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ABSTRAKT

Diserta&ni prace se zabyva syntézou a studiem thiofenoupcmomed, oligomefi a
kopolymeii. Syntéza pomoci oxidativni polymerizace poskyttaeno[3,4-b]pyrazinové
derivaty pro pipravu nové série kopolymerna bazi 3-dodecylthiofenu a pyrazinovych
monometi. Chemickou optimalizaci Kumadova kaplinku byla wyata efektivni synteticka
metoda pipravy 3-alkylthiofeli a thiofenovych oligomér Metoda je realizovatelnd i v
multikilogramovém mnifitku s moznosti i@chodu do poloprovozni produkce. Drubdst
disert&ni prace je zagfena na syntézu a studium novych genin na bazi thiofenu, které se
skladaji jak z 2,3-diaza-1,3-butadienovyclistki se déma koncovymi chromofory, tak i z
molekul, ve kterych jsou d@vthiofenové jednotky propojené a+poloze pyrazinovym nebo
hydrazinovym nistkem. Konén¢ byl syntetizovan novy typ alternujiciho regulamih
kopolymeru 2,2":5%,2""-terthiofen-5,5"-dikarboxytokyseliny (TDCA) s polyethylenoxidem
(PEO). Pouziti TEM techniky prokazalo tvorbu polymieh nanosubjednotek ve fo¢m
separovanych fazi v pevném stavu.

ABSTRACT

Thesis presents synthesis and study of thiophengomers, oligomers and polymers. The
new series of thieno[3,4-b]pyrazine copolymers Hase 3-dodecylthiophene and pyrazine
monomers were prepared by oxidative polymerizatiathh FeCI3. The effective synthetic
method for preparation of 3-alkylthiophenes andphene oligomers was developed by
optimizing of Kumada cross-couplig. The mentioneetmod could be realized for multikilos
scale with possibility of transfer to pilot plamoguction. The second part of thesis focuses on
synthesis and study of new thiophene compoundschwhonsist of both 2,3-diazo-1,3-
butadiene bridge with two terminal chromophores vl thiophene units linked together via
a-position by pyrazine or hydrazine bridge. Finalthe new type of regular alternating
copolymer consists of 2,2:5",2"-terthiophene-Bligarboxylic acid (TEDA) and
polyethyleneoxide (PEO) was prepared. Formatiompafmer nano-subunits as separated
phases in solid state was confirmed by TEM.
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Vodivé polymery, polythiofeny, poly(3-alkylthiofepyterthiofeny, 2,3-bis-tridecylthieno[3,4-
b]-pyrazin, 3-dodecylthiofen, bis(2'-thienyl)pyramvé derivaty, femoséné oligothiofenové
derivaty
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oligothiophene bridged derivatives
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1. UvoD

Béhem rekolika poslednich desitek let byl zaznamenan enormafst zamu jak

z akademické, tak pmyslové sféry o dva typy materialorganické polymery a anorganické
polovodie. Pozadavky modernich technologii &a&tné doby se sodsf’uji hlavre na
rychlejsi, mensi a lewsi elektronické satastky ne jenom s oblasti snadnigppavitelnych
anorganickych polovodi, ale hlavé na vyvoj novych organickych elektronickych
souastek, které by nasli fimyslové vyuziti. Vlastnosti jako jsou nizka hmothog/borna
zpracovatelnost, mechanicka flexibilita, barevndallita a protikorozni odolnostieduku;ji
organické polymerni materialy pro nahradu anordajic polovodéu a kova v nejiizrejSich
aplikatnich oblastech. Vyvoj a vyzkum organickych polyther polovodéu poutd zajem
védnich obod, jako jsou nap chemie, fyzika pevného stavu, optoelektronikekiebchemie
a materialové inZenyrstvi.

Mezi nesporné vyhody organickych vodivych polyingoati nag. oxidani stabilita,
jednoducha zpracovatelnost a vhodné optické vlastn&yjimecnost tchto materialu
spaiva i v tom, Ze jejich finalni parametry se dafizpusobit konkrétnim pozadaukn a
umoziuji tak gripravit materialy doslova ,Sité" na miru nebo vyiitanaterialy zcela nové a
originalni.

| kdyZz se musi zohlednit fakt, Ze organické polyneraji ve své strukite a fyzikalr-
chemickych vlastnostech mnozstvi fundamentalnidekde jsou velmi intenzivé studované
s ohledem na jejich potencialni multifumk technologické aplikace z&hené na
mnohatunové vyrobni procesy.

Pred ticeti lety Alan J. Heeger, Alan G. MacDiarmid a Elkil Shirakawa zjistili, Zé¢rans
polyacetylen fipraveny za podminek chemické oxidage schopen vést elektricky proud,
¢imz zasad& zmenili uhel pohledu na praktické vyuziti polynea odstartovali enormni vinu
zajmu o organické vodivé polymery. Za objev a vyvoglivych polymet byli tyto ti védci

v roce 2000 honorovéani Nobelovou Cefidu

V souastné dob je k dispozici velké mnozstvi polymernich matdridbud to prirodniho,
nebo syntetickéhogvodu. VSechny tyto materialy maji jeden zakladniegr jsou tvéene

z monomernich jednotek, kter& procesu polymerace vytviodlouhyietzec makromolekul.
Vysledny polymerni material eite napiklad ve forng roztoku slouzit k fipraw tenkych a
flexibilnich filma pomoci techniky rotamiho nanaSeni, nebo nachazi vyuziti v novych
technologiich tisku. Skuteost, Ze fi technologickych aplikacich polymernich materig
mozné pracovat ve fornroztoki ma klcovy vyznam pro samotnou vyrobu a cenu
vyslednych produki

S vyvojem a postupnym zdokonalovanim mechanickydmemickych, elektrickych a
optoelektronickych vlastnosti vodivych polyniedochazi i k jejich implementaci do novych
technologii, z kterych mnohé jsouraaeny do vyrobnich progranpopredenich sgtovych
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firem ze specializaci n&p na mikroelektroniku, optoelektroniku, fotovoltaika dalSi
z polymefi budou postuphuplatiované do praXdObrazek 1)

Vodivé
polymery

Obrazek 1  Vyuziti vodivych polymérv riznych aplikénich oblastech

2. KONJUGOVANE POLYMERY

Razné typy organickych molekul maji schopnost za dargpecifickych podminek vézat se
na gesré definovaném migtv molekule a vytvéet tak zcela nové molekularni seskupeni, pro
které se pouZziva pojem polymer. Do kategorie odareh polymei které se staly nedilnou
soutasti kazdodenniho Zivota, i i specificka skupina latek s elektrovodivimasthostmi,
které se nazyvaji konjugované polymery.

Konjugované polymery upoutali na sebe pozornoseréktje zgisobena univerzalnimi
aplikatnimi moznostmi d&chto materidl na poli vodivych polymér a stali se jednou z
hlavnich sloZzek elektronickych organickych matérialKonjugované polymery maji
v8estranné vyuZiti v optoelektronice jako polymesnétio emitujici diody (PLEDS)
polymerni tranzistoryiizené polem (PFETS)™ senzory’, fotodetektory’, polymerni
fotovoltaické clanky (PPVCs) a polymerni solartianky (PSCsF?° Dle (telu vyuZiti a
druhu elektronické sa@astky je nezbytné nastaveni jejich parafmejmko jsou nap Sika
zak&zaného pésu, rozpustnost, luminiscence, alvsmriaad.

KdyZ svoji pozornost soustdime na organické polova@ei zjistime znéné odliSnosti od
konverenich anorganickych polovaotli, coZz se fipisuje k unikatnim vlastnostengchto
organickych materiél mezi které krom nizké hmotnosti, dobré zpracovatelnostiijpat



- extremré vysoké hodnoty molarnich absonich koeficieni nékterych organickych
barviv. UV spektra sahaji do viditeIné oblagtmz poskytuji moznostifpravy velmi
tenkych fotodetektdra fotovoltaickychtlanki®*.

- nizky indexem lomu spolu s téfmulovou reabsorpci organickych LEBs

- moznost pipravy takka neomezeného P chemickych slotenin a jejich vlastnosti
prizpasobit konkrétnim pozadaikn

- moznost uchovavat organické polowsi i pokojové teplat a vynikajici
kompatibilita s flexibilnimi substraty

Zakladni stavebni jednotkou, ze které se #Sim pripadi sklddd i hlavnitettzec
organického polymerniho materidlu, jsou atomy uhliElektrickd vodivost polymernich
materiati zavisi od elektronickych stay které se tvii mezi atomy uhliku podél celého
polymernihoietzce a dosahuje hodnot od izolamkes polovodie az k voditm. Hodnota
vodivosti zavisi od morfologie, celkového chemiaokébharakteru polymeru a od vlivu
substituent vazanych na polymernéttzec.

Hlavnim aspektem, ktery stal za miradnym ¥deckym objevem jiz idv zminovanych
védai Heegera, MacDiarmida a Shirakawy bylo 2j8t Ze nevodivy polyacetylén (PA),
ktery byl exponovan v oxidativnim présti parami jodu, zvySil svoji elektrickou vodivost
vic neZ bilion kr&. To vedlo k syntéze i jinychiznych typ polymek s z-konjugovanym
systémem, kam péti polymery na baze heterocyklickych stemin’. Charakteristickym
strukturalnim rysem konjugovanych polyriage konjugovanyr-systém ktery se tahne podél
velkého pdétu opakujicich se monomernich jednotek fiwich polymernitettzec. U poly-
heterocykh se vyskytuje sip. uhlikovy fettzec stabilizovan heteroatomem, ktery vytva
analogii scis- (PA)(CH). Vzhledem k strukturalni a elektronické jednodwsthdyl PA
detailrt studovan pomoci semiempirickych ab initio metod a sehral Kovou roli v
poznavani a teoretickych aspektech vodivych polyfiér.

Schéma 1l  Struktura konjugovanych polynier(1) trans- (2) cis-PA (3) poly-heterocyklus

To co aromatické a heteroaromatické konjugovanyolynperi odliSuje od alifatickych
polymernich systéinje predevsim:

- existence jejich dvou mezomérnich forem, arorkétec chinoidni Qbrazek 2):
- VetSi environmentalni stabilita



- strukturalni variabilita, kterd umije formovat jejich elektronické a elektrochemické
vlastnosti iznorodou kombinaci monomernich jednotek

. E
Aromaticka
s I\ S I\ s I\
\ /) S \ S \ /) S /n
4
Chinoidni
S = IS = S — s = S = S o
— — — Aromaticka Chinoidni
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Obradzek 2 Znazorrni energie pro nedegenerovany zakladni stav kowmpgech
polymefi. Zakladni energeticky stav vyjage niZSi energii pro aromatickou
formu polythiofenu

Konjugované polymery maji elektrony organizovarrédevsim pasech, nez v diskrétnich
hladinach a jejich zakladni energetické stavy jeadito komplet# obsazené, nebo prazdné.
Struktura pasu konjugovanych polymievychézi z interakcer-orbitali opakujicich se
jednotek v polymernintetzci. Tento fakt vystihuje Obrazek 3, ve kterém jsmazorgné
energetické hladiny oligothioféns n = 1-4 a polythiofenu jako funkce oligomernikgé
Pridavkem kazdé nové thiofenové jednotky nastaneitiiyglace energetickych hladin HOMO
a LUMO, coz vede ke vzniku novych a novych hladirda bodu, kdy je dosazenélgizeni
téchto energetickych hladin.

S
n
3.0 + ]
=== = |
0.0 4 —_—— — \
LUMO —., —_ 1
Energie -3.0 T ———— Vodivostni pds |
(V] & |
-6.0 o P Valenéni pas ’
-9.0 A S g
-12.0 1 _ - = l |
n= 1 2 3 4 o0

Obrazek 3 Znazormni energetickych hladin HOMO, LUMO v oligothiofehexn = 1-4,
predstavuje $ku zakazaného pasu



Na elektrickych vlastnostech polyniese zasadnim #Zgobem podili jejich elektronova
struktura. Z pohledu chemie Ize polymery réizdlo n¢kolika skupin:

polymery, které obsahuji jednoduché G-@azby v hlavnintetzci, jejichz elektrony
jsou silrg lokalizovany. Jedna se o izolanty s energii zakéha pasu 8-10 eV.
polymery obsahujici s mnotetnymi aromatickymi, nebo heteroaromatickymi
skupinami zabudovanymi do struktury polymeru jakairth skupiny, nebo jako
izolované skupiny v hlavnirfetzci. Obvykle absorbuji jenom kratkovinnésde pod
400 nm a v této oblasti jsou vodivé.

polymery s vysokym stugm n-konjugace v hlavnintettzci. Jedna se o skupinu
polymei zajimavych z hlediska molekularnich vadi

polymery s m-konjugaci v hlavnimftetézci obsahujici postrannéetzce s =n-
konjugovanymi chromofory.

polymery so-konjugovanymi hlavnimietzci. Jde o vyborné fotovagk s vysokou
pohyblivosti @r, fadow 10° m?v's™.



Tabulka 1l Tabulka

sumarizuje

konjugovanych polymer

reprezentativni

zastupiteleasto

pouzivanych

Struktura Vodivost
[Qcm™]
CH l,, Br,, Li, Na,
Polyacetylen (CoHz)n 2 B AISF5 a 10 000
]\
Polypyrol N, BF 4, ClO4 500-7500
]\
Polythiofen ") BF,4 ClIO, 1000
R
Poly(3-alkylthiofen) / S\ BF 4, ClO, 1000-10 000
n
Polyfenylen sulfid @Sﬁ AsFs 500
Polyfenylen vinylen M AsF; 10 000
n
]\
Polythienylen vinylen s© \ AsFs 2700
n
Polyfenylen ( C ) N AsFs, Li, Na 1000
Polyisothianaften /s \ \ BF,4 ClIO, 50
n
Polyazulen BF 4, ClIO, 1
/x\ n
/\
Polyfuran o BF,4 ClIO, 100
Polyanilin @NH>n HCI 200




2.1. Princip Tekonjugace a efekt dopovani

Néazev konjugované polymery lze odvodit od typu Wmzmostednictvim kterych dochazi k
propojeni sousednich atédmuhliki v polymernim fetézci. Co tedy odliSuje dZné
vSudygitomné polymery od konjugovanych polyrieschopnych vést elektricky proud? Jako
piiklad 1ze uvést gmyslow c¢asto vyuzivan polyethylen (PE), ve kterém je kaatlym
uhliku vdzan déma atomy uhliku a ddma atomy vodikSchéma 2)

{ CH;——Ch ] +cr:cH4]T
qRve £,

6 7

Schéma 2 Chemicka strukturag) Polyethylen, {) Polyacetylen

Pii tetraedralni sphybridizaci, ve které se atom uhliku nachéazi, j&l@pen ctyimi o-
vazbami. Valetni elektrony jsou lokalizované v molekulovém orhitaktery neumozni
pienos naboje, tudiz neibe dojit k vedeni elektrického proudu. Naproti tomstrukturalg
nejjednodussiho typu konjugovaného polymeru, PAlswwpodobnou chemickou strukturou,
je atom uhliku v trigonalni $ybridizaci vazaniemi s-vazbami. ProtoZe molekula obsahuje
i dvojné vazby, zbyva kazdému uhliku fepb jednom elektronu v orbitalu 2gkteré vytvai
orbital novy, v dmz elektronova hustota dosdhne maxima na obouastiamazby nad
rovinou i pod rovinou molekuly. Elektrony, které @&astni na no¥ vytvoreném orbitalu,
jsou delokalizované podél celého polymernilettzce a dastni se fenosu naboje. Tyto
elektrony nesou nazewelektrony a vazba mezi nimi je oztowana jakar-vazba.n-orbitaly
jsou z poloviny obsazené elektrony, tak Ze dvatedey op&ného spinu pinalezi jednomu
atomu uhliku. Nasledkem toho jsou délky vazeb mepusednimi atomy uhliku
nerovnondrné a pas je rozten na pl# obsazenyt - valeréni a neobsazeny - vodivostni
pas s£4 mezi Emato pasy 1.5 eV. Vysledkem je vznik konjugovandekaarni struktury
s alternujicimi jednoduchymi a dvojitymi vazbamizanatomy uhliku.



Obrazek 4 Schématické znazami atomovych orbital v elektronové strukte a —
polyethylenup — trans-polyacetylenu. V polyethylenu je kazdykokly atom
vazanctyrmi o-vazbami s jinyma atomy (2 atomy uhliku a 2 atoogiku).
V polyacetylenu je atom uhliku vazéenios-vazbami a jednouzvazbou, co
ma za nasledeks$tlani jednoduchych a dvojnych vazeb.

Jak jiz bylo zmhiovano, ¥tSina molekularnich sl@enin jsou izolanty. Zakazany pashto
materiati je [xilis Siroky (ges 3-4 eV) na to aby se mohla usknteexcitace a fenos naboje.
Polovodte disponuji uzkym zakédzanym pasem (pod 3 eV), ktenpziuje za podminek
excitace, penos naboje do vodivostniho pasu. U pologdneni gekryv dvou pasu
kovu.

Pro zlepSeni vodivych vlastnosti konjugovanych pag se vyuziva dopovani.

Dopovani konjugovanych polymemiZe byt ozn&n jako reverzibilni proces ripkterém
dochazi k zdsadnym zmam elektrickych a spektroskopickych vlastnosthto materiél,
piidavkem cizorodé latky (dopantu). Konjugované payynmizou byt dopovanéiznymi
zpasoby: chemicky nebo elektrochemicky, injektovaniébaje, foto dopovanim a acido -
bazickym dopovanifi?’. Dopovani miZe byt pozitivni (p-dopovani), nebo negativni (n-
dopovani). Pozitivni dopovani konjugovanych polyinenamend, Ze se elektron odstranil z
valertniho pasu (fidavkem pozitivniho naboje ,diry“) a negativni depai nastava
v pripac, kdyZ se do vodivostniho pasu elektrdgiua.

Vlivem p-, nebo n-dopovani dochézi ke vzniku dvoavyth staw, které se tvid

v zakdzaném pésu mezi vateim a vodivostnim pasem. Vlivendchto staww dochazi ke
snizeni energie zakazaného pasg) & posunu absorpce ktg8im vinovym délkam. Proto také
¢asto vznikaji intenzivhzbarvené polymery s velkou intenzitou absorpce.

Pt vysoce dopovanych matridlechufe nastat fekryvani stait uvnitt zakazaného pasu a
dramaticky pokles 8ty zakdzaného pas@brazek 5).
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Obradzek 5 Dopovani zfisobené pekryti vristev HOMO a LUMO

Dopovéanim se také 2tsuje mnoZzstvi fenesenych ndbibjv polymernimretézci. Chemickym
dopovanim se nabiji polymerni film pomoci chemioké&lace, nebo redukce vhodnym typem
dopantu. Dopant zabudovany do polymernietézce, disponujici ogamym nabojem je

Vv rovnovaze s nabojem polymeru. V&Sin¢ elektrochemickych systéimmuze byt polymerni
film reverzibilné dopovan, nebo dedopovan pomoci oxidace nebo redukc

Pritomnost vysoké koncentrace ¢pého iontu vys#tluje, praé se na dosahnuti vodivosti
polymef, ktera se blizi az k vodivosti kovu pouZiva vetkéozstvi dopantu (kolem jednoho
vahového procenta)Oprazek 6). Naproti tomu anorganické polovadi casto vyuzivaji

obsah dopantu mémez jedno ppm.

Oxidativni dopovani

[CH], +3x/21, — = [CH],* +xl,
NN NN N NN

Omezeny pohyb opadné nabytych iontu

Coulombické sily

Lokalizace kation radikalu

Nezb d

ytna vysoka k p
proto, aby se mohl polaron pohybovat

v prostoru ohrani¢eném opacné nabytymi
ionty

Obrazek 6 Schematické znazaemm oxidativniho dopovani polymernih@tezce pomoci
jodu

Skute&nost, Ze dopant zasagdmeni charakterové vlastnosti polynierumoziuje variovat
mezi fiznymi typy dopant a pizpusobovat vlastnosti dopovaného polymeru podle
aktualnich paeb. K nefastji pouzivanym n-dopafim pati: I, Asks, IFs nebo HSGF.
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Do skupiny p-dopaiiin sefadi nap.: kovovy sodik, draslik nebo lithium.

Vlivem dopovani, putujici ndbojni strukturu polymeru, 2¢Suje se délka dvojnych vazeb a
zkracuji se vazby jednoduché. Yigmds heterocyklickych polymér to ma za nasledek
preference chinoidni formy podél polymernifekzce a prudky pokles energie zakdzaného
pasu Eg)*.

Obrazek 7znazotiuje rozsah typickych vodivosti¢bnych materialu z kategorie vaédi
polovoditi a izolanti. Hodnoty vodivosti if ¢asto pouzivanych vodivych polynter
znazorgnych na Obrazku 7 se pohybuji v oblastech od vadivikovi az k izolatoim

v zavislosti od stuph dopovani. Tento efekt vyjade jiZ zmiiované unikatni vlastnosti
vodivych polymei.

s L. POLY- POLY-
STRIERO ACETYLEN THIOFEN
MED — 108 — 6 et
. S Tmay = 24107 S oo 4
KOVY ZELEZO Gy = 2000 5 o
BISMUT __ | 104 | i
(SN, DOPOVANE
v — TTF-TCNQ
& — 102 — — nwp-tona
InSh KGR
S —]
GERMANIUM — | g2 _|
| POLOVODICE | >
. ) — 10 T | —  TRANS [CHY
KREMIK —
| an6 |
- 10
L
W ool L SR I+ Y s
KREMIGITY — NEDOPOVANE {/@}
o FOLY- 5
SKLO — PYROL
=500 S o
§ DNA _ | 12 | Tmax
[ 1zoLAToRY | 10 MOLEKULARNI
KRYSTALY ‘{’E_X}‘
DIAMANT — — 10-'4 N
siRa — — 1018
. OxXID —
KREMIGITY L 018
a1 em-?

Obrazek 7 Rozsah vodivostieiire pouzivanych vodivych polynierktera se pohybuje od
vodivosti kow az k izolatoim (pevzato z Handbook of Conducting
Polymer$®).
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3.

CIiLE DISERTA CNi PRACE

syntéza a studium fyzikalnich vlastnosti novychofiémovych kopolymer
obsahujicich pyrazinovy heterocyklus, které se s Uzkym zakazanym
pasem.

piiprava a studium novych thiofenovych monotngrropojenych chemickym
mustkem a jeho vliv na fyzikalni vliastnosti molekuly.

piiprava blokovych kopolymeru na baze vhodného thiafeho prekurzoru a
polyethylenoxidu.

charakterizace struktur syntetizovanych molekul tgmsymi analytickymi
metodami, stanoveni UV-VIS a EPR jako parametru gkoumani vlastnosti
molekul s potencialnim vyuzitim v aplikaich oblastech.
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4. THIOFEN A JEHO SYNTETICKE VYUZITI V OBLASTI
VODIVYCH POLYMER U

Vyvoj chemie thiofenu, kterého historie saha dohérgpoloviny 19. stoleti (1882) seuie
rozcklit do tif obdobi: éra Victora Meyera (objevitel thiofenalpdobi Steinkopf& a moderni
vyzkum p@inajici s objevenim syntézy thiofenu z butanu §°Sikim se stal fipravitelny
v neobmezenych mnoZzstvich.

Béhem dvou obdobi byl vyzkum thiofenu z&mn hlavé na substiténi reakce.
Dokumentuje to i podrobni prace SteinkdPfaabyvajici se ifpravou rozdilnych izomér
jednoduchych thiofan Zajem o chemii thiofenu neustal ani po objeveavych syntéz
piipravy této sloteniny, naopak hledali se cesty, které by vedli @njlexrgjSimu vyuZiti
thiofenoveho jadra v organické syntéze zelém gipravy nap. farmakologicky dinnych
latek, nebo jinych prakticky vyuZzitelnych skanin.

Objeveni derivat thiofénu v houb&ch a ve vysSich rostlinaatiaiza nasledek zvySeni zajmu
o chemii girodnich latek thiofenu. 2,2":5',2"-terthiof@rbyl po prvé izolovany ze specielni
odrady afrického marigoltf a vykazuje insekticidni a nematocidni vlastncEtiambutény
zaujali svymi analgetickymidinky**>>a jejich derivatizaci se zisk& kombinace analiggtic

a antitusickych vlastnosfi

Thiofeny substituované v poloze 3 aromatickéhogauichazeji vyuZziti jako kKibvé syntony

v organické chemil asubstraty na ffpravu prodnich intermediaét s potencialnimi
farmakologickymi @inky®®°. Jejich biologické &inky se vyuZivaji i v agrochemii jako
pesticidy.

Kromé jiz zminovanych Sirokospektralnich vlastnosti derivdhiofenu naSel thiofen své
nenahraditelné uplatni na poli no¥ se formujicich ¥deckych multidisciplynarnich obibr
které spojuje spotmy fenomén; vodivé polymery.

Polymery thiofenu disponuji rozmanitou strukturatafiabilitou, kterd se vyznamampodili na
jejich elektrickych vlastnostech. Diky tomu se pblgfeny jako vodivé materidly dostali do
centra zajmu hlawn proto, Ze jejich vodivost je minimalnovlivnéna substituentmi
nachéazejicimi se na thiofenovem #d@d“*2 Univerzalnost polythiofeh a jejich derivai se
potvrzuje i v technologicky vyuZitelnych vlastnastgiz zmiiovanych v kap. 2

Polythiofeny, jako pla konjugované polymerni systémy vykazuji velice slabozpustnost v
organickych rozpouétllech, coz je zjsobeno silnymin-interakcemi mezi aromatickymi
jadry™®.

Problém malé rozpustnosti polythiofem tim i obmezené manipulovatelnosti se odstranil
zavedenim alkyl-substituentu do polohy 3, nebotBidfenoveho jadra. V roce 1985 byl
Elsenbaumeremfiipraven prvni poly(3-alkyl)thiofen (P3AT), pouzitimikel-katalyzovené
,cross-coupling” (C-C) reakce zacdélem ziskani rozpustného a Iépe manipulovatelného
polythiofend*“*> Rozpustny a snadno manipulovatelny filmiam P3AT byl touto metodou
piipraven s regioregularitou asi 50% - 80% a g M5000%°. Fiblizn& ve stejném obdobi
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Yoshino a kol. fipravil P3ATs pomoci oxidativni polymerizace s piimi FeCk *’. Tato
metoda vSak uz poskytla polymer §,M 30 000 — 300 000. P3ATs obsahuijici alkyl skupinu
delSi nez butyl jsou snadno zpracovatelné ve doroztok, které umo#uji tvorbu filma.
Filmy vlivem oxidace mZou vykazovat vodivost vy$$i nez 40 + 5 S'ci*>*® Neregularni
P3ATs vykazuji po dopovani pomoci jodu vodivosDatido 10 S ci.

Rozpustnost 3-alkylthiofén organickych rozpou&tlech umo#uje syntézu delSich
oligomernich konglomerat které slouzi jako modely, pro lepSi pochopeniyp@rnich
systént.

Proces fipravy 3- a 3,4-disubstituovanych thiofeje mnohem sloZ{si nez piprava 2-
substituovanych thiofén Tato skut&nost vychézi z rozdilné reaktivity- a p- uhlikovych
atomi thiofenoveho jadra.

3-Substituované thiofeny idu byt v principu pipravené déma rozdilnymi zfsoby:
pouzitim thiofenu, resp. modifikovaného thiofenubstituovaného v poloze 3 (nap
halogenem), nebo pouzitim acyklickych molekul jakehoziho materialu. Z acyklickych
molekul moZno pouZitizné thioetery, merkaptani§>* slouteniny obsahujici dvojné vazby,
nebo jiné funkni skupiny®>> Tento zfisob je vSakiasto nevyhovujici zidvodu vzniku
velkého mnozstvi 2-substituovaného thiofenu jakdiej§iho produktu.

Jednou z metodifpravy 3- a 3,4-disubstituavanych thiofieje vyuZziti 2,5-dihalogenthiofen
z vicerych dvoda: relativre jednoducha syntetickd dostupnost, moZnost selgkiiv
odstragni atomi halogeri z polohy 2,5- thiofenoveho jadra&imz se otvira cel&ada
syntetickych moZznosti n&ipravu novych, v literatie¢ doposud nepopsanych steain.
Schéma 3 znézwje ¢islovani atom uhliki a nomenklaturu u thiofertia terthienylwo.

Ba 3B 4 3 3" 4
I\ s/ N2 s J \
a5 S 2 s > \ / S 5
8 3 4
9
Schéma 3
4.1. Reaktivita thiofenu

Thiofen 8 je peticlenny heterocyklicky systém, ktery se formélpovazuje za analog
cyklopentadienu ve kterém je skupina -EHhahrazena heteroatomem (sirou).

Prirodnim zdrojem thiofenu jeipdevSim ropa. Naproti tomu oligothiofeny se firquk
nachazeji ojeditle a v malych mnozstvich (kap. 4). N&gvavu oligothiofe byla vyvinuta
cela fada syntetickych metod, no posledni dobou jsou tprio typ molekul vyuzivané
efektivni kovem katalyzované reakce.
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Thiofen a jeho derivaty jsou z pohledu reaktivitpohem aktivijSi nez fenylové analogy.
Uhliky situované w-polohach $chéma 3 jsou nejreaktivijSi centra thiofenoveho jadra a
vétSina transformaci se odehrava vyhradma a-uhlicich. Reakce spojené s atenim
aromatického kruhu, jak je to nam furanu, jsou mnohem obti&nproveditelné a vyzaduji
specialni readni podminky.

Z peticlennych heterocyklickych slégenin ma thiofen nejvice aromaticky charakter. Na
rozdil od benzenu mé& jadro thiofenu vysSi elektvonio hustotu, coz Zsobuje vyrazné
sniZzeni paebné aktivani energie pr&Ar reakce, které jsou pro thiofen charakteristické a
predstavuji dlezitou skupinu reakci tohoto heterocyklického éysi.

U thiofeni, jeho derivdli a oligothioferi ochotr# dochazi k nitracf, sulfonact’,
Vilsmeierow-Haackow formylacr®, Friedeloe-Craftsow acylact’ a v neposlednintads
halogenact.

Thiofen m& na rozdil od benzenu relativkyselé protony. Pomoci butyllithian-BuLi)
dochazi k deprotonaci thiofenu a to v zavislostvedjemnych molarnich pasmu (thiofen/n-
BuLi). MiZe dochazet ke vzniku mont® a di-lithiovanychll produkfi. Nejwtsi kyselost
vykazujia-protony Schéma 4.

@ n-BulLi @\Li n-BulLi Li/@\u

S S S
8 10 1"

Schéma 4

Bromace thiofen8 probiha az na tetrabromthiofd2. Znova plati, Zex-polohy se budou
obsazovat jako prvni.iPtomto typu reakce dochazi ke vzniku&ghnizometi, no mnohem
vetSi selektivity se ziska, kdyZz se bromace provadioOpC. Reduktivni debromace se da
provest selektiveh V pripadt pouziti dvou molarnich ekvivalentredulkeniho cinidla se
preferedné odstraiuji atomy bromu z poloh 2- a 5- thiofenoveho jadvnZzno konstatovat,
Ze jde o jeden z nejvyhog8ich zmsohi pripravy 3- a 3,4- substituovanych
thiofeni®*(Schéma 5.

Br
Br Br
Q : Q\Br ; Br/Q\Br i’ Br/Q\Br

8
Br, Br Br B
Brz Sn
I\ -~ I\ I\
Br g~ Br Br g~ ~Br HC S
12

r

Schéma 5
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Jak thienyllithné sloteniny, tak bromthiofeny jsou reaktivni intermedijétieré se daji vyuzit
k pripraw thiofenovych oligomet. Oligothiofeny diskutované v této disefté praci jsoua-
kaplované produkty. Je moZné wytita p-kaplované oligothiofery, tyto derivaty viak maji
redukovanou mobilitu elektrara tudiz ztraceji atraktivitu pro apli&a vyuZziti.

3-Alkylované thiofeny maji saméejm¢ dw¢ neekvivalentnio-polohy. Za podminek lithiace
Ize ziskat produkty v ditém pongru, ktery zavisi od povahy substituentu a pouZzitého
lithia¢niho¢inidla. Elektrondonorni substituenty jako jsou hdmlogen derivaty, kyslik nebo
dusik, mizou koordinovat s lithignim cinidlem. Vysledkem je selektivni substituce do
polohy 2 thiofenoveho jadra. Z mnohaiikpadi lze uvést 3-methoxythioféh a 3-
fenoxythiofeld®, které pednostd poskytuji 3-metoxy- a 3-fenoxy-2-thienyllithiované
derivaty. Tyto latky mizou byt stabilizované pomoci intra-, nebo interrkolérni
komplexaci. 3-Fluof?, 3-chlor®® 3-brom® a 3-iodthiofefi’, poskytuji selektive
metalované produkty v poloze 2.

Na rozdil od vySe zmémych informaci, 3-alkylthiofeny neposkytuji selekti metalaci a
dochazi ke vzniku 2- a 5-lithiovanych derivatu.idejvzjemni powrr ovliviiuje zejména
velikost itomné alkylové skupiny a methyia ¢inidlo.

5. Problematika diserta¢ni prace

Diserta&ni prace se &nuje modernim a multidisciplindrnim treimd v popularni oblasti
vodivych polymei.

5.1. Materialy s uzkym zakazanym pasem

Vlastnosti a celkovy charakter polymeru Ize oftbvat tiznymi zpisoby. Mize se jednat o
vlivy, vnitiniho, nebo v§Siho charakteru. Navrh molekuly se odviji od téoksgch
poznatki ziskanych dostupnymi kvant®whemickymi kalkulacemi a nasletima zaklad
pripustnych aproximaci zvolit inklinaci kd&itému syntetickému fragmentu. Zvoleny
fragment Ize vhodnym Zigobem rozvijet, modifikovat a nasleédmkorporovat do cilené
struktury. Pojednani o vhodnosti resp. nevhodntestii oné struktury pro aplikai Cely
kterym je pochopeni vzajemného vztahu mezi korgtit{strukturou) molekuly a jeji
vlastnostmi.

Pohled do vnitra molekuly, na jeji energetické gtadhali dilezitost propojeni struktura vs.
vlastnosti. Kazda molekula (polymer) disponuj&itou energii, ktera se odehrava na
molekularni arovni a od které se odvijeji i jeji Znosti aplik&niho vyuziti. Cilem pro navrh
molekuly (polymeru) je minimalni energetickd n&rost na dosazeni co né&f$ich
pozadovanych odezev. Molekulové orbitaly sehravahergetické problematice molekuly
klicovou roli. Konkrétd se jedna o nejvysSi obsazeny (HOMO) a nejnizSibseeny
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(LUMO) molekulovy orbital a jejich vzdalenost odbee ktera je vyjéigena hodnotou energie
Eg. Ey a jeji redukce progdnictvim které Ize ziskat posun absorpce v necapgh
polymerech od viditelnéips infr&ervenou az k elektromagnetickému spektru fegpttem
intenzivniho vyzkumuEy je vSak zavisla od mnozstvi fakiorno da se vyraznovlivnit
vybérem substitueritvdzanych v molekule resp. polymernietzci.

Pricin pro¢ se zabyvat vyzkumem matefia nizkou hodnotok, (< 1.5 eV) je hnedd&kolik:

- nizSi hodnotyEy umoziuji dosahovat hodnoty vodivosti polyniey dopovaném
stavu blizké hodnotam vodivosti kKév®®

- tyto materidly disponuji zvy$enou fotokonduktivitdu

- materialy s nizkou hodnotoly dosahuji velkych hodnot nelinearnich optickych
koeficienti’®, &im se stavajf atraktivni v aplikacich pro nelinéptiku

- poskytuji transparentni materidly v dopovaném stavhodné pro potencialni
aplikace ve vyvoji elektrochromickych stastek*

Diserta&ni prace je se zatiena na syntézu mononiekteré slouzi proifpravu kopolymei

na bézi 3-alkylthiofenu. Z literarnich Gdapojednavajicich o 3-alkylthiofenech a jejich
heterocyklickych nebo benzoidnich aromatickych kpmerecH? "3 bylo zjistno, Ze se daji
ziskat polymery u kterych elektrické a optické tmasti budou zaviset jak od struktury
samotného konjugovaného polymernfe@&zce, tak i od typu monomérnich jednotek. DalSim
zajimavym specifikem éthto typi kopolymefi je jejich vybornd zpracovatelnost a
manipulovatelnost Zysobend ftomnosti alkylovych skupin na thiofenovem ij@dd co
umoziuje jejich vybornou rozpustnost ¥inych typech organickych rozpoédel a nabizi
vyuZziti v iznych aplik&nich oblastech.

5.2. Thieno[3,4-b]pyrazinoveé kopolymery

Interakce elektron-foton a koreéld efekty elektron-elektron resultuji do lokaliza@e
elektrori podél konjugovanéhoretizce s hodnotouE, vétsi nez 1.5 eV U
polyaromatickych systéfnse vyskytuje nedegenerovany zakladni stav a jsoanén d¢
rozdilné strukturni formy: aromaticka a chinoi@r{Obrazek 2). | kdy? je aromaticka forma
polymernihorettzce energeticky vice stabilni, teoretické praceadak, Ze chinoidni forma
by m&la existovat ve spojitosti s niz&imi hodnoteggi’®.

Narnist chinoidniho charakteru konjugovanéettzce na ukor aromatického se stal zakladem
pro strategii syntézy konjugovanych polyrinese snizenou hodnotdgy. Snaha o fipravu
polymeii s co nejmenSi hodnotdey privedla vyzkumné tymy k syntéze deriudhiofenu,
které obsahuji anelovanou aromatickou resp. hateraickoucast na thiofenovém jéel.
Polyisothianaften (PITN) byl prvnim prototypem polgru, ktery vyuzival zniovany
koncept’. Pritomnost pikondenzovaného benzenového jadra k thiofenisapuje stabilitu
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chinoidnich pispvkui. Vysledkem tohoto efektu je pokles hodn&tyv pripadt polythiofenu
z2-22eVnahodnotul-1.1eVuPITN.

Zminované vlastnosti se takéakavaly od nové série thiofenovych deriyatteré obsahuiji
piikondenzovany pyrazinovy heterocykl. Jak se ppzdukdzalo, atomy dusiku
z piperazinového skeletu vyrazmprispivaji k redukci sterickych interakci se sousedni
thiofenovymi kruhy. Pomoci rentgenové analyzy malgkl3 se zjistilo, Ze i kruhy
v molekule jsou téwt koplanarni a intermolekularni vzdalenost mezi atafasiku a siry
sousedniho thiofenu (3.13 A) jsou krat3i, neZebuan der Waalsovych polani (3.35 A)
(Schéma 6.

Schéma 6

Thieno[3,4b]pyrazinové derivaty se ¢hem kratké doby staly vyznamnymi prekurzory
pro @ipravu konjugovanych polymérs nizkou hodnotolgg, ktera plyne z teoretickych
vypoiti, na zaklad kterych by hodnot&, mohla dosahovat mémez 0.8 eVP. Thieno[3,4-
blpyrazinové derivaty jsou ifkladem dtidani aromatickych a chinoidnich jednotek,
zpiasobujicich pokles hodnoty, polymerd®. Thiofen tady vystupuje jako donor elekttoa
thienopyrazin jako akceptor elektiion

Ocekavaneé nizké hodno#By, vychazeji z pedpoklad, ze dany typ molekuly bude vyzna#n
prispivat ke stabilizaci chinoidni formy polymeru,Zzcoasledd povede k poklesu zadaného
parametru Eg)sl. Prvni prace, ktera zimmvala thieno[3,d]pyrazin byla syntéza 2,3-
difenylthieno[3,4b]pyrazinu, kterou publikoval v roce 1957 Imoto al®%oV roce 1981
Bindef® a kol. publikovali modifikovanou ffpravu pro dimethylované analogy. JiZ v roce
1992 byla publikovana prace Pomerantza a kol.,ykjako prvni popisoval ifpravu
poly(dihexylthieno[3,4b]pyrazinového derivatu polymeraci monomeru za pouZeCk,
pticemZ hodnotaE, ziskaného polymeru byla 0.95 + 0.10°%&W roce 1995 nésledovaly
prace Kuzmanyho a kol., Kfestudovali série poly(2,3-dialkythieno[3pyrazinovych
derivatl, které byli polymerizované pomoci Fgle zamfenim na studium Ramanovych
spekter syntetizovanych polynier®™® Z tchto préaci plyne, Ze studované polymery
vykazovaly chinoidni charakter v z&kladnim stavterk se vlivem dopovani &nil na
aromaticky. Od té doby bylo publikovano velké mneépraci zabyvajicich se problematikou
thieno[3,4b]pyrazini.
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Predkladana disertai prace se zabyva jak syntézou aplika vhodnych thieno[3,4-
blpyrazinovych derivét, tak i jejich vyuZiti na Hipravu kopolymei®® Jako monomerni
jednotky slouzili vhod&é substituované derivaty thieno[3ppyrazini a 3-dodecylthiofen.
Cilem kopolymerizaci bylo ziskat snadno manipulelgt kopolymer, rozpustny whnych
organickych rozpou&tilech, vykazujici vlastnosti materiadlosahujicich nizkou hodnotdig.
Thieno[3,4b]pyrazin a jeho 2,3-disubstituované analogy byftitetizované metodou, ktera je
zZnazorgna na schemy.

Jako zakladné syntetické prekurzory slouzicitibnave raznych typi thieno[3,4b]pyrazim
Ize povazovat 3,4-diaminothiofdi6 a diketon obecné struktup.

V ramci disertaéni prace byladeSena multigramova syntéza sleniny 16. Jedna se o vysoce
nestabilni molekulu, kter4 se vyskytovala v nabid@ielika kometnich dodavatél a byla
dostupna ve forgh soli hexachlorcinatanu diamonného [SATNH 4., Kvili zmiované
nestabili¢ této molekuly se naékolik let stala komeme prakticky nedostupnou. V stasné
dohs je nabizena ve stabé#j$i forme jako dihydrochlorid, resp. dihydrobromid. Krérfirem
asijského pvodu ma tuto molekulu v nabidce pouze fy. Acrosganics.

Bromaci thiofenuB vznikaslowenina23, jejiz dibromderivatl4 za podminek nitrace pomoci
nitraéni smesi poskytuje produkil5. V pripad, Ze se nepouzije dymava kyselina do8i
dochazi ke vzniku pouze mononitroderivatu. Nasledmeakci 15 s Sn a HCI dochazi
k redukci obou nitro skupin v polohach 3,4- a obatomi bromu v polohach 2,5-
thiofenového jadra. Vzhledem k tomu, Ze se realst@itenila v kyselém prosgedi kyseliny
chlorovodikové, vysledni produkt se izold¥ave forms hexachlorcinatanu diamonného
[SNCE*][NH 4], . Nasledny pevod na volnou bazi Ize uskiitet roztokem NaCO; nebo
NaOH ve snisi diethylether-voda (1:1). Izolovany thiofen-3,@tin 16 se vyzndauje jiz
zminovanou nestabilitou a proto je pelbné s nim okam&tpracovat, tudiz neni vhodny pro
skladovani.

a-Dion 22 byl pripraven z odpovidajiciho alkohollr, ktery se oxidoval pomoci pyridinium
chlorchromatu (PCC)8 na gislusny aldedyd 9. Aldehyd nasledhza podminek benzoinové
kondenzace a katalyzy pomoci 3-benzyl-5-(2-hydropyd-methyl-1,3-thiazolium chloridu
20 poskytujea-hydroxyketon21. Hydroxy skupina v této molekule byla oxidovananoei
Bi»,O3; na pozadovany-dion. | kdyZ metoda oxidace-hydroxyketonu2l pomoci B;O3
poskytovala pozadovany diket@a, reakce probihala s nizkou selektivitou a koeevytzky
dieketonu byly cca. 40%. Vzhledem k neuspokojivyyslediiim této reakce byla zkouSena i
metoda oxidace pomoci désanu amonného a octanuéanmatého, kterd se pouzivad na
oxidaci produki benzoinové kondenzace, jako jsou indpenzil a furif®. Pribsh oxidace
vykazoval mnohem vysSSi selektivitu a &Zky ketori dosahovaly uspokojivé hodnoty (cca.
70%).

Kondenzace thiofen-3,4-diamind6 s o-dionem 22 v ethanolu poskytuje poZadované
thieno[3,4b]pyraziny ve vysokych vy#cich.
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Pouzita synteticka metodaquistavuje jednoduchy agob pFipravy 2,3-disubstituovanych
thieno[3,4b]pyrazini, ze kterych lze ziskatiznorodé derivaty obsahujici dlouhé alkyl
substituenty slouZzici jako pokiité prekurzory k pipraw rozpustnych polythieno[3,4-
b]pyrazini.

/I R R
l s ) 7 R—CH,-OH

5 N N 17

Br, I\ DCHM m CICrOs

HBr S H 18

23

/Q\ R-CHO

14 EtOH 19

cl
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i—ﬁ\ 1swHOl Z—g X O\,S ;R Bi,O5 R; :OH
2 Na,COg3, nebo S R (o) CH3COoH (@) R
NaOH
16 22 21
Schéma 7
5.3. Syntéza a studium thiofenovych oligomair s chemickym gremosgnim

Konjugované organické molekuly jsou vhodnymi kaddydpro aplikace jako je opticka
nelinearita picemz spektralni charakteristiky zajimajilekité pozice v modernim vyzkumu,
protoze jsou cena@vdostupné, maji nizké dielektrické konstanty, rgahhelinerani odezvu a
jsou snadno integrovatelné do pasivnich i aktivisictiastek. Kdyz jsou polymerni struktury
ziskané jako vysoce amorfni material, jejich indualni oligomery jsou v centru pozornosti
také, pro jejich snadno definovanou strukturu ardoelmanipulaci. Mezi néasgji pouzivaneé
syntetické strategie pro optimalizaci vlastnosti teriali se povazuje zavedeni
elektrondonornich a elektronakceptornich substituetre specifickych polohach molekuly
a/nebo chemickou modifikaci s molekularnimistky mezi déma (nebo vice) aromatickymi
chromofory. Typ monomerni jednotky, kterd slouzikojazakladni stavebni blok v
konjugovaném femoskni, je nejdilezit¢jSi strukturalni parametr, ktery formuje elektrické
optické vlastnosti chromoforu tim, Ze owliyje n-elektronovu delokalizaci. Fragmenty
konjugovaného igmoséni maji zasadni vliv na kontrolu celkovych vlastiasaterial a na
vhodnost jejich specifickych aplikaci.

Optimalni geometrie izolovanych molekul, které dhga nekolik konjugovanych
aromatickych kruti, miZze byt chapana jako jemna (mirna) rovnovaha mezimdv
dominantnimi silami. Prvni pochazinzelektronové struktury a nuti jednotlivé aromaticke
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kruhy ke koplanaré Druhd ze sil je zpwobena vzajemnou repulzi jader nebe
elektronovych hustot a obgjné ma za nasledek ofr@é efekty.

Vz4jemny vliv dvou (nebo vice) thiofenovych chromdf zavisi na kvalt muastka mezi
nimi. Struktura, aromaticita a polarizabilitadastki mize byt vyznamé ovliviovana
heteroatomami, které se nachazeji na skeletu. Pealo/zajemnych vlii téchto faktofi
muze sehrét kéiovou roli v modernim molekularnim inzenyrstvi.

Disertani prace byla zastena na syntézu a studium novych gknin na bazi thiofenu, které
se skladaji:

-z 2,3-diaza-1,3-butadienovychustku se déma koncovymi chromofory, které
obsahuji 1-3 w-polohach propojené thiofenové jednotky. &¢hto typech
molekul je potlden dienovy charakter nesparovanych elektroma dusiku. Na
druhé straé atomy dusiku wetézci zpisobuji lepSi termickou stabilitu n&ksté
oligothiofeny. Tento fakt rize byt dilezity z hlediska technologické aplikace.

-z molekul, ve kterych jsou dvthiofenove jednotky propojené igs a-polohy)
pyrazinovym niistkem a jeho vhodn modifikovanymi analogy, které mohou
ovliviiovat elektrické a optické vlastnosti celého systému

Aby bylo mozné fipravit a nasled# studovat cilové struktury, kterych syntéza je pogs
v publikacici*® bylo nezbytné provést syntézy pozadovanych vyicholatek. | kdyZ jsou
jiz v sowasnosti 3-dodecylthiofe6, 2,2 -bithiofen29 a 2,2".5',2"-terthiofer® komegné
dostupné, v dabzatdtku experimentélnich praci bylo peitné tyto slogeniny syntetizovat.
Na pipravu 3-alkylthiofed i thiofenovych oligomerd byla pouZzita metoda Kumadova
kaplinku za katalyzy Ni(dppp)&f.

V rdmci disertani prace byly vyvijené i multigramové syntetickéspgpy thiofenovych
derivati a mnohé z nich se daji uplatnit i multikilogramokiynmeiitcich. Celko¥ byly timto
typem cross-kaplinkuifpravené 3 z4sadni vychozi steniny Schéma $§.

Na pipravu 3-dodecylthiofen@6 se pouzil 3-bromthiofe@4 a dodecylbromid, z kterého se
piedem pipravilo odpovidajici Grignardovaiinidlo 25 v diethyletheru. Organokovové
¢inidlo se nasledhnechalo reagovat s 3-bromthiofen@rha vysledny produkt se finalizoval
destilaci za sniZzeného tlaku pomoci olejovéévyv Fri pocateinich experimentechifpravy
3-alkylthiofeni se pfibech reakce monitoroval pouze pomoci tenkovrstvé chtografie
(TLC). Pozd;ji pti optimaliz&nich reakcich, zasienych na co nejvyssi efektivitu reakce, byl
praibéh reakce sledovan pomoci plynové chromatografie)(@6z se ukazalo jako idealni
volba pro tento typ molekul. Pr&vGC metoda pomohla usnadnit optimatizia procesy.
Béhem analyz bylo mozné na chromatogramu deakmeési pozorovat vznik dvou hlavnich
neistot. Pozdji byly tyto netistoty izolované jako samostatné frakae yakuové destilaci.
V obou gipadech se jednalo o produkty tzv. homokaplinkip(ka1.2.1) a strukturyéthto
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netistot byly potvrzeny pomoci LC-MS a NMR. V prvnimiipack se jednalo o
homokaplovany produkt 3,3'-bithiofen a kigmd druhém byla identifikovana struktura
odpovidajici alifatické ngsto sumarniho vzorce LHso. Za hlavni atributy zlepSeni
efektivity reakce |ze povazovat zvySeni selektivitpss kaplinku a zkraceni reak doby.
Vicero literarnich zdrdgj udava dobu reakce 20°H* avsak v optimalizovanych postupech se
poddilo zkratit reakini ¢as na 3h. Bylo zjigho, Ze dlezitym faktorem, kterym lIze ovlivnit
pribéh reakce, je zisob davkovani katalyzatoru, kteréh@ninost na reakni cykly scasem
prudce klesa. Postupnyntigavanim katalyzatoru do reak snesi byla zabezp®na jeho
vysok@ efektivita, coz vedlo i k zasadnimu zkraeeakni doby.

Byly uskut&nény i experimenty zadelem nahrazeni vysoce nebespe&ho diethyletheru za
¢asto pouzivany tetrahydrofuran (THF). Experimeriigkvnepotvrdili vyhodnost pouZziti THF
pro tento typ reakce. Jiziiprava samotného Grignardovelmidla z 1-bromdodekanu
vykazovala problematicky pbéh, coz #ejm¢ primo souvisi s posiné sloZitou tvorbou
komplexa mezi Grignardovym¢inidlem a rozpougtlem. V gipad pouziti THF se
zaznamenaly nizké wWitky reakce (20-30 %).

Nowv¢ vypracovany originalni postugripravy 3-dodecylthiofein 26 je aplikovatelny jak pro
piipravu kometn¢ dodavanych 3-alkylthiofan tak i pro 3-alkylthiofeny originalni.

2,2’ -Bithiofen 29 byl pripraven z 2-bromthiofen@7 a odpovidajiciho Grignardovhinidla
28 v diethyletheru. Produkt IzergEistit vakuovou destilaci.

Br C12H2s

U + C12H25MQBI’ F0 U
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Ni(dppp)Cl, S

24 25 26
Et,0

@\ N I\ 2 I\ 0\

s~ TBr BrMg™ >g”  Ni(dppp)Cl2 s, S

2 28 !\

7 2 s~ MgBr

28

/N \ __ N8BS A\ /A — N\ s /N
s ™ cHacopHicHCI; BT s s~ Br EONidpppClz ST T\ 7 s

29 30

Schéma 8

Terthiofen9 se gipravoval reakci 5,5'-dibrom-2,2'-bithiofer®@, ktery Ize ziskat broma@o

s N-bromsukcinimidem (NBS) viftomnostiN,N-dimethylformamidu (DMF). Dibromovany
meziprodukt30 poskytuje se dtma moly gedem pipraveného Grignadovheinidla 28
finalni produkt9. Terthiofen9 Ize pecistit krystalizaci z ethanolu.

Uvedeny postupifpravy kaplovanych thiofén mize byt pouzit i na syntézu vysSich a vice
komplikovargjSich oligothioferi. Reaktivita dithienylu a terthienylu se zasadeodliSuje od
reaktivity thiofenu, tudiZza-uhliky thiofenu reaguji podobnym &gobem jakoa-uhliky
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bithiofenu resp. terthiofenu. To umafe provadt reakce pipravy tzré velkych
oligothiofeni za pouZziti definovanych stavebnich jednotek.

2,2'-Bithiofen29 a terthiofen9 Ize za podminek Vilsmeierovy-Haackovy reakce fdomgt
do polohy a-pfislusného thiofenového derivatu a ziskat tak mamoytderivaty 31, 32
Reakce formylace vSak neni selektivni a dochaeivaniku di-formyl produkt (o-a”). Proto
bylo nezbytné izolované re&ki snesi ¢istit pomoci kolonové chromatografie, ktera poskytl
poZadované intermediaty ve vyhovujbtote (Schéma 9.

B
(D) 2oer (Do
29 31

I\ s 7\ _DME__ j \ s 7\
s\ J s POCI, s” 7\ ) s~ CHO
9 32

Schéma 9

Konformani analyzy syntetizovanych molekul byly zpracova@é pouziti semiempirické
AM1 metody. Elektronové absafpi spektra pro stabilni konformery byly vyfteny pomoci
ZINDO/S metody. Zjisovani vlivu variability niistki na polarizabilitu a druhou
hyperpolarizabilitu bylo uskut@éno pomoci metody AMI zahrnujictaso¥ zavisly
Hartreeho-Fockv model (TDHFJ*%2

Dale byla studovana spektralni charakteristika nihjpgrrazinovych derivat které byly
srovhany s terthiofenem rgmostnym pomoci 2,3-diaza-1,3-butadienovych asthki
obsahujicich navic kyano skupinu. Absorpce, flumease a doby Zivota byly &feny
v roztoku (methanol, cyklohexan) a v polymerni ncati(polystyren (PS), polymethyl-
methakrylat (PMMA), a polyvinylchlorid (PVC)). Cile této studie bylo navrhnout strukturni
jednotky na bazi thiofenu s riestajicim vytZzkem radigniho rozpadu (tj. kvantového
vytéZeku emise) a prodlouzit jejich dobu Zivota v podynmich matricich pro aplikai ely
jako nap. v organickych elektroluminiscenich diodach (OLEDY.

5.4. Blokové kopolymery

Schopnost molekul prostorové agregace a zar@ienosu naboje jsou jedny zddivych
faktoni, které ovliviuji vyuziti konjugovanych material elektronickych aplikacich.
Blokové kopolymery schopné samostatirganizujicich struktur v roztoku jsoudeglmétem
intenzivniho vyzkumu vice nez 30 let.
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Vinu enormniho z4mu o blokové kopolymery odstaaloyedingnymi vlastnosti &chto
molekul, mezi které seéadi schopnost tvorby samostatorganizujicich supramolekularnich
struktur, vznikajicich viiznorodych podminkaéh Kromg toho amorfni-amorfni di-blokové
kopolymery, kapal& krystalické-amorfni a semi-krystalické-amorfnildokové kopolymery
poutaji na sebe ztiaou pozornost, ktera se odviji od schopnasthtb systém vytvaret
supramolekularni samoorganizujici strukturyapnych velikostecl. Jako piklad mize
slouzit mikrofazova separace di-blokového-kopolyimektera se obyejné uskuténuje

v Skéle rkolika nanomett, pricemz krystalizace krystalickych blokse odehrava na drovni
agregace atofm za tvorby schémat (struktur) o délce &katika desitek nanomeir
Manipulace s délkami participujicich bibka environmentélnich paramietjako jsou nap
vybér rozpoustdla, piidavek aditiv nebo teplota, rezultuji do vznikuok& morfologické
Skaly (kruhy, tye, dutiny, lamely, trubice). Morfologie¢dhto agregdit je zavisla od
rovhovahy mezi jednotlivymi ifispivky k volné energii agregace: prodlouzeni hlavniho
fetizce, povrchova energie a miesizcové interakc®. Z uvedenych fakt plyne, Ze
morfologie miZze byt ovliviena a kontrolovdna mnohymi faktory, které maji uig volné
energie jednoho, nebo vice amvanych pispévkd, no Zejmeé je, Ze jednim z hlavnich
faktori ovliviiujicich morfologii je samotna struktura blokovérapklymeru.

Fyzikélni elementy které nejzasa&@im zpisobem wtuji findlni fazi a morfologickou
krystalinitu krystalicky-amorfniho di-blokového kolymeru jsou: mikrofazova separace di-
blokového kopolymeru, krystalizace krystalizovayelm bloki a v neposledniact vitrifikace
amorfnich blok s&im také souviseji i teplotni paraméffy/

Kli¢ovou roli ve vlastnostech polyniesehrava praystupes krystalinity'®% Vv zavislosti
od toho na jaké aplikai ely bude vyuZivan polymerni material je f@iné zohlednit
parametre struktury a morfologie.

My jsme se zawfili na novy typ alternujiciho kopolymeru na bazR'%',2"-terthiofenud
polykondenzovaného s polyethylenoxidem (PEO)

K pripraw kopolymeru bylo pdgebné syntetizovat odpovidajici terthiofenovy mono&g
2,2"5'2"-terthiofer® se reakci s-butyllithiem v diethyletheru ifgvede na dilithnouds$ pii
-78°C. Ri tomto typu reakce se vyuziva rozdilna reaktiykgselost) protof v a-polohach
terthiofenu w¢i silnym bazickymginidlum. Dochézi térr ke kvantitativnimu fevodu obou
protoni v a-polohach na dilithnouts. Pridavkem tuhého oxidu uliiiého se dilithna
vlivem nukleofilniho ataku reaktivniho intermediatna oxid uhktity prevede na
dikarboxylovou kyselini83. Vzhledem k tomu, Ze acylchloridy jsou mnohem tiwakjSi nez
piislusné karboxylové kyselinyfipravil se gislusny diacylchlorid34 reakci pekurzoru33

s thionylchloridem. Ziskany diacylchlorid4 poskytuje s polyethylenoxidem za podminek
esterifikace v fitomnosti pyridinu cileny kopolyme5. (Schéma 10
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Schéma 10

Tento typ kopolymeru disponuje naprosto rozdilnymémickymi strukturami jednotlivych
sub-jednotek tviicich polymerniiettzec a proto byla &kavana fazova separace (kratSi
fetézec mén polarniho thiofenoveho trimeru a deilézec polarniho polyethylenoxidu).

6. Syntézarrkonjugovanych oligothiofeni

6.1. Zakladni metody syntézy konjugovanych polymaei

Béhem vyvoje syntetickych cest za&mnych na ziskdni linearnich konjugovanych
oligothioferi se odzkouSelodkolik chemickych pistupi vedoucich k tvord definovanych
oligomernich jednotek. Vyvinuté syntetick&giupy vSak ztraceji na atrakti&ihlavre kvili
aspekim, jako jsou (izomerickakistota, vytzek a vyuzitelnosti pro syntézu delSich
oligomeri*%>1°¢

VSeobecnym problémem nesubstituovanghsystému oligothiofeln ktery se vyznéuje
rigidnim charakterem je fakt, Ze s @stajici délkou oligomérnihietzce prudce klesa i jeho
rozpustnost. Z tohoto ttodu se nefipravuji deldi homology neZ oktamé?y'®® Tolik
sledovany parametr rozpustnosti nenéddly jenom pro syntézu, purifikaci a charakterizaci
oligomef, ale i pro aplikani ely. Zavedenim alkyl skupiny do oligomerniho systése
muze eliminovat, nebo i odstranit jeden z hlavnichdieapi téchto skupin slogenin. Alkyl
skupiny v a-polohach, umakuji syntézu prodlouzenych oligontes pa&tem jednotek od
oktamefi do dekamer'®®, avsak k dostateému zvySeni rozpustnosti nedochazi. S mnohem
vétSi efektivitou na rozpustnost systémispbi zavedeni alkylsubstituentu d@polohy
thiofenového jadra. Takto substituovany alkylokgttzec mize oslabovatr-konjugovany
systém tim, Ze se zkrouti kolem sousednich thiofgetojader, nebo dZe potl&ovat proces
prostorové agregace molekul v tuhém stavu. Tytdegkost byli zjiS€ni v mnoha pipadech
hlavrs v8ak u materidl piipravenych za poslednich deset1&t*®
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Bylo také prokazano, Ze v thiofenech substituovanymto zgisobem, se vyskytuje vysoce
organizované prostorové uspdani, ve kterém [Bai tettzce neinteraguji s jinymi
jednotkami a neovlifwji zakladnou elektronickou strukturu a vodivosgotiofeni**’*2

Na pripravu konjugovanych oligothiofénvazanych v polohach Ize z mnoha syntetickych
pristupa vybrat dva nejfrekventovéjsi. V prvnim gipads jde o vystavbu C-C vazby (aryl-
aryl) pomoci organokovovych reagérd v gipad druhém se jedna o reakce acyklickych
prekurzofi, kdy vhodnym uzasenim kruhu dochézi ke vzniku oligotiofenovych stavieh

jednotek.

6.1.1. Tvorba aryl — aryl vazby pomoci oxidativnich reakciza tvorby C-C vazeb

Jednou z nejpouzivasich metod syntézy-(C-C) vazeb je kovem katalyzovana reakce
organickych halogenderiviat Jiz v ticatych letech minulého stoleti byla Steinkopfem
syntetizovand a charakterizovana celada nesubstituovanych oligothiofenaz po
septithiofert’®*?1 37. Na syntézu byla pouZita analogie Ullmanovy reakgedthiofenu36
katalyzovana kovovou &di (Schéma 1)

@\C“ I Ny s\ AN
SO s W\ /],’s

n=0-5
36 37

Schéma 11

Nesrovnatelt vyhodrgjsi a univerzal®si metodou pro ipravu oligothiofefi je oxidativni
reakce organokovovych sléenin, jako jsou nap oligothienyl-magnesium, nebo reakt#jgi
oligothienyl-lithium se solemi fechodnych kof, hlavrs s chloridem mdnatym#*23
Zavedeni lithia do molekuly thiofenu se uskutigie bul’ pifimou deprotonaci nebo substituci
halogenderivatu za pomogibutyllithia (n-BuLi), nebo lithiumdiisopropylamid(LDA) jako
baze. Obyejné se reakce provadi s ekvimolarnim mnozstvim bazédg je zaznamenan i
proces dilithiace jako vedlejSi reakce. Na zaklathoha experimentalnich vysledku plati, Ze
selektivita reakce v takovémto uspdani klesa s nastajici délkou oligothiofenového
fetézce. Dhvodem této skutaosti je, Zea-protony delSich oligomérjsou kyselejSi nez u
oligomefi s kratSimiettzcem. Proto § lithiaci, ktera se uskut#uje deprotonaci, lze vzdy
pozorovat i tvorbu dimeru, ktery vznika jako nezaciovedlejsi produkt**?® S ohledem na
zminované nedostatky tohoto typdiravy oligothioferi, se v roce 1996 Bauerlemu a kol.
poddilo pripravit do té doby nejdelSi oligothiofeny, jako mericky ¢isté a-substituované
homology oligothiofenu s postrannim dodecylovigtizcent?’ 38 (Schéma 12.
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Schéma 12

Poly(3-alkylthiofeny) vykazuji mnohonasobnvysSi rozpustnost nez nesubstituované
polytiofeny, gicemZ disponuji porovnatelnymi elektrickymi a optiokiyvlastnostmi?®*2°

V roce 1986 Sato a kdf’ a Lemaire a kot*! publikovali elektrochemickou polymerizaci
polythiofenu. O ®kolik mésici pozdji Sugimoto a kof-** uskutenili prvni chemickou
polymerizaci 3-alkylthiofenu viftomnosti 4 ekvivalerit chloridu Zelezitého jako oxidaiho
¢inidla za pouziti chloroformu. Mechanizmus tohotpu reakce znazauje schéma 13

o N Uy N Uy e
NS s TS s U

poly(3-alkylthiofen)

o s

Schéma 13

V oxidativnim prostedi chloridu Zelezitého tvb 3-alkylthiofen radikal-kation se spinovou
hustotou sougtdnou fevazre v polohach 2 a 5 thiofenového jadra, schopnéhgeund se
propojovat a tviit tak polymer. Metodou oxidativni polymerizace seskavaji
vysokomolekularni polymery, které vSak obsahuji #stei strukturdlnich defekt
zpusobenych sterickymi repulzemi, které se vyskytugizithiofenovymi jadry a sousednim
alkylsubstituentem. # propojeni hlava- hlava se pozoruje neplanarnifé&wnace coz se
projevy snizenim konjugace a tim dochézi ke vzni@fddouci vlastnosti ko&rého
polymerd>?

Synteticka metoda vyuZzivajici chlorid Zelezity gehle roz&iila a byla pouzita i syntéze
raznych tym polymei z 3-alkylthioferi. Nasledg probihala celd#ada studii zarienych na
vztah mezi strukturalni regularitou a molekulovandtnosti ziskanych polyméra celkového
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chovani polymeru s ohledem na vodivost v kombinscivyuzitelnymi mechanickymi
vlastnostmi***3>
Vznik moznych strukturalnich deféklze minimalizovat skolika zpisoby:

- uskut&nénim reakce p nizSich teplotach

- pouzitim oxid&nich&inidel na bazi vanadtd®**’

- pouzitim kovem-katalyzovanych reak®™° které umozni vznik poly(3-
alkylthiofeni) s vysokym stup¥m regioregularity

6.1.2. Kovem katalyzované tvorba aryl — aryl vazby (crossaplink)

S rostoucim zajmem o konjugované polymery a oliggnee hledali vhodné syntetické
moznosti, které by s vysokou efektivitou vedli kkAni €chto materidl. Vhodnou a vysoce
uacinnou metodou tvorby C-C vazby, ktera se povazuge jednu z nejuniverzadisich
syntetickych cest k ziskani oligothiotelm riznych délekietzci jsou kovem katalyzované
cross-kaplinkové reakce. Cross-kaplinkové reakoeu jwe vSeobecnosti katalyzované
komplexem pechodového kovu, hla¥miklu a paladi&*®*+>

Mechanizmus tohoto typu katalyzy je stejny jakasanych typi reakci a zahrauje:

1. oxidativni adici arylhalogenidu na kovovy katadyar

2. transmetalaci katalytického komplexu a organokébwo cinidla za vzniku
diorganokovového systému

3. reduktivni eliminaci, kterd poskytuje vazbu aayld a sodastré regeneruje

katalyzator do dalSiho cyklu.

Obecna schéma cross-kaplinkového mechanizmu zngeschéma 14.

R /a

napr:

S S napr: Ni(dppp)ClI »
Ar-Ar' MO L,
/A
arx napr
3. Reduktivnieliminace/ 7 T B
1. Oxidativni adice
M.Ar Ar
Lp—M, L—M
" A "X

NS

PR
MX  MAr naer @MgBr
2. Transmetalace

Schéma 14
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Prvni giklad prechodovym kovem katalyzované cross-kaplinkové reake které se pouZil
Ni katalyzétor, byl publikovan vroce 1972 a jakeganokovoveé ¢inidlo byl pouzit
Grignardiv reagent. S postupetfasu se vyvijeli syntetické metody za pouzitim d&ypi
organokovovych reageaitjako nap.: lithium, bor, hlinik, zirkonium, zinek, &’ a cin.
Pouziti této metody s variaci katalyzditdmudou diskutovany v nasledujicich kapitolach.

6.1.2.1. Kumadiv kaplink

Kumada*® a Corrit** sousastri v roce 1972 publikovali efektivni a rychly &b tvorby C-

C vazby 6chéma 15%. Jednalo se o cross-kaplink mezi Grignardowymidlem a gisluSnym
aryl nebo alkenyl halogenidem za katalyzy Ni-kompl®. Tento typ reakce je univerzalni a
umoziuje syntézu Siroké Skaly nenasycenych organickyoixenin. Kaplink je selektivni,
pouzitelny pro #zné typy Grignardovych sléenin (alkyl nebo aryl) a organickych
halogenid majicich uhlik v sphybridizaci (aryl nebo vinyl).

L,NiCl
MI, RMgX + RX —222- R-R' + MgXX'
Et,0

RX

Schéma 15

V prvnim kroku dochazi kreakci dihalogennikl-fogivého katalyzatoru se é&wa
ekvivalenty Grignardovhciinidla za tvorby reaktivniho intermediatu. Nasledujeakce
s organickym halogenidem R, ktery transformuje reaktivni intermediat na aktiformu za
souwastné eliminace homo-kaplinku produktu R-R. Nastedktoho, niZze tento krok
produkovat nezadouci homo-kaplink jako vedlejSidpia reakce, kterého obsah se&nin
v zavislosti od pouzittho mnozstvi katalyzatoru.ndsledujicim kroku, je halogen’ X
nahrazen organickou skupinou R, ktera pochazi&akkvivalentu Grignardovhonidla a
dochéazi k vytveéeni dvou organickych kaplinkovych komponent nalaviém komplexu.
Pridavkem dalSiho organického halogenidu do tohotmexu se spousti posledni kruh
uzavirajici stupg ve kterém intermediat uvolje aiekavany produkt R-Ra zarové
generuje aktivni katalytickou slozku.

Bromthiofeny ochot& reaguji s alkyl nebo aryl Grignardovyrinidlem v gitomnosti
katalytického mnozstvi Ni(dppp)&l(dppp- diphenylphosphinopropane) za tvorby cross-
kaplinkovych produki™#>-24¢

Kumadiv cross-kaplink byl poprvé pouZit Elsenbaumerem a.*¥**® na gipravu
rozpustnych PATsSchéma 1§ Metoda vyuziva 2,5-dijod-3-alkylthiofenB9 na tvorbu
organokovové slateniny s hacikem, ktera v fitomnosti niklového katalyzatoru Ni(dppp)Br
zahdji polymerizaci a poskytuje polymerni prodd@t
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/@\ 1. MgITHF 7
| | 2. Ni(dppp)Br;,

39 40
Schéma 16

Protoze PATSs nejsou centrosymetrick&@editym poZzadavkem na vysledny polymer je regio-
regularita. Vzhledem k tomuto faktu se PAT82ou kaplovat zfisobem: hlava-hlava, hlava-
pata, pata-pata jako demonstruje kap. 8.1.5, scIB®EmRATSs syntetizované Elsenbaumerem
méli ndhodnou regioregularitt/ 42

Vyznamnym pinosem Vv syntéze regio-regularnich konjugovanycHyrmperi je prace
McCullough a kol., ktery publikovali dvsyntetické cestyffpravy regio-regularnich PATs
(>98% hlava-pata kaplink). Obd&igtupy se v literatte objevuiji jako McCullougho®***°a
Grignard Metatesis (GRIM) metothf *?(Schéma 17

R

/@ GRIM metoda
Br Br

S
41

CH3;MgBr
THF
McCullough metoda
R R R
U\ 1. LDA, -40°C /@\ Ni(dppp)Cls =
s” "Br 2 Mg(Br,)OEt) BMgT “g” TBr s” Tn
60°C —= -5°C
42 43 44

Schéma 17

K dosazeni vysoké regioregularity vyuziva McCullou@-brom-3-alkylované derivaty
thiofenu 42, které jsou selektivhlithiované do polohy 5- pomoci lithium diisopropghinu
(LDA) pii nizké teplot (-60°C). Ziska se 2-brom-3-alkyl-5-lithiothiofektery je nasled®&
konvertovan na Grignardovocinidlo reakci s MgBs.ELO. Vysledny 2-brom-5-
(brommagnesium)-3-alkylthiofed3 reaguje s 2-brom-3-alkylthiofene®2 v pfitomnosti
katalyzatoru Ni(dppp)GIna regioregularni poly(3-alkylthiofed).

GRIM metoda se povazuje za velice jednoduchou Sgktel cestu, ktera vede k ziskani
regioregularnich PATs. VyuZziva snadnou transforn2abidibrom-3-alkylthiofefh 41 na 2-
brom-5-(brommagnesium)-3-alkylthiofeny 43 pomoci methylmagnesium  bromidu.
Organokovovy intermediat reaguje fitpmnosti niklového katalyzatoru na regioregularni
PATs44 ve vysokych vyzcich (60-70%).
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Pouzitelnost Kumadovy reakce je omezendiparech, kdy se organicka stemina obtiza
davkuje do Grignardovehtinidla, nebo kdyz je nizka reaktivita halogendettiv@ici horéiku
(neposkytuje s dostatei konverzi organokovovénidlo). V takovychto pipadech dochazi k
torbé vyznamného mnozstvi nezadaného homo kaplovanéhiej$do produktu. V
oligothiofenové chemii lze pozorovat snizenou rvdkt halogenderivatu ke tvoéb
Grignardova ¢inidla u haloaryl, které obsahuji vice neZz dva thiofenové kruhy.
Bromterthiofen pro svoji délku netkiogGrignardovaiinidlo a syntéza delSich oligothiofieza
pouziti Kumadovy reakce je omezena na postupnéduiodniiettzce pomoci mono, nebo
bithiofenovych jednotek. DalSim z kritickych fakiioomezujicich pouziti Kumadovy reakce
je reaktivita Wi¢i funkénim skupinam jako jsou amino-, nitril-, ester-, aekarbonylova
skupina. Problém vysoké reaktivity za podminek ceakii které dochazi k tvokhC-C vazby
Ize teSit pouzitim mé#h reaktivnich a méhnukleofilnich organokav (nag. Sn, B, Zn) se
Sirokym zalsrem na funkni skupiny.

6.1.2.2.  Stilleho kaplink

V souwastné dob casto pouzivany paladiem katalyzovany kaplink orgamatych slotienin
je znam jako Stilleho reakt&**® (Schéma 18 Duivodi nafistajiciho zajmu o tento typ
reakce je #kolik: snadna dostupnost organostafnastabilita wi¢i atmosférickym
podminkdm a kompatibilita se Sirokou Skalou femikh skupin.

R-X + R'—SnR";

R-R' + R"3;SnX
Schéma 18

Organostannaty typu'BnRy" muzou byt gipraveny z pisluSného organolithného derivatu
R'Li reakci s trialkylstannylchloridem RSnCl, nebo reakciiffslusného halogenderivatu)R

s hexaalkyldistannatem"BSn-SnR ;. Slowenina R mizZze reprezentovat alkynyl, alkenyl,
aryl, alkyl nebo benzyl a'Rje obyejr¢ metyl nebo butyl derivat. Z organickych halogeénid
RX, které se népstji pouzivaji na kaplinkové reakce lze zminit ardigy, -triflaty, -
bromidy a -chloridy.

V syntéze oligothiofein se reakci Stilleho typu vyuzivdéguevsim naifpravu snési thiofenu

s jinymi heterocyklickymi slogeninamt®’*®> nebo slouzi k ifpraw substituovanych
oligothiofemi zejména u 3,4-ethylendioxythiofien(EDOT), které figuruji jako stavebni
jednotky pro polymery na bazi EDOT.

Stilleho kaplink se také vyztaje svoji univerzalnosti t¥i konjugované polymery ip

polykondenzanich reakci §chéma 19.
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Ar - aromaticka skupina

Schéma 19

Jednou z hlavnich nevyhod tohoto typu reakce j&ipidioxickych slodenin cinu.

6.1.2.3.  Suzukiho kaplink

Na paéatku 80 let minulého stoleti, Suzuki a Miyalifa®® iniciovali hlavni zlep$eni
palladiem-katalyzované tvorby C-C vazby mezi arochgmi sloweninami, pouZzitim
boronovych kyselimM5 jako nukleofilnich partnérpro reakce. Pd-katalyzovany Suzukiho-
Miyauranmiv cross-kaplink je jedna s nejefektéygich metod tvorby C-C vazby a jako metoda
tvorby biaryli 46 je v soastné dob nejpouzivanjsi (Schéma 29417

46

45
R= alkyl, aryl, O-alkyl X=Br, |
R' = ester, nitril (akceptor)
OR, NH,, alkyl (donor)

Schéma 20

Pricin pro¢ je Suzukiho-Miyaurév cross-kaplink, ktery vyuziva nizsi elektropoaitvboru,
pouzivan s #tsSi frekvenci je #kolik. Jednou s hlavnich vyhod tohoto typu reake@g@uziti
jemnych rea&nich podminek a koméami dostupnostiznorodych boronovych kyselin, které
jsou z enviromentalniho hlediska bezpgSi nez jina organokovovéinidla. Vykazuje
dobrou vytznost produkl, dokonce i v stericky bré&nych polohach a taktéz je tolerantni k
Sirokému spektru furdkich skupin. V neposlediiadé manipulace a odstiavani vedlejSich
produkfi obsahujicich bor je mnohem jednodussi nez u jinganokovovycheinidel,
zvlase pii syntéze ve &tSich objemech.

| kdyZ je v rEkterych gipadech porrné slozite pipravit pozadovany reaktant, s derivaty
boronovych kyselin je snadna manipulace a tim,ezenpzné s nimi pracovat i ve vodnim
prostedi, zdaleka neépdstavuji tak zavazna rizika jako jina organokovewadla. Suzuki
reakce poskytuje vysoké wky, dobrou selektivitou a moznost pouZziti \Svm neritku.
Hlavni pokrok Suzukiho-Miyauraovy reakce byl zazeadn v poslednich dvaceti letech a
byl publikovan v fkolika védeckych publikacict§®#173
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Tato univerzalni metoda je vhodnd i Kigraw alternujicich kopolymér a je tolerantni k
Sirokému spektru furtkich skupin. Casto se vyuZivd k syntéze fluorenovych ityp
polymeii'”*17>(Schéma 2L

R R

R R
o K,CO
gy ) oo o g
o Q O :N 1% ekv. Pd(PPhy), Q O Ar
n

Ar - aromaticka skupina

Schéma 21

Byly publikované i prace, ve kterych se Suzukihakme vyuZiva i na syntézu v pevné
fazi'’>'"®s aplikaci na ipravu oligothiofen®””.

Suzukiho-Miyaurév cross-kaplink se vyuziva také na polykondenzao#ze se uskutait
dvéma zmisoby Schéma 22 V prvnim AB typd’® se polykondenzace uskieje pes
bifunkéni monomerd7. Typ AA/BB na polykondenzaci vyuzZiva dva rozdilsubstituované
monomery49 a50, které poskytuji alternativni kopolymey'’®*%°

AB-polykondenzace

R pd° fR \: — :
Br@B(OH)Z N\ / |
47 48

AA/BB-polykondenzace

R —R Pd° R(= —R
(HO)ZB@B(OH)Z + Br—<\}8r e N\ / N\ / )
49 50 51

Schéma 22

Kaplink reakce organickych boronovych sienin se uskutguje jenom v pitomnosti baze.
Suzukiho reakce se dle navrhovaného mechaniSoléfma 14 odliSuje v tom, Ze vyZzaduje
pouziti dvou ekvivalerit baze. Mvodem je slaba nukleofilita organické skupiny vézan
s atomem boru, pro transfer z boru na paladiumansietalénim kroku. Je to zjsobeno
siln¢ kovalentnim charakterem B-C vazby v boronovychu&ainach. Proto je nezbytné
zvySit nukleofilni charakter karbaniontu organickyskupin tvorbou organoboratu s
tetravelentnim atomem boru za pouziti baze. NedijlegSledky byli dosazené za pouziti
relativre slabé baze,ftemz NaCOs je pouzivany népstji. V piipad stericky bragnych
molekul I1ze pouzit i silné baze jako itaBa(OH) nebo KPO,.

NejpouzivaiijSim katalyzatorem pro Suzukiho cross-kaplinkowakoe je Pd(PR)y, ale jsou
vyuzitelné i jiné typy katalyzatérjako nap. Pd(dppb)Gl, PACL(PPh),, Pd(OAc} a PdC}.
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v,

Fosfinovy ligand typu PRImM-CsH,;SOsNa) se pouziva ip cross-kaplinkové reakci
uskuté&nované ve vodném prastli.

6.1.2.4. Sonogashifiv kaplink

Pd-katalyzovany kaplink terminalnich alkyns aromatickymi bromidy nebo jodidy v
pritomnosti amif jako rozpou&del, byl znam od roku 1975. Tento typ reakce seyveaz
Heckova-Cassarova-Sonogashiraova-Hagiharaova reakasa tvorbu C-C vazby je v
organické syntézeéasto pouzivand *{Schéma 23 Vyznaiuje se vhodnosti pouZiti na
tvorbu jednoduché C-C vazby sp- &8gbridizovanym uhlikem.

R\ =Y pdicul BN\ /XY
\/\/>_+X4<\j// Amin N\ 7/ — 7

R= alkyl, aryl, eter, X=Br, |
ester, OH Y= ester, nitril (akceptor)
OR, NRy, alkyl (donor)

Schéma 23

Na piibehu reakce se akti¥rpodileji jak brom-, tak i jodaromatické derivaty.arylbromich

je samotny kaplink podmén zvySenou teplotou, které hodnota je kolem 80°@pd¥idajici
jodidy jsou schopné reagovat mnohem rychleji a arkitativnich vygzcich i @i pokojové
teplog. Ficiny rozdilné reaktivity halogenderivatjsou jak termodynamického, tak i
kinetického charakteru. Jodderivaty sefippd své dostupnosti preferuji pro tento typ Pd-
katalyzovaného cross-kaplinku.

Pouziti fiznych tymh amini v kombinaci s jinymi rozpoudtlly maji v reakci Sonogashirova
typu zasadni vliv na v§Eek acistotu produktu. Vysledky vlivu piperidinu, pyrolitu a
morfolinu maji pozitivni charakter. ZvlaSpiperidin je vhodny pro tento reakce a zdé se, Ze
v piipadt jodidi prekonava i dofe reagujici triethylamin. Na druhé stéamSak neni jeho
pouziti vhodné pro reakce arylbromiicha terminalni alkyny. Pro reakce broiiide
vyhodnjsi pouZit triethylamin, nebo Hiiningovu bazi difisopyl)ethylamif®**

DalSim faktorem, ktery ma vliv na rychlost reakee foncentrace reaktdntKe zvySeni
koncentrace je nutné vékterych gipadech pouziti ko-solventu na zlepSeni rozpustnost
piedevsSim i vzniku polymeti. Jako ko-solventy lze pouzit THF, diethyletherluém,
chloroform nebo dichlormethan.
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Tabulka 2  Struné shrnuti vyuZiti jednotlivych tyfgkovem katalyzovanych kaplink reakci
spolu s jejimi vyhodami a omezenimi.
Typ Schéma
reakce
Ar—X + Ar-mg.Y kat. N Ar—Ar + X.MgY
Vyhody Omezeni
- mirné reakni podminky - citlivost na vlhkost a snizena pouzitelnost pro
- nepouziva sofistikované Pd ligandy urcité funkeni skupiny
Kumadova- | - obyejné dobré vyEZzky a selektivita | - toxicita Ni komplex:
Coriuova | - vyuZiva i Ni komplexy ve funkci - bezpénosti opateni spojené s pouzitim
katalyzatod Grignardovychinidel
- snadné dostupnost Grignardovych | - nakladani s velkymi objemy Mg odpadu
¢inidel jak v laboratorni, tak i
v primyslové sfée
kat. Pd
R—X + R' —SnR"3 R—R' + R"3SnX
Vyhody Omezeni
- snadna dostupnost organickych - nevhodnost pro velkoobjemovou vyrobuizddu
Stilleho slowenin cinu pouziti stechiometrického mnozstvi Sn

- stabilita wi¢i atmosférickym
podminkam

- vynikajici kompatibita se Sirokou
Skalou funknich skupin

- pouziti dostupnych Pd katalyzaior

- dobré vytzky a selektivita

- vysoka toxicita Sn sldgnin
- zpracovani Sn odpéd

- vysoka cena Sn sléenin
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Suzukiho-

Miyauraova

Sonogashiro

va

Ar—X + Ar—B_
OH

Ar—Ar + X—B

OH

/OH kat. Pd /OH
\

Vyhody

Omezeni

- komegni dostupnost Sirokého
portfolia boronovych kyselin a ester

- dobré vytzky a selektivita

- pouziti velmi malého mnozstvi
katalyzatof

- stabilita boronovych kyseliniwi:
ohtevu, kysliku a vod

- mirné reakni podminky s pouzitim
vody jako rozpoustlla

- jednoducha separace anorganickych
slowenin béru z realni snesi

- flexibilita ke funkénim skupinadm

- malé mnozstvi komeén¢ dostupnych estér
boronovych kyselin pro vyrobu ve velkych
objemech

- vychozi boronové kyseliny tiie byt obtizné
pripravit v poZadovanéistott

- toxicita boronovych kyselin a derivaborari

k
Ar—X + H—-C=C-R

Ar—C=C—-R + HX

Vyhody

Omezeni

- mozno pouzit Pd-Cu, Pd a leysi Cu

komplexy s dobrou selektivitou
vytézky
- tolerance Wi funkénim skupindm

- omezeni organokovovych odpad

- zvySené rizika v souvislosti s pouzitim alkyr

a derivati predevsim ve velkoobjemové produkci
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6.1.3. Reikeho metoda ffipravy regioregularnich poly(3-alkylthiofenii)

Reike a kol. vyvinuli syntetickou metodu, kteroue lzziskat regioregularni poly(3-
alkylthiofeny)®®*%2 Reikeho polymerizai metoda vyuZiva one-pot reakci, ve které dochazi
k regioselektivnimu oxidativnimu spojeni reaktivmiReikeho zinku s halogenderivatem v
poloze 2 a 5 2,5-dibrom-3-alkylthioferdd za vzniku intermediét52 a 53 Takto gipraveny
intermediat reaguje vifitomnosti katalyzatoru Ni(dppe)Cl(dppe = diphenylphosphino-
ehtane ) za vzniku regioregularnino poly(3-alkyfienu) 44. V pripack, Ze se jako
katalyzator pouzije Pd(PBha (PPh = triphenylphosphine) efekt regioregularity seaetra
ziska se regio-nahodny polyma4 (Schéma 2. S ohledem na tento fakt, 1zéedpokladat,

Ze prostorova velkost katalyzatoru (kov a ligandgsadnim zjsobem ovliviuje regio-
specificitu ve vyslednim polymefd.

R

R
L3 Ay
Br S ZnBr s n

Pd(PPh3),

R

52
ﬂ\ Zn/THF "
Br Br -78T

S R

41 Ni(dppe)Cl, / \
R S
Brzn Br n

S
53

Schéma 24

6.1.4. Priprava heterocykli uzawenim kruhu acyklickych prekurzor

Na piipravu fiznych tym oligotiofeni Ize krong aryl-aryl kaplinkovych reakci vyuzit i jinou
vhodnou syntetickou metodu. Jedna se o reakéiektprych z acyklickych prekurzor
pouzitim vhodnyckinidel vznikaji nové aromatické krufyy

Pomoci tizrné substituovanych 1,4-diketérb5 Ize snadnym zZisobem budovat thiofenové
jadro pouzitim¢inidla schopného poskytovat atom siry. &ejgji pouzivanécinidly jsou
sulfan v kombinaci chlorovodikem, sulfid fosfong a Lawesonova@inidlo™®>*%® (Schéma

25)

QD s Q-0
c. Lawessonovo

cinidlo
55

S S
s S

Lawessonovo cinidlo

Schéma 25
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7. Vodivé polymery s Uzkym zakazanym pasem
Peierl$® jiz v roce 1956 pedpokladal existenci zakdzaného pasu u jednodimealriich
systénii dlouho pedtim, neZ byl poprvé vroce 1971 Shiraka®@msyntetizovan
polyacetylen. Individualni faktory, které sehravdjileZitou roli @i syntéze polymer s
uzkym zakdzanym pasem, jsoufidhni délky vazeb, aromaticita, konjdga délka,
substiténi efekty a mezimolekulové interakce. Modifikaceukturnich elemerit zasadnim
zpisobem ovliviuje Stku zakédzaného pésu konjugovanych polymeK dosazeni
pozadovaneho efektu na sniZzeni hodnoty zakazarého lze vyuZzit dva obecnégtupy:

- syntéza push-pull polymier ve kterych dochazi k alternaci elektroddsohatych a
elektrono¥ chudobnych jednotek (donor-akceptorovisfup)
- propojeni aromatickych jader pomoci trojné vazby

Vyswvétleni funkénosti methinového iigmoséni je v tom, Ze charakter nasobni vazby brani
volné rotaci propojenych jader &igpiva tak ke zlepSeni planarity struktury. Tytotenigly

byli intenzivre studované zad@lem pochopeni viastnosti a specifického chovadiweh
polymeri?®2% které spadaji do kategorie polyrer Gizkym zakédzanym pasem. S vyuZitim
teoretickych vysledku byli na studium navrzené éyst se snizenym zakdzanym pasem jako
nagt. poly-ethylendioxythiofef?*, polydithienothiofen§?>?°" nebo jejich kopolymery.
Minimalizace zakdzaného pasu jélefity faktor pro ziskani maximalni mozné neutralni
vodivosti konjugovanych polymeér Polymery u kterych se vyskytuje hodnota zakadzanéh
pasu 2 eV a vyS spadaji do kategorigeditiho az vySSiho pasu. Polymery s hodnotou
zakazaného pasu mensi neZ 0.8 eV se povazuji eai@igs Uzkym zakazanym paseh
Vzhledem ktomu, Ze vodivé polymery poskytuji itak nekonéné strukturni variace,
kontrola zakdzaného péasu jgegmétem neustdlého zajim Predem nastavend hodnota
zakdzaného pasu e poskytovat polymer s poZzadovanymi elektrickymioptickymi
vlastnostmi. V pipact, Ze by se podda hodnota zakazaného pasibpZzit nule, ziskal by se
realni vodivy polymeé?°*?1 Redlni vodivy polymer jer-konjugovany polymer, ktery
nevyZaduje dopovani a je charakterizovan elektridytralnim konjugovanym systémem.

7.1. Donor-akceptorni vlastnostitekonjugovanych polymeni

Ve vSeobecnosti, cilem donor-akceptorniho (D-Ajistppu je minimalizace energie
zakazaného pasu zaealem maximalniho zlepsSeni, jak z oblasti optickyak i elektrickych
vlastnosti polymeru. Interakce donor-akceptorriagbti umoduje charakter dvojnych vazeb
mezi opakujicimi se jednotkami, které stabilizufiiroidni formu a sniZzuji hodnotu
zakazaného pasu uvhfiolymernihofetézce. Strategie k dosazeni tohoto efektu je zalsgzpe
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pravidelné gidani opakujicich se jednotek typu D-A kde jedndikge silré elektrondonorni

a jednotka A je siltrelektronakceptorniast.

Kvantow chemické vyp&ty nazn&uji, Ze hybridizace energetickych hladin donorni a
akceptorni slozky poskytuji D-A systém igkvapiv nizkym rozdilem hodnot energii mezi
HOMO-LUMO orbitaly**.

V piipact, Ze energetické hladiny HOMO orbiiationoru a LUMO orbitadl akceptoru jsou
velmi podobné, vysledna struktura bude vykazovakami hodnotuE, Tato zavislost je
znazorgna na Obrazku 8 (viz RéF3). Rozstenim hybridizace podél polymerniketszce se
dale redukuje zakazany pas.

Energie
LUMO
LUMO
. T
band gap
——
HOMO e |
— / HOMO
D D-A A

Obrazek 8 Interakce molekulovych orbitaldonorni (D) a akceptorni (Adasti se ziska
extremni snizeni energie HOMO-LUMO v D-A monomeru

Jinym zpisobem jakym lIze docilit redukci zakazaného paswzvisit efekt donornich a
akceptornich jednotek k zesileni orbitalovych iaker. Zavedenim elektronakceptornich
skupin do D-A systému #igobi, snizeni hladin LUMO a tim se redukigg Naopak,
elektrondonorni substituenty redukég zvySenim hladin HOMO. To jetdlod, pr@& se pro
dosazeni extrendn nizké hodnoty E; vyzaduje pouZziti silnych elektrondonornich a
elektronakceptornich skupin. Roncali ve své prdwhusl syntetické principy, kterymi Ize
pripravit linearnfr-konjugované systémy se snizenou hodnotou zakéaa qoést®"

Hodre pouzivané elektrondonorni systémy jsémneé modifikované thiofeny a pyrroly, které
v mnoha pipadech pedstavuji pro dané aplikace nejlepsi volbu. Charattckym rysem pro
oba zmhované heterocykly je variabilita chemickych tramsfaci, ktera je podména
vysokou elektronovou hustotou aromatickych jader. ejcdbgji  vyuzivanymi
elektroakceptornimi substituenty jsou kyano- aoskupiny.

Kopolymery, které obsahuji elektroakceptotidisti jako nafiklad: chinoxaliny, pyraziny
nebo thiadiazoly se vyztiaji nizkou hodnotou zakédzaného pasu. Vhodnou koaabitichto
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elektrondonornich a elektronakceptornich monomarskuipin Ize vytviit riznorodou skalu
polymefi, pro které bude charakteristickd p¥avizka hodnota zakazaného paswkdik
reprezentativnichifkladi uvadiSchéma 261 213215

/N
o O
CN CN
s. L I s. L Y
\ ] \ ] )
R R

a)X=S a) R=H
b) X= O b) R= O-CH,p-CH,-0

Schéma 26

Zhang a Tour ve sveé praci popisufigravu polythiofenlb6, ve kterém figuruji pravidetnse
opakujici nitroskupiny jako elektronakceptor a amskupiny jako elektrondontf (Schéma

27).

O,N NO, O,N NO,
S ]\ 1. H* S ]\
\ [ 7)o 2.NaHco;  \) [ s7/C
BocHN NHBoc HoN NH»
56

Schéma 27

Hodnoty Eg polymeru56 jsou 1.4 eV vroztoku a 1.1 eV v pevne fazi. N&né nizke
hodnotyEy v pevné fazi naziaji preferenci mezomerni struktuby, ktera zvySuje rigiditu
konjugovanéhdetézce. V gripadt roztoku je tento efekt pragdodobr velmi slaby Schéma
28).

@] (I)
02N N02 _O/N+ Nto
S/ ) —mM S
\ / s - s”T,
H,N NH, HoNY - +NH,
56 57

Schéma 28
Yamashita a kol. popsalizné typy polymer s nizkou hodnotou zakadzaného pasu, které
obsahuji pyrazinové a thiadiazolové akceptorni ¢gkin propojené s fenylovym nebo

thiofenovym jadrer 418
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Polymery, ve kterych jsou elektroakceptorni jedgotkopojené s thiofenovym kruhem, se
vyzna&uji svoji schopnosti vyznaminredukovatE, Vzhledem k tomu, Ze pozice pro
vytvoreni C-C vazeb jsou s@ésti fgti-clenného thiofenoveho kruhu, projevuje s#Sv vliv
elektrondonorniho atomu siry na orbitalové koefitfe MnoZstvi trimernich derivat
thiofeni, nesoucich naigdovém thiofenovém kruhu pyrazinovou nebo thiad@zuu ¢ast,
tvoii za podminek elektropolymerace polymery s redukoushodnotou zakazaného p&su

a 59 (Schéma 29. Volbou vhodnych substituehpro pyrazinové a thiofenove jadro mozno
docilit kontrolu nad optickou absorpci a redoxnithastnostmi polymer&8.

N//_\\N N/,S\\N
\ s \ /) n \ s \ /) n
58 59
Schéma 29
Extréemré nizkych hodnotEy; az 0.36 eV se dosahlo elektropolymeraci bithioieho

monomerw0, obsahujiciho alternujici pyrazinové a dioxoethgle jednotky za vzniku D-A
polymeru61 (Schéma 3)**°.

Hlscg_(csHls Hlscg_(csHls
7\ 7\
N N N N

elektrochemicka
s/ \ polymerizace s/ \

Schéma 30

S rostoucim zajmem o alternujici D-A polymery ohgath nizkou hodnotou zakazaného
pasu, se zvedala poptavka po materialech schopngzpoustt se v fiznych typech
rozpoustdel. Nekteré z rozpustnych konjugovanych polyineiobsahujicich pyrrol/
benzothiadiazo62 a thiofen/chinoxalir63 byly studovany #kolika autory?>#? V posledni
dok® mnoho vyzkumnych skupin zaiiilo své aktivity na alternujici polymery fluorenuar-
dithienyl-2,1,3-benzothiadiazollB8 (DBT)?*?*#(Schéma 31
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Schéma 31

8. Od navrhu ke kontrole optickych vlastnostite

konjugovanych polymeni na bazi thiofenu
Obecré je znamo, Zer-konjugované polymeryipdstavuji novou skupinu matefiaktera v
sok¥ kombinuje optické vlastnosti s elektronovymi viasttmi polovodia, jednoduché
zpracovani v naslednych aplikacich a v neposléahtti specialni viastnosti, které postradaji
jejich alternativni anorganicky struktury.
Vyvoj substituovanych konjugovanych polymdnyl zangien na gkteré z vlastnosti, které
mohou byt upravovany pomoci molekulového inzenyrstv
Strukturalni variabilitarettzci konjugovanych polymér jako nap.: poly(p-fenylenvinylen),
polyfenylen, polythiofen a polyfluoren, se ukazglko velice dlezity parametr, ktery vede k
ziskavaniiznobarevnych modifikaci polymier
Jednim z nejilezit¢jSich Ukoh studia konjugovanych polymelje pochopeni vzajemného
vztahu mezi strukturou a vlastnostmi polyfekteré mohou nasledrvést k navrhu novych
molekulovych struktur sipdem @¢ekavanymi vlastnostmi. Vhodnym wiiem substituerit
pro dany monomer Ize snadno ovlivnit a nastavitstvlasti polymeru pro pigbu
potencialnich aplikaci. Fenomén struktura vs. wasti vychazi ze zakladnich fyzikalnich a
chemickych koncefit Problematice polythioféna jeho derivat jiz byla wnovana znéna
pozornost®?*!' Nejdiskutovagj$im tématem vsak nadale@istava vzajemny vztah mezi
elektronovou strukturou a lépe specifikovanym zak§m pasem s ohledem na geometrickou
strukturu polymai.
Sitka zakézaného péasu polyaromatickych linearmidtonjugovanych systéinse sklada z
péti prispivki:

Eg =Esr + Eg + Eres+ Esub + Eint (1)

Esr — energie, ktera souvisi séidanim délky vazeb
Ey — vztahuje se na odchylku od planarity
Eres— rezonatini energie aromatického kruhu
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Esup— indulkéni a mesomérni efekty moznych substitiient
Eint — mezimolekulova, nebo méeiézova interakce v pevnim stavu

8.1. Individualni vliv jednotlivych p Fispévki

8.1.1. Stéidani délky vazeb

V mnoha teoretickych publikacich je ztovana Peierlsova nestabilita, ktera zavisi od stupn
sttidani délky vazeb v konjugovanémettzci. Fedstavuje hlavni fispivek ke konéné
hodnot Eg v linearnichr-konjugovanych systémechri§pivek hodnotyE;: k celkovémuEg,
vychazi z rozdilnych délek jednoduchych a dvojity@drzeb. Polyaromatické konjugované
polymery, které disponuji nedegenerovanym zakladrstavem se nachazi ve dvou
energeticky rozdilnych strukturnich formach: ardoka@ a chinoidni. Chinoidni forma
vykazuje ve ¥tSir¢ pripadi menSiE,.

Aktualni zajem o konjugované polymery s co nejmehsdnotou E; je podmirn
predpokladem pro zlepSeni nelinearnich optickych tntesti, transparentnosti v regionu
viditelného spektra a akceptovatelnou vodi\/z'BJStIHodnotaEg polythiofeni, ktera lezi
vrozmezi 2.1-2.2 eV patmezi nejmensi ze skupiny aromatickych a heteroatikych
konjugovanych polyméf3?23* Jeden z nejvyznanyj$ich parametr, ktery ma zasadni vliv
na konénou hodnotuEg, je manipulace seigianim délky vazeb. Na zakkadeoretickych
vypocta za pouziti Valence Effective Hamiltonian (VEH) méy se prokazalo, Ze po
zavedeni chinoidni struktury do geometrie polytarmef dochazi k linearnimu poklesty

s nafistajicim chinoidnim charakterem systéfiu

Rozsteny mn-elektronovy systém u planarnich monoterkteré slouzi na ifpravu
odpovidajicich polymér neni dostéujici pro eliminaciEy a je nevyhnutné upravit strukturu
polymeru, za &lem ziskani maximalniho redukujiciho efektu nanuobdd E;. Schopnost
heterocykli vytvéret chinoidni typ polymernihtettzce obsahujiciho hypervalentni atomy je
acinny zpisob a je podpen i teoretickou predikci k dosazeni nizSi hodnBgy DalSi z
faktori prispivajicich ke snizeni hodnogy jsou kratké intermolekularni S-N interakce a
intramolekularni vodikove vazby.

Studiem absoxmich spekter modrého polymerniho filrd?* se zjistilo, Ze hodnotamay =
886 nm a hodnot&, = 1 eV po elektrochemické kompenzaci. Jina teckétipublikac&’
uvadi hodnotigy 2.3 eV pro planarni chinoidni formu polymei4

Kvantow chemické vyp&ty polymefi 64 a 68 predpokladaji neplanarni strukturu jejich
aromatickych forem, Zisobenou sterickymi interakcemi mezi atomy siry alikif>2
Planarni chinoidni form#&4 byla o 8,4 kJ stabiljSi, nez pisluSsna aromaticka neplanarni
forma. Polymery65 a 66, vykazuji mnohem &Si planaritu jak v aromaticke, tak v chinoidni
formée, zatim co polyme67 je neplanarn{Schéma 32)
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Schéma 32

8.1.2. Rezonaréni energieEges

Zasadni rozdil mezi(C;Hy)x a polyaromatickymi konjugovanymi systémy &pa
v rezonatini energii monomernich jednotek. Vet$iné pripadi jsou polymernitetézce
konjugovanych polymér tvorené =z aromatickych monomernich jednotek, jejichz
delokaliz&ni energie je konzervovana polymerni strukturouav®rtato energie je v
konkurenci st-elektrony, které se nachazejici mimo aromatickékra jsou delokalizované
podél fettzce. Rispivek heteroatomu nebo skupiny, ktera zabeéajge pemostni
aromatickych jader na celkovou hodndy byl predmétem studii mnoha teoretickych praci.
Otazka vazebnych délek delokalizovanych jednotekbon fixace vazebnych délek
v aromatickych konjugovanych systémech nadagtéwa pedmétem intenzivniho vyzkumu.
V kazdem pipadt Erespfispiva vyznamnou slozkou k celkové hodnBgg.

8.1.3. Konjugaéni délka — odchylka od planarity

Pritomnost jednoduchych vazeb nachézejicich se memaickymi jadry v oligomernim,
nebo polymernimietzci umoiuje jejich volnou rotaci koleméthto s-vazeb. Vzhledem
k tomu, Ze pekryv orbitalu se pohybuje v rozsaleos a Uhlu vytateni, vzniklé odchylky
z koplanarity zpsobuji naiist E;. Tento fakt byl intenzivé studovan na polythiofenech a
jejich oligomerech. Podle teoretickych studii poipg/ch experimentalnimi vysledky je
ziejmé, Ze thiofenove oligomery a jejich odpovidajketion-radikaly nejsou planarni, ale
podléhaji silné strukturalni neugpdanosti pravvlivem rotace.

Jeden ze zékladnich rysu konjugovanych polyimeroligomedt je pritomnost intenzivni
interakce mezi elektronovym stavem a konformacymperu. Jedna se o dva konkufen
efekty. V prvnim pipac€ je energeticky favorizovana-trans konformace, protoze
stabilizani energie zfisobuje maximalni delokalizaatelektroni v této konformaci. Druhy
efekt spdiva v entropii. V pipad, Ze jsou molekuly fitomné v roztoku, dochazi ke
konformani variabili€, ktera zvySuje entropii a molekula uge tvadit mnoZstvi
konformanich forem limitovanych stabilizai energii. Polymery, které obsahuji flexibilni
vedlejSi fetzec, jsou schopnyipchazet do tiznych konformacich, které jsou omezené
elektronovym stavem-konjugovaného systému. Zifpmnostin-konjugace se také odviji
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barevnost a elektronova spektéahto materidl. Rizné substituenty vdzané na thiofenovem
jadre mohou vykazovat rozdilné vlivy v zavislosti ngicje charakteru a podilet se tak na
konformahnich zngénach v polymerninietzci.

Na rozdil od linearnickettzci alkyl derivafi, rozwtvené alkyl skupiny drastickym #pobem
ovliviuji efektivni konjugaci polymernihtettzce a v gkterych gipadech sniZuji schopnost
polymerizace monomernich jednotek.

Pfi pokusu o polymerizaci 3-isopropylthiofen69 nedoSlo ke vzniku odpovidajiciho
polymeru. 3-Isobutylthiofef@0 sice polymer poskytuje, avSak podstatméreé konjugovany a

s mensi vodivosti jako jeho linearni anaf8g* Zcela vyjimeéni pipad gedstavuje 3-
cyklopropylthiofen 71, ktery velice ochot& polymerizuje a poskytuje polymer s vysokou
vodivosti. Oivod tohoto chovani spéva vtom, Ze redukované hodnoty vazebnychiuhl
v uzaveném cyklopropanovém skeletu nefvaterickou zabranuiptvorbé C-C vazby Bhem

polymerizace $chéma 33.
4 & c

S S S

69 70 71
Schéma 33

Poly(3,4-dialkylthiofen)72 disponuje vy3sSim oxidaim potencialem, optickymi band gapy a
nizsi vodivosti 87 odpovidajici mono substituovany polyffér Tym, Ze polohy 3- a 4-
thiofenoveho jadra jsou obsazené, jedina moznatitudes na aromatické jadro se da
uskuté&nit do poloh 2- a 5- , ve kterych ale dochazi keriskym interakcim mezi
substituenty. Vzajemné prostorové interakce naslesrou k naruSeni konjugovanéhe
systému a ke ztréefektivni konjugace§chéma 33.

e

S
72

Schéma 34

8.1.4. Vliv substituentia

NejcastjSim zpisobem jakym je mozno ovlivnit HOMO a LUMO hladimyelektronového
sytému, je zavedeni elektrondonornich nebo eleakoeptornich substituant které bd’
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zvySuji hladinu energie HOMO, nebo snizuji enedetu hladinu LUMO progednictvim
indukénich a mezomernich efékv zavislosti od charakteruiplusného substituentu.
Koneiné vlastnosti polymér sklddajicich se ze substituovanych thidferyuzitelnych pro
rizné aplikace, mohou byt digglu stanovené v¢bem vhodnych funénich skupin, kterymi
Ize snadnym zpsobem docilit poZadované vlastnosti polymeru.

Vyzkum elektroluminiscence polythioférse provadi fes celou oblast viditelného spekffa
Znani vliv alkyl substituent na koplanaritu molekuly Ize pozorovat naéméch absormich
spekter a naopak malo oulivji transport elektraih v molekulé*® Jestli se v molekule
objevuji velké rozdily v torznich uhlech jednotlohy kruhi, zpisobené substituenty, lIze
pozorovat v absotmim spektru modry posun a navic vliv substitiefg patrny i ve
fluorescekinich spektrech, ve kterych se projevuje struktonginizace molekuly. Z tohoto
divodu méap-substituce #t3i vliv na fluorescenci neg-substitucé™. Podobg Ize tvrdit, Ze
elektrondonorni a elektronakceptorni skupiny majiohrem ¥tSi vliv nez jednoduché alkyl
derivaty.

Z existencer-konjugace v polythiofenech se odvozuje jejich baost a elektronova spektra.
Na zaklad elektronovych absotpich spekter polyalkylthiofénse stanovuje konec pasu
kolem hodnoty 2 eV, coz je hodnota typicka prois&stych P3AT. Absorgni maxima
dosahuji hodnot 460-600 nm. Oxétéé potencidl monomeru klesa s prodluzujici se délko
alkylovéhoietszcé*>?* | coz zmisobuje mnohem lepsi stabilityidi oxidacim. Rozpustnost
polyalkylthioferi se z¢tSuje s mnozZstvim uhliku v alkylovéretzci. V pripad, Ze délka
fetézce fesahne 7 - 9 atoimuhliki, dochazi k ndistu konjugéni délky v polymernintetézci

a ke zlepSeni elektrochemické reverzibility.

Elektrondonorni skupiny, jako napmethoxy skupina zasatiisnizuje hodnotu energig,.
Vodivé polymery obsahuijici tuto skupinu jsou v andppovaném staviasto transparentni.
Absorgini maxima 3-substituovanych polythiofejsou uvedené v tabulce 3.
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Tabulka 3  Absorpni maxima 3-substituovanych polythiafen

Substituent  Agps (Nm) Forma

—CHs 506 Film
—CHs 460 Film
—C4Hg 434 Roztok
—C4Hg? 426 —
—CsHa13 434 Roztok
—CeH13 504 Film
—CoHos 521 Film
—CoF13C3He 496 Film
—HO3SGH, 425 HO
—CgHs 564 Film
—OCH 480 Film
—Br 500 Film
a) —isobutyl

Efekty sterickych vliv jsou mnohem patisi u 3,4-disubstituovanych polythiofit”. Na
prvni pohled by se zdalo, Ze disubstituované thimfé monomery rizou slouzit jako idealni
stavebni prvky pro tvorbu regioregularniho polynieonrettzce. Dva alkylsubstituenty na
kazdém kruhu v3ak generuji velké mnozZstvi sterickgiterakci, které do ztaé miry snizuji

.....

mensi sterické interakce a mohou byt polymerizowamgirgjsich podmine®®.

8.1.5. Intermolekularni interakce

Vytvaieni supramolekularni architektury polyriermize byt dosazeno kontrolou
mikrostruktur makromolekul a jejich ukladani v piarsi. Regioregularita je prvni strukturalni
parametr, ktery se sleduje z&lem tvorby regularnino polymernikiettzce. Elektrooptické
vlastnosti polykonjugovanych systénsou ovlivréné hlav prostorovou agregaci molekul.
Prostorové usg@dani monomernich jednotek v substituovaném pafghii s objemnymi
substituenty mize zajistit uéité konformani rysy a co je @lezité,fidi stupé n-n konjugace
mezi sousednimi aromatickymi jadr$?>* Tyto vlivy zasads meni elektrické a optické
vlastnosti polymer. Konjugované polymery v pevné fazi vykazuji nikgidnoty Eq jako
v pfipact, kdyZz je umoz#na vzajemna interakce memetzci. Objemné vedlejStettzce
zarove brani intermolekularnim interakcim mezi hlavnietézci.

Existuji ¥ mozné zfisoby propojeni nesymetrickych 3-alkylthiofemezi polohami 2- a 5-
thiofenoveho jadra. Prvni z nich je 2,5' nebolMalgata (HT)73, druhy je 2,2' pojmenovany
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jako hlava-hlava (HHY4 a teti poZistava s propojeni poloh 5,5' s oZeiaim pata-pata (TT)
75 (Schéma 35.

Hlava - Pata Hlava - Hlava Pata -Pata
R R
S\ S/ \ S/ \
\ S W s W s
R R
73 74 75

Schéma 35

VSechny zmiované zfisoby vzdjemného propojeni aromatickych jader pagkprodukty
ve ffech moZnych regiochemickych propojenich, HH, HT B které vytvdéi smes étyr
chemicky odlidnych triad regioizomiér??>® U substituovanych polythiofénve kterych se
vyskytuje stericky nevyhodné HH propojeni, |ze pozat zn&nou ztratu konjugace. Jina
situace nastdva u regioregularnich HT poly(3-aliojni), které snadno dosahuji
nizkoenergetickou planarni konformaci, ktera zab&iziworbu polymei s vysokym stupfm
konjugace.

Pomociab initio metod byli studované energetické vlivy na prostéraispdadani vSech
moznych regioizomér PATs ¢tyti oligomerické triady}®*?>> Ze ziskanych vysledkie
plyne, Ze v usp@dani HT-HT je preferovan#anskoplanarni orientace thiofenovych jader.
Vyhodnost HT uspidani pro poly(3-alkylthiofeny) byla prokazéna iydtalografickym
studiem HT-HT oligomer 3-methylthiofend®®, pricemZ bylo zjidno, e torzni uhly HT
trimeru 3-methylthiofenu dosahuji hodnoty 7°-8°.

Zavedenim usgadani HH do systému dochézi k dramatick&menvypoctené konformace

s ohledem na destabilizujici efekt tohoto ddpani. Thiofenova jadra se nachazejians
konformaci, ale v tomto ffpads vykazuji fiblizng 40° odchylku od koplanarify’. Na
zaklad vypoiti provedenych v plynné fazi jerggmé, Ze jadra nemohou dosahnout
planarniho stavu. Déle bylo potvrzeno, Ze propdiidima destabilizujici efekt na konjugaci;
blokuje mezimolekulovy f&nos naboje¢ehoz vysledkem je nizSi elektricka vodivost nez
v pripad polythiofeni, které interakce HH neobsatfd]i

8.2. Intermolekularni agregace molekul

Schopnost molekul organizovat a agregovat se wgmosehrava zasadni rolii gformovani
optickych a elektronickych vlastnostikonjugovanych polymeér Vliv vedlejSichietzci a
celkovy chemicky a fyzikalni charakter molekukizpbuje, Ze molekuly se mohou ukladat do
energeticky nejvyhodijSich seskupeni a podlecitého klice vytvdet samoorganizované
struktury. Prostorové uspadani molekul ize byt ovliviované tiznymi typy molekularnich
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interakci, jako naifp: m-agregaci, vodikovymi vazbami, hydrofobnimi a poidr asociacemi
a v neposlednfadt van der Waalsovymi interakcen®grazek 9).

}
f. f f “. agregace polythiofeni

Obrazek 9 Samoorganizovana struktura regioregularniho poléSeylthiofenuy

U =n-konjugovanych polymér se n-n interakce povazuji za hybnou silu prostorového
uspdddani molekul. Samoorganizovana agregace konjugoharalkyl substituovanych
thiofeni je predmétem intenzivniho vyzkunfd®2%© McCullough a kof>>%**ve svych pracich
popisuje pozitivni efekt molekularniho seskupoveéegioregularnich polythiofénna jejich
elektrické a optické vlastnosti a poukazuje na Ze, regularita a prostorové uspdani
molekul vyznama prispiva k zlepSeni celkovych vlastnosithito material. Velké mnozstvi
publikaci bylo ¥novano vlivim rozdilnych substituefit na optoelektronické vlastnosti
konjugovanych polymdr a v gipad alkylovanych derivdt se prokazal minimalni efekt
ovlivnéni zasadnich charakterovych vlastnosti polyiffér® V zavislosti od charakteru
vedlejSich substituetit dochazi k velkému mnozstvi vzajemnych mezimolekuité
interakci, které vedou k rozdilnym tym molekularnich agregaddprazek 10).

Obrazek 10 Dve rozdilné moznosti orientace polyalkylthiofenu @gtotu. a - orientace
s rovinou, b — mimorovinna orientace
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8.3. Kontrolovany navrh tekonjugovanych polymeni v praxi

Fotoluminiscenni vlastnosti a dynamika excitovanych sitabyla studovana natznych
oligomerickych a polymerickych thiofenovych maté@f®>?’ Pomocitaso¥ rozlisené
fluorescekini spektroskopie byli studovarfralkylované oligothiofeny, které obsahuji 4, 8,
12 a 16 thiofenovych jad@P. Na rozdil od absotmich spekter, fluoresceéni emisni spektra
téchto slotenin vykazuji vibrani strukturu, ktera je Zfgobena rigiditou polymernih@tzce

v S stavu, ve kterém chinoidni elektronova struktuéi molekulu po excitaci k planarizaci.
Dusledkem toho nedochazi k modrému posunu emisnickximmgako v gipac
nesubstituovanych oligotiofén

Studie vlivu délky alkylovéheetézce u polyalkylthiofef jako aktivnich materiél prokazala,
e velikost boniho alkylsubstituentu nema zasadny vliv na ef@ktiv ED diod™®®. Bylo
prokazano, ze ifdavek komplexu ruthenia(ll) nebo europia(ll) dachto typn polymef
zlepsi vlastnosti LEB®.

Zkoumani vlivi mezimolekulovych interakci na absorpci a emisijkigavanych oligomer a
polymefi bylo predmétem rhznych teoretickych studii, které podtrhuji mohutniéaSeni
luminiscence pro vysoce symetrické komplexy s loatinezimolekulovou vzdalenosti
VétSina konjugovanych polymér které se vyuzivaji na vyrobu LED, jsou v podstpt
dopovanégr-piresycené polymery, které maji mnohe#tSv schopnost transportovat diry, nez
elektrony’?>. Toto je problém nesymetrickéhoieposu naboje a redstavuje prom-
konjugované polymery jedno z hlavnich omezeni efitktelektroluminiscence LED.

Hledani novych elektron-transportnich matdriglamorfnim charakterem, které jsou schopny
zlepSit chovani transportnich protegedlo k syntéze sl@enin 76 s 5,5'-bis(dimesitylboryl)
skupinami, které jsou situované na koncich birthiefeni®’® (Schéma 3.

/\s;‘

BSn\/B

n=12

76
Schéma 36

9. Pivod konjugovanych mistki

Typ monomerni jednotky, kter4 slouzi jako zakladwtévebni blok v konjugovaném

Mrivriw s

vlastnosti chromoforu tim, Ze oviivje =-elektronovou delokalizaci. Fragmenty
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konjugovaného igmoséni maji zasadni vliv na kontrolu celkovych viastiasaterial a na
vhodnost jejich specifickych aplikaci.

V problematice vodivych polymér byly vyzkumné aktivity zagieny na elektrickou
vodivost a dopovanit-konjugovanych polymér U tchto tymi molekul plati, Ze $ka
zakazaného padg, klesa linears, jako funkce ndrstu chinoidniho charakteru polymerniho
fetézce.

Z ¢asto pouzivanych vodivych polyniema polythiofen v obou konfiguracich (aromatické i
chinoidni) mensi hodnott (ve srovnani s PPP nebo PPy) o énéez 1 eV. Krom toho se u
PT podaila snizit hodnotd, ténet k nule.

Na zaklad téchto vysledk je Zejmé, Ze v aromatickych konjugovanych polymerechi ne
poklesEy funkci poklesu stdani délky vazeb znamé z polyacetylénového typusehin, ale
spiSe jako funkce n@&sti chinoidniho charakteru polymernihiettzce. Mimo to se
aromaticky systém povaZuje za mozny fragmeimwseéni. PT se diky jejich iiznivym
vlastnostem staly jedmi z nejlepSich materi@l pro navrh novych polymérs nizkou
hodnotou zakézaného pa&u

| kdyZz wtSina organickych chromofor které se vyuzivaji pro NLO aplikace a obsahuji
mustky tvaené aromatickymicasti (benzen, heterocyklus), neposkytuji tak velEO
odezvy jako nearomatickéustky nap. polyény a kumulény, coz také plyne i z mnozstvi
teoretickych i experimentélnich praci?”

Polyény ¢asto pouzivané jakar-konjugované jednotky v NLO materialechredstavuiji
nejefektivrijsi zpisob Fenosu naboje mezi donornimi a akceptornimi skupiffafi® Na
zakladk teoretickych vypéti se gedpoklada, Ze donor-akceptorni polyét#jsou podstath
vice efektivni pro NLO systémy neZ odpovidajici raatické polyeny79°®*%*2 Donor-
akceptorni polyeny8 a 79 maji naboj lokalizovany na koncich skupin, kdesjabilizovan
energeticky vyhod$jsi acetylenickou formou, nebo je stabilizovan emaatickémr-systému
(Schéma 37.

(Me)2N~<:>*N02 (Me)zN‘%’NOZ (Me)zN@N02
n n n

77 78 79

Schéma 37

U polyenu77 Ize pozorovat mnohem efektijgi delokalizaci naboje, #igobenou slozenim

neutraini i nabité formy z podobnychr-systénti stidajicich se izoenergetickych
jednoduchych a dvojnych vazeb. Toize byt také vysstlenim lepSich NLO vlastnosti
polyen 77.

Predesl4 fakta nazfaji, Ze inkorporaci benzenového kruhu do donor+akweiho polyenu
dochazi k omezeni hyperpolarizabilityfidhy téchto omezeni sgidvaji v delokalizani
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energii benzenového jadra. Na eliminaci nezadoualji je mozZno vyuZit misto
homocyklickych kruli jako chromoforickych riistki snadwji delokalizovatelné §ti-
&lankové heteroaromatické kruhy a tak docilit zlep®¢.O vlastnosti materiaf>*2®’

Rao a kol. provedli studie¢kolika skupin donor-akceptornich st@nin, ve kterych byl
benzenové jadro nahrazeno heterocyklickoudgninou s jednim heteroatomem (X, Y — S,
O, NH, 80-83, nebo d¢ma heteroatomi (X — S, O, NH84, 85 jako konjugovanym
mistkent® (Schéma 38)

HoN I\ [\
Noz HzN/Q_\\—@Noz N>y N\ "
81

H>

82

80
/\ R I\
N/lf;lL_Nk__iiijeroz HoN N \ Y. NO, HZN/JC;\ \ H NO,
\_/ H \ \ /
83 84 85

Schéma 38

Na zaklad teoretickych vypétu bylo pozorovano, Ze jednozim&|Si vysledky poskytuji
molekuly obsahujici dva heteroaton84,85). Substituce benzenového jadra elektrondonorni
NH, skupinou v pipact 80 zpisobuje zlepSeni vlastnosti, které klesajae: pyrrol > furan

> thiofen pro mono-heteroaromatické kru8¥ a imidazol > oxazo > thiazol pro kruhy s
dvéma heteroatom§5. V sérii molekul se dsma thiofenovymi jadry v systému Ize pozorovat
zvySenou NLO aktivitu druhéhsadu ve srovnani se systémem obsahujici pouze jednu
thiofenenovou jednotku.

Pozorované trendy molekularnich charakteristik bplydpdené analyzou delokalizai
energie a elektronovym charakterem aromatickychésys Energetické bariery #igobené
konjuganim mistkem vyznamé& ovliviiuji schopnost tvit vazby mezi donornimi a
akceptornimi substituenty. NiZSi energeticka baremomatické delokalizace byela prispst

ke zvySeni prvni hyperpolarizability s clankové heteroaromaty; thiofen (121.4 kJ Mol
pyrrol (87.9 kJ mot) a furan (67.0 kJ md) vykazuji nizsi delokalizai energii jako benzen
(150.7 kJ mot)?®°. Predpoklada se, Ze budou indukovatiemos néboje efektivji nez
benzen.

Elektronova hustota jadrateclankovych heterocyki klesa viadk pyrrol > furan > thiofen.
Deficit elektrori u heterocyki se d¥ma heteroatomy klesa rack thiazol > oxazol >
imidazol*?. V pripads, Ze dojde k poklesu elektronové hustoty heteragygbklesne donorni
schopnost aminoskupiny a zardvevzroste elektronakceptorni vliv heterocyklu
k aminoskupig mezomernim efektem. Podabpii poklesu elektronové hustoty heterodykl
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a sogasném pisobeni elektronovych efekvazané nitroskupiny dochazi ke snizeni celkové
elektrondonorni schopnosti heterodykl

U pyrrolu jako u elektrona¥ nejbohatSiho &i-¢lankového heterocyklu je zvySena donorni
schopnost aminoskupiny 81 vysledkem zvySenéhorgnosu naboje. U monoheteroaykl
obsahuijicich dva heteroatomy je elektrondeficitrdrakter zfisoben -C=N- vazbou. Thiazol
vystupuje jako nejvice elektrondeficitni heteroaykla v kombinaci s nitroskupinou vyr&zn
zvySuje elektronakceptorni efekB4 a snizuje elektrondonorni efekt aminoskupir8bv
Koneiné teoretické studie Raoa a kol. vedly k &&v Ze elektronova hustota dominuje v
fidicim mechanizmu elektronovych efékitisobicich pes heterocyklus (ktery zde vystupuje
jako dophkovy donor elektrod v miastku) na elektronické a nelinearni vlastnosti dhahé
raduf®,

Lze konstatovat, Ze sdasnym zavedenim silného elektrondonoru do systémysskou
elektronovou hustotou (pyrrol, furan, nebo thiofengilného elektronakceptoru do elektron
deficitniho systému jako pyrazin nebo tetrazinziskaji chromofory s enormnim vlivem na
NLO vlastnosti. Jeiejmé, Ze elektronova hustota jéle¥itym kriteriem pro tvorbu novych
chromofoi se zvySenymi nelinearnimi vliastnostmi druhéduwtu.

9.1. Délka vazby jako strukturni parametr predikce vlastnosti materiah

Marder a kol. pedpokladal, Ze optim&lgsi NLO vlastnosti uitého molekularniho
chromoforu mohou byt dosazeny deformaci konjugohanéiistku stabilni polyenické
struktury (jako nap 86) prescast&né iontovou plré delokalizovanou struktur@?, ktera vede
87> 2°12%(Schéma 39. Deformace Ize
dosahnout vhodnym vybem donornich a akceptornich substitdemipolaritou rozpoustlla.

ke vzniku struktury se separovanym nabojé

Je Zejmeé, Ze charakter rozpo&dla ma dlezity vliv na strukturu a tim i na elektronické
vlastnosti organickych material s prodlouZenoun-konjugact®®?%° Vseobecs uZivana
kvantifikace &chto cju vyuziva efektu stdani délek vazeb (BLA), ktery je definovan jako
pramérny rozdil délky sousedicich vazeb v konjugované&tcenebo jako — prmeér
systematicky stdanychn-vazeb (BOA). Misledkem rozsahléhoiglani délek vazeb dochazi
k podstatnym zrmam v linearnich i nelinearnich vlastnostech makeri

P N A A - /\/\/\/A
N T b B AN AN A A D7 N N
86 87 88

Narst vlivu Donor/Akceptor, Polarita rozpoustédla

v

Schéma 39
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10. NELINEARNI OPTIKA

Pricinou nelinearnich optickych vlastnosti jsou inte@kmoty s optickym polemfigkterych
dochazi k polarizmim odezvam nelinearniho 8m. Nelinearni optické jevy se stavaji
piedmétem z4jmu v fipadt, Ze materidl je schopen emitovatty velkych intenzit. Jako
piiklad nelinearnich optickych vlastnosti materidze uvést schopnost materialuémit
frekvenci a intenzitu sila, nebo minit prestup s¥tla pres médium. VSechny tyto nelinearni
vlastnosti byly vyuZity fi konstrukci fiznych zaizeni, jako nap optickych spin&i®®,

frekvertnich pansti optickych dat’?3% nebo v dvoufotonové fluoresasri mikroskopit®>
306

Linearni
Energie material
uvolnéna /

NLO material

»
»

Energie dodana

Graf 1 Schematicky diagram znazaiici energetické rozdily v linearnich a neline@mi
optickych materialech

V pripact, Ze se materidl exponuje optickym polem (jakoinagetelnym z&enim) utité
frekvence, dochazi v materialu k oscilaci elekirom definované odezv U linearnich
absorgnich proces jsou tyto oscilace harmonické s dopadajicindtlesn a absorbovana
energie nmMZe byt re-emitovana v podébsekundarniho stla o stejné frekvenci. U
nelinearnich procésse ale vyskytuji neharmonické oscilace elekirarre-emitované stlo
muze mit rozdilnou frekvenci a amplitudu oproti dogdcimu s¥tlu.

V oblasti nelinearni optiky dominovalygdevsim anorganické materidly jako lithium niobat
(LINbOs), ktery byl vyuzivan v aplikacich elektrooptickéodulacé®’. Ackoli se pouZiti
anorganickych materi@lv nelinearni optice mohlo zdat vyhodnym, nena$tp tmaterialy
SirSi vyuZziti z divodu velmi slozité fipravy vyhovujicich krystél vysoké kvality a jejich
inkorporace do elektronickych stastek. DalSim z nedostétkanorganickych materiélje
jejich relativreé pomal& odezva na optickou prému, coZ lze vysétlit tim, Ze anorganicky
materidl obsahuje iontové nebo kovalentni vazbyteai tak celistvy blok. Takovy material
Ize povaZzovat za jednu velkou molekulu, ve kteréujslektrony méh piistupné nez
v molekuldch organickych. Anorganické krystaly vy odezvu na externiho elektrické
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pole tvaené pohybujicimi se kationty a anionty, coz vedepsi lokalizaci separovaného
naboje. V tomto fipad je ¢as odezvy limitovan $kalou vibrd®

V organickych materialech jsou elektrony vidésfupné k interakci se &¥em, z¢eho plyne
narist NLO-efekti, které poskytuji mohu#jsi a rychlejSi odezvy. Zmované vyhody spolu
S moznosti neomezeného planovani struktur orgaciickyolekul stavi tyto materialy na Spici
v oblasti zajmu a aplikacéimz pedi i anorganické materialy. Jedna se htawenorganické
struktury s rozséhle delokalizovanymsystémem. Je zndmo, zeelektrony jsou mnohem
vice citlivé na fisobeni externiho optického poleai mterakci jsou porérné slak® poutany
k jadru a tak umatuji n-delokalizaci po celé délaetzce a vyvolavaji tak velkou a rychlou
polarizaci®® =

Odezva média na indukované elektrické polet{ey je vyjadena pojmem polarizace. Tato

zavislost je na molekularni Grovni popsana rovaici
.0
Pi = Wi + oy + BikEjEx + i EEKE )

kde p; predstavuje molarni polarizaci,’pje permanentni dipélovy moment molekuly ve
smeru i, a;j je linearni polarizabilita odp@dna za efekty jako jsou: odrazée a refrakce.
Bii je druh& hyperpolarizabilitajgq je teti hyperpolarizabilitak;, Ex a E; jsou slozky externi
elektricka pole v rovinach k al.

10.1. Druha a tireti hyperpolarizabilita

Efekty druhé hyperpolarizability asociuji s tenzuar@ v rovnici 2. K tomu aby molekula byla
schopna vykazovat efekty druhéf@mu, néla by obsahovat delokalizovamysystém schopny
odezvy na vi§Si elektrické pole s asymetrickym rozloZzenim ealehi. Ve dvousloZzkovém
(dvojdimenzionalnim) modelu je druhd hyperpolarik@b umérna zméné dipoloveho
momentu, tj. rozdilu energii mezi zakladnim a ex@nym stavem a intengiprechodu do
excitovaného stavtr.

Jak se ukazalo, prév asymetrie sehrava Ekbvou roli @i odezvach u druhé
hyperpolarizability. Ve skutmosti dochazi k zaniku vSech efektstejného radu
v centrosymetrickych systéméch To je také dvod, pr& se pozornost vyzkumnych tym
soustedila na navrh struktur afipravu molekul, které by disponovaéiniito vlastnostmi a
dosahovali by vysoké hodnofy*>3'

Optickou nelinearitu u organickych molekul je moastwec ovliviiovat donor-akceptornim
pristupem. V pipac€, Ze molekula obsahuje silnou elektrondonorni (ED@)
elektronakceptorni (EWG) skupin@irazek 11), zvySuje se fenos naboje, coz je prvni ze
ziskanych pispivkia. Druhym je prodlouzeni konjugai délky vzajemnym propojenim
donor-akceptornich skupin.
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Konjugovany miistek — EDG

Obrazek 11

Tyto struktury se vyzraji nesymetrickym rozloZzenim elektronové hustotyg? zasadé
ovliviiuje NLO odezvy. Excitace je doprovazerfammpsem naboje z donorniho konce systému
na konec akceptorni prastnictvim konjugovaného imstku, ktery ovliwiuje silovou
konstantu oscilatoru a v kotreém disledku absofni koeficientem. Proto je pro dosazeni co
nejlepSich NLO vlastnosti materialporebné dlat selekci jak i pouziti donornich a
akceptornich substituanttak i ve vylgra struktury vhodného fstku. Mistek miZze byt
tvoren konjugovanymi dvojnymi nebo trojnymi vazbamien& se mohou kombinovat
s aromatickymi nebo heteroaromatickymi kruhy.

Jako piklad Ize uvést alkenové imtky, které ve #Sin¢ pripadi mnohem efektivgi
zprostedkuji gemosEni molekul nez rastky alkynové z dvodu vysSiho stugnvnitini
konjugace ethylenového fgmoséni u =n-konjugovanych systéim Prikladem druhé
hyperpolarizability nize byt generace druhé harmonické slozky a elekticgpefekt.

NLO efekty tetihofadu jsou reprezentovany prietnictvim tenzory. | tady Ize uvazovat o
vzajemném vztahu mezi elektronovou strukturou argeai molekuly, obzvIas dulezita je
délkarn-konjugovaného systému. Relaxace geometrie a vidikearnich excitaci je mnohem
pomalejSi jako v fipadt zmen v n-elektronovém rozloZeni. Posurelektronové hustoty ma
za nasledek velké a rychlé gny polarizability vr-elektronovych siticif®

NLO efekty tetiho fadu reprezentuji i¢ti harmonickd generat® (generace sila

s trojnasobni frekvenci), nelinearni absorpce, dvdotonova absorpé&® a reverzni
saturovana absorpté=?

10.2. Efekt centra symetrie

Zatim co vSechny organické materialy vykazuji NL@stnosti tetihofadu, druhytad NLO
ma omezeni tykajici se symetrie molekuly (aproxienatektrickych dipal). Jedna se o
zasadni pozadavek kladeny na strukturu materiaébippe jenom molekuly, které neobsahuji
centrum symetrie, vykazuji NLO vlastnosti druhékédu (pro dosazeni nenulové
makroskopické susceptibiliif 32>

Pozadavky symetrie, nato aby byl material schopd@zovat NLO vlastnosti druhéhiadu
jsou snadno pochopitelné z faktu, Ze kdyz matesti@dahuje centrum inverze, druligd
(NLO) indukuje polarizaci progtdnictvim dvou elektrickych poli. Tato poldégobi proti
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sok® stejré velkou intenzitou v opaém smdru, cehoz vysledkem je ekvivalentni amplituda
opané faze, vyjatena dle rovnice 3.

(P(-E) =-P(B)) 3)
A podminka je zapsana dle rovnice 4:
p(E) =XPEE = PE) = XPee—XPEE = XPee—~x@= 0 (4)

Nepritomnost center symetrie (coZz by n#m byt spojovano s anizotropii, protoze NLO
materidly, které jsou opticky anizotropni, mohout lbycentrosymetrické) je nezbytnou
podminkou pro NLO materialy druhélié@du. To samé plati i na molekulové arovni, kde je
material tvden chromofory vykazujicimi NLO vlastnosti druhélmu jenom v fipac, kdy

je naruSena centrosymetrie. Na dosazeni co najlepiiO efekii druhéhaoradu je nezbytné
eliminovat chromofory obsahujici centrum symetrie.

Centrosymetrie se stala pro NLO materialy druh&éau natolik dlezitd, Ze snaha o jeji
eliminaci byla pedmstem mnohych teoretickych prati V&tsina materidl pati do kategorie
centrosymetrickych, tak jako i ¢t8ina organickych latek krystalizuje peavdo
centrosymetrickych krystalovychid. U kapalin a plyf,, dochazi k centrosymetrickému
uspdadani nahodnym pohybegastic. Necentrosymetrické donor-akceptorni moleksgy
mohou orientovat takovym #pobem, Ze bude dochazet k ori€énfasymetrii, coZz mze vést
ke sniZzeni NLO odezvy. To je takéwdd, pra@ je potebné zabezgé orientaci dipol do
jednoho snaru.

Pristupi pro eliminaci nezadoucich jevuripNLO vlastnostech druhéh#adu spojenych
s centry symetrie je&kolik. Jednim z népsgji pouzivanych je inkorporace chromofiodo
anorganické, nebo organické polymerni matrice pampolovani elektrickym poleme(ectric
field poling EFP)***3% Proces se uskutéuje tak, Ze v prvni fazi se polymer #aje na
teplotu blizkou teplat skelného fechodu [y) a v dalSi fazi nasleduje aplikace elektrického
pole, ¢im se dosahne optimalni ugpdani chromofdr kovalent propojenych s polymerni
matricf?°. Kovalentni inkorporace se dosahne zabudovaninadmé&nych chromoférve
formé monomeit pii polymeriza&ni reakci, nebo propojenim chromaigpomoci funknich
skupin navazanych na polymernietzci. Chromofory se timto figobem stavaji séasti
polymerniho vedlejSihtetézce, avSak musi byt schopni&konat naréné reakni podminky
polymeriz&nich reakci. Po ochlazeni polymeru pod tepldgudojde k fixaci struktury,
piicemz plati, Ze vysledna elektricka susceptibilitarthétho fadu zavisi na nelinearni
polarizabili®¢ druhéharddu chromofar a jejich schopnosti vzdjemného usjmténi. Efektivita
procesu EFP, ktery se snaZi eliminovat centrosymétfji zavisi také na hustot
inkorporovanych chromofér do polymeru. Cilem je ziskat vysoky stiipaspdadani a
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schopnost fixace tohoto usiolani pro dlouh&asoveé Useky (v jednotkach let), peplotach
> 80°C. Z &chto divodi je pi vybéru vhodnych chromofdr nezbytné fihlizet nejenom na
velkou odezvu nelineérni polarizability druhéik@du ale i na jejich termickou stabilitu
mnohdy pesahujici 200°C.
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11. ZAV ER

Konjugované polymery edstavuji novou skupinu polov@di které se od konveénich
polovodiu na bazi anorganickych matefiadliSuji predevsim vybornou manipulovatelnosti,
coz z nich dla materialy budoucnosti, pouzitelné tznych aplikacich, jako napswtlio
emitujicich diodach, tranzistorech (thin film), &alich ¢lancich, senzorech, plastickych
laserech nebo v nelinearnich optickych systémech.

V disert&ni praci jsme se za#ili na piipravu monomer a polymet na bazi thiofenu
s cilem objasnit jeden z nejzakl&@ich fenomén téchto materiél, kterym je vzgjemny
vztah mezi strukturou a vyslednymi vlastnostifpavenych materiél

Byla pripravena nova série kopolyntéena bazi 3-dodecylthiofenu a pyrazinovych monamer
pomoci oxidativni polymerizace (TTP a DPTA) s clidem Zelezitym. Na ifjpravu 3-
dodecylthiofenu, byl pouZit Kumé&ed kaplink. Nové kopolymery byly charakterizované
pomoci UV-VIS, FT-IR*H-NMR, **C-NMR a EPR spekter. Vysledné kopolymery jsou diky
piitomnosti alkylovéhdetzce na thiofenovem jé&e dolfe rozpustné vdznych organickych
rozpoustdlech (chloroform, DCM, THF a toluen). Bylo zjigb, Ze optické vlastnosti
kopolymei zavisi od vzajemného molarniho pmn monomett pouzitych v reakci. VysSi
obsah TTP vytvd podminky pro vznik polymeru s Uzkym zakazanymepésjehoz konec
absorpce je 900 nm (1.38 eV).

Z pohledu chemické optimalizace byl vyvinut snaday efektivni proces vyuZivajici
Kumadova kaplinku naifpravu fiznych 3-alkylthiofed a thiofenovych oligomér Metoda
je realizovatelna i v multikilogramovém difitku s moznosti f@chodu do poloprovozni
produkce.

DalSi oblasti zajmu byla syntéza a studium materidkazujicich nelinearni optické
vlastnosti. Vyzkum naginych organickych NLO materi@l pro riznorodé aplikace je
multidisciplinarni zalezitost, ktera zahrnuje tdoneé studie podporované experimentem.

V praci jsme se za#ili na pyrazinové derivaty thiofenu ve kterych déeh ke stidani
donornich a akceptornich jednotek a krozdilnémiempséni mezi jednotlivymi
subjednotkami. Uéchto typi monomei jsme gedpokladali velké hodnoty ay koeficient..
Vénovali jsme se systematickému studiech skupin oligothiofenu obsahujicich pyrazinovy
mustek. Konformani analyza a vypget absorpnich spekter vSech stabilnich konforinéryl
uskuté&nén pomoci kvanto¥ chemickych metod. Teoretické Udaje pr&Sinu stabilnich

konformeii predpokladaly existenci péss nejdelsi vinovou délkoufipadajici nan-n*
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piechody delokalizovanych molekulovych orbitalpti 354-389 nm. Vliv variability
piemosEni u monomar na elektronické linearni a NLO vlastnosti byl zktan pouZitim
vari&ni TDHF metody. Na zakladexperimentalé ziskanych profii optickych spekter
muzeme konstatovat, Ze byly v dobré sthechavrhovanymi modelovymi strukturami.
Vysledky spektralnych gieni no¥ syntetizovanych slaenin jednoznéné prokazuji, ze
kondenzaci Sestenného aromatického kruhu s molekulou pyrazinuhdat ke zlepSeni
optickych vlastnosti (kvantovy Wi#ek, doba Zivota) systé@ms postrannimi thiofenovymi
kruhy a mohly by tedy slouzit kifpraw elektrooptickych materiél

Na semiempirické kvang@v chemické urovni byly vyptieny rovnovazné geometrie,
elektronové distribuce a elektronova absgafp spektra pro série ipmosénych a
nepgemosénych oligotioferi v planérniall-trans konformaci. Pedpokladané hodnotymax a
silové konstanty jsou v dobré shiod experimentalnimi Gdaji. Vliv variability @stku na
elektronova spektra a NLO vlastnosti byl studovampci TDHF metody a konfrontovan
S Udaji publikovanymi pro nesubstituované oligotbiy. Je pravépodobné, Ze hydrazinovy
mustek mirg snizuje NLO hodnoty a tak tlumi efekt externihdepaa tyto nistky.

Z pohledu syntetického bylafipravena originalni série sléenin s hydrazinovym bstkem
spojujicim chromofory §iclenné aromatické kruhy, kdyz az doposud byipiaveny s timto
mustkem pouze Segtenné heteroaromatické cykly. Studované molekulyhooobyt vyuzité
pro cyklizani reakce hydrazinovych tmtki, které poskytnou heteroaromatickéistky.
Z pohledu technologie maternialjsme ziskali sloteniny s lepSi termickou stabilitou a
rozpustnosti nez samotné oligothiofeny.

Lze konstatovat, Ze tento typigmosEnych bis-thienyk miZe reprezentovat novy $m
materidlového vyzkumu v optoelektronice. Lzegpokladat, Ze dalSi chemick&d modifikace
téchto slodenin mizZe jest zlepsit jejich chemické a optickeé vlastnosti.

Byla studovana i spektralni charakteristika thiofejth derivai premosénych pyrazinem a
také terthiofenovych chromofibr obsahujicich elektronakceptorni kyano nebo hydrazo
skupiny. Absorpce, fluorescence a doby zivota logyeny v roztoku (methanol, cyklohexan)
a v polymerni matrici (PS, PMMA a PVC). Derivaty de&&ma thiofenovymi jednotkami
substituované na pyrazinu vykazovali nizSi ¥lygasi v oblasti 380—390 nm a leg~ 4.0.

V préaci je dale popsana absorpce, emise a dob#aZilwou thiofenovych kruhpropojenych
s heterocyklickym pyrazinovym kruhem. Cilem tétadé® bylo navrhnout strukturni jednotky
na bazi thiofenu s nastajicim vytzkem radi@niho rozpadu (kvantovy Wiek emise) a
prodlouzit doby Zivota v polymernich matricich praplikani &ely jako OLED,

termochromismus nebo solvatochromismus.
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Spektralni data zkoumanych deratikazuji, Ze spojeni thiofenu pyrazinovym kruhem
poskytuji jak naist, tak i pokles fluorescence v zavislosti na dgtiek heterocyklické
jednotky. Prodlouzeni elektronového systému tefgiio vhodnym substituentem ma za
nasledek zlepSeni spektralnich vlastnosti. Dopovécetito derivat v polymerni matrici
neposkytuje ziénu vzhledu zakladnich spekter ve srovnani s romioke

Byl syntetizovan novy typ alternujiciho regularnikopolymeru 2,2"5',2"-terthiofen-5,5'-
dikarboxylové kyseliny (TDCA) s polyethylenoxidenPEO). Kopolymer je rozpustny
v DMSO a DMF. Pouzitim TEM bylo gené, Ze dsledkem rozdilnych chemickych struktur
polymernich subjednotek jsou temy separované faze v pevném stavu na sub-nana@etro
hladire. Na zaklad XRD a DSC mgfeni miZzemeftict, Zze takové chovani kopolymeru
zpasobuje pitomnost dvou separovanych fazi s rozdilnymi ch&ymg strukturami. Jedna,
ktera je usptadana z terthiofenovych segmina druha z neuspédanychiettzca PEO. Na
obrazku #** je snimek kopolymérniho filmu ziskany pomoci TEMstry snimek, rize
znazotiovat gitomnost terthiofenovych chromofgrkteré obsahuji atomy siry (tmavé linie
na obrazku). Z obrazku je také patrné, Ze film aradlarni strukturu (#{a mezi tmavymi
liniemi je 0,6-0,8 nm). Na zakladtohoto pozorovani se iheme domnivat, Ze¢é¢hem
odpaovani DMF, dochazi ke vzniku separovanych regiamzdilnych slozek. Tato
domrenka plyne také z komplikované DSGiuky. Film takovéto struktury tive hledat
uplatreéni v konstrukci novych optoelektronickych séstek s vysokym rozliSenim na zéklad
vodivych polymed.

S cilem roz&it studii thieno[3,4b]pyrazinovych derivat byla uskuténénd syntéza
aromatickych thieno[3,#}pyrazinovych monomér ze kterych byly naslednpiipraveny
kopolymery 3-dodecylthiofenusgchéma 40.

Ar, Ar
Ar, Ar
Br *Br ) < C12Has 7N\
Ar A BriHsN NH3"Br 1. NayCO, — FeCly N N Coabos
Tt T 2 NDON L Y ==,
o0 0 2. EtOH s CHCl, I\
S 7\ S s
S n
' I m
| 1 : 1
Ar mol : 3
la lla MMa @
B
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H
lec e me {3
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Id lid md )
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Schéma 40
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Cilem bylo zjistit vliv rozdilnych aromatickych segnti a vliv obsahu elektronakceptorni
slozky (3-dodecylthiofen) na elektrické a optoelekické vlastnosti syntetizovanych
kopolymeii. Byla piipravena série kopolymierkde byl nastavovan vzajemny molarni gom
pouzitych monomeéi. Z kazdého thieno[3,8}pyrazinového monomeru bylytipraveny dva
typy kopolymeti v molarnich porérech thieno[3,M]pyrazin : 3-dodecylthiofen 1:1 a 1:3.
Celkow bylo pipraveno 5 monomér (4 thieno[3,4bjpyrazinovych a 3-dodecylthio-
fenovych) a 8 novych thieno[3l}pyrazinovych kopolymetr, jejichz studium stale
pokraiuje. Ziskané vysledky studigchto kopolymeit budou podkladem pro rukopis prace v
renomovanéngasopise.

Byla uskuténénd syntéza novych "Redicovych" (star-shaped) mononiem ziskané
vysledky byly prezentovany v letech 2008/2009 naudzahraninich konferencich. V centru
pozornosti poslednich deseti let stojeldicové monomery zejména v svému 3D tvaru.
Ve srovnani s linearnimi analogy maji¢hdicové monomery procesni vyhody spojené s
jejich kompaktnim tvarefi®. Budovani super- strukturovanych molekul (makraskal) je

v problematice konjugovanych polyniepopularni oblast, kili zajmu o nové vlastnosti
téchto makrostruktdf®3*°

Pro syntézu hszdicovych thiofenovych monomierjsme vyuZzili fizré substituovanych
thiofeni, které v poloze 2 obsahovaly karbonylovou skupifiakto substituovany thiofen

v piitomnosti chloridu kemiitého podstupuje trimerizai reakci Schéma 4

Br 1.CpHyMgBr Y, X
2/ \S Ni(dppp)Cl, ]\
z

S 2.acetylace S

Br.

(e}
X,Y =CyoHps
Z=H SiCly
X
Y, X

X,Y =Br, H
Z =H,Cl, Br, CHg

Schéma 41
Vysledkem je snadna synteticka cesta pfipravu novych 1,3,5-tris(oligothienyl)benZgn

které mohou slouzit jako stavebni bloky Kigraw novych materidl vyuZitelnych

v optoelektronice a vykazujicich supramolekulatnilduru v pevném stavu.
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Abstract

By applying the method of chemical oxidative polymerization with FeCl; the copolymer of 2,3-bis-tridecylthieno[3,4-b]-pyrazine
(TTP) and 3-dodecylthiophene (DDT) was synthesized. The copolymer was characterized by the UV-VIS, FT-IR, 'H-NMR, "*C-NMR
and EPR spectroscopy. The product is soluble in a common organic solvent (chloroform, dichloroethane, tetrahydrofurane, and toluene).
The copolymer with a higher TTP content exhibits the properties of the low-band-gap polymers with an absorption edge above 900 nm

(1.38 eV). © 1999 Elsevier Science S.A. All rights reserved.

Keywords: 2,3-Bis-tridecylthieno[3,4-b]-pyrazine; 3-Dodecylthiophene; Iron trichloride

1. Introduction

Alkylated polythiophenes were synthesized to achieve a
good solubility of the conjugated polymer in organic sol-
vents, the physico-chemical properties of which can be
changed by p- or n-doping [1]. In recent years, the re-
searchers effort has been aimed at the synthesis of low-
band-gap conductive polymers to reduce the band gap [2].
At the same time, the most convenient structures of
monomers giving rise to easily processable and dissoluble
polymers are searched for. In this work, the synthesis of
the copolymer of 3-dodecylthiophene (DDT) and 2,3-di(1-
tridecyl)thieno[3,4-b Jpyrazine (TTP), which produces dis-
soluble copolymers in common organic solvents due to
long alkyl chains after the chemical polymerization with
FeCly, is presented.

2. Experimental
The copolymerization of TTP and DDT was carried out

according to the following procedure: 12.3 mmol of the

* Corresponding author. Tel.: +42-732-69-21; Fax: +42-749-31-98

non-aqueous FeCl,, into which the TTP and DDT mixture
in 24 ml chloroform (the molar ratio of TTP:DDT = 1:1 or
1:3) was slowly dropwise added at room temperature, was
dissolved into 50 ml of freshly distilled and dried out
chloroform. The reaction was under way for 48 h at
constant stirring. After finishing the copolymerization the
reaction mixture was extracted four times in 30 ml of
water and then dedoped by adding 40 ml ammonia. Chlo-
roform portion was three times washed out by distilled
water and the copolymer precipitated into methanol. Pre-
cipitation from the chloroform solution was repeated three
times. The dedoped and cleaned out copolymer was fil-
tered off and dried out in the vacuum drier. The yield
represented 73%.

UV-VIS spectra in chloroform were measured using
M-40 apparatus (Zeiss, Germany) with the accuracy of
+0.03 nm. FT-IR spectra were measured in the KBr tables
on PU 9900 apparatus (Philips) with accuracy of +0.01
cm™'. 'H- and "C-NMR spectra were measured on spec-
trometer VXR-300 (Varian) in CDCI,. EPR spectra were
measured on ERS-230 apparatus (ZWG Akad. Wiss., Ger-
many) in the X-region at the microwave output of 5 mV
and modulation amplitude of 0.5 mT.

0379-6779,/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.
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For calculation of 'H- and "“C-NMR spectra the
ACD/NMR 1.0 programme (LABS) was used. The inter-
val of reliability of the chemical shift was 0.5 ppm.

3. Results and discussion

Fig. 1 (Table 1) indicates UV-VIS spectra of the TTP
and DDT synthesized copolymers in chloroform. Here, for
comparison, are illustrated also the spectra of TTP and
poly(3-dodecylthiophene) (PDDT), respectively. On com-
paring their course, one may see that the shape of absorp-
tion curves is dependent on the ratio of monomer partici-
pating in the reaction. As for the copolymer with the ratio
of TTP:DDT = 1:3 (CP-D), it is possible to observe that, in
contrast to the pure PDDT, the shift of the absorption
maximum leads towards higher energies and so does also
the left shoulder of the main absorption band in the same
direction. This absorption band belongs to the conjugated
system of polymer double bonds [1]. The fact that the
maximum of the absorption band and that of the left
shoulder shifts to higher energies suggests that the copoly-
merization causes diminishing of the effective conjugated
length along polymer chains during its wider distribution.
This is brought about by the incorporation of TTP into the
polymer chain of PDDT where the former increases, due to
the presence of two long alkyls in the positions 2 and 3,
the mutual repulsion with DDT alkyls and thereby also the
mutual rotation of monomeric units in the mixed oligomers.
The presence of the pyrazine monomer in the CP-I copoly-
mer was detectable by the absorption band having the
maximum at 320 nm; in the case of the CP-II copolymer
(obtained by the copolymerization of TTP:DDT = 1:1) this

Table 1

UV-VIS spectra of synthesized copolymers in chloroform
Substance Amayx [nm]

TTP 308,316

PDDT? 442

Cp-1° 436

CP-11°¢ 323 (shoulder)

*Pure PDDT.

bCopolymer obtained at the molar ratio of TTP:DDT = 1:3.
“Copolymer obtained at the molar ratio of TTP:DDT = 1:1.

band shifted to the value of 325 nm. The comparison with
the pure monomer of TTP showed that this absorption
band shifted towards the monomer in the bathochromic
direction in both synthesized copolymers. It follows that
the copolymerization reaction leads to the mutual linking
of TTP and DDT. Obviously, this effect is more pro-
nounced especially when a higher amount of TTP is used
in the reaction, which causes a decrease in the intensity of
the absorption band assigned to the conjugated PDDT
chains. On the other hand, one may observe an extended
absorption above 900 nm. This fact is characteristic of the
low-band-gap polymers based on the 2,3-R, R-thieno[3,4-
blpyrazine [3,4].

The results of the FT-IR spectra of synthesized copoly-
mers are shown together with the TTP and PDDT spectra
in Table 2. They reveal that synthesized CP-I and CP-II
copolymers differ from TTP monomer and PDDT polymer
spectra mainly in the shift of aromatic bands (aromatic
C—H stretching at ca. 3050 to 3120 cm™'; ring stretching
near 1520 to 1450 cm ™' and aromatic out-of-plane vibra-
tions at 750 to 830 cm™~'). By comparing the aromatic
C—-H stretching of vibrations on the aromatic thiophene

—_ W A

Absorbance [a.u.]

..,
\..

1
250

S L 1 L 1
400 500 600 700 800

A [nm]

Fig. 1. UV-VIS spectra in chloroform: (1) TTP, (2) PDDT, (3) CP-1, (4) CP-II.
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Table 2
Comparison of the IR absorption bands of synthesized copolymers [cm™']
Aromatics C-H Alifatics C-H Ring Methyl Aromatic C-H Methyl rock
(as) (s) out-of-plane
TTP 3090.26 2951.33 2922.53 2849.22 1516.24 1468.02 1371.56 794.77 723.40
PDDT 3057.56 2954.12 2922.53 2851.15 1510.45 1462.23 1373.49 823.71 719.54
CP-1 3088.43 2954.14 2922.53 2851.15 1508.53 1468.02 1373.49 825.64 721.47
3055.63 1462.23 794.77
CP-1I 2954.21 2954.46 2853.08 1514.31 1462.23 1373.49 835.28 719.54
760.05
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Fig. 2. 'H- and " C-NMR spectra of the CP-I copolymer in CDCl;.
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core of the TTP monomer and CP-I copolymer it is through conjugation. The same shift can be observed for
possible to see that the maximum of this band shifted to the aromatic C—H out-of-plane vibrations of the CP-II
lower energies, which suggests that the indicated monomer copolymer (760.05 cm™') vs. the TTP monomer (794.77

was linked to the next thiophene core (probably DDT) cm™ ).

Table 3
Calculated 'H- and *C-NMR spectra of TTP and its dimers and trimers with DDT

"H[ppm] Clppm]

H

RN
1 | <A H=8.11 C1=125.41
P He=8.11 C,=140.04
Ry” ONT3 X4 measured = 7.81 (singlet) C3=140.04
H

Cy=125.41

Hy=8.11 C1=124.67
He=7.67 C,=138.98

He=7.76 ©4=119.03
Hg=7.04 C,=139.14
Ho=7.76 C3=13333
Hip=7.04 C4=119.03
C5=139.02
Co=122.14
C7=144.23
Cg=119.92
Cg=139.02
Cro=122.14
C11=144.23
C1p=119.02

C12=120,60

C11=137.14
(HT-HH) C1a=120160

R, =C3Hyy Ry=CpHys.
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Fig. 3. EPR spectra of CP-I1 (1) and CP-II (2) copolymers in the solid phase.

"H-NMR and " C-NMR spectra of the CP-II copolymer
are illustrated in Fig. 2. Table 3 indicates calculated spec-
tra of the TTP monomer, of its two dimers with DDT
(H-T and H-H) and three configuration triades (HT—HT,
HH-HH, HT-HH). On the '"H-NMR spectrum it is possi-
ble to observe a wide signal in the region of 6.85 to 7.10
ppm as well as that in the region of 7.84 to 7.91 ppm, both
assigned to aromatic hydrogens. The aromatic hydrogen of
TTP displayed the signal (singlet) at 7.81 ppm. From the
"H-NMR spectra it follows that the copolymerization of
TTP and DDT gives rive to various configurational units,
which showed itself by the appearance of wide bands in
the spectrum, without the unambiguous identification of
their maxima. In the " C-NMR spectrum four main signals
at 115.86, 128.58 to 127.77, 139.85 to 140.05 and 153.19
ppm in the aromatic region (115 up to 155 ppm) were
identified. The measured signals of the "H-NMR and
PC-NMR spectra can be compared to the calculated ones
(Table 3). The comparison shows that a wide band in the
region of 7.84 to 7.91 ppm may be assigned to aromatic
terminal hydrogens of the variously structurized diades and
triades of TTP and DDT. By comparing the measured
PC-NMR spectrum and calculated spectra it is possible to
find out that aromatic carbons of the thiophene core occur
in the region from 119 to 155 ppm. The measured carbon
at 115.86 ppm can be ascribed either to the carbon on the
thiophene core of TTP (C, at HT-HT) or to the a-carbon
(HT diade and HT-HH triade). According to the simulated
spectra, the signal measured at 153.19 ppm belongs to the
terminal a-carbon in the HT-HH or HH-HH triades. The
results from the analysis of NMR spectra indicated that the
copolymerization of TTP and DDT induces, with all prob-
ability, a wider distribution of various configurational or-
derings, which can be confirmed also by the UV—VIS and
FT-IR spectra.

To verify the potential configurational distortions, the
EPR spectra of synthesized copolymers were measured.
Figs. 3 and 4 demonstrates the EPR spectrum of CP-I and
CP-II copolymers. Their shape suggests that the spectrum
of CP-I is composed of two signals: wide (A B,, =75 mT,
€=2.030+0.004) and narrow (AB, =05 mT, g=
2.0042 + 0.0006). The similar shape was found for the

~

2mT

Y

Fig. 4. EPR spectra of CP-I (1) and CP-1I (2) (narrow line).
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CP-II copolymer (wide signal AB,, =48 mT, g=2.010
+ 0.004 and narrow signal AB_, = 1.0 mT, g =2.0060 +
0.0008). The number of spins in the CP-I was 4.8 X 10%°
spins g~ ! according to the wide signal and 1.6 X 10"
spins g~ according to the narrow signal. In the CP-II
copolymer, the number of spins was 1.69 X 102! spins g~'
according to the wide signal and 2.47 X 105 spins g~!
according to the narrow signal. The shape of these signals
is similar to that measured for the pure PDDT with a high
amount of nonstereoregular distortions (HT:HH = 61:39%)
[5]. The narrow signal belongs to localized spins in the
shorter conjugated chain and the wide signal is assigned to
polarons which are in an intra- and /or inter-chain interac-
tion. The values of the number of spins were of the same
order as those measured in our previous works [5,6].

1

4. Conclusion

The method of oxidative polymerization with iron
trichloride was used for the synthesis of the copolymer of

DDT and TTP. The synthesized copolymer is easily pro-
cessable and dissoluble in common organic solvents (chlo-
roform, dichloromethane, tetrahydrofurane, and toluene). It
has been found that optical copolymer properties depend
on the ratio of monomers used in the reaction. The higher
content of TTP creates conditions for the production of the
low-band-gap polymer with an adsorption edge above 900
nm (1.38 eV). Synthesized copolymers have a high content
of spins which are in a mutual interaction.
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Abstract

The method of chemical oxidative polymerization with FeCl; was used to synthesize the copolymer of dipyrido-[3,2-a; 2’,3’-c]-thien-
[3.4-c]azine (DPTA) and 3-dodecylthiophene (DDT). The copolymer was characterized by UV-VIS, Raman, 'H and '>C NMR and EPR
spectroscopy. It has been found that the DPTA/DDT copolymer exhibits properties of the low-band-gap polymer (E; < 1.38 eV, 900 nm).
The product is soluble in common organic solutions (chloroform, dichloroethane, tetrahydrofuran, toluene). © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The copolymerization of alkylthiophenes with various
heterocyclic and/or benzenoid aromatic monomers [1,2]
allows one to obtain conductive polymers, the electrical
and optical properties of which depend on the internal
conjugated polymer chain structure and on the type of
monomeric units. Thus, the new types of treatable and
soluble conductive polymers can be synthesized with the
prospect for their practical application. In our previous work
[3], the synthesis and properties of the copolymer of 2,3-
di(1-tridecyl)thieno[3,4-b]pyrazine (TTP) with 3-dode-
cylthiophene (DDT), which exhibits properties of the
low-band-gap polymer and, at the same time, a good solu-
bility in common organic solutions, were described. In this
work, the properties of the new copolymer based on dipyr-
ido-[3,2-a; 2/,3'-c]-thien-[3,4-c]azine (DPTA) of the general
formula and on 3-dodecylthiophene were characterized. The
copolymers of this type were prepared similarly as those of
TTP [3], i.e. by oxidative polymerization with FeCl;. In as
much as the DPTA/DDT copolymer contains also the 1,10-
phenanthroline-type complex-forming chromophore in the
backbone, this fact can be employed for modification of

* Corresponding author. Tel.: +421-7-59325386;
fax: +421-7-52493198.
E-mail address: cik@chtf.stuba.sk (G. Cik).

spectral properties of the conductive polymer system
(Scheme 1).

2. Experimental

Synthesis of the monomer (DPTA) was published else-
where [4]. The copolymerization of DPTA and DDT was
carried out with FeCl; in accordance with the procedure
applied in our preceding work during the synthesis of the
TTP/DDT copolymer [3]. The procedure was following:
12.3 mmol of the non-aqueous FeCl; was dissolved in 50 ml
of freshly distilled and dried out chloroform, into which the
DPTA/DDT mixture in 24 ml chloroform (the molar ratio of
DPTA:DDT = 1:3 or 1:1) was slowly dropwise added at
room temperature. The reaction was under way for 48 h at
constant stirring. After finishing the polymerization the
reaction mixture was extracted four times in 30 ml of water
and then dedoped three times by adding 40 ml of ammonia.
The chloroform portion was three times washed out by
distilled water and the copolymer precipitated into metha-
nol. The precipitation from the chloroform solution was
repeated three times. The dedoped and cleaned out copo-
lymer was filtered off and dried out in the vacuum drier. The
synthesis was performed at two different molar ratios of
DPTA/DDT: 1/3 (CP-1) and 1/1 (CP-2). Both copolymers
exhibited a good solubility in common organic solutions

0379-6779/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0379-6779(00)00363-5



112 G. Cik et al./Synthetic Metals 118 (2001) 111-119

Scheme 1.

such as chloroform, dichloroethane, tetrahydrofuran and
toluene. The yields represented 72 (CP-1) and 75% (CP-
2), respectively. The same procedure for homopolymeriza-
tion of DPTA was used, but the received product (HDPTA)
was not dissolved in any known organic solution (yield was
61%). Elemental analyses (Elementary Analyzer EA 1108
CHNS-O, CARLO ERBA) of the synthesized polymers
were following.

HDPTA 67.65% C, 2.11% H, 19.57% N, 11.20% S
(theoretical), 66.55% C, 2.03% H, 18.92% N, 10.89% S
(experimental), CP-1 69.72% C,9.19% H, 3.14% N, 12.82%
S, CP-2 67.84% C, 8.67% H, 4.09% N, 11.61% S.

The same procedure was used for the synthesis of poly(3-
dodecylthiophene) (PDDT).

The UV-VIS spectra in chloroform were measured by the
PU-8800 apparatus (Philips Analytical) with an accuracy of
£0.3 nm. For the measurement, the solutions of the poly-
mers in the concentration of 2.5 x 1072 g 1~ were prepared.

The Raman spectra were measured according to the work
[5] for the pyrazine-type polythiophene. The spectra were
obtained in backscattering geometry using a micro-Raman
spectrometer LabRaman (Join Yvon-Dilor—Horiba). In
order to distinguish between Raman and photoluminescence
(PL) peaks and also to see the influence of different excita-
tion, two lasers (HeNe at 632 nm and diode one at 782 nm)
were used. The laser beam was focused onto the sample
surface with a completely stigmatic optic microscope Olym-
pus (model BX 40). As the polymer sample was very thin
(only a few micrometers), the use of the objective with
maximal enlargement (100 times) and the low confocal hole
at the same time were inevitable. These microscope para-
meters enabled one to scan the Raman spectra from the spot
of about 1 pm diameter and from the surface layer less thick
than 2 pm. The Raman spectrum of the polymers was
recorded from the samples prepared on the mirror polished
silicon wafer as pure silicon possesses no PL spectrum in
this region. The monomer sample (DPTA) was prepared in
the crystals with a size of a few tens of micrometers, so the
Raman spectrum could be recorded without complications.
The spectrum resolution, of course, depends on the wave-
number and the used laser, but generally it was less than
1 ecm™". The thin films of copolymers and monomeric DPTA
were formed on the silicon substrate by casting. The film
thickness was measured with the Talysurf apparatus (Rank
Taylor Hobson, England) based on the principle of apical

contact surface scanning. The thickness of the polymer film
was within the range of 6-10 um.

The 'H and "*C NMR spectra were measured on the FT
NMR VXR-300 spectrometer (Varian) in CDCl;. For the
calculation of 'H and '*C NMR spectra the ACD/NMR 1.0
program (LABS) was used. The interval of reliability of the
chemical shift was 0.5 ppm.

The EPR spectra were measured by the ERS-230 appa-
ratus (ZWG, Academy of Science, Germany) in the X-
region at a microwave output of 5 mV and a modulation
amplitude of 0.5 mT.

3. Results and discussion

Fig. 1b and c (Table 1) illustrates spectra of the DPTA/
DDT copolymers in chloroform synthesized at various molar
ratios in the reaction mixture (CP-1, DPTA:DDT = 1:3;
CP-2, DPTA:DDT = 1:1). Here, for comparison, also the
spectrum of the DPTA monomer (la) and poly(3-dode-
cylthiophene) (PDDT, 1b) is illustrated. By comparing the
spectra of both copolymers one may see that the shape of
absorption curves is dependent on the ratio of monomer
participating in the reaction. As for the copolymer with the
ratio of DPTA:DDT = 1:3 (CP-1), it is possible to observe
that, in contrast to the pure PDDT, the shift of the absorption
maximum leads towards higher energies (from 442 to
422 nm). The fact that the maximum of the absorption band
of the PDDT chain shifts to the higher energy suggests that
the copolymerization causes diminishing of the effective
conjugated length along polymer chains with its wider
distribution. This is brought about by incorporation of the
large DPTA into the PDDT polymer chain. The presence of
DPTA monomer in the CP-1 copolymer was detectable by
absorption bands having their maxima at 366.0 and
265.0 nm; in the case of the CP-2 copolymer (obtained
by the copolymerization of DPTA:DDT = 1:1) these bands
shifted to the values of 355.0 and 262.5 nm, respectively.
The comparison with the pure monomer of DPTA showed
(Table 1) that these absorption bands shifted towards the
monomer (Jpma = 368.0 nm (¢ = 25600 I mol ' em™! in
chloroform), 284.0 nm) in the hypsochromic direction in

Table 1
UV-VIS spectra of the DPTA monomer and its copolymers with DDT
(CP-1 and CP-2)*

Substance Amax (nM)
DPTA 368.0 (¢ = 25600 1 mol ' cm ™)
306.5
PDDT(a) 442.0
CP-1 422.0
366.0
265.0
Ccp-2 355.0
262.5

* Poly(3-dodecylthiophene) [7].
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Fig. 1. UV-VIS spectra in chloroform: (a) DPTA; (b) CP-1 (—), PDDT
(...); (c) CP-2.

both synthesized copolymers. On the other hand, one may
observe an extended absorption above 900 nm. This fact is
characteristic of the pyrazine-type low-band-gap polymers
[5,6].

The 'H and '*C NMR spectra of DPTA monomer and the
aromatic area of the CP-2 copolymer are illustrated in Figs. 2
and 3. Table 2 indicates calculated spectra of the DPTA
monomer and of its three configuration triades (HH-HH,

113
Table 2
Calculated "H and '>C NMR spectra of DPTA and its trimers with DDT®
'H (ppm) FC (ppm)
H;4 = 8.65 Cs4 = 126.03
H]]716 = 888 C]yz = 14095
Hppis = 7.79 Cse = 145.91
Hys1s = 8.90 Ciiig = 136.31
Cy10 = 120.18
C12’15 = 12075
Cyo = 154.84
C13‘14 = 15036
Hii16 = 8.84 Cs4 = 124.56
Hi 5 =779 Cy, = 13431
H]3’|4 = 889 C5’6 = 15691
Hjg =728 Ciy,16 = 135.08
Hyo = 6.82 Cri0 = 122.38
H,, = 7.28 Cios = 120.14
H23 = 6.82 Cgﬂg = 153.68
Cisia = 150.72
Ciyo1 = 144.16
Cigan = 120.60
C19,23 = 137.14
Caoou = 149.78
Hyi 16 = 8.86 Cs4 = 12517
His 15 =7.79 Cip=134.14
H]37]4 = 889 C575 = 15698
Hg = 7.04 Ciii6 = 135.08
H20 = 670 C7’|0 = 12238
H,, = 7.28 Cios = 120.14
H23 = 670 Cgﬂg = 15361
Cis14 = 150.72
Cy7 = 135.86
Cig = 119.92
Cy9 = 135.86
Cyp = 126.33
Cy = 14424
Cyy = 120.60
Cyy = 149.78
H]]y](, = 886 C3y4 = 12344
Hppis = 7.79 Cp, = 134.96
His14 = 8.89 Cse = 156.96
Higo = 7.04 Cii16 = 135.08
H19723 = 777 C7710 = 12238
Ciays = 120.14
Cyo = 153.61
Cis1a = 15072
C17,21 = 13594
Cig = 119.92
C19’23 = 14423

Caons = 126.33

R = CpoHys.

HH-HT, HT-HT). On the '"H NMR spectrum of the CP-2
copolymer it is possible to observe a wide signal in the
region of 6.8 to 7.2 ppm as well as in the region of 8.6 to
9.8 ppm, both regions being assigned to aromatic hydrogens.
The aromatic hydrogens of DPTA displayed signals from
7.716 to 7.758 ppm; at 8.179 and 8.298 ppm; from 9.211 to
9.231 ppm, and from 9.448 to 9.480 ppm, respectively. From
the "H NMR spectrum of the CP-2 copolymer it follows that
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Fig. 2. (a) 'H and (b) ">C NMR spectra of the DPTA monomer in CDCl;.

the copolymerization of DPTA and DDT gives rise to
various configurational units, which showed itself only by
the appearance of wide bands in the spectrum, without the
unambiguous identification of their maxima. In the '*C

NMR spectrum, seven main signals at 126.145, 128.646,
136.900, 140.920, 148.229, 152.764 and 159.397 ppm were
identified in the aromatic region from 115 to 165 ppm
(Fig. 3b). The measured signals of the 'H and '*C NMR
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Fig. 3. (a) 'H and (b) 13C NMR spectra of the aromatic area of CP-2 in CDCl;.

spectra can be compared to the calculated ones (Table 2).
The comparison suggests that a wide band in the region of
8.6-9.8 ppm may be assigned to aromatic hydrogens of the
variously structurized triades of DPTA and DDT. By com-
paring the measured '*C NMR spectrum and the calculated
spectra it is possible to find out that aromatic carbons of the
thiophene monomers (DPTA and DDT) occur in the region
from 119 to 156 ppm. According to simulated spectra, the
signal measured at 152.764 ppm belongs to the carbon

DPTA atoms Cggo, the signal at 159.229 ppm belongs to
the carbon DPTA atoms Cs ¢, and the signal at 148.229 ppm
can be assigned to the carbon atom C,4 at configurational
HH-HH or HH-HT triades, respectively (Table 2). The
analysis of the NMR spectra indicated that the copolymer-
ization of DPTA and DDT induced, with all probability, a
wider distribution of various configurational orderings of a
random, statistical composition. This assumption can be
made also on the basis of the results obtained from the
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Fig. 4. Raman spectra of the CP-2 copolymer: (1) DPTA monomer (Zexe = 632 nm); (2) CP-2 (dexe = 632 nm); (3) CP-2 (Aexe = 780 nm).

elemental analysis of the copolymers and according to the
measured UV-VIS spectra.

To verify potential configurational distortions, the Raman
and EPR spectra of synthesized copolymers were measured.
Fig. 4 demonstrates the Raman spectra of DPTA monomer
and CP-2 copolymer. Locations of the measured bands of
both substances are shown in Table 3. The DPTA spectrum
was gained at the excitation wavelength of 632 nm and the
CP-2 spectrum at the wavelengths of 632 and 780 nm,
respectively. Band locations correspond approximately to
the measured and calculated spectra for poly(3-alkylthio-
phenes) [8] as well as for the pyrazine-type thiophenic

homopolymers [5]. From the Raman spectra presented it
follows that at the excitation energy of 632 nm the DPTA
monomer yields another spectrum in comparison with CP-2
at the same excitation energy. This can be explained in such
a way that band shifts as well as relative intensity values are
influenced by the presence of DDT in the backbone. Further-
more, from the spectra it follows (Table 3, Fig. 4) that the
visible vibrations such as Cg—H bend, C,—C.y stretch (inter-
ring); Cp=Cp and C=C (sym; as) stretch [8] appear, most
probably due to the conjugated interconnection of DDT with
DPTA. This can be confirmed by a decrease of the excitation
energy (780 nm) stimulating a change in the CP-2 spectrum
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Table 3
Raman spectra of the DPTA monomer, CP-2, and poly(3-octylthiophene)® (POT) (cm ™)
DPTAP CP-2° cp-2¢ POT calculated POT experimental Assignment to POT*
1570.87 1564.79 1563.59
1541.61 1552.48 1548.01
1508.90 1539.92 1529.65 1511 1515 C,=Cg (as) stretch
1520.36 1518.51
1507.83 1506.79
1487.02 1484.93
1478.17 1443.65 1438.23 1436 1438 C.,=Cjg (sym) stretch
1424.02 1431
1359.67 1379.29 1387.91 1384 1385 Cp=Cgp stretch
1300.90 1361.47 1367.73 1373 1375
1336.33 1328.92
1322.41 1292.23
1259.54 1258.97 1266.44 1208 1200 C,=C,y stretch (inter-ring)
1216.74 1247.77 1218.68 1207
1218.64
1166.74 1182.48 1177.85 1190 1148 Cg-H bend
1170.32 1169.12 1160 1143
1144.86 1158.51
1086.83 1015 - Cp—Ciups stretch
1036.83 1008
1036.95
963.38 878.91 976.87
856.68 851.01 862.34
845.03 826.86 851.01
832.02 828.60
795.73 812.79
662.19 794.12 801.01 732 748 C-S—C def.
627.27 744.09 791.05 415
727.34 771.15 716 724 C-S—C def.
711.09 754.15 589
691.94 725.85
675.53 693.99
643.84 680.88
660.58
640.97
629.94
533.08 552.33 537.39 562 - X-sensitive (combinations
translation—rotation)
475.57 535.35 520.99 491
415.03 520.71 481.62 386
349.28 440.70 411.39 278
408.63 353.23
350.88
316.96

# Drawn from [8].
® Jexe = 632 nm.
€ Jexe = 632 nm.
9 Jexe = 780 nm.

versus the spectrum obtained at the excitation energy of
632 nm (strengthening of X-sensitive trans.-rot. def. at ca
537 cm ™', strengthening of Cg—H bend and C,-C,,; stretch
atcal1170to 1180 cm™ ' and 1214 to 1218 c¢m; weakening of
C,=Cp stretch (sym) at ca 1443 cm ! and strengthening of
C=C stretch (as) at ca 1507 cm ™). Such an effect can be
ascribed to the activation of “longer” conjugated fragments

taking place during the excitation induced by a lower energy
and, in the particular case, being represented by a DPTA
molecule connected through a conjugation with a DDT
molecule. This can be confirmed by the fact that the DPTA
activated by the energy of 632 nm gives the relative intensity
values for the main absorption bands (aromatic region)
which are similar to CP-2 excited by the energy of
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50 mT

Fig. 5. EPR spectrum of CP-2 in the solid phase.

780 nm (Fig. 4). In support of this idea it is possible to claim
that the excitation initiated by a lower energy (4 = 780 nm)
causes a shift of maxima in the direction of smaller wave-
numbers within the whole aromatic system (1400-
1600 cm™"). The comparable conclusions were drawn by
authors of the work [5] who proved that pyrazine thiophenic
homopolymers in the basic undoped state assumed the
quinoid form (greater effective conjugation length), mean-
while in the doped state they passed into the benzoid form.
Thus, a change in the ratio of intensities of the principle
absorption bands (aromatic region) was observed when the
band intensity was increased at 1520 cm ™' and decreased at
1560 cm™! due to the lower energy excitation of quinoid
parts of the polymer chain (greater conjugation length) when
using lower energies.

Fig. 5 indicates the EPR spectrum of CP-2 in the solid
phase. The shape of this spectrum suggests that it is com-
posed of two signals: wide (ABp, =72 mT; g =2.00+
0.004) and narrow (ABy, = 0.75 mT; g =2.002 £ 0.0002).
Almost the identical shape was registered in the case of CP-1
(wide signal ABplD =75 mT; g = 2.00 + 0.004 and the nar-
row signal ABp, = 0.70 mT; g = 2.0054 £ 0.00008). The
number of spins for CP-2 calculated from the wide signal
represented 1.1 X 10" spin g_1 and from the narrow signal
1.5 x 10"7 spin g~ '. As regards CP-1, the number of spins
calculated from the wide signal was 3.3 x 10" spin g~ ' and
from the narrow signal 1.0 x 10'7 spin g~'. The spectra
presented showed that the shape of signals was similar to
that measured by us for the PDDT homopolymer with a high
content of stereoregular defects (HT:HH ~ 61:39%) [9] as
well as for the DDT/TTP copolymer [3]. The narrow signal
belongs to spins localized along shorter conjugated polymer
chains and the wide signal may be assigned to polarons
which are in the intra- and/or inter-chain interaction. The
number of spins represented approximately such an order of

values as in works [3,9]. By comparing the measured spins
for CP-2 with those for CP-1, it is possible to ascertain that in
the former case the higher number of spins was calculated
from the narrow signal, whereas in the latter case the higher
number of spins being assigned to inter- and/or intrachain-
interacting polarons was calculated from the wide signal.
This can be explained by the fact that in the case of CP-1 the
large DPTA monomer contained in the copolymer brings
about a considerable (co)planarity distortion of ‘““poly(3-
dodecylthiophene)” subchains, which leads, most probably,
to the rise of inter-chain interactions of the polymer DDT
fragments. From the calculated number of spins, it follows
that if the higher amount of DDT is engaged in the reaction
(with regard to the amount of DPTA), the higher number of
spins “passes’ into the mutual interaction (the number of
interchain-interacting spins according to the wide signal is
the 3.3 times higher for CP-1 than for CP-2). Considering
this fact it is possible to assume that it is polarons situated on
the “poly(3-dodecylthiophene)” (PDDT) which enter the
intra- and/or interchain interaction.

4. Conclusion

The method of oxidative polymerization with iron
trichloride was used to synthesize the copolymer of 3-
dodecylthiophene and dipyrido-[3,2-a; 2’,3'-c]-thien-[3,4-
clazine (DPTA). This copolymer was characterized by
UV-VIS, 'H and "*C NMR, Raman and EPR spectroscopy.
It has been found that optical copolymer properties depend
on the ratio of monomers applied in the synthesis. The
presence of DPTA in the reaction mixture creates conditions
for the generation of the low-band-gap polymer (E, < 1.38
eV; 900 nm). The presence of 1,10-phenanthroline chromo-
phore in the DPTA structure allows one to modify optical
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properties in the polymer system. Synthesized copolymers
are soluble in common organic solutions (chloroform,
dichloroethane, tetrahydrofuran, toluene) and have a high
content of spins which are in the mutual interaction.
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Abstract

The conformational analysis of 2,3-bis(2’-thienyl)pyrazine (A), 2,3-dicyano-5,6-bis(2'-thienyl)pyrazine (B), 2,3-difluoro-5,6-bis(2’-
thienyl)pyrazine (C), 2,3-bis(2’-thienyl)furo[3,4-b]pyrazine (D), 2,3-bis(2’-thienyl)pyrrolo[3,4-b]pyrazine (E), 2,3-bis(2'-thienyl)thieno[3,4-
b]pyrazine (F), 2,3-bis(2'-thienyl)quinoxaline (G), 2,3-bis(2’-thienyl)pyrido[3,4-b]pyrazine (H) and 2,3-bis(2’-thienyl)pyrido[2,3-b]pyrazine (I)
is elaborated using semiempirical Austin Model 1 (AM1) method. The electron absorption spectra for stable conformers are calculated by
ZINDO/S method. The influence of the bridge variations on the electronic polarisability and second hyperpolarisability is investigated using
the time-dependent Hartree—Fock method in AM1 approach. The synthesis and spectral measurements of the most promising B, F, G and I
compounds are presented. Our results indicate that the G and I ones seem to be suitable candidates for the subsequent preparation of the
electro-optical materials. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Bis(2'-thienyl)pyrazine derivatives; Synthesis; Polarisability; Second-order hyperpolarisability; Electron absorption and luminescence spectra

1. Introduction

Materials with optimal optical non-linearities and spectral
properties are required in the development of high-level
technologies like telecommunication, optical and computing
systems. Organic materials are of particular interest due to
their high structural variability, low dielectric constants, fast
non-linear optical response and high off-resonance non-
linear susceptibilities [1-7].

Non-linear optical (NLO) effects are generally described
within the electric dipole approximation [1,2]. Explicitly, in
frequency domain (w), the vector elements of dipole
moment of molecule yu; determining molecular optical
polarisation, are expressed as follows

0
= 11" + oEj + BixEiEx + v EiEE: (D
where /150) denotes the vector elements of the static perma-

nent dipole moment, Ej;, represents the external electric

“Corresponding author. Fax: 4421-7-524-93-198.
E-mail address: lukes@chelin.chtf.stuba.sk (V. Lukes).

field of frequency w;q, and o, 8, y are tensors that corre-
spond to the polarisability, first- and second-order hyperpo-
larisabilities, respectively (the indices i, j, k and [ run over x,
y and z axis, respectively). The measurable analogues of the
hyperpolarisabilities in real systems (e.g. in bulk materials)
are the susceptibilities [1,2]. The understanding of the
relation between optical properties and molecular structure
is the key tool for a rational design of new electronic fabrics.
During recent years, poly- and oligo-thiophene derivatives,
formerly known for their biological importance and as
highly ordered molecular assemblies, have been the subject
of numerous theoretical and experimental investigations as
electronic semiconductors and non-linear optical materials
[8-14]. As known for many years, their first-order hyper-
polarisabilities are small and so the second-order ones are of
high interest. The ability to tailor the structure of conjugated
polythiophenes allows the rational synthesis of conductive
and electroactive oligomers as well as polymers with a broad
range of electronic properties.

Among suggested synthetic strategies for the material
property optimisation, one involves usually the alternation
of acceptor and donor substituents in the conjugated chain

0379-6779/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Structure of the compounds under study.

and/or chain lengths variations. On the other hand, the
variation of bridges between two (or more) well working
chromophores might represent the perspective alternative
way that has been outside the standard approaches in the past
years [4]. These bridges should be conjugated systems,
which is the fundamental condition for good electron trans-
fer within the whole molecule. In addition, the steric inter-
actions can be used to control the extent of conjugation.

Following this approach, we will focus our attention to the
molecules that are constituted of two thiophene units joined
(in a-positions) by pyrazine bridge or its analogue properly
designed to modulate the electronic and optical properties of
the whole system (see Fig. 1).

The aim of our study is to propose the compounds suitable
for the subsequent application in optical material research.
Our treatment consists of several steps. At first, it is neces-
sary to investigate how various conformations of selected
molecules with m-electron system are related to their elec-
tron absorption spectra and how the specific variations in
molecular design within the pyrazine bridge can modify the
off-resonant linear (polarisability, «) and non-linear optical
(second-order hyperpolarisability, y) response. Based on
these results, the promising compounds with high polarisa-
bility and hyperpolarisability components will be synthe-
sised. Their measured optical properties will be
subsequently compared with our theoretical predictions.
The most perspective materials might be the suitable can-
didates for the consecutive development of more complex
systems (such as oligomers and polymers).

2. Methods and materials
2.1. Quantum-chemical methods

The geometries of individual conformers have been opti-
mised (at the Hartree—Fock level) using the standard semi-
empirical Austin Model 1 (AMI1) method [15] of the
Hyperchem package [16] (energy cut-off 10~ kcal mol ',
final RMS energy gradient under 0.01 kcal mol™' Ang™").
Their electron absorption spectra have been calculated using
the semiempirical ZINDO/S method (modified INDO
method parametrised to reproduce UV/visible spectroscopic

data) with single electron configuration interaction within
10 occupied and 10 lowest unoccupied molecular orbitals.
Polarisabilities, o, and second-order hyperpolarisabilities, 7,
of the above-mentioned stable conformers are evaluated
using the AM1 method within the time-dependent Har-
tree—Fock (TDHF) approach [17] (MOPAC 7.0 program
package [18,19]). The calculated components of the (hyper)-
polarisability tensors will be presented in the form of the
orientationally averaged quantities. The mean values of
polarisability are obtained from its components as

(o) (2)

The averaged second-order hyperpolarisabilities (y) were
obtained as

= % (axx + oy + O‘zz)

<“/> _ [yxxxx + yyyyy + Vzzzz + Z(mey + Vrxzz + A/yyzz)]
5

where y;j; are the tensor components calculated for the THG
technique (see e.g. [1,2]).

The f hyperpolarisability is not calculated because its
values for the studied compounds are so small that the AM1
scheme could be wrong.

3)

2.2. Instrumentation for optical experiments

UV/VIS absorption spectra were recorded on a M-40
spectrophotometer (C. Zeiss, Jena, FRG). Emission spectra
were recorded on a Perkin-Elmer MPF-4 spectrofluorimeter
(Norfolk, Conn., USA), which was connected through an
interface and an A/D converter to a microcomputer for data
collection processing [20]. Emission of solutions was mea-
sured in 1 cm cuvettes using a right-angle arrangement.

Fluorescence lifetime measurements were performed on a
LIF 200 (Lasertechnik Ltd., Berlin, FRG), which operates
as a stroboscope. The excitation source was a nitrogen laser
(4 =337 nm) and emission was selected by cut-off filters.
The output signal was digitalised and transferred to a
microcomputer [21]. Since the lifetime is short, deconvolu-
tion of instrument function from measured decay was
needed. Simple phase plane method assuming a monoexpo-
nential decay was used [22,23]. The standard deviation
G'? = X ((Iexp — Icalc)z/n)l/z, where Iox, and I are expe-
rimental and calculated intensities of emission, respectively,
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Fig. 2. Synthesis scheme of selected compounds.

was used to judge the quality of the fit. Monoexponential
decays were assumed for G'/? < 5%. All measurements
were done at the room temperature (298 K).

2.3. Preparation

Compounds B, F, G and I (see Fig. 1) have been prepared
by condensation of 2,2’-thienyl (mp 81-82°C) [24] with o-
diamines as diaminomaleonitrile (Aldrich, mp 178-179°C);
1,2-phenylenediamine (Aldrich, mp 103-105°C); 2,3-dia-
minopyridine (Aldrich, mp 114-116°C) and 3.4-diami-
nothiophene (Acrds, mp 96-97°C) in absolute ethanol by
the scheme depicted in Fig. 2. The crude product was
obtained by precipitation and purified by crystallisation or
chromatographed on silica gel (Merck 60). All of the
reagents used are commercially available and were used
without further purification. 'H and '*C NMR spectra were
recorded at 300 MHz on Varian VXR-300 NMR spectro-
meter, with chemical shifts referenced to TMS and to solvent
residues (DMSO-d6) and coupling constants calculated in
Hertz. Mass spectra (EI) were measured with a GC/MS 25
RFA instrument (Kratos, Analytical, Manchester), equipped
with a direct inlet system at a ionisating electron energy
70 eV, trap current 100 mA at temperature of the ion source
200°C. IR spectra were measured on spectrometer PU 9800
FTIR, KBr.

2.3.1. B: 2,3-Dicyano-5,6-bis(2'-thienyl)pyrazine

Melting point (mp): 180-182°C (ethanol), 87% yield.

Analytical calculations for C4HgN4S, (294.23): C, 57.12;
H, 2.05; S, 21.79. Found: C, 56.91; H, 1.94; S, 21.51.

Mass (M*" 294, 90%): 261, 250, 249, 111, 110, 109
(100%), 93, 82, 70, 69, 64, 58, 45.

'H NMR (DMSO0-d6, 300 MHz, ppm): 7.63 (dd, 2H, H-
3,3, J34 =3.7Hz, J35 =0.8Hz), 7.66 (dd, 2H, H-5,5,
J534 = 4.1 Hz, J5,3 = 0.8 Hz), 7.14 (t, 2H, H-4,4,, J475 =
4.1 Hz, J43 = 3.7 Hz).

13C NMR (CDCl3, 300 MHz, ppm): 147.9, 137.9, 133.1,
131.4, 128.5, 128.1, 113.0.

IR (KBr; v/cm_l): 3100 (CH), 2239 (CN), 1527 (C=N),
1502 (C=C).

2.3.2. F: 2,3-Bis-(2'-thienyl)thieno[3,4-b]pyrazine
Melting point: 183-185°C, 70% yield.

Analytical calculation for C;4HgN,S5 (300.41): C, 55.97;
H, 2.68; S, 32.02. Found: C, 55.54; H, 2.57; S, 31.78.

Mass (M** 300, 80%): 267, 255, 217, 191, 150, 128, 111,
82 (100%), 71, 69, 64, 57, 45, 39.

'"H NMR (DMSO-d6, 300 MHz, ppm): 8.33 (s, 2H, H-
2.5), 7.77 (dd, 2H, H-5,5', Js4 = 5.2 Hz, Js3 = 1.2 Hz),
7.09 (dd, 2H, H-3,3', J34 =3.7Hz, J35 = 1.2 Hz), 7.06
(dd, ZH, H-4,4/, .]4‘5 =51 HZ, .]4A’3 =37 HZ)

13C NMR (DMSO-d6, 300 MHz, ppm): 145.79, 141.24,
140.06, 129.79, 129.62, 127.67, 118.54.

2.3.3. G: 2,3-Bis-(2'-thienyl)quinoxaline
Melting point: 143-145°C (ethanol) [24-26], 89% yield.
'"H NMR (DMSO-d6, 300 MHz, ppm): 8.0 (m, 2H, H-
CgHy, J =8.8Hz, J=14Hz), 7.79 (m, 2H, H-C¢Hy,

J=88Hz, J=66Hz), 775 (dd, 2H, H55,
Js4=52Hz, Js3=12Hz), 7.17 (dd, 2H, H-33,
Jsu=37Hz, J35=12Hz), 706 (dd, 2H, H-44

J4’5 =5.1 HZ, J4,3 =37 HZ).
13C NMR (CDCls, 300 MHz, ppm): 146.1, 140.8, 139.8,
130.6, 129.8, 129.4, 128.4, 127.8.

2.3.4. I: 2,3-Bis-(2'-thienyl)pyrido[2,3-b]pyrazine

Melting point: 124-125°C, 75% yield.

Analytical calculation for C;5HoN3S,; (295.02): C, 60.99;
H, 3.07; S, 21.71. Found: C, 60.79; H, 3.01; S, 21.51.

Mass (M*+ 295, 20%): 221, 185, 186, 111 (100%), 83, 71,
57, 45, 39.

'"H NMR (DMSO-d6, 300 MHz, ppm): 9.08 (m, 1H), 8.44
(m, 2H), 7.80 (dd, 2H, H-5,5"), 7.29 (dd, 2H, H-4,4"), 7.11
(dd, 2H, H-3,3).

3C NMR (DMSO-d6, 300 MHz, ppm): 154.6, 148.6,
148.4, 146.9, 140.6, 140.1, 137.3, 135.1, 131.0, 130.3,
130.1, 129.9, 127.9, 127.8, 125.9.

3. Results and discussion
3.1. Quantum-chemical results

Optimal geometries of isolated molecules containing
several conjugated aromatic rings may be understood as

the result of a delicate balance between two dominant forces.
The first one originates in m-electron structure and forces the
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individual aromatic rings to co-planarity (i.e. to common
nodal plane). The latter one is caused by mutual repulsion of
atomic nuclei or c-electron densities and has (usually)
opposite consequences. According to our experience,
AMI1 describes their balance best of all semiempirical
methods of quantum chemistry and is comparable with ab
initio treatments using medium basis sets with polarisation
functions.

The conformations of 2,3-bis(2'-thienyl)-pyrazine and
their derivatives may be described by (S—C)iophene—
(C—N)pyrazine dihedral angles (9, and J,, see Table 1). We
present only the isomers that are not interconnected by the
bridge mirror planes (i.e. only mutual signs of ; and ¢, are
important, their order is important in H and I systems only)
and differ over 5° in the thiophene ring torsion (due to
numerical accuracy reasons). Their bridge aromaticity var-
ies with the size of the aromatic system (A < D, E, F, G, H),
with the substitutents influencing its m-electron density
(B—A-C) and with the quality of heteroatoms in the mole-
cule (D-E-F and G-H, I) as well as with their position (H-I).
As a consequence, a different number of stable conformers
is obtained by AM1 conformational analysis of individual
molecules (despite lower symmetry of pyrido—pyrazine
bridges, see Table 1). Only some molecules may have stable
planar conformers (G, H and I). The common feature of
molecules studied is the existence of the most stable con-
former (with the lowest Hy value) at dihedral angles near
122 and —157° (with the accuracy better than 4° which may
be explained by above-mentioned numerical reasons).

The aromaticity of individual conformers may be mea-
sured by their lowest n—7" transition energy or correspond-
ing maximal wavelength A, (see Table 1). Unfortunately,
various molecular sizes and bridges allow its use for indi-
vidual conformers of the same molecule only. This indicates
the need to find one-dimensional geometric parameter based
on thiophene rings torsions in our systems. Their projections
to the pyrazine bridge plane are proportional to the cosines
of above-mentioned dihedral angles and correspond to two-
dimensional vector. The “planarity’” P may be defined as the
a-multiple of its absolute value

P = a(cos® §; + cos? 52)0‘5 4)

where a = +1 and —1 correspond to the antiparallel (equal
cosines signs) and parallel (opposite cosines signs) of both
thiophenes projections to the pyrazine bridge plane, respec-
tively. The suitability of this parameter for some optical
properties will be discussed later.

Itis well known fact (see e.g. [27]) that the planarity of the
molecule should support its NLO response as well as the
luminescence properties like the lifetime and quantum
yields. Non-planar systems have smaller n—m overlaps
and consequently a reduced conjugation length, i.e. lower
absorption maximum. This might be demonstrated on sub-
stituted and unsubstituted bitiophene (2T) and terthiophene
(3T). The Apax of 2T is 303 nm [28] (in ethanol), of 3T is
353 nm etc. (in n-decane) [30]. The observed blue shifts for

3,3'-didecyl-2,2’-bithiophene (280 = nm in n-hexane [29])
and for 3',4’-dihexyl-2,2':5',2" -terthiophene (4. = 334 nm
in n-decane [30]) indicates a less planar conformation.
From application point of view, it is suitable to shift this
value to the visible region (e.g. to obtain light emitting
devices of controlled colour [31,32]). As was mentioned,
this may be achieved by the chain lengthening but at the
expense of the structure and composition control (mixture
of several by-products). Thus, it is advantageous to find the
basic monomer unit with the 4,,,, shifted to visible region to
prepare the oligomer with the minimal number of building
units.

According to our results, the ZINDO/S calculated values
of Aax Of the most stable conformers of our compounds are
between 364 and 389 nm (see Table 1). For comparison,
Amax calculated by the ZINDO/S for AMI1 optimised all-
trans geometries of 2T and 3T (interring torsion angle
O = 150°) are 330 and 370 nm, respectively [33].

Here, it must be mentioned that A,,,, values measured in
real systems are shifted to higher values due to environment
polarity as well as due to more planar structures of stable
conformers. However, the trends calculated for a series of
similar compounds in vacuo are usually preserved also in
real systems. The data in Table 1 allow to decide qualita-
tively how the variations of the bridge aromaticity influence
the Aax position.

The simple pyrazine bridge (compound A) exhibits the
lowest .. Introducing CN (compound B) or F (compound
C) shifts its value to more than 20 nm higher values. The size
increase of the bridge, in general, shifts 4, to higher values
but not without exceptions (e.g. E molecules containing
condensed furane ring). From the point of view of 4., the
co-condensation with pyrrole (compound D) is more advan-
tageous than with thiophene (compound F) and the furane
(compound E) seems to be the least advantageous. For this
purpose, the six-membered rings (compounds G, H and I)
are even more advantageous. The differences between G and
H, I are very small (ca. 10 nm).

The synthesis of new optical materials for technological
applications requires also a good physical intuition about the
mechanism that control the molecular optical response to an
external field. The many-electron wave functions contain
too complex information and, thus, it is unlike to provide
physical insight into the structure—function relationship. The
calculated microscopic linear and non-linear quantities offer
areasonable compromise. Fig. 3 shows the averaged static «
values calculated for the individual conformers of selected
molecules. As can be seen from Fig. 3a, the inclusion of the
pure pyrazine bridge between the separate thiophene rings
leads to the (o) values of about 130-170 au. The substitution
of electron-donor CN groups to the pyrazine ring (compound
B) leads to ca. 30% increase of this value. On the other side,
the electron-acceptor fluorine atoms (compound C) have the
minimal affects. The condensation of the aromatic five- and
six-membered rings to the pyrazine one affects the polari-
sability similarly like in the case of compound B (see Fig. 3b
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Table 1

Description and selected properties of the stable conformers of the systems under study

Model 0, (degree) 05" (degree) H," (kcal/mol) Jmax (nm) f Planarity Dipole moment (D)
Al —61 —162 111.2 376 0.3 —1.068 1.13
A2 99 —37 112.0 324 0.5 —0.814 0.97
A3 -93 -92 113.0 285 0.2 0.063 0.41
A4 125 —156 109.0 360 0.5 1.079 1.09
AS —38 —38 111.7 354 0.8 1.114 0.15
A6 157 155 110.3 350 0.5 1.292 0.99
Bl —60 —165 186.8 413 0.3 —1.088 6.73
B2 35 —100 187.8 384 0.5 —0.837 6.29
B3 126 —159 184.7 386 0.7 1.103 6.90
B4 -36 -36 187.4 419 0.5 1.144 6.10
Cl —63 —163 34.4 398 0.3 —1.059 3.96
C2 36 —100 35.1 374 0.4 —0.827 3.61
C3 —156 124 322 381 0.5 1.071 4.09
C4 —37 —37 349 412 0.4 1.129 3.31
D1 161 65 151.9 406 0.2 —1.036 2.82
D2 —45 98 1523 371 0.4 —0.721 2.98
D3 —48 —48 152.4 401 0.5 0.946 291
D4 —154 119 149.9 374 0.2 1.021 2.61
D5 152 152 151.4 407 0.4 1.249 2.17
El 162 65 119.6 417 0.1 —1.041 1.58
E2 —45 98 120.1 414 0.1 —0.721 1.12
E3 —46 —46 120.1 403 0.5 0.982 0.67
E4 —155 118 117.7 354 0.6 1.021 1.54
F1 162 64 141.1 390 0.1 —1.047 1.45
F2 —44 98 141.6 412 0.1 —0.733 1.50
F3 —45 —45 141.6 417 0.1 1.000 1.26
F4 —155 120 139.1 364 0.7 1.035 1.20
F5 —152 —152 140.4 415 0.4 1.249 0.90
Gl 180 0 147.3 371 0.7 —1.414 0.80
G2 —164 —61 133.8 375 0.2 —1.077 1.20
G3 -98 44 134.4 345 0.6 —0.733 0.90
G4 —91 —88 1343 374 0.7 —0.039 0.07
G5 122 —156 131.7 380 0.7 1.056 1.07
G6 —41 —41 134.3 406 0.6 1.067 0.06
G7 154 154 132.9 402 0.6 1.271 0.90
G8 0 0 153.1 368 0.7 1.414 0.90
G9 180 180 138.3 373 0.8 1.414 0.91
H1 180 0 157.4 399 0.7 —1.414 2.96
H2 0 180 157.4 397 0.7 —1.414 2.46
H3 —62 —165 143.7 413 0.2 —1.074 2.97
H4 —163 62 143.9 404 0.2 —1.065 3.46
HS5 -99 40 144.5 375 0.5 —0.782 2.96
H6 41 —100 144.6 378 0.5 —0.774 2.68
H7 41 42 144.4 410 0.6 1.059 2.64
HS8 —157 122 141.9 380 0.6 1.062 1.59
H9 122 —157 141.7 375 0.7 1.062 2.92
H10 0 0 163.3 401 0.5 1.414 1.78
H11 180 180 148.3 399 0.7 1.414 3.48
11 180 0 164.3 384 0.8 —1.414 2.73
12 0 180 164.1 385 0.8 —1.414 1.09
13 —61 —164 150.7 411 0.4 —1.077 1.36
14 —164 —63 150.7 412 0.4 —1.063 3.08
15 39 —100 151.3 355 0.7 —0.796 1.76
16 —98 41 151.5 384 0.6 —0.767 2.63
17 —157 122 148.7 388 0.8 1.062 2.92
18 122 —157 148.7 389 0.8 1.062 1.59
19 39 42 151.2 386 0.8 1.075 1.97
110 154 154 149.8 410 0.7 1.271 2.31
111 0 0 170.0 381 0.8 1.414 1.95
112 180 180 155.2 385 0.9 1.414 2.28

* (S—C)hiophene — (C—N)pyrazine dihedral angle. For H and I, 6; belongs to the thiophene on the bridge side with more nitrogen atoms.
® Heat of formation.
¢ Oscillator strength.
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Fig. 3. The dependence of () and (y) on the conformation for: (a) A, B,
C; (b) D, E, F; (c) G, H, I compounds. The squares stand for (o) and circles
for (y) values. The open symbols correspond to the static (7w = 0.00 eV)
and the solid symbols to the dynamic (iw = 0.65 eV) values.

and c). In all cases, the presented conformers exhibit the
uniform dependence of (o) on the torsional angles. The
values for perpendicular geometries are smaller than for the
planar structures. The origin of this fact might be explained
by the natural reduction of the aromaticity caused by the
mutual rings torsion (decrease of individual © chromophores
interaction with the deviation from the common nodal
plane).

The large o values are associated, in general, with even
larger y ones. Therefore, the results for the electronic
averaged second-order hyperpolarisabilities (y), calculated
for the third harmonic generation (THG) experiment, are
mostly qualitatively similar to (z) (see right axis of Fig. 3).
The values obtained for more perpendicular geometries are

lower than the values calculated in planar arrangements. All
magnitudes are positive which indicates the self-focusing
behaviours of studied materials [1,2].

The resulting effect of the connecting bridges on the
above discussed electro-optical quantities might be esti-
mated from the comparison with the small unsubstituted
oligothiophenes. The AMI1 polarisabilities obtained for all-
trans optimised structures (at @ = 150°) of the bithiophene,
terthiophene and quaterthiophene are 108.1, 177.6 and
254.6 au [33], respectively. Indeed, these calculated values
correspond to 70-80% of the experimental static polaris-
abilities [34]. The AMI/TDHF hyperpolarisabilities
obtained for the same structures of the bithiophene, terthio-
phene and quaterthiophene are 36 (103 au), 179 (103 au) and
464 (103 au) [33], respectively. From these comparison, it is
clear that the studied compounds quantitatively offer the o
and 7y values corresponding to three or four connected
thiophene rings.

Our results are till now represented only by the static
(hw — 0.0 eV) optical quantities. To get also the picture
about the effect of dispersion, we have already elaborated
the frequency-dependent calculations of the second-order
hyperpolarisabilities. The dynamic off-resonance values of
(y) obtained for the electric field frequency 0.65eV
(1907 nm) are depicted by the solid symbols in Fig. 4.
One can see that the planar arrangements reveal the greater

0.30

0.25

0.20

0.15

Absorbance

0.10

0.05

300 400 500
A [nm]

Fig. 4. Electron absorption spectra of B (- - --), F(---),G(—)and I (- - -)
probes dissolved in methanol (¢ = 10-5 mol dm > , room temperature).
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Fig. 5. The scheme of ZINDO/S calculated electron absorption spectra
for the most stable conformers of synthesised compounds (filled bars for
B3, F4, G5 and I8, and empty bars for 19) and the conformers with
AH¢ < 1.5 keal mol ! (lines for F5, G7 and I10) (see Table 1). The y-axis
represents the oscillator strength (in arbitrary units).

sensitivity on the external electric field than the perpendi-
cular one (compare e.g. the data for F1 with F2 or G1 with
G3).

Based on the above results, we may exclude the com-
pounds A, C, D and E from further experimental investiga-
tions due to smaller y values. Among G, H and I compounds
with high averaged y quantities, we resolved to study only
two of them due to synthetic reasons. Consequently, we have
proposed the compounds B, F, G and I for the synthesis
(among these ones, only G is described in the literature
[24-26]).

3.2. Optical measurements

The absorption and fluorescence spectra were investiga-
ted in polar (methanol) and non-polar (cyclohexane) sol-
vents, which are able to dissolve the synthesised molecules.
The shapes of absorption spectra of thiophene derivatives

measured in methanol are depicted in Fig. 4. These records
exhibit three relatively strong and very diffuse bands occur-
ring roughly at 250-280, 290-330 and 370-420 nm. The
longest wavelength bands attributed to the delocalisated
n-m transition reveal the similar Amax for the compounds
B, G and F, 1, respectively. Except F, these results are in
agreement with our theoretical findings (see Fig. 5). The
predicted position of A, for the most stable conformers
or the conformers which might affect the measurements
(AH¢is approximately less than 1.5 kcal mol ") confirms the
relative position of the remaining spectral transitions, too.

The presence of CN groups on the quinoxaline ring
(compound B) decreases the absorption ability in compar-
ison with F, G and I probes. For all derivatives, the molar
extinction coefficient is lower in the cyclohexane than in
polar methanol. On the other hand, the weak hypsochromic
shift was observed for the F molecule only (see Table 2). It
might indicate that the hydrogen bonds are of minimal
importance in the studied systems. Theoretical calculations
predict the existence of at least four dominant bands (see
Fig. 5) what is not in contradiction with the experimental
measurement. The spectral curves exhibit very wide central
band which might be the cover of two sub-bands.

The observable luminescence properties under the
described experimental conditions exhibit the compounds
G and I only. The excitation wavelength corresponds to the
maximum of longest wavelength band in the range 380-
395 nm and the fluorescence spectrum exhibits rather broad,
structureless band. The quantum yield of emission of both
derivatives is around 0.2, which is comparable with anthra-
cene and five-times greater than for pure terthiophene (0.04)
(see Table 2). The fluorescence of G is red shifted in
cyclohexane versus methanol where the Stokes shift around
5200 cm ™" is observed. The I derivative yields no measur-
able emission in cyclohexane. The medium large Stokes
shifts (2900-5300 cmfl) indicate that the conformational

Table 2

Spectral characteristics of synthesised compounds measured in methanol (MeOH) and cyclohexane (Cy)

Compound Medium Aabs (nM) log &” Aexe. (nm) Jem® (nm) @° ' (ns) G2 AV em™!)
B MeOH 382 4.01

B Cy 382 3.18

F MeOH 388 4.24

F Cy 394 4.01

G MeOH 381 4.26 388 455 0.17 0.12 1.2 5269
G Cy 382 3.87 380 429 0.10 0.10 1.0 2 878
I MeOH 392 4.30 395 478 0.13 4590
I Cy 392 3.52

# Maximum of the longest wavelength absorption band.
® Decadic molar extinction coefficient, dm® mol ™' cm ™.
¢ Excitation wavelength.

9 Maximum of the fluorescence band.

¢ Quantum yield of fluorescence based on anthracene in methanol as standard (@ = 0.21).

" Lifetime of fluorescence in solution at ¢ = 0.0001 mol dm .

¢ Standard error of measurement according to [21].
" Stokes shift.



286 V. Lukes et al./Synthetic Metals 124 (2001) 279-286

changes occurring upon the relaxation of the singlet excited
state are less important than those found in other molecules
(e.g. 9000 cm ™! for 3,3'-didecyl-2,2'-bithiophene [29]).
The lifetime of emission of G is around 0.1 ns in solution,
which is the limit of resolution of our experimental set up.
The absence of measurable emission of B and F indicates
that non-radiation channel is more effective as radiation one
for these derivatives. In derivative F, the sulphur (of the
thiophene condensed to quinoxaline) increases the intersys-
tem crossing due to higher spin-orbit interaction. In deriva-
tive B, two cyano groups might have the similar effect.

4. Conclusion

The development of organic NLO materials for device
applications is a multidisciplinary effort which involves the
theoretical studies supported by experiments. In this article,
the systematic study of the three groups of oligothiophenes
joined with pyrazine-based bridges is presented (see Fig. 1).
The conformation analysis and electron absorption spectra
for all stable conformers were calculated by quantum-che-
mical methods. Our theoretical data predict for the most
stable conformers (see Table 1), the existence of the longest
wavelength bands attributed to the delocalisated T—t~ MOs
occurring at 354-389 nm. The influence of the bridge var-
iations on the electronic linear and NLO properties has been
then investigated using variational TDHF method. Four
compounds (B, F, G, H) with predicted large o and y values
were prepared. The measured optical spectra supported the
predicted trends.

In conclusion, the spectral data of the investigated mole-
cules show that the condensation of the aromatic six-mem-
bered aromatic ring to the pyrazine molecule can
significantly improve the optical properties (such as quan-
tum yield and life-time) of the systems with side thiophene
rings. It seems that these compounds should be suitable
candidates for the subsequent preparation (e.g. condensa-
tion) of electro-optical materials [35].
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Abstract

Spectral characteristics of derivatives of thiophene substituted on hetoroaromatic cycle as pyrazine was compared with terthiophene
linked with cyano and hydrazo groups. The absorption, fluorescence and its lifetime were measured in solution (methanol, cyclohex-
ane) and in polymer matrices (polystyrene, PS; polymethyl methacrylate, PMMA; and polyvinyl chloride, PVC). Derivatives with two
thiophene units substitute on pyrazine exhibit the lowest wavenumber band in the region 26,320-25,600 cm™! and loge ~4.0, which
is not influenced by the medium. Derivatives with benzene and pyridine ring annealed to pyrazine (2,3-bis-(2'-thienyl)quinoxaline
(I), 2,3-bis-(2'-thienyl)pyrido[2,3-b]pyrazine (III)) exhibit fluorescence in polar methanol with maximum at 22,200 cm™~! and quan-
tum yield of about 0.2 which is blue-shifted in going to non-polar solvent. The maximum fluorescence is slightly blue-shifted in
polymer matrices as compared to methanol. Derivatives with annealed thiophene to pyrazine or substituted with two cyano groups
(2,3-bis-(2’-thienyl)thieno[3,4-b]pyrazine (II), 2,3-dicyano-5,6-bis(2’-thienyl)pyrazine (IV)) do not yield any emission. Derivatives with
terthiophene structural units ([2,2’,5",2” ]-terthiophene-[2]-thienylacrylonitrile (V) [2,2",5’,2"]-terthiophene-5-carbaldehydehydrazone (VI))
exhibit fluorescence with maximum around 20,000 cm™~!. The lifetime of fluorescence of all thiophene was 1 ns or shorter. The polymer ma-
trices increase the intensity of fluorescence to some extent and prolong the lifetime of thiophene derivatives. Derivative VI exhibits some ten-

dency to an aggregation at higher concentration above 0.01 mol kg

—1

in polymer matrices. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Thiophenes; Terthiophenes; Pyrazines; Polymer matrices; Absorption; Fluorescence; Lifetime

1. Introduction

Conjugated organic polymers are of great interest because
of their technical applications in molecular electronics,
non-linear optics, as organic light emitting diodes, field ef-
fect transistors and sensors. In this respect, polythiophenes or
its substituted derivatives are very promising materials [1,2].
Oligomers and polymers of substituted thiophenes have at-
tracted much attention due to their conducting and spectral
properties, and their processibility based on their solubility
in common organic solvents. They have been subject of a
number of photo-physical studies concerning the influence
of microstructural changes of oligomers and polymers pre-
pared in different way on their luminescent spectral proper-
ties [3-9]. The substitution of thiophene on the ring results
in the increase in the solubility of oligomers and polymers in
organic solvents and induces interesting phenomena such as
solvatochromism and thermochromism [5,6]. Becker et al.

* Corresponding author. Tel.: +421-254773448; fax: +421-254775923.
E-mail address: upolhrdl@savba.sk (P. Hrdlovic).

[3,4] found that the spectral properties of unsubstituted olig-
othiophene depend on the number of rings linked together.
The increase of molar extinction coefficient, quantum yield
of emission and lifetime was observed in going from bithio-
phene to oligomer with n = 7 due to less effective intersys-
tem crossing (ISC) process in oligomers with longer chain.

The ISC process is determined by three factors: (1) the
spin—orbit coupling factor, (2) the overlap which contains
the energy difference of the corresponding singlet and triplet
states in the denominator and the Franck—Condon integral,
and (3) the density of original and terminal states. The main
reasons for the effective ISC of oligothiophenes (n = 2, 3),
determined by time resolved femto-second spectroscopy, are
the high spin—orbit coupling factor due to sulphur and almost
isoenergetic positions of Sy and Ty states determined by
photo-detachment photoelectron spectroscopy [9].

In this paper, we report the spectral properties namely
absorption, emission and lifetime of emission of two thio-
phene rings linked with the heterocyclic ring as pyrazine
(Scheme 1, compounds I-IV). In one derivative, thiophene
is a part of the heterocycle ring system (II) as well. In

1010-6030/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S1010-6030(01)00546-9
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other two derivatives, terthiophene chromophores are linked
with electron accepting cyano (V) or hydrazo group (VI).
The spectral properties in non-polar and polar solutions are
compared with those in polymer matrices. The aim of the
study is to suggest the structural units based on thiophene
with increased yield of radiation decay (quantum yield of
emission) and prolonged lifetime in polymer matrices for
application as organic light emitting diodes and exhibiting
thermochromism or solvatochromism.

2. Experimental

The derivatives of thiophene I-IV (Scheme 1) have been
prepared by the condensation of 2,2’-thenil (mp 81-82°C)
[10] with o-diamines as 1,2-phenylenediamine (Aldrich, mp
103-105°C), 3.,4-diaminothiophene (Across, mp 96-97°C),
2,3-diaminopyridine (Aldrich, mp 114-116°C), diaminoma-
leonitrile (DAMN) (Aldrich, mp 178-179°C), and employ-
ing the following general procedure. A 10 mmol solution of
o-diamines in 100 ml of absolute ethanol was treated with
10 mmol of 2,2’-thenil and 1 ml of acetic acid and then heated
under reflux for 4 h. The warm solution was neutralized with
1 N NaHCO3 and the precipitate was collected after cooling.
The crude product was obtained and purified by crystalliza-
tion or separated on silica gel (Merck 60).

2.1. 2,3-Bis-(2'-thienyl)quinoxaline (I)

mp: 143-145°C (ethanol) (89% yield) [10-12]. '"H NMR
(DMSO-d6, 300 MHz, ppm ): 8.0 (m, 2H, H-C¢Hy, J =
8.8Hz, J = 1.4Hz), 7.79 (m, 2H, H-C¢Hy4, J = 8.8 Hz,
J = 6.6Hz),7.75 (dd, 2H, H-5,5, Js4 = 52Hz, Js3 =
1.2Hz),7.17 (dd, 2H, H-3,3’, J3.4 = 3.7Hz, J3 5 = 1.2 Hz),
7.06 (dd, 2H, H-4,4', J;5 = 5.1Hz, J43 = 3.7Hz). 13C
NMR (CDCl;, 75.47MHz): 146.1, 140.8, 139.8, 130.6,
129.8, 129.4, 128.4,127.8.

IR (KBr; vem™1): 3111, 3093, 3068, 3056, 2924, 2850,
1637, 1522, 1423, 1133, 853, 761, 711. UV (methanol):
Amax, nm (loge, dm3 mol~! ecm™1): 226 (4.34), 255 (4.50),
291 (4.39), 381 (4.26).

2.2. 2,3-Bis-(2'-thienyl)thieno[3,4-b]pyrazine (II)

mp: 183—-185°C (70% yield). Anal. Calc. for C14HgN;S;3
(300.41): C, 55.97; H, 2.68; S, 32.02. Found: C, 55.54; H,
2.57; S, 31,78. Mass (M™ 300, 80%): 267, 255, 217, 191,
150, 128, 111, 82 (100%),71, 69, 64, 57,45, 39 'H NMR
(DMSO-d6, 300 MHz, ppm ): 8.33 (s, 2H, H-2,5), 7.77 (dd,
2H, H-5,5', Js.4 = 5.2Hz, Js3 = 1.2Hz), 7.09 (dd, 2H,
H-3,3', J3.4 = 3.7Hz, J3 5 = 1.2Hz), 7.06 (dd, 2H, H-4,4/,
Jis = S5.1Hz, J;3 = 3.7Hz). 3C NMR (DMSO-d6,
75.47 MHz, ppm ): 145.79, 141.24, 140.06, 129.79, 129.62,
127.67, 118.54.

IR (KBr; vem™!): 3108, 3085, 3071, 2923, 2854, 1638,
1541, 1429,1422, 1278, 1080, 864, 765, 723,707. UV
(methanol): 269 (4.49), 388 (4.24).

2.3. 2,3-Bis-(2'-thienyl)pyrido[2,3-b]pyrazine (III)

mp: 124-125°C (75% yield). Anal. Calc. for C;sH9N3S,
(295.02): C, 60.99; H, 3.07; S, 21.71. Found: C, 60.79;
H, 3.01; S, 21.51. Mass (M* 295, 20%); 221, 185, 186,
111(100%), 83, 71, 57, 45, 39. '"H NMR (DMSO-d6,
300 MHz, ppm ): 9.08 (m, 1H), 8.44 (m, 2H), 7.80 (dd, 2H,
H-5,5"), 7.29 (dd, 2H, H-4,4), 7.11 (dd, 2H, H-3,3/). 13C
NMR (DMSO-d6, 75.47 MHz): 154.6, 148.6, 148.4, 146.9,
140.6, 140.1, 137.3, 135.1, 131.0, 130.3, 130.1, 129.9,
127.9, 127.8, 125.9.

IR (KBr; vem™1): 3095, 3073, 2963, 2926, 1718, 1636,
1442 1418, 1232, 1183, 1044, 786, 715. UV (methanol):
259 (4.50), 308 (4.34), 392 (4.30).

2.4. 2,3-Dicyano-5,6-bis(2'-thienyl)pyrazine (IV)

mp: 180-182°C (ethanol), (87% yield).Anal. Calc. for
C14HgN4S, (294.23): C, 57.12; H, 2.05; S, 21.79. Found:
C, 56.91; H, 1.94; S, 21.51. Mass (M* 294, 90%), 261,
250, 249, 111, 110, 109 (100%), 93, 82, 70, 69, 64, 58,
45. 'TH NMR (DMSO-d6, 300 MHz, ppm ): 7.63 (dd, 2H,
H-3,3’, J34 = 3.7Hz, J3 5 = 0.8 Hz), 7.66 (dd, 2H, H-5,5’,
Js4 = 4.1Hz, Js3 = 0.8Hz), 7.14 (t, 2H, H-4.4, Ja5 =
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4.1Hz, J43 = 3.7Hz). *C NMR (CDCl;, 75.47 MHz):
147.9, 137.9, 133.1, 131.4, 128.5, 128.1, 113.0.

IR (KBr; vcm_l): 3118, 3100, 3086, 2242, 1637,
1509, 1500, 1419, 1370, 1076, 1059, 855, 846, 739, 728.
UV (methanol): 219 (4.07), 254 (3.87), 326 (4.07), 382
(4.01).

The structures of derivatives with terthiophene structural
units V and VI are given in Scheme 2.

2.5. [2,2/,5,2" |-Terthiophene-[2]-thienylacrylonitrile (V)

A solution of [2,2/,5',2"]-terthiophene-5-carbaldehyde
(1g, 3.61 mmol) in 500 ml dry ethanol was treated under
reflux with 2-thiopheneacetonitrile (0.44 g, 3.61 mmol) and
2ml 0.1 N sodium ethanolate in ethanol for 5h. After cool-
ing, the red precipitate was filtered and crystallized from
ethanol. Yield: 0.99 g (72%); mp: 152—157°C. Anal. Calc.
for C1oH NS4 (381.56): C, 59.81; H, 2.91; N, 3.67; S,
33.61. Found: C, 59.64: H, 2.87; N, 3.52; S, 33.43. 'H NMR
(CDCl3, 300 MHz, ppm): 7.43, 7.15 (dd, 2H, C-H, C-Harom,
J =3.9),7.39-7.02 (m, 10H, C—Hyrom). *C NMR (CDCls,
75,47 MHz, ppm): 141.74, 138.96, 138.05, 136.18, 135.01,
133.88, 131.76, 128.33, 128.28, 128.05, 126.86, 125.93,
125.08, 124.66, 124.22, 123.87, 117.12, 102.28.

IR (KBr; vem™1): 3130, 3110, 2210, 1579, 1441, 1068,
796. UV (methanol): 253 (4.19), 267 (4.11), 336 (3.98), 427
(4.63).

2.6. [2,2,5,2" ]-Terthiophene-5-
carbaldehydehydrazone (VI)

A solution of [2,2/,5',2”]-terthiophene-5-carbaldehyde
(1g, 3.61 mmol) in dry ethanol (500 ml) was treated un-
der reflux with hydrazine hydrate (0.15g, 4.69 mmol) for
10 h. After cooling, the solvent was evaporated and solid
product was crystallized from ethanol. Yield: 0.66 g (63%);
mp: 272-274°C. Anal. Calc. for C13H10N253 (290.43)1

C, 53.76; H, 3.47; N, 9.65; S, 33.12. Found: C, 53.52; H,
3.38; N, 9.48; S, 32.95. '"H NMR (CDCl3, 300 MHz, ppm):
7.84 (s, 1H, CH=N), 7.23-6.93 (m, 7H, CHarom), 5.50 (s,
2H, NH»). 13C NMR (CDCl3, 75.47 MHz) 138.98, 137.49,
137.28, 136.99, 136.59, 135.99, 127.91, 127.39, 124.69,
124.63, 124.43, 123.83, 123.44.

IR (KBr; vem™1): 3300, 3050, 1605, 1466, 1448, 1080,
812, 725. UV (methanol): 246 (4.16), 311 (3.74), 387 (4.59).

All of the reagents used are commercially available and
were used without further purification. 'H and 3C NMR
spectra were recorded at 80 and 300 MHz, respectively, on
a Tesla BS 487C and Varian VXR-300 NMR spectrome-
ter, with chemical shifts referenced to TMS and to solvent
residues (DMSO-d6) and coupling constants calculated in
Hertz. Mass spectra (EI) were measured with a GC-MS
25 RFA instrument (Kratos Analytical Manchester, UK),
equipped with a direct inlet system at an ionization elec-
tron energy 70 eV, trap current of 100 mA at temperature
of the ion source 200°C. IR spectra were measured on
spectrometer PU 9800 FTIR and Impact 400 (Nicolet)
in KBr pellets. The solvents methanol for UV (Slavus
s.r.o., Bratislava), cyclohexane for UV (Merck, Darm-
stadt, Germany) were used. Anthracene (Lachema, Brno,
CR) used as the standard, was zonally refined. Quencher
1-0x0-2,2',6,6'-tetramethyl-4-hydroxypiperidine was the
same as used previously [13].

Polymer films doped with the derivatives of thiophene
were prepared by casting from solution. The following
films were used as matrices: polystyrene (PS, Krasten, Kau-
cuk Kralupy a.s., CR, (SEC (chloroform) M, = 93,700
My /M, = 2.7)), polymethyl methacrylate (PMMA, Po-
vazské Chemické Zavody, a.s. Zilina, SR, My = 1.01x10°),
polyvinyl chloride (PVC, Neralit 628, Spolana Neratovice,
a.s., CR M, = 1.11 x 10%). Films were prepared by casting
0.02-2 mg of probe in 1 ml chloroform or tetrahydrofuran
solution of polymer (5 g/100ml) on a quartz or glass plate
(28 mm x 35 mm).

UV-VIS absorption spectra were recorded on a model
M-40 spectrophotometer (C. Zeiss, Jena Germany). Emis-
sion spectra were recorded on a Perkin-Elmer MPF-4 spec-
trofluorimeter (Norfolk, CT, USA), which was connected
through an interface and an ac—dc converter to a microcom-
puter for data collection, processing and plotting on an X-Y
plotter [14]. The excitation wavelength was at the maximum
of the longest wavelength band in the range 380—420 nm.
Emission of solutions was measured in 1 cm cuvettes using
a right-angle arrangement. The quantum yields for emission
were determined relative to anthracene in methanol. Emis-
sion of polymer films was measured in a front-face arrange-
ment using a Perkin-Elmer solid sample holder. The relative
quantum yield for emission of each probe in each polymer
film, was determined using anthracene as a standard doped
in the same polymer. Polymer films were checked for the
background emission, which was at least an order of magni-
tude lower in the most unfavorable case (low concentration
of probe and high background emission).
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Table 1

Spectral characteristics of 2,3-bis (2'-thienyl)quinoxaline ()

Medium Vabs? (em™1) log &® Vexe® (em™1) Vemd (cm™1) o° of G'/2¢ AVP (em™h)
MeOH 26250 4.26 25770 21980 0.17 0.12 1.2 4270

Cy 26180 3.87 26320 23310 0.10 0.10 1.0 2870

PS 25910 3.90 25970 22780 0.32 0.36, 0.16! 1.9 3130
PMMA 26180 4.01 25770 22990 0.20 0.51, 0.67? 1.7 3190

PVC 26180 3.88 25970 22830 0.18 0.51, 0.68' 3.7 3350

? Maximum of the lowest wavenumber absorption band.
b Decadic molar extinction coefficient (dm? mol~' em™").
¢ Excitation wavenumber.

4 Maximum of the fluorescence band.

¢ Quantum yield of fluorescence relative to anthracene in methanol (¢ = 0.21).

f Lifetime of fluorescence in solution at ¢ = 0.0001 moldm™> and ¢ = 0.01 molkg™~

€ S.E. of measurement according to [16].
" Stoke’s shift.

in film evaluated according to [16,17].

i Lifetime of fluorescence in film at 0.01 mol kg~ measured on LIF 200 connected to a PC, evaluated by program of J. Snyder, 1988 based on [17,18].

The relative quantum yields in film were determined ac-
cording to the following relation [15]:

. s Jo Ir(v)dv
FfOOQIFS(v) dv

1—10-4°

P
1—10-4

Q)

where q)Fs is the quantum yield of anthracene as a standard
which was assumed to be 0.21 for all environments. For
relative quantum yield, the value of QDE for anthracene was
put at 1. Integrals fooo Ir(v) dvand fOOOIFS(v) dv are the areas
under the emission curve of the investigated compound and
standard, and 4 and AS are the absorbances of the investi-
gated compound and standard, respectively.

Fluorescence lifetime measurements were performed on a
LIF 200 (Lasertechnik Ltd., Berlin, Germany), which oper-
ates as a stroboscope. The excitation source was a nitrogen
laser (A = 337nm) and emission was selected by cut-off
filters. The output signal was digitized and transferred to a
microcomputer [16]. Since the lifetime is short, deconvolu-
tion of instrument function from the measured decay was
needed. Simple phase plane method was used, assuming that

Table 2

Absorption spectra of 2,3-bis(2’-thienyl)thieno[3,4-b]pyrazine (II)
Medium Vaps® (cm™1) logeb
MeOH 25770 424
Cy 25380 4.01
PS 25770 3.88
PMMA 25970 3.73
PVC 25770 3.98

2 Maximum of the lowest wavenumber absorption band.
b Decadic molar extinction coefficient (dm? mol~! cm™!).

the decay is monoexponential [17,18]. The S.D. is given by
G2 = > (Uexp — cale)?/n)'/%, where Iexp and Icqic are the
experimental and calculated intensities of emission, respec-
tively. They were was used to judge the quality of fit. It was
assumed that decays were monoexponential if G'/2 <5%.

Static and time-resolved measurements were performed
on the solution and the polymer films in the presence of air.

Relevant spectral data of derivatives I-V1 in various media
are given in Tables 1-6.

Table 3

Spectral characteristics of 2,3-bis(2’-thienyl)pyrido[3,4,-b]pyrazine (III).

Medium Vabs® (cm™1) log ® Vexc® (em™1) Vemd (cm™) 224 of G'/2¢g AVP (em™h)
MeOH 25510 4.30 25320 25320 0.13 4590

Cy 25510 3.52 _

PS 25320 3.95 25320 21790 0.17 03" 3530
PMMA 25770 4.18 25320 21790 0.14 1.0, 0.7" 5.3 3990

PVC 25380 4.15 25000 21100 0.17 0.8, 1.6' 9.3 4280

? Maximum of the lowest wavenumber absorption band.
® Decadic molar extinction coefficient (dm? mol~! cm™!).
¢ Excitation wavenumber.

4 Maximum of fluorescence band.

¢ Quantum yield of fluorescence relative to anthracene in methanol (¢ = 0.21).
f Lifetime of fluorescence in solution at ¢ = 0.0001 moldm—> and ¢ = 0.01 molkg~" in film evaluated according to [16,17].

& Standard error of measurement according to [16].
I Stoke’s shift.

i Lifetime of fluorescence in film at 0.01 mol kg~' measured on LIF 200 connected to PC, evaluated by software of J. Snyder 1988 based on [17,18].
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Table 4

Absorption spectra of 2,3-dicyano-5,6-bis(2’-thienyl)pyrazine (IV)
Medium Vabs? (em™1) log &®
MeOH 26180 4.01
Cy 26180 3.18
PS 233109 3.20
PMMA 23470 3.26
PVC 23700 3.48

2 Maximum of the lowest wavenumber absorption band.
Y Decadic molar extinction coefficient (dm? mol~! cm™!).

3. Results and discussion

The absorption and fluorescence spectra were measured
in non-polar and polar solvents (cyclohexane, methanol),
which are solvents still dissolving the derivatives of thio-
phene. These compounds seem to be well compatible with
polymer matrices at concentrations 0.001 and 0.01 mol kg~!.
The polarity of the used polymer matrices lies between
the limits given by the used solvents. The dynamics of the
solvent envelope in the low molecular solvent is substan-
tially faster than in glassy polymer matrix. The shape of

71

absorption spectra of disubstituted thiophene derivatives on
heterocyclic ring (pyrazine) for all derivatives (I-I1I) are
quite similar (Fig. 1). The longest wavelength band in the
region 26,300-25,600 cem~!is clearly distinct but it is rather
broad expressed as FWHM equal 5200 cm™!. The substitu-
tion of two cyano groups on the pyrazine ring decreases the
absorption ability of IV (Fig. 1). For all the derivatives, I-1V,
the molar extinction coefficient is lower in the non-polar
solvent than in polar methanol. The values of the molar ex-
tinction coefficients in polymer films are loaded with higher
error than in solution. They lie usually between the values
determined in the solvents. In case of IV, the values of mo-
lar extinction coefficient are lower in polymer films than in
methanol and similar as in cyclohexane (Table 4).

The absorption and fluorescence spectra of derivatives I
and III in different media are shown in Figs. 2 and 3. The
fluorescence of derivatives I and III is rather broad, struc-
tureless band and FWHM is 2300 cm™~!. The quantum yield
of emission of both derivatives is around 0.2, which is com-
parable with anthracene (Tables 1 and 3). The fluorescence
of I is red-shifted in going from cyclohexane to methanol
where the largest Stoke’s shift is around 4200 cm™! but in

Table 5

Spectral properties of [2,2',5',2”]-terthiophene-[2]-thienylacrylonitrile (V)

Medium Vaps® (cm™1) log &® Vexc® (em™1) Vemd (cm™!) 204 f (ns) G'/2e AV (ecm™1)
MeOH 23420 4.63 25000 18830 0.05 1.0 7.5 4590

Cy 23920 437 23810 19760 0.04 . 4160

PS 22880 4.03 23810 18320 0.13 1.3, 1.2 6.9 4560
PMMA 22880 4.40 21320 18380 0.23 0.7, 0.5' 2.8 4500

PVC 22320 4.41 22730 17760 0.12 0.5, 0.4 3.8 4560

2 Maximum of the lowest wavenumber absorption band.
b Decadic molar extinction coefficient (dm3 mol~! em™).
¢ Excitation wavenumber.

4 Maximum of the fluorescence band.

¢ Quantum yield of fluorescence relative to anthracene in methanol (¢ = 0.21).
f Lifetime of fluorescence in solution at ¢ = 0.0001 moldm™> and ¢ = 0.01 molkg™" in film evaluated according to [16].

& Standard error of measurement according to [16].
h Stoke’s shift.

i Lifetime of fluorescence in film at 0.01 mol kg~' measured on LIF 200 connected to PC, evaluated by software of J. Snyder 1988 based on [17,18].

Table 6

Spectral properties of [2,2/,5',2”]-terthiophene-5—carbaldehydehydrazone (VI)

Medium Vabs? (cm™ 1) log &® Vexc® (em™1) Vemd (cm™) 224 i (ns) G'/2e AVP (em™h)
MeOH 25710 4.82 25000 19500 0.1 1.1 4.5 6210

Cy 26180 4.80 26320 21550, 21320 0.03 0.4 ) 2.4 4860

PS 25510, 22520s 4.19, 4.04 25000 21140 0.21 0.5, 0.9' . 5.6 4370
PMMA 25380, 23700s 4.62 25060 21230 0.13 1.2, 0.7, 0.8 33,5.0 4150

PVC 25190, 22220s 4.25 23810 21190 0.10 1.0! 4000

2 Maximum of the lowest wavenumber absorption band; s mean shoulder.

Y Decadic molar extinction coefficient (dm? mol~! cm™!$).
¢ Excitation wavenumber.
4 Maximum of the fluorescence band.

¢ Quantum yield of fluorescence relative to anthracene in methanol (¢ = 0.21).
fLifetime of fluorescence in solution at ¢ = 0.0001 moldm™> and ¢ = 0.01 molkg~" in film evaluated according to [16,17].

& Standard error of measurement according to [16].
" Stoke’s shift.

i Lifetime of fluorescence in film at 0.01 mol kg™

measured on LIF 200 connected to PC, evaluated by program of J. Snyder 1988 based on [17,18].
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0,0
50 000

Fig. 1. Absorption spectra of derivatives of thiophene in methanol at 10~> moldm™3 for I (solid line), IT (dashed line), ITI (dotted line) and IV (dash

dotted line).

most other media it is around 3000 cm~!. In polymer ma-
trices, maximum of the fluorescence lies between these
limiting values. Derivative III does not yield measurable
emission in cyclohexane, which might be due to the change
of character of the lowest excited state of the fused pyri-
dine ring. The lifetime of emission of I is around 0.1 ns in

solution, which is the limit of resolution of the used experi-
mental set-up. In polymer matrices lifetime of fluorescence
of I is rather longer. Although the values of lifetime are
charged with large error, some prolongation of lifetime in
polymer matrices is evident. The lifetime of ITl, around 1 ns,
was determined in polymer matrices only. The absence of

03F %

0,2 -

0,0

— A/MeOH (a.u.)

Fig. 2. Absorption (4) and fluorescence (F) spectra of T in methanol (MeOH) at 10~ moldm™3 (A (solid line) and F (dotted line)), in cyclohexane (Cy)
at107~> moldm—3 (A (dashed line), F (dash dotted line)) and in PS at 0.001 molkg~' (A (short dashed line), F (short dotted line)). The fluorescence

bands are normalized to the respective absorption bands.
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T F/MeOH
A | e A/PMMA
02
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35 000 30 000 25 000 20 000 15 000
-1
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Fig. 3. Absorption (4) and fluorescence (F) spectra of III in methanol (MeOH) at 10~ mol dm3(A (solid line), F (dotted line)), PMMA at 0.001 mol kg~
(A (dashed line), F (dash dotted line)) and in PS at 0.001 molkg™" (A (short dashed line), F (short dotted line)). The fluorescence bands are normalized
to the respective absorption bands.

measurable emission of II and IV indicates that radiation- Absorption and fluorescence spectra of derivatives V and
less channel is more effective than the radiative one for these VI are shown in Figs. 4 and 5. The absorption spectra of
derivatives. In derivative II, the sulphur of the fused thio- derivatives with terthiophene units V and VI are dominated
phene to pyrazine probably increases the intersystem cross- by the intense lowest wavenumber band around 23,250 cm ™!
ing due to higher spin—orbit interaction [3]. In derivative IV, with FWHM = 5000cm~' for V. It is hypsochromi-
the two cyano groups could have similar effect. cally shifted to 25,640cm™"! for VI as for pyrazine type

0,3

A - I
(a.u.)

02 |

0,1 |-

0,0

35000 30000 25000 20 000 15000
v, cm’

Fig. 4. Absorption (4) and fluorescence (F) spectra of V in cyclohexane (Cy) at 107> mol dm~3(A (solid line), F (dotted line)), PMMA at 0.001 mol kg~!
(A (dashed line), F (dash dotted line)) and in PS at 0.001 molkg™" (A (short dashed line), F (short dotted line)). The fluorescence bands are normalized
to the respective absorption bands.
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A —— A/MeOH
------------- F/MeOH
0,6
ffffffff A/PS
P F/PS
T A/PS
— F/IPMMA
0,4+
0,2
0,0

(a.u.)

Fig. 5. Absorption (4) and fluorescence (F) spectra of VI in methanol (MeOH) at 10~> moldm—> (A (solid line), F (dotted line)), in PS at 0.001 mol kg~!
(A (dashed line), F (dotted line)) and in PMMA at 0.001 molkg~! (A (short dashed line), F (short dash dotted line)). The fluorescence bands are

normalized to the respective absorption bands.

derivatives. The electron acceptor acrylonitrile with thio-
phene ring attached in V interacts more strongly with
terthiophene chromophore than azine group, although both
substituents extend the electronic system.

The main features of absorption spectra of derivatives
under study in solution and in polymer matrices are nearly
the same for all the derivatives I-VI (Figs. 2-5). At higher

concentration of all the derivatives under study in polymer
matrices (0.01 molkg™') there is slight extension of the
edge of the lowest wavenumber band to red in the polymer
matrices. This extension is clearly seen as a shoulder in
Fig. 6 for VI in the PS matrix above 25,000 cm~!. Com-
parison of the shape of absorption band at lower concen-
tration (0.001 molkg™") with that at higher concentration

- adjusted

15 000

Fig. 6. Comparison of absorption spectrum of VI in PS matrix at 0.001 molkg™' (dashed line) and at 0.01 molkg~" (solid line). Dotted line is the
absorption at lower concentration adjusted to the height of absorption at higher concentration.
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(0.001 molkg~") clearly shows that this extension of the ab-
sorption band is a concentration effect. The excitation spec-
tra of VI in the polymer matrices exhibit the same features
as the absorption spectra at lower and higher concentra-
tions of dopant in polymer matrix namely shoulder at lower
wavenumber side of the band. Maximum of the excitation
spectrum of VI in all polymer matrices is red-shifted about
600cm~! as compared to the absorption band. This might
indicate some aggregation of these derivatives at higher con-
centration in polymer matrices. Clearly, VI exhibits a dis-
tinct aggregation in polymer matrices.

Derivative V, in which terthiophene chromophore is in
conjugation with acrylonitrile group, yields fluorescence
with maximum in the range 20,000—18,900 em~! in so-
lution and with low quantum yield 0.05 (Table 5). The
fluorescence in all polymer matrices is red-shifted as com-
pared with the solution showing some sign of shoulder at
high wavenumber edge (Fig. 4). The quantum yield of fluo-
rescence is higher around 0.1. The lifetime of fluorescence
is around 1ns. It was difficult to measure lifetime of V
in cyclohexane due to the weak signal. It is shortened in
polar polymer matrices (Table 5). The Stoke’s shift is large
about 4500 cm™! indicating that the geometry of ground
and singlet excited states could be rather different.

Derivative VI, in which terthiophene chromophore are
linked with azine group, exhibits flourescence with max-
imum in the range 21,300-19,000cm™" blue-shifted in
comparison to V (Fig. 5). This fact indicates that singlet
energy is higher and consequently the extent of conjugation
in ground or excited states is lower than in V. The quantum
yield of emission is comparable in polar methanol and in
polymer matrices with anthracene; but substantially lower
in non-polar cyclohexane. In cyclohexane, VI exhibits some
shoulder at the high wavenumber side of the broad band
while in other media only the broad band is observed. The
lifetime of fluorescence of VI in most media is around 1 ns
(Table 6). Although by linking of terthiophene chromophore
with azido and I-cyano-1-thiophenylethynyl groups, the
electronic system is extended, no substantial increase is
observed in the quantum yield and lifetime, which are pa-
rameters important for the application of these materials as
organic light emitting diodes.

The fluorescence of these derivatives based on thio-
phene is effectively quenched by stable free radical
1-0x0-2,2,6,6-tetramethyl-4-hydroxypiperidine  indicating
that singlet state of these derivatives is well above the one
of quencher (Table 7). Since we know the lifetime of flu-
orescence, bimolecular rate constant of quenching can be
calculated. The value of ky is slightly higher for anthracene
but substantially higher for derivative I. Although the life-
time determination is loaded with high error, the values
of kq are rather high above the bimolecular rate constant
limited by diffusion. Reason for such effective quenching
might either be the formation of ground state complex or
some other mechanism connected with the presence of
paramagnetic centre of the free radical.

Table 7
Quenching of thiophene derivatives I-VI by 1-0x0-2,2,6,6-tetrametyl-4-
hydroxypiperidinom in methanol

Chromofores Ksy (moldm?) T (ns) kq x 100
(dm3 mol~!s~1)

Anthracene 268 4 6.7

1 155 0.1 155

1

1 110 1.6 7.1

v

v 114 1.0 11.4

V1 81 1.1 7.4

In conclusion, the spectral data of the investigated deriva-
tives show that linking of thiophene to heterocyclic pyrazine
ring results in both increase as well as decrease in fluores-
cence, depending on the structure of the heterocyclic unit.
The extension of terthiophene electronic system by substitu-
tion results in some improvement in the spectral properties
The doping of these derivatives in polymer matrices does not
change the basic spectral features as compared in solution.
In some cases, higher quantum yield and longer lifetime is
observed for the derivatives (mainly I) doped in polymer
matrix.
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Abstract

The syntheses, spectral measurements and the AMI (Austin model 1) geometry optimisation of N,N'-bis-thiophen-2-ylmethylene-
hydrazine (IIla), N,N'-bis-(3-methyl-thiophen-2-ylmethylene)-hydrazine (IIIb), N-[2,2']-bithiophen-5-ylmethylene-N'-thiophen-2-ylmethy-
lene-hydrazine (Illc), N,N'-bis-[2,2']-bithiophen-5-ylmethylene-hydrazine (IIId), N-[2,2"; 5',2"]-terthiophen-5-ylmethylene-N -thiophene-
2-ylmethylene-hydrazine (Ille), N-[2,2']-bithiophen-5-ylmethylene-N'-[2,2'; 5',2"]-terthiophen-5-ylmethylene-hydrazine (IIIf) and N,N'-
bis-[2,2'; 5/,2"]-terthiophen-5-ylmethylene-hydrazine (IIIg) are elaborated. The electron absorption spectra for all-frans conformers are
obtained by ZINDO/S method and compared with the experimental data. The influence of the chain length on the electronic polarisability and
second-order hyperpolarisability is investigated using the time-dependent Hartree—Fock method in AM1 approach. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Oligothiophenes; Oligothiophene bridged derivatives; Syntheses; Polarisability; Second-order hyperpolarisability; Electron absorption and

luminescence spectra

1. Introduction

Conjugated organic molecules with suitable optical non-
linearities and spectral characteristics occupy a prominent
position in modern research because of their high cost-
effectiveness, low dielectric constants, fast non-linear opti-
cal response and easy integration into passive and active
devices [1-6]. Whereas the polymeric structures are
obtained as highly amorphous materials, their individual
oligomers are of particular interest owing to their relatively
well-defined structure and easier manipulation (e.g. solubi-
lity, purification, film preparation).

Non-linear optical (NLO) effects are generally described
within the electric dipole approximation [1,3]. Explicitly,
in frequency domain (w), the vector component in the ith
molecular fixed-coordinate direction of the electric field
induced dipole moment for an isolated molecule is

“Corresponding author. Fax: 4421-7-524-93-198.
E-mail address: lukes @chelin.chtf.stuba.sk (V. Lukes).

expressed as follows:

1= 1"+ o (— 5 01) Ej(1)

+ B (—w; w1, ) Ej(01) Ex(@2)
+Vijkl(_w;wlaw27w3)E‘j(wl)Ek(w2)El(w3) (1)

where ,uEO) denotes the vector element of the static perma-

nent dipole moment, Ej(; represents the external electric
field of frequency w23y and o, Bk Vi are tensors that
correspond to the polarisability, first- and second-order
hyperpolarisabilities, respectively (the indices i, j, k and [
refer to a molecule-based coordinate system). The measur-
able analogues of the hyperpolarisabilities in real systems
(e.g. in bulk materials) are the susceptibilities [1].

Among the commonly used synthetic strategies for the
material property optimisation [1,4,7-12], one involves
also the addition of electron donor and acceptor substi-
tuents in the specific positions of molecule and/or che-
mical modification of molecular bridges between two
(or more) aromatic chromophores. The length variations
of the side chromophore systems represent another alter-
native [8,9].

0379-6779/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Identifying the relationship between physical properties
and molecular structure is the key to the rational designing of
new electronic fabrics. The ability to tailor the structure of
conjugated molecules allows the rational synthesis of con-
ductive and electroactive oligomers and polymers with a
broad range of electronic properties. This might be illu-
strated on the series of the well defined and non-substituted
small oligothiophenes, Tn, with n monomers per molecule.
Their absorption spectra [13] span with the chain size from
the UV region (4. of 302 nm for T2, 350 nm for T3,
391 nm for T4) to the visible (Aax 0of 412 nm for T5, 429 nm
for T6, etc.) one. On the contrary, their S; excited states
undergo a geometrical relaxation to a planar molecule with
quinoid-like structure, resulting in a structured emission band.
The fluorescence quantum yield is extremely low for T2
(0.014) and T3 (0.04), increases to 0.36 for TS5, but decreases
at higher oligomers. On the other hand, the triplet quantum
yield has the highest value of 0.99 for T2 and then decreases
(0.95 for T3, 0.73 for T4, 0.59 for TS, etc.) [14].

The experimental data for the linear and non-linear optical
properties reveal the initial strong increase with chain
length, too. The averaged polarisability values ({)) mea-
sured by Zhao et al. [9] (in tetrahydrofuran solutions at
589 nm) and extrapolated to the static limits by Champagne
etal. [15] are: 124.2 au for T2, 195.8 au for T3, 377.7 au for
T4, 652.1 au for TS5 and 1418.0 au for T6. The available
static values of hyperpolarisabilities ({y)) obtained for the
structures of T2, T3, T4, TS5 and T6 are 9.4 x 103,
47.2 x 103, 116.9 x 103, 235.1 x 103 and 738.6 x 10> au,
respectively. Unfortunately, all these experiments depend
strongly on the solubility (i.e. low solubility of TS, T6 and
larger molecules permitted study of only a very low con-
centration range with large errors), solvents (solvatochro-
mism [16]) and/or temperature (thermochromism [17]).

In relation to these facts, the direct comparison of the
available theoretical results for the oligothiophenes with the
published experimental ones remains still problematic.
Semiempirical AM1 (Austin model 1) polarisability values
for the pure thiophene oligomers (T2, T3, T4, TS and T6)
[18,19] are in good agreement with CPHF ab initio calcula-
tions [15] in 3-21G basis sets (99.2, 164.5, 237.1, 313.7,
392.8 and 473.4 au, respectively). The calculation results
based on the INDO/MRD-CI SOS method [20] are ca. 68%
underestimated in comparison with the experimental static
values. The static AM1 (y) value indicate ca. fivefold over-
estimation in comparison with INDO/MRD-CI SOS results.
SOS method describes satisfactorily the experimental static
(y) data of oligothiophenes [20] containing up to five rings,
whereas its value for sexithiophene corresponds better to
AMI/TDHEF result (see Fig. 4 in [18]).

The large conformational variability occurring within the
same organic molecule complicates the theoretical des-
cription of processes in these systems. The very precise
theoretical calculations can predict the preferred chain
conformational structure at least in the gas phase. For
instance, the ab initio calculations of isolated terthiophene

molecule [21-23] using good basis sets show the highest
stability of non-planar all-frans conformation with inter-ring
torsion angle of ca. 150°. It was found that internal rotational
potentials obtained by semiempirical AM1 method are too
flat but in qualitative agreement with those found by the
most advanced ab initio calculations [16,23]. Semiempirical
PM3 method does not give accurate conformations (wrong
relative stabilities) and INDO method prefers planar con-
formations due to neglecting small steric interactions [23].

The situation in liquid and especially in solid-state sys-
tems is more complicated. The resulting overall conforma-
tional structure of various oligothiophenes is determined by
an energetic compromise between an intramolecular poten-
tial (where steric repulsions and delocalisation energy are
taken into account) and an intermolecular potential (involves
all forces between the chain and the environment) [24-26].

The torsional dependence of the optical properties (Apax,
polarisabilities and second-order hyperpolarisabilities)
within oligothiophene conformers exhibits the uniform
shape (similar as the cosine-squared functions) [19,27] with
maxima for planar structures. Thus the quantum-chemical
calculations performed on the fixed planar geometries may
produce correct trends [4,15] which are satisfactory for
suggesting suitable candidates for technological application.

Mutual influence of two (or more) thiophene chromo-
phores depends on the quality of the bridges between them.
The structure, aromaticity and polarisability of the bridge
may be significantly influenced by heteroatoms introduced
into its skeleton. Understanding the mutual influences of
these factors will play a key role in modern molecular
engineering. Recent studies are concentrated mainly on
phenylene chromophores with carbon bridges [1-6]. Thio-
phene-based molecules with aromatic heteronuclear bridges
have been also investigated [5,11]. However, these ones with
non-aromatic bridges remain outside the scope of systematic
research in this field.

Following the above mentioned works, we will focus
attention on new compounds consisting of 2,3-diaza-1,3-
butadiene bridge with two end-capped chromophores
containing one, two or three thiophene units (joined in o-
positions, see Fig. 1). In this type of compounds, the diene
character is suppressed by unpaired electrons on nitrogens.
On the other hand, the nitrogen atoms in the backbone
cause better thermal stability (e.g. flame retardant [7]) than
in pure oligothiophenes. This might be important from the
technological point of view.

The main aim of our study is to investigate: (i) the
influence of the chain length and molecular symmetry on
electron absorption spectra; (ii) how the specific variations
in molecular design (symmetry) within the position of the
bridge between thiophene chromophores can modify the
electronic off-resonant linear (polarisability, (o)) and NLO
(second-order hyperpolarisability, (7)) response. The unsub-
stituted oligothiophenes are not f§ interesting materials.
Their values are so small that the AM1 scheme can produce
incorrect values. In order to demonstrate the effect of the
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Fig. 1. The reaction scheme and the notation of the compounds under study.

incorporation of conjugated bridge between the thiophene
rings, our results will be analysed in relation to those
obtained on a-thiophene oligomers of similar sizes. In the
experimental part of this work, the reaction scheme and
synthesis of the studied compounds will be presented. Their
measured optical properties (absorption, luminescence) will
be discussed and compared with our theoretical predictions.

2. Methods and materials
2.1. Quantum-chemical methods

The ground-state geometry of isolated oligomers (denoted
as T2-T6 and IIla-IIlIg, see Fig. 1) are optimised (at the
Hartree—Fock level) using the standard semiempirical AM1
method [28,29] of the MOPAC 7.0 package [30] (energy cut-
off of 107 kcal/mol, final RMS energy gradient under
0.01 kcal mol ' A*I). The chains are fixed to be all-trans
planar.

On the basis of the optimised geometries, the electronic
spectra are calculated by standard semiempirical ZINDO/S
method for single excitations from 15 highest occupied to
15 lowest unoccupied molecular orbitals at single level
of theory using c—c and m-m overlap weighting factors
of 1.3 and 0.7, respectively [31,32]. The electronic polar-
isabilities, «, and second-order hyperpolarisabilities, y, of
the above mentioned conformations are evaluated by the
AMI1 method within the time-dependent Hartree—Fock
(TDHF) approach [33] using MOPAC 7.0 program package
[30]. The calculated components of the (hyper)polarisability

tensors will be presented in the form of the orientationally
averaged quantities. The mean values of polarisability ()
are obtained from its components as

(o) = Mo + oy + 0] )

The averaged second-order hyperpolarisabilities (y) are
obtained as the isotropic average for the third harmonic
generation (THG) technique

() = 3 o o
&n

where &, n = x,y,z (see, e.g. [1,3]).
2.2. Preparation

All the reagents and solvents used are commercially
available and used without further purification: thiophene-
2-carbaldehyde (Ia) boiling point (b.p.) 197-198 °C
(Aldrich), 3-methyl-thiophene-2-carbaldehyde (Ib) b.p. 83—
85 °C at 0.66 kPa (Merck), [2,2']-bithiophenyl-5-carbalde-
hyde (Ic) melting point (m.p.) 57-59 °C [34], [2,2'; 5/,2"]-
terthiophene-5-carbaldehyde (Id), 140141 °C [35]. '"H NMR
spectra were recorded at 300 MHz on Varian VXR-300 NMR
spectrometer, with chemical shifts referenced to TMS and
coupling constants calculated in hertz. Infrared spectra were
measured on spectrometer PU 9800 FTIR (KBr).

2.2.1. Ha: thiophen-2-ylmethylene-hydrazine
The hydrazine monohydrate (100%) (16.5 g; 0.33 mol)
was added for 1 h to a solution of thiophene-2-carbaldehyde
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(Ia) (11.2 g; 0.1 mol) in 50 ml of diethylether at O °C. The
mixture was stirred for further 1 h at 0 °C and 5 h at 25 °C.
The solid was collected (after cooling the mixture to 0 °C)
by suction filtration and washed with water. The final
product was recrystallised from ethanol.

Melting point: 63-65 °C, lit. 61-65 °C (diethylether) [36],
80% yield (yellow crystals). '"H NMR (CDCls, 300 MHz), §
(ppm): 7.90 (s, 1H, CH=), 7.22 (d, 1H, CH-aromatic,
J =48 Hz), 6.80-7.10 (m, 2H, CH-aromatic), 5.43 (bs,
2H, NH,). IR (KBr) v (cm™'): 3360.

2.2.2. IIb: (3-methyl-thiophen-2-ylmethylene)-hydrazine

The hydrazine monohydrate (16.5 g; 0.33 mol) was added
for 1 h to a solution of 3-methyl-thiophene-2-carbaldehyde
(Ib) (12.5 g; 0.1 mol) in 50 ml of ethanol at 0 °C. The mixture
was stirred for further 1 h at 0 °C and 5 h at 25 °C. The solid
was collected by suction filtration and washed with water. The
final product was recrystallised from ethanol.

Melting point: 49-50 °C (ethanol), 80% yield (yellow
crystals). Analytical calculation for C¢HgN,S (140.04): C,
51.40%; H, 5.75%; S, 22.87%. Found: C, 51.22%; H, 5.68%;
S, 22.70%. 'H NMR (CDCls, 300 MHz), § (ppm): 7.94
(s, 1H, CH=), 7.12 (d, 1H, CH-aromatic, J = 4.8 Hz), 6.78
(d, 1H, CH-aromatic, J = 4.8 Hz), 4.82 (bs, 2H, NH,), 2.29
(s, 3H, CH3). IR (KBr), v (cm™"): 3362.

2.2.3. Hc: [2,2']-bithiophen-5-ylmethylene-hydrazine

The hydrazine monohydrate (100%) (10 g; 0.2 mol) was
added for 1 h to a solution of [2,2]-bithiophenyl-5-carbal-
dehyde (Ic) (1.94 g; 0.01 mol) in 100 ml of ethanol at 25 °C.
The mixture was stirred for further 5 h at 25 °C and 5 h at
80 °C. The product was purified (after evaporation the
solvent) by column chromatography using silica gel (Merck
60) and toluene as eluent.

Melting point: 162—-163 °C, 60% yield (orange crystals).
Analytical calculation for CoHgN,S, (208.01): C, 51.89%;
H, 3.87%; S, 30.79%. Found: C, 51.77%; H, 3.79%; S,
30.92%. '"H NMR (CDCls, 300 MHz), § (ppm): 7.87 (s, 1H,
CH=), 7.40-7.07 (m, 5H, CH-aromatic), 5.47 (bs, 2H, NH,).
IR (KBr), v (cm™'): 3362.

2.24. IId: [2,2'; 5,2" |-terthiophen-5-ylmethylene-
hydrazine

The solution of [2,2'; 5,2"]-terthiophene-5-carbaldehyde
(Id) (1 g; 0.036 mol), hydrazine hydrate (0.15 g; 0.047 mol)
in 500 ml of dry ethanol was treated under reflux for 10 h.
The solvent was evaporated and solid product was crystal-
lised from ethanol.

Melting point: 272-274 °C, lit. 272-274 °C [12], 63%
yield (orange crystals). 'H NMR (CDCl;, 300 MHz), §
(ppm): 7.84 (s, 1H, CH=), 7.23-6.93 (m, 7H, CH-aromatic),
5.50 (s, 2H, NH,). IR (KBr), v (cm ™ "): 3300.

2.2.5. HIla: N,N'-bis-thiophen-2-ylmethylene-hydrazine
The thiophene-2-carbaldehyde (22.4 g; 0.2 mol) was
added dropwise (over a period of 30 min) to the stirred

mixture of pulverised hydrazine sulphate (13 g; 0.1 mol),
90 ml of water and 13 ml of concentrated aqueous ammonia
(d = 0.88) at 25 °C. The mixture was further stirred for 1 h
at 25°C and 1 h at 80 °C. The solid was collected (after
cooling to room temperature) by suction filtration and
washed with water. The final product was recrystallised
from ethanol.

Melting point: 158-159 °C (ethanol), lit. 156-159 °C
[36], yield 80% (yellow crystals). '"H NMR (CDCls,
300 MHz), ¢ (ppm): 8.79 (s, 2H, CH=), 7.40-7.75 (m,
4H, CH-aromatic), 7.00-7.12 (m, 2H, CH-aromatic). IR
(KBr), ¥ (cm™'): 1610.

2.2.6. IIIb: N,N'-bis-(3-methyl-thiophen-2-
vlmethylene)-hydrazine

The 3-methyl-thiophene-2-carbaldehyde (25.2 g; 0.2 mol)
dissolved in 50 ml of ethanol was added dropwise (over a
period of 30 min) to the stirred mixture of pulverised
hydrazine sulphate (13 g; 0.1 mol), 100 ml of water—ethanol
(1:1) and 13ml of concentrated aqueous ammonia
(d = 0.88) at 25 °C. The mixture was further stirred for
1 hat25°C and 1h at 80 °C. The solid (crystallised after
partial evaporation of solvent) was collected by suction
filtration and washed with water. The final product was
recrystallised from ethanol.

Melting point: 164—168 °C (ethanol), yield 80% (yellow
crystals). Analytical calculation for C;,H;,N,S, (248.04):
C, 58.03%; H, 4.87%; S, 25.82%. Found: C, 58.61%; H,
4.94%; S, 25.51%. '"H NMR (CDCls, 300 MHz), § (ppm):
8.85 (s, 2H, CH=), 7.35 (d, 2H, CH-aromatic, J = 4.8 Hz),
6.90 (d, 2H, CH-aromatic, J = 4.8 Hz), 2.40 (s, 6H, CHj).
IR (KBr), ¥ (cm™'): 1613.

2.2.7. Ilc: N-[2,2']-bithiophen-5-ylmethylene-
N'-thiophene-2-ylmethylene-hydrazine

The solution of [2,2']-bithiophen-5-ylmethylene-hydra-
zine (IIc) (2.08 g; 0.01 mol), thiophene-2-carbaldehyde
(Ia) (1.12 g; 0.01 mol) in 250 ml of dry ethanol was treated
under reflux for 24 h. The solvent was evaporated. The solid
product was purified by column chromatography using silica
gel (Merck 60) and toluene as eluent.

Melting point: 159-161 °C, yield 52% (orange crystals).
Analytical calculations for C;4H;oN,S; (302.00): C,
55.60%; H, 3.33%; S, 31.81%. Found: C, 55.69%; H,
3.43%; S, 32.11%. 'H NMR (CDCl;, 300 MHz), ¢
(ppm): 8.70 (s, 2H, CH=), 7.37-7.04 (m, 8H, CH-aromatic).
IR (KBr), ¥ (cm™'): 1613.

2.2.8. IIId: N,N'-bis-[2,2' ]-bithiophen-5-
vlmethylene-hydrazine

The hydrazine sulphate (0.65 g; 0.005 mol) dissolved
in 100 ml of water—ethanol (1:1) and in 10 ml of con-
centrated aqueous ammonia (d = 0.88) was added to
the solution of [2,2']-bithiophenyl-5-carbaldehyde (Ic)
(1.94 g; 0.01 mol) in 100 ml of ethanol at 25 °C. The
mixture was stirred for 5h at 25 °C and 5h at 80 °C.
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The product was purified (after evaporation of the solvent)
by column chromatography using silica gel (Merck 60)
and toluene as eluent.

Melting point: 202-203 °C, yield 68% (orange crystals).
Analytical calculations for C;gH{oN,S; (383.99): C,
56.22%; H, 3.15%; S, 33.35%. Found: C, 56.69%; H,
3.10%; S, 33.51%. 'H NMR (CDCl;, 300 MHz), ¢
(ppm): 8.70 (s, 1H, CH=), 8.22 (s, 1H, CH=), 7.37-7.04
(m, 10H, CH-aromatic). IR (KBr), v (cmfl): 1613.

2.2.9. Hle: N-[2,2'; 5'2"]-terthiophen-5-ylmethylene-N'-
thiophen-2-ylmethylene-hydrazine

The solution of [2,2'; 5',2"]-terthiophene-5-carbaldehy-
dehydrazone (IId) (0.8 g; 0.0028 mol), thiophene-2-carbal-
dehyde (Ia) (0.37 g; 0.0033 mol) in 360 ml of dry methanol
was treated under reflux for 24 h. The precipitate was filtered
(after cooling to room temperature) and the product was
purified by column chromatography using silica gel (Merck
60) and toluene as eluent.

Melting point: 159-161 °C, yield 52% (orange crystals).
Analytical calculations for C;gH,N,S; (383.99): C,
56.22%; H, 3.15%; S, 33.35%. Found: C, 56.47%; H,
3.22%; S, 33.19%. 'H NMR (THF-dg, 300 MHz), §
(ppm): 8.63 (s, 1H, CH=), 8.58 (s, 1H, CH=), 7.48-6.91
(m, 10H, CH-aromatic). IR (KBr), ¥ (cm™"): 1620.

2.2.10. IIf: N-[2,2']-bithiophen-5-ylmethylene-N -
[2,2'; 52" |-terthiophen-5-ylmethylene-hydrazine

The solution of [2,2'; 5',2"]-terthiophene-5-carbaldehy-
dehydrazone (IIId) (1 g; 0.0034 mol), [2,2']-bithiophenyl-
5-carbaldehyde (Ic) (0.8 g; 0.004 mol) in 450 ml of dry
methanol was treated under reflux for 24 h. The precipitate
was filtered (after cooling to room temperature) and the
product was purified by column chromatography using silica
gel (Merck 60) and toluene as eluent.

Melting point: 189-191 °C, yield 65% (orange crystals).
Analytical calculation for C5,H4N,S5 (465.98): C, 56.62%;
H, 3.02%; S, 34.40%. Found: C, 56.39%; H, 2.91%; S,
34.18%. '"H NMR (THF-dg, 300 MHz), 6 (ppm): 8.58 (s, 1H,
CH=), 8.14 (s, 1H, CH=), 7.38-6.94 (m, 12H, CH-aromatic).
IR (KBr), ¥ (cm™): 1625.

2.2.11. IIg: N,N'-bis-[2,2'; 5,2" |-terthiophen-5-
yimethylene-hydrazine

The solution of [2,2'; 5',2"]-terthiophene-5-carbaldehyde
(Id) (1g; 0.0036 mol), hydrazine hydrate (0.058 g;
0.0018 mol) in 500 ml of dry ethanol was treated under
reflux for 24 h. The precipitate was filtered (after cooling to
room temperature) and purified by crystallisation from
ethanol.

Melting point: 277-278 °C, yield 39% (red crystals).
Analytical calculations for CygHgN,Ss (548.81): C,
56.90%; H, 2.94%; S, 35.06%. Found: C, 56.81%; H,
2.89%; S, 34.95%. '"H NMR (DMSO-ds, 300 MHz), &
(ppm): 8.75 (s, 1H, CH=), 8.27 (s, 1H, CH=), 7.66-7.12
(m, 14H, CH-aromatic). IR (KBr), ¥ (cm™"): 1598.

2.3. Instrumentation for optical experiments

The absorption spectra were recorded on a model M-40
spectrophotometer (C. Zeiss, Jena, FRG). Emission spectra
were recorded on a Perkin-Elmer MPF-4 spectrofluorimeter
(Norfolk, CT), which was connected through an interface
and an A/D converter to a microcomputer for data collection,
processing and recording [37]. The excitation wavelength
was at the maximum of longest wavelength band in the range
427-451 nm. Emission of solutions was measured in 1 cm
cuvettes using a right-angle arrangement. The quantum
yields for emission were determined relative to anthracene
in chloroform. All measurements were done at room tem-
perature (298 K).

3. Results and discussion
3.1. Quantum-chemical results

Non-bridged oligothiophenes have been the object of
many studies [1,4,18-20] and so they may serve as the
reference systems in this paper. Our treatment is not able to
bring such an in-depth analysis of the origin of the non-linear
response in the systems under study as CEO and SOS
methods based on ZINDO/S Hamiltonian [3,4]. Thus, we
restrict our conclusions to some ideas of practical impor-
tance.

The geometry optimisation of the neutral bridged oligo-
mers (IIIa—IIIg) as well as of a-bithiophene (T2); a-terthio-
phene (T3), a-quaterthiophene (T4), a-quinquethiophene
(TS), a-sexithiophene (T6) and o-heptathiophene (T7) has
been carried out. In order to preserve the m-conjugation
through the whole molecule, which is responsible for their
striking properties, the all-frans planar conformation was
chosen. Relevant AM1 bond lengths and the m—m bond
orders of the longest bridged oligomer IIIg and T6 molecule
are visualised in Fig. 2. The comparison of these data shows
the vanishing influence of the hydrazine bridge on the
equilibrium geometries within aromatic thiophene rings
(Ar ~ 0.002 A). Similarly, only a little influence on the
bond orders may be concluded. The same holds for all
the systems under study. Thus the 2,3-diaza-1,3-butadiene
bridges exhibit no significant influence on the aromaticity of
the thiophene chromophores.

More interesting conclusions can be arrived at on the
influence of the chain length variations on the maximal
wavelengths (,.«) corresponding to the lowest singlet—
singlet (So—S;) transitions. According to our results, the
values of A, for the pure oligothiophene series ranged
from 316 (T2) to 506 (T7) nm and for the bridged molecules
from 334 (Illa) to 468 nm (IIIg) (see Table 1, the systems
are ordered according to the increasing number of 7 elec-
trons). The observed red shifts increase with the number of 7
electrons. However, the hydrazine bridge dumps this sensi-
tivity on the additional aromatic rings. On the other hand, the
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Fig. 2. The schematic structure, AM1 bond lengths (in /B\) and corresponding n—mn bond orders (in parentheses) of T6 and IIIg compounds in all-trans planar

conformation.

increase of the intensity (oscillator strength) of the So—S;
transition with the chain length is slower for the Tn series.

Here, it must be mentioned that A,,,, values measured in
real systems are shifted by environmental influences as well
as due to non-planarity of stable conformers. Nevertheless,
the trends calculated for a series of similar compounds in
vacuo are usually preserved also in real systems. The data in
Table 1 allow us to estimate qualitatively the influence of the
bridge insertion and chain lengths variations on the .«
position. The predicted increase of 4,,,x due to the presence
of methyl groups in B-positions is about 17 nm (see com-
pounds IIla and ITIb). The role of the molecular symmetry
is important as demonstrated by the IIId and IIle molecules
(see Table 1), where the bridge position in the less-sym-
metric case leads to higher red shift (16 nm).

Table 1

The synthesis of new optical materials for technological
applications requires good physical intuition on the possible
mechanisms that control the molecular optical response to
an external field. The information contained in many elec-
tron wave functions is too complex and so it is unlike to
provide physical insight into the structure—function
relationship. The calculated microscopic linear and non-
linear quantities offer a reasonable compromise. Table 1
collects the averaged static o values calculated within CPHF
approach for the selected molecules. As can be seen, the
bridge insertion between the isolated thiophene rings leads
to the (o) values of ca. 60-80 au. Including electron donor
CH; groups to the thiophene ring (IIIb) might improve
this value by ca. 10%. Every additional aromatic five-
membered ring leads to increasing polarisability values

Maximal ZINDO/S wavelengths (Ayax), the orientationally averaged static polarisabilities ((x)) and second-order hyperpolarisabilities (()) calculated by
coupled Hartree—Fock methods for planar all-trans structures. The symbol n denotes the number of = electrons and / represents the length of the conjugated

framework (the distance between the most distant carbons)

Compound 7 1 (A) Jmax” (Nm) (@) (au)  (p)° (x10° au) (a)I° (au/A) (P (x10%aw/A)  A°(x107%) B (ev'h
T 12 6.3 316 (0.8) 102.8 37.5 (63.4) 163 6.0 (10.1) 21.4 (3) 5.4 (2)
Ila 16 10.9 334 (1.7) 164.0 190.3 (336.8) 15.0 17.5 (30.1) 24.1 (3) 53 (2)
b 16 10.9 340 (1.6) 1815 192.9 (347.3) 16.7 17.7 (31.9) 242 (3) 5.4 (2)
T3 18 10.1 373 (1.4) 172.6 190.5 (411.2) 17.1 18.9 (40.7) 24.6 (2) 5.9 (2)
Illc 22 14.7 386 (2.1) 240.4 492.8 (1046.1) 164 33.5 (71.2) 25.9 (3) 5.8 (2)
T4 24 14.0 418 (1.8) 249.9 5245 (1387.8)  17.9 37.5 (99.1) 19.9 (2) 6.7 (1)
II1d 28 18.6 417 (2.6) 320.6 946.9 (2265.4)  17.2 50.9 (121.8) 26.1 (2) 6.1 (1)
IIle 28 18.6 430 (2.4) 321.1 966.2 (2469.2)  17.3 51.9 (132.8) 249 (2) 6.4 (1)
T5 30 17.8 457 (2.3) 331.7 1045.1 (3259.1) 186 58.7 (183.1) 21.9 (2) 7.0 (1)
TIIf 34 224 448 (3.0) 403.6 1545.1 (4241.2)  18.0 69.0 (189.3) 24.6 (2) 6.6 (1)
T6 36 21.6 484 (2.7) 416.1 1724.7 (6144.8) 193 79.8 (284.5) 19.5 (1) 7.5 (1)
IIlg 40 26.2 468 (3.4) 488.0 22404 (6757.5) 186 85.5 (257.9) 233 (1) 6.9 (1)
T7 42 25.5 506 (3.1) 502.2 2527.4 (10041.8)  19.7 99.1 (393.8) 17.2 (1) 7.9 (1)

* The oscillator strength values are given in parentheses.
® The dynamic quantities (@ = 0.65 eV) are given in parentheses.
¢ See Eq. (4).
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Fig. 3. The AMI/TDHF dispersion of THG second-order hyperpolaris-
abilities for: (a) T2 ((J), T3 (O), T4 (A), T5 (v), T6 (), T7 (+)
compounds; (b) IIa ([]), IIIb (M), Illc (O), IIId (A), Ille (v), IIIf
(&), IIIg (+) compounds.

(again ca. 60-80 au). The qualitatively similar behaviour
(see, e.g. the values for IIla, IIIb and IIId, IIle in Table 1)
may be seen from the averaged second-order electronic
hyperpolarisabilities (y). Their positive magnitudes indi-
cate the self-focusing behaviour of the studied materials
[1.2].

Our results have been represented only by the static
(hw — 0.0eV) optical quantities till now. In order to obtain
also the picture on the effect of dispersion, we have already
calculated these quantities at several optical wavelengths.
Obtained results are depicted in Fig. 3 and the dynamic
values of (y) for 0.65 eV (1907 nm) are included in Table 1.
The frequency dependence of electronic (y) quantities below
the first electronic resonance may be expressed [3,18,38] by
simple exponential function

F — |:<'))> _ 1:| :AeB(UL (4)
(7o)

where wi =w?+ culz + cujz + a),% [38]. For the major NLO

processes w7 =k x w?, therefore k(THG) = 12. The B

exponent values increase in all cases with the number of
n electrons (see Table 1). The significant differences
between the thiophene oligomers and their bridged analo-
gues are observed for T5-T7 and IIIf and ITIg. It seems that
the presence of the hydrazine bridge reduces the effects of
the external field on the electronic NLO properties.

In order to rationalise the differences in the optical
properties of studied systems, we have scaled all values
by the length of the conjugated framework [/ (defined as
the distance between the most distant carbons) analogously
to [39]. These values show that the optical properties of
IIIa, ITIb; ITlc; IT1d, ITe; ITIf and ITIg remind these ones of
T3; T4; T5; T6 and T7, respectively. The slightly larger
values of ratios of optical response (x) and/or (y) versus /
length for the Tn series might be explained by better and
uniform m-conjugation along the whole molecular chain (see
Fig. 2).

3.2. Optical measurements

The absorption and fluorescence spectra were investigated
in polar (chloroform) solvent, which is able to dissolve the
synthesised molecules. The shapes of absorption spectra of
thiophene derivatives are depicted in Figs. 4 and 5. In the
examined region between 250 and 500 nm these records
exhibit two (for IIla and ITIb), three (for IIId-IIIg) or four
(for IlIc) diffuse bands. Despite the fact that the absorption
bands are a superposition of the absorption of different
conformers with small energy differences (AE < kT) and
their interaction with solvent molecules, the theoretical
values of Ay, for the all-trans conformers (see Table 1)
are in good agreement with the experimental trends (similar
to unsubstituted oligothiophenes, see Section 1 and Table 1).
The longest wavelength bands attributed to the delocalised
n—7t" transitions are red shifted proportionally to the number
of thiophene rings (as in unsubstituted oligothiophenes) and
their positions are also sensitive on the substitution and
molecular symmetry. The expected increase of /. due to
the introduction of methyl groups in B-positions (see com-
pounds IIla and ITIb in Table 1 and Fig. 4) agrees with the
experimental value of 10 nm. The small red shift of A,
value due to the symmetry changes (see compounds IIId and
IIle in Table 1 and Figs. 3 and 4) is distinguished also in
experimental spectra. In all cases, the increase of the calcu-
lated oscillator strength on the chain length increase is
reflected in experimental molar extinction coefficients
(see Table 2).

The luminescence spectra measured for IITe-IIIg com-
pounds exhibit rather broad, structureless band (see Fig. 5).
The excitation wavelength corresponds to the maximum of
the longest wavelength band in the range 427-451 nm and
the maximum emission wavelength depends on the conju-
gation length of the oligomer (see Table 2). Similar trends in
fluorescence spectra have been observed for larger oli-
gothiophenes in dioxane solution at room temperature
[40] (Amax Of 437 nm for T4, 482 nm for T5, 502 nm for
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Fig. 4. Electron absorption spectra of Illa (—), IIIb (- - -), Illc (- --) and IIId (- - - -) probes dissolved in chloroform (¢ = 10> mol dm™? at room
temperature).

T6 and 522 nm for T7). The medium large Stokes shifts in unsubstituted oligothiophenes (An of 2626 cm™' for T4,

our measurements (2900-3600 cmfl) indicate that the con- 3233 cm ™! for T5, 3015 cm ™' for T6 and 3518 cm ™' for
formational changes occurring upon the relaxation of the T7) [40]. The quantum yield of emission of our derivatives in
singlet excited state are less important than those found in the solvent used is ca. 0.1.

% (cm'l)
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— r T T T
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(s1un ArenigJe) uorsiug

300 400 500
A (nm)

Fig. 5. Electron absorption (left axis: solid lines) and luminescence (right axis: dotted lines) spectra of IIle-IIIg probes dissolved in chloroform
(¢ =107 mol dm~? at room temperature).
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Table 2
Spectral characteristics of synthesised compounds measured in chloroform

Compound Jabs. (NM) log &" Jabs. (nM) log &” Jexe. (nm) Jem® (nm) P(A)® Stokes shift, Av (cm™")
IIa 281 4.23 346 4.49
IIIb 283 442 356 472
IIIc 347 4.18 403 4.29
JUIG 340 4.29 422 4.36
IIIe 340 4.22 426 4.50 427 498 0.12 3400
1IIf 368 4.58 443 4.57 442 508 0.09 2915
IIIg 390 4.66 452 4.55 451 541 0.07 3636
# Maximum of the first two longest wavelength absorption bands.
® Decadic molar extinction coefficient (dm> mol™! cm™?).
¢ Excitation wavelength.
9 Maximum of the fluorescence band.
¢ Relative quantum yield to anthracene in chloroform (¢ = 0.21).
4. Conclusion Acknowledgements

The development of promising organic NLO materials
for device applications is a multidisciplinary effort that
involves the theoretical studies supported by experiments.
In this paper, the systematic study of the simple oligothio-
phene chromophores joined with 2,3-diaza-1,3-butadiene
(hydrazine) bridge is presented (see Fig. 1). The optimal
geometries, electron structures and electron absorption
spectra of the series of bridged and non-bridged oli-
gothiophenes in planar all-frans conformations were
obtained by semiempirical quantum-chemical methods.
The predicted Z,,,x values and oscillator strengths are in
good agreement with the experimental data (see Tables 1
and 2). The influence of the bridge variations on the
electronic spectra and NLO properties has been investi-
gated using TDHF method and discussed with the data
published for the unsubstituted oligothiophenes. It seems
that the hydrazine bridge slightly lowers the NLO quan-
tities and dampens the effects of the external field on
them.

From the synthesis point of view, a series of original
compounds with hydrazine bridge joining two chromo-
phores of five-membered aromatic rings have been prepared.
Only the molecules composed of six-membered aromatic
rings without heteroatoms (phenylenes) with this bridge
have been synthesised till now [41]. The compounds under
study may be used as starting reagents for the cyclisation
reactions of the hydrazine bridge leading to the formation of
heteroaromatic bridges [11]. From the technological point of
view, we have obtained compounds with better thermal
stability and solubility than oligothiophenes. However, the
electrical and optical properties of both type of compounds
do not differ significantly.

Finally, it may be concluded that this type of bridged bis-
thienyls might represent a new basis for material research in
optoelectronics. Further chemical modifications (side sub-
stitution) of these compounds should improve their chemical
and optical properties.
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and by Slovak Grant Agency (project Nos. 1/7355/20, 1/
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Abstract

A new type of alternating regular copolymer of 2,2":5’,2”-terthiophene-5,5”-dicarboxylic acid (TDCA) with polyethylene oxide (PEO)
was synthesized. The product was characterized by NMR, UV-Vis and fluorescence spectra, EPR spectroscopy, X-ray diffraction (XRD)
and DSC measurements. Copolymer is dissolved in dimethylformamide (DMFA) and dimethylsulfoxide (DMSO). Using TEM, it was
ascertained that due to a different chemical structure of polymeric sub-units the separated phases in the solid state are formed on a

sub-nanometer level.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Conducting polymers; Separated phases; Polythiophenes; Polyethylene oxide

1. Introduction

Block copolymers are of great scientific interest due
to their self-assembled supra-molecular structures formed
under various conditions [1]. In diblock copolymers, the
well-known phase morphologies include lamellae, double
gyroids, cylinders, and spheres. In the weak segregation
limit, order-to-order and order-to-disorder transitions are
of most interest. Besides amorphous—amorphous diblock
copolymers, liquid crystalline—amorphous diblock copoly-
mers and semi-crystalline amorphous diblock copoly-
mers have obtained substantial attention, because molecular
and supra-molecular self-assemblies can form at different
length scales [2]. For example, micro-phase separation of
the diblock copolymers usually occurs on a scale of a few
nm, and crystallization of the crystalline blocks is on an
atomic packing scheme of a few tenths of nm.

Generally, three compacting physical events determine the
final phase and crystalline morphologies of a crystalline—
amorphous diblock copolymer, i.e. the micro-phase sepa-
ration of the diblock copolymer, the crystallization of the
crystallizable blocks, and the vitrification of the amorphous

* Corresponding author. Tel.: +421-7-59325386;
fax: +421-7-52493198.
E-mail address: cik@chtf.stuba.sk (G. Cik).

0379-6779/$ — see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0379-6779(03)00378-3

blocks. Accordingly, three temperature parameters associ-
ated with these physical events are of great importance,
namely, the order—disorder transition temperature of the di-
block copolymer (Topr), the crystallization temperature of
the crystallizable blocks (77), and the glass transition tem-
perature of the amorphous blocks (7g) [3].

The properties of the conducting polymers are strongly
dependent on the morphology and structure of the polymer
material. Especially, the degree of crystallinity plays a cru-
cial role in the properties of the polymers [4—6]. Depend-
ing on the application where the polymer material will be
used the structure and morphology are important parameters.
Fabrications of complex composite films, such a bilayers
[7], multilayers [8], and immobilization of interesting com-
ponents in the polymer matrix (biomolecules or inorganic
small molecules) [9] are applications with high demands on
the film structure.

In this work synthesis of a new alternating copolymer
(Scheme 1) of 2,2":5'2"-terthiophene-5,5”-dicarboxylic
acid by polycondensation of dichloride with polyethylene
oxide (PEO) and its properties are presented. In this type
of copolymer, based on different chemical structure of
sub-units of the backbone, the separation of the phases is
very probable (the shorter chain of the lower polar thiophene
trimer and longer chains of polar polyethylene oxide). As
a result a new structure with regularly alternating regions
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\ (N /

HO S \ \o—(CHz—CH2—oX H
n

Scheme 1.

of conducting oligomeric thiophene (trimer) and insulating
PEO on the nano-scale can be established. Block copolymer
formed by blocks of insulating sub-units and conjugated
polymers can be used to prepare an active film that can be
utilized for construction of different opto-electronic devices
on a nanometer level.

2. Experimental
2.1. 2,2':5,2" -Terthiophene-5,5"-dicarbonyl dichloride

2,2':5' 2" -Terthiophene-5,5”-dicarboxylic acid (TDCA)
was synthesized according to work [10]. To 100 ml of dry di-

—7.512
7.43a

. 7.688
_7.675
~7.471

ethyl ether was added 5 g (0.02 mol) of 2,2":5",2"-terthioph-
ene (Aldrich) in a 250 ml flask under nitrogen. Once the
terthiophene was solubilized, 6.25ml of »-butyllithium
(1.6 M, Aldrich) was added at room temperature. The mix-
ture was stirred for 30 min and then cooled to —78 °C and
treated with an excess of solid CO;. The reaction mixture
was slowly warmed to room temperature and hydrolyzed
with a large quantity of water. The formed lithium salt
was extracted several times with diethyl ether. The aque-
ous solution was then acidified with 2N HCI in order to
precipitate the desired dicarboxylic acid. Product was fi-
nally dried under vacuum at 100 °C for 24 h. Yield = 64%,
mp = 226-229°C.

Elemental analysis (Elementary Analyzer EA 1108
CHNS-O, CARLO ERBA):

e theoretical: 49.9% C, 2.3% H, 28.5% S, 19.3% O;
e cxperimental: 48.8% C, 2.25% H, 26.6% S.

Thionylchloride (3.75g, 0.03mol) was slowly added
dropwise to a suspension of TDCA (3.36g, 0.01 mol)
in benzene (800 ml) maintained at 50°C. The resulting
mixture was kept under reflux for 12h, cooled to room
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Fig. 1. (a) 'H and (b) 3C NMR spectra of synthesized copolymer in DMSO-dg.
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Fig. 1. (Continued)

temperature, filtered and solvent was evaporated. Obtained
crystalline compound was purified with flash chromatog-
raphy on silica gel using toluene as the eluent, to give
pure  2,2":5',2"-terthiophene-5,5"-dicarbonyl  dichloride
with a yield 3.13 g (84%), mp = 186-188 °C. Elemental
analysis:

e theoretical: 41.18% C, 1.48% H, 23.7% S, 17.53% CI,
15.81% O;
e experimental: 43.90% C, 1.78% H, 24.7% S.

'H NMR (CDCl3, 300 MHz, ppm) 7.90 (s, 1H); 7.65 (d,
2H, J = 3.9Hz); 7.24 (d, 2H, J = 3.6), 3C NMR (CDCls,
300 MHz, ppm) 162.93; 142.23; 136.22; 133.81; 133.43;
126.06; 124.38.

2.2. Copolymer of TDCA and polyethylene oxide

A solution of polyethylene glycol (1.8g, 2mmol,
M, = 600, Slovasol 600, Sloveca co., Slovakia) in

dichloromethane (15 ml) was added dropwise during 0.5 h to
the stirred solution of 2,2’:5’ 2" -terthiophene-5,5”-dicarbonyl
dichloride (0.73 g, 2 mmol) in dichloromethane, solid prod-
uct was filtered, washed with water (1 x 5ml) and dried.
Yield = 0.6 g (38%). Elemental analysis: 48.9% C, 2.42%
H, 11.1% S.

'"H NMR (DMSO-dg, 300 MHz, ppm) 7.68 (d, xH, J =
3.6Hz); 7.51 (s, xH); 7.43 (d, xH, J = 3.9Hz); 3.49 (m,
xH), 13C NMR (DMSO-dg, 300 MHz, ppm) 162.51; 160.99;
141.78; 135.76; 134.32; 133.20; 127.44; 125.29; 69.76.

The 'H and '*C NMR spectra were measured on an FT
NMR VXR-300 spectrometer (Varian) in CDCIl3 (diacid-
and dicarbonyl dichloride terthiophene) and in DMSO-dg
(copolymer).

The UV-Vis spectrum of copolymer was measured by
a PU-8000 apparatus (Philips Analytical) with accuracy of
40.3nm in dimethylsulfoxide (DMSO). For the measure-
ment, a solution of the copolymer in concentration of 2.5 x
1073 g1~! was prepared.
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Fluorescence spectra were measured on a Hitachi F 2000
(Japan) apparatus in dimethylsulfoxide in a 1cm quartz
cell.

A Bruker 200 D EPR spectrometer with an Aspect 2000
computer was used to measure the EPR spectrum. A typical
setting for the EPR experiment was as follows: gains 10%
to 10°; time constant 50 or 100 ms; sweep time 20 or 50
s; modulation amplitude 0.005-0.05 mT; microwave power
10mW. The g-value was determined with uncertainty of
40.0001 a marker containing 1,1-diphenyl-2-picrylhydrazyl
(DPPH; Sigma) built into the spectrometer. The measure-
ment of EPR spectrum was accomplished in a 3-mm o.d.
quartz EPR tube.

The X-ray diffraction (XRD) data were collected by a
horizontal goniometer in the interval of 12—40° (20) with
the step of 0.02° in symmetrical Bragg—Brentano reflection
mode. The measurement was performed by Cu Ka radiation
(filtered K line).

DSC results were obtained with a differential scanning
calorimeter SHIMADZU 60 (Japan) for the temperature
range —20 to 180 °C. The rate of heating was 10 °C/min.

TEM images were obtained using an analytical trans-
mission microscope TEM 2000 FX with ACID 20, with
an energy-dispersive spectrometer LINK AN 1000 (Jeol).
Transmitted electrons were generated by an electron jet with
acceleration 160 kV. Resolution for TEM was 0.28 nm. For
the photographic image, plan film Kodak was used. Sample
of the film for TEM was prepared from the DMFA solution
(4g17") that was deposited on a copper screen grid (with

300 350

the cell size of 10 wm x 10 wm) and with ca. 5nm carbon
layer following by evaporation of the solvent. The surface
of the polymeric film was not specially treated.

3. Results and discussion

The 'H NMR and 3C NMR spectra of the copolymer
are illustrated in Fig. 1. In the 'H NMR spectrum, it is pos-
sible to observe a wide signal in the region 3.47-4.37 ppm
(methylene hydrogens). The aromatic hydrogens of the
copolymer displayed signals from 7.42 to 7.77 ppm. In the
13C NMR spectrum carbons in ranges 60.19-72.33 and
124.84-142.47 ppm can be registered. The first range be-
longs to the carbons of —CH>O— groups and second to the
aromatic carbons of thiophenic rings. As the signals of the
carbonyl groups (166.99 and 162.53 ppm) have different
intensity, it is presumed that the polymer chain ends with a
carboxyl group on one side and ester with a PEO chain on
the other.

UV-Vis spectrum of the copolymer in DMSO is in Fig. 2.
From this spectrum, it results that the copolymer shows Apax
at 406 nm which can be assigned to terthienyl chromophore
in the main chain and with absorption edge ~500 nm.

In Fig. 3, there is demonstrated the fluorescence spectrum
of the copolymer in DMSO and compared with the fluores-
cence spectrum of the pure solvent at the same excitation en-
ergy (Aexe = 308 nm). From the spectrum, it follows that the
copolymer shows maximum fluorescence in the blue-green

1.4 T 7

Absorbance

400 500 600

T T T

36 32 28

24 20 16
v x 1000 [cm™"]

Fig. 2. UV-Vis spectrum of copolymer in DMSO (¢ = 1 mgml~!).
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Fig. 3. Fluorescence spectra (1) copolymer in DMSO (2) pure DMSO
(Aexe = 308 nm).
spectral region (Al = 482nm). Fluorescence can be at-
tributed to the presence of terthienylene chromophores.

To confirm the presence of terthiophene in the copolymer,
we measured the EPR spectrum (Fig. 4) in solid phase. The
measurement confirmed the presence of an EPR signal with
g = 2.0016 £ 0.002 that can be attributed to the polarons
lovalized on terthienylene chromophores.

The structure of the synthesized copolymer was studied
by X-ray diffraction method (Fig. 5). The X-ray diffrac-
tion pattern has an atypical character, neither crystalline nor
amorphous. It was possible to recognize three broad peaks,
which are insufficient to deduce structural parameters of
the material properly. A monoclinic cell was proposed with
the lattice parameters: a = 3.052nm, b = 0.786nm, ¢ =
0.609nm, g = 91.8°, in agreement with the values pub-
lished in work [11] for oligomeric thiophenes consisting of
four monomeric units. A fit was achieved at the accuracy of
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Fig. 5. XRD record of synthesized copolymer.

line position of 0.03°. The diffraction indices for the three
observed lines, calculated by this procedure are of (20 1),
(511), and (520). The indices are of low values, except for
number 5, but it also can be accepted because of the pro-
posed big value of the lattice parameter. This fit should be
accepted only moderately, because of a low number of the
lines. On the other hand the observed lines cannot be identi-
fied as the line of PEO which we anticipated as a component
of the resulting copolymer (the lattice parameters of PEO
were taken from work [12]). This result enables us to sug-
gest, that the microcrystals of PEO are of very little dimen-
sions or very irregular, not detectable by X-ray diffraction.
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Fig. 4. EPR spectrum of copolymer in solid phase.
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Fig. 6. DSC curves of copolymer (a) first heating, (b) cooling, (c) second heating.

This assumption was also confirmed by DSC measure-
ments (Fig. 6). The first heating showed a wide endotherm
(from ca. 15 up to 100 °C) with visible peaks at 34.3 and
47.8 °C. These peaks were not noticeable during cooling of
the sample or repeated heating. The explanation for this is
likely to be that the sample contains very small microcrys-
tals.

Considering XRD and DSC measurements we assumed
that such behaviour can be caused by the presence of two
separated phases, with different chemical structures. One,
which belongs to “ordered” terthiophene segments and
the other to “non-ordered”, composed of the PEO chains.

In Fig. 7, the TEM image of the copolymer film is il-
lustrated. “Sharp” image, which we obtained, can result
from the presence of terthiophene chromophores, which
contain sulphur atoms (“dark” lines in the picture). In
Fig. 7, it can be seen that the film has a “lamellar” struc-
ture (width between dark lines is 0.6-0.8 nm). On the basis
of this fact it can be assumed that during the evapora-
tion of the solvent (DMFA), separated regions of differ-
ent phases are generated, but transition (mixed) regions
may be localized between the separated phases, as well.
This assumption results also from the “complicated” DSC
curve.

Fig. 7. TEM image of copolymer film.
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4. Conclusion

A new type of alternating regular copolymer of 2,2":5",2"-
terthiophene-5,5”-dicarboxylic acid with polyethylene ox-
ide was synthesized. The product was characterized by
NMR, UV-Vis and fluorescence spectra, EPR spectroscopy,
X-ray diffraction and DSC measurements. Copolymer is
dissolved in dimethylformamide (DMFA) and dimethylsul-
foxide. TEM images show that in the copolymer two phases
are separated. One is likely constituted from terthiophene
aggregations and second from PEO chains. The film forms
a “fibrous” very soft structure, with width between lines
0.6 and 0.8 nm. Films of this structure can find application
in constructing “new” opto-electronic devices with high
resolution, based on properties of conducting polymers.
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