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Zusammenfassung

Zusammenfassung

Geordnet mesopordse Materialien werden aufgrund ihrer hohen Oberflache in zahlreichen
Anwendungsgebieten, beispielsweise in der Katalyse, in MembraneninoBatterien, als
Modellmaterialien untersucht. Vor allem in der sauren Wasserelektrolyse zur Herstigfing
sogenanntengriinen Wasserstalferscheint ein mesopordser Elektrokasagr vielver
sprechend, undas kritischelridium auf der Anodenseitenoglichst effizient zu nutzen
Allerdings ist unklar, welche Porenstruktur (Porengrof3e Wwahddicke) eine maximale
Stabilitat und Aktivitat in der Katalyse liefert. Die systematische Beantwodiesgr Frage
erfordertmal3geschneiderdodellmaterialien, weshalkich dieséArbeit der Etablierung einer

Bibliothek solcher mesoporas&aterialien mit variabler Porenstruktur widmet.

In Publikation 1 wurde dafir zunachsine einfache SyntheseinesBlock-Copolymers aus
Polyethylenoxid (PEO) und Polyhexylacrylat (PHA) vorgestellt, mit dem mesopordse
Metalloxide mit grof3en Mesoporen (etwa #Aéh) hergestelltwerden kdnnen. Da solch grolRe
Porenaufgrund des Kompromisses zwischen einer noch hohen Oberflache und der Vermeidung
von Diffusionslimitierungen aussichtsreich erscheinen, aber mit gangigen Methoden wie
Physisorption nicht trivial untersucht werden kénnen, wurde eine Routine erltyigie
solcheStrukturenzuverlassig charakterisiert werden kénnen. Mit dieser Methodik wurde in
Publikation 2 eine Vielzahl an PED-PHA-Proben hergestellt und als Templat untersucht und
so abgeleitet, wiadie Porengréf3e, Wanddickend Porenkonnektivitain Silika Gber die
Polymermenge und die PHBIocklange eingestellt werden kanim. Publikation 3 konnte
gezeigt werden, daskas Porensysteim Silika nachSoft Templatingnit PEGb-PHA analog

zu dem in mesoporésem Kohlenstadtifgebautst, sodass die Glltigkeit der zuvor erwéhnten
Leitfaden zum Porendesign auch fur das elektrochemisch relevante Material Kohlenstoff zu
erwarten ist. In Publikation 4 wurden mesoporose Kohlenstofffilme hergestellt und
hinsichtlich ihrer Eignung in der Elektrokatalyse untersuidie beobachtetbohe elektrische
Leitfahigkeit, elektrochemische Stabilitat und variable Zuganglichkeit des Porensystems
bestatigen, dass dienesopordsenDunnfilme ein vielversprechendes Modellsystem fur

elektrochemische Studietaistellen beispielsweise als Tragermaterial fir die Elektrokatalyse.

Die hier gewonnenen Erkenntnisbéden die Grundlage fiireine Vielzahlsystematische
Studienzur Korrelation makroskopischer Eigenschaften mit der Porenstruktur mesopordser
Materialien zum Beispielwie die Morphologie von mesopordsem Iridiumoxid mit dessen

Aktivitat und Stabilitat in der sauren Wasserelektrolyse zusammenhangt

vV



Abstract

Abstract

Ordered mesoporous materials are investigated in several applications, such as heterogeneous
catalysis, membranes, and batteries, as model materials due to their large surface area. In
particular in the acidic water electrolysis, a mesoporous electrosiaggdpears promisinig
ordertoutilizet he cri ti cal i r i di uvaseffigigntas possibleldwevert r ol vy
it remains unclear which pore structymore size and wall thickness) possesses maximum
activity and stability in catalysis. Answeg such questions on a systematic level requires well
defined model materials. Therefore, tpi®jectaims at establishing a library of mesoporous

materials with tailored pore structure.

Publication 1 presentsa facile synthesi®f a block copolymer comprising a podfliylene

oxide) (PEO) and a poly(hexyl acrylate) (PHA) block, with which mesoparmial oxides
featuring large mesopores (of aboutr#f) can be prepared. While such large pores might
benefit froma tradeoff between a still high surface area and the absence of diffusion limitations,
their characterization by conventional methods like physisorption can be challenging. Thus, a
routine was developed to accurately characterize those kirsdraftures Following this
protocol, a set of various PE®WPHA samples was prepared and applied in soft templating in
publication 2. Doing so, guidelines were derived on howrtodify pore size, wall thickness,

and pore connectivitgf mesoporous silichy adjustingoolymer amount and PHA block length.
Publication 3 shows that the porgystemof mesoporous silica after soft templating with REO
b-PHA is analogue to that in mesoporous carbon. Hence, it can be expected that the
aforementioned guidelines on the pore design hold true for this electrochemically relevant
material as well.In publication 4, mesoporous carbon thin films were prepared and
investigated with respect to their suitability for electrocatalysis. The observed high electric
conductivity, electrochemitastability, and tunable pore accessibility confirm that these
mesoporoughin films act as promising model system for electrochemical stueligs,as

support for electrocatalysts.

The resultobtained hereibuild the basis for a variety of systematic studies for correlating
macroscopic properties with the pore structure of mesoporous materials. For instance, the
relationship between the morphology of mesoporous iridium oxide and its activity and stability

in acidic water splitting can be revealkedboost catalyst performance
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Einleitung

1 Einleitung

Gruner Wasserstoff gilt als Schlusselelement in der Energiewendepidéhm Strom aus
erneuerbaren Quellen temporgespeichertund er als Basischemikalie in der Stahind
Chemiendustrie eingesetzt werden kdtnSeire technische Herstellung iber daure
Wasserelektrolyse erfolgt tiberwiegend mit Iridium als ElektrokatalyShttas zwar weniger
aktiv, aber deutlich stabiler als Ruthenium$tDie jahrliche Férderung von Iridium liegt
aufgrund seiner Seltenheit allerdings lediglichdieia siebefonnen, was den grof3flachigen
Ausbauvon Elektrolyseuren limitier(geschétzter Bedarf: t2a %).! Vor diesem Hintergrund

wird sowohl an Alternativen zuidium® als auctan dessen effizienteren Nutzlfhgeforscht.

Eine Madglichkeit der effizienteren Nutzungbietet die Verwendung vorhochpordsen
Elektrokatalysatoren Der Einbau von insbesonderekleinen, sogenannte Mesoporen

(27 50nm) in den Katalysatoverringertdie eingesetzte Masse an Iridiugageniber einer
unporésen Vergleichsproband liefert gleichzeitigeine um etwa zwei GréRenordnung€h
hohereOberflache an der die Katalyse erfolgen kaines fuhrt zueing hohera katalytischa
Aktivitat pro Massen Iridium, wasdereits von Kraehnert und Mitarbeitendenrfigsopordses
Iridiumoxid (IrO,) gezeigtwurdel”8 Allerdings bleibt die Frage offen, welche Porenstruktur
eine optimale Nutzung des Edelmetalls bieZetar maximieren kleine Poren die Oberflache,
konnen aber den Stofftransport im Porensystem limitieren. Eine solche Diffusionslimitierung
mit abnehmender PorengréRe wurde in mehreren Arbeiten theoretisch bes€httebed in
einer aktuellen Studie von Trommet al auch experimentell bestatigt, in der die
Diffusionskoeffizienterorganischer Molekul¢vor allemdes grof3efocopherolnolekils in
einem Porensystem mitrn grol3en Poren gegentber denen in grofReren Pdremd 3Ghm)
signifikant reduziert sin#3 Insofern erscheinen gréRere Mesoporen, vor allem im Bereith
207 70nm, die noch eine hohe Oberflache gewahrleisten, aber Transportlimitierungen

maoglichst minimieren, mnders vielversprechend.

Dartber hinaus werden die makroskopischen Eigetfitsh des mesoporésen Matesialie

die Leitfahigkeit, die elektrische Kapazitat und der thermische Transport, nicht nur von der
Porengro&* 2% peeinflusst, sondern auch von anderen morphologischen Paraméteder
Porenwanddické” und der Konnektivitat??28! der Poren Allen voran der elektrische
Transport und die mechanische Stabilitat sind wichtige Grof3en fir einen Elektrokatalysator,

werden aber vom Porenvolunt&hund der Porenwanddick® bestimmt.Bisherige Studien
1



Einleitung

zur Korrelation der Porenstruktamt derkatalytischen Aktivitatn der Elektrokatalyse, wie die

von Priamushkeet al. fiir die Sauerstoéintwicklung mit mesoporésen Oxidgf?! mangeln
jedochan einer systematischen Variation einzelner morphologischer ParaDigtelortige
Modifikation der PorengrofRe Uber die Kalzinierungstemperatur verunmaglicht eine Trennung
des morphologischen (Porengrof3e) und chemischen (KristallitgrofRe) &ffekt die
Leistungsfahigkeides KatalysatordDeshalbbesteht ein Bedarf an mesoporésen Proben, in
denen lediglich die morphologischen Parameter, also die Porengréf3e, die Wanddicke und die
Konnektivitat, individuell und systematisch variiert werden koénnen, ohne die Chemie des
Wandnaterials zuverdndern.Stefik und Mitarbeitendgrasentierten mit denCopolymer
PolyethylenoxieblockPolyhexylacrylat (PE&-PHA) ein Templat, das fur die Herstellung
solcher Probemit groRen Mesoporegeeignet sein konnte, allerdings beschranken sich die
Studienbislangauf Dunnfime und entbehren einer systematischen Variation der Porengrof3e

und-konnektivitat2%

Ziel dieser Arbeit bestelaiaherin der Etablierung einer Bibliothek an mesopordsen Materialien
fur elektrochemische Anwendungemit groRerKugelporen,deren GréR&or allem im Poren
grolRenbereich von 2070 nm systematisch variiert werden ka(bbildung 1). Dazu wurde

in Publikation 1 zundchstkin exemplarischeBlockcopolymerder PEOb-PHA-Familie zur
Templatierung von Si@Pulvern genutzt undas erfolgreich eingebrachtPorersystemim
Detail entschlisselim Rahmerdermorphologischen CharakterisieruwgrdeaulRerdengine
Routine etabliert, Systeme mit solgho3en Mesoporef@0 nm) verlasslich zu analysieren. Die
Polymersynthese wurde iRublikation 2 auf eine umfassende Matrix aus RB®HA-
Copolymeren mit variierter PEOund PHABIlocklange ausgeweitet und die nach
Templatierung erhaltenen Oxidpulver geman der erprobten Routine analysiert. Auf diese Weise
wurde ein Porengrof3enbereiction 107 80 nm fur diese Polymdamilie identifiziert, der
Einfluss der individuellerBlocke auf die PorengrofRe quantifiziert und der Zusammenhang

zwischen Templatmenge und Porengréfdetknipfung undVanddickecharakterisiert.

Mit diesem synthetischen Leitfaden kdnnen Proben fir systematische Stexdtemenstruktur
undderen Effekt aubeispielsweiselie Aktivitat und Stabilitdt von mesoporésem @ der

sauren Wasserelektrolyse hergestellt werden, um die optimale Porositat ausfindig zu machen.
Um darauf aufbauendlen Bedarf an notwendigem Iridium weiter zu senken, wéare die
Beschrankung des seltenen Aktivmaterials lediglich auf die Oberflache, die mit dem

Elektrolyten in Kontakt und somit fir die Katalyse zur Verfugung stBlatfir wére ein

2



Einleitung

unkritisches Tragermaterial notwengwgie zum Beispiel mesopordser Kohlenstoff, auf dem
beispielsweise Uber Atomlagenabscheidung ear®skaligdrO,-Schicht abgeschieden wird.
Kraehnert und Pinna verfolgten einen a@hnlichen Ansatz, nutzen allerdings ein mesopordses
Titan/Iridium-Mischoxid als Tragermateri&f! das somit den Bedarf an Iridium erhéht. In
anderen Studien wurde Kohlenstoff zwar als Tragermaterial fur die Elektrokatalyse verwendet,
allerdings wurde dort nicht die gesamte Oberflache beschichtet und teilweise ohne eine
nanostrukturierte Oberflache gbaitet®>2® Im Gegensatz dazwerspricht ein homogen
beschichteter, mesoporddeohlenstofffilm eine moglichst effiziente Nutzung der gesamten,

maximierten Oberflachesofern diese fur die Edukte leicht zuganglich ist.

In Publikation 3 wurde die Briicke vom Modellmaterial Si@um elektrochemisch relevanten
Kohlenstoff geschlagen, der ebenso mit einem BEHBA-Templat strukturiert wurde. In
einem tiefgrindigen Vergleich von Physisorption Tminographie zur Charakterisierung der
Porenkonnektivitdt wurde das zuvabgeleitetePoremmodell auch im Kohlenstoff mittels
Skelettierung nachgewieserPublikation 4 ebnet abschlieBRend den Weg in Richtung
elektrochemischer Anwendung, in der thereitserwahnte mesoporose KohlenstwffForm

eines Dunnfilmsauf einem leitfahigen Metallsubstrat synthetisiert, umfassend charakterisiert
und im Hinblick aufeine elektrokatalytischeNutzunguntersucht wurde. Hierbei zeigte der
Dunnfilm eine vielversprechende Leitfahigkeit, Zugéanglichkeit und Stabilitdt, um als

Tragermaterial fUr die elektrokatalytische Wasserspaltung in Frage zu kommen.

Porensystem Porensystem Materialien elektrochemische
verstehen ) designen ) vergleichen ) Anwendung

Abbildung 1: Teilschritte des Promotionsprojekts bestehend aus der Charakterisierung der mesopordsen
Porenstruktur, dessen Variation hinsichtlich Porengrofe, -konnektivitdit und Wanddicke, dem Transfer auf das
elektrochemisch relevante Material Kohlenstoff und schlieBlich dessen Untersuchung als Dunnfilim Hinblick auf
mogliche elektrochemischeAnwendungen

Die Erkenntnissalieser Arbeitbietendie Grundlage flirine VielzahlsystematischeStudien
von PorositéEigenschaftsbeziehungean Oxiden und Kohlenstoffenallen voran im
elektrochemischen Kontext, in dem gezielte Porenstrukturen hergestellt werden k@mnen.
dienen die erarbeiteten Charakterisierungsprotokollels Blaupause zur Untersuchung
mesoporoseMaterialienmit groRernKugelporen besondersinsichtlich Porenkonnektivitat

3
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2 Aktueller Stand der Forschung

2.1 Synthese mesopordser Materialien

Mesopordse Materialien werden in aller Regel, und so auch in dieser Arbeit, auf Basis von
molekularen Ausgangsstoffen hergestellt. Hierbei bildet das in ein€3&®teaktionerzeugte
Material die Struktur eines Templats ab, das nach dessen Entfernung die Porenstruktur im
Material zurticklasst. Die einzelnen Baihritteder Synthesalternative Herstellungsverfahren

und systematische Modifikationen bilden die Bestandteile dieses Kapitels.

2.1.1 SolGel-Synthesen

Das SolGelVerfahren ist ein nasschemisches Synthesekoridepinorganische Feststoffe

wie beispielsweise Metalloxid@usgehend von molekularen Prékursoren. Im Gegensatz zu
konventionellen Festkorpersynthesen, die auf der thermischen Behandlung von
Pulvergemischen beruhen, liefert diesebgenannte BottomUp-Prozess homogenere
Reaktionsprodukte bei gleichzeitig geringeren Reaktionstemperaturen und klrzeren
Synthesedauetf*® weswegen er dem Konzept dghimie Doucg{l Asanf t €€ he mi e f)
zugeordnetwirdDe r NanGee IAiSowur de Mitte des 19. Jahr hur
seiner Arbeiten an Salzlésungesol(tion) und deren Gelierunggélation) gepragf®2®! und

beschreibt die beiden Kernschritte des Verfahrens. Konkreter lasst sich efBelSghthese

in funf Prozesse unterteilen: (1) die Bildung des Sols,déten Gelierung, (3) Alterung,

(4) Trocknung und (5) sofern gewiinscht deren KalzinieRthg.

Der Prakursor, meist ein Metallalkoxidalogenid odesnitrat“*“Ywird in einem geeigneten
Losemittel (meist einem Alkohol) gelést und bildet unfaartieller oder vollstandiger
Hydrolysedurch enthaltenes oder zugegebenes Wasser einen Hydroxidokthiedieser
kondensiertwie in Abbildung 2 gezeigtmit anderen Hydroxiden (unter Wasserabspaltung)
oder Alkoxiden (unter Alkoholabspaltungwodurch eine kolloidale Dispersion an
Primarpartikeln entstefitdas Sol. Die fortschreitende Polykondensation mindet schlief3lich in
einem weitreichenden Metalxo- beziehungsweise Metatydroxido-Netzwerk, in dessen
Poren das abgespaltene Wasser (oder der Alkohol) eingeschlosséndag@Gel*4? Unter
einem Gel wircallgemein lauter StandardisierungsorganisatlaiPAC (International Union

of Pure and Applied Chemisjrgin dreidimensionales, nicfiteRendes Netzwerk verstanden,
das durch eine Flussigkeit aufgequollenlist.Falle der SelGelChemie ergeben sich hierfir

verschiedene Unterarten, die von Flt¥y(1974) zunéchst in vier und von Kakih&/a(1996)
4
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spater in funf Typen kategorisiert wurden: kolloidale Gele, M&al-Polymere
Metdlkomplexe polymerisierende Komplexe undmetzte koordinierende Polymé?#8 Eine
fortlaufende Kondensation innerhalb des Gels (auch Alterung genannt) fihrt zum partiellen
Ausstol3 des eingeschlossenen Losemittels (Synarese), das im Zuge der anschlieenden
Trocknung vollstéandig entfernt wird. Eine abschlie3ende Kalzinierung benhitdmperaturen

fuhrt unter Entfernung von Wasser aus dem Md&al-Netzwerk(und je nach Temperatur

unter anschlieBend#ristallisierung)zum finalen Feststoff* Die Entfernungles Losemittels

kann entweder kontrolliert unter Erhalt der urspriinglichen Porositih Beispiel Uber
superkritischelTrocknung) erfolgen, was ein hochpordses Aerogel liefert oder unkontrolliert
unter Kollaps des pordsen Systems zu einem kompakten Xé&fajéf!

ﬁ 7? 2 ’
: Hydrolyse @ Kondensation - @ ﬁ
% ; (0] ___—!_} Gel
H,O0  HX H,0
oder
O X=0R,Hal, ... © on HOR

Abbildung 2. Schematischer Ablauf einer St-Gel-Synthesemit dem allgemeinen Metalloxidpréakursor MX 4, der
(partiell) hydrolysiert und unter Wasser oder Alkoholabspaltung zundchst zum Sol und spéater zu einem
weitreichenden Netzwerk (Gel) kondensiert.

Sol

Die Morphologie des Gels und somit auch des gebildeten Feststoffs kann durch diverse
Parameter beeinflusst werden. Erste systematiStlndienlieferte die StobeBSynthesdiber

die Variation des pHWerts!*”1 Sowohl die Hydrolyse als auch die Kondensation des Prakursors
kénnen sowohl saweals auch basekatalysiert werden. Wahrend eine saure Umgebung die
Kondensation gegeniber der weiteren Hydrolyse beschleunigt und somit ein kettenférmiges
Wachstum des Netzwies fordert, wird im Basischen die Hydrolyse kinetisch bevorzugt, was

in einem quervernetzten Partikelwachstum resulfiétt! Neben dem pHWVert des Losemittels

ist auch das Losemittel selbst von grolRer Bedeutung, da die Viskositdt und die
Dielektrizitatskonstante der Lésung das Gelierverhalten beeinflf§SéhDaruiber hinaus

spielt das Metallion und dessen Elektronegativitat eine entscheidende PRolie,
beispielsweise Siliziualkoxide verhaltnisméaRig langsam hydrolysieren und den Einsatz von
Katalysatoren erfordern, wohingegen Zirkoniumverbindungen wesentlich reaktiver sind und
deren Hydrolyse mittels Chelatliganden und Minimierung der verwendeten Wassermenge
gebremst werden mu&42% Allen voran Zitronensaure und Ethylendiamintetraessigséure
(EDTA) werden haufig als Liganden eingesetzt, um die Kondensation der Metallkomplexe

(auch Olation genannkinetisch zu kontrollierefR>!
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Eine SoiGelSynthese kann auch durch Polymere wie beispielsweisesiRglglkohol oder
Polyacrylsaure unterstitzt werdeme das Metallion komplexi@nund somit dispergien Auf

diese Weise kann ein Ausféallen reaktiver Prakursoren vermieden und eine gleichmafiige
Verteilung der Metallspezies in multindren Systemen gewéhrleistet wWétd8nDieses
synthetische Konzept wird auch in der verbreiteten Pe8yinthese ausgenutzt, in der
Zitronensaure die Prakursoren komplexiert und anschlielend mit Ethylengilysial Gber
Veresterung ein polymeres Netzwerk bild&tSomit lassen sich nach thermischer Entfernung
des Polymers vor allem fir reaktive oder schwer dispergierbare Prakursoren homogene Oxide
erhalten, sowie komplex¢erbindungerwie Pigmente und Perowskite herstelfért® Solch
komplexe, multin&r®xide erfordern allerdings niclper seeine PechiniSynthese, denn wie
Einertet al kurzlich zeigte, konnen hochentropische Spinelle mit finf bis sechs verschiedenen

Metallen auch Uber klassische S&¢lSynthesen synthetisiert werdéhe!

Mittels SotGelSynthesen lassen sich nicht nur Keramiken, sondern auch
Kohlenstoffmaterialien herstellei\ls KohlenstoffprakursodienenPhenol, Resorcinol oder
Phloroglucino) aber auch natiirliche Vorstufen wie Ligti#i, die mit Formaldehyd oder
Glyoxal unter Saureoder Basenkatalysguervernetztverden(® 2 Hierbei bilden Prakursor
und Aldehydbei Temperaturen von maximal 60 zunachsein Additionsproduktwelches bei
h6heren Temperaturen (85.00°C) zu einem weitreichenden Netzwerk thermopolymerisiert
i demNovolak (saurekatalysiert) beziehungsweResolharzbasekatalysierff®61.6365 Dje
Polymerisationsgeschwindigkeit uddr Gradder Quervernetzungen steigt mit der Anzahl der
Hydroxylgruppen im Prékursor (von Phenol zu Phloroglucinol), wobei au3erdem der reaktivere
Formaldehyd schneller thermopolymerisiert als Glyd@¥&f! Prakursor und Vernetzer miissen
daherin der Synthes¢vor allemflr nanostrukturierte Kohlenstoffé) der Art aufeinander
abgestimmt werden, dass zwar ein stabiles Netzwerk ausgebildetalerdlingsnicht zu

schnell um zu vermeiden, das# inhomogenegPoren)Netzwerk entsteHg’]

Das Harz wird anschlieRend unter inerten Bedingungen bei hohen TemperaturefQ)>800
zum finalen Kohlenstoff karbonisiert. In diesem Schritt werden Heteroatome wie Sauerstoff
aus dem polymeren Netzwerk entfernt und kleine Graphenstapel innerhalb desieamorp
Kohlenstoffs gebildet. Auch wenn die Grol3e dieser Stapel mit steigender Karbonisierungs
temperatur zunimmt, lassen sich diegetbasierten Harze selbst bei 30@nicht in Graphit
Uberfuhren, da die Quervernetzung eine zwischenzeitliche Bildungr éillissigphase

verhindet, wohingegen andere Kohlenstoffe wie Kohlenteerpeche graphitisierbdf®sitid.
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Dem gegenuberesultiert die quervernetzte Struktur der nighdphitischen Kohlenstoffe in
einer hohen chemischen und mechanischen Stabititdie durch die Graphenstapel von einer
hinreichendenrelektrischen Leitfahigkeit begleitet wirdvie in Publikation 4 anhand von
mesopordsen Kohlenstofffilmegezeigt Auch wenn sich Kohlenstoff Giber andere Bottoym
Synthesen wie die hydrothermale Karbonisierung von Kohlenhydraten herstelléf?[8sst,
bietet die oben beschriebene -&#ISynthese von nickgraphitischem Kohlenstoffieben
dessen Stabilitdiden Vorteil, auch nanostrukturiertielaterialien mittels Templatierung

herzustellen, worauf im nachsten Kapitel naher eingegangen wird.

2.1.2 Nanostrukturierung mittels Templatierung

Nanostrukturierte Materialien werden aufgrund ihrer hohen Oberflachevighen
Forschungsfelder(z. B. KatalysE*7 und Sensorik®’") als Modellmaterialieruntersucht

und fiir viele Anwendungen (z. B. Wasserfilter und Batte¥@r)ereitsindustriell genutzt

Unter einer Nanostruktur wird per Definition ein Strukturmerkmal (Partikel, Pore o. A))
verstanden, dessen GroRe zwischen 1 undnt®Qiegtl’® Handelt es sich bei diesen
Strukturmerkmalen um Poren, wird weiterhin zwischen Mikroporef r{m), Mesoporen

(27 50nm) und Makroporen (50nm) unterschiedefi® Solche nanopordsen Materialien
lassen sich durch die Kombination dewvorbeschriebenen S@elSynthesen und geeigneten
Templatierungsverfahren herstellen; dazu zahlen vor allerflaias Templatingund dasSoft
Templating Grundsétzlich sind mesoporése Materialien auch durch andere Methoden wie die
Selbsttemplatierung oder hydrothermales Atzen zuganglich, leiden aber haufig unter einer

ungeordneten Porenstruktur und sind somit fiir systematische Studien nicht gut ¢&ignet.

Im Falle vonHard Templatingwird eine feste Struktur (Templat) mit einem Prakursorsol
infiltriert, dieses wie oben beschrieben tber Alterung, Trocknung und Kalzinierung in ein Oxid
Uberfuhrt und das feste Templat selektiv herausgelost. Auf diese Weise verbleibt ein idealer
Abguss (Negativ) e Templatstruktur auf der Nanoebener{ocastiny®? Als Templat
werden bereits por6se Materialien aus beispielsviiga (z. B. SBA15, KIT-6), Kohlenstoff

(z. B. CMK-1, CMK-3) oder anodischem Aluminiumoxid verwendaber auclspharische
Kolloide aus Silika (StobePartikel) oder Polymeren (z. BPolystyrol (PS) oder
Polymethylsduemethacryla(PMMA)), die sich in einer flissigkristallinen Phase gemalfs einer
dichten Kugelpackung anordnen, auch Opal gendermach Material, erfolgtie Entfernung

des Templatgiber nasschemisches Atzen mit Natronlauger ¢dusssaure (bei keramischen

Templaten) oder iiber Pyrolyse (bei Templaten aus Kohlenstoff oder Pol§afiér).
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Da wie im vorigen Kapitel beschrieben auch Kohlenstoffe tbeG&bBynthesen zugénglich
sind, ist die Nanostrukturierung nicht auf Metalloxide beschrénkt. So synthetisiertereRyoo
al. erstmals den geordnet porésen Kohlenstoff GMiKittels Impragnierung desesoporésen
Silikas MCM-48 mit einer schwefelsauren ZuckerléspyagschlieRender Karbonisierung und
abschlieRendéremplatentfernung mit Natronlau&é. Auch die Herstellung von invexspalen
Metalloxiden, dieerstmaligmit PSOpalen berichtet wurd# |4sst sich unter Verwendung
von SilikaOpalen auf Kohlenstoff ubertrag€f. Weiterhin ist einHard Templatingvon
Kohlenstoff mit Nanopartikeln aus anderen Oxiden wie ZnO und Mgér auch Salzkristallen
(NaCl oder KCI) mdglich, die mithilfe von Salzsaure oder Wasser entfernt werden K&tnen
auch hierarchiscmese/makroporése Template wie Silikamonolitteeis der Nakanishi
Synthes&® finden Anwendung in der Nanostrukturierung. Im Falle von letzteren erfolgt die
Templatierundiber das Volumen der Mesoporen (Negativ des Templats) sowie die Oberflache
der Makroporen (Positiv des Templdf€). Eine solche Templatierung (ber die
Templatoberflache wird auch gezielt zur Erzeugung hohler Nanostrukturen genutztbsodass
teilweise Fullung von SBAL15-Silika hohle Kohlenstoffzylinder (CM#) erhalten werden
konnen®® sowie hohl&Y undporés&? Nanopartikel ausgehend von mit Prékursor benetzten
Opalen. Der VorteidesHard Templatingdesteht in der Robustheit des Templats, die eine
leichte Synthese von einer Vielzahl von Metalloxi@nind selbst komplexen Feststoffen wie
PerowskiteR®! ermdglicht, sofern eine vollstdndige Benetzung und Fullung des Templats
(unter anderem durch Kapillarkraftgewahrleistet werden karft:23%4 Nachteilhaft sind
allerdings die generell harschen Bedingungen zur Templatentfernung, die das porése Produkt
selbstbeschadigen konnétt! sowie eine unter Umstanden unvollstandige Entfernung des
Templatd®® AuRerdem ist die Auswaldn Templaten (sowohl beziiglich Material als auch
StrukturgroRe) limitierY auch wenn Modifikationen in der Stob8ynthesé”-°¢lund in der
Emulsionspolymerisatidi'® eine gewisse Variation in deTemplat und somit

Makroporengrof3e inverspaler Materialien ermdglichen.

Auf der anderen Seite beruht dasft Templatingqauf der Strukturierung migher flexiblen
organischen Templaten wiBensiden,Blockcopolymerenund ionischen Flissigkeiterdie
einen amphiphilen Charakter aufweisen Aufgrund der unterschiedlichen Polaritat der
hydrophilen und hydrophoben Teile dBsmplas kommt es zu eindéntmischungles in der
SolGekMischung geldste Amphiphilsauf der Nanoeben@ Form von bspw. Mizellendie
die Struktur des spateren Feststoffs vorgMt®t Analog zumHard Templatingwird das

Hybridmaterial gealtert und getrocknet, bevor die Templatentfernung (Uber Pyrolyse,

8
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nasschemisch&xtraktion oder UV-Bestrahlung) das finale porése Produkt liefédttDie
verglichen mitHard Templategher lose Struktur des Templats ermdglicht eine einfache und
vollstandige Templatenfernuff}! die selbst einSoft Templatingvon Kohlenstoffen
ermoglicht, sofern die thermische Entfernung unter Sauerstoffausschluss erfolgt, bei der sich
das Templat zwar zersetzt, aber das Skelett lediglich karbojfi¥iesie erstmals 2004 von Dai

und Mitarbeitenden vorgesteltt?

Die gezielte Nanostrukturierung mitte®oft Templatingstartete allerdings bereits mit der
Synthese der MCMsilika in den frihen 1990elahren unter Verwendung von kationischen
Tensiden, die zylindrische oder sphéarische Mizellen bilden und Mesoporen selbiger Form
hinterlasseft?*1%4Mechanistisch erfolgt die Templatierung in diesem Fall dasAusfallen
mikrometergro3enanostrukturierter Silikapartikel aus der niederkonzentrierten Tensidlésung;
gleiches qilt fur die Synthese dsogenannteMSU-Silika mit nichtionischerTensiden, die
merklich gréRere Poren und dickere Porenwénde aufwéi§éff! Im Gegensatz dazkann

das Soft Templatingauch aus einer konzentrierten Loésung aus nichtionischem Tensid oder
Blockcopolymer erfolgen, in der einperfekter Abguss dersich bildenden sogenannten
lyotropen Fliissigkristallphasgefertigt wird (rue liquid crystal templating*°”! Unter einer
lyotropen Flussigkristallphase wird die mesoskalige Selbstanoramu@gSubstanz ihbsung
verstanden, die eine kristallahnliche Ordnung aufweistinndrhalb gewisser Bedingungen

(v. a. Konzentration und Temperatur) auftritt, wobei je nach Bedingnnmterschiedliche
Phaser(z. B. kubisch oder lamellar) auftreten konf@A1%% Auf diese Weisedsst sich eine
Vielzahl an mesoporésen Metallen und Metalloxiden herstéfie@H? deren Morphologie
(kubisch, zylindrisch, lamellar, Gyroid) vom Phasendiagréiit! des Blockcopolymes

und somit von den jeweiligen Gréf3en und Volumenanteilen der Polymerblocke sowie deren
Wechselwirkung untereinandeestimmt wird*°! Vor allem dieGyroidstruktumwird aufgrund

ihrer durchgangigen und gut zuganglichen Morpholbéiefig fur katalytische Anwendungen
untersuchtauch wenn ihre Synthekerausfordernist.[*%11411%lm Falle von Kohlenstoff ist
diee auch direkt aus der Schmelze déckcopolymes mdoglich, sofern ein Bloclals
Prakursor fungierendz. B. Polyacrylnitril) karbonisiererund das Replika des sich

zersetzenden BloeKz. B. ein Polyacryladls Templat fungierendabbilden kanr:®

Eine dritte und weitverbreitete Méglichkeit d8sft Templatingoietet die von Brinker und
Mitarbeitenden gepragte verdampfungsinduzierte Selbstanordavagafationinduced sel

assemblyEISA) 117119 |m Zuge dieser bildet das amphiphile Templat entweder wéhrend des

9
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Losens oder nach ausreichender Verdampfdeg Losemittelsund Uberschreitung der
kritischen Mizellbildungskonzentratiofcritical micelle concentrationCMC) Mizellen, die

sich durch weiteres Verdampfein einer geordneten, dicht gepackterottgpen Phase
anordnen. In den Zwischenbereichen bildet sich im Rahemeer SolGelReaktion das
Metalloxid (oder Resolharz), das nach thermischer Entfernung des Templats als mesopordses
Replika der lyotropen Phase verble{tbbildung 3). Alternativ kann die Anordnum der
Mizellen durch eine Aggregation von Prakursor und Mizellen in Losung erfatgapd@ration

induced aggregating assempEIAA),*?% wodurch allerdings lediglich mesoporése Pulver
zuganglich sind. Im Gegensatz dazu kann die Templatierung tber derME&Ranismus

auch auf monolithische, mesopordse Dunnfilme tbertragen werden, sofern die Prakursorldsung
fur die Tauch oder Rotationsbeschichtung von Substraten eingesietzt*?Y 124 Fernerietet

die Synthese mittels EISawei weitereVorteile: (1) Zum einen kdnnen auclorgefertigte
Nanopartikel als Bausteine fur das Porenskelettvendet werdernwas vor allem bei sonst

zu reaktiven Prakursoreraber auch fur die Erlangung hoher Kristallinitat nttzlich sein
kannft?51271 (2) Zzum anderen kandie Porenwanddicke anders als im Eechanismus

leicht Gber die Anpassung des TemyatPrakursotVerhaltnis modifiziert werdenwie v. a.

von Stefik und Mitarbeitenden fiir mesoporése Metalloxide und Kohleasgefieigt!28 134

Prakursor Losemittel

Trocknen

oS
OF 3
e

=

Prakursor-
I6sung

Gel Mesopordser Diinnfilm

Rotationsbeschichtung

Abbildung 3: Schematische Ubersichtiber die Synthese von mesoporésevetalloxiden iiber den EISA-Mechanismus.

Da die Porenwanddicke und ihre gezielte Variation furElgenschaften des mesopordsen
Materials eine grof3e Rolle spielen, beispielsweise fur den elektrochemischen Transport in der
Porenwand von porésen Kondensatdf&raber lediglich imRahmerdes EISAMechanismus
moglich ist, ist es entscheidend den zugrundeliegenden Templatierungsmechanismus zu
10
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kennen. IPublikation 1 wurdedahereine systematische Studezuglich der Mizellisierung

des Templats und der Gelierung der Prakursorldsung mittels dynamischer Lichtstreuung und
Rheometrie durchgefihrt, in welcher der EtSkechanismus fir die Templatierung von Silika

mit PEOb-PHA nachgewiesen werden konnte. Dies wurdeZimge einer systematischen
Variation der Templatmenge und der daraus resultierenden Wanddickenabnahme in
Publikation 2 fir mit PECGb-PHA templatiertes Silikebestatigt. Abseits der Wanidie
beeinflussen auch die Gro3e und VerknilpfdegMesoporen die Eigenschaften des Materials,

deren Modifikation im folgenden Kapitel naher beleuchtet werden soll.

2.1.3 Porendesignund Blockcopolymere

Fur das gezielte Design verschiedener morphologischer Parameter, wie Porengrol3e,
Wanddicke und Porenverknipfung, existieren viele Stellschrauben in der Synthese
mesoporoser Materialigbbildung 4). Die Porenform unegrof3e hangt prinzipiell von dem
verwendeten Templat313lund seiner GroRe (Blocklandé§3"lab,kannaber aucldurch die
Templatmenge (in  Formi*3813% ynd GroRé&™) verandert werden, sowiedurch das
Losemittet49 1421 die Temperatuf*31461 die Arf*1 und Konzentratiof**1®l des
Saurekatalysatoris der SokGelReaktionund besonders im Falle von Dunnfilmen durch die
VerdampfungsgeschwindigkBff! des Losemittels wahrend der Synthd3es Weiteren wird

die GroRe der Mizellen und somit der spateren Mesoporen haufig durch anorganische
Additive® (NH4F oder KCI) und sonstige QuellmitféP-151157] (kleine organische Molekiile

oder Homopolymereyariiert, die je nach Polaritat die Poren sowohl verkleinern als auch

vergroRern kénnen, abtilweisezu inhomogenen PorengroRenvertegan fiihrert®s!

Beziiglich der Variation der Porenwanddicke iste zuvor beschriebemmal3geblich das
Verhaltnis von Templatzu Prakursormenge verantwortljéB! wohingegen die Situation fur

die Modifikation der Porenkonnektivitat weniger offensichtlich ist. Dies lieder anderem
daran, dass der Begriff selbst nicht klar definiert ist (beispielsweise seitens der |URAG)

der Literatur entweder auf die GréRe der Porenhilse (Zuganglitikéttpder die Anzahl an
verkniipftemlen Nachbarporen (Koordinationszafi§%% im Sinne der Perkolationstheorie
bezogen wirdDarUber hinaus gibt es nur weniger Berichte, die sich mit der (systematischen)
Variation der Porenkonnektivitat befass&o konnten Yoot al. zum Beispiel zeigen, dass

die Koordinationszahl der Poren in mesoporésem Kohlenstoff mit zunehmender Reaktionszeit
und dadurch zunehmendem Kollaps ddizell- und daherPorenstrukturabnimmt(?®!

AuRRerdem berichteten Pétblendozaet al von einer Abnahme der Koordinationszahl in
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SBA-2-Silika mit zunehmender Kalzinierungstemperatur infolge fortschreitender Kontraktion
der Porensystem®! Weiterhin konnen die Synthesetemperattrund der pHWert63.164

die Porenkonnektivitat beeinflussen, sowiesatzliche verknipfende Poren (durch parallele
Templatierung mitz. B. ionischen Fliissigkeitell§®'%! eine qualitative Verbesserung der

Porenzuganglichkelterbeifiihren

Da solche externen Parameter (wie Temperatur undVpH) auch das Skelettmaterial
verandern konnen, das heilt z.die KristallitgroRe®" ist fiir eine systematische Studie, in
der lediglich der Einfluss morphologischer Parameter (Porenggiif}eauf makroskopische
Eigenschaften untersucht werden soll, eine VariationTéesplats und seiner Menge besser
geeignet.Zur Erzielung verschiedener Porengréf3en wurden zahlreiche Template untersucht
(sieheAbbildung 4): Kleine Mesoporen (R 4 nm) lassen sich analog zu den oben genannten
MCM-11031041 ynd MSUSIlikall>107:1%8] qus jonischen beziehungsweise nichtionischen
Tensiden erhalten, wohingegen die weit verbreiteten und kommerziell erhaltlichen Pfuronics
Blockcoplymere aus Polyethylenoxid und Polypropylenoxid (FERPOb-PEO) grol3ere
Poren von 5 12nm im Durchmesser erzielen, wie von den Silika der $B8Aund KIT-
Familid*'* bekanntEinen Schritt zu merklich groReren Mesoporeni(2D nm) gelang durch

die Kombination des PEBIlocks mit einem hydrophobdsiock ausPoly(ethylerco-butylen)
((PE/B)-b-PEO), den sogenannten KiFolymerert*’%11 Mit Blockcopolymeren aus PEO
und Polyisobutylen (PI®-PEO}®172178lynd Polyisopren (Pb-PEOJ'7# 178l synthetisierten
Brezesinski beziehungsweise Wiesner und Mitarbeitende sdgarse mesoporose
Metalloxide mit Kugelporen von bis zu #0n Durchmessewobei auch Template auf Basis
von PMMA (PEGb-PMMA)™2% fiir diesen Bereich (1833 nm) bereits genutzt wurden.

Porenform und -gréRe Wanddicke
[ Blocklange Templat-zu-Prikursor-
o Alkyl-NMe,*, -PEO — 2 -4 nm (MCM, MSU) Verhiltnis
Templat =
= PEO-b-PPO-b-PEO — 5-12 nm (SBA, KIT) K Ktivitit
. . 2 (PE/B)-b-PEO — 11 - 20 nm (KLE) onnektivita
Lésemittel g o
; E:Bbfl’;zgo } 140 < Reaktionszeit
Templat g ~1-O0-FEL — -4t nm S
@ L E @ PEO-b-PMMA 2 o
[ @= Synthese-/Kalzinierungs-
= Synthese- o 3 t t
@— te;peramr Liicke — PS-b-PEO, PEO-b-PHA = Al
Sédurekatalysator o3 pH-Wert
-e. (Art und Menge) 'E PS-, PMMA-, — 70-1000 nm
% Si0,-Opale inverse Opale \ ¥
e P ( pale) *% Co-Templatierung

.-\q* Quelimittel

Abbildung 4: Ubersicht iber Parameter, die ein Design desPorensystens ermdglichen sowie eine Auswahl an
Templaten fiir Softund Hard Templatingmit den dazugehdrigen Porengrdf3enbereichen.
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Fir den Zwischenbereich von #4¥0nm (Lucke in Abbildung 4), oberhalb dessen
Kugelporen variabler GroRgereitsiiberHard Templatingnit Opalen aus P8 PMMALP9

oder Silikd'""1"8lleicht zugénglich sind, ist die Auswahl an Templatéeis Blockcopolymeren
begrenzt. Abgesehen von-BPSb-PEGY"® und PMMA-b-PECG*®, die solche PorengréRRen
lediglich in Form der Gyroidstruktur induzieren, sind vor allem Blockcopolymere aus
Polystyrol (PSb-PEQ*8118] PDMA-b-PS!*¥"l PSh-PAA-b-PEQO!184 Pl-b-PSb-PVP,1]
PEOb-PMMA-b-PS'%8)) oder Polyhexylacrylat (PE®-PHA)'3% in der Literatur fiir sehr
grof3e Kugelporeifl01 56 nm) bekannt, was unter anderem an der geringen L&slichkeit der

meistenPolymere liegt, deren molare Masse fiir solch groRe Poren sehr grof? selfHitis.

Generell muss ein geeignetes Templat fur diesen Porengrol3enbereichmehrere
Voraussetzungen erfullefl) Zum einen muss das Blockcopolymer tber eine ausreichend hohe
thermische Stabilitat verfigen, damit sich das Templat erst zersetzt, nachdem eine stabile
Porenwand ausgebildet wurd®! (2) Des Weiteren muss der Kontrast der Polaritat zwischen
den hydrophilen und hydrophoben Blocken grof3 sein, damit sich in einem geeigneten
Lésemittel bei geringer Polymerkonzentration Mizellen ausbilden (niedrige EXAE}-1921

Zur Abschatzung der Selektivitat (das heif3t Eignung) eines Losemittels werden Polymerblécke
und Losemittelanhand von Lo&slichkeitsparametern verglichen, beispielsweise mit dem
Parameteti nach Hildebrand, der mit zunehmender Polaritat st€#t%>! Je nach Polaritatiy

des Losemittels im Vergleich zu den Léslichkeiten der Polymerblocke, erfolgt keine Losung,
eine Ldsung als Mizelle (normal oder invers) oder eine als molekulare Kette
(Abbildung 5).[130:132.1%€]|n jedem Fall sollte die Loslichkeit des Templats (als Mizelle) hoch
sein, um eine hohe Porositat erzielen zu kénnen. (3) Schliefilisk das Templat Uber eine
madglichst leichte Synthese im Grammmalstab zugéanglich sein, die eine wohl definierte
Variation des Polymerisationsgrastsibst bei hohen Molmassen ermogliéht!21%%m Zuge

der Blocklangenvariain ist allerdings zu beachten, dass damit auch die Loslichkeit verandert
wird 1719l sowie moglicherweise auch die Polymendsomit Porenmorphologie geméaR des
Konzepts degeometrischeackung der Mizellen nach Israelachtfili'32%%lund gemaR des
Phasendiagrammsles Copolymers(als Funktion von PolymdpPolymer und Polymer

LosemittelWechselwirkung, Volumenanteil der Blocke und Blocklarng@):t!!
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ungelost inverse Mizelle molekular gelost (normale) Mizelle ungelost
: ° o °r ° H e : © b q o ~ hydrophober

I I o ° Block A
1 ° ° g o1 ° c: ° .
, © | o . o ~n hydrophiler
\ @3\/ o1 " ° Block B

[+] MAAAA AVAAAA
I ! ° LG ttel
| o | VAR AMAARA o Losemitte

° ° )

() S

A B

Loslichkeitsparameter des Losemittels &,

Abbildung 5: Morphologie eines Blockcopolymers in Lésung in Abhangigkeit dePolaritat des Lésemittels.

Die Synthese von Blockcopolymererfolgte urspringlich haufig tber eine lebende anionische
Polymerisationit*? die allerdings sehr sensibel auf Verunreinigungen reagieren und somit ein
besonders hohe Reinheit der Chemikalien und Syntheseschritte erfbftffhRadikalische
Polymerisationen hingegen sind zwar robuster gegeniber Verunreinigungen, allerdings
aufgrund der hohenReaktivitdt der aktiven Ketten zu unkontrolliert fur eine
TemplatsynthesB?? Dies &nderte sich 1967 mit der EntdecKefiih kontrollierter
radikalischer Polymerisationen und deren Weiterentwicklung in derJ@deeri?’*2%ldie ein
definiertes, lineares Kettenwachstum und schmale Molmassenverteilungen erméglichen. Zu
diesen laut IUPAEEmpfehlung® genannten reversibel deaktivierten radikalischen
Polymerisationen (RDRR}hlen dieNMP (nitroxide-mediated polymerizatigff®” 2 lOMRP
(organometallic mediated polymerizat)®>?'® und RAFT (reversible addition
fragmentation chain transfer polymerizat}dft?'2l Neben der RAFT wird fiir die
Templatsyntheskesonderkaufig eine vierte kontrollierte Polymerisationsmethode eingesetzt:
die 1995 unabhangig voneinander vomatyjaszewski (mit Kupferkomplexen als
Katalysator?'®! und Sawamoto (mit RutheniumkomplexéH] entdeckte ATRP (atom
transfer radical polymerization Die Kontrolle Gber die songinkontrollierte radikalische
Polymerisation beruht bei der ATRP auf dem Ausbalancieren der Geschwinghigieit
Initiierung und der Kettenreaktion: eine schnelle Initiierung der Polymerisation gewéhrleistet
ein gleichzeitiges Wachstum aller Ketten und die Verlangsamung der Kettenreaktion durch eine
temporéare, reversible Inaktivierung der aktiven Kettethilfe eines Metallkomplex&®! im
ATRP-Gleichgewicht $chemal) vermindert die Wahrscheinlichkeit fir Abbruchreaktionen
und hélt die Anzahl wachsender Ketten konstitt.

~PpX +[CulL]" == [CU'LX]" + ~=P,
_ _ Ketten-
inaktive Kette wachstum@

Schemal: ATRP-Gleichgewicht zwischen der halogenterminierten inaktiven Kette X und der aktiven Kette P/ die
mit dem Monomer (M) radikalisch polymerisieren kann, am Beispiel eines allgemeinen Kupferkomplex¢€uL] *.
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Die Geschwindigkeit der ATRP wird von vielen Faktoren beeinflusst, wie zum Beispiel vom
Losemittell?162171  dem pHWert?'®l der Temperatué!®??% dem Liganden des
Katalysatord??12??1 der Stabilitat des gebildeten Radik&8 und dem Halogéef®! des
Initiators Neben vor allem der Ligandentwicklung sind weit@ptimierungen der ATRP
durch konzeptionelle Anpassungen der Initiierung maglich, die eine bessere Kontrolle tber die
Polymerisation erlauben, die teilweise Inaktivierung des Katalysators durch Regeneration
ausgleichen und so die Toleranz gegeniiber Sauerstoffspuren efidtRazu zahlen zum
Beispiel die elektrochemisch eATRP)[??Yl  photochemisch photoATRP)[225:226]
organokatalytisch dATRP)Y??”) und mittels Ultraschalls sproATRP)??8 betriebenen
Polymerisationen. Allen voran die ATRP mit einem Metall (wi€)@is zusatzlichen Aktivator

und Reduktionsmittelsupplemental activator and reducing ageSRARAY??! erlaubt eine
leichte Katalysatorregeneration Uber eine Komproportioniéfitig? und somit hohe
Kontrolle Uber den Polymerisationsgrad (das heif3t die Blocklange) des Templats, der durch das

Konzentrationsverhéaltnis von Monomer zu Initiator bestimmt wird.

In Publikation 1 wurdeein PEGb-PHA-Copolymer mittels SARA ATRP von Hexylacrylat

mit einem PEGMakroinitiator und Tris(2oyridylmethyl)aminkupfer(l) als Katalysator
synthetisiert und dessen Eignung als Templat fir grol3e Mesoporen untersucht. Diese leicht
realisierbare Polymersynthesende inPublikation 2 verwendet, um eine Bibliothek an PEO
b-PHA-Templaten mit variabler PHB8locklange (50 bis 500 Wierholungseinheiten) im
Grammmalistab herzustellen. Durch deren EinsatSaft Templatingvon Silika konnie
geschlussfolgert werden, dass diese Polymerfamilie in der Lage ist, Kugelporen einzufiihren,
die einenGrolRenbereich vori0i 80nm abdeckenund somit ebenjene Licke zwischen
gangigerSoftundHard Templateschlie3t Da im Falle der Templatierung von Silika bekannt

ist, dass letzteres ein perfektes Replika der lyotropen Phasel'®ift{ét’::232.233geman
Avnirs Konzept desnolecular imprinting/>* sogar bis auf molekularer Ebene), konnte dariiber
hinaus das Verhalten der Mizellen im Templatierungsprozess polymerphysikalisch néher
untersucht werden, allen vorder Kollapsder PEGKettenaufdemKern der Mizelle. Wie in
Publikation 4 beschrieben, eignet sich PEZPHA von Silika abgesehen auch zur

Templatierung von elektrochemischen relevanten Materialien wie Kohlenstolffsnd

Eine gezielte Synthese mesopordser Materialien und systematische Studien der Templatierung
erfordern prazise Methodenzur morphologische Charakterisierung (Porengolie

Porenvolumemind Konnektivitéd), welche im n&chsten Kapitel vorgestellt werden.
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2.2 Charakterisierung mesoporoser Materialien

Zur Untersuchung porodser Strukturen gibt es ein grdRegertoire an Methodendie
verschiedene Porengréf3enbereiche abdecken und unterschiedliche Informationen liefern. So
bieten bildgebende Verfahren wie die Rastertu#figdl und Transmissionselektronen
mikroskopie(TEM) fur Mikroporen, die Rasterelektronenmikroskopie (REM) flr Mesoporen
sowie die REM und Lichtmikroskopie flur Makroporen zweidimensionale Einblicke in die
Porenstruktur. GroRe und Volumen von Mesod Makroporen kénnen auf3erdem mittels
Quecksilberporosime#?3¢-23"Ipestimmt werden. Mesopordse Materialien lassen sich dariiber
hinaus Uber Physisorptidfi® Kleinwinkel-Rontgen und Neutronenstreuung (SAXS und
SANS)[2%8:2391  posijtronerAnnihilations Spektroskopié?*l Thermoporosimetri&44
Kernspinresonanz (NMRKryoporosimetri€*?l und NMRRelaxometri&*3! untersuchen.
Ferner ermdglichtdie ellipsometrische Porosimetfidl die PorengréRenbestimmung in
mesoporosen Diinnfilmesowiedie inverse GroRenausschlusschromatogr&phé’ diese in
flissiger Phase (z. B. von pordsen Gelen). Routinemaf3ig wird die Porengrol3e mesoporoser
Pulver, wie inAbbildung 6 anhand der jeweils farblich entsprechenden PorengréRenverteilung
zusammengefasstiurch stichprobenartiges Ausmessen der Poren in-Bldérn, aus der
Hysterese der Physisorptionsisotherme und durch Modellierung von -Bas (bspw. im

Falle zufallig verteilter Kugelporen unter Annahme eines Formfaktors fir Kugeln und eines
PercusYevick-Gitterfaktor&4¥250)  pestimmt, was mit anderen Methodefwie der

Elektronentomographie in dieser Arbeierglichen werden kann.

Elektronenmikroskopie Kleinwinkelstreuung

Intensitat

T 200

o = e P — >

@ 1907 e i
T T T+ T T T T i
§100-P‘___£:j 0 10 20 30 40 50 60 70 80 Ve :.l‘?(-'. ”,‘1’?‘2‘:
8 507 \_ Porengréfe / nm J 30 (ﬁ“ §r

S I " $Csdegis :
%o o2 os 06 08 10 PorengroRe ---.'i"_.‘“.'& og a0 A
P-Po ).

Physisorption Elektronentomographie

Abbildung 6: Charakterisierungsmethodenzur Bestimmung der Porengrdf3e in mesopordsen Pulvern.
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Die Bestimmung der Porenwanddicke kann prinzipiell aus FElern oder tomographischen
Rekonstruktione®!! lokal bestimmt werden, wird allerdings typischerweise aus SAXS
Experimentererhalten: entwedeus der Differenz von Porenabstand eshagrchmesseunter
Annahme eines Packungsmodells der Pbi®nder ¢. a fiir ungeordnet porése Materialjen

durchModellierungund Bestimmung einer sogenann&ehnenlangarerteilung?®?

Die Verkniipfung von Mesoporen lasst sich iiber Physisorffi8nor allem durch Kopplung

mit SAXS?53 oder SANSExperimenteh®®, aber auch dreidimensional aufgeldst iber
Elektronen?>* oder Rontgentomograpie®! studieren. Dariiber hinawsmoglichenNMR-
basierte Methoden di@uantifizierung debiffusion von Testmolekiilen im Porensystear>6l

sowie deren Fahigkeit, Poren zu erreict&dl Abseits davon kann die Zugénglichkeit eines
Porensystems auch indirekt bestimmt werden. So infiltrierten zum Beispiel Harghahn
einen mesopordsen Oxidfilm mit einem Referenzelektrolyten und untersuchten dessen
Verteilung im Film exsitu mittels SekundarioneMassenspektrometrie (SIM&57! Dieser
praxisorientierte Ansatz wurde Rublikation 1 und4 ausgenutzt, um die Zuganglichkeit des
PEOb-PHA-induzierten Porensystems dreidimensional zu bestatigen, was vor allem im Falle
des Kohlenstofffilms ein guter Indikator fur die Zuganglichkeit des Fistysla hier erst nach

einer elektrochemischen Nachbehandlung ein zugéngliches Porensystem nachweisbar war.

In dieser Arbeit wurden sowohl Physisorptionsexperimente als auch die
Elektronentomographie besonders intensiv zur Charakterisierung mesopordser Pulver
herangezogen und dabei diverse morphologische Parameter wie Porengréddanektivitat

analysiert. Vo diesem Hintergrund wird auf diese Methoden im Folgenden naher eingegangen.

2.2.1 Physisorption

Physisorptionsexperimente zéhlen zu den gangigsten Charakterisierungsmetthodennd
mesopordser Materialien hinsichtlich Oberflache, PorenvahirgeoRe und-konnektivitat.
Die Messung basiert auf der Anlageruigisorption) von Atomen oder Molekilen des zur
Analyse herangezogenen Gases (Adsorpziw. nach Adsorption Adsorpt genanmin der
Oberflache des pordsen Feststoffs (Adsorb&$)Abhéangig von der Starke déxdsorpt
AdsorbensWechselwirkung spricht man im FallegroRer Adsorptionsenthalpien
(> 100kJmol Y) von Chemisorption, bei der die Wechselwirkuager einer kovalenten
Bindung entspricht. Dieser Fall tritt beispielswezséschenKohlenstoffmonooxid (CO) und

diversen Edelmetall@ wie Platin auf und wird im Rahmen der €rippung zur Bestimmung
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der elektrochemisch aktiven Oberflache von Elektrokatalysatoren gERttH Entspricht die
Wechselwirkung eher eindfanderWaalsWechselwirkungmit einer Adsorptionsenthalpie
<100kJmol %, spricht man von Physisorption under Adsorptionsprozes&ann als
Kondensation auf der Oberflache verstanden wedieser Fall erfolgt zum Beispiel zwischen
Stickstoff oder Argon und oxidischen Feststoffen und findet in Physisorptionsmessungen
Anwendung. Experimentell wirdabeibei konstanter Temperatur die Menge an adsorbmerte
Adsorptiv in Abhangigkeit des Partialdrucks des Gases gesnessid als sogenannte
Physisorptionsisotherme aufgetragelonkret wird zunachst der Partialdruck bis zum
Sattigungsdampfdruck erhoht (Adsorptionszweig) und im Anschluss wieder Richtung
Vakuum erniedrigt, um den gegenteiligen Prozess zu untersuchen (Desorptionseeig).
Messtemperatur wird sehr gering gewdhih der Regel die Siedetemperatur dasformigen
Adsorptivsi damit die Desorption von der Oberflaatie Adsorption nicht berwiegind eine

vollstandige Benetzung der Oberfléache erreicht werden.k3hn

Die Form der Isothermen liefexichtige Hinweise aufdie Morphologie des Adsorbens
(Porenform und gré3e)und die Wechselwirkung zwischen Adsorptiv und Pr{de oder
Entnetzung) Gemafl? IUPAC werden sechs Typen von Isothermen unterschieden, die in
Abbildung 7 gezeigt sind?®® Mikroporése Materialien (PorengréRe2sam) zum Beispiel
zeigenlediglich einen starken Anstieg im adsorbierten Volumen bei kleinen Relativdricken
(p/po < 0,15), da die kleinen Poren aufgrund des starken Adsorptionspotentials bei kleinen
Dricken bereits vollstandig gefllt werden (siehe Typ I). Im Falle von Mesopoieb(@am)

sind héhere Relativdriicke notwendig, um die Poren zu fillen, wobei der rd#fiiendige
Relativduck mit der PorengréRe zunimmt. lisgherweise wird fiir Mesoporen allerdings
festgesellt, dass Adsorptionsind Desorptionszweig nicht Gbereinanderliegen. Denn lbersteigt
die PorengrofR3e einen Wert von etwam, sind die gegentberliegenden Porenwénde zu weit
voneinander entfernt, als dass sich ihre Adsorptionspotentialkurven beeinfkissaien.
Somiterfolgtdie Adsorption des Gasaeghtim thermodynamischen Gleichgewicht (binodal),
sondern als aktivierter, kinetischer Nukleationsprozess (spinodags mit einer
Nukleationsbarriere verknupft ist. Die Entleerung der R@ierend des Welampfendiingegen
verlauft tber einen rucklaufigen Fliissigkeitsmeniskus im Gleichgewicht beim Uberschreiten
der Binodalen im Phasendiagramhp®2582612621 pyrch die Verschiebung des
Adsorptionszweigs in Richtung hoherer Relativdriicke spaltet sich die Isotherme somit zu einer
Hystereseschleife auf (Typ lIV)Jessen Form von Temperatur, Adsorptiv, Porenform und
Porenzugénglichkeit abhéngbieser IsothermentygAbbildung 7 rechts) wird fur die
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allermeisten Materialien in delRublikationen 17 4 beobachtet und ist charakteristisch fir

mesopordse Proben.

I(a): Ultramikroporen 1I: un-/makroporés
(heterogene Oberflache) Bereiche einer Isotherme vom Typ IV(a)
( Ads — Kondensation
s zwischen Partikeln
A . . <
Monolage fertig ausgebildet

3 &
:E, lll: entnetzendes Adsorbens | 1V(a): groRe Mesoporen g
>° § Multilagen- .
b4 @ | |adsorption po®
5 &4 ¥ 5
- T -
o , Q "
S e o .‘ Kondensation
] 7}
- o in Mesoporen
< <

V: entnetzend mesoporos VI: un-/makroporés

(gleichmaRig)
) Mlkroporenfullungl
§
0 Relativdruck p - p;¥  —— 1

Relativdruck p - p,™

Abbildung 7: IUPAC-Klassifizierung von Physisorptionsisothermen (links) undBeschreibung der einer Isothermen
zugrundeliegenden Prozesse mit schematischer Darstellung der Mesoporenfillung wahtleerung (rechts).

Zwischen Mikre und Mesoporenfillungetwa p/po = 0,051 0,30) erfolgt die Adsorption
reversibel unter Ausbildung eines flissigkeitsahnlichen Filnden( Multilagen) auf der
Oberflache.Die Gleichmaligkeit der Oberflache bestimmt hierbei, wie ungehindert die
Multilage wachsen kann, das heil3h Blono- und anschlielende Multilagen schichtweise
(Typ V1) oder gleichzeitigwachsen (Typ Il)Dieser Teil der Isothermen bietet die Grundlage

fiir die Bestimmung der spezifischen Oberflache einer Probe wie im Folgenden@fKlart.

Es gibt verschiedene Ansétze zur Beschreibung einer Adsorptionsisothermen, beispielsweise
von Langmuir?63264 Freundlich?®® oder Temkin?%®! wobei das Modell nach Brunauer,
Emmet und Teller (BET¥" unter diesen am weitesten verbreis¢und auch die Ausbildung

von Multilageninkludiert In jedem Fall ist zu beachten, dass all diese Modelle nur die
Adsorption auf einer flachen Oberflache beschreiben und somit keine Porenfiillung betrachte
wodurchdieser Ansatz nur fiir den Bereich der Isothermen gltig idenmweder Mikrenoch
Mesoporenflllung stattfindekunter der Annahme, dass sich eine Monolage ausbildet, auf der
eine zufallige Multilage mit konstanter Adsorptionsenthalpie kondensregibt sich die BET
Gleichung. Mit ihrer Hilfe ergibt sich aus einer linearisierten AuftragdiegStoffmenge an

Adsorpt in der Monolage. Diese lasst sich mit dem spezifischen Flachenbeda€ieretsen
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Adsorptolekils und der Masse an verwendeter Probe in eine spezifische Obe8gche
umrechnenDer so erhaltene Wert beschreibt allerdings nicht die tatsdchliche Oberflache der
Probe, sondern lediglich die flr das Adsorptiv zugangliche Oberflache, da die endliche Grol3e
des Adsorptivatomaholekils verhindert, dass jede Pore erreicht und jede Rauigkr
Oberflache ideal abgebildet werden kaRerner ist die Wahl des Adsorptivs relevabte

IUPAC empfiehlt einatomige Adsorptive wie Argon oder Kryptale als kugelférmige
Adsorptive im Gegensatz zum zweiatomigen und somit stabférmigen Stickstoff einen

konstanten Platzbedarf auf der Probenoberflache einndfitlen.

Eine quantitative Auswertung der Physisorptionsisothermen im Hinblick auf die
PorengroRenverteilungpgre size distributionPSD) erméglichen die von dem B#odell

nicht erfassten Bereicliker Kapillarkondensation, das heil3t die Mikuod Mesoporenftllung.

Denn wie zuvor angemerkt, hangt der Relativdruck, bei dem die Kondensation in einer Pore
auftritt, von der Grof3e der Pore ab und nimmt mit zunehmender Porengrof3e zu. Einen Ansatz,
den Peoenradiusrp mit dem Relativdruck der Porenfullung zu korrelierdiefert unter
Annahme einer sphérischen Porengeomatigein Gleichung(1l) gezeigte KelvirRCohan
Gleichung (mit der Oberflachenspannurmgund dem molaren VolumeNn, des flissigen
Adsorptivs, dem Kontaktwinkel, der idealen Gaskonstante R, der Tempeiffatund der Dicke

tc der AdsoptMultilage vor dem Eintritt der Kapillarkondensation):

. 29V, C ods+t
P - A C
RTI nk (1)
Po

Viele traditionelle(makroskopische) Methoden wie die BardiynerHalendaMethodel?5®!

die auf den KelvirCohanGleichungef%%2"%peruht, oder di®erjaguinBroekhoftde-Boer
Theori¢?’*2"l jigfern fur groRe Mesoporen (57 30nm) gute Ergebnisse. Im Falle kleiner
Poren mit Durchmessern unterhalb vonn2® unterschatzen diese jedoch aufgrund der
zunehmenden Ungenauigkeit in der Bestimmung tvalie Porengro3e signifikant, z. B. um
30% fur Mesoporen von 1m GrolRe. Moderne (mikroskopische) Methoden auf Basis von
groRkanonischen Moni@arlo-Simulationeff”>274loderder Dichtefunktionaltheorig’®! (meist
nortlocal bzw. fur Kohlenstoff optimiert quenched solid density functional theory
NLDFT27627lhzw. QSDF 78279 tiberwinden diese Schwéche und bieten durch die akkurate
Modellierung des Phasendiagramms des nanoskalig eingeschlossenen Fluids Uber den
gesamten Mikround Mesoporenbereictuverlassige Ergebnisse. O@FT-Ansatz beruht auf

der Anpassung einer experimentellen Isothermen mit einem Katne) von simulierten
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Isothermen fir ein vorgegebenes Adsorptiv, Adsorbens, Temperatur, Porengeometrie und
PorengrofRe. Da die ersten vier Parameter bekannt bzw. angenommen werden, kdnnen die
(somit nur noch)porengrofRenabhangigen Isothermen additiv Uberlagert werden, um die

Messdaten mdglichst gut anzupassen, wodurch sich die PSD als Gewichtungsfunktion ergibt.

Auf die oben beschriebene Weise kann fur einheitliche und gut zugéngliche Poren, der
Porendurchmesser aus dem Desorptionszwagtimmt werden aber auch aus dem
Adsorptionszweig der Hysterese unter Verwendung eines geeigneteiéfdls, der die
Nukleationsbarriere der Adsorpti korrekt inkludiert??°! Allerdings wird wie oben angedeutet

die Form der Hystereschleife von der Porenformiundjénglichkeit beeinflusst, wodurch sich

die nach der IUPAGn funf Typenklassifizierten Hystereseschleifen ergeéfl was unter
Umstanderbei derinterpretation der PSbeachtet werden mugsieheAbbildung 8 links).

Lage des Phaseniibergangs: Hystersescans (partielle Desorptionszweige):
initiierte H1: Gleichgewichtsleerung | H2(a): Pore Blocking H2(a): Cavitation
Kondensation
st g T
c S Pore y € c
g B! Blocking | | £ ‘% g 1 .
=1 ';"'—b : g., [} 3 -'éJ -
S 8 /88| 9 < e :
> ; FEE| > ¢
"] >0 @
=} x =]
< <
Relativdruck p- p,”" —3» Relativdruck p- p;”" ———»
Bestimmung der PorengréoBe:  Vergleich von PorengroRenverteilungen:
T Netzwerk- Ar Pore Ar Cavitation
> g effekt Des Blocking Des
‘4}° Netzwerk-| £ N R
g effekte 2 N e
e |- E N, i 0
Q - | 1
. &ee' ) Ads i o
Q @ . [ [
Q\‘{’ !1_: /\ [ [
=] | [
PorengroBe —» Porengrofe ———3

Abbildung 8: Lage des Phaseniibergangs un&orrelation dieser mit der Porengrof3e fur die Verdampfung im
Gleichgewicht (durchgezogene Linie) sowiéiir durch Netzwerkeffekte beeinflusste Porensysteme (links). Zuséatzlich
sind Wege zur Bestimmung des vorliegenden Netzwerkseffekts mit moglichen Porenschemata gezeigt (rechts).

Treten zum Beispiel Netzwerkeffekte auf, das heil3t ist eine Mesopore nur durch eine kleine
Porenoffnung zuganglichst die Verdampfung des Fluids aus der Pore verzégert und der
Desorptionszweig verglichen mit der Hysterese fur offene und einheitliche Poren (Typ H1) in
Richtung niedrigerer Relativdriicke verschoben (Typ K).2%6-2582771 Die Entleerung der
grolReren Mesopore erfolgt erst bei demedrigerenRelativdruck, bei dem der engere,
limitierende Porenhals entleert wifdrange gekennzeichneter BereichAiobildung 8 links).

Aus diesem Grund entspricht die PSD, die aus dem Desorptionszweig abgeleitetiasgm

auch alsPore Blocking bezeichneten Desorptionsmechanismicht der eigentlichePSD,
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sondern der GroRenverteilurder Porenhélse. Unterschreitet die Porendffnung aber eine
kritische Grol3e (von etwaid5 nm fur Stickstoff bei 7K), verringert sich der zur Entleerung
notwendige Relativdruck so weit, dass die Stabilitdtsgrenz€&ldssigkeit erreicht wird und

die gesamte Pore saidtls Gbereinespontane Bildung von Gasblasen entleért. Dieser
Grenzfall wird alsCavitation bezeichnet und erfolgt beim Kavitationsdruder durch das
Adsorptiv, die Temperatur und die GroRe der groRenitigirten) Pore bestimmt wird®!!
Hierbei liefert die aus dem Desorptionszweig bestimmte PSD keine morphologischen
Informationen, sondern stellt ein thermodynamisches Artefakt dar; Uber die Grofl3e der
Porendffnung kann lediglich geschlussfolgert werden, dass diese unterhalb des kritischen Werts
liegt.FUr solche Porensysteme musskRigDausdem Adsorptionszweigbgeleitet werderin
Publikation 1 wurde hierfir am Beispiel von mesopordésem Silidamonstriert dassdie
Analyse der Porengrof@hand der Adsorptiosogar fur groRe Kugelporeron etwa 40m

zuverlassig moglich ist, fur digisherigeNLDFT-Methodemochnicht programmiert wurden

Da die Bedeutsamkeit der desorptionsbasierten PSD davon abhangt, ob die Porenentleerung
Uber Pore Blockingoder Cavitation erfolgt, ist eine experimentelle Unterscheidung beider
Prozesse von groRer Relevanz. Diese ist Uber zwei Wege modllmér. einem
Adsorptivvergleick®% und tiber Hysteresescart$*22 wie in Abbildung 8 rechts gezeigt.

(1) Im ersten Fall wird zun&chst die adsorptionsbasierte PSD der desorptionsbasierten
gegenubergestellt. Ist letztere im direkten Vergleich nicht deckungsgleich, sondern zu kleineren
PorengréRen verschohdst die Verdampfung verzégert und ein Netzwerkeffekt liegt vor. Im
zweiten Vergleich werden die desorptionsbasierten PSDs aus zwei Physisorptionsmessungen
mit unterschiedlichen Adsorptiven (meist Stickstoff und Argon) Ubereinandergelegt. Da im
Falle von Pore Blockingdie PSD einen morphologischen Ursprung hat, missen beide
Verteilungen kongruent sein; im Falle v@avitation hangt die PSB/erschiebung von der
Thermodynamik des Adsorptivs ab und die Verteilungen solltendgicinachunterscheiden.

(2) Alternativkbnnen einer Physisorptionsmessung mehrere partielle Zyklen angeschlossen
werden, bei der die Mesoporen sukzessive weniger geflllt werden, bevor die Desorption
gestartet wird. Die Form der partiellen Desorptionszweige hangt hierbei davon ab, ob die
Desorpion tUberPore Blockingoder Cavitationerfolgt. Im Falle von letzterem behalten die
partiellen Scans die Form der urspringlichen Isothermen bei, da Desorption ausschlief3lich
beim Kavitationsdruck erfolgt (alle Teilkurven sind parallel zueinander). Im FalléPooa

Blocking bilden die schrittweise ungeflllt bleibenden Mesoporen neue fEhachpt
Grenzphasen, die die Verdampfung aus benachbarten Poren erleichtern. In der Folge gestalten

22



Aktueller Stand der Forschung

sich die partiellen Isothermen merklich von der urspriinglichen Form veréandert und minden
alle in einem gemeinsamen Schnittpunkt. Da vor alleomigeordnet porésen Netzwerldia

PSD der Porenhdlse sehr breit sein kann, liegt nicht immer nur ein Grenzfall von offenen Poren,
Pore Blockingoder Cavitation vor, sondern es kénnen auch Zwischenfélle von teilweise
blockierten und offenen Poren vorliegétiir solche ungeordnet pordésen Materialien konnten
Kubeet al am Beispiel von SilikdMonolithen durch eine Kopplung von Hysteresescans mit

in-sit-SAXS-Experimenten zeigen, dass ein PorengroRengradient im Metalloxid vEfiegt.

Netzwerkeffekte kénnen nicht nur den Desorptionzweig beeinflussen, sondern auch den
Adsorptionsprozess. In den meisten mesoporésen Systemen (sofern die Mesoporen gréf3er als
etwa 4nm sind) ist die Adsorption durch die Nukleationsbarriere verglichen mibdesdalen
Gleichgewichtsprozess verschoben. Diese Verschiebung kann in gewissen, stark vernetzten
Porennetzwerken allerdings reduziert oder gar aufgehoben wéstien gekennzeichneter
Bereich inAbbildung 8 links), wenn das flissige Adsorptiv aus bergisilliten Mesoporen

in grol3ere, benachbarte Mesoporen, die mit metastabilem Dampf geflllt sind, eindringt. Auf
diese Weise kann die Nukleationsbarriere gesenkt oder gar umgangen werden. DieswrFall
initiierten Kondensatiol®8-2832851 yerhindert eine valide PorengréRenbestimmung auf Basis

des Adsorptionszweigs.

Abgesehen von der Uberwiegend qualitativen Analyse der Porenverknigpétey moderne
Evaluationsmethoden Ansétze zur quantitativen Untersuchung der Konnektitdfe von
Netzwerkmodellen, die auf der Perkolationstheorie und M@atdo-Simulaticnen beruhen,

lassen sich experimentelle Hysteresescans anpassen und so die Anzahl, Gré3e und Ordnung del

verkniipfenden Poren quantifizierépy:160.286.287]

Da die Netzwerkanalyse mittels Physisorptionsexperimeauié Porenhalse limitiert ist, die

die Desorption beschranken, sind andere Messmethoden wie zum Beispiel Elektronen
tomographie notwendig, um auch grol3ere PorenverknUpfulsgane deren raumliche
Verteilung zu studieren. IfPublikation 3 wird die Physisorption der Tomographie zur
Untersuchung der Porenkonnektivitat gegeniibergestellt. Es zeigt sich, dass beide Methoden auf
dem ersten Blick widersprichlich, tatsachlich aber komplementar zueinandeunrsinih
Kombination ein volles Bild des Porensystems liefern, da Physisorption die Zuganglichkeit des
Porennetzwerks beschreibt, wahrend die Tomographie Einblicke in die lokale Verknlpfung

liefert. Die Grundlagen dieser bildgebenden Methode werden im sadkapitel beschrieben.
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2.2.2 Elektronentomographie

Konventionelle elektronenmikroskopisch&ufnahmen liefern lediglich zweidimensionale
Bilder eines dreidimensionalen Objektsvohingegen tomographische Methoden ein
dreidimensionales ModetkekonstruierenDaflir wird eine Serie an winkelabhangigen TEM
Bildern aufgenommen und aus diesen Projektionen der porésen Probe Uber ein
Rekonstruktionsalgorithmuswvie beispielsweiseDART (discrete algebraic reconstruction
technique, ein 3D-Modell der Porenstruktur berechi&t:22°IDie Qualitat der Rekonstruktion
hangt von der Anzahl an aufgenommenen TFBiMiern und der GréRe des Winkelbereichs
ab?°% der aufgrund der Probenhalterung nicht B8D°, sondern maximabei etwa +70°
liegt.?8% Vor allem mittels DART werden akkurate Rekonstruktionen auf der Nanoebene
erhalten, die im Gegensatz zu anderen Charakterisierungsmethoden pordoser Materialien keine

Annahmen beziiglich der Porengeometrie benétigen und auch isolierte Poren aibrgfén.

Transmissions- CN d(Hals) d(Pore) d(Wand)
elektronen-
Theoretischer mikroskop
Blickwinkel
,§ /™ rotierbare "\ %
/ \ \ 2
y ) Probe  { NG

: DART &==a

» rekonstruierte Struktur (3D)

Abbildung 9: Prinzip der Elektronentomographie zur Untersuchung morphologischer Parameter wie der
Koordinationszahl (CN) der Poren, cer Gré3e der Poren und deren Halsesowie derWanddicke.

Auf Basis der rekonstruierten Porenstruktur kdnnen viele morphologische Parameter untersucht
werden. Uber eine iterative Verkleinerung des Porenraums (Skelettiéftinkann das
Porenskelett als zentraler Pfad durch das Porensystem erhalten (#dydiéahung 9), dessen
Verzweigung (Koordinationszahl, CN) Aufschluss (ber die lokale Verknupfung léfert.
Tallarek und Mitarbeitende simulierten auf Basis des PorensketitsenTortuositat

( AGe wu n d e hderi RofengroRe die Transportprozesse dimlitierungen von

katalytischen Reaktionen in mesopordsen Materiddf&hin Publikation 3 wurden die
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Skelettierung genutzt, um das Vorhandensein von separierten Subnetzwerken selbst in stark
vernetzten Porensystemen zu bestéatigen, die in Physisorptionsmesgung@sgepragte

Netzwerkeffekta fihren.

Darlber hinaus kdénnen sowohl die PorengroR3e als auch die Wanddicke statistisch erfasst
werden. Hierfur werden entweder die Sehnenlangenverteilungen fir den dfa@&andaum

(im Gegensatz zu SAXS) unabhangig voneinander gert&fié?t! oder die lokale Starkeer
jeweiligen Phasertsaufgeldst bestimnft! 254 etztere ist definiert durch den Durchmesser

der grof3ten Kugel, die sich an gegebenem Voxel gerade noch in die eine Phase einfugt, ohne
die andere zu penetrierB®] Die Bestimmung der lokalen Stérke des Porenraums inkludiert
auch den Porenhals, sodass mittels Elektronentomographie wie iAutiékationen 17 3

gezeigt nicht nur Anzahl, sondern auch Grél3e der verknipfenden Poren quantifiziert werden
kann. Auch wenn die Tomographie wie alle mikroskopischen Verfahren eine lokale Methode
ist, konnten Prates da Cogthal aus der tomographischen Rekonstruktion eine SK¥&e
simulieren und durch deVergleich mit experimentellen Streudaten zeigen, dass die

rekonstruierten Partikel repréasentativ fir die gesamte Prob&%if!
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ABSTRACT: Mesoporous materials with defined pore geometry ,q o 9 —— {
act as important modals for porous substances being applied in  femplate o~ formation- ,
various fields of materials research due to their large surface area— PEO-b-PHA [0 . f
from catalysis to coatings and from solar cells to batteries and ¢y Hex | #
capacitors. Thus, understanding structure-property relationships oyjde A
requires the capability of deliberately and precisely tuning the ¢ ‘,._. —
mesoporosity, i.e., pore diameter, connectivity, and wall thickness. - g -

Howaever, especially for the interesting pore size range between 35 = - 15 Al
and 70 nm, only a few convenient block copolymer templates are ‘: ’

available using micellar self-assembly. In this study, we synthesized A

poly(athylene oxide)-block-poly(hexyl acrylate) copolymers (PEO-

b-PHA) by a supplemental activator reducing agent atom transfer 12 "Il‘ﬂ

radical polymerization (SARA ATRP) and employed them as soft

templates for the preparation of ordered mesoporous metal oxide powders with spherical mesopores of ca. 40 nm in diameter, as
shown by scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), and small-angle X-ray
scattering (SAXS). With the aid of argon physisorption, STEM based tomography, and time-offlight secondary ion mass
spactrometry (ToF-SIMS), we performed in-depth elucidation of pore shape and their mutual connection. In the case of
mesoporous silica, 40 nm spherical mesopores are connected to 3—4 adjacent pores by 15 nm pore windows as well as 1-2 nm-sized
micropores. These micropores seem to originate from single PEC chains penetrating the 17 nm thick pore wall. Compared to such
mesoporous silica, mesoporous, crystalline zirconia possesses significantly higher pore accessibility. PFurthermore, we prepared a set
of PEO-b-PHA block copolymers with different block lengths, showing that mainly the PHA block length governs the mesopore size
and thus enables mesopore size tuning., These results highlight that PEQ-B-PHA is a promising template for the preparation of
mesoporous metal oxides (in particular, crystalline ones) with tailored mesopore sizes, which enables systematic studies on property-
porosity relationships.

B INTRODUCTION gases Tﬁggh the pore system can maximize the catalytic
Ordered mesoporous metal oxides play a central role as ad]n’:y ] . b“;lsal?t_' aﬁﬁr mhngg;{otom]ssﬁuﬂm
promising model mtemls in various ications sm:h as atomic layer deposition. Thus, suitable procedures jare
heterogeneous caln]}fm -3 ph tocatalysis,"° coa ad required to synthesize and accurately study model materials,
sorption and biocatal "9 101 electronic dﬂnmungis enabling a systematic variation of the aforementioned
mesoporosity is geuvzrallr advantageous due to the large md parameters on ﬂ‘m mesoscale. In this f“’]df major CO]'Itl'I.IJ'L‘I‘D'J]‘IS
readily accessible interface area it introduces™* TNeSOPOroHS to sol—gel l:hgl:mstrr and 1_1:"! preparation of h'm"df"]““}r
materials possessing defined pore shape and ¢ tivity all ordered materials were achieved by the group of Clément
elucidating fundamental aspects of transport and interaction.
Pore siza, wall thickness, and pore connectivity are crucial Received: May 23, 2023
parameters governing electrical, optical, and mechanical proper- Revised:  October 30, 2023
ties as well as determining heat and mass transport in porous Accepted: October 31, 2023
catalysts. "7 An accurate in-depth characterization and fine- Published: November 20, 2023
tuning of the mesoporosity are of fundamental importance to

tailor those properties. Adjusting the transport of fluids and

& 2023 American Chermical Soci hittpsfdoiang 10,1021/ /acs dhernmater 201255
rerican Chemical Society aara Mater. 2023, 35, 95739533
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Figure 1. Overview of sel ected soft templates and the resulting silica pore structures dependent on the pore size. In addition, the influence of the pore
size on surface area as well as the diffusion within and into the pore is given together with the original citations of the templates. SEM and TEM images,
respectively, are reprinted with permission from left to right from ref 30, copyright 1992 American Chernical Society (MCM-type silica), from ref 42,
copyright 2006 American Chemical Society (3BA-type silica), from ref 43, copyright 2003 American Chemical Society {KLE-type silica), and fromref
56, copyright 2007 Elsevier (inverse-opal silica). The fourth SEM image of PIB-b-PEO-derived silica was recorded in this work as described in the

Experimental Section.

Sanchez.”™** One frequently used method to prepare ordered
mesoporous metal oxides was significantly pushed forward also
by Brinker and co-workers and is based on the evaporation-
induced self-assembly (EISA) mechanism®**® applying
amphiphilic soft templates. The latter form micelles in
appropriate solvents (either directly or upon solvent evapo-
ration), which arrange themselves in an ordered array upon
proceeding evaporation.>* Embedded in a gel from a hydrolyzad
and condensed metal oxide pracursor or using preformed
dispersible nanoparticles,”” an ordered array of mesopores
within a metal oxide matrix is obtained after calcination. The
pore dimension thus directly depends on the template used.
On the length scale of pore sizes (Figure 1), several structure-
directing agents have been developed starting from soft
templates for micro- and mesopores and hard templating
approaches for macropores.”**** In detail, ionic surfactants
like n-alkyl ammonium compounds (yielding MCM-type
silica)®™*' and nonionic surfactants like n-allyl poly{ ethylene
oxide) (yielding MSU-type silica)®™** are applied to induce
small pores in a range between 2 and 4 nm. Going one step
toward larger pore sizes, block copolymers consisting of blocks
of poly(ethylene oxide) and poly(propylene oxide)}—PEO-b-
PPO-b-PEO—are frequently used in form of the two
reprasentatives Pluronic P123 and F127. Employing this kind
of polymers, pore sizes between 5 and 10 nm are accessible as
known from the well-studied silica materials of the SBA and KIT
family.”*~* Larger mesopores can be obtained with different
block copolymers such as poly(ethyleneco-butylens)-block-
poly({ethylene oxide)****—commonly referred to as KLE—and
poly{isobutylene)-block-poly{ethylene oxide) (PIB-b-PEO).
While KLE polymers typically lead to defined spherical
masopores with diameters in the range of 13—22 nm, the
combination of a KLE polymer with an ionic liquid yielded a
network of spherical 14 nm pores connected via 2.6 nm pores
and by that to an improvement of the mutual connection of
these spherical m@mpomsfﬁ““ PIB-b-PEO-derived materials
are able to cover a range of pore sizes from 11 to 40 nm.' 5444
Also, poly(isoprene)-block-poly(ethylene oxide) (PI-b-
PEO)," 5 poly(ethylene oxide)-block-poly(methyl methacry-
late) (PEO-b-PMMA),* and po]g(N,N—djmeﬂlﬂacrﬂamide}-
block-poly(styrene) (PDMA-b-PS)** copolymers are capable of

9880

generating pore sizes above 20 nm by soft templating. If hard
templates are used, then a variety of different-sized macropores
can be introduced. While colloidal poly(styrene) (PS) or
poly{methyl methacrylate) (PMMA) spheres lead to highly
porous inverse opals with a narrow pore size distribution and
tailored pore size between 70 and 300 nm,* ¥ 80, beads, e.g.,
Stiber particles, give access to macropores from 100 nm until
several microns in diameter.®® Figure 1 provides an overview of
accessible pore size regimes by selected templates, while a
detailed collection of templates, which have been investigated
during the past 30 years, and their resulting pore sizes can be
found in Table S1. Note that this table focuses on the
mesoporous materials obtained by the templating action of
the template in the respective, typical synthesis without further
modifications of the synthesis, such as the addition of swelling
agents in order to compare the individual templates.

The gap between soft and hard templates, ie., the pore size
regime from 35 to 70 nm, is difficult to fill by soft templating,
especially aiming at defined pore geometries. Block copolymers
with a sufficiently high molar mass often suffer from low
solubility and therefore impede the EISA or nanocasting
procedure. However, it is particulady this pore size region that
is very relevant for ordered mesoporous oxides due to the
following consideration: as shown in Figure 1, the surface area of
2 porous system increases with decreasing pore size. Based solely
on this trend, a small pore size would be ideal for a catalytic
application. Yet, the intra-pore diffusion is highly restricted in
confined systems (small pores) and generally is expected to
increase with increasing pore size. Indeed, photocatalytic studies
using ordered mesoporous CsTaWO; of varying pore sizes
between § and 15 nm confirm an enhanced catalytic activity due
to two effects: an improved mass transport in case of larger pores
and, concomitantly, a larger dimension of CsTaWC; nanocryst-
als, which can be accommodated.” Based on these two aspects
(surface area and intra-pore diffusion), 2 medium pore size of
about 40—50 nm should represent a trade-off between a still high
surface area and a mostly unrestricted diffusion within a pore,
especially, for larger reactant and product species in case of
catalysis. Still, one further parameter must be taken into
account—namely, the pore accessibility, i.e., the connectivity
within the mesopore space. Neither a high surface area nor an

hiitpszfded orgl 10,1021 /acs chemmater 301255
732533
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unrestricted diffusion of reactants within a single pore can
provide a high catalytic performance if diffusion into the pore is
hindered. Herewith, transport into the pore may show no
obvious dependency on the pore size (Figure 1, bottom) but
depends on the inter-pore connectivity. Unfortunately, several
of the block copolymers which were designed to produce larger
mesopore sizes and, in addition, to withstand the crystallization
conditions of the metal oxide (e.g., 2 high synthesis tempar-
ature) were shown to exhibit a tendency to form spherical
micelles owing to the large poly( ethylene oxide) block (see the
concept of the packing parameter FL.51), As a result, the minor
micelle overlap leads to a poor pore connectivity and overall
mass transport in case of KLE-type and PIB-b-PEO-derived
metal oxides (both spherical mesopores),® while MCM- and
SBA-type materials with cylindrical pores normally possess a
nearly unrestricted mesopore accessibility as well as mass
transport within one cylindrical mesopore for small molecular
species. For instance, this was shown for MCM-48 silica b}r the
absence of network effects in physisorption expenmeuts
well as for the unrestricted immobilization in SBA-15 silica.™ L|.'1
contrast to KLE-type and PIB-b PEC-derived materials, inverse-
opal silica is readily accessible despite being derived from
spherical templates. However, their pore m.uduw sizes are
sufficiently large to ensure a good acc assnbil]r}r

Drespite the shortage of suitable templates for the medium
pore siza regime, a fow possible candidates exist to fill this gap.
Fnr example, poly(ethylene oxide)- biﬂc.l:—puhr(stj"renﬂ] EI?ED b

PS) gives access to spherical pores of 20°° to 50 nm” in
diameter depending on the block lengths and the solvent used
for templating. Also, swelling agents influence the pore size and
give access to mesopores being significantly 1g@rtham normally
achievable with the pure template. 359571 However, this
approach requires an accurate synthesis protocol to guarantee
a uniform swelling of all micelles and avoid a significant increase
in polydispersity of the resulting pore size. Structure-directing
agents for achieving metal oxide gyroid structures with 30 and 40
nm_poras, respectively, are poly(styrene)-block-poly(L-lac-
tide)™>™® and pulﬂlsnpremj black-poly( styrene )-block-poly-
(ethylene oxide),"*™ respectively. A further diblock copoly-
mer for spherical pores was proposed by Lokupitiya et al.’ "
consisting of a hydrophilic poly{ethylene oxide) block and a
hydrophobic poly(hexyl acrylate) block (PHA). With a polymer
of this class, that is, PEOys3-b-PHAy,, the authors prepared
metal oxide thin films with a pore size of around 50 nm. On the
one hand, however, this polymer system seems to be
underestimated for soft templating. On the other hand, all
morphological investigations were performed on thin films. Yet,
mesoporous powders are frequently used as model catalysts, too,
and they are more suitable for a meticulous in-depth analysis of
the pore system, especially the pore connectivity and
accessibility. Thus, in this worl, we focus on the synthesis of
metal oxide powders using PEO-b-PHA as well as deep analysis
of the resulting pore metwork by physisorption, electron
microscopy, small-angle X-ray scattering, electron tomography,
and secondary-ion mass spectrometry. Although spherical
mesopores typically suffer from low pore connectivity, we target
this pore morphology because (1) they might enable property
imprmremuts,1° and (2) we strive to understand if the pore
connectivity of these large mesopores is actually as poor as
expected, and if it can be possibly controlled. Starting with silica
as 2 model metal oxide, which can be robustly elucidated as well
as yields a perfect replica in soft templating, we investigate the
templating behavior of PEQ-b-PHA and apply various state-of-
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the-art structural characterization to provide in-depth inside into
the mesopore space. Following this study, our focus turns to
Zr; as a crystalline material to compare the pore accessibility
with amorphous silica. By this comparison, we show how the
pore morphology depends on the metal oxide used, and by
varying the template’s block lengths, we investigate how the
porosity can be tuned by adjusting the PEO-b-PHA
composition. In particular, the latter is a prerequisite for
systematic studies of porosity-property relationships of amy
metal oxide.

B EXPERIMEMTAL SECTION

Synthesis of the Macroinitiator PEO—Br. Three samples of a-
methyl-w-hydroxy poly(ethylene oxide) (PEO—OH) with nominal
average molecular weights of 5, 10, and 20 kD'a (as provided by the
supplier) were purchased from Sigma-Aldrich. According to 'H NMR
end group analysis, the number-average molecular weights (M,) of the
PEQO—OH samples were 5.8 kDa (131 EO units), 9.4 kDa (214 EO
units), and 15.7 kDa (355 EO units), respectively.

The macroinitiators PEO—Br were Eynthemzed by a Steglich
esterification as described by Lokupitiya et al™ In an exemplary
procedure, a 50 mL Schlenk round-bottom flask was dried by applying
two heating-evacuating steps of 10min each. Then, 4.000 g (0.20 mmal,
1.0 equiv) of poly{ ethylene cxide) methyl ether (PEQ—OH, 20 kDa,
Sigma-Aldrich %was disselved in 10 mL of anhydrous dichloromethane
(DHCM, 99.8%, Acros Organics) under argon yielding a slightly viscous
colorless solation after 15 min of stirring at room temperature. Then, 22
pL (024 mmol, 1.2 equiv) of 2-bromopropionic acid (99%, Acros
Organics) was added with a syringe under argon flow. The colorless
solution was cooled with an ice bath and 10 mg (0.08 mmol, 0.4 equiv)
4-dimethylaminopyridine (DMAP, >99%, Sigma-Aldrich) and 95 mg
(0.46 mmol, 23 equiv) NN -dicyclohexplcarbodiimide (DCC, 99%,
Sigma-Aldrich) were added. The sclution became opaque, and after
removal of the ice bath, the mixture was stirred under an argon
atmosphere at room temperature for 22 h. To ensure a complete
conversion of excess DCC, 5 uL of a 1 M hydrochloric acid { Griissing
GmbH] was added. After 15 min of stirring, the turbid reaction mixture
was diluted with 40 mL of DCM and filtered over a paper filter. The
clear colorless filtrate was concentrated under reduced pressure,
yielding a colorless solid The residue was dissolved in 17 mL of
tetrahydrofuran (THF, technical grade, Thermo Scientific, purified
over a 5 cmlong column of basic aluminum oxide to remove peroxides)
and precipitated in 200 mL of cold diethyl ether (being cooled with an
ice bath). The colorless precipitation was recovered by filtration over a
Biichner funnel and dissolved again in 20 mL of THF by gentle warming
with a water bath. Following a second precipitation and filtration cycle,
the colodess residue was dried in a vacuum oven at 40 °C for 25 h,
leading to 3.735 g (0.19 mmol, 93%) of colorless powder.

The same protocol was used for the esterification of PEQO—OH (10
kDa, Sigma-Aldrich, 87% yield) and PEO—OH (5 kDia, Sigma-Aldrich,
£5% vield).

S)r?ln:hesls of the PEO-b-PHA Copolymer. The PEO-B-PHA
block copolymers were synthesized by a supplemental activator
reducing agent atom transfer radical PD].}".I:I:IEL’]IEII.D.I:I. (SARA ATRF)
combining the protocols of Lokupitiya et al™ and Kopet et al " Inan
exemplary synthesis, metallic Cu used as the reducing agent was
activated as follows: """ a copper wire (10 cm long and 1 mm in
diameter) was wrapped around a stirring bar and stirred for 30 min at
room temperature in a mixture of 12 mL methanol (HPLC grade,
ChemSolute) and 12 mL hydrochloric acid (35-38%, ORG
Laborchemie GmbH). The yellow solution was disposed of, and the
wire was washed twice with pure methanol (about 25 mL each) under
flowing argon. Then, the wire was rinsed in approximately 20 mL
methanol for 30 min before drying the lusterless metal for about 5 h
under flowing argon. As for the reaction, a 50 mL Schlenk round-
bottom flask was dried by applying two heating-evacuating steps of 10
min each. Next, 500 mg (0.05 mmol, 1.0 equiv) PEO—Br and 43 mg
{0.15 mmel, 3.0 equiv) tris{ 2-pyridylmethyl)amine { TPMA, >98.0%,
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TCI CO.) were dissalved in 0.65 mL anhydrous NN-dime thylforma-
mide (DMF, 99.8%, Acros Organics) by stirring at 40 "C yielding a
beige suspension. Then, 11 mg (0.05 mmel, 1.0 equiv) CuBr, (>99%,
water free, Acros Organics) was added under flowing argon leading to a
bright green suspension. One freeze—pump—thaw cycle was carried ont
before 2.35 mL (13.36 mmol, 270 equiv) hexyl acrylate { 98%, Sigma-
Aldrich, removed from inhibitors by passing over a column of 9 cm
basic aluminum oxide and 2 cm dried potassium carbonate on top)
were added to the solution. After stimring for 10 min, two further
freeze—pump—thaw cycles were applied and the mixture was heated to
50 °C after each thawing step to obtain a green clear solution. The
stirring bar was exchanged by the copper-coated one under flowing
argon. The reaction flask was heated to 70 *C, sealed, and it was stirred
for 17 h. Upon heating, the initially green solution turned orange. The
polymerization was stopped by cooling to room temperature and
exposing the reaction mixture to air. The orange gel was diluted with 50
mL THF (purified by column chromatography with alomina) and
heated to 40 °C yielding a dark yellow solution, which was passed overa
column of & cm basic aluminum oxide; a blue/green band of roughly 1
cm on top could be observed. The column was washed with around 30
mL purified THF, and the slightly yellow filtrate was concentrated
under reduced pressure forming a yellow gel. The residue was dissolved
in 17 mL THF and precipitated in 200 mL cold methancl {cooled with
an ethyl acetate/liquid nitrogen freezing mixture). The fine colorless
precipitation was recovered by filtration over a Buchner funnel and
dissolved again in 17 mL purified THFE. After a second precipitation and
filtration cycle, the colorless residue was transferred to a Petri dish and
dried in a vacuum oven at 40 *C for 15 h leading to 1.757 g of a slightly
yellow gel (for characterization by NME. and GPC, see below).

Additional PEQ-b-PHA samgples with different molecular weights
and compositions were prepared by the same protocol; see Table 52 in
the Supporting Information for the respective batch sizes.

Synthesis of Mesoporous 5i0; Powders. Mesoporous Si0;
powders were prepared based on a sol—gel procedure described by
Weller et al.” and Cop et a’ 130 L tetraethyl orthosilicate (TEQS,
98%, Sigma-Aldrich) was dissolved in 0.5 mL absolute ethancl {99.8%,
Fisher Chemical) by stirring at room temperature for 20 min. In a
second vial, 20 mg PEQ-b-PHA was dissolved in 1 mL absolute ethanol
upon sonication at 40 *C and 37 kHz for 20 min [in the case of PIB-b-
PEQ-derived mesoporons silica shown in Figure 1, 20 mg PIBgb-
PEQ,; (BASF) was used instead analogously to our comparable
teu:plaﬁ::gpu‘ocadures""l“"n'mm]. Both solutions were combined, and
40 uL of water was added. After further 5 min of stirring, 10 uL of
concentrated hydrochloric acid was added, and the solotion was stirred
at room temperature for 1 h. The reaction mixture was transferred toa 5
mL PTFE cup and heated at 40 "C under a glass dome for 2 days
followed by a drying step in a vacoum oven at 50 *C for 1 day. The
colorless gel was calcined at 350 °C for 1 h and at 500 °C for 4 h
(heating ramp each: 2 K min~") yielding about 35 mg of a colorless
solid. In the case of the template concentration varation, 33 mg
(volume fraction of @ = 0.69), 58 mg (& = 0.80), and 82 mg (@& =
0.85), respectively, PEQO-b-PHA, were used instead.

Preparation of Mesoporous 510, Thin Films. Mesoporous 5i0,
thin films were fabricated with the aid of an EISA approach based on a
protocol reported by Lokupitiya et al™ 30 mg PEQ-b-PHA was
dissolved in 770 uL absolnte ethanol by stiring at 60 *C for 1 h. Ina
second vial, 126 mg of TEOS was mixed with 61 mg of 0.1 M HCl and
424 uL of absolute ethanol analogously. After cooling to room
temperature, both solutions were combined and stirred at room
temperature for a further 3 h. The solution was passed through a 0.25
pm PTEE syringe filter and sonicated at 80 kHz for 5 min. A2 cm %2
cm aluminum oxide wafer was ceanad with water, acetone, and
isopropanol, respectively, by sonication for 15 min at 37 kHz each, and
after drying, further cleaning was execated with an UV ozone cleaner for
15 min prior use. 100 uL of the precursor solution was deposited on the
wafer rotating at 1200 for 60 s applying a spin-coater setup SCK-
200P provided by Instras Scientific. The film was kept for three further
minutes in the chamber at a constant relative humidity of 20%
guaranteed by a custom-made humidity control. The film was treated at
20 *C for 3 h and 100 °C for 4 h in a preheated oven to evaporate the
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sobvent and calcined at 350 °C for 8 h and 600 °C for 2 h for template
removal and crystallization (heating ramp each: § K min—').

Preparation of Mesoporous ZrQ, Thin Films. The preparation
of mesoporous Zr0, thin films was carried out in accordance to a
procedure given by Cop etal™ As for the precursor solution, 92 mg of
Zr0Cl-8H,0 (98%, Alfa Aesar) was dissolved in 0.5 mL of absalute
ethanol and 0.5 mL of 2-methoxy ethanol (299.9%, Sigma-Aldrich) by
sonication at 80 kHz and 45 °C for 30 min. In a second vial, 48 mg of
PEQ-b-PHA was dissolved in 0.5 mL of absclute ethanol in the same
way. Both solutions were combined and stirred at room temperature for
5 min. After the addition of 50 uL water, the solution was stirred at
room temperature for further 3 h. The slightly yellow solntion was
passed through a 0.25 um PTFE syringe filter and sonicated at 20 kHz
for 5 min. The spin coating process was similar to that for the
fabrication of 5i(0), thin films. Briefly described, a 2 cm 3 2 cm silicon
water was cleaned in an ozone cleaner for 15 min. Mext, 100 yL of the
precursor solution was poured on the wafer rotating at 2600 rpm for 60
s at a relative humidity of 20%. The film was kept at this humidity for
further 3 min before exposing to 130 *C in an oven for 4 h. As for the
drying and calcination step, the thin film was treated at 300 °C for 12h
and 600 °C for 2 h (heating rate each: 5 K min~?).

Synthesis of Mesoporous Zr0, Powders. The Zr0, counterpart
was prepared in the style of a protocel proposed by Cop etal’ 161 mg
Zr0Cly8Hy0 was dissolved in a mixture of 330 uL absolute ethanol
and 330 uL 2-methoxy ethanol by sonication at 40 °C and 80 kHz for 30
min. In a second vial, 21 mg of PEC-b-PHA was dissclved in 660 uL of
absclute ethanol and 170 gL of acetic acid { 100%, Carl Roth GmbH) in
the same manner. Both solutions were combined, stirred for 10 min at
room temperature, and 10 uL water was added. After further 10 min of
stirring, the solntion was treated at 40 *C under a glass dome for 3 days.
The gel was further dried in a vacunm oven at 50 *C for 24 h prior to
calcination at 350 "Cfor 1 h and at 500 °C for 4 h (heating ramp: each 2
K min—"). Since the powder appeared gray, a second calcination step
was performed at 300 °C for 12 h and 50 °C for 20 min (heating
ramps: 0.75 and 4.5 K min~, respectively), yielding 50 mg of gray
powder.

Characterization Techniques. Proton-nuclear magnetic reso-
nance (‘H NMR) spectra were recorded with a Bruker Avance IT 400
MHz and Bruker Avance IIT 400 MHz HD at 25 °C and evaluated with
MestReMova 14.1.2. CDCl; was used as the solvent, and signals were
referenced to the solvent signal at & = 7.26 ppm. Gel permeation
chromatography (GPC) with simultaneous UV (TSP UV 1000) and
differential refractive index { Shodex RI-101) detection was executed at
room temperature using tetrahydrofuran as an eluent at a flow rate of
0.5 mL min~". The stationary phase consisted of a 300 mm » & mm P53
5DV linear M colomn packed with 3 um particles (molar mass range of
10* to 10° Da). Prior to the injection of 100 uL of sample solution
containing around the 0.15 wt % polymeric sample, they were filtered
through 0.45 wm flters. Poly(styrene) standards (P58, Mainz,
Germany) were used for calibration. Dynamic light scattering (DLS)
experiments were performed on a Zetasizer Nano series from Malvern.
For each measurement, the sample solution was diluted with the
respective solvent by the factor of 1:1000 and characterized in three
runs of 13 cycles. The data were exported using the corresponding
application, Zetasizer Software. Mitrogen physisorption experiments
were carried out at 77 K on a Quadrasorb eve (Quantachrome
Instruments, Boynton Beach, FL), while argon physisorption experi-
ments were performed at 87 K on an Autosorb iQ) (Quantachrome
Instruments, Boynton Beach, FL). The data obtained were analyzed
with the aid of the software ASiQwin by applying nonlocal density
functional theory (NLDFT) methods dedicated to nitrogen and argon
at 77 and 87 K, respectively, on siliceous/oxidic materials assuming a
cylindrical pore geometry. In both cases, the pore size distribution was
obtained from the adsorption branch by applying a dedicated
metastable adsorption branch kernel, which correctly takes into
account the delay in pore condensation due to metastable pore
fluid.* All metal oxide samples were degassed at 200 °C for 6 b in arder
to remove the attached water and gases pror measurement. The
scanning electron microscopy (SEM) images were obtained on a
Merlin scanning secondary electron microscope by Leiss. All samples
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were sputter-coated for 50 s with platinum (1 kV, 40 mA) in order to
increase the conductivity of the specimens. Additionally, thin films were
connected to conducting silver vamish for cross-section imaging, A
working distance of 2.2 to 3.2 mm combined with a voltage of 2 kV and
a current of 78 pA were applied. For focused-ion-beam (FIB)-cutting
SEM imaging, a drop of polymer solution was deposited with a metal
rod onto a copper block cooled with liquid nitrogen and covered with
an argon atmosphere. After sputtering with a 2 nm thick carbon layer,
the sample was transferred with a Leica EM VCT500 transfer module
(Leica Microsystems GmbH) to a XEIA3 FIB-SEM setup (TESCAN
GmbH). Under permanent cooling with liquid nitrogen, a crater of 20
pim in width and depth, respectively, was cut with Xe* ions, and SEM
micrographs of the cross-section were recorded under an angle of 557
with a voltage of 3 KV, The evaluation of all SEM images was performed
with the software Image]. Small-angle X-ray scattering (SAXS)
measurements were camried with the laboratory SAXS instrument
SANSpoint 2.0 by Anton Paar using point-focused (spot size of 500
pm) and slit-collimated Cu Eer radiation (4 = 0.1541 nm) from a
microsource operating at 50 W and a Dectris EIGER2 B 1M hybrid
pixel area X-ray detector. Powder samples were placed into an Anton
Paar solid sample holder comprising a 1 mm thick metal plate with 20
squared holes mounted on a motorized X/Y-stage. The sample plate
was sealed at both sides with a vacuum-tight sealing tape. SAXS images
of the samples and the background (sealing tapes) were recorded in
vacmm (around 1 mbar and 25 *C) ata sample-to-detector distance of
57505 mm. Per each sample and background, respectively, 25 single
images with 2 min exposure time each were recorded, averaged, and
radially integrated in order to obtain the 1D-5AXS curves. The
scattering curves were fitted using the software SASfit 0.94.11 with a
model consisting of a form factor for spheres with a (Gaussian size
distribution and a lattice factor by applying the implemented
decoupling approximation. In the case of measurements in solution,
sealed quartz glass capillaries (1.5 mm ocuter diameter, 0.01 mm wall
thickness, Hilgenberg GmbH) were used instead, and the background
measurement was performed with the respective solvent without
polymer. As for the partly condensed gels, the synthesis of mesoporous
silica (57 wol % template) was stopped before (denoted as weakly
condensed) and after 48 h of drying (denoted as highly condensed}.
The aliquots were sealed in the sample tube and measured 2 weeks later.
Rheological experiments were carried out at 40 *C in oscillation mode
on a MCR 92 rheometer by Anton Paar equipped with a D-CP/FP 7
probe head and a single-use D-PP25/AL /507 measuring plate (gap of 1
mm between the stage and measuring plate). Scanning transmission
electron microscopy (STEM)-based tomography was executed with a
Thermo Fisher Scientific Themis 300 transmission electron microscope
equipped with probe aberration correction and operated at an
acceleration voltage of 300 kV. The silica powder (around 10 mg)
was , suspended in ethanol, and dropped on a 100 400 mesh
carbon-coated copper grid ed from Quantifoil Micro Tools
GmbH. Gold nanoparticles E’M_np = 12 nm) were deposited onto the
sample as fiducial markers for image alignment. The grid was cleaned
twice for 30 s using a Fischione 1070 Plasmacleaner in an argon—
oxygen atmosphere with a power of 50%. A high-angular annular dark-
field (HAADF)-STEM tilt series with a tilt range of —72—70° (step
size: 2') and with a pixel size of 0.81 nm was gathered using the
Xplore3D software (Thermo Fisher Scientific) with anto focus and
tracking before acquisition. A small convergence angle of roughly 8.5
mrad was used to increase the depth of focus. With the aid of the gold
nanoparticles, an image nt was done in IMOD Version 4.11L7
{University of Colorado) with a residual alignment error of 0.606 nm
(0,374 px). The 3D reconstruction [with a vomxel size of { 1.62 nm})*] was
obtained from the d tilt series with a simultaneous iterative
reconstruction technique { SIRT) and 100 iterations in Inspect 3D 4.4
(Thermo Fisher Scientific). Denoising with a median filter in Image]
and binarization by global thresholding in Avize 20211 (Thermo
Fisher Scientific) of the tomograms yielded initial segmentation. The
segmented volume was purified by removal of unconnected islands
being smaller than 15 vomels, which originate from reconstruction
artifacts. Skeletonization of a cropped region of the image stack was
executed as reported by Cheng et al®' in erder to elucidate the local
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pore connectivity. Pore and wall size distributions were obtained with a
local thiclmess evaluation using the comesponding plugin in Image]
after subtracting the b ound with a Python code applying a rolling
ball radius of 30 pirels (48.6 nm) as recently described by us. = In
addition, the chord length distribution (CLD) of the wall phase was
created by an analysis described by Bruns et al.** For this, points in the
solid space were randomly chosen (referred to as seed points), and aset
of 26 angularly evenly spaced vectors was built up pointing in all
directions until the first phase border is hit. The length of two opposing
vectors sums up to the chord length. In total, 107 chords were gathered
neglecting chards touching the image boundary. The CLD was binned
and fitted by a k-gamma function to obtain the mean cherd length. Fer
the shown time-of flight secondary ion mass spectrometry (ToF-SIMS)
study, we carried out the measurements on a ToF-5SIMS 5 instrument
by lanTOF GmbH, which is equipped with a 25 ke’ Bi cluster primary
ion gun for analysis and a dual source column including an 0" low
energy gun for depth profiling, Prior to analysis, each thin film was
immersed by a tracing solution. For this reason, 143 mg of Co{NO, ),
6H;0 (Acros) was dissolved in 5 mL of isopropancl upen stirring at
room temperature for 10 min. The films were cut into 1 cm % 1 cm
pieces and one drop of the violet tracing solution was dropped on every
sample with the aid of a Pasteur pipet. The films were dried under
ambient conditions for 20 min and remaining droplets carefully
removed with a tissue. For further drying, the samples were heated in an
oven at 80 °C for 8 hand 130 °C for 1 h. Depth profiles were recorded
in spectrometry mode (bunched mode), providing a high signal
intensity and mass resclution (full width at half-maximum m/Am of
roughly 5000 at m/z = 17.00 for OH™). A Bi* primary ion gun with an
acceleration voltage of 25 kW and a current of 1.3 pA was applied to
generate a 100 gm % 100 ym crater, and an O," sputter ion beam (1 kV
and 240 nA) was used over an area of 300 gm x 300 gm in addition.
Between two sputter frames, an analysis was performed after waiting for
2 5 in random raster mode and by measuring one frame with 128 px
128 px and one shot per pivel. All measurements were done in positive
ion mode with a cycle time of 100 s and evaluated with aid of the
corresponding software Surfacelab 7.2, The depth of the sputtered
crater was determined from a depth profile measured with a cantilever.
Here, the Alpha-Step D-600 profilometer by KLA Tencor was operated
with the coresponding software AlphaStep I} Profiler. Crystallinity of
the thin films was studied by grazing incidence X-ray diffraction
(GIXEDY) using an X Pert MBD diffractometer by PANalytical and an
incidence angle of 0.5°. A 26 range of 10 until 20° was covered with a
dﬁ size of 0.1° and a scanning rate of 0.01° 5. Powder X-ray

iffraction (XRD) data were acquired from an Empyrean Series 2
diffractometer by PANMalytical in Bragg Bretano geometry using
monochromatized Cu Ko radiation (4 = 0.1541 nm, a Ni filter was
used to suppress Cu K radiation) in ambient atmosphere and a 24
range of 10 until 90°. All diffraction data were exported by using the
software HighScore Plus. The thickness and refractive index of the thin
films were measured with an SE400Adv laser ellipsometer by Sentech
equipped with a 633 nm HelMe laser. An angle of 70% was used for the
measurement, and a model consisting of an overlaying air layer (# =
1.0000), a 100 nm 3i0y (n = 1.4570), and ZrO, (n = 1.8608) deposition
layer, respectively, as well as a silicon substrate (n = 3.8714) was
assumed.

B RESULTS AND DISCUSSION

Block Copolymer Synthesls. Block copolymers composed
of poly(ethylene oxide) and poly(hexyl acrylate) were
synthesized by atom transfor radical polymerization (ATEP)
as summarized in Scheme S1. In the first step, the ATRP-active
C—Br bond was introduced to PEO-OH (20 kDa, 355
repaating wmits according to 'H NMR sp@ctrnscnpﬂ by Steglich
esterification as described by Lokupitiya et al.”® The 'H NMR
end group analysis of the obtained PEO—Br macroinitiator
confirmed the successful attachment of the halide moiety to the
PEC—0H homopolymer with a degree of esterification of 97%
(Figure 51). In the second step, the PEQ—Br macroinitiator was
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used to initiate the polymerization of hexyl acrylate by ATEP.
While Lokupitiya et al.”® used a copper(I)-based ATRP with
1,1,4,7,10,10-hexamethyltristhylentetramine (HMTETA) as
the ligand, here, we decided to use tris(2-pyridylmethyl)amine
(TPMA) as the ligand, which increases the ATRP activity by 3
orders of magnituda™ and thus speeds up the polymerization of
hexyl acrylate being otherwise rather slow (less stable radical
intermediate compared to, e.g,, the polymerization of styrene).™
In addition, performing the polymerization as a supplemental
activator reducing agent (SARA) ATRP offors the advantage of
keeping the catalyst concentration very stable since Cu(II)
species originating from oxidation events can be regener-
ated.**** Furthermore, the reducing agent (Cu wire) acts as an
initiator activator and generates the active catalyst, as shown in
Figure 2. Conseguently, the synthesis gains robustness and

initiator
activation
R._-B R
'T +Br-
=T
.f’{ ", Gulr, = ZTRMA
<4 1 catalyst
A generation
£ FCUTIMPAL + 2Br
g Gl
G catalyst
regeneration

Figure 2. Schematic representation of the role of the copper wire in a
SARA ATRP.

reproducibility. Following this protocol, we obtained copolymer
PEO;55-0-PHA 7 with a number-average molar mass of 426
kDa determined by 'H NMR spectroscopy (Figure 52).
According to GPC analysis (Figure 53), the copolymer
exhibited a rather broad molar mass distribution with a
dispersity of 1.55 and contained some residual PEO
homopolymer (estimated to about 20 wt %, see Figure S3BE).
Hence, the true average length of the PHA block of the
copolymer should be larger than the 171 repeating units
determined by 'H NMR spectroscopy. The large amount of
unreacted PEQ homopolymer is possibly a matter of reactor
design. Here, we used a Schlenk flask (as depicted in Figure 2)
suffering from a low mixing in the upper part of the reaction
mixturs, especially with consecutively increasing viscosity. The
syntheses of other PEQ-b-PHA samples (zee below, Table 1)
were thus performed in round-bottom flasks instead, by which
the amount of PEQ homopolymer could be reduced
substantially to less than 10 wt % (see Figure 511). However,

PEQ homopolymers cannot form micelles during the soft
temgplating process and thus are not expected to interfere in the
following step.

To investigate the influence of the two block lengths on the
templating behavior, four further samples were synthesized: two
with a PEC block length of 131 repeating units and two with a
PEO block length of 214 repeating units (see Figures 54 and 55
for the NMR spectra of the corresponding macroinitiators).
Besides the PEO block, the PHA block length was varied from
57 to 396 repeating units (see the 'H NMR spectra in Figures
56—59 and GPC traces in Figure 510). Table 1 provides an
overview of the synthesized block copolymers and their
molecular parameters.

While the PEO;-b-PHA,; copolymer was used for deeply
investigating the pore structure after soft templating in the first
part of this work, the remaining four samples were used to
elucidate the individual influence of the two blocks on the pore
size in the last section of this article.

Soft Tﬂn‘lplaﬂ rg. The H.pp]]l:ﬂtlbﬂ of the PEOass—b—Pml?l
copolymer as soft template follows an evaporation-induced self-
assembly (EISA) mechanism.®*** As shown in Figure 3, both
the silica precursor and template are brought into ethanolic
solution before water and hydrochloric acid are added to
promote the sol—gel reaction. Above the critical micelle
concentration (CMC), blodk copolymer micelles are formad,
which act as template. Upon solvent evaporation, the latter form
an ordered array of micelles within an inorganic phase. The final
annealing step leads to pyrolysis of the organic phase, leaving an
ordered mesoporous metal oxide behind.

According to DLS, PEQ55-b-PHA, 7 does not seem to form
micelles in ethanol (Figure 512) in contrast to other block
copolymer soft templates such as PIB-b-PEO possessing a very
low critical micelle concentration due to the high hydrophilic—
hydrophobic contrast.'>"“® A hydrodynamic diameter of 13
nm hints at a polymer coil instead of a micelle. This
interpretation is supported by the findings of Sarkar et al,”’
who observed absence of micellization of PEO-b-PHA in pure
ethanol as well. However, DLS measurements of the polymer in
pure TEOS lead to a hydrodynamic diameter of 85 nm, which is
plausible for micelles of such large s Since these
large colloids are not observed in pure TEOS (reforence
experiment without polymer), the formation of Si0; particles in
the precursor can be ruled out as the origin of the 85 nm colloids.
Hence, these findings suggest that micellization occurs in a
TEOS-anriched solution upon solvent evaporation, as depicted
in Pigure 3. To verify this assumption, a more detailed DLS
study was performed by recording the particle size distribution
in various ethanol- TEOS mixtures (Figure 4B). Over a range
from 0 wol % TEQS (pure ethanol) to 70 vol % TEOS, the same
hydrodynamic diameter of around 13 nm in diameter is

Table 1. Overview on the Block Copolymers Prepared and Used as Templates in This Study Comprising the Average Degree of
Polymerization of the PEO {n) and PHA (m) Blocks, the Degree of Esterification (f) of the Parent Macroinitiator, the Number-
Awerage Molecular Weight (M_), and the Mole Fraction of PEO (x) in the Block Copolymer Based on NMR, as Well as the
Apparent Number-Average Molecular Weight (M_*F) and the Dispersity Index (P) Based on GPC

sample #(PED) m(PHA) I M, /kDa =(PEC) M, kD b
PEO;r b PHA 7, 355 171 097 416 0A7 602 1.55
PEO;, b PHA, 214 k) 092 509 0.40 610 142
PEO; - b-PHAg 214 L] 092 225 072 185 177
PEOy3-i-PHAp, 131 396 092 7.8 025 474 129
PEOy;-b-PHA; 13 57 02 142 070 154 141
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Figure 3. Schematic overview of the sol—gel synthesis for preparing mesoporous silica powders by soft templating.
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Figure 4. Evaluation of the undedying soft templating mechanism comprising (A) a gravimetric study of the relative mass loss of the reaction mixture
during the solvent evaporation (top), the estimated TEOS volume fraction calculated from the mass loss (middle), and the evolution of the initial
comgplex viscosity measured at 40 °C with single ex situ theclogical measurements, as shown in the inset for the measurement after 0 h (bottom). The
undedying processes are labeled on a imeline on the top. (B) DLS study of PEO;;-b-PHA, 5, dissclved in different mixtures of ethancl and TEOS is
given as well as {C) cryo-SEM images of three different spots and the resulting particle size distribution of the polymer dissolved in an ethanol- TEOS
mixture {85 vol % TEOS) recorded at the cross-section after cutting the frozen droplet with a focused ion beam (FIB).

observed similar to the coil conformation occurring in pure
ethanol as discussed before (Figure S512). However, at a
concentration of 80 vol % TEOS, a superposition of the
aforementioned small particles and larger entities hints for
starting micellization. This interpretation is supported by the
siza distributions recorded in 85, 90, and 100 vol % TEOS
showing only larger entities {mode hydrodynamic diameter of
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70—50 nm). As independent method to back up the presence of
micellization, cryo-FIB-SEM images were recorded. Here, a
drop of the polymer solution in 85 vol % TEOS was frozen onto
a copper block cooled by liquid nitrogen. Then, the frozen
droplet was cut with a focused ion beam (FIB), and the cross-
section is regarded by SEM. The SEM images (Figure 4C)
confirm the presence of spherical objects with an average
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diameter of 73 nm, being in good agreement with the DLS
restlts, Both size and shape of these dadk spots observed in SEM
support the hypothesis that micellization occurs upon TEOS
enrichment in a region of 30—85vol % TEOS. Small-angle X-ray
scattering provides additional confirmation, e.g., performed on
polymer dissolved in 85 vol % TEOS and pure TEOS (Figure
S13AB). In a log—log plot at large g (above 0.2 nm™'), both
SAXS curves follow a linear trend with a slope significantly lower
than circa —2 as expected from a form factor of a perfect
Gaussian coil (Fipy,) with a diameter of 13 nm. ™" Instead, a
slope of about —4 is found (Porod law) being typical for a two-
phase material with sharp interfaces between the two phases
(such as a dense micelle versus solvent). The absence of sharp
form factor minima and a slope of zaro atlow g values found in
other studies’"" is due to the polydispersity of the micelles and
renderan accurate size determination difficult. Yet, the presence
of micelles instead of Gaussian coils still becomes apparent from
the slope at large g wvalues. This evaporation-induced
micellization is in particular important as it evokes a direct
dependency of the soft templating process on the precursor
used.

Next to the EISA mechanism explained above, an
evaporation-induced aggregating assembly (EIAA) of the
micelles could be assumed as an alternative self-assembly
process. While following an EISA mechanism, the micelle
assembly occurs at the solid (substrate/bottom of beaker)-liquid
(solution) interface during solvent evaporation and precursor
condensation takes place only after solvent evaporation, an
assembly of micelles as building blocks occurs at the liquid—
ligrid interface in solution {condensation during evaporation )
in case of an EIAA mechanism.** To distinguish batween the
both mechanisms, the mass (solvent evaporation ) and complex
viscosity (extent of TEQS condensation) of the reaction mixture
waere monitored ex situ at several points in time. More precisely,
the synthesis was executed as described in Experimental Section
with 20 mg template per batch (PTFE cup in Figure 3) with
eight batches: three for tracking the mass of the reaction mixture
and five for measuring the viscosity at five points in time with the
aid of a rheometer. The starting point (0 h in Figure 4A)
corresponds to the step at which the reaction mixture was
exposed to 40 °C.

Looking at the relative mass of the reaction mixture (Figure
4A, top), a consecutive mass loss due to solvent evaporation
appears. As the relative mass of the reaction mixture without
ethanol (pure TEOS, template, water, and HCL) is known to be
20.7% (192 mg) compared to the starting value at 0 h (927 mg
corresponding to 100% ), the evaporation of ethanol is expected
to be finished after 6.2 h. Yet, a further mass loss can be observed
even after & h, which is due to the fact that also TEOS itself can
release ethanol (up to four equiv per equivalent TEOS) upon
hydrolysis and/ or condensation. In case all ethoxy moieties are
converted to ethanol, an additional mass loss of 9% is expected
for complete conversion of TEOS and is in fair agreement with
the final value found at 48 h. Assuming that only ethanol
evaporation is responsible for the observed mass loss, the mass
difference between a respective measurement and the initial
mass can be transformed roughly into a volume fraction of
TEOS (Figure 44, middle). With the lmowledge of the DLS
results, the micellization of the block copolymer is expected to
start at 80 vol % TEOS and thus after roughly 5.8 h. This implies
that micells formation starts before solvent evaporation is
finished. The fact that TEOS also releases ethanol leads to a
TEOS volume fraction exceeding 100% after 6 h and, however,
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enables only a rough estimation ofthe TEOS concentration. Yet,
the micellization has to occur before complete solvent
evaporation because otherwise no soft templating would be
possible. The extent of TEQS condensation can be evaluated
through the complex viscosity of the reaction mixture (Figure
44, bottom). Upon gelation (TEOS condensation), a steep
increase in complex viscosity ly* | is expected,”® and this behavior
is also found here, as shown in the inset of Figure 4A on the
bottom. However, due to the small gap between the measure-
ment plates, i.e., small amount of sample, the absence of the glass
doma, and the higher heat transport of the sample stage (heated
to 40 °C) compared to the reaction setup (PTFE cup under a
glass dome}, an in situ measurement is not representative of the
reaction conditions. Instead, the initial complex viscosity was
measured ex situ (3ee the red dotted line in the inset of Figura
4A) after 0, 2,4, 6,and 7 h of exposure to 40 °C under the glass
dome. As expected from proceeding solvent evaporation, the
viscosity of the reaction mixture increases with exposure time,
buit even after 7 b, a value is observed being too low to originate
from a significantly gelated sample (beyond 1000 mPa s) when
compared to the upper part of the curve in the inset of Figure 4A.
No values were recorded beyond 7 h because the reaction
mixture forms a transparent brittle gel afterward, which cannot
be studied in a rheometer due to its nonmonolithic nature. Thus,
pronounced gelation does not take place before 7 h and
consequently occurs after solvent evaporation. As a result, this
combined gravimetric and rheological study confirms the
synthesis to follow most likely an EISA mechanism.

Porosity Analysls. Ordered mesoporous metal oxide
powders, comparad to the corresponding thin films, provide
the opportunity to study the porosity and general physisorption
phenomena more deeply, especially in terms of pore
connectivity. Among several aspects, the deformation of the
micelles and mesopores perpendicular to the surface is a
frequently observed feature especially for large micelles, which
was observed already in the early works in this field, especially,
by the team of Clement Sanchez and in our cooperation with
him 28384345,2,8534  ©oragver, if used for heterogenecus
catalysis studies, mesoporous oxides need to be used in the
form of powders. Therefore, understanding the pore morphol-
ogy in the powder state is crucial. In the case of PEOQggsb-
PHA, 7 -derived silica, argon physisorption (see Figure 54,B)
reveals a steep uptale at high relative pressures in the adsorption
branch speaking for quite large mesopores with uniform size and
thus supporting SEM analysis. Evidently, the most striking
featura is a very pronounced hysteresis of type H2 indicative of
delayed desorption/capillary evaporation. Furthermore, we
observe an intrinsic nonclosure of the adsorption and desorption
branches at lower pressure, which would suggest irreversible
changes (e.g., deformation) of the porous materials matrix.

Applying a dedicated NLDFT adsorption branch kernel on
the adsorption branch (see Experimental Section) of the argon
87 K data (Figure 5A) reveals a bimodal pore size distribution
(Figure 5B) exhibiting well-defined micropores centered at
around 1 nm and a defined mesoporous system centered at 31
nm (assuming a cylindrical pore geometry). It should be noted
that assuming here a cylindrical pore geometry instead of a
spherical oneleads to an underestimation of the mode pore
diameter of approximately 35% as outlined in ref 95 in detail”
Thus, the true mode pore diameter of the spherical mesopores
should be arcund 42 nm. Indeed, the latter mode pore diameter
is observed in the SEM analysis (Figure 5C). The widths of the
mesopore size distributions derived from physisorption and
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Figure 5. (A) Argon isotherm at 87 K of mesoporous silica derived from
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cylindrical pores. In addition, a (C) SEM image of the mesoporous
system is given with the (D) resulting pore size distribution from
electron microscopy.
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SEM (Figure 5D) are in good agreement. The SEM-based pore
diameter of (42 + 9) nm was determined by building an average
diameter of 50 pores observed in Figure 5C. Beside the
limitations of SEM, such as being only a local method, this
approach is expacted to yield a slightly smaller pore size as a cut
through the mesoporous system most likely will not occur along
the center of the spherical pores (see Figure S14). However, as
discussed in the Supporting Information in more detail, this
undarestimation (of 9 nm at maximum) is comparable to the
width of the pore size distribution, and the pore size evaluation
by SEM is supported by further experiments as well (see below).

Comparing the pore size distribution derived from the
adsorption branch (which considers the delay in condensation
due to the metastable pore fluid) with that of the desorption
branch (using argon, Figure 515B), quite distinct different
distributions are obtained. From this mismatch, a delayed
mesopore emptying can be concluded and attributed to either
pore blocking or cavitation.**>** Cavitation-induced evapo-
ration is expected to occur when the nedk sizes are smaller than
circa 5 to 6 nm, independent of the actual value of the neck size,
while pore blocking/percolation occars for larger neck sizes. In
order to distinguish whether pore blocking or cavitation is the
underlying phenomenon affecting pore evaporation, we apply a
method suggested in ref 46, i.e, which involves the use of two
adsorptives: here, nitrogen (at 77 K) and argon (at 87 K); the
respective adsorption isotherms are displayed in Figure S15A.
While cavitation depends solely on the state of the fuid in the
pore cavity (thermodynamics), the pore blocking evaporation—
desorption mechanism is controlled by the size of the pore
necks/restrictions (morphology). Thus, in the case of pore
blocking, the pore size distribution (PSD) should be
independent of the adsorptive. However, the desorption-derived
PSD from the argon isotherm does not match that of the
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nitrogen-based one (see Figure 315C ). As a result, pore blocking
can be exduded, and the pore size distribution from the
desorption branch does not provide the actual (small) pore neck
siza, Thus, cavitation is the dominant emptying mechanism.
Further means to elucidate the pore connectivity and to
differentiate between cavitation and pore blocking are possible
by recording a hysteresis scan. Here, multiple desorption
branches are measured after partial pore filling. These partial
desorption branches converge in the lower closing point of the
adsorption and desorption branch in the case of pore blocking,
In the case of cavitation, all partial desorption branches show a
horizontal behavior down to the relative cavitation pressure, at
which an abrupt and entire pore emptying occurs in all cases.
The hysteresis scan shown in Figure 6 corresponds to the second

Argon
hysteresis scan
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Figure 6. Argon hysteresis scan at 87 K of mesoporous silica derived
from PEQ,,.-b-PHA,,, consisting of the boundary loop (black), the
first {b]ueﬂsj second (red), and third (green) desorption scans.
Furthermore, the relative cawitation pressure is labeled and a scheme

showing the pore emptying upon cavitation is depicted.

case, Le., confirms the presence of cavitation. The undedying
process is sketched in the inset of Pigure 6: with decreasing
relative pressure, no evaporation can initially take place due to
the small pore neck. At the relative cavitation pressure—in this
case 0,45 for argon—a sudden and complete evaporation occurs
because the liquid state becomes thermodynamically unstable,
and bubbles are formed within the filled mesopore sponta-
neously. This thermodynamically driven cavitation pressure
depends on both the adsorptive (and temperature) and wealdy
on the size of the underlying restricted mesopore, as shown in
Figure 516.*' In the case of nitrogen as adsorptive (Figure
S15A), cavitation-based pore emptying occurs at a relative
prassura of 0.50, which represents the bulk cavitation pressure of
nitrogen and continues the saturation curve of cavitation
pressure versus mesopore size reported by Rasmussen et al. M
and summarized in Figure S16.

While the pore size distribution in Figure 5B caims the
presence of micropores of 1 nm in size, the cavitation study
reveals that the spherical mesopores are mainly interconnected
by very small pores, likely the aforementioned micropores.
Based on these findings, two boundary cases are feasible to
describe the pore morphology: (1) the spherical block
copolymer micelles barely overlap during the templating
process, causing a small pore window as illustrated in model 1
in Figura 7. As an alternative, (2) the spherical micelles might ba
isolated with the PEO block partly collapsing onto the PHA core
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Figure 7. Possible pore models comprise (1) spherical mesopores with
a low micelle overlap and thus small pore windows, (2) spherical
mesopores being connected by large mesopore windows or small
micropere channels, and (3) spherical mesopores being solely
connected with each other by micropores. The pore formation via
the micelles consisting of a PEO (green) and PHA block ( red) is shown
on the left-hand side.

and partly penetrating the inorganic gel phase as single chains.
Calcination would then lead to almost isolated spherical
mesopores being connected only by PEO-singlechain-derived
microchannels {model 3 in Figure 7). This model is supported
by other templates showing hairy core—shell micelles and a
microchannel diameter of 0.5— 1 nm found for single PEQ chain
tenq:latiug:"* Generally, a high fraction of PEC is well lmown to
be embedded in the siliceous phase.””™ In between, a third
model iz plausible, allowing for a less restricted pore
connectivity: in the case of readily ovedapping hairy micelles,
a model can be deduced with mesopores being connected with
adjacent pores by smaller mesopore windows and/or micro-
channels, as shown in model 2 in Figure 7. In this case, cavitation
can be explained by the end of a percolation path made up of
well-connected large mesopores being connected to the exterior
or other percolation paths by microchannels exhibiting
characteristic pore diameters below approximately 6 nm (in
the case of larger pore windows, cavitation mnnot occur).

In order to further elucidate and quantitatively describe the
mesopora space, smallangle X-ray scattering (SAXS) was
performed. This method helps to understand which of the
aforementioned models (Figure 7) of the spatial distribution of
the spherical mesopores represent a suitable description of the
metal oxide. The SAXS curve of mesoporous silica derived from
PEQ;55-b-PHA;7; exhibits a series of form factor oscillations
speaking for a defined pore shape and narrow pore size
distribution. By modeling the SAXS curve (Figure 8) with a
theoretical function based on the Percus—Yewick structure
I.L'arl:l:t:rl',"E"“:":'_1':'2 pore size, pore-to-pore distance, and the
porosity can be estimated using a polydisperse form factor for
spheres. In spite of this simple approach, the modeling (Figure
8) is surprizingly good, especially, in regards to the form factor
oscillations allowing for at least semiguantitative determination
of structural parameters. The average pore diameter obtained
from SAXS amounts to 38 nm and is in good agreement with the
SEM analysis (42 nm), as shown in Figure 5C,D. Compared
with the results of fitting the SAXS curve of the gel prior to
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Figure 8. SAXS curve of mesoporous silica derived from 57 wol %
PEQ;45-b-PHA 7, (black) and fitted scattering curve (red) according to
a2 Percus—Yevick model {decoupling approximation) for spherical
pores.

calcination (Figure 513C), a shrinkage of the assembled
spherical porogen by 17% occurs upon drying and mesopore
formation (see Exparimental Section and Supporting Informa-
tion for more details). Regarding the mesoporosity, a volume
fraction of 42% determined from SAXS seems reasonable, as a
polymer volume fraction of 57% was chosen in the synthesis.
This value is given as the volume fraction of template (ie.,
corresponding to the pore volume after calcination) with respect
to the overall volume (template and metal cxide assuming full
conversion of the precursor). A detailed description can be
found in the Supporting Information with egs 55 and 56, A
deviation is possible in the case that the polymer blocks are more
densely packed in the block copolymer micelles than in the
respactive homopolymers used for estimating the density of the
block copolymer. However, a porosity of only 30% can be
derived from the argon physisorption analysis (total pore
volume in Figure 5B) according to eq 57 being significantly
lower. Since SAXS is capable of probing even isolated pores, one
explanation could be that not the entire pore system is accessible
tothe adsorptive. On the other hand, the porosity determination
by SAXS using the aforementioned approach shows a relatively
large uncertainty: Only one prominent SAXS maximum of the
lattice factor (“Bragg” signals) is observed, the interpretation of
which in terms of a defined packing of spheres is impossible.
Hence, an exact lattice constant cannot be determined from
SAXS. The Percus—Yevick lattice factor used herein provides
reasonable semiquantitative values for the pore-to-pore distance
and the volume fraction of pores, which suffer from an
uncertainty of certainly up to 20%. Still, the pore-to-pore
distance obtained from this analysis reveals interesting insights:
An average pore distance of 43 nm combined with a pore size of
38 nm would suggest a pore wall thickness of 5 nm according to
SAXS. Taking the SEM image (Figure 5C) into account,
however, this value appears too small. This underestimation
could be a result of some overlapping mesopores (with a pore
distance being smaller than the pore size), hinting for model 2 in
Figire 7 as a plausible description. The pore distance obtained
with this model seems reasonable, as the position of the “Bragg”
signal at q = 0.15 nm ™" hints at a comparabla lattice distance of
42 nm (inverse of scattering vector s).

Another general approach to judge the plausibility of model 1
in Figure 7 comprises variation of the polymer concentration
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Figure 9. (A) Argon (87 K) isotherms of mesoporous silica prepared with a PEQ y;;-b-PHA, ;) volume fraction of 57 (green), 69 (red), and 85 vol %
(blue) as well as the (B} respective pore size distributions derived from the adsorption branches with an NLDFT kernel for cplindrical pores. In
addition, SEM images of mesoporous silica obtained with the (C) highest and (D) lowest template amount are shown as well as (E) SAXS curves of
mesoporous silica prepared with 57 (green), 69 (blue), and 85 vol % PEDm—b—PHAm together with the corresponding fits (solid lines). (F) Overall
porosity and the contribution of the mesopores (red) are contrasted to the (G) pore size from SAXS as a function of the template amount. (H)
Contribution of the PEQ block (green) to the micropores is sketched for two different template amounts.

during the templating process. The rationale behind are micelles
being forced into closer contact upon increasing te%ate
content while keeping the precursor amount constant.”™*® If
model 1 holds true, the mutual mesopore connectivity is then
expected to be enhanced and the extent of cavitation in
physisorption experiments might be altered compared to the
samgple, as shown in Figure 5. Looking at the argon physisorption
isotherms of silica prepared with different polymer concen-
trations during the templating step (Figure 94), a clear increase
in specific pore volume and thus porosity with increasing
template amount can be seen, as shown in Figures 5, 6, and 5. In
addition, the SEM images of the highest (Figure 9C) and the
lowest polymer amount (Figure 5D) confirm a decrease in pore-
to-pore distance with increasing template concentration, i.e., the
mesopores being in a closer vicinity. However, the pronounced
cavitation-based hysteresis remains in all isotherms. Also, the
pore size distribution (Figure 9B) is very similar for all template
concentrations. Hence, in spite of baing of similar size and in
closer contact, the pore connectivity is unchanged althowugh the
number of accessible mesopores increases. By that, a small
connecting pore size as a result of a small pore-to-pore distance
(model 1) can be excluded.

It is worth mentioning that the corresponding SAXS curves
(Figure 9E) of the mesoporous silica materials reveal a slight
increase in pore size of the spherical mesopores with increasing
polymer concentration; namely, from 38 nm (57 vol %) to 44
nm (85 vol %) as plotted in Figure 9G. Such a trend was also
found for other PEO-containing templatas like Plaronic F127'%
and some PEC-b-P3'™ copolymers. Furthermore, the con-
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tribuition of the mesopores to the total pore volume increases
with increasing template concentration, considering the
curnulative pore size distribution (Figure 9B). Comparing the
mesopore volume (red bar in Figure 5F) to the total pore
volume (micro- and mesopore volume, white bar in Figure 9F),
the mesopore contribution increases from 52% (template
concentration of 57 vol %) to 80% (85 vol %)—see eq 58 in
the Supporting Information for more details. Since pore
connectivity model 1 in Figure 7 can be excluded, the
aforementioned two observations can be explained with a
consecutive withdrawal of the PEQ single chains from the
surrounding matrix with increasing template concentration and
thus decreasing the micelle-to-micelle distance. As llustrated in
Figure $H, the more the micelles approach each other within the
templating step, the more PEO single chains partly collapse onto
the PHA core in order to avoid an entropically unfavored chain
entanglement. Consequently, a smaller fraction of micropores
and a slightly larger mesopore size are observed after calcination.
This shows that the template concentration does not affect the
pore wall thickness in a trivial fashion as expected from
litarature,”® but the behavior of the PEO chains might
significantly change upon concentration variation, e.g., because
of different solvation and entropy effects as ahmd}rsgmposed for
other types of PEO-containing block copolymers.

5o far, one of the proposed pore connectivity models (Figura
7) can be ruled out, but still, the questions remain whether the
mesgopores are indeed as poorly connected and thus hardly
accessible as the isotherms in Figure 9A suggest. On the other
hand, it should be noted that the physisorption analysis
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Figure 10. (A) Side- and (B) top-view of the STEM-based three-dimensional reconstroction of the pore system of mesoporous silica prepared with 85

vol % PEQ,, b-PHA, ;. ( C) Magnified cutout highlights the pore windows by shawing the pore skeleton (red) and the sphere (transparent blue ) used

for determining the coordination number of the pore. Moreover, cne slice of the model is exemplified showing the (D) two-dimensional pare

morphology, (E) color-coded mesopore sizes from small (dark) to large (bright), and (F) color-coded wall sizes in units of nm each. The respective

distributions of the (G} average number of neighbors connected through a mesopore to the regarded pore derived from skeletonization, (H) pore sizes,
definition

and (I} wall thickness within the entire reconstructed particle are shown below. The

of the coordination number (CN) is illustrated by a

sketched pore network, including the skeleton (red) and the respective coordination number (black number) for each pore. Similarly, the definition of
the pore size and wall thickness by the local thickness approach is shown by a sketched pore system.

performed here provides only limited information on pore
connectivity; i.e., this method can only suggest in which way the
spherical mesopores are accessible from a surrounding bulk gas
phase. However, only limited information on the connectivity
between the mesopore cavities in the interior of the particle can
be obtained. Hence, to peer into fine details of the mesopore
space in PEOgs-b-PHA; -derived mesoporous silica, a 3D
model of the pore system was reconstructed from angle-
dependent STEM images of one particle ofthe material (STEM-
based tomography). This method is particularly suitable and
accurate here as (1) the alignment and reconstruction errors
(e.g, missing wedge) are low due to the large tilt range of 142°
and the high electron contrast between the sample and the gold
fiducial points and (2) the method provides a resolution down to
1 nm being significantly larger than the pore size.'"*'"® The
STEM analysis for mesoporous silica prepared with 85 vol %
template is shown in Figure 10A,B and nicely reveals an ordered
array of spherical mesopores, the shape of them being slightly
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deformed. Already qualitatively, the reconstruction confirms the
presence of spherical mesopores being connected through larger
pore windows (in addition to micropore channels as derived
from physisorption). Especially, the top-view in Figure 10B
shows several pore windows being larger than 10 nm and
enabling a view even through the entire cutout. We will discuss
this apparent contradiction between tomography and phys-
isorption in regards to the connectivity between the spherical
mesopores afterward. A few exemplary pore windows are
highlighted in a smaller magnified catout in Figure 10C.

A statistical description is possible by a skeletonization
approach in which the binary pore system is iteratively thinned
to the centerline until a one-pixel thick skeleton is obtained (red
skeleton in Figure 10C). All spheres (representing the pores)
from a local thickness determination are aligned to this skeleton,
and the number of branches leaving a sphere is counted
(transparent blue sphere in Figure 10C). For instance, the
sphere in Figure 10C contains three junctions of the skeleton
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( small solid blue spheres }, which are summarized, leading to one
pore with a coordination number of six (the definition of the
coordination number is illustrated in Figure 10G). A detailed
description of this algorithm can be found elsewhere,™
According to this evaluation, each spherical mesopore is on
average connected to three to four adjacent spherical mesopores
as shown in the distribution of the coordination number in
Figure 10G. Since electron tomography is not able to resolve
micropores, each visible pore window has a dimension of
mesopores. The size of these connecting mesopore windows can
be estimated by determining the minimum diameter (in the
local thickness ofthe pore phase) along the skeleton connecting
two different pores.* As shown in the pore neck size distribution
in Figure 517A, the connecting pores most frequently possess a
diameter of 15 nm. Still, the distribution is verybroad, and rather
arange of 10— 30 nm should be concluded. The reason why such
a number of pore connections does not arise from the 2D slice of
the reconstruction (Figure 10D) is the fact that the large
mesopores do not necessarily have to be connected along this
slice plane but might be linked in all remaining directions of
space. This significantly decreases the probability of finding a
pore window in one single plane and causes a pore image
appearing rather isolated. The same holds true for the top-view
obtained from SEM: Only a few pore windows can be observed
in Figure 9C, which is further hampered by the low lateral
resolution of this method. Yet, a certain number of well-
connected mesopores can also be found by SEM, eg., in a
mesoporous silica prepared with 80 vol % PEOg-b-PHA,;
(PFigure 518).

Basides pore connectivity, STEM-based tomography offers
the opportunity of a precise pore size and even wall thickness
evaluation. Especially the latter is normally not directly
accessible in form of a size distribution by other methods such
as SAXS. Using the local thiclmess approach (plugin of Image]),
the pore size and pore wall thickness can be determined on a
local level as shown in the heat maps of the exemplary slice in
Figure 10D for the pore size (Figure 10E) and wall thickness
(Figure 10F). Hoere, the diameter of the largest sphere still fitting
in one phase without intruding into the second phase is
determined at any point, yielding the local thickness at the given
point as shown in the schemes of Figure 10H,L. A more general
picture arisas from evaluating all slices of the particle yielding the
overall pore size distribution in Figure 10H and the overall wall
thidmess distribution in Figure 10L The pore wall exhibits a
homogeneous thickness ofabout 17 nm, which is relatively small
compared with the pore size but rather large in absolite values.
Other templates such as PIB-b-PEQ lead to pore walls of only 10
nm thickness,” which might limit the crystallite growth in
crystalline metal oxides and by that negatively influences certain
properties (o.g., conductivity in case of conductive metal
oxides). A second approach to describe the wall thickness the
chord length distribution™™ (Figure S17B). A chord is a
straight line within the pore wall without passing a phase border.
The length of this path depends on the direction, because a
chord connecting two adjacent pores is shorter than a tangential
chord bypassing several pores. In a statistical description, instead
of the minimum diameter of a sphere at one point still fitting in
the solid phase (local thickness), a sat of chords through a given
point connecting the border of the void space each is generated
(see Experimental Section and scheme in Figure S17B). The
average of this distribution describes the mean length of a
straight path through the pore wall connecting two opposing
phase borders. This mean chord length might be more useful in
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terms of e.g, solid-state diffusion (diffusion pathways) in the
case of conducting solids, while the local-thickness-based wall
thickness might be more useful for mechanical studies. In this
case, 2 mean chord length of 42 nm is obtained being naturally
larger than the average wall thickness (17 nm) from local
thickness.

The mean pore size of 41 nm is in good agreement with those
of SEM (Figure 5D) and SAXS (Figure B). Additionally, a
significant number of small pores contribute to the tomography-
based pore size distribution. However, these pores result from an
artifact of the background subtraction. The latter is nacessary to
avoid that the local thickness analysis regards the badground as
one large pore. However, the pores located at the particle
surfacs, i.e., the small pores at the particle border shown in viclat
in Figure 10E are then assigned to 10— 15 nm pores because they
are not entirely covered by the silica phase, although they are
actually as large as the mesopores in the bulk. For this reason, a
distribution as shown in blue in Figure 10H is more
representative (leading to a mean pore size of 41 nm) than
the entire histogram shown in orange {mean pore size of 35 nm).
The deviation of the blue fit from the measured histogram in
Figira 10H between 20 and 30 nm can be explained with the
contribution ofthe pore windows (Figure S17A) to the pore size
distribution, which exhibit a significant fraction of pores of this
siza, Still, the blue distribution is more accurate to estimate the
size of only the spherical mesopores, subtracting the surface
artifacts and the pore windows. Regarding the possible error
while deducing the pore size by STEM tomography, a pixel size
of 1.62 nm must be considered. In the worst case, the two voxels
at each end point of the diameter of the pore (better to say:
largest sphere still fitting in the pore in the local thickness
approach) are incorrectly assigned to the wrong phase. This
leads to an uncertainty of the pore size of roughly 3 nm, as shown
in Figure S17C.

Furthermore, tomography gives access to a statistical
evaluation of the pore-to-pore distance. Building an average of
114 mesopores and plotting the distance of the respective pore
to all remaining pores in the particle (1388 detected pores)
yielded the distribution depicted in Figure 5170 From the first
maximum, a mean distance between two adjacent pores of 56
nm can be estimated, which is in good alignment with the sum of
the average mesopore size (Figure 10H) and wall thickness
(Figure 10I). Yet, by modeling the SAXS curve using the
aforementioned theoretical scattering function { Percus—Yevick-
type analysis,’® blue data in Figure 9E), a pore-to-pore distance
of 48 nm is obtained, which is different from STEM analysis bt
of a comparable order of magnitude and further supports the
STEM-based result. Note that the average pore-to-pore distance
obtained from SAXS analysis lacks accuracy as described above,
and a deviation of 15% is within the uncertainty of this analysis.
The Percus—Yevick approach is based on a statistical spatial
distribution according to a hard sphere potential of spheres
providing a lattice factor with an average distance and fraction of
spheres. However, if the arrays of spheres might possess a more
regular packing, the first SAXS maximum has to be converted
into a pore-to-pore distance by a different geometrical
relationship (e.g., face-centered cubic lattice), which goes
beyond this study. For this reason, we present a more extensive
and accurate evaluation of the SAXS data in a follow-up study.
Counting the respective number of pores, i.e., the integral of the
blue curve in Figure 17D, gives an idea ofthe total coordination
number (including also the pores connaected by micropores and
isolated ones), which amounts roughly to 12. However, the
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coordination number determination is strongly hampered by the
distances to the pores of the second coordimation sphere
(expected at approximately 85 nm in Figure 517D assuming a
face-centered cubic lattice) overlapping with the first one. A
coordination number of 12 hints at a face-centered packing of
the pores, but further studies will be conducted in the near
future. Summing up, the STEM-based tomography shows that
the 40 nm mesopores are better connected than the argon
physisorption suggests and pore windows of =10 nm are present,
which connect the large mesopores with sach other. Thus, a pore
maodel as depicted in model 2 in Figure 7 is suitable to describe
the PEO;g-b-PHA ; -derived pore system best. The pro-
nounced cavitation observed in physisorption (Figure 9) most
likely is thus a consequence of dead-ends, which represent the
end of a percolation path made up of well-connected mesopores.
These dead-ends are then connected to other percolation paths
or the exterior only by micropores and act as a bottlened: for
evaporation (see Figure 11). Yet, this does not exclude the

resulting pore madel
— percolation
path

- dead-end of percalation
path [= bottleneck)

Figure 11. Schematic representation of the pore connectivity model of
mesoporous silica based on physisorption, SAXS, and electron
tomography comprising percolation paths (red selid line) of well-
connected mesopores, which are connected to other percolation paths
or the exterior by micropores (blue dotted line ).

presence of some isolated mesopores (model 3) being only
connected by micropores to the surrounding mesopore space.
These can be found to a certain minor extent in the
reconstruction as well.

Mesoporous Zirconlum Dloxlde. Despite the state-of-the-
art analysis, the origin of the connecting micropores remains an
important feature with respect to the usability of these PHA-b-
PEO block copolymers. In principle, there are two possibilities:
(1) the micropores originate from single PEQ chains leaving
microchannels behind after calcination or (2) the micropores
belong to random, intrinsic cracks of the silica material. To
taclkle this question, a mesoporous silica thin film was prepared
by spin coating using PECQ;.-b-PHA 7 as a soft template. In
addition to the mesoporous thin film, a reference film without a
structure-directing agent was synthesized. The basic idea to
stidy the connectivity between the spherical mesopores is to
drop cast a tracing solution (here: cobalt nitrate) and monitor
the distribution of Co®™ ions within the thin films by ToF-
SIMS.'* By that, the depth profile can provide information on
the accessibility of the mesopore structure for an electrolyte
solution on the one hand and, on the other hand, whether
intrinsic cracks allow for a decent accessibility as well. In the case
of a silica thin film, a silicon wafer is not suitable bacausa the
substrate and thin film are barely distinguishable. For this
reason, an alumina wafer was used, which possesses, however, a
very rough structure (as shown in Figure 519GI). Thus, a
mesoporous zirconium dioxide thin film on a silicon wafer was
prepared in addition. This system benefits from knocking out
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the strong roughness of the alumina wafer and, on top, delivers
information on the mesopore accessibility for a crystalline metal
oxide (which are frequently used as catalytic materials). In
contrast to amo us silica acting as ideal replica of the
tEmplﬂtE,a‘\"“’m?’i ® a crystalline matarial might yield a different
pore connectivity since an increase in density takes place upon
crystallization. The latter occars by a change in volume and thus
might resalt in a widening of the pore windows. In addition, the
DLS study in Figure 4B evokes a potential dependency of the
soft templating on the metal oxide precursor used. Thus, the
suitability of PEO-B-PHA as a template for other metal oxides
might not be straightforward. According to the SEM image of
the mesoporous ZrQ, thin film (Figure 12G}), the pore size
amounts to (41 + 7) nm and matches the pore size of the silica
counterpart (a.g., Figure S19H). Consequently, PEO-b-PHA is
apparently able to yield ordered mesoporous ZrQ; as well. An
investigation by ellipsometry yields a film thickness of 122 nm
and arefractive index of 1.2945, which corresponds to a porosity
of 66%."" Besides the morphological investigation, the presence
of crystalline Zr0, can be confirmed by grazing incidence (GI)
XRD. The diffraction pattern in Figure S20A reveals that the
thin film consists mostly of monodinic Zr(y, but traces of the
tetragonal phase are discernible as well. As for the ZrO; thin
films, the depth profile of different ion species after electrolyte
impregnation and drying is shown in Figure 124 for the
mesoporous case and in Figure 128 for the untemplated { densa)
counterpart. Comparing the evolution of the Co™ signal with
that of the ZrO™ signal in the depth profile of the mesoporous
film (Figure 12A4), we find an almost perfect agreement of both
shape and intensity. After an initial plateau, both profiles showa
decay with proceeding sputtering. In contrast, the SiO™ signal
originating from the substrate offers the exact opposite behavior:
at the beginning, i.e., at the film’s surface, almost no Si species is
detected, but with increasing sputtering time the SiO™ signal
gains intensity simultaneously to the decay of the ZrO™ and Co™
signals. While the opposing trends of the ZrO" and 5i0™ signals
are expected for a layered structure, the high concentration of
cobalt ions deep in the Zr(Q, thin film and especially the
comparable shape of the Co™ and the ZrO™ signal evolution
suggest an in-depth infiltration by a cobalt-ion-containing
solution and hence an interconnected pore system. Con-
sequently, the 3D overlay in Figure 12C cleady confirms a
homogeneous and complete infiltration of the pore system by
the tracing solution, as schematically sketched in Figure 12D,
As for the dense reference film, the ZrO™ and SiO™ signals in
the depth profile (Figura 12B) bahave similarly to those of the
mesoporous film (Figure 124) but the Co* signal quickly drops
at short sputtering time and shows a relatively low intensity
afterward. This trend strongly hints at a Co-based wetting layer
on the Zr0; surface, which is further supported by the overlayin
Figure 12E, in which a threelayered structure is discernible, as
illustrated in Figure 12F. Hence, the absence of infiltration by
the tracing solution can be derived. Albeit the thin film is very
smooth, a sharp transition between the thin film and the wafer
can be observed neither in the mesoporous sample (Figure 12A)
nor in the dense one (Figure 12B). Also, the transition is blurred
in the overlays in Figure 12C,E implying an interdiffusion
between the ZrO; and Si phase. However, this does not
necessarily represent the actual spatial distribution, as an ion
mixing effect leading to a delay between the intensity increase of
the substrate’s ion signals and the decay of the coating signals is
often observed in SIMS.'* As a consequence of the rather harsh
bombardment of the secondary ions, sharp interfaces cannot be
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Figure 12. ToF-SIMS depth profile of a (A) mesoparous Zr0; thin film infiltrated with a cobalt nitrate solution including the signals of the ions Co™
(m/z = 59), ZrO™ (108), and 5i0" (44) and a (B) dense Zr(), reference film without PEOQ-b-PHA template including the signals of Co™, Zr0", and
50", The 3D overlay of the Co, ZrD", and 5i0" signals as well as a schematic representation of the undedying situation is shown for the (C,D)
mesoporous and (E,F) dense Zr0; film. Additionally, SEM images of the (G ) mesoporous Zr(; thin film and (]) mesoporous Zr0), powder are given
for comparison, as well as the (H) argon isotherm at 87 K of the mesoporous Zr0, powder with the (I} corresponding pore size distribution derived
from the adsorption branch with an NLDFT kernel for mesoporous silica with cylindrical pores.

resolved. The crater depth was determined by profilometry and
amounts to 190 nm in both cases. Since the sputtering rate, i.e.,
the crater depth evolution with sputtering time, depends on the
material, only the sputtering time is given in Figure 12AB and
consequently only the overall crater depth can be obtained.
Compared to the thin film thickness of 122 nm obtained from
ellipsometry, howewver, this value for the crater depth is
reasonable.

In the case of templated and untemplated silica films (Figure
519), an analogous result is observed although the rough
substrate causes a height difference within the thin film leading
to a rather blurred profile for the dense film (Figure S19B,E).
Collecting the results ofthe mesoporousand the dense reference
film together, the interconnected pore structure observed in the
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tomography of mesoporous silica powder is confirmed by the
full impregnation of the porous silica film. The cobalt wetting
layer in the case of the dense film, however, shows no
penetration of the tracing solution, which implies that only the
pores generated by the template are respomsible for the
infiltration observed in Figure 12C. Thus, the micropores that
connect the mesopores in the case of the mesoporous system are
most likely the result of single PEQ chains and not of random
cracks.

The influence of crystallinity on pore connectivity is difficalt
to investigate in the thin film state. Indeed, Figure 12G clearly
shows the pore structure even below the surface ofthe ZrO, thin
film, which thus seems to be readily accessible from the top.
Also, the ellipsometric porosimetry measurements of a
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mesoporous metal oxide thin film by Lokupitiya et al.”™ gave rise
to a type IV isotherm sugpesting an easily accessible pore
network. However, a quantitative interpretation is hardly
possible by, e.g., gas physisorption experiments. For this reason,
a mesoporous Zr0, powder was prepared by a sol—gel approach
similar to that of S5i0, in order to investigate the porosity in
terms of pore blocking by physisorption. The presence of
tetragonal ZrO; (and traces of the monoclinic phase) according
to powder XRD ( Figure S20B) confirms the successful synthesis
of a crystalline material. As for the morphological character-
ization, spherical mesopores of (38 + 5) nm in diameter arise
from the SEM image (Figure 12]) similar to those of
mesoporous silica (Figure 5C). Opposed to the parent silica
system, the argon physisorption isotherm in Figure 12H,
however, reveals significant evaporation already before the
cavitation pressure. Additionally, mesoporous zirconia shows a
low amount of micropores, which is an explanation for the
apparent low surface area (40 m? g !). Even taking into account
that Zr(y, is almost 3-fold denser than amorphous Si0,, the
surface area of the ZrO, powder was adjusted to about 100 m?
g%, which is still lower than that of silica ( 180 m® g~*}. Instead of
micropores, a significant amount of mesopores of ca. § nmin size
arise from the pore size distribution in Figure 121 hinting at a
pore window widening upon crystallization. In conclusion, a
comparable pore size and shape are observed in a crystalline
metal oxide, but according to physisorption, the pore system is
better accessible than in the case of amorphous silica.

Influence of the Block Lengths. Based on the afore-
mentioned results, PEQ-&PHA block copolymers seem to be
promising soft templates for targeting a large mesopore size of
about 40 nm, especially for crystalline metal oxides. However,
pore size tuning would be very important for systematic studies
and talloring of porosity-dependent properties. As a proof of
concept, four different PEO-B-PHA blode copolymers were
synthesized: two pairs of a constant PEO block length (131 and
214 repeating units, respectively) each with a short (57 and 83)
and a long PHA block (322 and 396 repeating units). This set of
block copolymers enables a rough estimation of which polymer
block governs the mesopore size and to which extent. The SEM
images of the mesoporous silica powders after soft templating
are collected in Figure 13 together with the corresponding
average pore diameter.

It turns out that the average mesopore size increases from 20
to over 40 nm by increasing the PHA block length from ca. 70 to
over 300 repeating units (for both PEO block lengths).
However, the PEO block length does not seem to affect the
pore size significantly. Especially in the case of the short PHA
block, doubling the PEO block length, surprisingly, keeps the
mesopore diameter untouched (20 nm in both cases). These
observations are qualitatively confirmed by the pore size
distributions derived from argon physizorption (Figure 521B)
although slight shifts of the pore size distribution between the
silica powders from PEQ,y-b-PHA,; and PEO;,-b-PHA; as
well as between PEQy-b-PHA;,, and PEO,,-b-PHA,,, are
apparent. This, however, can be explained by the PHA block
length not being exactly of the same size each. However, the
PEQ3,-b- PHA 305-derived silica renders an exception from this
trend. There, the pore structure seems less ordered and
homogeneous than in the other three samples. Ome reason
might be thata very short PEC block combined with a very large
PHA block might not be sufficient to screen the entire PHA core
from the polar solvent, and hence, no stable micelles are formed.
Following the concept of the paddng parameter, the formation
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Figure 13. SEM images and average pore sizes of mesoporous silica
synthesized with PEOQ-b-PHA block copolymers of varying PEQ and
PHA block lengths: (A) PEC,;,-b-PHAg, (B) PEOq-b-PHAz,, (C)
PE'DJN-I:'-PI-IAW and (D) PEDm-b-PH&wﬁ. The last sample is not
included in the quantitative comparison due to the pore structure most
likely not resulting from soft templating with polymer micelles.

of vasicles might be favored,”**" which is supported by the
rather heterogeneously shaped mesopores in the SEM image
(Figure 13D) partly containing small metal oxide spheres in the
pore center. As a result, the polydispersity in pore size as seen in
SEM israther large, and the PSD from argon physisorption is too
blurred to be accurately evaluated. Similarly, Dunphy et al.
observed a phase separation of Pluronic polymers during soft
templating of silica for small PEC amounts yielding hr%g pores
due to the packing-related formation of vesicles.™ Still,
comparing the four argon isotherms to each other, the shapes
are very similar in all cases, highlighting the reproducibility of the
synthesis as well as the homogeneity of the pore structure along
the sample series.

If the pore structures are very similar and the PEO block
length does not influence the pore size, then the question arises
whether the PEO block affects the templating process after all.
Reconsidering the aforementioned model of hairy micelles, i.e, a
PHA core on which the PEO block partly collapses, while the
rest remains as single stretched out PEO chains, the PEO block
length should govarn the amount of micropores (see scheme in
Figura 521C) after templating and should affect the mesopore
volume only moderately. In this regard, the mesopore volume
fraction @ ., defined by the mesopore volume (red fraction in
Figura 521D) divided by the total pore volume (sum of red and
green part in Figure 52110) is a suitable descriptor to investigata
the relative amount of meso- and micropores, respectively. With
increasing PEO block length, the contribution of the mesopore
voluma to the total pore volume decreases from 62% (PEQ, 34-b-
PHAy,) to 54% (PEO,-b-PHAy,) being in good agreement
with the expectation that the mesopores contribute less to the
overall pore volume because more micropores are present.
Analogously, @ _ . increases with increasing PHA block length
from 54% (PECQy-b-PHAg) to 64% (FEOgy-b-PHAy,)
confirming the increasing amount of mesopores keeping the
micropore fraction constant. Within this sample matrix, the
PEQyy,-b-PHA g -derived silica should possess the highest
value, comprising the shortest PEC and the longest PHA
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block. However, in this case, @ o, = 54% is observed but this
value cannot be compared with the other materials due to the
different pore structure (vesicles versus micelles). As the
polymer volume used for templating was kept constant in all
samples, it can be concluded that the PEO block length mainty
governs the micropore amount, while the PHA block length
influences the mesopore dimension. Regarding the template
system poly( N,N-dimethylacrylamide)-block-poly( styrene ), Bil-
let et al.** observed a mesopore size increase with increasing PS
block lemgth, ie., micelle core size. This monovariant study
confirms the crucial role of the micelle core, although the role of
the second block length is not sufficiently understood.
Nevertheless, a word of caution is necessary since the number
of studied polymers is very small here. Espacially, the PEO,5,-I~
PHA 3s-derived silica forms a missing puzzle piece because this
template does not result in an ordered mesopore system and is
not suitable for comparison. Here, further studies with a larger
library of block copolymers are necessary to deeply understand
the role of both block lengths for soft templating, Still, the small
series in Figure 13 confirms that pore size tailoring is possible
with the PEO-b-PHA block copolymer system.

B CONCLUSIONS AND OUTLOOK

In this study, a facile synthesis of PEO-b-PHA block copolymers
based on a supplemental activator reducing agent atom transfer
radical polymerization is presented, establishing a block
copolymer system with tunable PEC and PHA blodz lengths.
These polymers have been used up until now for the preparation
of mesoporous metal oxide thin films, and building on this we
expand the soft templating procadure to metal oxide powders as
well and confirmed an underlying EISA mechanism. In addition,
we show that SEM, argon and nitrogen physisorption, SAXS,
and STEM-based tomography provide an in-depth compre-
hensive investigation of the pore system, mesopore connectivity,
and tﬂ-l]'lplltlﬂg behavior. In the case of PEDJS&‘E"PH"“i?il the
deduced pore model comprises spherical mesopores of 40 nm in
diameter being connected by mesopore windows (above 10 nm
in diameter) to three to four adjacent mesopores. In addition,
the pore connection through the pore walls being 17 nm thidk on
average occurs via micropores of 1-2 nm, representing the
bottleneck if they are the only connecting pores of the regarded
mesopore. Infiltration of mesoporous metal oxide thin films by
an electrolyte solution and subsequent ToF-5IMS measure-
ments confirm that these micropores originate from the block
copolymer (eg, from single PEQ chains penetrating the
inorganic matrix) and not from random intrinsic cracks of the
inorganic phase. Furthermore, this experiment demonstrated
that the mesoporous scaffold is accessible for a liquid electrolyte,
which is of great interest for, e.g, electrocatalytic applications.
Especially a crystalline motal oxide (here: ZrO; compared to
amorphous 5i0,) turned out to possess an ordered mesopore
structure with better accessibility than that for S0y, as shown by
physisorption. In the future, we will simulate a SAXS curve from
the STEM-based reconstruction and compare it with the
experimental one in order to evaluate if the particle investigated
by STEM is representative for the entire sample, and if the
tomography-derived results are generally applicabla.

By changing the block lengths of both the PEO and the PHA
block, the resulting mesoporous silica materials showed a clear
dependency of the mesopore size on the PHA block length,
while the PEO block mainly governs the amount of micropores
in the metal oxide. Thesa results verify that PEQ-b-PHA block
copolymers represent a very promising soft template to target
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large mesopores (20—50 nm), especially for catalytically
relevant metal oxides (often requiring the crystalline state). In
particular, the facile pore size variation by adjusting the block
lengths pave the way toward systematic studies concerning
porosity-property relationships, such as the influence of pore
and wall size on the catalytic activity and stability.
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