hz, 2H, CHar),
7.09 (s, 1H, CH), 7.21 (dd, }, = 8.4 Hz, /> = 1.2 Hz, 2H, CHar),
7.27 (t,J = 7.2 Hz, 1H, CHar), 7.42 ppm (m, 4H, CHar). "*C NMR
(CDCl;, 100 MHz, 25 °C): = 40.5, 88.0, 89.1, 107.7, 112.4, 113.7,
114.2, 120.7, 126.6, 126.7, 130.3, 135.5, 141.3, 146.8, 152.1 ppm.
FT-IR (HATR): v = 3596, 2317, 2154, 1590, 1540, 1369, 1318,
1253, 1180, 991, 824, 708 cm ™~ ". HR-MALDI-MS (DHB): caled for
CyoHy3N; (M) 283.11040 found 283.11062.
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Chromophore 8. The title compound was synthesized from
aldehyde 50 (70 mg; 0.297 mmol) and N,N'-dibutylbarbituric
acid 26 (86 mg; 0.357 mmol) following the general method (iii).
Yield: 125 mg (92%); violet solid. Ry = 0.8 (SiO,; CH,CL:);
mp 119 “C. Found: C, 73.49; H, 6.97; N, 9.12. C53H3;N;0; requires
C, 73.50; H, 6.83; N, 9.18%. “H NMR (CDCl;, 400 MHz; 25 °C):
6 =0.93 (m, 6H, CH,), 1.35 (m, 4H, CH,), 1.60 (m, 4H, CH,), 3.38
(s, 3H, NCH,), 3.92 (m, 4H, CH,), 6.73 (m, 2H, CHar), 7.24 (m, 3H,
CHar), 7.42 (m, 2H, CHar), 7.53 (m, 2H, CHar), 7.80 ppm (s, 1H,
CH). “'C NMR (CDCl;, 100 MHz, 25 “C): 6 = 13.97, 13.99, 20.36,
20.41, 30.33, 40.5, 41.6, 42.2, 93.3, 110.0, 114.3, 122.4, 124.0,
126.2, 126.5, 130.2, 135.9, 137.2, 147.1, 151.1, 151.8, 159.8,
161.8 ppm. FT-IR (HATR): v = 2312, 2156, 1654, 1541, 1400,
1295, 1187, 1047, 978 em™'. HR-MALDI-MS (T)'HB): caled for
CigH32N305 (M + H)' 458.24382 found 458.24367.

Chromophore 10. The title compound was synthesized from
aldehyde 32 (213 mg; 0.781 mmol) and N,N'-dibutylbarbituric
acid 26 (234 mg; 0.977 mmol) following the general method (iii).
The crude product was taken in hexane (10 mL) and refluxed for
15 min. After cooling, the precipitate was filtered and this puri-
fication was repeated in order to remove the excess of 26. Yield:
317 mg (82%); red solid. Ry = 0.7 (Si0,; CH,CL); mp 108 °C.
Found: C, 75.27; H, 6.87; N, 8.46. C;,H;;3N;0; requires C, 75.13;
H, 6.71; N, 8.48%. "H NMR (CDCl;, 400 MHz; 25 °C): & = 0.93 (m,
6H, CH), 1.36 (m, 4H, CH,), 1.61 (m, 4H, CH,), 3.94 (m, 4H,
CH,), 6.92 (d, / = 8.8 Hz, 2H, CHar), 7.18 (m, 6H, CHar), 7.33 (m,
4H, CHar), 8.20 (d, J = 9.2 Hz, 2H, CHar), 8.40 ppm (s, 1H, CH).
3¢ NMR (CDCl,, 100 MHz, 25 °C): § = 14.0, 20.32, 20.36, 30.3,
41.7, 42.3, 112.8, 118.0, 124.8, 125.8, 126.8, 129.9, 138.0, 145.6,
151.2, 153.0, 158.2, 161.1, 163.3 ppm. FT-IR (HATR]: v = 2930,
2314, 1648, 1488, 1406, 1295, 1195, 1105, 993, 757, 698 cm ..
HR-MALDI-MS (DHB): caled for CaqHsyN;05 (M + H)' 496.25947
found 496.25725.

Chromophore 11. The title compound was synthesized from
aldehyde 51 (84 mg; 0.282 mmol) and malonodinitrile 25
(22 mg; 0.339 mmol) following the general method (iii). Yield:
70 mg (72%); red solid. B = 0.9 (Si0,; CH,CL); mp 178 “C.
Found: C, 81.95; H, 4.30; N, 11.72. C,,H,;sN; requires C, 83.46;
H, 4.38; N, 12.17%. "H NMR (CDCl;, 500 MHz; 25 “C): J = 6.93
(d, J = 9.0 Hz, 2H, CHar), 7.10 (s, 1H, CH), 7.16 (m, 6H, CHar),
7.33 (m, 4H, CHar), 7.39 ppm (d, J = 9 Hz, 2H, CHar). *C NMR
(CDCL,, 125 MHz, 25 °C): 6 = 87.3, 90.5, 110.7, 112.2, 113.4,
119.0, 125.5, 126.5, 130.0, 135.1, 141.3, 146.0, 151.6 ppm. FT-IR
(HATR): v = 2146, 1586, 1540, 1340, 1177, 996, 826, 692 cm ™"
HR-MALDI-MS (DHB): caled for C,,H;5N; (M7) 345.12605 found
345.12619.

Chromophore 12. The title compound was synthesized from
aldehyde 51 (64 mg; 0.215 mmol) and N,N'-dibutylbarbituric
acid 26 (62 mg; 0.258 mmol) following the general method (iii).
Yield: 80 mg (71%); dark violet solid. Ry = 0.65 (SiOs; CH.CL);
mp 126 °C. Found: C, 76.02; H, 6.45; N, 8,15, Cu;H;,N,O,
requires C, 76.28; H, 6.40; N, 8.09%. “"H NMR (CDCl;, 400 MHz;
25 “C): 6= 0.94 (m, 6H, CH5), 1.37 (m, 4H, CH,), 1.61 (m, 4H, CH,),
3.93 (m, 4H, CH,), 6.95 (d, J = 8.8 Hz, 2H, CHar), 7.14 (m, 6H,
CHar), 7.31 (m, 4H, CHar), 7.51 (d, / = 9.2 Hz, 2H, CHar), 7.78 ppm
(s, 1H, CH). C NMR (CDCls, 100 MHz, 25 “C): § = 14.0, 20.36,
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20.39, 30.3, 41.7, 42.2, 92.3, 113.2, 120.3, 121.7, 123.5, 125.1,
126.3, 29.9, 135.4, 136.9, 146.4, 151.02, 151.08, 159.6, 161.6 ppm.
FI-IR (HATR): v= 2322, 2164, 1654, 1559, 1400, 1268, 1165, 1050,
981, 756, 694 em . HR-MALDI-MS (DHB): caled for Ca3H3,N0;
(M + H)" 520.25947 found 520.25880.

Chromophore 13. The title compound was synthesized from
aldehyde 33 (150 mg; 0.628 mmol) and malonodinitrile 25
(99 mg; 1.507 mmol) following the general method (iii). Yield:
160 mg (76%); orange solid. R¢= 0.65 (SiO,; CH,CL); mp 206 °C.
Found: C, 73.93; H, 3.85; N, 20.31. Cz,H3N; requires C, 75.21;
H, 3.91; N, 20.88%. "H NMR (CDCI, 400 MHz; 25 °C): & = 3.53
(s, 3H, NCH,), 7.20 (d, J = 9.2 Hz, 4H, CHar), 7.63 (s, 2H, CH),
7.89 ppm (d, j = 9.2 Hz, 4H, CHar). "*C NMR (CDCl,, 100 MHz,
25 °C): 6 = 40.3, 113.5, 114.6, 121.0, 125.6, 133.1, 151.9, 158.1
ppm. FT-IR (HATR): » = 2215, 1571, 1504, 1358, 1195, 828,
817 cm™ ', HR-MALDI-MS (DHB): caled for CyH,3N5 (M ') 335.11655
found 335.11671.

Chromophore 14. The title compound was synthesized from
aldehyde 33 (150 mg; 0.628 mmol) and N,N'-dibutylbarbiturie
acid 26 (362 mg; 1.507 mmol) following the general method (iii).
The crude product was taken in hexane (10 mL) and refluxed for
15 min. After cooling, the precipitate was filtered and this
purification was repeated in order to remove the excess of 26.
Yield: 200 mg (47%); terracotta solid. Ry = 0.3 (Si0,; CH,Cl,); mp
134 °C. Found: C, 68.32; H, 7.24; N, 10.25. C33H,;9N50; requires
C, 68.50; H, 7.22; N, 10.24%. "H NMR (CDCl;, 400 MHz; 25 “C):
§ = 0.95 (m, 12H, CH,), 1.40 (m, 8H, CH,), 1.64 (m, 8H, CH,),
3.52 (s, 3H, NCH3), 3.96 (m, 8H, CH,), 7.17 (d, J = 8.8 Hz, 4H,
CHar), 8.24 (d, J = 9.2 Hz, 4H, CHar), 8.46 ppm (s, 2H, CH).
¥C NMR (CDCly, 100 MHz, 25 °C): é = 13.99, 14.01, 20.38,
20.43, 30.4, 40.2, 41.9, 42.5, 115.0, 119.9, 127.1, 137.3, 151.1,
151.4, 158.0, 160.9, 163.0 ppm. FT-TR (HATR): v = 2856, 2367,
1650, 1499, 1405, 1349, 1299, 1187, 1101, 975, 791 cm .
HR-MALDI-MS (DHB): caled for CyoHsoN;05 (M + H)' 684.37556
found 684.35420.

Chromophore 15. The title compound was synthesized from
aldehyde 52 (100 mg; 0.348 mmol) and malonodinitrile 25
(55 mg; 0.835 mmol) following the general method (iii). Yield:
100 mg (75%); violet solid. Ry = 0.7 (8i0,; CH,Cl,); mp 182 °C.
Found: C, 77.10; H, 3.46; N, 17.39. C,5H,3N; requires C, 78.32;
H, 3.42; N, 18.27%. '"H NMR (CDCls, 400 MHz; 25 °C): § = 3.45
(s, 3H, NCH3), 7.11 (m, 6H, CHar + CH), 7.54 ppm (d, J = 8.8 Hz,
4H, CHar). C NMR (CDCl;, 100 MHz, 25 °C): & = 40.2, 86.8,
92.0, 111.9, 113.0, 113.1, 116.9, 120.8, 135.2, 141.2, 150.3 ppm.
FT-IR (HATR): »= 2308, 2161, 1589, 1537, 1333, 1263, 1104, 999,
819 cm™'. HR-MALDI-MS (DHB): caled for C,sH, N5 (M)
383.11655 found 383.11664.

Chromophore 16. The title compound was synthesized from
aldehyde 52 (200 mg; 0.697 mmol) and N,N'-dibutylbarbituric
acid 26 (401 mg; 1.672 mmol) following the general method (iii).
Yield: 460 mg (90%); violet solid. R¢ = 0.4 (Si0,; CH,CL). Found:
C, 70.40; H, 6.80; N, 9.75. C,3H,oN;0, requires G, 70.57;
H, 6.75; N, 9.57%. "H NMR (CDCl;, 500 MHz; 25 °C): § = 0.94
(m, 12H, CH3), 1.37 (m, 8H, CH,), 1.61 (m, 8H, CH,), 3.44
(s, 3H, NCH;), 3.93 (m, 8H, CH,), 7.09 (d, J = 9.0 Hz, 4H,
CHar), 7.63 (d, J = 8.5 Hz, 4H, CHar), 7.79 ppm (s, 2H, CH).
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B¢ NMR (CDCLy, 125 MHz, 25 °C): § = 13.97, 13.99, 20.35, 20.39,
30.3, 40.2, 41.8, 42.3, 91.8, 115.0, 119.9, 120.6, 124.2, 135.5,
136.7, 150.0, 150.9, 159.6, 161.4 ppm. FI-IR (HATR): i = 2150,
1663, 1543, 1397, 1339, 1294, 1181, 1047, 976, 756 cm ™.
HR-MALDI-MS (DHB): caled for Cy3HsoNsOg (M + H)' 732.37557
found 732.37580.

Chromophore 18. The title compound was synthesized from
aldehyde 34 (301 mg; 1 mmol) and NN -dibutylbarbituric acid 26
(864 mg; 3.6 mmol). Both reaction components were dissolved in
CH;CN (15 mL), ALLO; (1.02 g; 10.0 mmol) was added and the
reaction mixture was stirred at 60 °C for 18 h. After cooling, the
solution was filtered and the solvent was evaporated in vacuo.
The crude product was taken in hexane (10 mL) and refluxed for
15 min. After cooling, the precipitate was filtered and this puri-
fication was repeated in order to remove the excess of 26. Yield:
550 mg (74%); red solid. R = 0.4 (SiO,; CH,CL). Found: C, 70.66;
H, 6.87; N, 9.54. C,.H;,N;O, requires C, 70.85; H, 6.89; N, 9.39%.
'H NMR (CDCL;, 400 MHz; 25 °C): & = 0.93 (m, 12H, CH;), 1.36
(m, 8H, CH,), 1.61 (m, 8H, CH,), 3.95 (m, 8H, CH,), 7.13 (d,
J = 8.8 Hz, 4H, CHar), 7.20 (d, / = 7.2 Hz, 2H, CHar), 7.28 (m, 1H,
CHar), 7.36 (m, 2H, CHar), 8.18 (d, J - 8.8 Hz, 4H, CHar), 8.43
ppm (s, 2H, CH). **C NMR (CDCL,;, 100 MHz, 25 °C): § = 14.0,
20.38, 20.41, 30.4, 41.9, 42.6, 115.3, 122.1, 127.0, 127.6, 127.8,
130.4, 137.1, 145.0, 150.9, 151.1, 157.8, 160.9, 163.0 ppm. FI-IR
(HATR): v = 2956, 2361, 1663, 1552, 1499, 1403, 1329, 1294, 1187,
1102, 993,791 em™ . HR-MALDI-MS (DHB): caled for C,yH5,N;Og
(M + H)' 746.39121 found 746.38932.

Chromophore 19. The title compound was synthesized from
aldehyde 53 (100 mg; 0.286 mmol) and malonodinitrile 25
(45 mg; 0.687 mmol) following the general method (iii). Yield:
100 mg (78%); violet solid. By = 0.75 (S8i0,; CH,CL); mp 195 “C.
Found: C, 80.69; H, 3.40; N, 15.61. C3,H;sN; requires C, 80.88;
H, 3.39; N, 15.72%. '"H NMR (CDCl;, 400 MHz; 25 °C): 6 = 7.08
(d,j - 8.8 Hz, 4H, CHar), 7.12 (s, 2H, CH), 7.14 (d, = 7.6 Hz, 2H,
CHar), 7.25 (m, 1H, CHar), 7.39 (m, 2H, CHar), 7.48 ppm (d,
J = 8.8 Hz, 4H, CHar). **C NMR (CDCl;, 125 MHz, 25 "C): § = 86.7,
92.3, 111.9, 113.0, 113.9, 116.6, 123.1, 126.7, 127.1, 130.4, 135.1,
141.2, 145.2, 149.9 ppm. FT-IR (HATR): » = 2319, 2166, 1591, 1541,
1488, 1321, 1265, 1170, 1022, 830, 640 cm~'. HR-MALDI-MS
(DHB): caled for CyoH,sNs (M7) 445.13220 found 445.13268.

Chromophore 20. The title compound was synthesized from
aldehyde 53 (80 mg; 0.228 mmol) and N,N'-dibutylbarbiturie
acid 26 (131 mg; 0.547 mmol) following the general method (iii).
Yield: 130 mg (72%); dark red solid. Ry = 0.6 (SiO,; CH,Cl,/acetone
50:1). Found: C, 72.40; H, 6.56; N, 9.01. C,4Hs,N.O requires C,
72.61; H, 6.47; N, 8.82%. 'H NMR (CDCl;, 400 MHz; 25 °C):
4 =0.94 (m, 12H, CH), 1.36 (m, 8H, CH;), 1.61 (m, 8H, CH,),
3.93 (m, 8H, CH,), 7.07 (d, J = 8.4 Hz, 4H, CHar), 7.14 (d, J -
8.4 Hz, 2H, CHar), 7.23 (m, 1H, CHar), 7.36 (m, 2H, GHar), 7.57
(d, = 8.4 Hz, 4H, CHar), 7.77 ppm (s, 2H, CH). “C NMR
(CDCL,, 100 MHz, 25 °C): J = 14.0, 20.35, 20.39, 30.3, 41.8, 42.3,
91.6,115.9,119.2, 123.1, 124.6, 126.2, 126.9, 130.2, 135.3, 136.5,
145.6, 149.5, 150.9, 159.5, 161.4 ppm. FI-IR (HATR): v = 2324,
2161, 1662, 1549, 1397, 1268, 1174, 1049, 997, 787 cm .
HR-MALDIMS (DHB): caled for CugHsNsOg (M + H)' 794.39121
found 794.39186.
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Chromophore 22. The title compound was synthesized from
aldehyde 35 (100 mg; 0.304 mmol) and N,N*-dibutylbarbituric
acid 26 (263 mg; 1.094 mmol). Both reaction components were
dissolved in CH;CN (15 mL), Al,O; (460 mg; 4.5 mmol) was
added and the reaction mixture was stirred at 60 “C for 18 h. After
cooling, the solution was filtered and the solvent was evaporated
in vacuo. The crude product was taken in hexane (10 mL) and
refluxed for 15 min. After cooling, the precipitate was filtered and
this purification was repeated in order to remove the excess of 26.
Yield: 190 mg (64%]; violet solid. Rr = 0.5 (Si0,; CH,Cly/acetone
50:1). Found: C, 68.44; H, 6.93; N, 9.68. C5;HgoN; 0y requires C,
68.72; H, 6.98; N, 9.84%. '"H NMR (CDCl;, 500 MHz; 25 “C):
& = 0.95 (m, 18H, CHj;), 1.38 (m, 12H, CH,), 1.63 (m, 12H, CH,),
3.96 (m, 12H, CH,), 7.21 (d, J = 9.0 Hz, 6H, CHar), 7.18 (d,
J = 8.5 Hz, 6H, CHar), 8.46 ppm (s, 3H, GH). "C NMR (CDCl;,
125 MHz, 25 °C): § = 14.0, 20.38, 20.41, 30.3, 42.0, 42.6, 116.4,
124.0, 129.2, 136.7, 149.8, 151.0, 157.5, 160.7, 162.7 ppm. FI-IR
(HATR): v = 3332, 2932, 2304, 1660, 1495, 1402, 1323, 1269,
1181, 1102, 791, 758 em™ ', HR-MALDI-MS (DHB): caled for
Cs,H70N;0, (M + H)' 996.52295 found 996.52909.

Chromophore 24. The title compound was synthesized from
aldehyde 534 (30 mg; 0.075 mmol) and N,N'-dibutylbarbituric
acid 26 (65 mg; 0.269 mmol) following the general method (iii).
Yield: 52 mg (65%); violet solid. Ry = 0.55 (Si0,; CH,Cl,/acetone
50:1). Found: C, 70.69; H, 6.67; N, 9.22. Cq3;HeoN, O, requires C,
70.83; H, 6.51; N, 9.18%. "H NMR (CDCl;, 400 MHz; 25 “C):
8 =0.94 (m, 18H, CH;), 1.36 (m, 12H, CH,), 1.61 (m, 12H, CH,),
3.93 (m, 12H, CH,), 7.12 (d, J = 8.4 Hz, 6H, CHar), 7.62 (d,
J = 8.8 Hz, 6H, CHar), 7.77 ppm (s, 3H, CH). **C NMR (CDCl,,
100 MHz, 25 °C): § = 13.95, 13.97, 20.34, 20.38, 30.3, 41.8, 42.3,
91.4, 117.6, 117.8, 124.5, 125.2, 135.4, 136.2, 148.5, 150.8, 159.4,
161.3 ppm. FT-IR (HATR): v - 3321, 2332, 2165, 1662, 1558,
1398, 1317, 1268, 1174, 1052, 971 cm™ . HR-MALDI-MS (DHB):
caled for CeaH7oN;Oq (M + H)'1068.52295 found 1068.52129.
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ABSTRACT: Push—pull molecules represent a unique and fascinating class of organic
n-conjugated materials. Herein, we provide a summary of their recent extraordinary design
inspired by lerers of the alphaber, especially focusing on H-, L-, T-, V-, X-, and Y-shaped
molecules. Representative structures from each class were presented and their fundamental
properties and prospective applications were discussed. In particular, emphasis is given to
molecules recently prepared in our laboratory with T-, X-, and Y-shaped arrangements based on
indan-1,3-dione, benzene, pyridine, pyrazine, imidazole, and wiphenylamine. These push—pull
mOlEClllfS tlll'nﬂd our to I_‘(‘ VCI)’ ﬂfﬁ(‘_it'nr (h;ll'gﬁ'-[ra_ﬂsfcr (ilrUmUPhUI‘('S With [llrlﬁhl(' pr()PCrtitS

suirable for second-order nonlinear oprics, two-phorton absorprion, reversible pH-induced and

phum(hromic switch'mg, pho[ocamlysis, and inrercalation.

Keywords: chromophores, conjugation, donor—acceptor systems, photochemistry, structure—

activiry relationships

1. Introduction

Organic  push—pull molecules represent a subclass of
n-conjugated systems that are end-capped with clectron
donor(s) and clectron accepror(s). The D-n-A arrangement
allows direct interaction of the donor (ID) and the acceptor (A)
through the m-system, so-called intramolecular charge transfer
(ICT), and generates a new molecular orbital. The excitation of
the elecrrons within the new orbiral can be achieved by visible
light, which gives push—pull molecules their color (charge-trans-
fer (CT) chromophores). Apart from distinct optical properties,
the ICT significantly polarizes the whole m-system and D-m-A
molecules possess a dipolar character. The ICT can graphically
be expressed by limiting resonance forms (Figure l).“]

The main advantage of CT chromophores with the D-r-
A arrangement over other inorganic and organic dyes can be
seen in their well-defined and tunable structures and predict-
able properties. In principal, the fundamental features of
push—pull molecules, such as the HOMO and LUMO levels
and their difference (band gap), posidon of the longest-
wavelength absorption maxima (CT band), and dipole
moment, can be modulated by alternating the A, D, and 7
parts. Variation of the electron-withdrawing and -releasing
behavior of A and D, modificarion of the n-system (length,
composition, and poiarizability), and overall chrumophorc
Hrrangemi‘nt (nun‘lber :]nd mul\la] ﬂrraﬂgﬂ[ﬂcnl Df‘ [hE .'\ ?1[1(1
D maoieties, planarity, and further auxiliary functionalization)
currently represent well-developed taols for tailoring D-m-A

BIN, Klikar, P Solanke, J. Tydlitét, F Burcs
Institute of Organic Chemistry and Technology,
Faculry of Chemical Technology
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systems towards desired applications.™’ In this respect, the
incorporation of a heteroatom into the n-conjugated backbone
scems to be a newer, but also powerful strategy directed
towards the modulation of optoelectronic propertics. Six- and
five-membered heterocycles, such as azines,”! rhinphenes,[""'ﬁj
and imidazoles,® belong to the most widely employed hetero-
cycles. Heteroaromatic compounds represent an alternative to
hydrocarbon scaffolds, while the heteroatoms bring higher
polarizability, as well as thermal and chemical robustness, and
behave as auxiliary electron donors/acceptors, and constitute a
place of further modification (acid/base and coordination
properries).

From a historical point of view, the first push—pull organic
molecules were used as dyestuffs, for example, the synthetic
dyc mauveine. 7} After invention of the laser in 1960, D-m-A
systems also became important media for nonlinear optics
(Nl,Ds).zS] More recently, organic push—pull molecules have
notably infilirated materials chemistry, and organic electronics
and optoelectronics currently represent well-developed and
burgconing arcas.”’ The concept of m-conjugated molecules
with the D-m-A arrangement has been advantageously utilized
in dye-sensitized solar cells (DSSCG),[mJ bulk-heterojunction solar
cells (BHJSCs), " organic light-emitting diodes (OLEDs),
two-photon  absorbers (ZPAS},[B] and near-infrared absorbing
dyes. 14!

In addition to the ordinary linear D-m-A systems, CT
chromophores may also adopt advanced quadrupolar (D-(r-
A); or A-(m-D),) and tripodal (D-{m-A); or A-(1-D)3)
arrangements. In recent years, extraordinary arrangements of
push—pull chromophores inspired by letters of the alphabet
appeared in the literature. Hence, based on these, as well as our
contributions, we cover herein the design, properties, and fur-
ther use of selected classes of such peculiar chromophores. In
alphabetical order, these include H-, L-, ‘I, V-, X-, and Y-
shaped molecules, as schematically shown in Figure 2. Most
{requently, the letter shape corresponds to either m-conjugaied
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e e
D@A

(hetero)aromatic (hetero)quinoid

Fig. 1. Schematic representation of a D-mt-A system and two limiting reso-
nance forms of a (heterojaromatic push—pull molecule (X=any heteroatom

incnrpnmrcd within the -scaffold).

or n()n-Cnnjugati‘d C}] Fﬂmﬂph()[’c baCkb()nCS, \’V}]CFCHS Eh(‘ CICC'
tron acceptors and donors are attached to the periphery.

2. H-Shaped Molecules

Undoubtedly, H-shaped molecules represent one of the most
extraordinary arrangements of push—pull molecules known o
date. ‘Three general classes of H chromophores with different
A and D arrangements along the H-shaped backbone can be
found in the current literature: 1) two parallel D-m-A units
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connected by a (non)conjugated spacer, 2) two bridged
upsid{'-dnwn D-m-A systems, and 3) Hmshaped core hearing a
central electron-withdrawing moiety and four peripheral
donors.

The first class of H-shaped chromophores was extensively
investigated by Zhang et al. (Figure 3).01% 9,10-Dihydroan-
thracene has been utilized as a central m-conjugated core with
hydroxy/alkexy electron donors appended at positions C4/C5
and acceptors linked through azo spacers ar C1/C8. Targer
push—pull molecules 1 and 2 were synthesized in a two-step
reaction sequence through a key intermediate, 1,8-dihy-
droxy-9,10-dihydroantracene, which was prepared [rom 1,8-
dihydroxy-9,10-anthraquinone, followed by azo-coupling.
Compared with analogous linear push—pull chromophore 1a,
two parallel D-m-A units, as in 1, showed a remarkably
enhanced second-order NLO response, which was not accom-
panied by a large redshift of the longest-wavelength absorption
maxima (nc.';nlinf:su‘iryvtranspan':‘m:)7 trade-oft; Table 1). Chro-
mophore 2 embedded into 2 fluoro-containing aromatic
main-chain Pl afforded NLO-active organic material 3 with a
high macroscopic nonlinearity, 453, exceeding 70 pm/V, opti-
cal transparency above 400 nm and good thermal suability
(T,=198°C, T3=245°C). Lu et al. further used the 9,10-

Jirt Tydlivdt was born in Pardubice, Czech
Republic (1982), and studied chemistry
at the University of Pardubice (2002—
2008). He reccived his PhD in organic
chemistry (2008-2014) from the Univer-
sity of Pardubice. He worked as a (post)- QL X \L
doctoral fellow in the groups of G. © \

Mlostont (University of L.6d%, Poland, 2011) and P. Sadler
(University of Warwick, UK, 2015). He currently works as
an Assistant Professor at the Institute of Organic Chemistry.
His research is focused on polycyclic (hetero)aromatics as
basic building blocks for novel fluorophores and NLO

materials.

Filip Bures§ was born in Poprad, Slovakia
(1979), and studied chemistry at the Uni-
versity of Pardubice (1997-2002). He
received his PhD in organic chemistry
(2003-2003) from the University of Par-
dubice, where he was also habilitated in
2010. He pursued (post)doctoral siudies
with Prof. P. Knochel (LMU, Munich) and Prof E Diederich
(ETH, Zurich). He currently leads his own working group at
the Institute of Organic Chemistry, University of Pardubice,
which focuses on the design and synthesis of 7-conjugated
molecules for miscellancous oproclectronic applications.

Wiley Online Library 3

213



Personal Account

PRILOHY

THE CHEMICAL RECORD

LTVXY

A = electron acceptor, D = glectron donor

Fig. 2. Alphabet-inspired design of push—pull molecules.

R! R’

RI /kR’z

‘ Br(CH,); ! . ‘ (CHy)sBr

OMe OMe
4-5

CN
“ "CN

N 6 N

Fig. 3. H-shaped push—pull molecules with two parallel D-n-A units.

Table 1. Fundamental properties of chromophores 1-5.

"m-\x
R/R! AR? [nm]™ NLO properties

la H NO, 388 70/28!

1 H NO, 398 2771105

2 H CF; 367 252/1171"

3 PI Cly 353M 7024

4 H NO, 332 41515

5 CN CN 332 1538

[a] Measured in THE [b] First hyperpolarizability (B)/static first hyperpolariz-
ability (3} measured in T'HF by hyper-Rayleigh scattering at 1064 nm versus
p-nitroaniline (in 107" esu). [¢] Measured in poled thin polyimide (PT) films.
[d] Macroscopic second-harmonic coellicient, ;3 (in pm/V). [e] uf product
determined by solvatochromic method versus p-nitroaniline (in 107* esul.

dihydroanthracene parent scaflold for the construction of
chromophores 4 and 5, bearing methoxy donors and nitro and
dicyanovinyl (DCV) acceptors (Figure 3 and lable D% Ina
very similar way as that discussed above, they demonstrated
that H-shaped chromophores possessed significantly improved
optical nonlinearitics over mono D-m-A systems. Interesting
H-shaped chromophore 6 was prepared by Zhen et al.!" This

Chem. Rec. 2016, 00, 00-00
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N TPA

TPA

Fig. 4. H-shaped push—pull molecules 8-12 with a central accepror and

peripheral donors (TPA=4-diphenylaniline).

molecule contains two julolidine donors saturating two differ-
ent electron acceptors (tricyanofuran (TCF) and DCV) across
two different m-linkers. NLO measurements of unsymmetrical
6 embedded into polycarbonate showed improved poling effi-
ciency, which was due to a reduced intermolecular dipole—
dipole interaction (also supported by DFT calculations).

The concept of two D-m-A azobenzenes cross-linked
through a spacer into H-shaped molecules has recently also
been utilized in polymer chemistry."™ In this respect, various
dendron-like, oligomeric, (hetero)aromatic, and aliphatic
spacers and polymeric backbones were introduced by Li et al.
Tt has been shown that such H-shaped chromophore embed-
ding leads to polymeric materials with an enhanced NLO
effect, optical transparency, and chemical and thermal
robustness.

In contrast to previous H-shaped chromophores, the anti-
parallel arrangement of two linked D-m-A units is much
scarcer, most likely due to tedious synthesis. In 2014,
Dong et al. reported on push—pull tetraarylbuta-1,3-diene 7
(Figure 4), with aggregation-enhanced emission and mechano-
tronic fluorescence propcrties.m] Among others, the D-m-A
H-shaped arrangement turned our to be the most beneficial
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Fig. 5. H-shaped push—pull molecule 7 wirh rwo anriparallel D-7-A unirs.

Y, X = N, C-NMe;

O2N
s 13
gy
N
N‘N@N.
02N ‘N N/_-OH
14
\“OH
N
/N
N \>—©~N\ /—OH
N’L‘S N N
15 \—OH

Fig. 6. L-shaped push—pull molecules 13-15 with benzo[]imidazole and
s-triazolo[3,4-£]thiadiazole cores.

by providing the molecule with a large dipole moment, mecha-
nochromic contrast, and high solid-state fluorescence quan-
tum yield.

The third group of H-shaped molecules with a central
acceptor unit end-capped with four peripheral electron donaors
is shown in Figure 5. In these molecules, the central
T-conjugated scaffold is often based on hererocyclic moicries,
such as bipyrimicfine (8),um 2,3,6,7-tetraazaanthracene
(9),*1 dipyrido[3,2-4:2',3'-c|phenazine (10 and 11,24 and
2,1,3-benzorhiadiazole (12).[23 ! Bipyrimidine 8 has been
investigated as a Dy octupolar chromophore with a large
second-order nonlinear optical response (B/Bo=190/130 X
107 esu, measured by harmonic light scatiering at 1640 nm

Chem. Ree. 2016, 00, 00-00

© 2016 The Chemical Sociery of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in CHCl3), tetraazaanthracene 9 showed typical n-type charac-
teristics and could be considered as a promising candidate for
organic clectronic devices. In phcnazincs 10 and 11, the ICT
can easily be tuned by extending the m-system with thienylene
units (#=0 or 1). These chromophores showed outstanding
thermal stability (719 over 500°C) and were suggested as
organic materials suitable for OLEDs, DSSCs, and organic
field-effect transistors (OFEls). Branched benzothiadiazole
derivative 12 emitted red light, with R =621 nm, with a
fluorescence quantum yield of 33% and showed a two-photon
absorption cross-section, 81pa, of 331 GM (820 nm).

3. L-Shaped Molecules

Selected heterocyclic moieties can also be employed as central
m-backbones for the construction of L-shaped push—pull mole-
cules. Figure 6 shows two examples based on benzo[d]imida-
zoles (13)‘LMJ and s-triazolo[3,4- 4] thiadiazoles (14 and 15).125]
“Half-cruciforms” 13 could easily be synthesized in a two-step
reaction sequence and were used as {luorophores that signifi-
cantly responded to/sensed various bases, acids, and anions,
depending on the orientation of the N N-dimethylamino
donor and pyridine acceptor.

In 2009, Cenrtore et al. introduced triazolothiazole as a
new central heteroaromatic scaffold for the construction of
NLOphores 14 (i, =469 nm {DMF); pp=430 x 10~
esu (EFISH, 1900 nm, DMF)) and 15 (h,.,=489 nm
(DMF); =980 % 10~ esu (EFISH, 1900 nm, DMF))./*”!
As can be seen, a proper orientation of the dnnorlaCcepmr
ﬂr()ll_n({ tllC P:{fcnf hCTCrUCyCliC corc I'Cdsh_.lﬁs th(: lDHgCSt—
wavelength absorption maxima by 20 nm and meore than dou-

bles the NLO response.

4. T-Shaped Molecules

Fl"shﬂl)ed C}] r()n]()l"h()res represﬁ'nt ﬂlln[her ext rﬂ()rdin%] ry struc-
tural arrangement of push—pull molecules. Several (hetero)aro-
matic m-backbones were utilized to construct such molecules.
In 2013, we showed the first systemartic modification of an
indan-1,3-dione-fused benzene ring through crossvcoupling
reactions, leading to T-shaped chromophores 16.%¢" The
straighrﬁ)rward synt]]ctic parhway starts from inexpensive
phthalic anhydride and its gradual jodination, Claisen conden-
sation with ethyl-acetoacetate, and decarboxylation afforded
4,7-dilodoindan-1,3-dione as an intermediate capable of fur-
ther Knoevenagel condensation and cross-coupling reaction
{Scheme 1). In this modular way, various lower and peripheral
clectron donors can be attached to the central indan-1,3-diene
acceptor Lo generate 16 tripadal (D-1),-A-1-D molecules with
systematically modified electron donors (D) and the n-system
length (#). These structural medifications allowed tuning of
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1. Iz/oleum
2. CH,COCH,COOEt
[EtNIAC,0 ! !
3. HCIIA
0=~y 0 o =
. 1. Knoevenagel
Donors (D): condensation
2. Cross-couplin
s .
(DMA)

n=0or1

Scheme 1. Structure and synthesis of T-shaped chromophores 16 based on an
indan-1,3-dione central acceptor moiety.

18

Fig. 7. Tripodal T-shaped chromophores 17 and 18 with (D-w),-A-7-D and

(A-1t);-D) arrangements.

the clectr()chcmicﬂl/nptica] gaps within the range of 2.13—
1.43/2.55-1.93 eV and provided optical nonlinearities with
1B=230-2100 X 10~*® esu (EFISH, 1907 nm, CH,Cl,).?”
It rurned our thar the lower electron donor was involved in
more-eflficient ICT than the peripheral ones.

Chem. Ree. 2016, 00, 00-00
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Fig. 8. Phenazine-derived (" chromophores 19 and 20.

Fagcs et al. urilized l,?}rdicarbony] C()mp()unds as part of
the electron-withdrawing dioxaborine moiety in 17 (Figure 7)
saturated by three peripheral methoxy and dialkylamino
donors.*™ Specrral investigations of this molecule revealed
photoinduced ICT from the peripheral branches, resulting in
two closely lying excited states with the possibility of control-
ling the ICT through solvent, protonation, and complexation.
9H-Fluorene can also be used as a parent hydrocarbon scalfold
for the construction of CT chromophore 18 (Figure 7)
equipped with two accepting pyridin-4-yl moieties and a 1,3-
dithiole donor. ™ The extent of TCT was investigated by X-ray
analysis, elecirochemistry, electronic absorption specira, and
was completed by DFT calculations.

Heteroaromatic phenazine is probably the most often
employed n-backbone for the construction of T-shaped mole-
cules bearing a central accepror moiery. Figure 8 shows two
representative derivatives, 19 and 20, with a lower bipyridine
acceptor or bithiophene donor and two peripheral donors D
(TPA, carbazole, and 4-methoxyphenyl). Positoning of the D
along the m-conjugated core of 19 significantly affected the
absorption and emissive properties, as well as thermal stability.
Moreover, due to a N=C-C=N (bipy) binding pocket in 19,
these chromophores can also be used as auxiliaries to chelare
Ru(H).“m The latter type of chromophores 20 showed struc-
tured absorption covering almosi the whole range of visible
light, provided red emission, and could grow into straight
microwires in DCM/ethanol.?" In particular, chromophore
20 equipped with TPA donors showed a high fluorescence
quantum yield, large Stokes shifi, and low opiical loss coefli-
cient of 0.29 dB/pm, and therefore, could be considered as a
promising red-emitting waveguide material. In general,
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Fig. 9. T-shaped molecules 21 built on the benzo[]imidazole core.

phcnazinc—dcrivcd 'l‘—shapcd molecules provcd to be chromo-
phores well suited for tuning and controlling the ICT,*# par-
ticularly when going to more extended bisphﬂllazines.gs] For
instance, T-shaped bisphenazines were thoroughly investigated
by Lee et al. as self-assembling molecules or organogelators. (4

Apart from six-membered diazines, benzo[d|imidazole
can also be employed as a central heteroaromatic scaflold for
the construction of either L-shaped half-cruciforms 13 (Figure
6) or T-shaped chromophores. For instance, Nakashima et al.
published a series of papers focusing on 2,4,7-trisubstitued
benzo[4limidazole tripodal derivatives 21 (Figure 9).DS] In
these molecules, the ceniral benzo[d]imidazole was primarily
used as an acid-responsive core, which upon protonation only
redshifted the emission maxima without significantly affecting
the position of the absorption CT band. In contrast to analo-
gous linear chromophores, T-shaped 21 showed twisted intra-
molecular charge transfer (TICT), and therefore, orthogonally
allocated branches at positions C4 and C7 seemed to be essen-
tial for the emergence of TIC . A vertical m-system with higher
quinoid character generally suppressed the TICT emission,
leading to a more planar ICT state. Benzimidazolium
T-shaped molecules were also utilized as a new templating
motif for the formation of [2]pseudorotaxanes, in which the
T—shap(‘ arrangement grcatly enhanced the association with
crown ethers when compared with simple linear a.nalngues.[‘m]

Some other spiro- and carbazole-derived T-shaped push—
pull molecules appeared in the literature, with applications
ranging from phominduced switches to amphiphilic
molecules. 273

5. V-Shaped Molecules

V-shaped push—pull molecules (also referred to as U- or
A-shaped) appear in the current literature much more often

Chem. Ree. 2016, 00, 00-00
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Fig. 10. Pyran- and diazine-derived V-shaped push—pull molecules.

than the previous three series. Hence, in the following section,
the most common strucrural motives used for their construc-
tion, such as pyran, pyridine, diazines, (di)azinium salts, carba-
zole, and others, are summarized. Pyran belongs to one of the
most widely employed heteroaromatic compounds used as
either proaromatic electron donor or m-conjugated central
moieties (Figure 10; 22).139‘ Whereas electron donors in 22
are mostly connected at the positions C2 and C6, electron-
withdrawing moicties are introduced at the position C4
through a Knoevenagel reaction. The electron-releasing moi-
eties (D) comprise V,N-dialkyl(aryl)amines, indole, carbazole,
and pmammatic 4H—Pyran-4-ylidcnc; the A part is rcprcscntcd
by the strongest eleciron-withdrawing moieties, such as DCV,
(thio)barbiruric acid, isoxazolone, and TCE The n-system is
often extended through polarizable 2,5-thienylene linkers. 4%
It turned out that the central pyranylidene moiety behaved
strictly as a pol}-‘cnic spacer, not gs an auxiliary donor, unlike
the pyranylidene terminal donor. Moreover, both C2/C6
branches can be unsymmetrically substituted, which further
improves the second-order NLO response and such quadrupo-
lar molecules possess absorption maxima reaching 700 nm
with large intrinsic hyperpolarizabilities, B/up, up to 490/
7160 3 1078 equ (HRS or EFISH experiments). Perspec-
tive applications of such powerful CT chromophores range
from selvent probes to optic modulators, frequency doublers,
and electro-optic polymers.

A very similar structural pattern to 22 can also be built on
2,6-disubstituted pyridine. ") Moreover, the presence of a
basic pyridine nitrogen atom predestines such molecules to be
used as pH-sensitive chromophores; the absorption maxima of
which undergo significant redshift upon protonation (the ICT
enhancement  wvia  pyridine  to

pyridinium  aceeptror
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Fig. 11. Cationic V-shaped chromophores based on various azinium ions.

replacement). The concept of using a central (di)azine acceptor
moiety for V-shaped push—pull molecules has recently been
extended and reviewed by Achelle et al.%*® For instance, 4,6-
bis(arylvinyl)pyrimidines 23 proved to be promising CT
chromophores with facile synthesis and runable optical proper-
ties. ! By a proper selection of the peripheral donor groups
and solvents, the absorption and emission maxima can be
shifted over 200 nm. Various applications of such deriva-
tives were demonstrated, ranging from second-order NLQs,
colorimetric and luminescent pH sensors, ion sensing, and
halochromic materials. In particular, 4-(&,N-diphenylamino)-
phenyl- and 6-methoxynaphthalen-2-yl-substituted derivatives
proved to be efficient 2PAs with a very high 8,p4 of 5093 GM
(800 nm)“?! and material suitable for white organic light-
emitting diodes (WOLEDSJ‘M{.] Further modification of the
diazine V—shapcd C}u’omophorcs can be achieved by linkjug
lnpnlngy,[ﬁ] ketonization (e.g., p),’rimidone),r/lm fusing with
an additional (hetero)aromatic ring (e.g., quinazoline, naph-
thyridine, bipyridine, hexaazatriphenylene — HA'I‘),A?] and
quaternization, The last approach leads to cationic chromeo-

phorcs, such as pyridinium 24,[48‘ quin()ii?,inium 25,'59]

. —_— 50 . . 91]
bipyridinium 26, or azacyanines 27 (Figure 1 1.5
In general, N-quaternization of azines o azinium
improves its electron-withdrawing ability, which subsequently

enhances the D=A interaction (ICT). It further makes the

Chem. Rec. 2016, 00, 00-00

© 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 12. Carbazole-derived sthaly:d push—i}uﬂ molecules for NLO and
DSSC npp]irntmns.

chromophore crystalline, soluble in polar solvents (hydro-
philic), and improves its thermal .s'[ability.[szj Hence, in con-
trast to azine analogues, azinium chromophores generally
possess bathochromically shifted absorption and emission
maxima, lower HOMO-LUMO gaps, and larger optical non-
linearities (e.g., large 2PA activity and strong fluorescence of
25 and 27).

In addirion to the aforementioned six-membered hetero-
cycles, V-shaped push—pull molecules were also built on some
five-membered heteroaromatic compounds, such as carbazole,
with a central pyrrole moiety. In contrast to electron-poor
azine and azinium moieties, carbazole is emp]nyed as a central
electron donor commeonly equipped with two branches at posi-
tions C3/C6. For instance, Hsiue et al. investigated a series of
carbazole V-shaped derivatives 28 (Figure 12) as two-
dimensional chromophares with large second-order molecular
pelarizabilitics, which could be translated into macroscopic
nonlinearity upon embedding the chromophore into poly-
meric matrix.”? Derivatives 28 with acetylenic spacets and
peripheral formyl and nitro acceptors showed sufficient 2PA
activity that allowed their use as two-photon polymerization
initiators.™ Either symmetrically or asymmetrically substi-
tuted carbazole D-(m-A), molecules 29 and 30, bearing
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Fig. 13. Cyanoethynylethene (CEE) push—pull X-shaped chromophores with
various number/arrangement of the donors and acceprors around the central

ethene.

cyanoacrylic acid or rhodanine-3-acetic acid anchoring/
acceptor groups (A), also found application as dyes suitable for
DSSCs. A DSSC device based on these organic materials
showed overall conversion efficiencies of 2.37 and 6.68%,
rcspcctivc]y.[55] In addition o optoclectronic applications,
Shangguan ct al. showed that carbazole V-shaped mole-
cules with two peripheral benzo[d]imidazole rings inreract
with G-quadruplex, and therefore, may act as potential
chemotherapeutics. [>6]

Similarly to carbazole D-n-D-n-A derivatives 30, five-
membered thiadiazele was also utilized as a parent heteroaro-
matic 1-backbone for the construcrion of V-shaped sensitizers
for DSSCs. Employing various anchoring groups, a conversion
efficiency of up to 4.12% can be achieved.”” Properly func-
tionalized V-shaped oxazoles/thia(di)azoles or bisarylmalei-
mides possess mesomorphic properties or aggregation-induced
enhanced emission (AIEE) and polymorphism-dependent flu-
orescence, as recently demonstrated by the groups of Leh-
8 [59]

58] .
man-"" or Lin.

6. X-Shaped Molecules

Push—pull molecules adopting an X-shape belong to tradi-
tional organic D-m-A systems. These molecules consist of four

Chem. Rec. 2016, 00, 00-00
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Fig. 14. DCB and DCP units in X-shaped CT chromophores.

branches interconnected by a central m-system. Typically, two
branches bear electron acceptors and the other two are occu-
pied by two donors in either parallel or antiparallel arrange-
ments. The simplest central 7-system is represented by a
double bond. Diederich et al. have shown a new family of
cyano-substituted chromophores 31-36 (Figure 13) called
CEEs. [ Despite being simple in strucrure, these push—pull
molecules based on former tetracthynylethenes (TEEs) proved
to be rtunable and very powerful electron acceprors, NLO-
phores, solvatochromic probes, and materials for oproelec-
tronic applications,:m’zar For instance, chromophore 31
turned out to form crystalline thin films for nanoscale data
recording, while the most branched and extended derivative
36 showed one of the highest third-order pelarizabilities
Vi =45 X 10798 iy 2 (degenerate four-wave mixing at
1500 nm, CH,Cl,).

Undoubtedly, 1,2,4,5-tetrasubstituted benzene is one of
the most often employed central m-system in X-shaped mole-
cules. The simplest X-shaped benzene (ID-1),-B-(n-A); cruci-
forms (B is benzene) were pioncered by Nalwa et al. in the
early 1990s as NL(:)P}]DTE:’{ Capab]e of F()rming Langmuir—
Blodgett films.'°% Since then, the design, synthesis, and appli-
cations of various benzene-derived X-shaped molecules can be
considered as a burgeoning area. Their two-dimensional ICT,
shape, arrangement, and thus, resulting peculiar (non)linear
optical properties were also extensively investigated/predicted
by quantum-chemical caleulations. ™ The pioneers of the
modern era of X-shaped molecules are the groups of Marks, (4]

5] and Haley. es] They developed a large number of

Buntz,
cruciforms and have demonstrated their applicability as NLO-
phores, fluorophores, ion-sensing molecnles, and so forth.
Recently, we introduced benzene-1,2-dicarbonitrile
(dicyanobenzene (DCB)) as an electron-withdrawing moiety
suitable for the construction of X-shaped push—pull molecules
37 with two DMA donors linked at positions C4 and C5
(Figure 14)."°”) These chromophores were {urther compared
with isolobal pyrazine derivatives 38 bearing a pyrazine-2,3-

]

dicarbonirrile acceptor (dicyanopyrazine (DCP).* It was

shown that heteroaromatic pyrazine accepiors imparted
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Scheme 2. Synthesis, molecular structure, and HOMO (red)/LUMO (blue)

localizations in phororedox catalyst 39 and irts application in CDC reacrion.

stronger IC'T than aromatic benzene, as indicated by the nar-
rowed HOMO-LUMO gap, bathochromically = shified
longest-wavelength absorption maxima, and higher quinoid
character. However, further property tuning has been carried
out thrﬂugh a SYS[CmaTiC CX[CHS‘}DH Df‘ thC TE'S}VSICm b}" V:{[‘i()us
combinations of acetylenic and 1,4-phenylene units,’®” which
revealed that, especially for the most extended molecules
(#=2), the optical nonlinearities of 37/38 were dicrated not
only by the slcctmn—wi[hdrawing power of the DCB and DCP
units, but gradually also by the length, composition, and pla-
narity of the m-system. Hence, the most extended chromo-
phores 37 with the DCB unit showed higher second-harmonic
generation (SHG) responses than isolobal DCP chromaphores
38 (c.g., 3.2/3.0 0r 4.9/3.1 pm V™ 1)."

Due to their optical and redox properties, selected dicya-
nopyrazines 38 were also envisaged as materials capable of
undergoing photoinduced single electron transfer (SET).
Upon modification of the electron-donating part with 5-
methoxythienyl substituents and optimization of its synthesis,
a very efficient phororedox caralyst 39 has been developed
(Scheme 2).7% 15 absorption maxima of 448 nm, band gap of
2.82 ¢V, and high ground-state dipole moment of 18.26 D
proved to be well-balanced for the SET mechanism involved in
the cross-dehydrogenative coupling (CDC) reaction. The high
catalytic activity of 39 and scope of this reaction have been
demonstrated on substituted tetrahydroisoquinolines and
ather amines and various nucleophiles (Scheme 2), as well as
in photocatalytic oxidations, oxidative hydroxylations, and
reductive dchalogenations. These reactions did not require

Chem. Rec. 2016, 00, 00-00
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Alk
n=1%
R = alkyl or thiophene

n=0or1
R = electran donor or acceptor

Fig. 15. Imidazole, pyrrolo[3,2-6]pyrrole, thiophene, and benzobisoxazole as
a cenrral mt-cores for X-shaped molecules.

high-power light sources, long reaction times, air exclusion, or
other spccia] precautions, burt pmvidcd the desired pmducts
in high yields, while the amount of 39 was less than 0.1
mol% and even 0.01%, which represents the lowest catalyst
loading in current photoredox organocatalysis. Moreover, the
high catalytic performance of 39 and utilization of itaconi-
mide as a nucleophile in the CDC allowed the chemoselecrive
control of radical cascade reactions (addition—cyclization,
addition—elimination, addition—coupling, and addition—pro-
tonation), providing direct access to four new types of tetrahy-
droisoquinoline derivatives.”"

DCP-derived molecules similar to 38 incorporated into a
polymeric backbone were also investigated as thermally stable
multi-ICT chromophores by Ye et al.”! In addition to parent
six-membered (hetero)aromates, X-shaped chromophores can
also be built on five-membered heterocycles, such as imidazole
(40) or fused pyrrolo[3,2-#lpyrroles (41; Figure 15). Two
reversely disubstituted imidazoles linked by 1.4-phenylene
moicty in 40 adopted the X shape and were successfully
applied as NLOphores upon incorporation into a polymer (PI
or PMMA), achicving good nonlincarity—transparency—
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Fig. 16. Quinoid and cumulenic chromophores 44-46.

thermal swbility trade-off. ™ Very recentdy, Gryko et al.
showed a modular synthetic approach towards tetraarylpyr-
rolo[3,2-b|pyrroles (41, TAPPs) with four rt-branches bearing
a CN acceptor or eventually an amino donor. 79 These new
m-conjugated materials showed appreciable fluorescent and
[W(J-Photon absorbing properties. Tetrasubstituted thiophcncs,
especially those with an oligomeric structure, such as 42,
proved to be electroactive materials with perspective applica-
tions in organic solar cells. 7l

The central m-system of X-shaped molecules can be fur-
ther extended to fused (hetero)aromatic compounds, such as
benzobisoxazoles, to form typical cruciforms 43. These mole-
cules, mostly investigated by Nuckolls er al.”® and Miljanié
et al.,”” were applied in molecular electronics or as flucro-
phores/flucrescent sensors.

To finish the series of X-shaped molecules, we have 1o
mention that the X arrangement can also be achieved using
Fu‘;ed aromznc compounds, such as mphr}mlene, 78 anthra-
cene, " pyrene,” ' or even more extended m-cores. B1) The
modern applications of these larger systems profit mainly from
their large emissive and semiconducting character, and there-

fore, range from fluorophores, 2PAs, and OLEDs to OFETs.

7. Y-Shaped Molecules

Similarly to X-shaped molecules, Y-shaped push—pull chromo-
phores constitute a large family of molecules, which can be
constructed on a variery of T-scaffolds. Due to their shape and
arrﬂngemf‘n[, th{f}/'ﬂr(’ OF[EH ['C]Cﬂrl—ed 1O as [ripndal or ()CILIP()I:I[‘.
Nevertheless, in this section, we focus on selected Y-shaped
molecules with the m-system built on multiple bonds, five-
membered heterocycles, triphenylamine (1PA), azines, and
some other related central moieties. The Y-shaped systems

Chem. Rec. 2016, 00, 00-00
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47 48 49
R = N(CHa)z, OCH;, D=H, OMe, A=CN, NO;
NO;, CN N(CHs),, Fc
n=0or1

EZ

Fig. 17. Imidazole-derived Y-shaped push—pull chromophores 47-50 with
various arrangements of electron acceptors and donors around the imidazole
central core.

based on a2 combinarion of mulrip]c bonds are Frequem]y
related to V(X)-shaped molecules. For instance, semi-
or expanded quinoids 44 and 45,37 buta-1,2,3-triene 46
(Figure 16 and donor—acceptor  4H-pyran-4-ylidene
derivatives, such as 22 (Figure 10),'39“ &40 ere investigated
as proaromatic and proacetylenic chromophores with excep-
tionally small HOMO-LUMO gaps, as well as nonracemic
NLOphares and fluorophores.

In addition to unsaturated hydrocarbon m-backbones in
44 and 45, we started our research on Y shapes with heteroaro-
matic 1 H-imidazole.® The first series of push—pull molecules
47 (Figure 17) was built on simple lophine (2,4,5-triphenyli-
midazolc).w Subsequently, we focused on imidazole-4,5-
dicarbonitrile (dicyanoimidazole (DCI)) as a five-membered
electron accepror related to DCP. Despite its lower electron-
withdrawing ability than DCP, DCl-derived molecules 48
were easy to synthesize and turned out to be suitable model
push—pull chromophores for fundamental structure—property
relationships studies.® Both extension and branching of the
m-system, as well as variation of the clectron donor D, were
thoroughly and systematically evaluated.™

Chromophores 49 represent the opposite arrangement of
clectron donors around the central imidazole core to that in
48.59 In 49, positions C4 and C5 are occupied by DMA clec-
tron donors, whereas the acceptor is placed at C2 separated by
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Scheme 3. 'The pH-triggered NLO switching of N, N-dimethylamino-substituted DCI chromophores 48 (n-linker —stilbenyl).

an additional linker. It turned out that 1 H-imidazole was more
polarizable with ICT transmitting from C4/C5 to C2 rather
than vice versa. Hence, our further synthetic efforts were
directed towards a combination of both imidazole moieries to
alford bisimidazoles 50 bearing electron-releasing 4,5-bis[4-
(V. N-dimethylamino)phenyl|imidazole and  the DCI
acccpmr.[ 7l Oproelectronic properties of imidazole derivatives
47-50 were further studied by electrochemistry, absorption/
emission spectra, and SHG experiments completed by DFT
caleulations.”™! Whereas the DCI chromophores 48 bearing
N.N-dimethylamino donor D were used as pH-triggered
NLO switches (Scheme 3,57 push—pull systems 48 bearing a
double bond (styrene and stilbene nt-linkers) underwent revers-
ible E—Z photoisomerization.™ As can be seen in Scheme 3,
simple protonation taking place exclusively on the amino
donor can diminish the ICT in 48, which is reflected by the
hypsochromically shifted absorption maxima (Ak,,..=
71 nm), high contrast of the NLQ response between 48 and
48H™ (23.5), and increased difTerences between the HOMO
and LUMO (AE,,) and their distributions along the n-system
(no charge separation upon protonation).

On the contrary, imidazole chromophores 49 with two
DMA units showed significant light emission as a response to
applied electric field, and therefore, were used as promising
active marerials for OLEDs. "

Chem. Ree. 2016, 00, 00-00
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Since the pionecring work of Moylan et al,?? imidaz-
ole” and thiazole™ become standard five-membered heter-
ocyclic moieties widely used for the construction of Y-shaped
chromophores, which were mainly utilized as robust NLO-
phores, fluorophares, chemosensors, and emissive materials.
Thiazole proved to be more polarizable than oxazole or imid-
azole, and therefore, fused thiazole and related derivatives are
considerably investigated as novel central m-conjugated scaf-
folds for Y-shaped molecules, ™’

TPA is another scaffold and central electron donor widely
employed in the construction of centrifugal Y-shaped mole-
cules. ‘Tripodal push—pull TPA derivatives are increasingly
popular as 2PAs, semiconducting materials, ﬂuorophores, bio-
sensors, and dyes for DSSCs.*® Despite recent progress made
in understanding the 2PA process in organic push—pull sys-
tems,'"! chromophores 51 (Figure 18) with variable periph-
cral cyano acceptor groups and moieties were designed as
madel tripodal push—pull molecules to systematically elucidate
structure—2PA property relationships for TPA derivatives, "
Electron-withdrawing behavior, structure, number of CN
groups, and their murual orientation within the acceptor moi-
ety, as well as extension and composition of the m-bridge have
influenced the 2PA properties of 51 most significantly. In a
subsequent paper, we also systematically studied branching
and solvent effects on the 2PA activity of sclected derivatives
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51 (according to the number of R substituents).”™! It turned
out that, when going from linear to quadrupolar systems, the
2PA activity increased most significantly, whereas a change

linear D-r-A:m=0,n=0
quadrupolar D-(n-A);: m=0,n=1
tripedal D-(n-A)y:m=1,n=1

N
N
Bl s
 —— | = |
§ H \
=
g TN

f

N

V4

Fig. 18. TPA denvatives 51 with systematically altered  peripheral
(poly)cyano-substituted acceptor moietics.

organic
guest

inorganic
host

intercalation

protonation

from quadrupolar to tripodal arrangements had a diminished
effect. However, both effects are more or less pronounced,
depending on the solvent used.

The TPA core can also be conveniently equipped with
heteroaromatic diazine acceptor units {pyrimidine, pyrazine,

Fig. 19. Tripodal derivatives bearing peripheral diazine acceptors and their
solvarochromism.

inorganic-organic

Scheme 4. Schemaric representation of the intercalation process of 54 into layered inorganic hosts.
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and quinnxa]ine) as in 2PAs 52 (Figure 19) with strong emis-
sion solvatochromism.””

Based on a successful approach of improving the
clectron-withdrawing ability of pyridine acceptors through
protonation/quaternization {sec above), we have cnvisagcd
that pyridine-terminated TPA derivatives represent an ideal
model of chromophores bearing peripheral basic centers,

P
H
HaN-_a N S Ny
| |
@( Q i =X X = | =X
53, X=N 54, X =N 55 X=N

Me53, X = N*(CH3) I' Me54, X = N*(CH;) I MeSS5, X = N*(CH3) I

Me56, X = N*(CH) I

Fig. 20. Molecular structures and X-ray analysis of aminopyridine and TPA
derivatives 53—56 with various sparial arrangements.

allowing their intercalation into acid layered materials
(Scheme 4).&2’100]

Starting from linear 4-aminopyridine 53, we have pre-
pared quadrupolar di- and tripodal tripyridylamines 54 and
55, extended 'T'PA derivative 56, and their N-methyl analogues
(Me; Figure 20). Despite being simple in the structure, tripyri-
dylamine 55 has been prepared for the first time; X-ray analysis
showed an almost perfectly symmetrical structure. The extent
and character of the intercalation process of 53-55 (Scheme 4)
into alpha medification of zirconium hydrogen phosphate
(ZxP), zirconinm 4-sulfophenylphosphonate (ZeSPP), and
gamma modification of titanium hydrogen phosphate (TiP)
were studied by various methods. The following features
should be stressed herein: 1) the ratio of the amount of interca-
lated 5355 was 6:3:2, which was inverscly proportional to the
charge generated at each aminopyridine guest (1:2:3); 2) 53—
55 underwent (partial) protonation during intercalation,
depending on the number of basic centers and acidity of the
host; 3) improved thermal and chemical resistance of the
organic guest upon encapsulation into inorganic host; 4) pro-
tonation improved the ICT, redshified the A .. and reduced
the AE; and 3) supramolccular organization of 53-55 in the
layered materials (uriher enhanced their SHG responses (com-
pare the data shown in Table 2 for 53-55, Me33-Me55, and
their intercalates). Thus, intercalation is a very useful sirategy
to achieve inorganic-organic hybrid materials with tailored
(NLO) properties.

A replacement of the central nitrogen atom in TPA by
phosphorus or boron leads to phosphane oxide- or borane-

Table 2. Properties and oprical nonlinearities of 53-55, Me53-Me55, and their intercalates.

P AFE 1 £ (—2m;m,m) Ay
Comp. [nm (cV)]" [Vt () (10720 esu) <! [pm/V] Idi
53 248 (5.00) 5.86 5.36 1.06 1.34
54 293 (4.23) 4.95 3.64 1.44 1.56
55 307 (4.04) 4.72 0.02 0.01 0.35
Me53 271 (4.58) 5.40 0.58 137 1.42
Me54 326 (3.80)" 4.54 0.16 261 1.67
Me55 323 (3.84) 4.41 0.06 0.13 1.04
ZeSPP-53 263 (4.71) — — - 1.78
ZtSPP-54 317 (3.91) - N - 1.89
ZeSPP-55 323 (3.84) - - - 1.21
ZiP-53 260 (4.77) - - - 1.67
ZiP-54 297 (4.18) — — - 172
ZeP-55 305 (4.00) - - - 1.45
TiP-53 261 (4.75) it - - 2.01
TiP-54 305 (4.07) - - - 2.2
TiP-55 315 (3.94) — — - 1.56

[a] Measured in the solid state (Al;O3). [b] DFT calculadons (ar the B3LYP/6-311+ +G(2d,p)//B3LYP/6-311++G(2d,p) level) in DME [c] DFT calculations (at
the B3LYP/6-311 ++ G(2d,p)//B3LYD/6-311 + 4+ G(2d,p) level) in vacuum at 1064 nm. [d] Measured in oligoetheracrylate at 1064 nm (*0.15 pm/V). [¢] Shoulder

at 392 (3.16) nm (V).
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D D 57, X=Y=Z=CH
58, X=N,Y=Z=CH
A 59, X=Y=N,Z=CH
60, X=Y=Z=N
] D = electron donor

Fig. 21. Cenrriperal Y-shaped molecules 57-60 based on various (hetero)aro-
inatic inoieties.

derived tripodal push—pull molecules with noticeable NLO
ac[ivil‘y.“m] However, these molecules are complicated to pre-
pare and generally suffer from lower stability than TPA.

The centrifugal arrangement of TPA derivatives can be
reversed to centripetal if electron-deficient cores, such as 1,3,5-
rrisubstitured benzene 57,[1021 2,4,6-trisubstituted pyridine
58,1%% and pyrimidine 59,“04] are employed (Figure 21).
However, the most widely employed central electron acceptor
{or star-shaped centripetal push—pull molecules is undoubtedly
triazine 60,17 Increasing the number of heteroatoms within
the central ring imparts stronger ICT into the branches, and
therefore, chromophores 57—60 are increasingly polarized.
The applications range from second-order NLOs, 2PAs, liquid
crystals, photovoluics, and OLEDs to molecules showing
aggregation-induced emission.

8. Conclusion

We have arttempred to demonstrate herein that the recent
design of organic push—pull molecules can be inspired by let-
ters of the alphabet. This article intends to show how hetero-
gencously organic chemists can trifle with known patterns to
combine them into novel types of m-conjugated molecules

with the properties tailored to satisfy numerous requests of

materials chemists. Various extraordinary arrangements, in
particular H-, L-, T-, V-, X-, and Y-shapes, can be revealed in
the current literature. We focused our research activity espe-
cially towards T-, X-, and Y-shaped molecules, which were dis-
cussed in more detail. The parent m-conjugated moieties
utilized for the construction of these letter-shaped D-1-A
chromophores involve (hetero)aromatic compounds such as
indan-1,3-dione, olefinic and acetylenic scaffolds, benzene,
pyrazine, imidazole, pyridine, and TPA. These units are most
often equipped with peripheral acceprors, donaors, and eventu-
ally an additional n-linker, but the electron-releasing or -with-
drawing moictics can also be incorporared directly into the

Chem. Ree. 2016, 00, 00-00

© 2016 The Chemical Society of Japan & Wiley-VOCH Verlag GmbH & Co. KGaA, Weinheim

Chr()m()phm‘c m-backbone. In our opinion, the most fascinat-
ing feature of push—pull molecules is their tunable properties.
Hence, organic CT chromophores can be directed towards
second-order NLOs, two-photon absorption, NLO switches,
fluorophores, OLEDs, OFETs, DSSCs, photocatalysis, inter-
calation, and so forth, The current push—pull molecules can
surely be considered as old friends with a new look and appli-
cations. In the near furure, we eagerly expect novel letrer-
shaped push—pull molecules 1o gradually fill the whole
alphabet.
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UDAJE PRO KNIHOVNICKOU DATABAZI

UDAJE PRO KNIHOVNICKOU DATABAZI

Derivaty malonové kyseliny jako akceptorni ¢asti
Nézev prace
push-pull chromofora

Autor prace Ing. Milan Klikar
Obor Organicka chemie
Rok obhajoby 2017
Vedouci prace doc. Ing. Filip Bure§, Ph.D.

Malonova kyselina a zejména jeji funkCni derivaty
vystupuji velmi Casto jako elektron-akceptorni prekurzory
pfi syntézach push-pull chromofort. V této disertacni praci
jsou tedy diskutovany zejména piipravy a nasledna vyuziti
findlnich push-pull chromofor nesoucich elektron-
akceptorni skupiny na bazi malonové kyseliny a jejich
derivati jako napf. malondinitrilu, alkyl-kyanacetatl a
Meldrumovy resp. (thio)barbiturové kyseliny. Pro
porovnani akceptornich vlastnosti jednotlivych derivati
malonové kyseliny byla pfipravena rozsahla série push-
Anotace pull chromofort, jez obsahuji 8 typt akceptornich jednotek
a systematicky prodluZovany Tekonjugovany systém resp.
rozsah  strukturdlniho vétveni. Vliv vétveni na
optoelektronické vlastnosti chromofort byl rovnéz
detailné studovan pomoci systematické série chromoforii
zaloZzenych na amino donoru a  akceptorni
N,N -dibutylbarbiturové kyselin¢ resp. malondinitrilu.
Optoelektronické vlastnosti obou ptipravenych sérii push-
pull chromoforii byly zkoumany modernimi analytickymi
metodami podpofenymi teoretickymi DFT kalkulacemi
a ziskané vysledky byly kriticky diskutovany.

malonova kyselina, push-pull chromofor,
elektron-donor/akceptor, optoelektronické vlastnosti,
Knoevenagelova kondenzace

Kli¢ova slova
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