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ABSTRAKT

Byla popsana pfiprava nového typu rigidnich konjugovanych polymernich siti
s vysokym obsahem permanentnich mikropérti a mesopérit vykazujicich vysoké
specifické povrchy, a to az 1469 m2/g. Sité byly pfipraveny fetézovou koordinac¢ni
homopolymerizaci katalyzovanou inzertnimi katalyzatory na bazi komplext rhodia,
ktera byla nové aplikovéna na bifunkéni acetylenické monomery typu diethynylarent
(1,4-diethynylbenzen, 1,3-diethynylbenzen a 4,4’-diethynylbifenyl). Kovalentni
strukturu siti tvofi substituované polyacetylenové fetézce vzdjemné husté propojené
arylenovymi spojkami. W a Mo metathesni katalyzatory se ukazaly jako netc¢inné pro
ptipravu téchto siti. Bylo prokazano, Ze primeér mesopoéri (az 22 nm) a jejich zastoupeni
v sitich je mozno zvySovat zvySenim polymerizacni teploty a prodlouzenim doby
polymerizace. Byl navrZen mechanismus popisujici tvorbu mesopérti vzajemnym
propojovanim drobnych ¢astic mikroporézniho polymeru. S pouzitim emulzni
polymerizac¢ni techniky byly pfipraveny texturné hierarchizované polyacetylenové sité
obsahujici oteviené vzajemné propojené makropdry s primeérem az 4,8 pm, jejichz stény
vykazovaly mikro/mesoporézni texturu. Bylo prokazano, Ze rozsah sitovani
polyacetylenovych siti razné textury lze zvysit postpolymeriza¢né termicky
indukovanou reakci volnych ethynylovych skupin siti.

Bylo prokédzéno, ze diethynylareny (1,4-diethynylbenzen a 2,6-diethynylnaftalen) lze
s pouzitim katalytického systému TaCls/PhsSn ucinné polycyklotrimerizovat na
mikro/mesoporézni intenzivné vétvené a castecné sesitované polycyklotrimery, ve
kterych jsou arenova jadra monomerd propojena benzentriylovymi spojkami.
Polycyklotrimery vykazuji neobvyklé chovani pfi zachytu plynt (N2 a CO») projevujici
se zejména vyraznymi hysterezemi na adsorpénich/desorpénich izoterméach. Pro toto
chovani bylo navrzeno vysvétleni na zdkladé dualniho mechanismu zachytu plyni, kdy
k zachytu plynu pfispiva nejen jeho adsorpce na povrchu permanentnich pért, ale i
pronikani plynu do ptivodné neporéznich ¢asti adsorbentu za vzniku do¢asnych port.
Mozna tvorba doc¢asnych pori byla diskutovana v souvislosti s konformacni flexibilitou

strukturnich segmentti polycyklotrimer.



ABSTRACT

The synthesis has been described yielding a new type of rigid conjugated polymer
networks which possess a high content of permanent micropores and macropores and
exhibit high surface areas up to 1469 m2/g. The networks have been prepared via
chain-growth coordination polymerization catalysed with insertion catalysts based on
Rh complexes. This polymerization has been newly applied to bifunctional acetylenic
monomers of diethynylarene type (1,4-diethynylbenzene, 1,3-diethynylbenzene and
4,4’-diethynylbiphenyl). The covalent structure of the networks consists of the
polyacetylene main chains densely connected by arylene struts. The W and Mo
metathesis catalysts have been revealed as inefficient for the synthesis of these networks.
The increase in the polymerization temperature and time has been shown to affect
positively the content and the diameter (up to 22 nm) of the mesopores in the networks.
A mechanism has been proposed that explains the mesopores formation as a result of
mutual knitting of small particles of the microporous polymer. The application of
emulsion polymerization technique allowed to prepare texturally hierarchical
polyacetylene networks possessing interconnected open macropores (diameter up to
4,8 pm) the walls of which exhibited micro/mesoporous texture. It was demonstrated
that cross-linking of the networks can be enhanced by postpolymerization thermally
induced reaction of free terminal ethynyl groups present in the networks.

Using newly the catalyst system TaCls5/PhsSn the diethynylarenes
(1,4-diethynylbenzene and 2,6-diethynylnaphthalene) were efficiently
polycyclotrimerized to micro/mesoporous hyper-branched and partly cross-linked
polycyclotrimers in which the arene cores of the monomer are linked by benzenetriyl
linkers. The polycyclotrimers exhibit an unusual mode of trapping of gases (N2 and CO)
that is mainly manifested by significant hystereses on the adsorption/desorption
isotherms. An explanation has been proposed for this behaviour based on the dual
mechanism of the gas trapping according to which the trapping of a gas is contributed
by adsorption on the surface of the permanent pores and by penetration of the gas into
the nonporous segments of the adsorbent under formation of temporary pores. The
formation of the temporary pores is discussed in connection to conformational flexibility

of the segments of polycyclotrimers.
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1 LITERARNI PREHLED

1.1  Mikroporézni organické polymery (MOP) - nova

intenzivné studovana skupina poréznich materiala

Mikroporézni organické polymery (MOP) pfedstavuji novy typ poréznich materidla
intenzivné studovany v poslednim zhruba desetileti [1-5]. MoZné aplikace MOP smétuji
do oblasti katalyzy (polymer slouzi jako nosi¢ katalyzatoru nebo jako soucast
kompozitniho katalytického systému) [6-9], optoaktivnich material(i a senzora [10-13],
separaci, ¢isténi a skladovéani plynti [14-19] a selektivniho zachytu slozek (polutantti)
z kapalnych systémt [20, 21]. Hlavni pfednosti MOP (oproti anorganickym poréznim
materialtim) jsou zejména: (i) nizka hustota pfispivajici obvykle k vysokym hodnotam
specifickych povrchi, (ii) Siroka oblast moznosti jak tyto materidly syntetizovat a
modifikovat jejich chemické vlastnosti, strukturni a texturni parametry a (iii) chemicka
odolnost.

Vyzkum v oboru MOP prochazi rychlym rozvojem, proto neni prekvapenim, Ze
terminologie v tomto oboru a klasifikace jednotlivych skupin MOP nejsou dosud zcela
ustélené. Naptiklad, prvni prace pojednavajici o MOP oznacovaly tyto polymery jako
»~Nanoporézni organické polymery” [22] ve snaze zdiraznit, Ze priméry pora v téchto
polymerech byly vétSinou kolem jednoho nanometru. Teprve pozdéji se dostalo
pojmenovéani téchto polymertt do souladu s doporucenim IUPAC. Podle tohoto
doporuceni se porézni materidly déli na zakladé primért pérd na materidly
mikroporézni, mesoporézni a makroporézni. Priméry poért pro jednotlivé skupiny
poréznich materidlt uvadi Tab. 1. Tedy, porézni polymery s velikosti pért kolem 1 nm
jsou nyni spravné oznac¢ovany jako mikroporézni polymery. Nékteré MOP mohou vedle
mikropértt obsahovat i mesopoéry. Pro tyto polymery se pak nékdy pouziva presné
oznaceni ,mikro/mesoporézni organické polymery”. Casto viak neni piftomnost
mesopdért v ndzvu polymert nijak zddraznéna a polymery se jednoduse oznacuji jako

MOP.



Tab. 1 Déleni poréznich materiali na zdkladé primeért poért podle doporuceni IUPAC.

Typ porézniho materialu Pramér port (nm)
mikroporézni <2
mesoporézni 2-50
makroporézni > 50

111 Pfic¢iny vzniku mikropéra v MOP

Vsechny MOP obsahuji permanentni mikropéry, tj. mikropéry téchto polymert
zUstavaji ve vysuseném polymeru zachovany i po odstranéni rozpoustédla pouzitého
pfi polymerizaci a distribuce velikosti téchto mikropért je dlouhodobé stabilni. Dosud
popsané MOP je moZzno s ohledem na pfi¢cinu vzniku mikropéra rozdélit

na: (i) polymery s vnitini mikroporozitou (Obr. 1) a (ii) intenzivné sitované polymery.

CN
() OO
o
(¢} I l CN
= H, Me, Br, CN

Obr. 1 Ptiklad MOP s vnitini mikroporozitou.

V piipadé MOP s vnitini mikroporozitou je mikroporozita polymeru disledkem
sterickych zabran pfi usporadavani rigidnich segmentt polymerniho fetézce v pevné
fazi [15, 23-25]. Retézce téchto polymert jsou &asto pouze linearni popt. vétvené a
obsahuji aromatické podjednotky nékdy propojené heteroatomy (O, N) a dale centra
neplanarity (napf. jednotky typu spiro-bifluorenu nebo hexafenylbenzenu). MOP
s vnitfni mikroporozitou jsou ¢asto dobfe rozpustné v fadé organickych rozpoustédel,
pfiemz po opétném vysrazeni se mikroporozita téchto polymert obnovi. Je tfeba

zminit, Ze skupina MOP s vnitini mikroporozitou neni pfili$ pocetnd zfejmé s ohledem
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na naro¢né pozadavky kladené na kovalentni strukturu téchto polymerd. Obr. 1 ukazuje
priklad linedrnitho MOP s vnitini mikroporozitou pievzatého z [24].

Mikroporozita druhé skupiny MOP (intenzivné sitované polymery) je ddna vysokym
stupném sitovani vétsinou kombinovanym s rigidnim charakterem segmentti a spojek
polymerni sité. V nékterych pfipadech je sitovani polymeru kombinovéno s intenzivnim
vétvenim polymernich fetézcli. Segmenty intenzivné sitovanych polymerti se v pevné
tdzi nemohou tésné uspotadat, v disledku ¢ehoz mezi nimi vznikaji permanentni
mikropdry. Skupina intenzivné sitovanych MOP je co do po¢tu a rozmanitosti polymert
pomérné pocetna, polymery tohoto typu jsou s ohledem na svoji sitovanou architekturu
samozfejmeé vzdy nerozpustné. Popsané polymery tohoto typu byly ve vétsiné ptipadi
pripraveny nefetézovymi (krokovymi) polymerizacemi z vicefunk¢nich monomert. Pti
téchto polymerizacich jsou vyuzivany kondenzacni, spojovaci (coupling) a click reakce
a reakce cyklotrimeriza¢ni [1-5, 26-30]. Piikladem vyuziti kondenza¢ni reakce pro
pfipravu zesitovaného MOP je reakce melaminu s tereftalaldehydem uvedena ve
Schématu 1. Touto reakci vznika polymerni sit, ve které jsou benzenové a triazinové

cykly navzajem husté propojeny [31].

NH, N:{
N
— "
: \_?
HN4<\NA/<N N4<
NH

NH NH N:{e
2 wm©—< N NH4< N
DMSO, 180 °C, 3d NH‘<\ N N‘/éi
N
NH
OHCOCHO \ :<

Schéma 1 Vznik MOP reakci melaminu s tereftalaldehydem.

Pro piipravu nékterych intenzivné sitovanych MOP je téZ pouZivdna fetézova
kopolymerizace v kombinaci s postpolymerizaénim dositovanim pfipraveného
kopolymeru. Velmi zajimavy postup vyuzivad kopolymeriza¢ni nasadu obsahujici
styren, divinylbenzen a 4-(chloralkyl)styren. Retézovou radikélovou polymerizaci,
v ramci které jsou transformovany dvojné vazby monomerti, je pfipraven c¢astecné

zesitovany kopolymer typu poly(styren/divinylbenzen) (PS/DVB) obsahujici
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chloralkylové skupiny. Ve zbotnalém stavu je pak tento kopolymer dositovan
Friedelovou-Craftsovou alkylaci probihajici na postrannich benzenovych jadrech
polymeru, jak je naznaceno ve Schématu 2 [32, 33]. Pokud je dosazeno dostate¢né

hustoty sitovani, vykazuje pfipraveny polymer charakter MOP.

Schéma 2 Dositovani kopolymeru typu PS/DVB Friedelovou-Craftsovou reakci.

1.1.2 Konjugované mikroporézni polymery (CMP)

Konjugované mikroporézni polymery, z anglického ndzvu Conjugated Microporous
Polymers (CMP), jsou nejintenzivnéji studovanou skupinou MOP [34-37].
Mikroporozita polymerti typu CMP je ddna hustym sitovanim (nékdy kombinovanym
s vétvenim) rigidnich segmentti téchto polymert. Rigidita segmentt vychazi z faktu, ze
vétsina (Casto 100 %) uhlikovych atomt téchto polymerti vykazuje sp? nebo sp
hybridizaci, pfi¢emz uhlikové atomy s sp? hybridizaci vétsinou tvofi rigidni aromaticka
jadra, ktera se dostavaji do ¢aste¢né m-konjugace se sousednimi segmenty polymeru.
Konjugovany charakter CMP pak v prvé fadé piispivéd k dosazeni mikroporézni textury
téchto polymerti. Konjugace a pritomnost vhodnych aromatickych jader a funkénich
skupin v nékterych pifipadech propujcuji polymertiim typu CMP zajimavé vlastnosti,
napi. luminiscenci, vyuzitelné (v kombinaci s mikroporozitou) aplika¢né napi. pro
konstrukci senzorti [38-40].

Polymery typu CMP popsané v literatufe se pfipravuji nefetézovymi polymerizacemi
vyuzivajicimi spojovaci a click reakce nebo polycyklotrimerizace [34, 36, 37]. Vychozi
monomery maji charakter aromatickych latek obsahujicich izolované nebo
kondenzované areny nebo areny propojené rigidnimi spojkami (-C=C-, -HC=CH-,

—-N=N-) pfispivajicimi ke konjugaci. Vyjimku tvoii pouze monomery na bazi
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tetrasubstituovanych tetrakis(aryl)methanu a tetrakis(aryl)silanu [41-44] obsahujici
centrdlni atom s tetragonalni orientaci vazeb, ktery sice nepfispiva ke konjugaci
monomeru, avsak je pozitivni (v kombinaci s arylovymi substituenty) pro mikroporézni
texturu polymeru. Areny monomert jsou ndsobné substituovany skupinami vhodnymi
pro nasledné nefetézové polymerizace. Nejc¢astéjsimi substituenty téchto monomert
jsou: Br, I, N3, C=CH, B(OH)2, B(OR)2. Ve vzniklych CMP jsou pak aromaticka centra
molekul monomeru husté vzdjemné propojena bud’ pfimo vazbou aren-aren, nebo ptes
rigidni spojky, napt.: -C=C-, -C=C-C=C-, triazol-diyl. Velka skupina strukturné
rozmanitych CMP byla pfipravena nefetézovymi polymerizacemi, pti kterych byly jako
vychozi monomery pouzity multiethynylareny, MEA, tj. monomery obsahujici na
aromatickém centru dvé nebo vice terminélnich ethynylovych skupin. O piipravé CMP

s vyuzitim monomert typu MEA pojednavaji nasledujici dvé kapitoly.

1.1.3 Konjugované mikroporézni polymery odvozené od MEA

spojovacimi a click reakcemi

Aromatické acetylenické monomery s dvéma ethynylovymi skupinami,
tj. diethynylareny, jsou jiz nékolik desetileti znamé jako vynikajici vychozi latky, ze
kterych je mozno pfipravit rozpustné linedrni konjugované oligomery a polymery
s raznou kovalentni strukturou zavislou na typu pouzité nefetézové polymerizace
[45-51]. Polymerizace vedouci k témto polymertim jsou oznac¢ovany jako polymerizace
G + G, ¢imZ je zdGraznéno, Ze propagace v pocatecni fazi reakce se tcastni dvé
molekuly bifunkéniho monomeru: a to bud’ dvé molekuly diethynylarenu, nebo jedna
molekula  diethynylarenu a jedna molekula jiného komplementarniho
disubstituovaného arenu. Primérna funkcionalita monomert v néasadé, f, je pfi
polymerizaci C; + Corovna hodnoté 2. Parametr f piedstavuje pocet funkénich skupin,
které se podileji na polymerizaci a které v priiméru pfipadaji na jednu molekulu
vicefunkéniho monomeru. Polymery piipravené C, + C; reakcemi jsou studovany a
vyvijeny pfedevsim s ohledem na jejich ¢asto zajimavé fluorescen¢ni, elektronické a
optoelektronické vlastnosti (napf. citlivost fluorescence na nizkomolekularni latky,
fotovodivost) [52-55]. V uplynulych zhruba 10 letech bylo postupné ukédzéano, ze
(i) zvySenim primeérné funkcionality vicefunkénich monomerti v ndsadé nad hodnotu 2
a (ii) optimalizaci reakénich podminek je mozno transformovat C; + C polymerizace

vedouci k linedrnim polymerdm na reakce poskytujici husté zesitované produkty, které
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¢asto vykazuji mikroporézni texturu s vysokym specifickym povrchem. Pfechod od
polymerizaci C; + C; k polymerizacim poskytujicim polymerni sit je ukdzan ve
Schématu 3. Jako piiklad polymerizaci vedoucich k CMP byly zvoleny polymerizace
v médu Cs + G nebo C; + Cs provedené s nejjednodussimi monomery obsahujicimi
pouze jedno benzenové jadro. Reakce ,A” ve Schématu 3 zachycuje Sonogashirtiv
homocoupling, ktery v provedeni C; + (; poskytuje linedrni oligo- nebo
poly(1,4-fenylenbutadiynylen), jehoZz rozpustnost zavisi na dalsi substituci monomeru
napf. dlouhym alkylovym fetézcem. V provedeni C; + C; poskytuje tato reakce
trojrozmérnou sit, ve které jsou benzenova jadra propojena butadiynylenovymi
spojkami. Tento typ sité poprvé popsal Cooper a kol. v r. 2008 [56]. Pfipravené sité
vykazovaly mikroporézni texturu se specifickym povrchem uré¢enym z adsorpce dusiku
metodou BET (Brunaer-Emmett-Teller), Sger, az 842 m2/g. Reakce ,B” ve Schématu 3
zachycuje Sonogashirtiv crosscoupling. V provedeni C; + (; vznikd linearni
poly(1,4-fenylenethynylen) a to reakci 1,4-diethynylbenzenu s dibrom- nebo
dijodbenzenem. Provedeni C; + Cs pak poskytuje prislusnou sit' propojujici benzenovéa
jadra ethynylenovymi spojkami. Mikroporézni sit tohoto typu (Sser, az 834 m2/g) byla
poprvé popsana v r. 2007 [57]. Reakce ,C” ve Schématu 3 zachycuje Huisgenovu
salkyn-azid” click reakci. V provedeni C; + (C; vznikd linedrni polymer
s 1,2,3-triazolovymi cykly v hlavnim fetézci. Stejnd reakce v. médu C; + Cs poskytuje
polymerni sit' s 1,2,3-triazolovymi spojkami. Dosazeni mikroporozity u tohoto typu sité
vSak vyzaduje vys$si hodnotu f monomerni nasady [42]. Reakéni mod C; + C; neni
jedinou moznosti pro transformaci MEA na CMP. Nedavny piehledny clanek [36]
sumarizuje tspésné pouzité reakéni mody, pricemz je déli na médy symetrické: Cs + Cs
(f=3), C+ + C4 (f=4) a kombinované: C; + C3, Co + Cy4, Co + Cs, C3 + C4, G3 + Cs a Cy + Ce.
Monomer oznaceny kédem Cg je napi. hexakis(4-bromfenyl)benzen [58]. V piipadé
kombinovanych reakénich méda jsou slozeni monomerni nasady a tim i hodnota f
optimalizovany (niZefunkéni monomer musi byt v nadbytku). Pfechod k monomerni
nédsadé s vyssi hodnotou f vede casto k nartistu specifického povrchu pfipraveného
CMP, coz je vysvétlovano jako disledek hustsiho vzajemného propojeni segmentti
polymerni sité. Napiiklad studie Coopera a kol. [44] poskytla pro CMP pfipravené z
MEA polymerizacemi C; + Cs4 nasledujici hodnoty Sger: (i) 1470 m?2/g pro CMP
pfipraveny Sonogashirovym homocouplingem z tetrakis(4-ethynylfenyl)methanu,
(i) 1917 m2/g pro CMP pfipraveny Sonogashirovym crosscouplingem z
tetrakis(4-ethynylfenyl)methanu a tetrakis(4-jodfenyl)methanu a (iii) 1128 m2?/g pro
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CMP  ptfipraveny  click reakci z  tetrakis(4-ethynylfenyl)methanu a
tetrakis(4-azidofenyl)methanu. Texturu CMP je v ramci daného polymeriza¢niho médu
a typu polymerizace dale mozno ovlivnit architekturou monomeru zahrnujici zejména
tvar a velikost molekul monomerti. Studie [59] popisuje polymerizace v médu C + C3
provedené Sonogashirovym crosscouplingem. V polymeriza¢nich nasadach byly
kombinovdny monomery: (i) 1,3,5-triethynylbenzen s 1,4-dijodbenzenem nebo
4,4’-dijodbifenylem a (ii) 1,3,5-tris(4-jodfenyl)benzen s 1,4-dietnylbenzenem nebo
4,4’-diethynylbifenylem. Produktem byly CMP se stejnym architekturnim motivem,
které se vsak lisily délkou spojky (od 1,11 nm do 2,55 nm) mezi uzlovymi body sité
tvofenymi 1,3,5-trisubstituovanymi benzeny. Autoti pozorovali pokles Sger téchto siti
s narustajici délkou spojky a to zhodnoty 834 m2/g pro délku spojky 1,11 nm na hodnotu
512 m2/ g pro délku spojky 2,55. S nartstajici délkou spojky se déle rozsifovala distribuce
praméra mikroport k vyssim hodnotdm, i kdyz ve vSech CMP mikropoéry s primérem
do 1,5 nm vyrazné pfispivaly k celkové porozité. Pokles Sger s nartstajici délkou spojky
mezi uzly sité se zd4 z pohledu jednoduché geometrické tvahy logicky, napt. pfi daném
objemu poérid povrch port klesa s rostoucim priameérem porti. Tuto tvahu je vSak tieba
rozsifit o pfedstavu, ze pfi polymerizaci miize dochazet k ¢astenému pronikani
rostouci polymerni vétve do nékterych vétsich pérti nebo minimalné do jejich tusti, coz
vede k c¢aste¢nému ucpani téchto portt a k poklesu hodnoty Sser [57, 59, 60]. Tato
predstava vysvétluje nepfili§ vyraznou zavislost priméru péra CMP na délce spojky
mezi uzly sité.

Vsechny vyse diskutované CMP jsou amorfni polymery, specificky povrch téchto
polymert se nachazi prakticky vyhradné v mikropoérech (pfipadny piispévek mesoporti
je nizky nebo zanedbatelny). Porozita téchto polymerti tedy vznika ,na molekuldrni
arovni” v disledku tvorby sitované architektury polymertd a nepodili se na ni fdzova
separace, ktera by mohla umoznit tvorbu vétSich pért naptiklad v dasledku

propojovani separovanych drobnych ¢astic polymeru.
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Schéma 3 Sonogashirovy spojovaci reakce a click reakce provedené v médu C2 + C2
poskytujicim linedrni polymer a v. moédech C2 + C3 nebo C3 + C3 vedoucich

k zesitovanému CMP.

1.1.4 Konjugované mikroporézni polymery odvozené od MEA

polycyklotrimerizacemi

Polycyklotrimerizace molekul obsahujicich ethynylové skupiny (koncové i vnitini) a
vedouci primarné k benzeniim s vice substituenty je dlouhodobé znamy a vyuzivany
néstroj organické syntézy [61-63]. Casto se pouzivé takzvana kocyklotrimerizace, kdy
vychozimi latkami je nékolik riiznych predevsim alifatickych alkynt, napt. tfi (rtizné)
molekuly monoyntt R-C=C-R nebo jedna molekula monoynu a jedna molekula diynu
R-C=C-R"-C=C-R (R je vodik, uhlovodikovy nebo funkcionalizovany substituent, R’
je uhlovodikova nebo funkcionalizovana spojka vhodné délky). Produktem jsou pak
¢asto specidlni chemikalie nékdy obsahujici kondenzované aromatické a nearomatické

cykly (pti pouziti R-C=C-R’-C=C-R). Tyto polycyklotrimerizace jsou nejcastéji
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katalyzovany komplexy Co, Ir, Ni, Ru. Katalyzator je casto pfiddvan ve velkém
mnozstvi, vyjimkou neni ani 10 - 30 mol. %. V nékterych piipadech se pak bohuZzel
mohou ligandy katalyzatoru ve vyrazném mnozstvi zabudovat do produktii reakce [64].

Cyklotrimerizaci jednoduchych monoethynylarentt (ArC=CH) lze téz katalyzovat
vyse uvedenymi katalyzdtory. Nicméné, jiz v osmdesatych letech minulého stoleti
T. Masuda a spolupracovnici ukazali, Ze pro tcinnou cyklotrimerizaci arylacetylenti
(napt. fenylacetylenu, PhA) postacuje pouzit jako katalyzator slouceniny na bazi Ta a
Nb (predevsim TaCls a NbCls) a to v relativné malém mnozstvi (1 - 2 mol. %) [65-67]. Pti
této cyklotrimerizaci vznikd smés 1,3,5,- a 1,24-trisubstituovanych benzenti jak je
uvedeno ve Schématu 4 znazoriiujicim cyklotrimerizaci PhA. Pozdéjsi studie ukézaly,
ze Ta katalyzator je t¢inny i pfi cyklotrimerizaci nékterych specialnich monomer, napt.

pfi transformaci ethynylferrocenu na triferrocenylbenzeny [68].

katalyzator O + O

Schéma 4 Cyklotrimerizace PhA za vzniku 1,3,5- a 1,2,4-t§rifenylbenzend.

Vznik rozpustnych cyklotrimernich produktii s vy$si molekulovou hmotnosti popsali
zhruba pfed 15 lety Tang a spolupracovnici. Vysledky jsou shrnuty v nékolika
prehledovych ¢lancich [51, 69-71]. Tato skupina detailné prostudovala zejména
kopolycyklotrimerizaci diethynylarenti s alk-1-yny cilenou na pfipravu luminiscen¢né
aktivnich oligo- a polycyklotrimernich produktti oznacovanych jako intenzivné vétvené
oligomery a polymery (anglické oznaceni Hyperbranched Oligomers and Polymers).
Bifunkéni monomer (napf. 2,5-diethynyltiofen nebo 1,4-diethynylbenzen) v reakéni
smési zabezpelil, ze primdrné vzniklé trisubstituované benzeny obsahovaly na
substituentech vazané ethynylové skupiny, které umoznily jejich dalsi cyklotrimerizac¢ni
transformace (pfi reakci s molekulami monomeru nebo oligomerti). Sled naslednych

cyklotrimerizaci pak sméfoval ke vzniku vysokomolekuldrniho vysoce vétveného,
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pfipadné i caste¢né sitovaného polycyklotrimerniho polymeru. Redukce stupné
polycyklotrimerizace a tim i udrZeni rozpustnosti produktu byly zajistovany piidavkem
monofunkéniho monomeru (alk-1-ynu) do kopolymeriza¢ni nasady. Piiklad rostouciho
oligocyklotrimeru odvozeného od 1,4-dietnylbenzenu a alk-1-ynu je ukdzan na Obr. 2.
Pti pouziti optimélnich pomértt monomert v nasadé pfipravili Tang a spolupracovnici
rozpustné polycyklotrimerni produkty s hodnotami M, pohybujicimi se nejcastéji
v intervalu 10 000 az 100 000 (M. na zakladé Size Exclusion Chromatography
s polystyrenovou kalibraci). Autofi pro kopolycyklotrimerizace s taspéchem aplikovali
katalyticky systém TaCls/PhsSn v toluenu v N, atmosféfe a mirné reakéni podminky
(pocatecni koncentrace bifunkénitho monomeru, [diyn]o = 0,1 mol/l, pocatecni
koncentrace monofunkéniho monomeru, [monoyn]o = 0,09 - 0,31 mol/l, pocéate¢ni
koncentrace katalyzétoru, [kat]o = 10 - 20 mmol/], reakéni doba 12 hodin, laboratorni
teplota). Obdobny postup pouZila neddvno nase skupina pro ziskdni rozpustného
fluorescenéniho polycyklotrimeru z monomeru typu MEA odvozeného od

benzylidenanilinu [72].

AN

Obr. 2 Rostouci intenzivné vétveny oligomer vznikajici z 1,4-diethynylbenzenu a alk-1-

ynu kopolycyklotrimerizaci. R znaci alkylovou skupinu alk-1-ynu.

Homopolycyklotrimerizace MEA byla poprvé popsdna v roce 2010 Liuem a
spolupracovniky ~ [73].  Autofi  polycyklotrimerizovali  1,4-diethynylbenzen,
4,4’-diethynylbifenyl,  1,3,5-triethynylbenzen a 1,2,4,5-tetraethynylbenzen na
katalyzatoru Coz(CO)s (6 mol. % vztaZeno na ethynylové skupiny, teplota 125 °C) za

vniku nerozpustnych polymerti. Polymery odvozené od bifunkénich monomert
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neobsahovaly nezreagované ethynylové skupiny, u polymerti odvozenych od tri- a
tetrafunkénich monomerd autofi prokdzali metodou IR spektroskopie urcité
neupiesnéné mnozstvi nezreagovanych ethynylovych skupin. Zatimco pfi reakcich
popsanych Tangem a spolupracovniky byl rozsah vétveni produktu cilené omezovan,
reakce provedené Liuem a spolupracovniky byly vedeny snahou o maximalni rozsah
vétveni produktu. Architektura polycyklotrimert pfipravenych Liuem nebyla nicméné
podrobnéji diskutovana. Je mozné se vSak domnivat, zZe vzniklé produkty byly kromé
intenzivntho vétveni téz castecné zesitovany vzajemnymi reakcemi, pii kterych
spole¢né reagovaly dvé nebo tfi ethynylové skupiny ze stejné molekuly polymeru.
Vsechny polymery pfipravené Luiem a spolupracovniky vykazovaly charakter MOP se
specifickym povrchem Sger = 1013 m2/g (polymer odvozeny od 1,4-diethynylbenzenu)
az Sper = 1246 m?/g (polymer odvozeny od 1,3,5-triethynylbenzenu). Charakter
adsorp¢nich izoterem dusiku ukazoval, Ze se specificky povrch nachazi pievazné
v mikropérech s pramérem 0,80 az 0,90 nm, autofi nicméné netesili otazku reversibility
adsorpce dusiku. Primér mikropérit nevykazoval systematickou zavislost na typu
monomeru pouzitého pro syntézu. Simulace struktury polycyklotrimerti vyuzivajici
kvantové chemie ukazala, ze v pfipadé polycyklotrimert odvozenych od bifunkénich
monomerd (1,4-diethynylbenzen a 4,4"-diethynylbifenyl) mohou 1,4-fenylenové
skupiny v polymeru volné rotovat kolem jednoduchych vazeb. V pfipadé
polycyklotrimert odvozenych od vicefunkénich MEA tato rotace neni mozna.
Pripravené polycyklotrimery byly déle testovany s ohledem na aktivitu pfi adsorpci
vodiku za vysokych vnéjsich tlaki vodiku (az 70 Bar), pfi¢emz byla zjisténa adsorpéni
kapacita az 3 hm. % (77 K, 60 Bar).

Synteticky postup popsany Liuem a spolupracovniky vyuZzivajici katalyzatory na
bazi komplextti Co pouzili néktefi dal$i autofi pro pifipravu mikroporéznich
polycyklotrimert ptedeviim z MEA s hodnotou f = 4 [74-76]. Uspééné byl naptiklad
polycyklotrimerizovan i specidlni monomer typu MEA odvozeny od porfyrinu
s koordinovanym atomem niklu, ktery byl substituovan ¢tyfmi 4-ethnylfenylovymi
skupinami (polymer vykazoval Sger = 778 m2/g) [43].

MOP ptipravené polycyklotrimerizacimi MEA vykazuji vétS§inou niZzsi rozsahy
konjugace neZ polymery odvozené od MEA spojovacimi a click reakcemi. Pfi¢inou je
vytaceni sousednich arenovych segmentt polycyklotrimer z roviny (ze sterickych
dtivod®) a tim sniZeni rozsahu delokalizace 1 elektronti mezi sousednimi segmenty.

I pres toto omezeni konjugace jsou polycyklotrimerni MOP fazeny do skupiny CMP.
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1.2  Substituované polyacetyleny jako produkty fetézové

polymerizace substituovanych acetylent

Substituované polyacetyleny jsou linearni polymery obecnych vzorct [-RC=CH-],
(monosubstituované polyacetyleny) a [-RiC=CR>~]. (disubstituované polyacetyleny),
které maji v hlavnim retézci stfidajici se jednoduché a dvojné vazby. Dvojné vazby se
dostavaji do ¢aste¢né vzajemné konjugace (rozsah konjugace je ovlivnén konfigura¢ni
strukturou a typem substituentt) [51, 66, 77, 78]. Polyacetyleny jsou prvni popsané
konjugované polymery. JiZ v sedmdesatych letech minulého stoleti H. Shirakawa a jeho
spolupracovnici uvefejnili studii popisujici polymerizaci plynného acetylenu za
katalyzy komplexy Ti na nesubstituovany vysokomolekuldrni polyacetylen a prokazali
elektrickou vodivost tohoto polymeru v dopovaném stavu [79]. Za tento objev a za
celkovy pfinos k rozvoji polyacetylenické chemie a chemie konjugovanych polymert
obdrZel H. Shirakawa spolu s A. J. MacDiarmidem a A. G. Heegerem v roce 2000
Nobelovu cenu za chemii. V sedmdesatych letech minulého stoleti se také objevily prvni
préace popisujici polymerizaci monosubstituovanych acetylenti (zejména fenylacetylenu,
PhA) na monosubstituované polyacetyleny [80-82].

Konjugované polymery popisované v Kap. 1.1.3 [napf. poly(arylenethynylen)y a
poly(arylenbutadiynylen)y] se pfipravuji vyhradné nefetézovymi (krokovymi)
polymerizacemi. Oproti tomu substituované polyacetyleny vznikaji prakticky vyhradné
polymerizacemi fetézovymi. Konjugovany charakter hlavniho polymerniho fetézce
polyacetylentt vSak neumozinuje pouzit klasické fetézové polymerizacni techniky
(radikdlovd nebo iontova polymerizace), nebot v prabéhu polymerizace dochazi
k delokalizaci naboje aktivniho centra podél rostouciho konjugovaného fetézce a tim
k vyraznému poklesu aktivity tohoto centra. Cestou radikalovych a iontovych
polymerizaci vznikaji pouze nepfili§ dobfe definované oligomerni a cyklotrimerni
produkty [83]. Na druhé strané, fetézova koordinacni polymerizace substituovanych
acetylent se ukazala jako velmi t¢inna pro pfipravu polyacetylenti s dobfe definovanou
strukturou a vysokou molekulovou hmotnosti [84, 85]. Pfi fetézové koordinaéni
polymerizaci je aktivhim centrem c¢astice MtL,, k niz je jako jeden z ligand@ (L)
centralntho atomu prechodného kovu (Mt) vazdn rostouci polymerni fetézec.
Propagacni krok téchto polymerizaci spo¢iva v koordinaci molekuly monomeru k MtL,

a v nasledném vzniku nestabilntho komplexu M-MtL,. V dtsledku redistribuce
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vazebnych elektronti v tomto komplexu je pak molekula monomeru zabudovana do
rostouciho polymerniho fetézce jako monomerni jednotka polymeru, aktivni centrum se
regeneruje v podobé MtL, a je dale znovu schopné koordinovat dalsi molekulu
monomeru. V piipadé koordinac¢nich polymerizaci substituovanych acetylenti se
pouzivaji dva typy katalyzatora: (i) metathesni katalyzétory, které v propaga¢nim kroku
polymerizace stépi dvé m vazby monomeru (mezi acetylenickymi uhliky monomerni
jednotky ztstava jednoducha vazba) [86] a (ii) inzertni katalyzatory, které stépi pouze
jednu 1 vazbu monomeru (mezi acetylenickymi uhliky monomerni jednotky zistava
dvojné vazba) [87, 88]. Oba zphisoby $tépeni trojné vazby jsou zndzornény ve Schématu 5
zachycujicim polymerizaci PhA v inzertnim a metathesnim médu. Jako katalyzatory
koordina¢nich polymerizaci substituovanych acetylenti jsou pouZivany slouceniny a
komplexy fady piechodnych kovh. Na zakladé vysledkdi dlouholetého studia
polymerizaci acetylent je mozno klasifikovat katalyzatory odvozené od jednotlivych
prechodnych kovii (i) jednak podle mechanismu propagace (inzertni vs. metathesni) a
(ii) jednak podle jejich aktivity ve vztahu k mono- a disubstituovanym monomertm.
Tato klasifikace je uvedena v Tab. 2. Zajimavé je v této souvislosti ptisobeni katalyzatort
odvozenych od Ta a Nb. Tyto katalyzatory ac¢inné polymerizuji disubstituované
acetyleny (pfedevsim s objemnymi substituenty) [89, 90], monosubstituované acetyleny
jsou vsak ptisobenim téchto katalyzatortt konvertovany , pouze” na cyklotrimery, jak

bylo popsano v piedeslé Kap. 1.1.4.

inzertni =
katalyzator _ n

metathesni
katalyzator

=]

Schéma 5 Retézova koordinac¢ni polymerizace PhA v inzertnim a metathesnim modu.
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Tab. 2 Ptehled katalyzatort koordina¢nich polymerizaci substituovanych acetylend.

Transformace substratu

Katalyzatory Mechanismus
odvozené od: RC=CH R,C=CR, polymerizace
W, Mo polymerizace omezena metathesni
polymerizace
Ta, Nb cyklotrimerizace polymerizace metathesni
Rh polymerizace -- inzertni
Fe, Ni, Pd polym.erlza.ce a _ prav.depodf)bne
cyklotrimerizace inzertni

1.21 Mechanismus metathesnich polymerizaci substituovanych

acetylent

Propagace u metathesnich polymerizaci substituovanych acetylenti probihd
fetézovym karbenovym mechanismem [81, 84] (Schéma 6). Jako katalytické aktivni
centrum zde slouZi metallakarbenovy komplex pfechodného kovu, ktery interaguje v
propagacnich krocich s molekulou monomeru za vzniku malo stabilniho
metallacyklobutenového intermedidtu. Jeho rozpadem se monomerni jednotka

zabudovava do polymerniho fetézce a metallakarbenové aktivni centrum se regeneruje.

+ —_— 4 E— cl:‘/_/‘cl: E— l(:l ,(:,
j— p— AN
R,C==CR, R,C—CR, R1/ \Rz R1/ R,

Schéma 6 Mechanismus propagace metathesni polymerizace ukdzany na piikladu

polymerizace disubstituovaného acetylenu.

Pro metathesni polymerizace se pouzivaji dva typy katalyzatort: (i) dobte definované
katalyzatory, ve kterych je metallakarben pifitomen pfimo ve struktuie komplexu a
(ii) primarné nekarbenové katalyzatory a Kkatalytické systémy, u kterych vznika
metallakarben in situ reakci katalyzatoru s kokatalyzatorem a/nebo monomerem.

Nejpouzivanéjsi dobie definované katalyzatory jsou Schrockovy karbeny, zejména:

Mo(=N-Ar)(=CHCMe,Ph)(OCMe(CFs)2)2, Mo(=N-Ar)(=CHCMe,Ph)(O-t-Bu)2
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(Ar = 2,6-i-ProCsHs, 2,6-MexCsHs). Tyto katalyzatory jsou dnes komeréné dostupné.
Karbenové Mo komplexy byly tispésné pouzity pro fadu polymerizaci, pficemz nékteré
z téchto polymerizaci probihaly dokonce jako polymerizace zivé [91]. Dobfe definované
katalyzatory vsak vykazuji niz8i polymeriza¢ni aktivitu nez primarné nekarbenové
katalyzatory, u kterych vznika metallakarben in situ v reakénim systému. Nekarbenové
katalyzatory jsou odvozeny predevsim od halogenidi, oxyhalogenidt a karbonyla W,
Mo, Ta a Nb. Tyto katalyzatory byvaji vétsinou aktivni samy o sob¢, aktivita je vSak
zvySena pifidanim kokatalyzatoru, kterym je nejcastéji tetraalkyl- nebo
tetrafenylstannan, (RsSn, PhsSn). Mechanismus vzniku primarniho metallakarbenu
Nejdiikladnégji byla tato otdzka feSena v pripadé katalyzatort na bazi W. V piipadé
katalyzy pomoci WCls bez kokatalyzatoru musi vzniknout primarni metallakarben
reakci WCl¢ s monomerem. Dva ndvrhy téchto reakci uvadi rovnice (1) (pro

disubstituovany monomer [92]) a (2) (pro monosubstituovany monomer [93]).

WCls + R"C=CR — CIsW-CR"=CRCl — Cl4W=CR"-CRCl, 1)
WCls + HC=CR — Cls3W=C=CRCl + HCl (2)

Pti pouziti kokatalyzatoru je katalyzator nejprve alkylovan nebo arylovan (v pfipadé
WCls na WClgnRn, n =1 az 2), ¢imz je usnadnéna jeho nésledna reakce s monomerem
[94, 95]. Otazku premény molekuly katalyzatoru na karbenové katalytické centrum fesi
prace vénujici se mechanismu metathese, napt. [96], pro fadu katalytickych systému
viak tato transformace neni dosud objasnéna.

S pouzitim metathesnich katalyzatorti bylo polymerizovano nékolik set réiznych
substituovanych acetylenti véetné monomert s velice objemnymi substituenty (naftyl,
anthryl, karbazoyl). Tyto katalyzéatory jsou malo Géinné ¢i netcinné pfi polymerizaci
monomerd s ,reaktivhimi” funkénimi skupinami a substituenty (-NHz, -OH, -COOH),
které nevratné deaktivuji katalyzator. Polymerizace na metathesnich katalyzatorech
vyZzaduji praci v inertnich podminkéch (nejlépe ve vakuu) za nepiitomnosti kysliku a
vlhkosti v reakénim systému, nebot' metathesni katalyzatory jsou vici témto vliviim

velice citlivé.
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1.2.2 Mechanismus inzertnich polymerizaci substituovanych

acetylenti

Na rozdil od metathesnich polymerizaci neexistuje pro polymerizace inzertni
jednotna pfedstava o mechanismu propagace. Inzertni polymerizace jsou katalyzovany
komplexy Fe, Ni, Pd a Rh, pficemz komplexy Rh v aplikacich jednozna¢né prevazuji.
Pravé pro polymerizace katalyzované komplexy Rh navrhli Ogawa a kol. mechanismus
propagace, ktery je ukazan ve Schématu 7. Ogawa predpoklada, (i) ze po celou dobu
polymerizace je rostouci polyacetylenicky fetézec pouze koordinovan k Rh centru a
(ii) ze pfi kazdém propagac¢nim kroku dochézi k prenosu acetylenického vodiku

z monomeru ha posledni monomerni jednotku rostouciho polymerniho fetézce [97].

Krok I
L,Rh
L,Rh
L,Rh + H—=——Ph —> —
H—=——~Ph /7N
H Ph
Krok II Ph
o Ph
L,Rh LoRh <« || L.Rh W LRh
/=\ || /e H >—\ H> (th
H  Ph H w H Ph o
H H Ph
Krok 111
Ph
LR

n

Rh

H — |
>: Ph

H Ph H

L,Rh
H —
Krok II (_\ Ph
H
>_ Ph
H Ph

Schéma 7 Mechanismus propagace pfi polymerizaci fenylacetylenu na

monometalickém Rh katalyzatoru navrzeny Ogawou a kol.

Novéjsi nadvrh mechanismu Rh katalyzované polymerizace prezentovany
Kishimotem a kol. [98] se vénuje predev$im inicia¢ni fazi reakce (Schéma 8). Autofi
navrhuji, Ze reakci katalyzatoru postupné se dvéma molekulami monomeru vznikaji
¢astice L.Rh—H. Dalsi (tfeti) molekula monomeru se inzerci zabudovava do vazby
L.Rh-H. Nésledné propagac¢ni zabudovani molekul monomeru probihd inzerci do

vazby L.Rh—-C, vlastni mechanismus této inzerce vSak neni dale diskutovan. Oproti
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Ogawovu mechanismu se vsak predpoklada, Ze se rostouci polymerni fetézec vaZze na

aktivni centrum jednoduchou vazbou.

L.Rh-X + HC=CR — HX + L,Rh—C=CR
L.Rh—-C=CR + HC=CR — L,Rh-H + RC=C-C=CR

Schéma 8 Mechanismus inicia¢ni faze polymerizace na Rh katalyzatoru navrZzeny

Kishimotou a kolektivem. X znac¢i ligand odstupujici z molekuly katalyzatoru.

Neddvna studie nasi skupiny [99] =zabyvajici se polymerizacemi
monosubstituovanych acetylend na komplexech typu [Rh(cykloolefin)(acac)]
(cykloolefin = cyklooktatetraen, 1,5-cyklooktadien, 2,5-norbornadien;
acac = acetylacetonato) ukazala, Ze inicia¢ni faze polymerizace probiha v souladu
s Kishimotovou predstavou podle rovnice (3), ve které Hacac znaci acetylaceton

(2,4-pentandion).

(cycloolefin)Rh(acac) + HC=CPh — (cycloolefin)Rh—C=CPh + Hacac 3)

Z rhodiovych komplexii jsou jako katalyzatory polymerizace acetylenti pouzivany
zejména neutralni bijaderné komplexy typu [Rh(cykloolefin)X],, kde X je mtstkovy
ligand (Cl, OCH;, OH, OAr, Ar = aryl). Tyto katalyzéatory vyzaduji pfitomnost
kokatalyzatoru nebo alespont koordinujiciho rozpoustédla, které usnadni nezbytnou
disociaci komplexu na monojaderné c¢astice typu (cykloolefin)Rh(X)(CM) (CM znaci
koordinovanou molekulu kokatalyzatoru, nap¥. triethylaminu, nebo rozpoustédla, napft.
tetrahydrofuranu). Méné castéji jsou jako katalyzatory pouZivdny neutralni
monojaderné  komplexy  [Rh(cykloolefin)(acac)], které nevyzaduji pouziti
kokatalyzatoru [99-102]. V pfipadé obou typt komplexd, tj. [Rh(cykloolefin)X]. i
[Rh(cykloolefin)(acac)], musi cykloolefinicky ligand obsahovat alespori dvé dvojné
vazby, které zajisti minimalné bidentatni koordinaci ligandu k centralnimu atomu Rh.
Nahrazeni tohoto bidentatniho ligandu napi. dvéma monodentatnimi ethylenovymi
ligandy vede ke ztraté polymeriza¢ni aktivity komplexu [99].

Dosud testované Rh Kkatalyzatory jsou aktivni pouze pii polymerizaci
monosubstituovanych acetylent [66, 103]. Disubstituované monomery nejsou témito

katalyzatory transformovany. Toto zjisténi je v souladu s mechanismy navrzenymi jak

25



Ogawou tak Kishimotou, ktefi oba uvaZzuji aktivni roli acetylenického vodiku
(pfitomného pouze v monosubstituovanych monomerech) pfi polymerizaci.
Polymeriza¢ni katalyzatory na bazi komplext Rh vykazuji (na rozdil od katalyzatort
metathesnich) vysokou odolnost vi¢i polarnim skupindm polymeriza¢niho systému
(monomer, rozpoustédlo) a jsou aktivni i pfi polymerizacich provddénych v prostredi
silné polarnich rozpoustédel jako jsou alkoholy, aminy a dokonce i voda, jak je ukazano
iv této préci v Kap. 4.1.5. Tyto katalyzatory nejsou deaktivovany pfitomnosti vzdusného
kysliku v polymerizacnich systémech a dale vykazuji na vzduchu dlouhodobou stabilitu
v pevné fazi. S pouzitim Rh katalyzatort byla polymerizovana vice jak stovka
monosubstituovanych monomerti, zejména arylacetylend, které mna téchto
katalyzatorech polymerizuji nejochotnéji pravdépodobné v disledku toho, Ze
acetylenicky proton téchto monomert je slabé kysely a tedy snadno odstépitelny

(v porovndni s acetylenickym protonem napt. alkylacetylentt) [66, 99, 103].

1.2.3 Substituované polyacetyleny s nelinearni architekturou

Témét vSechny substituované polyacetyleny popsané v literatufe jsou z pohledu
architektury polymery s linedrnimi nevétvenymi fetézci. Linearni architektura zajistuje
vétsinou dobrou rozpustnost polyacetylenti, nékdy je tato rozpustnost zlepSovdna nebo
modifikovdna pfipravou kopolymernich polyacetylenti z vice rtiznych monomert
[104-106]. Dobré rozpustnost umoziiuje studovat funkéni vlastnosti polyacetylentt bud’
v roztoku, nebo v tenkych (z roztoku nanesenych) polymernich filmech. Dobré
rozpustnost (vétsinou lepsi nez u jinych konjugovanych polymert) je tedy
charakteristikou, kterd je u substituovanych polyacetylenti vétsinou vysoce cenéna.
V  soucasné dobé je vedle fotoluminiscen¢nich, elektroluminiscenc¢nich a
fotovodivostnich vlastnosti polyacetylenti [66, 107, 108] studovdno i mozné vyuZiti
nékterych polyacetylent (i) pro chiralni separaci a detekci [109-111] a (ii) jako materidla
vykazujicich (diky postrannim skupindm) vlastnosti tekutych krystalt [112, 113].

Publikace o substituovanych polyacetylenech s jinou neZ linearni architekturou jsou
v literatufe malo béZné. Neékolik praci se zabyva piipravou rozpustnych vétvenych
polyacetylentt a to zejména kopolymerizaci 1,4-diethynylbenzenu (1,4-DEB) a PhA
[114-118]. Pro kopolymerizace jsou tmyslné pouzivany méné aktivni katalyzatory na
bazi Pd nebo Ni s cilem (i) zabranit sitovani kopolymeru a (ii) pfipravit kopolymer

s vysokym zastoupenim nezreagovanych postrannich ethynylovych skupin, jehoz

26



ptiklad je ukdzén na Obr. 3. U rozpustnych kopolymerti 1,4-DEB a PhA byly studovany
zejména spektralni vlastnosti a zéavislost vodivosti na vzdusné vlhkosti vyuZitelné
potencidlné pro konstrukci senzort vlhkosti [115, 119]. Kopolymery 1,4-DEB s PhA
pfipravené skupinou Donga a Ye byly dale postpolymerizacné modifikovany click
reakci mezi ethynylovymi skupinami kopolymeru a organickym azidem [118]. V jiné
préaci popisuji titiz autofi postpolymeriza¢ni zesitovani téchto kopolymerti pomoci
Sonogashirova homocouplingu za vzniku nerozpustného polymerniho nosice

vhodného pro heterogenni katalyzu [120].

= = = =

X

Obr. 3 Vétveny kopolymer 1,4-DEB a PhA.

Alternativni zplisob pfipravy polyacetylenti s postrannimi ethynylovymi skupinami
byl popsin dfive nas$i vyzkumnou skupinou. Vychozim monomerem byl
(4-trialkylsilylethynylfenyl)acetylen, tj. RsSiC=C(CsHs)C=CH (CsHaje 1,4-fenylen), ktery
byl selektivné polymerizovan transformaci koncové ethynylové skupiny (katalyza
komplexem Rh) za vzniku rozpustného monosubstituovaného polyacetylenu
s postrannimi skupinami RsSiC=C(CeHi)—. Nasledné byl tento polymer bazicky
hydrolyzovan za vzniku polyacetylenu obsahujiciho v kazdé monomerni jednotce jednu
postranni skupinu HC=C(CsHa)—. Tento linedrni polymer byl poté termicky zesitovan
[121]. Postpolymeriza¢ni zesitovani linearnich polyacetylenti probihajici vSak reakci
jinych nez ethynylovych skupin je popsano i v nékolika dalsich pracich, napt. [122, 123].
Toto sitovani bylo vedeno snahou o zvySeni dlouhodobé stability polymerti. Podle
naseho zjisténi v literatute doposud neni studie zabyvajici se polymerizacemi vedoucimi

pfimo k polyacetylenovym sitim.
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2 CILE DISERTACNI PRACE

Zadéani disertaéni prace vychazelo z tématiky fesené v ramci projektt GACR

(¢. P108/11/1661 a ¢. 15-09637S) ve skupiné specidlnich polymert na katedfe fyzikalni

a makromolekuldrni chemie piirodovédecké fakulty Univerzity Karlovy v Praze.

Vyzkum podporovany témito projekty je zaméfen na navrhy, pfipravu, charakterizaci a

funkéni testovani konjugovanych poréznich polymerti. Z aktualné feSenych tukold

v rdmci této tématiky vyplynulo a pozdéji bylo upfesitiovano zadani této disertacni

prace. Zadani Ize shrnout do nésledujicich bod:

0
o

Prostudovat moZnost pfipravy nového, dosud nepopsaného typu polymernich siti,
které budou obsahovat polyacetylenové fetézce husté propojené arylenovymi
spojkami. Jako metodu pripravy téchto siti pouzit fetézovou koordina¢ni
homopolymerizaci, kterda bude nové aplikovdna na bifunkéni monomery typu
diethynylarenti. Detailné prostudovat kovalentni strukturu a texturni parametry
pfipravenych polyacetylenovych siti. U siti, u kterych bude dosaZeno
mikroporozity nebo mesoporozity, posoudit moZznosti ovlivnéni texturnich
parametrt siti podminkami syntézy a piipadné i postpolymeriza¢ni modifikaci.
Vénovat zvySenou pozornost sitim, u kterych je mozné dosdhnout
tzv. hierarchizovanou texturu, tj. sou¢asnou pfitomnost vice typ port v jedné

polymernt siti.

Prostudovat moZznost cyklotrimeriza¢ni transformace vybranych diethynylarent na
intenzivné vétvené a ¢astecné sitované polycyklotrimery s pouzitim katalytického
systému TaCls/PhsSn potencidlné schopného katalyzovat reakci za mirnych
podminek. Prostudovat kovalentni strukturu a texturni parametry pfipravenych
polycyklotrimerti. S ohledem na nizky rozsah sitovdni dosazitelny u
polycyklotrimertt odvozenych od bifunkénich monomert detailné prostudovat
proces zachytu plynii na téchto polymerech a posoudit, zda je tento proces nizkym

rozsahem sitovani ovlivnén.
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3 EXPERIMENTALNI CAST

3.1 Pouzité chemikalie

Monomery

o 1,3-Diethynylbenzen (1,3-DEB) (Sigma-Aldrich, 97%) pouzity jako vychozi

bifunkéni monomer pro polymerizaci, byl pfec¢istén vakuovou destilaci.

e 1,4-Diethynylbenzen (1,4-DEB) (Sigma-Aldrich, 96%) pouzity jako vychozi

bifunkéni monomer pro polymerizaci, byl pfec¢istén vakuovou sublimaci.

e 2,6-Diethynylanthracen (2,6-DEA) byl pfipraven dvoustupiiovou syntézou z
2,6-dibromanthracenu a trimethylsilylacetylenu. Tyto latky nejprve za katalyzy
[PACly(PPhs)s]/ Cuola/PPhs  (Sonogashirtv — coupling)  poskytly meziprodukt
2,6-bis(trimethylsilylethynyl)anthracen. Tento meziprodukt byl nasledné bazicky
desilylovan pomoci tetrabutylamonium fluoridu na vysledny 2,6-DEA, ktery byl
precistén chromatograficky. 'H a 13C NMR spektra souhlasila s jiz dfive
publikovanymi spektry [124, 125]. Syntézu provedl RNDr. D. Bondarev, PhD.

2,6-DEA byl pouzit jako vychozi bifunkéni monomer pro polycyklotrimerizaci.

e 2,6-Diethynylnaftalen (2,6-DEN) byl pfipraven dvoustuptiovou syntézou z
2,6-dibromnaftalenu a trimethylsilylacetylenu. Tyto latky nejprve za katalyzy
[PdCIx(PPhs)s] /Cualo/PPhs  (Sonogashirtiv - coupling) poskytly meziprodukt
2,6-bis(trimethylsilylethynyl)naftalen. Tento meziprodukt byl nésledné bazicky
desilylovan pomoci tetrabutylamonium fluoridu na vysledny 2,6-DEN, ktery byl
precistén chromatograficky. H a 13C NMR spektra souhlasila s jiz diive
publikovanymi spektry [126-128]. Syntézu provedl RNDr. D. Bondarev, PhD.

2,6-DEN byl pouzit jako vychozi bifunkéni monomer pro polycyklotrimerizaci.

e 4,4-Diethynylbifenyl (4,4-DEBPh) (TCI Europe, 98%) pouzity jako vychozi

bifunkéni monomer pro polymerizaci bez dalsiho ¢isténi.
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Polymerizac¢ni katalyzatory

2,6-Diisopropylfenylimido(neophyliden)molybden
bis(t-butoxid)-([Mo(=N—-CsHas(i-Pr-2,6)2) (=CHCMezPh) (O-t-Bu)2]), Schrockiv
Mo-karben (Stem) (Obr. 4A) byl pouzivan bez dal$iho ¢isténi.
Acetylacetonato(cyklookta-1,5-dien)rhodium ([Rh(cod)acac]) (Sigma-Aldrich, 99%)
(Obr. 4B) byl pouzivan bez dalsiho ¢isténi.
Acetylacetonato(norborna-2,5-dien)rhodium  ([Rh(nbd)acac]) (Sigma-Aldrich)
(Obr. 4C) byl pouzivan bez dalsiho ¢isténi.

Chlorid molybdeni¢ny (MoCls) (Sigma-Aldrich, 99,9%) byl pouzivan bez dalsiho
cisténi.

Chlorid tantali¢ny (TaCls) (Sigma-Aldrich, 99,8 %) byl pouzivan bez dalsiho c¢isténi.
Chlorid wolframovy (WCle) (Sigma-Aldrich, 99,9%) byl pouzivan bez dalsiho
cisténi.

Chloro(norborna-2,5-dien)rhodium dimer ([Rh(nbd)Cl]2) (Sigma-Aldrich, 98%)
(Obr. 4D) byl pouzivan bez dalsiho ¢isténi.

Tetrafenylstannan (tetrafenylcin, PhsSn) (Sigma-Aldrich, 97%) byl pouzit bez
dalsiho cisténi jako kokatalyzator.

Triethylamin (EtsN) (Sigma-Aldrich, 99%) byl pouzit bez dalsiho ¢isténi jako
kokatalyzétor.

Polymerizac¢ni rozpoustédla

Benzen (Sigma-Aldrich) pouzity jako polymeriza¢ni rozpoustédlo pro polymerizace

katalyzované Rh katalyzatory byl precistén destilaci z P2Os.

Benzen (Sigma-Aldrich) pouzity jako polymeriza¢ni rozpoustédlo pro polymerizace
katalyzované W, Ta a Mo katalyzatory, byl nejprve precistén destilaci z P>0s.
Predestilovany benzen byl dale pfeveden na vakuovou linku, kde byl susen NaH za
opakovaného odplyniovani. Pfi odplynovani byly pouzity mrazici cykly, pfi kterych
byl vzdy benzen ochlazen hluboko pod bod tani pomoci kapalného dusiku. Po
zmrazeni benzenu byla ampule i celd aparatura evakuovéna. Benzen se nechal poté

roztat, pfi¢emz se z n&j uvolnil zachyceny vzduch a cely odplynovaci cyklus byl
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zopakovan. Pro odplynéni bylo pouZito celkem 5 odplytiovacich cyklt. K evakuaci
vakuové aparatury byla pouZita rota¢ni vyvéva. Po odplynéni a vysuSeni byl
benzen ponechdn v zdsobniku na vakuové lince nad NaH. Ze zasobniku byl podle
potteby destilaci pfevddén do potfebnych ampuli a reaktort pfisklenych na

vakuovou linku.
e Deionizované voda byla pouZita jako rozpoustédlo pfi emulzni polymerizaci.

o Dichlormethan (CH2Clz) (Lachema) pouzity jako polymeriza¢ni rozpoustédlo pro

polymerizace katalyzované Rh katalyzatory byl precistén destilaci z >0s.

e Methanol (anhydrous) (Sigma-Aldrich) pouzity jako polymeriza¢ni rozpoustédlo

pro polymerizace katalyzované Rh katalyzatory byl pouZzivan bez dalsiho ¢isténi.

e Pentan (anhydrous) (Sigma-Aldrich) pouzity jako polymeriza¢ni rozpoustédlo pro

polymerizace katalyzované Rh katalyzatory byl pouZzivan bez dalsiho ¢isténi.

o Tetrahydrofuran (THF) (Sigma-Aldrich) pouzity jako polymeriza¢ni rozpoustédlo

pro polymerizace katalyzované Rh katalyzatory byl precistén destilaci z CaH» a Cul.

Dalsi chemikalie

o CHCl; (Lachema), methanol, pentan, benzen, THF (vSe Sigma-Aldrich) slouZzici pro
promyvani polymert a v piipadé THF i pro SEC chromatografii byly pouzity bez
dalsiho cisténi.

e Span 80 (Sorbitan monooleét, (Sigma-Aldrich) (Obr. 4E) byl pouzit jako surfaktant

pfi emulzni polymerizaci.

Obr. 4 Strukturni vzorce nékterych pouzitych chemikalii: (A) Schrockéiv Mo-karben,
(B) [Rh(cod)acac], (C) [Rh(nbd)acac], (D) [Rh(nbd)Cl]z a (E) Span 80.
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3.2  Piiprava zasobnich roztoka WCls a TaCls v benzenu

Metathesni a cyklotrimeriza¢ni katalyzatory odvozené od slou¢enin W, Ta a Mo se
vyznacuji zvysenou citlivosti vici kysliku a vzdusné vlhkosti. ZkuSenosti naseho
pracovisté i kooperujiciho pracovisté Ustavu fyzikalni chemie JH AV CR ukazuji, ze
nejvhodnéjsi pro praci s témito katalyzatory je pouziti vakuové ,break-seals” techniky a
celosklenénych zatavenych aparatur. V ptipadé WCls a TaCls je nicméné mozné
pfipravit stabilni zasobni roztoky téchto katalyzatort v benzenu. Tyto roztoky
(pfipravené s pouzitim dobfe vysuseného a odplynéného benzenu a zatavené do
vakuovych ampuli) jsou stabilni po dobu delsi nez 10 let. V rdmci této prace byly
pfipraveny zasobni roztoky WCls, (0,05 mol/1) a TaCls (0,02 mol/1) s pouzitim sklenéné

aparatury znazornéné na Obr. 5.

l vakuum

Obr. 5 Celosklenénd aparatura pro piipravu zasobnich roztoku WCls a TaCls.
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Tato aparatura byla nejprve pfisklena na vakuovou linku a vycisténa Zihdnim
plamenem. Piislusné mnozstvi pevného katalyzatoru bylo odvazeno (s pouZitim
ochranné folie naplnéné argonem) a rychle vpraveno postrannim odvodem A do
okalibrované ampule B celosklenéné aparatury. Aparatura byla pii této operaci
naplnéna argonem. Postranni odvod A byl odtaven a aparatura byla evakuovana. Poté
bylo ze zasobniku na lince pfedestilovdano do ampule B potiebné mnoZstvi benzenu a v
tomto benzenu byl katalyzator rozpustén za stdlého michani. Aparatura byla poté
odtavena od vakuové linky. Naklanénim aparatury byl roztok katalyzatoru postupné
preveden do okalibrovanych ampulek opatfenych rozbitnym ventilem (C), pfi¢emz tyto

ampulky byly postupné od aparatury odtavovény.

3.3 Polymerizace

3.3.1 Metathesni polymerizace katalyzované WCls a

polycyklotrimerizace katalyzované TaCls

Polymerizace katalyzované WCls a TaCls byly provedeny v prostfedi benzenu za
laboratorni teploty ve vakuu v celosklenéné aparatufe zndzornéné na Obr. 6. Aparatura
sestavala ze dvou reaktort (A a B) propojenych trubici a opatfenych postrannimi
odvody. K reaktoru A byla nejprve piisklena ampule se zdsobnim roztokem
katalyzatoru opatfend rozbitnym ventilem, pod ktery byl umistén magneticky tloucek.
Aparatura byla pfisklena k vakuové lince a zihdanim vy¢isténa. Poté byl postrannim
odvodem reaktoru A vpraven do tohoto reaktoru pevny kokatalyzator (PhsSn). Do
reaktoru B byl stejnym zplisobem vpraven monomer. Oba odvody byly pak pod
argonem zataveny. Reaktor byl standardné evakuovdn a do reaktoru B bylo ze
z&sobniku predestilovano potfebné mnoZstvi benzenu, které rozpustilo monomer.

Aparatura byla nasledné odtavena od vakuové linky. Po otevieni rozbitného ventilu
u ampule s roztokem katalyzatoru byl tento roztok smiSen s kokatalyzatorem, vznikly
roztok byl ponechdn reagovat 15 min za laboratorni teploty (tzv. zrani katalytického
sytému) a poté byl k tomuto roztoku pfilit roztok monomeru z druhého reaktoru. Tim
byla polymerizace zahajena. Vznikl4 reakéni smés byla ponechdna reagovat za michani
pti laboratorni teploté po dobu 24 hod.

Vychozi koncentrace reaktantd v polymeriza¢ni smési pfi reakcich katalyzovanych
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WCls byly tyto: koncentrace monomeru [mon]o = 0,6 mol/1, koncentrace katalyzatoru
[kat]o = 6 mmol/], koncentrace kokatalyzatoru [kokat]o = 12 mmol/l. Objem reakéni
smési byl 7,4 - 30 ml. Vychozi koncentrace reaktantd v polymeriza¢ni smési pfi reakcich
katalyzovanych TaClsbyly tyto: koncentrace monomeru [mon]o = 0,6 mol/1, koncentrace
katalyzatoru [kat]o = 15 mmol/1, koncentrace kokatalyzatoru [kokat]o = 15 mmol/l.

Objem reakéni smési byl 6,6 ml.

N J vakuum

l monomer

Obr. 6 Celosklenénd aparatura pro polymerizace katalyzované WCls a TaCls.

3.3.2 Metathesni polymerizace katalyzované Schrockovym

Mo-karbenem a MoCls

Metathesni katalyzatory na bazi slouc¢enin Mo nevykazuji v benzenu dlouhodobou
stabilitu (zasobni roztoky téchto katalyzéatori v benzenu ztraci aktivitu po nékolika
dnech). Proto bylo tfeba pred kazdou polymerizaci pfipravit ¢erstvy roztok piislusného
Mo katalyzéatoru. Polymerizace katalyzované Mo katalyzatory (vakuum, laboratorni
teplota) byly provedeny v celosklenéné aparatuie sestavajici ze dvou propojenych
reaktorti s postrannimi odvody. Aparatura, pfipojend na vakuovou linku, byla zithanim
vycisténa. Poté byl postrannimi odvody do jednoho reaktoru vpraven monomer a do
druhého katalyzator a pfipadny kokatalyzator. Do rektordt bylo pfedestilovano

ptislusné mnozstvi benzenu ze zasobniku a pevné latky byly rozpustény. V piipadé

34



pouziti kokatalyzatoru, byl ponechan katalyzator s kokatalyzadtorem reagovat za
laboratorni teploty po dobu 15 min. Nésledné byl roztok monomeru pfilit k roztoku
katalyzatoru, ¢imz byla zahdajena polymerizace. Vznikla reakéni smés byla ponechéna
reagovat za michani pii laboratorni teploté po dobu 24 hod.

Vychozi koncentrace reaktantd v polymeriza¢nich smésich katalyzovanych Mo
katalyzatory byly: koncentrace monomeru [mon]o = 0,6 mol/1, koncentrace katalyzatoru
[kat]o = 6 mmol/], koncentrace kokatalyzatoru [kokat]o = 12 mmol/1. Objem reakéni

smési byl 7,9 - 17,6 ml.

3.3.3 Inzertni polymerizace katalyzované Rh katalyzatory

Polymerizace s Rh katalyzatory byly provedeny v argonové atmosféie jednak za
laboratorni teploty ajednak pfi teploté 75 °C a to v ndsledujicich rozpoustédlech: CH>Cl,
THEF, benzen, pentan a methanol. Polymerizace za laboratorni teploty byly provadény
ve vialkach se $roubovacim uzavérem. V pfipadé polymerizaci pti 75 °C byla reak¢ni
smés zatavena pod argonem do silnosténnych sklenénych ampuli. Ve vSech p¥ipadech
byl nejprve piipraven roztok katalyzatoru a roztok monomeru v pfislusném
rozpoustédle a vlastni polymerizace byla zahajena smiSenim téchto dvou roztoka.
V pfipadé polymerizace katalyzované [Rh(nbd)Cl]> byl pouzit kokatalyzator (EtsN),
ktery byl rozpustén v roztoku katalyzatoru. Katalyzator s kokatalyzatorem reagovaly v
roztoku po dobu 15 minut za michani pfi laboratorni teploté. Vychozi koncentrace
zékladnich reaktanti v polymeriza¢ni smési byly tyto: koncentrace monomeru
[mon]o = 0,2; 0,6 a 1,2 mol/l, koncentrace katalyzatoru [kat]o = 6 a 18 mmol/],
koncentrace kokatalyzatoru [kokat]o = 12 mmol/l. Objem reakéni smési byl 3 - 20 ml.

Reakéni doba byla 3 az 72 hod.

3.3.4 Izolace polymert

Vsechny studované polymerizace probihaly jako sraZeci reakce. Po uplynuti doby
vymezené na polymerizaci byla reakéni smés pfevedena do nadbytku rozpoustédla, ve
kterém probihala polymerizace. Pevny polymer byl mechanicky rozmélnén na drobné
¢astice a opakované dekantacné promyvan polymerizaénim rozpoustédlem, dalsi
promyvani probihalo pfi separaci polymeru na frité. Izolovany polymer byl susen ve

vakuu za laboratorni teploty do konstantni hmotnosti. Vytézek polymeru byl urcen
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gravimetricky. Kapalny supernatant rezultujici z prvniho promyvani polymeru byl
odpafen do sucha a posléze analyzovan metodou SEC s cilem zjistit, zda obsahuje

rozpustny polymerni podil.

3.3.5 Emulzni polymerizace 1,3-DEB

Pfi emulznich polymerizacich vyuzivajicich techniky HIPE (High Internal Phase
Emulsion) byl polymerizovan kapalny monomer 1,3-DEB. Polymerizace byly
katalyzovany = katalyzatorem  [Rh(nbd)acac] v systtmu  deionizovana
voda/surfaktant/ CH>Cl>. Reakce probihaly za laboratorni teploty po dobu 3 hodin.

Nejprve byla vytvofena emulze. Ke smési monomeru (2 ml) a surfaktantu (0,6 ml)
byla za stdlého michani po kapkach pfikapavana deionizovana voda (bud 8 nebo 17 ml).
Po ptfidani pfislusného mnoZstvi deionizované H>O se vznikla emulze nechala michat
jesté dalsi hodinu. Nésledné byl k emulzi pfidan roztok katalyzatoru v CH2Cl> (objem
roztoku bud’ 0,3 nebo 1,5 ml). Tim byla zah4jena polymerizace. Reakéni smés byla
michdana jesté nasledujici minutu z dvodu priniku katalyzatoru do emulze, poté bylo
michani zastaveno a polymerizace probihala bez michani jesté dalsi 3 hodiny. Nasledné
byla emulze promyvéana pomoci CH>Cl. Pevny polymer byl oddélen filtraci ptes fritu,
na frité opét promyvan CH>Cl; a ndsledné vysusen ve vakuové susarné pti laboratorni

teploté do konstantni hmotnosti. Vytézek polymeru byl stanoven gravimetricky.

3.3.6 Termicka postpolymeriza¢ni modifikace polymera

Nékteré polyacetylenické polymery 1,4-DEB a 1,3-DEB pfipravené na Rh
katalyzatorech byly postpolymeriza¢né termicky modifikovany s cilem dosdhnout
vyssiho zesitovani fetézcii. Termické modifikace byly provedeny na pfistroji Kugelrohr
(Glass Oven B-585). Priblizné 200 mg drobné rozemletého polymeru (v achatové misce)
bylo zahtivano ve sklenéné barice piislusejici k aparatufe na teplotu 280 °C po dobu

3 hodin pod dynamickym vakuem, které bylo zajistovano rota¢ni vyvévou.
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34  Metody

3.4.1 Size Exclusion Chromatography v usporadani SEC/PS

SEC aparatura byla sloZzena z vysokotlaké pumpy (Agilent Series 1100), ze
Sesticestného dédvkovaciho ventilu (Rheodyne) a ze tfi kolon Mixed B, Mixed C, Mixed E
se styragelovou nédplni (Polymer Laboratories Bristol, UK) v sériovém uspofadani.
K detekci byl pouzit UV detektor Hewlett Packard series 1100. Chromatogramy byly
snimény pfi vinové délce 254 nm a byly vyhodnoceny na zakladé polystyrenové (PS)
kalibrace kolon pomoci PS standardt (Polymer Laboratories Bristol, UK). Jako mobilni
taze byl pouzit THF s pritokovou rychlosti 0,7 ml/min. Na kolony bylo vzdy
injektovano 20 ul analyzovaného roztoku. Tato technika byla pouZita (i) k analyze
polymeriza¢ni smési pfed bodem gelace a (ii) k analyze supernatantli po izolaci

nerozpustnych polymerd.

3.4.2 Size Exclusion Chromatography v uspofadani SEC/MALS

Aparatura byla slozena z vysokotlaké pumpy (Agilent Series 1100), ze Sesticestného
davkovaciho ventilu (Rheodyne) a ze dvou kolon Mixed C, Mixed E se styragelovou
néplni (Polymer Laboratories Bristol, UK) v sériovém usporadani. K detekci byl na konec
kolon zafazen diferencidlni refraktometr (Optilab, Wyatt Technology) a detektor
rozptylu svétla (Dawn EOS, Wyatt technology) Multi Angle Light Scattering (MALS).
Jako mobilni faze byl pouzit THF s priitokovou rychlosti 1 ml/min. Na kolony bylo vzdy
injektovano 50 ul analyzovaného vzorku. Vystupy z diferencidlniho refraktometru a
detektoru MALS (vyhodnocené programem Astra) poskytly absolutni molekuldrné
hmotnostni charakteristiky. Tato technika byla pouzita k analyze polymeriza¢ni smési

pfed bodem gelace.

34.3 13C CP/MAS NMR

Vsechny analyzy 13C CP/MAS NMR (Cross-Polarization Magic-Angle Spinning
13C NMR) byly provedeny na spektrometru Bruker Avance III HD 500 US/WB. Jemné
namleté vzorky polymert byly umistény do rotork ze ZrOss priimérem 3,2 nebo 4 mm.

Rota¢ni frekvence byla bud 20 kHz nebo 12 kHz. Vzorky byly méfeny za podminek
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umoziiujicich kvantitativni vyhodnoceni spekter [129, 130]. Méfeni provedl Ing. Jifi

Brus, Ph.D. (UMCH AV CR).

3.4.4 DR UV-vis spektroskopie

Diftzné reflexni (DR) UV-vis spektra polymerti byla méfena na spektrometru Perkin-
Elmer Lambda-950 vybaveném integrac¢ni sférou Spectralon. Rozemlety pevny polymer

byl natedén BaSO; (1:10 m/m) a umistén v kfemenné kyveté.

3.4.5 Infracervena spektroskopie

Fourier Transform IR spektra (FTIR spektra) polymerti byla méfena diftizné reflexni
technikou na pfistroji Nicolet Magna IR 760. Vzorky byly pied méfenim fedény pomoci
KBr (1:3 m/m).

3.4.6 Adsorpcni a desorpéni izotermy plynt na pripravenych

polymerech

Méfeni adsorpénich a desorpénich dusikovych a vodikovych izoterem pii 77 K a
izoterem pro oxid uhli¢ity pii 273, 293, 313 a 333 K bylo provedeno pomoci piistroje
ASAP 2020 (Micrometrics, Norcross, Georgia, US). Pfistroj byl vybaven snimaci tlaku
pokryvajicimi rozsahy do 133 Pa, do 1,33 kPa a do 133 kPa, coz umoziiovalo piesné
méfeni adsorpénich izoterem v Sirokém tlakovém rozmezi. Pii méfeni CO, adsorpénich
izoterem byl vyuzit termostat e-Lab Services, ktery umoznil udrZovat teplotu vzorku s
presnosti+ 0,01 K. Vzorky byly vZdy pfed samotnym méfenim odplynény. Odplyriovani
bylo zahajeno pfi laboratorni teploté a postupné se teplota zvySovala az do dosazeni
hodnoty 353 K (teplotni krok byl 0,5 K/min). Pti této teploté se vzorky odplyrnovaly do
doby, neZz se dosahlo tlaku 1 Pa. Pti tomto tlaku a teploté (1 Pa, 353 K) probihal proces
odplynéni dalsi 1 hodinu. Nasledné byla teplota jesté zvysena (vétsinou na 363 K). Pii
této teploté byl vzorek za pomoci turbomolekuldrni vakuové vyvévy odplytiovan 6 nebo
12 hodin. Z dusikovych adsorpénich izoterem byla urcena hodnota specifického
povrchu pomoci metody Brunauera, Emmetta a Tellera (Sper) a to z hodnot
adsorbovaného mnozstvi pro interval relativnich tlaka p/po = 0,05 - 0,25. Z adsorpénich

dat byly dale ziskdny dalsi texturni parametry: (i) objem mikropdrti (Vimi), ktery byl
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urcen z dat v rozmezi relativnich tlakt p/po = 0,05 - 0,1 s pouzitim metody Horvatha a
Kawazoe (H-K) a (ii) objem mesop6rt (Vimeso), ktery byl uréen metodou Barreta, Joynera
a Halendy (BJH). U vybranych vzorkt byla déle stanovena distribuce velikosti mikro a
mesoport. Méfeni a vyhodnoceni adsorpénich izoterem provedli Ing. Arnost

Zukal, CSc. a Ing. Martin Kub#, Ph.D. (UFCH JH AV CR).

3.4.7 Termogravimetricka analyza

Termogravimetricka analyza (TGA) polymert byla provadéna na aparatuie TA Q500
v dusikové atmosfére. Vzorky byly ohfivany od 40 do 800 °C a to vzdy pfi rychlosti
ohfevu 10 °C/min. Pfed samotnym méfenim byly vzorky zbaveny vlhkosti a to
zahiivanim vzorku na 100 °C po dobu 1 hodiny. Analyzu provedla pani Kamila

Langerové (katedra anorganické chemie P¥F UK v Praze).

3.4.8 Skenovaci elektronova mikroskopie

Pro charakterizaci povrchti polymerti metodou skenovaci elektronové mikroskopie
(SEM) byly pouzity dva pristroje. (i) Skenovaci elektronovy mikroskop JEOL
JSM-5500LV. Pro méfeni na tomto pfistroji byl vzorek polymeru pokoven Pt (vrstva cca
15 nm). K pokoveni bylo pouzito zafizeni BAL-TEC SCD 050. Méfeni na tomto pfistroji
provedl RNDr. Libor Brabec, CSc. (UFCH JH AV CR). (ii) Skenovaci elektronovy
mikroskop Ultra+ (Carl Zeiss). Vzorek polymeru byl nanesen na uhlikovou desticku a
pokoven tenkou vrstvou Au. Méfeni na tomto pfistroji provedl Sebastijan Kovaci¢, Ph.D.

(National Institute of Chemistry, Ljubljana, Slovinsko).
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4 VYSLEDKY A DISKUZE

41 Konjugované porézni polymerni sité

polyacetylenového typu odvozené od diethynylarenti
Tato kapitola je zaloZena na vysledcich publikovanych v:

e Vladimira Hankové, Eva Slovakova, Jifi Zednik, Jifi Vohlidal, Radoslava Sivkova,
Hynek Balcar, Arnost Zukal, Jifi Brus, Jan Sedlacek: Polyacetylene-Type Networks
Prepared by Coordination Polymerization of Diethynylarenes: New Type of
Microporous Organic Polymers, Macromol. Rapid Commun. 2012, 33, 158 - 163. Cislo

reference: [130].

o Eva Slovdkova, Arnost Zukal, Jifi Brus, Hynek Balcar, Libor Brabec, Dmitrij
Bondarev, Jan Sedlac¢ek: Transition-Metal-Catalyzed Chain-Growth Polymerization
of 1,4-Diethynylbenzene into Microporous Crosslinked Poly(phenylacetylene)s: the
Effect of Reaction Conditions, Macromol. Chem. Phys. 2014, 215, 1855 - 1869. Cislo

reference: [131].

o Eva Slovakova, Marjan Jeselnik, Ema Zagar, Jifi Zednik, Jan Sedlacek, Sebastijan
Kovaci¢ Chain-Growth Insertion Polymerization of 1,3-Diethynylbenzene High
Internal Phase Emulsions into Reactive n-Conjugated Foams, Macromolecules, 2014,

47,4864 - 4869. Cislo reference: [132].

Jak jiz bylo uvedeno v Kap. 1.2, fetézova koordina¢éni polymerizace
monoethynylarentt (arylacetylenti), vedouci k linedrnim monosubstituovanym
polyacetylentim, je velmi dobfe prostudovana reakce. Pfiklad této reakce je uveden ve
Schématu 9 znazornujicim polymerizaci ethynylbenzenu neboli fenylacetylenu (PhA).
Jednim z dkold této disertacni prace bylo prostudovat, zda je mozné zvySenim poctu
trojnych vazeb v molekule monomeru na dvé transformovat tuto reakci na reakci
poskytujici husté propojenou polyacetylenickou sit, kterd by navic vykazovala porézni
texturu. Reakce navrzena v ramci zadéani diserta¢ni préce je znazornéna ve Schématu 10
a to pro pripad polymerizace 1,4-diethynylbenzenu (1,4-DEB). Pro konstrukci siti byly
vybrédny rtzné cisté uhlovodikové diethynylareny, tak aby sité (pokud vzniknou)
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vykazovaly vysokou rigiditu v diisledku propojeni malo ohebnych polyacetylenovych
Fetézct rigidnimi spojkami arylenového typu. Rigidita navrzenych siti byla povazovana

za dtilezitou pro dosazeni permanentni porozity siti.

H I P U e
== 000U

PhA poly(PhA)

Schéma 9 Retézova koordinacni polymerizace PhA na linearni polymer.

1,4-DEB

\J\I\N‘
x
/

Schéma 10 Retézové koordina¢ni polymerizace 1,4-DEB na polymerni sit. Reakce byla

navrzZena a studovana v rdmci feSeni disertacni prace.
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41.1 Polymerizace 1,4-DEB na raznych typech katalyzatora

Jako modelovy monomer pro studium moznosti tvorby polyacetylenovych siti byl
vybrdn 14-diethynylbenzen (1,4-DEB), ktery je strukturné blizkym bifunkénim
analogem PhA. Polymerizace 1,4-DEB byla testovdna s pouzitim metathesnich a
inzertnich katalyzatorh a katalytickych systémii, které se difive osvédcily pfi
polymerizaci PhA [66, 85, 99, 102]. Volba rozpoustédla téz odpovidala zkusenostem
z polymerizace PhA [94, 99]. Jako metathesni katalyzatory a katalytické systémy byly
pouzity: (i) WCls/PhsSn, (ii) MoCls/PhsSn a (iii) Schrocktiv Mo-karben (nézev a vzorec
je uveden v Kap. 3.1) vzdy v prostfedi benzenu. Jako inzertni katalyzatory a katalytické
systémy byly pouzity (iv) [Rh(cod)acac], (v) [Rh(nbd)acac] a (vi) Rh(nbd)Cl]./Et:N
v prosttedi CH2Clz (ndzvy Rh komplext jsou uvedeny v Kap. 3.1). Vysledky srovnavaci
polymerizac¢ni studie a charakteristiky polymert jsou uvedeny v Tab. 3. Pfi pohledu na
vytézky polymert na prvni pohled zaujme nizka tGé¢innost metathesnich katalyzatort
pro studovanou reakci. Polymerizace 1,4-DEB na metathesnich katalyzatorech probihaly
jako srazeci reakce a ve vSech pfipadech byl ziskdn polymer jako velice jemn4, $patné
izolovatelnd srazenina, pfi¢emz zadny rozpustny polymer nezlistdval v roztoku
(prokdzano pomoci SEC). Priibéh polymerizace je tedy v souladu s pfedstavou tvorby
polymerni sité. Z pohledu polymerniho vytézku jsou v8ak Mo katalyzatory vyslovené
netcinné a pouzity W katalyzétor je pouze praimérné a¢inny. S ohledem na velmi nizky
vytézek nebudou déle polymery pfipravené na Mo katalyzatorech diskutovény.

Nizka aktivita W a Mo katalyzétorti pii polymerizaci 1,4-DEB muze byt zapfi¢inéna
tzv. "substratovou inhibici", kterda byla dfive pozorovana pii polymerizaci PhA
v reakénich smésich s vysokou koncentraci monomeru [94]. Pro tento jev bylo navrzeno
vysvétleni spocivajici v soucasné koordinaci dvou molekul PhA k jednomu aktivnimu
centru (AC) lokalizovanému na konci rostouciho polymerniho fetézce s tim, Ze tato
soucasnd koordinace méni AC na spici nepropagujici centrum [94]. I kdyz byla pro
polymerizaci 1,4-DEB zvolena relativné nizkd pocate¢ni koncentrace monomeru
(0,6 mol/1), je zfejmeé koncentrace ethynylovych skupin v tésné blizkosti AC vysokd a to
diky postrannim ethynylovym skupindm polymerniho fetézce, ktery z AC vyrista.
Rostouci, zatim pouze ¢astecné vétveny fetézec miize tedy svymi volnymi ethynylovymi

skupinami tc¢inné blokovat AC polymerizace.
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Tab. 3 Polymerizace 1,4-DEB s Rh katalyzatory (v CH>Cl,) a s W a Mo katalyzatory
(v benzenu). Pocateéni koncentrace monomeru [mon]o = 0,6 mol/l, pocéate¢ni
koncentrace katalyzatoru [kat]o = 6 mmol/l. Laboratorni teplota. Y vytézek polymeru,
Xpu molérni podil vétvicich jednotek v polymeru, Sger specificky povrch polymeru, Vi

objem mikrop6rt.

Kod t Y SBET Vi

polymeru katalyzator (hod) (%) Xsu m¥g) (cm¥g) ref.
P1 [Rh(nbd)Cl]>/EtsN 3 77 0,30 516 0,210 [131]
P2 [Rh(nbd)acac] 3 85 0,30 809 0,323 [130, 131]
P3 [Rh(cod)acac] 3 80 0,44 512 0,160 [131]
P4 WCls/PhsSn 24 39 0,33 11 nsb) [131]
MoCls/PhsSn 24 2 nsb) nsb) nsb) [131]
Mo-karben? 24 11 nsb) nsb) nsb) [131]

a) Schrocktiv Mo-karben
b) neni stanoveno

Na rozdil od metathesnich katalyzatort prokazaly vsechny tfi testované inzertni Rh
katalyzatory vysokou ucinnost pfi polymerizaci 1,4-DEB (vytézek 77 - 85 %).
Polymerizace probihaly jako srdzeci a po skonceni polymerizace neziistaval zadny
polymer rozpustény v reakéni smési. Tvorba nerozpustného polymeru byla okem
pozorovatelna zhruba 2 - 5 min po smichani komponent reakéni smési. Po 10 - 20 min
od zahajeni polymerizace se (zatim michatelnd) reakéni smési zménila v monolit gelové
konzistence, coz je v souladu s predstavou tvorby trojrozmérné husté propojené
polymerni sité. V pripadé polymerizace 1,4-DEB na [Rh(nbd)acac] se podaftilo
analyzovat vzorek reakéni smeési odebrany 2 - 3 min od zahéjeni polymerizace, a to
nezavisle metodou SEC/MALS a metodou SEC vyuzivajici PS kalibraci (SEC/PS) [130].
Analyzy poskytly nasledujici hodnoty hmotnostnich stfedd molarni hmotnosti (Mw)
polymeru pfitomného ve smési: absolutni hodnota M, /(MALS) = 3,1.10¢, zdanliva
hodnota Mw(PS) = 2,1-105. Raddové vyssi hodnota Myw(MALS) nez M,,(PS) svédéi o tom,
Ze polymer pfitomny ve vzorku byl vysoce vétveny. Vysoky stupen vétveni se totiz
odrazil v nizkém hydrodynamickém objemu makromolekul polymeru a tudiz i ve
vyrazné podhodnocené hodnoté M., (PS), kterd byla pfifazena pomoci kalibrace
linedrnimi PS standardy. Tato (podhodnocend) zdanlivd hodnota je pak vyrazné nizsi
nez skute¢nd hodnota Mw(MALS) dana rozptylem svétla. Vysledek této analyzy

ukazuje, Ze v pocate¢nim stadiu polymerizace 1,4-DEB vznika vysoce vétveny polymer,
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ktery se pozdéji s rostouci konverzi postrannich ethynylovych skupin méni na
polymerni sit.

Vsechny polymery pfipravené na Rh a W katalyzatorech mély tmavé ¢ervenou barvu,
byly nerozpustné v testovanych rozpoustédlech (THF, CH>Cl,, CHCl; a benzen) a
nevykazovaly po delsi dobé v rozpoustédle zadné botnani. Charakterizace polymert
metodou 13C CP/MAS NMR poskytla kvalitativné shodna spektra. Ptiklad 3C CP/MAS
NMR spektra je ukdzan na Obr. 7 véetné pfifazeni signalt. Spektra vSech polymert
[poly(1,4-DEB)] diskutovanych v Kap. 4.1 obsahovala dva druhy signali: (i) dvojici
signdld & = 76 ppm a 6 = 83 ppm, tyto signdly odpovidaji rezonanci sp uhlikii
netransformovanych trojnych vazeb (uhliky 7 a 8, Obr. 7) a (ii) velmi Siroky pas signala
0 =115 - 150 ppm, ktery odpovida rezonanci sp? uhlikd hlavniho polymerniho fetézce a
aromatickych jader (uhliky 1 - 6, Obr. 7). Spektra 13C CP/MAS NMR ukazuji, ze
pfipravené poly(1,4-DEB) obsahuji dva druhy monomernich jednotek: (i) linearni
jednotky (LU), které nesou jednu netransformovanou ethynylovou skupinu a
(ii) jednotky, které se tucastni vétveni (BU) a u nichZ jsou obé ethynylové skupiny
polymeriza¢né transformovany (Obr. 8). Aromatickd jaddra téchto jednotek pak tvoii

1,4-fenylenové spojky, které navzajem situji polyenové fetézce.

160 140 120 100 80 60
ppm

Obr. 7 13C CP/MAS NMR spektrum poly(1,4-DEB) (P2) ziskané polymerizaci 1,4-DEB
na [Rh(nbd)acac] v CH2Cl, za laboratorni teploty.
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Obr. 8 Typy monomernich jednotek v poly(1,4-DEB) (i) linearni jednotky (LU) a (ii)
vétvici jednotky (BU).

Kvantifikaci signalt 3C CP/MAS NMR spekter byla ziskana hodnota moléarni frakce
vétvicich jednotek v polymerni siti (Xsu) s pouzitim vztahu (4), ve kterém Agp2 a Agp
reprezentuji integralni intenzity signalti prislusejici sp? a sp uhlikiim a namn je pocet

aromatickych uhliki v monomerni jednotce.

A n
1 _Ai. (%4_ 1)
sp2
A
=
sp?

Xy =

(4)

Jak je patrno z Tab. 3, hodnoty Xsu se pro polymery P1 - P4 pohybovaly v intervalu
0,30 - 0,44. Rozsah vétveni polyacetylenickych fetézct je tedy pomérné vysoky.
Skute¢nost, ze pfipravené polymery neobsahovaly ani malé mnozstvi rozpustnych
(pouze vétvenych) makromolekul dale ukazuje, Ze tento vysoky stupeni vétveni vyustil
v zapojeni vSech polymernich fetézcti do polymerni sité.

Analyza polymernich siti z Tab. 3 pomoci FTIR poskytla spektra, kterd obsahovala
pasy odpovidajici netransformovanym ethynylovym skupindm a to (i) okolo 3300 cm!
(v=c-n) a (ii) okolo 2100 cm?, (vc=cy). Spektra vzorka P1 - P3 pfipravenych na Rh
katalyzatorech byla kvalitativné shodna a mirné se lisila od spektra vzorku P4
pfipraveného na W katalyzéatoru (Obr. 9): (i) spektrum vzorku P4 obsahuje slaby pés
okolo 1480 cm!, ktery ve spektrech polymerti P1 - P3 chybi a naopak (ii) spektra vzorki
P1 - P3 obsahuji slaby pés u 790 cm?, ktery ve spektru P4 chybi. Z rozboru konfiguraéni
struktury rozpustnych poly(PhA) pfipravenych na rdznych katalyzatorech je zndmo, Ze
polymerizace na Rh katalyzatorech vede k polymeriim s vysokym zastoupenim
konfigurace cis na dvojnych vazbach, zatimco W katalyzatory poskytuji polymery, ve
kterych byva obsah cis a trans dvojnych vazeb podobny. Riiznd konfiguraéni struktura
poly(PhA) se pak projevuje v rtzném charakteru IR spekter, zejména v oblasti

700 - 800 cm-? [51, 85, 133]. Domnivame se, Ze v piipadé syntézy poly(1,4-DEB) ovlivnil
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typ pouzitého katalyzatoru konfigura¢ni strukturu podobnym zptisobem a ze drobné
rozdily v FTIR spektrech vzorkt P1 - P4 mohou odrazet (i) vy$si obsah cis dvojnych
vazeb u vzorkt P1 - P3 (Rh katalyza) a (ii) vy$si obsah trans dvojnych vazeb u vzorku
konfigurac¢ni struktute poly(1,4-DEB). Metody spektroskopie NMR (jak *C tak 'H), které
jsou bézné pouzivané pro konfigura¢ni analyzu rozpustnych polyacetylenti, jsou
v piipadé polyacetylenickych siti netc¢inné z diévodu nizkého rozliSeni spekter

ziskanych méfenim pevnych vzorka.

P2

3300
2110

P4

Kubelka - Munk jednotky

3300
2110
—~—1480

3500 3000 2500 2000 1500 1000 500

Vinoget (cm™)

Obr. 9 Infracervend spektra poly(1,4-DEB) ziskana polymerizaci 1,4-DEB s rtiznymi
katalyzatory: (P2) [Rh(nbd)acac], (P4) WCls/PhsSn.

Vzorky P1 - P4 byly charakterizovany pomoci adsorpce a desorpce dusiku pti 77 K.
Pfislusné adsorpéni/desorpéni izotermy jsou na Obr. 10. Vzorky P1 - P3 vykazaly
vysokou ucinnost pfi adsorpci dusiku (8,57 mmol/g az 16,78 mmol/g pii relativnim
tlaku N2 p/po = 0,95) vzorek P4 byl pfi adsorpci N2 vyrazné méné tcinny (0,32 mmol/g).
Izotermy N> vzorkidl P1 - P3 jsou svym tvarem blizké izotermdm pro mikroporézni
adsorbenty (podle klasifikace [IUPAC izoterma typu I [134]), pfi¢emz v8ak obsahuji tizké
hysterezni smycky (typ H4 dle klasifikace IUPAC [134]), odrazejici rizny mechanismus
adsorpce a desorpce pfi vyssich tlacich. Smycky jsou nékdy zc¢asti a nékdy plné uzaviené
pti p/po ~ 04, coz nasvédcuje, Ze vedle mikropértt mohou byt ve vzorku i mesopory.

Jejich zastoupeni a pramér vsak nebyly u vzorkd z Tab. 3 sledovany (a to i s ohledem na
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nevyrazny charakter hystereznich smycek). Zakladnim vystupem adsorp¢nich méfeni
jsou hodnoty specifického povrchu uréeného metodou BET (Sger) a objemy mikroport
(Vmi) pro jednotlivé vzorky. Hodnoty téchto parametrt jsou uvedeny v Tab. 3 a dovoluji
ucinit ddlezity zavér této kapitoly: Polymerizace 1,4-DEB na Rh katalyzatorech
poskytla mikroporézni polyacetylenické sité s vysokym specifickym povrchem, jehoz
hodnota se pro vzorky z Tab. 3 pohybovala v rozmezi 512 - 809 m?/g.

Poly(1,4-DEB) pfipraveny na W katalyzatoru vykazuje pouze nizky specificky povrch
(Sser = 11 m2/g), dvodem muze byt odlisnost konfigura¢ni struktury tohoto polymeru
od konfigurac¢ni struktury polymert pfipravenych na Rh katalyzatorech. Z divodu
pouze primérného vytézku a nizké hodnoty Sger u poly(1,4-DEB) pfipraveného na W
katalyzatoru nebyly polymerizace bifunkénich monomerti na W katalyzatorech dale

studovany.

400 -
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Obr. 10 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy Nz (77 K)
pro vzorky poly(1,4-DEB) pfipravené s raznymi katalyzatory. Kédy polymert jsou
uvedeny v Tab. 3.

Podrobnéjsi rozbor texturnich parametrti vzorkt P1 - P3 z Tab. 3 ukazuje, Ze velikost
specifického povrchu jednoduse nekoreluje s parametrem Xgu, ackoli rozsah propojeni
segmentdl v polymerni siti byva v literatufe povazovdn za zdsadni pro dosazeni
vysokého specifického povrchu [57, 59, 60]. Zde je tfeba uvést tvahu tykajici se mozné

tvorby siti pfi polymerizaci 1,4-DEB, kterd vychazi z literarnich rozbora fetézovych
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polymerizaci vicefunkénich vinylickych monomert [135, 136]. Molekuly 1,4-DEB se
primarné zabudovévaji do polymernich fetézci jako monomerni jednotky nesouci
postranni ethynylovou skupinu. Cast postrannich ethynylovych skupin na polymernich
fetézcich podléha transformaci, kterd mtze probihat nékolika zptsoby: (i) postranni
ethynylova skupina miize reagovat s aktivnim koncem jiného nezavislého polymerniho
fetézce a byt do tohoto fetézce (po chemické transformaci) zafazena. Vysledkem bude
intermolekuldrni propojeni dvou ptvodné nezavislych fetézc. (ii) Postranni
ethynylova skupina mize reagovat s aktivhim koncem fetézce, ke kterému je pfipojena
za vzniku polymernich smycek rtzné délky (intramolekularni cyklizace). (iii) Postranni
ethynylova skupina maze byt pfeménéna (cestou iniciace nebo pfenosu) na nové aktivni
centrum polymerizace, ze kterého bude vyriistat postranni polymerni fetézec. Pfi vsech
téchto transformacich postranni ethynylova skupina zanika a nartsta tedy hodnota Xsu
polymeru. Jednotlivé typy transformace postrannich ethynylovych skupin v8ak mohou
mit rtzny pifinos pro tvorbu mikroporézni textury poly(1,4-DEB). UvaZzujeme, Ze
intermolekuldrni sitovani propojujici dva fetézce kratkou 1,4-fenylenovou spojkou
miuze byt pro tvorbu mikroporézni textury poly(1,4-DEB) nejucinnéji. Jednotlivé Rh
katalyzatory mohou byt rizné aktivni v jednotlivych médech transformace postrannich
ethynylovych skupin. Ze studia polymerizaci (monofunkéniho) PhA na Rh
katalyzatorech je napfiklad zndmo [99], Ze rozsah pfenosovych reakci je vyssi pti pouziti
[Rh(cod)acac] komplexu jako katalyzatoru nez pii katalyze komplexem [Rh(nbd)acac].
Ukazuje se tedy, Ze pfi pouziti riaznych katalyzatort neni mozné piimo korelovat stuper
konverze postrannich ethynylovych skupin na monomernich jednotkach polymeru se
specifickym povrchem, nebot roli ziejmé hraje i zptsob, jakym byly postranni
ethynylové skupiny konvertovany.

Rozbor vysledkit v Tab. 3 ukazuje, Ze pfi pouziti katalyzatoru [Rh(nbd)acac] byl
ziskan poly(1,4-DEB) s nejvyssi hodnotou Sger a to ve vysokém vytézku. Tento
katalyzator byl proto vybran pro dal$i polymeriza¢ni studie, jejichz vysledky jsou

uvedeny v nésledujicich ¢astech Kap. 4.1.
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41.2 Polymerizace 1,4-DEB katalyzovana [Rh(nbd)acac] v rtiznych

rozpoustédlech

Polymerizace 1,4-DEB na [Rh(nbd)acac] byla studovana celkem v péti
rozpoustédlech, pficemZz byly sledovany tyto parametry: vytéZzek, hodnota Xpu a
texturni parametry (Sper a Vimi) vznikajicich poly(1,4-DEB). Nejdalezitéjsi vysledky této
studie jsou uvedeny v Tab. 4.

Cilené byla vybrdna (i) rozpoustédla, kterd je mozno povazovat ve vztahu
k segmenttim poly(1,4-DEB) za termodynamicky dobra rozpoustédla: CH>Cl», benzen a
THF a (ii) rozpoustédla, kterd je mozno povazovat za termodynamicky S$patna
rozpoustédla: pentan a methanol. Termodynamicka kvalita rozpoustédel byla
posouzena na zakladeé jejich chovéni k linedrnimu poly(PhA). CH>Cl,, benzen a THF
rozpousti poly(PhA), zatimco pentan a methanol jsou srazedly pro poly(PhA).
Polymerizace 1,4-DEB probihala ve vSech rozpoustédlech jako sréZeci reakce, pricemz
produktem byl vzdy pouze totdlné nerozpustny polymer. V dobrych rozpoustédlech byl
pocatek srazeni produktu pozorovan za 2 - 5 min od smichani komponent reakéni smési,
ve $patnych rozpoustédlech se (podle o¢ekavani) produkt zacal sraZet okamzité po
smichdni roztokti monomeru a katalyzatoru. P¥i pouziti termodynamicky dobrych
rozpoustédel jsme ziskali polymerni vytézky v rozmezi od 78 % do 85 %. Vytézky
poly(1,4-DEB) ve Spatnych rozpoustédlech byly 44 % a 53 %. Davodem nizsich
polymernich vytézkt ve $patnych rozpoustédlech je patrné skutecnost, Ze segmenty
vznikajictho nerozpustného poly(1,4-DEB) vykazuji pomérné kompaktni, sbalenou
konformaci, coZ znesnadiiuje pfistup molekul monomeru k AC polymerizace
pfitomnym na fetézcich vnikajictho poly(1,4-DEB). Typ pouzitého polymeriza¢niho
rozpoustédla kvalitativné neovlivnil spektralni charakteristiky produktt (spektra FTIR
a BC CP/MAS NMR jsou uvedena v [131]). Hodnoty parametru Xsu jednotlivych
produktd byly v intervalu 0,23 - 0,33. Nejvyssi hodnoty Xpu byly dosaZeny u
poly(1,4-DEB) pfipravenych v termodynamicky $patnych rozpoustédlech. Zvysena
konverze postrannich ethynylovych skupin poly(1,4-DEB) pfi polymerizacich ve
$patnych rozpoustédlech zifejmé odrazi vyse diskutovany komplikovany pfistup
monomeru k AC polymerizace nachédzejicim se na sbalenych segmentech vznikajicich
polymert. Za této situace je pak pravdépodobnost konverze postrannich ethynylovych
skupin poly(1,4-DEB) zvysena. Tento efekt jsme oc¢ekdvali, a proto byla termodynamicky

$patna rozpoustédla pouzita. Bohuzel, jak je patrno z Tab. 4, zvySeni hodnot Xsu
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v dasledku pouziti termodynamicky $patnych polymeriza¢nich rozpoustédel neni ptilis
vyznamné (zejména pii porovnani s hodnotou dosazenou v CH>Cly). VSechny polymery
z Tab. 4 s vyjimkou poly(1,4-DEB) piipraveného v THF vykazovaly specificky povrch
v fadu stovek m2/g, ktery se nachazi pfedevsim v mikropoérech (adsorpéni izotermy
dusiku jsou uvedeny v [131]). Hodnoty Sper narlistaly v zavislosti na pouzitém
rozpoustédle v fadé: THF << pentan < benzen ~ methanol < CHxCl,. Absence vyraznéjsi
porozity v piipadé poly(1,4-DEB) piipraveného v THF se prokazala i pfi nékolikerém
opakovani syntézy. Pfi planovani experimenti jsme uvaZovali, Ze by zvySend
kompaktnost poly(1,4-DEB) ptipravenych ve $patnych rozpoustédlech mohla vyustit ve
zvyseni specifického povrchu téchto polymerti. Jak je patrno z Tab. 4, tento pfedpoklad

se nevyplnil.

Tab. 4 Polymerizace 1,4-DEB s [Rh(nbd)acac] v rtznych rozpoustédlech. Pocate¢ni
koncentrace monomeru [mon]o = 0,6 mol/l, pocate¢ni koncentrace katalyzatoru
[kat]o = 6 mmol /1. Reakéni doba 3 hodiny, laboratorni teplota. Y vytézek polymeru, Xpu
molarni podil vétvicich jednotek v polymeru, Sper specificky povrch polymeru, Vimi

objem mikrop6rt.

Kod Y SBET Vini
rozpoustédlo X3su ref.
polymeru (%) (m?%g) (cm¥/g)
P2 CH.Cl, 85 0,30 809 0,323 [130, 131]
P5 benzen 85 0,23 611 0,233 [131]
P6 THF 78 0,26 <10 - [131]
P7 pentan 44 0,32 286 0,113 [131]
P8 methanol 53 0,33 649 0,264 [131]

Hodnoty Sger a Xpu uvedené v Tab. 4 nevykazuji jednoduchou vzajemnou korelaci.
Jak jiz bylo uvedeno v Kap. 4.1.1, hodnoty Sggr zfejmé odrazi nejen rozsah transformace
postrannich ethynylovych skupin sité, ale i zastoupeni jednotlivych reakénich modi pfi
této transformaci; toto zastoupeni mtze byt typem pouZitého rozpoustédla ovlivnéno.
Typ pouZitého polymeriza¢niho rozpoustédla miize déle ovlivnit uspofadani segmentt
ve vysusené siti. Ukazuje se tedy, Zze v pfipadé poly(1,4-DEB) pfipravenych v riiznych
rozpoustédlech jsou hodnoty Xpu zfejmé jen jednim z vice faktord ovliviujicich
mikroporozitu poly(1,4-DEB).

Rozbor vysledkd z Tab. 4 ukazuje, Ze pfi polymerizaci v prostiedi CH>Cl> vznikl
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produkt s nejvyssi hodnotou Sger a to ve vysokém vytézku. Dichlormethan byl proto

vybran jako rozpoustédlo pro dalsi polymeriza¢ni studie.

4.1.3 Polymerizace 1,4-DEB katalyzovana [Rh(nbd)acac] v CH2Cl> -

vliv reakénich podminek

Tato kapitola shrnuje vysledky polymerizaci 1,4-DEB katalyzovanych [Rh(nbd)acac]
v prosttedi CHCl,, pfi kterych byl sledovan vytézek, kovalentni struktura a texturni
charakteristiky poly(1,4-DEB) v z&vislosti na néasledujicich parametrech: (i) pocate¢ni
koncentrace monomeru, (ii) pocatecni koncentrace katalyzatoru, (iii) reakéni teplota a
(iv) reakeni cas.

Tab. 5 uvadi vysledky polymerizaci provedenych pfi riizné pocatecni koncentraci
1,4-DEB v reakéni smési. VSechny polymerizace poskytly totdlné nerozpustné
poly(1,4-DEB) jako jediné produkty. Spektra FTIR a 13C CP/MAS NMR ptipravenych

polymert nebyla riiznou pocate¢ni koncentraci monomeru kvalitativné ovlivnéna [131].

Tab. 5 Polymerizace 1,4-DEB s [Rh(nbd)acac] v CH>Cl> pii rtiznych pocate¢nich
koncentracich monomeru [mon]o. Po¢ate¢ni koncentrace katalyzéatoru [kat]o = 6 mmol /L
Reakéni doba 3 hodiny, laboratorni teplota. Y vytézek polymeru, Xpu molarni podil

vétvicich jednotek v polymeru, Sger specificky povrch polymeru, Vi objem mikropord.

Kod [mon]o Y SBET Vi
Xzu ref.
polymeru (mol/l) (%) (m?%g) (cm¥/g)
P9 0,2 54 0,36 867 0,336 [131]
P2 0,6 85 0,30 809 0,323 [130, 131]
P10 1,2 50 0,14 410 0,179 [131]

Tab. 5 jasné ukazuje poc¢atecni koncentraci monomeru 0,6 mol/1 jako optimélni pro
dosazeni vysokého polymerniho vytézku (85 %). Pfi vyssich nebo naopak nizsich
testovanych pocatecnich koncentracich klesl vytéZek polymeru na ~ 50 %. Divodem je
(i) vysoky molarni pomér monomer/katalyzator pfi pouZiti [mon]o = 1,2 mol/l a
(ii) prilisné zfedéni monomeru v reakéni smési pii pouziti [mon]o = 0,2 mol/1. Hodnoty
Xpu polymeru klesaly s rostouci hodnotou [mon]o. Ethynylové skupiny molekul
monomeru a postranni ethynylové skupiny polymeru evidentné ,soutézi” o AC

ol

polymerizace a pfi vyssi koncentraci (konkurujictho) monomeru v systému je
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transformace postrannich ethynylovych skupin polymeru méné pravdépodobna.
Vsechny tii polymery z Tab. 5 vykdazaly vysoky specificky povrch nachdazejici se
predevsim v mikropérech [131]. Na rozdil od poly(1,4-DEB) diskutovanych v Kap. 4.1.1
a 4.1.2. nartsta u polymert z Tab. 5 hodnota Sger systematicky s nartstajici hodnotou
Xpu. Je mozno spekulovat, Zze (i) podil rtznych reakénich méddét na transformaci
postrannich ethynylovych skupin polymeru a (ii) zplsob uspotfddani segment(i ve
vysusené siti jsou pfi pouziti daného katalyzatoru a daného rozpoustédla jen malo
ovlivnény pocatecni koncentraci monomeru.

Rozbor vysledkt z Tab. 5 ukazuje, Ze pocate¢ni koncentrace [mon]o = 0,6 mol/lje
optiméalni pro ziskéani poly(1,4-DEB) s vysokou hodnotou Sger ve vysokém vytézku. Tato
hodnota byla proto pouzita i pro dalsi polymerizac¢ni studie.

Tab. 6 sumarizuje vysledky ziskané pti polymerizacich 1,4-DEB provedenych pii
rizné pocatecni koncentraci katalyzatoru a pfi rtizné teploté. Dalsim parametrem byla
doba reakce. Za podminek uvedenych v Tab. 6 vznikaly poly(1,4-DEB) vzdy jako jediné
produkty reakce. Spektra FTIR a 13C CP/MAS NMR pftipravenych polymert nebyla
zménami studovanych parametri reakce kvalitativné ovlivnéna [131]. Vytézky
poly(1,4-DEB) se pohybovaly: (i) okolo 85 % v p¥ipadé, zZe koncentrace katalyzatoru byla
6 mmol/l, nebo (ii) okolo 100 % pii pouziti katalyzatoru s pocateéni koncentraci
18 mmol/l. ZvySeni reakéni teploty z teploty laboratorni na 75 °C (pfi zachovani
[kat]o = 6 mmol/1) mélo jen maly vliv na nérast vytézku poly(1,4-DEB) (Tab. 6 polymery
P2 a P12). Zvyseni reakéni teploty v8ak mélo jednoznaény vliv na zvysSeni Xpu polymerti
a to z hodnot 0,30 - 0,36 (Iaboratorni teplota, reakéni doba 3 hod) na hodnoty 0,44 - 0,54
(75 °C, reakéni doba 3 hod). Dalsi zvyseni Xsu na hodnotu 0,64 bylo dosaZeno (pii reakéni
teploté 75 °C) prodlouzenim reakéni doby na 72 hod (Tab. 6, polymer P14). Specifické
povrchy polymerd z Tab. 6 se pohybovaly v intervalu 809 - 1469 m2/g a vétsinou
nartistaly s rostouci hodnotou Xpu. Hodnoty Sger byly zvySeny v dtsledku zvyseni
reakéni teploty z teploty laboratorni na 75 °C (reakéni doba 3 hod) a to na hodnotu okolo
975 m?/ g (polymery P12 a P13, Tab. 6). Dalsi vyrazné zvyseni hodnoty Sger na 1469 m2/g
bylo dosaZeno prodlouZzenim reakéni doby na 72 hod (polymer P14, Tab. 6). Hodnota
Seer = 1469 m?/g uvedena v této praci a v [131] je nejvyssi hodnota, kterou jsme dosahli

v ramci vyvoje poréznich polyacetylenovych siti odvozenych od diethynylareni.
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Tab. 6 Polymerizace 1,4-DEB s [Rh(nbd)acac] v CH>Cl> za riznych reakénich podminek.
Pocate¢ni koncentrace monomeru [mon]o = 0,6 mol/1. Y vytézek polymeru, Xpu molarni
podil vétvicich jednotek v polymeru, Sser specificky povrch polymeru, Vmi objem

vev s o

mikropord, Vieso @ Dmeso Objem a nejpravdépodobnéjsi primeér mesop6ra.

K()d [kat]o Y SBET Vmi Vmeso Dmeso
T XBU ref.

polymeru (mmol/l) (%) (mYg) (em¥g) (cm¥g) (nm)

P2 62) Lab. 85 0,30 809 0,323 0,319 <4 [130,131]

P11 18a) Lab. 96 0,36 882 0,340 0,593 <5 [131]
P12 62 75 °C 88 0,54 979 0,378 0,860 8 [131]
P13 18a) 75°C 100 0,44 975 0,373 1,119 13 [131]
P14 18b) 75°C 100 0,64 1469 0,350 2,520 22 [131]

a) reakéni doba 3 hodiny b reakéni doba 72 hodin

Detailngjsi rozbor adsorpénich a desorpénich izoterem dusiku na vzorcich
pfipravenych za rtzné teploty a pifi rtzné dobé reakce prokazal, ze tyto reakéni
parametry ovliviiuji nejen specificky povrch ale i distribuci péri poly(1,4-DEB). Obr. 11
ukazuje adsorpéni/desorpéni N> izotermy pro vzorky P2 (pfipravené pii laboratorni
teploté) a P12 (pfipravené pfi teploté 75 °C). Izoterma pro vzorek P2 (blizka typu I podle
klasifikace IUPAC) vykazuje strmy nartist adsorbovaného mnozstvi N, pii nizkych
rovnovaznych tlacich, coz je typické pro mikroporézni adsorbenty. Pti vyssich tlacich je
pak nérast adsorbovaného mnozstvi méné strmy. Plochd hysterezni smycka na
desorp¢ni vétvi (uzaviend piip/po ~ 0,45) nicméné svéd¢i o pfitomnosti urcitého (ztejmeé
malého) mnozZstvi mesoporti ve vzorku. Izoterma pro vzorek P12 vykazuje opét strmy
narust adsorbovaného mnozstvi N pfi nizkych rovnovaznych tlacich, nicméné vzorek
vyrazné adsorbuje i pfi vyssich rovnovaznych tlacich N, pficemz desorpéni vétev
vykazuje vysokou (opét uzavienou) hysterezni smycku. Tvar adsorpéni a desorpéni

izotermy vzorku P12 svéd¢i o vyraznéjsim podilu mesopoérii na celkové porozité vzorku.
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Obr. 11 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy Nz (77 K)
pro poly(1,4-DEB) pfipraveny na [Rh(nbd)acac] v CHCl, za laboratorni teploty (P2) a
pti 75 °C (P12). Dalsi specifikace vzorkt je v Tab. 6.

Z obdobného rozboru izoterem z Obr. 12 pro vzorky P13 (reakéni teplota 75 °C, 3 hod)
a P14 (reakéni teplota 75 °C, 72 hod) je patrné, ze prodlouzeni reakéni doby velmi
pravdépodobné dale zvysilo zastoupeni nebo velikost mesopoérii ve vzorku P14. S cilem
kvantifikovat pfispévek mesoporit k celkové porozité vzorku, byly desorpéni vétve
izoterem vzorkt z Tab. 6 vyhodnoceny metodou BJH [131]. Tato metoda poskytla
distribuci pramért mesopoéra a celkovy objem mesoport, Vimeso. Hodnoty Vieso jsou
uvedeny v Tab. 6, distribuce primért mesoporti jsou pro jednotlivé vzorky uvedeny na
Obr. 13. Ukazuje se, Ze poly(1,4-DEB) z Tab. 6 pfipravené za laboratorni teploty (vzorky
P2 a P11) obsahuji (kromé mikropérii) pouze malé mesopdry s primérem mensim nez
4 - 5 nm. Maximum na distribuci praméra téchto mesop6rt nebylo mozno metodou BJH
urcit. Naopak, poly(1,4-DEB) pfipravené za teploty 75 °C obsahuji (kromé mikropéri)
vétsi mesopory (distribuce prameért téchto mesopértt vykazuje zfetelnd maxima,
Obr. 13). Polymery P12 a P13 obsahovaly mesopory s nejpravdépodobnéjsim pramérem
(Dmeso) rovnym 8 nm (P12) a 13 nm (P13). Dal$i vyrazny nértst hodnoty Dmeso rezultoval
z prodlouZeni reakéni doby na 72 hod. Vzorek pfipraveny za téchto podminek, P14,
vykazoval hodnotu Dieso = 22 nm (Obr. 13, Tab. 6). S ohledem na prevazujici typ port

ve vzorku je moZzno poly(1,4-DEB) piipravené za laboratorni teploty povazovat za
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prevazné mikroporézni polymery a polymery pfipravené pti teploté 75 °C (P12 - P14) je

mozno klasifikovat jako polymery mikro/mesoporézni.
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Obr. 12 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy N> (77 K)
pro poly(1,4-DEB) ptipraveny na [Rh(nbd)acac] v CH>Cl pti 75 °C. Reakéni doba 3 hod
(P13) a 72 hod (P14). Dalsi specifikace vzorki je v Tab. 6.
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Obr. 13 Distribuce pramért mesopoértt (metoda BJH) pro poly(1,4-DEB) pifipravené na
[Rh(nbd)acac] v CH2Cl za rtiznych reakénich podminek. Specifikace vzorka je v Tab. 6.
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Z rozboru texturnich parametr(i polymertt z Tab. 6 je mozno usuzovat, Ze nartst
specifického povrchu poly(1,4-DEB) pozorovany jako diisledek zvyseni reakéni teploty
a prodlouzeni doby reakce je zfejmé (alespon z¢ésti) zptisoben zavedenim mesopéra do
polymeru. Zajimavé totiz je, Ze poly(1,4-DEB) z Tab. 6 maji (i pfes rizné podminky
pfipravy) podobny objem mikroport (Vmi = 0,323 - 0,378 cm3/ g).

Nartst obsahu a velikosti mesoporti ve vzorcich poly(1,4-DEB) v disledku zvyseni
reakéni teploty a prodlouzeni reakéniho ¢asu nema zatim jednoznacné vysvétleni. Nami
navrzena hypotéza uvaZuje mozZnost vzniku mesopéra v disledku propojovani
drobnych ¢astic mikroporézniho polymeru. UvaZzujeme, Ze v prvni fazi polymerizace
vznikd polymer s prevazné mikroporézni texturou. V nésledné fazi se pak mohou
drobné castice mikroporézniho polymeru kovalentné propojovat (vzdjemnou reakci
postrannich ethynylovych skupin na povrchu drobnych ¢astic polymeru, za pfipadného
pfispéni dosud volnych molekul monomeru). V disledku tohoto propojeni pak mezi
drobnymi mikroporéznimi ¢asticemi polymeru mohou vzniknout permanentni
mesopdry. Zvyseni reakéni teploty by bezpochyby zvySovalo pohyblivost povrchovych
segmentli na c¢asticich mikroporézniho polymeru, coz by usnadnilo jejich vzajemné
propojeni. Zvyseni reakéniho c¢asu by pak mohlo vést k zvyseni rozsahu tohoto
propojovani a umoznit (méné pravdépodobné) propojeni i vétsich polymernich ¢astic.

Na zédkladé vysledk(i uvedenych v Tab. 6 je mozno konstatovat: volbou zejména
polymeriza¢ni teploty a doby polymerizace je mozno tucinné modifikovat texturu
vznikajicich poly(1,4-DEB) a ptipravit tak bud’ ptevazné mikroporézni polymery, nebo
mikro/mesoporézni polymery s laditelnym primeérem mesoporii. Soucasna pfitomnost
mikro- a mesopért v poréznim materidlu je zajimava pro aplikace spojené s transportem
hmoty poréznim materidlem (adsorpce, katalyza). Mikropéry totiZ vyrazné pfispivaji
k velikosti specifického povrchu materialu. Vétsi mesopéry pak usnadiiuji transport

hmoty materidlem a zvySuji dostupnost mikrop6rt.
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414 Polymerizace riznych diethynylarent katalyzovana

[Rh(nbd)acac] v CH2Cl:

V této kapitole jsou porovnédny vysledky polymerizaci tfi rGznych diethynylarent,
jejichz vzorce a nazvy jsou uvedeny na Obr. 14. Monomery 1,4-DEB a 1,3-DEB jsou dva
polohové isomery, které se lisi vzdjemnou orientaci dvou ethynylovych skupin na
jednom jadre, pricemz velikost jddra monomer@i (benzen) zlstdva stejna. Monomery
1,4-DEB a 4,4"-DEBPh maji stejnou orientaci ethynylovych skupin (thel mezi skupinami
je 180°), lisi se vSak velikosti spojky mezi témito skupinami (1,4-fenylen vs.
bifenyl-4,4"-diyl). Na Obr. 14 jsou pro jednotlivé monomery uvedeny vzdalenosti
vnitfnich uhlik ethynylovych skupin (parametr [), které byly spocéteny s pomoci
programu Gaussian 09 [137]. Jak je moZzné ocekavat na zdkladé geometrické tvahy,

parametr [ nartsta v nasledujici fadé monomer: 1,3-DEB < 1,4-DEB < 4,4"-DEBPh.

1,3-DEB 1,4-DEB 4,4°-DEBPh

0,983 nm
l

Obr. 14 Rézné diethynylareny: 1,3-diethynylbenzen (1,3-DEB), 1,4-diethynylbenzen
(1,4-DEB) a 4,4"-diethynylbifenyl (4,4"-DEBPh).

Monomery byly polymerizovany na [Rh(nbd)acac] v CHxCl. Jedna série
polymerizaci byla provedena za laboratorni teploty s reakéni dobou 3 hod, pfi¢emz
koncentrace katalyzatoru byla 6 mmol/1. Tyto podminky jsou oznaceny symbolem A.
Druhd série polymerizaci byla provedena za teploty 75 °C s reakéni dobou 72 hod,
pficemz koncentrace katalyzdtoru byla 18 mmol/l. Tyto podminky jsou oznaceny
symbolem B. Vysledky polymerizaci a texturni charakteristiky pfipravenych polymert
jsou uvedeny v Tab. 7. V8echny polymerizace probihaly jako sraZeci a poskytly vysoké
vytézky nerozpustnych siti (jediny produkt) pohybujici se v intervalu 83 - 87 % za
podminek A a v intervalu 96 - 100 % za podminek B.
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Tab. 7 Polymerizace diethynylarenti na [Rh(nbd)acac] v CH2Cl,. Pocate¢ni koncentrace
monomeru [mon]o = 0,6 mol/l. Y vytézek polymeru, Xpuy molarni podil vétvicich
jednotek v polymeru, Sger specificky povrch polymeru, Vi objem mikropérti, Vimeso a

Vv,

Dmeso objem a nejpravdépodobnéjsi prameér mesopérda.

Kf)d Y SBET Vmi Vmeso Dmeso
monomer XU ref.
polymeru (%) (m%/g) (cm¥%g) (cm¥g) (nm)
P29) = = 85 030 809 0323 0319 <4 [130,131]
<
5 P15 /Q\ 83 046 653 0,206 0 - [130]
—
P16 = ){ = 87 047 731 0224 0765 81  [130]
P14Y = — 100 0,64 1469 0350 2520 22 [131]
7
O P17W /Q\ 100 078 1146 0239 1212 55  npo
v o
[SN
P18") =( )4 )= 9 075 995 0233 1354 20 np)

a) [kat]o = 6 mmol/l, reakéni ¢as 3 hodiny b [kat]o = 18 mmol/l, reakéni ¢as 72 hodin © neni dosud
publikovéano

Obr. 15 ukazuje BC CP/MAS NMR spektra poly(1,4-DEB), poly(1,3-DEB) a
poly(4,4-DEBPh), které byly piipraveny za podminek B. Spektra vSech polymert
obsahuji vedle sirokého pasu signalti 6 = 115 az 150 ppm (rezonance sp? uhliki hlavniho
polymerniho fetézce a aromatickych jader) téZ signaly v oblasti 6 = 70 az 87 ppm, které
odpovidaji rezonanci sp uhlikéi netransformovanych ethynylovych skupin. Molarni
frakce vétvicich jednotek polymeru, Xsu, (stanovena podle rovnice 4, Kap. 4.1.1)
narustala u v8ech polymert pti pfechodu od podminek A k podminkam B. Za danych
podminek pak hodnota Xpy nartistala v zavislosti na typu polymerizovaného monomeru
v fadé: 1,4-DEB < 1,3-DEB ~ 4,4-DEBPh. Vyssi konverze postrannich ethynylovych
skupin u poly(4,4”-DEBPh) neZ u poly(1,4-DEB) je snadno vysvétlitelna pfedpokladanou
velikosti sterického efektu polymerniho fetézce ve vztahu k postranni ethynylové
skupiné. Postranni ethynylové skupiny linedrnich jednotek vznikajictho poly(4,4’-
DEBPh) jsou méné stericky branény polymernim fetézcem, na kterém jsou (ptes bifenyl-
4,4’-diyl) vazany, nezZ je tomu v piipadé postrannich ethynylovych skupin linedrnich
jednotek poly(1,4-DEB), které jsou situovany blize k vlastnimu polymernimu fetézci.
Z pohledu sterického je tedy transformace postrannich ethynylovych skupin snazsi
v ptipadé poly(4,4"-DEBPh) nez v pifipadé poly(1,4-DEB). Vyssi konverze postrannich
ethynylovych skupin poly(1,3-DEB) v porovnani s konverzi téchto skupin na poly(1,4-
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DEB) by mohla byt piekvapujici. Postranni ethynylové skupiny poly(1,3-DEB) by totiz
mély byt vice stericky branény polymernim fetézcem neZz tytéz skupiny na poly(1,4-
DEB). MoZné vysvétleni spociva v tom, jak se ethynylové skupiny poly(1,4-DEB) a
poly(1,3-DEB) chovaji pii rotaci fenylu (na kterém jsou umistény) kolem jednoduché
vazby spojujici tento fenyl s polymernim fetézcem (vazba Ph-Cchain). V pFipadé linedrni
jednotky poly(1,4-DEB) tato rotace nevede ke zméné polohy ethynylové skupiny vici
fetézci (Obr. 16A). V piipadé linearni jednotky poly(1,3-DEB) se poloha ethynylové
skupiny vi¢i fetézci v disledku rotace kolem vazby Ph-Cehain méni (Obr. 16B), coz by

mohlo vést ke zvyseni pravdépodobnosti transformace této skupiny.

P14

160 140 120 100 80 60
ppm

Obr. 15 13C CP/MAS NMR spektra poly(1,4-DEB) (P14), poly(1,3-DEB) (P17) a
poly(4,4-DEBPh) (P18) (Tab. 7).

NN (VAVAVAVA) [VA¥aVaVel (VAVAVaVal

=

N
H

poly(1,4-DEB) poly(1,3-DEB)

Obr. 16 Rotace kolem jednoduché vazby Ph-Ccnain u linearnich jednotek poly(1,4-DEB) a
poly(1,3-DEB).
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Vsechny polymery z Tab. 7 vykazovaly vysokou aktivitu pi#i adsorpci N2 (77 K)
(Obr. 17 a Obr. 18). Analyza adsorp¢nich/desorpéni izoterem N> na polymerech
pfipravenych za laboratorni teploty (podminky A) ukéazala, Ze polymery maji prevazné
mikroporézni texturu. Adsorpéni izotermy N> (Obr. 17) poskytly pro tyto polymery
hodnoty Sger od 653 m2/g do 809 m2/g a Vmi od 0,206 do 0,323. Poly(1,4-DEB) (P2) a
poly(4,4-DEBPh) (P16) (podminky A) obsahovaly kromé mikroporti téz mesopory,
pfi¢emz pouze v piipadé poly(4,4’-DEBPh) byl nejpravdépodobnéjsi primér mesopéra
dostatecné velky a tedy stanoviteIny (Dmeso = 8,1 nm). Adsorp¢ni/desorpéni izotermy
nameéfené na polymerech syntetizovanych za podminek B jsou uvedeny na Obr. 18.
Analyza izoterem ukazala, Ze vSechny tyto vzorky vykazuji mikro/mesoporézni texturu
s vyraznym zastoupenim mesopori. Nartist obsahu mesopért byl ztejmé (z vétsi ¢asti)
pric¢inou pozorovaného nérusth specifického povrchu vsech tfi polymert pfipravenych
za podminek B (Sper od 995 - 1469 m?/g), v porovndni se specifickym povrchem

polymert pfipravenych za podminek A.
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Obr. 17 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy Nz (77 K)
pro poly(1,4-DEB) (P2), poly(1,3-DEB) (P15) a poly(4,4"-DEBPh) (P16) pfipravené za
laboratorni teploty (podminky A). Specifikace vzorkt je v Tab. 7.

60



a(cm’/g STP)

Obr. 18 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy N2 (77 K)
pro poly(1,4-DEB) (P14), poly(1,3-DEB) (P17) a poly(4,4"-DEBPh) (P18) (podminky B).

Specifikace vzorki je v Tab. 7.

Hodnoty Dmeso poly(1,4-DEB) a poly(4,4’-DEBPh) (vzorky P14 a P18 pfipravené za
podminek B) byly podobné: 22 a 20 nm. Oproti tomu, hodnota Dmeso poly(1,3-DEB)
(vzorek P17, podminky B) byla vyrazné nizsi, Dmeso = 5,5 nm. Uvazujme, Ze mesopory
vznikaji v polyacetylenovych sitich cestou navrzenou v predchozi kapitole, tj.
vzajemnou reakci postrannich ethynylovych skupin na povrchu drobnych ¢&astic
mikroporézniho polymeru za pfipadného piispéni dosud volnych molekul monomeru.
Nizka hodnota Dmeso u poly(1,3-DEB) (P17) ukazuje, Ze thel 120° mezi ethynylovymi
skupinami v molekule 1,3-DEB je pro tvorbu mesop6rtt méné vyhodny nez thel 180°,
ktery sviraji ethynylové skupiny v molekulach 1,4-DEB a 4,4-DEBPh. Pfi¢inou
tésnéjstho propojeni mikroporéznich ¢astic poly(1,3DEB) je zfejmé ,pohyblivost”
ethynylové skupiny na 3-ethynylfenylovych substituentech poly(1,3-DEB) (Obr. 16).

Jak jiz bylo uvedeno v tvodu k této kapitole, 1isi se polymerizované monomery
parametrem [, tj. vzdjemnou vzdélenosti vnitfnich uhlikéi ethynylovych skupin
v molekule (Obr. 14). Po transformaci obou ethynylovych skupin monomeru na
vinylenové jednotky hlavnich fetézcti predstavuje parametr I (s dostatecnou piesnosti)
délku spojky mezi dvéma propojenymi fetézci polyacetylenové sité. Pfi nédvrzich
experimentd jsme uvazovali, Ze by parametr [ (samozfejmeé spolu s hodnotou Xpy) mohl

ovlivnit distribuci pramértt mikropérd ve vzniklych polyacetylenovych sitich.
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Distribuci primért mikropdri je mozno ziskat rozborem adsorpénich izoterem N>
s pouzitim réiznych empirickych metod. V této praci je pro urceni distribuce praméra
mikropérd pouzita metoda Horvatha a Kawazoe. Nicméné, ne vzdy tato metoda
poskytne distribuci s jednozna¢nym maximem. Casto byva vystupem pouze sestupna
¢ast distribu¢ni kiivky v oblasti vyssich hodnot pramértt mikropéra. Pfi¢inou miize byt
nedostatecnd presnost, s jakou byly ziskdny body adsorpéni izotermy a/nebo
nedostatecny pocet téchto bodt. Zde je nutno zdtraznit, ze , zpfesiiovani” adsorpénich
izoterem je velice naro¢né s ohledem na pfistrojovy cas. U vétsitho poctu vzorka je pak
tteba volit vhodny kompromis. P¥i rozboru a diskuzi distribuci pramér& mikroport je
dale nutno brat v avahu, Ze distribuce vychazi z experimentélnich dat pro adsorpci
dusiku v mikropoérech. Absorbujici se dusik ma urcitou velikost molekuly (tzv. kineticky
primeér molekuly N> ma hodnotu 0,364 nm [138]), a tedy obtizné pronikd do velmi
malych p6rtt méfeného vzorku (pramér ~ 0,5 nm). Ziskana izoterma pak zastoupeni
téchto velmi malych pért podhodnocuje. Bylo by proto asi vhodné kazdou takto
ziskanou distribuci oznacovat jako , zdéanlivou distribuci pramér@ mikropért ziskanou
na zékladé adsorpéni izotermy N>”. Ziejmé s ohledem na svou délku se vsak toto
oznaceni pouziva jen ziidka.

V piipadé vsech Sesti vzorkt diskutovanych v Tab. 7 se podaftilo ziskat distribuce
praméra mikropora prochazejici pfes maximum (Obr. 19 a Obr. 20). Maximum na kazdé
distribu¢ni kiivce odpovidd mikropérim s priamérem D, které nejvice pfispivaji
k mikroporéznimu objemu daného vzorku. Hodnoty Dmi odectené z kfivek na
Obr. 19 a 20 jsou uvedeny v Tabulce 8 spolu s dal$imi parametry vhodnymi pro diskuzi.
Z rozboru dat v Tabulce 8 a z Obr. 19 a 20 je moZzno ucinit nasledujici zavéry: U volnéji
propojenych polyacetylenovych siti pfipravenych za laboratorni teploty (podminky A)
se hodnota Dmi pohybuje okolo 1,0 nm. Hustéji propojené polyacetylenové sité
pfipravené za podminek B vykazuji nizsi hodnoty, Dmi = 0,66 - 0,90 nm. U kazdé dvojice
polymerti pfipravenych ze stejného monomeru za rdznych podminek je moZzno
vysledovat, Ze hodnota Dwmi klesa s nartstajici hustotou zesitovéni, ktera se da vyjadrit

parametrem Xgu.
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Obr. 19 Distribuce prameért mikropértt (metoda Horvatha a Kawazoe, na zakladé

adsorp¢nich

izoterem Nz) pro poly(1,4-DEB) (P2), poly(1,3-DEB)
poly(4,4"-DEBPh) (P16) pfipravené za laboratorni teploty (podminky A).
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Obr. 20 Distribuce priaméra mikropérd (metoda Horvatha a Kawazoe, na zakladé

adsorp¢nich

izoterem N,) pro poly(1,4-DEB) (P14), poly(1,3-DEB)

poly(4,4"-DEBPh) (P18) ptipravené pii 75 °C (podminky B).
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Tab. 8 Polymerni sité pifipravené polymerizaci réznych diethynylarent na
[Rh(nbd)acac] v CH2Cl> za laboratorni teploty (podminky A) a pii teploté 75 °C
(podminky B). I vzdalenost vnitfnich uhlikéi ethynylovych skupin monomeru, Xsu

N2

molarni podil vétvicich jednotek v polymeru, Dmi nejpravdépodobnéjsi primeér

mikropor.
K()d l Dmi
T monomer XU ref.
polymeru (nm) (nm)
P2 = = 0,567 0,30 1,02 [130,131]
<
e P15 /Q\ 0,490 0,46 1,00 [130]
=] Z ~
ol
P16 =) )= 0,983 0,47 1,02 [130]
P14 = = 0,567 0,64 0,89 [131]
)
U P17 A 0,490 0,78 0,66 npo
L0
D~
P18 =< )< = 0,983 0,75 0,90 np9)

9 neni dosud publikovédno

Parametr | (pohybujici se v rozmezi 0,490 - 0,983 nm) vétSinou neovlivnil hodnotu
Dmi. Vyjimkou je pouze polymerni sit P17 pfipravena z 1,3-DEB (nejnizsi hodnota
I = 0,490 nm) za podminek B, kterd vykazuje niz$i hodnotu D (0,66 nm) nez stejné
pfipravené sité odvozené od 1,4-DEB (I = 0,567 nm) a 4,4-DEBPh (I = 0,983 nm), pro které
bylo uréeno Dmi ~ 0,90 nm. Pfekvapujicim v této souvislosti mtize byt zjisténi, ze sité
odvozené od 1,4-DEB a 4,4-DEBPh, tj. od monomert se stejnym geometrickym
uspofddanim ethynylovych skupin, které se vSak vyrazné lisi v hodnoté I, vykazuji
prakticky shodné hodnoty D (~ 1,0 nm v piipadé syntézy za podminek A, ~ 0,90 nm v
pfipadé syntézy za podminek B). Obdobné zjisténi ucinili Cooper a spolupracovnici,
kteii studovali rigidni sité pfipravené nefetézovymi (krokovymi) polymerizacemi
vyuzivajicimi ,coupling” reakce korespondujicich dvojic monomerti s vys$si
funkcionalitou, pfi¢emz pfipravili sérii poly(fenylenethynylen)ovych siti s réiznou
délkou spojek mezi uzlovymi body sité. Pfekvapivé, tyto sité vykazovaly pouze
nevyraznou zavislost primért mikrop6rt na délce spojek sité, a to predevsim v oblasti
vyssich délek spojek [3, 57, 59, 60]. Autoti pfedpokladaji, ze v pfipadé siti odvozenych
od monomerd s dlouhymi spojkami mohou primarné vznikat vétsi mikropéry. Pramér
téchto mikropoéra je v8ak nasledné redukovéan v dasledku toho, Ze rostouci retézec

pronika (zartstd) do mikropéru ¢i minimélné do jeho asti. Je pravda, Ze toto vysvétleni

64



neni jednoznac¢né piijimano védci zabyvajicimi se mikroporéznimi polymery [139]. Toto
vysvétleni je samozifejmé mozno pfipustit i pro nase zjisténi, ze primér mikropért
poly(1,4-DEB) a poly (4,4 -DEBPh) nereflektuje rtiznou délku spojek mezi fetézci téchto
siti.

Nicméné, rozbor dat z Tabulky 8 pfinasi dalsi zajimavé zjisténi. Jak jiz bylo uvedeno,
s vyjimkou polymerni sité P17, se hodnota Du; ostatnich siti diskutovanych v této
kapitole pohybuje v intervalu 0,9 - 1,0 nm. V nékterych pfipadech je tato hodnota az
dvakrat vétsi nez hodnota | pfislusného monomeru (P2, P15, Tab. 8). Zde je vhodné
ucinit dalezitou poznamku tykajici se piedpokladaného charakteru mikropori
v polyacetylenovych sitich. V8echny nadmi pfipravené polyacetylenové sité je mozno
povazovat za c¢isté amorfni polymery s ndhodnou konformaci v mezich danych
kovalentni a konfigura¢ni strukturou polyacetylenovych fetézcii a jejich vzdjemnym
propojenim. Z tohoto d@vodu nelze jednoduse odvozovat primér mikropérd na
zékladé meziatomarnich vzdalenosti segmentt tvoficich sténu port, jak je to mozné
napi. v pfipadé zeolitd s pravidelnou strukturou. Mikropéry polyacetylenickych siti
jsou dutsledkem hustého, nicméné ziejmé pievazné nidhodného propojeni fetézcti
v kombinaci s vhodnym prostorovym uspofadanim vétvicich i linedrnich jednotek
téchto fetézct. Permanentni charakter port je pak dén rigiditou spojek propojujicich
fetézce a castec¢nou rigiditou vlastnich polyacetylenovych fetézci. Na zdkladé této
predstavy je mozno interpretovat mikropory v sitich jako nepravidelné smérované
kanalky a kavity v prostfedi husté propletenych a propojenych polymernich fetézci.
Hodnota I pak v ramci sité reprezentuje pouze vzdalenost dvou kovalentné propojenych
polyacetylenovych segmentti v misté propojeni. Jak jiz bylo konstatovano, vznik
mikropérid vsak musi byt vysledkem vhodného propojeni celé fady segmentti riznych
fetézci v kombinaci s vhodnym prostorovym usporfadanim vétvicich i linedrnich
jednotek téchto retézcti. Vzdalenost I, ktera je zfejmeé jen jednim z parametr(i procesu
tvorby mikroporti, pak (minimalné v urcitém intervalu hodnot) nemusi vyraznéji

ovlivitovat pramér vzniklych mikropért.
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41.5 Zavedeni makropdra do textury siti polyacetylenového typu

V predeslych kapitolach bylo ukazano, Ze je mozné volbou polymerizovaného
diethynylarenu a polymeriza¢nich podminek ovlivnit, zda vznikla polyacetylenové sit
bude obsahovat pfevazné mikropéry nebo zda bude vykazovat mikro/mesoporézni
texturu. Tato kapitola popisuje zavedeni makropéri s primeérem v jednotkach
mikrometrt do textury polyacetylenovych siti. Pro zavedeni takto velkych porti je tfeba
pouzit templatovaci techniky. Stény makropdéru musi nartstat kolem vhodného
templatu, ktery pak musi byt z polymeru snadno odstranitelny bez (vyraznéjsiho)
poruseni textury polymeru. V rdmci nasi studie byla pro zavedeni makropért do
poly(diethynylaren)& pouzita metoda emulzni polymerizace typu HIPE (High Internal
Phase Emulsions).

Emulze typu HIPE je emulze s vysokym obsahem dispergovaného podilu, pficemz
se vétdinou jedna o emulzi typu voda v oleji. Casto se uvadi, Ze objem vodné faze ma
prekrocit 74 % z celkového objemu emulze [140], nékteré prace vsak uvadeéji, ze tento
obsah muze byt i niz8i [141]. Vysoky obsah vodné faze zabezpecuje, Ze se jednotlivé
kapicky této faze vzajemné tésné dotykaji, pficemz v misté dotyku je vrstva olejové faze
bud’ velmi tenka nebo dokonce neptitomna. Mezi jednotlivymi kapi¢kami vodné faze
tak existuje (rtizné intenzivni) propojeni, které miize napt. usnadnit pfenos hmoty vodni
tazi. Tento typ emulzi si nasel uplatnéni v mnoha oblastech, jako je pifiprava gelf,
kosmeticka a farmaceuticka odvétvi [142-144]. HIPE emulze miize byt téz pouZita pro
ziskani polymeri s makroporézni texturou [145]. V tomto piipadé je nejprve za
intenzivniho michani pfipravena HIPE emulze typu voda v oleji, ktera je stabilizovana
vhodnym surfaktantem. Olejovad faze je tvofena kapalnym monomerem nebo
koncentrovanym roztokem monomeru, vodni faze je tvofena nejcastéji destilovanou
vodou. Emulze musi byt dostatecné hustd a stabilni (i desitky minut po ukonceni
michani by se konzistence emulze neméla ménit). Vlastni polymerizace je zahajovana
pfidavkem katalyzatoru v nepolarnim rozpoustédle k michané HIPE. Katalyzator
pronikne do olejové faze a vyvold polymerizaci pfitomného monomeru. Michani je zahy
ukonceno (emulze mizZe byt pfenesena do formy, nebo ponechana v reakéni nadobé) a
dalsi faze polymerizace miize (ale nemusi) byt urychlena zvy$enim teploty. Po ukonceni
polymerizace jsou nizkomolekularni slozky systému (surfaktant, nezreagovany
monomer, zbytky katalyzatoru) odstranény ze vzniklého polymeru promyvanim

vhodnymi rozpoustédly. Polymer je nakonec vysusen. Pfi takto provedené polymerizaci
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vznika polymer v olejové fazi emulze, ktera obklopuje velké mnoZzstvi drobnych kapic¢ek
vody. Polymer musi vzniknout jako pevna latka, aby struktura emulze byla zachovéana
i po odstranéni vody (templétu) ze systému. Textura polymeru by pak méla obsahovat
makropory , vytvarované” pavodné pritomnymi kapi¢kami vody. S ohledem na vysoky
obsah vody v emulzi by tyto makropory mély byt ¢aste¢né propojené. Polymerizace
HIPE emulzi ma fadu askali: (i) emulze musi byt dostate¢né hustd a stabilni a to i po
pridani (roztoku) katalyzatoru, (ii) katalyzator polymerizace a vlastni polymerizac¢ni
reakce musi byt kompatibilni s pfitomnosti vody (a samoziejmé vzdusného kysliku)
v reakénim systému, (iii) polymerizacni reakce musi byt dostatecné rychld a musi
probihat nejlépe za laboratorni nebo jen za mirné zvysené teploty a (iv) vznikly polymer
se nesmi rozpoustét v rozpoustédlech pottebnych pro odstranéni nizkomolekularnich
slozek systému, je proto nejvhodnéjsi, vznika-li polymerizaci zesitovany polymer. Touto
cestou bylo v poslednich péti letech tspésné pripraveno nékolik makroporéznich
polymert. Z konkrétnich polymerizaci byla vyuzita predevsim fizena radikalova
polymerizace [146, 147] a polymerizace cykloalkenti metodou ROMP (Ring Opening
Metathesis Polymerization) [148-150]. Uspésné aplikovana polymerizace ROMP je
z pohledu charakteru aktivnich center polymerizaci koordina¢ni stejné jako nami
studované polymerizace diethynylarenti. Nami studované polymerizace jsou navic
katalyzovany rhodiovymi komplexy, které jsou (vcetné komplexu [Rh(nbd)acac])
vysoce tolerantni k pfitomnosti poldrnich slozek a to i vody v reakénich systémech. Tyto
skutecnosti nés inspirovaly k prostudovani moznosti polymerizovat diethynylareny na
polyacetylenové sité téz s pouzitim HIPE techniky.

Pro nasi studii byly vybrany dva monomery, 1,3-DEB a 1,4-DEB [132]. Monomer
1,3-DEB je za laboratorni teploty kapalnéd latka, monomer 1,4-DEB je za laboratorni
teploty latka pevna, proto pro pfipravu emulze musel byt nejprve rozpustén v CHzCl..
Jako surfaktant byl pouzit Span80 (viz Kap. 3.1). Jako vodni fdze byla pouZzita
destilovana voda bez dal$ich pfisad. V tvodni fazi studie byla testovdna moZnost
pfipravy a stabilita emulzi HIPE. Ukazalo se, Ze je moZzné piipravit stabilni emulze na
bazi 1,3-DEB. Emulze uvedené v Tabulce 9 obsahovaly 2 ml 1,3-DEB, 0,6 ml Span80 a
8 nebo 17 ml vody, coZ odpovida teoretické porozité 80 a 90 % (teoretickd porozita je
déna objemovym procentem vody v emulzi). Oproti tomu pokusy o pfipravu emulzi na
bazi 1,4-DEB byly netspésné, emulze nebyly dostatecné husté a vykazovaly jen
kratkodobou stabilitu (1 - 2 minuty bez michani). Pfi¢inou byla zfejmé pifitomnost

CH>Cl; (nezbytné rozpoustédlo 1,4-DEB) v systému.
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Tab. 9 Polymerizace 1,3-DEB s [Rh(nbd)acac] vyuzivajici techniky HIPE. Slozeni emulze:
objem monomeru Vmen) = 2 ml, Vi, 0y objem vody, V(s,rt) objem surfaktantu. Navazka
katalyzatoru mgay = 44,8 mg, Vcn,c1,) objem CH2Clz pouzity na rozpusténi katalyzatoru,
E teoretickd porozita emulze. Reakéni doba 3 hodiny, laboratorni teplota. Y

gravimetricky vytézek polymeru, Sger specificky povrch polymeru.

& Koéd V00 Visurr) E V cnycly) Y SET rof
' polymeru (ml) (ml) (%) (ml) (%) (m%g) '

1 P19 8 0,6 80 0,3 53 15 [132]

2 P20 17 0,6 90 1,5 66 109 [132]

Uspésné ptipravené emulze na bazi 1,3-DEB byly dale polymerizainé
transformovény za laboratorni teploty s pouzitim [Rh(nbd)acac] jako katalyzatoru.
Komplex [Rh(nbd)acac] byl do systému pfiddvan v dichlormethanovém roztoku. Jak je
uvedeno v Tabulce 9, pro rozpusténi (stéle stejného mnozstvi katalyzatoru) bylo pouZzito
jednak minimdlni mnozstvi rozpoustédla (0,3 ml) a jednak mnoZzstvi vyrazné vyssi
(1,5 ml). Roztok katalyzatoru byl vZdy pfidan do intenzivné michané emulze, pficemz
tato operace nevedla k rozrazeni emulze. Pfidani katalyzatoru zptisobilo okamzité
zahdjeni polymerizace (zména barvy emulze na intenzivné cervenou). Je
pravdépodobné, Ze vznikajici pevny polymer stabilizoval strukturu emulze. Vzniklé
polymery byly po ukonceni polymerizace opakované promyvany CHCl, a nakonec
dokonale vysuseny ve vakuu za laboratorni teploty.

Hmotnostni vytézky poly(1,3-DEB) piipravenych s pouZitim techniky HIPE byly
prameérné (53 % a 66 %, Tab. 9). Izolované vysuSené polymery (oznacené kody P19 a P20
- viz Tab. 9) byly charakterizovany skenovaci elektronovou mikroskopii (SEM). Vystupy
jsou uvedeny na Obr. 21 a 22, ze kterych je jasné patrna pfitomnost otevienych
makropérd v obou pfipravenych polymerech. Stfedni hodnota priméru makropoéri
¢inila 3,4 £ 0,3 pm v ptipadé vzorku P19 a 4,8 £ 0,8 pm v pfipadé vzorku P20. Obr. 21 a 22
dale jasné ukazuji, Ze makropéry ve vzorcich jsou vzajemné propojené. Pro studium
tohoto propojeni byla pouzita technika rtutové porozimetrie (provedeno na Ustavu
chemickych procest AV CR), ktera ukéazala, Ze préimér kanalkéi propojujicich

makropoéry je zhruba 1 pm (v ptipadé obou vzorki).
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Obr. 22 Textura poly(1,3-DEB) (P20) zobrazend pomoci SEM.

Vzorky P19 a P20 z Tab. 9 byly déle charakterizovany standardnimi metodami
popsanymi v predchazejicich kapitolach. Polymery mély tmavé ¢ervenou barvu a byly
nerozpustné a nebotnaly ve vsech studovanych rozpoustédlech (THF, CH>Cl,, CHCls a
benzen). FTIR a ¥C CP/MAS NMR spektralni charakterizace prokazala pfitomnost
nezreagovanych ethynylovych skupin v obou vzorcich. Hodnota Xpu (Kap 4.1.1,
rovnice 4) ¢inila 0,36 v pfipadé obou polymert. Adsorpéni izotermy Nz poskytly
nasledujici hodnoty Sger: 15 m2/g v pfipadé vzorku P19 a 109 m2/g v pripadé vzorku
P20. Je nutno zminit, Ze ¢isté makroporézni polymery piipravené s pouzitim techniky
HIPE mivaji nizké hodnoty specifického povrchu (Sger = 10 - 20 m2/g) [151, 152]. Do
tohoto intervalu zapad4 i hodnota Sger uréend pro nami ptipraveny vzorek P19 pricemz
specificky povrch 15 m2/g je mozno interpretovat jako povrch makropéri. Hodnota
109 m2/ g urcena pro P20 v8ak z tohoto intervalu vyrazné vybocuje. K této hodnoté Sggr
musi evidentné (vedle povrchu makropoérii) pfispivat i povrch mikro a/nebo mesop6rt

pfitomnych v materidlu tvoficim stény makropoérd. Obr. 23 ukazuje
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adsorp¢ni/desorpéni izotermu N> na vzorku P20. Analyza adsorpéni vétve poskytla
pomérné nizkou hodnotu Vi = 0,01 cm?/g. Vyrazny nartist adsorbovaného mnozstvi

Nz pro p/po > 0,5 nasvédcuje pfitomnosti mesop6rii ve vzorku.

120 -
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Obr. 23 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izoterma N> (77 K)
pro poly(1,3-DEB) (P20) pfipraveny s pouzitim techniky HIPE.

Polymerizace ¢. 1 a 2 v Tab. 9 se lisi pfedevsim mnozstvim CH>Cl, které bylo spolu
s katalyzatorem pridéno k pfipravené emulzi. V pfipadé polymerizace ¢. 1 byl pomér
kapalnych slozek nepolarni fdze emulze (bezprostfedné po piidani roztoku
katalyzatoru) nasledujici: 1,3-DEB/CH2Cl> = 6,7/1. V piipadé polymerizace ¢. 2 byl
stejné uvazovany pomér 1,3-DEB/CH.Cl> rovny 1,3/1. Polymerizaci ¢. 1 byl tedy
polymerizovan prakticky nefedény monomer, pfi polymerizaci ¢. 2 byl monomer
vyraznéji nafedén CHCl. Predchazejici kapitoly ukazaly, Ze
»standardni” polymerizace diethynylarenti (véetné 1,3-DEB) v prosttedi CH>Cly, které
nevyuzivaly HIPE techniku, poskytly vzdy mikro- nebo mikro/mesoporézni produkty.
S cilem objasnit rozdily hodnot Sger u polymert z Tab. 9 byla provedena srovnavaci
polymerizace nefedéného 1,3-DEB (bez pouziti HIPE techniky). Pfi srovnavacim
experimentu byl ke kapalnému 1,3-DEB pifidan pevny [Rh(nbd)acac] (pomér
monomer/katalyzator = 100/1), katalyzator se v monomeru rychle rozpustil a zahéjil
polymerizaci. Po 3 hodinach reakce za laboratorni teploty byl izolovan nerozpustny
poly(1,3-DEB), ktery vsak neobsahoval mikropory ani mesopory. Ukazuje se tedy, Ze pro

dosazeni mikro/mesoporézni  textury poly(1,3-DEB) je nutné nafedéni

70



polymerizovaného monomeru. Toto zjisténi je v souladu s vysledky dosazenymi pii
polymerizaci HIPE emulzi. Polymerizace 1,3-DEB v emulzi poskytla makroporézni
polymer s mikro a/nebo mesopéry ve sténach pouze tehdy, kdyz byla polymerizujici
faze dostatecné nafedéna CH>CL.

Zavérem této kapitoly je mozno konstatovat, ze kombinace techniky HIPE
s fetézovou koordinacni polymerizaci 1,3-DEB byla tspésna a vedla k pripravé
konjugovanych polyacetylenovych siti s texturou obsahujici oteviené a husté
propojené makropéry. Kromé toho polymerizace v systému s dostatecné ziedénou
polymerizujici fazi poskytla makroporézni polymer, ve kterém stény makropori
vykazovaly mikro/mesoporézni texturu. Takto texturné hierarchizovany polymer je
velice zajimavy a cenény pro aplikace, pti kterych makropéry slouzi jako podlozka ¢i
nosi¢ vétsich molekularnich nebo dokonce biologickych tdtvartt a mikro/mesopory
umoznuji transport nizkomolekuldrnich latek k takto zakotvenym atvartm.
Experimenty navazujici na tuto kapitolu déle ukazaly, Ze texturu polymert
pfipravenych s pouzitim HIPE techniky je moZno déle ovlivnit termickou
postpolymerizaéni modifikaci. Vysledky této ¢asti studie jsou soucasti nésledujici

Kap. 4.1.6.

41.6 Postpolymerizaéni termicka modifikace siti

polyacetylenového typu

Vsechny pfipravené porézni polyacetylenové sité diskutované v piedchézejicich
kapitolach obsahuji ur¢ité mnozstvi nezreagovanych postrannich ethynylovych skupin.
Pomoci 3C CP/MAS NMR byla u vétsiny siti stanovena molarni frakce vétvicich
jednotek (Xpu). Hodnota Xpu predstavuje frakci monomernich jednotek v polymeru, u
kterych je postranni ethynylové skupina zreagovana. Pomoci rovnice (5) je pak mozno
zavést hodnotu Xiu, kterd reprezentuje molarni frakci linearnich jednotek v polymeru a
kterda ma soucasné vyznam molarni frakce monomernich jednotek v polymeru, na

kterych zlistava nezreagovana ethynylova skupina.

Xw=1-Xsu @)

U vzorkt siti diskutovanych v piedeslych kapitolach se hodnota Xiu pohybuje

v intervalu 0,22 - 0,86. Omezime-li se pouze na polymery odvozené od 1,3-DEB a
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1,4-DEB je moZzno obsah nezreagovanych ethynylovych skupin porovnat na zakladé
hodnoty ng, kterd predstavuje latkové mnozZstvi nezreagovanych ethynylovych skupin
vztaZené na gram polymeru. Hodnota ng se pro vzorky poly(1,4-DEB) a poly(1,3-DEB)
z predeslych kapitol pohybuje v intervalu 1,74 - 6,82 mmol/g.

Nezreagované ethynylové skupiny polyacetylenovych siti pfedstavuji reaktivni
mista, ktera je mozno vyuzit pro postpolymeriza¢ni modifikace. V rdmci této diserta¢ni
prace byla studovana termickd postpolymeriza¢ni modifikace nékterych siti
odvozenych od 1,3-DEB a 1,4-DEB. Ocekavali jsme, ze pii zvysené teploté dojde
k vzdjemné reakci ethynylovych skupin sité, kterd povede k dalsimu (hustéjsimu)
propojeni segmentti a ke zméné texturnich parametr( sité. Z literatury je znamo, ze
ethynylové skupiny na arenovych monomerech a oligomerech podléhaji za zvysené
teploty (150 - 300 °C) fadé paralelné probihajicich reakci: (i) pfedevsim cyklotrimerizaci
za tvorby ftrisubstituovanych benzenti, (ii) dimerizaci za vzniku butenynovych
propojeni a (iii) fetézové oligomerizaci za vniku kratkych polyacetylenovych fetézci.
Neékteré z takto vzniklych produktét mohou dale aromatizovat [153].

V tuvodni fazi studie byly nejprve reprezentativni vzorky poly(1,4-DEB) a
poly(1,3-DEB) analyzovany metodou TGA, ktera ukazala, zZe vzorky jsou hmotnostné
dostate¢né stabilni zhruba do 300 °C (abytek hmotnosti do 2,3 %, [131]). Pro termickou
modifikaci ethynylovych skupin siti byla proto zvolena teplota 280 °C. Nasledné byla
optimalizovédna doba transformace. Pfi teploté 280 °C byl vzorek poly(1,4-DEB) P2
zahtivan rtznou dobu ve vakuu a tbytek ethynylovych skupin ve vzorku byl sledovan
pomoci FTIR spektroskopie. Jako optimalni doba termické modifikace, kdy byla podle
FTIR vétsina ethynylovych skupin vyreagovana, se ukédzala doba 3 hodiny. Za
optimalizovanych  podminek byly pak termicky transformovany vzorky:
(i) poly(1,3-DEB) P20 (Kap. 4.1.5 Tab. 9), (ii) poly(1,4-DEB) P2 (Kap. 4.1.1 Tab. 3) a
(iii) poly(1,4-DEB) P12 (Kap. 4.1.3 Tab. 6).

Nésledujici odstavec pojednavd o termické modifikaci vzorku poly(1,3-DEB) P20
(Kap.4.1.5Tab. 9). Tento vzorek byl pfipraven s pouZitim HIPE techniky a podle texturni
charakterizace obsahuje vedle makropérti i mikro- a/nebo mesopéry. Uplna
transformace koncovych ethynylovych skupin v disledku termické modifikace vzorku
je patrna z Obr. 24, ktery ukazuje 13C CP/MAS NMR spektra polymeru pred a po
modifikaci. Na obrazku je jasné vidét, Ze spektrum termicky modifikovaného polymeru
(P20M) zcela postrada signdly sp uhlikd, které jsou u termicky nemodifikovaného

polymeru (P20) jasné patrné v intervalu 70 - 90 ppm.
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Obr. 24 13C CP/MAS NMR spektra poly(1,3-DEB) pied termickou modifikaci (P20) a po
termické modifikaci (P20M).

Obr. 25 Textura nemodifikovaného vzorku P20 (A) a termicky modifikovaného vzorku

P20M (B) zobrazena pomoci SEM.

Obr. 25 ukazuje vystupy mikroskopie SEM pro polymer P20 a P20M. Je ziejmé, Ze
termicka modifikace zasadné neporusila makroporézni texturu vzorku. Adsorpéni a
desorpéni izotermy dusiku pro plvodni a modifikovany polymer jsou uvedeny na

Obr. 26, ¢iselné vystupy adsorpénich méfeni jsou v Tabulce 10.
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Obr. 26 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy N2 (77 K)
pro nemodifikovany poly(1,3-DEB) (P20) a termicky modifikovany poly(1,3-DEB)
(P20M).

Tab. 10 Charakteristiky ptvodniho poly(1,3-DEB) (vzorek P20) a termicky
modifikovaného poly(1,3-DEB) (vzorek P20M). Sger specificky povrch polymeru,
ay,,7s0 Torr Mnozstvi N, (pfi 77 K) adsorbované na 1 g polymeru. Podminky termické

modifikace: 280 °C, 3 hod, vakuum.

SBET Qy, 750 Torr

Kéd polymeru ref.
(m?/g) (mmol/g)
P20 109 5,12 [132]
P20M 387 10,22 [132]

Ukazuje se, Ze termicka modifikace zvysila adsorpéni kapacitu polymeru pro dusik
z hodnoty 5,12 mmol/g na hodnotu 10,22 mmol/g. Adsorpé¢ni kapacita pro dusik,
a,,750 Torr, Udava latkové mnozstvi dusiku adsorbovaného na 1 g polymeru pti 77 K a
rovnovazném tlaku dusiku 750 Torr. Zpracovani adsorpénich izoterem dusiku metodou
BET dale ukazuje vyrazny narfist specifického povrchu polymeru (uréeného touto
metodou), a to z hodnoty Sger = 109 m2/ g pro P20 na hodnotu Sger = 387 m2/ g pro P20M.
Lze tedy konstatovat, Ze v dtsledku vzajemné reakce postrannich ethynylovych skupin
polymeru P20 doslo k dal$imu zesitovani, které se projevilo nartistem mikro- a/nebo

mesoporozity polymeru tvofictho stény makropora. Makroporézni textura polymeru
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zistala zachovana.

Tento odstavec pojednavé o termické modifikaci ptivodné pfevazné mikroporézniho
vzorku poly(1,4-DEB) P2 (Kap. 4.1.1 Tab. 3) a ptivodné mikro/mesoporézniho vzorku
poly(1,4-DEB) P12 (Kap. 4.1.3 Tab. 6). Pfiprava a charakteristiky vzorka jsou uvedeny
v Kap. 3.3, 4.1.1 a 4.1.3. Obdobné jako v predeslém ptipadé byla termicka modifikace
doprovédzena vymizenim signdld sp uhlika ze spekter 3C CP/MAS NMR a témér
tplnym vymizenim past ptislusejicich vibracim v=¢_y (3300 cm?) a ve=cy (2100 cm?) ze
spekter FTIR modifikovanych vzorkd. Posledné zminénd skute¢nost je dokumentovéana

na Obr. 27 pro vzorky P2 a P2M.
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Obr. 27 FTIR spektra poly(1,4-DEB) pfed termickou modifikaci (P2) a po termické
modifikaci (P2M)

Lze tedy predpokladat, Ze zreagovani postrannich ethynylovych skupin zvysilo hustotu
zesitovani u modifikovanych polymert. Ponékud piekvapujicim zjisténim v této
souvislosti bylo porovnani ¢iselnych tdajt plynoucich z charakterizace ptivodnich a
modifikovanych vzork pomoci adsorpce dusiku (77 K) uvedenych v Tabulce 11. Oba
dva modifikované vzorky (P2M a P12M) totiz vykazovaly niZsi adsorpéni kapacitu pro

dusik nez odpovidajici vzorky nemodifikované (P2 a P12). Tato skute¢nost je

dokumentovana adsorpénimi izotermami dusiku pro vzorky P2 a P2M na Obr. 28.
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Tab. 11 Adsorpéni charakteristiky polymerti odvozenych od 1,4-DEB, PRED a PO
termické modifikaci (280 °C, 3 hodiny, vakuum). Sger specificky povrch polymeru,
aN,,750 Torrs @H,,750 Torr @ @C0,,750 Torr MNOZstvi Na, H» (pti 77 K) a CO. (pti 273 K)

adsorbovaného na 1 g polymeru.

Kod SBET ay, 750 Torr ay, 750 Torr Ac0,,750 Torr

ref.
polymeru (m?%g) (mmol/g) (mmol/g) (mmol/g)
a P2 809 17,05 3,48 1,32 [130, 131]
ﬁ P12 979 31,21 3,70 1,27 [131]
o P2M 634 12,23 4,55 1,78 [131]
~ P12M 607 12,61 4,29 1,78 [131]
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Obr. 28 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy N> (77 K)
pro nemodifikovany poly(1,4-DEB) (P2) a termicky modifikovany poly(1,4-DEB) (P2M).

Hodnoty Sger modifikovanych vzorkt uréené na zékladé adsorpce dusiku byly téz nizsi
nez tytéZ hodnoty nemodifikovanych vzorkd. Napif. nemodifikovany vzorek P12
vykazoval Sger = 979 m?/g zatimco pro termicky modifikovany vzorek P12M byla
urcena hodnota Sger = 607 m2/g. Pravé opacny trend byl vSak pozorovan pii studiu
adsorpce H» (77 K) a CO2 (293 K). Oba modifikované vzorky vykazovaly vyssi adsorpéni
kapacitu pro tyto plyny nez vzorky nemodifikované. Tato skute¢nost je dokumentovana
adsorp¢nimi izotermami H» a CO» pro vzorky P2 a P2M na Obr. 29. Hodnoty
adsorp¢nich kapacit ay, 750 Torr (77 k, 750 Torr) a aco,, 750 Torr (273 K, 750 Torr) jsou
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uvedeny v Tab. 11. SniZzeni adsorpéni kapacity pro N> doprovazené soucasnym
zvy$enim této kapacity pro Hz a CO; v dlisledku termické modifikace polymernich siti
muze byt vysvétleno nasledovné. Termickd modifikace skute¢né vedla k hustsimu
zesitovani polymeru. Timto zesitovanim vSak narostlo zastoupeni velmi malych poéra,
které se staly Spatné dostupné pro molekuly No. Nicméné, pfistupnost téchto malych
portt pro mensi molekuly H> a CO, byla zfejmé dostate¢nd, coz vedlo k nartistu
adsorpéni kapacity modifikovanych polymert pro tyto plyny. V této souvislosti je
vhodné uvést, Ze tzv. kinetické priméry molekul studovanych plyna nartstaji v fadé
Hz (0,289 nm) < CO; (0,330 nm) < Nz (0,364 nm) [138]. Tuto hypotézu potvrzuje Obr. 30,
na kterém vidime distribuci pramért mikropoérti ziskanou z adsorpénich izoterem N: a
CO; pro vzorky P2 a P2M. Distribuce ziskand z N> izotermy pro vzorek P2 ukazuje
zietelné maximum (Dmi = 1,02 nm). Stejna distribuce pro vzorek P2M maximum
nevykazuje, toto maximum je ziejmé posunuto k nizsim hodnotam primért a neni na
zékladé adsorpce Nz spolehlive zjistitelné. Distribuce ziskana na zdkladé adsorpce CO»
odhalila pfitomnost velmi malych pérti (submikropoértt) v obou vzorcich. Distribuce
praméra téchto submikropéra vykazuje bimodalni charakter s maximy okolo 0,58 a
0,82 nm. Je patrné, ze termickd modifikace vedla ke zvySeni zastoupeni téchto
submikroport ve vzorku. Kvalitativni vystupy plynouci s distribu¢nich kfivek na
Obr. 30 jsou tedy v souladu s predstavou, ze termicka modifikace vzorkt P2 a P12 vedla

ke snizeni priimeérné velkosti port.
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Obr. 29 Adsorp¢ni izotermy H» (77 K) a CO» (273 K) pro nemodifikovany poly(1,4-DEB)
(P2) a termicky modifikovany poly(1,4-DEB) (P2M).
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Obr. 30 Distribuce pramért mikropért poly(1,4-DEB) pfed termickou modifikaci (P2) a

po termické modifikaci (P2M) ziskané na zakladé adsorpcnich izoterem CO; a No.

Vysledky uvedené v této kapitole wukazuji, ze termickd modifikace
polyacetylenovych siti obsahujicich volné ethynylové skupiny a vykazujicich riiznou
pocatecni texturu vedla vZdy ke zvyseni hustoty sitovani v diisledku vzajemné reakce
volnych ethynylovych skupin. Na zdkladé 13C CP/MAS NMR spektroskopie, ktera
nepotvrdila pfitomnost napf. enynovych nebo diynovych sekvenci v modifikovaném
vzorku, se domnivdme, Ze pfi zahiivani siti dochdzelo pfevazné k cyklotrimeriza¢ni
nebo aromatiza¢ni modifikaci ethynylovych skupin. Po chemické strdnce termicka
modifikace zfejmé obohatila polyacetylenové sité o nové uhliky s sp? hybridizaci, které
viak nebylo mozné metodou 3C CP/MAS NMR odlisit od sp? uhlikii pfitomnych
v ptvodni (nemodifikované) siti. ZvySeni hustoty sitovani v dasledku termické
modifikace ovlivnilo pramér mikropért siti, coz ovlivnilo adsorpéni kapacitu siti pro
razné plyny. Charakter tohoto ovlivnéni zavisel na velkosti mikropéra

modifikovanych siti a na velikosti molekul adsorbovanych plyn.
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4.2 Konjugované porézni polymery polycyklotrimerniho

typu odvozené od multiethynylarenti
Tato kapitola je zaloZena na vysledcich publikovanych v:

e Arnost Zukal, Eva Slovakova, Hynek Balcar, Jan Sedlac¢ek: Polycyclotrimers of
1,4-Diethynylbenzene, 2,6-Diethynylnaphthalene, and 2,6-Diethynylanthracene:
Preparation and Gas Adsorption Properties, Macromol. Chem. Phys. 2013, 214,
2016 - 2026. Cislo reference: [154].

Studie prezentovana v této kapitole se zabyva (i) polycyklotrimerizaci série
diethynylarent s pouzitim katalytického systému TaCls/PhsSn, (ii) charakteristikami
pripravenych polycyklotrimert a (iii) chovanim polycyklotrimert pii adsorpci plynd.
Z pohledu polymerni syntézy navazuje tato studie na prace Tanga a spolupracovniki
[155, 156], pficemz vyuziva zkuSenosti nasi skupiny s aplikacemi katalytického

systémem TaCls/PhsSn [68, 90].

421 Polycyklotrimerizace diethynylarenti katalyzovana
TaCls/PhsSn

Tato  kapitola  shrnuje  vysledky dosazené pfi  polycyklotrimerizaci
1,4-diethynylbenzenu (1,4-DEB), 2,6-diethynylnaftalenu (2,6-DEN) a
2,6-diethynylanthracenu (2,6-DEA) (Obr. 31) cilené na ziskani vysoce vétvenych a
¢astecné zesitovanych polycyklotrimerti. Studované monomery se 1isi jednak (i) typem
spojky mezi ethynylovymi skupinami: izolované benzenové jadro v piipadé 1,4-DEB a
kondenzovanda benzenové jadra v pfipadé 2,6-DEN a 2,6-DEA a jednak (ii) délkou spojky

mezi ethynylovymi skupinami.

o® - POo® -
= =

1,4-DEB 2,6-DEN 2,6-DEA

Obr. 31 Diethynylareny pouzité jako monomery pro polycyklotrimerizaci.
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Polohy ethynylovych skupin na aromatickych jadrech monomert byly voleny tak,
aby jednotlivé ethynylové skupiny byly co nejméné stericky branéné zbyvajici ¢asti
molekuly monomeru. Polycyklotrimerizace byly katalyzovany systémem TaCls/PhsSn
(1,25 mol. % vztazeno na ethynylové skupiny) a probihaly v prostfedi benzenu za
laboratorni teploty (Kap. 3.3.1). VSechny polycyklotrimerizace poskytly nerozpustny
polymer (v benzenu, THF, CH>Cl> a CHCL) jako jediny produkt. Polycyklotrimerizace
1,4-DEB a 2,6-DEN probéhly témét kvantitativné: vytézek piislusnych polycyklotrimert
Pc(1,4-DEB) (P21) a Pc(2,6-DEN) (P22) byl v obou pfipadech 97 % (Tab. 12). Vytézek
Pc(2,6-DEA) (P23) tj. produktu polycyklotrimerizace 2,6-DEA byl vsak pouze 44 %
(Tab. 12). Nizky vytézek Pc(2,6-DEA) muze odraZzet nedostate¢nou rozpustnost
monomeru v benzenu. Pfi spusténi polycyklotrimerizace 2,6-DEA zistavala c¢ast
monomeru nerozpusténa. Pfedpoklddali jsme, Ze jak bude rozpustény monomer
z kapalné faze reakéniho systému ubyvat (v dasledku polymerizace), bude postupné
dochézet k dalsimu rozpousténi pevného monomeru nachdazejictho se v kontaktu

s kapalnou fazi reakéniho systému.

Tab. 12 Polycyklotrimerizace 1,4-diethynylbenzenu (1,4-DEB), 2,6-diethynylnaftalenu
(2,6-DEN) a 2,6-diethynylanthracenu (2,6-DEA) katalyzovana TaCls/PhsSn v prostiedi
benzenu. Poc¢ate¢ni koncentrace monomeru [mon]o = 0,6 mol/1, poc¢atecni koncentrace
katalyzatoru [kat]o = 0,015 mol/1, laboratorni teplota, vakuova "break-seal" technika. Y
vytézek polymeru, ¢ stupenn konverze trojnych vazeb monomernich jednotek

zabudovanych do polycyklotrimeru.

Zkratka Prabézny kod Y
monomer $ ref.
polymeru polymeru (%)
Pc(1,4-DEB) P21 = = 97 0,91 [154]

A\
\

Pc(2,6-DEN) P22 @ 97 0,81 [154]

Pc(2,6-DEA) P23 ) - 44 0,74 [154]

\
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Obr. 32 Infracervena spektra polycyklotrimert Pc(1,4-DEB) (P21), Pc(2,6-DEN) (P22) a
Pc(2,6-DEA) (P23).

Polycyklotrimery vSech studovanych monomerti vznikly jako jemné sraZenina zluté
barvy. Obr. 32 ukazuje FTIR spektra polycyklotrimeri. Ve spektrech vsech
polycyklotrimerti je dobfe patrny pas okolo 3290 cm?, ktery odpovidd v=c_y vibraci
netransformovanych ethynylovych skupin.

1BC CP/MAS NMR spektra jednotlivych polycyklotrimeri jsou znazornéna na
Obr. 33, kde mtZeme vidét (i) velmi Siroky pas signalti v oblasti & =115 - 150 ppm, ktery
odpovidd rezonanci sp? uhlikGi a (ii) vyrazné méné zfetelné signdly v oblasti
O =73 - 88 ppm, které pfifazujeme sp uhlikim netransformovanych ethynylovych
skupin. Kvantitativni vyhodnoceni 13C CP/MAS NMR spekter poskytlo stupen
konverze ethynylovych skupin na monomernich jednotkdch zabudovanych do
polycyklotrimeru, §. Hodnoty ¢ (Tab. 12) byly spoc¢teny pomoci rovnice (6), kde nam

znadi pocet aromatickych uhlikii v jedné molekule monomeru a A,z a Agp, reprezentuji

integralni intenzity signalt pfislusejici sp2 a sp uhlikiim ve spektrech polymert.

(4' : Aspz —Asp - nArM)

(4- A2+ 4-Agp)
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Obr. 33 13C CP/MAS NMR spektra polycyklotrimerti Pc(1,4-DEB) (P21), Pc(2,6-DEN)
(P22) a Pc(2,6-DEA) (P23).
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Schéma 11 Kovalentni struktura polycyklotrimeri. Ar znadi arenové segmenty

pochézejici z molekul monomeru.

Vysledky spektralni charakterizace pfipravenych polycyklotrimer(i spolu se zavéry
publikovanymi Tangem pro rozpustné kopolycyklotrimery [155, 156] ukazuji, ze
zékladni kovalentni struktura nami pf¥ipravenych polycyklotrimert odpovida struktute

uvedené ve Schématu 11. Polycyklotrimery obsahuji aromaticka jadra (Ar) pavodné
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pfitomna v molekulach monomerti, ktera jsou nové propojena benzentriylovymi
spojkami  vzniklymi cyklotrimerizaci t#i ethynylovych skupin. Zastoupeni
benzen-1,3,5-triylovych a benzen-1,2,4-triylovych spojek v polycyklotrimerech neni
mozné na zdkladé dostupnych spektrdlnich adaji specifikovat. Urcitd frakce
ethynylovych skupin pavodné pfitomnych v molekulach monomeru nésledné
zabudovanych do polycyklotrimeru vSak nepodlehla cyklotrimerizaé¢ni transformaci a
zlistdva v nezreagované podobé pfitomna v polymerech.

Z pohledu polymerni architektury mohou byt makromolekuly polycyklotrimeru bud’
pouze intenzivné vétvené, nebo mohou byt tyto intenzivné vétvené makromolekuly
navic intramolekuldrné propojeny (zesitovany). V rdmci kazdého propaga¢niho kroku
polycyklotrimerizace dochazi k reakci tfi ethynylovych skupin za vzniku nové
benzentriylové spojky. Reagujici ethynylové skupiny mohou pochézet z réznych
molekul monomeru a oligomert (obecné n-merti) a/nebo z raznych vzdalenéjsich ¢asti
jedné rostouci polycyklotrimerni makromolekuly.

Schéma 12 ukazuje tfi reakéni moédy, které piipadaji v dvahu pii propagaci
polycyklotrimerizace. V pfipadé médu A do reakce vstupuji tfi ethynylové skupiny z
rtznych nezavislych molekul n-mert (Schéma 12 konkrétné ukazuje situaci, kdy reaguiji
dvé molekuly monomeru a jedna molekula oligomeru). Propagac¢ni krok probihajici
v médu A vede k naristu poctu monomernich jednotek zabudovanych do
polycyklotrimeru, nevede vsak k jeho sitovani. V ramci propaga¢niho médu B
vstupuje do reakce jedna ethynylova skupina z nezavislé molekuly n-meru (napi. z
molekuly monomeru) a dvé ethynylové skupiny, které jsou soucasti jednoho vétsiho
polycyklotrimerniho atvaru. Propagace v médu B vede k nardstu poc¢tu monomernich
jednotek zabudovanych do polycyklotrimeru a soucasné k sitovani polycyklotrimeru.
Pti propagaci v médu C vstupuji do reakce tfi ethynylové skupiny, které jsou soucasti
jediného vétsiho polycyklotrimerniho Gtvaru. Realizace propagace v médu C vede
pouze k sitovani polycyklotrimeru, nevede vsSak k nartGstu poctu zapojenych
monomernich jednotek. UvaZujme nyni polycyklotrimerizaci bifunkéniho monomeru
probihajici vyhradné v modu A, s tim Ze touto reakci bude vznikat jedina
polycyklotrimerni makromolekula. Pro tento pfipad je mozno sledovat stupeti konverze
ethynylovych skupin monomernich jednotek zapojenych do makromolekuly ()
v zavislosti na polymeriza¢nim stupni makromolekuly. Vysledky jsou shrnuty v Tab. 13.
Z charakteru propagace probihajici vyhradné v médu A je jasné, ze pocet molekul

monomeru zabudovanych do rostouci makromolekuly musi byt vzdy liché ¢islo (prvni
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sloupec Tab. 13). V ramci jednoho propagac¢niho kroku jsou transformovany tfi
ethynylové skupiny. Krokovy nartist polymeriza¢niho stupné o dvé jednotky pak musi
byt doprovéazen nartistem poctu zreagovanych ethynylovych skupin o tfi jednotky (tfeti
sloupec Tab. 13). Posledni sloupec v Tab. 13 ukazuje, Ze ¢ postupné nartista
s nartstajicim polymeriza¢nim stupném a v limité pro vysoké polymeriza¢ni stupné se

ptiblizuje hodnoté 0,75.
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Schéma 12 Moédy A, B a C, které pripadaji v avahu pii propagaci polycyklotrimerizace
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rigidnich diethynylarent. Podrobnéjsi popis je v textu.

84



Tab. 13 Stupent konverze (§) ethynylovych skupin monomernich jednotek zapojenych

do polycyklotrimerni makromolekuly vzniklé propagaci probihajici vylu¢né v médu A.

Stupe'ﬁ Pocet ethynylovych Stupeii konverze
po{ymerlzace skupin v molekulach Pocet ethynylovych ethynylovych skupin
(pocet molekul monomeru pied jejich skupin zreagovanych monomernich jednotek
monomefru zapojenim do v dusledku zapojenych do
zabudovan).lch do/ polycyklotrimerni polycyklotrimerizace polycyklotrimeru §
polycyklotrimerni makromolekuly
makromolekuly)
1 2 0 0
3 6 3 0,5
5 10 6 0,6
7 14 9 0,643
9 18 12 0,667
11 22 15 0,682
13 26 18 0,692
101 202 150 0,743
1001 2002 1500 0,749
N 2N 1,5(N -1) 1,5(N -1)/2N
—> 0 — 00 — 00 0,75

Experimentalné zjisténé hodnoty ¢ pro polycyklotrimery piipravené v ramci této
studie jsou uvedeny v Tab. 13. V ptipadé Pc(1,4-DEB) a Pc(2,6-DEB) byly dosazené
hodnoty § > 0,75, konkrétné 0,91 v piipadé Pc(1,4-DEB) a 0,81 v piipadé Pc(2,6-DEB). Na
vzniku Pc(1,4-DEB) a Pc(2,6-DEB) se tedy vedle propaga¢niho médu A musely podilet i
propagac¢ni médy vedouci k sitovani polycyklotrimeru, tj. médy B a C. Polycyklotrimery
Pc(1,4-DEB) a Pc(2,6-DEN) je tedy mozno z pohledu polymerni architektury oznacit za
intenzivné vétvené castecné zesitované polymery. Pro polycyklotrimer Pc(2,6-DEA)
byla ur¢ena hodnota ¢ = 0,74. Tato hodnota naznacuje, Ze na tvorbé Pc(2,6-DEA) se
vyhradné nebo dominantni mérou podilel propaga¢ni méd A. Pc(2,6-DEA) je tedy
mozno oznacit za intenzivné vétveny polymer, ktery je zfejmé nesitovany nebo pouze
velmi malo sitovany. V pripadé totdlni absence sitovéni by bylo moZzné ocekéavat
rozpustnost vétveného Pc(2,6-DEA). Experimentdlné pozorovand nerozpustnost
Pc(2,6-DEA) je vsak (i v pfipadé absence polymerniho sitovéni) vysvétlitelna napiiklad
moZznymi interakcemi mezi anthracenovymi segmenty polymeru.

Pti zesitovani Pc(1,4-DEB) a Pc(2,6-DEN) probihajicim v propaga¢nim médu B a C
(Schéma 12) reaguji dvé nebo tfi ethynylové skupiny z téZe makromolekuly. Aby byla
tato reakce stericky realizovatelnd, musi tyto trojné vazby pochézet ze vzdalenéjsich

¢asti makromolekuly. Soucasnd reakce obou trojnych vazeb jedné molekuly
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monomeru nebo dvou trojnych vazeb molekuly cyklotrimeru (napfi.
1,3,5-tris(4-ethynylfenyl)benzenu) v jednom propagacnim kroku je evidentné stericky
nemoznd. Sitovani Pc(1,4-DEB) a Pc(2,6-DEN) se tedy musi realizovat pouze za vzniku
vétsich intramolekularnich smycek v téchto polymerech. V tomto ohledu se
polycyklotrimery Pc(1,4-DEB) a Pc(2,6-DEN) lisi od polyacetylenovych siti popsanych
v Kap. 41. V polyacetylenovych sitich muaze vedle tvorby vétsich smycek
intramolekuldrni sitovaci reakci dochdzet i k vyrazné tésnéjsimu zesitovani
polyacetylenovych fetézchi cestou intermolekularniho propojeni fetézct pres kratké

arylenové spojky.

4.2.2 Zachyt plyna na polycyklotrimerech diethynylarent

e Zachyt dusiku na Pc(1,4-DEB), Pc(2,6-DEN) a Pc(2,6-DEA)

Polycyklotrimery Pc(1,4-DEB), Pc(2,6-DEN) a Pc(2,6-DEA), jejichz piiprava a
spektrdlni charakterizace je diskutovana v Kap. 4.2.1., byly detailné studovany
s ohledem na své chovani pfi adsorpci N2, H> a CO,. Obr. 34, 35 a 36 ukazuji
adsorp¢ni/ desorpéni izotermy N> na jednotlivych polycylkotrimerech. Charakteristiky
vyplyvajici z adsorpcénich vétvi izoterem jsou pro jednotlivé polycyklotrimery uvedeny

v Tabulce 14.
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Obr. 34 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy N> (77 K)
pro Pc(1,4-DEB) (P21), Tab. 14.
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Obr. 35 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy Nz (77 K)
pro Pc(2,6-DEN) (P22), Tab. 14.

a(cm’lg STP)

plp,

Obr. 36 Adsorpéni (prazdné symboly) a desorpéni (pIné symboly) izotermy Nz (77 K)
pro Pc(2,6-DEA) (P23), Tab. 14.
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Tab. 14 Charakteristiky polycyklotrimert Pc(1,4-DEB), Pc(2,6-DEN) a Pc(2,6-DEA)
vyplyvajici z adsorpénich izoterem Na. Sger specificky povrch, ay, 750 Torr mnozstvi No,

adsorbované na 1 g polymeru (77 K, 750 Torr).

Zkratka Kod SBET Qy,,750 Torr
monomer ref.

polymeru polymeru (m?%g) (mmol/g)
Pc(1,4-DEB) P21 = = 1299 51,0 [154]

=z
Pc(2,6-DEN) P22 /“/ 418 6,6 [154]
L
=z

Pc(2,6-DEA) P23 () 9 0,75 [154]

=

Adsorpé¢ni kapacita (ay, 750 Torr) @ specificky povrch (Sger) polycyklotrimerd klesaly
v fadé: Pc(1,4-DEB) > Pc(2,6-DEN) >> Pc(2,6-DEA). Zatimco Pc(1,4-DEB) a Pc(2,6-DEN)
se pfi adsorpci N2 chovaly jako adsorbenty s vysokym zastoupenim mikropért (strmy
nartst adsorbovaného mnozstvi pfi nizkych hodnotach rovnovaznych tlaki),
polycyklotrimer Pc(2,6-DEA) nevykazoval vyraznéjsi porozitu. Urcité malé mnozstvi N»
zachycené na Pc(2,6-DAE) (0,75 mmol/g, 77 K, 750 Torr) lze ziejmé z vétsi ¢asti pricist
adsorpci na vnéjsim povrchu drobnych ¢astic a kapildrni kondenzaci dusiku v prostoru
mezi c¢asticemi Pc(2,6-DEA). Pti pfechodu od Pc(1,4-DEB) k polycyklotrimerim
s kondenzovanymi areny dochazi z pohledu chemické struktury (i) k prodluzovani
spojky mezi vétvicimi body polycyklotrimeru (t.j. mezi trisubstituovanymi benzeny
vzniklymi cyklotrimerizaci) a (ii) ke sniZeni rozsahu sitovani polycyklotrimert
(Tabulka 12, Kap. 4.2.1). Oba tyto faktory zfejmé negativné ovlivnily porozitu
polycyklotrimertt Pc(2,6-DEN) a Pc(2,6-DEA). Negativni vliv prodlouzeni spojky na
specificky povrch byl jiz diskutovan v souvislosti s rozborem texturnich charakteristik
polyacetylenovych siti poly(1,4-DEB) (P14) a poly(4,4-DEBPh) (P18) v Kap. 4.1.4.
V piipadé Pc(2,6-DEN) a Pc(2,6-DEA) miiZze byt negativni vliv prodlouZeni spojky mezi
vétvicimi body polymeru dale prohlouben v dasledku planarniho charakteru
aromatickych spojek naftalen-2,6-diyl a anthracen-2,6-diyl. Tyto spojky mohou totiz
podléhat vzdjemnym m-mr interakcim, coz muze pfispivat k tésnéjsimu usporadani
segmentti Pc(2,6-DEN) a Pc(2,6-DEA) ve vysu$eném polymeru a tedy i k niz§imu obsahu
mikropéri v téchto polymerech.

Kvalitativni rozbor adsorpénich a desorpénich izoterem N> na Pc(1,4-DEB) a

Pc(2,6-DEN) vede k nékolika zavértm. (i) Oba materialy vykazuji vyrazny strmy nartst
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adsorbovaného mnozstvi pfi nizkych rovnovaznych relativnich tlacich dusiku
(p/po<0,1), cozje typické pro adsorpci dusiku v mikropérech. (ii) Pfi vyssich relativnich
tlacich mnoZzstvi adsorbovaného dusiku stale nartistad (nicméné nérdst je vyrazné méné
strmy). (iii) V z&véru adsorp¢niho cyklu [p/po > 0,6 u Pc(1,4-DEB) a p/po > 0,9 u
Pc(2,6-DEN)] je pozorovatelnd opét strméjsi zavislost adsorbovaného mnozstvi na
relativnim tlaku. Charakter adsorp¢nich izoterem pro p/po > 0,1 by bylo mozné vysvétlit
adsorpci dusiku v mesopérech (p/po = 0,1 - 1,0) v kombinaci s kondenzaci dusiku
v mezi¢asticovém prostoru (zejména pro p/po > 0,9). Tomuto vysvétleni vSak
neodpovidd charakter hystereznich smycek. Jak je patrno z Obr. 34 a 35, adsorpce a
desorpce N2 na Pc(1,4-DEB) a Pc(2,6-DEN) jsou vyrazné ireversibilni. Hysterezni smycky
na izoterméch (i) nejsou (ani z¢asti) uzaviené pti tlaku p/po ~ 0,4, jak tomu byva u
adsorbentti, u kterych je hystereze pouze disledkem piitomnosti mesopért, ale
(ii) uzaviraji se ¢astecné teprve pti velmi nizkych tlacich (p/po ~ 0,02). Toto zjisténi vedlo
kavaze, Ze na zachytavani N> v Pc(1,4-DEB) a Pc(2,6-DEN) se vedle adsorpce na povrchu
permanentnich pori (raznych velikosti) zfejmé podili i pronikdni dusiku do ptvodné
neporéznich segmentti polymert na vzniku do¢asnych pori a kavit schopnych zadrzet
dusik. Tento proces je téZ moZzno oznacit jako rozpousténi dusiku v polymeru.
Mechanismus zachytu plynd kombinujici povrchovou adsorpci a pronikani plynu do
primérné neporéznich segmentt byl neddvno v literatufe navrzen jako mozné
vysvétleni vyrazné neuzavienych hysterezi dusikovych adsorpénich/desorpénich
izoterem pozorovanych pii adsorpcnich experimentech na poréznich polymerech
s nizkym stupném sitovani [157]. Tento mechanismus byva oznacovan jako ,dudlni
mechanismus zachytu plynt v adsorbentu”. S cilem prozkoumat detailnéji
mechanismus zachytu N2 v Pc(1,4-DEB) a Pc(2,6-DEN) byla pro kazdy polymer zméiena
série adsorp¢nich/desorpénich izoterem, pficemz jednotlivé izotermy série se lisily v
hodnoté nejvyssiho rovnovazného relativniho tlaku dusiku, p/po, pouzitého pii méfeni.
Jakmile se pfi experimentu dosédhlo této zvolené hodnoty p/po, byla zahajena desorpce.
Pro experimenty na polymeru Pc(1,4-DEB) byly zvoleny hodnoty p/po: 0,05; 0,10; 0,20;
0,40; 0,60; 0,80; 0,95 a 1,00. Pro experimenty na polymeru Pc(2,6-DEN) byly zvoleny tyto
fin4lni hodnoty p/po: 0,05; 0,20; 0,40; 0,60; 0,80 a 1,00. Vysledné izotermy jsou vidét na
Obr. 37 a Obr. 38.
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Obr. 37 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy N> (77 K) pro
Pc(1,4-DEB) (P21) méfené pii pouziti riznych kone¢nych parcidlnich tlaka dusiku. Plna

kiivka predstavuje zavislost podle rovnice (7) s optimalizovanymi parametry z Tab. 15.

a (mmol/g)

——0,20

——0,05

3 T T T T T T T T T T
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PP,

Obr. 38 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy N> (77 K) pro
Pc(2,6-DEN) (P22) méfené pti pouziti riznych kone¢nych parcidlnich tlakti dusiku. Plna

kiivka predstavuje zavislost podle rovnice (7) s optimalizovanymi parametry z Tab. 15.
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Zasadni zjisténi patrné z téchto obrazkt je néasledujici: adsorpce a desorpce N> na
obou polymerech vykazuje vyraznou ireversibilitu i v pfipadech, kdy byla adsorpce
ukoncena u nizkych a velmi nizkych hodnot p/po. V této souvislosti je vhodné
pfipomenout, ze u rigidnich anorganickych adsorbent(i s permanentnimi poéry se
hysterezni smycka objevuje, az kdyZz p/po ptekroci hodnotu 0,4 - 0,5. V téchto ptipadech
je pak hysterezni smycka spojovdna s pifitomnosti mesopértt v adsorbentu.
Pfisoudime-li ireversibilitu zdchytu a uvoltiovani N, procesu pronikani dusiku do
pavodné neporéznich segmentt polymerti za vzniku docasnych pérd, musime na
zakladé vysledk uvedenych na Obr. 37 a 38 konstatovat, Ze toto pronikani neni
omezeno pouze na vysoké relativni tlaky dusiku, ale za¢ina se uplatiiovat jiz od nizkych
hodnot p/po. S cilem podpofit hypotézu dudlniho mechanismu zachytu N> na
Pc(1,4-DEB) a Pc(2,6-DEN) byla zkoumdana moznost proloZzit experimentdlni body
adsorp¢nich izoterem N> na téchto polymerech (interval p/po od 0 do 1) kiivkou
zapsanou rovnici (7).

a=ay+ a, = kyh+ amL (7)

(1+bh)

Rovnice (7) uvazuje, Ze celkové latkové mnozstvi plynu zachyceného jednim gramem
adsorbentu (hodnota a) je ddno souctem ptispévkll an a ar. Prispévek an specifikuje
mnozstvi plynu proniklého (rozpusténého) do pavodné neporéznich segmentt
polymeru, pfi¢emzZ se uvazuje, Ze se toto rozpousténi ¥idi Henryho zdkonem. Pfispévek
a. specifikuje mnozstvi plynu adsorbovaného na povrchu permanentnich poéra
polymeru, pificemz se uvaZuje (pro jednoduchost), Ze se tato adsorpce fidi
Langmuirovou adsorpéni izotermou. Dal$i symboly v rovnici (7) maji nésledujici
vyznam: h je relativni rovnovazny tlak plynu (h = p/po), ktery se pfi experimentu méni,
kuy ma vyznam Henryho konstanty pro rozpousténi dusiku v daném polymeru, am je
Langmuirova satura¢ni konstanta a b je Langmuirova afinitni konstanta. Parametry
rovnice (7) byly optimalizovany metodou nejmensich ¢tvercti tak, aby kfivky dané touto
rovnici co nejvice vyhovovaly experimentdlnim adsorpénim izotermdm Nz na
Pc(1,4-DEB) a Pc(2,6-DEN). Optimalizované kfivky vyhovujici rovnici (7) jsou uvedeny
v Obr. 37 a 38 jako pIné ¢ary. Ukazuje se, Ze experimentalni adsorpéni izoterma N> na
Pc(1,4-DEB) dobte koresponduje s rovnici (7) v intervalu p/po od 0 do 0,5. V piipadé
stejné izotermy na Pc(2,6-DEN) byla pozorovana shoda v intervalu p/po od 0 do 0,9. Pro

vyssi hodnoty p/po jsou teoretické hodnoty a dané rovnici (7) systematicky
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podhodnocené oproti experimentdlnim hodnotdm a. V oblastech vyssich relativnich
tlakti dusiku se muze projevovat (i) intenzivnéjsi pronikani N> do neporézniho
polymeru, (ii) vicevrstevna adsorpce N zejména v mesopérech a (iii) kapilarni
kondenzace N, v mezi¢asticovém prostoru. Zadny z téchto pispévkd jiz rovnici (7)
neuvazuje.

Tab. 15 uvadi parametry teoretickych ktivek z Obr. 37 a 38. Ukazuje se, Ze kapacita
permanentnich pordi, kterd je amérna konstanté am, je vyrazné vyssi v piipadé
Pc(1,4-DEB) nez v pripadé Pc(2,6-DEN). Hodnota konstanty am je ovlivnéna pocate¢ni
¢asti adsorpcnich izoterem, predevsim je tedy ovlivnéna permanentnimi mikropory
pfitomnymi ve vzorku. Objem permanentnich mikropértt (Vmi) je mozno urcit ze

vztahu (8).

Vi = Qm - VmolNz (8)

kde Vipoin, znaci objem jednoho molu kapalného dusiku (Viein, = 34,6 cm3/mol).
Spoctené hodnoty Vi jsou téZ uvedeny v Tab. 15. Hodnota Henryho konstanty ku je
zhruba o jeden fad vyssi v ptipadé Pc(1,4-DEB) nez v ptfipadé Pc(2,6-DEN). Je mozné, ze
vy$si obsah permanentnich mikropérd v Pc(1,4-DEB) v porovndni se vzorkem
Pc(2,6-DEN) usnadiiuje transport dusiku k primarné neporéznim segmenttim polymeru,
¢imZz se zvysuje ucinnost rozpousténi dusiku v polymeru. Je vsak téZ mozné, ze
pronikani dusiku do neporéznich segmentt Pc(2,6-DEN) je znesnadnéno v disledku
n-nn interakci mezi plandrnimi naftalen-2,6-diylovymi spojkami pfitomnymi v

Pc(2,6-DEN).

Tab. 15 Parametry kfivek podle rovnice (7) odpovidajicich pocate¢nimu priabéhu
adsorp¢nich izoterem dusiku (77 K) na Pc(1,4-DEB) a Pc(2,6-DEN). Hodnoty objemu

mikropérid polymerti (Vi) byly uréeny na zakladé hodnot am.

Zkratka Koéd ku am Vi
monomer b ref.
polymeru  polymeru (mmol/g) (mmol/g) (cm¥g)
Pc(1,4-DEB) P21 = = 14,59 13,56 215 0472  [154]

Pc(2,6-DEN) P22 ¢ 1,51 500 155 0,175 [154]

\
\
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S ohledem na zjisténi, ze k zachytu N> na Pc(1,4-DEB) a Pc(2,6-DEN) zfejmé vyrazné
pfispiva rozpousténi N> v polymeru, nabyva na vyznamu otdzka, zda mtize byt celkova
kapacita téchto polymert pro zachyt N> ovlivnéna dobou, ktera je vymezena pro
ustaveni rovnovahy pii jednotlivych tlacich dusiku. Vlastni méfeni adsorpcénich
izoterem probihd tak, Ze je naprogramovéna konstantni ¢asova prodleva, po kterou pfi
kazdé ustanovované hodnoté rovnovazném tlaku N pfistroj vyckava a sleduje, zda se
tlak v mé¥ici aparatute nezménil vice nez o 0,01 %. Pokud dos$lo za tuto dobu k vétsi
zméné, je méfeni tohoto bodu izotermy opakovano (se stejnou ¢asovou prodlevou). Pii
standardnich adsorpénich méfenich popisovanych v této disertacni praci byla volena
¢asova prodleva At = 5 s. Vezmeme-li jako piiklad adsorpéni izotermu dusiku na
Pc(1,4-DEB) méfenou v intervalu p/po od 0 do 1,0 a uvedenou na Obr. 37, mGZzeme
konstatovat, Ze zméfeni jednoho bodu izotermy pii At =5 s trvalo v praméru 12 min,
zméfeni celé izotermy pak 1484 min. Ustaveni rovnovéhy pro kazdy méfeny bod pak
ptistroj opakoval v primeéru 144krét. S cilem odpovédét na otdzku z avodu tohoto
odstavce byly na Pc(1,4-DEB) a Pc(2,6-DEN) zméfeny adsorpcni/desorpéni izotermy
jednak s prodlevou At =5 s (Obr. 37 a 38) a jednak s prodlevou At = 45 s. Vysledek tohoto
experimentu byl jednozna¢ny. Izotermy ziskané s rGznou hodnotou At byly v mezich
experimentélnich chyb stejné [154]. Je tedy mozno ¥ici, Ze prodlouzeni doby vymezené
pro ustavovani rovnovahy nezvysilo kapacitu polymert pro zachyt No.

V predchazejicich odstavcich bylo navrzeno, ze vyrazné hysterezni smycky na
adsorp¢nich izotermach N> na Pc(1,4-DEB) a Pc(2,6-DEN) jsou diisledkem pronikéni
dusiku do priméarné neporéznich segmentti polymeru a tvorby doc¢asnych péra. Zbyva
navrhnout vysvétleni proc¢ (i) zachyt dusiku v do¢asnych pérech a (ii) uvoliiovani dusiku
z docasnych poért probihaji rozdilnymi mechanismy, coz se pak projevi rozdilnym
tvarem adsorpénich a desorpénich izoterem. Uvazujme, Ze k neporéznim segmentiim
polymeru je dusik ,rozvadén” pomoci permanentnich p6rti a Ze doc¢asné péry zacinaji
v neporéznich segmentech vznikat jiz pfi nizkych relativnich tlacich dusiku. Doc¢asny
por vznikd zfejmé v disledku tlaku molekul plynu na c¢aste¢né flexibilni stavebni
jednotky polymeru. Na molekuldrni Grovni miize byt uvazovana ,flexibilnost jednotek
polymeru” dana pfedevsim rotaci nékterych méné vzajemné propojenych aromatickych
segmentti polycyklotrimert kolem jednoduchych vazeb. Z pohledu adsorpce (zachytu)
plynu si doc¢asny pér mtizeme pfedstavit jako vydut v neporéznim segmentu polymeru
naplnénou molekulami dusiku. Objem této vyduti (a tim i mnoZstvi dusiku v ni) se

zvétsuje s narlstajicim relativnim tlakem dusiku. P¥i poklesu tlaku dusiku dochazi
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k vyprazdnovani vyduti - do¢asného poru. Je logické, Ze nejprve budou docasny poér
opoustét molekuly nachézejici se v Gsti nebo pobliz Gsti péru. Tim ovsem miize dojit
k zmenSeni praméru usti docasného poéru, v disledku cehoz bude uvolnovani
zbyvajicich molekul z doc¢asného péru znesnadnéno. Toto ,znesnadnéni” uvolnéni
dusiku z docasnych poérdt se pak mulze projevit hysterezni smyckou na

adsorpcnich/desorpcénich izotermach.

e Zachyt vodiku na Pc(1,4-DEB) a Pc(2,6-DEN)

Obr. 39 ukazuje adsorpéni/ desorpéni izotermy H» (77 K) na Pc(1,4-DEB) a Pc(2,6-DEN)
ziskané s pouzitim ekvilibra¢ni ¢asové prodlevy At =5 s. Pfi pouZiti ekvilibra¢ni ¢asové
prodlevy At = 45 s mély izotermy prakticky stejny priibéh [154]. Adsorpéni kapacity pro
vodik pti 77 K a 750 Torr, ay, 750 Torr, dosahly nasledujicich hodnot: 6,25 mmol/g
v ptipadé Pc(1,4-DEB) a 3,67 mmol/g v ptipadé Pc(2,6-DEN). Z Obr. 39 je patrny témért
reversibilni charakter zachytdvani a uvoltiovani vodiku na/z Pc(1,4-DEB) a Pc(2,6-DEN).
Predpokladejme, ze H> je na Pc(14-DEB) a Pc(2,6-DEN) zachytavan dudlnim
mechanismem jako tomu bylo v piipadé N». Velmi tizky charakter hystereznich smycek
na vodikovych izoterméch (Obr. 39) a naopak Siroké hysterezni smycky na dusikovych
izotermach (Obr. 34 a 35) naznacuji, Ze uvoliiovani plynu z docasnych poért
polycyklotrimerd je zfejmé snazsi v pripadé vodiku nez v ptipadé dusiku. P¥i¢inou miize

byt mensi velikost molekuly H» v porovnani s molekulou N> (Kap. 4.1.6).
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Obr. 39 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy H» (77 K),
na Pc(1,4-DEB) a Pc(2,6-DEN)
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e Zachyt oxidu uhli¢itého na Pc(1,4-DEB) a Pc(2,6-DEN)

Obr. 40 a 41 ukazuji adsorp¢ni/desorpéni izotermy CO, na Pc(1,4-DEB) a
Pc(2,6-DEN) ziskané pfi teplotach: 273 K, 293 K, 313 K a 333 K. Pfi méfeni téchto izoterem
byl pouzit ekvilibra¢ni interval At = 5 s. V8echny izotermy CO, vykazuji tzkou
hysterezni smycku, pficemz $itka hysterezni smycky u Pc(2,6-DEN) mirné nartista
s naristajici teplotou. Z Obr. 40 a 41 je dale patrny vyrazny pokles adsorpéni kapacity
obou polymeru pro COy, aco, 750 Torr, S Tostouci teplotou. Tato skutecnost je bézna pro
systémy adsorbent/plyn v pfipadé, Ze plyn je k adsorbentu poutédn slabymi interakcemi.
Zavislost adsorpénich izoterem na teploté nam umoznila ziskat hodnoty isosterickych
adsorpcnich tepel Qs pro rtzné faze zachytu CO, na Pc(1,4-DEB) a Pc(2,6-DEN).
Adjektivum isostericky znamend, Ze dané teplo se vztahuje k rtzné trovni pokryti
adsorbentu plynem, v naSem pfipadé dané teplo vztahujeme k riznému mnozstvi jiz
zachyceného plynu na polymerech. Hodnoty Qs byly uréeny s pouZitim rovnice (9),
ve které T znaci termodynamickou teplotu, R univerzalni plynovou konstantu a p/po

relativni rovnovéazny tlak COx.

am;;o Qst
T - T T )
R R

Spoctend adsorpéni tepla Qst pro Pc(1,4-DEB) mirné klesala z hodnoty 25,1 kJ/mol
(pro pocatecni fazi adsorpce) na hodnotu 24,3 kJ/mol (pro polymer obsahujici CO.
v mnozstvi 1,5 mmol/g). Pro Pc(2,6-DEN) byl pro tyto fdze zachytu CO, zaznamenan
taktéz mirny pokles, a to z 27,3 k] /mol na 26,5 k] /mol. Adsorpé¢ni tepla Qs: pro pocatecni
tazi adsorpce CO», na anorganickych adsorbentech (napiiklad na zeolitech) dosahuji
hodnot 45 kJ/mol az 55 kJ/mol [158]. V této souvislosti je mozno konstatovat, Ze
hodnoty Qs pro zachyt CO; na Pc(1,4-DEB) a Pc(2,6-DEN) jsou nizké. Pti pfipadném
pouziti polycyklotrimert jako reversibilnich adsorbentti CO, znamena nizsi hodnota Qs
nevyhodu s ohledem na niZsi Géinnost zachytu CO; z nizkych parcialnich tlakt CO..
Naopak, nizké hodnoty Qs: pfindseji vyhodu spocivajici v nizké energetické naro¢nosti

uvolnovani CO, z adsorbentu.
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Obr. 40 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy CO. na
Pc(1,4-DEB) pro rtazné teploty.
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Obr. 41 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy CO: na
Pc(2,6-DEN) pro riazné teploty.
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Obr. 42 a 43 wukazuji adsorpéni/desorpéni izotermy CO, na Pc(1,4-DEB) a
Pc(2,6-DEN) méfené pii teploté 333 K, pficemz pro jednotlivé izotermy byly aplikovany
rtzné ekvilibraéni prodlevy At. Konkrétné byly pouzity hodnoty At =5's, 60 s a 300 s.
Ukazuje se, ze zachyt CO, na obou polymerech vyrazné zavisi na hodnoté At. S rostouci
ekvilibra¢ni prodlevou dochdzi (i) k rozsifeni hysterezni smycky a (ii) k nartstu
adsorpéni kapacity polymerd pro CO, aco,7s0Torr- Hodnoty daco,7s0torr jsou
v zavislosti na hodnotach At uvedeny v Tab. 16 a 17. Uvazujme opét dudlni model
zachytu CO. ve studovanych polymerech. ProdlouZeni ekvilibra¢ni doby pfi
adsorpénim experimentu zfejmé vedlo k rozsdhlejsi zméné konformace segmentt
polymeru, coZz se projevilo tim, Ze doc¢asné péry v polymerech byly schopné pojmout
vice CO». V piipadé Pc(1,4-DEB) byla v diisledku pfechodu od At =5 s k At = 300 s
zvysena hodnota adsorpéni kapacity pii teploté 333 K, 0 49 %. V ptipadé Pc(2,6-DEN)

vyvolala stejna zména At nartst hodnoty aco, 750 Torr Pro 333 K dokonce 0 259 %.

a (mmol/g)

T T T T T T T T
0 200 400 600 800
p (Torr)

Obr. 42 Adsorpc¢ni (prazdné symboly) a desorpéni (plné symboly) izotermy CO, na
Pc(1,4-DEB) (333 K) méfené pii raznych ekvilibra¢nich prodlevach At.
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Obr. 43 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy CO: na
Pc(2,6-DEN) (333 K) métené pfi rtiznych ekvilibra¢nich prodlevach At.

Tab. 16 Adsorp¢ni kapacita Pc(1,4-DEB) pti zéchytu CO; za rtznych teplot a pfi rliznych
ekvilibra¢nich prodlevach At.

A (s) QAco, 750 Torr (T =333K) Qco, 750 Torr (T =293 K) rof
t .
(mmol/g) (mmol/g)
5 0,55 1,49 [154]
60 0,60 nsd [154]
300 0,82 1,63 [154]

3 nebylo stanoveno

Tab. 17 Adsorpéni kapacita Pc(2,6-DEN) pfi zachytu CO. za rliznych teplot a pii

rtznych ekvilibra¢nich prodlevach At.

At (s) Qco, 750 Torr (T =333K) Qco, 750 Torr (T =293 K) ref.
(mmol/g) (mmol/g)

5 0,29 1,26 [154]

60 0,56 ns?) [154]

300 1,04 1,33 [154]

a) nebylo stanoveno
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Aplikace riznych ekvilibra¢nich prodlev (At = 5 s a 300 s) byla studovéna i pfi
adsorpci/desorpci CO; na Pc(1,4-DEB) a Pc(2,6-DEN) provedené pii nizsi teploté,
konkrétné pii teploté 293 K. Vysledné adsorpéni izotermy jsou na Obr. 44 [pro
Pc(1,4-DEB)] a na Obr. 45 [pro Pc(2,6-DEN)]. Pfislusné hodnoty aco, 750 Torr Pro 293 K
jsou uvedeny v Tab. 16 a 17. Ukazuje se, ze i pfi teploté 293 K vedlo prodlouzeni
ekvilibraéni prodlevy At k nérastu adsorpéni kapacity polymertt pro CO,. Nartst byl
vsak malo vyznamny: pfi pfechodu od At =5 s k At = 300 se pii teploté 293 K hodnota
dco, 750 Torr ZVYySila 0 9 % v pfipadé Pc(1,4-DEB) a pouze 0 6 % v piipadé Pc(2,6-DEN).
Zda se, ze niz8i pohyblivost segmentti Pc(1,4-DEB) a Pc(2,6-DEN) pfi teploté
293K (v porovnani s pohyblivosti pfi teploté 333 K) zptisobila, Ze zavislost aco, 750 Torr
na At byla mélo vyznamna. V této souvislosti nepfekvapuje, Ze adsorpéni/desorpéni
izotermy N> a H> na Pc(1,4-DEB) a Pc(2,6-DEN), které byly métené pfi velmi nizké

teploté 77 K, nevykazovaly zadnou zavislost na parametru At.
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Obr. 44 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy CO: na
Pc(1,4-DEB) (293 K) métené pti ekvilibra¢nich prodlevach A =5sa A; =300 s.
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Obr. 45 Adsorpéni (prazdné symboly) a desorpéni (plné symboly) izotermy CO. na
Pc(2,6-DEN) (293 K) méfené pfi ekvilibra¢nich prodlevach At =5 s a At =300 s.

Shrnuti vsech vyse uvedenych zjisténi o tvorbé docasnych péra v polycyklotrimerech
Pc(1,4-DEB) a Pc(2,6-DEN) vede k tivaze, Ze tvorba téchto pérti mtize probihat ve dvou
ponékud odlisnych médech. Prvni méd bude zfejmé nepfilis narocny na pohyblivost
(vétsich) segmentti polymertt a docasné péry mohou byt tvofeny napi. v disledku
rotacnich pohybi mensich segmenti a jednotlivych aromatickych jader polymeru.
Touto cestou vznikaji doc¢asné poéry i pii teploté 77 K, pficemz tvorba téchto pért je
zfejmé rychld. Adsorpéni kapacitu téchto poértt v polymeru nelze (pfi 77 K) zvysit
prodlouzenim ekvilibra¢nich prodlev pti adsorpénich méfenich nad bézné pouzivanou
hodnotu 5 s. V rdmci druhého moédu ziejmé vznikaji docasné péry v duasledku
vyraznéjsich konformacnich zmén polymeru, do kterych se zapojuji vétsi segmenty
polymernich fetézcti. Tento typ docasnych pérti miize vnikat jen za vyssi teploty, kdy je
dosaZeno vétsi pohyblivosti segmentti polymeru. Tvorba tohoto typu périi bude zfejmé
pomalejsi a zastoupeni nebo/a velikost téchto pérti v polymeru (a tim i jejich adsorpéni
kapacitu) 1ze zvysit prodlouzenim ekvilibra¢nich prodlev pti adsorp¢nich méfenich nad

bézné pouzivanou hodnotu 5 s.
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o Porovnani chovani polycyklotrimerti a polyacetylenovych siti pfi zachytu plynt

V této kapitole jsme popsali dva méné obvyklé jevy, které jsme pozorovali pii studiu
zachytu plynd na polycyklotrimerech diethynylarenti. Prvnim z téchto jev je vyskyt
vyrazné hystereze na adsorpc¢nich/desorpénich izotermach N: na Pc(1,4-DEB) a
Pc(2,6-DEN), (i) ktera se ¢aste¢né uzavira az pii velmi nizkych relativnich tlacich dusiku
a (ii) ktera se objevuje i pfi adsorpénich experimentech, u kterych jsou pouzity nizké
findIni tlaky dusiku (p/po < 0,4). Druhym jevem je zéavislost kapacity zachytu CO, na
Pc(1,4-DEB) a Pc(2,6-DEN) na délce ekvilibra¢niho intervalu pouzitého pii adsorpénim
méfeni. Oba tyto jevy jsme pfisoudili dudlnimu mechanismu zachytu plynd na
polycyklotrimery, pfi kterém se kombinuje adsorpce plynu na povrchu permanentnich
port a pranik plynu do ptivodné neporéznich segmentti polymeru za vzniku do¢asnych
port. V této souvislosti je tfeba pfipomenout, zZe Pc(2,6-DEA) nebyl G¢inny pfi zachytu
plynt (testovan N2 a CO»). Tento polymer postrddd permanentni pory (potvrzeno N2
izotermou), nicméné tento polymer nevykazuje zachyt plynti ani v dtsledku pronikani
plynu do neporéznich segmentti. Zda se tedy, Ze pro uc¢inny zachyt plynti cestou
pronikani plynd do neporéznich segmentli je nezbytnd piitomnost permanentnich
mikro/mesop6ri ve struktufe polycyklotrimert. Témito permanentnimi péry je plyn
efektivné rozvadén polymerem a dostdava se tak do kontaktu s velkym poctem
neporéznich segmentti polymeru.

Pronikdni plynu do neporéznich segmenti miize teoreticky pfispivat k zachytu
plynt na réznych mikro/mesoporéznich organickych polymerech, nebot segmenty
téchto polymertt mohou vykazovat (na rozdil od vétsiny anorganickych adsorbenti)
mensi ¢i vétsi konformacni flexibilitu v dtsledku vnéjsiho tlaku plynt. Skute¢nost, Ze se
tento jev markantné projevil pravé v pfipadé ndmi studovanych Pc(1,4-DEB) a
Pc(2,6-DEN), zfejmé souvisi s kovalentni strukturou téchto polymert. Jak jiz bylo
ukazano v Kap. 4.2.1, Pc(1,4-DEB) a Pc(2,6-DEN) jsou intenzivné vétvené polymery,
které jsou castecné zesitované, pficemz sitovani je realizovano veétSimi
intramolekuldrnimi smyckami (diskuze k Tab. 12 v Kap. 4.2.1). Tato textura zajistila
dostatecné mnozstvi permanentni mikro/mesopo6rt v polycyklotrimerech. Charakter
zesitovani soucasné zajistil dostate¢nou konformacni flexibilitu fetézct v neporéznich
segmentech, diky které byla umoZznéna t¢inna tvorba doc¢asnych pérd. V této souvislosti
je vhodné pfipomenout chovani polyacetylenovych siti (Kap. 4.1) pii adsorpci dusiku.

Jak je patrné z vysledkd prezentovanych v Kap. 4.1, adsorpéni/desorpéni izotermy No
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na polyacetylenovych sitich vykazuji vétsinou hysterezni smycky, které jsou uzaviené
(Castecné uzaviené) ptip/po ~ 0,4 - 0,5. Tento typ hystereznich smy¢cek je mozno pripsat
zejména pritomnosti mesopéra v textufe polymeru. Skutecnost, Ze adsorpci/desorpci
N2 na polyacetylenovych sitich neprovazeji jevy ukazujici na vyznamné pronikani
dusiku do neporéznich segmentt sité, je zfejmé dana kovalentni strukturou téchto siti.
Na vzajemném propojeni fetézcil polyacetylenovych siti se totiz (na rozdil od fetézcti
polycyklotrimerti) podili propojeni pres kratké (arylenové) spojky, coz ziejmé vede ke

vvvvv

konformacni rigidité segmentt polyacetylenovych siti.
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5 ZAVER

Byla popsdna pfiprava nového typu rigidnich nebotnajicich konjugovanych
polymernich siti s vysokym obsahem permanentnich mikro- a mesopori
vykazujicich vysoké specifické povrchy. Kovalentni strukturu téchto siti tvofi
substituované polyacetylenové fetézce, které jsou vzdjemné husté propojené
arylenovymi spojkami. Céste¢né rigidni charakter polyacetylenovych fetézci a
rigidni charakter spojek téchto fetézciti zabezpecuje, Ze péry v téchto sitich maji
permanentni charakter, tj. zlistavaji v sitich zachovény i po odstranéni rozpoustédel
ze siti. Piiprava siti spociva v fetézové koordina¢ni polymerizaci diethynylarent
(1,4-diethynylbenzen, 1,3-diethynylbenzen a 4,4’-diethynylbifenyl) provadéné
v prostiedi organickych rozpoustédel (zejména CH:Cl,) a katalyzované inzertnimi
katalyzatory na bazi komplexu rhodia, zejména pak komplexem [Rh(nbd)acac].
Polyacetylenové sité jsou ziskany jako jediny produkt této reakce, a to ve vysokych
vytézcich, které se ¢asto blizi 100 %. Metathesni katalyzatory na bazi komplexti a

slou¢enin molybdenu a wolframu jsou pro tuto reakci netc¢inné.

Detailni studie polymerizaci katalyzovanych [Rh(nbd)acac] v CHCl, ukézala, ze
volbou polymeriza¢nich podminek lze uc¢inné regulovat nékteré texturni
charakteristiky polyacetylenovych siti. Zatimco sité pfipravené za laboratorni
teploty obsahuji pfevazné mikropoéry, sité odvozené od stejnych monomert avsak
pripravené za teploty 75 °C obsahuji kromé mikrop6rt téz vyrazné mnozstvi
mesoporh. Nejpravdépodobnéjsi praimér mesop6ért prokdzanych v pfipravenych
sitich se pohyboval v zavislosti na typu monomeru a na polymeriza¢nim ¢ase v
intervalu 4 nm az 22 nm. Nejpravdépodobnéjsi pramér mikroport (sledovany jen
pro vybrané sité) byl pouze maélo citlivy na podminky polymerizace a pohyboval se
od 0,66 nm do 1,02 nm, pfi¢emz mirné klesal v disledku zvySeni polymeriza¢ni
teploty. Specifické povrchy urc¢ené z adsorpé¢nich izoterem dusiku, Sger, dosahovaly
v pfipadé mikroporéznich siti hodnot az 882 m?/g. V piipadé
mikro/mesoporéznich siti byly dosazené hodnoty vyssi, a to az 1469 m2/g. Byl
navrzen mechanismus objasiiujici tvorbu mesop6rt v polyacetylenovych sitich jako

disledek kovalentniho propojovani primérné vzniklych drobnych ¢&éstic

mikroporézniho polymeru.
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Z pohledu kovalentni struktury siti bylo zvySeni polymeriza¢ni teploty a
prodlouzeni doby polymerizace vedouci ke tvorbé mesopérti doprovazeno
narlstem konverze ethynylovych skupin na postrannich jednotkach
polyacetylenovych fetézctli, coZz je v souladu s ndmi navrzenym mechanismem

tvorby mesoporti.

Transformace 1,3-diethynylbenzenu na polyacetylenové sité katalyzovana
[Rh(nbd)acac] byla tspésné realizovana i v emulznim uspotfdddni s vyuZzitim
emulze typu HIPE obsahujici vysoky podil vody (80 - 90 obj. %). Voda v emulzi
slouzila jako templat, diky kterému byly do textury siti zavedeny oteviené
makropéry. Stiedni pramér makropérd pripravenych siti dosahoval hodnoty
4,8 pm, pficemz makropory byly vzajemné propojeny kanalky s pramérem zhruba
1 pm. Polymer tvofici stény makropért vykazoval navic mikro/mesoporézni
texturu se specifickym povrchem az 109 m2/g. Takto texturné hierarchizované sité
kombinujici v textufe makropéry a mensi pory jsou aplika¢né velmi zajimavé.
Makropéry mohou byt vyuZity k imobilizaci vétsich chemickych nebo biologickych
¢astic, mensi pory pak mohou zajistit transport malych molekul k imobilizovanym
¢asticim. Obdobné aplika¢ni vyuZiti pfipada v tvahu i u hierarchizovanych
polyacetylenovych siti obsahujicich kromé mikropoérti pouze vétsi mesopory, které

jsou diskutovany v predchazejicim odstavci.

Bylo prokédzéno, Ze dlouhodobym zahtfivdnim polyacetylenovych siti rtzné
priméarni textury na 280 °C ve vakuu je mozno dosahnout dodate¢ného propojeni
segmentt siti, které se projevi nartstem zastoupeni mikropérti a submikroport
v sitich a nartistem adsorpc¢nich kapacit zejména pro plyny s nizsim kinetickym
primeérem molekul. Adsorpéni kapacity pro COz a Hz na termicky modifikovanych
polyacetylenovych sitich dosahly hodnot az 1,78 mmol(CO)/g (273 K, 750 Torr) a
4,55 mmol(H>)/ g (77 K, 750 Torr). Postpolymeriza¢ni termicka transformace textury
siti je disledkem vzdjemné reakce volnych ethynylovych skupin, které jsou
pritomny na postrannich substituentech linearnich jednotek primarné pfipravenych
polyacetylenovych siti. Domnivame se, Ze pifi zahfivani siti dochazi prevazné
k cyklotrimerizaénim a aromatiza¢nim transformacim volnych ethynylovych
skupin. Volné ethynylové skupiny polyacetylenovych siti pfedstavuji s ohledem na
svou reaktivitu zajimavy strukturni prvek potencidlné vyuZitelny pro Sirsi

spektrum postpolymeriza¢nich modifikaci téchto siti. Kromé termické modifikace
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popsané v této préci je mozno uvazovat o reakcich volnych ethynylovych skupin
s nizkomolekuldrnimi latkami. V tvahu pfipadaji zejména spojovaci (coupling)
reakce, click reakce a adice na trojnou vazbu. Vyzkum v tomto sméru byl neddvno

v nasi skupiné zahajen.

Pro homopolycyklotrimerizaci diethynylarenti, konkrétné 1,4-diethynylbenzenu a
2,6-diethynylnaftalenu, byl nové uspésné aplikovdn katalyticky systém
TaCls/PhsSn. Jedinym produktem reakce byly (ve vysokém vytézku) prislusné
nerozpustné a nebotnajici intenzivné vétvené a Castecné zesitované
polycyklotrimery, ve kterych jsou arenova jadra monomertt propojena
benzentriylovym spojkami vzniklymi cyklotrimerizaci tfi ethynylovych skupin.
Pouziti katalytického systému TaCls/PhsSn misto katalyzatortt na bazi kobaltu,
jejichz aplikace je pro tento typ cyklotrimerizace popsana v literatute, (i) dovolilo
provést polycyklotrimerizace za laboratorni teploty a (ii) pfipravit polycyklotrimery
s niz$im stupném sitovani.

Polycyklotrimery 1,4-diethynylbenzenu a 2,6-diethynylnaftalenu vykazovaly
vysoké kapacity zachytu plyna pouzitych pro studium jejich textury. V piipadé
polycyklotrimeru  1,4-diethynylbenzenu dosdhly tyto kapacity hodnot:
51,0 mmol(Nz)/g (77 K, 750 Torr), 2,45 mmol(COy)/g (273 K, 750 Torr) a
6,25 mmol(H>)/ g (77 K, 750 Torr). U obou polycyklotrimerti bylo pfi studiu zachytu
plynt pozorovéno malo obvyklé chovani projevujici se (i) Sirokymi neuzavienymi
hystereznimi smyckami na adsorpcnich/desorpénich izotermach dusiku a
(ii) vyraznou zavislosti adsorp¢nich izoterem CO, na ekvilibraénim case. Toto
chovani je =zfejmé dano dudlnim mechanismem zachytu plyni
v polycyklotrimerech, kdy k zachytu plynu pfispiva nejen jeho adsorpce na povrchu
permanentnich pordi, ale vyznamnou mérou i pronikdni plynu do ptvodné
neporéznich ¢asti polycyklotrimerti za vzniku docasnych poértt schopnych plyn
zadrzet. Vyrazné pronikani plynt do ptivodné neporéznich ¢asti polycyklotrimert
je zfejmé umoZnéno konformacni flexibilitou strukturnich segmentt
polycyklotrimertt danou nizkym stupném zesitovani téchto polymert. Tato
predstava je podpofena vysledky studie teplotni zévislosti zachytu CO. na
polycyklotrimerech, kterd ukazala, Ze rozsah pronikani CO>» do neporéznich ¢asti
polymerti nartsta s rostouci teplotou, tedy s rostouci konformacni flexibilitou

strukturnich segmentti polycyklotrimert.
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7 SEZNAM POUZITYCH ZKRATEK

[diyn]o

[kat]o

[kokat]o
[mon]o
[monoyn]o
[Rh(cod)acac]
[Rh(nbd)acac]
[Rh(nbd)Cl]>
1,3-DEB
1,4-DEB
2,6-DEA
2,6-DEN

4,4'-DEBPh

AC

acac

aC02,750 Torr

aH2,750 Torr

aN2,750 Torr

Ar

Agp

Agp?

BET

pocétecni koncentrace bifunkéntho monomeru (mol/1)
pocate¢ni koncentrace katalyzatoru (mmol/1)
pocétecni koncentrace komonomeru (mmol/1)
pocétecni koncentrace monomeru (mol/1)

pocétecni koncentrace monofunkéniho monomeru (mol/1)
acetylacetonato(cyklookta-1,5-dien)rhodium
acetylacetonato(norborna-2,5-dien)rhodium
chloro(norborna-2,5-dien)rhodium
1,3-diethynylbenzen

1,4-diethynylbenzen

2,6-diethynylanthracen

2,6-diethynylnaftalen

4,4'-diethynylbifenyl

celkové latkové mnozstvi plynu zachyceného jednim

gramem adsorbentu

aktivni centrum

acetylacetonato

latkové mnozstvi CO,, (pti 273 K, 750 Torr) adsorbované na
1 g polymeru (adsorpéni kapacita) (mmol/ g)

latkové mnozstvi Ho, (pti 77 K, 750 Torr) adsorbované na 1
g polymeru (adsorpéni kapacita) (mmol/ g)

latkové mnozstvi Ny, (pti 77 K, 750 Torr) adsorbované na 1

g polymeru (adsorpéni kapacita) (mmol/g)

aromatické jadro
integralni intenzity signalti p¥islusejici sp uhlikéim
integralni intenzity signalt ptislusejici sp? uhlikiim

Brunauer, Emmett a Teller
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BJH Barret, Joyner a Halenda

BU vétvici jednotky
Konjugované mikroporézni polymery (Conjugated
MP Microporous Polymers)
cod cycloocta-1,5-dien
CP/MAS NMR cross-polarization magic-angle spinning NMR
Dmeso pramér mesopora (nm)
Dmi pramér mikrop6rt (nm)
DR UV-vis Diffuse Reflectance UV-vis
Diffuse Reflectance Infrared Fourier Transform
DRIFTS
Spectroscopy
DVB divinilbenzen
E teoretickd porozita emulze (%)
Et:N triethylamin
f funkcionalita monomeru
FTIR Fourier Transform Infrared
Hacac acetylaceton(2,4-pentandion)
HIPE High Internal Phase Emulsion
H-K Horvath-Kawazoe
hm. % hmotnostni procenta (%)
IUPAC The International Union of Pure and Applied Chemistry
vzdalenosti vnitfnich uhlik(i ethynylovych skupin
: diethynylarenu (nm)
LU linearni jednotky
MALS Multi Angle Light Scattering
MEA multiethynylaren
M-MtL, komplex monomer-aktivni centrum
mol. % molarni procenta (%)
MOP Mikroporézni Organické Polymery
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MtL,
M

NAM

nbd

ng

p/po
P1-P23

Pc(1,4-DEB)

Pc(2,6-DEA)

Pc(2,6-DEN)
PhA

poly(1,3-DEB)

poly(1,4-DEB)

poly(4,4"-DEBPh)

poly(PhA)
PS

Qst
S BET

SEC

SEC/MALS

SEC/PS

SEM

katalytické centrum
hmotnostni stfed relativni molekulové hmotnosti
pocet aromatickych uhlikéi v monomerni jednotce

norborna-2,5-dien

latkové mnozstvi nezreagovanych ethynylovych skupin

(mmol/g)

rovnovazny relativni tlak

kédy prislusnych polyacetylenovych siti
polycyklotrimer vznikly polycyklotrimerizaci
1,4-diethynylbenzenu

polycyklotrimer vznikly polycyklotrimerizaci
2,6-diethynylanthracenu

polycyklotrimer vznikly polycyklotrimerizaci
2,6-diethynylnaftalenu

fenylacetylen

polyacetylenicky polymer vznikly polymerizaci
1,3-diethynylbenzenu

polyacetylenicky polymer vznikly polymerizaci
1,4-diethynylbenzenu

polyacetylenicky polymer vznikly polymerizaci
4,4’ -diethynylbifenylu

polyfenylacetylen

polystyren

isosterické adsorpéni teplo

specificky povrch uréeny metodou BET (m2/g)
Size Exclusion Chromatography

metoda Size Exclusion Chromatography vyuZzivajici
detektoru Multi Angle Light Scattering

metoda Size Exclusion Chromatography vyuZzivajici

polystyrenovou kalibraci

Skenovaci Elektronovy Mikroskop
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t

T
TGA
THF
Vicn,a1,)
V0
Vmoln,
Vimon)
Vmeso
Vi
Xpu

XLy

At

reakéni doba

termodynamicka teplota (K)
termogravimetricka analyza

tetrahydrofuran

objem CHCl, (ml)

objem vody (ml)

objem jednoho molu kapalného dusiku
objem monomeru (ml)

objem mesop6rt (cm3/g)

objem mikropéra (cm3/g)

molérni frakce vétvicich jednotek v polymeru
molarni frakce linearnich jednotek v polymeru
vytéZzek polymeru (%)

ekvilibra¢ni ¢asova prodleva (s)

stupen konverze ethynylovych skupin monomernich

jednotek zapojenych do makromolekuly
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Polyacetylene-Type Networks Prepared by
Coordination Polymerization of Diethynylarenes:
New Type of Microporous Organic Polymers

Vladimira Hankova, Eva Slovakova, Jifi Zednik, Jiri Vohlidal,
Radoslava Sivkova, Hynek Balcar, Arnost Zukal, Jifi Brus, Jan Sedlacek*

Microporous organic polymers (MOP) of a new type have been synthesised in high yields
by a simple coordination polymerization of 1,3-diethynylbenzene, 1,4-diethynylbenzene

and 4,4’-diethynylbiphenyl catalysed by [Rh(cod)acac] and
[Rh(nbd)acac] complexes. The new MOPs are non-swellable

HC=C-Ar—C=CH Ar

X
polyacetylene-type conjugated networks consisting of ethy- cH g cH @
nylaryl-substituted polyene main chains that are crosslinked g ¥ 9 O
by arylene linkers. Prepared MOP samples have a mole frac- ng@icicfcfﬁw
tion of branching units (by 3C CP/MAS NMR) from 0.30 to I O
0.47 and exhibit the BET (Brunaer-Emmett-Teller) surface up W?fﬁ—é’ﬁ—?fcm
to 809 m? g and hydrogen uptake up to 0.69 wt% (77 X, H, oo i O
pressure 750 torr). i, CHR e

1. Introduction

Crosslinked microporous organic polymers (MOP) are
intensively studied as materials with potential appli-
cations particularly in gas adsorption and storage.l~*?]
Examples of MOPs of this type include hyper-crosslinked
poly(styrene-co-divinylbenzene),’®°! polyanilines,'*! poly-
pyrroles,*4 poly(arylenevinylene)*>! and networks of
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Sget up to 809 m?/g

aromatic rings.[1216-18] Another types of crosslinked MOPs
have been prepared from acetylene-type monomers.!**]
Starting materials were either a mixture of di- and tri-ethy-
nylarenes or a mixture of these ethynylarenes with (di- or
tri-) iodo- or bromoarenes (average functionality of mono-
mers, f > 2). MOPs of the poly(arylenebutadiynylene)2°]
and poly(aryleneethynylene)2:-23 type were prepared
from these mixtures via the Pd-catalysed homo- and
cross-coupling. The specific surface area, Sgpr = 1000 m? g1
was mostly reported for these networks. An exception-
ally high value (Sggr = 1917 m? g!) was reported by Holst
et al.l?4l for networks based on monomers with f = 4 con-
taining an sp? central carbon [tetrakis(4-ethynylphenyl)
methane and tetrakis(4-iodophenyl)methane]. Cooper
et all?l studied poly(aryleneethynylene) networks in
terms of their hydrogen storage capacity and revealed the
hydrogen uptake up to 1.14 wt% (1.13 bar, 77 K).

An alternative path of transformation of ethynylarenes
of higher functionality into MOPs might consist in coor-
dination polymerization of these monomers catalysed by
transition metal catalysts via methods known from prepa-
ration of linear poly(monosubstituted acetylene)s.2>26] For
example, coordination polymerization of a non-vicinal

DOI:10.1002/marc.201100599
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diethynylbenzene may be assumed to yield a crosslinked
polyacetylene-type poly(diethynylbenzene) that might rep-
resent an unsaturated analogue of poly(divinylbenzene). If
a high extent of crosslinking is achieved, the microporous
character of crosslinked polyacetylene-type polymers (con-
tributed by a partly rigid character of the polyene main
chains) seems to be promising. To the best of our knowl-
edge, no report is available in the literature on this type
of polymerization leading to MOP products. The poly-
merization of 1,4-diethynylbenzene described by Yang and
co-workers was optimised for formation of soluble linear
or partly branched poly[(4-ethynylphenyl)acetylene]s,??”]
which were further studied as stimuli-responsive mate-
rials.?®! Russo and co-workers[?°! described oxidative and
catalytic polymerization of 4,4’-diethynylbiphenyl into
insoluble polymers. However, the products porosity and
adsorption properties have not been studied.

In this contribution, we report the first results on Rh-
catalysed coordination polymerizations of non-vicinal
diethynylarenes yielding networks that may be denoted as
polyacetylene-type MOPs. The efficiency of newly prepared
networks in hydrogen adsorption is discussed as well.

2. Experimental Section

2.1. Materials

Trimethylsilylacetylene, 4,4’-dibromobiphenyl, acetylacetonato-
(cycloocta-1,5-diene)rhodium(I) [Rh(cod)acac], acetylacetonato-
(norborna-2,5-diene)rhodium(I),[Rh(nbd)acac], bis(triphenylphosphine)
palladium(II) dichloride [(PdCl,(PPhs),)], triphenylphosphine
(PPh3) and Cu,l, (all by Sigma-Aldrich) were used as obtained.
1,3-Diethynylbenzene (1,3-DEB) and 1,4-diethynylbenzene (1,4
DEB) (both Sigma-Aldrich) were purified by vacuum distillation
(1,3-DEB) and vacuum sublimation (1,4-DEB). Dichloromethane
(Lachema, Czech Republic) was distilled from P,Os. 4,4’-Diethy-
nylbiphenyl (4,4"-DEBPh) was prepared by Sonogashira cou-
pling from trimethylsilylacetylene and 4,4’-dibromobiphenyl
catalysed by [PdCl,(PPhs),]/Cu,l,/PPh; followed by deprotec-
tion of 4,4’-bis(trimethylsilylethynyl)biphenyl intermediate by
tetrabutylammonium fluoride. The crude product was twice
crystallized from n-hexane. *H and 1*C NMR spectral characteris-
tics of prepared 4,4’-DEBPh were in agreement with literature.[?%]

2.2. Techniques

For size exclusion chromatography (SEC) two devices were used:
(i) Agilent Technologies 1100 Series apparatus with refractive
index (RI) detector that provided apparent molecular-weight
characteristics based on columns calibration with polystyrene
(PS) standards. (ii) SEC/MALS apparatus equipped with Wyatt
multi-angle light-scattering detector DAWN EOS and RI detector
that provided absolute molecular-weight characteristics. Two
PL-gel columns (Mixed B and Mixed C) and tetrahydrofuran (THF)
as a mobile phase were used with both SEC devices.

All 3C CP/MAS NMR spectra were measured at 11.7 T
using a Bruker Avance 500 WB/US NMR spectrometer in a
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double-resonance 4-mm probehead at spinning frequency 12 kHz.
The length of 90° (*H) pulse was 2.5 s, strength of spin-locking
field B,(*H,'3C) expressed in frequency units w,/2n = yB; was
64 kHz, the recycle delay was 6 s and cross-polarization
contact time was 3 ms to reach quantitative results. During
the acquisition of NMR signals heteronuclear TPPM (two-pulse
phase-modulated) decoupling at «,/2n = 89.3 kHz was applied.
Active cooling was used to compensate frictional heating of
rotating samples.[3°]

DR UV/vis spectra of polymers were recorded using a Perkin-
Elmer Lambda 950 spectrometer.

Adsorption isotherms of nitrogen and hydrogen at 77 K were
determined using an ASAP 2020 (Micromeritics) volumetric
instrument equipped with three pressure transducers covering 133
Pa, 1.33 kPa and 133 kPa ranges. Polymer samples were outgassed
as follows: Starting from room temperature the polymer was
outgassed at 353 K (heating ramp of 0.5 K min~1) until the residual
pressure of 1 Pa. After 1 h delay at 353 K, the temperature was
further increased (heating ramp of 1 K min~1) up to 383 K. The
sample was outgassed at this temperature under turbomolecular
pump vacuum for 6 h. The BET surface area, Sgg, was determined
by means of nitrogen adsorption data in relative pressure range
from 0.05 to 0.25. The BET transform plots (see Supporting
information, Figure S1) was linear in this pressure range, which
includes the limits suggested previously.®!l for analysis of nitrogen
adsorption on microporous polymers. The micropore volume Vi
was determined according to a previous report.[32],

2.3. Polymerizations

All polymerizations were carried out in CH,Cl, at room tempera-
ture. The initial concentrations were as follows: [Monomer], =
0.6 mol L7, [Catalyst], = 0.006 mol L1, All polymerizations pro-
ceeded as precipitation reactions. After 180 min, the reaction
suspension was poured into the excess of CH,Cl, and the solid
polymer was washed by decantation in CH,Cl, and then in meth-
anol. Finally, the product was separated by filtration, dried in
vacuo and the yield was determined gravimetrically.

3. Results and Discussion

3.1. Synthesis and Spectroscopic Characterization
of Polymers

Mononuclear Rh(I) complexes, [Rh(nbd)acac] and [Rh(cod)
acac] were used as polymerization catalysts. These catalysts
(without a cocatalyst) are known to polymerize efficiently
acetylenic monomers with one-terminal triple bond into
linear high molecular-weight poly(monosubstituted acety-
lene)s.333¢] Using these catalysts, three diethynylarenes
(1,3-DEB, 1,4-DEB, 4,4’-DEBPh), that is, monomers with two
equal terminal triple bonds, were polymerized in our study
(see Scheme 1). The following list summarises the prepared
polymers and their codes: (i) poly(1,3-diethynylbenzene)
and poly(1,4-diethynylbenzene) prepared with [Rh(cod)
acac] catalyst, codes: P(1,3-DEB). and P(1,4-DEB), respec-
tively, (ii) poly(1,3-diethynylbenzene), poly(1,4-diethynyl-
benzene) and poly(4,4’-diethynylbiphenyl) prepared with
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B Scheme 1. Synthesis of polyacetylene-type MOPs.

[Rh(nbd)acac] catalyst, codes: P(1,3-DEB)y, P(1,4-DEB)y and
P(4,4’-DEBPh)y, respectively.

In all polymerizations, the slightly yellow solution of
catalyst turned red after addition of a colourless monomer
solution that indicated monomer transformation into
conjugated polyacetylene-type polymer. Later (2-5 min),
the onset of precipitation of a red-brown polymer was
observed by naked eye. As the reaction continued the
amount of voluminous polymer precipitate was increasing.
In the case of P(1,4-DEB)y synthesis, we succeeded in SEC
analysis of the soluble polymer before its precipitation. A
withdrawn sample of the reaction mixture (reaction time
2—-3 min) was immediately diluted with THF (1/100, V/V)
and analysed by (i) SEC/MALS and (ii) SEC device using PS
calibration of columns. Analyses provided following values
of weight-average molecular weight, M,,: an absolute
value, M,(MALS) = 3.1 x 10° and an apparent value,
M, (PScal) = 2.1 x 105 The relation M, (MALS) >>
M,, (PScal) indicates that the analysed P(1,4-DEB)y was (even
at the onset of its formation) highly branched or partly
crosslinked. The product precipitation observed during the
polymerization of all diethynylarenes thus evidently reflects
the crosslinking of the polymers formed.
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I Figure 1. DR UV/vis spectra (panel A) and 3C CP/MAS NMR spectra
(panel B) of polymers prepared with [Rh(nbd)acac].

The isolated yields of polymers were from 80% to 90%
(see Table 1). All polymers prepared were brown-red brittle
solids insoluble and non-swellable in tested solvents (THF,
CH,Cl,, CHCl; and benzene). Figure 1 shows the DR UV/vis
spectra of polymers prepared with [Rh(nbd)acac]. Very sim-
ilar DR UV/vis spectra resulted for polymers prepared with
[Rh(cod)acac]. Spectra of all polymers showed a broad absorp-
tion band with maximum in the region from 370 to 420 nm
and a low-energy absorption edge from 590 to 640 nm.
We ascribed this band to n—r transition of partly conju-
gated main polymer chains according to the assignment
of UV/vis bands of linear (substituted) polyacetylenes.[*738]
13C CP/MAS NMR spectra of all poly(diethynylarene)s
contained (i) a broad, partly resolved signal in the region
115-150 ppm that corresponds to the resonance of aromatic
carbons and carbons of the polymer main chains®° and (i)
signals at about § = 83 and 76 ppm that correspond to car-
bons of non-transformed pendant ethynyls. Spectra of poly-
mers prepared with [Rh(nbd)acac] are shown in Figure 1,
the same pattern of spectra resulted for polymers prepared
with [Rh(cod)acac]. The polymers prepared can be assumed

Table 1. Yield (Y), degree of branching (DB) (by 3C CP/MAS NMR) and adsorption characteristics of poly(diethynylarene) networks. Sger
is the specific surface area obtained from the N, adsorption isotherm using BET approach, Vy is the micropore volume, ay, 7sotorr is the
volume of H, (in cm3 at STP (Standard Temperature and Pressure)) adsorbed on 1 g of a network (H, pressure = 750 torr).

Sample Y DB SgeT Vi AH2,750torr 112,750t0r/ SBET
[%] [m?g™] [em®g ] [cm®(STP) g [cm?(STP) m™?]
P(1,3-DEB), 90 0.39 498 0.151 49.5 0.099
P(1,4-DEB). 80 0.44 512 0.160 59.3 0.116
P(1,3-DEB)y 83 0.46 653 0.206 66.9 0.102
P(1,4-DEB)y 85 0.30 809 0.247 77.8 0.096
P(4,4-DEBPh)y 87 0.47 731 0.224 73.4 0.100
~ ol
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to consist of two kinds of monomeric units: (i) linear units
in which only one ethynyl group was transformed into
a segment of polymer main chain, whereas the second
ethynyl remained non-transformed and (ii) branching
units in which both ethynyl groups were changed into the
segments of polymer main chains. The mole fraction of
branching units can be considered as degree of branching
of a polymer, DB. Values of DB were obtained from 3C CP/
MAS NMR data according to Equation (1).

DB= [1-AJ/A,p(n,/2+ DII(AJA,+1). (1)

Symbol n,, stands for the number of aromatic carbon
atoms per a monomeric unit, Ay is the integral intensity
of signals of triple-bond carbons and A,,p is the integral
intensity of signals of aromatic and main chain double-
bond carbons. As evident from Table 1, DB values from
0.30 to 0.47 resulted for polymers prepared. No system-
atic relation was found between the DB values and the
type of catalysts and/or monomer applied for polymers
preparation. *C CP/MAS NMR results support the idea
that polymers prepared are the polyacetylene-type net-
works with ethynylaryl-substituted polyene main chains
that are crosslinked via arylene linkers, as it is depicted
in Scheme 1.

3.2. Nitrogen Adsorption Characteristics
of Prepared Polymers

Nitrogen adsorption isotherms revealed microporous
character of all poly(diethynylarene)s prepared. The
isotherms on the polymers derived from 1,3-DEB and
1,4-DEB monomers exhibited typical flat hysteresis loop
reminiscent of type H4 hysteresis of IUPAC classifications.
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The isotherm on P(4,4’-DEBPh)y sample exhibited hys-
teresis loop of the type H3 of IUPAC classifications.
The discussed difference in isotherms is evident from
Figure 2 (panel A) where all the nitrogen isotherms are
shown. Pore size distributions calculated from desorp-
tion branches of nitrogen isotherms using BJH (Barrett-
Joyner-Halenda) algorithm are displayed in Supporting
information (Figure S2). Samples P(1,3-DEB), P(1,4-DEB)c,
P(1,3-DEB)y and P(1,4-DEB)y contain a minimal volume of
very small pores, which corresponds to the step desorp-
tion of the end of hysteresis loop. The hysteresis loop of
the isotherm on the sample P(4,4’-DEBPh)y indicates the
presence of mesopores, which volume can be assessed
roughly as =0.7 cm? g%, This finding may reflect a higher
length of 4,4’-biphenylene crosslinks joining polyene
chains of P(4,4’-DEBPh)y. Hysteresis loops of isotherms on
all samples are not closed. This phenomenon of so-called
low-pressure hysteresis is typical for nitrogen adsorption
on “soft” polymer adsorbents. The detailed discussion
and possible explanation are given in ref.[31]. The tex-
ture parameters of polymers prepared are summarized
in Table 1. The BET surface area, Sggy, ranged from 498 to
809 m? g! and for polymers derived from 1,3-DEB and
1,4-DEB it showed a slight correlation with the type of
monomer and catalyst applied for synthesis: (i) polymers
prepared with [Rh(nbd)acac] exhibited higher Sggr values
in comparison with polymers prepared with [Rh(cod)
acac], (ii) higher Sggr values resulted for polymers derived
from 1,4-DEB in comparison with their counterparts
derived from 1,3-DEB.

On the other hand, no straight correlation was found
between Sgpr and DB values. It indicates that besides DB,
other factors may influence the specific surface area,
for example, configurational structure of polyene main

804 (B) 4
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&
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R
g 404
° IAIA'A'A
A
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o
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200 400 p (torr)800 800

Figure 2. Nitrogen adsorption isotherms (panel A) and hydrogen adsorption isotherms (panel B) on samples P(1,3-DEB) (curves 1), P(1,4-
DEB) (curves 2), P(1,3-DEB)y (curves 3), P(1,4-DEB)y (curves 4) and P(4,4’-DEBPh)y (curves 5). Solid points denote desorption. Nitrogen adsorp-
tion isotherms No. 2,3, 4 and 5 are shifted vertically by 100 cm3 g™ STP each, the nitrogen adsorption isotherm No.1is not shifted. Inset in
panel B shows representative points for hydrogen adsorption (empty points) and desorption (solid points) on P(1,3-DEB)c.
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chains of the networks. The insolubility of networks,
however, makes the configuration of polyene main chains
very difficult to be reliably revealed.

The above survey shows that the texture parameters of
studied poly(diethynylarene)s are partly sensitive to the
parameters of the synthesis. Research is in progress in our
laboratory aimed to obtaining a further insight into the
above outlined relations.

3.3. Hydrogen Adsorption on Prepared Polymers

Hydrogen adsorption isotherms are shown in Figure 2
(panel B). In contrast with nitrogen adsorption, the
adsorption of hydrogen on all polymers was reversible
(see the insert in Figure 2). Hydrogen adsorption capaci-
ties of polymers, ayy7sotor, are summarised in Table 1.
Symbol ayy 75010y Stands for the volume of H, in cm3
(at STP conditions) adsorbed on 1 g of polymer (adsorp-
tion conditions: temperature 77 K, H, pressure 750 torr).
As evident from Table 1, values of ay; 750ty from 49.5 to
77.8 cm? g1 (STP) were achieved that corresponded to
hydrogen uptake from 0.44 to 0.69 wt%. The inspection of
data in Table 1 showed that the ratio ays 750tor/Sper Was
nearly constant for all the polymers tested, that is, the
hydrogen adsorption capacities were proportional to the
surface area Sggr.

4. Conclusion

The efficiency of coordination polymerization for the trans-
formation of non-vicinal diethynylarenes into MOPs has
been demonstrated and MOPs of a new type, polyacety-
lene-type MOPs, have been prepared. Polyacetylene-type
MOPs consisting of ethynylaryl-substituted polyene main
chains crosslinked via arylene crosslinks may represent
an easy accessible alternative to poly(aryleneethynylene)-
type MOPs which are step growth polymerizations prod-
ucts. Prepared MOPs exhibit the Sgpr area up to 809 m? g*
and seem to be promising for adsorption and gas-storage
applications. As the texture parameters of polyacetylene-
type MOPs were found to be partly sensitive to the con-
ditions of synthesis, a further optimisation of physical
properties (hydrogen uptake, in particular) of these mate-
rials seems to be possible.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Figure S1. BET transform plots of the samples: P(1,3-DEB)¢ (curve 1), P(1,4-DEB)c¢ (curve
2), P(1,3-DEB)y (curve 3), P(1,4-DEB)x (curve 4), and P(4,4’-DEBPh)y (curve 5).
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Chain-growth polymerization of 1,4-diethynylbenzene into conjugated crosslinked polyacety-
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the polymerization solvent, in the order: THF << pentane < benzene < methanol < CH,Cl,. Sggt
further increases with both increasing monomer concentra-
tion and increasing polymerization temperature and reaction
time, reaching a highest value of 1469 m? g™*. In addition to
micropores, PDEBs contain mesopores. The mesopore volume
and average mesopore diameter increase with the time and
the temperature of the polymerization up to 2.52 cm3 gt and
22 nm (72 h, 75 °C). The post-polymerization thermal treat-
ment of PDEB (280 °C) results in formation of new crosslinks
and modification of PDEB texture and sorption behavior man-
ifested mainly by enhancement of H, adsorption capacity up
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1. Introduction

Porous polymers with pore sizes in the microporous range,
reported often as microporous organic polymers (MOPs),
have become materials of great and steadily increasing
interest over the last decade.l*] The potential applications
of MOPs range from: i) gas separation and reversible
storage,[619 ii) catalysis,'*'4 and iii) energy transfor-
mation and storagel>*>1¢ to iv) optoactive materials and
sensors.'7-19] The microporosity of the majority of MOPs
results from their extensive crosslinking that provides mor-
phological rigidity to these polymers.l'] A wide spectrum
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of synthetic paths to crosslinked MOPs is reported in the
literature, mainly: polycondensations of multifunctional
monomers,[2021  FeCl;-catalyzed hypercrosslinking of
arene-containing prepolymers and/or monomers,[2223!
coupling reactions of multifunctional monomers,'#24 trim-
erization reactions, 526! and others.

Acetylene monomers, ethynylarenes in particular, have
been described many times as excellent starting mate-
rials for the synthesis of a variety of (mostly soluble) con-
jugated polymers and oligomers (see review by Tang and
co-workers?”)). Step-growth polymerizations, cyclotrim-
erizations, and chain-growth polymerizations have been
mostly used as the synthesis methods. Some of these
reactions have recently been modified by increasing the
functionality of monomer(s) applied for the synthesis,
and several types of MOPs based on acetylene monomers
have been prepared. Highly conjugated poly(arylenebut
adiynylene)?®%°l and poly(arylene-ethynylene)[28293132]
networks prepared via step-growth Pd-catalyzed cou-
plings are the best known MOPs of this type. The starting
materials for these networks were either a mixture of
multiethynylarenes (MEAs) or a mixture of MEAs with
(multibromo)arenes or (multiiodo)arenes (average func-
tionality of monomers, f > 2). The Brunauer-Emmett—
Teller (BET) specific surface area, (Sggr) about 1000 m? g2
was prevailingly reported for these networks although
exceptionally high Sgzr values (1700-1900 m? g2)[33:34]
were revealed for networks prepared from tetrahedral
monomers with f = 4. The reaction of MEAs with multi-
azidoarenes (“click” reaction) is another step-growth path
to MOPs (Sggr up to 1200 m?2 g1).[10.3335] The polycyclotri-
merization of MEAs (f is from 2 to 4) was described as an
efficient tool for the synthesis of polyarylene type MOPs
(Sger up to 1300 m? g1), in which the original arene cores
of monomers were interconnected by benzenetriyl linkers
formed via cyclotrimerization of three ethynyl groups of
MEAs, [26.34.36]

Chain-growth polymerization of acetylenes containing
one terminal ethynyl group, HC=CR, into monosub-
stituted polyacetylenes, [-HC=CR—],, represents the
most studied mode of the transformation of acetylenes
into conjugated polymers.273738] Several hundreds of
monomers have been polymerized in this way since
1970s.37-%0 The polymerizations are mostly performed
as catalyzed reactions: either metathesis catalysts (Mo
and W compounds)“*#? or insertion catalysts (mainly
Rh and Pd compounds)i?’43-%] are used. The type of the
polymerization catalyst affects the configurational struc-
ture of the prepared polymers. While Rh catalysts pro-
duce highly regular head-to-tail polyacetylenes with a
high content (nearly 100%) of cis-double bonds the cata-
lysts based on W and Mo compounds provide less regular
polymers with both cis- and trans-double bonds in the
main chains.?73741.4647] Surprisingly, only several papers
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report on the chain-growth polymerization of acetylenes
aimed at the preparation of branched or crosslinked
polyacetylenes that may, in principle, be achieved by a
simple increase in the monomer functionality. Zhan and
Yang[*®! and Lei et al.[*! described homopolymerization
of 1,4-diethynylbenzene (DEB) and copolymerization of
DEB with phenylacetylene (PhA) catalyzed with Ni and
Co catalysts. Dong and Yel**! reported Pd-catalyzed copo-
lymerization of PhA with various diynes. The reaction
conditions of all these polymerizations were optimized so
that the soluble branched polyacetylenes resulted as the
products. Recently, our group reported two types of con-
jugated networks derived from substituted acetylenes by
the chain growth polymerization.>%! The spontaneous
polymerization of ethynylpyridines under quaterniza-
tion with bis(bromomethyl)arenes provided ionic net-
works with the polyene main chains substituted with
pyridyl and pyridiniumyl groups and crosslinked with
—CH,(arylene)CH,— linkers.®%] The Rh-catalyzed polym-
erization of several diethynylarenes (f = 2) provided
networks with the polyene main chains substituted
with ethynylaryl groups and crosslinked with arylene
linkers.’!] The diethynylarenes-based networks exhib-
ited the MOP character with Sggr up to 800 m? g. Results
(reported as a rapid communication)®% further showed
that DEB was the most suitable monomer for the polya-
cetylene networks synthesis.

In this paper, we report the influence of the reaction
conditions (the type of the catalyst, solvent, temperature,
catalyst, and monomer concentrations) on the chain-
growth polymerization of 1,4-diethynylbenzene (DEB)
into poly(1,4-diethynylbenzene) (PDEB) networks. The
study was focused on the possibility to affect the porosity
and the sorption capacity of prepared PDEBs by a proper
choice of the reaction conditions. In addition to it, the
post-polymerization modification of these networks was
studied with the same aim.

2. Experimental Section

2.1. Materials

Acetylacetonato(norborna-2,5-diene)rhodium(I) ([Rh(nbd)acac]),
(norborna-2,5-diene)rhodium(I) chloride dimer, ([Rh(nbd)Cl],),
WClg, MoCls, tetraphenyltin (Ph,Sn), triethylamine (EtsN), meth-
anol, pentane (anhydrous) (all by Sigma—Aldrich), and 2,6-dii
sopropylphenylimido(neophylidene)molybdenum (VI)bis(t-
butoxide) [Mo(=N—CgHj;(i-Pr-2,6),)(=CHCMe,Ph)(O-t-Bu),],
(Mo Schrock carbene) (Strem) were used as obtained. DEB (TCI
Europe) was purified by vacuum sublimation. Dichloromethane
(Lachema, Czech Republic) was distilled from P,0s. Tetrahy-
drofuran (THF) (Sigma—-Aldrich) was distilled from CaH, and
Cul. Benzene (Sigma—Aldrich) used as a solvent in Rh-catalyzed
polymerizations was distilled from P,0s. Purification of benzene
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for the polymerizations with W and Mo catalysts is described
elsewhere.>?]

2.2. Polymerization

The polymerizations with W- and Mo-based catalysts were per-
formed in benzene under vacuum using the break-seal technique.
The polymerizations with Rh-based catalysts were performed
under argon in following solvents: benzene, CH,Cl,, THF, meth-
anol, pentane. The solutions of the catalysts were prepared by dis-
solving a weighed amount of catalyst in 5 mL of a given solvent.
If a cocatalyst was applied (Ph,Sn, Et;N), it was dissolved together
with the catalyst and the resulting solution was reacted at room
temperature for 15 min under stirring. The polymerizations were
started by fast introduction of the solution of DEB in 5 mL of a
given solvent into the solution of the catalyst under stirring. The
initial concentration of DEB in the reaction mixtures ranged
from 0.2 to 1.2 mol L%, the catalyst concentration was either 6 or
18 mmol L. The reaction mixtures were reacted for either 3 h or
72 h at either room temperature or 75 °C. The reaction mixtures
were sealed in a thick wall glass ampoule reactor in the case of
polymerizations performed at 75 °C. The polymerizations were
finished by diluting the reaction mixture (containing the solid
polymer) with the solvent used for the polymerization in the
volume ratio 1:10. The solid polymer was mechanically ground (if
necessary) washed by decantation with the solvent used for the
polymerization and finally dried in vacuum at room temperature
to constant weight. The polymer yield was determined gravimet-
rically. The thermal modification of the polymers was done in a
Biichi B-585 glass oven. About 200 mg of the polymer was heated
in this apparatus for 3 h at 280 °C under vacuum.

2.3. Techniques

All the Fourier transform IR (FTIR) spectra were measured on a
Nicolet Magna IR 760 using the diffuse reflection mode (DRIFTS).
Samples were diluted with KBr.

All the *3C cross-polarization magic-angle spinning (CP/MAS)
NMR spectra of the solid polymers were measured at 11.7 T using
a Bruker Avance III HD 500 US/WB NMR spectrometer (Karlsruhe,
Germany, 2013). The finely powdered samples were placed into
the 3.2-mm ZrO, rotors and the spinning frequency was always
20 kHz.

Diffuse reflectance (DR) UV-vis spectra of the solid polymers
were recorded using a Perkin—Elmer Lambda 950 spectrometer.
The polymers were diluted with BaSO, (1:10, w/w) before the
measurements were carried out.

Thermogravimetric analysis (TGA) was performed at a TA
Q500 apparatus under nitrogen atmosphere with heating rate
10 °C min™ in the range from 40 to 800 °C. The samples were
treated at 100 °C for 60 min under nitrogen flow prior to analysis
to remove trapped moisture from the sample.

Micrographs of the surface of polymers were made on a scan-
ning electron microscope JEOL JSM-5500LV. Samples were cov-
ered with a Pt layer ca. 15 nm thick by means of a sputter coater
BAL-TEC SCD 050.

Adsorption/desorption isotherms of nitrogen and hydrogen at
77 K and carbon dioxide at 273 K were recorded using an ASAP
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2020 (Micromeritics) volumetric instrument. The fresh samples
were degassed starting at an ambient temperature up to 353 K
(temperature ramp of 0.5 K min™) until the residual pressure
of 1.33 Pa was attained. After further heating at 353 K for 1 h,
the temperature was increased (temperature ramp of 1 K min™?)
until the temperature of 383 K was achieved. Degassing was
continued at this temperature under the turbomolecular pump
vacuum for 12 h.

3. Results and Discussion

3.1. Evaluation of the Texture Parameters of Prepared
Porous Polymers

Based on the nitrogen isotherms, the texture parameters
of porous polymers were calculated. As typical for these
adsorbents, some nitrogen isotherms show a pronounced
hysteresis upon desorption down to low equilibrium
pressures. The recent discussion on this phenomenon is
available in refs.[36,53] The hysteresis effect has implica-
tions on the determination of texture parameters. Rela-
tively reliable information on the surface area and on the
volume and distribution of mesopores can be obtained
using the BET and BJH methods, respectively. As the origin
of the hysteresis is not fully understood, no clear answer
can be expected from different methods of micropore anal-
ysis.[53] In this contribution, the micropore volume was
determined using the semi-empirical Horvath—Kavazoe
method.

3.2. Poly(1,4-diethynylbenzene)s Prepared with Various
Catalysts

1,4-Diethynylbenzene was polymerized in the chain-
growth mode with Rh, Mo, and W catalysts (see Table 1)
with the aim to prepare crosslinked PDEB according to
Scheme 1. All the applied catalysts are known to be highly
active in the polymerization of monofunctional arylacety-
lenes, PhA in particular, into (mostly soluble) linear high-
molecular-weight poly(arylacetylene)s.[338>4 Conditions
and results of DEB polymerizations are summarized in
Table 1 where also the codes of the polymers prepared are
given. Benzene was used as the solvent for the polymeri-
zations with Mo- and W-based catalysts for the high com-
patibility of these catalysts with aromatic solvents.[383955]
The selection of CH,Cl, for the polymerization with Rh-
catalysts was based on our previous experience.l>>4 The
polymerizations catalyzed with [Rh(nbd)Cl],/Et;N and
[Rh(nbd)acac] (Table 1 No. 1, 2) proceeded smoothly and
gave PDEB in 77% and 85% yields, respectively, in 3 h. The
reaction mixture turned red immediately after mixing DEB
and Rh catalyst solutions that indicated instantaneous for-
mation of the polymer. The onset of precipitation of the
dark red PDEB was observed by naked eye several minutes
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Table 1. Polymerization of DEB with insertion Rh-based catalysts (in CH,Cl,) and Mo- and W-based metathesis catalysts (in benzene). Cata-
lyst concentration = 6 mmol L™, initial DEB concentration = 0.6 mol L™, room temperature. Y and X, stand for the yield of PDEB and the
mole fraction of branching units in PDEB, respectively. Surface area Sger and micropore volume V), were evaluated from the nitrogen

adsorption isotherm.

No. PDEB code Catalyst Reaction time Y Xpy SBET Vi
[h] [%] [m?g™] [em® g
1 PDEB1 [Rh(nbd)Cl],/ 3 77 0.30 516 0.210
Et,N
2 PDEB2 [Rh(nbd) 3 85 0.30 809 0.323
acac]
PDEB3 WClg/Ph,Sn 24 39 0.33 11 0
4 MoCls/Ph,Sn 24 2 ndb ndP ndP
Mo-carbene? 24 11 ndb ndP ndP

dSchrock carbene, for the formula see the Experimental Section; P Not determined.

later. In the next reaction stage, a compact PDEB block was
formed in the reaction vessel. The DEB polymerization
with WClg/Ph,Sn provided PDEB in a moderate yield only
despite the prolongation of the reaction time to 24 h (see
Table 1). PDEB was formed as a fine precipitate in this case.
Only insoluble PDEBs were obtained as the final products
in Rh- and W-catalyzed DEB polymerizations. This indi-
cated the formation of the polymer networks. Both Mo cat-
alysts tested (the ill-defined MoCls/Ph,Sn catalyst and the
well-defined Mo Schrock carbene) failed in the DEB polym-
erizations. The polymers prepared with Mo catalysts were
insoluble in the reaction mixtures, however, they were
formed in very low yields (Table 1).

Evidently, the Rh-based catalysts that polymerize
monofunctional arylacetylenes in insertion propaga-
tion model27435657] were highly active also in the DEB

DEB

Scheme 1. Chain-growth polymerization of DEB with transition
metal catalysts.
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polymerization. On the other hand, the applied W and
Mo catalysts that polymerize monofunctional arylacety-
lenes in metathesis propagation model*>8! exhibited low
activity in the DEB polymerization. Some time ago, we
reported that the metathesis polymerization of PhA (cata-
lyzed by WOCl,/Ph,Sn) was affected by substrate inhibi-
tion*? manifested by lowering the initial propagation
rate due to a high monomer concentration in the reaction
system. The explanation was proposed assuming a simul-
taneous coordination of two monomer molecules to one
propagating W active species under formation of W spe-
cies with a lowered propagation activity. The low PDEB
yield achieved in DEB polymerization with WClg/Ph,Sn
catalyst (Table 1 No 3) can be elucidated similarly. The
W-active species localized at the end of a growing PDEB
macromolecule is surrounded by pendant ethynyl groups
of this macromolecule so that the simultaneous coordi-
nation of two ethynyl groups to one W active species can
easily proceed. This may impede the incorporation of DEB
molecules into polymer chains. The low activity of Mo
catalysts in the DEB polymerization may have the same
reason since both Mo and W catalysts polymerize acety-
lenes in the metathesis mode.

PDEBs prepared with Rh and W catalysts (samples
PDEB1, PDEB2, and PDEB3 from Table 1) were dark red
brittle solids insoluble in tested solvents (THF, CH,Cl,,
CHCl3, and benzene). When dispersed in these solvents no
swelling of polymer particles was observed by naked eye
within 1 week. The 3C CP/MAS NMR spectra of PDEBI,
PDEB2, and PDEB3 are shown in Figure 1 together with
the atom-numbering scheme. In general, 3C CP/MAS
NMR spectra of PDEBs contain signals at about 6 =83 ppm
and 6 = 76 ppm, which correspond to the resonance of sp
carbons of nontransformed pendant ethynyl groups (car-
bons 7 and 8, respectively, in Figure 1) and a broad, partly
resolved signal in the region 115-150 ppm that corre-
sponds to the resonance of sp? carbons of aromatic rings
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PDEB2

PDEB3
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B Figure 1. 3C CP/MAS NMR spectra of polymers from Table 1.

160 140

and polymer main chains. For the detailed assignment
of signals in this region, see Figure 1. The 13C CP/MAS
NMR spectroscopy showed that PDEB1, PDEB2, and PDEB3
contain two kinds of monomeric units: i) the linear units
in which only one ethynyl group of DEB molecule was
transformed into a segment of the polyene main chain
while the second ethynyl group remained nontrans-
formed and ii) branching units in which both ethynyl
groups of DEB were changed into the segments of the pol-
yene main chains. 3C CP/MAS NMR results confirm that
PDEB1, PDEB2, and PDEB3 are the polyacetylene-type net-
works with (4-ethynylphenyl)-substituted polyene main
chains that are interconnected via the 1,4-phenylene
linkers (Scheme 1). The mole fraction of branching units
in PDEB networks, Xgy, was obtained from 3C CP/MAS
NMR data according to Equation (1) in which the symbols
Agp and A, stand for the integral intensity of the signals
of sp and sp? carbons, respectively:

Xou =(Apz — 445 )/ (Ag + Ay (1)

As is evident from Table 1, similar values of Xgy (from
0.30 to 0.33) resulted for PDEB1, PDEB2, and PDEB3
regardless of the type of catalyst (W, Rh) used for the syn-
thesis and the yield of the polymer achieved in the syn-
thesis (from 39% to 85%). The high Xgy value of PDEB3
(W-based catalysis) is in accord with the above assump-
tion on the high affinity of the W polymerization species
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to surrounding pendant ethynyl groups of growing PDEB
macromolecules.

Figure 2 shows FTIR spectra of PDEB1, PDEB2, and
PDEBS3. The presence of non-transformed pendant ethynyl
groups in the polymers is clearly confirmed by the bands
at about 3300 cm™? (v=c—y) and 2110 cm™ (Ve=cy). The
bands ascribable to phenylene units and main chain
double bonds are present from 500 to 900 cm™? and from
1500 to 1600 cm ™ regions. The FTIR spectra of PDEBs pre-
pared with Rh and W catalysts are closely related to each
other. Nevertheless, small differences are observed (see
Figure 2): i) a shoulder at 790 cm™ in the spectra of PDEB1
and PDEB2 that is missing in the spectrum of PDEB3, and
ii) a shoulder at 1480 cm™ in the spectrum of PDEB3 that
is missing in the spectra of PDEB1 and PDEB2. The dif-
ferences may be due to differences in the configuration
of the main chain double bonds of particular samples.
However, an assignment of the differences to a particular
configuration can be made only tentatively, rather on the
basis of reported correlation between the catalyst type
and the configurational structure of the soluble linear
poly(arylacetylene)s. It is well known that Rh-based cata-
lysts polymerize monoethynylarenes into highly regular
high-cis-poly(arylacetylene)s. The same monomers are
polymerized with W-based catalysts into less regular
polymers with both cis- and trans-double bonds in the
main chains (cis/trans-polymers).?”414¢ One may assume
that Rh- and W-based catalysts preserve their specificity

Kubelka - Munk units

2500 2000 1500 1000

Wavenumbers (cm'1)

3500 3000 500

W Figure 2. FTIR spectra of polymers from Table 1.
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B Figure 3. N, adsorption isotherms (77 K) on polymers from Table 1.

with respect to the product configuration also in the DEB
polymerization and that PDEB1 and PDEB2 prepared with
Rh catalysts have higher cis-double-bond content than
PDEBS3 prepared with W catalyst.

Figure 3 shows the nitrogen adsorption isotherms on
PDEB1, PDEB2, and PDEB3 (see the Experimental Sec-
tion for details), corresponding texture parameters of
polymers are summarized in Table 1. The presence of
micropores and the BET surface area, Sggr, of 516 and
809 m? g! was revealed for PDEB1 and PDEB2, respec-
tively. On the other hand, Sgzr = 11 m? g* only resulted
for PDEB3. As it is evident from Table 1, the Sggr values
differed significantly despite the fact that Xpy values of
PDEB1, PDEB2, and PDEB3 were almost the same.

The enormous difference between Sggr values of poly-
mers prepared with either Rh catalysts (PDEB1, PDEB2) or
W- catalyst (PDEB3) may be connected with the difference
in configuration of Rh- and W-based PDEBs. Nevertheless,
the texture of PDEBs may also be affected by variations in
the architecture of PDEBs. At the early beginning of the
DEB polymerization, the DEB molecules are incorporated
into PDEB as monomeric units with pendant ethynyl
groups. Subsequently, pendant ethynyl groups partici-
pate in polymerization. In analogy to the branching and
crosslinking described for the chain-growth (co)polym-
erization of divinyl-type monomers in the literature, 5260l
one can assume several reaction modes for the transfor-
mation of the pendant ethynyl groups of the PDEB chains:
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i) the pendant ethynyl can react with active end of other,
covalently not connected PDEB chain (intermolecular
crosslinking mode); ii) the pendant ethynyl can react with
the active end of the same chain under the formation of a
chain loop of various lengths (intramolecular cyclization
mode); iii) the pendant ethynyl can be transformed into
the polymerization active center (via initiation or transfer
process) from which a polymer branch can grow. The
intermolecular crosslinking (i.e., the interconnection of
two chains by a short 1,4-phenylene strut) may be specu-
lated as the most efficient contribution to the micropores
formation.[*”) The extent of the participation of the indi-
vidual reaction modes of the transformation of pendant
ethynyl groups can be governed by the type of the polym-
erization catalyst and by the configuration structure of
the PDEB chains. Unfortunately, the particular modes
by which the pendant ethynyl groups have been trans-
formed during the PDEB formation are most probably
undistinguishable by spectral analysis of the prepared
PDEBs.

To conclude this chapter, we can state that from all
the catalysts tested only the Rh-based catalysts provided
PDEBs in high yields and with high specific surface areas.
The most efficient Rh catalyst, [Rh(nbd)acac], was applied
in further polymerization studies.

3.3. Poly(1,4-diethynylbenzene)s Prepared with [Rh(nbd)
acac] Under Various Conditions

Table 2 contains the results of DEB polymerizations with
[Rh(nbd)acac] performed in various solvents (CH,CL,
benzene, THF, pentane, and methanol). CH,Cl,, ben-
zene, and THF are known as good solvents for linear
poly(phenylacetylene) (PPhA)*461 and were assumed to
solvate well also the chain segments of PDEB networks.
Pentane and methanol are nonsolvents of PPhA and thus
they were assumed to solvate poorly the PDEB segments.
The yields of PDEB achieved in CH,Cl,, benzene, and THF
ranged from 78% to 85%. The onset of PDEB precipitation
was observed several minutes after mixing DEB and cata-
lyst solutions. When the polymerization was performed
in methanol and pentane PDEB precipitated immediately
after mixing DEB and catalyst solutions; however, the PDEB
yield ranged from 44% to 53% only. The lower polymer
yield achieved in methanol and pentane may reflect a
restricted diffusion of the monomer molecules to the Rh
polymerization species that are surrounded by poorly per-
meable growing PDEB chains.

All the polymerizations from Table 2 provided insoluble
and non-swellable PDEBs. Polymers prepared in CH,Cl,,
benzene, and THF (sample codes: PDEB2, PDEB4, and
PDEBS5, respectively) were dark red brittle solids. PDEBs
prepared in pentane and methanol (sample codes PDEB6
and PDEB7, respectively) were yellow-orange powders.
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0.6 mol L™, reaction time 3 h, room temperature. Y and X, stand for the yield of PDEB and the mole fraction of branching units in PDEB,

I Table 2. Polymerization of DEB with [Rh(nbd)acac] in various solvents. Catalyst concentration = 6 mmol L™, initial DEB concentration =

respectively. Surface area Sger and micropore volume V), were evaluated from the nitrogen adsorption isotherm.

No. PDEB code Solvent Y Xzy SEET Var
[%] [m?g™] [em®g™]

1 PDEB2 CH,CI, 85 0.30 809 0.323

2 PDEB4 Benzene 85 0.23 611 0.233

3 PDEB5 THF 78 0.26 <10 -

4 PDEB6 Pentane 44 0.32 286 0.113

5 PDEB7 Methanol 53 0.33 649 0.264

Figure 4 shows the DR UV-vis spectra of the polymers
from Table 2. The spectra exhibit a broad absorption band
with maximum at: 465 nm (PDEB4 and PDEBS5), 435 nm
(PDEB2 and PDEB?7), and 385 nm (PDEB6), which reflects
the n—n* transitions of the partly conjugated polymer
main chains. The low energy edge of the absorption band
lies in the range of 550-650 nm in the case of the spectra
of PDEB6 and PDEB7. The absorption bands of the more
conjugated samples PDEB2, PDEB4, and PDEBS5 exhibit the
low energy tail exceeding the wavelength of 800 nm.

The 3C CP/MAS NMR and FTIR spectra of PDEBs from
Table 2 are shown in Supporting Information (Figure S1
and S2, respectively). No influence of the polymerization
solvent on the shape of 3C CP/MAS NMR and FTIR spectra
was found: FTIR spectra of all the samples from Table 2

% —— PDEB2
\ L e PDEB4
; - - - - PDEB5

Kubelka - Munk units

800

700

500 600
Wavelength (nm)

300 400

B Figure 4. DR UV-vis spectra of prepared polymers from Table 2.
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correspond to FTIR spectrum of PDEB2 (see Figure 2), 13C
CP/MAS NMR of all the samples from Table 2 correspond
to 13C CP/MAS NMR spectrum of PDEB2 (see Figure 1). The
Xpy values of PDEBs ranged from 0.23 to 0.33 (see Table 2).
The high Xgy values resulted in methanol (Xp; = 0.33) and
pentane (Xpy = 0.32) although only moderate PDEB yields
were achieved in these solvents. This is in accord with the
idea that the diffusion of the monomer molecules to the
Rh polymerization species is restricted in the thermody-
namically poor solvents for PDEB chains. This enhances
the probability of pendant ethynyl groups of the PDEB
monomeric units to be incorporated into the growing pol-
ymer chains. The characterization of samples from Table 2
by N, adsorption (see Figure 5 and Table 2) revealed pres-
ence of micropores in all the samples except for PDEB5.
The micropore diameter distributions exhibited maxima
centered between 1 and 1.3 nm. PDEB synthesized in THF
(sample PDEB5) adsorbed only negligible amounts of N,
(the same result was obtained for another PDEB prepared
in THF under the same conditions). The Sgpr values and the
micropore volume of PDEBs increased in dependence on
the polymerization solvent in the series: THF << pentane
< benzene < methanol < CH,Cl,. The highest value, Sgpr
= 809 m? g, resulted for PDEB2, which was synthesized
in CH,Cl,. No correlation between Sgpr and Xgy values is
evident for PDEBs from Table 2. It is known from the lit-
eraturel?’54 that the linear poly(arylacetylene)s prepared
with Rh-based catalysts exhibit high-cis-configuration
regardless of the type of the solvent used in the polymeri-
zation. In analogy to this, we assume that the configura-
tional structure of PDEBs from Table 2 has not been influ-
enced by the type of the polymerization solvent. This is
supported by the fact that the shape of the FTIR spectra
of PDEBs from Table 2 does not depend on the polym-
erization solvent (see Figure S2, Supporting Informa-
tion). The type of polymerization solvent, however, could
affect the architecture of PDEBs by affecting the partici-
pation of reaction modes by which the pendant ethynyl
groups of DEB monomeric units are transformed (inter-
molecular crosslinking, intramolecular cyclization). Also
the conformational structure of PDEBs could be affected
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B Figures. N,adsorptionisotherms (77 K) on polymers from Table 2.

by the polymerization solvent(®?l via the solvent impact
on the packing of PDEB segments. We speculate that the
influence of the polymerization solvent on PDEB tex-
ture reflects the influence of the solvent on architecture
and/or conformational structure of PDEBs. Taking into
account both the yields and Sggr values of PDEB (Table 2),
it is evident that CH,Cl, and benzene are superior solvents
for the DEB polymerization with [Rh(nbd)acac].

The influence of the initial DEB concentration ([DEB],
= 0.2-1.2 mol L) on the DEB polymerization and PDEBs
characteristics was studied in experiments the results
of which are given in Table 3. All the polymerizations
were performed in CH,Cl, under catalysis of [Rh(nbd)
acac]. The 3C CP/MAS NMR and FTIR spectra of PDEBs
from Table 3 are given in Supporting Information (Figure
S3 and S4, respectively). As evident from Table 3, the

E.Slovakova et al.

parameter npgg/ng, (amount of DEB molecules inbuilt
into PDEB per mole of catalyst) was increasing with
increasing initial DEB concentration. Nevertheless, the
highest (relative) yield of PDEB (85%) was achieved with
medium [DEB], = 0.6 mol L. The Xp, parameter of PDEBs
decreased from 0.36 to 0.14 with the increase of [DEB],
from 0.2 to 1.2 mol L™1. Evidently, the probability of reac-
tion of the pendant ethynyl groups of DEB monomeric
units diminished if the reaction systems contained higher
amount of the competing ethynyl groups present in
monomer molecules. The N, adsorption isotherms on the
PDEBs from Table 3 (see Figure 6) confirmed the micropo-
rous character of these polymers (micropore volume from
0.179 t0 0.336 cm® g2). The Sgpy values ranged from 410 m?
g™! (PDEBY, [DEB], = 1.2 mol L) to 867 m? g* (PDEBS,
[DEB], = 0.2 mol L1). Contrary to the sample series from
Table 1 and Table 2, the PDEBs from Table 3 exhibited a
good correlation between the Xpy and Sggr parameters:
the Sy values decreased with decreasing Xpy.

Table 4 contains the results of experiments dealing
with the influence of the concentration of the catalyst,
[Cat], and the reaction temperature and reaction time on
the DEB polymerization and PDEBs characteristics. The
polymerizations were performed with [Rh(nbd)acac] cata-
lyst in CH,CL,. The *3C CP/MAS NMR and FTIR spectra of
PDEBs from Table 4 are given in the Supporting Informa-
tion (Figure S5 and S6, respectively). Comparison of the
experiments performed at room temperature with var-
ious catalyst concentrations (No. 1, [Cat] = 6 mmol L2, No.
2, [Cat] = 18 mmol L2, see Table 4) showed an increase in
the PDEB yield due to the increase in [Cat]. The analogous
pair of experiments (Nos. 3 and 4, Table 4) performed at
75 °C showed the same effect of [Cat] values on the PDEB
yields. The influence of the catalyst concentration on the
Xgy values of prepared PDEBs was not straightforward as
evident from Table 4, Nos. 1-4. On the other hand, the
Xgy values of prepared PDEBs unambiguously rose with
the increase in the reaction temperature [compare the
experiments: i) No. 1 with No. 3 and ii) No. 2 with No. 4]
and with reaction time (compare experiments Nos. 4 and
5). The elevated temperature most probably intensified
movement of the PDEB chain segments that facilitated

Table 3. Polymerization of DEB with [Rh(nbd)acac] in CH,Cl, at various initial DEB concentrations, [DEB],. Catalyst concentration=6 mmol L,
reaction time 3 h, room temperature. Y and X stand for the yield of PDEB and the mole fraction of branching units in PDEB, respectively.
npgp/Ngp represents the amount of DEB inbuilt into PDEB per mole of catalyst. Surface area Sger and micropore volume Vy, were evaluated

from the nitrogen adsorption isotherm.

No. PDEB code [DEB], Y Npep/Ngn Xgu SBET Var
[molL™] [%] [m?g™] [em®g™]

PDEBS8 0.2 54 18 0.36 867 0.336

2 PDEB2 0.6 85 85 0.30 809 0.323

PDEB9 1.2 50 100 0.14 410 0.179
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the incorporation of the pendant ethynyl groups of PDEB
monomeric units into PDEB main chains.

The N, adsorption isotherms on samples from Table 4
are given in Figures 7 and 8. Figure 7 provides a compar-
ison of N, adsorption isotherms on PDEBs prepared with
[Cat] = 6 mmol L at various temperature: PDEB2 (pre-
pared at room temperature) and PDEB11 (prepared
at 75 °C). The PDEB2 isotherm exhibited only a weak
increase in the adsorption at p/p, > 0.5 and the max-
imum nitrogen adsorption capacity at 750 Tort, ayy 750 Torn
reached the value of 17.05 mmol g*. On the contrary, the
isotherm on PDEB11 exhibited a strong increase in the
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adsorption at p/p, > 0.5 that resulted in a higher ay; 750 Torr
value equal to 31.21 mmol g*. The effect of the reaction
time on the PDEB behavior in the course of N, adsorption
is evident from a comparison of isotherms on PDEB12
and PDEB 13 in Figure 8 ([Cat] = 18 mmol L, reaction
temperature 75 °C). The prolongation of the time of the
synthesis from 3 h (PDEB12) to 72 h (PDEB13) resulted in
a steeper increase in the amount of adsorbed N, at p/p, >
0.5 and the value of ayy 750 1oy TOSe from 38.02 mmol g
(PDEB12) to 81.12 mmol g* (PDEB13). The Sgpy values of
polymers from Table 4 were sensitive particularly to the
temperature and time of the synthesis. In dependence on
these parameters, the Sgpp values ranged from 809 cm? gt
(PDEB2) to 1469 cm? g (PDEB13).

The desorption branches of the isotherms on samples
from Table 4 were treated using BJH algorithm to obtain
the mesopore size distributions (see Figure 9). It should
be noted that the spikes in the distribution curves for
pore size lower than 5 nm are associated with sponta-
neous evaporation of metastable pore liquid. Therefore,
they do not correspond to the true pore distribution. The
BJH method revealed the presence of some mesopores
in all the samples. The mesopore volume, Vi, ranged
from 0.319 (PDEB2) to 2.520 cm?® g (PDEB13). The
mesopore size distributions exhibited distinct maxima
only for PDEB11, PDEB12, and PDEB13 (diameters of 8,
13, and 22 nm, respectively). The mesopore diameters
of PDEB2 and PDEB10 is assumed to be lower than 4 and
5 nm, respectively. Since the N, adsorption isotherms
showed the presence of both micropores and mesopores
in samples from Table 4 we can denote them as micro/
mesoporous polymers. Various methods are known from
the literature for influencing the diameter of the pores in
the porous polymers: for example, the application of tem-
plates(®3-6%] or the variation of the length of the network
crosslinks.[2466] Ag evident from Table 4, the increase in
mesopore volume and diameter in PDEBs was supported
mainly by an increase of temperature and time of the
PDEB synthesis. We speculate that mesopores in PDEBs

Table 4. Polymerization of DEB with [Rh(nbd)acac] at various catalyst concentrations, [Cat], and various temperatures, T. Initial DEB concen-
tration = 0.6 mol L™. Y and Xp, stand for the yield of PDEB and the mole fraction of branching units in PDEB, respectively. Sger is the surface
area, Ay, 50 Torr 1S the amount of nitrogen adsorbed on 1 g of polymer at 750 Torr and 77 K, Vj, is the micropore volume, Vye5o and Dy, are

mesopore volume and the average mesopore diameter, respectively.

No. PDEBcode [Cat] T Y Xgu SgeT  AN2,750 Torr Vi Vimeso Dpeso
[mmol L] [%] [m?g?] [mmolg?] [em’g®] [em’g?  [nm]

1 PDEB2? 6 Room 85 0.30 809 17.05 0.323 0.319 <4

2 PDEB10? 18 Room 96 0.36 882 22.64 0.340 0.593 <5

3 PDEB11? 6 75 °C 88 0.54 979 31.21 0.378 0.860 8

4 PDEB12? 18 75 °C 100 0.44 975 38.02 0.373 1.119 13

5 PDEB13Y) 18 75 °C 100 0.64 1469 81.12 0.350 2.520 22

a)Reaction time 3 h; ?) Reaction time 72 h.
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Figure 7. N, adsorption isotherms (77 K) on PDEB2 and PDEB11
from Table 4.

might result from a mutual knitting of small particles
consisting of previously formed microporous PDEB net-
work. The ethynyl groups of the surface segments of these

—

1800 -
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o 1400 -

Figure 8. N, adsorption isotherms (77 K) on PDEB12 and PDEB13
from Table 4.
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Figure 9. Mesopore size distribution of polymers from Table 4.
Calculated from the desorption branch of nitrogen isotherm (the
BJH method was used).

particles and ethynyl groups of free DEB molecules may be
involved in such polymerization knitting. The temperature
increase may postpone the phase separation of the small
PDEB particles and support the movement of their sur-
face segments. Figure 10 shows SEM images of PDEB2 and
PDEB12 samples, which differ in the mesopore volume and
diameter (Table 4). As evident, these two samples differ
also in their surface morphology; however, the extent of
mesoporosity cannot be deduced from these images.

3.4. Thermal Modification of Poly(1,4-diethynylbenzene)s

All the PDEB samples from Table 1-4 contained
non-reacted ethynyl groups in high concentration
ranging from 2.9 mmol g (sample PDEB13 Table 4) to
6.8 mmol g! (sample PDEB9 Table 3). The ethynyl groups
represent the reactive sites of PDEBs that are promising
for post-polymerization modifications of PDEB networks.
In this paragraph, we report the results of a simple
thermal postpolymerization modification. Sample PDEB2
from Table 4 was heated for 3 h at 280 °C in vacuum and
thermally modified sample labeled as PDEB2M was pre-
pared (see Experimental). An independent TGA analysis
of PDEB2 (heating rate 10 °C min™) provided weight loss
of 1.9% at 280 °C (see Figure S7, Supporting Informa-
tion). The prolonged heating of PDEB2 at 280 °C (in TGA
apparatus) resulted also in very low weight loss (2.2%
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B Figure 10. SEM images of PDEB2 (A) and PDEB12 (B).

after 3 h and 2.8% after 6 h). Figure 11 shows 3C CP/MAS
NMR spectra of PDEB2 and PDEB2M. It is evident that the
signals of the ethynyl groups in the network PDEB2 (at
76, 83, and 122 ppm) disappeared in the 13C CP/MAS NMR
spectrum of the thermally modified PDEB2M. Simultane-
ously, the thermal modification resulted in a broadening
of the signals of sp? carbons in the spectrum of PDEB2M.
The disappearance of ethynyl groups accompanying
the modification of PDEB2 into PDEB2M was confirmed
also by FTIR spectroscopy: FTIR spectrum of PDEB2M
was free of bands at 2110 and 3300 cm™! (see Figure 12).
Recently, Chen and co-workers!®”] reported the thermal
curing of ethynyl-groups-containing oligomeric polyphe-
nylenes prepared by catalytic cyclotrimerization of DEB
and summarized possible reaction paths by which the
ethynyl groups were transformed into the crosslinks of
the polyphenylene prepolymers. Besides the cyclotrim-
erization of three terminal ethynyl groups yielding ben-
zenetriyl crosslinks the coupling reactions of two ethynyl
groups leading to butadiyne and buteneyne type tempo-
rary crosslinks were considered as most important. The
butadiyne and buteneyne crosslinks were supposed to
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Figure 11. 3C CP/MAS NMR spectra of PDEB2 (sample before
thermal modification) and PDEB2M (sample after thermal modi-
fication) from Table 5.

undergo subsequent thermal rearrangement and aroma-
tization. We assume that the same reactions participated
prevailingly in the thermal modification of PDEB2 into
PDEB2M. Figure S8 (Supporting Information) shows the
SEM image of PDEB2M. According to this image, the sur-
face of this thermally modified sample was either smooth
without visible particles or contained nanoparticles
arranged with a high mass compactness. Thermally mod-
ified PDEB2M and its precursor PDEB2 were characterized
by N, and H, adsorption at 77 K and by CO, adsorption at
273 K. Respective pairs of isotherms are given in Figure 13,
Sger values and adsorption capacities are summarized
in Table 5. Figure 14 shows the micropore size distribu-
tions obtained from N, and CO, adsorption by Horvath—
Kavazoe and DFT (density functional theory) methods,
respectively. The N, adsorption provided information on
micropores with diameter >1 nm while CO, adsorption
revealed very small micropores with diameter <1 nm.
Comparison of distribution curves based on N, adsorp-
tion shows the decrease of the diameter of (N, accessible)
micropores due to the thermal modification of PDEB2 into
PDEB2M. Pore size distribution based on CO, adsorption
showed presence of some amount of small micropores
(submicropores) in both PDEB2 and PDEB2M. The size
distribution of submicropores exhibited a bimodal char-
acter with maxima at about 0.58 and 0.82 nm. The overall
volume of submicropores was 0.028 cm? g (PDEB2) and
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fication) and PDEB2M (sample after thermal modification) from

I Figure 12. FTIR spectra of PDEB2 (sample before thermal modi-
Table s.

0.052 cm? g1 (PDEB2M). Evidently, the thermal modifi-
cation of the polymer resulted in a small increase in the
submicropore volume. The findings based on Figure 14
are in accord with the assumption that the thermal modi-
fication of PDEB2 resulted very probably in an increase in
the crosslinking density of the polymer.

Adsorption isotherm in Figure 13 and data From
Table 5 show that the thermal modification of PDEB2
into PDEB2M resulted in decrease of both the Sgpr value
of the polymer and the amount of N, adsorbed on 1 g of
the polymer at 750 Torr and 77 K, any 750 Torr- However, the
H, and CO, adsorption capacities on parent and modi-
fied samples from Table 5 showed just the opposite trend.
While the parent PDEB2 had the H, adsorption capacity,
112,750 Torr = 3-48 mmol g~ (750 Torr, 77 K) and CO, adsorp-
tion capacity dcoy 750 Torr = 1.32 mmol g™ (750 Torr, 273 K),
the thermally modified PDEB2M exhibited higher capacity
values (Amp7s0 Torr = 455 mmol g% dcoy7s0 Tor =
1.78 mmol g1). The comparison of H, and CO, adsorption
isotherms in Figure 13 revealed that the modified sample
PDEB2M exhibited a steeper initial increase in the amount
of H, and CO, adsorbed than its parent counterpart PDEB2.
The parallel decrease in the N, adsorption capacity and
increase in the H, and CO, adsorption capacities observed
due to the thermal modification of the polymer could
partly reflect the decrease in micropore size caused by the

./ Macromolecular
by Journals

) Macromol. Chem. Phys. 2014, 215, 1855-1869
o © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

E.Slovakova et al.

T 400
% N,
2 350
£
o
© 300
“ o “ ”Q"’*
2504 5 PBEB2M
200
150 -
K
100 £ ' r ; T T
0.0 0.2 0.4 0.6 0.8 1.0
plp,
o H b .
b 100 2 PDEBZM O~
a oo
5 80 o7 PDEB2
=
0-% T T T T
0 200 400 600 800
p (Torr)
_. 40 -
= CO, PDEBZN!\/Q/\'\ c
» P
D o
= o
S 30- "  PDEB2 g
®© ('?/ e
7 s
O /D
'\/ /D
/" o
n O e
20 / /D/D
"W/H /D
/7
10 - ,j;;f)g
=
A
o
04 T T T T
0 200 400 600 800
p (Torr)

at 77 K), and CO, adsorption isotherm (c) (273 K) for samples
PDEB2 and PDEB2M from Table 5.

I Figure 13. N, adsorption (a) and H, adsorption isotherms (b) (both
thermal treatment (Figure 14). The smaller pores of ther-
mally modified PDEB2M might become worse accessible
for N, molecules while they can still be easily accessible
for smaller H, and CO, molecules.[®] The thermally modi-
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b the micropore volume of PDEBs in-
creased in dependence on the polym-
erization solvent in the series: THF <<
pentane < benzene < methanol < CH,CI,,
reaching the highest Sgzr = 809 m? g™
(CH,CL,). The impact of the polymeriza-
tion solvent on the PDEB texture most
probably reflects various influences of
these solvents on the development of
PDEB architecture and/or conformation
in the course of polymerization.

« The Sgr values of PDEBs prepared
were particularly improved by increas-
ing the time of synthesis and the po-
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Figure 14. Pore size distribution of polymers PDEB2 and PDEM2M based on CO, (a) and

N2 (b) adsorption isotherms.

fied PDEB2M contains higher amount of aromatic con-
stitutional segments (rich in delocalized electrons) than
the parent PDEB2. This may be another reason for the
observed increase in H, and CO, adsorption capacities due
to the thermal modification of the polymer.

4. Conclusion

A series of W, Mo, and Rh catalysts has been used for the
chain-growth polymerization of DEB into crosslinked
polyacetylene-type PDEBs. Metathesis catalysts (WClg/
Ph,Sn, MoCl;/Ph,Sn, Mo Schrock carbene) gave low pol-
ymer yields only, despite the fact that they are highly
active in the chain-growth polymerization of monoethy-
nylarenes to linear polyacetylenes. On the other hand,
the insertion Rh catalysts (particularly [Rh(nbd)acac]
complex used in good solvents for PDEB segments) gave
high PDEB yields.

The study of DEB polymerization with [Rh(nbd)acac]
focused on the effects of the polymerization conditions
on the structure and texture parameters of PDEB has
revealed:

« The texture of PDEBs depends significantly on the sol-
vent used for the polymerization. The Sggr values and

4 5 6 7

lymerization temperature from room

temperature to 75 °C (Sggr up to 1469 m?

g™). The Sggr increase was roughly cor-

related with the increase in the PDEB
crosslinking extent. The polymerization
temperature influenced also the pore size distribution:
PDEB prepared at room temperature contained mi-
cropores and some mesopores with diameters <5 nm.
PDEB prepared at 75 °C contained (besides micropores)
mesopores with average pore diameter from 8 to 22 nm
(mesopore volume up to 2.52 cm3 g™).

- Prepared PDEBs contain non-reacted ethynyl groups
in high concentration (up to 6.8 mmol g™). We showed
that thermal treatment of PDEB at 280 °C caused: i) total
disappearance of pendant ethynyl groups under forma-
tion of new crosslinks most probably via cyclotrimer-
ization, dimerization, and aromatization reactions and
ii) subsequent modification of PDEB texture character-
istics and sorption behavior. Particularly, the thermally
modified PDEB exhibited higher H, and CO, adsorption
capacities compared to the non-modified counterpart.
This may reflect both the formation of new pores and
an increase in the content of aromatic segments in
PDEB due to the thermal modification.

The Rh-catalyzed chain-growth polymerization of DEB
represents an easy path to the highly conjugated micro/
mesoporous polymers the texture parameters of which
can be controlled by reaction conditions. The nonreacted
ethynyl groups in PDEBs can be utilized for further post-
synthesis modifications of these polymers.

therm. a, ;50 1orr aNd @y, 750 Torr are the amounts of N, and H,, respectively, adsorbed on 1 g of polymer at 750 Torr and 77 K. dco, 750 Torr is the

I Table 5. Adsorption characteristics of PDEB2 and thermally modified PDEB2M. Sy is the surface area determined from N, adsorption iso-

amount of CO, adsorbed on 1 g of polymer at 750 Torr and 273 K.

PDEB code SgET AN2,750 Torr An2,750 Torr 02,750 Torr
[m2 g1 [mmol g ] [mmol g %] [mmol g %]

PDEB2 809 17.05 3.48 1.32

PDEB2M 634 12.23 455 1.78
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Figure S1 *C CP/MAS NMR of polymers from Table 2 in the main text.
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Figure S3 >C CP/MAS NMR of polymers from Table 3 in the main text.
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Figure S4 FTIR spectra of polymers from Table 3 in the main text.
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Figure S5 *C CP/MAS NMR spectra of polymers from Table 4 in the main text.
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Figure S6 FTIR spectra of polymers from Table 4 in the main text.
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ABSTRACT: The z-conjugated micro/macroporous polyacetylene-type
polyHIPE foams were synthesized for the first time by a chain-growth
insertion polymerization of high internal phase emulsions (HIPEs). In
the first step, the z-conjugated polyHIPE foams were prepared by
polymerization of 1,3-diethynylbenzene HIPEs using [Rh(nbd)acac] |
complex as a catalyst. The 7-conjugated polyHIPE foams consist of =
ethynylphenyl-substituted polyene main chains which are cross-linked by "
the 1,3-phenylene linkers. In the second step, the foams were chemically
and thermally postmodified by applying the alkyne—azide cycloaddition
reaction and the solvent free solid phase hyper-cross-linking at
temperature of 280 °C. Thus, obtained polyacetylene-type polyHIPE
foams exhibit hierarchically structured micro/macroporous morphology
with sizes of the macropores and interconnecting pores of 3.4 & 0.3 ym
(or 4.8 + 0.8 um) and 0.96 um (or 1.1 um), respectively, wherein a substantial volume of micropores is also found within the
macroporous walls as revealed by the calculations from the t-plots. The BET (Brunaer—Emmett—Teller) surface area of up to
110 and 380 m® g~' was determined before and after solid phase hyper-cross-linking, respectively.

Bl INTRODUCTION High internal phase emulsions (HIPEs), yielding the
polyHIPEs after polymerization, are heterogeneous liquid—
liquid mixtures characterized by a droplet (internal) phase
volume fraction of at least 74% of the total emulsion volume."’
Templating within the high internal phase emulsions (HIPEs)
represents an interesting technique for the production of
macroporous polymeric materials and has become very active
research area.'' Several polymerization mechanisms like free
radical polymerization (FRP),'* ATRP,"* RAFT,'* thiol—ene,
and thiol—yne reactions,’® as well as ROMP,' have been
already used to solidify HIPEs. Recently, Zhang et al. reported
the use of HIPE templating approach to combine the properties
of polyHIPEs and CMPs, but the cavity-like structure of
polyHIPEs and the high specific surface area of CMPs,
representing the typical characteristics of these two types of
materials, are missing. Nevertheless, thus obtained z-conjugated
polyHIPEs were successfully applied as the heterogeneous
photocatalysts.'”

Herein, we propose for the first time rhodium catalyzed
chain-growth insertion polymerization as a new tool for the
preparation of reactive and well-defined three-dimensional
(3D) micro/macroporous 7-conjugated polyHIPE foams from
the 1,3-diethynylbenzene (1,3-DEB) high internal phase

The chain growth polymerization of ethynyl-containing
monomers with transition-metal catalysts produces substituted
polyacetylenes, ie., conjugated polymers with alternating
double and single bonds along the main chains." This unique
electronic structure endows substituted polyacetylenes with the
properties (e.g, optical, magnetic, and luminisence proper-
ties),” which are very difficult to access with the corresponding
vinyl polymers. Recently, the z-conjugated microporous
polymers (CMPs)> have been attracted much attention owing
to the high specific surface area, high extent of 7-conjugation as
well as pronounced and tunable microporosity. These materials
have been widely studied in many application fields like gas
separation,4 reversible storage,5 heterogeneous catalysis,6
optoelectronics, and sensors.” Various step-growth polymer-
izations based on coupling and condenzation reactions have
been used for the CMPs preparation.” Recently, the chain-
growth polymerization of ethynyl-containing monomers has
been demonstrated to be an effective tool for the CMPs
preparation.® The major drawback of all microporous materials
(including CMPs) and with this associated limited practical use
of these materials is that they suffer from slow kinetics due to
the mass transport limitations. Therefore, combining high
surface area of CMPs with macroporous architecture of,, e.g,,

polyHIPEs® (vide infra) would greatly improve the hydro- Received: June 2, 2014
dynamic properties of CMPs and open up new application Revised:  July 17, 2014
opportunities of such systems. Published: July 24, 2014
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emulsions (HIPE). Furthermore, a potential of postmodifica-
tion of nonreacted ethynyl groups either chemically via the
azide “click” reaction or thermally via the aromatization
reaction, is demonstrated.

B EXPERIMENTAL SECTION

Materials and Synthesis. 1,3-Diethynylbenzene (1,3-DEB) (TCI
Europe; amounts according to Table S1, Supporting Information) and
surfactant Span80 (Sorbitan monooleate; MW = 428 g-mol™"; Sigma-
Aldrich) were placed in a 50 mL ampule and the mixture was stirred
with an overhead stirrer at 400 rpm. The corresponding amount (cf.
Table S1) of deionized water was added dropwise under constant
stirring. After addition of water the mixture was further stirred for 1 h
until a uniform emulsion was formed. Then, a solution of the catalyst
(acetylacetonato) (bicyclo[2.2.1]hepta-2,5-diene)rhodium(I), [Rh-
(nbd)acac] (Sigma-Aldrich; ¢f. Table S1) in dichloromethane
(Lachema, Czech Republic) was added to the emulsion and the
mixture was further stirred for 1 min. Subsequently, the emulsion was
cured at room temperature for 3 h. The resulting solid polymer,
poly(1,3-DEB), was repeatedly washed with CH,Cl,, separated by
filtration, and dried in a vacuum oven at room temperature.

Characterization. The morphology investigations were performed
by a scanning electron microscopy (SEM). The SEM images were
taken on a Field emission electron microscope Ultra+ (Carl Zeiss)
equipped with an energy dispersive spectrometer SDD X-Max S0
(Oxford Instruments). A piece of each sample was mounted on a
carbon tab for better conductivity and the thin layer of gold was
sputtered on the sample’s surface prior scanning analysis (See details
in the Supporting Information). The nitrogen adsorption measure-
ments of polymer samples were performed on a Micromeritics TriStar
3000 surface area analyzer. The samples were outgassed at 90 °C
under turbomolecular vacuum pump. The BET surface area was
determined by means of nitrogen adsorption data in a relative pressure
range from 0.05 to 0.25. In this pressure range the BET transform
plots were linear. The 3C CP/MAS NMR spectra were measured at
11.7 T using a Bruker Avance 500 WB/US NMR spectrometer with a
double-resonance 4 mm probe head at a spinning frequency of 20 kHz.
The Fourier transform IR (FTIR) spectra were measured on a Nicolet
Magna IR 760 using the diffuse reflection mode (DRIFTS). Samples
were diluted with KBr. The diffuse reflectance UV/vis (DR UV/vis)
spectra of the solid polymers were recorded on a Perkin—Elmer
Lambda 950 spectrometer. The polymers were diluted with BaSO, (1/
10, w/w) before the measurements. The photoluminescence (PL)
emission spectra of the solid polymers were measured on a Horiba
Jobin Yvon Fluorolog 3 using a solid-state film holder (22.5 deg angle)
and an excitation wavelength of 420 nm. Samples for the measure-
ments were prepared as follows. Approximately 10 mg of finely
powdered polymer was mixed with three drops of microscope glue
(Entellan PB 5265, Euromex Microscopes, Holland). Then, the
mixture was transferred to the fresh surface of the pyrolitic graphite
slide (NT-MDT comp.).

B RESULTS AND DISCUSSION

The HIPEs consisted of a mixture of 1,3-DEB (10 and 20 vol %
of the whole emulsion volume) as a monomer and sorbitane
monooleate (Span80; 23 vol % according to the monomer) as a
surfactant. The internal (droplet) phase used was pure
deionized water (90 and 80 vol % of the whole emulsion
volume) (cf. Scheme 1 and Supporting Information, Table S1).
A ratio between the continuous and the internal phase allowed,
after the polymerization of the continuous phase of the HIPE,
the preparation of polyHIPE foams with 90% (sample ES117)
and 80% (sample ES119) porosity. All HIPEs were stirred for 1
h at 400 rpm and afterward, the initiator [Rh(nbd)acac]
complex (1 mol % with respect to the monomer dissolved in
dichloromethane) was added (cf Supporting Information,
Table S1). Curing the HIPEs at room temperature resulted

4865

Scheme 1. Preparation Protocol of the z-Conjugated
PolyHIPE Foams with Intrinsic Porosity

H\\

=—H
water
1,3-DEB
HO OH
(0]

4] ()k/\/\/\/\/cx"n
OH Span 80

H;C

stin'ingﬂ —

High Internal Phase Emulsion

H;C
[Rh(nbd)acac] complex
in CH,Cl,

curing

° polymer chain...@

in solid polymeric materials, which were purified by decantation
in dichloromethane, filtered, and dried under vacuum at room
temperature until they reached a constant weight. All the
prepared polymers were brown-red brittle monolithic pieces,
insoluble and nonswellable in tested solvents (THF, CH,Cl,,
CHCl,;, and benzene). Before the determination of polymer-
ization yields, a few milligrams of each polymer was suspended
in THF for S h at room temperature and the liquid phase
(filtered off) analyzed by SEC (a column used was suitable for
the oligomeric molecular-weight (MW) range). The chromato-
grams of the THF extracts of both ES117 and ES119 samples
show the absence of the low MW compound(s) as well as the
soluble polymer. The polymerization yields, calculated gravi-
metrically by setting the mass of the dried monoliths in relation
to the mass of the 1,3-DEB monomer, are 66 and 53% for the
samples ES117 and ES119, respectively. The rigid monolithic
pieces were further characterized by scanning electron
microscopy (SEM) to visualize and evaluate the foam
morphology. The typical open cellular polyHIPE architecture
is observed for both samples (cf. Figure 1). The mean cavity
diameter determined by the SEM image analysis'® (cf. Figure 1)

dx.doi.org/10.1021/ma501142d | Macromolecules 2014, 47, 4864—4869
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Figure 1. First row from left to right: SEM images of ES119, ES117, and ES117 at higher magnification. Second row from left to right: SEM images
of samples ES119TM (upon thermal modification), ES119-CHOL (upon chemical modification with CHOL), and N2 sorption isotherms (77 K)
for samples ES117 (black squares) and ES117TM (red circles). Key: empty points, adsorption; full points, desorption.

is 4.8 + 0.8 and 3.4 + 0.3 um for the samples ES117 and
ES119, respectively. The size of the interconnecting pores as
determined from a mercury porosimetry data is 1.1 and 0.96
um for the samples ES117 and ESI19, respectively. The
skeleton density as determined by a helium pycnometry is 1.21
and 1.17 g cm™ for the samples ES117 and ES119, respectively
(¢f. Supporting Information Table S1). Of particular interest is
the specific surface area of the novel polyacetylene-type n-
conjugated polyHIPE foams. Generally, the polyHIPE foams
prepared by polymerization of the HIPE emulsions tend to
have rather low BET (Brunaer—Emmett—Teller) surface area
(typically between 10—20 m* g™') due to low the amount of
micro/mesopores, and only upon their additional treatment by
hypercross-linking'® or addition of inert porogens,” the surface
area can be increased. In our case, an increase of the BET
surface area from 15 (sample ES119) to 109 m* g™' (sample
ES117) can be ascribed to a syneresis effect, where the volume
of CH,Cl, used to dissolve the catalyst plays a role.
Continuously growing polymer network inside discrete
monomer-swollen micelles starts to precipitate in the form of
gel-like nuclei that continue to grow and aggregate into the
clusters through the process called syneresis.”' Micro/
mesopores are then formed as spaces inside these precipitated
polymeric clusters. In order to prevent collapsing of polymeric
clusters during drying, the polymer phase has to be sufficiently
rigid. In our case, the rigidity of the polymer is provided by the
polyene character of the main chains and the high extent of
cross-linking. The presence of micro/mesopores in ES117 can
be deduced from the shape of N, adsorption isotherms (cf.
Figure 1 and S4). Moreover, the highly magnified SEM image
(of. Figure 1) shows small macropores (size between 70 and
100 nm) within the walls of cavities, which were formed as
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spaces between agglomerated polymeric clusters that precip-
itate during syneresis.

In addition, the specific surface area was further increased by
applying the so-called solid-state hyper-cross-linking approach,
which is, as compared to the solution based hyper-cross-
linking," a solvent free approach that does not require a
solvent to swell the polymer skeleton or a catalyst to trigger the
postpolymerization cross-linking. In our approach, the
remaining pendant ethynyl groups of the poly(1,3-DEB)
skeleton were thermally reacted via the aromatization at 280
°C** The thermally modified samples were labeled as
ES117TM and ES119TM. The enlargement of the specific
BET surface area from 15 to up to 184 m* g™' for the sample
ES119TM and from 109 to up to 387 m> g~' for the sample
ES117TM was observed from the data of nitrogen adsorption
measurements (cf. Figure 1 and Supporting Information: Table
S1 and Figure S4). After thermal modification an increase of
skeletal density from 1.21 to 1.30 gcm ™ for the sample ES117
and from 1.17 to 1.36 gem™ for the sample ES119 was
observed that reflects certain degree of hyper-cross-linking in
the course of aromatization reaction. On the other hand, the
macroporous architecture of the materials is totally preserved as
indicate the SEM images of the thermally treated samples (cf.
Figure 1 and Supporting Information Figure S3).

The chemical characterization of the newly obtained z-
conjugated polyHIPEs comprised elemental analysis (EA),
Fourier transform IR (FTIR), diffuse reflectance UV/vis (DR
UV/vis) and photoluminescence (PL) spectroscopies as well as
solid-state NMR spectroscopy (*C CP/MAS NMR). Exami-
nation of the elemental composition of the ES119 sample gave
the values of 90.96% C and 4.52% H that result in an empirical
formula of C;oHg 4 (C,oHg theoretically) and a C/H molar ratio
of 1.677 (1.667 theoretically). The EA of the thermally
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modified ES119TM sample revealed the values of 86.72% C
and 3.77% H that result in the empirical formula of C,(H;, and
the C/H molar ratio of 1.917 (c¢f. Supporting Information,
Table S3). The increase in C/H molar ratio is ascribed to
aromatization of the sample in the course of thermal
modification. The same can be concluded from the EA results
of the sample pair ES117 and ES117TM (Supporting
Information, Table S3). The '*C CP/MAS NMR spectra of
the ES117 and ES119 samples show a broad, partly resolved
signal in the region 115—150 ppm that corresponds to the
aromatic carbons and the carbons of the polyene main chains,
while the signals at about 83 and 76 ppm are due to the carbons
of the nonreacted pendant ethynyl groups (cf. Figure 2).* The

ES117TM

120 100 80 60
ppm

160 140

Figure 2. Enlarged *C CP/MAS NMR spectra of pristine ES117
(above) and thermally modified ES117TM (below) samples.

evaluation of the amount of free ethynyl groups from the *C
CP/MAS NMR spectra of the ES117 and ES119 samples
reveals the presence of about 5.1 mmol (ethynyl groups)/g, i.e.
0.64 of free ethynyl groups per one monomeric unit.
Consequently, the degree of branching (DB) defined as DB

= ng/(ny, + ng), where the ny and n; stand for the amounts of
branched and linear monomeric units in polymer, respectively,
is estimated to be 0.36 for both samples. In the *C CP/MAS
NMR spectra of thermally modified ES117TM and ES119TM
samples, no signals are observed in the region 76—83 and, thus,
these results indicate complete or almost complete thermal
transformation of the pendant ethynyl groups in parent samples
(cf. Figure 2). The same conclusion results from the FTIR
spectra of the thermally modified samples which particularly
show an almost complete disappearance of the band at 3300
em™ (v—c_y) upon thermal modification of parent polymers
(cf. Supporting Information: Figures SS and S6). Because of
fully conjugated nature of the polymer backbone, the DR UV/
vis spectroscopy was performed and the spectra of both
samples show a broad absorption band with the maximum in
the region from 370 to 420 nm (cf. Figure 3). Upon samples’
thermal modification the vis band tail red-shifted due to the
enhanced extent of samples’ conjugation (cf. Figure 3). When
excited by the light of 420 nm wavelength both the parent and
the thermally modified polymers exhibit photoluminescence
manifested by a broad photoluminescence (PL) emission band
with the maximum at 525 nm (parent polymers) and $30 nm
(thermally modified polymers) (cf. Figure 3). Another way to
postmodify the poly(1,3-DEB) backbone involved alkyne—
azide cycloaddition (“click”) reaction via the nonreacted
pendant ethynyl groups. Mimicking a biological surface within
the synthetic 3D scaffolds is an attractive prospect to prepare
porous polymers as potential scaffolds for cell culturing.** For
this purpose the 1-azido-2,3,4,6-tetra-O-acetyl-B-p-glucose
(GLU) and the 3f-azido-5-cholestene (CHOL) were synthe-
sized in accordance with the known synthetic procedure® and
reacted with the remaining ethynyl groups of ES119 sample (cf.
Scheme 2). A content of the GLU units in the ES119-GLU
sample is 0.35 mmol/g and that of the CHOL units in the
ES119-CHOL sample is 0.15 mmol/g as calculated based on
the nitrogen content in the modified samples (see details in
Supporting Information). Again, the polyHIPE architecture of
chemically modified polymeric foams is totally preserved as
reveal the SEM images of the ES119-GLU and ES119-CHOL
samples (cf. Figure 1 and Supporting Information).
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Figure 3. DR UV/vis spectra of pristine ES119 and thermally modified ES119TM samples (left) and photoluminescence (PL) spectra of pristine

ES119 and thermally modified ES119TM samples (right).
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Scheme 2. Chemical Modification Reactions: RN;, Heating
in (a) Toluene (for 1) or Xylene (for 2)

[ —
T N—R
N§N/
OAc
AcO
R =aco Q ’z’
OAl
(for 1)

Bl CONCLUSIONS

The chain-growth, rhodium catalyzed, insertion polymerization
was applied for the preparation of fully conjugated and reactive
polyacetylene-type polyHIPE foams with intrinsic micro-
porosity. Thus, obtained polymeric foams show well-defined
hierarchically structured micro/macroporous polyHIPE archi-
tecture with significantly higher specific surface area as
compared to the standard polyHIPE foams, and high inherent
reactivity. Latter was demonstrated by alkyne—azide cyclo-
addition of p-glucose azide and cholesteryl azide to the pendant
ethynyl groups of the 1,3-DEB skeleton and by the solid phase
hyper-cross-linking reaction. Chain-growth catalytic insertion
polymerization (CIP) technique to solidify HIPEs can endow
polyHIPE foams with unique electronic structure and proper-
ties that are very difficult to access with the corresponding vinyl
monomers. Therefore, this chain-growth CIP has a great
potential to extend the fields of advanced applications of this
class of porous polymers in the future.
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Table S1. Emulsions’ composition

sample V(1,3-DEB) | m (Rh) v Surf. V(H,0) E° Y.p. Sger Skeleton | Vpicropores
[mL] [mg] | (CHxCl) | [mL] | [mL] | [%] | [%] | [m’g"] | density | [em’g”["
[mL] [gem”
ES117 2.00 44.3 1.5 0.6 17 90 66 109 1.210 0.0104
ES119 2.00 44.3 0.3 0.6 8 80 53 15 1.171 0.0017
ES117TM Thermally modified sample ES117 387 1.300 0.1220
ES119TM Thermally modified sample ES119 184 1.365 0.0114

*Theoretical porosity in per cent calculated from the volume ratio of water and 1,3-DEB
®Yield of polymer

¢ Determined by helium pycnometry

4 Determined from the t-plot analyses according to Harkins and Jura'

1. Post-modification of poly(1,3-DEB)s

Thermal modification

Post-synthesis of poly(1,3-DEB)s was performed by thermal modification in a Biichi B-585

glass oven. Approximately 200 mg of each polymer was heated at 280°C in the glass oven for

3 h under vacuum.

Chemical modification

Preparation of ES119GLU sample

HsCCOO o Ns
Moo =
S OOCCH;
C14H19N309 (373.32)
y
toluene, reflux 7N
Vi HaCCOO o NN
HiCCOO
4,CCO0
CyoHg (126,15) 0OCCH;,

Cp4Hy5N;04 (499,47)

A suspension of 13 mg ES119 (ap. 0.07 mmol of ethynyl groups) and 37 mg of 1-azido-
2,3,4,6-tetra-O-acetylglucose (GLU-N3) (0.1 mmol, 1.4 eq) in 2 ml of toluene was mixed and
heated under reflux for 60 h. The obtained reaction mixture was cooled to r.t., centrifuged

(9000 rpm, 8 min) and separated. The precipitate was re-suspended in 2 ml of toluene, stirred

! Jura, G.; Harkins, W. D. J. Am. Chem. Soc., 1944, 66, 1356.
2




for 10 min and centrifuged. The product washing was repeated with THF (2 x 2 ml) and
hexane (2 x 2 ml). The solid was dried under reduced pressure to obtain 11 mg of the final

product.

The degree of polymer modification was determined based on the content of nitrogen

(determined by elemental analysis) assuming the above reaction stoichiometry.

Preparation of ES119CHOL sample

N3
X
Cay7HysN3 (411,67)
xylene, reflux
Z4
CyoHg (126,15) X C57Hs N3 (537,82)

A suspension of 13 mg ES119 (ap. 0.07 mmol of ethynyl groups) and 41 mg 1-azido-
cholesterol> (CHOL-N;) (0.1 mmol, 1.4 eq) in 2 ml of xylene was heated under reflux for 30
h. The obtained reaction mixture was cooled to r.t., centrifuged (9000 rpm, 8 min) and
separated. The precipitate was resuspended in 2 ml of toluene, stirred for 10 min and
centrifuged. The product washing was repeated with THF (2 x 2 ml) and hexane (2 x 2 ml).

The solid was dried under reduced pressure to obtain 13 mg of the final product.

Table S2. Degree of substitution and loading of chemically modified ES119s

ES119-GLU ES119-CHOL
Degree of sub. [%] 5° 2°
Calcd. N [%] 1.46 0.63
Found® N [%] 1.38 0.51
Loading® 0.35 0.15

“The best value was calculated for 5 % degree of substitution; calculated values for 4 % (1.19 %) and for 6 % (1.70 %),
respectively, gave higher declination from theoretical value

°The best value was calculated for 2 % degree of substitution; calculated values for 1 % (0.32 %) and for 3 % (0.91 %),
respectively, gave higher declination from theoretical value

‘Full elemental analysis is available in Table S3

mmol of glucose or cholesterol groups per gram of polymer

2 Sun, Q.; Cai, S.; Peterson, B. R. Org. Lett., 2009, 11(3), 567
3



2. Elemental Analysis (EA)
Elemental analyses of the polymers were performed at the Institute of Macromolecular

Chemistry, Academy of Sciences of the Czech Republic.

Table S3. Elemental analysis data

Sample C [w%] H [w%] N [w%l]
ES119 90.96 4.52
ES119TM 86.71 3.77
ES119-GLU 79.71 6.48 1.38
ES119-CHOL 79.94 5.18 0.51
ES117 91.39 425
ES117TM 83.75 3.34

The finding that the total mass of C and H (by elemental analysis, EA) is below 100 % in
the case of purely hydrocarbon polymers can be a consequence of (i) an incomplete
combustion of the polymers during EA and/or (ii) (to a lesser extent) polymer
contamination with (insoluble) Rh catalyst residue. Similar differences between the
calculated and (by combustion EA) found elemental compositions have been reported
for various hypercross-linked polymers that are rich in aromatic units and multiple

bonds.3

3. Characterization
3.1. Scanning electron microscopy (SEM)

Morphology investigations were performed by a scanning electron microscopy. SEM images
were taken on a Field emission electron microscope Ultra+ (Carl Zeiss) equipped with an
energy dispersive spectrometer SDD X-Max 50 (Oxford Instruments). A piece of each sample
was mounted on a carbon tab for better conductivity and a thin layer of gold was sputtered on
sample surface prior scanning analysis. An average void size was determined from SEM
micrographs analysis after scanning. Therefore, the mean and the standard deviations were
drawn by manual measurements of diameters from a population of at least 40 voids. From
SEM images analysis it is difficult to give a correct evaluation of the void size since the pores

are inside the material and during the sample sectioning the cavities which appear are at

’ (a) Jiang, J.-X.; Su, F.; Trewin, A.; Wood, C. D.; Campbell, N. L.; Niu, H.; Dickinson, C.;
Ganin, A. Y.; Rosseinsky, M. J.; Khimyak, Y. Z.; Cooper, A. . Angew. Chem. Int. Ed., 2007,
46, 8574-8578. (b) Holst, J. R.; Stockel, E.; Adams, D. J.; Cooper, A. 1. Macromolecules,
2010, 43, 8531-8538.



random distance from the cavity centre. To get a better estimation of the real void diameter, it
is necessary to introduce a statistical correction. Multiplication of the observed voids values
from SEM images by a statistical factor of 2/3" allows for a better estimation of the real

cavity diameters."
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Figure S3. SEM images of thermally modified sample ES119TM (left) and chemically modified sample
ES119CHOL (right).

3.2. BET (Brunaer-Emmett-Teller) surface area

Nitrogen adsorption measurements of polymer samples were performed on a Micromeritics
TriStar 3000 surface area analyzer. The samples were outgassed at 90°C under turbomolecular
pump vacuum. The BET surface area was determined by means of nitrogen adsorption data in

relative pressure range from 0.05 to 0.25. The BET transform plots were linear in this

pressure range.
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Figure S4. N, adsorption/desorption isotherms (77 °K) on ES119 and ES119TM samples.



3.3. Fourier Transform IR (FTIR) Spectroscopy
FTIR spectra were measured on a Nicolet Magna IR 760 using a diffuse reflection mode

(DRIFTS). Samples were diluted with KBr.
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3.4. Diffuse reflectance UV/vis spectroscopy (DR UV/vis)

Diffuse Reflectance UV/vis (DR UV/vis) spectra of solid polymers were recorded using a
Perkin—Elmer Lambda 950 spectrometer. Before DR UV/vis measurements the polymers
were diluted with BaSOy4 (1/10, w/w).



Absorption intensity [a.u.]

1 ¥ I L | L 1 ¥ 1 L I
300 400 500 600 700 800
wavelenght (nm)

Figure S8. DR UV/vis spectra of pristine ES117 and thermally modified ES117TM samples.
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Polycyclotrimers of 1,4-Diethynylbenzene,
2,6-Diethynylnaphthalene, and
2,6-Diethynylanthracene: Preparation and Gas
Adsorption Properties

Arnost Zukal,* Eva Slovakova, Hynek Balcar, Jan Sedlacek

Hyperbranched partly cross-linked polycyclotrimers of 1,4-diethynylbenzene, 2,6-diethynyl-
naphthalene, and 2,6-diethynylanthracene, Pc(1,4-DEB), Pc(2,6-DEN), and Pc(2,6-DEA), respec-
tively, are prepared using TaCls/Ph,Sn catalyst. Brunauer-Emmett-Teller (BET) surface

2016 ©2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

area, microporosity, and maximum sorption capacity for
H, and CO, decrease in the order of decreasing relative con-
tent of branching points in polycyclotrimers Pc(1,4-DEB) > . Ar fr
Pc(2,6-DEN) > Pc(2,6-DEA), the highest values for Pc(1,4-DEB) \ @
being Sgpr = 1299 m? g1, ay, = 1.26 wt% (100 kPa, 77 K), and
dco; = 10.8 wt% (100 kPa, 273 K). N, isotherms show that
adsorption/desorption hysteresis occurs already at low equi- z A 1
librium pressures. CO, isotherms show that the time allotted
to the measurement influences both the maximum adsorp-
tion capacity and the hysteresis upon desorption. cH

1. Introduction

Microporous organic polymers (MOPs) have become mate-
rials of great and steadily increasing interest over the last
half a decade.lt! The main potential applications of MOPs
range from (i) gas separation and reversible storage, 2]
(ii) heterogeneous catalysis'*?] to (iii) optoactive mate-
rials and sensors.'*1¢] With respect to the importance
of hydrogen storage, the ability of polymers to adsorb
hydrogen was investigated and correlated with structure
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parameters evaluated from nitrogen adsorption.lt’-24
An exceptional uptake for hydrogen at low pressure
was reported recently by several groups. Cooper and co-
workers[?®! prepared network based on tetrakis(4-bromo-
phenyl)adamantane that exhibited H, uptake of 2.34 wt%
(113 kPa, 77 K). Han and co-workers!2¢! reported micro-
porous polycarbazole with hydrogen uptake of 2.80 wt%
at 100 kPa and 77 K. Polyimide-based MOP of Makhseed
and Samuel?!) showed H, storage capacity of 3.94 wt% at
1 MPa and 77 K.

If we adopt the source-based classification, we can
delimit a subclass of MOPs derived from multifunctional
ethynylarenes (MEA), that is, monomers containing usu-
ally from 2 to 4 terminal ethynyl groups attached to the
arene(s) core of the molecule.2>27-2% Polycyclotrimeriza-
tion of MEAs represents a path leading to MOPs that have
the structure of hyperbranched/cross-linked polyarylenes.
The original arene cores of monomers are interconnected
in polymers by benzenetriyl linkers formed via cyclotrim-
erization of three terminal ethynyl groups of MEAs. Liu and

DOI: 10.1002/macp.201300317
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co-workers polycyclotrimerized 1,4-diethynylbenzene,
1,3,5-triethynylbenzene, 1,2,4,5-tetraethynylbenzene, and
4,4’-diethynylbiphenyl at 398 K under catalysis of
Co,(CO)g. Quantitative yields of polycyclotrimers were
achieved and polymers derived from bifunctional mono-
mers were free of nonreacted ethynyl groups. The values
of the surface area reached 1246 m? g™ (Yuan et al.3),
Polycyclotrimerization with Co,(CO)s was also used for
the preparation of MOPs from [5,10,15,20-tetrakis(4-
ethynylphenyl)porphyrin]-nickel(Il), (Wang et al.l*), from
MEAs derived from 1,1-binaphthyl building blocks®?
(the surface areas up to 1000 m? g™1), and from tetrakis(4-
ethynylphenyl)methane (Xie et al.*¥l and Yuan et al, %
the surface areas from 1348 to 1547 m? g™3).

Polycyclotrimerization has also been known as a
powerful tool for the synthesis of soluble hyperbranched
polymers, for example, polycyclotrimerization of 1,8-non-
adiyne and 1,9-decadiynel®¥ or co-polycyclotrimerization
of diethynylarenes and alk-1-ynes.°! These polycyclotri-
merizations were catalyzed by TaCls/Ph,Sn catalyst,
which had been known from the pioneering works of
Masuda et al. (see reviews!*437]). Tt polymerized acety-
lenes with internal triple bond into linear high-molec-
ular-weight polyacetylenes®®3°! and cyclotrimerized acet-
ylenes with terminal triple bond (e.g., phenylacetylene)
into the mixture of 1,3,5- and 1,2,4-trisubstituted ben-
zenes.[“041 Although many applications of TaCls/Ph,Sn
for acetylenes transformations have been described in
the literature, to the best of our knowledge, no report is
available on the application of TaCl;/Ph,Sn for the poly-
cyclotrimerization of MEAs aimed at preparation of MOP
products.

Generally, adsorption properties of MOPs are still not
completely understood. The structure—porosity—adsorp-
tion properties relationship of MOPs was studied by
using either single nitrogen adsorption at 77 K424 or
a combination of isotherms of various adsorptives, such
as nitrogen, argon and hydrogen at 77 K, and carbon
dioxide at 273-333 K.1*5-%8] Gas adsorption was also com-
bined with small-angle X-ray scattering analysis!*8 or
129%e NMR spectroscopy.[*”) The use of small-angle X-ray
scattering has confirmed that besides adsorption in
micropores, pronounced elastic deformations of analyzed
MOPs took place during increasing gas pressures.[20:49]
For adsorption isotherms, in particular for isotherms of
nitrogen, argon, or carbon dioxide recorded on various
polymers an unusual type of adsorption/desorption
behavior is typical. Adsorption and desorption branches
of the hysteresis loop did not close and such irrevers-
ibility is observed at the lowest equilibrium pressures.
This hysteresis can have various origins. In the so-called
dual-mode adsorption,l®®*! the uptake of adsorptive
molecules proceeds in two steps.[*?] In the first step, the
accessible pores are filled. In the second step, adsorptive
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molecules are dissolved in the polymer. The softness of
the polymer matrix can lead to swelling effects and sub-
sequently to adsorption irreversibility.*®] On the other
hand, the adsorption irreversibility can be attributed to
a slow kinetic of adsorption/desorption process. It was
reported by Ritter et all*’l and Ghanem et all®? that
nitrogen adsorption on polymer can last several days.

In the present study, we report the synthesis and
adsorption properties of a series of MOP-type poly-
cyclotrimers derived from diethynylarenes differing in the
number of the condensed benzene rings: 1,4-diethynyl-
benzene (1,4-DEB), 2,6-diethynylnaphthalene (2,6-DEN),
and 2,6-diethynylanthracene (2,6-DEA). Polycyclotrim-
erization was performed using TaCls;/Ph,Sn catalyst.
To investigate adsorption properties of these poly-
mers, adsorption/desorption isotherms of nitrogen and
hydrogen at 77 K and carbon dioxide in the temperature
range 273-333 K were measured. In order to gain more
insight into the adsorption/desorption behavior, scanning
of hysteresis loops of nitrogen isotherms was performed.
As kinetic effects in the adsorption on polymers cannot be
excluded, the influence of the duration of the adsorption
measurement on the adsorption properties of polymers
was studied.

2. Experimental Section

2.1. Materials

TaCls (99.8%; Sigma—Aldrich, Prague, Czech Republic), tetra-
phenyltin (Ph,Sn) (Pierce Inorganics, Rotterdam, Netherland)
were used as obtained. 1,4-DEB (96%; Sigma—Aldrich) was puri-
fied by vacuum sublimation. 2,6-DEN and 2,6-DEA were pre-
pared by Sonogashira coupling of 2,6-dibromonaphthalene and
2,6-dibromoanthracene, respectively, with trimethylsilylacety-
lene catalyzed by [PdCl,(PPhs),]/Cu,l,/PPh; followed by depro-
tection of intermediates with tetrabutylammonium fluoride. *H
and 3C NMR spectral characteristics of prepared 2,6-DEN and
2,6-DEA were in agreement with literature.[3°4 Benzene (p.a.,
Lachema, Czech Republic) was distilled from P,05 and degassed
in vacuo.

2.2. Polycyclotrimers Preparation

All polycyclotrimerizations were carried out in benzene at room
temperature using vacuum break-seals technique. Benzene solu-
tion of TaCl; was mixed with Ph,Sn at room temperature. After
10 min, the solution of monomer was added. The initial concen-
trations of reaction component were: [monomer], = 0.6 mol L™,
[TaCls], = 0.015 mol L, [Ph,Sn], = 0.015 mol L™%; volume of the
reaction mixture was 5 mL. All polycyclotrimerizations proceeded
as precipitation reactions. After 24 h, the reaction suspension
was poured into the excess of benzene, the solid polymer was col-
lected, washed with benzene and dried in vacuum at room tem-
perature. The yield of polymer was determined gravimetrically.
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2.3. Methods

IR spectra were measured on a Nicolet
Magna IR 760 using diffuse reflection mode
(DRIFTS). Samples were diluted with KBr. 13C
CP/MAS NMR spectra were measured at 11.7
T using a Bruker Avance 500 WB/US NMR
spectrometer. Details are given elsewhere.[*°]

Scanning electron microscopy (SEM)
was performed using a JEOL JSM-5500LV
microscope at accelerating voltage of 9 kV.

Adsorption/desorption  isotherms  of
nitrogen and hydrogen at 77 K and carbon
dioxide at 273, 293, 313, and 333 K were
recorded using an ASAP 2020 (Micromeritics,
Norcross, Georgia, us) volumetric
instrument. This instrument uses three
pressure transducers (133 Pa, 1.33 kPa, and
133 kPa) that allow accurate adsorption
isotherm measurement in a wide range of pressure. The Iso-
Therm thermostat (e-Lab Services, Czech Republic) maintaining
temperature of the sample with accuracy of +0.01 K was used for
the measurement of carbon dioxide adsorption.

The fresh samples were degassed starting at an ambient
temperature up to 353 K (temperature ramp of 0.5 K min™)
until the residual pressure of 1.33 Pa was attained. After
further heating at 353 K for 1 h, the temperature was increased
(temperature ramp of 1 K min™) until the temperature of 383
K was achieved. Degassing was continued at this temperature
under the turbomolecular pump vacuum for 12 h. Before
repeated adsorption measurement, the sample was degassed
at 383 K (temperature ramp of 1 K min™) for 12 h under
turbomolecular pump vacuum.

Adsorption isotherms of all adsorptives were recorded using
different equilibration time intervals. (Equilibration time
interval represents the number of seconds between successive
pressure readings during equilibration.) As long equilibration
intervals tend to lengthen whole measurement, the changes
in these intervals have enabled us to acquire a dependence
of adsorption properties on the length of measurement. To
investigate nitrogen adsorption in more detail, desorption
scanning curves were obtained by taking some points on the
boundary adsorption branch and using these as the starting
points for the measurement of desorption scans.

nHC=

3. Results and Discussion

3.1. Synthesis of Polycyclotrimers and their
General Properties

Diethynylarenes used as monomers in the present
study, that is, 1,4-DEB, 2,6-DEN, and 2,6-DEA, contained
two equal ethynyls, the positions of which on the arene
rings were designed: i) to avoid mutual steric hindrance
between ethynyls in a monomer molecule and ii) to mini-
mize the steric shielding of the ethynyl groups by the arene
cores of 2,6-DEN and 2,6-DEA monomers.
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[ Scheme 1. Polycyclotrimerization of diethynylarenes.
These monomers were polycyclotrimer-

ized (Scheme 1) with TaCls/Ph,Sn catalyst system
(1.25 mol% relative to triple bonds) at room tempera-
ture. The polymer yield is given in Table 1. Application
of TaCls/Ph,Sn catalyst system allowed to apply milder
polycyclotrimerization conditions (see above) than those
reported by Liu et al. for cyclotrimerizations catalyzed
by Co,(CO)s (6 mol% of catalyst relative to triple bonds,
398 K).39 All polycyclotrimers prepared with TaCls/
Ph,Sn were yellow-orange solids, insoluble (and also non-
swellable) in THF, CH,Cl,, CHCl;, and benzene. They were
labeled as Pc(1,4-DEB), Pc(2,6-DEN), and Pc(2,6-DEA).
Pc(1,4-DEB), Pc(2,6-DEN), and Pc(2,6-DEA) were charac-
terized by '3C CP/MAS NMR and IR spectroscopies. Both
13C CP/MAS NMR and IR spectra (Figure S1-S6, Supporting
Information) are in accord with polymer structure pro-
posed in Scheme 1. Certain amount of nontransformed
terminal ethynyls still remaining in the structure of prod-
ucts was indicated by signals in the region of 70-85 ppm
in 13C CP/MAS NMR spectral®! and by bands at about
3290 cm™ (v_cy) and at about 2100 cm™ (Vecy) in IR
spectra. TaCl;/Ph,Sn applied as a catalyst for the simple
cyclotrimerization of monoethynylated compounds
always provided a mixture of 1,3,5- and 1,2,4-trisubsti-
tuted benzenes.[***1] One can expect the same behavior
of TaCls/Ph,Sn also in the polycyclotrimerization of
diethynylarenes. Thus, both benzene-1,3,5-triyl and

M Table 1. Yield (Y) and parameters & of polycyclotrimers prepared.

Monomer Y &)

[%] [%]
1,4-DEB 97 91
2,6-DEN 97 81
2,6-DEA 44 74

2¢ = conversion of terminal ethynyls.

Mk s
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benzene-1,2,4-triyl linkers are most probably present
in the structure of polycyclotrimers as branching and/
or cross-linking points. It is also in a good agreement
with the substitution pattern of aromatic rings from IR
in region 600-900 cm™ as well as in the region 1660—
2000 cm™ (overtons and combination tone bands).

The quantification of 3C CP/MAS NMR spectra pro-
vided the values of conversion of terminal ethynyls due
to their incorporation into benzenetriyl linkers of poly-
cyclotrimers (ie., the conversion of sp carbons into sp?
carbons). This conversion, £ was defined as follows:
& = (4 — Ny)/4, where Ny, stands for the average number
of nontransformed sp carbons per one monomeric moiety
inbuilt into the polycyclotrimer. Values of & were calcu-
lated from !3C CP/MAS NMR spectra according to Equa-
tion 1, where N,y is the number of aromatic carbons
in one monomer molecule, Ay, and A, are the integral
intensities of signals of sp? and sp carbons, respectively,
in the spectra of polycyclotrimers (see Supporting Infor-
mation for the derivation of Equation 1).

&= (4Asp2_AspNArM)/ (4Asp2+ 4Asp) (1)

As evident from Table 1, the values of £ decreased in
the following order Pc(1,4-DEB) > Pc(2,6-DEN) > Pc(2,6-
DEA) being 0.91 for Pc(1,4-DEB) and 0.74 for Pc(2,6-DEA).

Three modes of polycyclotrimers growing may be
assumed. The intuitively simplest mode consists of the
reaction of one ethynyl from a polycyclotrimer macro-
molecule with two ethynyls from two different monomer
molecules (each diethynylarene molecule can “provide”
only one ethynyl group for a particular cyclotrimeriza-
tion step). This reaction mode (labeled as Ep2Ey) leads
to the enlargement of the polycyclotrimer macromole-
cule only. The reaction of two ethynyls from a poly-
cyclotrimer macromolecule(s) with one ethynyl from a
monomer molecule represents the second reaction mode
(labeled as 2EpEy;) by which both, the enlargement and
the cross-linking of the polycyclotrimer macromolecule
simultaneously proceed. The difference between Ep2Ey
and 2EpEy modes is depicted in Scheme S1 in Supporting
Information. The third reaction mode labeled as 3Ep
(mutual reaction of three ethynyls from polycyclotrimer
macromolecule(s) leading entirely to the cross-linking)
is of the lowest probability from the steric reasons.
Assuming that polycyclotrimers formation proceeds only
via Ep2E)y mode, the highest value of & accessible in poly-
cyclotrimerization of bifunctional monomers is equal to
0.75 (for degree of polymerization — oo, see Supporting
Information, Table S1). Values of &> 0.75 found for Pc(1,4-
DEB) and Pc(2,6-DEN) show that the cross-linking modes
(2EpEy and 3Ep) participated at the formation of these
polymers. The value of £ =0.74 found for Pc(2,6-DEA) may
indicate either no or only a marginal contribution of the
cross-linking modes on the Pc(2,6-DEA) formation.
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Figure 1. Nitrogen isotherms on Pc(1,4-DEB) at 77 K collected
using equilibration time intervals of 5 s and 45 s.

3.2. Adsorption of Nitrogen at 77 K

Nitrogen isotherms on Pc(1,4-DEB) and Pc(2,6-DEN) in
Figure 1 and 2 are characterized by a hysteresis loop typ-
ical for many organic polymers. As frequently observed for
these materials,[*>4”! desorption branches of the isotherms
do not show a low pressure limit of adsorption/desorption
irreversibility which is for inorganic mesoporous materials
close relative pressure p/p, = 0.4 (Lowell et al*”)). In con-
trast to Pc(1,4-DEB) and Pc(2,6-DEN), nitrogen isotherm on
the sample Pc(2,6-DEA) (Figure 3) is reminiscent of nitrogen

o
©
1S
E
©
24
—O— 5s(adsorption)
1 —@— 5s(desorption)
K —{1— 45s(adsorption)
—— 45s(desorption)
O T T T T
0.0 0.2 0.4 0.6 0.8 1.0
plp,
Figure 2. Nitrogen isotherms on Pc(2,6-DEN) at 77 K collected

using equilibration time intervals of 5 s and 45 s.
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Figure 3. Nitrogen isotherm on Pc(2,6-DEA) at 77 K (solid symbols
denote desorption.)

isotherms on nonporous inorganic adsorbents. The steep
increase in the region of relative pressures p/p, > 0.9 is due
to capillary condensation in the interparticle space.

In order to characterize textural parameters of poly-
cyclotrimers, the BET surface area was calculated from
adsorption branch of the isotherm in the range of relative
pressures 0.05-0.25 (Table 2). Relatively high values of the
surface areas of samples Pc(1,4-DEB) and Pc(2,6-DEN) were
found. In particular, the sample Pc(1,4-DEB) exhibited sur-
face area typical for MOPs.['7] The surface area of sample
Pc(2,6-DEA) calculated from the reversible part of the iso-
therm in the same range of relative pressures, was nearly
negligible (Table 2) and most likely corresponded to the
external area of particles. For this reason, Pc(2,6-DEA) was
not examined in all details as Pc(1,4-DEB) and Pc(2,6-DEN).

The nitrogen isotherms reveal that the sample
Pc(1,4-DEB) contains the largest amount of mesopores
in comparison with polymers Pc(2,6-DEN) and Pc(2,6-
DEA). Typical SEM image of the sample Pc(1,4-DEB) in
Figure 4 shows approximately spherical particles 0.1—
0.2 um in diameter. The broad mesopore distribution of
this sample calculated from the desorption branch of hys-
teresis loop in the range from 10 to 50 nm is presented

[ Table 2. Physicochemical properties of polycyclotrimers.

A.Zukal et al.

W Figure 4. SEM image of the sample Pc(1.4-DEB).

in Supporting Information (Figure S7, Supporting Infor-
mation). With respect to the SEM image, we can assume
that most of mesopores is formed as interstitial voids in
between particles.

Different adsorption properties of polymers under
study were characterized not only by the BET surface area
but also by maximum adsorption capacity (Table 3). N,
adsorption capacity was found to decrease in the same
order as BET surface area, that is, in the order Pc(1,4-DEB)
> Pc(2,6-DEN) > Pc(2,6-DEA). In the case of sample Pc(1,4-
DEB), the nitrogen adsorption at relative pressure p/p,
= 0.98 attained 51.0 mmol g~ namely owing to the sig-
nificant increase of adsorption at p/p, > 0.5. By contrast,
maximum adsorption capacity of the sample Pc(2,6-DEN)
was only 6.6 mmol g™t. Decreasing adsorption capacity
of polycyclotrimers might reflect the decreasing den-
sity of the branching points in the polymer framework.
Moreover, the possible n—n stacking interaction of large
anthracene cores may contribute to the compactness of
Pc(2,6-DEA) sample.

It should be noted that starting from 1,4-diethynyl-
benzene a microporous polymer denoted POP-1 was pre-
pared by means of dicobalt octacarbonyl as a catalyst.[2]
POP-1 material exhibited BET surface area of 1031 m? g*
and micropore volume of 0.378 cm? g™*. These structure
parameters are comparable with those of the sample
Pc(1,4-DEB). However, the nitrogen adsorption capacity
51.0 mmol g of Pc(1,4-DEB), which is more than twice

Sample code Sper® Ry a,? b Varr®
[m?g™] [mmol N, g™*] [mmol N, g™] [em®g™]
Pc(1,4-DEB) 1299 14.59 13.557 215 0.472
Pc(2,6-DEN) 418 151 5.013 155 0.175
Pc(2,6-DEA) 9 - - _ _

a)§uer, BET surface area; Pky, a,,, b, constants of the Equation 2; MW, micropore volume.
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W Table 3. Adsorption capacities of polycyclotrimers.
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Sample code amax,NZa) amax,HZa) amax,C02,273Kb) amax,coz,zssxb'c) amax,COZ,BSBI(b'c)
[mmol N, g™ [wt%] [mmol cO, g™] [mmol cOo, g™] [mmol cO, g™]
Pc(1,4-DEB) 51.0 1.26 2.45 1.49/1.63 0.55/0.82
Pc(2,6-DEN) 6.6 0.74 1.70 1.26/1.33 0.29/1.04
Pc(2,6-DEA) 0.75 =0 0.30 - -

34 N2 ANd Apay i, @Mounts of nitrogen and hydrogen adsorbed at 100 kPa and 77 K; Papay coz.275x Tmaxco2.293% aN4 Grax co2333%
amount of carbon dioxide adsorbed at 100 kPa and 273, 293, or 333 K; 9The data refer to equilibration time intervals of 5 5/300 s.

as high as the maximum adsorption capacity of POP-1,
indicates substantial differences in the structure of both
polymers.

With the aim to evaluate whether the length of the
equilibration time intervals applied for adsorption meas-
urements affect the results, we measured the nitrogen
isotherms on samples Pc(1,4-DEB) and Pc(2,6-DEN) two
times. The usual practice of adsorption measurements
supposes that equilibration is reached when the pressure
change per equilibration time interval is less than 0.01%
of the average pressure during the interval. Adsorption
isotherms recorded using standard equilibration time
interval of 5 s and isotherms with equilibration time
interval of 45 s are shown in Figure 1 and 2. The overall
time of the isotherms measurement and average time
of equilibration per point in Table 4 illustrate consider-
able lengthening adsorption measurements if equilibra-
tion time interval of 45 s is applied. The small differences
between nitrogen isotherms recorded using various equi-
libration time intervals (Figure 1 and 2) are obviously
due to long term temperature and pressure drifts. As dis-
played isotherms reveal that the time of measurement
practically does not play any role, there is no need to
consider kinetic effects of nitrogen adsorption on polycy-
clotrimers under investigation.

In order to obtain more insight into adsorption/des-
orption hysteresis observed on polymers Pc(1,4-DEB) and

Pc(2,6-DEN), we acquired the desorption scanning hyster-
esis loops. Starting points of desorption scans correspond
to the series of equilibrium pressures p/p, of 0.05, 0.10,
0.20, ..., 0.90, 0.95 for the sample Pc(1,4-DEB); and 0.05,
0.20, 0.40, 0.60, 0.80 for the sample Pc(2,6-DEN). Scans are
displayed in Figure 5 and 6 for the whole region of equi-
librium pressures; magnified scans in the region of pres-
sures p/p, < 0.1 are shown in Supporting information
(Figure S8 and S9, Supporting Information). Foregoing
adsorption branches of all scans, which are not displayed
for clarity, are perfectly identical. It follows from it that
upon nitrogen desorption the original framework of poly-
mers was restored.

The observation of desorption scans shows that they
form a family of non-intersecting curves, which tend to
come into confluence at equilibrium pressure p/p, < 0.01.
In accordance with the dual-mode adsorption model,[%51]
it can be assumed that the nitrogen adsorption on MOPs
exhibiting irreversible adsorption behavior is a result
of reversible filling of permanent micropores and the
dissolving of nitrogen molecules into the polymeric
framework that may induce elastic deformations of the
polymer. The formation of non-permanent micropores
is also possible. As suggested by Weber et al.l*], the dis-
solving of nitrogen molecules in the polymer frame-
work can be responsible for the observed hysteresis. We
suppose that desorption of nitrogen molecules, which

B Table 4. Influence of the equilibration time interval on the length of adsorption measurement.

Sample code Nitrogen Hydrogen Carbon dioxide

A?) ng”) T1,N2c) A2 Tp”) T1,Hzc) A?) Teo2® T1,cozc)

[s] [min] [min] [s] [min] [min] [s] [min] [min]
Pc(1,4-DEB) 5 1484 12 5 735 21 5 159 4
Pc(1,4-DEB) 45 4959 97 45 1925 55 60 956 27
Pc(1,4-DEB) - - - - - - 300 3985 121
Pc(2,6-DEN) 5 447 5 5 503 13 5 229 5
Pc(2,6-DEN) 45 3559 66 45 970 26 60 924 24
Pc(2,6-DEN) - - - - - - 300 2739 83

A, equilibration time interval; ®'1y, and 7y,, time of the nitrogen and hydrogen measurement at 77 X; 97y n, 71 112, and 1, co,, average
time of equilibration per point; 97y, time of the carbon dioxide isotherm measurement at 333 K.
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00 02 04
plp,

Figure 5. Nitrogen isotherm at 77 K and desorption scans (solid
points) for Pc(1,4-DEB). Foregoing adsorption branches are
omitted for clarity. The inset gives the pressures corresponding to
the starting points of desorption scans. The curve in Royal blue is
calculated using Equation 2.

become trapped in the polymer framework, is more dif-
ficult than their penetration into the polymer framework
during adsorption. Therefore, desorption takes place at
lower equilibrium pressures than adsorption.

Irreversibility of gas adsorption on polymers represents
phenomenon, which raises doubts about the applicability
of standard procedures for the analysis of porous flexible
materials.#”] The BET, BJH, or t-plot methods were sug-
gested for inert solid adsorbents. If they are applied on
MOPs, the meaning of obtained porosity characteristics
may be problematic. However, these characteristics can
provide some qualitative information suitable for com-
parison of various MOPs of the same or similar type.

The scans in low pressure region reveal that the dis-
solving of nitrogen molecules in polymer framework
occurs from the beginning of adsorption process simulta-
neously with the micropore filling. Therefore, we applied
the simple form of the dual-mode sorption model for the
description of adsorption branches of the nitrogen iso-
therms. The total amount adsorbed a can be expressed as
the sum of the Henry adsorption contribution ay occur-
ring owing to the dissolving of nitrogen molecules into
the polymer and Langmuir adsorption contribution a; due
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a (mmol/g)
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——0.20
——0.05
—Eq.2
3 I 1 T 1
00 02 04 06 08 1.0
plp,

Figure 6. Nitrogen isotherm at 77 K and desorption scans (solid
points) for Pc(2,6-DEN). Foregoing adsorption branches are
omitted for clarity. The inset gives the pressures corresponding to
the starting points of desorption scans. The curve in Royal blue is
calculated using Equation 2.

to filling of permanent micropores of polymer; see Equa-
tion 2, where h = p/p, is relative pressure, ky is the Hen-
ry's solubility coefficient, a,, is the Langmuir saturation
constant, and b is the Langmuir affinity constant:

a=ayg+ a, = kgh + au[bh/(1+ bh)] (2)

According to Equation 2, the adsorption branch should
be linear after filling permanent micropores. As shown in
Figure 6, the adsorption branch of the isotherm on Pc(1,4-
DEB) is linear only in the region of relative pressure 0.3 <
P/po < 0.5.In contrast to the polymer Pc(1,4-DEB), adsorption
branch of the isotherm on the sample Pc(2,6-DEN) is linear
in the range of relative pressure from 0.3 to 0.9 (Figure 6).

The data for p/p, < 0.5 [sample Pc(1,4-DEB)] or p/p, <
0.9 [sample Pc(2,6-DEN)] were used to assess parameters
ky, an, and b; their values obtained using the method of
least squares are given in Table 2. Adsorption branches
of isotherms calculated using these parameters are dis-
played in Figure 5 and 6. This comparison shows that
there are only small deviations of calculated curves from
the experimental points in the pressure regions used for
the evaluation of constants ky, a,,, and b.
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24 —@— Pc(1,4-DEB), 5 s (desorption)
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Figure 7. Hydrogen isotherms on Pc(1,4-DEB) and Pc(2,6-DEN) at
77 K collected using equilibration time intervals of 5 and 45 s.

The values of parameters ky, a,, and b illustrate sub-
stantial differences between polymers Pc(1,4-DEB) and
Pc(2,6-DEN). The capacity of permanent micropores, that
is, the constant a,,, is markedly higher for the polymer
Pc(1,4-DEB) than that for the polymer Pc(2,6-DEN). Corre-
sponding volumes of permanent micropores calculated
by a formula Vi = dyVier (Vimo) denotes molar volume of
liquid nitrogen) are given in Table 2. The high micropore
volume of Pc(1,4-DEB) is in accord with the high BET
surface area and may correspond to the high density of
branching points in this polycyclotrimer.The Henry's coef-
ficients ky reveal that due to a higher volume of perma-
nent micropores nitrogen molecules penetrate into the
framework of the Pc(1,4-DEB) much more easily in com-
parison with Pc(2,6-DEN).

At relative pressures p/p, > 0.5, the adsorption branch
of the isotherm on Pc(1,4-DEB) is characterized by the
convex shape with a steep increase when p/p,— 1. A
similar less pronounced increase is apparent on the
adsorption branch of the isotherm on Pc(1,6-DEN) at
relative pressures p/p, > 0.9. We assume that two fac-
tors can contribute to this phenomenon: i) an extensive
dissolving of nitrogen in the framework of Pc(1,4-DEB)
by which new non-permanent pores can be formed, and
ii) a capillary condensation of nitrogen among polymer
particles.

3.3. Adsorption of Hydrogen at 77 K

Hydrogen adsorption/desorption isotherms were meas-
ured using the same equilibration time intervals as
applied for N, adsorption measurement. The overall time
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of isotherm measurement and average time of equilibra-
tion per point are listed in Table 4.

The isotherms shown in Figure 7 reveal that the time
of hydrogen adsorption measurement plays negligible
role. The isotherm on the sample Pc(1,4-DEB) is practi-
cally reversible, the isotherm on the sample Pc(2,6-DEN)
shows narrow hysteresis down to low equilibrium pres-
sures. Maximum uptake capacities at pressure of 100 kPa
derived from isotherms and expressed in weight per-
centage are listed in Table 3. The maximum hydrogen
capacity of sample Pc(1,4-DEB) attaining 1.26 wt% is lower
than the best capacities of 2.22-2.80 wt% given for the
same or similar experimental conditions by Chen and co-
workers[2326] and Makhseed et al.?4 (see Section 1). How-
ever, capacity reported for Pc(1,4-DEB) belongs among the
good published results for organic polymers.!* Capacity
found for Pc(2,6-DEN) is considerably lower than that for
Pc(1,4-DEB), and capacity of Pc(2,6-DEA) is negligible.

3.4. Adsorption of Carbon Dioxide at 273-333 K

In the first step of the investigation, all the measurements
were performed using standard equilibrium time interval
of 5 s. Carbon dioxide adsorption/desorption isotherms
on Pc(1,4-DEB) and Pc(2,6-DEN) displayed in Figure 8 and
9 were recorded at 273, 293, 313, and 333 K. With respect
to a small adsorption ability, the maximum adsorption
capacity of the sample Pc(2,6-DEA) was determined only at
273 K. It follows from the adsorption data that the adsorp-
tion capacity determined at 100 kPa and 273 K decreased
in the order Pc(1,4-DEB) > Pc(2,6-DEN) > Pc(2,6-DEA) being
2.45 mmol g™ (10.8 wt%) for Pc(1,4-DEB) and 0.30 mmol g™*

2.5
—O— 273 K (adsorption)
—@— 273 K (desorption)
—/\—293 K (adsorption)
—A— 293 K (desorption)
2.0 —©-313K (adsorption)

—— 313 K (desorption)
—/— 333 K (adsorption)
—W¥— 333 K (desorption)

1.5

a (mmol/g)

1.0+

0.5+

p (kPa)

Figure 8. CO, isotherms recorded on Pc(1,4-DEB) at 273, 293, 313,
and 333 K.
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—O— 273 K (adsorption)
—@— 273 K (desorption)
—/\— 293 K (adsorption)
—A— 293 K (desorption)

( )
(
(
(

1.5
—{1— 313 K (adsorption
—— 313 K (desorption)
—/— 333 K (adsorption)
—W— 333 K (desorption)

1.0+

a (mmol/g)

0.5

0 20 40 60 80 100
p (kPa)

Figure 9. CO, isotherms recorded on Pc(2,6-DEN) at 273, 293, 313,
and 333 K.

(1.3 wt%) for Pc(2,6-DEA) (see Table 3). This decrease cor-
responds to the decrease of BET surface area and sorption
capacity for nitrogen.

Temperature dependence of adsorption isotherms ena-
bled us to evaluate isosteric heats, which provide infor-
mation about the adsorbate—adsorbent interactions. As
all isotherms show hysteresis down to low equilibrium
pressures, the isosteric adsorption heats Qg were calcu-
lated from adsorption branches according to the Clau-
sius—Clapeyron equation

[0(Inp)/d (1/T)], =~ Qs/R (3)

where p is equilibrium pressure, T absolute tempera-
ture, and R universal gas constant. The values of Oy
evaluated for sample Pc(1,4-DEB) slightly decreased
from 25.1 kJ mol™? for the lowest amount adsorbed to
24.3 kJ mol™? for CO, adsorption of 1.5 mmol g™*. For the
sample Pc(2,6-DEN), Q;; decreased from 27.3 to 26.5 kI mol ™.
Contrary to this, isosteric adsorption heats of CO, on micro-
porous inorganic adsorbents (such as zeolites) attain as
much as 45-55 kJ mol™ (Grajciar et al.l®®]). Thus, it appears
that isosteric adsorption heats indicate a weak interaction
of CO, molecules with polycyclotrimers framework, which
almost does not depend on the amount adsorbed.

In the second step of the investigation, carbon dioxide
isotherms at temperatures 293 and 333 K were meas-
ured under equilibration time intervals of 60 and 300 s.
Table 4 gives the overall times of the isotherm measure-
ment and average times of equilibration per point for
equilibrium time intervals of 5, 60, and 300 s. In con-
trast to the adsorption of nitrogen and hydrogen, the
lengthening of measurement time had a striking effect
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—@— 5 s (desorption)
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—&— 60 s (desorption)
—{+— 300 s (adsorption)
—#— 300 s (desorption)

0.04¢ . : : . :
0 20 40 60 80 100
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0.2

Figure 10. CO, isotherms on Pc(1,4-DEB) at 333 K collected using
equilibration time intervals of 5,60, and 300 s.

on the carbon dioxide adsorption. Isotherms at 333 K in
Figure 10 and 11 show that increasing time of measure-
ment results in increasing amounts of CO, adsorbed and
in the broadening of the hysteresis loop. Maximum CO,
adsorption capacities in Table 3 also markedly increase
with increasing measurement time.

The CO, adsorption isotherms at 293 K under equilib-
rium time intervals of 5 and 300 s (Figure S10 and S11
in Supporting information and Table 3) show similar
response to the lengthening time of measurements as

1.0+
—(1— 300 s (adsorption)
0.8 1 —=&— 300 s (desorption)
—/— 60 s (adsorption)
—~ —A— 60 s (desorption)
E’) |
© i
£ 0.6
E
©
0.4
0.2+
—O— 5's (adsorption)
—@— 5 s (desorption)
0.0 << . . . . .
0 20 40 60 80 100
p (kPa)

Figure 1. CO, isotherms on Pc(2,6-DEN) at 333 K collected using
equilibration time intervals of 5,60, and 300 s.
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isotherms at 333 K. However, the influence of length of
measurement time is less pronounced.

At temperatures applied for CO, adsorption the poly-
cyclotrimers are softer than at 77 K applied for N, and
H, measurement. We assume that the higher softness of
Pc(1,4-DEB) and Pc(2,6-DEN) enhances their ability to dis-
solve CO, molecules. If lengthened time is given to the
adsorption of carbon dioxide, an efficient utilization of
dissolving ability of both polycyclotrimers takes place.
The dissolving of CO, molecules and subsequent elastic
deformation of polymer network may be the reason of
the adsorption/desorption hysteresis similarly to the
nitrogen adsorption/desorption. It follows from the
inspection of Figure 10 and 11 that displayed isotherms
have no tendency to approach some limit with prolonga-
tion of the measurement time.

In summary, it is necessary to state that hysteresis
on carbon dioxide isotherms on siliceous mesoporous
materials similar to the hysteresis on isotherms on poly-
cyclotrimers were recently reported.® It appears that not
only properties of the adsorbent but also properties of the
carbon dioxide might be taken into consideration. There-
fore, the mechanism of adsorption of carbon dioxide on
the porous solids is worth of the further detailed study.

4. Conclusion

i. Hyperbranched partly cross-linked polyarylenes Pc(1,4-
DEB), Pc(2,6-DEN), and Pc(2,6-DEA) were prepared in
high or moderate yields by TaCls/Ph,Sn catalyzed poly-
cyclotrimerization of corresponding diethynylarenes
performed under mild conditions. The conversion of
ethynyl groups and the relative content of branching
points in prepared polymers decreased in the order
Pc(1,4-DEB) > Pc(2,6-DEN) > Pc(2,6-DEA), that is, in par-
allel to the increasing number of condensed benzene
rings in the arene core of monomers. The BET surface
area and adsorption capacity were decreasing in the
same order. The BET surface area attained 1299 m? g™
(micropore volume = 0.472 cm?® g™) for the sample
Pc(1,4-DEB). The maximum hydrogen and CO, adsorp-
tion capacities of this sample were 1.26 wt% (100 kPa
and 77 K) and 10.8 wt% (100 kPa and 273 K), respectively.

ii. Adsorption of nitrogen on Pc(1,4-DEB) and Pc(2,6-DEN)
at 77 K was revealed to be a complex process that can
be partly described by the dual-mode model in which
Langmuir and Henry adsorption are assumed. Based
on the nitrogen adsorption/desorption isotherms, it
can be concluded that Pc(1,4-DEB) and Pc(2,6-DEN) con-
tained permanent micropores. Besides the adsorption
in permanent micropores, nitrogen penetrates through
micropores into the polymer framework and dissolves
in the polymer.

iii. The amount of CO, adsorbed on Pc(1,4-DEB) and Pc(2,6-
DEN) at 293 or 333 K increased with increasing time
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allotted to the experiment. We speculate that owing to
the softness of the polymers at near to ambient temper-
ature the enhanced dissolving ability can be assumed
for Pc(1,4-DEB) and Pc(2,6-DEN). However, this ability
can be efficiently utilized only if a prolonged time is
provided to the adsorption process probably due to a
slow penetration of CO, molecules into the polymers.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Figure S1. CP/MAS "*C NMR spectrum of Pc(1,4-DEB).
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Figure S2. CP/MAS "*C NMR spectrum of Pc(2,6-DEN).
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Figure S3. CP/MAS "*C NMR spectrum of Pc(2,6-DEA).
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Figure S4. FTIR spectrum of Pc(1,4-DEB).
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Figure S5. FTIR spectrum of Pc(2,6-DEN).
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Figure S6. FTIR spectrum of Pc(2,6-DEA).

Derivation of Equation 1:

Derivation of the Equation 1 by which conversion of terminal ethynyls achieved due to the
incorporation of diethynylarene molecules into polycyclotrimer (labeled as &) is calculated
from *C CP/MAS NMR spectra of polycyclotrimers. The integral intensities of signals of sp’
and sp carbons in *C CP/MAS NMR spectra of polycyclotrimers were labelled as Ag and
Agp, respectively. The average number of sp carbons per one monomeric moiety inbuilt into
the polycyclotrimer was labelled as Nyp». The average number of remaining, i.e. non-
transformed sp carbons per one monomeric moiety inbuilt into the polycyclotrimer was
labelled as Ng,. The following relation exists between Ay, Asp, Nsp2 and Ngp,.

Nsp/Nsp2 :Asp/AspZ (Sl)

There are two contributions to Ny, value: (i) number of sp® carbons originally present in the
monomer molecule and (ii) average number of sp” carbon newly formed from sp carbons by
incorporation of a monomer molecule into polycyclotrimer. The first contribution was
labelled as Napv and its values are as follows: Nam = 6 (for 1,4-DEB), Namm = 10 (for 2,6-
DEN) and Namm = 14 (for 2,6-DEA). The second contribution is given by term: (4-Ngp).
Number of 4 in the last term originated from the fact that each monomer molecule contained
(before polycyclotrimerization) four sp carbons.

Thus, Equation S1 can be modified:

No/(Nagwi + 4 - Nip) = A/ Ao (52)

Njp is expressed from Equation S2 as follows:

Nop= (AspNarm + 445p)/(Asp + Asp) (S3)



Conversion of terminal ethynyls achieved due to the incorporation of a monomer molecule

into polycyclotrimer, &, can be expressed as follows:

¢=(4-Ny)/4

Substitution for Ny, from Equation S3 into Equation S4 gives ¢ as a function of

(S4)

experimentally determined parameters Ay, and A, and constant Napv:

é,: (4A5p2 - AspNArM)/(4Asp2 -+ 4Asp) (SS)

Equation S5 is given as Equation 1 in the main text.

Table S1. Degree of conversion of ethynyl groups
diethynylarenes into one hyperbranched polycyclotrimer

Polycyclotrimerization proceeds entirely by Ep2Ey mode

in polycyclotrimerization of
macromolecule.

Number of monomer | Number of ethynyls in | Number of ethynyls Number of nonreacted | Degree of
molecules inbuilt in | monomer molecules converted during ethynyls presentina | conversion of
a polycyclotrimer before polycyclotrimerization | polycyclotrimer ethynyls - &
macromolecule polycyclotrimerization macromolecule

1 2 0 2 0

3 6 3 3 0.5

5 10 6 4 0.6

7 14 9 5 0.643

9 18 12 6 0.667

11 22 15 7 0.682

13 26 18 8 0.692

N 2N 1.5(N-1) 0.5(N+3) 1.5(N-1)/2N
—00 —00 —>00 —00 0.75




Scheme S1. Growing modes in diethynylarenes polycyclotrimerization.
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Figure S7. Mesopore size distribution of the sample Pc(1,4-DEB) calculated from the
desorption branch of nitrogen isotherm. (The BJH method was used.)
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Figure S8. Low pressure region of nitrogen isotherm at 77 K and desorption scans (solid
points) for Pc(1,4-DEB). The inset gives the pressures corresponding to the starting points of

desorption scans.
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Figure S9. Low pressure region of nitrogen isotherm at 77 K and desorption scans (solid
points) for Pc(2,6-DEN). The inset gives the pressures corresponding to the starting points of
desorption scans.
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Figure S10. CO, isotherms on Pc(1,4-DEB) at 293 K collected using equilibration time
intervals of 5 s and 300 s
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Figure S11. CO, isotherms on Pc(2,6-DEN) at 293 K collected using equilibration time
intervals of 5 s and 300 s.
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