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1 ABSTRAKT

Byla popsana ptiprava nového typu rigidnich konjugovanych polymernich siti s vysokym
obsahem permanentnich mikropérii a mesop6rti vykazujicich vysoké specifické povrchy, a
to az 1469 m?/g. Sité byly piipraveny fetézovou koordina¢ni homopolymerizaci
katalyzovanou inzertnimi katalyzdtory na bazi komplexti rhodia, kterd byla nové
aplikovana na bifunkéni acetylenické monomery typu diethynylarent (1,4-diethynylbenzen,
1,3-diethynylbenzen a 4,4’-diethynylbifenyl). Kovalentni strukturu siti tvoii substituované
polyacetylenové fetézce vzajemné husté propojené arylenovymi spojkami. W a Mo
metathesni katalyzéatory se ukazaly jako nedcinné pro pipravu téchto siti. Bylo prokazano,
Ze primér mesopdrd (az 22 nm) a jejich zastoupeni v sitich je mozno zvySovat zvysenim
polymeriza¢ni teploty a prodlouzenim doby polymerizace. Byl navrzen mechanismus
popisujici tvorbu mesopérit vzajemnym propojovanim drobnych ¢astic mikroporézniho
polymeru. Spouzitim emulzni polymeriza¢ni techniky byly pfipraveny texturné
hierarchizované polyacetylenové sité obsahujici oteviené vzijemné propojené makropéry
s primérem az 4,8 pm, jejichz stény vykazovaly mikro/mesoporézni texturu. Bylo
prokdzano, ze rozsah sitovani polyacetylenovych siti rtzné textury Ilze zvysit
postpolymeriza¢né termicky indukovanou reakci volnych ethynylovych skupin siti.

Bylo prokazano, ze diethynylareny (14-diethynylbenzen a 2,6-diethynylnaftalen) lze
s pouzitim Kkatalytického systému TaCls/PhsSn  G¢inné polycyklotrimerizovat na
mikro/mesoporézni intenzivné vétvené a ¢astecné zesitované polycyklotrimery, ve kterych
jsou arenova jadra monomeri propojena benzentriylovymi spojkami. Polycyklotrimery
vykazuji neobvyklé chovani pii zéchytu plynd (N2 a CO») projevujici se zejména vyraznymi
hysterezemi na adsorpénich/desorpénich izotermach. Pro toto chovéani bylo navrzeno
vysvétleni na zédkladé dudlniho mechanismu zachytu plynd, kdy k zachytu plynu piispiva
nejen jeho adsorpce na povrchu permanentnich pérd, ale i pronikani plynu do ptvodné
neporéznich ¢asti adsorbentu za vzniku docéasnych pérti. Mozna tvorba dodasnych périt
byla diskutovdna v souvislosti s konformaé¢ni flexibilitou strukturnich segmentt

polycyklotrimert.



2 LITERARNI PREHLED

Mikroporézni organické polymery (MOP) vyvijené a studované v poslednim desetileti
predstavuji novy typ poréznich materidléi s fadou moznych aplikaci v oblastech adsorpce,
katalyzy a optoaktivnich materialii a senzort [1-4]. Textura MOP obsahuje vysoké mnoZstvi
permanentnich mikropéré (pramér < 2 nm) a pf¥ipadné i mesoport (primér 2 - 50 nm), v
dtisledku ¢ehoz maji MOP vysoky specificky povrch (stovky az nékolik tisic m?/g). Vétsina
MOP vykazuje architekturu polymernich siti a jejich mikroporézni textura je dana vysokym
stupném sitovani kombinovanym s rigidnim charakterem segmentt a spojek site.

Aromatické acetylenické monomery jsou jiz nékolik desetileti zndmé jako vynikajici
vychozi latky pro syntézu linearnich a vétvenych konjugovanych oligomert a polymerti s
riiznou kovalentni strukturou zavislou na typu pouzité polymerizace [5-11]. Tyto polymery
jsou vyvijeny s ohledem na mozné luminiscen¢ni, senzorické a optoelektronické a dalsi
aplikace. Nefetézovymi polymerizacemi vyuZivajicimi Sonogashirovy spojovaci reakce jsou
pfipravovany naptiklad linedarni poly(arylenbutadiynylen)y [-Ar'-C=C-C=C-]. a
poly(arylenethynylen)y  [-Ar'-C=C-]»  (Ar" zna¢i arylen).  Cyklotrimerizace
monoethynylarentt  poskytuje jednoduché triarylbenzeny, kopolycyklotrimerizace
diethynylarent a 1-alkynii vede k rozpustnym intenzivné vétvenym polycyklotrimerdm.
Retézova koordinaéni polymerizace ethynylarent se pouziva pro piipravu substituovanych
poly(arylacetylen)d, [-(Ar)C=CH-]. a [-(Ar)C=C(Ar)-]a (Ar znaci aryl). Nedavno byly
nékteré z vyse uvedenych polymerizaci modifikovany tak, aby poskytovaly jako produkty
polymery typu MOP. Modifikace spoéivala ve zvySeni funkcionality monomeru() v
polymeriza¢ni nasadé a v optimalizaci reakénich podminek. S ohledem na konjugovany
charakter jsou takto pfipravené MOP fazeny do 8ir$i skupiny tzv. konjugovanych
mikroporéznich polymert (CMP) [12, 13]. Nejcastéji jsou pro piipravu CMP pouzivany
Sonogashirovy spojovaci reakce aplikované na nasadu s primérnou funkcionalitou
monomert f>2. Napiiklad homocoupling 1,3,5-triethynylbenzenu nebo crosscoupling
tohoto monomeru s dijodareny poskytuji CMP se specifickym povrchem uréenym z
adsorpce dusiku metodou BET (Brunaer-Emmett-Teller), Sper, az 840 m2/g [14, 15].
Piipravené CMP maji charakter husté sitovanych polymert. V konkrétné popsaném
piikladu jsou uzly sité tvofené trisubstituovanymi benzenovymi jadry a tyto uzly jsou
propojené butadiynylenovymi nebo arylenenethynylenovymi spojkami. Ukazalo se, Ze s

rostouci délkou spojek mezi uzly sité (realizovdno zvysenim vzdélenosti mezi funkénimi



skupinami monomerti) klesa hodnota Sger, pficemZ pouze mirné nartista velikost pért [16].
Vyrazného narGstu specifického povrchu lze pak dosidhnout zvysenim funkcionality
polymerizovanych monomerd, jak je zfejmé z hodnot Sger = 1470 az 1917 m?/ g dosazenych
pro CMP piipravené homocouplingem z tetrakis(4-ethynylfenyl)methanu a
crosscouplingem z tetrakis(4-ethynylfenyl)methanu a tetrakis(4-jodfenyl)methanu [17].
Vysokych hodnot Sger bylo dosaZzeno i u CMP piipravenych s pouZzitim alkyn-azid click
reakce: napf. reakci tetrakis(4-ethynylfenyl)methanu a tetrakis(4-azidofenyl)methanu byl
pfipraven CMP s hodnotou Sger = 1128 m?/g [17]. CMP popsané vyse jsou amorfni
polymery, jejichz mikroporozita vzniké v diisledku tvorby sitované architektury a nepodili
se na ni fdzova separace, ktera by mohla umoznit tvorbu vétsich pért napiiklad v dasledku
propojovani separovanych drobnych ¢astic polymeru.

Jiny typ CMP polymert byl pfipraven polycyklotrimerizaci ethynylarenti s hodnotou
f=2az 4. Reakce byla katalyzovéna pomoci Co2(CO)s a byla provddéna za zvysené teploty
(125°C). Produkty této reakce byly intenzivné vétvené caste¢né intramolekularné
zesitované polycyklotrimery, ve kterych byla aromatickd jidra ptvodné piftomnd v
molekuldch monomerti nové propojena benzentriylovymi spojkami vzniklymi
cyklotrimerizaci tfi ethynylovych skupin [18-20]. Polycyklotrimerni CMP vykazovaly
Sper =1013 m2?/g  (polycyklotrimer 14-diethynylbenzenu) [19] az Sper=1547 m?/g
(polycyklotrimer tetrakis(4-ethynylfenyl)methanu) [18]. Na zakladé adsorp¢nich izoterem
dusiku autofi usoudili, Ze polycyklotrimery obsahuji mikropéry s pramérem do 1 nm [19].
Mechanismus vzniku mikropértt a detailnéjsi vztah mezi strukturou a architekturou
polycyklotrimert a jejich texturnimi parametry vsak nebyl studovan. Nicméné, simulace
struktury polycyklotrimerti ukazala [19], Ze polycyklotrimery odvozené od bifunkénich
monomertd (napf. 1,4-diethynylbenzen) mohou vykazovat volngjsi uspoiddani segmentti a
to diky volné rotaci 1,4-fenylenovych spojek kolem jednoduchych vazeb. Na zékladé tohoto
zjisténi byl formulovan jeden z tkold této diserta¢ni préce cileny na piipravu a studium
adsorpénich vlastnosti méné rigidnich polycyklotrimerti odvozenych od diethynylarend.

Nejdéle zndmym zptsobem transformace ethynylarend na konjugované polymery je
fetézova koordinac¢ni polymerizace téchto monomerti poskytujici linedrni substituované
polyacetyleny [6, 7, 11, 21]. Reakce je katalyzovana bud’ inzertnimi nebo metathesnimi
katalyzatory na bazi sloucenin a komplexti ptedevsim Rh, Pd, Ni, W, Mo a Ta. S pomoci
téchto katalyzatorit bylo polymerizovano nékolik set raznych monofunkénich
monosubstituovanych (HC=CAr) i disubstituovanych (ArC=CAr) monomert na linearni

konjugované polymery obsahujici v hlavnim fetézci stiidajici se jednoduché a dvojné vazby.



V mensi mife byly timto zptsobem polymerizovény i acetyleny substituované jednim ¢i
dvéma alkyly [6, 7, 11, 22]. Retézové polymerizace monomerti obsahujicich v molekule vice
nez jednu ethynylovou skupinu je v literatufe popsana pouze v nékolika piipadech, pficemz
priméarnim cilem vSech prezentovanych studii je pfiprava vétvenych dobfe rozpustnych
polymera [23-25]. Piikladem je prace Donga a Ye [25] zabyvajici se kopolymerizaci
(monofunkéniho) fenylacetylenu a (bifunkéniho) 1,4-diethynylbenzenu. Reakce byla
optimalizovand pro ziskani rozpustného vétveného produktu s ethynylfenylovymi
substituenty. Ethynylové skupiny substituentti pak slouZily pro postpolymerizaéni
modifikaci polymert nap#. reakci s organickym azidem [25] nebo pro postpolymeriza¢ni
zesitovani polymeru [26, 27]. Zadna z téchto praci se viak nezabyvala cilenou ptipravou
polyacetylenovych siti pfimou fetézovou polymerizaci vicefunkénich monomertt a
optimalizaci této reakce pro ziskadni polymerti typu CMP. Na zikladé tohoto faktu byly

formulovany nékteré tkoly této diserta¢ni préce.

3 CILE DISERTACNI PRACE

Prostudovat moznost piipravy nového, dosud nepopsaného typu polymernich siti,
které budou obsahovat polyacetylenové fetézce husté propojené arylenovymi spojkami.
Jako metodu pfipravy téchto siti pouzit fetézovou koordina¢ni homopolymerizaci, kterd
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
moznosti ovlivnéni texturnich parametr siti podminkami syntézy a pifpadné i
postpolymeriza¢ni modifikaci. Vénovat zvysenou pozornost sitim, u kterych je mozné
dosdhnout tzv. hierarchizovanou texturu, tj. sou¢asnou pfitomnost vice typ péri

v jedné polymernt siti.

Prostudovat moznost cyklotrimeriza¢ni transformace vybranych diethynylarenti na
intenzivné vétvené a Caste¢né sitované polycyklotrimery s pouzitim katalytického
systému TaCls/PhsSn potencidlné schopného katalyzovat reakci za mirnych podminek.
Prostudovat kovalentni strukturu a texturni parametry pfipravenych polycyklotrimert.
S ohledem na nizky rozsah sitovéni dosaZzitelny u polycyklotrimert odvozenych od
bifunkénich monomerti detailné prostudovat proces zachytu plynt na téchto

polymerech a posoudit, zda je tento proces nizkym rozsahem sitovani ovlivnén.



4 VYSLEDKY A DISKUZE

41 Konjugované porézni sité polyacetylenového typu odvozené od

diethynylarenti

Retézovd koordinaéni polymerizace monoethynylarentt vedouci k linedrnim
monosubstituovanym polyacetylentim je velmi dobfe znama reakce. Jednim z dkolt této
diserta¢ni 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. Jako monomery byly pro
tuto studii vybrany: 1,4-diethynylbenzen (1,4-DEB), 1,3-diethynylbenzen (1,3-DEB) a
4,4’-diethynylbifenyl (4,4-DEBPh) (Obr. 1). Reakce navrzend v ramci zadani diserta¢ni

prace je pro pifpad polymerizace 1,4-DEB znazornéna ve Schématu 1.

1,3-DEB 1,4-DEB 4,4"-DEBPh
Z X C/ C
‘ 0,490 nm 0,567 nm 0,983 nm
\ \
1 1 1

Obr. 1 Monomery pouzité pro pfipravu polyacetylenovych siti.

Polymerizace 1,4-DEB (Schéma 1) byla testovdna s pouZzitim metathesnich a inzertnich
katalyzatorti, které se diive osvéd¢ily pii polymerizaci fenylacetylenu [6, 7, 11, 21].
Metathesni Mo a W katalyzatory se ukazaly pro tuto polymerizaci jako net¢inné. Na druhé
strané, pfi pouziti inzertnich katalyzatort na bazi komplexi rhodia, predevsim
[Rh(nbd)acac] (nbd = norborna-2,5-dien, acac = acetylacetonato) v prostfedi CH2Cl,,
poskytla polymerizace 1,4-DEB vysoké vytézky (vétsinou 75-100 %) nerozpustnych
nebotnajicich konjugovanych polyacetylenovych siti, poly(1,4-DEB) [28, 29].



1,4-DEB

Schéma 1 Retézova koordinaéni polymerizace 1,4-DEB.

Metoda ®C CP/MAS NMR potvrdila, Ze polyacetylenové fetézce siti obsahuiji:
(i) linearni monomerni jednotky (LU) s nezreagovanou postranni ethynylovou skupinou a
(ii) vétvici jednotky (BU), u kterych je postranni ethynylova skupina transformovéna na
skupinu —C=CH- zapojenou do jiného segmentu polyacetylenovych fetézcii. Molarni frakce
vétvicich jednotek (Xpu) v sitich piipravenych pomoci [Rh(nbd)acac] v CH2Cl se
pohybovala vétsinou v rozmezi 0,30 az 0,78, coz svédéi o vyrazném propojeni
polyacetylenovych fetézcti sité. Kovalentni strukturu poly(1,4-DEB) a ptiklad *C CP/MAS
NMR spektra ukazuje Obr. 2.

ppm

Obr.2 BC CP/MAS NMR spektrum poly(1,4-DEB) ziskané polymerizaci 1,4-DEB na
[Rh(nbd)acac] v CH2Cl, za laboratorni teploty.



Analyza pomoci adsorpce dusiku prokazala mikro- nebo mikro/mesoporézni texturu
vétsiny polyacetylenovych siti piipravenych polymerizaci diethynylarent na Rh
katalyzétorech. Specifické povrchy siti (Seer) se pohybovaly v fadu stovek m2/g. Vliv
podminek syntézy na texturni parametry shrnuje Tab. 1. Ukazuje se, Ze sité pfipravené za
laboratorni  teploty = vykazuji pfevazné mikroporézni texturu s hodnotami
Sper = 653 - 809 m?/ g a stitednim priimérem mikropért okolo 1 nm. Zvyseni reakéni teploty
na 75 °C a prodlouZeni reakéni doby vede k nartstu obsahu a velikosti mesopéri v sitich, ke
snizeni priméru mikropértt a k nartstu specifického povrchu siti. Tyto zmény jsou
doprovézeny nértistem hodnot Xsu. Tvorba mesop6rti v mikro/ mesoporéznich sitich ziejmé
probihd jako vzajemné propojovani drobnych ¢astic mikroporézniho polymeru. SniZzeni
praméru mikropéra v dasledku zvyseni teploty je ddno hust$im zesitovanim polymert.
Sité odvozené od 1,4-DEB a 4,4-DEBPh vykazuji podobné texturni charakteristiky. Oproti
tomu, sité odvozené od 1,3-DEB maji mensi priiméry mikro- i mesopért ziejmé v diisledku
jiné geometrie molekuly monomeru umoziiujici vétsi prostorovou mobilitu ethynylové
skupiny na LU vznikajictho polymeru. Vliv podminek syntézy siti na charakter adsorpénich

isoterem N> a na distribuci velikost mesopérti je dokumentovan na Obr. 3 a 4.

Tab.1 Strukturni a texturni parametry polyacetylenovych siti ptfipravenych na
[Rh(nbd)acac] v CH>Cl. Xsu molarni podil vétvicich jednotek v polymeru, Sser specificky

povrch, Vimi a Dmi objem a primér mikrop6rti, Vimeso @ Dmeso objem a primér mesoporai.

T monomer XBU SBET Vmi Dmi Vmeso Dmeso

(m¥g) (cm¥g) (nm)  (cm¥g)  (nm)

= = 0,30 809 0,323 1,02 0,319 <4

< /©\ 0,46 653 0,206 1,00 0 -
._1 Z =~

= ){ = 047 731 0,224 1,02 0,765 81

R = = 0,64 1469 0,350 0,89 2,520 22

% /Q\ 078 1146 0239 066 1212 55
& P ~

= )4 = 0,75 995 0233 090 1354 20

3 [kat]o = 6 mmol/], reakéni ¢as 3 hodiny b [kat]o = 18 mmol /], reakéni ¢as 72 hodin
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Obr.3 Adsorpéni (prazdné symboly) a Obr. 4 Distribuce primért mesopértt pro
desorpéni (plné symboly) izotermy Na vzorky — poly(14-DEB) pfipravené na
(77K) na  vzorcich  poly(1,4-DEB) [Rh(nbd)acac] v CHxCl> za rdznych
piipravenych na [Rh(nbd)acac] v CH:Cl> za podminek.

rtiznych podminek.

Polymerizace 1,3-DEB byla tspésné realizovana i v emulznim uspoiddani s vyuzitim
techniky HIPE (High Internal Phase Emulsion) [30]. Skute¢nost, Ze 1,3-DEB je za laboratorni
teploty kapalna latka, dovolila pfipravit (s pouZzitim emulgatoru) hustou HIPE emulzi s
vysokym obsahem vody (80 - 90 obj. %). Polymerizace této emulze pomoci [Rh(nbd)acac]
pfidaném v malém mnozstvi CH>Cl> dala vzniknout texturné hierarchizovanym sitim
obsahujicim husté propojené makropéry s pramérem az 4,8 pm, pficemz stény téchto
makropdra jsou tvoreny mikro/mesoporéznim polymerem s hodnotou Sger ~100 m2/g,
kterou lze dale zvysit postpolymeriza¢ni termickou modifikaci na Sger =387 m?/g.
Makropéry v sitich vznikly procesem templatovani, pfi¢emz jako templét slouzily drobné
kapicky vody piftomné v emulzi. Zobrazeni makroporézni textury poly(1,3-DEB) pomoci
SEM je ukédzano na Obr. 5. Polymery s hierarchizovanou texturou obsahujici pory rtiznych
velikosti jsou aplika¢né velmi zajimavé predev$im s ohledem na vyhodnou kombinaci

vysokého specifického povrchu a snadného transportu hmoty témito materialy.
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Obr. 5 SEM zobrazeni textury makroporézniho poly(1,3-DEB).

Strukturu a texturu polyacetylenovych sitich je moZzno modifikovat téz
dositovani polymeru, pfi kterém byla pozorovana tuplnd konverze postrannich
ethynylovych skupin siti zfejmé cyklotrimeriza¢nimi a aromatiza¢nimi reakcemi (Obr. 6). V
dtisledku tohoto procesu vzrostla adsorpéni kapacita siti, a to zejména pro plyny s malym

kinetickym pramérem molekul (napt. Hz - Obr. 7).

PRED modifikaci

a (cm’/g STP)

A/ PO modifikaci

160 140 120 100 80 60 0 200 400 600 800
ppm p (Torr)
Obr.6 ©C CP/MAS NMR spektra Obr. 7 Adsorpéni izotermy Hz (77 K) na
poly(L4-DEB) pred a po termické nemodifikovaném a termicky
modifikaci. Signaly v oblasti 70 - 90 ppm modifikovaném poly(1,4-DEB).

prislusi uhlikiim skupin —C=CH.
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42 Konjugované porézni polymery polycyklotrimerniho typu odvozené

od diethynylarenti

Polycyklotrimerizace 1,4-DEB a 2,6-diethynylnaftalenu (2,6-DEN) nové katalyzované
katalytickym systémem TaCls/PhsSn, ktery je aktivni i za laboratorni teploty, poskytly (ve
vytézku 97 %) ptislusné polycyklotrimery, Pc(1,4-DEB) a Pc(2,6-DEN), ve kterych jsou
aromatickd jadra monomert propojena benzentriylovymi spojkami  vzniklymi
cyklotrimerizaci tfi ethynylovych skupin (Schéma 2) [31]. Rozbor spektralnich charakteristik
produktt ukazal, Ze na tvorbé polycyklotrimerti se kromé hlavniho reakéntho médu
vedouctho pouze k vétveni produktu (méd A ve Schématu 2) podilely i reakéni mody
zptisobujici intramolekuldrni zesitovani (médy B a C ve Schématu 2). Nicméné, sitovani
nedospélo do maximalniho mozného rozsahu, nebot v obou polycyklotrimerech zbyvaly

nezreagované ethynylové skupiny.

@ A ‘\ \
Il -
= Ar———— 4 Ar
N\ | A
Ar N Ar XAr
L |
Ar
L
‘ X
// Ar Ar ‘

Schéma 2 Reakéni médy (A, B, C), které se podileji na vzniku polycyklotrimert

diethynylarent. Ar znaci aren pochazejici z molekul monomeru.
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Polycyklotrimery, zejména Pc(1,4-DEB), vykazovaly vysoky specificky povrch a
vysokou kapacitu pi#i zachytu plynt (Tab.2). U obou polycyklotrimerti bylo pfi studiu
zachytu plyniil pozorovano malo obvyklé chovani projevujici se (i) Sirokymi neuzavienymi
hystereznimi smyckami na adsorpénich/desorpénich izotermach dusiku (Obr.8) a
(ii) vyraznou zavislosti adsorp¢énich izoterem CO: na ekvilibraénim case pii
teplotach 2293 K (Obr. 9). Toto chovéni je zfejmé dédno dudlnim mechanismem zachytu
plynti v polycyklotrimerech, kdy k zachytu plynu pfispiva nejen jeho adsorpce na povrchu
permanentnich pért, ale i pronikdni plynu do ptivodné neporéznich ¢asti polycyklotrimert
za vzniku docasnych porti schopnych plyn zadrzet [32]. Pronikdni plynti do ptvodné
neporéznich ¢asti polycyklotrimertt je zfejmé umoZnéno konformacéni flexibilitou
strukturnich segment@i polycyklotrimerti danou nizkym stupném zesitovani téchto

polymert.

Tab. 2 Hodnoty Sger pro Pc(1,4-DEB) a Pc(2,6-DEN) a mnozstvi N> a H> zachycenéhona 1 g
polymeru (77 K, 750 Torr), mnozstvi CO, zachyceného na 1 g polymeru (273 K, 750 Torr).

Polymer Swer aNz, 750Torr a‘Hz, 750Torr acoz, 750Torr
2
(m?g) (mmol/g) (mmol/g) (mmol/g)
Pc(1,4-DEB) 1299 51,0 6,25 2,45
Pc(2,6-DEN) 418 6,6 3,69 1,70
1200 1,21
300s
900 09
£ 2
o
mg,, 600 E 06
g ©
® 300 031
0 . . . . ' 00
00 02 04 06 08 10
p/p, p (Torr)
Obr. 8 Adsorpéni (prazdné symboly) a Obr.9 Adsorpcni (prazdné symboly) a
desorpéni (plné symboly) izotermy N2 desorpéni (plné symboly) izotermy CO:
(77 K) na Pc(1,4 DEB). na Pc(2,6-DEN) (333 K) métené pii

razném casu ekvilibrace.
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ZAVER

Byl popsin novy typ konjugovanych polymernich siti svysokym obsahem
permanentnich mikro- a mesopéri. Kovalentni strukturu téchto siti tvoii substituované
polyacetylenové fetézce, které jsou vzajemné propojené arylenovymi spojkami. P¥iprava
siti spoc¢iva v fetézové koordina¢ni polymerizaci diethynylarent (1,4-diethynylbenzen,
1,3-diethynylbenzen a 4,4"-diethynylbifenyl) katalyzované inzertnimi katalyzatory na
bazi komplexti rhodia. Sité piipravené za laboratorni teploty obsahovaly pievdzné
mikropory, sité pfipravené za teploty 75 °C obsahovaly kromé mikropérii téz vyrazné
mnozstvi mesop6ril s primérem az 22 nm. Specifické povrchy siti dosahovaly hodnot
az 1469 m?/g. Byl navrzen mechanismus objasiiyjici tvorbu mesopérii jako diisledek
kovalentnitho propojovani primarné vzniklych drobnych ¢&astic mikroporézniho

polymeru.

Polymerizace 1,3-diethynylbenzenu byla tspé$né realizovana i v emulznim HIPE
uspofadéni. Touto metodou byly pifipraveny hierarchizované polyacetylenové sité
obsahujici husté propojené makropéry s primérem az 4,8 pm, jejichz stény byly tvoreny

mikro/mesoporéznim polymerem.

Postpolymeriza¢ni termickd modifikace polyacetylenovych siti vedla k dodate¢nému
propojeni segmentd siti, coz se projevilo nartstem zastoupeni mikropértt a
submikropéra v sitich a nartstem adsorpénich kapacit pro plyny s nizsim kinetickym
pramérem molekul (CO2 a H»). Termicka modifikace textury je dtsledkem vzajemné
reakce ethynylovych skupin pfitomnych v linedrnich jednotkdch primérné

pfipravenych siti.

Pro polycyklotrimerizace 1,4-diethynylbenzenu a 2,6-diethynylnaftalenu byl nové
aplikovan katalyticky systém TaCls/PhsSn, ktery je aktivni za mirnych podminek.
Piipravené polycyklotrimery vykazovaly vysoké kapacity zachytu plyni:
2,45 mmol(CO,)/ g (273 K, 750 Torr) a 6,25 mmol(Hz)/g (77 K, 750 Torr). Bylo navrzeno,
ze k zachytu plynd dochazi dualnim mechanismem kombinujicim adsorpci plynu na
povrchu permanentnich pérti a jeho pronikdani do neporéznich ¢asti polycyklotrimert

za vzniku doc¢asnych p6rti schopnych plyn zadrzet.

15



6 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 m?/g. The networks have been prepared via
chain-growth coordination polymerization catalyzed 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  TaCls/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 hysteresis 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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7 INTRODUCTION

The Microporous Organic Polymers (MOP) that are being developed and studied in the
last ten years represent a new type of porous materials with many promising applications in
the fields of adsorption, catalysis and optically active materials and sensors [1-4]. The texture
of MOP contains a large amount of permanent micropores (diameter <2 nm) and eventually
mesopores (diameter from 2 to 50 nm) that results in a high specific surface area of MOPs (in
order from hundreds to several thousands m?2/g). The MOPs mostly possess the polymer
network architecture and the microporosity originates from a high cross-linking extent
combined with rigid character of segments and struts of the network.

The aromatic acetylenes have been known for many years as excellent starting materials
for the preparation of linear and branched conjugated oligomers and polymers of various
covalent structures depending on the type of polymerization used for the synthesis [5-11]. The
applications of these oligomers and polymers as luminescent and optically active materials and
sensors are promising. The step-growth polymerizations performed through Sonogashira
couplings provide, for example, linear poly(arylenebutadiynylene)s [-Ar'~C=C-C=C-], and
poly(arylenethynylene)s [~Ar'-C=C-]. (Ar” stands for arylene). The cyclotrimerization of
monoethynylarenes yields simple triarylbenzenes; the copolycyclotrimerization of
diethynylarenes with 1-alkynes leads to soluble hyper-branched polycyclotrimers. The
chain-growth polymerization of ethynylarenes is used for the preparation of substituted
poly(acetylene)s [-(Ar)C=CH-]. and [-(Ar)C=C(Ar)-]. (Ar stands for aryl). Recently, some of
the above polymerizations have been modified to provide polymers of the MOP type. The
modification involved enhancement of the functionality of the monomer(s) in the feed and
optimization of the reaction conditions. The MOPs prepared in this way are of the conjugated
nature and are classified into a large group of Conjugated Microporous Polymers (CMP) [12,
13]. The Sonogashira couplings and the feeds of an average monomer functionality f > 2 are
predominantly used for the preparation of this type CMPs. For example, the homocoupling of
1,3 5-triethynylbenzene or the cross-coupling of this monomer with diiodoarenes provide
CMPs with specific surface areas (Sger) up 840 m2/g [14, 15] (Seer is determined from the
nitrogen adsorption isotherm by Brunaer-Emmett-Teller, BET method). The CMPs prepared in
this way are hyper-cross-linked polymers. In the case of above described homo- and cross-
coupling, the trisubstituted benzenes are the knots of the network and these knots are

interconnected by butadiynylene or arylenethynylene struts. The increasing length of the struts
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of the networks was found to result in a decrease in Sger values and in a slight increase of the
pore diameter [16]. The length of the struts was modified by varying the distance between
functional groups in the monomer molecules. A significant increase in Sger was achieved by
increasing the functionality of the monomers applied for polymerization: the CMPs prepared
by either homocoupling of tetrakis(4-ethynylphenyl)methane or cross-coupling of
tetrakis(4-ethynylphenyl)methane and tetrakis(4-iodophenyl)methane exhibited Sger from 1470
to 1917 m?/g [17]. The high Seer values were also achieved for CMPs synthesized by
alkyne-azide click reaction: e.g. a reaction of tetrakis(4-ethynylphenyl)methane and
tetrakis(4-azidophenyl)methane provided CMP with Seer of 1128 m?/g [17]. The CMPs
described above are amorphous polymers whose microporosity results from the formation of
the network architecture and is not affected by a phase separation, which could allow the
formation of larger pores e.g. via interconnecting small particles of the polymer.

Another type of CMPs was prepared by polycyclotrimerization of ethynylarenes with
ffrom 2 to 4. The reaction was catalyzed by Cox(CO)s and it was performed at 125 °C. The
reaction yielded the hyper-branched partly intramolecularly cross-linked polycyclotrimers in
which the aromatic cores present in the monomer molecules were newly connected by
benzenetriyl linkers formed by cyclotrimerization of three ethynyl groups [18-20]. The CMPs
of the polycyclotrimer-type exhibited  Sperfrom 1013 m2?/g  (polycyclotrimer  of
1,4-diethynylbenzene) [19] to Sper = 1547 m2/ g (polycyclotrimer of
tetrakis(4-ethynylphenyl)methane) [18]. The nitrogen adsorption isotherms indicated that the
polycyclotrimers contained micropores with a diameter up to 1 nm. The mechanism of the
formation of the micropores as well as the influence of the structure and architecture of the
polycyclotrimers on their textural parameters have not been studied. Nevertheless, the
simulation of the structure of cyclotrimers revealed that the cyclotrimers derived from
bifunctional monomers (e.g. 1,4-diethynylbenzene) might exhibit a less tight conformation of
the segments owing to a free rotation of 1,4-phenylene links around single bonds. Based on
this finding, one of the objectives of this Thesis was formulated targeted at preparing and
studying adsorption properties of less rigid polycyclotrimers derived from diethynylarenes.

The chain-growth polymerization of ethynylarenes to linear substituted poly(acetylene)s is
a method of transformation of these monomers into conjugated polymers which has been
known for the longest time [6, 7, 11, 21]. The reaction is catalyzed by either insertion or
metathesis catalysts based on the compounds and complexes of mainly Rh, Pd, Ni, W, Mo and
Ta. Several hundreds of monofunctional monosubstituted (HC=CAr) and disubstituted

(ArC=CAr) monomers have been polymerized with these catalysts to linear conjugated
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polymers possessing alternating single and double bonds in the main chains. Less often, the
acetylenes substituted with one or two alkyl groups have been polymerized in this way [6, 7,
11, 22]. The chain-growth polymerization of the monomers containing more than one ethynyl
group per one molecule is very rare in the literature. All the reports dealing with this subject
are primarily aimed at preparation of branched well soluble polymers [23-25]. For example,
Dong and Ye [25] described the copolymerization of (monofunctional) phenylacetylene and
(bifunctional) 1,4-diethynylbenzene into soluble copolymers with ethynylphenyl pendants.
The ethynyl groups of the substituents were subsequently used for the postpolymerization
modification of the polymers by either reaction with organic azide [25] or postpolymerization
cross-linking [26, 27]. However, direct polymerizations of monomers of a higher functionality
aimed at preparation of the polyacetylene-type networks of the CMP texture have not been

described in the literature. Based on this fact, some objectives of this Thesis were formulated.

8 OBJECTIVES OF THE THESIS

The possibility will be explored of preparing a new, hitherto not described, type of
polymer networks the covalent structure of which will include polyacetylene chains
densely interconnected by arylene struts. The chain-growth coordination polymerization
newly applied to the bifunctional monomers of diethynylarene type will be used as a
method of preparation of such networks. The covalent structure and the textural
parameters of the networks will be studied in detail. The networks with micro- or
mesoporous texture will be evaluated as to the possibility to influence their textural
parameters by conditions of the synthesis and, possibly, by a postpolymerization
modification. The high attention will be paid to the networks in which the hierarchical
texture is attainable consisting in the simultaneous presence of multiple types of pores in a

polymeric network.

The possibility will be explored to polycyclotrimerize a series of diethynylarenes into
hyper-branched partly cross-linked polycyclotrimers. The catalyst system TaCls/PhsSn
which can operate under mild conditions will be used to catalyze this reaction. The
covalent structure and the textural parameters of the polycyclotrimers will be studied in
detail. As a low extent of cross-linking is expected to be achieved in the prepared
polycyclotrimers a special attention will be paid to the study of the mechanism of gas

trapping in these polymers.
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9 RESULTS AND DISCUSSION

9.1 Conjugated porous polyacetylene-type networks derived from
diethynylarenes

The chain-growth coordination polymerization of monoethynylarenes to linear
monosubstituted polyacetylenes is a well known reaction. One of the objectives of this
Thesis was to explore possibilities to transform this reaction into a polymerization yielding
densely cross-linked polyacetylene-type networks with the porous texture. This
transformation was suggested to be achieved by introducing the monomers with two
ethynyl groups for the polymerization. Three monomers have been selected for this study:
1,4-diethynylbenzene (1,4-DEB), 1,3-diethynylbenzene (1,3-DEB) and 4,4 -diethynylbiphenyl
(4,4-DEBPh) (Fig. 1). The reaction proposed within this Thesis is shown in Scheme 1 for the

case of 1,4-DEB polymerization.

1,3-DEB 1,4-DEB 4,4"-DEBPh
Z S :/ :
‘ 0,490 nm 0,567 nm 0,983 nm
| |
1 1 1

Fig. 1 Monomers used for the preparation of the polyacetylene-type networks.

The polymerization of 1,4-DEB (Scheme 1) was tested with metathesis and insertion
catalysts that had been previously proved as efficient in polymerization of phenylacetylene.
[6, 7,11, 21]. Mo and W based metathesis catalysts were inefficient for this reaction. On the
other hand the insertion Rh catalysts particularly [Rh(nbd)acac] (nbd = norborna-2,5-diene,
acac = acetylacetonato) applied in CH2Cl» provided high yields (mostly from 75 to 100 %) of
the insoluble non-swelling conjugated polyacetylene-type networks, poly(1,4-DEB)s [28, 29].
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1,4-DEB

Scheme 1 The chain-growth coordination polymerization of 1,4-DEB.

1BC CP/MAS NMR confirmed, that the polyacetylene networks contain: (i) the linear
monomeric units (LU) with unreacted side ethynyl groups and (ii) branching monomeric
units (BU) the side ethynyl groups of which were transformed to —C=CH- groups
incorporated into other segments of the polyacetylene chains. The mole fraction of
branching units (Xsu) in the networks prepared with [Rh(nbd)acac] in CH>Cl> mostly ranged
from 0.30 to 0.78 that indicates high interconnecting of the polyacetylene chains. The
covalent structure of poly(1,4-DEB) and an example of a *C CP/MAS NMR spectrum of this

polymer is given in Fig. 2.

ppm

Fig. 2 1°C CP/MAS NMR spectrum of poly(1,4-DEB) obtained by polymerization of 1,4-DEB

on [Rh(nbd)acac] in CH2Cl> at room temperature.
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The N> adsorptions isotherms mostly revealed the micro- or micro/mesoporous texture
of the networks prepared by polymerization of diethynylarenes with Rh catalysts. The
specific surface areas of the networks (Sper) were in order of hundreds m?/g. The influence
of the conditions of the synthesis on the textural characteristics of the networks is shown in
Tab. 1. The networks prepared at room temperature are prevailingly microporous (Sger from
653 to 809 m?/g, average micropore diameter about 1nm). The increase of the
polymerization temperature to 75 °C and prolongation of the reaction time caused an
increase in content and diameter of the mesopores, a decrease in the micropore diameter
and an increase in the Sger values. These changes were accompanied by a rise in the value of
Xpu. The formation of mesopores in the micro/mesoporous networks most probably
proceeded by interconnection of small particles of microporous polymer. The decrease in
the micropore diameter due to the increase in the polymerization temperature most
probably reflects denser cross-linking of the polymers. The networks derived from 1,4-DEB
a 4,4-DEBPh exhibited similar textural characteristics. On the other hand, the networks
derived from 1,3-DEB had lower diameter of both micro- and mesopores. This may be given
by a different geometry of 1,3-DEB monomer which enables a larger space mobility of the
pendant ethynyl groups on LU units of the growing polymer chains. The influence of the
polymerization conditions on (i) character of N2 adsorption isotherms and (ii) the

distribution of the mesopore diameter is shown in Fig. 3 and 4.

Tab.1 Structural and textural parameters of polyacetylene networks prepared with
[Rh(nbd)acac] in CH>Cl>. Xsu mole fraction of branching units in the polymer, Sger specific
surface area, Vmi and Dmi volume and diameter of micropores, Vimeso and Dmeso volume and

diameter of mesopores.

T monomer XBU SBET Vm_l Dm_l Vmeso Dmeso

(m%g)  (cm¥g)  (nm)  (cm%g)  (nm)

- = = 0.30 809 032 102 0319 <4

& PN 046 653 0206  1.00 0 -
& N

=< ){ = 047 731 0.224 1.02 0.765 8.1

= = 0.64 1469 0350 089 2520 2

¢ /©\ 0.78 1146 0.239 0.66 1212 55
i - =

=< )<= 0.75 995 0233 090 1354 20

3 [cat]o = 6 mmol/, reaction time 3 h b [cat]o = 18 mmol/], reaction time 72 h
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Fig.3 Adsorption (empty points) and Fig. 4 Mesopore diameter distribution for
desorption (full points) N2 isotherms poly(1,4-DEB)s prepared in CH2Cl, with
(77K) on poly(14-DEB)s prepared in [Rh(nbd)acac] at various conditions.

CH:Cl> with [Rh(nbd)acac] at various

conditions.

The polymerization of 1,3-DEB was successfully accomplished also in High Internal Phase
Emulsion (HIPE) setting [30]. The liquid state of 1,3-DEB (at room temperature) enabled to
prepare (using an emulsifier) a dense HIPE containing a high water fraction (from 80 to 90
vol. %). The polymerization of such emulsion induced with [Rh(nbd)acac] added in a small
amount of CHxCl led to a texturally hierarchical networks containing densely
interconnected macropores (diameter up to 4.8 pm) the walls of which were formed by
micro/ mesoporous polymer of Sger ~ 100 m?/g (moreover, the Sger can be increased up to
387 m?2/g by postpolymerization thermal treatment of the polymer). The macropores in the
networks were formed via template process in which small droplets of water in the
emulsion served as the template. The SEM image of the macroporous texture of
poly(1,3-DEB) is shown in Fig. 5. The polymers with a hierarchical texture containing pores
of various sizes are interesting from the application points of view particularly with respect
to the advantageous combination of the high specific surface area and the facile transport of

mass in such materials.
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Fig. 5 SEM image of the macroporous texture of poly(1,3-DEB).

The structure and the texture of the polyacetylene networks can be varied also by

postpolymerization modifications. The heating of the networks of various parent textures at

280 °C resulted in additional cross-linking that was accompanied by total conversion of the

pendant ethynyl groups most probably by cyclotrimerization and aromatization reactions

(Fig. 6). The adsorption capacity for gases with small kinetic diameter (e.g. H» - Fig. 7) was

enhanced owing to this process.

BEFORE
modification

AFTER
modification

160 140 120 100 80 60
ppm

Fig.6 3C CP/MAS NMR spectra of
poly(1,4-DEB) before and after thermal
modification. The signals at 70 - 90 ppm
are due to the carbons of -C=CH groups.
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Fig. 7 H> adsorption isotherms (77 K) on
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poly(1,4-DEB).



9.2 Conjugated porous polycyclotrimer-type polymers derived from
diethynylarenes

The polycyclotrimerization of 1,4-DEB and 2,6-diethynylnaphthalene (2,6-DEN) which
was newly catalyzed by TaCls/PhsSn (catalyst system active at room temperature) provided
respective polycyclotrimers, Pc(1,4-DEB) and Pc(2,6-DEN) in high yield of 97 %. In these
polycyclotrimers, the aromatic cores of the monomers are interconnected by links of
benzentriyl-type which were formed via cyclotrimerization of three ethynyl groups
(Scheme 2) [31]. The spectral analysis revealed that the formation of polycyclotrimers
proceeded not only by the main reaction mode A (Scheme 2) which is responsible for the
hyper-branching of the product but that the reaction modes B and C (Scheme 2) also
contributed to the polymerization. The reaction modes B and C are responsible for the
intramolecular cross-linking of the polycyclotrimers. Nevertheless, the cross-linking did not
reach its maximum possible extent because some non-transformed ethynyl groups were still

remaining in both polycyclotrimers.

Scheme 2 Reaction modes (A, B, C) which contribute to the formation of polycyclotrimers of

diethynylarenes. Ar is the arene core from the monomer molecule.
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Polycyclotrimers, Pc(1,4-DEB) in particular, possessed high Sger values and high gas
trapping capacity (Tab. 2). Both polycyclotrimers exhibited unusual adsorption behaviour
that was manifested by: (i)broad and not closed hysteresis loops on N2
adsorption/desorption isotherms (Fig.8) and (ii) a significant dependence of the CO:
adsorption isotherms on the equilibration time at temperatures >293 K (Fig.9). This
behaviour is most probably due to the dual mechanism of gas trapping in polycyclotrimers.
The trapping is contributed not only by adsorption on the surface of the permanent pores
but also by a penetration of gas into the nonporous polycyclotrimer segments under
formation of temporary pores efficient in gas trapping [32]. The penetration of gas into
nonporous segments is most probably facilitated by a flexibility of the conformation of

polycyclotrimers due to a low extent of cross-linking of these polymers.

Tab. 2 Sger values of Pc(1,4-DEB) and Pc(2,6-DEN), amount of N2 and H> trapped on 1 g of
polymer (77 K, 750 Torr), amount of CO: trapped on 1 g of polymer (273 K, 750 Torr).

Polymer Swer ay,, 750Torr Ay, 750Torr Aco,, 7507Torr
2,
(m?g) (mmol/g) (mmol/g) (mmol/g)
Pc(1,4-DEB) 1299 51.0 6.25 245
Pc(2,6-DEN) 418 6.6 3.69 1.70
1200 1.24
. 300s

a (mmol/g)
o o
i i

a (cm’/g STP)

o
w
L

0 y - - - ! 0.0 T T T T
00 02 04 06 08 10 0 200 400 600 800
p/p, p (Torr)
Fig. 8 N. adsorption (empty points) and Fig.9 CO: adsorption (empty points)
desorption (full points) isotherms (77 K) and desorption (full points) isotherms on
on Pc(1,4 DEB). Pc(2,6-DEN) (333 K) recorded at various

equilibration times.

26



10

CONCLUSIONS

A new type of conjugated polymer network possessing a high content of micro- and
mesopores has been described. The covalent structure of the networks consists of the
substituted polyacetylene chains which are interconnected by arylene struts. The networks
were prepared by chain-growth coordination polymerization of diethynylarenes
(1/4-diethynylbenzene, 1,3-diethynylbenzene and 4,4 -diethynylbiphenyl) catalyzed by Rh-
based insertion catalysts. The networks prepared at room temperature contained
predominantly the micropores, the networks prepared at 75 °C contained besides
micropores also a considerable amount of mesopores with a diameter up to 22 nm. The
specific surface area of the networks was up to 1469 m?/g. A mechanism has been
proposed explaining the mesopores formation as a result of covalent interconnecting small

primarily formed particles of microporous polymer.

The polymerization of 1,3-diethynylbenzene was successfully achieved also under the
emulsion HIPE conditions. This method provided hierarchical polyacetylene networks
containing densely interconnected macropores with diameter up to 4.8 pm the walls of

which were formed by micro/mesoporous polymer.

The postpolymerization thermal modification of the polyacetylene networks led to the
additional interconnecting of the network segments that was manifested by an enhanced
content of micro- and submicropores in the modified networks and by an increase in the
adsorption capacities of the modified networks for gases with lower kinetic diameter of the
molecules (COz a Hz). The thermal modification of the network texture resulted from the

reaction of ethynyl groups present in the linear units of the parent networks.

The catalyst system TaCls/PhsSn operating under mild conditions was newly applied for
the polycyclotrimerization of 1,4-diethynylbenzene and 2,6-diethynylnaphthalene. The
polycyclotrimers ~ prepared showed high capacities for trapping of gases:
2.45 mmol(COz)/g (273 K, 750 Torr) and 6.25 mmol(Hz)/ g (77 K, 750 Torr). The trapping of
gasses was suggested to proceed via dual mechanism that combines the adsorption of gas
on the surface of the permanent pores and the penetration of gas into the nonporous

segments of polycyclotrimers under formation of the temporary pores efficient in gas

trapping.
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